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Abstract

New “Ar /”Ar data on amphiboles, muscovites, biotites and potassium-feldspars from different tectono-meta-
morphic units of the Western Alpujarrides (Betic Cordilleras, southern Spain) help to constrain the P-T—-t evolution
of this Alpine collisional belt. During an initial stage of plate convergence between Africa and Eurasia, the
Alpujarride metamorphic rocks evolved along increasing pressure—temperature paths, locally reaching eclogitic
conditions, but the timing of peak metamorphism is only constrained to be earlier than 25 Ma. In the interval of
25-22 Ma, the Alpujarride rocks underwent strong adiabatic decompression related to the collapse of the previously
thickened crust. We propose that the main phase of synmetamorphic ductile deformation and thinning of the
metamorphic pile was related to this extensional event. The last step is marked by fast cooling of the hot Alpujarride
rocks below 600°C, resulting in a striking convergence of our “ar /39Ar determinations in the range 19-20 Ma.
Cooling rates in the range 100-350°C/m.y. are indicated for this period, associated with exhumation rates of less
than 3 km/m.y. We suggest that fast cooling took place primarily as a result of thermal relaxation of the abnormally
steep geotherm resulting from extensional tectonics which has the effect of juxtaposing thinned rock bodies with
contrasting temperatures along shear zones and faults. The main implication of this data set is that the Western
Alpujarrides present a structural and metamorphic development which should be regarded as characteristic of
“collapsed terranes”.

1. Introduction erals used as thermochronometers, it is possible

to reconstruct the cooling path of a given area

During recent years, metamorphic belts have
been subjected to routine thermochronological
“Ar /*Ar studies aimed at unravelling their cool-
ing histories and deciphering structural relation-
ships between their constitutive units. By deter-
mining closure temperatures of the various min-

over temperatures ranging from 150° to > 550°C
(e.g. McDougall and Harrison, 1988; Hurford et
al., 1989). This temperature range can be ex-
tended from 100 to 750°C by parallel investiga-
tions using U-Pb, Sm-Nd, Rb-Sr and fission
track methods. Furthermore, if peak-metamor-
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phic conditions and P-T paths are well-known,
then the integration of thermochronological and
petrological results can yield important con-
straints on exhumation rates. In addition, post-
metamorphic sedimentary formations containing
metamorphic clasts place important constraints
on cooling and exhumation models. The compari-
son between the palaeostratigraphic age of the
sediments, which constitutes a minimum age for
the aerial exposure of the enclosed metamorphic
pebbles, and the time at which the clastic miner-
als cooled below their closure temperatures for
argon diffusion may allow extrapolation of P-T-t
paths towards surface conditions.

In this paper, 40Ar/”Ar age spectra for micas,
amphiboles and feldspars from rocks belonging to
several Alpujarride units in the western internal
zone of the Betic Cordilleras (southern Spain) are
presented. During the Alpine orogeny, the Afri-
can plate collided with the European plate to
form the various Alpine chains of the Western
Mediterranean (e.g. Coward and Dietrich, 1989).
The Betic belt (Fig. 1), together with its African
counterpart in the Moroccan Rif, represents the
western termination of these chains in Europe,
and has been the locus of a protracted tectonic,
metamorphic and magmatic history in Mesozoic
and Cenozoic times (cf. Torres-Roldén, 1979, and
references therein).

The geology of the Betic Cordilleras (see Font-
boté and Vera, 1986, for a recent review) can be
divided into a foreland domain made mostly of
unmetamorphosed Mesozoic and Tertiary sedi-
mentary rocks (the Prebetic and Subbetic zones)
and an internal domain (the Betic Zone) that
consists of three main nappe ensembiles, i.e., from
top to bottom, the Malaguides, the Alpujarrides
and the Nevado-Filabrides. A Palaeozoic base-
ment and a (Permian—)Triassic, Mesozoic and
Tertiary cover are well identified in the Mala-
guides (e.g. Mikel, 1985), most of which show
little evidence of Alpine metamorphic overprint.
The underlying Alpujarrides and Nevado-
Filabrides both consist of a Palaeozoic (or older)
basement and a (Permian-)Triassic pelitic and
carbonatic cover (see Diaz de Federico et al.,
1990, for a review) and both underwent Alpine
high-pressure metamorphism and subsequent

evolution and retrogression along variable P-T
paths. Eclogites and other high-pressure low-tem-
perature (HP/LT) rocks have been known for
some time within the Nevado-Filabrides (Nijhuis,
1964; Puga, 1977) and various trajectories have
been proposed for their exhumation (e.g.
GO6mez-Pugnaire and Fernandez-Soler, 1987;
Bakker et al., 1989; Puga et al., 1989). but time
markers are very scarce (Monié et al., 1991; De
Jong et al., 1992). In the Alpujarrides, HP/LT
carpholite-bearing relict assemblages are pre-
served in low-grade pelitic rocks within several
units of the Central and Western Betic Zones
(Goffé et al., 1989; Azanén and Goffé, 1991), and
a relict eclogitic assemblage has also been re-
ported recently in a layer beneath the Ronda
peridotites (Tubia and Gil Ibarguchi, 1991), all
giving evidence for an early burial at 35-50 km
depth during a period of crustal thickening.
Petrological studies indicate that this HP/LT
event was succeeded by thermal reequilibration
under HP/HT conditions, which in turn was
followed by decompression along a nearly
isothermal path and final exhumation and cooling
(e.g. Westerhof, 1977, Torres-Roldan, 1981;
Garcia-Casco et al., 1993).

The mechanism by which such deep-seated
rocks were transported to the surface is a prob-
lem currently debated in all collisional belts. In
the Betics, an additional problem arises concern-
ing the crustal emplacement of the Ronda peri-
dotites and its bearing on the metamorphic evelu-
tion of the enclosing Alpujarride sequences. Re-
construction of P-T-t paths offers an opportu-
nity to further constrain the nature of the tec-
tonic processes involved in the exhumation of the
Betic rocks. Preliminary “Ar /P Ar results on
HP /LT metamorphic assemblages have been re-
ported in an earlier paper (Monié et al., 1991).
Here we present a series of new 4OAr/“% Ar age
determinations on rocks which experienced
higher-grade (amphibolite to granulite facies)
conditions in different Alpujarride units of the
Western Betic Zone, including metamorphic peb-
bles from a nappe-sealing sedimentary formation
(the Viftuela formation, Boulin et al.,, 1973). The
new ages are consistent with available radiomet-
ric and palaeostratigraphic constraints and sug-
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gest very high rates of cooling and uplift related
to late-metamorphic extensional tectonics in the
area.

2. Geological setting of the Western Alpujarrides
2.1. Geology

The Western Betic Zone, as used in this re-
port, refers to the westernmost segment of the
internal zone of the Betic Cordilleras and in-
cludes essentially three regions, i.e., from west to
east, the southern Serrania de Ronda, the Montes
de Mailaga and the Vélez Milaga-Sierra Tejeda
Massif (Fig. 1). All three regions contain a num-
ber of tectonic units belonging to the Alpujarride
and Malaguide ensembles, although Malaguide
outcrops make the bulk of the Montes de Malaga
(the type locality) and Alpujarride sequences pre-
dominate in the other two regions. Within the
Alpujarrides, two main groups of units can be
distinguished on the basis of lithological varia-
tions, relative structural position and metamor-
phic development: the Casares—Los Reales Group
and the Blanca Group (see also Martin-Algarra,
1987; Balanya and Garcia-Duefias, 1991). In most
instances, the units of the Casares-Los Reales
Group lie directly beneath the Malaguide se-
quences and are in turn underlain by those of the
Blanca Group. Stratigraphic repetitions across the
contacts suggest that these consisted of early
overthrusts. In many instances, however, the exis-
tence of discontinuities (omissions) of metamor-
phic grade indicate that many of the present
contacts represent extensional faults, rather than
the original thrust boundaries (Garcia-Duefias
and Balany4, 1991).

