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Abstract: The Betic External Zone, classically divided into the Prebetic and Subbetic Zones, forms a
100 km scale fold-and-thrust belt in the northern periphery of the Betic-Rif arc, the western end of the
Alpine belt of southern Europe. Thrusting and folding in the Betic External Zone initiated in the latest
Oligocene to early Miocene, and has continued to the present.
This study addresses an almost complete stratigraphic record from the early to the late Miocene
preserved in three narrow, elongate basin fragments in the western part of the Prebetic Zone around
Pontones and Santiago de la Espada. The Miocene basin fill is folded and disrupted by thrusts but,
noticeably, also by extensional normal faults.
Previous and new biostratigraphic data are used to establish an updated stratigraphic correlation of
the different basin fragments, whilst the sedimentary facies are used in combination with
paleobathymetry estimates to asses first-order vertical motions. Our stratigraphic and structural study
indicates that prior to late Miocene thrusting in the Prebetics, the three basin fragments formed part of
a large marine basin in the early-middle Miocene which made up the northern Atlantic-Mediterranean
connection commonly known as the North Betic Strait. Paleobathymetry on the basis of single samples
suggests an abrupt subsidence of this basin of several hundreds of meters during the middle Miocene,
presumably in response to progressive loading of the Iberian plate by the emplacement of the Subbetic
and Betic Internal Zones. Subsequent shallowing of the basin in the late Miocene was immediately
followed by the onset of folding and thrusting in the western Prebetics.
The development of outcrop and map-scale extensional structures is interpreted as being inherent to
the process of thrusting and reverse faulting. Some of the reverse faults probably initiated as Mesozoic
extensional faults, and were reactivated as reverse faults through late Miocene thrusting. We suggest
that during fault propagation upwards, the reverse faults became progressively less inclined, which
inevitably led to extension in the hanging wall and consequent development of normal faults. This
implies that irrespective of the extensional nature of some of the faults, the Miocene basins in the
Prebetics in essence developed in a compressive setting, eventually leading to segmentation of the
large basin into smaller basins and closure of the northern Atlantic-Mediterranean connection.
Key words: Betic Cordillera, Prebetic, North Betic Strait, thrust tectonics, inversion, shallowingupward faults
Resumen: La Zona Externa bética, dividida clásicamente en el Prebético y Subbético, forma un
cinturón de pliegues y cabalgamientos en el borde norte del arco Bético-Rifeño, la terminación
occidental del cinturón orogénico Alpino en Europa meridional. El plegamiento y los cabalgamientos
en la Zona Externa bética se iniciaron en el Oligoceno superior a Mioceno inferior, habiendo continuado
hasta la actualidad.
En este estudio se ha analizado un registro sedimentario casi completo de edad Mioceno que se
preserva en tres fragmentos estrechos de cuenca situados en la parte occidental del Prebético, cerca
de Pontones y Santiago de la Espada. El relleno sedimentario Mioceno está plegado y roto por
cabalgamientos, pero también por fallas normales.
Los datos bio-estratigráficos previos y los nuevos aportados aquí, se han utilizado para establecer una
correlación estratigráfica actualizada entre los diferentes fragmentos de cuenca. Las facies sedimentarias
junto con las estimaciones paleo-batimétricas se han empleado también para valorar los movimientos
verticales de primer orden. Nuestro estudio estructural y estratigráfico indica que antes de los
cabalgamientos del fini-Mioceno estos tres fragmentos de cuenca del Prebético formaban parte de
una gran cuenca marina de edad Mioceno inferior-medio, que representaba la conexión septentrional
entre el Atlántico y el Mediterráneo, también conocida como el “Estrecho Norbético”. Las estimaciones
paleo-batimétricas realizadas sugieren que esta cuenca tuvo una importante subsidencia (del orden de
varios centenares de metros) durante el Mioceno medio, posiblemente como respuesta a la carga que
sobre la placa Ibérica ejerció el emplazamiento del Subbético y de las Zonas Internas Béticas. Durante
el Mioceno superior la cuenca se fue haciendo más somera, proceso que estuvo seguido inmediatamente
por el inicio del plegamiento y los cabalgamientos en el Prebético occidental.
Las estructuras extensionales observadas a escala de afloramiento y cartográfica, se interpretan como
procesos inherentes a los cabalgamientos y las fallas inversas. Algunas de estas fallas inversas pueden
ser fallas extensionales mesozoicas reactivadas durante el Mioceno. Sugerimos que durante la
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propagación de los cabalgamientos hacia niveles estructurales superiores, las fallas se hacen
progresivamente menos buzantes, lo que promueve necesariamente la extensión de sus bloques de
techo y el consiguiente desarrollo de fallas normales. Esta interpretación implica que
independientemente de la naturaleza extensional de algunas de las fallas (desarrolladas en un contexto
compresivo), promovieron la fragmentación de la cuenca principal en sub-cuencas menores, cerrándose
la conexión septentrional entre el Atlántico y el Mediterráneo.
Key words: Cordillera Bética, Prebético, Estrecho Norbético, cabalgamientos, inversión, fallas
