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This paper integrates the sequence stratigraphic and tectonic data related to the Neogene geodynamic and palaeogeographic development of the
African-Iberian plate boundary zone between Spain and Morocco. Though the dating of individual tectonostratigraphic sequences and their
delimiting sequence boundaries varies in accuracy and precision, their apparent correlation strongly suggests contemporaneous development of
the Betic and Rif basins. This may likely be attributed to regional changes of the overall compressional intra-plate stress field. This, in turn, was
governed by coeval plate-kinematic changes related to the ongoing collisional convergence of Africa and Iberia. The Neogene succession is
characterised by brief tectonic pulses that governed the sequence stratigraphic development of the Betic-Rif basins (NBR phases). It broadly
correlates with the coeval sequences in the compressional foreland basins and extensional rift basins in front of the collisional Alpine and
Pyrenean orogens (CRF phases). These regionally correlatable basinal deformation events indicate that stress-related episodic changes at the

African-Iberian plate-boundary zone resulted in an essentially direct cause-and-effect relationship between the tectonostratigraphic evolution

of Neogene basins in northern African (Morocco), southern Europe (Spain) and western Europe (France, Switzerland, Germany).
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| Introduction

The geological configuration of the present-day Mediterranean
is characterized by a complex and extensive system of both
interconnected and fragmented fold-and thrust belts that is
associated with back-arc basins (e.g. Carminati et al., 1998;
Rosenbaum & Lister, 2004). Their tectonic structure and setting
are varied, and the compressional origin and growth of the
different belts and the formation of the adjoining extensional
basins also varies considerably in age. The different fold-and-
thrusts belts did not evolve during one single, uninterrupted
cycle of Alpine orogenesis, but are the ultimate outcome of a
prolonged, polyphase process of intermittent plate-tectonic
interaction between the African-Arabian and Eurasian plates.
This resulted in the creation and ultimate disappearance of
two major oceanic basins, the Palaeotethys (mainly Palaeozoic)
and the Neotethys (late Palaeozoic-Mesozoic). As in the
preceding Jurassic and Cretaceous times, the motions of
Africa-Arabia relative to Eurasia during the Tertiary were an
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important control on the geological evolution of the Alpine
Tethys (late Mesozoic-Tertiary). Various kinematic frameworks
for palaeotectonic and palaeogeographic reconstructions have
been proposed for the region (e.g. Dewey et al., 1989;
Rosenbaum et al., 2002). These were mostly based on analysis
of rotation parameters (poles of rotation, rotation angles),
which allowed to constrain past relative velocities between
Africa and Eurasia. In addition, analysis of North Atlantic
magnetic lineations helped to constrain the movement of
Africa and Europe relative to North America. The consensus
view is that during the Late Cretaceous Africa converged
towards Europe in a S-N directed rotational mode. This was
contemporaneous with spreading of the Azores part of the
North Atlantic, the coeval opening of the Gulf of Biscay like a
sphenochasm and the resulting anti-clockwise rotation of
Iberia with respect to Eurasia. Sinistral motion occurred after
an active plate boundary subject to left-lateral strike-slip
faulting had been established at the northern margin of the
Iberian block. Consequently, Iberia behaved like a promontory
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of Africa until the Middle Eocene (Srivastava et al., 1990;
Roest & Srivastava, 1991). The rotation of Iberia continued
until the latest Cretaceous (Campanian).

Concurrently, Iberia drifted eastward together with Africa
due to the opening of the Atlantic. The rotation ended with
the onset of wholesale Africa-Europe convergence with the
resulting Alpine compression climaxing in the African-Iberian
plate-boundary zone during the Late Tertiary. There is, however,
still uncertainty and debate as to when exactly the convergence
began. In the earliest Tertiary, a major slow-down in the driving
N-S African-European plate convergence occurred contempora-
neously with the Laramide orogeny (Rosenbaum et al., 2002).
Subsequently, syn-drift dextral strike-slip motions occurred
between Africa and Europe. The motion path of Africa during
the remainder of the Tertiary was quite varied. Africa followed
a SW-NE directed path until the Late Eocene period of
enhanced continent-continent collision (Frizon de Lamotte et
al., 2000). It took a roughly SSW-NNE directed path during the
‘post-collisonal’ Oligocene, a largely S-N directed path during
the Miocene and a SSE-NNW directed path from the Late
Miocene (Tortonian) onwards (Rosenbaum et al., 2002). Overall,
the plate-kinematic interaction of Africa, Iberia and Europe
resulted ultimately into major orogenic systems: the Pyrenean-
Cantabrian and Betic-Balearic mountain belts bordering the
Iberian Microplate, and the Maghrebian (Rif-Tell) mountain
range along the northern margin of the African Plate. Each of
the formative phases of the progressive Alpine convergence
and orogeny was associated in the Western Mediterranean
with lithospheric deformation (shortening) and subduction in
response to crustal compression between the African and
European plates and the intermediate Iberian and Apulian
microplates. From the Early Oligocene onwards this shortening
and subduction was accompanied with generally eastwards
propagating back-arc extension and rift basin formation. The
latter process linked Late Oligocene basin formation in
southern Spain to the opening of the Valencia Trough, which
is the southern extension of the European Cenozoic Rift System
offshore eastern Spain (Sanz de Galdeano, 1988, 1990a;
Sissingh, 2006). More generally, the ‘post-collisional’ retreat
of the subducting African lithospheric slab to the east induced
the diachronous post-Neothethyan opening of the Western
Mediterranean (e.g. Carminati et al, 1998; Rosenbaum & Lister,
2004).

As a result, the plate-boundary zone between Spain and
Morocco at present coincides with a complex zone of intense
tectonic deformation. It reflects continent-continent collision
(evidenced by penetrative shortening deformation, stacking of
tectonic units and high-grade metamorphism; Banks &
Warburton, 1991; de Jong, 1991; Platt & Whitehouse, 1999) and
lithospheric subduction (inferred from seismic tomography;
Blanco & Spakman, 1993; Morales et al., 1999; Gutscher et al.,
2002). This collision was associated with magmatic activity
(generally related to transpression of strike-slip faults; Bordet,
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1985; Hernandez & Bellon, 1985; Torres-Roldan et al., 1986; Di
Battistini et al., 1987; Hernandez et al., 1987; Chotin & Ait
Brahim, 1988; Ait Brahim & Chotin, 1990; El Bakkali et al.,
1998; Zeck et al., 2000; Fernandez-Soler, 2001) in a large area
still characterised by scattered, low-magnitude earthquakes
(concentrated at pre-existing structural weakness zones and
most frequently focused at shallow to intermediate depths;
Buforn et al., 1988, 1995; Morales et al., 1997). These varied
phenomena are all responses to geodynamic processes controlled
by the Africa-Europe convergence (Argus et al., 1989; Morales
et al., 1999; Calvert et al., 2000; Gutscher et al., 2002).
Plate-tectonic wise, Iberia was an independent microplate
separate from Europe and Africa from the late Middle Eocene
until the beginning of the Miocene (Srivastava et al., 1990;
Roest & Srivastava, 1991). In the earliest Miocene, its
northern plate boundary became extinct and, as a
consequence, the Iberian microplate became part of Europe.
The Azores-Gibraltar Fault Zone then became the plate
boundary between Africa and Europe (Srivastava et al., 1990;
Roest & Srivastava, 1991). Indeed, from the Azores up to
approximately Gibraltar the boundary is relatively simple and
well-defined. In the continental crust domain of the Betic-Rif
orogen, the eastward
continuation of the transpressional Azores-Gibraltar Fault
Zone into the westernmost Mediterranean Basin is obscured by

the study area of this paper,

the complex collisional deformation of the continental
lithosphere. This resulted in numerous, outwardly displaced
crustal blocks that form an overall westward-vergent orocline
around the Alboran Sea. The Alboran Sea is a region of strong
subsidence floored by a relatively thin continental crust above
an anomalously low-velocity upper mantle. It is characterised
by low-angle intracrustal detachments and shallow normal
faulting induced by Early to early Late Miocene extension
(e.g. Galindo-Zaldivar et al., 1989; Garcia-Duefias et al., 1992;
Comas et al., 1999; Torné et al., 2000). The exact location of
the eastern plate-boundary sector has turned out to be very
difficult to establish unambiguously. This is surprising as one
would expect it to be a distinct, elongate transcurrent tectonic
feature. Generally, it is assumed that the Azores-Gibraltar Fault
Zone extends eastward through the Strait of Gibraltar. However,
most authors have refrained from indicating the (approximate)
location of the boundary fault zone to the south and east of
Gibraltar. Contrary to the established opinion that the plate
boundary evolved within the Alboran domain (see below), it
has previously been argued that the plate-tectonic suture lies
farther to the north or south. This uncertainty reflects the
lack of consensus about the (3-D) structuration of the sub-Moho
lithosphere beneath the almost 1807 curvature of the Betic-Rif
thrust belt. Consequently, the causal events responsible for
the formation of the orogens are also poorly understood. Many
different models and hypotheses have been proposed to
explain the geodynamic development of the accretionary
orogenic wedge (e.g. Doblas & Oyarzun, 1989; Platt & Vissers,
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1989; Boccaletti et al., 1990; Leblanc, 1990; Frizon de Lamotte
et al., 1991; Garcia-Duenias et al., 1992; Docherty & Banda, 1995;
Seber et. al., 1996; Martinez-Martinez & Azafién, 1997; Lonergan
& White, 1997; Zeck, 1997, 1999, Tandon et al., 1998; Comas
et al., 1999; Calvert et al., 2000; Rosenbaum & Lister, 2004).
An origin involving late-orogenic extensional collapse of the
inner part of an exotic ‘Alboran Block’ (accommodated by coeval
thin-skinned thrusting in the South Iberian and Maghrebian
foreland regions) has been assumed. The ‘Alboran Block’ was
first interpreted by Andrieux et al. (1971) as the hanging-wall
of a major thrust unit (‘microplate’) that moved over a long
distance from the location of the North Algerian (or Balearic)
Basin to the south-southwest. This accounts for the major E-W
shortening in the Gibraltar thrust footwall and palaeorotations

(see below). This microplate consists of metamorphic ‘hinterland

thrusts” that are surrounded by essentially non-metamorphic

‘foreland thrusts’ in the footwall.

The following two groups of causative models, which are
not necessarily mutually exclusive are distinguished:

1. Extension of the continental crust due to convective removal
of (cold and dense) lithosphere beneath a fixed depocentre
(Platt & Vissers, 1989; Vissers et al., 1995) or by (asymmetric)
delamination of the lithosphere beneath an eastward-
migrating depocentre (Garcia-Duefias et al., 1992; Docherty
& Banda, 1995; Seber et al., 1996). This was associated
with the simultaneous gravitational collapse of thickened
continental crust as well as extension-driven thrusting.

2. Subduction of the continental crust associated with back-
arc extension that was induced by the westward roll-back
of an east-dipping sinking slab (Lonergan & White, 1997;
Rosenbaum & Lister, 2004) or with uplift-related extension
due to a break-off of the subducting slab (Zeck, 1997). This
was associated with (simultaneous) asthenosphere-mantle
upwelling and gravitational collapse of thinning continental
crust and extension-driven thrusting.

Though the fact of plate convergence is unboubted, the
vera causa of the circumstances and processes that led to the
extensional collapse of the ‘Alboran Block’ remain controversial.
The very large-scale of this event is particularly evidenced by
the close vertical spacing of metamorphic grades and the
major post-orogenic crustal attenuation of the ‘Alboran Block.
The attenuation on the order of 15 and 20 km probably
indicates very rapid cooling associated with exhumation of
high-grade metamorphic rocks during the early Miocene,
which was the main period of extension and subsidence of the
Alboran Domain (Platt, 1998; Platt & Whitehouse, 1999).

Given the paucity of hard data and the resulting
interpretative uncertainties, various single-plate subduction/
collision systems have been proposed with the main dips
directed southward (Sanz de Galdeano, 1990b; Morley, 1992;
Morales et al. 1999), westward (Docherty & Banda, 1995; Zeck,
1997, 1999) or eastward (Morley, 1993; Royden, 1993; Lonergan
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& White, 1997; Calvert et al., 2000; Gutscher et al., 2002). An
alternative, double-plate subduction/collision model (cf.
Torres-Roldan et al., 1986) has recently been re-introduced by
Michard et al. (2002). In this double-plate model the continental
plate margins are respectively dipping to the northwest
(Maghrebian subduction; North African margin) and to the
southeast (Betic subduction; South Iberian margin). Overall,
the Betic-Rif orocline is interpreted as an intracontinental
collision orogen including an allochthonous, roll-back related
‘Alboran Block’ situated right above a double-plate subduction
zone and thus hiding the eastward continuation of the
Azores-Gibraltar Fault Zone. The view that the African-Iberian
plate boundary crosses the region of the Strait of Gibraltar and
the Alboran Sea beneath a cover of allochthonous Alboran
lithosphere (cf. Sanz de Galdeano, 2000) is (tentatively)
adopted in this study. Given the rather tentative palinspastic
reconstruction of the location of the plate contact between
the African and Iberian plates during the Miocene and
Pliocene, it is likely the plate boundary was a transpressional
dextral transform fault since the Paleocene (Srivastava et al.,
1990; Roest & Srivastava, 1991; Meghraoui et al., 1996). It is
clear though that there is no geometrically simple expression
of the plate boundary east of the Strait of Gibraltar.

For this reason, this paper does not address the complex
geodynamic origin of the oroclinal Betic-Rif structure. The
principal goal of this study is to review for the first time the
Neogene tectonostratigraphic evolution of the African-Iberian
plate-boundary zone, covering both southern Spain (south of
the Iberian Meseta) and northern Morocco (north of the
Moroccan Meseta). In particular it analyses the contem-
poraneous plate-tectonic deformation history, including
palaeogeographic developments. Special attention is given to
the syn-kinematic sequence stratigraphy of the Betic-Rif
basins, aiming at a tectonostratigraphic scenario for the
African-Iberian plate boundary zone on the basis of the
extensive open literature. Sequences and events are calibrated
to the geological time scale of Gradstein et al. (2004).

| Structural setting

The principal driving mechanism for the Late Cretaceous-
Cenozoic development of the Betic-Rif system was crustal
deformation caused by the northward movement of Africa
relative to Europe. The following crustal domains were
involved in the formation of the tightly arcuate Betic-Rif

chain of more or less isolated sierras (Figs 1 and 2):

1. South Iberian Domain: north of the Internal-External Zone
Boundary. Comprises a thrust-and-fold belt with exposures
of mostly non-metamorphic, sedimentary rocks of Mesozoic
and Tertiary age, including lamproites of Miocene age.

2. Alboran Domain: Alboran Sea and thrust zone regions south
of the Internal-External Zone Boundary and east of the
Internal Rif Thrust Front. Mainly consisting of superimposed
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nappe complexes composed of various metamorphic rocks
of Palaeozoic and Mesozoic (Triassic) age. Includes alkaline,
(high-K) calc-alkaline, shoshonitic and ultrapotassic igneous
rocks and lamproites of Miocene age.

3. Maghrebian Domain: west and south of the Internal Rif
Thrust Front. Comprises non-metamorphic sedimentary rocks
of Mesozoic and Tertiary age (cf. 1). Includes (hyper)alkaline,
calc-alkaline and shoshonitic igneous rocks of Miocene and
Pliocene age.

4. Campo de Gibraltar Flysch Domain: west to northeast of
Gibraltar. Exposes non-metamorphic, deep-water sedimentary
rocks of Jurassic, Cretaceous and Tertiary (Paleocene-
Miocene) age.

5. Maghrebian Flysch Domain: south of Tanger and south to
east of Jebha. Exposes sedimentary rocks of Jurassic to
Tertiary age (cf. 4).

Based on differences in depositional history (types of
rock), tectonometamorphic evolution (styles of deformation)
and timing of Alpine deformation (origin of structures), the
South Iberian and Maghrebian Domains and the Maghrebian

Flysch Domain are traditionally referred to as the External Zone
while the Alboran Domain and the Campo de Gibraltar Flysch
Domain are referred to as the Internal Zone (Fig. 2; Fallot,
1948). The intensity of deformation decreases markedly from
the Internal Zone to the External Zone. The Internal Zone, the
outcropping Spanish part of which is also called ‘Betic Zone’,
consists essentially of fragments (allochthonous terranes)
derived from a linear, collisional mountain chain (thick-skinned
nappe stack) that originated in a distant northeastern position.
Probably mostly during the Late Eocene ‘Atlas Event’ of
enhanced collision of Africa and Europe in combination with
increased NE-SW striking lithosphere-scale underthrusting
(Vissers et al., 1995; Frizon de Lamotte et al., 2000). The ‘Betic
Zone’ collapsed in ‘mid-Oligocene’ time at the beginning of S
and W directed back-arc extension in the Western Mediterranean
(Rosenbaum & Lister, 2004). It comprises a number of nappe
complexes that represent a varied, pre-Neogene and Neogene
tectonometamorphic history, including a record of penetrative
syn-metamorphic deformation related to an alternation of
compressional and extensional processes (Fig. 2; simplified,
partly after Egeler & Simon, 1969; Didon et al., 1973; Durand-
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Fig. 1. Structural map of the principal tectonic elements and basinal areas of the Betic-Rif orocline.
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Delga & Olivier, 1988; Lonergan & Mange-Rajetsky, 1994). The
following units are distinguished (differently named equivalents
in northern Morocco between brackets):

1. Nevado-Filabride Complex: comprises Palaeozoic sedimentary

rocks affected by polyphase (successively HP/LT and IP/IT)

Alpine metamorphism.

. Alpujarride (Sebtide) Complex: comprises Palaeozoic and
Triassic sedimentary rocks affected by polyphase (successively
LP/LT, IP/IT and HP/HT) alpine metamorphism (including
Ronda (Beni Bousera) peridotites).

. Malaguide (Ghomaride) Complex: comprises Palaeozoic
basement rocks affected by (very low-grade) Variscan meta-
morphism and non-metamorphic sedimentary cover rocks
of Triassic, Jurassic and Tertiary age.

. Dorsale (Dorsale Calcaire): comprises non-metamorphic lime-
stones, dolomites and marls of Triassic to Early Tertiary age.

. Predorsale: comprises non-metamorphic flysch, limestones
and marls of Jurassic to early Late Tertiary age (transitional
between 4 and 6).

. Campo de Gibraltar Flysch (Maghrebian Flysch): comprises
non-metamorphic flysch, olistostromes, clays, marls and
limestones of Jurassic to Tertiary age.
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The first three tectonometamorphic complexes (units 1, 2
and 3) occur dominantly in the Internal Zone (Fig. 2). They
formed part of the Late Cretaceous-Early Tertiary mountain
system that was fragmented and dispersed westward during
the Late Oligocene-Early Miocene extension of the Western
Mediterranean (e.g. Sanz de Galdeano, 1990b, 2000; Michard
et al., 2002; Rosenbaum & Lister, 2004). The next two units (4
and 5) crop out locally in the Betics s.s. near the Internal-
External Zone Boundary, that is the irregular leading edge of
the onshore part of the Alboran Domain. This Zone Boundary
delimits the Internal and External trust zones south of the
WSW-ENE trending Cadiz-Alicante Fault Zone (Sanz de Galdeano,
1996a). Together with the Crevillente Fault Zone (Fig.3), the
latter tectonic feature is generally interpreted as a dextral
strike-slip zone running subparallel to the longitudinal axes of
the External Zone and Betic Cordillera in general (Figs 2 and 3;
e.g. Hermes, 1978; Sanz de Galdeano, 1983; de Smet, 1984).
The Campo de Gibraltar Flysch units are generally considered
parts of the Internal Zone because of their predominant
structural position in this zone, as N to NW vergent thrusts
(Chalouan et al., 2006a). However, their local occurrence over-
lying parts of the External Zone, in combination with some
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other characteristics (lack of basement involvement, absent of
metamorphic alteration, Miocene deformation), implies that
these ‘Flysch units’ form part of the External Zone (Platt et al.,
1995). Alternatively, together with the transitional Predorsale,
they merit a separate, albeit cumbersome, classification as
‘Flysch Units. The larger complexes are emplaced on top of
each other as the result of NNW directed motion (Sanz de
Galdeano, 1997), the uppermost of the N-NW vergent, imbricate
thrust stack being referred to as the ‘Betic Nappes’. At present,
almost all fault contacts both between and within the complexes
indicate extensional re-activation. This makes it difficult to
reconstruct the kinematics and structural geometries established
during previous episodes of extension or compression. The
penetrative deformation and metamorphism of the Internal
Zone mainly occurred during the Eocene to Early Miocene
(Lonergan, 1993). Many of the present tectonic features of the
Internal Zone originated during the Late Oligocene-Middle
Miocene period. Prior to major compression in the Late Miocene,
the Internal Zone experienced episodic extension during the
Early and Middle Miocene (Garcia-Duetias et al., 1992; Crespo-
Blanc et al., 1994). Overall, the Internal Zone represents an
Early Miocene history of persistent, long-distance tectonic
transport to the west. When it more or less reached its present
position, the ‘Alboran Block’ collided obliquely with the Betic
and Rif marginal realms of the External Zone during the later
part of Early Miocene (Platt et al., 1995; Kirker & Platt, 1998).
As a result of this collision, thrusting, strike-slip deformations
and vertical-axis rotations of crustal blocks (mostly clockwise
in the Betics; anti-clockwise in the Rif) were generated
(Frizon de Lamotte et al., 1989; Osete et al., 1989; Platzman,
1992; Platzmann et al., 1993; Allerton et al., 1993; Calvo et
al., 1997; Platzman et al., 2000). This had notable effects on
the kinematics of syn-sedimentary faulting and the geometric
development of basins, while the Internal-External Zone
Boundary contacts obtained their present frontal structurations
and positions (Leblanc, 1990; Sanz de Galdeano & Vera, 1992;
Lonergan et al., 1994; Tent-Manclus et al., 2001).

