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Almtract--ln the Betic Cordillera, the initial thickening of the Alboretn Domain produced an Alpine high 
pressure-low temperature (HP-LT) metamorphism in the Alpuj~rride and Nevado-Fil~ibride complexes. After 
19 Ma this thickening process evolved to an extensional stage with uplift rates of between 1 and 2 mm year- l. The 
extensional stage generated structures in a heterogeneous shear regime with a top-to-the-west sense of 
movement. The present-day Alpuj~lrride-Nevado-FiMbride contact is a detachment fault generated in this 
shearing regime. In the footwall, the first structure developed in this extensional stage is a planar-linear fabric 
characterized by constrictive strain, that is axial planar to kilometric recumbent tight to isoclinal folds. The 
planar-linear fabric is folded by inclined close to open folds with axes parallel to the stretching lineation. The 
planar-linear fabric and folds are deformed by a late extensional crenulation cleavage near the detachment 
surface. Finally, brittle deformation was generated within the same kinematic framework as that of the ductile 
structures. In the hanging wall, meanwhile, deformation had a brittle character producing faults and joints. 

INTRODUCTION 

THE Betic Cordillera contains a northern sector called 
the External Zones (Fallot 1948) or South-Iberian 
Domain (Garcia-Duefias & Balanyfi 1986) composed of 
sedimentary and volcanic rocks that are Mesozoic and 
Tertiary in age, and which are deformed by folds and 
thrusts with a northwestwards vergence. A southern 
sector, called the Internal Zones (Fallot 1948) or 
Albor~in Domain (Garcia-Duefias & Balany~i 1986) is 
composed of metamorphic and sedimentary rocks 

grouped in several tectonic units. In the western Betic 
Cordillera, between these sectors, there is also a Campo 
de Gibraltar Complex (Fallot 1948) made up of several 
tectonic units with flysch material (Fig. 1). 

The tectonic units of the Alborein Domain have been 
grouped in the following complexes: Dorsalian 
(Durand-Delg~i & Foucault 1967), Predorsalian (Didon 
et al. 1973), Alozaina (Balany~ & Garcia-Duefias 1987), 
Mal~iguide (Blumenthal 1927), Alpuj~irride (Van Bem- 
melen 1927) and Nevado-Fil~ibride (Egeler 1964) (Fig. 
1). The three last complexes constitute the greater part 
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Fig. 1. Geological map of the Betic Cordillera. The Rifean Cordillera is also shown on the African Margin. 1, Neogene 
sedimentary and volcanic rocks; 2, Hesperian Massif; 3, African-Maghreb Domain; 4, South-Iberian Domain; 5, Campo de 
Gibraltar Flysch, Albor~in Domain; 6, Dorsalian, Predorsalian and Alozaina Complexes; 7, MaMguide Complex; 

8, Alpuj~irride Complex; 9, Nevado-FiMbride Complex. 
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of the outcrops of the domain, and they are superposed, 
from bottom to top, in the following order: Nevado- 
Fil~ibride, Alpuj~irride and Mal~iguide. The contacts 
between these complexes had traditionally been inter- 
preted as thrust surfaces (see Egeler & Simon 1969), but 
more recently they have been interpreted as low-angle 
normal faults (Aldaya et al. 1984, 1991, Garc/a-Duefias 
et al. 1986, Galindo-Zaldivar et al. 1989, Platt & Vissers 
1989). The Alpuj~irride-Nevado-Fil~ibride contact is 
now defined as a brittle fault called the Mecina detach- 
ment fault (Galindo-Zald/var et al. 1991). This detach- 
ment began to be active under ductile conditions and 
generated fabrics and folds. Ductile-brittle and brittle 
structures are superposed over the ductile ones. This 
sequence of deformation is now well exposed in the 
footwall (Nevado-Fil~ibride Complex) (Platt & Vissers 
1980, Platt etal. 1984, Platt & Behrmann 1986, Galindo- 
Zaldivar et al. 1989). 

The aim of this paper is to analyse the geometry and 
kinematics of this detachment, as well as the geometry, 
spatial distribution and temporal evolution of the ductile 
and brittle structures developed in the footwall. 

GEOLOGICAL SETTING 

The Alpuj~irride Complex is made up of a stack of 
tectonic units with an ascending sequence, in the upper 
units, of: (a) gneisses, graphitic schists and metapsam- 
mites assumed to be Precambrian-Palaeozoic in age; (b) 
metapelites (mainly phyllites) with levels of metapsam- 
mites, calc-schists and gypsum, assumed to be Permo- 
Werfenian in age; (c) carbonate rocks: limestones and 
dolostones dated as Middle to Upper Triassic. All these 
rocks suffered a metamorphic event under high 
pressure-low temperature conditions (HP-LT) with up 
to 10 kbar of pressure (Goff6 et al. 1989, Azafi6n & 
Goff6 1991). This event evolved to intermediate 
pressure-intermediate temperature (IP-IT) and low 
pressure-high temperature (LP-HT) conditions 
(Torres-Rold~in 1979). Moni6 et al. (1991) indicate that 
the end of the HP-LT metamorphic event in the lower 
Alpuj~irride units occurred at 25 Ma and that these rocks 
cooled below 350°C at 19 Ma. 