convexas hacia arriba
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The Betic Cordillera of southern Spain, the Rif in
Morocco and the Tell Mountains in northern Algeria
form a morphologically distinct, arc-shaped orogen
which constitutes the western end of the Mediterranean
Alpine chain (Fig. 1). The outer arc of this orogen
consists of a fold-and-thrust belt (the Betic and Rif
External Zones; e.g. García-Hernández et al., 1980;
Platt et al., 2003), whilst the inner arc is made up of an
allochtonous pile of mostly metamorphic rocks
exposed in the Betic and Rif Internal Zones (e.g.,
García-Dueñas et al., 1992; Vissers et al., 1995). Part
of the Internal Zone is presently submerged in the
Alboran Sea. The Betic-Rif arc developed during the
latest Oligocene and early to middle Miocene, when a
combination of westward motion plus extensional
deformation of the Internal Zone and slow but
continuous African – European plate convergence
resulted in outward thrusting and folding of the
Mesozoic – Cenozoic cover in front of the migrating
Internal Zone (Fig. 2). A number of hypotheses have
been proposed in the literature to explain the
extensional collapse and westward drift of the Internal
Zone, and the simultaneous folding and thrusting in the
External Zones, in terms of orogenic processes at the
African – European plate boundary (e.g., Platt and
Vissers, 1989; García-Dueñas et al., 1992; Royden,
1993; Vissers et al., 1995; Seber et al., 1996; Lonergan
and White, 1997; Spakman and Wortel, 2004;
Meijninger, 2006).
During the Miocene, basins developed both on top of
the growing fold-and-thrust belt of the External Zone
and within the extending Internal Zone. This study
focuses on Miocene basins in the fold-and-thrust belt, in
particular on those in the eastern part of the Betic
External Zone (Fig. 1). During the Neogene, the
External (Pre- and Subbetic) Zone formed in essence a
foreland domain, in which the Miocene is represented
by a marine “Flysch” series (or “Tap” facies, or
Moratalla Formation; e.g., Hermes, 1978; GarcíaHernández et al., 1980; Ott d’Estevou et al., 1988; Sanz
de Galdeano and Vera, 1992). The flysch deposits pass
upwards into late Miocene molasse-type continental
deposits (e.g., Dabrio, 1975; Calvo et al., 1978; Ott
d’Estevou et al., 1988; Sanz de Galdeano and Vera,
1992). Both the Miocene and underlying Mesozoic –
Cenozoic rocks are folded along approximately ENE to
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NE trending axes or are cut by generally northwest
directed thrusts. Some of the Miocene basins, e.g., the
Pontones basin (Figs. 2C and 3), have (partially) been
overridden by thrust units and have been disconnected
from the surrounding basins. But within the Betic
External Zone, and in the Prebetics in particular, there
are also clearly extensional structures, which run parallel
to the general ENE-WSW trend of the compressional
structures as indicated on the 1:50.000 scale geological
maps (Dabrio, 1975; Dabrio and López-Garrido, 1979)
of the Instituto Geológico y Minero de España (IGME).
Some of the Miocene basins in the Prebetics are bounded
by these extensional structures, such as for example the
Santiago de la Espada basin (Dabrio, 1975; Figs. 2C and
3) where a morphologically distinct normal fault is
exposed along its northern margin. At first inspection, the
geometry of this basin suggests an extension-related
origin with significant displacements along the
extensional faults, and a direct relationship between the
compressional structures (the folds and thrusts) and the
extensional faults is not immediately obvious. Except of
studies by Luján et al. (2000) and by Crespo-Blanc and
Campos (2001), both in the western Betics north and
northwest of Gibraltar, earlier structural studies of the
External Betics (e.g., De Smet, 1984; Ott d’Estevou et
al., 1988; Banks and Warburton, 1991; Platt et al., 2003)
seem to have either overlooked or ignored the existence
and significance of these extensional structures.
At least four different explanations may account for
the development of extensional structures such as those
in the Santiago de la Espada basin: (1) collapse of an
overthickened fold-and-thrust belt or orogenic wedge
(e.g., Davis et al., 1983; Platt, 1986; Dahlen, 1990), (2)
displacement of the locus of extension from the Internal
towards the External Zone (e.g., Crespo-Blanc and
Campos, 2001), (3) stratal extension in the footwalls of
thrust faults (e.g., Platt and Leggett, 1986), and (4)
hanging-wall collapse in response to a specific fault
plane geometry (a shallowing-upward fault; Coward,
1983). The first two explanations imply that the
extensional structures should accommodate regional,
presumably crustal-scale extension of the Pre- and
Subbetic domain. The latter two explanations imply that
the extensional structures have developed due to local
extension within a compressive setting in the Betic foldand-thrust belt, and that they are inherent to the
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development of the thrust structure. Below we argue
that the extensional structures affecting the Miocene
basin sediments may well be compatible with inversion
on deeper seated Mesozoic normal faults, leading to the
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development of shallowing-upward geometries during
late Miocene thrusting, hence that despite these
extensional structures, the Miocene basins in essence
developed in a compressive tectonic setting.

