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Abstract We integrate petrography and SIMS REE an-
alyses of garnet and polyphase zircon from a pelitic
granulite adjacent to the Ronda peridotite, Betic Cord-
illera, southern Spain to constrain the significance of
zircon U-Pb geochronology. Sillimanite inclusions in
garnet rims suggest that they grew during decompres-
sion, and Ca enrichment in their rims records initiation
of partial melting. Chondrite-normalised REE profiles
of zircon cores are typically magmatic (positive La to Lu
slope and Ce anomaly), whereas overgrowths have flat
or negatively sloping heavy-REE profiles (Gd-Lu). The
presence of rimmed zircon grains only in the garnet rims
and the matrix suggests that this zircon phase grew after
garnet had already sequestered heavy REEs, a process
documented here by progressive depletion of heavy REE
in the garnets from centre to rim. Combined with the
textural evidence, we suggest that the U-Pb age of
21.3+0.3 Ma obtained from the zircon rims dates a
point on this decompression path rather than the peak
metamorphic pressure.

Introduction

Zircon is the most commonly used mineral for U-Pb
geochronology, primarily because of its remarkable
chemical and mechanical stability during geological
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events, as well as its ability to grow or recrystallise
under a wide range of conditions from igneous to
metamorphic. Despite recent advances in analytical
methods, the interpretation of ages may remain am-
biguous, particularly in metamorphic rocks where the
goal is to accurately relate pressure—temperature evo-
lution to geochronology. The common assumption that
metamorphic zircon growth corresponds to the tem-
perature peak (7Tn.x) and, by extension, the pressure
peak (Pnax) may be seriously in error, especially since
Tmax and P, rarely coincide. Indeed, some zircon
grains in high-grade metamorphic rocks may crystallise
from partial melts generated at relatively low pressure
during exhumation (e.g. Roberts and Finger 1997). A
further constraint on the growth of zircon in
metamorphic rocks is the availability of Zr. Fraser et
al. (1997) suggest that the breakdown of Zr-bearing
major minerals such as garnet, hornblende and biotite
may yield significant quantities of Zr, although the
transport of relatively insoluble Zr to a site of zircon
growth remains problematical. In some cases a process
of Ostwald ripening has been invoked (Vavra et al.
1999), or the zircon grows adjacent to the mineral
which is breaking down (e.g. ilmenite, Bingen et al.
2001). One approach which can be used to relate zircon
growth to P-T evolution paths is to study the trace-
element composition of the zircon grains themselves, as
well as other potentially key metamorphic minerals, for
diagnostic signs of the involvement of specific meta-
morphic reactions. We present here ion-microprobe
rare-earth element (REE), Y and Hf data which are
closely integrated with detailed petrographic observa-
tions from zircon grains and garnets in garnet granu-
lites from the Betic-Rif orogen of the western
Mediterranean. These petrographic and geochemical
data are used to argue that zircon growth was essen-
tially synchronous with the latest growth phase in the
garnet. This allows us to correlate the U-Pb age from
the zircon grains to a specific, decompressional section
of the P-T path recorded by this stage of garnet
growth.
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Geological setting

The high-grade metamorphic rocks surrounding the ul-
tramafic massifs near Ronda in southern Spain and Beni
Bousera in Morocco (Fig. 1) have long attracted atten-
tion and controversy. They were initially considered as
relics of Variscan (Permo-Carboniferous) metamor-
phism (e.g. Kornprobst 1969), a view still held by some
(e.g. Bouybaouene et al. 1998), but they were reinter-
preted as forming the inner parts of zoned thermal
metamorphic aureoles around solid-state ultramafic
protrusions of Alpine (Miocene) age by Loomis (1972a,
1972b), primarily on the basis of K/Ar ages. Early Mi-
ocene Ar—Ar, Rb—Sr and fission-track cooling ages have
since been reported by a number of workers (Zeck et al.
1992; Monie et al. 1994; Sosson et al. 1998). Structural
and thermobarometric work has shown, however, that
the interpretation of these zoned metamorphic
complexes as thermal aureoles is untenable—changes in
initial metamorphic pressure across them are at least as
important as changes in temperature. They are now
generally considered to be the result of drastic attenua-
tion of an originally thick Alpine metamorphic sequence
(Torres-Roldan 1981; Balanya et al. 1993; Tubia et al.
1993; Vissers et al. 1995; Argles et al. 1999) associated
with late orogenic extensional thinning of the internal
Betic-Rif orogen (Platt and Vissers 1989). The timing of
high-grade metamorphism, and the timing and rate of
exhumation are, nevertheless, still subject to consider-
able discussion. Montel et al. (1995) have used the U-Pb

age of monazite crystals included in garnet to argue for a
Variscan age for initial granulite facies metamorphism,
and Sanchez-Rodriguez (1998) makes a similar case
based on a clustering of U-Pb ages from zircon cores.
Sanchez-Rodriguez and Gebauer (2000), however, as-
sume that 19.9+1.7 Ma rims on zircons grains from
associated, partially amphibolitised eclogites correspond
to the time of maximum pressure during an Alpine
subduction event which buried these rocks to depths of
about 55 km. Based on Ar—Ar and fission-track ages in
the range 19-20 Ma, they also suggest exhumation rates
on the order of >31 km/10° years. Platt and White-
house (1999), on the other hand, found that large, un-
zoned, metamorphic zircon grains from the granulite-
facies rocks around the Carratraca massif yield an age of
21.24+0.7 Ma, proposing that these are essentially clo-
sure ages. They used thermal modelling to suggest that
the rocks cooled below 800 °C at a depth of about
16 km, and calculated average exhumation rates of
around 6 km/10° years.

