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Abstract Medium grade metapelites of the Torrox unit
(Betic-Rif Belt, S Spain) contain mineral assemblages
consisting of garnet (Grt), staurolite (St), cordierite
(Crd), biotite, kyanite, sillimanite, andalusite, muscovite
(Ms) and quartz (Qtz) and record complex reaction
processes of cordierite growth through garnet and
staurolite decomposition. The reaction textures, the
chemical composition of the reactant and product
phases, including Fe-Mg-Mn partitioning, and the re-
sults of equilibrium thermodynamic calculations indi-
cate that these cordierite-bearing assemblages are largely
deviated from equilibrium. Furthermore, the actual
cordierite-forming reactions, as estimated from the as-
semblage and associated textures, conflict with the pre-
dictions of thermodynamically based petrogenetic grids
for the model pelite system KFMASH, either those that
predict the stable coexistence of cordierite + muscovite
plus garnet or staurolite or those that do not foresee a
field of stability for these types of assemblages. This
conflict is explained in terms of cordierite growth (at ca.
575 °C and 2.5 kbar) through metastable reactions
whose operation was conditioned by the relict persis-
tence of higher pressure phases (garnet and staurolite)
and phase compositions (e.g. muscovite and biotite) af-
ter fast decompression. This interpretation militates
against the existence of a wide P-T range of stable co-
existence at low P of Crd + Ms + Qtz + Grt £+ Stin
medium grade metapelites of normal composition (i.e.
poor in Zn and/or Mn). The triggering of metastable
cordierite-forming reactions and the preservation of
even subtle disequilibrium features associated to them
indicate that the rocks underwent fast near-isothermal
decompression from ca. 12 kbar down to 2-3 kbar, then
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rapid cooling. These inferences agree with independent
evidence indicating that termination of alpine meta-
morphism in the western Betic-Rif Belt was related to
the extensional collapse of thickened crust and that the
latter had consisted of a single, continuous event.

Introduction

Most contemporary views about the orogenic evolution
of the Betic-Rif Belt (S Spain and N Morocco) ac-
knowledge the occurrence of a major Late Oligocene to
Early Miocene extensional event (Torres-Roldan 1979;
Platt and Vissers 1989; Garcia-Duefias et al. 1992;
Monié et al. 1994; Docherty and Banda 1995; Vissers
et al. 1995; Zeck 1996; Lonergan and White 1997; Platt
et al. 1998). This notion emerged, among other sources
of evidence, from studies on the evolution of metamor-
phism in the Alpujarride/Sebtide crustal domain of the
belt. In this domain, combined thermochronological and
geological constraints indicate that metamorphism came
to an end about 22-18 Ma ago, and that termination of
metamorphism took place through rapid cooling (as
high as 250-450 °C/Ma) and uplift (in the range of
several km/Ma; Zeck et al. 1989, 1992; Monié et al.
1994; Andriessen and Zeck 1996; Sosson et al. 1998;
Platt et al. 1998). Further, most published P-T paths
from Alpujarride/Sebtide sequences include a stage of
near-isothermal decompression, with a pressure decrease
ranging from 8 to 15 kbar (e.g. Torres-Roldan 1974,
1981; Westerhoff 1977; Couturié¢ and Kornprobst 1977;
Bakker et al. 1989; Tubia and Gil Ibarguchi 1991; Ga-
rcia-Casco et al. 1993; Garcia-Casco and Torres-Roldan
1996; Platt et al. 1996; Balanya et al. 1997; Tubia et al.
1997; Azafion et al. 1998; Soto and Platt 1999), indi-
cating that considerable uplift had already preceded final
cooling. During near-isothermal decompression, in-
complete reaction and disequilibrium overprinting of
high-P assemblages by low-P assemblages were com-
monplace (Garcia-Casco et al. 1993; Garcia-Casco and
Torres-Roldan 1996; Soto and Platt 1999), suggesting
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that uplift during this stage was also very fast, and
consistent with the occurrence of extensional collapse of
thickened crust. Study of these disequilibrium features,
in many instances well preserved after the rapid thermal
relaxation in the Lower Miocene, is thus a key to un-
derstanding the late tectonic development of the Beti-Rif
Belt, while providing an unusual framework to compare
natural metamorphic development against the reaction
path expected from theoretical models.

Generalized disequilibrium and evidence of irrevers-
ible reactions in the alpujarride rocks were first identified
by Loomis (1972a, b, ¢, 1975a, b, 1976, 1977, 1979) in
metapelites from the Casares-Los Reales unit (his
“gneiss series”’), located on top of the ultramafic bodies
of Ronda (Fig. 1). Loomis envisaged metamorphism in
this sequence as a contact aureole (a view that has kept
appearing in literature reviews of metamorphism, e.g.
Kerrick 1990; Pattison and Tracy 1991), and postulated
that large overstepping of equilibrium boundaries in
low-to-medium grade rocks had resulted from near-
isobaric thermal input induced by the diapiric intrusion
of the peridotite bodies. Overstepping due to decom-
pression was recognized only in the higher grade rocks
adjacent to the peridotites, that he related to fast drag-
ging during the intrusion. Subsequent structural studies
have questioned Loomis’ model of peridotite intrusion
and contact metamorphism (cf. Lundeen 1978; Tubia
and Cuevas 1986; Van der Wal and Vissers 1993, 1996;
Tubia 1994; Tubia et al. 1997), and disequilibrium
metamorphic features in the Casares-Los Reales type of
units are presently believed to have generally resulted
from decompression, as suggested by Torres-Roldan
(1981), and documented in detail by Garcia-Casco et al.
(1993) and Garcia-Casco and Torres-Roldan (1996).
Still, it is the merit of Loomis to have realized the oc-
currence of pervasive disequilibrium in these rocks, the
interest of their study, and the usefulness of petrologic
analysis in their interpretation. In their study of the
Torrox metapelites (an eastern equivalent of the Casar-
es-Los Reales sequence), Garcia-Casco and Torres-
Roldan (1996) showed that, while compositional dis-
equilibrium and metastable persistence of high-P relicts
almost rule out obtaining precise thermobarometric es-
timates in these rocks, their P-T evolution could gener-
ally be well constrained by comparing texturally
deduced reactions and reaction history with the predic-
tions of thermodynamically calculated petrogenetic
grids. Among the complex assemblages present in most
of the Torrox metapelites, there are some samples that
stand out in that they contain up to 9 solid KFMASH
phases, Grt + St + Ky + Fib + And + Crd +
Bt + Ms + Qtz (abbreviations after Kretz, 1983), an
assemblage that is likely to be among the more complex
ever described in medium grade metapelites and where
the relations among cordierite, garnet and staurolite
(plus quartz and muscovite) are of particular interest in
view of the controversial nature of Crd £ Grt + St
assemblages (see Pattison and Tracy 1991). In this paper
we focus on the origin of cordierite in these rocks, and
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Fig. 1 A Geological map of the Western Betic Cordilleras. [/
External zones, 2 Betic Dorsal, 3 Nieves unit, 4, 5 Casares-Los
Reales type of units (4 Yunquera), including peridotite bodies
(crosses), 6 Blanca type of units, 7 Malaguide units, 8 Early
Cretaceous to Early Miocene flysch, 9 Miocene syn-tectonic deposits
(type La Vifiuela), /0 Neogene and Quaternary deposits (post-
tectonic)]. The box denotes the location of the Torrox area shown in
B. B Geological map of the Torrox area, with the distribution of
mineral assemblages in the metapelites of the Torrox unit and the
location of representative samples with cordierite-bearing assemblag-
es. Also indicated is the location of the samples in Table 1

its bearing on current P-T grids and the development of
extensional collapse of the Betic-Rif Belt.

Geological and petrological setting

The samples come from the Torrox unit, that is located in the west-
ern-central segment of the Betic Cordillera (Fig. 1), within the Vélez
Malaga-Sierra Tejeda massif. This region has been studied by Boulin
(1970), Elorza et al. (1979), Elorza and Garcia-Dueiias (1981) and
Sanz de Galdeano (1989), and includes several tectonic units with
metamorphic sequences of varying grade. The Torrox unit consists
mainly of a several-km thick sequence of medium grade, graphite-
bearing schists and metapsammites, which are locally underlain by
small bodies of muscovite-bearing leucogneisses. The schists have a
monotonous appearance and show no major breaks in bulk com-
position (Table 1; cf. Garcia-Casco and Torres Roldan, 1996), ex-
cept near the contact with the gneisses, where they become richer in
plagioclase and locally contain cm- to mm-sized segregations of
trondhjemitic composition (Pl + Qtz, lacking K-feldspar). Struc-
tural development consists of a main foliation (S,) that transposes
early structures and is associated with small-scale subhorizontal tight
folds. The S, foliation is deformed by Djs folds, and a differentiated
crenulation foliation S5 transposes S, locally (Cuevas et al. 1989).