The Nevado-Fil~bride Complex is composed of a 
lower lithological ensemble made up of black schists and 
metapsammites with levels of black metapelites and 
carbonates (Montenegro and Aulago Formations; 
Mart/nez-Martinez 1985), assumed to be Palaeozoic in 
age (Lafuste & Pavilion 1976). It also contains an upper 
lithological ensemble, assumed to be Permian- 
Mesozoic in age, that is made up from bottom to top by 
metaconglomerates, metapsammites and grey schists 
(Tahal Formation, Nijhuis 1964), overlain by marbles, 
with layers of schists and meta-evaporites (Las Casas 
Formation, Martinez-Martinez 1985). Within the Tahal 
and Las Casas Formations are bodies of orthogneisses, 
metabasites (eclogites and amphibolites), serpentinites 
and peridotites. In the metabasites, mineral associations 
with garnet and omphacite are recognized (Nijhuis 

1964). In the meta-evaporites there are assemblages 
with kyanite, phengite and talc (G6mez-Pugnaire & 
C~imara 1990) indicating HP-LT metamorphic con- 
ditions. These mineral associations are transformed to 
assemblages with amphibole, plagioclase and epidote in 
the metabasites, and to assemblages with scapolite and 
phlogopite in the meta-evaporites indicating IP-IT 
metamorphic conditions (Nijhuis 1964, G6mez- 
Pugnaire & C~imara 1990). 39Ar/4°Ar ages (Moni6 et al. 
1991) show that the HP-LT alpine metamorphic event 
ended at 48 Ma; the IP-IT metamorphic event ended at 
23 Ma; and the white micas cooled below 350°C at 
16 Ma. 

DEFORMATION IN THE NEVADO-FILABRIDE 
COMPLEX 

This complex outcrops below the rocks of the Alpuj~ir- 
ride Complex in the core of late antiforms with an E-W 
trend. The two complexes are separated by the Mecina 
detachment fault. In the footwall (Nevado-Fil~ibride 
Complex), a planar-linear fabric (Sp/Lp), formed in a 
heterogeneous ductile shearing regime, is recognized 
(Gonz~ilez-Lodeiro et al. 1984, Plattet al. 1984). Sp/Lp 
together with shear surfaces Cp define a ductile extensio- 
nal crenulation cleavage. The planar-linear fabric de- 
forms previous foliations (St), and it is axial planar to 
tight to isoclinal recumbent folds (Fp) with kilometric 
amplitudes. It is folded, in turn, by inclined close to open 
folds (Fc) with an associated crenulation cleavage (So). 
These F~ folds are affected by a late extensional crenula- 
tion cleavage. The latest structures are high- and low- 
angle normal faults, systematic joints and gentle to open 
upright folds. 

Structures pre-dating the planar-linear fabric 

The intensity of the planar-linear fabric makes the 
study of the earlier structures difficult. The features of 
the earlier structures are recognized only in some areas, 
and they are clearly polyphase in nature. These struc- 
tures are: a crenulation cleavage in the Sierra Alhamilla 
(Platt & Behrmann 1986) and in the western Sierra de 
los Filabres, a first-phase schistosity in the central and 
eastern Sierra de los Filabres (Langenberg 1972, Vissers 
1981), or a slaty cleavage in the lower part of the western 
Sierra de los Filabres (Jabaloy 1991). The vergence of 
the folds associated with these fabrics is generally north- 
ward in the Sierra de los Filabres (Vissers 1981, Jabaloy 
1991), and southward in the lower part of western Sierra 
de los Filabres. In the central Sierra de los Filabres, 
these structures were generated in HP-LT metamorphic 
conditions (Vissers 1981). 

Planar-linear fabric (Sp]Lp) 

This fabric generally has low dips. Locally the F c 
folds and latest gentle to open folds deform the S o 
foliation giving greater angles of dip, which are even 
vertical or locally overturned in the northern Sierra de 
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los Filabres and northern Sierra Alhamilla. The Sp/Lp 
fabric is developed through a broad zone (Figs. 2 and 3) 
with a thickness that is variable from the east-northeast 
to the west-southwest: it is about 800 m thick in north- 
eastern Sierra de los Filabres, and about 2000-2500 m 
thick in the western Sierra Nevada (Galindo-Zaldivar 
1990). The lower boundary of this zone with planar- 
linear fabric is not a sharp one; there is a progressive 
downwards decrease in the intensity of the fabric. In 
certain areas, such as the southern Sierra Alhamilla 
(Platt & Behrmann 1986) or the western Sierra de los 
Filabres, this boundary is sometimes a narrow band with 
a thickness ranging from 1 to 50 m. The lower limit of 
planar-linear fabric development is oblique to the litho- 
logical contacts, a fact that is observed clearly in the 
eastern Sierra de los Filabres; in this area the bottom of 
the Tahal Formation is not affected by the planar-linear 
fabric, whereas the whole formation is affected by it in 
the western parts of the Sierra de los Filabres. The 
lithological formations deformed by the planar-linear 
fabric decrease in thickness from the east-northeast to 
the west-southwest: i.e. the Tahal Formation has a 
minimum thickness of 2200 m in the eastern Sierra de los 
Filabres, and a maximum thickness of 200 m in the 
western Sierra Nevada (Figs. 2 and 3). 

The planar-linear fabric is defined by a schistosity with 

a stretching and/or mineral lineation. The intensity of 
this fabric increases upward. The trend of the stretching 
lineation is variable and it has a curved pattern between 
the Sierra Nevada and the Sierra Alhamilla (Fig. 2) 
(Gonz~lez-Lodeiro et al. 1984, Martfnez-Martfnez 1984, 
Platt & Behrmann 1986, Galindo-ZaldLvar et al. 1989, 
Zevenhuizen 1989, Galindo-Zald/var 1990, Soto et al. 
1990, Jabaloy 1991). 