At present, the Mesozoic-Cenozoic rocks of the essentially
unmetamorphosed External Zone occur in a thin-skinned fold-
and-thrust belt affected by diapiric structures of gypsiferous
Triassic mudstones (Cater, 1987; de Ruig, 1992). This sedimentary
series was originally deposited on the southern continental
margin of the Iberian Massif. It was subsequently exhumed (and
partly metamorphosed) by the end of the Oligocene (Lonergan,
1993) and propelled north-westward onto the Iberian Foreland
by Miocene thin-skinned thrusting with a flat-lying detachments
at mid-crustal level (Garcia-Hernandez et al., 1980; Banks &
Warburton, 1991). The sedimentary rocks of the External Zone are
generally grouped into two continental margin sequences (Fig.
2; Fallot, 1948; Hermes, 1978; Garcia-Hernandez et al., 1980):
1. Prebetic Zone: Predominantly composed of platform

carbonates and siliciclastic sediments mostly deposited in

relatively shallow-marine (near-shore) environments.

1600023350 Published online by Cambridge University Press

2. Subbetic Zone: Predominantly composed of clayey and
marly sediments mostly deposited in relatively deep-
marine (offshore) environments.

The collision-related deformation of the External Zone
(Sanz de Galdeano, 1996a) started abruptly in the relatively
basinal zone of the Subbetic. It was initiated after a Late
Oligocene-earliest Miocene period of crustal extension (Sanz
de Galdeano, 2000), low-angle normal faulting (e.g. Platt &
Vissers, 1989) and crustal thinning (Torné et al., 2000) that
strongly affected the Internal Zone contemporaneously with
the initial phase of rifting of the Valencia Trough and Algéro-
Provengal Basin (Sanz de Galdeano, 1988, 1990a,b, 2000). The
effects of the ‘post-collision’ phase of tectonic deformation,
which encompassed large-scale overthrusting during compres-
sional pulses (Crespo-Blanc et al., 1994), propagated externally
into the foreland until the Late Miocene, i.e. into the shelfal
zone of the Prebetic (Hermes, 1978; Banks & Warburton,
1991). Compressional tectonics ultimately resulted in the
fault-controlled formation of most intra-orogenic basins and
mountain ranges in the Late Miocene and, following further
(uneven) uplifting after the Miocene, into the development of
the Betic thrust-and-fold belt of today (Sanz de Galdeano &
Lopez-Garrido, 1991, 1999; Sanz de Galdeano & Vera, 1992;
Sanz de Galdeano, 2000; Braga et al., 2003). In general,
faulting including strike-slip faulting occurred commonly and
continuously during the late Cenozoic, resulting in a dense
network of countless minor fracture systems and a considerable
number of major ones with particular significance for the
structural evolution of the Betic Cordillera (Fig. 3; Sanz de
Galdeano et al., 1982, 1984, 1995; Sanz de Galdeano, 1983,
1988). Relatively distinct and important fault zones that were
active during the Miocene restructuration of the internal area
south of the Cadiz-Alicante Fault Zone included the south-
easterly Velez Rubio Corridor Fault System (Hermes, 1978, 1984;
Geel & Roep, 1999), Alpujarran Corridor Fault System (Sanz de
Galdeano et al., 1985, 1986; Rodriguez-Fernandez et al., 1990;
Jabaloy et al., 1993; Sanz de Galdeano, 1996a), Gafarillos
Fault (Stapel et al., 1996; Huibregtse et al., 1998; Jonk &
Biermann, 2002), Malaga-Almeria Fault (cf. Sanz de Galdeano
& Vera, 1992; Sanz de Galdeano et al., 1995), Palomares Fault
(Weijermars, 1987; Huibregtse et al., 1998; Jonk & Biermann,
2002), Carboneras Fault (Boorsma, 1993; Keller et al., 1995;
Huibregtse et al., 1998; Faulkner et al., 2003; Pedrera et al.,
2006) and Alhama de Murcia Fault (Gauyau et al., 1977; Silva
et al., 1992; Martinez-Diaz, 2002). The latter three fault systems
are part of the Trans-Alboran Shear Zone (De Larouziére et al.,
1988), a major NE-SW trending sinistral strike-slip system that
extends into the Maghrebian Domain (Fig. 3).

The principal domains and thrust complexes of the Rif, the
southern limb of the orocline, are largely homologous to those
of the Betic Cordillera, the northern limb of the strongly
curved orogenic sytem (Didon et al., 1973). An Internal Zone
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Fig. 3. Location map of the main faults of the Betic-Rif orocline.

and an External Zone are distinguished for each orogenic
system. The Rif is further divided into an Internal Rif Domain
and an External Rif Domain. These are more or less separated
from each other by a zone of Maghrebian ‘Flysch Units’
including the Predorsale (Piqué, 2001). In contrast with the
western Betic Cordillera, these ‘Flysch units’ overly the
External Zone, except for some inliers within the Internal
Zone (Didon et al., 1973; Wildi, 1983).

The Internal Rif Domain includes the following main nappe
complexes (Fig. 2; Didon et al., 1973; Michard, 1976; Wildi,
1983; Chalouan et al., 2001; Piqué, 2001), each of which having
an equivalent in the Betic Cordillera (see above):

1. Sebtide Complex
2. Ghomaride Complex
3. Dorsale Calcaire.

An equivalent of the Betic Nevado-Filabride nappe complex
is lacking in the Rif orogenic wedge. The Sebtides include
ultramafic mantle bodies (Beni Bousera peridotites) which
have been interpreted, like those in the Alpujarrides (Ronda
peridotites), to represent a large and thick ultramafic slab
that was extensionally fragmented during the formation of
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the Betic-Rif orocline (Sanchez-Gomez et al., 1995; Zeck, 1997).
Their emplacement age is not established with certainty. Both
in the Sebtides and the Ghomarides low-angle normal faults
(extensional detachments) occur, that dip gently towards the
Alboran Sea. They have been related to Middle Miocene rifting
of the Alboran Domain (Chalouan et al., 1995). Similar faults
have been found in the Betic Zone (e.g. Garcia-Duefias et al.,
1992). The eastern Internal Rif Domain has been affected by
‘post-nappe’ diapirism involving Triassic evaporites (Leblanc &
Marcais, 1979).

The External Rif Domain is concentrically differentiated
into the following main thrust zones (Fig. 2; simplified, partly
after Michard, 1976; Leblanc, 1980; Wildi, 1983; Chalouan et
al., 2001):

1. Intrarif: characterised by (marginally metamorphic) rock
sequences of Mesozoic (Triassic-Cretaceous) and Tertiary
age, including Maghrebian Flysch nappes.

2. Mesorif: characterised by rock sequences of Mesozoic
(Jurassic-Cretaceous) and Tertiary age.

3. Prerif: characterised by rock sequences of Mesozoic (Triassic-
Cretaceous) and Tertiary age.
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The Rifian External Zone, which represents the Tethyan
continental margin of the African Plate, cannot be readily
compared with the Betic External Zone. There are significant
differences in stratigraphic development. The internal and
external nappes of the Rif have been detached from the North
African margin and have been propelled from the Early Miocene
onwards in overall south- and south-westward directions. The
internal nappes overthrusted the Maghrebian Flysch Complex,
i.e. the Rif’s continuation of the Campo de Gibraltar Flysch
Complex. The Internal Rif overlies the External Rif (Figs 1 and
2). Thusting was W and S directed, as indicated by the trend of
fold axes and second-order thrusts. The intensity of deformation
decreases outwards from the Internal Zone into the External
Zone.

Strike-slip faulting played an important role during the
structural and tectonosedimentary evolution of the Rif
mountain system, especially when the Rif s.s., the southern
leading edge of the ‘Alboran Block’ onshore, was thrusted sub-
horizontally (together with Maghrebian ‘Flysch Units’) in south-
western directions onto the Moroccan Foreland (North African
continental margin) while the Betic-Rifian Internal Zone as a
whole was propelled westward in the Miocene during ongoing
N-S convergence of Africa and Iberia (e.g. Rosenbaum & Lister,
2004). Simultaneously, accommodating movements occurred
along the Jebha Fault (Olivier, 1982) and the Nekor Fault
(Leblanc, 1980; Asebriy et al., 1993) which, together with e.g.
the relatively indistinct Melilla Fault (cf. Sanz de Galdeano,
1988; Sanz de Galdeano & Vera, 1992), represents the Trans-
Alboran Shear Zone in coastal northwestern Africa (Fig. 3).
This shear zone of south-westward escaping tectonic wedges
(Chalouan et al., 2006b) can be traced southward across the
mainland as a discontinuous, seismically active strike-slip fault
system that encompasses the Northern Middle Atlas Fault (Fig.
3) and reaches the Atlantic seaboard near Agadir (Ait Brahim,
1986; Jacobshagen, 1992) from where it can be traced south-
westward as far as the Canary Islands. This NE-SW trending,
sinistral fault zone borders a triangular African subplate, the
so-called Moroccan Microplate, which is delimited in the north
by the E-W trending, dextral Azores-Gibraltar Fault Zone. The
eastward prolongation of this fault zone comes close to the
similarly E-W trending axis of the overthrusted ‘Alboran Block’
and Betic-Rif collision structure as a whole. In turn this may
be linked up to the oceanic spreading centre of the North
Algerian Basin (Fig. 3), i.e. the southernmost part of the
Algéro-Provencal Basin (cf. Sanz de Galdeano, 2000). The
southwestern block margin apparently coincides with a seismic
fault zone that trends north-westwards from Agadir on the
Moroccan coast to the Azores-Gibraltar Fault Zone offshore
(Buforn et al., 1988).

The Betic-Rif orogen is tightly surrounded by an arcuate
Betic-Rif foredeep that originated by a downwards bending of the
lithosphere in response to Early-Middle Miocene emplacement
of nappes that was associated with the westward drifting of
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the ‘Alboran Block’ In southern Spain, north of the Subbetic
nappe stacks, a skirting North Betic Foreland Basin originated
while in northern Morocco an equivalent Prerif Foreland Basin
was formed in front of the Mesorif thrust zone (Figs 1 and 2).
West of the Gibraltar Arc proper, which links the Betic and Rif
mountain belts, a similar foredeep was formed in response to
the collisional westward migration of the ‘Alboran Block’
(Maldonado et al., 1999; Maldonado & Nelson, 1999).
Structurally, this ‘Gibraltar Arc Foreland Basin’ is relatively
indistinct due to the accompanying tectonic deformation of
the foreland region and the chaotic deposition of the huge
Gibraltar Arc Allochthon (Fig. 1; Torelli et al., 1997; Medialdea
et al., 2004). Like the Guadalquivir Allochthon (Fig. 1; Flinch
et al., 1996; Berastequi et al., 1998) and the Prerif Allochthon
(Fig. 1; Frizon de Lamotte, 1987; Flinch, 1996; Pratsch, 1996),
this tectonosedimentary mélange consists of gravity-driven
olistostromes and other allochthonous deposits incorporating
strongly deformed Mesozoic and younger rock material
detached from their original base and thust outward from the
Betic-Rif orogen into the adjacent basin (Flinch, 1996).

1 General stress fields

The conspicuously arc-shaped Betic-Rif fold-and-thrust belt
represents a geodynamic setting on the peri-Mediterranean
orogen that was governed by internal rifting and external
thrusting induced by the Alpine convergence of Africa and
Iberia. The present day maximum compressional stress in the
Ibero-Maghrebian region trends roughly N-S. This fits the
general direction of crustal shortening with a rotation pole
located near the Canary Islands (Buforn et al., 1988; Argus et
al., 1989; Henares et al., 2003). Its present neotectonic
configuration and tectonic style has been inherited from
widespread Neogene strike-slip and normal faulting, folding
and thrusting (Fig. 3) which, in turn, were controlled by
compression and extension induced by ongoing relative plate
and block motions causing space problems. Convergent plate-
boundary interaction resulted in a superposition of Alpine
deformation phases leading to a complex interference pattern
of structures comprising variously-sized, intra-orogen sierras
(with heights up to 3500 m) and intramontane basins (with
mainly (sub)horizontally layered fills) within the diverse
Betic-Rif nappe complexes and thrust zones. Onshore, the
tectonic development concluded with the exhumation of the
Betics s.s. and the Rif s.s.

During the period of late Cretaceous to Cenozoic continental
convergence, the tectonic evolution and depositional history
of the Betic-Rif plate boundary zone has particularly been
affected by far-field stress sources related to the progressive
opening of the Atlantic Ocean and the continuing motion of
Africa relative to Europe (cf. Dewey et al., 1989; Rosenbaum
et al., 2002). In time and space, the orientation and relative
importance of the different stress sources, as well as their
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spatial interplay, have changed (Galindo-Zaldivar et al., 1993;
Andeweg, 2002). Repetitive changes in the stress field caused
repeated reactivation of pre-existing Betic-Rif fault systems,
accompanied with the formation of new faults. As a result, a
large number of fault-bounded basins evolved under a varying
tectonic setting. Overall, their developmental history records
the relative kinematic activity of the African and Iberian
lithospheric plates. tectonosedimentary effects registered
changes in stress conditions: local, intrabasinal deformation
and sedimentation features were responses to episodic
modifications of the local, intraplate stress field caused by
regional plate reorganizations. In essence, basins record crustal
kinematics as these controlled intra-orogen subsidence. The
first-order driving forces for the crustal-scale Neogene changes
of the stress fields at the Betic-Rif plate-boundary zone were
the continuing E directed, Atlantic ridge-push forces. These
were generated by the progressive opening of the Atlantic to
the west of the Iberian Peninsula (controlled by varying
spreading rates) in combination with the African-Iberian
collision forces associated with progressive shortening of crust
and subduction of lithospheric material (controlled by different
motion rates). Reconstructions of Neogene and Quaternary
stress trajectories (generally deduced from fault slip data,
borehole breakout data, (micro)structures and earthquake
focal mechanism solutions) indicate that contemporary stress
patterns and directions in southern Spain and northern
Morocco were relatively uniform and consistent on a regional
scale, albeit with some local variations. Nevertheless, plate-
tectonic processes directed the first-order structural and
sedimentary development of the Betic-Rif plate-boundary
zone. During periods of tectonic quiescence the second-order
eustatic sea-level changes governed the depositional history.
Until the earliest Miocene, that is during the time that Iberia
was mechanically independent relative to Africa and Europe,
the stress patterns were genetically mostly related to the
convergence of Africa relative to Europe. During the subsequent
(post-Early Aquitanian) period, that is after the definitive
mechanical coupling of Iberia and Europe, a predominant
kinematic relationship with the convergence of Africa and
Iberia prevailed. Through an enhancement in relative motion
between both plates large-scale collisional nappe thrusting
was triggered which coincided with compressional deformations
related to the westward movement of the ‘Alboran Block:
Though the trajectories of maximum compressional stress are
generally compatible with the plate-motion vector, significant
deflections in spatial pattern and direction may develop near
large-scale faults (de Ruig, 1990). The following succession of
generalized directions of maximum compressional stress and
relative plate motion governed the development of the Betic-
Rif cordilleras (compression directions after Morel, 1989; Sanz
de Galdeano, 1990b, 1996b; Galindo-Zaldivar et al., 1993; Hlila
& Sanz de Galdeano, 1995; Montenat et al., 1996; Stapel et al.,
1996; Keller et al., 1995; Huibregtse et al., 1998; Andeweg,
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2002; Gil et al., 2002; Jonk & Biermann, 2002; Rosenbaum et
al., 2002; Ait Brahim et al., 2002; Henares et al., 2003; Zaghloul
et al., 2003; Ruano et al., 2006 convergence directions after
Dewey et al., 1989; Rosenbaum et al., 2002):

Southern Northern Africa-Iberia
Spain Morocco Convergence
Quaternary/Recent NNW-SSE/NW-SE ~ NNW-SSE/WNW-ESE ~ NNW-SSE/NW-SE
Late Pliocene NNW-SSE/N-S NNW-SSE/NW-SE NNW-SSE
Early Pliocene NNW-SSE/N-S NNW-SSE/NW-SE NNW-SSE/NW-SE

Late Miocene
Middle Miocene

Early Miocene

NNW-SSE/NW-SE ~ NNE-SSW/ENE-WSW  NNW-SSE/N-S
NNW-SSE/E-W N-S NNW-SSE/NNE-SSW
NW-SE N-S/NE-SW NNW-SSE/NNE-SSW

Late Oligocene NNW-SSE/NW-SE NNW-SSE

This overview suggests a predominance of NNW-SSE directions
for the Neogene intraplate stress field and plate convergence
of the African-Iberian plate-boundary zone. It is emphasized,
however, that it is difficult to generalize stress fields for large
and geologically complicated areas and over long intervals of
time. They are typically regionally heterogenous with local
variations in stress over time and with contemporaneous
differences in stress condition in neighbouring areas. Periods
of compression alternated with periods of extension in the
Betic Cordillera (Garcia-Dueiias et al., 1992), Alboran Sea
(Chalouan et al., 1997) and Rif (Michard et al., 1996). The
compressional stress directions do not necessarily mimic plate
motions due to spatial heterogeneities resulting from fault
systems. The compressional stress field of northern Morocco
rotated anti-clockwise from NNE-SSW/ENE-WSW in the Late
Miocene (Tortonian) to NNW-SSE in the Pliocene (cf. Alt
Brahim & Chotin, 1984, 1990; Ait Brahim, 1985; Galindo-Zaldivar
et al., 1993), while the orientation of maximum (sub)horizontal
compression remained essentially NNW-SSE oriented in Spain.
Moreover, it is possible that the stress direction rotated
further on a regional scale from NNW-SSE to NW-SE/WNW-ESE
in Quaternary time (cf. Ribeiro et al., 1996; Henares et al.,
2003). Such a stress field development is consistent with the
long-term anti-clockwise rotation of Africa relative to Europe
(Dewey et al., 1989; Rosenbaum et al., 2002).