Figure 1.- Geological map of part of the External Zone of the Betic Cordillera in southern Spain, modified from Mapa Geológico de la Península
Ibérica, Baleares y Canarias (García-Loygorri et al., 1980). Structural data in the Prebetics after Platt et al. (2003). Cross-sections labelled (a), (b)
and (c) are shown in figure 2. Rectangle marks study area in the western Prebetic Miocene basins (Pontones and Santiago de la Espada basins)
shown in figure 3. IEZB: Internal-External Zone Boundary.

Revista de la Sociedad Geológica de España, 20(3-4), 2007

156

B.M.L. Meijninger and R.L.M. Vissers

Main characteristics of the Betic External Zone
Primarily on the basis of its Mesozoic stratigraphy
and facies, the Betic External Zone is divided into two
geological domains, namely the Prebetic zone and the
Subbetic zone (e.g., Hermes, 1978; García-Hernández
et al., 1980). The Prebetic zone, exposed in the eastern
part of the Betic External Zone, mainly consists of
Mesozoic up to Miocene continental to shallow marine
deposits originated from the former southern Iberian
margin. The rocks of the Subbetic zone, on the other
hand, constitute a thicker and more complete Mesozoic
sedimentary record with facies commonly indicating
deeper marine conditions, most likely more distal with
respect to the Iberian Meseta and south of the Prebetics.
Relic Mesozoic extensional structures and lateral
thickness variations of the Mesozoic cover suggest that
during the Mesozoic both the Prebetics and Subbetics
have intermittently been subjected to extension in
response to the opening of the Atlantic Ocean in the
west and opening of the Piemonte-Ligurian (or AlpTethys) Ocean in the east, eventually resulting in the
separation of Iberia from Africa (Banks and Warburton,
1991, Reicherter et al., 1994; Hanne et al., 2003).
These events led to the development of the various
palaeogeographic realms and complex rift and wrench
basin configurations identified on the thinned Iberian
continental crust (García-Hernández et al., 1980; De
Ruig et al., 1987; Reicherter et al., 1994; Hanne et al.,
2003). In the subsequent post-rift stage, i.e., in the late
Cretaceous and Paleogene to earliest Miocene,
sediments were deposited in continental and shallow
marine environments in the Prebetics and in a deep
marine setting in the Subbetics (Hermes, 1978; Banks
and Warburton, 1991). All of these deposits are overlain
by a transgressive marine series of early to middle
Miocene age, referred to as the Flysch deposits, the
“Tap” facies, or the Moratalla Formation, and lie
unconformably on earlier Miocene or pre-Miocene
rocks (e.g., Hermes, 1978; García-Hernández et al.,
1980; Sanz de Galdeano and Vera, 1992; Montenat et
al., 1996). The Miocene marine series pass upwards
into an upper Miocene continental series (e.g., Calvo et
al., 1978; Montenat et al., 1996; Vera, 2004).
The Betic fold-and-thrust belt is made up of NE to
ENE trending folds, NW directed thrusts and SE directed
back-thrusts (e.g., De Ruig et al., 1987; Ott d’Estevou et
al., 1988; Banks and Warburton, 1991; Frizon de Lamotte
et al., 1991; Van der Straaten, 1993; Lonergan et al., 1994;
Platt et al., 2003; see Fig. 1). Shortening was
accommodated by a gently southward dipping sole thrust,
developed along the Triassic horizon at the base of the
External Zone stratigraphy, that probably continues
underneath the Internal Zone (Banks and Warburton,
1991; Fig. 2). From the cross-sections (Fig. 2) it is evident
that the thrusts form part of a complex structure, which is
a result of piggy-back, overstep, out-of-sequence and
break-back thrusting (e.g., Sabat et al., 1988; Banks and
Warburton, 1991; structural terms cf. Butler, 1982, 1987).
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On the other hand, De Smet (1984) proposed that the
Subbetic zone is part of a major flower structure
associated with the motion on a crustal-scale strike-slip
fault (the Crevillente fault) in the Betic (and Iberian?)
basement, but structural evidence to support this
interpretation seems to be lacking (Banks and Warburton,
1991; Platt et al., 2003). Along the entire length of the
Betic External Zone including the Balearic Islands,
thrusting and folding initiated in the latest Oligocene –
early Miocene and, at least in the western part of the BeticRif Arc, has continued till the present (e.g., Sabat et al.,
1988; Geel et al., 1992; Lonergan et al., 1994; Geel, 1996;
Maldonado et al., 1999; Crespo-Blanc and Campos, 2001;
Medialdea et al., 2004). Beets and De Ruig (1992)
recognized unconformities in the Miocene stratigraphy,
which they interpret in terms of the northward migration
of a peripheral or fore-bulge and foreland basin. Several
of these unconformities and associated stages of folding
and thrusting have been identified, and the stages have
been dated as latest Oligocene – Aquitanian, Aquitanian –
Burdigalian, Burdigalian – Langhian and Serravallian –
early Tortonian (e.g., Calvo et al., 1978; De Ruig et al.,
1987; Beets and De Ruig, 1992; Montenat et al., 1996).
These data are in agreement with data from the IGME
geological map (Dabrio, 1975) and later studies (e.g.,
Calvo et al., 1978; De Ruig et al., 1987; Ott d’Estevou et
al., 1988; Lonergan et al., 1994; Geel, 1996; Platt et al.,
2003), showing that compressional deformation initiated
in the early Miocene in the most internal parts of the
External zone (the Internal-External Zone Boundary,
Lonergan et al., 1994; Fig. 1), whilst it became
progressively younger (up to Tortonian – Messinian)
towards the outer parts of the External Zone. Thrusting
and folding in the most external parts of the Prebetics
eventually led to uplift and closure, in the late Miocene, of
the northern Atlantic – Mediterranean corridor (also
known as the “North Betic Strait”; e.g., Calvo et al., 1978;
Sanz de Galdeano and Vera, 1992; Soria et al., 1999;
Martín et al., 2001; Braga et al., 2003; Sanz de Galdeano
and Alfaro, 2004). It should be emphasized that at present
most of the Miocene basins in the Prebetics occur at an
altitude of several hundreds up to 1500 m above sea level
(see also Sanz de Galdeano and Alfaro, 2004).
The basins chosen in the context of this study, i.e. the
Pontones and Espada basins (Figs. 1 and 3), lie in the
western part of the Prebetics. The Pontones basin, the
Santiago de la Espada basin, and the basin in between,
here referred to as the Almorchón basin, contain an
almost complete record from the early to the late
Miocene (Dabrio, 1970; Dabrio et al., 1971; Dabrio,
1975). These Miocene sediments are considered part of
the Santiago de la Espada Formation and lie in general
unconformably on marine Cretaceous or shallow marine
Paleocene-Eocene deposits (Dabrio, op. cit.). The total
stratigraphic thickness of the Miocene sediments appears
to increase from at least 140 m in the Pontones basin up
to about 600 m in the Almorchón and Santiago de la
Espada basins (Fig. 3). At present, these basins are
narrow, elongate structures separated from each other.