Mineral assemblages going upgrade in the metapelites of the
Torrox unit include: (1) St + Bt + Grt + And (Andalusite
schists); (2) St + Bt + Grt + Fib + And (Fibrolite schists); (3)
St + Bt + Grt + Ky + Fib + And (Kyanite schists). Cordierite
occasionally joins any of these assemblages (Fig. 1). The growth of
the key AFM phases relative to the main stages of deformation was
pre-D, for kyanite and garnet, pre-D, and syn-D, for staurolite,
syn-D, for fibrolite, post-D; to syn-D; for andalusite and post-Ds
for cordierite (Garcia-Casco and Torres-Roldan 1996). To be noted
is that some of the higher grade metapelites display post-Dj re-
crystallization that obscure D, and D; microstructures. In these
samples, kyanite, fibrolite, garnet and staurolite, otherwise
abundant in this type of rock, are scarce or absent. All assemblages
contain quartz, muscovite, plagioclase, rutile and ilmenite, with
tourmaline, apatite and (less commonly) Fe-sulphides occurring
locally. Chlorite is also found in some rocks as retrograde grains
that replace biotite, garnet and staurolite. The more prominent
textural and compositional features in the Torrox metapelites de-
veloped during D, 3, and include: (1) sequential growth of
Ky — Fib — And; (2) replacements of garnet by combinations of
St, Bt, Fib, And, Pl and Ilm; (3) replacements of staurolite by
combinations of Bt, Fib, And and Ilm; (4) the replacement of rutile
by ilmenite; (5) wide compositional heterogeneity in the micas and
plagioclase related to textural placement; (6) anomalous Mg-Fe
partitioning between biotite-garnet and staurolite-garnet pairs (in-
dicated by odd thermometric results and reverse Fe-Mg partition-
ing, i.e. X3! > X8, respectively). Garcia-Casco and Torres-Roldan
(1996) related these features to the overstepping of equilibrium
boundaries during post-peak near-isothermal decompression (from
> 10 kbar down to 2-3 kbar, at an estimated rate of 5-10 km/Ma).
Previous to decompression, the P-T path of the Torrox schists was
characterized by clockwise heating (up to 650 °C at ~8-10 kbar),
followed by compression up to 12 kbar at peak 7.
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Cordierite-bearing rocks

The appearance of cordierite in the Torrox schists is not related to
metamorphic grade, as indicated by the fact that cordierite-bearing
samples have a random field distribution (Fig. 1) and are associ-
ated to cordierite-lacking samples at the scale of single outcrops.
When present, cordierite is rather seen to join the And + Bt pair

that overprints higher pressure assemblages in all types of schists,
and a plot of bulk compositions (Fig. 2) suggests that the main
control on cordierite growth was related to subtle variations of
FeO/(FeO + MgO) bulk ratios. Cordierite appears mostly in the
form of cryptocrystalline aggregates (pinite) where crystalline areas
of cordierite are rarely preserved. In all samples cordierite is seen to
replace pre-existing garnet and staurolite porphyroblasts, but cor-
dierite relations are generally obscured by the concurrence of other
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Table 1 XRF analyses of metapelite samples from the Torrox unit

Sample T320 T329 T330 T477B T348 T473
Zone Fibrolite schists Kyanite schists

Crd-lacking Crd-lacking Crd-bearing
Oxide proportions (wt%)
SiO, 65.00 67.08 68.16 59.40 66.10 73.50
TiO, 0.90 0.83 0.77 0.96 0.81 0.75
AlLO; 17.44 17.03 16.80 20.70 16.00 12.40
FeO 5.68 5.34 4.92 6.90 5.23 4.29
MnO 0.09 0.08 0.07 0.11 0.09 0.07
MgO 1.64 1.58 1.35 1.81 1.78 1.53
CaO 0.94 0.77 1.00 0.54 1.69 1.36
Na,O 1.38 1.39 1.72 0.55 1.87 1.42
K,O 3.00 3.07 2.47 3.95 2.76 2.03
P,0s 0.19 0.13 0.15 0.24 0.16 0.13
Loss on ignition 3.14 2.46 2.63 4.08 2.62 2.08
Total 99.39 99.76 100.05 99.24 99.11 99.56
FeO/(FeO + MgO) 0.776 0.772 0.785 0.792 0.746 0.737

replacements of garnet and staurolite consisting of combinations of
Fib-And-Bt-Ms-1Im-PI that developed during decompression, pre-
vious to cordierite growth (Garcia-Casco and Torres-Roldan
1996). In a few rocks, however, the latter types of replacements are
scarce, and one of such sample was hence chosen for detailed study.
This sample, T348, is a massive schist with enhanced post-Ds re-
crystallization, and displays a variety of reaction textures involving
cordierite growth after garnet, staurolite and, interestingly too,
after muscovite and earlier biotite. Further, the rock contains some
fresh cordierite areas within pinite, and lacks kyanite and fibrolite.
The EPMA data (Table 2, BSE and X-ray images) were collected
with a CAMEBAX SX50 machine at the University of Granada.
The reader is referred to Garcia-Casco et al. (1993) for details on
the analytical procedures.

Reaction textures (cordierite-bearing
replacement textures)

Garnet porphyroblasts (0.5-1 mm in diameter, with inclusions of
quartz and rutile) are corroded by fine grained aggregates of
Crd + Bt + Ilm + Qtz + Pl that form 0.1-0.4 mm thick coro-
nas (Fig. 3A). The replacements also progress along fractures
within garnet (Figs. 3A and 4), suggesting the presence of a fluid
phase during replacement. Less commonly, garnet is also replaced
by simpler mixtures of Bt + Ms. Staurolite is replaced by aggre-
gates of Crd + Bt + Ilm (Fig. 3E). Within these replacements,
staurolite appears as fine xenomorphic grains that are often ar-
ranged in optical continuity, indicating that they are relicts of
larger porphyroblasts. Locally, adjacent grains of garnet and
staurolite develop continuous replacements which indicate that
both phases were involved in the cordierite-forming event. Early
muscovite plates of 1-2 mm in size appear deformed and corroded
by Crd + Bt + Qtz = Ilm + PI (Figs. 3E, G and H), where the
grains of biotite, cordierite and quartz are often intergrown parallel
to the (0 01) planes of the host muscovite (Figs. 3G and H).
Cordierite-bearing intergrowths are nonetheless absent in finer and
texturally younger muscovite laths that are dispersed in the matrix
or replacing garnet (in the Bt + Ms replacements) and plagioclase
porphyroblasts. Rutile is located within garnet porphyroblasts and
dispersed in the matrix, and matrix grains are replaced by ilmenite.

In addition to the small grains that replace garnet, staurolite
and muscovite, biotite plates 1-2 mm in size, which contain patches
of fine grained Crd + Ilm + Qtz (Fig. 3C and D), are dispersed in
the matrix. These patches are comparable and often overlap with
those developed after garnet (Fig. 3A and B), but textural criteria
are ambiguous as to whether this type of biotite is replaced by

Crd + Ilm + Qtz aggregates or both are products of Crd-forming
reactions. The development of diffusion zoning in biotite plates
next to the patches, however, indicates that these biotites were re-
acting to Crd + Ilm + Qtz while Bt + Crd was being produced
in adjacent reaction sites after garnet, staurolite and muscovite.
Andalusite appears in sample T348 as dispersed porphyroblasts
with inclusions of biotite and ilmenite and as aggregates intergrown
with biotite. Andalusite is systematically absent in cordierite-
bearing replacements, however, and wherever it is in contact with
cordierite the phase boundary is clean (Fig. 3F). The same rela-
tionships are present in other cordierite-bearing samples from the
Torrox unit, even if fibrolite and kyanite are also coexisting phases.
In general, the textures indicate that andalusite was not involved in
the reaction processes that led to cordierite growth, either as re-

AlLSiOg
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+H20
+Qtz
+Ms
+lim
+PI

¥¢ Crd-absent T320, T329

* Crd-bearing

FeO L

T348, T473

MgO

Fig. 2 AFM projection of whole rock compositions (Table 1) and
representative compositions of the phases coexisting in sample T348.
The fields for the assemblages And + Bt and And + Bt + Crd
developed at low P in the cordierite-absent and cordierite-bearing
samples, respectively, have been drafted for reference. Note that
cordierite-bearing schists have slightly lower FeO (FeO + MgO)
ratios



