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Abstract

Extension in the northeastern Betics took place along two main directions, corresponding to a minimum of two successive orthogonal

extensional systems with N–NW and W–SW sense of shear, respectively. Strain was strongly localised within weaker metapelites and

gypsum, leading to the development of several extensional detachments, which accommodated the thinning produced by extensional ramps

and listric faults within the stronger carbonate rocks. Extension along several detachments led to the preservation in a single thinned section

of layers representative of different crustal depths of a previously thickened upper crust. The N- to NW-directed extensional system was

formed by brittle to brittle–ductile detachments, which were active during the Upper Oligocene and Lower Miocene, coeval to vertical

ductile thinning of underlying greenschist-facies metamorphic rocks. The W- to SW-directed extensional system, active during the Middle

and Upper Miocene, shows multiple slip surfaces, which transferred displacement to a brittle detachment with a ramp-flat geometry that

stepped down into the footwall of the previous NW-directed system. The geometry of both extensional systems was determined by the

rheological heterogeneity of the studied crustal section. Further Upper Miocene extension was accommodated by radial extension with a

dominant set of SW-directed listric faults, which tilted the aforementioned detachments and exhumed them in the core of km-scale elongated

extensional domes.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Low-angle normal faults (LANFs) have contributed to

the exhumation of previously thickened crustal sections,

during both syn- and post-orogenic extension (e.g. Critten-

den et al., 1980; Lister et al., 1984; Platt, 1986; Selverstone,

1988; Jolivet et al., 1994; Sedlock, 2002; Martı́nez-Martı́nez

et al., 2002). This is the case of the Alboran crustal domain,

a polymetamorphic allochthonous terrain that forms the

basement of the Alboran Sea and of other Neogene basins

presently emerged in the Internal Zones of the Gibraltar Arc

(Western Mediterranean) (e.g. Garcı́a-Dueñas et al., 1992;

Martı́nez-Martı́nez and Azañón, 1997; Platt et al., 1998;

Comas et al., 1999; Martı́nez-Martı́nez et al., 2002) (Fig. 1).

Several extensional systems that detach within low-angle

mylonitic shear zones and exhume greenschist-facies rocks

have been identified in the Alboran domain. These

detachments form the present boundaries between the

metamorphic complexes of this domain (Garcı́a-Dueñas

and Martı́nez-Martı́nez, 1988; Galindo-Zaldı́var et al.,

1989; Aldaya et al., 1991; Tubı́a et al., 1993; Lonergan

and Platt, 1995; Martı́nez-Martı́nez et al., 2002). The most

recent extensional system, with WSW sense of shear, was

formed by a listric fan detaching on two sequential brittle–

ductile mylonitic low-angle detachments that exhumed

rocks from approximately 20 km depth, resulting in the

formation of the Sierra Nevada metamorphic core complex

(MCC) (Martı́nez-Martı́nez et al., 2002).

The main detachment of the older extensional system

locally bounds the two structurally highest complexes of the

Alboran domain, the Alpujarride and Malaguide complexes

(Fig. 1) (Aldaya et al., 1991; Tubı́a et al., 1993; Lonergan

and Platt, 1995). This earlier extensional system was

intensively displaced and cut out by the later WSW-directed

extensional system, which produced approximately 100 km
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of displacement above the Sierra Nevada MCC (Martı́nez-

Martı́nez et al., 2002). Consequently, the outcrops of the

extensional structures that exhumed the two highest

complexes of the Alboran domain are fragmentary and

distributed over a large area, including most of the Internal

Betics. Thus, the geometry and evolution of the extensional

system responsible for the thinning of the Malaguide and

Alpujarride complexes is not so well understood. Prelimi-

nary work has shown the presence of multiple lower-order

extensional detachments that thin the Malaguide thrust

sheets (Booth-Rea et al., 2002b).

This paper presents new structural data on the geometry

and tectonic evolution of sequential systems of LANFs,

which thinned the Malaguide–Alpujarride crustal section in

the northeastern Betics. The resulting structure differs from

typical core complexes, where the related shear zones place

the highest-grade rocks of the footwall in direct contact with

the sedimentary cover or the lowest-grade rocks of the

hanging-wall. In the northeastern Betics the presence of

multiple detachments means that the modes of crustal

extension are influenced by the contrasting rheological

properties of a multilayered upper crust. Furthermore, we

analyse the tectonic relationships between the LANFs and a

later system of high-angle listric faults that truncated and

tilted them during Upper Miocene extension. Finally we

consider the implications that the resulting geometry has in

the interpretation of rifted margins.

2. Tectonic setting

The Gibraltar Arc was formed by oblique collision of

several crustal domains during the Upper Oligocene–Lower

Miocene (Bouillin et al., 1986; Balanyá and Garcı́a-Dueñas,

1987; Crespo-Blanc and Campos, 2001; Platt et al., 2003a).

The Alboran crustal domain (ACD), which constitutes the

Internal Zones of the Gibraltar Arc, was thrust over the

South-Iberian and Magrebian domains, which formed,

respectively, the southern and northern Mesozoic paleo-

margins of the Iberian and African plates (Fig. 1). Towards

the west the ACD thrusts the Flyschs Trough units, which

were deposited in a deep trough, floored by oceanic or very

thin continental crust during the Mesozoic (Durand-Delga

et al., 2000). As the Arc migrated westward the ACD was

greatly extended in the backarc (Garcı́a-Dueñas et al., 1992;

Comas et al., 1999). Hence, many of the main tectonic units

of this domain are extensional units, bounded by brittle and

ductile shear zones (Garcı́a-Dueñas and Martı́nez-Martı́nez,

1988; Galindo-Zaldı́var et al., 1989; Aldaya et al., 1991;

Garcı́a-Dueñas et al., 1992; Crespo-Blanc et al., 1994;

Fig. 1. Regional tectonic setting and structural map of the central and eastern Betics.
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Crespo-Blanc, 1995; Lonergan and Platt, 1995; Martı́nez-

Martı́nez and Azañón, 1997; Booth-Rea et al., 2002b,

2003a; Martı́nez-Martı́nez et al., 2002).