The differences in opinion among these various
workers arise largely from differences in the interpreta-
tion of the meaning of the zircon ages. Do the ages
represent crystallization or cooling ages? At what time in
the P-T evolution of the rocks did zircon grow, and
when did Pb effectively cease to diffuse through the
zircon structure? Resolution of these questions will
fundamentally affect our understanding of the timing
and significance of the high-grade metamorphism in the
Betic-Rif orogen.

Fig. 1 Tectonic map of the T
Alboran Sea and the adjacent
mountain belts, showing the
location of the Carratraca
peridotite massif and the
sampled garnet gneiss. External
Betics comprises thin-skinned
Miocene thrust belts developed
in Mesozoic-Tertiary platform
and basin sequences on the
southern rifted margin of
Iberia. External Rif is the
equivalent thrust belt on the
northern rifted margin of
Africa. The Internal Betics and
Internal Rif zones, together with
the crust beneath the Alboran
Sea, constitute the Alboran
Domain, a collisional terrain
developed in Late Mesozoic—
Palaeogene time from
continental crustal fragments of
uncertain provenance
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The sample studied here (PB383) was taken from a
layer of garnet gneiss up to 100 m thick lying on the
north side of the Carratraca peridotite massif (Fig. 1; see
also Platt and Whitehouse 1999 for further location
details). The gneiss layer forms the highest-grade part of
the zoned metamorphic complex lying structurally
above this part of the Ronda peridotite sheet (Argles
et al. 1999).

Petrography

Sample PB383 contains abundant (25% by volume)
garnet porphyroblasts up to 4 cm in diameter, in a
strongly foliated matrix of quartz—plagioclase—K-feld-
spar—garnet-—sillimanite—biotite—ilmenite, including
significant areas of leucosome development. Garnet
cores are relatively clean, and contain a suite of coarse-
grained, unoriented inclusions (kyanite-rutile—plagio-
clase-biotite), interpreted to represent an early
high-pressure assemblage. Discontinuous outer zones,
from zero to several millimetres in thickness, contain
abundant inclusions of fibrous sillimanite (Fig. 2), and
the garnets are mantled by sympletitic cordierite—
anorthite—hercynite coronas (Platt et al., unpublished
data) which are interpreted to have formed by garnet
breakdown. Garnets have high-pyrope and low-grossul-
ar/-spessartine components. Fe/(Fe + Mg) profiles across
the grains are remarkably flat, a feature observed by
Argles et al. (1999) in similar Carratraca granulite sam-
ples which they attribute to high-temperature diffusional
homogenisation. However, the rims rich in sillimanite
inclusions commonly show grossular contents up to three
times higher than the cores, which may reflect partial
melting in the matrix during this stage of growth (Spear
and Kohn 1996). The growth of sillimanite-bearing outer
rims of the garnets is likely to be a result of fluid-absent
breakdown of biotite (biotite + aluminosilicate + plagio-
clase + quartz = garnet + K-feldspar + liquid, Spear and
Kohn 1996) during decompression or heating.

The sequence of assemblages in the garnet gneiss at
this location was interpreted to represent a history of
decompression from high-pressure granulite-facies con-
ditions (P=12-14 kbar, T=700 °C) represented by the
garnet cores, to P=4 kbar, T=3800 °C represented by
the cordierite—anorthite—hercynite reaction coronas
(Argles et al. 1999). Thermobarometry is compromised,
however, by diffusional homogenisation of garnet and
disequilibrium reactions which occurred during decom-
pression, and Platt et al. (unpublished data) have re-
examined the P-T history based on assemblages in a
boudin of mafic gneiss from the same outcrop as PB383,
in which diffusional modification and decompressional
modification was more restricted. They conclude that
the rocks experienced a decompressional P-T path from
around 11.7+1.1 kbar, 730+£50 °C to 4.3+1.5 kbar,
790 £ 60 °C. On this path the sillimanite-bearing garnet
rims in PB383 must have grown at a pressure of less than
8.5 kbar, this being the pressure at which the path
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Fig. 2 Photomicrograph of a typical garnet from PB383, showing
the development of sillimanite-bearing rims on Kkyanite-bearing
cores (approximate boundary marked by dashed line). Numbered
spots represent electron microprobe major-element and SIMS
trace-element analytical locations on a detailed traverse of this
grain

intersects the kyanite—sillimanite univariant curve. It is
unlikely that garnet growth could have occurred at a
pressure of <4 kbar, as garnet of this composition
would be unstable with respect to cordierite at this
pressure, nor is it likely that it could grow under con-
ditions of declining temperature (Spear and Kohn 1996).
The rims therefore formed between 8.5 and 4 kbar under
conditions of increasing 7 (Platt et al., unpublished
data).

The zircon grains analysed from sample PB383 by
Platt and Whitehouse (1999) were separated from cru-
shed bulk rock and thus their precise petrographic en-
vironment is unknown, although the existence of both
garnet- and matrix-hosted zircon was noted in thin
section. In this study, in addition to analysing REEs, Y
and Hf in a number of the zircon grains dated by Platt
and Whitehouse (1999), we have taken two approaches
to clarify their relation to the metamorphic petrography
of sample PB383: (1) CL imaging of zircon grains in thin
sections, and (2) SIMS U-Th-Pb and REE, Y and
Hf analyses of zircons grains separated from a garnet
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concentrate. In addition, complementary REE analyses
of garnets have been performed in thin section. Detailed
thin section analysis of PB383 (seven sections) was un-
dertaken in order to better understand the petrographic
setting of the zircon. Zircon grains were found in the
matrix (dominant), cordierite-anorthite—hercynite reac-
tion coronas after garnet, garnet rims and cores (rare).