Figure 2.- Balanced sections across the Betic External Zone, for location of sections see figure 1. A) Cross-section across the Betic External Zone after Banks and Warburton (1991). B) Cross sections across the Prebetic
(Cazorla section) and the Subbetic Zone (Nerpio-Fuensanta section) after Platt et al. (2003). C) Cross section across the Prebetic Zone in the Pontones-Santiago de la Espada area; for restored section see figure 9. All
cross-sections shown at the same scale, with no vertical exaggeration. Tr, J, K, and T denote Triassic, Jurassic, Cretaceous and Tertiary sequences, respectively. IEZB: Internal-External Zone Boundary. Note that
stratigraphic thickness of the Mesozoic units increases towards the south, and that shortening is accommodated by a gently southward dipping sole thrust within Triassic evaporites above the Iberian Paleozoic basement.
The total amount of shortening since the early Miocene is estimated at 200 km (Banks and Warburton, 1991) or 212±76 km (Platt et al., 2003). The Alcaraz / Cazorla imbricate stack accommodated a shortening of 40
km (Banks & Warburton, 1991) or 48±11 km (Platt et al., 2003). At least 6.3 km of shortening occurred in the Santiago de la Espada cross-section (this study) since the late Miocene.
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Figure 3.- Geological map of the Santiago de la Espada and Pontones area in the Prebetic Zone, modified after Dabrio (1975). Roman letters refer to large-scale thrust planes.
Profile P-P’ shown in figures 2 and 9. Note UTM coordinates for scale.
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Figure 4.- Stratigraphic correlation diagram of the Pontones and Santiago de la Espada region, partly after Dabrio et al. (1971). Some previously documented ages have been modified on the basis of new biostratigraphic
data to improve correlations between the Miocene deposits of the Pontones, Almorchón and Santiago de la Espada basins. The paleo-depth curve is based on paleo-bathymetry of individual samples combined with
sedimentary facies. Roman letters at thrust contacts refer to the large-scale thrust sheets shown on the map (Fig. 3) and cross section (Fig. 9).
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The Miocene basin fill is folded and disrupted by both
extensional and thrust faults. In case of the Pontones
basin, it is disrupted and overridden from the southeast
by a number of discontinuous thin-skinned thrusts,
which has resulted in an imbricate structure of repeatedly
stacked uppermost Cretaceous and Miocene rocks (Fig.
2). Both the Santiago de la Espada basin and the
Almorchón basin are overridden from the southeast by
thrust units and are cut by a major extensional fault along
their north-western margins. The basins are underlain by
a southward thickening sequence of over a kilometre
thick, ranging from the Triassic up to the Oligocene.
Methods
The structural and stratigraphic data for this study
were collected in the Pontones basin, in outcrops along
the road from Pontones to Santiago de la Espada, and in

the Santiago de la Espada basin. Geological maps and
stratigraphic data from earlier studies by Dabrio (1970,
1975) and Dabrio et al. (1971) were used in this study
and modified where needed.
Rock or clay samples were collected about every 5
to 10 m of section for biostratigraphic studies which
were performed by G.J. van der Zwaan and W.J.
Zachariasse (Stratigraphy and Paleontology group,
Department of Earth Sciences, Utrecht University).
Paleobathymetry analyses of individual marine clay
samples using the ratio of planktonic and benthic
foraminifera were performed by D.J.J. van Hinsbergen
(Department of Earth Sciences, Utrecht University).
The methods applied in this paleobathymetry study are
given in Van Hinsbergen et al. (2005).
Kinematics and slip directions of faults were
determined on the basis of both structures on fault
planes (such as tensile fractures, Riedel fractures,

Figure 5.- Panoramic view of the Pontones basin seen from the NE along strike of the major thrust faults (location in figure 3). To the left (southeast),
a NW-vergent thrust (labelled A on figure 3) emplaces upper Cretaceous rocks on top of Miocene sediments. Foreground shows upper Cretaceous
and Miocene deposits in the hanging wall, emplaced on Miocene sediments in the footwall. The thrust forms part of an imbricate structure (Fig. 3).
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striations) and shear structures in fault gouges (Riedel,
P, Y, R 2 and X shears and striations on these shear
planes) as described by e.g., Logan et al. (1979), Rutter
et al. (1986), Gamond (1987), Hancock and Barka
(1987), Means (1987), Petit (1987), Sylvester (1988),
and Woodcock and Schubert (1994). In the absence of
lineations on a fault plane, the slip direction along the
fault was inferred on the basis of the geometrical
relationship between the main fault and secondary
shear fractures, e.g., Riedel fractures.
A cross-section along the Pontones and Santiago de
la Espada basins, parallel to the general direction of
shortening, was constructed on the basis of both
outcrop and published map data (Dabrio, 1975).
Construction and restoration of this cross-section was
performed following conventional principles as
outlined by Dahlstrom (1969), Hossack (1979) and
Groshong (2002), including both line length and, where
possible, area balancing techniques. Restoration and
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balancing of the deformed section was performed using
the software program 2D-Move, kindly provided by
Midland Valley Exploration Ltd.
Miocene stratigraphy of the Pontones and Santiago
de la Espada basins
The oldest Neogene sediments consist of an at least
60 meter thick sequence of alternating grey-red lime
and yellow sandstone and conglomerate beds of fluvialcontinental origin. This unit is mainly exposed in the
Almorchón basin, and (unconformably?) overlies
Paleocene-Eocene shallow marine deposits (column 3
in Fig. 4).
The continental sediments pass upwards into a
marine sequence that forms part of the Santiago de la
Espada Formation. The biostratigraphy suggests that
these marine sediments in the Pontones, Almorchón and
Santiago de la Espada basins are of middle Miocene age