The Sp/Lp fabric is associated with a retrograde meta- 
morphism. The minerals produced during the previous 
metamorphic events under HP-LT and IP-IT con- 
ditions (amphibole, garnet, staurolite, chloritoid, kya- 
nite and other minerals) are deformed by the S o 
schistosity. Mineral associations indicating greenschist 
facies conditions (quartz + white mica + garnet + albite 
+ chlorite) are syn-kinematic with Sp/Lp in the lower 
part of the zone affected by the fabric. The chlorite is 
really an intergrowth of chlorite, micas and clay minerals 
(Mellini et al. 1991). The garnet of the greenschist facies 
association is almandine-rich and also has a very high 
grossularite content. White micas are either phengite 
with a Si 4+ content of about 3.2, or paragonite. Data 
from the garnet-phengite geothermometer (Krogh & 
RAheim 1976) and Si 4+ content of the phengites (Mas- 
sone & Schreyer 1987) indicate metamorphic conditions 
for the formation of the planar-linear fabric of about 
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Fig. 2. Distribution of the planar-linear fabric and orientation of the stretching lineation in the Nevado-Fil~ibride Complex 
(south-eastern Betic Cordillera). 1, South-Iberian Domain, Albor~in Domain; 2, Dorsalian Complex; 3, Mal~iguide 
Complex; 4, Alpuj~irride Complex; 5, Nevado-Fil,ibride Complex, Tahal and Las Casas Formations; 6, Nevado-Fil~ibride 
Complex, Montenegro and Aulago Formations; 7, Neogene and Quaternary sedimentary rocks; 8, Neogene volcanic rocks; 
9, planar-linear fabric in the Nevado-Fil~ibride rocks; 10, Mecina detachment fault; 11, faulted contact; 12, unconformity; 
13, orientation of the stretching lineation with indication of the sense of movement of the top for the planar-linear fabric; 

and 14, sense of movement of the hanging wall of the Mecina detachment fault. 
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Fig 3. Geological cross-sections of  the southeas tern  Betic Cordillera. Locat ions are shown in Fig. 2 .1 ,  Nevado-Fikibride 
Complex,  Montenegro  and Aulago  Format ions ;  2, Nevado-Filfibride Complex,  Tahal  and Las Casas Format ions;  

3, Alpuj~irride Complex;  4, Mecina de tachment  fault; and 5, lower limit of  the planar-l inear fabric. 

510 + 50°C and about 4.3 _ 2 kbar pressure in the 
western Sierra de los Filabres (Jabaloy 1991). Behrmann 
(1983) estimated temperatures of around 300°C from 
calcite-dolomite geothermometry on marbles from the 
Sierra Alhamilla, reflecting that the formation of this 
fabric can occur at different stages during the retrograde 
metamorphic event. 

Kinematic criteria, such as asymmetric quartz (c)-axis 
fabrics, S-C structures, ductile extensional crenulation 
cleavage, asymmetric pressure shadows around pre- 
vious porphyroblasts and mica-fish indicate that the 
strain producing the planar-linear fabric has a significant 
non-coaxial component. These kinematic criteria show 
generally a top-to-the-west sense of movement for this 
non-coaxial component of the strain. In several places, 
which are less common, the same kinematic criteria 
define a sense of movement of the hanging wall towards 
the east, whereas additional structures such as sym- 
metric quartz (c)-axis fabrics or symmetric pressure 
shadows indicate that the strain has in some points, a 
coaxial component (Galindo-Zald/var et al. 1989). 

The measurements of the finite strain made using 
quartzitic pebbles from a metaconglomerate with quart- 
zitic matrix (Jabaloy & Gonz~ilez-Lodeiro 1988), and 
using the orientations of tourmalines and potassic feld- 
spar porphyroblasts in a deformed orthogneiss (Soto et 
al. 1990), show intermediate to prolate strain ellipsoids 
with a value for k of between 1 and 3.5. 

Associated with the planar-linear fabric, there are 
shear surfaces (Cp) that define an extensional crenula- 
tion cleavage with a ductile character. This extensional 
crenulation cleavage was described for the first time by 
Platt & Vissers (1980). The spacing between the shear 
surfaces, in the lower part of the zone with the Sp/Lp 
fabric, is greater than 10 cm, and the angle between the 
Cp surfaces and the Sp foliation is very low. These Cp 
surfaces deform the contact between layers of schists 
and metapsammites with a well developed planar-linear 
fabric (Sp/Lp), but they disappear inside the layers of 
metapsammite. This fact implies that the planar-linear 
fabric and Cp are in part simultaneous (Platt & Vissers 
1980). In the western Sierra de los Filabres these sur- 
faces are folded by the Fc folds. 

The quartz microstructures in the quartzofeldspathic 
rocks vary depending on the distance from the detach- 
ment surface (Fig. 4). Furthest away, where the planar- 
linear fabric is not developed, the detrital grains of 
quartz and the fabrics generated in previous deformatio- 
nal events are preserved. Approaching the detachment 
surface, an evolution of the fabrics can be observed: 
fabrics with elongate grain mosaics, whose grain size 
increases upwards; fabrics with quartz grains with ser- 
rate borders; fabrics with polycrystalline ribbons; fabrics 
with monocrystalline ribbons; and in the uppermost 
part, ultramylonitic fabrics with neoformed grains. The 
vertical variation of the quartz microstructures shows a 
progressive increase in the strain intensity in an upward 
sense. This variation is accompanied by a decrease in the 
temperature of deformation toward the upper part, 
inferred from the fact that monocrystalline ribbons 
occur in higher zones than polycrystalline ribbons 
(Bouiller & Bouchez 1978). Moreover, the minerals of 
the retrograde greenschist facies associations are syn- 
kinematic with the planar-linear fabric in the lower 
parts, and pre-kinematic in the higher parts. These 
blastesis--deformation relations and the zoning of the 
quartz microstructures suggest that the fabrics now ob- 
served in the higher parts were generated at a lower 
temperature and are younger than those observed in the 
lower parts. 