From bottom to top, the ACD comprises the Nevado-

Filabride, Alpujarride and Malaguide poly-metamorphic

complexes (Fig. 1). The two structurally highest ones

represent a former thrust stack, resulting from the collision

of the Alpujarride and Malaguide complexes (Lonergan,

1991, 1993; Lonergan and Platt, 1995) prior to the evolution

of the Gibraltar Arc (Balanyá et al., 1997; Azañón and

Crespo-Blanc, 2000). During this continental collision the

Alpujarride complex was metamorphosed under high-

pressure conditions, with some of its units reaching

blueschists or eclogite facies (e.g. Goffé et al., 1989;

Tubı́a and Gil-Ibarguchi, 1991; Azañón et al., 1997;

Booth-Rea et al., 2002a, 2003b). Simultaneously, the lowest

thrust sheets of the Malaguide complex underwent anchi-

zonal metamorphism (Lonergan, 1991; Nieto et al., 1994;

Lonergan and Platt, 1995). After this initial stacking event

the Alpujarride units followed an isothermal-decompression

P–T path, coeval to the formation of their main foliation by

vertical ductile thinning during orogenic collapse (e.g.

Balanyá et al., 1993, 1997; Azañón et al., 1997; Azañón and

Crespo-Blanc, 2000).

The Alpujarride rocks were exhumed during the

Burdigalian (Lonergan and Johnson, 1998) by extension

related to the formation of the Alboran-basin (e.g.

Garcı́a-Dueñas et al., 1992; Comas et al., 1999). Ductile

detachments, in part responsible for this exhumation, are

locally preserved in the boundary between the Alpujarride

and Malaguide complexes and show NE shear sense in the

northeastern Betics (Aldaya et al., 1991; Lonergan and Platt,

1995) and eastward transport in the western Betics (Tubı́a

et al., 1993; Booth-Rea et al., 2003a). After this extension

the Alboran domain formed the basement of the Miocene

Alboran basin.

NW/SE convergence between Africa and Iberia during

the Upper Miocene and the Quaternary (Dewey et al., 1989;

Mazzoli and Helman, 1994) uplifted and exposed large

areas of the northern Miocene Alboran basin. Remnants of

this sedimentary cover are preserved in ENE/WSW to E/W

synclinal troughs within the Betics, whereas the meta-

morphic basement crops out mostly in the core of antiformal

ridges (e.g. Weijermars et al., 1985; Martı́nez-Martı́nez

et al., 2002; Booth-Rea et al., 2004).

3. The Alboran domain in the northeastern Betics

The metamorphic basement in the northeastern Betics is

formed by tectonic units of the Malaguide and Alpujarride

complexes (Mäkel and Rondeel, 1979), which crop out in

the core of ENE-oriented anticlinal ridges of the Sierra de

las Estancias, Sierra de la Tercia and Sierra Espuña (Fig. 2).

The Malaguide rocks in the eastern Betics show large

clockwise vertical-axis paleomagnetic rotations (90–2008),

which occurred during the Miocene (Allerton et al., 1993).

Consequently, all kinematic indicators with Miocene or pre-

Miocene age of the Malaguide and the underlying

Alpujarride complex have probably been rotated.

3.1. Alpujarride complex

Two Alpujarride units that represent former thrust sheets

outcrop in the studied area; from bottom to top, they are the

Pintada and Cortada units (Fig. 3). The Pintada unit

(Booth-Rea, 2004) is formed by fine-grained graphite

schists of Permo-Triassic or Palaeozoic protolith and by

marbles of Triassic protolith (,100 m). The metapelites

show a protomylonitic foliation (Sm) developed under

greenschist facies metamorphism (Fig. 4a).

The Cortada unit is also formed by a Permo-Triassic

metapelite and a Triassic carbonate formation, respectively

(Mäkel and Rondeel, 1979). The metapelite formation is

comprised of, from bottom to top, fine-grained graphite

schists alternating with quartzites (,300 m), quartzites

alternating with metapelites and carbonate schists

(,450 m), and fine-grained light schists with quartzite

intercalations (,200 m) (Fig. 3). The Triassic carbonate

formation only crops out locally as tectonic lenses.

The oldest foliation in the Cortada-unit metapelites is a

relic schistosity (Ss), defined by the preferential orientation

of white K mica þ chlorite þ quartz þ graphite ^

pyrophyllite ^ paragonite, which is preserved in lenticular

domains of a later, penetrative crenulation cleavage (Scc). The

Scc cleavage is formed by white K mica þ chlorite þ

quartz þ graphite ^ pyrophyllite ^ paragonite (Fig. 4b)

and is axial planar to similar folds (Fcc). In most pelitic

lithologies the folds are unrooted and the quartz hinges form

rods with ENE-oriented necks (in Sierra de la Tercia),

transverse to an incipient mineral lineation and to the Fcc

fold axes; suggesting NNW stretching at the end of the Scc

foliation development (stereoplot, Fig. 2c). In Sierra de las

Estancias the Fcc fold hinges show a NE–SW trend

(stereoplot, Fig. 2a).

Both schistosity and crenulation cleavage are affected by

outcrop-scale asymmetric folds (Fsc1), with NE vergence

(stereoplot, Fig. 2a) and an associated axial-plane spaced

crenulation cleavage (Ssc1). These foliations are cut by C0

surfaces on which chlorite þ quartz þ calcite fibres grow,

indicating a predominant N–S extension in Sierra de las

Estancias and WNW extension in Sierra de la Tercia (see

Fig. 2b and d).