Table 2 Representative compositions of minerals from sample T348

Staurolite Garnet Ilmenite
relicts
Core? Rims Matrix  Product after
(a) (b) High-Ca  retrogr.® Grt(1)f st()!  Ms(1)f
SiO, 27.07 26.87 37.01 37.91 38.15 37.03 - - - -
TiO, 0.71 0.70 0.02 0.01 0.10 0.01 53.00 52.71 52.81 53.01
Al,O; 54.48 55.29 20.71 21.32 21.33 21.05 0.00 0.00 0.00 0.00
Cr,05 - - 0.03 0.00 0.01 0.00 0.01 0.01 0.00 0.01
FeO? 12.97 12.92 32.58 32.59 28.61 33.81 43.42 44.89 44.18 44.27
MnO 0.25 0.27 5.31 1.56 0.34 3.52 2.99 1.66 2.25 2.40
ZnO 0.75 0.73 - 0.01 - 0.00 0.02 0.00 0.00 0.06
MgO 1.22 1.20 2.19 5.18 5.35 2.81 0.02 0.00 0.00 0.01
Ca0 - - 2.01 1.72 6.29 1.74 - - - -
Total 97.45 97.98 99.86 100.31 100.18 99.97 99.44 99.27 99.24 99.76
Si + Al = 25.53° 12 O pfu 6 O pfu
Si 7.571 7.453 3.004 2.999 2.991 2.990 - - - -
NI 0.429 0.547 0.000 0.001 0.009 0.010 - - - -
VIA] 17.530 17.530 1.981 1.987 1.961 1.993 0.000 0.000 0.000 0.000
Cr - - 0.002 0.000 0.001 0.000 0.000 0.001 0.000 0.000
i 0.148 0.147 0.001 0.001 0.006 0.001 2.017 2.012 2.015 2.013
Fe? ™" 3.033 2.997 2211 2.156 1.875 2.283 1.837 1.905 1.874 1.869
Mn 0.059 0.063 0.365 0.105 0.023 0.241 0.128 0.071 0.097 0.103
Zn 0.155 0.150 - 0.001 - 0.000 0.001 0.000 0.000 0.002
Mg 0.509 0.495 0.264 0.611 0.625 0.338 0.001 0.000 0.000 0.000
Ca - - 0.175 0.145 0.528 0.151 - - - -
H™e 3.734 3.960
Fe/Fe + Mg 0.856 0.858 0.893 0.779 0.750 0.871 0.999 1.000 1.000 1.000
Mn/Mn + Fe  0.019 0.021 0.142 0.046 0.012 0.095 0.065 0.036 0.049 0.052
Xaim 0.733 0.715 0.615 0.758
Xops 0.121 0.035 0.007 0.080
orp 0.088 0.203 0.205 0.112
ars 0.058 0.048 0.173 0.050
Biotite Muscovite
Matrix Product after Porphyroblast Product after
Core Retrogr  Grt(1)"  Grt(2)" St(1)" Ms(1)? High-Si  Low-Si Grt(2)" Pl
Si0, 35.44 35.12 35.61 34.55 35.31 35.06 49.40 46.07 46.52 47.14
TiO, 2.65 3.56 4.02 0.36 4.57 3.45 1.18 0.50 0.36 0.02
AlLO; 20.03 19.76 19.58 21.75 19.07 19.49 30.54 36.43 36.22 36.19
Cr,04 0.05 0.06 0.06 0.03 0.04 0.07 0.08 0.00 0.03 0.04
FeO 21.17 21.41 22.33 21.55 21.02 22.30 2.01 0.85 1.00 0.81
MnO 0.17 0.21 0.15 0.17 0.12 0.19 0.03 0.01 0.00 0.00
ZnO - 0.02 - - - - - - - -
MgO 7.07 6.83 6.05 7.64 6.42 6.39 1.90 0.38 0.55 0.59
Ca0 0.01 0.00 0.01 0.00 0.01 0.02 0.00 0.02 0.00 0.01
Na,O 0.25 0.15 0.22 0.20 0.20 0.22 0.32 0.54 0.53 0.50
K,O 8.21 8.50 8.16 7.94 8.32 8.24 9.56 9.98 10.13 10.06
Total 95.05 95.63 96.19 94.19 95.08 95.43 95.02 94.78 95.34 95.36
20 O, 4 OH pfu 20 O, 4 OH pfu
Si 5.406 5.348 5.395 5.317 5.394 5.369 6.562 6.125 6.155 6.217
NI 2.594 2.652 2.605 2.683 2.606 2.631 1.438 1.875 1.845 1.783
VlAL 1.007 0.895 0.892 1.263 0.828 0.886 3.345 3.832 3.804 3.842
Cr 0.007 0.008 0.007 0.003 0.005 0.008 0.008 0.000 0.003 0.004
Ti 0.304 0.408 0.458 0.042 0.524 0.398 0.118 0.050 0.035 0.002
Fe2 ™" 2.701 2.727 2.829 2.774 2.685 2.855 0.223 0.094 0.110 0.089
Mn 0.022 0.026 0.019 0.023 0.016 0.024 0.003 0.001 0.000 0.000
Zn - 0.002 - - - - - - - -
Mg 1.608 1.551 1.368 1.753 1.463 1.459 0.376 0.075 0.108 0.117
S[VIE 5.649 5.618 5.573 5.858 5.521 5.630 4.073 4.052 4.060 4.054
Ca 0.001 0.000 0.002 0.000 0.001 0.003 0.000 0.003 0.000 0.002
Na 0.074 0.043 0.066 0.059 0.059 0.064 0.082 0.140 0.136 0.127
K 1.597 1.652 1.577 1.559 1.622 1.610 1.620 1.692 1.709 1.692
S[X1I]E 1.672 1.696 1.645 1.618 1.682 1.677 1.702 1.835 1.845 1.821
Fe/Fe + Mg 0.627 0.637 0.674 0.613 0.647 0.662 0.372 0.556 0.505 0.432
Mn/Mn + Fe  0.008 0.009 0.007 0.008 0.006 0.008 0.013 0.011 0.000 0.000
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Table 2 (continued)

Cordierite product after Plagioclase
St (fresh) Bt (fresh) Grt' Ms' Porph. core Matrix After Grt
SiO, 48.23 47.73 41.13 39.70 63.91 60.88 59.47
TiO, 0.01 0.02 0.57 0.00 - - -
AlLO; 32.63 34.80 26.67 35.73 22.86 24.94 25.85
Cr,04 0.01 0.04 0.03 0.00 - - -
FeO 10.14 9.22 12.00 7.66 - - -
MnO 0.34 0.45 0.21 0.20 - - -
ZnO 0.01 0.03 0.02 0.01 - - -
MgO 6.77 5.74 4.29 3.70 - - -
CaO 0.06 0.30 1.23 0.89 4.25 6.71 7.99
Na,O 0.41 0.34 0.83 0.38 8.75 7.64 6.95
K,O 0.02 0.27 4.04 0.58 0.49 0.33 0.27
Total 98.61 98.94 91.02 88.84 100.25 100.50 100.53
18 O pfu 8 O pfu
Si 5.004 4.922 4.883 4.571 2.816 2.696 2.641
Al 3.990 4.229 3.731 4.848 1.187 1.302 1.353
Cr 0.001 0.003 0.003 0.000 - - -
Ti 0.001 0.001 0.051 0.000 - - -
Fe? " 0.880 0.795 1.191 0.737 - - -
Mn 0.030 0.039 0.021 0.019 - - -
Zn 0.000 0.002 0.002 0.000 - - -
Mg 1.046 0.883 0.759 0.635 - - -
Ca 0.006 0.034 0.157 0.109 0.200 0.318 0.380
Na 0.082 0.068 0.190 0.085 0.747 0.656 0.598
K 0.002 0.035 0.612 0.085 0.027 0.019 0.015
Fe/Fe + Mg 0.457 0.474 0.611 0.537 - - -
Mn/Mn + Fe 0.033 0.047 0.017 0.025 - - -

aTotal Fe as FeO. (unaccounted Fe* ™ must be low in presence of
graphite, which imposes low fo, conditions and hence low Fe®™"/
Fe? " ratios in the micas; e.g. Guidotti and Dyar, 1991)
®Staurolite formula calculated on the basis of Si + Al = 25.53
atoms pfu and total positive charge = 96 after the suggestion of
Holdaway et al. (1986) for graphite-bearing rocks

°H™ content in staurolite calculated by stoichiometry

4 (a) Denotes core, (b) the interior of grains adjacent to high-Ca
overgrowths

actant or product, and suggest that andalusite was formed previous
to cordierite growth.

Mineral compositions

Garnet porphyroblasts display normal (i.e. growth) zoning, with
Fe/(Fe + Mg) (= Xg.) and Mn decreasing from core to rim, except
for 10-20 um wide diffusional rims that develop along the contacts
with the replacements. Within the diffusional rim both X, and Mn
increase (Fig. 4), indicating that temperature and/or pressure de-
creased during garnet replacement. The Ca content is low and
homogeneous (X ~ 0.05), except in some protuberances or iso-
lated garnet remnants within the coronas where it increases no-
ticeably (up to Xy = 0.174, Fig. 4). These high-Ca rims have low
Mn and Xg. and can be correlated with better preserved high-Ca
overgrowths in garnets from cordierite-absent metapelites, where
they record the peak pressure conditions attained in the Torrox
unit (10-12 kbar, Garcia-Casco and Torres-Roldan 1996). The
near complete obliteration of these Ca-rich rims in sample T348
indicates that advanced dissolution of garnet took place during
cordierite growth. Staurolite composition is fairly homogeneous
[Xge = 0.845-0.858, Mn/(Fe + Mn) = 0.019-0.023] in sample
T348, with no clear indication of zoning (Fig. 5). However, better
preserved staurolite porphyroblasts from other cordierite-bearing
samples display a slight increase in Xg, and Mn towards the rims,
next to the replacements (Fig. 5), suggesting that some diffusional

€ Retrogr: the interiors exposed due to replacement of high-Ca rims
and modified by diffusion

(1) Refers to Crd + Bt + Ilm replacements

€3[VI] and X[XII] refer to octahedral and interlayer occupancies,

respectively

b (1) Biotite of Crd + Bt + Ilm replacements after garnet, staur-
olite and high-Si muscovite, (2) biotite and low-Si muscovite from
Bt + Ms replacements after garnet

'Pinite analyses

exchange accompanied staurolite replacement. Muscovite displays
a wide compositional heterogeneity, which corresponds with tex-
tural type. The early (reacting) crystals of muscovite have higher Si,

>

Fig. 3A—H Representative textures of cordierite growth in sample
T348: A Optical image of pinite + biotite replacement after garnet and
adjacent plate of biotite (the inset shows the same image at a lower scale).
B BSE image of the hox in A showing the presence of relict biotite (white)
within heterogeneous pinite material (gray-shaded). C Matrix biotite
plate replaced by fine grained Crd + Qtz + Ilm aggretates. D BSE
image of the area shown in C that illustrates the nature of the
replacements, with fresh cordierite within pinite material. The /ine marks
the location of the composition profile along the biotite plate that is
shown in Fig. 8. E Optical image of staurolite relicts within cordie-
rite + biotite + ilmenite aggregates. A muscovite plate with replace-
ments is within view, as well as clearer neoformed low-Si muscovite
crystals that appear (lower-left corner) in the replacement aggregate.
F Optical image of andalusite porphyroblast in contact with pinite
aggregate. Both, the sharp contact among andalusite and pinite and that
pinite adapts to andalusite rims, suggest that cordierite growth followed
that of andalusite. G BSE image of muscovite plate replaced by
cordierite (pinite), biotite and quartz running parallel to the (0 0 1)
planes of muscovite. Note the heterogeneous composition of muscovite
(black arrows point to low-Si muscovite areas, that appear darker in the
image). H Detailed BSE image of the area shown in G illustrating the
distribution of Fe across the intergrown assemblage (white line). Note
the heterogeneous nature of pinite
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Fig. 4 Zoning of the replaced garnet porphyroblast shown in dinated cations (YUAl = 0.789-1.293, Ti = 0.040-0.524,

Fig. 3A, illustrated by X-ray maps of the distribution of Fe, Mn,
Mg, and Ca, and Xym, Xps, Xprp» Xers» and Fe/(Fe + Mg) traverses
along (1) the replaced high-Ca rim to replaced low-Ca “rim” and (2)
the replaced low-Ca interior. In the X-ray images, white and black
correspond to high and low elemental concentration, respectively. The
composition of garnet is modified by diffusion [upturns in Fe, Mn, Mg
and Fe/(Fe + Mg)] adjacent to the replacements, except in the relict
fragments of the high-Ca rim of the porphyroblasts

Fe, Mg, Ti, octahedral occupancy, and interlayer vacancy, and
lower ™AL MIAL K, Na, and Xre than the younger muscovites
dispersed in the matrix or replacing garnet and plagioclase (Fig. 6).
This trend, which essentially involves the Tschermak substitution,
is also observed within single crystals of high-Si muscovite, which
was interpreted as the result of muscovite re-equilibration during
decompression by Garcia-Casco et al. (1993).