The quartz (c)-axis fabrics also vary in a vertical 
section through the zone with the planar-linear fabric 
(Fig. 5). In the lowermost areas there are disordered and 
coaxial fabrics. Upwards, the fabrics develop one or two 
poorly defined girdles, which further up still become 
better defined. This evolution is manifested by a de- 
crease in the density of the maxima near the X axis, and 
an increase in the density of the maxima around the Z 
and Y axes, and in intermediate positions that corre- 
spond to basal and prismatic glide in the (a) direction, 
and rhombohedral glide. Finally, near the detachment 
surface, the predominant fabrics develop only one 
girdle. These fabrics frequently have a sigmoidal shape, 
with maxima around the Y axis, and are sometimes 
poorly defined near the Z axis. 

The planar-linear fabric (Sp/Lp) is axial planar to 
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Fig. 4. Quartz microstructures in Nevado-Fil~ibride rocks in a composite vertical section through the zone with planar- 
linear fabric from (a) (bottom) to (h) (near the detachment fault). Locations are shown in Fig. 2. Rocks of the lower part (a, 
b, c & d) come from the B section in the western Sierra de los Filabres, rocks of the higher part (e, f, g & h) come from the LR 
section in the central Sierra Nevada. (a) Detrital quartz grains in a metapsammite without Sp//,  fabric. (b), (c) (d) & (e) 
Elongate mosaic fabrics with increasing grain size. (f) Serrated boundaries. (g) Monocrystalline and polycrystalline 

ribbons. (h) Ultramylonitc with neoformed grains. 
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Fig. 5. Quartz (c)-axis fabric diagrams in Nevado-Fil~ibride rocks in a composite vertical section through the zone with the 
planar-linear fabric from bottom (B1-7) to top (LR-3). Locations are shown in Fig. 2. Fabrics of the lower part (B1-7 and 
BI-1) come from the B section in the western Sierra de los Filabres; fabrics of the higher part (from LR-83 to LR-3) come 
from the LR section in the central Sierra Nevada. Equal-area, lower-hemisphere projections. LR-3: n = 150 (number of 
axes); contours at 3, 8, 14 and 20% per 1% of area. LR-21: n = 150; 6, 12, 18 and 24%. LR-33: n = 150; 5, 10, 15 and 20%. 
LR-37: n = 150; 6, 12, 18 and 24%. LR-41: n = 150; 5, 15, 30 and 45%. LR-52: n = 150; 4, 9, 14 and 19%. LR-60: n = 150; 3, 

7, 11 and 15%. LR-83: n = 150; 3, 7, 11 and 15%. Bl-h n = 100; 1, 2, 3, 4 and 7%. BI-7: n = 100; 1, 2, 3, 4 and 7%. 

recumbent  folds (Fp) with amplitudes that vary from a 
few centimetres to two kilometres. The axial planes of 
the Fp folds are gently dipping, like the planar-linear 
fabric, and their hinge lines are subhorizontal and nearly 
parallel to the stretching lineation (Lp). The axial planes 
and hinge lines are folded by the F~ folds and the latest 
gentle to open folds. Some minor folds (sheath-folds) 
have curved hinge lines. The minor folds correspond to 
classes 1C or 3, very near  class 2 of Ramsay (1967, p. 
365). In the diagram of Hudleston (1973, fig. 12), their 
shapes range from B to F, and their amplitudes range 
between 5 and 6. Some of the major folds also have 
curved hinge lines. Major folds with straight hinge lines 
are well developed in the western Sierra Nevada (Fig. 6) 
and define a trend of tight to isoclinal folds with a 
vergence toward the northwest.  The hinge lines have a 
N30°E trend, and form angles of 20-30 ° with the stretch- 
ing lineation (Lp). In the western Sierra de los Filabres, 
major  folds with curved hinge lines are recognized, 
producing eye-like forms in the map outcrops (Fig. 7). 
There  are also folds with straight hinge lines which have 
a N80°E to N120°E trend and a vergence toward the 
north. They are subparallel to the stretching lineation. 

Folds with a crenulation cleavage (Fc) 

These inclined folds have an axial-plane crenulation 
cleavage of very variable distribution and spacing. The 
minor folds have an interlimb angle that normally varies 
between 20 ° and 60 ° . The curvature of the hinge lines is 
also variable, f rom folds with straight hinges and folds 
with slightly curved hinges to folds with very curved 
hinges and dome morphology.  The straight hinge lines 
and slightly curved hinges trend subparallel to the 

stretching lineation and describe the same curved pat- 
tern as the latter in the Nevado-Fihibride outcrops. 
Locally, the hinge lines are oblique to the stretching 
lineation, and the Lp lineation is folded. The folds with 
slightly curved hinges are the most abundant.  These 
folds and those with straight hinges belong to class 1C of 
Ramsay (1967) in the competent  layers, and to class 3 in 
the incompetent  layers. In the diagram of Hudleston 
(1973), the shapes of the folds vary between classes C, 
D, E and F and their amplitudes range from 2 to 5, with a 
maximum at amplitudes 3 and 4. 