HP/LT mineral associations have been described in

Alpujarride rocks of the eastern Betics, including Mg-

carpholite bearing assemblages formed at 400 8C and 8–

10 kbar (Booth-Rea et al., 2002a, 2003b). However, these

associations have not been found in the Cortada and Pintada

units. Furthermore, white K mica and chlorite local

equilibria were determined using the TWEEQU software

of Berman (1991) and the thermodynamic properties of

solid solution models for chlorite and white K mica from

G. Booth-Rea et al. / Journal of Structural Geology 26 (2004) 2039–2058 2041



Fig. 2. Tectonic map and cross-section of the studied area. Stereographic projections: (a) main Alpujarride foliation, hinges to Fcc folds and to asymmetric

northeast-vergent folds (Fsc1); (b) main Scc foliation and quartz slicken-lines on extensional shear planes; (c) main foliation and Fcc fold hinges; (d) main

foliation, extensional shear planes and quartz slicken-fibres; (e) bedding, small-scale reverse faults, axes to north-vergent folds, and calcite slicken-fibres from

the highest Lower-Malaguide unit; (f ) extensional structures and slaty cleavage in the Lower-Malaguide unit; (g) extensional structures found in the Lower-

Malaguide units. Lower-hemisphere equal-angle stereographic projections.
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Vidal and Parra (2000), Vidal et al. (2001) and Parra et al.

(2001). The P-T results indicate pressures below the

stability of Mg-carpholite during the pressure peak of

metamorphism, approximately 6 kbar at 300 – 350 8C

(Booth-Rea, 2004). The low metamorphic grade reached

by the Cortada and Pintada units together with their

structural position below Malaguide units having undergone

anchizone metamorphism suggests that these units represent

the structurally highest preserved section of the Alpujarride

pre-extensional nappe stack within the Betics.

3.2. Malaguide complex

The Malaguide complex in the northeastern Betics

comprises at least five tectonic units that represent the

remnants of thrust sheets. We have differentiated them in

two groups according to the metamorphic grade and

structures observed in their Permo-Triassic formations: the

Lower-Malaguide units have phyllites or slates and under-

went anchizonal metamorphism, and the Upper-Malaguide

units have diagenetic shales (Lonergan, 1991; Nieto et al.,

1994; Lonergan and Platt, 1995).

The Lower-Malaguide units comprise a quartzite–pelite

formation of Permo-Triassic age (Mäkel and Rondeel,

1979) overlain by a carbonate sequence of Triassic age,

which includes a gypsum sequence at the base. At least three

Lower-Malaguide tectonic units outcrop in the area,

metamorphosed between higher- and lower-anchizone

conditions (Nieto et al., 1994; Lonergan and Platt, 1995).

These units reach their maximum thickness in Sierra

Espuña, approximately 700 m (Fig. 3).

The Upper-Malaguide units show a Carboniferous grey-

wacke formation, a Permo-Triassic formation that includes

conglomerates, quartzites and shales; a Triassic carbonate

formation and a Mesozoic–Tertiary marine sedimentary

cover (Paquet, 1969, 1970, 1974; Mäkel and Rondeel, 1979;

Mäkel, 1981; Lonergan, 1991, 1993; Martı́n-Martı́n et al.,

1997). The Upper-Malaguide rocks including the Palaeo-

gene to Lower Miocene sedimentary cover reach a thickness

of 3.6 km in Sierra Espuña (Lonergan, 1991; Martı́n-Martı́n

and Martı́n-Algarra, 2002) (Fig. 3).

The main foliation in the lowest Malaguide unit is an

anastomosed slaty cleavage (Ssc) that is defined by

concentration of opaque minerals and truncated quartz

grains, indicating development by pressure solution mech-

anisms (Fig. 4c). In most quartzitic lithologies the cleavage

has a spacing of 2–3 mm. This slaty cleavage is axial planar

to similar folds that show a variable trend, although mostly

NE–SW (Lonergan (1991) and stereoplot in Fig. 4c). There

is practically no mineral growth related to this cleavage,

except in pressure shadows of quartz grains where

chlorite þ illite þ calcite beards grow.

A primary foliation (S0) can be identified in the

microlithons, defined by the preferential orientation of

phyllosilicates of detritic and metamorphic origin (white

mica, chlorite, sudoite), which is subparallel to the

primary compositional zonation (Fig. 4c). These foliations

are thinned in the pelites of the lowest Malaguide thrust

sheet by spaced C0 shears on which predominantly N–S-

oriented calcite, quartz and phyllosilicate fibres grow

(Fig. 4d and e). When the lithology is formed from

alternating pelite and quartzite layers, the latter are

extended by open joints and quartz veins. In the pelite-

rich layers this extension is accommodated by breccia-

tion, cataclasis and layer-parallel slip (quartz fibres are

found on the bedding planes). The pelitic layers show

thickness variations at the outcrop scale, related to

contractional oversteps (Peacock and Zhang, 1993)

formed by the ramp-flat geometry of underlying faults;

the pelites are thicker above the ramps that generally

affect the quartz-rich layers (Fig. 4f).

Fig. 3. Synthetic section of the Alboran domain in the northeastern Betics,

modified from Lonergan and Platt (1995).
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The Ssc slaty cleavage is replaced in the two structurally-

highest thrust sheets of the Lower-Malaguide units by a

spaced cleavage that is axial planar to asymmetric and

recumbent folds, with NW vergence in Sierra Espuña

(Lonergan, 1991, 1993; Fig. 2a) and NE vergence in Sierra

de las Estancias (stereoplot, Fig. 5). Quartz- and calcite-

stepped fibres grow on the axial-plane spaced cleavage

related to these folds and on outcrop-scale reverse faults,

showing NE and NW shear senses in eastern Sierra de las

Estancias (stereoplot, Fig. 5) and Sierra Espuña, respect-

ively (Lonergan, 1991). The Lower-Malaguide thrust sheets

have been attenuated by two sets of structures generated by

Fig. 4. (a) Fine-grained graphite schists of the Pintada unit showing a protomylonitic foliation (Sm) that overprints the Alpujarride Scc main cleavage. (b) Fine-

grained schists from the Cortada unit. Notice the Ss foliation defined by thin phyllosilicate laths preserved in quartz-rich domains of the main Scc crenulation

cleavage. Also Scc crenulation folded by late Ssc1 crenulation. (c) Slaty cleavage (Ssc) in phyllite from the lowest-Malaguide thrust sheet. (d) Phyllites from the

lowest-Malaguide unit extended by spaced C0 surfaces. (e) Quartz, chlorite and calcite slicken-fibres growing on C0 surfaces in the lowest-Malaguide unit, data

represented in stereoplot. (f) Assemblage of extensional structures typically found in the Malaguide units, notice quartz veins and joints transverse to the main

extensional direction, lensoid geometry of quartz-rich beds (1) that are cut by metre-scale faults with a ramp-flat geometry and heterogeneous thinning and

cataclasis of pelite-rich beds (2).