Figure 6.- Main features of the Santiago de la Espada basin (location in figure 3). A) Panoramic view of the basin seen from the south. To the
northwest, tilted middle-late Miocene marine deposits (Ta ? and Tb) are (unconformably?) overlain by late Miocene - Pliocene continental sediments
of unit Tc. Note exposed fault plane of figure 6b in far distance. B) Fault scarp of the extensional fault along the north-western margin of the basin.
Scarps reveal clear kinematic features such as Riedel fractures (136/76) and, on the fault surface, down-dip grooves (141/56 on 141/57) and
slickenside lineations (142/41 on 148/41) indicating dip-slip motion (orientation data for planar structures given as dip-direction/dip; linear
structures as dip-direction/plunge).
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(Fig. 4). This result is at variance with earlier studies by
Dabrio (1970, 1975) and Dabrio et al. (1971), who claim
that the marine sediments at the base of this formation
are early Miocene. We therefore assume that the
underlying fluvial-continental series is most likely of
Oligocene to early Miocene age, which is in agreement
with observations in other parts of the western Prebetics
(e.g., Jerez Mir and Abril Hurtado, 1979). The middle
Miocene marine series (unit Ta, Fig. 4) consists of a 65
meter up to possibly 230 meter thick unit of bioclastic
and algal limestone with an occasionally intercalated
marl or silt bed. The massive limestone unit at the base is
referred to as the “Calizas bioclasticas de Pontones”
(Dabrio, 1970, 1975; Dabrio et al., 1971; and Fig. 5) and
could be time equivalent to the “Roble Limestone” of
Hermes (1978). The 230 meter stratigraphic thickness is
most likely overestimated due to folding and thrusting.
The occurrence of benthic foraminifera, such as
representatives of Amphistegina, Elphidium,
Miogypsina, Bolivina, and Borelis, and few planktonic
foraminifera, such as Orbulina spp., G. trilobus and G.
scitula, point to a middle Miocene age (pers. com. G.J.
van der Zwaan, W.J. Zachariasse and W. Renema). The
lower limestone beds contain high percentages of quartz
detritus and fragments of algae, brachiopods,
echinoderms, gastropods and undeterminable larger
foraminifera. According to Dabrio et al. (1971) the
siliciclastic material was most likely derived from
metamorphic and igneous sources of the Iberian Meseta.
The litho-facies suggests a gradual transition from
shallow marine near the base, to shelf conditions at the
top of this unit.
The middle Miocene sequence (unit Ta) changes
upwards into a series of white marls intercalated with

mudstone, turbiditic calcarenite and mass flow deposits
(unit Tb), which reach a thickness of up to 300 m (Fig.
4). This value, again, is most likely overestimated due
to folding and thrusting. The occurrence of Orbulina
spp., G. trilobus, G. menardii 3, P. mayeri and G.
partimlabiata suggest a Serravallian age (pers. comm.
G.J. van der Zwaan and W.J. Zachariasse), and in terms
of geochronology corresponds with the time interval
12.77 to 12.07 Ma (Lourens et al., 2004). Paleodepth
estimates using the ratio of planktonic and benthic
foraminifera in individual samples indicate a water
depth of 750 – 1000 m. Independent depth markers,
e.g., S. reticulata and P. araminensis, suggest a depth
of 500 to 600 m, however (pers. comm. D.J.J. van
Hinsbergen). The litho-facies include mass flow
deposits, and point to a relative deep marine
environment. These mass flow deposits of the Santiago
de la Espada Formation are time equivalent with the
200 to 275 meter thick flysch-type deposits included in
the Moratalla Formation near Moratalla to the east
(Hermes, 1978; for location see figure 1).
The marls with intervening calcarenites pass
upward into a thick and relatively massive unit of
dolomites or crystalline limestones, wackestones and
grainstones with large coral and bryozoa fragments.
At Santiago de la Espada, however, these limestones
alternate with marl beds. The presence of menardiitype globorotalids in thin sections suggests a late
Serravallian – Tortonian age for this part of the
sequence (pers. com. G.J. van der Zwaan). This
limestone unit passes upwards into a series of silty
clays and calcareous turbidite beds rich in
siliciclastic detritus (unit Tc/1). The dominance of
algae and benthic foraminifera, such as

Figure 7.- A) Field sketch of Cretaceous - Paleogene (Pg)
limestones along the road from Pontones to Santiago de la Espada, showing extensional structures such as steep and low-angle
normal faults, compressional structures and fault-related folds.
Location shown in figure 3. Note that steeply dipping normal
faults overprint earlier flat-lying thrusts. Orientations of bedding
and fault planes indicated are given as dip-direction / dip. B)
Lower hemisphere, equal area stereoplot of structural data from
Cretaceous, Paleogene (Pg) and Miocene (T) rocks along the
road from Pontones to Santiago de la Espada. The data shown
are mean orientations (Fisher et al., 1987) of a total of 115
measurements of bedding planes (15), normal fault surfaces
(24), thrust planes (33), strike-slip faults (10), lineations or slipvectors (29) and fold-axes (4). Syn- and antithetic normal faults,
back-thrust and thrust faults are defined with respect to the
large-scale thrust structure. Bedding planes, fault planes and
fold-axes all show a distinct NE-SW trend. Both slip-vectors on
fault planes and dextral and sinistral strike-slip (tear) faults are
about orthogonal to this general trend.
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Figure 8.- A) Deformational structures in Upper Cretaceous rocks west
of Pontones. Thrust on the left emplaces Upper Cretaceous rocks onto
Upper Cretaceous and Miocene deposits. In the hanging wall, a normal
fault transports material over a distance (ds) of ~2 m in a direction
opposite to the movement direction of the thrust. Orientations of fault
planes indicated are given as dip-direction/dip. B) Diagram taken from
Coward (1983), showing how extensional strains develop above a
shallowing-upward fault. If surface A is displaced along a planar fault
to point D there is no change in length of the layer in the hanging wall.
But for a given kink geometry imposed by a decrease (a-b) in fault dip,
bed length CD has to stretch to length CA’. The magnitude of stretching
of the hanging wall moving over the hinge (point O) of such a
shallowing-upward fault increases with increasing a-b. This stretching
may occur over a broad zone in the hanging wall, leading to either
ductile stretching and/or to the development of brittle extensional
faults.

representatives of Elphidium, Amphistegina,
Ammonia, Borelis, Cibicides and Spiroplectammina
suggest a relatively shallow marine environment.
In the Pontones and Almorchón basins these
marine series (unit Tc/1 in figure 4) are tectonically
sealed by thrusts. In the Santiago de la Espada basin