In the western Sierra Nevada,  the F c folds are conju- 
gate and close to open,  with amplitudes of less than 100 
m. These conjugate folds are superposed on the previous 
Fp folds with a type 3 interference pattern (Ramsay 
1967, p. 530). The vergence of the Fc folds varies; some 
have a vergence towards the southeast,  and others have 
a vergence towards the northwest (Fig. 6, cross- 
sections). Folds with the same vergence are distributed 
in domains elongated in a N45°E direction, parallel to 
the stretching lineation (Lp) (Fig. 8). At  the borders 
between the domains,  where the two fold systems inter- 
fere with each other,  are polyclinal folds. The axial 
surfaces of the southeastward-vergent folds dip toward 
the northwest,  and those of the northwestward-vergent  
folds dip toward the southeast. The hinge lines of the 
folds of different vergence are not parallel, and the angle 
between the two is less than 30 °, with the hinges of the 
southeastward-vergent folds approaching an E - W  direc- 
tion. In a system of two conjugate folds, if the line of 
intersection of the axial planes of the folds is parallel to 
the reference folded surface, then the hinges of both 
folds are parallel, but if the intersection line is oblique to 
the reference surface, then the hinges of the conjugate 
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of Fr, fold hinge lines. 
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folds have different trends (Tewksbury 1986). This fact 
implies that in this region, the intersection line of the 
foliations of the conjugate folds is oblique to the planar 
linear fabric, and also that the plunge of Lp towards the 
southwest is greater than the plunge of the intersection 
line. 

In the western Sierra de los Filabres, the Fc folds are 
tight to close folds with amplitudes of less than 1 km. The 
hinge lines have trends between N60°E and N130°E, and 
the fold vergence is toward the south. These folds are 
similar to those described by Platt & Behrmann (1986) in 

the Sierra Alhamilla, but with greater amplitudes. The 
folds are non-cylindrical, with curved hinge lines and 
relay patterns, and they are transected by the crenula- 
tion cleavage (So). They are superposed on the F o folds 
with straight or curved hinge lines, defining a complex 
interference pattern (Fig. 7). 

Late extensional crenulation cleavage 

This structure deforms the F c folds. It is developed in 
the upper part of the zone with the planar-linear fabric. 
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Fig. 7. Geological map and cross-sections of the western Sierra de los Filabres. 1, Neogene and Quaternary sedimentary 
rocks; 2, Alpuj~irride Complex; 3, fault rocks; 4, Las Casas Formation, Nevado-Fihibride Complex; 5, Tahal Formation, 
Nevado-Fihibride Complex; 6, metamorphic igneous rocks; 7, metapsammites of the Aulago Formation; 8, Montenegro 
Formation; 9, axial trace of late fold; 10, axial trace of F c synform; 11, axial trace of F c antiform; 12, axial trace of Fp fold; 
13, Mecina detachment fault; 14, low-angle normal fault; 15, dip and strike of the Sp foliation: one dip line, 0-30°; two dip 
lines, 30-60°; three dip lines, 60-90°; 16, trend of the Lp stretching lineation with indication of the sense of movement for the 

planar-linear fabric; and 17, orientation of Fr, fold hinge lines. 
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a) b) 

Fig. 8. Fc fold distribution in the western Sierra Nevada. (a)Geologicalsketchmapshowingthedistributionofthedomains 
of the F c folds with opposite vergence. Orientation of the stretching lineation (Lp) is plotted to compare it with the 
orientation of the F c fold hinges. Although they are nearly parallel, the hinges of the Fc folds with a SE-vergence show a 
clockwise rotation with respect to Lp, and the hinges of the Fc folds with a NW-vergence show an anti-clockwise rotation 
with respect to Lp. 1, Neogene and Quaternary sedimentary rocks; 2, Alpuj~irride Complex; 3, Nevado-Filrbride Complex; 
4, domain boundaries; 5, orientation of .Lp; 6, orientation of F¢ fold hinge lines; 7, vergence of F~ folds; and 8, Mecina 
detachment fault. (b) Orientation density diagram of the axial-plane cleavage of the F c folds. Equal-area, lower-hemisphere 

projection. Contours at: 1.5, 3, 5, 6, 7 and 8% per 1% of area. The two sets of crenulation surfaces are clearly shown. 

This thickness of the materials affected by the late 
extensional crenulation cleavage varies between 100 and 
2000 m from east to west, and is always less than the 
thickness of the zone with the planar-linear fabric. Two 
sets of shear surfaces are developed and indicate, re- 
spectively, displacements of the hanging wall toward the 
west-southwest (the most abundant) and toward the 
east-northeast (less abundant).  The latter set is observed 
only near the detachment surface. 

The angle between the shear surface and the tangent 
plane to the foliation (Sp) of the planar-linear fabric at 
the inflexion line has been measured for both sets of 
crenulations. This angle is denoted by a in the set with a 
top-to-the-west-southwest sense of shearing, and by fl in 
the set with a top-to-the-east-northeast displacement 
sense. The distributions of a and fl are asymmetric (Fig. 
9a & b), with the angles varying between 10 ° and 65 °, 
maxima at 40 ° , and angles less than 40 ° being more 
frequent than angles greater than 40 ° . The shear surfaces 
that form an angle a or fl near 45 ° cut through those that 
form a lesser angle. The angle between the conjugate 
sets of shear surfaces ~, ranges between 90 ° and 45 °, and 
the Sp foliation is located in the acute angle between the 
sets. The most frequent value of ~, is about 75 ° and the 
frequency distribution for ~ is also asymmetric (Fig. 9c). 

