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Introduction

The Betic Cordilleras, southern Spain,
and the Rif Mountains of Morocco
(Fig. 1) are one of the youngest and
more active portions of the Alpine
orogen and are thus particularly suit-
able for the study of fast tectonic
processes. They formed during con-
vergence between the African and
Iberian plates in the Tertiary period
(Dewey et al., 1989) and underwent
large-scale extensional collapse in the
early Miocene (Galindo-ZaldõÂvar
et al., 1989; Platt and Vissers, 1989).
Extension was accommodated by thin-
skinned fold belts at the periphery of
the system and coeval subsidence to
form the AlboraÂ n marine basin.
The Nevado-FilaÂ bride Complex

(NFC) and the overlying AlpujaÂ rride
Complex (AC) are part of the Internal
Zones of the Betic Cordilleras and
record Alpine high pressure (HP) me-
tamorphism (GoÂ mez-Pugnaire and
FernaÂ ndez-Soler, 1987; Go�eÂ et al.,
1989; TubõÂa and Gil-Ibarguchi, 1991).
During exhumation, the HP rocks
were partially overprinted by amphib-
olite and greenschist facies retrograde

assemblages. Extremely high exhuma-
tion (3 cm yr)1) and cooling rates
(200±340 °C Myr)1) have been pro-
posed for the AC (SaÂ nchez-RodrõÂguez
and Gebauer, 2000), but they do not
seem to apply to the early evolution of
the NFC, despite evidence for fast
tectonic denudation in the late history
of this latter unit.2 This apparent incon-
sistency is the consequence of the
scattered radiometric dating of
metamorphism in the NFC from mid-
Cretaceous (Andriessen et al., 1991)
through Eocene to Miocene (MonieÂ
et al., 1991; De Jong et al., 1992;
Zeck et al., 1992; Puga et al., 1996;
Nieto et al., 1997), and the lack of real
age constraints for the high-pressure
event.
The present contribution uses new

U±Pb data for zircons from a pyrox-
enite within ultrama®c rocks of the
NFC to constrain the age of HP
metamorphism. These data are then
combined with published ®ssion track
ages in order to draw a new pressure±
temperature±time (P±T±t) path for
this complex. This is a crucial step
for calculating cooling and exhuma-
tion rates for the NFC and for testing
the hypothesis of fast exhumation in
this section of the Alpine belt.

Ultrama®c rocks of Sierra Nevada

Ultrama®c rocks are found through-
out the upper sequence of the NFC

(Fig. 1) forming strongly deformed
sheets or lenses. The largest of these
bodies (400 m ´ 2 km) occurs in the
Sierra Nevada at Cerro del Almirez.
The ultrama®c rocks often display a
compositional layering with clinopy-
roxene-poor and clinopyroxene-rich
layers. They also contain variably
rodingitized ma®c and pyroxenitic
dykes, and dunitic pods (Morten and
Puga, 1984; Trommsdor� et al., 1998;
HuÈ rlimann, 1999; Puga et al., 1999;
SchoÈ nbaÈ chler, 1999).
At Cerro del Almirez, the upper part

of the ultrama®c sheet is made of
foliated serpentinite which consists of
magnetite+diopside (� tremolite) +
chlorite + antigorite � titanian
clinohumite. This assemblage formed
according to the reaction (Fig. 2)

diopside� antigorite! tremolite

� olivine� chlorite�H2O: �1�
The lower part of the thrust sheet is
dominated by a more massive rock
with tremolite + chlorite + enstatite
+ forsterite � titanian clinohumite,
which formed according to (Fig. 2)

antigorite! enstatite

� olivine� chlorite�H2O. �2�
The contact between the two ultrama-
®c rock types is irregular and is
interpreted as the isograd de®ned by
reaction (2) with no tectonic disconti-
nuity (SchoÈ nbaÈ chler, 1999).
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During retrogression, enstatite was
partially replaced by talc according to
the reaction

enstatite�H2O! olivine� talc:

�3�

Reactions (1)±(3) and their two inter-
sections bracket the maximum P and
T around 2 GPa and 700 °C for the
ultrama®c thrust sheet. The data also
allow a retrograde P±T path to be
constructed (Fig. 2) which is consis-
tent with that for the surrounding
metapelites (SchoÈ nbaÈ chler, 1999).