Matrix-hosted zircon grains (Fig. 3, grains labelled
"mtx") show identical characteristics to those previously
studied by Platt and Whitehouse (1999), with a broadly
homogeneous, structureless or patchily zoned, medium-
grey cathodoluminescent growth phase forming rims, or
sometimes the entire exposed section of the crystal.
Cores (when present) display a range of structures from
diffuse to sharp growth banding, suggestive of a primary
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Fig. 3 Cathodoluminescence images of selected zircon grains from
this study. Grains with the prefix G were separated from garnets;
other grains were imaged directly in a polished thin section, with
their petrographic locations indicated in parentheses (mtx. matrix,
rxn. cordierite-anorthite-hercynite corona after garnet). lon
microprobe analytical sites (U-Pb and/or REEs) are indicated by
ellipses

igneous origin. Given the large amount of garnet in
PB383, the dominance of matrix zircon in the thin sec-
tions suggests that most of the zircon grains analysed by
Platt and Whitehouse (1999) may have been derived
from the matrix. Platt and Whitehouse (1999) reported a
Miocene age of 21.2+0.7 Ma from nine analyses of the
CL-homogeneous rim phase, with a range of °’Pb/*°°Pb
ages from the cores of 480-950 Ma, consistent with their
detrital origin from mixed source regions. Most of these
core ages are discordant and therefore minimum ages.

CL images of zircon grains separated from the garnet
concentrate are also shown in Fig. 3 (grains prefixed
"G"). These show the same general features as the grains
imaged in thin section and grains separated from the
whole rock (see Platt and Whitehouse 1999; Fig. 4a), the
latter possibly matrix-dominated, as argued above. Most
of the zircon grains within the garnets which we exam-
ined in situ are small (< 100 um), and largely confined to
the sillimanite-bearing outer zones of the garnets and the
cordierite—anorthite-hercynite coronas formed by gar-
net breakdown (Fig. 3, grains labelled "rim" and "rxn"
respectively). These show distinct cores and narrow,
homogeneous rims. The few zircon grains found in core
regions of garnets appear to lack overgrowths (e.g.
Fig. 3, grain 21).

On the basis of this CL imaging, we can confidently
rule out the possibility that the homogeneous CL rims/
grains formed entirely as the product of garnet
breakdown. If this were the case, we would not expect to
see similar features in both the garnet- and the
matrix-hosted zircon, given their completely different
petrographic/geochemical environment. In particular,
the presence of CL-homogeneous rims on zircon grains
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Fig. 4a, b REE analytical data for a NIST SRM 610, and b
Geostandards zircon 91500, obtained using NIST 610 as a
calibration standard. Shaded lines represent individual analyses;
squares represent average with 2¢ error bars indicated



both in garnet (rims), where they would have been ar-
moured from metamorphic reactions, and in the matrix
appears incompatible with their growth after garnet.
Similarly, with specific reference to zircon hosted in the
cordierite—anorthite—hercynite coronas, we consider it
unlikely that these result from garnet breakdown be-
cause some process would then have to transport Zr to
both matrix zircon as well as zircon armoured in unre-
acted garnet to generate identical features.

This textural analysis leaves the possibility that the
zircon rims grew either before growth of the sillimanite-
bearing garnet rims, in which case their Miocene age
would provide a upper limit for the timing of high-P
metamorphism, or synchronously with the growth of the
sillimanite-bearing garnet rims.

Analytical methods

Determinations of all 14 REEs together with Y and Hf were made
using a Cameca IMS1270 ion microprobe at the Swedish Museum
of Natural History (Nordsim facility). Although this instrument is
capable of a high mass resolution (MR, defined as M/AM at 10%
peak height) at high transmission and is routinely used for U-Pb
geochronology at MR of ca. 5,000, achieving the much higher
resolution required to separate the heavy REEs from oxides of
lighter REEs (MR ca. 10,000) results in substantial loss of trans-
mission. In addition, there are only few, well-characterised zircon
or garnet crystals available as calibration standards; for example,
previous studies on the Geostandards zircon 91500 suggest some
heterogeneity (Hoskin 1998). Analyses were therefore performed
using low mass resolution and high-energy ions, following the
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method outlined by Hinton (1990) which discriminates against
molecular species, in particular the interference of light REEs on
heavy REEs. This method also minimises matrix effects, facilitating
calibration of silicates against synthetic glass standards (Hinton
and Upton 1991).

High-mass resolution (MR > 5,000) scans were performed using a
+15 eV window across all peaks of interest in both the 91500 zircon
and the NIST SRM 610 glass, at sample high voltage offsets of 0, =70,
—100 and —120 V in order to assess the efficiency of energy filtering
for removing interferences at each mass. A peak hopping routine was
then established at a lower mass resolution (MR < 3,000), in which
the light REEs (***La, “°Ce, *!Pr, '**Nd and 1“QSmg were analysed
at—70 V,and the heavy REEs (159Tb, 15, '°Er, °Tm, '*Yb and
75Lu) at =100 V. An unidentified interference occurred on all
abundant Gd isotopes in the NIST SRM 610 glass (but not zircon) at
—100 V offset, requiring analysis of '®°Gd (+'®Dy) and '*'Dy at
—120 V. In addition to the REE isotopes, the peak hopping routine
included the following species (measured at —70 V offset unless
otherwise stated): 30Si as a matrix reference, *Y, mass ~88 to
monitor for "*Hf**, °Hf (both —100 V offset), and *°Zr?%Si'®0 in
order to correct *°La, "°Ce and "'Pr for interferences from this
abundant matrix species in zircon. Additional isobaric interference
corrections were made for '**Sm on *Nd, and '®'Dy on '°Gd.
Primary beam size, shape and ion current are the same as those used
for U-Pb analysis of zircon (ca. 30 um, slightly elliptical flat-bot-
tomed crater, 4nA O, current; Whitehouse et al. 1997).