The morphology and the character of the late exten- 
sional crenulation cleavage varies in a vertical section 
(Fig. 9d). In the parts farthest from the detachment 
surface, the cleavage has a ductile character. This fact 
makes it difficult to differentiate in outcrop between 
the late extensional crenulation cleavage and the exten- 
sional crenulation cleavage associated with the planar- 
linear fabric when the Fc folds are not found. In an 
intermediate position, the late extensional crenulation 

cleavage has a ductile-brittle character, and the spacing 
between shear surfaces is between 3 and 10 cm. In these 
zones, the values of angle a are greater. In the higher 
parts of a vertical section, near the detachment surface, 
both conjugate sets are developed and they have a brittle 
character. Striae can sometimes be observed on their 
shear planes. The spacing between the microfault planes 
is less than 3 cm, and values of angles a and fl are greater 
than in the lower zones. 

The direction of the extension is W S W -EN E ,  as 
deduced from the striae, the intersection lines between 
the Sp foliation and the shear surfaces, and the intersec- 
tion lines between the two conjugate sets of the late 
extensional crenulation cleavage. Locally, the two sets 
of conjugate surfaces coexist, indicating a nearly coaxial 
strain. The more abundant of the two sets, with a sense 
of movement of the hanging wall to the west, shows that 
this structure is generated in. a heterogeneous shearing 
regime. 

Late deformation 

The major structures produced by late deformation 
are the Mecina detachment fault and great open folds 
with kilometric wavelengths and an E - W  trend. The 
minor structures are microfaults and joints. 

The Mecina detachment fault outcrops in the south- 
eastern Betic Cordillera in a region measuring more 
than 200 km in length (Fig. 1). The detachment surface, 
which in some places is parallel and in other  places is 
oblique to the planar-linear fabric, cuts down-section 
towards the southwest in the footwali. Associated with 
this surface there are fault gouges in which cataclastic 
fabrics, trails, S-C structures, striae and other  brittle 
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structures can be observed. These structures show dis- 
placement of the hanging wall (Alpujdrride Complex) 
towards the west in the Sierra Alhamilla, Sierra de los 
Filabres and northern Sierra Nevada. The displacement 
is toward the southwest in the southern Sierra Nevada 
(Fig. 2). Along the detachment fault, there are also fault 
rocks consisting of a carbonate matrix that includes 
fragments of the Nevado-Fil~ibride and Alpuj~irride 
materials (the Konglomeratische Mergel of Brouwer 
1926; the rauhwackes of Leine 1968). This fault rock can 
be either a mylonite (Martfnez-Martinez 1984, Platt et 
al. 1984, Alvarez 1987) or a cataclasite. The sense of 
movement deduced in this rock is similar to that deduced 
in the fault gouges. 

Microfaults are grouped into several sets: one, com- 
posed of faults subparallel to the detachment surface, 
with movement of the hanging walls towards the west- 
southwest and another consisting of two conjugate sets 
of normal faults. These last fault sets have a NW-SE 
strike, with dips of about 60 ° towards the northeast and 
the southwest, respectively. They have fault gouges 
some centimetres thick and, sometimes, albitic catacla- 
sites. 

The joints are systematic tension fractures occasion- 
ally filled with quartz, siderite and albite, with openings 
that can reach 10 cm. Their walls are usually planar and 
can reveal plumose structures. The joints are subvertical 
and are grouped in two normal sets. Those of the most 
developed set have a northwest-southeast strike, and are 
normal to the stretching lineation. Their mean spacing 
ranges from 20 cm to 1 m, and their mean length is 
several metres. 

DEFORMATION IN THE ALPUJARRIDE 
COMPLEX 

The principal ductile deformation generated planar 
and planar-linear fabrics in the minerals produced by the 
earlier HP-LT metamorphic event. If the folds that 
deform them are restored, these fabrics become sub- 
horizontal. Locally, stretching lineations with a ENE- 
WSW trend are developed with a very heterogeneous 
intensity. These fabrics are related to ductile thrusts 
whose hanging walls moved towards the east-northeast 
(Tub/a 1985, Cuevas et al. 1986, Cuevas 1988). 

A crenulation cleavage that is axial planar to open to 
close folds is superimposed upon the S and S - L  fabrics. 
These folds have overturned limbs, subhorizontal hinge 
lines with a ENE-WSW trend, and amplitudes greater 
than 1 km. The vergence of the folds can be towards the 
northwest (Simancas & Campos 1988) or the southeast 
(Delgado 1978), or the folds can be polyclinal with 
double vergence (Sanz de Galdeano 1986). 

The folds are cut by a system of ductile-brittle and 
brittle low-angle faults with hanging wall displacement 
towards the north-northwest and west-southwest. The 
faults join downward with the detachment surface with- 
out penetrating the footwall. Extensional crenulation 
cleavages and fault gouges are developed in association 

with these faults. Several authors have interpreted the 
faults with a top-to-the-north-northwest sense of move- 
ment as thrusts (Simancas & Campos 1988, de Jong 
1991), while others have considered them as low-angle 
normal faults (Cuevas 1988, Garcla-Duefias & Balany~ 
1991). The faults with a top-to-the-west-southwest sense 
of movement are normal ones, and together with the 
detachment fault they form the Mecina extensional 
system (Jabaloy et al. 1992). 

Later structures include high-angle normal faults, 
strike-slip faults and joints. The high-angle normal faults 
are variable in strike. Although there are faults of all 
possible orientations, sets with N150°E, N45°E and 
N90°E strikes (Sanz de Galdeano 1983) are observed 
around the Sierra Nevada and western Sierra de los 
Filabres. These faults produced an extension with a 
radial character. 

The joints are developed preferentially in the lime- 
stones and dolostones. They are systematic tension 
fractures grouped in three sets that are perpendicular to 
each other, and they have mean spacings of several 
centimetres. One of the sets is subhorizontal and the 
others are subvertical, with NW-SE and NE-SW 
strikes. 