G. Booth-Rea et al. / Journal of Structural Geology 26 (2004) 2039–20582044



WSW/ENE and NNW/SSE extension and observed at the

outcrop-scale: low-angle normal faults and vertical joints

and veins (stereoplots f and g, Fig. 2).

The Permo-Triassic formations of the Upper-Mala-

guide units do not show any penetrative planar fabric and

illite crystallinity analyses indicate diagenetic conditions

(Nieto et al., 1994; Lonergan and Platt, 1995). The

Upper-Malaguide units have been highly attenuated by

pervasive cataclasis related to extensional low-angle

faults and joints (Fig. 6). The extensional directions

measured from these structures are mostly NW/SE and

WSW (stereoplot, Fig. 6).

4. Extensional systems in the northeastern Betics

Extensional structures thinning the Alboran domain in

the northeastern Betics occur distributed from outcrop to

map scales, and show variable directions of extension. The

majority of these structures indicate, however, W- to SW-

and N- to NW-directed extension (Booth-Rea et al., 2002b;

Booth-Rea, 2004; Figs. 5, 7 and 8).

The listric faults and ramps, which cut the stronger

carbonate and quartzite formations, detach into low-angle

fault zones, within the underlying weak pelites or gypsum

layers (Fig. 9). These low-angle fault zones are defined by

Fig. 5. Structural map of the eastern-end of Sierra de las Estancias. Stereographic projection of slaty cleavage, folded by asymmetric northeast-vergent folds,

together with fold axes and quartz slicken-fibres growing on related thrust surfaces in the Lower-Malaguide units are included.
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foliated clay gouge in the pelites, by gypsum mylonites

when affecting gypsum layers, and also by foliated

carbonate and carbonate–gypsum cataclasites and ultra-

cataclasites. The main LANFs separate brecciated-rock

volumes with differentiated tectono-metamorphic charac-

teristics (Fig. 3 and cross-section 1–10, Fig. 7). They

commonly detach on the contact between the Triassic

carbonates and Permo-Triassic metapelites.

At the outcrop scale, low-angle normal faults greatly

extend the lithological sequences, for example at locality Y

(Figs. 7 and 10a), two WNW-directed out-of-sequence

faults are observed in the Permo-Triassic levels of a Lower-

Malaguide unit. The younger faults cut and tilt the older

ones defining extensional horses (x in Fig. 10a) bounded by

inactive faults at their top and by younger faults at their

base. This process has produced a general tilting of the

previous reference surfaces (slaty-cleavage), accompanied

by layer-parallel extension (e.g. Ferrill et al., 1998) of the

tilted bedding.

We have grouped the aforementioned extensional

structures into two main systems based on their kinematics

and relative age relationships: (1) An Upper Oligocene–

Lower Miocene extensional system with mostly N–NW or

S shear sense that is especially well preserved in the

Malaguide units and (2) a Middle–Upper Miocene system

formed mostly by W- to SW-directed detachments and

associated listric faults that cut down into the Alpujarride

complex.

4.1. The Upper Oligocene–Lower Miocene extensional

system

The main structures included in this extensional system

are two extensional detachments located in the contact

between the Upper- and Lower-Malaguide units and at the

top of the lowest Malaguide unit, respectively. These

structures show discontinuous outcrops, having been cut

and displaced by other younger faults, so it is not possible to

analyse the large-scale geometry of this extensional system.

The contact between the Upper- and Lower-Malaguide

units places Permo-Triassic red shales and conglomerates

on top of Triassic carbonate rocks and slates. Hence, it has

been interpreted as a thrust surface with top-to-the-north

sense of shear in Sierra Espuña (Lonergan, 1991, 1993).

Locally, along this fault zone extensional horses of

Palaeozoic greywackes are preserved (for example at

locality B, Fig. 8). The shear zone itself is defined by fault

gouge and breccia formed mostly by the comminution of the

aforementioned lithologies.

In Sierra Espuña lenticular metric-scale bodies of

carbonate ultracataclasites are found within the shear

zone (Fig. 11). The ultracataclasites show a well-defined

cataclastic lineation (Tanaka, 1992), marked by the

preferential orientation of dolomite porphyroclasts,

which shows N–S orientation (stereoplot, Fig. 11).

Both small sheath folds and rotated porphyroclasts in

the ultracataclasites indicate southward sense of shear

(Fig. 11b and c). In Sierra de la Tercia the sense of

shear is mostly towards the north (Booth-Rea et al.,

2002b and geological map, Fig. 7).

We have reinterpreted the above shear zone as an

extensional detachment, because (1) there is a general

omission of the Palaeozoic rocks typically found at the base

of other Upper-Malaguide units; (2) there is an abrupt

change from diagenetic shales in the hanging wall to

anchizone slates in the footwall, indicating a small

metamorphic-grade gap (Nieto et al., 1994; Lonergan

and Platt, 1995); (3) there is a presence of small-scale

Fig. 6. Outcrops of extensional structures in the Upper-Malaguide units. (a) Fractured conglomerate body within highly comminuted Permo-Triassic red shales.