In the southern Serrania de Ronda, a number
of large orogenic lherzolite bodies, often collec-
tively referred to as the Ronda peridotites, ap-
pear at the bottom of the metamorphic sequence
of the Casares—Los Reales units, typically next to
high-grade pelitic granulites and gneisses that
grade upwards into progressively lower-grade
metapelites and marbles (Loomis, 1972; Torres-
Rold4n, 1981). The age and stratigraphic rela-
tionships of this “primary” crustal envelope of

the peridotites are mostly unknown, but on the
basis of lithologic comparisons with the palaeon-
tologically better constrained Malaguide se-
quences, it probably consists of Palaeozoic or
older basement and Permian-Triassic cover rocks.
The stratigraphic column of the underlying Blanca
units resembles that of the Casares—Los Reales
units, although the fragmented nature of out-
crops makes its reconstruction more difficult. It is
noteworthy that, in contrast with the low- to
medium-grade assemblages of the overlying Per-
mian-Triassic rocks of the Casares-Los Reales
units, the probably correlative Triassic rocks of
the Blanca units commonly consist of high-grade
marbles interlayered with anatectic gneisses, con-
sistent with their deeper location in the nappe
pile during metamorphism. The latter also con-
tain interlayered metabasites, which are rare or
absent in the Triassic of the Casares—Los Reales
units.

In the Vélez Malaga—Sierra Tejeda Massif,
peridotite outcrops are lacking, but a similar
grouping of existing Alpujarride units can be
made using the same criteria as in the southern
Serrania de Ronda (Fig. 1). The Casares—Los
Reales Group is represented by the uppermost
tectonic unit, locally referred to as the Torrox
unit (Garcia-Casco et al., 1993), and the Blanca
Group by the Sierra Tejeda and Cémpeta units
(from top to bottom; undifferentiated in Fig. 1),
whose outcrops form the core of the massif and
tectonically underlie the Torrox unit. The Per-
mian-Triassic sequence of the Torrox unit
reached only low-grade conditions, whereas the
same sequences in the underlying Sierra Tejeda
and Cémpeta units bear medium- to high-grade
assemblages. This supports the proposed tectonic
correlation with the groups distinguished in the
southern Serrania de Ronda, in spite of the ab-
sence of the deeper granulite-facies sections and
associated ultramafic basement in the Torrox unit.
However, the presence of a marked positive grav-
ity anomaly to the south of Torrox (Bonini et al.,
1973) suggests that this ultramafic basement may
be present at depth, hidden by the occurrence of
late-extensional faulting. In the Torrox unit, small
bodies of leucocratic gneisses appear within the
graphitic schists that compose the bulk of the
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Palaeozoic basement. The best known of these is
located near the viliage of Torrox.

2.2. Metamorphic evolution

The P-T paths in Fig. 2 document a three-
stage metamorphic evolution for the crustal por-
tions of the Alpujarride units. Sparse relict
eclogitic assemblages in metabasites (Tubia and
Gil Ibarguchi, 1991) and carpholite-bearing as-
semblages in metapelites (Goffé et al., 1989;
Azanén and Goffé, 1991) indicate that high P/
T-ratio metamorphic gradients characterized the
initial phase of Alpine metamorphism, at least in
previously unmetamorphosed Permian—Triassic
cover sequences. Intermediate P/ T-ratio condi-
tions followed this initial stage, as recorded by
peak temperatures in excess of 800°C in K-felds-
par—kyanite—garnet and pyroxene-garnet-plagi-
oclase assemblages in high-pressure (8-13 kbar)
pelitic and mafic granulites near the contacts with
the peridotite bodies (Loomis, 1972; Kornprobst,
1974; Westerhof, 1977; Torres-Roldan, 1981, and
unpublished data). Intermediate P/ T ratios also
characterize peak metamorphism at shallower
structural levels (Garcia-Casco et al., 1992, 1993;
Fig. 2). During the third stage, low P /T-ratio
assemblages overprinted the earlier intermediate
P / T-ratio assemblages, as evidenced by cordierite
coronas around garnet and inversion of kyanite to
sillimanite in pelitic granulites (Loomis, 1976),
amphibolitization of early eclogitic assemblages
(Tubia and Gil Ibarguchi, 1991) and by cordier-
ite—-andalusite assemblages in the lower-grade
metapelites (Torres-Rold4n, 1981; Garcia-Casco
et al., 1992). The degree of replacement of the
preexisting higher P/ T-ratio assemblages varies
widely, mostly as a function of local kinetic con-
straints, but replacement is generally more com-
plete in the deeper type Blanca units. That only
partial reequilibration had taken place during
late, low P /T-ratio metamorphism, even in
high-grade rocks, is compatible with the high
rates of cooling discussed below.

The orogenic lherzolite sheets located at the
base of the Casares—Los Reales units also show
complex metamorphic relationships (cf. Obata,
1980) that have been variously interpreted (see
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Fig. 2. P-T diagram showing selected phase equilibria and
P-T paths (numbers) for several Alpujarride units: 1=
tentative P-T7 path for carpholite-bearing pelites in
Trevenque-type units (after Goffé et al., 1989); 2 = P-T path
for the Almanzora unit in the Eastern Betic Zone (after
Bakker et al., 1989); 3=P-T path for St+Bt+Grt+Ky+
Fib+ And graphitic schists in the Torrox unit (unpublished
data); 4= P-T path for the Torrox anatectic leucogneisses
(after Garcia-Casco et al., 1993); 5 = P-T path for high-grade
rocks (boxes = mafic rocks, triangles = feisic and metapelitic
rocks, Gran. = granulites, Amph. = amphibolites, Migmat. =
migmatites) in the Blanca unit (compilation after Westerhof,
1977; Torres-Roldan, 1981; Tubia and Gil Ibarguchi, 1991).
Sources of phase equilibria: Al,SiO; triple point after Hold-
away (1971); the granite solidus and ms-out reactions after
Thompson (1982); jadeite + quartz = albite after Newton and
Kennedy (1968); aragonite = calcite after Boettcher and Wyl-
lie (1988); garnet+ rutile = kyanite +ilmenite + quartz after
Bohlen et al. (1983). The development of the main deforma-
tion (labelled D,) occurred during the decompression of the
metamorphic sequences, as indicated by the right-hand verti-
cal line.

also Saddiqi et al., 1988, and Van der Wal, 1993).
A discussion concerning these relationships is
beyond the scope of this paper. Nonetheless, the
persistence of marked disequilibrium  in these
high-temperature massives is compatible with the
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metamorphic history outlined for their crustal
envelopes, particularly in their failure to reequili-
brate at low pressure before final cooling.

2.3. Tectonic development

Diverse competing tectonic interpretations
have been proposed for the evolution of the
Western Alpujarrides (Torres-Roldan, 1979;
Tubia and Cuevas, 1986; Platt and Vissers, 1989;
Doblas and Oyarzun, 1990; Tubia et al., 1992).
However, the nature of tectonic events accompa-
nying their metamorphic evolution is poorly con-
strained, especially the earlier pre- and syn-meta-
morphic events whose kinematic indicators have
been largely destroyed during the late syn-decom-
pressional tectonic development related to ex-
humation of crustal and mantle rocks in this area.
Clues to the nature of the earlier tectonic events
involved in the Alpine orogeny can nonetheless
be inferred from the evolution of metamorphism,
as well as from observations on crustal develop-
ment and plate kinematics. These are all compat-
ible with the occurrence of a major post-Creta-
ceous continental collision, which reached its cli-
max in Late Eocene to Middle Oligocene times.
The collision led to the stacking of crustal seg-
ments now represented by the two groups of
Alpujarride units and the overlying Malaguides.
In the case of the Casares—-Los Reales segment, a
slice of underlying upper-mantle material was
also involved in the stack. Considerable crustal
thickening after collision is witnessed by the fact
that pressures in the range of 10-12 kbar were
attained in crustal rocks from the intermediate
Casares—Los Reales segment and as high as 16-17
kbar in the underlying Blanca segment (Sect. 2.2).
Thickening culminated in the Late Oligocene
(Monié et al., 1991) which marks the beginning of
extensional tectonics, with important extensional
detachments taking place up to the Middle
Miocene (cf. Garcia-Duefas and Balanya, 1991).
At depth, early extension took place at high tem-
peratures, including the development of the main
foliation with kinematic indicators suggesting an
east-northeast direction of movement (Tubia and
Cuevas, 1986). The late stages of development of

this foliation are demonstrably coeval with min-
eral reactions yielding low-pressure assemblages
(Torres-Rolddn, 1981; Garcia-Casco et al., 1993).
Early extension also resulted in pronounced dis-
tributed thinning of the individual Alpujarride
sequences, allowing the buried rocks to turn back
to higher crustal levels along the isothermal paths
illustrated in Fig. 2. The end of this early exten-
sion is marked by the intrusion of 22-23 Ma old
tholeiitic to calc-alkaline E-W-trending dykes
that postdate the main foliation (Torres-Roldan
et al., 1986). It is noteworthy that ongoing exten-
sion in the Alboran centre was coeval, to the
west, with overthrusting of the internal zones
over the foreland domain along the Gibraltar arc
frontal thrust (Garcia-Duenas et al., 1992), which
may have influenced the cooling history of the
overthrusted margin of the Alboran domain (see
below).