Biotite also shows large compositional variations associated to
textural placement (Fig. 7), particularly in the octahedrally coor-

Fe = 2.597-2.966, Mg = 1.356-1.753 and X[VI] = 5.507-5.858).
The grains from Bt + Ms replacements after garnet have high
VAL and low Ti and Xp., and are likely largely deviated from
equilibrium given that the production of ilmenite at the time of
cordierite growth requires biotite to be saturated in Ti (cf. Guidotti
et al. 1977). Further, these grains are notable in that they have
VAL > 1 atoms per formula unit (p.f.u.), which exceeds the ex-
pectations for metamorphic biotites (cf. Guidotti 1984). Matrix
biotite plates are intermediate in composition, with X, in the range
0.612-0.643, and the lowest [YJAI, and highest Ti and X (0.667—
0.677 and 0.647-0.650 for replacements after garnet and staurolite,
respectively) are from the grains in the Crd + Bt + Ilm replace-

Fig. 5 Bivariate diagrams showing the chemical heterogeneity of
relict staurolite grains from sample T348 and sample T498, a
Crd + Ky-bearing metapelite where larger staurolite porphyroblasts
are replaced by Crd + Bt

03 - 0.3 0.3 ——r
8 ° ° o®
0.2} cgre 0.2} . . 1 0.2 v
L 4
E‘ \c o ° o !El :B \’ l‘\:l ? \.
nm
0.1} 1 0.1} 0.1} 1
0T348 .
©T498
00 i A Adk A OO 2 2 00 ' A
34 3.6 3.8 4.0 4.2 0.84 0.85 0.86 0.87 0.00 0.05 0.10 0.15
H Fe/(Fe+Mg) Mn



139

0.7 — S 0.2 0.7 . .
8 [*3)
0.6} 08 0.6} a
& L
0.5}k 1 0.5} :
204} ot A 2 0.4}
S o™ Foif o & &, % e 9
L o3} . °° @ a L o3} 1
Jo
02 Y& v A ] o2} ag™ 1
0.1} : v 0.1}
Y I N I Y 0 . . .
6.0 6.1 6.2 6.3 64 65 6.6 6.7 33 34 35 36 37 38 39 40 6.0 6.2 6.4 6.6 6.7
Si (atoms pfu) Mia Sum [VI]
2.0 0.2 O 2 ——
06 5 E
1.9} ; i A%
T T 5% % '
18} 1 Q0 = 04} +@o% 1
© | X 1 =
94 . Z 0.1 & o
&% “ 02
A L 4 2F trix with Bt intergrowth
. oh B Q matrx wil Bt itergrouthe,
' 0.1} v product after Grt 4
+ product after PI

1.5 .
60 6.1 6.2 63 64 65 6.6 6.7
Si

Fig. 6 Bivariate diagrams showing the large chemical heterogeneity
of muscovite. Note the high Si, Fe and Mg contents of relict
muscovite replaced by Crd + Bt + Qtz, and that the composition
trend is largely controlled by the Tschermak substitution

ments. These variations are indicators of severe diffusion problems
between different reaction sites, the more so when it seems likely
that a fluid phase had been present at the time of cordierite growth.
The severity of diffusion problems is further illustrated by the oc-
currence of zoned rims in plates of matrix biotite, which involve
increasing Ti, Fe and Xp., and decreasing Mg and YUAl, towards
the patches of Crd + Ilm + Qtz (Fig. 8). Though subtle, this

0.70

0.68

Fe/(Fe+Mg)
o o
2 3

o
0
N

0.60 1l ] | | ]
0.0 0.5

0.6

0 P
6.0 6.1 6.2 63 64 65 66 6.7

0 . .
6.0 61 6.2 6.3 64 65 6.6 6.7

Si Si

zoning is significant in that it matches the trend of biotites from the
Crd + Bt + Ilm replacements after garnet, staurolite, and mus-
covite (Fig. 7), suggesting that matrix biotite (with lower Ti and
Xre) changed its composition (towards higher Ti and XE.) as it was
replaced by the Crd + Ilm + Qtz aggregates. This process is
similar to that of garnet replacement, although remarkable given

Fig. 7 Bivariate diagrams illustrating the chemical heterogeneity of
biotite. Note the increase in Ti and Fe/(Fe + Mg) and the decrease in
VAT in the grains from Crd + Bt + Ilm replacements after garnet
and staurolite, as opposed to the grains from the Bt + Ms
replacements after garnet
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the much faster nature of cation diffusion in biotite relative to
garnet (e.g. Dowty 1980; Spear 1991; Florence and Spear 1991;
Pattison 1994; Gessmann et al. 1997). The preservation of delicate
zoning in these biotites is consistent with the onset of fast cooling
immediately after cordierite growth, in agreement with the
thermochronological constraints reviewed in the introductory sec-
tion.

Fresh cordierite was found only as fine inclusions within the
pinite material from some replacements after staurolite and the
matrix plates of biotite. In the staurolite replacements cordierite
has Xg. = 0.450-0.465 and Mn/(Fe + Mn) = 0.028-0.035,
slightly lower than in the grains associated to matrix biotite (0.474—
0.477 and 0.047, respectively; Fig. 11). The oxide sums in all cases
are ca. 98.5 wt%, indicating some hydrous (+CO, + CH,) com-
ponent. Ilmenite is also heterogeneous, with variable Mn/
(Fe + Mn) that is higher in matrix grains (0.062-0.065) and lower
in the replacements, down to 0.036-0.045 in the replacements after
garnet (Fig. 9). A relevant feature of all types of ilmenite grains is
that no Fe’" can be calculated on the basis of stoichiometric
constraints, which might be taken as an indication of low fo,
conditions during metamorphism. Finally, plagioclase from the
replacements after garnet has distinctly lower Na contents
(Xap = 0.602-0.608) than porphyroblasts (0.709-0.761; Fig. 10).

Evidences of disequilibrium

Besides compositional heterogeneity of all the phases,
other evidences of chemical disequilibrium in sample
T348 relate to Fe-Mn-Mg partitioning among the co-
existing phases (Fig. 11), and these are relevant in that
they help constraining the reaction history of the rock
during, and previous to, cordierite growth. The sequence
of Xg. [= Fe/(Fe + Mg)] and Xy, [=Mn/(Mn + Fe)]
in the coexisting phases is X[m > yr(retrograde rims
>Xl§irt(core) > X]?é >Xl§1rt(low—Ca interiors) > ;
S X]?é > X]\I\/ilss(low—&) S X]%—d > Xi\/[/[:(hlgh—Sl)’ and XI\C/;:Ir]t(core)
> XI\(A};t(retrograde.“rims”) > X]{/}rrln > Xl\(/;xlr]t(low—Ca interiors) >X]\(/:[1;1d
>X]\S/[[n >Xl\(/l};t(h1gh—Ca rim) >X]\]}[tn ~ ]]\\/[/[;

ships show a number of conflicts with theory, experi-
ments, and observations in natural Fe-rich metapelites
worldwide. Among these, the inverse Fe-Mg parti-

XGrt(high—Ca rim)

These relation-

tioning between garnet and staurolite (X35! >
X]grt(low—Ca interiors) S Xl?ert(hlgh—Ca rlm)) stands out since the

composition of the rock is Fe-rich, and equilibrium
X5 > XE occurs only in Mg-rich systems (Ganguly
and Saxena 1987; see also Garcia-Casco and Torres-
Roldan 1996 p. 1220). These high-Ca garnet rims also
have Xy, lower than staurolite, ilmenite, and cordierite,
that conflicts with expectations (Thompson 1976a; Fee-
nstra and Engi 1998; Spear and Cheney 1989; Pownceby
et al. 1987, 1991; Symmes and Ferry 1992). Staurolite
and cordierite display normal Fe-Mg and Fe-Mn parti-
tioning, but inverse Mn partitioning is apparent in the
Fe-Mg-Mn system [i.e. Mn/(Fe + Mg + Mn)“™
< Mn/(Fe + Mg + Mn)%Y.

Normal Fe-Mg partitioning is apparent between the
high-Ca garnet rims and all types of biotite (Fig. 11), but
the results of thermometry using the associated partition
coefficients are conflicting in that they are unreasonably
high (900-1200 °C for matrix biotite, Fig. 12A, and still
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Fig. 8 Element distribution in the Dbiotite plate with

Crd + Ilm + Qtz replacements shown in Fig. 3D. Note the increase
in Ti and Fe/(Fe + Mg) and the decrease in VAl and Mg towards
the replacement, similar to the trend of biotites from
Crd + Bt + Ilm replacements after garnet and staurolite shown in
Fig. 7

higher for biotite from Crd + Bt replacements). The
GASP barometer yields ca. 12 kbar (at 600—650 °C) for
these relict high-Ca garnet rims (using Na-rich plagio-
clase and kyanite; Fig. 12A), suggesting that the high-Ca
garnet rims grew at high P. The temperatures calculated
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Fig. 9 Ternary diagrams showing the compositional heterogeneity of
ilmenite. Note the low hematite content of the analysed grains

with the Grt-Bt and Grt-Crd Fe-Mg exchange ther-
mometers using the diffusional rim of garnet, whose
composition was attained at low P during cordierite
growth, in addition to high-Ti biotite and cordierite
from the replacements are still very high (>700 °C;
Fig. 12B and C), pointing out that even the composition
of retrograde garnet is not wholly equilibrated with
product biotite and cordierite. The Crd-Bt Fe-Mg ex-
change, although notoriously poor as a reliable ther-
mometer (e.g. Pattison and Tracy 1991), yields
satisfactory though imprecise results (in the range 450—
600 °C; Fig. 12D).