Concentrations were calculated with reference to NIST SRM
610 glass (nominal 500 ppm), using the working values recom-
mended by Pearce et al. (1996, their Table 8, "preferred average").
Analyses of NIST SRM 612 glass (nominal 50 ppm) calibrated
against NIST SRM 610 show deviations up to £+20% in some of
the middle REEs (Table 1, Fig. 4a). The average of seven analyses
is generally in good agreement with the values recommended by
Pearce et al. (1996, their Table 9). Large deviations in individual
values about this average may reflect actual heterogeneities in
NIST SRM 612 at the SIMS sampling scale.

Table 1 Ion-microprobe REE, Y and Hf analytical data for Geostandards zircon 91500 and NIST SRM 612 glass (concentrations in

ppm)

Analysis ID La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Hf
Geostandards zircon 91500 (development analyses)

18 0.059 3.06 0.035 024 045 0.18 416 1.17 143 54 30 78 75 159 143 6,232
19 0.085 243 0.022 0.19 043 020 197 073 106 46 24 6.0 57 128 137 5,182
20 0.025 250 0.025 0.19 041 0.17 081 066 967 3.6 19 49 49 10.6 138 4,034
21 0.036 256 0.031 021 037 022 193 087 11.7 49 24 62 63 13.6 127 4,598
22 0.062 2.69 0.023 021 047 023 285 098 142 58 30 76 74 15.6 153 5,646
23 0.059 2.63 0.021 023 046 023 313 113 17.1 6.7 34 87 &7 185 160 6,506
24 0.086 298 0.029 024 038 025 235 101 127 6.6 32 9.0 8l 175 175 6,299
25 0.055 321 0.028 026 055 028 276 1.17 150 6.5 35 9.1 92 185 181 6,201
26 0.059 282 0.035 023 047 024 284 104 147 58 32 8.0 174 167 5281
28 0.056 2.68 0.017 0.17 032 023 185 085 114 48 25 62 62 13.5 135 5243
29 0.050 241 0.021 0.15 033 0.14 139 068 109 46 25 6.7 63 13.0 122 6,246
Geostandards zircon 91500 (this study)

30 0.077 2.64 0.026 0.19 034 0.19 1.71 071 9.6 4.1 213 552 51 1.5 137 4,430
31 006 274 002 020 037 019 216 088 125 50 27 6.68 639 138 148 5290
32 0.074 2.66 0.029 0.19 034 017 289 096 161 56 298 74 698 158 139 6,080
41 0.04 259 0.031 0.16 039 021 253 092 13 59 274 675 655 153 129 6,210
42 0.15 281 0.049 0.19 036 026 1.58 093 11.8 48 252 644 577 129 141 5310
43 0.12 242 0.038 0.16 034 0.18 196 0385 11 49 258 6.68 602 134 131 5370
NIST SRM 612

1 342 350 334 333 339 331 423 384 343 383 357 368 395 374 364 400
2 368 360 343 347 356 351 358 374 335 372 359 361 403 357 368 354
3 358 360 343 349 350 352 332 358 337 379 346 351 377 348 357 344
5 363 359 357 352 374 375 399 428 383 432 412 390 410 384 369 344
6 350 355 338 335 351 342 320 342 308 351 329 328 367 333 353 322
7 36.3 355 340 329 346 327 269 314 286 325 309 302 347 309 37.1 337
8 332 330 31.8 309 327 319 323 344 320 350 315 329 379 334 340 332
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Eleven analyses of Geostandards 91500 zircon (Wiedenbeck et
al. 1995) were performed during method development, (1) to mon-
itor reproducibility between analytical sessions, and (2) for com-
parison with results from other SIMS and laser-ablation ICP-MS
studies (Garbe Schonberg and Arpe 1997; Nesbitt et al. 1997; Ho-
skin 1998). The analyses from the 91500 zircon (Table 1, Fig. 4b)
show an expected, smooth increase in chondrite-normalised values
of trivalent REEs as ionic radius decreases from La to Lu, together
with large positive Ce anomaly and small negative Eu anomaly.
Good agreement is obtained between the SIMS measurements for
zircon 91500 presented here and both the SIMS and LA-ICP-MS
analyses of Hoskin (1998) and the LA-ICP-MS analyses of Nesbitt
et al. (1997; excepting the very low La in the latter study). A further
six measurements of zircon 91500 were made during this study and
are indistinguishable from earlier analyses (Table 1).

Analytical errors on individual REE determinations depend
upon element concentration, abundance of the isotope chosen for
measurement, and instrument sensitivity in a given analytical ses-
sion. For zircon cores with chondrite-normalised REE profiles
similar to those of the Geostandards zircon 91500, the average
analytical error ranges from ca. +=10% (lo) for the light REEs
(except Ce in zircon which is typically ca. £3%) to ca. £5% for
most of the other REEs. Heavy REEs from zircon rims and garnets
with relatively flat Gd-Lu profiles have errors of ca. +10-15%.
Errors on Y and Hf are typically ca. =2 and £4% (lo) respec-
tively at the abundance levels encountered.

SIMS U-Th-Pb analyses presented here were performed using
the same analytical procedures as those reported by Whitehouse
et al. (1997, 1999) and Platt and Whitehouse (1999). Analytical
errors on 2*°Pb/238U ratios include a component propagated from

Table 2 Ion-microprobe REE, Y and Hf analytical data forPB383

repeated measurements on the ca. 1,065 Ma Geostandards zircon
91500, and 2°’Pb/?°°Pb errors are the largest of the Poisson
counting errors or the observed analytical error. Common Pb is
assumed to have the composition of modern terrestrial Pb (Stacey
and Kramers 1975) following the rationale of Zeck and Whitehouse
(1999). Age calculations assume the decay constants of Steiger and
Jager (1977).