2.4. Previous geochronological data

In an early work, Loomis (1975) reported K—-Ar
whole-rock and biotite ages from the gneisses in
contact with the Alpujata and Bermeja peri-
dotites ranging from about 22 to 81 Ma. Subse-
quent investigation via the 40Ar/”Ar technique
revealed that an excess argon component prefer-
entially held in cordierite was responsible for this
age scatter, and accordingly, the 22 Ma ages of
cordierite-free samples represent reasonable
cooling ages (Seideman, 1976). Both Rb—Sr and
K-Ar dates on biotites from the contact rocks
with the Alpujata peridotites have been obtained
that support an age of 19.3 + 0.6 Ma for cooling
to a temperature of about 300°C, the closure
temperature for Ar and Sr-in biotite (Priem et al.,
1979). Only one biotite from the contact with the
Bermeja peridotites yielded an older age of 21.1
+ 0.6 Ma, suggesting a possible diachronism in
the cooling / uplift history of the Western Alpu-
jarrides. Note that biotites from the structurally
equivalent Sebtide units above the Beni Bousera
peridotites in the Moroccan Rif yielded K-Ar
ages of about 22 Ma that seem to support this
diachronism (Michard et al., 1983, 1991). Since
these pioneering works, additional data on meta-
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morphic rocks have been obtained recently using
Rb-Sr and 40AI'/39AI' geochronology. A Rb-Sr
date of 21 +2 Ma based on four whole-rock
muscovite pairs has been reported for the end of
Alpine ductile deformation (Zeck et al., 1989),
whereas muscovites and biotites yield 40Ar/39Ar
plateau ages (Monié et al.,, 1991; Zeck et al,,
1992) which are indistinguishable from the K-Ar
ages reported by Priem et al. (1979). A single
“Ar / PAr release spectrum on a Si-rich phengite
from a carpholite-bearing HP/LT assemblage
may date the end of high-pressure metamorphism
and crustal thickening at 25 Ma (Monié et al.,
1991). A 22 Ma age is proposed for the emplace-
ment of peridotites at high crustal levels (Priem
et al., 1979; Zindler et al., 1983; Reisberg et al.,
1989). Recent Pb—Nd isotope systematics on py-
roxenites suggest that the initial ascent of the
Ronda peridotites from deep levels (> 150 km)
could be the result of a Jurassic extensional
episode (Pearson et al., 1993).

As outlined above, the Alpujarrides clearly
preserve a polyphase metamorphic history; yet it
is difficult to infer more than one event on the
basis of available geochronologic data. Further-
more, the narrow data set for this event suggests
that the Alpujarrides experienced cooling rates
up to 100-300°C/m.y. during the 22-19 Ma in-
terval (Zeck et al., 1989, 1992).

3. Analytical method

Our experimental *“’Ar /**Ar procedure is simi-
lar to that reported in the literature (e.g. Mc-
Dougall and Harrison, 1988). Mineral concen-
trates were prepared from crushed and sieved
rock powders using magnetic separator, heavy
liquid and ultrasonic cleaning techniques. The
minerals were encapsulated in evacuated quartz
vials and irradiated with fast neutrons together
with an intralaboratory hornblende flux monitor
with an age of 344.5 + 4 Ma. Two nuclear facili-
ties have been used during this study, the Osiris
reactor in Saclay and the Siloe reactor in Greno-
ble. Shielding by a 0.5 mm thick Cd-foil was
applied to the samples irradiated in the Siloe

reactor. The fast neutron fluence was approxi-
mately 1.5X 10'® n cm™2 KF and CaF, salts
were irradiated in both reactors and the correc-
tion factors for interference reactions from K and
Ca were as follows: (*°Ar/>’Ar)¢, = 2.93 X 1074,
(PAr/YAr), = 7.61 X 1074, (PAr/*Ar)y = 1.92
X 1072 for the Osiris reactor; (*Ar/>’Ar)c, =
2.87 % 1074, (PAr/*Ar)., = 7.08 X 107* for the
Siloe reactor. Minor interference from K-derived
“Ar was found in Siloe due to the Cd shielding
(McDougall and Harrison, 1988). After irradia-
tion, the minerals were wrapped in Ni-foils and
brought into a UHV glass extraction system,
evacuated with ion and turbo pumps and con-
nected to a highly modified THN 205E mass
spectrometer. The minerals were pre-heated at
200°C for 24 h. From 400 to 900°C, the samples
were stepwise heated in a quartz tube by a Kan-
thal resistance furnace. A W-Re thermocouple is
located immediately adjacent to the sample, out-
side the quartz tube. A thermal gradient less than
1+ 5°C was independently measured between the
outside and inside regions of the quartz tube.
Above 900°C, heating was performed with a
high-frequency inductor in a Mo crucible and
temperature-monitoring was achieved by optical
pyrometry. Gas clean-up was accomplished with
cold traps and SAES getters. All data were cor-
rected for mass discrimination, radioactive decay
of YAr and *Ar, isotopic interferences with Ca
and K and blanks. System blanks ranged from
0.8 x 10~ ' mol “’Ar at 400°C up to 4.5 x 107"
mol “°Ar at 1500°C. The errors on single steps are
2¢. The J-error has been propagated only into
the total-fusion and plateau ages. The decay con-
stants are those of Steiger and Jiger (1977).
®Ar /40Ar vs. Ar /4°Ar isotope correlation plots
have been calculated using the regression method
of York (1969). This construction yields two inter-
cept values that correspond to the pure trapped
and pure radiogenic components in the mineral
(Roddick et al., 1980). Occasionally, more than
one linear array may be observed, resulting from
the presence of multiple argon reservoirs within
the sample (Heizler and Harrison, 1988). Gener-
ally, the low-temperature heating steps exhibit
scatter on isochron diagrams and have been ex-
cluded from the regression.
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4. Results

As mentioned in the introduction, a typical
Alpujarride sequence consists of metapelitic and
carbonate Permian—Triassic cover and Palaeozoic
or older basement dominated by graphitic schists

Table 1

and metagreywackes. Each Alpujarride unit pre-
sents a more or less complete section of this
type-sequence, with a metamorphic grade gener-
ally decreasing toward the cover. Due to late-
metamorphic extension, continuous series of as-
semblages indicating a temperature range up to

Summary of wAr/”Ar results in the Western Alpujarrides (samples from the Vélez Malaga—Sierra Tejeda Massif and from the

Serrania de Ronda)

Sample Lithology Total Plateau or Correlation Initial
Location date “‘near-plateau” date date mAr/ *Ar (MSWD)

AA3 Muscovite Gneiss 183+03 183+ 03 189+ 0.4 277+ 45(0.07)
COMPETA

AAS Muscovite Metaquartzite 18.6 + 0.2 no plateau 189+ 0.5 282 + 35(1.40)
SIERRA TEJEDA

AAS8 Amphiboie Amphibolite 194+ 14 18.5+ 0.8 189+ 0.6 302 + 31 (0.02)
SIERRA TEJEDA