From the equilibrium point of view, the picture that
emerges from these relationships is chaotic, because
generalized disequilibrium is not only detected between
reactants and products, but also among the reactants
(i.e. garnet, staurolite and matrix biotite). That the re-
actants did not coexist at equilibrium suggests that
cordierite growth was preceded during decompression
by a reaction history during which large overstepping of
several equilibrium surfaces had taken place. This his-

An

replacements after Grt
matrix grains
porphyroblasts

Ab Or

Fig. 10 Ternary anorthite-albite-orthoclase diagram showing the
compositional heterogeneity of plagioclase, that bears the highest
Ca contents when it replaces garnet

Hematite

Pyrophanite
(MnTiO3)

FeO Mn (x10)

tory, that culminated at low P with the reactions that
produced cordierite, is discussed next.

Reaction history
P-T path and P-T-Xy,o conditions of cordierite growth

Figure 12 shows a variety of P-T results for sample T348
obtained using the TWQ software (v. 2.02) of Berman
(1991). The P-T path proposed by Garcia-Casco and
Torres-Roldan (1996) for the kyanite-bearing metape-
lites of the Torrox unit is drawn for reference. This path
consists of four stages: (1) heating (AT > 150 °C) with
moderate pressure decrease (AP ~ —2 kbar) within the
kyanite stability field; (2) compression up to ca. 12 kbar
with unknown temperature change; (3) near-isothermal
decompression from 12 kbar to 2-3 kbar, with some

Mn(x20)

) *lowCa

1 interiors Q
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rims o =~ s ® Mo
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Fe =0.86 P
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Fig. 11 Ternary Fe-Mg-Mn (atom proportions) diagram showing the
compositional heterogeneity of coexisting phases in sample T348, with
indication of different textural types of grains
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cooling at intermediate to low P (AT = —50 °C); (4) The results of TWQ software using the product as-
cooling and termination of metamorphism. In sample semblage Crd + Bt(high-Ti) + Pl(high-Ca) + Ms
T348, the high pressure stage (2) corresponds to the (low-Si) yield temperatures in the range 450-600 °C
high-Ca garnet rims (i.e. 12 kbar calculated using GASP using Crd-Bt exchange thermometer (Fig. 12D). The
barometer; Fig. 12A), as well as with the Si, Fe and Mg intersections of this Crd-Bt thermometer with other re-
contents of deformed muscovite plates (6.562, 0.223 and actions with low dP/dT slopes suggest a pressure range
0.455 atoms per 20 O and 4 OH, respectively), that are of 0.5-3.7 kbar for cordierite growth. Within the
very high for muscovite from medium grade metapelites framework of the P-T path followed by the Torrox unit,
that bear Al-saturated phases (Guidotti 1984). The high- these estimates indicate that cordierite growth took
Ti content (up to 0.118 atoms pfu, Fig. 6) of this high-P  place just at the onset of cooling, near the end of stage 3,
muscovite also points out that peak-7 condition con- at 2-3 kbar and 550-600 °C. This conclusion is sup-
curred with peak-P. ported by the pattern of diffusion zoning that developed
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Fig. 12A-D Location of stable solid-solid equilibria calculated with
TWQ software (v.2.02) of Berman (1991) and GB software of
Holdaway et al. (1997) for sample T348, presented for: A the reactant
assemblage (high-Ca garnet rims, matrix plates of biotite, relict high-Si
muscovite and high-Na plagioclase porphyroblasts, plus Al-silicate),
and B, C, and D different combinations of the product assemblage
(retrograde garnet “rims”, cordierite grown after matrix biotite, high-
Ti biotite grown after garnet, low-Si muscovite, and high-Ca
plagioclase grown after garnet). The compositions used in the
calculations are those of Table 2, and the thermodynamic data of
end-members and mixing models used with TWQ are from Berman
(1988) and Berman and Aranovich (1996), except for the mixing
models of muscovite (Chatterjee and Froese 1975) and plagioclase
(Fuhrman and Lindsley 1988). Also plotted are the phase relation-
ships among Grt-St-Als-Crd-Bt-Chl-Cld-Ms-Kfs-Qtz-H,O in the
KFMASH system (Xj1%§ fluid — 1and Fe-Mg ideal mixing) taken from
Spear and Cheney (1989) except for the Ky-Sil-And, aQtz-fQtz,
Ms + Qtz, and Kfs + Als + H,O stability fields, that were calcu-
lated with TWQ. The P-T path is from Garcia-Casco and Torres-
Roldan (1996). Lack of equilibrium is indicated by high calculated
temperatures using Fe-Mg exchange thermometry. Only the product
subassemblage biotite-cordierite (D) yields a reasonable P-T window
(450-600 °C and 0.5-3.7 kbar)

in garnet and matrix plates of biotite during their re-
placement, and amounts to considering that sample
T348 suffered a pressure drop of ca. 10 kbar for a tem-
perature change not exceeding 100 °C.

Disequilibrium among the solid phases in the studied
sample precludes their use to estimate the composition
of the coexisting metamorphic fluid during cordierite
growth. However, some insights can be gained by ex-
amining the equilibrium between graphite and fluid in
the C-O-H system following the method of French
(1966). Figure 13A represents the type of mixtures ex-
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and COjp-rich at high fo,, and have

0.815 for 1072"7'? bars. The fo, of the
qudrtz fayalite-Mag and the Mag-Rt-Ilm buffers calcu-
lated for the same P-T (after the calibrations of Myers
and Eugster 1983, and Ghent 1975) are 1072°%¢ and
10718330 bars, respectively, which are outside the
graphite stability limit for this P-T (fo, = 10720763
bars). This suggests that the value of 1072"7!2 bars for
XI55 is reasonably low to be consistent with the low
values of the Fe,O3 component in ilmenite grown at low
P in sample T348 (Fig. 9). An essentially H,O rich fluid
can also be presumed to have existed at the onset of
cordierite growth because dehydration reactions were
taking place immediately before cordierite started to
grow (reaction 9m, see below). That X}“§' had been close
to 0.8 at the time of cordierite growth is also consistent

low fOz

Xmaxlmum

Fig. 13 A Isothermal and isobaric (575 °C, 2.5 kbar) section of P-T-
Xiﬂ”id- -fo, space showing the composition of fluid in equilibrium with
graphite in the C-O-H system, assuming a real-gas ideal-solution
model (i.e. the activity coefficients y; = 1, and the fugacity coefficients
¥ # 1, calculated using the expressions of Holland and Powell, 1990
for CO, and H,0, from Ryzhenko and Volkov, 1971 for CHy, and set
to 1 for CO, H, and O, due to their low abundance in the fluid).
Thermodynamic data are from Robie et al. (1978) for CO, and
Helgeson et al. (1978) for the rest of species. B P-T projection of solid-
fluid equilibria assuming XH =0.8, as calculated with TWQ
software for the assemblage Crd(dfter matrix biotite) + Bt(after
garnet) + Ms(low-Si) + Pl(after garnet) + And. The calculations
were performed assuming an H,O-CO, fluid, using the equations of
state of Haar et al. (1984) and Kerrick and Jacobs (1981) for the
properties of pure H,O and the mixture, respectively. The properties
of the solids are as in Fig. 12. The circles correspond to the projection
of the pseudoinvariant points for the Fe- and Mg-subsystems at

pected at 2.5 kbar and 575 °C, which are CHy-rich at Xl = 0.8, that plot in the range 550-600 °C and 2-3.5 kbar)
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with P-T calculations using solid-fluid equilibria. The
results of TWQ software using the low-P assemblage
Crd + Bt + Pl + Ms + And for X[id = 0.8 yield
conditions in the range 550-600 °C and 2-3.5 kbar
(Fig. 13B), in good agreement with the calculations
using solid-solid equilibria for the same assemblage
(Fig. 12D).