Electron microprobe analyses of garnets were performed using
a Jeol 733 Superprobe, with an Oxford Instruments ISIS energy
dispersive system. Data were collected at 15 kV for 100 s count
time with a 2 um spot. The derived grossular content and Fe/
(Fe+Mg) are given in Table 2.

Refined U-Pb geochronology of PB383

An additional nine U-Th—Pb analyses were made on the
CL-homogeneous rims/grains separated from the garnet
concentrate. These are presented in Table 3 and Fig. 5
along with data previously presented by Platt and
Whitehouse (1999); analysis locations are shown in
Fig. 3. Seven of these grains yield Miocene ages. Of the
two older ages, G4 (ca. 63 Ma) may include a compo-
nent of the core whereas G2 (concordant at ca.
1,790 Ma) probably represents an older detrital grain
which coincidentally shares the morphology of the Mi-
ocene grains. It is clear from Fig. 5 that, within the limits

zircons and garnets (concentrations in ppm)

Grain no. Structural class® La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y Hf
Zircons from bulk rock

3 Rim/no struct 0.116 7.54 0.295 4.65 6.36 0.642 13.7 1.74 7.85 1.05 2.2 0.324 3.33 0.466 24.4 12,900
4 Rim/no struct 0.111 8.76 0.335 542 7.96 0.997 22 29 151 198 4.34 0.512 6.48 0.81 43.8 12,200
8a Rim/no struct 0.13 1.32 0.094 1.05 2.81 0.181 19.8 4.44 27.8 395 9.06 1.04 10.6 2.07 102 12,600
8c Core 0.232 48.5 0.236 2.3 3.92 0.867 31.3 884 123 36.3 168 355 306 67.6 912 11,000
Ta Rim/no struct 0.131 0.738 0.06 0.634 2.64 0.17 9.19 2.38 10.7 1.77 3.12 0.572 4 0.801 72.5 17,210
7b Core 1.27 40.5 128 5.03 7.58 2.58 26.8 9.82 101 38.6 170 355 300 65 1,380 7,960
Zircons from garnet concentrate

Gl Rim 0.162 8.14 0.212 2.73 3.69 0.438 6.85 1.05 4.38 0.607 1.42 0.177 1.87 042 144 11,700
G8a Rim 0.197 8.89 0.409 6.52 8.37 0.897 15.3 2.18 109 1.7 4.29 0.514 5.77 0.933 38.5 11,400
G8b Core 0.165 38 0.126 1.06 1.87 0.753 13.2 4.4 55.6 20 954 23.1 214 57.4 500 12,500
G5a Rim 0.17 3.45 0.155 233 4.57 0.324 14.1 2.12 10.8 1.49 3.6 0.444 5.52 0.855 36.4 12,400
G5b Core 0.159 259 0.159 1.51 2.65 0.557 15.6 5.09 52.8 20.7 86.9 18.2 174 434 505 11,000
Zircon analysed in thin section

TSB-8b  Rim (matrix) 0.047 1.24 0.041 1.2 347 0.272 12.6 3.5 22.6 3.18 7.87 1.01 6.12 232 116 10,200
Garnet analysed in thin section

gt-Bl Intermediate 0.001 0.061 0.134 5.2 4.82 0.811 12.8 4.74 448 12.7 41.1 531 413 7.5 382 9.78
gt-B-¢c Centre 0.013 0.084 0.109 5.42 8.79 1.05 239 102 99 244 68.7 11.4 91.3 149 542 174
gt-B-r Rim 0.007 0.238 0.247 7.99 17.9 1.79 429 8.3 524 4.16 8.83 0.72 10.3 2.12 854 6.62
garbigl  Trav.(0, 0.69, 0.28) 11.5 0.799 27.1 3.49 16 229 4.17 0.677 8.01 1.12

garbiglb2 Trav.(0) 9.52 0.654 20.9 13.7 3.54 0.514 1.11

garbiglb3 Trav.(0) 19.7 2.14 229 11.8 332 04 0.76

garbiglb4 Trav.(0) 7.97 0.491 17.7 12.1 3.08 0.441 0.742

garbigll Trav.(34, 0.69, 0.31) 13.7 1.03 21.6 12.9 4.7 0.731 1.19

garbigl2  Trav.(88, 0.68, 0.33) 13.8 1.11 194 294 15.6 2.31 5.37 0.804 7.27 1.22

garbigl3 Trav.(173, 0.67, 0.33) 13.5 1.48 164 3.64 19.7 334 6.69 0.933 7.94 1.32

garbigl5 Trav.(276, 0.67, 0.28) 10.8 1.27 13.3 4.15 242 4.63 9.76 1.24 9.76 1.69

garbigl6  Trav.(389, 0.67, 0.18) 5.77 0.982 9.82 3.18 269 435 13 2.08 129 2.64

garbigl8 Trav.(654, 0.68, 0.22) 6.12 0.939 13.1 4.55 38.5 7.27 22.7 3 20.2 3.84

garbigl9 Trav.(842, 0.68, 0.16) 3.7 0.79 11.8 6.05 58.4 16.8 53 842 56.8 9.22

garbig20 Trav.(1,046, 0.68, 0.16) 3.61 0.654 12.1 6.71 74 24 83.7 145 98.6 16.2

garbig22  Trav.(1,600, 0.68, 0.12) 1.81 0.483 17.6 12.6 140 50.7 153 26.2 204 27.2