DISCUSSION 

The ductile, ductile-brittle and brittle deformations 
that are observed in the upper part of the Nevado- 
Fildbride Complex have been produced by hetero- 
geneous shearing. The direction of the main extension is 
inferred from the stretching lineations, the intersection 
lines of the conjugate shear surfaces of the late exten- 
sional crenulation cleavage, and the striae. It is sub- 
horizontal and trends in an E-W direction, but with a 
curved pattern. The sense of movement is deduced from 
the pressure shadows around porphyroblasts, quartz (c)- 
axis fabrics, S - C  structures, and other structures. All 
these structures point to a displacement of the hanging 
wall towards the west. This sense of movement coincides 
with that deduced for the Mecina detachment fault. The 
lower limit of the development of the planar-linear 
fabric and the detachment surface cuts down across the 
lithological contacts in the sense of movement, as shown 
by thinning and omission of the upper Nevado-Fildbride 
rocks. This observation indicates that the detachment 
acts like a low-angle normal fault. The agreement be- 
tween the direction and sense of movement, the exten- 
sional character and the fact that the deformation by 
heterogeneous ductile shearing is always located in the 
footwall, led Galindo-Zaldivar etal. (1989) to argue that 
all the aforementioned structures were generated in one 
extensional episode. The superposition criteria show 
that in this extensional episode the planar-linear fabric 
was the first structure to be generated, followed by the Fc 
folds and the late extensional crenulation cleavages. 

The extension was produced in rocks that had under- 
gone a previous episode of crustal thickening accom- 
panied by HP-LT metamorphism. The planar-linear 
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Fig. 9. Frequency distribution diagrams of angles defining the late extensional crenulation cleavage. (a) a is the angle 
between the shear surfaces with a top-to-the-west sense of movement and the plane which is tangent to the deformed Sp 
foliation at the inflexion line. (b) fl is the angle between the shear surfaces with a top-to-the-east sense of movement and the 
plane which is tangent to the deformed Sp foliation at the inflexion line. (c) y is the angle between the conjugate shear 
surfaces. (d) Sketch of the shape variation of the late extensional crenulation cleavage in a vertical section. The top is closest 

to the detachment surface; the dotted layers represent metapsammite layers. 

fabric associated with the extension overprinted the 
fabrics generated during the previous episode of crustal 
thickening, and the minerals formed during the H P - L T  
metamorphism were also deformed. The intensity of 
development of the extensional structures does not 
allow the reconstruction of the previous structures. 

The association of the planar-linear fabric with the 
retrograde greenschist facies assemblages and the zon- 
ing of the quartz microstructures suggest that the 
Sp/Lpnow observed in the upper parts of the complex 
was generated at a lower temperature and is younger 
than the Sp/Lp observed in the lower parts. The variation 
of the quartz (c)-axis fabrics and the increasing intensity 
of the planar-linear fabric in an upward sense indicate 
the concentration of shearing deformation in the upper 
part of the Sp/Lpzone, 

The fact that the intersection lines between conjugate 
crenulation foliations of the Fc folds have the same trend 
as the stretching lineation, but a different plunge, 
suggests a rigid rotation of the fabric with respect to the 
FJolds .  If the intersection lines are horizontal, 
Lp plunges and Sp dips toward the southwest. Foliation is 
rotated with respect to the intersection lines in the same 
shearing sense. This rotation is similar to that proposed 
in models of extensional systems with isostatic unroofing 
(Spencer 1984, Wernicke & Axen 1988). In these 
models, the uplifting of the footwall deforms the exten- 
sional shear zone, producing an antiformal fold. The 

limb of this antiform that dips in the same direction as 
the shear zone undergoes rotation in the same sense as 
that associated with shear in the shear zone. 

The cross-cutting relationships of the shear surfaces of 
the late extensional crenulation cleavage that make 
different angles with the main foliation (Sp) show that 
they were not formed simultaneously. The shear sur- 
faces with angles a and fl of about 45 ° are the most 
abundant and were generated after the surfaces with 
smaller values of a and ft. This fact explains the asym- 
metric distributions of a and fl that could be a conse- 
quence of the progressive strain in the rock. The surfaces 
could have formed with an initial angle near 45 ° (Platt & 
Vissers 1980), which could be greater if Spis folded. 
They were rotated later as a consequence of the shear 
strain. The variation in the ductile character of the late 
extensional crenulation cleavage indicates that this de- 
formation was accompanied by a loss of material ducti- 
lity. The mechanism can also explain why the distri- 
butions of a and fl (Figs. 9a & b) favour angles less than 
45 °, and, moreover,  why a~ is located in the obtuse angle 
between the two conjugate shear surfaces, in contrast to 
the case of brittle faults. 

The vertical zonation of the extensional crenulation 
cleavage (Fig. 9d) is consistent with an upwards increase 
in strain, a fact that coincides with the progressive loss of 
ductility in this structure. The progressive increase in a 
and fl upwards may be a consequence of a lesser rotation 
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of the younger and more brittle shear surfaces. The 
development of two brittle conjugate sets near the 
detachment surface suggests that the pure shear com- 
ponent of strain increased in the final stages of evolution 
of the shear zone (Platt & Vissers 1980). 

In the Nevado-Fil~ibride rocks, after undergoing Fc 
folding and the development of the superimposed exten- 
sional crenulation cleavage, the planar-linear fabric had 
generally a lower dip than the detachment surface, 
which cuts down-section with respect to the planar- 
linear fabric. 