Sample description and
geochronology

Petrography

The dated zircon was obtained from a
meta-clinopyroxenite boudin within
serpentinites just outside the isograd
across which enstatite plus olivine
formed. The diopsidic clinopyroxene
(XMg � 0.91±0.93) is dusted with
inclusions of Cr-bearing magnetite

and ilmenite lamellae. New, clear
clinopyroxene (XMg � 0.95±0.98)
overgrew the inclusion-rich generation
along grain margins. The recrystal-
lized matrix minerals comprise olivine,
diopside, antigorite, minor tremolite,
chromian magnetite and titanian
clinohumite. Zircon and tiny zircono-
lite grains are found in small domains
near titanian clinohumite or together
with its breakdown products.
The investigated pyroxenite con-

tains two di�erent zircon popula-
tions. The majority of the zircon
grains are small (£ 100 lm), opaque
and locally preserve crystal faces. In
cathodoluminescence, these grains
have homogeneous emission and do
not show any regular zoning pattern
(Fig. 3a). They contain inclusions of
diopside, Al-rich antigorite and chlo-
rite. A few zircon crystals are clear,
pink and preserve crystal faces with
rounded edges. This second popula-
tion displays oscillatory zoning trun-
cated by the outer shape (Fig. 3b)
suggesting that the crystals were bro-
ken, corroded or abraded, possibly

before being incorporated into the
ultrama®c rock.

Analytical methods

Zircons were separated according to
magnetic properties and density and
®nally selected by hand-picking. After
being embedded in epoxy, cathodolu-
minescence images were taken with a
Hitachi S2250N Scanning Electron
Microscope. Zircon domains free of
inclusions were analysed for U, Th and
Pb using the SHRIMP II ion micro-
probe at the Research School of Earth
Sciences, Australian National Univer-
sity. Instrumental conditions and data
acquisitionwere as describedbyComp-
ston et al. (1992) using zircon from the
Duluth gabbro (AS3) and from Sri
Lanka (SL13) as standards. The data
were corrected for common lead via the
measured 207Pb/206Pb ratio. In the
absence of any evidence for intrinsic
common Pb in the zircons, BrokenHill
common lead composition, which
approximates the laboratory back-
ground common Pb, has been used.

Fig. 1 Geological map of the Internal Zones of the Betic Cordilleras, with Cerro del Almirez details, and lithological column of the
Nevado-FilaÂ bride Complex showing the position of the dated ultrama®c rocks.
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SHRIMP U±Pb ages

The unzoned zircons have relatively
homogeneous and low U- and
Th-contents (Table 1). Eleven of the
12 SHRIMP analyses on nine di�erent
grains yield ages between 19.0 and
14.1 Myr which average at 15.0 �
0.6 Myr (95% c.l., Fig. 4). One ana-
lysis excluded from the calculation ±
which yields a signi®cantly older
age ± was partially measured on a
large inclusion of antigorite. The three

pink and clear zircons are character-
ized by variable U and Th concentra-
tions and yield concordant ages
around 450 and 560 Myr (Fig. 4).

Time of zircon growth

The presence of metamorphic mineral
inclusions demonstrates that the zir-
cons grew during HP metamorphism.
This conclusion is supported by the
absence of planar crystal faces and
oscillatory zoning in the zircon, which

would instead support a magmatic
origin. The inclusions found in the 15-
Myr-old zircon represent the mineral
assemblage stable prior to or at the
HP breakdown of antigorite (Fig. 2).
It is suggested that the relatively high
temperature (>630 °C) at the meta-
morphic peak and the concomitant
¯uid release are likely to have trig-
gered the formation of the zircons at
15 Myr. Fluid production was trig-
gered by the incipient breakdown of
antigorite + diopside [see eqn (1) and
Fig. 2], which closely precedes the
®nal breakdown of antigorite [see
eqn (2) and Fig. 2) (Trommsdor�
et al., 1998). Therefore, the 15 Myr
age is interpreted herein as dating
the thermal peak at pressures of
� 2.0 GPa.
The two zircons dated at around

450±465 Myr have oscillatory zoning
typical of magmatic zircon and show
evidence of corrosion and abrasion.
The 562-Myr-old crystal contains in-
clusions of quartz and biotite indica-
ting that this grain represents a
xenocryst that did not form in the
mantle but rather in the crust. It is
likely that these Palaeozoic zircon
crystals derived from crustal material
recycled into the mantle that were
then incorporated into the pyroxenite
during its formation.