“For traverse analyses, numbers in parentheses indicate distance (um) from the edge of the garnet, Fe/(Fe+Mg) and grossular content
(formula units) respectively (complete garnet major-element analyses available on request)
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Fig. 5 Inverse concordia (Tera-Wasserburg) diagram showing U-
PDb zircon data from sample PB383; squares are data from Platt and
Whitehouse (1999); circles are new analyses on garnet-hosted
zircon grains. Error bars are 2. The age of 21.3+0.3 Ma (20) has
been calculated by regressing the data together with a common Pb
composition assumed to be equivalent to modern terrestrial Pb
(Stacey and Kramers 1975), with an arbitrarily assigned error
(*7Pb/**°Pb=0.83+0.1). Two analyses which plot above concor-
dia (unshaded symbols) are omitted from this calculation

of analytical uncertainty, there is no discernable age
difference between the garnet-hosted zircon grains and
those analysed from the whole rock. The latter, as
argued above, is presumed to be dominated by matrix-
hosted grains. Combining these two sets of U-Pb data,
we calculate a concordia intercept age for the zircon rims
in PB383 of 21.3+0.3 Ma (95% confidence; n=14, 2

rejections; MSWD=0.89). This age 1is essentially
identical to, but more precise than the 21.2+0.7 Ma
reported by Platt and Whitehouse (1999).

Geochemistry
Zircon REE, Y and Hf geochemistry

Chondrite-normalised REEs (Fig. 6a) from PB383 zir-
con grains reveal a striking difference between cores and
rims. Cores exhibit profiles with strongly depleted light
relative to heavy REEs, together with pronounced pos-
itive Ce and minor negative Eu anomalies. Such patterns
are generally encountered in zircon of igneous origin
(Hinton and Upton 1991; Barbey et al. 1995) and, with
the exception of Ce and Eu, reflect the increasing ability
of the zircon lattice to accommodate trivalent REEs as
ionic radius decreases (from La to Lu). The positive Ce
anomaly in igneous zircon probably results from fa-
vourable incorporation of small quantities of Ce**
which may be present in the melt (Schreiber et al. 1980),
whereas the negative Eu anomaly may reflect a Eu-
depleted melt due to plagioclase fractionation. Relative
to the cores, the rims show similar patterns of increasing
enrichment from La to Gd, but the heavy REEs
(Gd-Lu) are strongly depleted, with the most extreme
depletion at Tm. These data indicate that the environ-
ment in which the zircon rims crystallised was depleted
in HREE:s relative to LREEs, requiring a mineral phase
with complementary HREE enrichment which crystal-
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lised either in equilibrium with the zircon rims or prior
to their development, strongly depleting the remaining
rock in HREEs. The most abundant HREE-enriched
phase in PB383 is garnet which, as we have argued
above, is unlikely to have crystallised before the zircon.
If garnet is responsible for the heavy-REE depletion,
then the presence of strongly HREE-depleted zircon
rims further suggests that the garnet growth is unlikely
to postdate the zircon rim growth. A similar role for
garnet controlling HREE distribution in metamorphic
zircon has also been proposed by Bea et al. (1997) from
Ivrea-Verbano, and Schaltegger et al. (1999) from the
Vosges mountains. Recently, Rubatto (2002) has esti-
mated trace-element (including REE) distribution coef-
ficients between zircon and garnet and has used these to
determine the timing of metamorphic zircon growth
relative to zoned garnet in the Sesia-Lanzo zone.

Growth of zircon in a metamorphic rock requires a
supply of Zr, either from unstable Zr-bearing phases
which are reacting out (e.g. biotite, hornblende), from
dissolution and re-precipitation of the zircon in situ
(Fraser et al. 1997), or via a process of Ostwald ripening
(Vavra et al. 1999). The REEs may also be provided to
newly formed zircon either from reactions elsewhere in
the rock, with transport to the site of crystallisation, or
from in-situ, dissolved and re-precipitated zircon. In
Fig. 6b we show the REE profiles for four zircon rims
from PB383 normalised to their respective core analyses.
Two of the rim analyses show an overall depletion of all
REE:s relative to their cores; the other two analyses also
show depletions for most of the REEs but exhibit sig-
nificant enrichments in Nd, Sm and, in one case, Pr.
Smaller enrichments may also be observed in La and
Gd. One possible explanation of these data is that in-situ
dissolution and later re-precipitation has occurred with
the dissolved zircon representing a pre-existing, more
REE-enriched phase developed on the core during a pre-
Miocene metamorphic and/or anatectic event in the
zircon source rock. Subsequent re-precipitation in
equilibrium with garnet would yield the overall HREE
depletion observed in all rims but preserve (to a large
extent) former higher levels of light-middle REEs.
However, since none of the zircon cores show evidence
in CL imaging for polyphase zircon growth, we prefer to
attribute the enrichment of some of the REEs in the rims
to local influx from elsewhere in the rock, requiring a
fluid transport mechanism.

Bau (1996) has proposed that ratios of pairs of ele-
ments with similar charge and ionic radius may be used to
distinguish minerals which have grown from or been
modified by pure silicate melts and possess chondritic
ratios, from those grown from or modified by aqueous
fluids, the latter showing anomalous behaviour as a result
of complexing effects (Bau calls this Charge Ratio
Control or ChaRaC). Two such ChaRaC ratios are Y/Ho
(trivalent, ionic radii in 6-fold coordination ca. 104 pm)
and Zr/Hf (quadrivalent, ionic radii in 8-fold coordina-
tion ca. 98 pm), which are plotted against each other
in Fig. 7, with the ChaRacC field (i.e. chondritic ratios)
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defined by Bau (1996) shown for reference. All but one of
the analysed Miocene rims fall within the ChaRacC field.
In the ChaRaC model, this would be consistent with
crystallisation from a silicate melt, with no indication of a
significant role for aqueous fluids in the development of
this zircon phase. Given our petrographic and geochem-
ical observations which are interpreted to record the onset
of decompression partial melting, the possibility of crys-
tallisation from a silicate melt seems quite likely, although
we stress that the ChaRaC model has not been tested for
its applicability to a metamorphic environment, and such
inferences must be treated with caution. Regardless of the
significance of the ChaRaC model to this particular case,
one of the analysed zircon grains (grain 7 from the whole-
rock separate) behaves quite differently. For this grain,
the Y/Ho and Zr/Hf ratios for both the older core and the
Miocene rim plot close together but well outside the
ChaRacC field (Fig. 7). A possible explanation for both
these observations is that long-distance element transport
suggested by MREE enrichment (via a silicate melt
phase?), and local eclement derivation suggested by
non-ChaRaC behaviour of grain 7 (e.g. from dissolution
followed by re-precipitation) may be operating simulta-
neously, with local variations in the dominance of a
particular mechanism, depending on petrographic
environment.