Simultaneous with the collisional migration of the ‘Alboran
Block’ and the complex convergence of Africa relative to
Europe, a roughly N-S (commonly ranging between NNW-SSE
and NE-SW) trending, thrusting-related direction of crustal
extension prevailed in the Alboran Domain from (late) Late
Oligocene (Gonzalez-Lodeiro et al., 1996; Chalouan et al., 1997;
Geel & Roep, 1999; Platt & Whitehouse, 1999) until Middle
Miocene (Langhian) times (Crespo-Blanc et al., 1994; Chalouan
et al., 1997; Martinez-Martinez & Azanén, 1997; Comas et al.,
1999; Andeweg, 2002). Consequently, the collisional thickening
of the Alboran continental lithosphere (Platt & Vissers, 1989)
occurred before the Late Oligocene onset of lithospheric
extension. Most likely, the duration of this stress field
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orientation is kinematically linked to the Chattian opening of
the Valencia Trough (Geel et al., 1992; Geel, 1995; Geel &
Roep, 1999) and the Langhian opening of the North Algerian
Basin (Mauffret et al., 2004). The coeval occurrence of
extension parallel to the regional compression was possibly
caused by flexural bending or folding stresses resulting from
the large-scale horizontal compression and shortening of the
lithosphere. Contemporaneously, compressional NW to SE
directed thrusting as well as extensional low-angle normal
faulting and thinning of the crust (reducing its strength and
making it prone to tectonic reactivation), uplift (possibly
related to slab break-off) occurred in the Alboran Domain in
association with compressional foredeep development around
the entire Betic-Rif orocline (Garcia-Duefias et al., 1992;
Galindo-Zaldivar et al., 1993; Crespo-Blanc et al., 1994). From
later Middle Miocene (Serravallian) until early Late Miocene
(Tortonian) times, E-W to NE-SW extension was predominant
(Gonzalez-Loreido et al., 1996; Comas et al., 1999; Sanz de
Galdeano & Lopez-Garrido, 2000; Andeweg, 2002; Gil et al.,
2002; Gutscher et al., 2002, Martinez-Martinez & Azanon,
2002). Three principal episodes of extension can be recognized
in the Betic Zone: a (late) Chattian-Aquitanian (Biermann, 1995;
Geel, 1995), a late Burdigalian-Langhian or Langhian one with
a northward (NNW) transport direction (orthogonal to the
orogen axis) and a Serravallian one with a (orogen-parallel)
southward (WSW) transport (Crespo-Blanc et al., 1994; Martinez-
Martinez & Azafion, 1997). These extensions modified older
thrust-nappe stacks into units bounded by low-angle normal
faults, prior to folding and faulting of these structures by
Tortonian and later compressional tectonics (Crespo-Blanc et
al., 1994). In the Rif N(N)E-S(S)W extension occurred in the
Chattian, N(N)W-S(S)E extension in the Aquitanian and E(NE)-
W(SW) extension in the early Burdigalian (Zaghloul et al.,
2003). E-W and NNE-SSW extension occurred successively in
the Middle Miocene, after a late Burdigalian period of WSW to
SW directed thrusting, whereas roughly E-W extension
re-occurred in the chain in the Late Miocene (Chotin & Ait
Brahim, 1988; Hlila & Sanz de Galdeano, 1995; Andeweg, 2002).

Presently, extension in the Betic Cordillera is NE-SW
trending, whereas in northern Morocco NNE-SSW extension
occurs (Galindo-Zaldivar et al., 1999; Gil et al., 2002; Henares
et al., 2003). For the intermediate, central part of the Alboran
Domain, earthquake data provides evidence of NNW-SSE
extension (Galindo-Zaldivar et al., 1993), and, most likely, the
Alboran Sea is now subjected to NNE-SSW extension (Henares
et al., 2003). Overall, the direction of the compressional and
extensional stress regimes and their driving plate motions did
not change gradually over time, neither locally nor on a
regional scale. Rather, they varied and evolved episodically
during brief periods of enhanced change in (plate-)tectonic
setting, as exemplified by the intra- and terminal Tortonian
deformation phases that were first recognized in the Betic
Zone (Ott d’Estevou, 1980; Estévez et al., 1982; Ott d'Estevou
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& Montenat, 1985; see also Boorsma, 1993) and the intra-
Messinian deformation phase that was originally identified in
the External Rif (Kerchaoui & Morel, 1984; Morel, 1984). The
reality of such punctuated tectonics separating periods of
relative tectonic stasis for the entire Neogene will be argued
in the following sequence stratigraphic analysis of Betic-Rif
basins.

| General origin of basins

Within the Betic-Rif plate-boundary zone a great diversity of
basins developed in a close causal relationhip with local
tectonic circumstances and regional stress regimes. Several
developed on an open synform reflecting crustal compression
and shortening by the collision of Africa and Iberia. Numerous
basins of the Betic and Rifian Internal Zones are complex
intramontane (half-) grabens and pull-apart basins, which
remained tectonically active since their initial development
and filling with sediments (see below). Their origin often
involved an extensional, strike-slip or thrust-top mechanism
of subsidence. Foreland basins are limited to the compressional

External Zones and adjoining foreland regions. With respect to

the time of origin relative to the emplacement of the ‘Alboran

Block’, Betic-Rif basins can be grouped as follows (Fig. 4; based

on Sanz de Galdeano, 1991):

1. Early Neogene Basins: Basins that formed during the Late
Oligocene to Middle Miocene period of main rifting and
which were already extant during the Early and Middle
Miocene period of westward (ENE to WSW) movement of the
‘Alboran Block’ In particular, the basins in the Alboran
Domain were tectonically unstable by virtue of having a
mobile substratum. Deposition occurred contemporaneously
with the westward movement of the sole thrust of the
‘Alboran Block’ As ‘piggy-back’ basins developed on the
hanging-wall of a crustal thrust (Jabaloy et al., 1992), they
were tectonically and stratigraphically disconnected from
basins comprising older strata. These ‘piggy-back’ basins
were severely deformed and faulted by both syn-
sedimentary tectonics and later tectonics. Consequently,
the preserved remnants (generally as small and scattered
outcrops) do not allow of the detailed reconstruction of
their geometric features and sedimentary fills, or for that
matter their precise typological classification. In the Betic
Internal Zone the scattered, allochthonous syn-rift strata
of the Alozaina-Tolox region (northwest of Malaga;
unconformably overlying the Malaguide nappes) and the La
Vifiuela-Majiaza region (northeast of Malaga; uncon-
formably overlying the Alpujarride nappes) are particularly
representative for this kind of deformed basin (Durand-
Delga et al., 1993; Sanz de Galdeano et al., 1993). Examples
are the pre-Late Miocene fills of the Granada, Guadix-Baza,
Sorbas-Tabernas and Ugijar Basins (Fig. 4; Jabaloy et al.,
1992). In the South Iberian Domain the External Zone
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Fig. 4. Location map of the main basins of the Betic-Rif orocline.

includes the compressional Proto-Guadalquivir foreland basin,
to which the Moratalla Basin belongs, and, partly, the North
African Flysch Trough. In the Maghrebian Domain occur the
Western Prerif Foreland Basin, which in front of thrust
fronts includes small flexural basins, such as the Larache
and Zoumi Foredeeps, and distally the Gharb and Saiss
Basins, and the complex Eastern Prerif Foreland Basin, which
comprises the Gareb-Kebdana and Taza-Guercif Basins (Fig.
4). The Internal Zones mostly consist of the Alboran Basin,
the thrust-belt hinterland basin that collapsed at the
centre of the Alboran Domain due to back-arc stretching of
the basement. Along the thrust front of the Betic Internal
Zone foreland sediment accumulation occurred in a piggy-
back basin setting (Roldan & Rodriguez-Fernandez, 1991;
Lonergan & Mange-Rajetzky, 1994). In the Internal Rif and
adjoining External Rif correlative Late Oligocene to Early
Miocene marine deposition is recorded in the allochthonous
Dorsale Calcaire, Predorsale and Numidian Flysch units, and
in the autochthonous remains of the Tetouan-Martil Basin
that overly Ghomaride nappes (Feinberg et al., 1990;
Benmakhlouf & Chalouan, 1995, Ouazani-Touhami &
Chalouan, 1995; Chalouan et al., 2001).
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2. Late Neogene Basins: Basins that formed after the Middle
Miocene when the westward motion of the ‘Alboran Block’
had virtually come to an end. In the Betic Zone this
includes many intramontane basins, such as the Abaran,
Fortuna, Granada, Guadix-Baza Basin, Lorca, Malaga, Nijas-
Carboneras, Ronda, Sorbas-Tabernas and Vera-Garrucha

(Fig. 4). stratigraphic

architectures of these basins were generally controlled by

re-arrangements of fault blocks, which were determined by
syn-sedimentary tectonic movements within a network of
strike-slip faults. The resultant structures and sedimentary
basin fills reflect a complex tectonic and depositional
history encompassing

Basins The geometries and

relative sea-level fluctuations
represented by unconformities. The time gaps represented
by these unconformities have rarely been assessed
accurately and precisely. These basins can be divided into
four types based on the predominant type of syn-
sedimentary control by faults (Fig. 4; after Sanz de
Galdeano & Vera, 1992):
1. Basins controlled by NE-SW to NNE-SSW trending sinistral
strike-slip faults: Hinojar Basin, Lorca Basin (partly),
Pulpi Basin, Vera-Garrucha Basin (partly).
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2. Basins controlled by NW-SE and NNE-SSW trending normal
faults (mainly): Granada Basin, Guadix-Baza Basin,
Fortuna Basin (partly), Lorca Basin (partly), Ronda Basin.

3. Basins controlled by N-S trending normal faults: Mazarron
Basin.

4. Basins controlled by E-W trending normal faults (mainly):
Almanzora Corridor, Huercal-Overa Basin.

In the External Zone of the Betic Cordillera a widespread
intramontane complex of generally interconnected continental
basins characterizes the Prebetic, whereas the Rifian External
Zone comprises relatively discrete and localized intramontane
basins, such as the Bouhaddi, Boudinar, Dhar Souk, Melilla,
Tafrannt and Taounate Basins. Different models have been
proposed for the origin and development of the internal and
external intramontane basins. Mostly proposing a single-cause
rather than a multi-cause relationship with the regional syn-
sedimentary kinematics. As indicated in the following
sections, the formation of these basins has been explained by
subsidence mechanisms such as:

1. NE-SW extension within the similarly trending Alboran
Shear Zone and its northern and southern extensions,
though the fault system proper may be younger than the
basin.

2. E-W extension associated with strike-slip faulting, though
the bounding faults tend to be later features that originated
by re-activation of older structures.

3. NNE-SSW to NW-SE extension induced by arc-normal pull of
the E-NE trending slab attached to the subducted Iberian
Plate and associated with the NE-SW progressing detachment
of the slab beneath the Betics.

4, N-S extension due to the collapse of the continental crust
induced by convective removal or delamination of thickened
sub-continental lithosphere.

Like the flexural (Proto-)Guadalquivir, Gharb, Saiss and
Gareb-Kebdana foreland basins, the fault-bounded Betic-Rif
basins are the product of kinematic activity during phases of
tectonic stress and deformation that, in turn, were driven by
the geodynamics of the Africa-Iberia plate convergence.
Continuously evolving tectonic conditions, which largely
masked the effects of eustatic sea-level fluctuations, were the
main control on the sedimentary development of the basins.
Deposition occurred in a complex, continuously changing
tectonopalaeogeographic setting including a network of
interconnected depressions and emergent highs. Together,
these constituted a temporary ‘basin-and-range’ topographic
manifestation of the Africa-Iberia collision. Climatic change
was a minor control on the sediment accumulation in the
depocentres and on the erosion of the land masses. As argued
in the following review, deposition and non-deposition/
erosion occurred episodically under strong tectonic control.
This resulted in the overall syn-tectonic sedimentary sequences
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being delimited by correlative, first-order unconformities and
non-erosional boundaries which mark brief and widespread
periods of simultaneous change in depositional conditions.

Tectonostratigraphy of Betic Basins
| (Figs 4 - 6; Appendices 1 - 7)

Western Internal Betic Basins (Fig. 5)

Within the Betic Internal Zone allochthonous tectonic units of
detached sedimentary sequences with turbiditic deposits
characterize the westernmost Campo de Gibraltar Domain.
Northeast of this domain, similar flysch units are found near
Ronda and north of Malaga in some narrow bands situated
near the contact of the Internal Zone and the External Zone.
The age of these tectonosedimentary units ranges from the
Early Cretaceous to the Early Miocene. The geometry and
structural relationship of the different units are poorly
known. One of the main units is the Aljibe unit with rocks of
late Senonian to Early Miocene age. Its Aljibe Arenites of
Aquitanian-Burdigalian age correlate with the younger part of
the Numidian Formation. They overly Chattian Beneiza Flysch
with a pronounced change in lithofacies from thin-bedded,
marly sandstones to thick-bedded, massive sandstones. This
contact that is interpreted as a major, non-erosional sequence
boundary separating two different depositional systems at the
Chattian-Aquitanian transition (Stromberg & Bluck, 1998).
The upper part of the Aljibe flysch consists of late/middle
Burdigalian sandstones and siltstones referred to as the
Neonumidian Formation (Lopez-Garrido & Sanz de Galdeano,
1999). Like the Maghrebian flysch, its Rif-Tell equivalent, the
Campo de Gibraltar flysch originated in a deep basin, the
North African Flysch Trough (Appendix 1). This basin fringed
the frontal parts of the hanging-wall ‘Alboran Block’ during its
initial westward migration. By the late Burdigalian, the flysch
trough started to collapse and close due to the collision of the
newly formed accretionary wedge (i.e. the migratory foot-wall
fold-and-thrust belt at the western Betic front of the west-
vergent Gibraltar Thrust) with the South Iberian palaecomargin
located at the present site of the Betic External Zone. The
destruction of the flysch trough was accompanied by the
tectonogravitational emplacement of the Neonumidian
Formation and succeeded by post-collisional backthrusting of
the flysch complex at the end of the Burdigalian (Guerrera et
al., 1993).

The Late Oligocene and Early Miocene Campo de Gibraltar and
Maghrebian flysch units are correlative with a lithologically
diverse group of marine, partially olistostromic and turbiditic
formations (Sanz de Galdeano & Vera, 1992; Sanz de Galdeano
et al., 1993), which formed an areally irregular sedimentary
‘cover’ on thrusted basement rocks of the Betic Internal Zone
(Balanya & Garcia-Duerias, 1987; Gonzalez-Lodeiro et al., 1996).
The unconformable superposition of these strata on top of
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Malaguide and Alpujarride nappe complexes indicates that the
major thrusting occurred before the (late) Chattian.

Beneath the Malaga Basin, a depocentre of post-Serravallian
age, the ‘cover’ comprises the Alozaina Formation, a terminal
Chattian to early Aquitanian sequence of shallow-marine sands
and conglomerates that was deposited prior to the westward
displacement of the ‘Alboran Block’, and deposition of the
mainly deeper-marine Vifiuela Formation. Following the
‘Aquitanian Paroxysm’ (Guerrera et al., 1993), these clastics
were unconformably transgressed by early/middle Burdigalian
breccias (‘Las Millanas Fm.), conglomerates and mudstones
which accumulated coevally with syn-rift migration of the
‘Alboran Block’ (Durand-Delga et al., 1993; Sanz de Galdeano et
al., 1993; Lopez-Garrido & Sanz de Galdeano, 1999). The Vifiuela
Formation is unconformably covered by the Neonumidian
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Formation in succession to a erosional episode related to late
Burdigalian overthrusting. The thrusting occurred simul-
taneously with a NW directed mass sliding events of which the
resulting sedimentary sequence is known as the ‘Alozaina
Complex’ (Balanya & Garcia-Duefias, 1987). This tectonic
mélange consists of olistostromes derived from the Dorsale,
Predorsale and Campo de Gibraltar Flysch nappe complexes
(Gonzalez-Lodeiro et al., 1996) during the obliteration of the
North African Flysch Trough. This start of the ‘Burdigalian
Paroxysm’ (Guerrera et al., 1993) may be attributed to a
change in the convergence of Africa and Iberia that climaxed
with abrupt accretion of the ‘Alboran Block’ to the South
Iberian plate margin (Sanz de Galdeano & Lopez-Garrido,
1991). Langhian and Serravallian deposits are absent in the
Malaga region, assumedly due to widespread tectonic uplift
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that commenced at the end of the Burdigalian (Lopez-Garrido
& Sanz de Galdeano, 1999; see also Guerrera et al., 1993).
Deposition was resumed at the Serravallian-Tortonian
transition with the formation of the intramontane Malaga
Basin as a consequence of tectonic subsidence induced by NE-
SW extension. The preserved Tortonian consists of a lower
sequence of marine sands and conglomerates and an upper
one with marine calcarenites and marls. The sequences are
bounded by unconformities. Messinian strata are lacking
(Lopez-Garrido & Sanz de Galdeano, 1999), supposedly due to
erosion/non-deposition mainly caused by tectonic uplift at
the end of the Miocene. The Pliocene is composed of abruptly
transgressing basal conglomerates and marls which are
gradually replaced in time by regressive sands (Lépez-Garrido
& Sanz de Galdeano, 1999). Deposition occurred under control
of an active system of basin-bounding faults in a shallow sea
with islands (Sanz de Galdeano & Lopez-Garrido, 1991; Lépez-
Garrido & Sanz de Galdeano, 1999).

The Granada Basin is a complicated half-graben northeast
of the Malaga Basin at the Internal-External Zone Boundary.
It originated after deposition of a sequence of Aquitanian? to
Serravallian age, which sequence includes several tectono-
sedimentary breaks from the top of the Burdigalian Alamillos
Formation to the top of the La Peza Formation (Martin Suarez
et al., 1993; see also Martin-Algarra et al., 1988; Sanz de
Galdeano & Vera, 1992). As one of the larger intramontane
basins of the Betic Cordillera, the basin took shape in the
early Tortonian. Its initial infilling coincided with a marine
transgression that onlapped a continental relief that
was strongly modified during the compressional ‘Terminal
Serravallian’ tectonic phase (Estévez et al., 1984). The newly
formed basin subsided rapidly in response to NE-SW extension
(Reicherter, 1999). Six unconformity-bounded sedimentary
sequences are distinguished (Fernandez et al., 1996). The
accumulation of the basal sequence of clastics and bioclastic
carbonates was terminated by a compressional intra-Tortonian
tectonic event (Estévez et al., 1982). This event marks the
commencement of overall regressive deposition of (reefal)
carbonates, marls, sands and conglomerates (Sanz de Galdeano,
1988; Garcia Garcia et al., 1999). During the late Tortonian,
the basin acquired its present-day configuration. The correlative
strata are unconformably succeeded by a terminal Tortonian
sequence representing continentalisation of the basin. The
marine-continental sequence comprises, amongst others,
selenitic gypsum and halite (Dabrio et al., 1982) which correlate
with the evaporitic horizons of the eastern Betics assigned to
the ‘Tortonian Salinity Crisis’ (Krijgsman et al., 2000; see
below). It is unconformably overlain by a Messinian sequence
comprising typically a lower, marly and calcareous subsequence
and an upper subsequence with evaporites, marls, sands and
(finally) lacustrine limestones. Deposition of this sequence
began around the Tortonian-Messinian transition when the
Sierras Gorda and Arana and the southerly Sierras Tejeda and
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Almijara emerged abruptly, thus suddenly enhancing the
geographical isolation of the basin (Dabrio et al., 1982).
Reflecting a continued land-locked setting, the Granada basin
fill evolved into a two-fold Plio-Pleistocene sedimentary series
of lacustrine and fluvial deposits including carbonates, marls,
sands and conglomerates as well as lignites (Fernandez &
Rodriguez-Fernandez, 1991; Sanz de Galdeano & Vera, 1992;
Fernandez et al., 1996).

