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The behaviour of trace elements in high-P mineral assemblages:
a LA-ICP-MS study of mafic rocks from the
Nevado-Filabride complex (SE Spain)

José F Molina! and Pilar Montero!

Abstract

Trace-element data (obtained by LA-ICP-MS) from garnet, clinopyroxene, amphibole, zoisite/epidote, paragonite
and phengite from foliated eclogites and coronitic metagabbros and high-pressure amphibolites from the Nevado-
Filabride complex (SE Spain) are reported in this work. Rb, Cs and Ba are concentrated in white mica, whereas Y
and HREE are in garnet, and Sr and LREE in epidote and zoisite. Even though whole-rock ZREE can be up to ca.
100 ppm, amphibole and clinopyroxene show REE contents (REE ca. 1-10 ppm) significantly lower than those of
minerals with an igneous origin. Sr and LREE present large scattering at single-grain scale in minerals from eclogites.
This contrasts with a more systematic trace-clement distribution in high-P amphibolites.

Accordingly, electron microprobe analyses of epidote from foliated eclogites reveal the existence of micrometer-
scale irregular patches with very high Sr and LREE contents (ca. 2000 ppm La, 6000 ppm Ce and > 4000 ppm Sr)
related to rutile inclusions. The data suggest that titanite, which could be an early Sr-LREE-rich mineral, could cause
local Sr and LREE release when transformed to rutile during the eclogite-facies metamorphism, leading to the
heterogeneous distribution of these trace elements in the rock matrix. The preservation of these fine-scale
compositional heterogeneities provides evidence for limited mass transport during the eclogite-facies metamor-
phism, which differs from equilibrium observed in high-P amphibolites. Different fluid-transport scales may account
for such trace-element behaviour.

Keywords: eclogite-facies metamorphism, mafic rocks, mineral trace elements, LA-ICP-MS, Nevado-Filabride

complex.

1. Introduction

Interest in understanding petrogenetic processes
in the mantle and lower crust has led to a large
number of studies on the trace-element distribu-
tion in minerals from high-grade crustal and man-
tle rocks (e.g. Rampone et al., 1993; Bea et al.,
1994, 1998; Bea, 1996; Zanetti et al., 1996; Ionov et
al., 1997). Though equally important, systematic
trace-element studies on minerals from high-P,
low-T rocks are much scarcer (e.g. Messiga et al.,
1995; Tribuzio et al. 1996; Nagasaki and Enami,
1998; Zack et al., 2001; Hermann, 2002).

High-P experiments on H,O- and CO,-H,0-
bearing basalts (e.g. Schmidt and Poli, 1998; Moli-
na and Poli, 2000; Poli and Schmidt, 2002), and
geochemical characteristics of volcanic-arc rocks
(e.g. Ryan et al. 1996; Elliot et al., 1997) suggest
that fluids are released from the subducting slab
causing progressive depletion in incompatible el-
ements as devolatilisation reactions progress.
These fluids modify the mantle source of island-
arc basalts, which are characterised by relatively

low abundances of Nb and Ta relative to LREE
and large ion lithophile elements (e.g. Saunders et
al., 1980; Tatsumi and Eggins, 1993). Tribuzio et al.
(1996) showed that garnet, allanite, epidote, law-
sonite, titanite and apatite account for most of the
REE budget of high-P, low-T mafic rocks. The sta-
bility of lawsonite and epidote up to ultrahigh-P
conditions (Poli and Schmidt, 1995, 1998) suggests
that these mineral phases are relevant for REE
recycling at convergent margins. However, in
spite of their potential importance, these mineral
phases are not taken into account in estimates of
the trace-element composition of fluids from sub-
ducting slabs (e.g. Brenan et al., 1995a, b; Keppler,
1996; Ayers et al., 1997).To obtain more realistic
models of trace element and in particular REE
recycling at convergent margins a better under-
standing of trace-element distribution among ec-
logite-facies minerals is necessary.