(Fig. 6), however, the shallow marine series changes
abruptly into a thick homogeneous unit of red loam
and fluvial silts, sands, and poorly sorted, angular
conglomerates and breccias of the Don Domingo
Formation (unit Tc/2 in figure 4). According to
Dabrio (1975), an angular unconformity separates
Revista de la Sociedad Geológica de España, 20(3-4), 2007
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the marine sediments from these molasse-type
continental deposits above. However, in the region
of Santiago de la Espada we have found no evidence
of this unconformity. We assume, therefore, that the
continental deposits are of most likely Tortonian age,
and that they may be time equivalents of the
lacustrine deposits seen to the northeast near Yetas
(Jerez Mir and Abril Hurtado, 1979) and of the
continental-lacustrine deposits near Hellin (for
locations see figure 1). The latter deposits contain
micro-mammal fossils which point to a late Turolian
(Messinian) age (Calvo et al., 1978). Note that in the
most external parts of the Prebetics, towards the
northwest, near Villacarrillo, fluvial-continental
deposits intercalate with marine limestones and
marls containing micro-fauna indicative of Tortonian
and Messinian ages (Martínez del Olmo and Núñez
Galiana, 1973).
Structures in the Pontones and Santiago de la
Espada basins
The structures observed in outcrops of the
Cretaceous, Paleogene and Miocene rocks comprise
both compression and extension-related structures, i.e.,
thrusts and folds, as well as low-angle to steeply
dipping normal faults (Figs. 7 and 8). In addition, there
are few WNW-ESE and NNW-SSE oriented strike-slip
faults. In the Miocene deposits in particular, these
structures are neither soft-sediment nor synsedimentary structures, i.e., the folds and most of the
faults clearly developed after sediment deposition.
However, in few exposures of the uppermost Miocene
deposits of the Santiago de la Espada formation (unit
Tb) near this locality, small-scale extensional faults
show growth features in that layer thicknesses in the
hanging wall increase towards the faults, suggesting
syn-sedimentary displacements.
Folds, in outcrops as well as on the scale of the
geological map, commonly have NE-SW trending foldaxes, they are upright to inclined and their profiles vary
from close to open. Their limbs, in particular in the
turbidite deposits of the Miocene Tb unit, are often
stretched and boudinaged. Few folds are evidently
thrust-related, such as in the case of drag folds in the
footwall and fault-bend or fault propagation folds in the
hanging wall. Thrust planes in general have moderate
to low dip angles, and kinematic indicators suggest
hanging wall transport to the northwest. In a few
examples, however, hanging wall transport is to the
southeast. The strike-slip faults occur in two sets, at
angles of around 30 degrees, with a dominant WNWESE trending dextral set and a less manifest NNW-SSE
trending sinistral set (Fig. 3). They have steeply
inclined to vertical fault planes (Fig. 7B), are
symmetrically disposed about the general transport
direction of the fold-and-thrust belt as deduced from
kinematic indicators (Fig. 7B), and clearly
accommodate differential displacements between
Revista de la Sociedad Geológica de España, 20(3-4), 2007