The structural position and tectonostratigraphic architecture
of the nearby intramontane Guadix-Baza Basin are comparable
to those of the Granada Basin. The pre-Neogene basement is
likewise overlain by marine formations of latest Chattian/
early Aquitanian to Serravallian age (Garcia Aquilar & Martin,
2000). In the bounding Sierra Arana-Mencal region (northern
part of the basin) the sequential development evidences the
‘Aquitanian Paroxysm’ by the unconformable superposition of
the early Aquitanian (and older) Canada Formation by the
similarly deep-marine Almidar Formation of late Aquitanian-
early Burdigalian age (Soria, 1994). This event signifies the
initiation of the Proto-North Betic Foreland Basin (Appendix
2). The ‘Burdigalian Paroxysm’, which marks the collision of
Alboran and Iberia, is recorded by an unconformable contact
between the Almidar Formation (corresponding to the final
deposits of the South Iberian palaeomargin) and the Moreda
Formation of late Burdigalian-Langhian age. This major tectonic
phase established the North Betic Foreland Basin proper by
pronounced loading of Betic thrust masses (Sanz de Galdeano
& Vera, 1992). Important tectonic events occurred later at the
end of the Burdigalian (dividing ultimately the Moreda Fm. into
two unconformity-bounded sequences) and at the conclusion
of the Langhian (marked by the erosional upper limit of the
Moreda Fm.) and the Serravallian (defined by a hiatus at the
top of the Aguila Fm.; Soria, 1994, 1998). The Late Miocene
and Pliocene fill of the intramontane Guadix-Baza Basin
includes an unconformable series of six tectonosedimentary
sequences which closely correlate with those of the Granada
Basin (Fernandez et al., 1996; Soria et al., 1998). The sequence
boundaries represent tectonic events corresponding to
changes in the stress field (Soria, 1994) accompanied by brief
periods of fracturing and folding (Soria et al., 1998, 1999).
Tortonian deposition is represented by two unconformably
superposed sequences, the Coto Cherrin Formation and the
approximately coeval Dehesas and Negratin Formations
(sequence I of Soria et al., 1999) of overall transgressive-
regressive marine carbonates, marls and clastics (Fernandez et
al, 1996; Soria et al., 1999). The younger Miocene strata include
the marine-continental Forruchu and Rio Gor Formations
(sequence II of Soria et al., 1999) of latest Tortonian age and
a latest Tortonian?/Messinian sequence of alluvial cong-
lomerates and sands and lacustrine marls representing the
Tamojares Formation (sequence III of Soria et al., 1999;
sequence I of Garcia Aguilar & Martin, 2000). The latter is
unconformably succeeded by the freshwater marls and
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carbonates of the Early Pliocene Gorafe-Huelago Formation
(sequence II of Garcia Aguilar & Martin, 2000). In turn, these
lacustrine deposits are unconformably overlain by the Guadix
and Baza Formations, a Plio-Pleistocene sequence consisting
of alluvial clastics and lacustrine evaporites and carbonates
(sequence III of Garcia Aguilar & Martin, 2000). The apparently
isochronous and conformable contact between the evaporites
and the overlying carbonates of this succession is tentatively
interpreted to be a sequence boundary event straddling the
Pliocene-Pleistocene transition. Deposition of these non-
marine strata in the overall NE-SW aligned depression was
related to NE-SW extension that incorporated dextral strike-
slip movement along the similarly striking Negratin Fault,
which is part of the dextral Cadiz-Alicante Fault Zone.

Eastern Internal Betic Basins (Figs 5 and 6)

Southeast of the Guadix-Baza depocentre, the marine Nijar-
Carboneras Basin north of the volcanic Sierra de Gata
communicated with the Mediterranean via the Agua Amarga,
Saltador and Feos corridors. The sedimentary succession of
this NE-SW elongated, extensional basin comprises sequences
ranging in age from middle/late Burdigalian to Piacenzian/
Gelasian (Montenat et al., 1990a; Van de Poel, 1994; Keller et
al., 1995; Huibregtse et al., 1998). Localized tuff horizons
interbedded with calcareous mudstone and deposited uncon-
formably on the basement are attributed to volcanism at Cabo
de Gata that began in the late Aquitanian (Scotney et al.,
2000). The onset of this volcanic activity (~21 Ma) succeeded
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pronounced heating (~23 - 21 Ma) and uplift that was followed
by rapid cooling of Alpujarride basement rocks and unroofing
of the initial Betic orogen through extensional collapse (Scotney
et al., 2000; Platt et al., 2003). The ‘Saltador Formation’ of
middle/late Burdigalian to Tortonian age (Huibregtse et al.,
1998) includes an unconformable basal conglomerate that
marks the approximate beginning of movement on the
Carboneras Fault (~18 Ma; Scotney et al., 2000). The cong-
lomerate is overlain by deep-marine marls and turbiditic silt-
sandstones. Non-angular unconformities recording tectonic
activity at the Carboneras Fault (Keller et al., 1995) developed
at the Burdigalian-Langhian and Langhian-Serravallian
transitions (Keller et al., 1995). Later on, angular unconfor-
mities that record phases of tectonic uplift and erosion/non-
deposition developed near the Serravallian-Tortonian transition,
in late Tortonian time and around the Tortonian-Messinian
transition, that is at the top of the basal Azagador Member of
the latest Tortonian to middle Messinian Turre Formation
(Keller et al., 1995). All these unconformities record tectonic
activity at the NE-SW trending, left-lateral transpressional
Carboneras Fault (Pedrera et al., 2006) that accommodated
African-Iberian plate convergence by strike-slip in combination
with syn-tectonic subsidence and deposition. Volcanism near
the Serravallian-Tortonian transition (~11 Ma; Scotney et al.,
2000) seems to signify the cessation of movement on the
Carboneras Fault at the end of the ‘Terminal Serravallian’
phase of tectonic compression. At the Tortonian-Messinian
transition the compressional stess field changed from NW-SE
striking to virtually N-S striking, marking the onset of main
tectonic activity at the Carboneras Fault (Huibregtse et al.,
1998). The unconformably and mostly isochronously deposited
Azagador Member consists of calcareous sandstones and
calcarenites in the northerly Nijar Subbasin. These grade
abruptly upwards into the deep-marine pelagic marls of the
Abad Member, the upper part of the Turre Formation (Van de
Poel, 1994). Their deposition occurred during a major phase of
strike-slip faulting that is most strikingly expressed in the
Carboneras Subbasin by the volcaniclastic Bréche Rouge de
Carboneras (Krautworst & Brachert, 2003). The conformably
overlying Abad marl beds of the Nijar Subbasin were laid down
in an increasingly restricted, shoaling marine environment
(Van de Poel, 1994). They are conformably (Fortuin & Krijgsman,
2003) or unconformably (Aguirre et al., 2004) succeeded by
the Yesares Formation. This is a major regressive, desiccation
sequence of dominantly thick-bedded and massive marine
evaporites representing the spectacular Messinian Salinity
Crisis that commenced and ended synchronously throughout
the Mediterranean realm (Krijgsman et al., 1999a, 2001). The
evaporites are conformably overlain by the Feos Formation,
the Betic representative in the Mediterranean realm of the
overall oligohaline Lago Mare facies of the terminal Messinian
(Fortuin & Krijgsman, 2003; Agquirre et al., 2004). Following
the development of an angular unconformity (Keller et al.,
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1995), diastem (Fortuin et al., 1995) or razor-sharp conformity
(Fortuin & Krijgsman, 2003) at the Messinian-Zanclean tran-
sition, marls and sandstones of the Cuevas Formation (Pliocene
I of Montenat et al., 1990a; lower Cuevas Fm. cf. Huibregtse et
al., 1998) accumulated during the Early Pliocene. In turn, this
sequence is overlain by the Molata Formation (Pliocene II of
Montenat et al., 1990a; upper Cuevas Fm. cf. Huibregtse et al.,
1998; Van de Poel, 1994), a sequence of continental and
shallow-marine sandstones and conglomerates with an angular
unconformity at its base and another unconformity marking
the Pliocene-Pleistocene transition at the base of the Campo
de Nijar Formation (Keller et al., 1995).

The sierras bounding the Nijar-Carboneras Basin in the north
are separated from each other by the NW-SE trending Rioja
Corridor in the west and the N-S trending Polopos Corridor in
the east. Both corridors were marine passages (prior to evolving
into the present-day transpressional sills) through which
the Nijar-Carboneras Basin communicated with the Sorbas-
Tabernas Basin to the north (0tt d’Estevou, 1980; Ott d’Estevou
& Montenat, 1990). The Sorbas-Tabernas-Basin is an E-W
elongated depression located on an open synform. In the west,
the basin was linked to the Nijar-Carboneras Basin by the
Tabernas and Rioja corridors. In the east, the Sorbas-Tabernas
Basin communicated with the Vera-Garrucha Basin (see below)
through the NE-SW trending Los Gallardos Corridor. Its structural
development and subsidence was controlled by strike-slip
fectonics and normal faulting along the Gafarillos Fault, one
of the principal, more or less N-S oriented fault zones of the
Betics s.s. The stratigraphic record of this pull-apart basin
includes a number of proximal unconformities which grade
distally into (apparent) conformities. Deposition commenced
with the accumulation of a continental sequence of red
conglomerates, which is, either conformably or unconformably,
replaced by a sequence of conglomerates, sands and marls
representing a marine flooding of the basin. Sequence strati-
graphically, these initial strata are assigned to the early/
middle Serravallian Romana Member and the late Serravallian
Lomas Blancas Member of the Umbria Formation (Sanz de
Galdeano & Vera, 1992; Braga & Martin, 1996). They
accumulated until the ‘Terminal Serravallian’ tectonic phase
(Ott d’Estevou, 1980; Ott d’Estevou & Montenat, 1990) under
influence of E-W compression (Jonk & Biermann, 2002). The
unconformably overlying alluvial to deep-marine siliciclastics
belonging to Mofar Formation of early/middle Tortonian age
(Rondeel, 1965; Tortonian 1 of Ott d'Estevou & Montenat,
1990) is truncated by an angular intra-Tortonian unconformity
(Ott d’Estevou, 1980; Weijermars et al., 1985; Ott d’Estevou &
Montenat, 1990; Stapel et al., 1996). Subsequent deposition
of the shallow to deep-marine Chozas Formation (Tortonian 2
of Ott d’Estevou & Montenat, 1990) continued in a sinistral-
oblique strike-slip setting with NW-SE compression (Jonk &
Biermann, 2002) until a phase of prominent tectonic
compression and stratal distortion of latest Tortonian age (Ott
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d’Estevou, 1980; Ott d’Estevou & Montenat, 1990). The latter
event comprised inversion and emergence of the basin,
causing widespread and severe erosion of the basin fill. The
Chozas Formation is thus typically truncated by a major
angular unconformity. The hiatus developed contemporaneously
with a sinistral to dextral strike-slip reversal at the E-W
trending Gafarillos fault zone (Haughton, 2001). The Chozas
Formation is overlain by a final Tortonian sequence of early
Turre deposits (Azagador Mb.; Braga & Martin, 1996).
Deposition of this sequence was coeval with a rotation of the
axis of tectonic compression from NW-SE to NNW-SSE
(Weijermars et al., 1985; Stapel et al., 1996; Huibregtse et al.,
1998; Braga et al., 2003). The change in stress field induced
additional compression and inversion of the basin. Inversion
ended near the Tortonian-Messinian transition with the
establishment of N-S compression (Stapel et al., 1996;
Haughton, 2001; Jonk & Biermann, 2002). The dominantly
marine facies of the Turre sequence persisted without
interruption into the Messinian Abad Member under the
combined influence of tectonics and eustacy (Martin & Braga,
1996). Following shallowing, reduction in size and finally
falling dry of the basin during the Messinian Salinity Crisis,
Messinian sedimentation proceeded successively with the
(locally) unconformable (Riding et al., 1999) or (essentially)
conformable (Fortuin & Krijgsman, 2003) accumulation of the
Yesares evaporites and the conformable deposition of the
post-evaporitic Lago Mare clastics of the marine Sorbas
Member (5.67-5.60/5.54 Ma; Krijgsman et al., 2001) and the
unconformably overlying alluvial-lacustrine Zorreras Member
(5.52-5.33 Ma; Krijgsman et al., 2001; excluding uppermost
marine strata of Pliocene age; see also Aguirre et al., 2004) of
the terminal Messinian Feos Formation, like in the Nijar-
Carboneras Basin. Thus, marine deposition prevailed following
post-evaporitic re-flooding of the Mediterranean until the
commencement of basin-wide desiccation and continentalisation
(5.6 - 5.5 Ma) of the main Messinian event. The intra-Lago Mare
crisis was initiated by a major drop in sea level in the
Mediterranean Basin due to isolation from the Atlantic. This
event is also recorded by a stratigraphic hiatus in the Nijar-
Carboneras Basin (Fortuin & Krijgsman, 2003; absent according
to Aguirre et al., 2004). Marine deposition resumed in the
Zanclean with the transgressive accumulation of the mainly
fluvio-marine Cuevas Formation (or Abrioja Fm.) on top of an
angular unconformity (Riding et al., 1999). Accumulation of
the fluvial unconformable, lower part of the Gochar Formation
occurred until the occurrence of another break in sedimentation
near the Pliocene-Pleistocene transition following which the
upper Gochar Formation (or Gador Fm.) was laid down.
Compression controlled the structural configuration and
the principal sequence stratigraphic architecture of the Vera-
Garrucha Basin, particularly under influence of syn-sedimen-
tary deformation induced by lateral displacement along the
NNE-SSW striking Palomares strike-slip fault zone, which largely
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took up overall N-S compression of the Eastern Betic Shear
Zone along the eastern basin margin (Weijermars et al., 1985;
Stapel et al., 1996; Huibregtse et al., 1998; Jonk & Biermann,
2002). The basin proper originated at the beginning of the
Tortonian with the onset of regional strike-slip deformation
induced by the rotation of compression from E-W to NW-SE.
This was after strata of middle/late Burdigalian to Serravallian
age had been laid down and highly deformed by subsequent
tectonics (Volk & Rondeel, 1964; Rondeel, 1965; Volk, 1967;
Ott d’Estevou et al., 1990; Huibregtse et al., 1998). The latter
deposits include three unconformity-bounded sequences: a
middle/late Burdigalian sequence of marine marls and lime-
stones grouped together as the Alamo Formation, a Langhian
sequence of marine conglomerates, sandstones and algal lime-
stones constituting the Gomara Formation and a Serravallian
sequence composed of the conglomeratic and turbiditic Romano
and Lomas Blancas members of the Umbria Formation (Volk &
Rondeel, 1964; Rondeel, 1965; Vilk, 1967; Ott d’Estevou et al.,
1990; Huibregtse et al., 1998). The stratigraphic hiatuses are
expressions of brief periods of basin uplift and restructuration
preceding a new, Tortonian main phase of basin formation.
The presence of chiefly Alpujarride debris and deep-marine
yellow marls in the Lomas Blancas Member reflects increased
deformation during the ‘Terminal Serravallian’ tectonic phase
(Volk, 1967). This tectonism culminated at the Serravallian-
Tortonian transition with the development of an angular
unconformity in response to the establishment of NW-SE
tectonic compression (Ott d’Estevou et al., 1990).

The basal post-Serravallian sequence includes an uncon-
formity-bounded succession that mainly comprises alluvial
Mofar conglomerates and conglomeratic sandstones (lower
Chozas Fm. cf. Huibregtse et al., 1998) of early/middle
Tortonian age (Tortonian 1 of Ott d’Estevou et al., 1990; Stokes
& Mather, 2000) and a Chozas sequence of later Tortonian age
(upper Chozas Fm. cf. Huibregtse et al., 1998; Tortonian 2 of
Ott d’Estevou et al., 1990). Like the basal Tortonian sequence,
the upper one, which at the base contains terrestrial con-
glomerates, marine conglomerates, sandstones and marls with
well-bedded turbidites, overlies an angular unconformity that
most probably developed in response to a pulse of enhanced
NW-SE tectonic compression (Stokes & Mather, 2000; Ott
d’Estevou et al., 1990). In latest Tortonian times the Azagador
Member of the Turre Formation accumulated on top of the
terminal Tortonian unconformity (Volk & Rondeel, 1964;
Rondeel, 1965; Volk, 1967). The continental Mofar sequence
represents an episode of regional uplift, emergence and
erosion that climaxed with a major phase of faulting and
thrusting related to the development of the intra-Tortonian
unconformity (Volk, 1967). The development of this hiatus
coincided approximately with the outpouring of rhyolithic-
dacitic volcanics (~8 Ma) and the first tectonic activity along
the Palomares Fault (Huibregtse et al., 1998). Major tectonic
uplift, stratal deformation and erosion of the Chozas Formation
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occurred near the end of the Tortonian, just prior to the
deposition of the Azagador Member which itself was
influenced by uplifting along the Palomares Fault during a
rotation of the principal compressional stress axis from NW-SE
to NNW-SSE/N-S (Ott d’Estevou et al., 1990; Huibregtse et al.,
1998). The Turre Formation accumulated until close to the end
of the Messinian (sensu Stokes & Mather, 2000). On top of the
Azagador and Abad deposits, it includes the deep-water
turbidites of the Santiago Member (upper Turre Fm.), which
are unconformably overlain by laminated marls and mass-flow
deposits with large blocks and slabs of gypsum derived from
rising mountains (Van de Poel, 1994; Fortuin et al., 1995;
Huibregtse et al., 1998). This time-equivalent of the Feos
Formation overlies steeply dipping Tortonian and Messinian
deposits. The unconformity at the base indicates vigorous sub-
aerial erosion related to earlier tectonic uplift and stratal
tilting (Van de Poel, 1994; Stokes & Mather, 2000; Mather et
al. 2001). The Tortonian-Messinian transition corresponds
with the deposition of upper Abad marls in deep-water facies
on top of the shallow-marine Azagador Member (and its lateral
equivalent of lower Abad marls) in a tectonosedimentary setting
related to the onset of N-S compression that reduced left-
lateral displacement along the Palomares Fault (Huibregtse et
al., 1998). The Messinian Salinity Crisis is not represented by
in-situ (Yesares-type) evaporites. Their absence suggests a
stratigraphic hiatus separating the (pre-evaporitic) Santiago
and (post-evaporitic) Feos sequences. The Neogene stratigraphic
record ends with an Early Pliocene sequence of shallow-marine
Cuevas marls, calcarenites and sands (lower Cuevas Fm. cf.
Huibregtse et al., 1998; Pliocene 1 of Ott d'Estevou et al., 1990)
that transgressed an unconformity marking the Miocene-
Pliocene transition (Fortuin et al., 1995) and is overlain by
regressive Cuevas deposits (upper Cuevas Fm. cf. Huibregtse et
al., 1998; Pliocene 2 of 0tt d’Estevou et al., 1990). Following
the development of an intra-Pliocene unconformity, which
coincided with a change in orientation of the compressive stress
field from N-S to NW-SE (Fortuin et al., 1995), the fluvio-
marine fan-delta conglomerates of the Espiritu Santo Formation
were deposited in the Late Pliocene (V6lk & Rondeel, 1964;
Stokes & Mather, 2000; Mather et al., 2001). The Pliocene-
Pleistocene transition at its upper limit corresponds to a break
in sedimentation signifying a brief period of uplift/erosion
preceding the braided-river deposition of the Salmeron
Formation (Stokes & Mather, 2000; Mather et al., 2001).

The Vera-Garrucha Basin communicated in the north with
the NNE-SSW oriented Pulpi Basin via the Pulpi Corridor
(Veeken, 1983; Aellen-de La Chapelle, 1990). The northernmost
part of the basin is divided into the similarly NNE-SSW
trending La Hoya, Los Almendricos and Pozo de la Higuera
corridors. These passages link up with the Hinojar Basin. E-W
directed communication with the Huercal-Overa Basin occurred
via the Las Norias Corridor. Sediment accumulation was
controlled by vertical fault movements and sinistral strike-slip
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displacements along the margins of the corridors (Aellen-de La
Chapelle, 1990). The initial sequence stratigraphic development
(Veeken, 1983; Aellen-de La Chapelle, 1990) is very similar to
that of the Vera-Garucha Basin: the older Neogene includes the
unconformity-bounded Alamo, Gomara and Umbria Formations
(Veeken, 1983). The upper Umbria Formation consists of Lomas
Blancas conglomerates and yellow marls (Aellen-de La Chapelle,
1990), which accumulated during the ‘Terminal Serravallian’
tectonic phase. Following strong compressional deformation,
these beds were succeeded by the unconformity-bounded Mofar
Formation. In turn, these continental clastics and marine marls
are overlain by the unconformity-bounded Chozas Formation,
which is typified by shallow-marine conglomerates, deep-
marine turbiditic sandstones and marls. Only from the time
that the latter transgressive sedimentary series was formed, a
structurally distinct Pulpi Basin existed. Its Miocene basin fill
is completed with unconformably accumulated Azagador
platform calcarenites and conformably overlying the pre-
evaporitic Abad marls. Evaporitic and post-evaporitic Messinian
strata are absent due to erosion/non-deposition indicated by
a hiatus locally marked by an angular unconformity at the
base of the Lower Pliocene. The Pliocene sequence consists of
transgressively deposited, open-marine Cuevas marls with
turbiditic sandstones (PI A of Aellen-de La Chapelle, 1990).
The unconformably overlying Espiritu Santo Formation (PI B
of Aellen-de la Chapelle, 1990) consists of shallow-marine
and fluvio-marine marls and conglomerates. On top of this
overall regressive sedimentary series continental Salmeron
conglomerates have been unconformably laid down (Veeken,
1983; Aellen-de La Chapelle, 1990).