(b) Two outcrop scale low-angle normal faults showing cross-cutting relationships (Triassic carbonates and shales, Sierra Espuña). Stereoplot shows

extensional structures measured in the Upper-Malaguide units.
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SW-directed normal faults, which cut the Palaeozoic rocks

(bounding the extensional horses) and detach at the base of

the fault zone; (4) there is a sense of shear along this

detachment significantly different from other contractional

structures described in Sierra Espuña, such as folds and

small-scale reverse faults with NW shear sense (Lonergan,

1991, 1993; Fig. 2e and thrust shear-sense vectors, Fig. 8).

Other structures included in this extensional system

are found deeper in the structural pile. In Sierra Espuña

the boundary between the two Lower-Malaguide units is

Fig. 7. Structural map and cross-section of Sierra de la Tercia. Modified from Booth-Rea et al. (2002b).

G. Booth-Rea et al. / Journal of Structural Geology 26 (2004) 2039–2058 2047



G. Booth-Rea et al. / Journal of Structural Geology 26 (2004) 2039–20582048



a brittle–ductile NW-directed detachment (Lonergan,

1991; Lonergan and Platt, 1995) defined by foliated

carbonate cataclasites and gypsum mylonites (Fig. 12a

and b). The lowest Malaguide unit crops out as

discontinuous lenticular megabodies (isolated extensional

horses) along this shear zone, showing large lateral

thickness variations (structural map, Fig. 8). The

mylonites are formed by preferentially-oriented gypsum

fibres, indicating development by mineral growth, most

probably by pressure-solution creep and intracrystalline

dislocation mechanisms. A similar shear zone is located

at the same structural depth in Sierra de la Tercia. As an

example we have selected the outcrop found at locality C

(Figs. 7, 10c and 13). It is defined by foliated carbonate

breccia, with frequent pelitic porphyroclasts. The contact

with the footwall carbonate rocks is formed by carbonate

ultracataclasites (Fig. 13b and c) and cataclasites, which

include kinematic indicators like S–C structures, sheath

folds and rotated porphyroclasts showing southward sense

of shear (Fig. 13b). Other common fault rocks that

develop in these shear zones, are gypsum mylonites with

a penetrative gypsum lineation, parallel to the cataclastic

lineation observed in the carbonate lithologies.

Strain was strongly localised within the main detach-

ments, which show a thickness of several metres of clay

gouge, foliated carbonate cataclasites and gypsum mylo-

nites. The foliated carbonate cataclasites exhibit layers of

brittle dolomite breccia alternating with layers of ultra-

cataclasite with an extreme particle size reduction (Fig. 13b

and c). Fabrics observed in the carbonate cataclasites like

rotated porphyroclats, sheath folds, S–C structures are

typical of ductile deformation, which could have occurred at

Fig. 8. Structural map and cross-sections of Sierra Espuña. See Fig. 7 for legend of sedimentary cover.

Fig. 9. Listric ramp that transfers displacement to underlying detachment in the contact between dolostones and red slates. (1) Comminuted red slates with

quartzite intercalations, (2) massive brecciated dolostone, (3) multilayered dolostone with tilted bedding. Inset rectangle, detail of open fractures in the contact

with the underlying slates: brecciated dolostone (x), fault gouge (y) and open joints transverse to the tectonic transport (z). Stereoplot represents structures

measured in this section. Notice fault surfaces striking in the direction of extension, interpreted as lateral ramps.
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the low temperatures suffered by the Lower-Malaguide

units (approximately 150–250 8C; Nieto et al., 1994). Strain

localisation in the extensional detachments was probably

aided by strain softening, by the generation of clay gouge in

pelite layers and by extreme size reduction of carbonate

particles in foliated carbonate cataclasites (Fig. 13c). The

initial grain-size reduction, probably due to cataclasis,

constitutes a strain softening mechanism in calcite rocks (De

Bresser et al., 2002) by allowing grain boundary sliding

during subsequent cataclastic and plastic flow.

If, as proposed by previous authors, the Alpujarride Scc

main foliation formed during vertical ductile thinning,

Fig. 10. (a) Outcrop-scale low-angle and high-angle normal faults that extend one of the Lower-Malaguide units. Locality Y, Fig. 7. (b) Hectometre-scale

outcrop of two Lower-Malaguide units extended by at least two low-angle extensional systems, discussion in text. Notice extreme thinness of previously

kilometre-thick units. Locality X, Fig. 8. (c) Kilometre-scale sketch of units from the Lower-Malaguide and Alpujarride complexes in the core of Sierra de la

Tercia. Four tectonic units are represented in this section that is less than 250 m thick. Notice geometry of extensional structures is similar to the one observed

at the metre-scale in diagram (a). Most of the extensional low-angle faults found in this section show WSW sense of shear, stereoplot (1). Stereoplot (2)

represents the same data as (1) rotated to undo the Upper-Miocene folding of Sierra de la Tercia.
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coeval to isothermal decompression representing a b

thinning factor of approximately three (Balanyá et al.,

1993; Azañón et al., 1997; Balanyá et al., 1997; Azañón and

Crespo-Blanc, 2000), then the oldest brittle extensional

structures found in the overlying Malaguide complex must

be coeval to the Alpujarride Scc flattening event, and earlier

than the Alpujarride exhumation at 19–20 Ma (Lonergan

and Johnson, 1998).

The end of the isothermal decompression P–T path in the

Alpujarride complex has been dated as 24–19 Ma (e.g.

Monié et al., 1994; Platt and Whitehouse, 1999; Whitehouse

and Platt, 2003). However, thermal modelling of the P–T

path suggests that this extension started 30 Ma ago (Platt

et al., 1998, 2003b; Platt and Whitehouse, 1999). Evidence

of this pre-Miocene extension could be indicated by the

general Oligocene–Lower-Miocene transgression in the

Malaguide sedimentary cover (Lonergan, 1991; Martı́n-

Martı́n et al., 1997) and by tholeitic dikes of late Oligocene

age that intrude the Malaguide complex (Turner et al.,

1999). Some of the brittle extensional structures that thin the

Upper-Malaguide units probably formed during this initial

extension, coeval to ductile thinning of the underlying

Alpujarride rocks. Further extension along deeper plastic–

brittle detachments exhumed the higher Alpujarride greens-

chist-facies rocks during the early Miocene (Lonergan and

Platt, 1995; Lonergan and Johnson, 1998).