Garnet REE geochemistry

To investigate further the role of garnet in the REE
geochemistry of PB383 zircon grains, we have performed
in-situ ion-microprobe REE analyses of garnet grains in
polished thin sections (Table 2). We have analysed
complete REEs+Y in a central part, a rim and a more
intermediate position in one large grain (ca. 4 mm;
garnet "B", Fig. 8a). Analyses from all parts of garnet
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Fig. 7 Plot of Y/Ho ratio against Zr/Hf ratio for PB383 zircon
grains. Dashed line represents the Charge-Radius-Controlled
(ChaRaC) field defined by Bau (1996)
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"B" are characterised by sub-parallel, steeply positive
LREE profiles from ca. 0.01-0.1 times chondritic La to
ca. 10-100 times chondritic Sm, with slightly higher
abundances in the rims, as well as moderate negative Eu
anomalies. In marked contrast to the similarity of the
LREE profiles from different parts of the garnet, the
MREEs-HREEs show a transition from relatively flat,
ca. 100 times chondritic Sm—Lu profiles in the central
analysis, to lower-abundance, negatively sloping Gd—Lu
in the rim profile (Fig. 8a).

MREEs-HREEs (Sm to Lu) have been analysed
from another large grain along a spot traverse line from
the garnet core to rim (garnet "GARBIG"; Fig. 8b;
analytical locations in Fig. 2). Determinations of
LREEs were omitted from these analyses on the basis of
the experience with garnet "B" which shows that they are
relatively undiagnostic. Figure 9¢ shows analyses from
"GARBIG" normalised to the garnet core analysis.
MREE-HREE analyses from the GARBIG traverse
(Figs. 8b, 9c) record in greater detail the transition
which occurs across the garnet from core to rim. HREEs
from Dy to Lu show a progressive decrease in abun-
dance as the garnet margin is approached, with the
greatest degree of depletion of rim relative to core oc-
curring in the heaviest REEs (ca. 0.02 times for Tm—Lu,
compared with ca. 0.1 times for Dy). Tb and Gd show
slight decreases in abundance relative to the core (ca.
0.25 and 0.5 times respectively) until the nominal core—
rim boundary is reached (Fig. 2), after which the
abundance of Tb remains relatively constant whereas

Fig. 8a, b Chondrite-

that of Gd increases progressively towards the margin.
This behaviour results in sharp increases in ratios of Gd
to the HREEs across the garnet rim (e.g. Gd/Dy). Sm
and Eu record a progressive increase in abundance
across the entire traverse, interestingly mirroring pre-
cisely the behaviour of Ca (shown by grossular content
in Fig. 9a), even to the small fluctuation in the otherwise
smooth patterns which is observed at ca. 700 ym from
the rim.

In detail, these patterns are very similar to those de-
scribed by Bea et al. (1997) for granulite-facies metap-
elites in a prograde sequence from Ivrea-Verbano, Italy.
The marked decrease of HREEs and Y seen in the Ivrea-
Verbano metapelites is attributed by Bea et al. (1997) to
the increasing modal proportion of garnet acting as a
HREE+Y repository as metamorphism progresses, in-
cluding those elements released by the breakdown of
xenotime (Bea and Montero 1999). The similar marked
decrease in the garnet rim analyses of our sample PB383
may also be explained by early garnet growth reducing
the amount of HREE+Y available for later growth.
Furthermore, the progressive nature of the depletion
appears compatible with continuous growth and/or
reaction processes. We suggest here that garnet plays a
similar role in controlling the availability of HREEs for
zircon in PB383, with their strong depletion (Fig. 6)
implying crystallisation in a HREE-poor environment,
either synchronously with, or after growth of the garnet
rims. Taken together with the arguments made above,
on the basis of CL imaging and petrographic environ-
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dashed line represents the approximate position of the boundary
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ment, that zircon is unlikely to have crystallised after
garnet, we suggest that the zircon rims grew contem-
poraneously and in near-equilibrium with the HREE-
depleted garnet rims. The U-Pb age of 21.3+0.3 Ma
therefore represents a reliable proxy for growth of the
garnet rims.

Implications of MREE enrichment in garnets

The relative enrichment of the MREEs in the rims of
garnets from PB383, as well as the sharp increase in Gd/
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Dy ratios are similar to progressive changes observed
with increasing pressure by Bea et al. (1997) in Ivrea-
Verbano metapelites. In the latter case, Bea et al. (1997)
attribute these changes to a 3*M?>" <2*REE*" +* va-
cancy substitution which decreases the garnet unit cell
dimension with increasing pressure, paradoxically fa-
vouring the incorporation of /arger REE ions. These
authors further suggest that Gd/Dy ratios in garnet may
be used as a reliable indicator of pressure in metapelitic
rocks, provided that the garnets meet the following cri-
teria: (1) coexistence with modal monazite, (2) equili-
bration in a pressure range of 4-9 kbar, and (3) unit
cell<11.46 A. Although we have observed modal mo-
nazite and suspect crystallisation in the appropriate
pressure range for this barometer, the unit cell dimen-
sions for garnets from PB383 exceed the proposed cri-
teria (unit cells for all analysed PB383 garnets range
from 11.48 to 11.54 A, using the formula and coeffi-
cients provided by Bea et al. 1997), primarily because of
the much higher grossular component in PB383. Thus,
although Gd/Dy increases dramatically across the gar-
net rim, calculation of pressure using the Bea et al.
(1997) model is, in this particular case, inappropriate. In
addition, aforementioned textural evidence points to
formation of the garnet rims during decompression,
which is the opposite of that implied by increasing Gd/
Dy ratios under the Bea et al. (1997) model. We
therefore propose an alternative mechanism for MREE
enrichment, in which a larger unit cell is thermody-
namically favoured by decompression and higher Ca
content, thus permitting incorporation of larger MREEs
via the vacancy substitution.