T316 Biotite Banded gneiss 129+ 0.2 no plateau - -

T316 Muscovite TORROX 19.0 + 0.2 19.1 + 0.2 19.2+ 03 283 + 3540.32)

T316 K-feldspar 223+0.2 no plateau 19.8 + 0.4 (LT) 505 + 74 (1.05)

T330 Biotite Pelitic gneiss 183+ 0.2 185+4+0.2 188+ 0.6 281 + 30(0.07)

T330 Muscovite TORROX 19.0 + 0.2 19.14+0.2 19.1 + 0.8 302 + 50(0.47)

T337 Biotite Leucocratic 19.2+0.2 19.4 + 0.2 20.2+03 218 + 21 (0.62)

T337 Muscovite augengneiss 18.6 + 0.2 18.8 +0.2 19.0+0.7 296 + 73 (0.96)

T337 K-feldspar TORROX 23.6+0.2 no plateau 19.6 + 0.7 (LT 306 + 69 (0.35)

VINO2 Biotite Graph. schist 192+ 04 21.9+04 21.7+0.6 307 + 28 (0.23)
VINUELA

AA9 Amphibole Amphibolite 189+ 06 187+ 0.6 19.1+12 288 + 51 (0.04)
SIERRA BLANCA

AA11 Biotite Granodiorite 18.7+0.2 188+ 0.2 193+0.2 280 + 25 (0.55)
OJEN

AAI10 Biotite idem, mylonitic 20.2 + 0.3 (integration of two identical step ages)

AAL1S5 Muscovite Gneiss 193+03 194+ 04 195+ 0.6 292 + 48 (0.20)
YUNQUERA

AA21 Biotite Gneiss 214403 21.3+03 21.11£02 308 + 11 (0.10)
CASARES-LOS REALES

AA22 Biotite Granulite 216+ 0.4 216+04 21.6 £ 0.2 295 + 9(0.49)
CASARES-LOS REALES

AA24 Phlogopite Marble 20.2+0.2 202+0.2 202+ 03 299 + 29 (0.12)
SIERRA BLANCA

OAr./ AT CAr,, (10" ® mol)  Age %%Ar,,,

AA12 BIOTITE Granulite 0.684 29.84 19.1+ 0.3 1.40
OJEN 0.680 10.99 19.0+ N5 7.21

Laser-probe fusion dating 0.600 21.92 16.8 + u4 1.90
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Fig. 3. Age spectra and isotope correlation plots for samples of the Sierra Tejeda Massif. Data points marked with a bar have been
excluded from the regression.
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several hundred degrees Celsius may be repre-
sented within fairly thin rock sequences (down to
less than 1 km). Given the above remarks, and
the possibility that different tectonic units fol-
lowed distinct cooling paths, the sampling for this
study was generally set up so as to: (1) include
only amphibolite-facies or higher-grade rocks,
equilibrated at temperatures high enough for
complete radiogenic argon resetting, (2) repre-
sent most units, and (3) include, as far as possi-
ble, samples with minerals having different clo-
sure temperatures for Ar. Sampling localities are
indicated in Fig. 1.

4OAr/”Ar results from the Western Alpujar-
ride samples are summarized in Table 1 and are
presented as age spectra and isotope correlation
plots. The majority of samples show nearly flat
age spectra for a large percentage of the gas
released, with plateau ages or “‘near-plateau’ ages
ranging from about 19 to 22 Ma. A ‘‘near-plateau”
age does not strictly satisfy the definition of a
plateau in the sense of Fleck et al. (1977) and
shows internal age variations higher than the 2¢
level. However, the corresponding gas fractions
generally lie on a single mixing line in the isotope
correlation plot and the age calculated from the
*Ar / “OAr intercept does not differ markedly from
the “near-plateau’ age. Spectra with internal age
discordances were mainly obtained with samples
showing a state of chemical and textural disequi-
librium, reflecting their evolution from high-pres-
sure to low-pressure conditions. Nonetheless, in a
few cases, the initially trapped non-radiogenic
argon component has a *’Ar/*Ar ratio signifi-
cantly different from the present-day atmospheric
value of 295.5 (e.g. T316 K-feldspar). For this
reason, we assumed that the age defined by the
correlation plot is the best estimate for the clo-
sure of the mineral (cf. Heizler and Harrison,
1988).

4.1. Vélez Malaga—Sierra Tejeda Massif

Thirteen minerals were analyzed from seven
rocks collected at different structural levels of the
metamorphic pile and results are presented in
ascending structural order.

Sample AA3 is a coarse-grained, anatectic,
two-mica gneiss interlayered with high-grade Tri-
assic marbles of the Coémpeta unit (Blanca
Group), the deepest tectonic element in the mas-
sif. Texture and mineral assemblage in this sam-
ple are very similar to those of sample T337,
described in detail below, and a peak tempera-
ture of about 650°C is consistent with evidence of
partial melting. The 40Ar/”Ar results of mus-
covite are shown in Fig. 3 and corresponds to an
isochron date of 18.9 + 0.4 Ma calculated on ten
successive heating steps.

Samples AAS and AA8 come from the lower
part of the Permian-Triassic cover of the overly-
ing Sierra Tejeda unit (Blanca Group) and consist
respectively of a quartzitic biotite~muscovite
schist and an amphibolite. Although none of these
samples contains diagnostic assemblages, their lo-
cation within a zone of staurolite—garnet-—bio-
tite—kyanite schists indicates peak temperatures
in the range of 550-600°C. The age spectra and
isochrons for muscovite and hornblende from
these samples are reported in Fig. 3. The mus-
covite has a saddle-shaped spectrum with maxi-
mum and minimum ages of 19.8 and 17.8 Ma,
respectively. Ca/K values are low but demon-
strate a similar saddle-shaped variation during
incremental heating. Tentatively, an isochron date
of 18.9 + 0.5 Ma has been calculated on the total
gas released, but the scattering of the data points
suggests that Ar was released from different
reservoirs as illustrated by the Ca/K pattern.
This interpretation is in line with petro-structural
features indicating incomplete recrystallization of
this quartzitic schist which preserves two genera-
tions of white mica and abundant high-pressure
relict minerals. The hornblende exhibits a flat age
pattern for 80% of gas released and an isochron
date of 18.9 + 0.6 Ma, corresponding to constant
Ca/K values.

Micas and K-feldspars were analyzed from
three samples of the Torrox gneiss complex, a
heterogeneous gneissic body located towards the
bottom of the Torrox unit (Casares—Los Reales
Group), beneath a thick sequence of amphibolite-
facies graphitic schists. These samples preserve a
complex history of mineral growth and dissolu-
tion as discussed by Garcia-Casco et al. (1993).
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Sample T330 is from a band of metapelitic gneiss
(lacking K-feldspar) surrounding the main gneiss
body and providing a gradational transition be-
tween this body and the enclosing graphitic
schists. These gneisses have mineral assemblages
similar to those of the enclosing schists (i.e.
quartz, muscovite, biotite, garnet, staurolite,
kyanite, fibrolite, andalusite, oligoclase, rutile and
ilmenite), but differ in their coarser average grain
size and larger proportion of plagioclase, which
appears as isolated porphyroblasts, and in plagio-
clase-rich trondhjemitic layers and diffuse differ-
entiates (Garcia-Casco et al., 1993). Fig. 4 shows
the age spectra and isotope correlation plots for
muscovite and biotite from this sample. Isochron
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dates of 19.1 + 0.8 Ma and 18.8 + 0.6 Ma were
obtained. Muscovite again displays a relatively
scattered release pattern, probably due to incom-
plete recrystallization and chemical reequilibra-
tion of the primary high-pressure micas during
subsequent decompression (Garcia-Casco et al.,
1993).

Samples T316 and T337 are both leucocratic
gneisses from the core of the gneiss complex,
bearing simpler assemblages of quartz, plagio-
clase, K-feldspar, muscovite and biotite (+apa-
tite, tourmaline, rutile, ilmenite, sillimanite, an-
dalusite, zircon and dumortierite). Reaction tex-
tures in these rocks indicate that decomposition
of initial very Si-rich muscovites (up to 6.66 atoms
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Fig. 4. Age spectra and isotope correlation plots from pelitic gneisses of Torrox.