Fig. 11. (a) Detachment at the base of the Higher-Malaguide units in Sierra Espuña formed by fault gouge and breccia. It also includes ultracataclasite lenses

that contain a N–S oriented cataclastic lineation (see included stereoplot). Kinematic criteria like rotated porphyroclast with asymmetric tails and sheath folds

(b), together with C0 shear cutting reference surface (c) indicate southern shear sense. Locality B, Fig. 8.
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Fig. 12. (a) Gypsum mylonites found above the Lowest-Malaguide thrust sheet in Sierra Espuña that contain a NW–SE-trending lineation. Presently the

mylonitic foliation is tilted towards the E by the activity of later W- to SW-directed normal faults (gypsum mylonitic foliation and lineation developed under

otherwise cataclastic conditions are represented in the adjoining stereoplot). (b) Foliated carbonate cataclasites and ultracataclasites from the same detachment

shown in (a).

Fig. 13. (a) Detachment fault at the top of the Lowest-Malaguide unit in Sierra de la Tercia. Locality C, Fig. 7. Associated fault rocks include foliated carbonate

cataclasites (1) and ultracataclasites (2) in the contact with underlying dolomite breccia (3). This fault zone forms a flat being subparallel to the slaty-cleavage

of the Malaguide Permo-Triassic pelites (4). The cataclastic lineation found in the carbonate ultracataclasites is defined by oriented porphyroclasts and calcite

fibres. It has a SSW–NNE trend (see adjoining stereoplot). (b) Brittle S–C structures in the ultracataclasites together with sheath folds indicate SSW shear

sense. (c) Under the microscope the ultracataclasites show very fine and homogeneous grains with a texture similar to the one observed in carbonate mylonites

that have deformed under superplastic flow (Schmid et al., 1977; Gilotti and Hull, 1990).
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4.2. The Middle–Upper Miocene extensional system

The S–SSW- and NW-directed detachments are faulted

and tilted both in Sierra Espuña and in Sierra de la Tercia by

an extensional system that shows mostly W–SW sense of

shear. This extensional system consists of several detach-

ments at different structural levels and associated listric

faults. For instance, in the Sierra de la Tercia the basal

detachment forms the boundary between the Alpujarride

and Malaguide complexes before cutting down towards the

southwest with flat-ramp geometry into the Alpujarride

complex, greatly thinning the Cortada unit (Booth-Rea et al.,

2002b; cross-section 1–10, Fig. 7). This detachment is

defined by a clay-rich gouge generated by the comminution

of Alpujarride fine-grained schists. Rotated porphyroclasts

and brittle S–C cataclasites indicate a SW sense of shear

(Booth-Rea et al., 2002b; shear-sense vectors, Fig. 7). The

western end of Sierra Espuña also represents a footwall

ramp of the SW extensional system, sealed by Serravallian

conglomerates and cut by later Upper Miocene high-angle

faults (Fig. 14a).

The WSW-directed low-angle normal faults outcropping

Fig. 14. (a) Listric SSW- and WSW-directed faults that tilt and detach the Lorca-basin Miocene sedimentary sequence from the Alpujarride metamorphic

basement in the western end of Sierra Espuña (faults represented in stereographic projection, lower-right corner). These faults a cut by a later W-transport fault

that tilts the Messinian calcirudites (5), stereoplot in upper right corner. (2) Upper-Serravallian/Tortonian conglomerates, (3) Tortonian calcirutes, (4)

Tortonian marls, (5) Messinian calcirudites. (x) Fault, (y) bedding, (z) black circle indicates transport towards the observer. (b) Listric SW-directed normal

growth fault (western border of Sierra Espuña, near Aledo, Fig. 8). See explanation in text. (c) Stereoplot of the Tortonian faults together with paleostress tensor

calculated from them (modified from Booth-Rea and Azañón (2003)). Cross-section 3–30 is located in Fig. 8.
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in Sierra de la Tercia truncate the oldest (Burdigalian–

Serravallian; Pérez-Lorente et al., 1992) sedimentary unit of

the Lorca basin, which is commonly found tectonically

detached from its metamorphic basement (Booth-Rea et al.,

2002b). These faults are locally sealed by Upper

Serravallian to early Tortonian red conglomerates in the

core of Sierra de la Tercia (Fig. 7). These conglomerates

overlie foliated clay gouge (comminuted Alpujarride fine-

grained schists) with a SW shear sense in the southwestern

end of Sierra Espuña. However, S- to SW-directed out-of-

sequence listric faults truncate and tilt these sediments in the

southwestern ends of Sierra de la Tercia (Booth-Rea et al.,

2002b) and Sierra Espuña (Booth-Rea and Azañón, 2003).

In the southeastern border of Sierra de la Tercia we have

identified some high-angle NE/SW-trending fault segments

that cut the Tortonian conglomerates and show dextral

kinematics that could represent lateral ramps of the SW-

directed Tortonian extensional system.

4.3. Interference pattern between extensional systems

The activity of two orthogonal extensional systems has

produced extensional horses and riders along the two main

directions of extension. At the hectometre scale, e.g. at

locality X (Figs. 8 and 10b) N- and WSW-directed

cataclasite and breccia shear zones are frequently folded

by accommodation to ramp-flat or listric geometry of later

W- to WNW-directed faults. A syncline affecting a

cataclasite zone with westward transport is evident in Fig.