Discussion

The age of Alpine HP metamorphism

The inclusions, morphology and tex-
tural relationships of the 15-Myr-old
zircon grains indicate that they grew
at the thermal peak of metamorphism.
In the ultrama®c rocks, the thermal
peak was reached near the HP condi-
tions (Trommsdor� et al., 1998) and
was followed by cooling and decom-
pression (Puga et al., 1999). The new
U±Pb data presented herein suggest a
much younger age than previously
proposed for the HP event in the
NFC.
The previous Palaeogene to Creta-

ceous age estimates were inferred from
dating of the cooling path (Andriessen
et al., 1991; MonieÂ et al., 1991; De
Jong et al., 1992; Zeck et al., 1992;
Puga et al., 1996). An effort to meas-
ure Sm±Nd on eclogites from the
MulhaceÂ n Complex documented iso-
topic disequilibrium (Nieto et al.,
1997). Similar problems have been
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Fig. 2 P±T evolution deduced for the ultrama®c rocks of the Cerro del Almirez
outcrop (path a), for the dated meta-clinopyroxenite (path b), and for the
surrounding metapelites (path c) (SchoÈ nbaÈ chler, 1999). Upper and lower rocks refer
to the position within the Almirez ultrama®c sheet. The rocks in the upper part are
foliated serpentinites (antigorite + olivine + diopside � tremolite + chlorite),
whereas in the lower part rocks are more massive consisting of enstatite + olivine +
tremolite + chlorite. Location of reaction (1) (see text for details) has been calculated
using Vertex (Connolly, 1990) and the Berman (1988) database and taking into
account the observed substitution of Fe for Mg in the following minerals (XMg for
Ol � 0.89; Atg � 0.95; Di � 0.96; Tr � 0.95; where XMg �Mg/(Mg + Fe)). Loca-
tion of reactions (2) and (3) (see text for details) has been taken from experimental
determinations reported by Ulmer and Trommsdorff (1999). Reaction Atg ®
Tlc + Ol (thin line) brackets the stability ®eld of Tlc. Many other reactions have
been omitted for clarity.
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encountered using the K±Ar and Rb±
Sr systems, which yielded anomal-
ously old and erratic ages attributed
to incomplete degassing and excess
argon (67 and 43 Myr, Puga et al.,
1996; 836±14 Myr, Andriessen et al.,
1991), or repeated resetting by vol-
canic ¯uids (30±14 Myr, De Jong
et al., 1992). MonieÂ et al. (1991) sug-
gested an Eocene age for metamor-
phism and slow exhumation of the
Sierra de los Filabres on the basis of
dubious 40Ar±39Ar data but their in-
terpretation contrasts with several
later publications that documented fast
cooling and exhumation in the Betic
Cordillera (Zeck et al., 1992; MonieÂ
et al., 1994; Johnson et al., 1997; Platt
and Whitehouse, 1999; SaÂ nchez-
RodrõÂguez and Gebauer, 2000).

Exhumation history

The best constraints on the late meta-
morphic evolution of the NFC origin-

ate from zircon ®ssion track data,
which have been interpreted as cool-
ing to 230 � 25 °C between 12 and
9 Myr (Johnson et al., 1997). These
authors estimated, using apatite mod-
elling, that cooling was more or less
complete by 11 Myr in the east and
8 Myr in the west. Thus, it could be
assumed that the Cerro del Almirez
rocks, which are located in an inter-
mediate position, cooled below
� 230 °C by � 10 Myr. The ®ssion
track data are in agreement with
sedimentological data. The ®rst in¯ux
of clastic sediments shed from the
NFC in the adjacent basins took place
during the Serravallian (� 11 Myr) in
the east (Braga and MartõÂn, 1988)
and during the late Tortonian (less
than 8.5 Myr) in the west (RodrõÂguez
FernaÂ ndez, 1983).
The rates of exhumation and cooling

of the studied NF rocks can be estima-
ted combining the ®ssion-track and
sedimentological data with the new

SHRIMP age (Fig. 5). It is assumed
that exhumation begun at 15 Myr,
shortly after peak metamorphism (mi-
nimum conditions of 18 GPa � 67 km
and � 630 °C). At around 10 Myr and
230 °C (blocking temperature for
zircon ®ssion tracks according to
Johnson et al., 1997), the NFC rocks
reached a depth ranging between � 7
and 10 km (0.2±0.3 GPa) depending
on the assumed geotherm (Spear,
1993). These results point to a fast
exhumation at a rate of � 1.1±
1.2 cm yr)1, which is comparable, even
though slightly slower, to those esti-
mated forother eclogitic terrainswithin
the Alpine chain (Gebauer et al., 1997;
SaÂ nchez-RodrõÂguez and Gebauer,
2000; Rubatto and Hermann, 2001).
The resulting minimum cooling rate

is � 80 °C Myr)1, which is lower than
that calculated by Johnson et al.
(1997) for the late cooling of the
NFC (ranging from 105 °C to
170 °C Myr)1). However, the lower
cooling rate deduced for the Cerro del
Almirez is still in line with the thermal
evolution expected for deep rocks
being exhumed at very fast rates. It
is to be expected that cooling rates
were relatively slow at depth and
dramatically increased at shallower
levels with decreasing exhumation
rates (Johnson et al., 1997).