adjacent structural units. The slip-vectors on these fault
planes vary in plunge from horizontal to oblique (66°),
which makes these faults either tear / transcurrent faults
(Sylvester, 1988) or hanging wall drop faults (Butler,
1982), respectively. The compressional structures are
thus associated with a NW-SE direction of shortening
(Figs. 3 and 7B).
The extensional faults are mainly located along the
north-western margins of the Almorchón and Santiago
de la Espada basins (Fig. 3). They have developed in
Cretaceous, Paleogene and Miocene rocks and
apparently cut earlier (outcrop-scale) compressional
structures (Fig. 7A). The extensional faults run
parallel to the main trend of the compressional
structures in the region, and larger-scale extensional
faults in particular dip to the southeast at moderate to
high angles (Figs. 3 and 6). Slip vectors, such as
grooves and lineations indicate hanging-wall
movement to the southeast, which is opposite to the
main transport direction of the fold-and-thrust belt. In
the Almorchón basin, extensional faults form a
network reminiscent of a relay pattern in the sense of
Biddle and Christie-Blick (1985). Paleogene and
Miocene marker beds on both sides of these faults
(observed in the field and on the geological map;
Dabrio, 1975) indicate that several tens up to 80 m of
throw (vertical displacement) has occurred along each
of these faults, leading to a total of at least 500 m of
throw. In the Santiago de la Espada basin, on the
contrary, displacement is accommodated along a
single extensional fault, that may have up to several
hundreds (> 600) of meters of throw (Fig. 6). The
extensional structures in these basins are associated
with NW-SE directed extension, i.e., parallel to the
NW-SE direction of shortening deduced from the
compressional structures, and like the thrusts they are
cut by the strike-slip faults.
The cross-cutting relationships of extensional and
compressional structures, as shown in figure 7,
suggest an extensional overprint on earlier
compressional events. Figure 8, however, shows a
clear example of the local development of normal
faults in the hanging wall of a thrust. Such a geometry
could arise from inversion on the floor of an imbricate
set of Mesozoic normal faults, however, given the
evidence for normal faults affecting the Miocene basin
deposits, the associated Miocene extension needs
explanation, and the normal faults in the Mesozoic
rocks of figures 7 and 8 may well be of Miocene age.
A possible explanation, described previously by
Coward (1983) and explored below, is that the
extensional structures in the thrust hanging walls
developed in response to a change in fault plane
geometry of the thrust at depth (Fig. 8B) due to
inversion of a pre-existing normal fault which (during
inversion) propagated upwards at shallower angles.
There is no direct observational evidence for inverted
normal faults and related shallowing-upward
structures in the Mesozoic rocks underneath the
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Pontones – Santiago de la Espada area. Their possible
existence, however, can be geometrically tested via
restoration of the exposed structure as follows.
The stratigraphic thickness of the Mesozoic units
north of Pontones is approximately 1000 to 1400 m
(Fig. 9) and increases towards the southeast to values
of up to 2500 to 3000 m. This increase in thickness
occurs stepwise across thrust faults, such as for
example at fault A on the map and cross-section (Figs.
3 and 9). There is a decent possibility that this sudden
increase in thickness reflects the former existence of
Mesozoic growth faults, such as observed in a seismic
study near the Rio Segura G-1 well (Banks and
Warburton, 1991, their figure 3) in the Internal
Prebetic further east. We therefore propose that faults
such as thrust A are inverted Mesozoic normal faults
which were reactivated during the Neogene, and test
this hypothesis via restoration of a cross-section
across this part of the Prebetic (section P-P’, Figs. 3
and 9).
In the restoration, the base of the Miocene
sequence, which is in essence a pre-Miocene erosion
surface, has been used as a reference level. The
stratigraphic thickness of the different Mesozoic and
Cenozoic units, as well as the depth to, and dip of the
decollement zone in the Triassic evaporite, were
estimated from surface data on the geological map, as
well as from published seismic profiles and well data
(Banks and Warburton, 1991). These estimates are to a
large extent in agreement with Banks and Warburton
(1991) and Platt et al. (2003), as shown in figures 2A
and 2B. Restoration of the section shown in figure 9
leads to a viable solution (i.e., in the sense of Elliot,
1983), which indicates that the inferred existence in
the restored section of a relatively steep normal fault
is perfectly possible. Note that the extensional
structures in the Almorchón basin occur in a broad
zone above the shallowing-upward structure.
From the restored section (Fig. 9B) it is evident
that, prior to the folding and thrusting in the Prebetics,
the Pontones, Almorchón and Santiago de la Espada
basins formed part of a single large basin. Estimates
of the amount of shortening in the Tranco zone north
of Pontones are up to 13 km, while compressional
structures in the Pontones – Santiago de la Espada
section (P-P’) indicate that approximately 6.3 km of
shortening has occurred in this part of the Prebetics,
equivalent to 24% shortening of the restored section.
This latter estimate is of the same order as the about 4
km of shortening estimated by Banks and Warburton
(1991) and Platt et al. (2003) in the corresponding
parts of their sections.
Discussion
Four different explanations were proposed in the
introduction that may account for the development of
extensional structures in the Betic fold-and-thrust belt.
The first two refer to crustal-scale processes such as:
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(1) extension of an overthickened thrust wedge (e.g.,
Davis et al., 1983; Platt, 1986; Dahlen, 1990), or
alternatively (2) a gradual displacement of the locus of
extension from the Betic Internal Zone to the fold-andthrust belt of the External Zone (e.g., Crespo-Blanc and
Campos, 2001). Both explanations would imply largescale regional extension of the Betic fold-and-thrust
belt. But in the Betic External Zone, and in the Prebetic
zone in particular, there is no systematic regional
extension of the thrust stack observed, so evidence for
such extension at a regional scale is clearly lacking. In
addition, regional extension of late Miocene age in the
External Zone is difficult to reconcile with its
progressive folding and thrusting since the early
Miocene, such that inversion on the floors of imbricate
sets of Miocene normal faults seems inadequate to
explain the extensional structures seen in thrust
hanging walls. We therefore focus on the other two
explanations, i.e., (3) stratal extension in thrust-fault
footwalls, and (4) hanging wall collapse above a
shallowing-upward reverse fault, which both imply that
the extensional structures are in some way inherent to
the process of thrusting.
Platt and Leggett (1986) explain the development of
extensional faults in the footwall of a thrust plane in
terms of small-scale stratal extension, due to variations
in sliding resistance along the thrust plane, whilst the
hanging wall block remains undeformed. These
extensional faults are in essence low-angle normal
faults dipping in the transport direction of the thrust,
i.e., they have the same orientations as Riedel faults or
shears. However, the extensional structures seen in the
Prebetic fold-and-thrust belt have developed in the
hanging walls of the thrust faults. Stratal extension of
the kind described by Platt and Legget (1986) seems
therefore inadequate to explain the structures observed.
As first suggested by Coward (1983), normal faults
may develop in the hanging wall of a thrust in response
to a change in fault plane geometry of the thrust or
reverse fault, in a way that the dip-angle of the fault
decreases with decreasing depth. Movement on such a
fault, referred to as a shallowing-upward fault, can
result in stretching of the hanging wall block directly
above the ramp-flat structure (Fig. 8B), in particular if
there is no layer-parallel slip along the bedding planes
in the hanging wall. Stretching in the hanging wall
inevitably leads to the development of normal faults,
which include synthetic but mostly antithetic faults,
i.e., with respect to the sense of displacement of the
thrust fault. Both synthetic and antithetic normal faults
are also seen in analogue models of inversion tectonics
(McClay, 1989). The stretched hanging wall block as
well as the geometrical relationships of the normal and
thrust faults in outcrops, such as the ones shown in
figure 8, are therefore consistent with the structures
expected for a shallowing-upward fault. The structural
and geometrical relationships of the large-scale thrust
faults A and B (indicated on the map in figure 3 and in
the profiles of figure 9) and the main extensional faults
Revista de la Sociedad Geológica de España, 20(3-4), 2007
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Figure 9.- A) Balanced section across the region of Santiago de la Espada; location of section shown in figure 1 (profile 3) and figure 3 (profile PP’). B) The Santiago de la Espada cross-section restored. Marker pins x, y and z refer to common points in the deformed and undeformed sections.
Roman letters refer to large-scale thrusts shown on the map of figure 3. Note that the thicknesses of the Mesozoic and Cenozoic units increase
towards the SE, as evident from field observations, the IGME geological map (Dabrio, 1975), and documented also by Hermes (1978), GarcíaHernández et al. (1980), and Banks and Warburton (1991). Folding and thrusting initiated after deposition of the Miocene sediments, i.e., in latest
Miocene and Pliocene period. Mesozoic extensional structures were reactivated as reverse faults (e.g., fault A), which shallow upwards with a
tectonic transport direction towards the NW. Normal faults, however, move with opposite movement sense. Total throw along sets of normal faults
is up to 500-600 m. Main decollement is located within the Triassic horizon, which dips at ~2.5° to the SE. The minimum amount of shortening in
the Santiago de la Espada region is estimated at 6.25 km, equivalent to 24% shortening of the section.