10b, formed by a hanging-wall flat, within weak pelites,

lying upon a footwall ramp, which cuts the underlying

carbonate rocks. Accommodation folds to the ramp-flat

geometry of low-angle normal faults are frequent in the

study area. The most common folds are anticline and

syncline couples, formed by displacement of a hanging-wall

ramp-flat geometry upon a footwall flat-ramp (locality C,

cross-section 1–10 and structural map, Fig. 7). Ramps

normally cut the most competent layers (quartzites and

carbonate rocks), whereas the flats are found in the

incompetent layers (metapelites and gypsum). Layer-

parallel extension and development of normal faults that

form a low-angle with the bedding or with inactive older

fault zones are common features thinning the tilted roll-over

limbs (locality C, Fig. 10c and Fig. 13a). These faults

compensate part of the tilting related to the listric geometry

of underlying ramps or are related to rotation of hanging-

wall ramps above footwall flats. Larger-scale NE- or E-

directed faults thin the back-rotated eastern ends of Sierra de

las Estancias (Fig. 5) and Sierra de la Tercia (Fig. 7).

Variable amounts of extension in two perpendicular

directions generally produce a ‘chocolate-tablet structure’.

This is observed in the study area where unusually the

‘pieces’ are bounded by low-angle normal faults. This

geometry has been described in other areas of the Betics,

such as in northern Sierra Nevada (Crespo-Blanc, 1995) and

the eastern Betics (Martı́nez-Martı́nez and Azañón, 1997).

This mega-structure is not as evident in Sierra de la Tercia

because the Alboran domain outcrops show a NE–SW

distribution, having a limited N–S width. Although, the

NE– SW high-extension horses are evident, and the

kinematic data indicate that they fault previous N–S

transport low-angle normal faults (Booth-Rea et al.,

2002b; cross-section 1–10 and shear-sense vectors in Fig.

7). However, in Sierra Espuña, where the N–S width of the

Alboran domain outcrops is greater, the ‘chocolate-tablet’

structure resulting from the interference between exten-

sional faults is clear. This structure is shown in the two

perpendicular cross-sections 4–40 and 5–50 in Fig. 8, where

kilometre-scale brittle lenticular bodies of Malaguide

Triassic carbonates are found in both NW–SE and NE–

SW directions.

The interference between extensional systems in the

northeastern Betics is responsible for the controversy

concerning the nature and kinematics of the boundary

between the Alpujarride and Malaguide complexes.

Although presently there is a general agreement about the

extensional nature of this boundary (Aldaya et al., 1991;

Lonergan, 1991; Tubı́a et al., 1993; Lonergan and Platt,

1995), the shear sense of this contact is variable. The

Alpujarride–Malaguide boundary is defined by mylonites

and brittle fault rocks with mostly NE shear sense in Sierra

de las Estancias (Lonergan and Platt, 1995). This NE-

directed mylonite shear zone does not crop out in the eastern

end of Sierra de las Estancias, probably having been cut out

by an out-of-sequence N-directed low-angle brittle fault

(shear-sense vectors, Fig. 5). In Sierra Espuña it coincides

with a NW-directed detachment, whilst in Sierra de la

Tercia the boundary coincides with a SW-directed detach-

ment of Middle Miocene age.

4.4. Upper Miocene extension and its effects on the pre-

existent fault systems

Upper Miocene high-angle normal faults cut the afore-

mentioned extensional detachments, commonly cutting out

whole units of the Alboran domain. For example, in the

southeastern border of Sierra Espuña, a high-angle S- to SE-

directed fault omits the lowest Malaguide unit (cross-

section 5–50, Fig. 8). These faults generally show a listric

geometry that contributed to the tilting of the isostatically

readjusted segments of the previous detachments and the

overlying sediments. Tortonian calcirudites are tilted 45–

508 and constitute high-extension riders, truncated by listric

faults, which detach on a LANF that cuts down into the

Alpujarride complex (Fig. 14a and geological map of Sierra

Espuña, Fig. 8). Moreover, the listric faults also tilted the

Upper-Tortonian fold that affects Sierra de la Tercia. This

fold has a N708E-trending hinge (geological map, Fig. 7)

and shows a perianticlinal closure in its northeasten end

with a 208 axial plunge. The tilting of the antiform’s hinge is

related to the activity of SW-directed listric normal faults

that bound the western end of Sierra Espuña, near the
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locality of Aledo (geological map, Fig. 8 and cross-section

3–30, Fig. 14). Tortonian marls (4 in Fig. 14b) dated by

Montenat et al. (1990), seal some faults, although basin-

wards they are also faulted (cross-section 3–30, Fig. 14).

The entire listric fan developed in the western border of

Sierra Espuña is sealed by Messinian calcirudites (cross-

section 3–30, Fig. 14) with an age of approximately 7 Ma

(Rouchy et al., 1998).

Upper Miocene faults form the present boundaries of the

Lorca basin. The two largest sedimentary depocentres found

in the Lorca basin, to the north of Lorca and to the south of

Aledo (cross-section A–A0, Fig. 2 and cross-section 3–30,

Fig. 14), are bounded by NE- and SW-directed faults, which

were active during the deposition of Tortonian marls. Most

of the Tortonian high-angle faults show SW shear sense,

especially in the western terminations of Sierra de la Tercia

and Sierra Espuña; however, other faults active during this

period were S- or SE-directed (Lonergan and Schreiber,

1993; Booth-Rea and Azañón, 2003). Taken together these

faults produced radial extension during the Upper-Tortonian

(Booth-Rea and Azañón, 2003; Fig. 14c).

5. Discussion and conclusions

The Malaguide complex together with the highest

Alpujarride unit underwent protracted extension from the

Oligocene to the Upper Miocene, with only a few structures

indicating probable shortening. These structures are asym-

metric folds and associated crenulation cleavage, which

affect the Alpujarride main foliation, and late Miocene–

Quaternary folds and strike-slip faults. As discussed by

Lonergan and Platt (1995) the Malaguide–Alpujarride

section in this area shows no evidence of thrusting after

the development of the Alpujarride main foliation, in

contrast with other areas in the Betics where late-to-post-

metamorphic northwards thrusting has inverted the meta-

morphic grade order (e.g. Azañón et al., 1997; Balanyá et al.,

1997; Azañón and Crespo-Blanc, 2000; Booth-Rea et al.,

2003b). The Malaguide–Alpujarride section preserved in

the northeastern Betics contains no metamorphic recur-

rences, suggesting that thrusting in this crustal section was

pre-metamorphic. This has permitted previous authors to

use the metamorphic gap found across the detachment

between the Malaguide and Alpujarride complexes as an

indicator of its extensional character (Lonergan, 1991;

Lonergan and Platt, 1995).