In the Alpuj~irride rocks, brittle structures (faults and 
joints) related to the Mecina extensional system are 
superposed upon ductile structures. These ductile struc- 
tures show a top-to-the-east-northeast sense of move- 
ment for the shear zones. Faults with a top-to-the-west 
sense of movement are low-angle normal faults with the 
same movement sense as the Mecina detachment fault, 
and they contribute to a ENE-WSW extension. 

The fast exhumation of the rocks during the thinning 
process may have produced the joint system that is 
located preferentially in the Alpujdrride limestone and 
dolostone. 

The metamorphic evolution, together with radio- 
metric ages, suggests a rapid uplift and retrograde meta- 
morphism (Moni6 et al. 1991) that is consistent with the 
above interpretation. In fact, the Alpujdrride materials 
have mineral assemblages that indicate temperatures 
below 450°C and pressures of up to 10 kbar (Azafi6n & 
Goff6 1991), conditions which ended at around 25 Ma. 
(Moni6 et al. 1991). The HP-LT conditions evolved in 
the units of the upper part of the Alpujdrride Complex to 
LP-HT conditions at around 500-600°C and 2--4 kbar 
ending at around 21 Ma (Zeck et al. 1989), and the rocks 
were first eroded in Upper Aquitanian-Lower Burdiga- 
lian times (Martin-Algarra 1987). In the rocks of the 
units of the intermediate and lower part of the Alpujdr- 
ride Complex, the HP-LT metamorphism evolved to 
LP-LT conditions in which cookeite is not disequili- 
brated, which implies temperatures below 450°C (Aza- 
fi6n & Goff6 1991) and a geothermal gradient near 48°C 
km -1 (Cuevas 1988). This implies final metamorphic 
pressures near 2-3 kbar. These rocks were cooled below 
350°C by 19 Ma (Moni6 et al. 1991) and they first 
underwent erosion in Middle to Upper Serravallian 
(Rodrfguez-Fern~indez et al. 1990). 

The Nevado-Fildbride rocks underwent Alpine meta- 
morphism under conditions of 500°C and up to 12 kbar 
pressure (G6mez-Pugnaire & Ferndndez-Soler 1987), 
ending at 48 Ma (Moni6 et al. 1991). This event evolved 
to a IP-IT metamorphic event, with 550--600°C and 7 
kbar (Puga & Dfaz de Federico 1976) that ended 23 Ma 
ago, and the rocks were eroded in Upper Serravallian- 
Basal Tortonian times. At this point, the Nevado- 
Fildbride rocks were in contact in surface outcrops with 
Alpujdrride rocks that had been subjected to 2-3 kbar of 
pressure at 19 Ma. These data indicate uplift rates of 
approximately 2 mm a-  1 for the Nevado-Fildbride rocks 
between 23 and 12 Ma, and approximately 1 mm a -1 for 
the Alpujdrride rocks between 19 and 12 Ma. Prior to 

19 Ma, the Alpujdrride rocks had higher uplift rates 
(around 5 mm a - i)  which are in agreement with the data 
of Zeck et al. (1989, 1990). In fact, the rocks of the 
upper part of the Alpujdrride Complex that were sub- 
jected to pressures up to 10 kbar at 25 Ma were in surface 
outcrops around 19 Ma. The uplift rates for Lower and 
Middle Miocene times are different to those obtained by 
Weijermars (1985), as this author did not take into 
account the HP-LT metamorphism in the Alpujdrride 
Complex; the uplift rates estimated by Weijermars 
(1985) in the Messinian-Quaternary time period (0.15- 
0.1 mm a-l) ,  obtained from the data of the Neogene 
basins, are lower than those of the previous periods. The 
rates calculated in our study are in agreement with uplift 
rates deduced in other areas undergoing extension (For- 
tier & Haudenschild 1991). 

CONCLUSIONS 

Extensional deformation in a heterogeneous shear 
regime, with top-to-the-west-southwest sense of move- 
ment, was produced in the Nevado-Fildbride and Alpu- 
jdrride complexes. The contact between the complexes 
is extensional in nature--the Mecina detachment fault. 
After a stage of crustal thickening, the extensional 
regime began at 23 Ma and continues to the present day. 
Estimated uplift rates for the Alpujdrride rocks decrease 
from 5 (25-19 Ma) to 1 mm a -1 (19-12 Ma). In the 
Nevado-Fil~ibride rocks, uplift rates were (2 mm a -I)  in 
the 23-12 Ma time period. 

Extensional deformation in the Nevado-Fil~ibride 
rocks (footwall) produced planar-linear fabrics, folds, 
extensional crenulation cleavages, faults and joints. 
Brittle and ductile structures were generated in the same 
shearing regime. The brittle to ductile evolution was a 
consequence of the pressure and temperature decreas- 
ing as a result of unroofing of the footwall. The ductile 
deformation was constrictive in character. In the exten- 
sional regime, tight to open folds (Fc) with hinge lines 
parallel to the stretching lineation were produced. The 
folds indicate an external rigid rotation of the planar- 
linear fabric with respect to the zone of the maximum 
shear strain. This rotation is similar to those proposed in 
models for the isostatic unroofing of extensional sys- 
tems. 

In the Alpujdrride Complex (hanging wall) only brit- 
tle structures, faults and joints were developed during 
the extensional regime. Low-angle normal faults with a 
top-to-the-west-southwest sense of movement have the 
same kinematics as the Mecina detachment fault. Alpu- 
jdrride low-angle faults were active before Tortonian 
time. High-angle faults, generally with normal slip, were 
superposed upon the earlier structures in the Tortonian 
to Quaternary time period. 
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