Tectonic implications

The temperature±time paths shown in
Fig. 5 indicate that the NFC under-
went a similar thermal evolution to
the overlying AC (Zeck and White-

Table 1 U±Th±Pb SHRIMP analyses on zircons from the Almirez pyroxenite. Errors are at 1r levels

Label U (ppm) Th (ppm) Th/U % com Pb 238U/206Pb* 207Pb/206Pb* 206Pb/238U  Age  206Pb/238U

AL-5.1 37.7 40.6 1.08 21.46 322.54 � 9.43 0.2428 � 151 0.00244 � 9 15.68 � 0.56

AL-5.2 20.1 16.8 0.84 25.89 271.09 � 17.59 0.2834 � 235 0.00273 � 20 17.60 � 1.29

AL-6.1 16.8 1.8 0.11 52.25 162.22 � 5.16 0.5247 � 410 0.00294 � 29 18.95 � 1.88

AL-7.1 123.4 91.8 0.74 15.97 350.94 � 12.43 0.1926 � 69 0.00239 � 9 15.42 � 0.56

AL-7.2 76.3 55.1 0.72 9.9 386.44 � 10.20 0.1369 + 159 0.00233 � 8 15.01 � 0.49

AL-7.3 70.3 55.6 0.79 15.52 385.01 � 14.86 0.1884 � 119 0.00219 � 9 14.13 � 0.59

AL-8.1 127.3 72.1 0.57 25.07 307.47 � 16.18 0.2759 � 403 0.00244 � 19 15.69 � 1.24

AL-9.1 228.5 191.0 0.84 7.07 425.16 � 12.68 0.1110 � 66 0.00219 � 7 14.08 � 0.43

AL-9.2 39.5 32.1 0.81 24.68 331.14 � 9.22 0.2723 � 152 0.00227 � 8 14.65 � 0.52

AL-9.3 16.7 11.2 0.67 56.91 156.84 � 5.19 0.5674 � 291 0.00275 � 22 17.69 � 1.43

AL-9.4 125.2 96.1 0.77 6.97 391.65 � 11.01 0.1102 � 63 0.00238 � 7 15.29 � 0.44

AL-4.1ex 25.1 3.5 0.14 58.05 112.59 � 3.77 0.5778 � 174 0.00373 � 21 23.97 � 1.35

AL-1.1os 1426.9 80.2 0.06 0.05 13.39 � 0.230 0.0568 � 2 0.07465 � 128 464 � 8

AL-2.1os 33.7 17.0 0.50 0.09 10.96 � 0.180 0.0597 � 12 0.09114 � 150 562 � 9

AL-3.1os 379.4 15.6 0.04 0.15 13.79 � 0.258 0.0574 � 4 0.07238 � 135 451 � 8

os, oscillatory zoned; *uncorrected for common Pb;  corrected for common Pb; ex, excluded from age calculation.

Fig. 3 Cathodoluminescence image of (a) an Alpine zircon with no regular pattern
and (b) an Ordovician zircon grain with magmatic zoning.
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house, 1999), but at di�erent times
(Fig. 5). In fact, geochronological
(Platt and Whitehouse, 1999; Zeck
and Whitehouse, 1999; SaÂ nchez-Rod-

rõÂguez and Gebauer, 2000) and sedi-
mentological data (Braga et al., 1996)
indicate that the upper units of the AC
underwent HP metamorphism before

or at 20 Myr and were already ex-
humed at 18±15 Myr. At this time
(4±8 Myr before its exhumation) the
NFC was still being subducted. This
interpretation contrasts with previous
models for the tectonic history of the
two complexes. Such models were
based on geochronological data (De
Jong, 1991; MonieÂ et al., 1991) indi-
cating that HP metamorphism in the
NFC preceded that of the AC and
implied a crossover in the time±depth
paths of both units (Fig. 5).
A subsequent tectonic implication

of the 15 Myr age for HP metamor-
phism in the NFC is that subduction
in the Betic Chain lasted at least
until the middle Miocene, longer
than previously thought. In fact,
active continental subduction has
been recently detected below the
Betic Cordillera and the AlboraÂ n
Sea (Morales et al., 1999). Further-
more, the fact that two units (NFC
and AC) underwent parallel but not
synchronous metamorphic histories is
an important result: it implies that
subduction and exhumation can act
simultaneously within an orogen dur-
ing the tectonic evolution of young
collisional belts. In this case, the P±T
evolution of the NFC and AC can
be explained by exhumation mech-
anisms (see Lonergan and White,
1997 for discussion), that propagated
through the Betic Chain during the
Miocene.
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