364 P. Monié et al. / Tectonophysics 238 (1994} 353-379

30 e ———————— 0.005 T 1 T T
o ’ Lo y -
- 1 ~ 0.004} 7 Muscoviie -
- < 18.8 = 0.2 > o Steps ‘;:!2 v
n Age « 19.0 2 0.7 Ms
izo » % 0.003 #4038 « 296 £ 73
w X MSWD = 0.96 )
L] 1 g -
< 1337 Mussovite 0.0021-
1o} -
0.001}
r
0 5 ¥ 2 £ 2 H & 3 " 9 i E— s :
o 20 40 __ 80 80 100 N L N B
%' *Ar cumulative 3% r A%

[ < 19.4 + 0.2 >

i 1

PRI EERPUN WO VI N N .- — .
%’ %Ar cumuiative %A%y
40 o T  E— 0.008 Y T 1 T
| o IIIZ Ii ' i' _ L
w 0.0044 . S -
-~ 30L - X Sups 812
] 20&..,.4-"" . s
< _ ] 0.002
10} I3az K.isidanar N 0.00%
3 " " l" L ] " A ”
° 5586700 X B X

" 3
0 20 - 40 ’. y -
%’ *Ar cumulstive A Y'Y
Fig. 5. Age spectra and isotope correlation plots from augen gneisses of Torrox.



AGE (Ma)

AGE (Ma)

AGE (Ma)

P. Monié et al. / Tectonophysics 238 (1994) 353-379

30 O I AR E e e e s
19.1 £ 0.2 >
20
10 I316 Muscovite .
° " 1 2 L Py 1 A 1 "
0 20 40 60 80 100
%} *Ar cumulative
30 M ¥ v ¥ v 1] d ¥
20 no piateau
1o= ~
I316 Blotite
o A ] A 1 A 1 A 1 A
0 20 40 60 80 100
%’ *Ar cumulative
4 0 —v—p——v—1—T—7— T
30 no plateau -

10 I316 K-feldspar i
o A 1 5 ] " 1 A 1 A
0 20 40 60 80

%’ *Ar cumulative

100

365

Steps 517
Age = 1921 0.3 Ma
40/36 = 283 £+ 35 -~
MSWD = 0.32

0.1

1 [ | 1 1 ]
0.2 0.3 0.4 05 0.6 0.7 0.8
% A%

1

1 1 1 i ]
0.2 03 04 05 0.6 0.7

o 0.1 0.8
% r A%
0.005 T T T 1 Y T
b Ia II I‘-[ I I L
0.004 | -
! Steps 5-12
Alr Age = 19.8 £ 0.3 Ma
0.003 » 40/36 = 505 % 74 -
i MSWD = 1.05 |
0.002 -
4
0.001)p -
o 1 1 1 1 1 |
© 0.1 0.2 03 04 085 0.8 0.7 0.8

3% A%,

Fig. 6. Age spectra and isotope correlation plots from banded gneisses of Torrox.



366 P. Monié et al. / Tectonophysics 238 (1994) 353-379

p.f.u. normalized to 20 oxygens and 4 OH) took
place in response to fast decompression, contem-
poraneously with ductile deformation responsible
for the main regional deformation (see the P-T
path in Fig. 2; Garcia-Casco et al., 1993). For this
study, two samples were chosen so as to represent
systems in which most muscovite was recrystal-
lized at low pressure (T337) and in which a fair
amount of the initial Si-rich muscovite was pre-
served (T316).

Release age spectra and isochron plots for
muscovite, biotite and microcline from sample
T337 are shown in Fig. 5. The age spectra for
muscovite and biotite are very similar to those
reported above and isochron dates of 19.0 + 0.7
Ma and 20.2 + 0.3 Ma are indicated. However,
for biotite, the initially trapped Ar has an 4OAr/
3Ar ratio significantly lower than 295.5, making
the interpretation of the age intercept ambigu-
ous. Ca/K values for this biotite are low but they
demonstrate a systematic correlation between the
higher Ca/K ratios and the younger ages. Con-
tamination of biotite by chlorite intergrowths may
offer an explanation for the observed isotopic
features, and we suspect that the alignment of
the data points in the isochron plot is partly
fortuitous. The age spectrum from microcline ex-
hibits a discordant pattern. Old ages and high
Ca/K values are obtained in the first heating
fractions representing about 5% of gas released.
Young ages ranging from 20.3 to 18.5 Ma and
relatively low Ca/K values are derived from the
following 20% of gas released. The corresponding
heating steps lie on a single mixing line with an
intercept age of 19.6+ 0.7 Ma and an initial
“Oar /36Ar ratio of 306 + 69. Ages increase over
the final 80% of gas released from 21.7 to 24.7
Ma. Unfortunately, the sample has been melted
during the last heating increment representing
70% of release. Nevertheless, our interpretation
is that the isochron age derived from the low-
temperature fractions represents a maximum age
for the complete closure of the microcline to Ar
diffusion during cooling at low pressure. The
minimum age of 18.5 + 0.2 Ma in the age spec-
trum is considered the best estimate for closure.

Data on biotite, muscovite and microcline from
gneiss T316 are shown in Fig. 6. Muscovite dis-

plays the same age pattern and has an isochron
date of 19.2 + 0.3 Ma defined by thirteen heating
steps. The age spectrum for biotite is discordant
with apparent ages progressively increasing with
experimental temperature from about 9 to 20 Ma.
Isochron data do not exhibit a linear correlation,
whereas Ca/K values are low and constant, sug-
gesting the absence of chlorite contamination in
this sample. Microprobe data indicate that this
biotite is compositionally heterogeneous, as illus-
trated by point analyses with Ti contents varying
between 0.04 and 0.4, and Mg/ Fe ratios between
0.164 and 0.038, again demonstrating that com-
plete metamorphic equilibrium was not reached
during the last low-pressure overprinting. We
suggest that the age gradient reflects the out-
gassing of a mixture of micas with different diffu-
sion characteristics related to a compositional
effect. Such a compositional effect on argon dif-
fusion in biotite has been documented by Harri-
son et al. (1985), suggesting that the higher the
Mg/ Fe ratio the higher the activation energy
required for diffusion. Therefore, it seems likely
that biotite grains or sub-grains with the lower
Mg/ Fe mainly contribute to the gas released at
low temperature in Fig. 6, whereas those with
higher Mg/Fe were preferentially degassed at
high temperature. Note that variations in the
effective diffusion radius or in the composition of
the initially trapped argon could also have played
a role. The microcline has an age spectrum remi-
niscent of that obtained on microcline T337 (Fig.
6). Ages first decrease from a maximum of about
900 Ma to 30 Ma with a concomitant decrease of
Ca/K related to 1% of gas released. The next
40% of gas release gives ages ranging from 20.2
to 22.0 Ma with constant Ca/K values. The cor-
responding isochron age is 19.8 + 0.3 Ma with a
high 40Ar/%Ar ratio, suggesting the trapping of
excess argon at the time of Ar retention in micro-
cline. Ages related to the final 60% of gas re-
leased have an upward-convex evolution with a
maximum value of 23.7 Ma and no clear linear
relationship in the correlation plot. At present it
is difficult to state whether these old ages result
from excess Ar contamination or from incomplete
resetting of an older (pre-Alpine or Alpine) K-
feldspar.
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4.2. Serrania de Ronda

In this area, eight samples collected from dif-
ferent levels in the Alpujarride stack shall be
described in ascending order.

Sample AA9 is a phlogopite-bearing amphibo-
lite intercalated within Triassic(?) marbles in the
southeastern slope of the Sierra Blanca. The rock
preserves a high-temperature mylonitic fabric with
subhedral hornblende, plagioclase and quartz as
the main constituents and no evidence of retro-
gression. Sample AA24 belongs to the same car-
bonate sequence of the Blanca unit, to the north
of Estepona, and originates from a layer of
coarse-grained phlogopite-diopside marble. Phl-
ogopite and amphibole have isochron dates of
202+ 0.3 Ma and 19.1 + 1.2 Ma, respectively
(Fig. 7), very similar to the ages reported from
the Vélez Malaga—Sierra Tejeda area.