West of the Pulpi Basin occurs the E-W oriented Huercal-
Overa Basin (Briend et al., 1990). This is a complex graben
system comprising several half-grabens and full grabens. Its
development was affected by left-lateral strike-slip faulting in
the Eastern Betic Shear Zone involving the Alhama de Murcia
Fault. The basin communicated with the Guadix-Baza Basin
via the E-W oriented Almanzora Corridor, a narrow depression
controlled by E-W trending faults. The pre-Tortonian basin fill
is poorly known. Undated red-coloured conglomerates and
breccias are known in a setting suggesting structural distortion
by the ‘Terminal Serravallian’ tectonic phase. The basin
predominantly contains the unconformity-bounded Mofar and
Chozas sequences (Tortonian 1 and 2 of Briend et al., 1990),
which extend into the post-Serravallian Almanzora Corridor
(tectonosedimentary units TSU-I/II and TSU-III of Guerra-
Merchan & Serrano, 1993). Like the coeval deposits in the
Lorca Basin (discussed below), the Mofar and Chozas sequences
were deposited concurrently with the change from generally
NE-SW directed extension to roughly N-S extension (Meijninger,
2006). This change in stress conditions resulted in subsidence
that was controlled by a roughly E-W trending system of
normal faults which acted as transfer faults and interacted
with the southern extension of the NE-SW oriented Alhama de
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Murcia Fault (Mora-Gluckstadt, 1993). The Tortonian basin fill
is generally overlain by a Messinian sequence of terrestrial and
coastal conglomerates and/or relatively offshore-marine Abad
marls (cf. Almanzora unit TSU-IV of Guerra-Mechan & Serrano,
1993). Thus, the Azagador lithostratigraphic marker is missing,
probably due to uplift associated with a change in the direction
of extension from roughly E-W to roughly NW-SE. This uplift
likely preceded detachment of the slab pulling at the Iberian
Plate beneath the Betics (Meijninger, 2006) and successive
tectonic uplift of the basin as a whole. In any case, evaporitic
and post-evaporitic Messinian deposits are absent as well. The
Neogene stratigraphic record of the basin terminates with a
thin pre-inversion sequence of (supposedly) basal Cuevas
deposits (Sanz de Galdeano & Vera, 1992) and some scattered
occurrences of the alluvial Espiritu Santo Formation.

Northeast of the Pulpi Basin, the Hinojar Basin devoped
from the beginning of the Tortonian. Overall, it evolved as a
NE-SW trending and structurally north-westward progressing
foreland basin with flexural subsidence and syn-sedimentary
folding in front of the northwestwards thrusting sierra along
the southern basin margin (De Larouziére et al., 1987; De
Larouziére & Ott d’Estevou, 1990). The Tortonian basin fill
comprises two major unconformity-bounded sequences of Mofar-
and Chozas-type sediments (Tortonian 1 and Tortonian 2/
Terminal Tortonian (de Larouziére et al., 1987; de Larouziere
& Ott d’Estevou, 1990). These deposits are succeeded by
Azagador calcarenites and truncated Abad marls. Late Messinian
deposits are absent. The final fill of the compressional/trans-
pressional basin consists of Plio-Pleistocene alluvial clastics
(de Lazourierre & d’Estevou, 1990; Sanz de Galdeano & Vera,
1992). The nearby Mazarron Basin, a quadrangular, N-S striking
graben, originated during the late Tortonian. Its subsidence
and sequence-stratigraphic development lasted until ‘mid-
Messinian’ time, much like the Hinojar Basin, although the
local stress field induced overall E-W directed extension/
transtension and comparatively little subsidence (de Larouziére
et al., 1987; de Lazouriére & d'Estevou, 1990).

North of the Hinojar Basin, the NE-SW oriented Lorca Basin
developed as a typical intramontane, presumably transtensional
pull-apart structure between the Alhama de Murcia Fault and
the contact of the Betic Internal and External Zones. A first-
order succession of six basin-wide rock sequences is
distinguished within the post-Serravallian fill of the basin.
Essentially, the sequence boundaries are isochronous discon-
tinuities corresponding to minor unconformities at the basin
margin (Wrobel & Michalzik, 1999, Wrobel, 2000). Although
rigourous datings are lacking, the sequences seem to be
chronostratigraphically correlative with the Mofar (assuming a
Tortonian rather than a Serravallian age), Chozas, Turre, Yesares
and Feos Formations. These units correspond respectively to
the Lower Pre-evaporitic Unit 1 (Soriana Fm. with Soriana
Gypsum) and Lower Pre-evaporitic Unit 2 (Parilla Fm.), the
Middle Pre-evaporitic Unit (Hondo Fm.), the Upper Pre-
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evaporitic Unit (lower and middle Serrata Fm.; with evaporitic
beds attributed to the ‘Tortonian Salinity Crisis’ (7.8 - 7.6 Ma;
Krijgsman et al., 2000), the Evaporitic Unit (early upper
Serrata Fm.; with Serrata Gypsum and non-outcropping halite
(found in boreholes); representing the early, dominantly
tectonics-induced phase of the Messinian Salinity Crisis; 5.96-
5.50 Ma; Krijgsman et al., 1999a, 2000) and the Post-
Evaporitic Unit (late upper Serrata and El Prado Fms;
representing the Lago Mare phase of deposition; 5.50-5.33 Ma;
Krijgsman et al., 1999a; rejecting the inclusion of Pliocene
strata: see Wrobel & Michalzik, 1999 and Wrobel, 2000). The
lower two main sequences (Tortonian I and Tortonian II of
Montenat et al., 1990b) are separated by an angular
unconformity that represents a period of tectonic re-
configuration of the Betic intramontane basins and elevation
of Betic basement. Similarly, the terminal Tortonian change in
facies at the transition between the relatively open-marine
Chozas sequence and the relatively restricted marine Turre
sequence was tied to a widespread tectonics-related
modification of the physiographic setting of intramontane
basins (Krijgsman et al., 2000). The base of the late Messinian
Evaporite Unit has been described as an unconformable
sequence boundary as well (Wrobel & Michalzik, 1999; Wrobel,
2000).

Allochthonous Miocene formations predating the Burdigalian
collision of Alboran and Iberia are exposed in the NE-SW
trending Velez Rubio Corridor, which, as an ‘inverted wrench
furrow’, corresponds to the ENE-WNW striking central part of
the Internal-External Betic Boundary Zone (Hermes, 1978,
1984; Geel & Roep, 1999). During the early Aquitanian, the
overall turbiditic algal packstones of the Lepidocyclina
Limestone Formation accumulated more or less simultaneously
with the submarine fans of the Solana Formation on top of
the Oligocene Calcarenite-Calcipelite and Upper Tabernas
Formations. The lower boundary of the Lepidocyclina Limestone
is generally sharp and conformable, suggesting a sudden
change in depositional circumstances around the Chattian-
Aquitanian transition. The same event may have led to the
deposition of the Solana sandstones. Possibly, it triggered the
accumulation of the Aljibe Arenites in the North African
Flysch Trough as well. During the late Chattian-early Aquitanian
the Ciudad Granada Formation, a transgressive syn-rift sequence
of relatively fine-grained clastics that partly accumulated in
deep-water graben structures, was laid down while extensional
tectonics prevailed in the Western Mediterranean (Geel &
Roep, 1999; Serrano et al., 2007). These older formations have
all been tectonized into imbricate units during the regionally
important tectonometamorphic ‘Aquitanian Paroxysm’ when
the ‘Alboran Block’ began to move westward and to disintegrate
by rifting and thrusting (Geel & Roep, 1999). In the southern
Subbetic domain the accumulation of the Lepidocyclina
limestones ended and these were conformably covered by the
Upper Green Pelite and Fuente Formations of late Aquitanian
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to early Burdigalian age. The former (poorly preserved)
succession of clay-rich marls with sandy turbiditic intercalations
is the youngest pre-collision deposit of the South Iberian
palaeomargin. Its deep-water deposition was apparently both
initiated and terminated in a close causal relationship with
the Aquitanian and Burdigalian paroxysms. A similar tectono-
stratigraphic relationship may have existed for the deep-water
marls of the Fuente Formation. The collision of Alboran and
Iberia is reflected by the intra-Burdigalian tectonic phase which
ended rifting and caused the destruction of the Subbetic
continental slope (Martin-Algarra et al., 1988; Sanz de Galdeano
& Vera, 1992). The post-collision breccias, conglomerates and
sandstones of the late/middle Burdigalian Espejos Formation
accumulated unconformably in a deep-water basin. Southward
thrusting of the Subbetic interrupted their deposition just
before the Middle Miocene deposition of the marine Maiz I and
Maiz II Formations. These were deposited in a general strike-
slip tectonic setting with pull-apart basins which were
eventually destroyed by Late Miocene/Pliocene inversion
tectonics (Geel & Roep, 1999; age interpretations slightly
modified; see also Sanz de Galdeano & Vera, 1992).

The Fortuna Basin lies northeast of the Lorca Basin in
between the Alhama de Murcia and Crevillente shear zones.
The age of the sediments in this triangular extensional (pull-
apart) basin ranges from Late Miocene to Pliocene. Three
basin-wide and in general conformable formations are
distinguished (Garcés et al., 1998, 2001; Dinarés-Turell et al.,
1999; see Lukowski & Poisson (1990) for marginal hiatuses).
The oldest is the Los Baiios Formation. It is characterized by
shallow-marine conglomerates, sandstones and evaporites
(Lower Gypsum; Dinarés-Turell et al., 1999) grading into pelagic
marls (Fortuna Marls) and turbidites of late Tortonian age,
indicating a likely correlation with the Chozas Formation. As
far as known, this sequence is unconformably underlain by
Tortonian marls, limestones and breccia which may be
correlative with the Mofar Formation (Lukowski & Poisson,
1990). The Los Bafios Formation is overlain by the Rio Chicamo
Formation of latest Tortonian age (age slightly modified from
Garcés et al., 1998). This formation comprises gypsiferous
marls and massive evaporites (Chicamo Gypsum,Tale Gypsum,
Librilla Gypsum) at the base and diatomites and marls at the
top. The strata reflect a mixture of restricted shallow-marine
to continental conditions of deposition and a semi-isolation of
the basin that developed in association with transpressional
uplift along the Alhama de Murcia Fault (7.8 - 7.6 Ma; Krijgsman
et al., 2000; Garcés et al., 2001). The regressive succession
correlates with those of the ‘Tortonian Salinity Crisis” in the
Lorca and Granada Basins (Krijgsman et al., 2000; see also
Dinarés-Turell et al., 1999). The Rio Chicamo Formation grades
upwards into the Rambla Salada Formation, a Messinian
sequence composed of alluvial and lacustrine sediments with
evaporitic horizons (Ribera Gypsum, Rambla Salada Gypsum)
that is unconformably overlain by mainly continental sediments
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of Pliocene age. Only the southern and eastern parts of the
Fortuna Basin were affected by the marine flooding event at
the beginning of the Pliocene (Garces et al., 1998). In the
northwest the Fortuna Basin merges with the minor Hellin
Basin, in which Tortonian basin conglomerates and sandstones
(Cenajo Fm.) and calcareous marls (Casanueva Fm.) accumulated
until intra-Tortonian tectonics reduced communication with
the open-marine Mediterranean realm. This lead to deposition
of continental marls and evaporites (Las Minas de Hellin Fm.)
with diatomitic interbeds indicating episodic marine flooding
during the remainder of the Tortonian (and early Messinian?;
Servant-Vildary et al., 1990).

Towards the east the Fortuna Basin merges with the partly
extensional Alicante-Cartagena Basin (Montenat et al.,
1990c; Alfaro et al., 2002). The basin is continuous with the
Mediterranean (North Algerian) Basin in the east. Onshore, a
northern Bajo Segura Subbasin, a central Murcia Subbasin and
a southern Campo de Cartagena Subbasin are distinguished
(cf. Montenat et al., 1990c). The latter depocentre communicated
with the Mazarron, Hinojar and Lorca Basins via the Escobar
Basin. Pre-Tortonian deposits are known from the compressional
Bajo Segura Subbasin. They include tectonically deformed
formations mostly consisting of shallow-marine limestones
and marls, to which Aquitanian-Burdigalian, late Burdigalian-
early Langhian and Middle Miocene (prob. Serravallian; cf. El
Relojero Fm.: see below) ages have been attributed (Montenat
et al, 1990c). The fill of the actual subbasin is made up by four
principal stratigraphic sequences, ranging in age from Late
Miocene to Quaternary. The sequences are bounded by uncon-
formities and conformities that represent brief tectonic phases
or eustatic events (Montenat et al., 1990c; Soria et al., 2001;
Alfaro et al., 2002). The lowermost sequence is early/middle
Tortonian in age. At its base, it consists of platform limestones,
which accumulated in response to a rise in sea level (eustatic
event EO of Soria et al., 2001) and tectonic subsidence. After
a sudden deepening of the basin (tectonic event E1 of Soria et
al., 2001), these strata were replaced by coastal marine
calcarenites and more open-marine marls. These are covered
by coarse-grained turbidities that were abruptly deposited as
the result of a brief period of uplift and erosion of the
southern margin of the Bajo Seqgura Subbasin (units I to III
and tectonic event E2 of Soria et al., 2001). Following a change
from deepening-upwards to shallowing-upwards (eustatic
event E3 of Soria et al., 2001), the second main sequence
consists of a transgressive series of shallow-marine calcarenites
and clastics grading successively to deep-marine marls with
turbiditic sandstones and regressive shallow-marine calcarenites.
These deposits are late Tortonian in age and locally rests
transgressively on basement rocks (unit IV of Soria et al.,
2001; unit T-II of Alfaro et al., 2002). Following an episode of
sudden shallowing in the west and sudden deepening in the
east (tectonic event E4 of Soria et al., 2001), they are
isochronously overlain by an overall regressive sequence of
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latest Tortonian-Messinian age. This sequence partly consists
of pelagic marls grading into shallow-marine sediments
including clastics, reefal limestones and evaporites (unit V of
Soria et al., 2001; unit T-M of Alfaro et al., 2002). The upper-
most sequence comprises ‘Pliocene 1' open-marine marls
(Hurchillo Marls Fm.), that were deposited unconformably
during a rapid marine transgression (eustatic event E5 of Soria
et al., 2001), and shelfal marine clastics (Rojales Sandstones
Fm.). These are overlain by ‘Pliocene 2’ river floodplain deposits
(Variegated Lutite Fm.) succeeded by Plio-Pleistocene fluvial
channel beds (Segura Conglomerate Fm.; unit VI of Soria et
al., 2001; unit P of Alfaro et al., 2002). Overall, this upwards-
shallowing megasequence represents an eastward prograding
depositional system (Soria et al., 2001).

The pre-Tortonian substratal deposits of the Murcia
Subbasin include dolomitic breccias, which are conformably
overlain by marine marls and sandstones (Los Garres Fm.) of
Middle Miocene (prob. late Langhian) age (Montenat et al.,
1990c). Yellow marls with turbiditic intercalations (El Relojero
Fm.) are also known from the region. They have been dated as
Serravallian (Montenat et al., 1990c). The marly deposits are
overlain by a Tortonian sequence (Tortonian 1 of Montenat et
al., 1990c) with red-coloured, continental to shallow-marine
conglomerates (Cresta del Gallo Conglomerates; with Nevado-
Filabride debris) and sandstones at the base. They cover an
angular unconformity and grade upwards into a series of
deeper marine marls with turbiditic sandstone horizons
(Atalaya Marls and Sandstones Fm.). These marls are truncated
by an angular unconformity and succeeded by a Tortonian to
Messinian sequence (Tortonian 2 - Messinian of Montenat et al.,
1990c). The latter includes a transgressive-regressive deposi-
tional sequence with successively Tortonian conglomerates
and sandstones, upwards-deepening Tortonian marls and
upwards-shallowing Messinian marls of the Torremendo
Formation, unconformable sandy limestones (La Virgen Fm.)
and marls with evaporites (San Miguel Fm.) of late Messinian
age. Reportedly, the contact with the Lower Pliocene (partly
Hurchillo Marls Fm.; Pliocene 1 of Montenat et al., 1990c), and
the overlying Upper Pliocene (partly Rojales Sandstones Fm.;
Pliocene 2 of Montenat et al., 1990c) is partly conformable.

The older Neogene rocks are rarely exposed in the south
(Montenat et al., 1990c). They consist of Early Miocene marls
with sandy turbidites and Middle Miocene brecciated and
marly strata. The upper limit of the Middle Miocene sequence
corresponds to an angular unconformity that is overlain by
red conglomerates (Tortonian 1 of Montenat et al., 1990c; with
Nevado-Filabride debris). The succeeding Tortonian sequence
(Tortonian 2 of Montenat et al., 1990c) is characterized by
marls with sandy turbidites. This sequence is unconformably
overlain by Tortonian calcarenites and conformably deposited
Messinian. These deposits are separated from the Plio-
Pleistocene by another angular unconformity at its base
(Montenat et al., 1990c).
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External Betic Basins (Fig. 6)

During the middle/late Burdigalian-Serravallian, the Betic
External Zone developed as an overall N(N)W-vergent, thin-
skinned fold-and-thrust belt (cf. Croese, 1982; de Ruig, 1990,
1992), which included the Proto-Subbetic and Proto-Prebetic
zones. At the same time, the Betic Internal Zone was affected
by extension leading to the formation of various fault systems
from the Burdigalian onwards. Late Miocene, NNW-SSE to NW-SE
compression of the Internal and External Zones in particular
caused further faulting and folding. As a final result, the
present Subbetic includes tectonic units of Burdigalian age
that have been thrusted north-westward on the northern side
and south-eastward on the southern side of the collision zone.
However, the general structure of the Subbetic indicates a
predominantly top-to-the-north(north)west sense of kinematic
movement, like the Prebetic. Correspondingly, the sedimentary
basins of the authochthonous Subbetic and Prebetic zones are
surrounded by structural highs.

The westernmost Ronda Basin is a relatively minor intra-
montane depocentre that originated in the inner southwestern
Subbetic Zone. The Late Miocene compression of the region is
reflected by the wedging-out of the younger basin fill towards
an intra-basinal high, the Sierras de Salinas (Glaser & Betzler,
2002). Three unconformity-bounded sequences are distin-
guished (not shown in Fig. 6). The oldest largely consists of
continental conglomerates (Tajo Fm.) and equivalent marine
marls and calcarenites. This sequence is assumed to be early/
middle Tortonian in age (Sequence 1 of Gldser & Betzler, 2002;
Serrano Lozano, 1980).The upper limit of this sequence is
proximally marked by an angular unconformity, which is
overlain by a transgressive-regressive series of mostly marine
sandstones (El Gastor Fm.), calcarenites (Setenil Fm.) and
marls (La Mina Fm.) of late Tortonian to earliest Messinian age
(Sequence 2 of Glaser & Betzler, 2002; Serrano Lozano, 1980).
This second sequence is locally truncated by an angular
unconformity that was formed in association with uplift of
the Sierra de las Salinas (Gldser & Betzler, 2002). It is
succeeded by an algal limestone deposit (Las Mesas Fm.) of
Messinian age (Sequence 3 of Gldser & Betzler, 2002; Serrano
Lozano, 1980).

The Moratalla Basin is located north of the Crevillente Fault
and is surrounded by the Subbetic and Western Prebetic. The
initial, Late Oligocene to Burdigalian basin fill (Murtas Fm.)
consists of marine marlstones with conglomeratic sandstones
at the base (Grero Marlstone Mb.) and coarse-grained sandstones
at the top (Celada Sandstone Mb.). The stratigraphic ages of
these units are not well known and no intra-formational
unconformities have been identified (Hoedemaeker, 1973). In
analogy with the stratigraphic development of nearby-located
Prebetic basins (see below), the oldest, relatively coarse-grained
and presumably (mainly) continental strata are tentatively
attributed to the late Chattian and early Aquitanian (age
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slightly modified from Hoedemaeker, 1973). Similarly, the
intermediate marly succession of Aquitanian to early
Burdigalian age is probably unconformity-bounded and overlain
by (Celada) sandstones of middle/late Burdigalian age (age
slightly modified from Hoedemaeker, 1973). The sandstones
are unconformably succeeded by marine limestones (Roble
Limestone Fm.) of Langhian age. In turn, these are conformably
succeeded by a Middle Miocene rock series (Trieta Fm.)
comprising calcareous deposits of late Langhian age (lower
Moratalla Marlstone Mb.), Serravallian olistostromes (Benamor
Gerdllton Mb.) and early Serravallian conglomerates (Turmal
Conglomerate Mb.) overlain by marlstones (upper Moratalla
Marlstone Mb.) of Serravallian age. The conglomerates overly
an angular unconformity at the Langhian-Serravallian
transition (Hoedemaeker, 1973).