Locally the Alpujarride–Malaguide crustal section out-

cropping in the northeastern Betics is approximately 1 km

thick and it includes at least six former thrust sheets

metamorphosed between lower-greenschist facies (300–

350 8C; Booth-Rea, 2004) and diagenesis (approximately

60 8C; Lonergan, 1991) (Fig. 3 and cross-section 1–10, Fig.

7). This proximity between the epizone and diagenetic rocks

demonstrates the strong extensional attenuation undergone

by the Alpujarride rocks outcropping in the study area.

During HP/LT metamorphism (6 kbar/300–350 8C) the

brittle–plastic boundary was at approximately 20 km depth

(Booth-Rea, 2004). During the formation of the flat-lying

Scc crenulation cleavage in the Alpujarride rocks and

isothermal decompression, the plastic–brittle boundary

was at approximately 2–3 kbar and 325 8C (Booth-Rea,

2004). Post-Scc ductile shearing in the Alpujarride complex

shows N–NW sense of shear, for example in the carbonate

mylonites found between the Cortada and Pintada units.

This shear sense coincides with the one observed in

the structurally highest extensional detachments that thin

the Malaguide complex. Consequently, ductile thinning

of the middle- and lower-upper crust (Alpujarride complex)

was probably coeval to the activity of multiple detachments

in the brittle upper crust (Malaguide complex). Combined

brittle and ductile thinning favoured progressive tectonic

denudation of the Alpujarride complex, raising the plastic–

brittle boundary from approximately 20 to 8 km depth at the

end of the Scc development. Brittle extension during the

Lower and Middle Miocenes exhumed the Cortada unit

from approximately 8 km depth (equivalent to the lowest

pressures, 2.5 kbar, attained after ductile vertical thinning of

the Cortada unit (Booth-Rea, 2004) to its present depth,

below 1 km of anchizonal and diagenetic rocks of the

Malaguide complex and constituting the basement of the

Lorca basin.

The Alpujarride – Malaguide crustal section was

extended by at least two sets of pervasive brittle structures,

including low-angle normal faults, extensional shear

fractures, veins and joints at all structural levels with

predominantly N–S to NW–SE and E–W to SW–NE

directions of extension. In both extensional systems out-

crop-scale faults are observed to detach on larger faults,

finally accommodating extension along the principal

detachments that bound the main tectonic units (cross-

section 1–10, Fig. 7). Strain localisation and the develop-

ment of extensional detachments were controlled by the

rheological boundaries between rocks, occurring in the

weaker rocks (metapelites and gypsum). Strain localisation

within weak layers at different levels within the Alpujar-

ride–Malaguide upper crust permitted large amounts of

extension of the crustal sections to be transferred to the

detachments. This mode of extension resulted in structures

different to those generally associated with metamorphic-

core complexes, where asymmetric shearing of the entire

upper crust places the highest-grade rocks of the footwall in

direct contact with the sedimentary cover or the lowest-

grade rocks of the hanging-wall. The formation of different

extensional detachments, controlled by the contrasting

rheology of the upper crust led to the preservation in a

single vertical of several layers representative of different

depths of the previous unthinned crust.

The sequential activity of extensional detachments

affecting a crust without rheological contrasts could

probably result in a similar structure to the one observed

in the northeastern Betics. However, the low angle observed

G. Booth-Rea et al. / Journal of Structural Geology 26 (2004) 2039–2058 2055



between the internal reference surfaces of the Malaguide

and Alpujarride units and the extensional detachments,

together with the evident rheological contrasts between

different rock types, suggest that the latter play an important

role in the geometry of the studied extensional systems.

A dominant set of SW-directed listric normal faults and

other W-, S- and SE-directed faults, truncated the low-angle

normal faults during the Tortonian, cutting out units of the

Malaguide–Alpujarride crustal section. The listric faults

break out in NW/SE and WSW/ENE oriented borders of the

topographically uplifted ENE/WSW-oriented antiformal

ridges, producing elongated domes that emerge within the

Neogene sedimentary depocentres developed in the hang-

ing-walls of the listric faults. These small domes (10–16 km

long) formed by the combined effect of extension and

orthogonal shortening (Booth-Rea et al., 2002b; Booth-Rea

and Azañón, 2003). This process has been described at a

larger scale (150 km) in the Sierra-Nevada Core Complex,

where there is evidence of pressure-driven differential

lateral flow of crustal material into the area beneath the

dome (Martı́nez-Martı́nez et al., 1997, 2002). However, in

the smaller domes there is no evidence that ductile flow of

crustal material has influenced their present topographical

features (Booth-Rea et al., 2003a).

The amount of extension produced by the Upper

Miocene extensional system is smaller than the one

accumulated previously and preserved within its extensional

riders. However, if the resulting structure were observed in

reflection seismics of a rifted margin the only visible

extension would be related to the late listric faults (e.g.

Reston et al., 1996), as the previous low-angle detachments

would look like tilted pre-kinematic layers. Hence,

calculations of the amount of extension restoring balanced

sections would result in an undervaluation of the total

extensional thinning.
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Martı́nez and an anonymous reviewer are thanked for their

thorough and constructive reviews of the manuscript. Tim

Reston suggested some improvements to the manuscript.

References
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Geogaceta 34, 83–86.
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Mäkel, G.H., Rondeel, H.E., 1979. Differences in the stratigraphy and

metamorphism between superposed Maláguide and Alpujárride units in
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