Samples AA10 and AA11 consist of granodior-
ite dykes emplaced into a N-S shear zone within
the Sierra Alpujata peridotite massif, northeast
of Marbella. Both samples bear an assemblage of
quartz, K-feldspar, plagioclase, biotite, muscovite,
cordierite and sillimanite, suggesting that these
rocks derived from anatectic liquids. Except for
cordierite, which shows variable alteration to fine
micaceous aggregates, the assemblages are well
preserved. Sample AA10 bears a strong mylonitic
imprint, resulting in the development of quartz
ribbons, pressure shadows, rotation of feldspar
porphyroclasts in the mylonitic foliation and more
pronounced retrogression of cordierite. The age
spectrum and isotope correlation plot for biotite
AA11 derived from the undeformed granodiorite
are shown in Fig. 8. The sample has an isochron
date of 19.3 + 0.2 Ma which is about 1 Ma younger
than the biotite age of the mylonitic sample AA10.
This latter age is a total gas age derived from a
two-step experiment because of the low amount
of available material. However, since the two
apparent ages of the experiment are statistically
identical and since biotites generally yield flat
plateaus and concordant isochron dates for a
large percentage of gas released, we consider that
20.2 Ma is a true cooling age for biotite AA10.
The age difference between AA10 and AAIll
samples indicates that, after granite emplacement

and deformation, cooling through 300-350°C oc-
curred earlier along the mylonitic zomes than
within the massive rock bodies, probably because
the sheared zones have been the locus of easier
heat dissipation. These ages of 19-20 Ma for
anatectic melts intruding the peridotites are con-
sistent with the Rb-Sr whole-rock date of 22 + 4
Ma determined on a leucocratic dyke in the
Bermeja peridotites (Priem et al., 1979), corrobo-
rated by U-Pb monazite ages (D. Gebauer, pers.
commun.).

Samples AA12, AA15, AA21 and AA22 are all
high-grade metapelites from the basement of the
Casares—Los Reales units. Samples AA12 and
AA22 are coarse-grained granulites representa-
tive of the highest-grade crustal rocks in these
units, that typically outcrop next to the peridotite
bodies. Both samples bear well-preserved high-
pressure assemblages (quartz—garnet-K-felds-
par-plagioclase~kyanite-rutile). Small biotite
grains are also preserved as inclusions in garnet.
The low-pressure overprint on these samples is
variable (more advanced in sample AA22) and
consists of direct inversion of kyanite to silliman-
ite and the development of spinel-cordierite—
biotite—ilmenite coronas and symplectite over-
growths on garnet. The HP assemblage probably
equilibrated at/or near 750°C at a minimum
pressure of 8-11 kbar (cf. Sect. 2.2). Samples
AA15 and AA21 are both high-grade gneisses
overlying the granulites, and bearing complex dis-
equilibrium assemblages of quartz, K-feldspar,
plagioclase, muscovite, biotite, sillimanite, an-
dalusite, kvanite, garnet and staurolite (more
rarely cordierite). Textural development within
these rocks indicates strong low-pressure over-
printing of an initial high-pressure assemblage
(kyanite, garnet and staurolite), as discussed by
Torres-Roldan (1981).

The very well-preserved granulitic assemblage
in sample AA12 (Sierra Alpujata) contains large
garnet with inclusions of prograde biotite while
scarce syn-decompressional biotite occurs in the
rock matrix, around garnet. Only prograde bi-
otites have been dated with the laser-probe abla-
tion technique (see Maluski and Monicﬂ1 1988, for
the technical aspect) since it was hoped that the
petrographic nature of the host garnet might have
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prevented biotite from further argon reequilibra-
tion during the low-pressure evolution. Five laser
shots, each of 40 um in diameter and 30 ns in
duration, were performed to provide a sufficient
volume of argon to be accurately analyzed by the
mass spectrometer. Total fusion experiments give
ages of 19.1 + 0.3 Ma, 19.0 + 0.5 Ma and 16.8 +
0.4 Ma (Table 1). These ages are in good agree-
ment with those determined up to now in this
study, the younger age probably being the result
of an imprecise evaluation of the atmospheric
contribution (i.e. *°Ar) within these young sam-
ples, or of a non-atmospheric composition of the
initially trapped argon. Nonetheless, these dates
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clearly demonstrate that the prograde biotites
included in garnet became closed to argon diffu-
sion at the same time as the low-pressure matrix
biotites analyzed in the country rocks. This indi-
cates that radiogenic argon did not accumulate
within the biotite inclusions but was able to mi-
grate through the host garnet along cracks or
grain boundaries.

Fig. 8 shows the age spectrum and isochron
correlation plot for muscovite AAI15 from a
high-grade pelitic gneiss of the Yunquera unit.
Despite the presence of abundant high-pressure
relict minerals, the muscovite has an isochron
date of 19.5 + 0.6 Ma that is indistinguishable
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Fig. 7. Age spectra and isotope correlation plots from marbles and amphibolites of the Blanca unit.
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from the dates presented above, suggesting the
lack of radiogenic argon inherited from the early
metamorphic evolution.

Two gneiss and granulite samples were se-
lected in the Casares—Los Reales type locality, to
the northwest of the Sierra Bermeja peridotite
(Fig. 9). Biotite AA21 from the gneiss has a
well-developed plateau date of 21.3 + 0.3 Ma and
a similar isochron date. Biotite AA22 from a
granulite adjacent to the peridotites displays sta-
tistically similar plateau and isochron ages of
21.6 + 0.2 Ma. These ages are consistent with two
K-Ar biotite ages reported by Loomis (1975) and
Priem et al. (1979) from the same area. This
would suggest that the Casares—Los Reales unit,
i.e. the highest structural unit of the Western
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Alpujarrides, cooled through 300-350°C approxi-
mately 2 Ma before the deeper, more ecasterly
Alpujarride units. The implications of this di-
achronous cooling are discussed below.

4.3. Vifiuela formation

The Vifiuela formation (Boulin et al., 1973) is
representative of a number of syn-tectonic sedi-
mentary formations within the Betic—Rif belt
whose deposition took place in the Early Miocene,
often sealing preexisting nappe contacts (Martin-
Algarra, 1987). Of special interest is that the
basal breccia contains a variety of metamorphic
clasts, many of which can be easily correlated
with the graphitic schists that make the bulk of
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Fig. 8. Age spectra and isotope correlation plots from a cordierite—granite of Ojen and a high-grade pelitic schist of the Yunquera

unit.



370

P. Monié¢ et ul. / Tectonophysics 238 (1994) 353-379

AGE (Ma)

1 v L v T N 1

21.3 £ 0.3 >4

'
20 40 60 80 100
%} *Ar cumulative

218 + 0.4 >4

30

AGE (Me)
»

10

55— To0

20 40
%) °Ar cumulative
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the Palaeozoic basement of the Torrox unit. The
deposition of the basal breccia was succeeded by
marly deposits containing planktonic Foramini-
fera indicating an early Burdigalian age (Gonza-
lez-Donoso et al., 1982), thus constraining the
time of aerial exposure of the Cémpeta—Torrox
unit to not later than about 19 Ma (Harland et
al., 1990).

Sample VINO02, a graphitic schist with quartz,
biotite, muscovite, staurolite, garnet, plagioclase
and andalusite, is from a pebble within the basal
breccia that was chosen for “°Ar /*Ar dating be-
cause it showed little evidence of retrogression or
alteration. Fig. 10 illustrates the age spectrum
and isotope correlation plot for a biotite concen-
trate of this schist. In the lower temperature
increments (450-950°C), discordant ages are
recorded, climbing from 11.1 to 20.6 Ma. The
final part of the spectrum yields a plateau of
21.9 £ 0.4 Ma over more than 50% of the gas
release. A similar intercept age of 21.7 + 0.6 Ma
is derived from the isotope correlation diagram.
Ca/K values are low and similar to those ob-
tained on biotites throughout this study. Internal
variations in Ca/K during incremental heating
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have no direct correlation with the evolution of
ages in the spectrum.