along the north-western margins of the Almorchón and
Santiago de la Espada basins are quite similar to the
smaller-scale structures seen in outcrops such as in
figure 8. Our restoration of the cross section across the
study area indicates that the presence of a shallowingupward fault at the scale of the thrust wedge, as shown
in the profiles in figure 9, is geometrically viable. The
Revista de la Sociedad Geológica de España, 20(3-4), 2007

available data thus lend support to a thrust-related
origin of the extensional faults seen in the thrust
hanging walls, in particular for the case of the
Almorchón basin. We have not tested the geometry for
a stepwise increase in thickness across thrust B, but
envisage a similar result to explain the late Miocene
extension in the Santiago de la Espada basin.
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Both structural and stratigraphic data, such as the
lithological correlations in the Miocene stratigraphy,
indicate that the Pontones, Almorchón and Santiago de
la Espada basins, prior to folding and thrusting in this
part of the Betic External Zone, have been part of a
single and probably large marine basin during the
(early-) middle Miocene. This marine basin most likely
formed a connection between the Atlantic Ocean and
the Mediterranean Sea, often referred to as the “North
Betic Strait” (e.g., Calvo et al., 1978; Sanz de Galdeano
and Vera, 1992; Soria et al., 1999; Martín et al., 2001;
Braga et al., 2003; Sanz de Galdeano and Alfaro, 2004).
The “abrupt” facies change from a continental –
shallow marine facies in the late Oligocene – earliest
Miocene to a much deeper marine facies in the middle
Miocene can not be explained with a global (eustatic)
sea level change. As a matter of fact, the middle
Miocene period is characterised by a high (up to 100150 m) but decreasing eustatic sea level (Haq et al.,
1988; see also figure 4). However, paleobathymetry
estimates of the middle Miocene sediments show a
rapid relative sea level rise (up to 500-600 m of water
depth) in an evidently underfilled basin. Both the
magnitude of the relative sea level rise inferred from
paleobathymetry and the sedimentary facies dominated
by mass flow and turbidite deposits indicate a tectonic
cause for the rapid basin subsidence. These
observations are in agreement with the Miocene
subsidence histories inferred for both the Jumilla –
Cieza region by Kenter et al. (1990) and for the western
Prebetics, in particular the Santiago de la Espada
region, by Hanne et al. (2003). Two obvious candidates
for such a tectonic cause are: (1) the migrating
depocenter of the foredeep basin ahead of the moving
thrust mass of the fold-and-thrust belt (Kenter et al.,
1990; Beets and De Ruig, 1992; Hanne et al., 2003) and
(2) a rapid (“instantaneous”) loading of the Iberian
plate due to the emplacement of both the Subbetic and
the Betic Internal Zone. According to Beets and De
Ruig (1992) and Hanne et al. (2003) the first foreland
basins developed in the south in the late Oligocene, due
to loading of the Iberian plate by the Betic Internal
Zone. This foreland basin system progressively
migrated towards the northwest during the early and
middle Miocene when it reached the realm of Santiago
de la Espada and Pontones. The rapid subsidence of the
Pontones – Santiago de la Espada basins, therefore,
most likely reflects the approaching foredeep in front
of the moving thrust mass. It is noted, however, that
according to Van der Beek and Cloetingh (1992) the
load of the Betic External and Internal Zones is
insufficient to explain the flexure of the Iberian
lithosphere as observed today.
The subsequent change in the basins from marine to
continental facies and allied basin uplift in the
Tortonian is almost coeval with the initiation of folding
and thrusting in the western part of the Prebetic Zone,
and evidently marks the moment that the forward
propagating deformation front of the fold-and-thrust
Revista de la Sociedad Geológica de España, 20(3-4), 2007

belt has approached the realm of Pontones and Santiago
d e l a E s p a d a . S i n c e t h e To r t o n i a n ( ~ 1 0 M a ) ,
approximately 50 to 60 km of shortening has been
accommodated in the western Prebetics, and the region
has experienced an uplift of up to 2000 m. As
previously suggested by, e.g., Sanz de Galdeano
(1990), Platt et al. (2003) and Meijninger (2006), this
late Miocene to recent compressional deformation in
the Betic External Zone most likely occurred in
response to Africa-Eurasia plate convergence (e.g.,
Rosenbaum et al., 2002). Regional uplift of the Betic
Cordillera still continues today (e.g., Giménez et al.,
2000; Braga et al., 2003; Sanz de Galdeano and Alfaro,
2004). A study of the causes of this uplift lies beyond
the scope of this study; however, part of the late
Miocene to recent uplift may well be related to flexural
isostatic processes (e.g., Watts, 1992) of the Iberian
lithosphere beneath.
Conclusions
Careful analysis of the stratigraphy and structure of
the Miocene basins in the western Prebetic Zone near
Santiago de la Espada leads to the following
conclusions:
Prior to late Miocene folding and thrusting in the
Prebetics, the Pontones, Almorchón and Santiago de la
Espada basins formed part of a large marine basin in
the early-middle Miocene. The abrupt subsidence of
this basin during the middle Miocene was likely
associated with the migrating foredeep part in a
foreland basin, in front of the growing thrust stack of
the External Zone. Shallowing of the basin in the late
Miocene was immediately followed by the onset of
folding and thrusting in the western Prebetics, which
led to segmentation of the large basin into smaller
basins and closure of the northern AtlanticMediterranean connection.
The development of outcrop and map-scale
extensional structures is most likely related to the
process of thrusting and reverse faulting. Some of these
reverse faults probably initiated as Mesozoic
extensional faults, and were reactivated as reverse
faults in the late Miocene in response to continued
thrusting and folding in the Betic External Zone. We
suggest that during fault propagation upwards the
reverse faults became progressively less inclined,
which inevitably led to extension in the hanging wall
and the consequent development of normal faults. This
implies that, irrespective of the extensional nature of
some of the faults, the Miocene basins in the Prebetics
in essence developed in a compressive setting.
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