Cordierite-forming reactions

At a first glance, the products of garnet and staurolite
decomposition would argue in favour of a single reac-
tion process of cordierite growth in sample T348, such
as:

St + Grt + Bt (matrix) + Ms (high-Si) + Pl (Na-rich) + Rt
= Crd + Bt (high-Ti) + Ms (low-Si) + Pl (Ca-rich) + Ilm (1t)

(t in the reaction label stands for texturally deduced
reaction). The compositional heterogeneity of the in-
tervening phases in different reaction sites (i.e. even
product cordierite is heterogeneous), however, suggests
that the operation of a single bulk reaction (i.e. mass
balance) was precluded by diffusion problems. Only lo-
cal mass balances would be expected appropriately to
describe cordierite growth. For example, the following
mass balances:

0.181 St + 4.580 Bt (matrix) + 0.149 Ms (high-Si)
+0.033 PI (high-Na) + 1.117 Rt + 3.047 Qtz + 0.199 H,O
= 1.000 Crd (after St) 4 4.407 Bt (after St)

+0.240 Ms (low-Si) + 0.115 Ilm (after St), (2¢)

and

2.501 Grt (high-Ca) + 2.659 Bt (matrix) + 1.232 Ms (high-Si)
+4.738 PI (high-Na) 4 0.998 Rt + 0.840 H,O
= 1.000 Crd (after Bt) + 3.962 Bt (after Grt)

+ 5.866 Pl (high-Ca) + 0.075 Ilm (after Grt) + 1.495 Qtz, (3c)

adequately describe the incompatibility constraints ob-
served in the textures of staurolite and garnet decom-
position, respectively (c in the reaction label stands for
reactions calculated in the 10-dimension composition
space  K,0-Na,0-CaO-FeO-MnO-MgO-Al,O5-TiO,-
Si0,-H,O -KNCFMnMATSH; the calculations were
based on SVD techniques, as described by Fisher, 1989,
using CSpace software by Torres-Roldan et al. in press).
In these reactions the micas and plagioclase are involved
as reactant and product phases at a time to account for
their compositional shifts and replacement/growth tex-
tures. For the conditions in which cordierite was gen-
erated in these rocks (ca. 575°C and 2.5 kbar),
cordierite would be expected to have contained between
0.5 and 0.7 moles of H,O pfu (e.g. McPhail et al. 1990;
Skippen and Gunter 1996). Consequently, cordierite was
assumed to be hydrated, with 0.7 moles of H,O per
SisAly(Fe,Mg,Mn),0,53 in the calculations, and H,O
appears as a reactant phase in both reactions. Note that
fresh  cordierite = found  within  pinite  from
Crd + Ilm + Qtz replacements after matrix biotite was

used to model the garnet decomposition reaction (3c).
Given that cordierite is not homogeneous, there is no
guarantee that cordierite grown after garnet had this
composition, but a very similar reaction would be en-
countered with any other reliable composition of cor-
dierite because of its tight compositional constraints in
terms of Fe-Mg-Mn partitioning and water content.

Predicted phase relations in the KFMASH system

The model pelite KFMASH system is perhaps the most
extensively investigated system in the petrologic litera-
ture, and the success of the quantitative predictions that
are derived from it on the basis of thermodynamic data
(i.e. invariant points and linking reactions; e.g.
Thompson 1976b; Spear and Cheney 1989; Powell and
Holland 1990; Xu et al. 1994) is now widely recognized.
Still, some specific points are controversial, and one
important example of this concerns the stability of
mineral assemblages consisting in cordie-
rite + muscovite + quartz plus garnet or staurolite
(thereafter Grt + Crd + Ms and St + Crd + Ms) in
medium grade low-P metapelites. This topic has been
reviewed and discussed by Pattison and Tracy (1991)
and Pattison et al. (1996, and D.R.M. Pattison, F.S.
Spear and J.T. Cheney, manuscript in preparation).

The stability of Grt + Crd + Ms and St + Crd +
Ms assemblages is predicted at low pressure (less than 4—
5 kbar) and moderate temperatures (500-650 °C) in
most grids published to date since Albee’s (1965) grid
(e.g. Hess 1969; Thompson 1976b; Kepezhinskas and
Khlestov 1977; Harte and Hudson 1979; Hudson 1980;
Powell and Holland 1990; Xu et al. 1994). According to
these grids, cordierite could be expected to have grown
in the Torrox metapelites through one or more of the
following reactions, written in the sense of decompres-
sion (Fig. 14; absent phases within brackets in place of
the equal sign):

Bt + Als + Qtz + H,O0 [St,Grt,Chl,Kfs] Crd + Ms, (4m)
Bt + Als + Qtz + H,O [Grt,Chl,Kfs] St + Crd + Ms,  (5m)
Bt + St + Qtz + H,O [Grt,Als,Chl,Kfs] Crd + Ms, (2m)
St + Bt + Qtz + H,O [Als,ChLKfs] Grt + Crd + Ms, (Im)
Grt + Ms + Qtz + H,O [St,Als,Chl,Kfs] Crd + Bt, (

(m in the reaction labels stands for KFMASH-model
reactions; hydrated cordierite is assumed). In natural
rocks from low-P and medium grade contact and re-
gional metamorphic realms, however, assemblages such
as Bt + Als + St, Bt + Als + Grt and Bt + Als +
Crd are common while Grt + Crd + Ms and
St + Crd + Ms are sparse, suggesting that Bt + Als-
bearing assemblages are compatible relative to
Crd + St- and Crd + Grt-bearing assemblages at me-
dium grade. This led Spear and Cheney (1989), Pattison
(1989), and Pattison and Tracy (1991) to construct pet-
rogenetic grids that do not foresee the stable coexistence
of Grt + Crd + Ms and St + Crd + Ms at any P-T
condition in the model pelite KFMASH system
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Fig. 14 Schematic representation of the univariant and divariant
relationships among the phases St-Grt-Crd-Bt-Als-Chl-Ms-Kfs-Qtz-
H,O in the KFMASH system proposed by Thompson (1976b), as
representative of other grids of this type referred to in the text that
predict the stable coexistence of St + Crd + Ms (darker gray area)
and Grt + Crd + Ms(or Kfs) (lighter gray area) in Qtz-bearing
metapelites. In the reactions, absent phases are within brackets and,
for the sake of clarity, non-AFM phases are omitted. Note that all
types of metapelites of the Torrox unit should have sequentially
intersected the univariant reactions (5m) and (1m), for which there are
no textural evidence, and reactions (2m) and (3m)

(Fig. 12). Although these authors acknowledge that the
effect of extra components, such as Mn and Zn, might
help explain some occurrences of these assemblages,
they qualify them as apparent, emphasizing their un-
stable nature in the KFMASH system. In these grids,
reactions (5Sm), (2m), (1Im) and (3m) are not predicted
(Fig. 12) and cordierite growth upon decompression at
medium grade would be expected to take place only
through the divariant reaction (4m).

Stable versus metastable processes

Interpreting cordierite growth after garnet and staurolite
in the Torrox metapelites hence relies on the type of
KFMASH grid used and the effect of extra components.
At first glance, the model reactions inferred for sample
T348, i.e. (2¢), and (3c), are not consistent with the re-
lations predicted by Spear and Cheney’s type of grid, but
can be identified with the divariant reactions (2m) and
(3m) predicted by Albee’s type of grid. This overall
similarity between observed processes and predictions,
in addition to the lack of evidence for reaction (4m), (i.e.
the absence of reaction relationships between biotite and

andalusite), would thus appear to be more consistent
with Albee’s type of grid.

Upon closer inspection, however, the agreement with
an Albee type of grid is seriously questionable through
the analysis of the reactions taking place in sample
T348. Reactions (2m) and (3m) are linked by univariant
reaction (Im). As long as the reaction processes (2c¢) and
(3c) might represent different parts of the single bulk
process like (1t), the latter would be expected to com-
pare well with univariant reaction (1m) which is not
possible since in the latter garnet plus cordierite are
predicted to grow, while garnet is in fact replaced by
cordierite. Furthermore, reactions (2m) and (3m) are
only allowed once univariant reaction (5m) is intersected
in the sense of decompression (Fig. 14), which again
conflicts with textural evidence (andalusite, biotite and
cordierite show sharp shared contacts, and staurolite is
replaced by cordierite). That is, using Albee’s type of
grid one is forced to conclude that the higher-variance
reactions (2m) and (3m) were operative and produced
noticeable changes in textures and mineral abundances,
but that the limiting lower-variance reactions (5m) and
(1m), that should also have been intersected, did not.
This is something difficult to envisage, even if other
factors complicate the predictions of this type of
KFMASH grid. The presence of extra components
would merely increase the variance of the reactions and
hence cannot be raised as a factor controlling what re-
actions were operational. The availability of H,O, on
the other hand, is a control for the extent of reaction,
but not for the reactions intersected since all the possible
reactions involved, either actually occurring (2m) and
(3m), or predicted (4m), (5Sm) and (Im) bear H,O as a
reactant.
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A number of factors could have contributed to avoid
the intersection of reactions (5m) and (1m), including a
different shape of the P-T path, a more restricted P-T
range of stability of Crd + Ms + Qtz + St £ Grt
assemblages, and even the complete instability of
Crd + Ms + Qtz = St £ Grt assemblages. However,
in any of these cases the reaction processes (2¢) and (3c)
should not have been operative because the multicom-
ponent equivalents of reactions (2m) and (3m) could not
have been intersected. This paradox leads finally to the
consideration that observed reaction processes (2¢) and
(3c) have operated metastably, in which case there is no
need for the stability of the multicomponent equivalents
of reactions (5m) and (Im), in accordance with the
predictions of Spear and Cheney’s type of grid. In this
scenario, reaction processes (2¢) and (3¢) could have
operated within the stability field of Crd + And + Bt
instead of the multicomponent equivalent of the pre-
dicted reaction (4m), requiring only that both garnet and
staurolite persisted at low-P after decompression. The
relict character of garnet and staurolite is in good
agreement with the textural and compositional features
as discussed above, and is otherwise consistent with a
similar conclusion in the cordierite-lacking metapelites
of the Torrox unit (Garcia-Casco and Torres-Roldan
1996). D.R.M. Pattison (written communication and
manuscript in preparation) noted that cooling might be
necessary after the Grt + St event to preserve these
phases metastably during an hypothetical second ther-
mal pulse that would have produced And + Bt £ Crd
assemblages at low P (cf. Pattison and Harte 1991). This
possibility, however, does not fit the diffusional profiles
that developed in garnet and biotite, which indicate that
cordierite growth took place along with cool-
ing + decompression, nor with the occurrence of im-
mediate fast cooling as required in order to preserve
diffusive zoning in biotite.