The young ages over the first 20% of release
probably reflect some interaction with a meteoric
phase after the deposition of the Vifuela forma-
tion. The date of 21.7 Ma is similar to that
obtained on the Casares—Los Reales crustal en-
velope and can be regarded as the time at which
the original graphitic schist cooled below 370°C
(cf. Sect. 5), before its surface exposure and in-
corporation into the Vifuela breccia. This date
agrees with the biostratigraphic constraints point-
ing to an early Burdigalian age for this formation.

5. Discussion

Fig. 11 presents a histogram summarizing more
than 40 K-Ar, “Ar/*Ar, Rb-Sr and Sm-Nd
cooling ages from this and previous studies in the
Western Alpujarrides. Despite the polyphase
metamorphic history of the Alpujarrides, all clo-
sure ages cluster in a narrow range between 23.4
and 15.5 Ma, most of them (~ 30) in the 19-20

20
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Fig. 11. Arrhenius plot of log (D /a?) versus reciprocal absolute temperature for samples T316 and T337 of Torrox. The diffusion
properties of the smaller domains in the K-feldspars have been calculated by assuming that the diffusion domain geometry is
represented by spheres. The activation energy E and effective frequency factor D(,/a2 return a closure temperature of 304 + 33°C

for the smaller domains, for a cooling rate of 200°C/ Ma.
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Ma age range. Consequently, the ages of older
events in the tectonothermal evolution of the
Western Alpujarrides are not constrained by this
data set. This homogeneity of results for meta-
morphic, granitic and peridotitic rocks exposed
over nearly 4000 km? in the Western Betic oro-
gen has important implications concerning the
cooling and exhumation history of the Alpujar-
ride rocks.

5.1. Cooling rate estimates

The estimation of cooling rates requires
knowledge of the closure temperatures for argon
in the various minerals dated in this study. The
closure temperatures of the different mineral
species is not unique as it depends on diffusion
grain size, cooling rate and activation energy ac-
cording to the equations given by Dodson (1973).

Harrison et al. (1985) reported diffusion exper-
iments on biotite Anng, that yielded an activation
energy of 47 kcal / mol and a closure temperature
of 340°C for an effective diffusion radius of 150
um and a cooling rate of 100°C/m.y. Studying
the effect of grain size on biotite ages by single-

grain step-heating laser dating, Wright et al
(1991) suggested a larger diffusion radius of 225
wm. By combining this value with a cooling rate
of 200°C /m.y. (see below) and adopting the diffu-
sion parameters of Harrison et al. (1985), we
obtain a closure temperature of 370°C for bi-
otites. The data of Giletti (1974) have been used
to calculate the closure temperature of phlogo-
pite. Assuming the same diffusion radius and
cooling rate as for biotite, we estimate 7, to be
470°C. For muscovite, we assign a closure tem-
perature of 430°C on the basis of the diffusion
parameters given by Robbins (1972), for a diffu-
sion radius of 30 um and a cooling rate of
200°C/m.y. A compositional effect on argon dif-
fusion may also be responsible for a variabie
closure temperature in the white mica group
(Monié and Chopin, 1991; Scaillet et al., 1992).
To take this effect into account, an uncertainty
of + 30°C is attached to the closure temperatures
mentioned.

Isothermal-hydrothermal experiments on
hornblende (Harrison, 1981) yielded diffusion pa-
rameters that return a closure temperature of
550°C for a cooling rate of 200°C/m.y. Laser
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Fig. 12. Histogram of geochronological data in the Western Alpujarrides. Data sources are Loomis (1975), Priem et al. (1979,
Zindler et al. (1983), Reisberg et al. (1989), Zeck et al. (1989, 1992), Monié et al. (1991) and this work. Most ages-cluster in the

range 19-20 Ma, which is suggestive of fast cooling rates.
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probe dating of homogeneous hornblende sug-
gests that the effective diffusion radius can occa-
sionally be equal to the grain size (Lee et al,,
1990), implying a very high closure temperature
of 640°C for a radius of 500 um and a cooling
rate of 200°C/m.y.. Considering the uncertainty
about the dimension governing diffusive ex-
change, we adopt a closure temperature of 600 +
50°C.

Calculations based on stepwise “’Ar/*’Ar de-
gassing of K-feldspars in vacuum often yield reli-
able diffusion parameters using the Arrhenius
plot (Berger and York, 1981; Harrison and Mc-
Dougall, 1982). Moreover, recent work on K-
feldspars with discordant age spectra due to slow
cooling provides evidence that their degassing
behaviour results from the coexistence of discrete
domains with different diffusion sizes and activa-
tion energies as revealed by the departure from
linearity of the diffusion data in the Arrhenius
plot (Lovera et al., 1989). Modelling the Arrhe-
nius plot suggests that closure temperatures
within the same sample can vary from about
350°C to 150°C. However, cooling rates inferred
in this paper do not allow us to interpret the
discordant age spectra of K-feldspars T316 and
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T335 as reflecting progressive closure during slow
cooling because the ages derived at high tempera-
ture are significantly older than the plateau ages
of micas and amphiboles. More likely, the age
difference of 3-5 Ma between the low- and high-
temperature portions of the age spectra reflects
the presence of a component inherited from the
pre-Alpine or early Alpine history of the host
gneisses. Both age spectra yield similar minimum
ages of 18.5-20 Ma and isochron dates of 19.7 +
0.5 Ma that represent maximum ages for the
closure of the domains having the lowest diffu-
sion size. We have used the Arrhenius plot calcu-
lated with a spherical geometry model to estimate
the minimum closure temperature of the two
feldspars (Fig. 12). The two samples have very
similar plots, showing a well-defined linear be-
haviour for the low-temperature steps ( <. 850°C),
followed by a second linear segment with a lower
slope up to 1100°C, while the data above the
incongruent melting temperature (1150°C) define
a last linear segment with the highest slope.
Lovera et al. (1989) have shown that the decrease
in slope is not due to a structural breakdown of
feldspars during experimental heating, but is
characteristic of samples containing a distribution
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of diffusion domain sizes. The smaller domains in
the sample have an activation energy of 48.9 + 2.3
kcal/ mol with a corresponding D,/a” value of
328 +1.41 x 10* s~!, as calculated from the
low-temperature data representing less than 25%
of the *°Ar released. These parameters give a
closure temperature of 304 + 33°C for a cooling
rate of 200°C/m.y.

Temperature—~time diagrams for the Vélez
Malaga-Sierra Tejeda and Serrania de Ronda
areas are shown in Figs. 13a and 13b, respec-
tively. In Fig. 13a, twelve “’Ar /*Ar mineral dates
derived from this study and from Monié et al.
(1991) and Zeck et al. (1992) constrain the cool-
ing path. These dates have a mean value of 19.0
Ma with a standard deviation of only (.2 Ma for
minerals having closure temperatures ranging
from 300 to 600°C. The best defined whole-rock
muscovite Rb—Sr age in this area is 19.5 + 0.7 Ma
(Zeck et al., 1989) and has been plotted in the
figure with a closure temperature of 575 + 50°C
(Zeck et al., 1992). All these data suggest that the
cooling rate was very high in the 19-20 Ma inter-
val and a best-fit line through the data points
indicates an average value of 375°C/m.y.
(£210°C). A cooling line of 400°C/m.y. was
drawn in the figure as a reference. Available
palaeontological and radiometric data for the
transgressive Vinuela formation have also been
combined to estimate cooling rates. It is impor-
tant to note that only minimum values can be
deduced since the time at which the rock sample
reached the surface and the duration of its sur-
face exposure before incorporation into the
Vinuela breccia are unknown data. The minimum
cooling rate is 100°C/m.y. assigning a minimum
19 Ma age to the Vifiuela formation and a maxi-
mum biotite cooling age of 22.3 Ma at 340°C. A
250°C/m.y. cooling line seems to be a reasonable
interpretation of the data.