A short distance further eastwards in the northern Subbetic
Zone, the rhomb-shaped Abaran Basin developed along the
E-W striking sector of the Socovos Fault, a right-lateral strike-
slip fault system bordered at its northern side by the Central
Prebetic (Van der Straaten, 1990, 1993). This tiny intramontane
depression is interpreted as a pull-apart basin that opened
and step-wise subsided in response to episodic E-W oriented
extensional stress. Its (preserved) fill is a latest Serravallian-
earliest Tortonian succession comprising three marine
sequences of mainly deltaic sediments delimited by angular
unconformities (Van der Straaten, 1990, 1993). The punctuated
tectonic activity is attributed to the widespread ‘Terminal
Serravallian’ tectonic phase.

In the Prebetic Zone basins developed in close relationship
with tectonic subsidence of the South Iberian crust. Until the
early Burdigalian this was governed by pre-thrusting
extension and by syn-thrusting compression at later times
(Kenter et al., 1990). Previously, the sedimentary record of
the older Neogene of the Prebetic was uniformly subdivided by
Sanz de Galdeano & Vera (1992) into four unconformity-
bounded marine sequences. These are respectively Aquitanian-
early Burdigalian, later Burdigalian-early Langhian, late
Langhian-early Serravallian, and late Serravallian in age.
However, on the basis of regional stratigraphic comparisons
and correlations a minor revision seems to be warranted.

Thus, the age of the lowermost continental red sands and
conglomerates (Colorados Fm.) in the Central Prebetic east of
Jumilla is re-interpreted as (late) Chattian to early Aquitanian
(cf. IGME, 1974; age modified from Croese, 1982). These rocks
are truncated by an angular unconformity. Similar to the late
Aquitanian and Burdigalian deposits elsewhere in the Central
Prebetic (IGME, 1974; Croese, 1982; Sanz de Galdeano & Vera,
1992), the basal Neogene strata in the Jumilla region are
assumed to have been transgressed and thickly covered by
thick, late Aquitanian to Serravallian limestones and marls
(Alberquilla Fm.). These deposits encompass an unconformable
intra-Burdigalian sequence boundary that signifies the onset
of rapid post-collisional tectonic subsidence, an unconformity
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at the base of the Langhian and an intra-Serravallian sequence
boundary that marks the beginning of the ‘Terminal Serravallian’
tectonic phase (cf. IGME, 1974; Kenter et al, 1990). At the
top, the formation grades laterally into breccias, conglomerates,
conglomeratic marls and limestones (Saltador Fm.). The latter
marine deposits are interpreted to have been gravitationally-
emplaced during the ‘Terminal Serravallian’ tectonics. They are
succeeded by a sequence of bioclastic limestones, marls and
coarse clastics (Jumilla Fm.). Because of the prominent angular
unconformity at its base, the age of the sequence is inter-
preted (in accordance with biostratigraphic control and relative
stratigraphic position) as early/middle Tortonian (cf. IGME,
1974; modified from Croese, 1982). The stratigraphic record of
the Central Prebetic terminates with continental deposits of
late Tortonian to Pliocene age. Consequently, a close sequence
stratigraphic similarity is inferred for the Upper Oligocene and
Neogene of the Central Prebetic basins and the Moratalla Basin
(see above), as well as for the basins of the Western Prebetic
(modified from Sanz de Galdeano & Vera, 1992).
Tectonostratigraphically, the Eastern Prebetic is better
known than the other Prebetic areas. The tectonosedimentary
subdivisions and stages of basin restructuration (0tt d’Estevou
et al., 1988; de Ruig, 1992; Geel et al., 1992, Geel, 1995;
Montenat et al., 1996) are comparable to those of the Central
and Western Prebetic sectors. Basically, the chronologies of
the tectonic events governing the Miocene development of the
Prebetic and Subbetic are similar. Diapirs of Triassic evaporites
and variegated mudstones developed in the Eastern Prebetic in
association with extension from before the late Aquitanian
(de Ruig, 1992). They evolved further during the ‘Terminal
Serravallian’ tectonic phase in concurrence with stratal
tilting, uplift and erosion and consequent formation of
olistostromic deposits (Colgorrubio Fm.; Cater, 1987).
Compression occurred episodically throughout the Miocene,
mainly trending between NW-SE and N-S (Montenat et al.,
1996). Extension occurred especially during the Chattian-
early Aquitanian and Serravallian-Messinian (de Ruig, 1992).
Major syn-tectonic unconformities and prominent lithostrati-
graphic changes occur at the sequence boundaries near the
base of the Aquitanian (within sequence Ne-0 of de Ruig,
1992), within the Aquitanian (base of Cycle I and Ne-1 of resp.
Geel et al., 1992 and de Ruig, 1992) and Burdigalian (base of
Cycle II and Ne-2 of resp. Geel et al., 1992 and de Ruig, 1992),
and at the base of the Serravallian (base of Cycle III and Ne-3
of resp.Geel et al., 1992 and de Ruig, 1992; age after de Ruig,
1992), Tortonian (base of sequence Ne-4 of de Ruig, 1992; age
modified from de Ruig (1992) after Geel et al., 1992; Montenat
et al., 1996) and Plio-Quaternary (Ott d’Estevou et al., 1988;
Montenat et al., 1996). Conformable sequence boundaries have
been noticed at the Burdigalian-Langhian transition and within
the Tortonian, dividing the latter interval into a lower marine
and an upper continental sequence (Ott d’Estevou et al., 1988;
Montenat et al, 1996). Important changes of the polyphase
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tectonic subsidence occurred in ‘mid-Chattian’ time (onset of
Phase III), at the beginning of the Aquitanian (transition of
Subphases IIla and IIIb), at the beginning of the Burdigalian
(onset of Phase IV), in Burdigalian time (transition of Subphases
IVa and IVb) and at the beginning of the Serravallian (onset
of Phase V) and Tortonian (onset of Phase VI; Geel, 1995). The
intra-Aquitanian hiatus is correlated with an abrupt transition
from regional extension to compression (de Ruig, 1992) and
the beginning of metamorphism of stacked Alpujarride nappes
(Geel et al., 1992). The angular intra-Burdigalian unconformity
is attributed to the onset of northward thrusting of Internal
Zone units over External Zone units (de Ruig, 1992; Geel et
al., 1992). The formation of the angular unconformity at the
base of the Serravallian coincided with an anti-clockwise
rotation of the maximum compressional stress that transformed
the Eastern Prebetic into a right-lateral transpressional belt
(de Ruig, 1992) in response to the collision of the Kabylies
with Africa (Geel et al., 1992; Vergés & Sabat, 1999).

Betic Foreland Basins (Fig. 6)

Northwest of the Gibraltar Arc, i.e. at the westernmost part of
the arcuate Betic-Rif thrust-and-fold belt, the Gulf of Cadiz
straddles the diffusely deformed eastern sector of the E-W
trending Azores-Gibraltar fracture zone. In this marine realm
between the Iberian Massif and the Guadalquivir Bank (an
ENE-WSW trending horst of Mesozoic basement) the Mesozoic
Algarve Basin was transformed into a E-W oriented foreland
basin by the Middle and Late Miocene, with NNW-SSE com-
pression controlled by the northward drift of Africa (Riaza &
Martinez del Olmo, 1996). During this compression and the
contemporaneous westward motion of the accretionary Gibraltar
Arxc of the ‘Alboran Block’, concentric wedges of fold and thin-
skinned thrust belts and massive olistostromes of the Gibraltar
Arc Allochthon (Torelli et al., 1997; Medialdea et al., 2004)
were emplaced south of the Algarve Basin, while a complex of
faults was active in the area (Maldonado et al., 1999; Maldonado
& Nelson, 1999). Onshore in the Algarve, six first-order rock
sequences are distinguished in the basin fill. The oldest
onlapped the Mesozoic substratum in a platform setting. It is
Burdigalian to Serravallian in age and dominated by marine
calcareous sandstones and sandy limestones (Lagos-Portiméo
Fm.). It may be divided into subsequences on the basis of an
intra-Burdigalian unconformity and (less obvious) uncon-
formities / lithological discontinuities at the base and top of the
Langhian and in the Serravallian (Atunes & Pais, 1993; Pais et
al., 2000). The overlying Tortonian sequence of predominantly
marine sandstones is bounded by distinct breaks in
sedimentation at the basal Serravallian-Tortonian transition
and at its intra-Tortonian top (Pais et al., 2000). The succeeding
marine limestones and fine-grained sandstones (silts) of late
Tortonian to Messinian age (Cacela Fm.) are overlain by an
unconformity-bounded sequence of Zanclean sands (Olhos de
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Agua Sands). These (mainly) continental deposits are covered
by a largely Piacenzian to early Pleistocene succession
comprising continental sands, marls, clayey limestones and
lignites (Morgadinho and Algoz deposits), which, in turn, are
unconformably succeeded by late Pleistocene continental sands
(Faro-Quarteira Fm.; Atunes & Pais, 1993; Pais et al., 2000).

Eight sequences are distinguished in the offshore Gulf of
Cadiz area: a Late Oligocene - (?) Early Miocene sequence (Unit
UO-LM of Maldonado et al., 1999), a Langhian to early Tortonian
group of three sequences (seqs Atlantida-1, -2 and -3 of Riaza
& Martinez del Olmo, 1996; Unit M1 of Maldonado et al., 1999;
Unit D of Lopes & Proenca Cunha, 2000), a late Tortonian
sequence (seq. Betica of Riaza & Martinez del Olmo, 1996; Unit
M2 of Maldonado et al., 1999; Unit E of Lopes & Proenga
Cunha, 2000), a Messinian sequence (seq. Andalucia of Riaza
& Martinez del Olmo, 1996; Unit M3 of Maldonado et al.,
1999), a latest Messinian to Early Pliocene sequence (Marismas
of Riaza & Martinez del Olmo, 1996; Early Pliocene Unit P1 of
Maldonado et al., 1999; Early Pliocene Unit F of Lopes & Proenga
Cunha, 2000) and a Late Pliocene to Pleistocene sequence
(seq. Oriel of Riaza & Martinez del Olmo, 1996; Unit P/Q of
Maldonado et al., 1999; Unit G of Lopes & Proenca Cunha,
2000). They are generally bounded by erosional unconformities
and correlate in part with those in the Algarve.

After late Chattian and early Aquitanian extensional and
transpressional deformation in the area of the Gulf of Cadiz
along a transcurrent fault system, the late Aquitanian and
Burdigalian westward motion of Alboran lead to the
development of a tectonically active accretionary fore arc
around the emergent Gibraltar Arc (and the closure of the
North African Flysch Trough). Following the extension of the
‘Alboran Block’ and the subsidence of its adjoining foredeep
with the associated precursory olistostrome emplacement in
Langhian-early Tortonian times, suddenly increased rates of
tectonic subsidence in late Tortonian and late Early Pliocene
time triggered the emplacement of the giant olistostrome
masses of the Gibraltar Arc Allochthon (Maldonado & Nelson,
1999; Maldonado et al., 1999; Maestro et al., 2003).

Towards the east, the Algarve Basin merges with the
Guadalquivir Basin, an elongate, ENE-WSW trending foreland
basin situated between the Iberian Massif and the Subbetic
mountain chain. This basin has a distinct asymmetrical
geometry with sediment thicknesses increasing southeastward)
The basin originated at the end of the Serravallian from the
Aquitanian Proto-Guadalquivir Basin in response to increased
thrust loading. The Guadalquivir Basin was part of the North
Betic Corridor that connected the Atlantic with the
Mediterranean until the late Tortonian (Sanz de Galdeano &
Vera, 1992). The depocentre of the newly reshaped foreland
basin migrated north-northwestwards in parallel with the
displacement of the adjoining Subbetic thrust belt in the same
direction. In the process, the rootless and highly chaotic
Guadalquivir Allochthon, a late Tortonian tectonosedimentary
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complex of Mesozoic and Tertiary rock units comprising
diapirically emplaced Triassic evaporites and olistostromes,
was formed along the southern basin margin. This was in front
of the Subbetic nappe stack that was moving basinward during
continued thrust loading (Flinch et al., 1996; Berastegui et al.,
1998; Fernandez et al., 1998). The crustal-foreland shortening
and flexuring that had given rise to the basin, ceased in the
late Tortonian. That is soon after the tectonic closure of the
North Betic Corridor in the east and the consequent severing
of marine communication between the remaining Guadalquivir
Basin and the Western Mediterranean. This fragmentation of
the basin was caused by thrust spreading in the region of the
contemporaneously rising Western Prebetic (Sierro et al., 1996).
In addition to deformation due to compressional stress, the
progressive foreland surface loading of the polyphase Betic
nappe stack onto the South Iberian lithospheric plate caused
bending of the lithosphere and load-induced subsidence of the
Guadalquivir Basin. Especially so in the post-collisional phase
of late Burdigalian/Langhian and Serravallian overthrusting
which followed upon the areally extensive late(st) Chattian-
early Aquitanian episode of extension and the pre-collisional
late Aquitanian-early Burdigalian period of contractional
deformation caused by the expulsion of the ‘Alboran Block'’
(Van der Beek & Cloetingh, 1992; Biermann, 1995). The
Tortonian closure of the originally deep-marine North Betic
Corridor was caused by folding and uplifting of the eastern
half of the foredeep and the northward transport and
emergence of the adjoining Prebetic mountain chain (especially
the SSW-NNE striking thrust imbricates of the Sierra de
Cazorla and the thrust anticlines of the Sierra Segura).

Six (seismo)stratigraphic sequences bounded by unconfor-
mities that appear to correlate with third-order chances of the
global sea level, are distinguished in the Guadalquivir basin
for the Middle and Late Miocene (Fernandez et al., 1998;
Berastequi et al., 1998). Older, (Late) Oligocene and Early
Miocene deposits are absent. Deposits of that age accumulated
farther to the south in the Proto-Guadalquivir Basin, i.e. in
the pre-collision, external Subbetic area including the
Moratalla Basin. Burdigalian deposition took also place in a
precursor Guadalquivir Basin still located in the same general
region (Sanz de Galdeano & Vera, 1992), with post-collision
strata accumulating in the newly formed North Betic Foreland
Basin. From Langhian times onwards the mobile Proto-
Guadalquivir trough extended northward as far as the post-
Serravallian Guadalquivir Basin. The in situ (late) Langhian to
Serravallian deposition is represented by a three-fold succession
with diatomaceous marls (Sequences 1, 2 (syn-extensional)
and 3 of Fernandez et al., 1998; correlative with sequences
Atlantida-1 and 2 of Riaza & Martinez del Olmo, 1996). The
Late Miocene fill of the actual Guadalquivir Basin consists of
two Tortonian (syn-compression) sequences with diatomaceous
marls (Sequences 4 and 5 of Fernandez et al., 1998; sequences
Atlantida-3 and Betica of Riaza & Martinez del Olmo, 1996;
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Sequence 5 correlated with Sequences A and B (lower part) of
Sierro et al., 1996) and a single (post-compressional) sequence
of latest Tortonian to Messinian age without diatomaceous
marls (Sequences B (upper part) and C of Sierro et al., 1996;
Sequence 6 of Fernandez et al., 1998; sequence Andalucia of
Riaza & Martinez del Olmo, 1996; age modified after Sierro et al.,
1996). The latter sequence is characterized by unconformably
deposited carbonates (Niebla Calcarenite Fm.) with clayey
deposits (Gibraleon Shales Fm.) on top (Sierro et al., 1996).
The Plio-Quaternary sediments prograded westward that is
parallel to the basin axis. The Early Pliocene is represented by
sandy deposits (sequence Marismas of Riaza & Martinez del
Olmo, 1996; particularly Trigueros Sands and Huelva Sands
Fms (Sequence D of Sierro et al., 1996)., lower Bonares Sands
Fm. (Early/Middle Pliocene; Sequence E of Sierro et al., 1996).

Tectonostratigraphy of the Alboran Basin
| (Figs 4, 7; Appendices 1 - 7)

The prolonged continent-continent collision of Africa and Iberia
resulted ultimately in the Alboran Sea, a large extensional
basin at the centre of the Betic-Rif orocline. A diversity of
geodynamic models has been proposed for this basin (see
above), making its interpretation a matter of controversy.
However, it is generally agreed that, subsequent to a Paleogene
period of orogenic thickening of the lithosphere by collisional
stacking (accompanied by HP/LT metamorphism; Rosenbaum
& Lister, 2004), crustal stretching occurred in tandem with
removal of lithospheric mantle during Chattian (~27 Ma) to
Tortonian (8 - 9 Ma) times (Platt et al., 1998; Comas et al.,
1999). This crustal stretching was accompanied by LP/HT
metamorphism (thermal peak between 23 Ma and 21 Ma; Platt
et al., 2003). The concurrent stretching and thinning of the
crust was induced by the pre-Middle Miocene emplacement of
hot asthenospheric mantle (Morley, 1993) and block movements
(including normal faulting, rifting and peripheral thrust
faulting) related to the westward move of the ‘Alboran Block"
The crustal thinning may have led - upon the cessation of
thermal perturbation and the establishment of a NNW-SSE
directed convergent stress regime of compressional folding and
faulting (subsequent to the compression linked to relatively
limited, almost perpendicular extensions in the Middle Miocene
and early Late Miocene; Morley, 1993) - to a Tortonian episode
of contractive re-organization culminating with thermal
subsidence and tectonic collapse of the reduced and weakened
crust in the central part of the Alboran Domain. Onshore, the
surrounding mountains (sierras) emerged more or less
simultaneously at the beginning of a generalized period of
folding, reverse faulting and structural inversion of previous
normal fault systems. The primary mechanical causes of the
preceding rifting process (that was at times interrupted by
compressional events) remain controversial. Conceivably,
different causes governed different episodes of extension.
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Fig. 7. Sequence stratigraphic diagram for the Alboran Basin. See Figure

6 for legend; R and M: seismic reflectors.