Applicability of zircon/garnet partition coefficients

In a recent study Rubatto (2002) used the trace-ele-
ment geochemistry of zircons growing in equilibrium
with unzoned garnet to estimate partition coefficients
between these two minerals (REEDzir/gt). These parti-
tion coefficients were then used to determine the tim-
ing of metamorphic zircon growth relative to a specific
part of the zoned garnet in an eclogitic sample from
the Sesia-Lanzo Zone of the Alps. In our study, de-
tailed petrography together with geochemistry shows
that the strongly HREE-depleted metamorphic zircon
rims of sample PB383 grew at the same time as the
garnet rims. Given the difference in major-element
composition of the garnets in our study (Ca-enriched
rims relative to cores, CaO~4 wt%; Mg#~0.3) and
those of Rubatto (2002; Ca-depleted rims relative to
cores, CaO~4 wt%; Mg#~0.1), it is instructive to use
the data from our study to investigate the general
applicability of the estimated REEDzir/gl values. Fig-
ure 10 shows the REE partition coefficient calculated
from the average REE composition of the PB383
metamorphic zircon rims and each point on the tra-
verse of garnet "GARBIG". This diagram shows that
the closest approximation to the equilibrium REEDzir/gt
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Fig. 10 Estimated zircon/
glgrnet distribution coefficient
(*®ED,i;/g) for the MREEs-
HREEs, calculated from the
average REEs of Miocene
zircon rims and each of the
analysed points on the
"GARBIG" traverse (shown as
shaded lines without symbols
except for the curve calculated
from the garnet rim
composition which is
highlighted by solid circles).
Shown for comparison are
values of REEDngl presented
by Rubatto (2002) from two
unzoned garnets in the
Reynolds Range, Australia, and
a zoned garnet from Sesia
Lanzo (see text for further
details)
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values of Rubatto (2002) is obtained for zircon
forming in equilibrium with the garnet rim, entirely
consistent with our petrographic observations. Rub-
atto (2002) suggested that differences between the es-
timated granulite EEDzir/gt values and those
calculated from the eclogite data may result from
differences in pressure and/or temperature. Our data
(Fig. 10) show slightly different estimated P‘EEDzir/gt
values across the MREEs-HREEs from those of the
Sesia-Lanzo eclogitic zircons, which may also reflect
different garnet major-element compositions between
the two studies. We suggest that the REEDzir/gt values
of Rubatto (2002) may reasonably be applied to other
studies of zircon growth in metamorphic environ-
ments, although some caution over precise quantitative
application should be applied until the dependence of
these values on pressure, temperature and garnet
composition has been fully evaluated.

Conclusions

Combined SIMS U-Th-Pb and REE data, petrographic
and cathodoluminescence imaging analysis of zircon and
garnet in a garnet granulite from the Carractraca peri-
dotite body in the western Betic Cordillera suggest the
following.

1. CL imaging reveals identical morphologies and in-
ternal structures for zircon grains hosted in the rim
regions of garnet and those in the matrix; specifically,
thick, CL-homogeneous, structureless rims occur in
both environments, implying that this phase crystal-
lised either before or during growth of the garnet rims.

2. U-Pb analyses of CL-homogeneous rims in zircon
grains separated from garnet are indistinguishable
from those reported by Platt and Whitehouse (1999)
for zircon grains from the whole rock; these two
data sets yield a refined age of 21.3+0.3 Ma (20) for
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crystallisation of this phase of zircon.

REE analyses reveal that the thick, CL-homoge-
neous rims are strongly depleted in HREEs relative
to their (presumed) igneous cores. The presence of
large amounts (<25% by volume) of modal garnet
is suggested as a mechanism for depleting the rock
of HREEs prior to, or during zircon rim growth.
Together with the petrographic evidence ruling out
pre-zircon garnet growth (conclusion 1 above), this
constrains zircon growth to being essentially syn-
chronous with the growth of garnet.

4. Aluminosilicate inclusions in the garnet record

growth under conditions of decreasing pressure and
increasing grossular content and are consistent with
the initiation of partial melting during this decom-
pression. We propose that the contemporaneously
formed, 21.3 £0.3 Ma zircon rims record a point on
the decompression path of PB383, rather than peak
metamorphic conditions. Continued growth of gar-
net suggests that temperature was still rising at this
stage of decompression.

MREE enrichments in some of the CL-homoge-
neous zircon rims relative to the core suggest either
transport of REEs to the site of crystallisation/
recrystallisation or localised dissolution followed by
re-precipitation of an originally heterogenous
zircon. At least partial operation of the latter
mechanism is suggested by replication of atypical
non-chondritic Y/Ho and Zr/Hf ratios in the rim
and core of one of the analysed grains.

6. Garnet REE analyses show marked depletion of

HREEs (as well as slight enrichments of LREEs—
MREEs) towards the more Fe,Mn-rich rim; this
may also be attributed to the large amount of modal
garnet progressively depleting the rock of HREEs.
The MREE enrichment probably results from more
favourable substitution of larger ions into garnet as
decompression continues.
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