Fourteen “’Ar /39Ar and Rb/ Sr mineral dates
constrain cooling rates in the Serrania de Ronda
area (Fig. 13b). These dates have a mean value of
19.3 Ma with a standard deviation of 0.4 Ma
despite the iarge range in closure temperatures.
This again suggests fast cooling bracketed be-
tween 150 and 400°C/m.y. as indicated by least-
square fitting. Note that the biotite dates of the
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Fig. 14. Projection of geochronological data on synthetic P-T
paths of the Western Alpujarrides according to the respective
closure temperatures. Different geotherms have been schema-
tized representing: initial conditions (12°C/km) during sub-
duction, crustal thickening and HP /LT metamorphism; possi-
ble transient conditions (100°C/km) at the end of the princi-
pal phase of decompression; current geotherm in stable conti-
nental crust (30°C/km). The figure shows that cooling below
600°C and related blocking of isotopic systems occurred after
the main episode of decompression related to the collapse of
the previously thickened crust.

Casares—Los Reales unit, northwest of the Sierra
Bermeja, are clearly away from the cooling line
drawn in Fig. 13b, suggesting an independent
cooling history. Unfortunately, assessing a cooling
rate for this unit requires more data. A minimum
cooling rate of 100°C/m.y. has been calculated
on the basis of a minimum age of 18.5 Ma for the
nappe-sealing San Pedro de Alcantara formation
in this area (Aguado et al., 1990).

The inferred cooling rates through the temper-
ature interval 300-600°C are very high and ap-
pear to be uniform across the different units of
the study area. Within a normal continental tem-
perature~depth gradient of 30°C/km, cooling
rates in the range 100-350°C/m.y. would imply
apparent exhumation rates of 3-12 km/m.y.
However, the combined P-T and *“’Ar/*Ar data
reported in Fig. 14 suggest that near-isobaric
cooling during the 19-20 Ma time interval fol-
lowed near-isothermal decompression, indicative
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of a transition in thermal regime from an ex-
tremely steep geothermal gradient (related to re-
gional extension) toward a shallower, more stable
geotherm. Accordingly, it is probable that the
cooling history of the Western Alpujarrides partly
reflects the effects of thermal relaxation from an
abnormally steep geotherm to a much lower
geotherm over a short interval of time and that
exhumation rates were lower than those inferred
above. For example, relaxation from a 100°C/km
geotherm to a more stable 30°C/km geotherm
over a million-year period would cause rocks at 7
km depth to cool from 700°C to 200°C without
any additional unroofing at all (England and
Jackson, 1987). That no exhumation (tectonic or
even erosional) occurred during cooling is none-
theless incompatible with the age constraints ob-
tained on the Vifuela formation that indicate
that some rocks attained the surface soon after
their cooling through blocking temperature. We
suggest that 1-3 km/m.y. represents a possible
constraint for exhumation rates in the Western
Alpujarrides during the main phase of cooling.

These estimates do not apply to the principal
phase of exhumation of these rocks, since the
bulk of exhumation occurred before the rocks
began passing through the closure temperatures
of the minerals dated in this study. Although not
constrained by the age data presented in this
paper, much higher exhumation rates must have
prevailed during this phase as indicated by the
near-isothermal decompression trajectories fol-
lowed (Fig. 14). A minimum “’Ar/*Ar age of
24.8 + 0.4 Ma obtained on a Si-rich phengite from
low-grade Triassic metapelites to the east of the
area studied may date the end of crustal thicken-
ing (i.e. the beginning of decompression; Monié
et al., 1991). Since the end of the near-isothermal
decompression is estimated at about 22 Ma (i.e.,
Sect. 2.3), extrapolating this date to higher-grade
rocks would suggest average exhumation rates up
to 10 km/m.y. for this period. Such very high
rates are consistent with the preservation of arag-
onite in low-grade rocks (Goffé et al., 1989) as
well as with evidence for strong overstepping of
reaction boundaries during decompression in
high-grade gneisses of the Torrox unit (Garcia-
Casco et al., 1993).

5.2. The Western Alpujarrides: a “‘collapsed” ter-
rane

The Western Alpujarrides consist of several
stacked units differentiated on the basis of their
lithology, metamorphism and mutual structural
relationships. However, the present data, which
reflect a large range of closure temperatures (see
above), suggest that all these units shared an
almost uniform fast cooling history at 19--20 Ma,
with the exception of the western Casares—Los
Reales unit and metamorphic clasts of the
Vifuela formation, which cooled ca. 2 Ma earlier.
Possible explanations for this behaviour are dis-
cussed here, which suggest that the Western
Alpujarrides display the characteristics expected
of a “collapsed” terrane, related to strikingly fast
extensional tectonic development at the end of
the Alpine orogeny.

Based on existing petrologic evidence, the
Alpujarride metamorphic rocks experienced a
simple clockwise P-T path characterized by (a)
an early HP/HT stage, (b) near-isothermal de-
compression, and (c) near-isobaric cooling at low
pressure (Fig. 14). As discussed earlier, exhuma-
tion during stage (b) was a fast rate process,
which points towards gravitational collapse of the
previously thickened lithosphere as the most fea-
sible mechanism driving extension. Collapse could
have been triggered by the detachment of previ-
ously subducted lithosphere beneath the Alboran
Sea (Torres-Roldan et al., 1986), and/or by the
delamination of a cold root of mantle in the same
location (Platt and Vissers, 1989). One main ef-
fect of this early extension was to produce an
unstable, extremely steep geothermal gradient,
which was rapidly followed by thermal relaxation
towards a more stable geotherm compatible with
the change in tectonic regime. Fast thermal relax-
ation was achieved through a combination of
processes, among which distributed ductile thin-
ning and extensional detachments played signifi-
cant roles. Extensional detachments had the ef-
fect of juxtaposing hot, deep crustal rocks against
colder, more superficial units and, as exemplified
by our results on the Vinuela formation, this
mechanism probably caused the somewhiat earlier
cooling and eventual exposure of the uppermost
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units immediately beneath the Malaguides, prior
to their erosion and redeposition as metamorphic
clasts in the Late Oligocene-Early Miocene
nappe-sealing formations throughout the Gibral-
tar arc (Feinberg et al., 1990). Similarly, earlier
cooling in the deeper, high-grade rocks of the
Casares—-Los Reales unit (samples AA21 and
AA22) may reflect their proximity to the Gibral-
tar arc (extension-related) thrust that brought the
western, hot margin of the Alboran domain over
the non-metamorphic Flysch Through, South
Iberian and Maghrebian domains in the Early
Miocene (Garcia-Duenas et al.,, 1992; Tomné et
al., 1992).

As a whole and compared to “standard” meta-
morphic belts, the P-T-¢t path and structural
data presented above suggest that the tectono-
metamorphic evolution of the Western Alpujar-
rides after collision might be appropriately re-
garded as characteristic of a “collapsed” terrane,
with:

(a) Early, high-temperature development of
extensional structures at all scales, including shear
zones and foliation.

(b) Very fast exhumation (in the range of sev-
eral km/m.y.), leading to a temporary steep
geotherm. Generalized, but often incomplete,
reequilibration of metamorphic assemblages at
low pressure takes place in response to fast de-
compression along nearly isothermal paths. Ex-
humation occurred mainly through tectonic de-
nudation (distributed thinning and extensional
detachments) and little erosion.

(c) Fast cooling (in the range of several hun-
dred degrees per million years) immediately fol-
lowing exhumation, resulting in a striking conver-
gence of geochronological data. Fast cooling pre-
vents complete low-pressure metamorphic reequi-
libration, even in high-grade rocks, allowing the
preservation of strong disequilibrium relation-
ships.

Collapsed terranes require considerable litho-
spheric thickening prior to final collapse, and as
such they would represent indicators of past con-
tinental collision zones. Systematic reconstruction
of P-T-t paths in such terranes would be of
valuable interest for constraining the kinetics of

processes by which a thickened lithosphere recov-
ers a stable configuration.
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