Thus, extension may have been caused by removal of mantle
lithosphere and consequent thinning of the lithosphere (by
the underlying, hotly convecting mantle). Alternatively by
delamination of the lithosphere (by the gravitational peeling-
off and sinking-down of the dense mantle lithosphere into the
less dense mantle underneath) or by back-arc extension
(through slow (NNW-SSE) plate convergence and rapid, NNW-
SSE (~23 - 16 Ma) and ENE-WSW (~16 - 11 Ma) subduction slab
roll-back facilitated by E-W lithosphere tearing along the African
margin and E-W slab detachment under the Betics; Spakman &
Wortel, 2004). This resulted in two regimes of nearly
orthogonal, generalized rifting (Martinez-Martinez & Azafién,
2002; Rosenbaum & Lister, 2004) which succeeded each other
when the roll-back subducting zone reached the African-
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Maghrebian palaeomargin and the North Algerian Basin opened.
In all models, the final causal mechanism is the collisional
convergence of Africa and Europe,which led to the replacement
of cold lithosphere by hot asthenosphere, uplift of the crust
and the establishment of an extensional crustal stress regime
in a larger-scale compressional setting. The present Alboran
Basin may actually have originated after a final accretion of
the Betic and Rif fold-and-thrust belt with the Iberia and
African plates in the Tortonian (8 - 9 Ma), by which time west-
ward movement, thinning and extension of the overriding
‘Alboran Block’ came to an end simultaneous with the cessation
of subduction roll-back. As a convergence-controlled, partial
‘thermal sag basin’ it may have come into being by ‘post-
orogenic compressional collapse. It was open to the North
Algerian Basin in the east and closed to the west by the Gibraltar
Arc, i.e. the Atlantic-facing collision front of the ‘Alboran
Block’ (Platt & Vissers, 1989; Garcia-Duefias et al., 1992;
Morley, 1993; Vissers et al., 1995; Lonergan & White, 1997;
Rosenbaum & Lister, 2004; see Tandon et al. (1998) for a
discussion of later rifting in part of the basin, inferred to have
been due to time-transgressive migration of delaminating
lithosphere). After the late Aquitanian-early Burdigalian, the
main period of migration, thinning and fragmentation of the
‘Alboran Block’, subduction-related magmatism occurred abun-
dantly as testified by numerous post-Burdigalian seamounts
(generally ~22-6 Ma; Hernandez et al., 1987; Lonergan &
White, 1997; Ferndndez-Soler, 2001) and the Alboran Ridge
(Fig. 2), an approximately SW-NE trending transpressional
(strike-slip) feature of volcanic and tectonic origin that is
locally emergent (Alboran Island; Campos et al., 1992).
Tectonostratigraphically, the present-day Alboran Sea basin
is the outcome of six developmental stages represented by an
Early Miocene to Recent sedimentary fill consisting of a
similar number of marine (seismo)stratigraphic units (Units I-
VI of Jurado & Comas, 1992; Comas et al., 1992, 1999). These
depositional sequences are mostly bounded by angular
unconformities. They have been dated and interpreted by
extrapolation and generalization of commercial drilling results.
Thus, rifting occurred episodically from the late Aquitanian(?)
to the Tortonian, with major episodes having different tectono-
stratigraphic signatures. As a whole, the sequence stratigraphic
architecture of the offshore Alboran Basin is found to be
broadly correlatable with those of the onshore basins in the
Betic and Rifian Internal Zones (compare Figs 5 - 8). The oldest
basin fill unit is characterized by olistostromes of late
Aquitanian(?) - Burdigalian age (Unit VI). It represents a phase
of initial syn-rift and transgressive deposition and tectonic
subsidence that coincided with the early westward drift of the
‘Alboran Block’, comprising the pre-collision stage of rapid
cooling and exhumation of its basement rocks (prior to
surfacing at ~18 Ma; Platt et al., 1998, 2003; Comas et al.,
1999). Like previously, Alboran was probably still an overall
terrestrial realm of non-deposition/erosion (e.g. Watts et al.,
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1993). Apparently, deposition of the olistostromic sequence
commenced during the ‘Aquitanian Paroxysm’, soon after the
first magmatic activity in the Alboran Domain (22 - 23 Ma;
Torres-Roldan et al., 1986), and lasted until after the
‘Burdigalian Paroxysm’ (not accurately dated). A two-fold main
phase of rifting leading to pronounced development of large-
scale, low-angle extensional detachment faults (resulting in
crustal thinning) is envisioned for the Langhian-Serravallian
and late Serravallian-Tortonian intervals (Units V and IV). It
was initiated with accumulation of clays and marls including
volcanic and volcaniclastic interbeds (Unit V) that were laid
down on a major angular unconformity near the Burdigalian-
Langhian transition. It was ended by a brief episode of
tectonic compression resulting in an angular unconformity at
the top of a sequence of turbiditic sands, silts and clays with
volcanic and volcaniclastic levels (Unit IV). The intermediate,
intra-Serravallian sequence boundary and angular unconformity
ares supposed to mark the onset of the ‘Terminal Serravallian’
Subsequent post-rift basin shortening
corresponded with the deposition of a late Tortonian sequence

tectonic phase.

of (silty) clays with turbiditic sandstone interbeds and
volcanic debris (Unit III) and a latest Tortonian-Messinian
sequence of shallow-marine calcareous and clayey deposits
with sandy and volcanic intercalations and occasional gypsum
and anhydrite horizons (Unit II). The latter accumulated after
a pronounced pulse of compression (Chalouan et al., 1997). At
the end of the Messinian Salinity Crisis, Unit II was eroded due
to emergence caused by another pulse of compression, prior to
Pliocene-Quaternary clays and marls (Unit I) began to
accumulate on the angular unconformity (Chalouan et al.,
1997; Comas et al., 1999). Deposition was governed by wrench-
tectonics, including interacting strike-slip fault systems in a
transtensional stress regime that evolved into a regime of
transpressional stress conditions (Campillo et al., 1992).
Under the latter stress regime an Early Pliocene unconformity
developed (Tandon et al., 1998) that may have originated during
a rotation of the stress field from roughly N-S to NNW-SSE
(Campillo et al., 1992) and is probably coeval with intra-
basinal inversions and further uplifting of the Alboran Ridge
(from ~3.4 Ma; Comas et al., 1999), prior to terminal Pliocene
compression (~2.6 - 1.8 Ma; Chalouan et al, 1997).

| Rif Basins (Figs 4, 8; Appendices 1 - 7)

Internal Rif Basins (Fig. 8)

The accretionary collision of the ‘Alboran Block’ with the African-
Maghrebian palaeomargin proceeded much like the one with
the South Iberian palaeomargin. The resultant destruction of
the North African Flysch Trough (see previous; Fig. 5) ended
in the late Burdigalian with the deposition of Numidian flysch
in an increasingly shrinking basin that warped the westward
migrating ‘Alboran Block’ (Feinberg et al., 1990). The closure
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of the flysch basin was followed by further structuration of
the newly formed orogenic wedge through west to south-
directed thrusting of the Rifian Internal and External Zones
onto the leading edge of the African palaeomargin and the
formation of adjoining Rifian foreland basins in response to
the associated thrust loading (Michard, 1976; Wildi, 1983;
Chalouan et al., 2001; Piqué, 2001). Unrooted post-collision
Numidian Flysch units were generally thrusted over of the
evolving accretionary prism of the External Rif after the
‘Burdigalian Paroxysm’ Assumedly, backthrusting happened
coevally with overthusting (Feinberg et al., 1990). A pre-
collision tectonometamorphic event affected the Mesozoic of
the eastern Rif in the Chattian, possibly in connection with
extension of the pre-migration Alboran Domain (Chalouan et
al., 2001). Another key metamorphic event occurred in the
Aquitanian (~23 - 21 Ma; Chalouan et al., 2001), i.e. during
the exhumation of the ‘Alboran Block’ associated with the
‘Aquitanian Paroxysm’ (Chalouan et al., 2001). Until early
Burdigalian time, the Internal Zones moved independently
westward relative to Africa and Europe. Since the ‘Burdigalian
Paroxysm’ they were ‘locked-in’ against both plates and
deformed together, allowing kinematic displacements. The
mountain ranges of the Internal Rif Domain emerged and
collapsed during Late Oligocene-Miocene rifting and low-angle
normal faulting. the Alboran terrane was
transformed in the early-middle Tortonian into marine basins
by tectonic subsidence governed by NNE-SSW to ENE-WSW
compression (Chalouan et al., 1995, 1997, 2001; Benmakhlouf
& Chalouan, 1995; Ait Brahim et al., 2002).

The oldest syn-rift deposits of the northern Internal Rif
belong to the Fnideq Formation (late Chattian- early
Aquitanian) and ‘Vifiuela Formation’ (early Burdigalian) near
Ceuta (El Kadiri et al., 2000), the type Fnideq Formation at
Fnideq (overthrust by Numidian turbidite sandstones; Feinberg
et al., 1990; Ouazani-Touhami & Chalouan, 1995), and the
Fnideq Formation and Sidi Abdeslam Formation (early
Burdigalian) in the Tetouan-Martil Basin, a quadrangular
depocentre that opened by NE-SW extension at the end of the
Oligocene (Feinberg et al., 1990; Benmakhlouf & Chalouan,
1995; Maate et al., 1995; Ouazani-Touhami & Chalouan, 1995).
These molassic strata regionally transgressed the block-faulted
Ghomaride Complex (the highest tectonic element of the Rif)
with high-density turbidity currents depositing clastics in a

Eventually,

network of small ‘basins’” with subsidence governed by normal
faulting (Zaghloul et al., 2003). After the HT metamorphic
episode (~23 - 21 Ma) and exhumation, non-deposition and
erosion during the ‘Aquitanian Paroxysm’, early Burdigalian
strata (yielding the first detritus of Sebtide Complex
provenance) onlapped early Aquitanian deposits in the
Tetouan-Martil Basin with an angular unconformity (Ouazani-
Touhami & Chalouan, 1995). This unconformity indicates
tectonic uplift and thrusting of Internal Rif nappes (Maate et
al., 1995). Regionally, both formations record a succession of
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three extensional phases: NE-SW to NNE-SSW rifting in the late
Chattian, NW-SE to NNW-SSE extension during the Aquitanian
and ENE-WSW to E-W extension in the early Burdigalian
(Ouazani-Touhami & Chalouan, 1995; Zaghloul et al., 2003).
Accordingly, the stress field changed significantly at the
Chattian-Aquitanian and Aquitanian-Burdigalian transitions.
The Burdigalian beds of the Tetouan-Martil Basin are covered
by a syn-rift accumulation of Pliocene sands and marls
(Benmakhlouf & Chalouan, 1995). In the southern Internal Rif
the Ciudad Granada, Vifiuela and Sidi Abdeslam Formations
have been reported from the Talembote Region (Serrano et
al., 2007) below an unnamed sequence of Early Miocene age
(resp. formations SF. II (late Chattian-Aquitanian), SF. III
(earliest Burdigalian), SF. IVa (at least early Burdigalian in
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part) and SE. IVb (Burdigalian p.p.) of El Kadiri et al., 2001).
The formations constitute a chaotic sedimentary succession
with olistolites and sedimentary klippes derived from the
Ghomaride Complex (units FS. II-VIa) and the Dorsale Calcaire
(unit SF. IVb). The contact of the ‘Ciudad Granada’ (Fnideq)
and ‘Vifiuela’ (Sidi Abdeslam) formations corresponds to a major
ravinement surface (El Kadiri et al., 2001) that seems to have
formed during the ‘Aquitanian Paroxysm’ as late Aquitanian
strata are not known from the area. The sudden gravitational
introduction of coarse Dorsale Calcaire detritus is assumed to
be linked to the ‘Burdigalian Paroxysm’, i.e. the collision of
the Rifian Internal and External Zones.
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External Rif Basins (Fig. 8)

In late Early and Middle Miocene times an elongate, NNW-SSE
trending foreland basin developed in the western External Rif
between the Intrarif and Mesorif thust zones of the Rifian
External Domain. The completely marine fill of the Zoumi
Foredeep consists of an unconformable series of syn-tectonic
flysch (Zoumi Sandstones s.l.), which accumulated along the
approximately SW advancing front of the Intrarif thrust sheet.
It comprises four tectonosedimentary units (Ben Yaich et al.,
1989). Each of these has been correlated with an eustatic
cycle (Ben Yaich et al., 1989; age interpretations updated). The
oldest unit, or Jbel Amalou Formation (early Burdigalian; unit
A; cycle TB 2.1), is a slope fan complex including microbreccia
and marly deposits and bioclastic turbidites intercalated in
marls. The formation’s top is marked by an angular uncon-
formity. The lower part of the overlying Ouhahda Formation
(middle/late Burdigalian; unit B; cycle TB 2.2) is composed of
olistostrome deposits that have been derived from the leading
edge of the Intrarif thrust sheet along the eastern basin
margin. This corresponded at the time to a NNW-SSE trending
high separating the marine realms of the contracting North
African Flysch Trough and the Zoumi Foredeep (Morley, 1988).
The upper part of the formation consists of marls with silty
and sandy turbidites that originated from the southern
platform area. These beds are in part unconformably
succeeded by the Jbel Taourda Formation (Zoumi Sandstones
s.s.; latest Burdialian/Langhian; unit C; cycle TB 2.3). This
sequence includes olistolites and submarine fan deposits with
eastern source areas near the base and relatively distal
turbidites with a southern source near the top. The lower part
of the final Dar el Oued Formation (late Langhian/early
Serravallian; unit D; cycle TB 2.4) is characterized by silty
turbidites with a southern source and conglomeratic detritus
with an eastern source. The clayey upper subunit includes
sandy turbidites near the base and an upper olistostrome
deposit that was probably sourced again in the east (Ben Yaich
et al., 1989). It seems likely that the angular unconformity
and olistostrome at the base of the Ouhahda Formation and
the olistostrome at the base Jbel Taourda Formation represent
enhanced tectonic activity in the Intrarif thrust zone
subsequent to the onset of the ‘Burdigalian Paroxysm’ and the
terminal Burdigalian closure of the North African Flysch
Trough by E-W thrusting. Similarly, the sedimentary chaotic
interval of the Dar el Oued Formation may be correlated with
increased tectonic activity at the Intrarif thrust front at the
beginning of Serravallian when the Kabylies collided with
Africa (Vergés & Sabat, 1999). The Zoumi Foredeep itself was
closed and destroyed in later Miocene times by incorporation
of the basin(fill) in the leading edge of the WSW advancing
Intrarif thrust sheet and subsequent out-of-sequence
overthrusting of both tectonic features upon the Mesorif
thrust zone (Morley, 1988).
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Thrusting tectonic activity was also involved in the demise
of some younger, intramontane basins in the Mesorif of the
western External Rif. These are the Bouhaddi, Dhar Souk,
Rhafsai, Tafrannt and Taounate Basins They are inverted half-
grabens, which are generally bounded by NE-SW to E-W and
NW-SE trending normal faults (Ait Brahim & Chotin, 1989; Tejera
de Leon et al., 1995; Samaka et al., 1997). They originated
and evolved in the Mesorif nappe pile of the External Rif
tectonic wedge under influence of NNE-SSW to NE-SW
compression and orthogonal extension in the late Tortonian-
Messinian (Ait Brahim & Chotin, 1989). Thus, these ‘post-
nappe’ basins postdate the foreland basins of the Prerif (see
below). The syntectonic filling of the WNW- ESE to NW-SE
rifted Taounate Basin is assigned to two formations. The
lower one is assumed to be late Tortonian in age and consists
largely of red-bed continental conglomerates overlain by marine
conglomerates and sandstones. The upper limit of this Ain
Mediouna Formation is defined by an erosional unconformity
overlain by the Taounate Formation. This is a truncated
sequence of relatively restricted marine marls with sandstone
interbeds of late(st) Tortonian?-Messinian age. Subsequent to
erosion during the Messinian Salinity Crisis and terminal
Miocene-Pliocene compressions (Ait Brahim & Chotin, 1989;
Samaka et al., 1997; Ait Brahim et al., 2002), the sequence
was covered by continental Plio-Quaternary conglomerates
(Tejera de Leon et al., 1995). The Miocene succession is judged
to be tectonostratigraphically correlative with the two-fold
late Tortonian-Messinian succession of the Betic Cordillera.
Accepting the published datings (undifferentiated Tortonian
is best documented), the Ain Mediouna Formation seems to be
a (near) time-equivalent of the Chozas Formation, whereas the
marls of the Taounate Formation may more reliably be correlated
with the Turre Formation (Abad Mb.; see above).

In the Intrarif of the eastern External Rif a tectonic stress
regime basically similar to the one leading to the Taounate
Basin resulted in the Boudinar Basin. This triangular strike-
slip basin is bordered in the east by the sinistral Nekor strike-
slip fault (Leblanc, 1980; Asebryi et al., 1993) and flanked by
a dextral slike-slip fault system that delimits the andesitic Ras
Tarf volcano of Serravallian-Messinian age (~12.5-13 to 6 - 7 Ma;
El Kharim, 1991; El Bakkali et al., 1998) in the west (Guillemin
& Houzay, 1982; El Kharim, 1991). In the late Tortonian the
intramontane basin opened by E-W extension in association
with orthogonal compression (Ait Brahim & Chotin, 1990) as a
‘post-nappe’ graben-like structure. Four unconformity-bounded
basin fill units are generally distinguished (units M1 to M3
and P of El Kharim, 1991). Firstly, continental and lagoonal-
marine deposits, represented by proximal red conglomerates
and distal sands and grey marls with tuff, accumulated
discordantly (unit M1). Locally at least, this transgresssive,
overall alluvial fan-coastal marine sequence is truncated by an
angular unconformity. It is succeeded by coarse, syn-tectonic
fan conglomerates (and sands) laid down in a coastal marine
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environment (basal part of unit M2) during the latest Tortonian.
These strata became overlain in the latest Tortonian-early
Messinian by marine platform marls interbedded with tuffs
(main part of unit M2). The overlying Messinian (unit M3)
consists of coastal marine conglomerates grading upwards into
marine platform marls with tuffs, limestone horizons and
diatomites. This sequence has been extensively eroded. The
suprajacent sequence (unit P) represents a transgressive-
regressive cycle of Early Pliocene sedimentation. It consists of
fluvial conglomerates at the base, marine marls with clastic
interbeds in the middle and regressive conglomerates
immediately below the unconformable Quaternary cover (El
Kharim, 1991). Tectonically, its deposition may have been
governed by more or less E-W directed extension (Andeweg,
2002) that modified the original graben into a half-graben (El
Kharim, 1991). tectonostratigraphically, it is probable that
deposition in the Boudinar Basin commenced in the Tortonian
more or less simultaneously with that in the Taounate Basin.
It ceased briefly again in the latest Tortonian, like in the
Taounate Basin, and in the early Messinian: both times due to
tectonics. Later on, basin-wide erosion occurred during the
Messinian Salinity Crisis and in the Middle/Late Pliocene. This
was due to longitudinally northward progressing emergence (El
Kharim, 1991) prior to continental and localized coastal marine
deposition of conglomerates in the Quaternary (Guillemin &
Houzay, 1982).

The Melilla Basin, east of the Boudinar Basin, is located
between the late Tortonian-Messinian Gourougou Volcanic
Complex (9.0 - 6.6, ~7.0 - 5.4 (stratovolcano), 4.7 - 2.6 Ma) in
the south and the early Tortonian Trois Fourches Volcano (9.8
Ma) in the north (Hernandez & Bellon, 1985; El Bakkali et al.,
1998). Four tectonic phases are distinguished in the Melilla
Basin. The basin opened during an episode of extension that
is generally assigned to the Tortonian, although a Serravallian
age is possible. The initial rifting is followed by a Tortonian
phase of N-S compression, a latest Tortonian-Messinian period
of NE-SW extension and a final phase of NW-SE compression
initiated in the (Late?) Pliocene (Guillemin & Houzay, 1982).
The fill of this intramontane, roughly E-W striking strike-slip
basin consists of a stack of four main sequences with three
subsequences which are separated by proximal and basinwide
erosional surfaces. The main sequences consist of a Clastic
Wedge of early Serravallian?-Tortonian age (conceptual age;
cf. Leblanc, 1980), a shallow-marine Carbonate Complex of
Tortonian-Messinian age and an overlying Mixed Carbonate-
Siliciclastic Complex of late Messinian age that accumulated
conformably under marine and lacustrine conditions without
significant evaporites. This Mixed Carbonate-Siliciclastic Complex
is unconformably overlain by sandy marine Pliocene that locally
fills a deeply incised erosion surface that represents a terminal
Messinian period (<5.77 Ma) of sub-aerial exposure with intense
erosion prior to the onset of the diachronous marine drowning
of the palaeotopography (~(<)5.3 Ma; Cunningham et al., 1997;
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Cunningham & Collins, 2002; Rouchy et al., 2003). The Clastic
Wedge consists of a basal conglomerate that is mainly overlain
by marine silty marls. The sequence represents the extensional
opening of the basin. Its upper bounding surface is an angular
unconformity formed by compressional tectonic tilting in the
Tortonian (Guillemin & Houzay, 1982). The Carbonate Complex
is composed of four subunits termed Ramp, Bioclastic Platform,
Fringing-Reef Complex and Terminal Carbonate Complex. They
have been dated (Cunningham et al., 1997; Cunningham &
Collins, 2002: 1; Cornée et al., 2002: 2) as late Tortonian (1:
~8.87 - 7.07 Ma; 2: >6.87 Ma; indicating a gap: >7.24 - 6.87 Ma),
early Messinian (1: ~7.0 - 6.3 Ma; 2: ~6.87 - 6.46 Ma), Messinian
(1: ~6.3 - 5.95 Ma; 2: ~6.46 - 6.10 Ma cf. redefined top) and
late(st) Messinian (1: ~5.95 - 5.8 Ma; 2: ~6.10 - (<)5.77 Ma cf.
redefined base). Consequently, the formation of the Carbonate
Complex lasted from the latest Tortonian to the latest
Messinian. A major sea level drop signalling the end of
marine sedimentation during the Messinian Salinity Crisis has
been reported from the marine-continental Mixed Carbonate-
Siliciclastic Complex.(~5.8 Ma; overlain by basaltic lava flow
dated ~5.8 Ma) from the (very) latest Messinian (Hernandez &
Bellon, 1985; Cunningham et al., 1997; Miinch et al., 2001;
Cornée et al., 2002; Rouchy et al., 2003). It is interpreted to
have coincided with the final closure of the South Rifian
Corridor (Cunningham et al., 1997; Rouchy et al., 2003) after
an episode (~6.5 - 5.77 Ma) of increasing restriction in commu-
nication via the corridor between the Atlantic and the
Mediterranean. A causal relationship with tectonomagmatic
activity of the Gourougou Volcanic Complex in agreement with
a major event of N-S compression in the northeastern Rif
(Miinch et al., 2001) is inferred.