Model reaction history

To discuss the operation of reactions (2m) and (3m) as
metastable processes instead of (4m), it is necessary to
analyse in detail the phase relations predicted within
Spear and Cheney’s type of grid for a decompression
path. The calculations have been accomplished by
means of the Gibbs method (Spear et al. 1982) as
managed by program GIBBS (Spear and Menard 1989).
In the calculations we followed the procedure of Spear
and Cheney (1989) and assumed the extrapolation of
available thermodynamic and experimental data and
inferences made by these authors. Consequently, we
used the P-T-X relations of the KFMASH invariant
points given by Spear and Cheney in their Table 4 as
reference points. Yet, these authors did not give any P-
T-X reference point involving cordierite, so we had to
calculate two additional reference points necessary to
derive the relations involving this phase. The P-T-X
conditions of these reference points correspond to (#1)

P = 2000 bars, T = 605 °C for the univariant assem-
blage Ms-Qtz-Kfs-And-H,O, and (#2) P = 2000 bars,
T = 615 °C for the univariant assemblage Grt(Xg. =
0.8755)-Crd(Xg. = 0.37)-Bt(Xg. = 0.5747)  -Sil-Kfs-
Qtz-H,O (using a hydrated cordierite with 0.7 moles of
H,O per formula unit). While the P and T conditions of
these reference points were extracted visually from the
Spear and Cheney (1989) grid, the X conditions of ref-
erence point (#2) were calculated by solving first for
biotite and garnet composition at the reference P-T
through the KFMASH-divariant assemblage:

Bt + Als + Qtz [Chl,St,Crd,Ms] Grt + Kfs + H,0, (6m)

and then solving for cordierite composition at this ref-
erence P-T-X condition through the exchange reaction
FeMgY!' = FeMg“? using the enthalpy, entropy and
volume of reaction given by Spear and Cheney (1989) in
their Table 3, and the Cp data of the end-members given
in their Table 1.

Fig. 15 shows the phase relations expected for the
decompression path of the Torrox metapelites (Fig. 12),
characterized by an isothermal section (650 °C, from 12
to 6 kbar), followed by decompression plus cooling with
increasing 07 /0P slopes from 6 to 1 kbar. This pseu-
dobinary section of P-T-XgJi®-X{l% space in the
KFMAS-H,0-CO, system assumes X[j'¢ = 0.8, al-
though this restriction is relaxed at higher P in Fig. 17,
calculated for sample T348 within the KNCFMnMA-
TiS-H,0-CO, system. Note that the calculated sections
avoid the intersection of the maximum stability limits of
St + Qtz + Ms and Ms + Qtz at low P, as there is no
textural evidence for the breakdown of staurolite and
muscovite at low P through:

St + Ms + Qtz [Chl,Crd,Kfs] Bt

+ Grt + Sil (or And) + H,O (7Tm)

Ms + Qtz [St,Grt,Crd,Chl] Kfs + Sil (or And) + H,O.  (Sm)

A similar reaction sequence is predicted before cordierite
growth for cordierite-bearing and cordierite-lacking
rocks (Fig. 15), contrasted only in terms of differences in
the Fe/(Fe + Mg) ratio of bulk compositions. Reactions
are triggered along the decompression path by the shifts
of the Fe/(Fe + Mg) ratios of coexisting phases towards
Fe-richer compositions (Figs. 15 and 17; Garcia-Casco
and Torres-Roldan 1996). At low P, cordierite growth
would only be expected in rocks with lower Fe/
(Fe + Mg) ratios, through reaction (4m), when these
compositions intersect the And + Bt tie-line limiting the
Crd + And + Bt field. In the case of the Torrox meta-
pelites, however, the relict persistence of staurolite and
garnet outside their stable P-T-Xg. ranges (i.e. the
[Grt,Crd,Chl,Kfs] and [Crd,Als,Chl,Kfs] loops in
Figs. 15 and 17) conceivably conditioned cordierite
growth to proceed instead through the metastable mul-
ticomponent equivalents of reactions (2m) and (3m). That
is, within this model system, cordierite grew as a response
to equilibrium requirements, but proceeded through non-
equilibrium reaction pathways as the most efficient way to



Fig. 15 Pseudobinary — P-Xolids
non-isothermal section in the
KFMAS-H,0-CO, system, cal-
culated using the program
GIBBS (Spear and Menard
1989) with the thermodynamic
database of Berman (1988), as
modified by Spear and Cheney
(1989), ideal mixing models for
the solid solutions, and the CO»-
H,O mixing model of Kerrick
and Jacobs (1981) for

X" = 0.8. The section follows
a P-T path characterized by
isothermal decompression (16—

6 kbar at 650 °C) and cool-

ing + decompression (6—

1 kbar), with a d7/dP slope
increasing as P decreases, from
22 °C/kbar, through 44 °C/kbar
to 55 °C/kbar, as appropriate for
the Torrox unit (Fig. 12). Note
that the expected AFM assem-
blages and reaction sequence
developing upon decompression
are similar for Fe-richer (empty
star) and Mg-richer bulk com-
positions (filled star), except at
low P, where the latter would be
expected to develop cordierite
through the stable reaction (4m-
And) [St,Grt,Chl,Kfs]. This bulk
composition effect further helps
to explain that cordierite is only
locally developed in the Torrox
metapelites, irrespective of their
metamorphic grade
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minimize the Gibbs free energy of a system already largely
deviated from equilibrium. This explanation satisfies the
observed reaction textures, the lack of textural evidence
for Bt + Als reaction, the disequilibrium Fe-Mg parti-
tioning among the coexisting phases, and the fact that
cordierite-bearing assemblages are found only locally in
rocks of appropriate Mg-richer composition, while most
rocks display And + Btas the stable assemblage at low P
(note that Albee’s type of grid predicts that cordierite
should have been produced in most metapelites of the
Torrox unit, and not just in some rocks).

Effect of extra components

It could be argued that the effect of extra components in
the solids, particularly Zn and Mn, and/or the buffering of
fluid composition, could help to explain the operation of
reactions (2c) and (3c) as stable processes, the opposite to

02 0.0

our conclusion of metastable progress. To analyse these
effects, we have evaluated the modification of the stability
limits of St + Bt + And and Crd + Bt + And assem-
blages due to CO, dissolved in the fluid, Zn in staurolite,
and Mn in cordierite, using the Gibbs method as above,
with the thermodynamic data of Wang and Spear (1991)
for Zn-staurolite. The results are illustrated for 2.5 kbar
and 575 °C in Fig. 16, where it can be appreciated that a
decrease in X1 shrinks, and an increase in X3! and/or
XG4 expands, the stability of St + Bt + And and
Crd + Bt + And assemblages. The latter effects repre-
sent maximum isothermal-isobaric shifts of the reactions:

St + Ms + Qtz [Grt,Crd,Chl,Kfs] Bt + And + H,O

(9m-And)
and (4m) [St,Grt,Chl,Kfs] since we assumed that Zn and
Mn are incorporated only in staurolite and cordierite,

respectively. This approximation is appropriate for Zn,
but not for Mn that could be present in biotite, stauro-
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Fig. 16 A Isothermal and isobaric (575 °C, 2.5 kbar) section of P-T-
Xpolids xMuid gpace in the KFMAS-H,0- COZ system, showing that the
stablhty of St + Bt + And and Crd + Bt + And assemblages
([Grt,Crd,ChlKfs] (9m) and [St,Grt,Chl,Kfs] (4m) loops, respectively)
shrink at low X4, B Isothermal and isobaric (575 °C, 2.5 kbar)
AFM-Mn-or-Zn ~ tetrahedron  showing the expansion of
St + Bt + And and Crd + Bt + And assemblages due to increas-
ing Zn and Mn contents in staurolite and cordierite, respectively, in
the KFMZnAS-H,0-CO, and KFMMnAS-H,0-CO, systems for
XPuid = 0.8. This effect implies the overlapping of St + Bt + And
and Crd + Bt + And assemblages in the KFMMnZnAS-H,0-CO,
system, since X3¢ decreases and increases, respectively, in both
assemblages as staurolite and cordierite get richer in Zn and Mn,
respectively (arrows). This would allow for the stability of St + Crd
assemblages and the multicomponent equivalents of reactions (5m)
and (2m) in Ms- and Qtz-bearing rocks rich in Mn and/or Zn

lite, and andalusite (the presence of Mn in other phases
would diminish this effect; see Spear and Cheney 1989,
for a similar effect of Mn in Grt-bearing assemblages).
The effect of Zn and Mn components anticipates that
St + Bt + And and Crd + Bt + And assemblages
might overlap in the KFMZnMnAS-H,0-CO, system,
allowing for the stable coexistence of St + Crd +
Bt + And in Zn- and/or Mn-rich metamorphic rocks,
as noted by Pattison and Tracy (1991), Dymoke and
Sandiford (1992) and Pattison et al. (1996), and for the
operation of reaction (5m). In the Torrox metapelites,
however, any such overlap is not regarded as feasible
given that: (1) there is no textural evidence for reaction
(5m); (2) Zn/(Zn + Fe + Mg) is less than 0.05 in
staurolite and Mn/(Mn + Fe + Mg) less than 0.02 in
cordierite, staurolite, biotite and garnet rims (see
Fig. 11). To these one might add the counterbalancing
effect of a reduced X{}"§ (0.8), as well as the predicted
effect of other components in the solids, such as Ti,
which would be expected to moderate the effects of Mn
and Zn, since Ti is known to be partitioned strongly into
biotite relative to staurolite, cordierite, Al-silicate, and
muscovite. The lack of thermodynamic data for Ti-
bearing components in biotite hampers a formal esti-
mation of this effect, but it could be significant in these
Ti-saturated systems with ilmenite or rutile.

systems:
A KFMnMAS-H20-CO;
for (4m), and
0 KFZnMAS-H,0-CO2
for (9m)

A g xud=0.8
by P = 2.5 kbar
T=575°C

The above arguments also apply to the effect of extra
components in garnet-bearing assemblages, and suggest
that neither staurolite nor garnet ever coexisted in
equilibrium with cordierite in the Torrox metapelites.
Again, this indicates that the stable reaction that could
have been expected to produce cordierite should have
been a multicomponent equivalent of the divariant re-
action (4m), and that reactions (2¢) and (3c) operated as
metastable processes under conditions that were largely
deviated from equilibrium. Assuming this, a theoretical
equilibrium reaction path undergoing decompression
(+ cooling at low P) is presented in Fig. 17 for sample
T348 in the system KNCFMnMATiS-H,O-CO,. In
these P-T-V/(volume) ¥ xolids_ysolids_yfluid 5o dosec-
tions it was also assumed that kyamte rutlle garnet and
staurolite should have been consumed sequentially upon
decompression, as predicted in Fig. 15 (see also Garcia-
Casco and Torres-Roldan 1996). Figure 17 shows that
the stable reaction pathway should have consisted of the
multicomponent equivalents of reactions:

Grt + Ms [St,Crd,Chl,Kfs] Bt + Ky + Qtz, (10m-Ky)
Bt + Grt + Ky + H,0 [Crd,ChKfs] St + Ms + Qtz,(7m-Ky)
Grt + Ms + H,O [Crd,Als,Chl,Kfs] St + Bt + Qtz, (I1m)
St + Ms + Qtz [Grt,Crd,Chl,Kfs] Bt + Fib + H,O, (9m-Sil)
Bt + And + Qtz + H,O [St,Grt,Chl,Kfs] Crd + Ms (4m-And)

(triggered in the indicated sequence), which would have
conditioned assemblages to change from pre-D,
Grt + Ky + Bt (equilibrated at peak pressure condi-
tions),  through syn-D, St + Grt + Bt and
St + Fib + Bt to post-D; Crd + And + Bt. Note
that, although sample T348 lacks kyanite, many samples
of the Torrox unit (either bearing or lacking cordierite)
still bear relicts of this phase as well as textural evidence
for reactions (10m-Ky) and (7m-Ky) (Garcia-Casco and
Torres-Roldan 1996).

The phase relationships depicted in Figs. 15 and 17
do also help to interpret other features of the studied
rock, in a context where pressure and temperature (at
low P) were rapidly changing. The predicted increase in
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Fig. 17 P-T- V(Volume)s""dS-Xﬁfgd-Xﬁ,ﬂid-X(S:‘,;“d-XgZ‘g pseudosections
and AFM diagrams showing the theoretical (i.e. equilibrium) reaction
path appropriate for sample T348 in the system K,O-Na,O-CaO-
FeO-MnO-MgO-Al,03-Ti0,-Si0,-H,0-CO, undergoing the same
model decompression + cooling P-T" path as in Fig. 15. The
diagrams were constructed using the Gibbs method through a
backwards procedure, i.e. starting the calculations at low P (2 kbar
and 561.2 °C), with the composition of the phases from the low-P
assemblage Qtz-Ms-Pl-1lm-And-Bt-Crd-H,O taken from sample T348
(Table 2) assuming that fluid fractionates (i.e. Vu,0 =0) and that
staurolite, garnet (compositions in Table 2), rutile and kyanite joined
the evolving (i.e. up pressure) assemblages at 4, 5.5, 7 kbar and
9 kbar, respectively. Note that the latter assumptions make the
multicomponent equivalent of reaction (4m-And) stable and, conse-
quently, responsible for the production of cordierite. All the
multivariant reactions are written with reactants and products at
higher and lower P, respectively, and their limits labelled with the key
phases that enter/exit the evolving assemblages. The thermodynamic
data used in the calculations are those of Spear and Cheney (1989),
except for ilmenite and rutile that were taken from Berman (1988)

Fe/(Fe + Mg) ratio of garnet upon decompression is in
accordance with the increasing Fe/(Fe + Mg) ratio of
the low-Ca garnet interiors modified by diffusion at the
time of cordierite replacement (Fig. 4). The predicted
increase in the Fe/(Fe + Mg) ratio of staurolite explains
the reverse Mg-Fe partitioning between this phase and
the relict high-Ca garnet rims (Fig. 11). The anomalous
Mn partition among high-Ca garnet rims and staurolite
(XSt > xorihieh=Catim)y g the normal Mn partition
among retrograde garnet and staurolite and cordierite,
also find explanation in that Xy, in garnet equilibrated
at high P must be low, and Xy, should increase in
staurolite and garnet upon decompression. On the other
hand, the high Fe/(Fe + Mg) ratio of matrix biotite,
similar to that of newly formed replacement biotites
(Fig. 10), indicates that all types of biotite acquired their
present composition at relatively low P, thus giving

place to odd biotite-garnet thermometric results
(Fig. 12). Increase of X, across the late diffusive rims
that developed in these biotites during cordierite growth
(Fig. 8) is further consistent with onset of cooling (and
continued decompression). To be noted, also, is that the
increase in the Fe/(Fe + Mg) ratio of muscovite as Si
decreases (Fig. 6) is in accordance with the predicted
increase in the Fe/(Fe + Mg) ratio of all the coexisting
Fe-Mg phases as pressure decreases. Lastly, the trend
towards higher Ca contents in growing plagioclase upon
decompression is consistent with the observed higher
Xca of late plagioclase (both in the matrix and the re-
placements, Fig. 10).

Discussion and implications
Implications for P-T grids

Given the present limitations of experimental work and
the uncertainties of the thermodynamic properties of the
phases, the best way to test the applicability of P-T-X
grids is the comparison of their theoretical predictions
with actual metamorphic reaction histories, as inferred
from textures and phase relations in natural rocks. In
most cases, however, only natural observations related
to increasing grade have been used for this purpose (e.g.
Pattison and Tracy 1991) or, conversely, the grids are
used to confirm observations in prograde sequences.
Using metamorphic rocks where the main changes are
related to pressure is more challenging in that one has to
deal with complex phase relations and disequilibrium
within single samples, but has distinct advantages that
may help discriminating among different grids and their
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respective assumptions and theoretical approaches. Our
analysis of cordierite-forming reactions in the Torrox
metapelites is particularly relevant for the controversial
stability of Crd + St + Ms + Qtz and Crd +
Grt + Ms + Qtz assemblages. In this regard, we have
shown that, while KFMASH reactions (2m) and (3m)
compare well with the observed reaction processes, a
variety of arguments pertaining to the recorded textures,
phase relationships and field distribution of cordierite-
bearing rocks from the Torrox unit militate against the
type of grid that predicts reactions (2m) and (3m) and,
consequently, the existence of a wide P-T range of stable
coexistence of Crd + Ms + Qtz £ Grt + St in medi-
um grade, low-P metapelites (Pattison and Tracy 1991;
Pattison et al. 1996 and written communication). This
would be in favour of grids that do not predict the stable
coexistence of these assemblages, at least in normal
metapelites (i.e. Mn and/or Zn-poor) and particularly
under reduced X{1%d. Still, the complexity of our rocks
does not allow excluding the possibility of a limited P-T
range of stability of Crd + St + Ms + Qtz and/or
Crd + Grt + Ms + Qtz assemblages in normal meta-
pelites equilibrated under high X[1%, and this is indeed
pointed out by some of the occurrences of these as-
semblages in nature where, contrary to our case, equi-
librium is suspected (e.g. Dymoke and Sandiford 1992;
Reinhardt and Kleemann 1994; Alias 1995).

Implications for the development of extensional
collapse of the Betic-Rif Belt

The high degree of preservation of decompression-re-
lated disequilibrium features in sample T348, including
that of fine diffusive zoning in biotite, indicates termi-
nation of metamorphism through rapid cooling. Similar
pervasive disequilibrium is a general feature of other
rocks in the area (Garcia-Casco et al. 1993; Garcia-
Casco and Torres-Roldan 1996), and may be correlated
with current estimates of cooling rates as summarized in
the introduction. The triggering of cordierite-forming
reactions, on the other hand, implies that the onset of
cooling of the Torrox rocks took place at low pressure
(less than about 3 kbar), in the lowest range of previous
estimates (e.g. Zeck et al. 1989). While still consistent
with the occurrence of high uplift rates during cooling
(see Moni¢ et al. 1994 and references therein for addi-
tional details), the evidence for a delayed thermal re-
laxation and for the continuous overstepping of
equilibrium boundaries during the petrologic develop-
ment of the Torrox rocks (see Garcia-Casco et al. 1993
and Garcia-Casco and Torres-Roldan 1996) strongly
suggests that comparable or even higher uplift rates have
also been operational in the pre-cooling stage, and that
decompression has been continuous from peak pressure
down to final uplift during extension. As a corollary, the
onset of extension would not be expected to be much
earlier than the onset of cooling, which agrees with
thermal modelling by Platt et al. (1998), where the start

of decompression is estimated at about 27 Ma and re-
sults in decompression rates of 4-5 km/Ma for the main
decompression stage.

Direct dating of the beginning of extensional collapse
is not yet well constrained, the more plausible estimate
being that of Monié et al. (1991) that postulated onset
of extension about 25 Ma ago based on the “°Ar/*Ar
age of a high-P/low-T phengite from the Trevenque
unit. Tubia et al. (1997) have proposed a 20 + 2.0 Ma
for peak-P conditions in eclogite pods of the Ojén unit
(SHRIMP age of rims of zircons; Sanchez-Rodriguez
et al. 1996), implying an exhumation rate of >17 km/
Ma. This large exhumation rate might be overestimated,
however, if the zircon-based age also reflects the onset of
cooling at lower P as suggested by the overlap with
other cooling ages in the area. All observations are
nonetheless consistent with a view of extensional col-
lapse of the Betic-Rif Belt as a single event during which
very fast and continued uplift could have taken place in
a few Ma during the Oligocene—Miocene transition. The
above conclusion is at variance with the proposal by
Balanya et al. (1997) and Azaion et al. (1998) that al-
ternating contractional and extensional events took
place before cooling and termination of metamorphism.
The occurrence of any significant discontinuity in the
process of extension, however, would be expected to
have left a record of re-equilibration of assemblages at
intermediate pressures (which is not observed in the
Torrox unit) and, as noted by Platt et al. (1998), would
otherwise be difficult to reconcile with the thermochro-
nological constraints on the metamorphic history of
these rocks.
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