The Melilla Basin developed north of the intramontane ‘post-
nappe’ Nador and Kert Basins in the Mesorif-Prerif transition
zone. On account of their tectonosedimentary development,
the southern sectors of these basins may be conceived as
marginal parts of the Eastern Prerif Foreland Basin. The Nador
Basin is bordered in the west by the Gourougou Volcanic
Complex. The overall marine fill of the WSW-ENE striking ‘pull-
apart basin’ (Chotin & Ait Brahim, 1988; Ait Brahim & Chotin,
1990) comprises four cyclically deposited sequences. They
accumulated on top of a pre-Tertiary substratum or a Middle
Miocene sequence of conglomerates and sandy limestones,
which is interpreted to have been formed in a ‘foredeep’ that
made part of the Prerif Foreland Basin and Proto-South Rifian
Corridor. The oldest overlying cycle includes an olistostrome
that rests unconformably to conformably upon a SW-vergent
complex of imbricates and thrust sheets of Mesozoic and Middle
Miocene rocks formed by concurrent NE-SW compression and
gravitation (de Luca, 1985; Yahyaoui et al., 1997). In turn, the
chaotic unit, which contains detritus up to Middle Miocene
age, is conformably overlain by northward prograding, coarse-
grained clastics which grade upwards into sandy and
gypsiferous marls. Tentatively, the entire formation is
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sequence stratigraphically attributed to the late Serravallian?-
early/middle Tortonian (see below), although the olistostrome
has not been dated and may be visualized as a separate
(sub)sequence formed in response to compressional uplifting
of the nearby Gareb, Kebdana and Beni Bou Ifrour massifs (de
Luca, 1985; Ait Brahim, 1985). This sequence is unconformably
overlain by a series of ‘post-nappe’ deposits starting with a
comparatively thin sequence of red-coloured conglomerates,
sandstones and marls, which is truncated by an angular
unconformity (Ait Brahim, 1985; de Luca, 1985; Yahyaoui et
al., 1997). The syn-rift, fluvial to marine sequence has been
attributed to the late Tortonian, assuming that uppermost
Tortonian strata are absent due to NE-SW compression inducing
thrusting, uplift and erosion of the basin fill (Ait Brahim,
1985; Yahyaoui et al., 1997). Messinian strata transgressed
both Tortonian sequences during resumed WSW-ENE extension
and subsidence of the basin. The resultant sequence comprises
calcarenitic and reefal limestones, which are interbedded,
laterally replaced or succeeded by fossiliferous marls with
sandstone and tuff horizons. Shallow-marine sandy con-
glomerates occur at the base of the sequence. Reliably dated,
late Messinian strata are unknown. The unconformably
overlying Lower Pliocene includes mainly shallow-marine
sands and lacustrine limestones (Guillemin & Houzay, 1982; de
Luca, 1985; Yahyaoui et al., 1997).

Eastern Rifian Foreland Basins (Fig. 8)

Chaotic mass-flow deposits (olistostromes,
klippes) like those encountered in the Nador Basin are found

sedimentary

throughout the External Rif. In particular, they occur at the
uprooted nappe system of the Prerif thrust zone forming the
Tortonian tectonosedimentary complex of overthrusting,
diverticulate gliding nappes, or Prerif Allochthon (Frizon de
Lamotte, 1987; Flinch, 1996; Pratsch, 1996; Chalouan et al.,
2001). The emplacement of this major allochthonous unit
occurred in the Moroccan Foreland, which includes this huge
accretionary wedge, the Gharb and Saiss Basins in the west
(see below) and the Taza-Guercif Basin and some smaller
extensional basins in the east. The Taza-Guercif Basin is
superimposed on the northeastern plunge of the NE-SW striking
Middle Atlas. The basin is a similarly trending graben system
that developed in response to NW-SE extension in the
Tortonian, coevally with transport of thrust sheets of the
adjoining Rif to the west and southwest. After the Tortonian,
it was subjected to NW-SE to NNW-SSE directed contractional
tectonics. The contraction occurred contemporaneously with
similarly oriented thrusting in the Rif, leading to syn-
sedimentary basin inversion in line with sinistral transpressive
activity of the Middle Atlas Shear Zone that was in turn
related to the NW-SE to N-S convergence of Africa and Europe.
The intra-Messinian initiation of S-vergent thrusting coincided
with the end of extension and the beginning of contractional
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transformation of the basin into an intramontane basin with
subsidence that would no longer be controlled by tectonics
but instead by sediment loading (Bernini et al., 2000; Gomez
et al., 2000; Sani et al., 2000). Though belonging to the system
of Rifian foreland basins, the Taza-Guercif Basin was not really
part of the South Rifian Corridor, neither structurally nor
palaeogeographically. The basin opened in the late Serravallian
(cf. Leblanc, 1980) or early Tortonian (Gomez et al., 2000)
Five, partly unconformable main sequences developed with
boundaries related to tectonic events (Bernini et al., 1999;
Gelati et al., 2000). This gave rise to three unconformity-
bounded successions with major erosional hiatuses that
represent distinct deformation events (Gelati et al., 2000;
Gomez et al., 2000; Sani et al., 2000). Basin infilling began
with the syn-rift Draa Sidi Saada Formation, a sequence that
comprises sandy conglomerates, breccia and red-coloured,
sandy to silty marls of presumably Serravallian?-early/middle
Tortonian age (> 8 Ma; Krijgsman et al., 1999b; Gomez et al.,
2000). The formation and nearby basement are unconformably
transgressed by the syn-rift Ras el Ksar Formation, like. The
stratigraphic contact of the Draa Sidi Saada and Ras el Ksar
Formations corresponds to an episode of compressional
tectonics. The latter rock-unit consists of sandy conglomerates,
sandstones, marls and bioclastic strata deposited in a
transitional continental-marine environment. The sudden and
probably synchronous onset of the transgression coincides
with the initiation of shoshonitic volcanism (8 - 4.9 Ma;
Hernandez & Bellon, 1985). It is interpreted to mark the late
Tortonian opening of the South Rifian Corridor (~8 Ma;
Krijgsman et al., 1999b) as a foredeep formed by NNW-SSE
compression of the pre-existing Proto-South Rifian Corridor
due to the NNW-SSE/N-S convergence of Africa and Iberia.
This momentous event was preceded by the deposition of a
thick, Tortonian (and older?) sequence of marine strata which
could be a correlative of the continental Draa Sidi Saada
Formation. Overall, the Taza-Guercif Basin became part of the
Proto-South Rifian Corridor in the Tortonian.

The lower/middle Tortonian is conformably overlain by the
open-marine Melloulou Formation, formed under quiescent
tectonic conditions. It is divided into the Blue Marls, El Rhirane
and Tachrift Turbidites and Gypsiferous Marls subunits. The
unconformity-bounded ‘Tortonian Succession’ is actually late
Tortonian-early Messinian in age (Gomez et al., 2000). The
turbidite sedimentation reflects contemporaneous uplifting
of the basin margin area. This was associated with tectonic
re-activation of the Middle Atlas Shear Zone, whereas the
great thicknesses of the gradually regressive gypsiferous marls
indicate that strong foreland subsidence continued until early
(pre-evaporitic) Messinian time (Gelati et al., 2000). This was
concurrent with a shallowing of both the basin and the South
Rifian Corridor just after the Tortonian-Messinian transition
(between ~7.2 and 7.1 Ma) and an increasing compressional
constriction of the corridor (Bernini et al., 1999; Krijgsman et
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al., 1999b; Gomez et al., 2000). The next unconformity-bounded
unit is the post-rift ‘Messinian Succession’, which includes the
sandy and marly beds of the episodic continental and marine
Kef ed Deba Formation (Gelati et al., 2000) of early (still pre-
evaporitic) Messinian age (Krijgsman et al., 1999b). Its basal
angular unconformity marks emergence of the basin that may
be related to continued southward advance of the External Rif
in association with further narrowing of the South Rifian
Corridor west of the basin (Bernini et al., 1999). The pronounced
angular unconformity at the top probably correlates with the
definitive closure of the corridor by continued thin-skinned
overthrusting of the External Rif. The accretionary Prerif
Allochthon was thrust over the Middle Atlas in the region
between the Sais Basin and the Taza-Guercif Basin (between
~6.7 and 6.0 Ma; Krijgsman et al., 1999b), while transpressional
tectonics of the Middle Atlas Shear Zone also continued to
affect the basin. Consequently, the trans-Moroccan seaway
allowing marine communication between the Atlantic and
Mediterranean was permanently closed (by partial emergence)
just before the onset of the Messinian Salinity Crisis (5.96 Ma).
Correspondingly, the successive late Messinian, Pliocene and
Quaternary deposits are all fully continental. They comprise
the fluvial conglomerates and the lacustrine limestones and
mudstones of the Bou Irhardaiene Formation, or ‘Plio-Quaternary
Succession’ Their deposition occurred in a contracting, land-
locked basin, the filling of which was governed by sediment
input from uplifted adjoining highs that continued to be
affected by transpression (Bernini et al., 1999, 2000; Gelati et
al., 2000; Gomez et al., 2000; Sani et al., 2000).

Western Rifian Foreland Basins (Fig. 8)

The eastern sector of the Western Prerif Foreland Basin
corresponds to the Saiss Basin, a post-Burdigalian foredeep
bordered by the Prerif Allochthon in the north and the Atlasic
Moroccan Meseta (Foreland) in the south. In the west the
basin merges with the Gharb Basin (see below). As part of the
South Rifian Corridor, it communicated in late Tortonian-early
Messinian times with the Taza-Guercif Basin. Provisionally, six
formational sequences are distinguished in the area (cf. Ait
Brahim & Chotin, 1984), constituting two major transgressive-
regressive sedimentary series. An older ‘ante-nappe’ series
composed of Langhian to Tortonian deposits and a younger
‘post-nappe’ series consisting of late Tortonian to Plio-
Quaternary formations. The older one consists of the basal
conglomerates and shallow-marine limestones of the Lower
Molasse Formation, which during the Langhian-early Serravallian
trangressed a Mesozoic substratum. At the same time, flexural-
isostatic bending of the Moroccan Foreland lithosphere into
the Proto-South Rifian Foreland Basin took place in front of
the nascent Rif prism. The Lower Molasse accumulated in the
Proto-South Rifian Corridor until the marine seaway was
abruptly disrupted in the area of the Saiss Basin by the
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deposition of freshwater carbonates, red and green clays and
sandstones of the late Serravallian-early/middle Tortonian
Continental Clay Formation. Presumably, the marine deposition
came suddenly to an end in response to a late Serravallian
phase of compressional tectonics that blocked off this part of
the marine Prerif Foreland Basin and Proto-South Rifian Corridor
by deposition of mainly continental clays derived from the
adjoining, low-relief Moroccan Foreland. The continental
formation includes a brecciated deposit of marly limestones,
the base of which correlates with the Serravallian-Tortonia
transition (Ait Brahim & Chotin, 1984). The overlying series
consists of three unconformity-bounded sequences. The lower
one, or Upper Molasse Formation, includes mega-breccias
overlain by sandy bioclastic limestones and white marls of late
Tortonian age. It marks the transgressive re-opening of the
marine South Rifian Corridor and the ‘post-nappe’ formation
of the Saiss Basin proper by renewed foredeep flexuring of
Moroccan Foreland related to further westward thrust transport
and loading of the Prerif Allochthon. The unconformably
overlying Marine Marl Formation is composed of sandy and
marly limestones grading upwards into white, grey and blue
marls. Its age ranges from latest Tortonian to Early Pliocene.
The uppermost, unconformity-bounded sequence comprises
the marine and fluviatile, variously coloured clastics of the
Fulvous Sand Formation and the bioclastic Lacustrine Limestone
Formation, which comprises also fluviatile carbonates and
travertine. Jointly, the respectively Early-Middle Pliocene and
Late Pliocene-Quaternary formations form a trangressive-
regressive cycle. That cycle was initiated by a marine
ingression from the Atlantic and concluded by an episode of
tectonic emergence and continentalisation. This resulted in a
progressive shrinking of the Saiss Basin in combination with
an anti-clockwise rotation of compression trends that caused
re-activation of (strike-slip) faults and syn-sedimentary
extensional and compressional deformation of the Plio-
Quaternary fill (Ahmamou & Chalouan, 1988; Ait Brahim &
Chotin, 1984, 1989).

The sedimentary development of the Gharb Basin, located
near the Atlantic coast and extending offshore, underwent
major foredeep subsidence and deposition of great thicknesses
of clastic basin fill. Three principal sequences of Neogene age
are distinguished in the Northern Gharb Basin: a basal Miocene
sequence, an overlying Late Miocene olistostrome that is part
of the Prerif Allochthon, and a cover sequence of Late Miocene
and Plio-Quaternary age (Flinch, 1996; Pratsch, 1996). The
basal Miocene sequence consists of Langhian-Serravallian and
1996), which
accumulated during a compressional tectonic regime founding
the western Prerif foredeep (Litto et al., 2001). On account of
comparisons with the Saiss Basin (see above), it is surmised
that coeval, partly calcareous strata have been laid down
in the Southern Gharb Basin, similarly onlapping the
Moroccan Foreland. The olistostrome is interpreted to be an

Tortonian marls and limestones (Flinch,
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unconformable, gravity-driven sedimentary unit that slid
southward into the Western Prerif Foreland Basin, simul-
taneously with late Tortonian thrust loading of the adjoining
External Rif and subsidence of Moroccan Foreland, carrying
olistolites derived from tectonically-deformed and uplifted
parts of the emergent External Rif (Pratsch, 1996). The overlying
transgressive-regressive sequence is equivalent to the Marine
Marl Formation of the Saiss Basin (Akrech Sequence of Barbieri
& Ori, 2000). Its marine marls with turbidite sandstones reflect
enhanced basin subsidence that was, most of all, controlled by
rapid extensional collapse of the accretionary wedge in the
late Tortonian-Messinian (Flinch, 1996). In early Zanclean
time deposition of deep-water clastics probably coincided with
a marine transgression from the Atlantic and continued
syn-sedimentary extensional tectonics (Litto et al., 2001). A
number of relative sea-level drops attributable to tectonic
uplifts have been recognized at the southern margin of the
Gharb Basin. These range in age from the first shallowing
related to the final closure of the South Rifian Corridor to
events at the beginning and end of the Messinian Salinity Crisis
(resp. ~7.3 Ma and ~6.5 Ma ; ~6 Ma, ~5.3 Ma and ~5.4 Ma;
Barbieri & Ori, 2000; Warny et al., 2003). These brief pulses of
apparent compression occurred before the establishment of a
continuum of compressional deformation in the Pliocene and
Quaternary (Litto et al., 2001). The upward coarsening trend
noted in the sandy marls of the late Zanclean (Mamora
Sequence of Barbieri & Ori., 2000) reflects a marine regression
that was a prelude to the emergence of the southern part of
the Gharb Basin at the onset of the probably unconformable
deposition of the marine Fulvous sands. The sharply trans-
gressive and unconformably overlying Zanclean-Piacenzian
and Gelasian? strata (Zemmour Sequence of Barbieri & Ori,
2000), which are covered by Pliocene?-Quaternary continental
conglomerates, represent an episode of shallow-marine to
lacustrine deposition. Its regressive accumulation was probably
controlled by compressional deformation and reduced
subsidence of the basin, as well as by regional tectonic uplift
(Barbieri & Ori, 2000). Most likely, it occurred in tandem with
that of the Fulvous Sand-Lacustrine Limestone succession in
the Saiss Basin.

| Conclusion

Overall, the tectonostratigraphic evolution of the Betic-Rif
orocline was governed by a temporal succession of tectonic
regimes and stratigraphic events that was primarily linked to
deep-seated crustal processes associated with the slow and
ongoing N-S convergence of the African and Iberian plates and
secondly to the intermediate E-W migration of Alboran. Based
on the repeated occurrence of tectonically-induced sequence
boundaries (unconformities) of basin fills, the convergence
of Africa and Iberia is interpreted to have been affected
time and again, by brief episodes of enhanced tectonics and

600023350 Published online by Cambridge University Press

plate-kinematic change during their convergent movement,
either in terms of migratory direction or collisional force. At
present, the general (first-order) relative motion between the
African and European plates during the Alpine orogeny is
fairly well known for the Neogene (e.g. Dewey et al., 1989;
Rosenbaum et al., 2002). However, the precise (second-order)
direction and rate of the motion of Africa relative to Iberia is
not yet known. Whatever their precise origin, changes in plate
motion had a widespread, albeit varied effect upon the
numerous Neogene basins of the Betic-Rif orocline. Thus, pre-
existing basins were, wholesale or in part, tectonically
modified and temporarily or permanently closed by tectonic
uplift, whereas new basins originated by tectonic subsidence.
The resulting tectonostratigraphic regime of punctuated
deposition and non-deposition/erosion did not only affect
the development of the Betic basins (e.g. Sanz de Galdeano &
Vera, 1991, 1992) but had also a very similar effect on the
depositional history of the Rif basins. The depositional
episodicity of the Betic and Rif basins is judged to be tectono-
stratigraphically correlative, both encompassing a large number
of (essentially) coeval Neogene Betic-Rif (NBR) phases, This
forms a general interpretative model for the tectonostratigraphy
of the entire region (Fig. 9). Moreover, the temporal sequence
of these tectonics-related phases are strikingly correlative
with the similarly defined succession of Cenozoic Rift and
Foreland (CRF) phases which determined to a large extent the
Neogene depositional development of the basins elsewhere
in southern and western Europe (Fig. 9; Sissingh, 2006).
Consequently, it is suggested that the polyphase histories of
deposition of all these basins were basically closely linked
through a causal network recording widespread changes of
intra-plate tectonic-stress regimes. Their upper crustal
development in time reflects effective modifications of the
plate-kinematic regime linked to the northward motion of
Africa relative to Europe. The striking time-correlation of the
different polyphase tectonostratigraphic zonations and
scenarios of the basins located in the Betic-Rif, western
Mediterranean and Alpine foreland regions supports the
concept that the large-scale convergence of Africa relative to
Europe has over time varied more in direction and force (rate)
than is presently appreciated. In other words, the punctuated
(polyphase) sedimentary infilling in combination with the
tectonic basin evolution of these regions in general records a
causal relationship with changes in geodynamic activity at the
European-African plate-boundary zone. The palaeogeographic
evolution of the region of the Betic-Rif orocline was governed
by the same basic processes which controlled the tectono-
stratigraphy of the area. Surely, the role of global fluctuations
of sea level was important at times, but of secondary sinificance
in a more general sense: quite simply, tectonics dominated
over eustacy in the Betic-Rif region. From its initial develop-
ment, the Betic-Rif orocline remained under collisional stress
due to the ongoing N-S convergent motion of Africa and
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setting. In a regionally single stress field with local variations
syn-kinematic sedimentary sequences accumulated in basins
that developed in parallel episodically and coevally. Apparently,

Iberia. In response to the induced tectonics, extensional and

compressional basins evolved during the Neogene structurally

as well as palaeogeographically in a tectonically complex
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regionally coeval developments occurred in a current manner,
meaning causal chains of broadly simultaneous and linked
geological events governed the tectonostratigraphic evolution
of the Betic-Rif orocline as a whole. Through the Neogene,
marine communication occurred between the Atlantic and
Mediterranean basins (Appendices 1 - 7). Influenced by glacio-
eustatic changes in sea level and episodic influxes of marine
water from the Atlantic, the progressive isolation and
continentalisation of the Mediterranean during the Messinian
was primarily driven by ongoing compressional tectonics in
the area of the present Strait of Gibraltar. Both the onset and
termination of the Messinian Salinity Crisis were tectonically-
induced; principally in a causal relationship with compressional
thickening and uplifting of oroclinal upper crust in the region
of the Strait of Gibraltar (cf. Rouchy & Caruso, 2006).
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Appendix 1 - Paleogeographic reconstruction for the late Aquitanian
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Appendix 2 - Paleogeographic reconstruction for the late Burdigalian
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Appendix 3 - Paleogeographic reconstruction for the Langhian-Serravallian
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Appendix 4 - Paleogeographic reconstruction for the late Tortonian
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Appendix 5 - Paleogeographic reconstruction for the early Messinian
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Appendix 6 - Paleogeographic reconstruction for the late Messinian (early-middle part)
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Appendix 7 -~ Paleogeographic reconstruction for the Zanclean
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