On the other hand, fluid behaviour in high-P
rocks is not yet well constrained. Large scale-fluid
flow is required for the eclogitisation of subduct-
ed dry crust (Austrheim et al., 1997) and for meta-
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somatism in paleo-subduction zones (e.g. So-
rensen and Grossman, 1989; Bebout and Barton,
1993). However, fine-scale chemical and isotopic
heterogeneities reported in eclogite-facies rocks
rather suggest local fluid flow (e.g. Selverstone
et al., 1992; Getty and Selverstone, 1994; Scam-
belluri and Philippot, 2001). Trace elements are
more sensitive to time-dependent processes than
major elements (e.g. Hickmott et al., 1987; Hick-
mott and Shimizu, 1990). In addition, they are
very sensitive to fluid-rock interaction processes
and, hence, can give constraints about the scale
of fluid flow during high-P metamorphism (e.g.
Hickmott et al., 1987; Getty and Selverstone,
1994).

Coronitic metagabbros and texturally equili-
brated foliated eclogites and high-P amphibolites
crop out in the Nevado-Fildbride complex (Betic
Cordilleras, SE Spain). Metagabbros may present
relict igneous mineralogy. When eclogitisation of
these rock types runs to completion, hydrous
phases such as amphibole and zoisite/clinozoisite
are abundant, providing evidence for the impor-
tance of fluids in the gabbro-eclogite transition.
High-P amphibolites exhibit epidote segregation
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at centimetre-to-metre scale, which was, probably,
fluid controlled. Therefore, a systematic study of
trace elements in high-P minerals from these rock
types can give insights into how fluids and defor-
mation influence the distribution of trace ele-
ments at high-P conditions.

In this paper, we report the results of system-
atic trace-element analyses of amphibole, garnet,
clinopyroxene, epidote-group minerals, and white
mica from Nevado-Filabride mafic rocks, deter-
mined by laser ablation connected to an induc-
tively-coupled mass spectrometer (LA-ICP-MS).
The importance of epidote and its reactional his-
tory in the distribution of LREE and Sr at high-P
conditions are also emphasised.

2. Geological setting and petrography

The Nevado-Fildbride complex is an Alpine
metamorphic terrain situated in the Betic Cordill-
eras (SE Spain, Fig. 1), which experienced high-P
metamorphism with amphibolite-facies overprint
(e.g. Gémez-Pugnaire and Ferndndez-Soler, 1987;
Molina and Poli, 1998).

Alpujarride Complex
Nevado-Filibride Complex

1 Pre-Permian formations

[ Eclogite-bearing sequences

Bl Non-deformed mafic rocks

High-P amphibolite-bearing
Sequences

Muoiril

Fig. 1 Structural map of the Nevado-Fildbride complex showing the distribution of the mafic rocks.
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Table I Mineral assemblages from the Nevado-Filabride complex analysed by LA-ICP-MS.

Rock type Assemblage Textural features LA-ICP-MS analysed phases
Coronitic metagabbro Gar, Cpx, 7o, Decussate aggregates Cpx, Gar, Zo
Q,Ru of Zo and Cpx. Coronas
of Gar
Foliated eclogite Na-Ca Amp, Abundant Ep inclusions Cpx, Gar, Amp, Ep, Pg
Gar, Cpx, Pg, in Gar cores. Coronas
Ep,Q,Ru of Ep, Ca Amp around
Gar. Ab,Ca Amp in
symplectites
Paragonite-bearing Na-Ca Amp, Traces of Ep included Gar, Amp, Pg
high-P amphibolite Gar, Pg, Q, in Gar. Ep absent in
Ru the rock matrix
Phengite-bearing Na-Ca Amp, Ep inclusions in Gar Gar, Amp, Pheng
high-P amphibolite Gar, Pheng, cores. Ep absent in
Q. Ru the rock matrix

Mineral abbreviations: Ab—albite; Amp—amphibole; Ca Amp—calcic amphibole; Ep—epidote; Gar—garnet; Na-
Ca Amp—sodic-calcic amphibole; Pe—paragonite; Pheng —phengite; Cpx—clinopyroxene; Q—quartz; Ru—rutile;

Z.o—7zoisite.

This metamorphic complex contains a Permo-
Triassic or younger sequence with metapsam-
mites and grey schists with relatively large blocks
of metadolerites and metagabbros at the base,
and marbles and calc-schists with intercalations of
small bodies of amphibolites and serpetinites at
the top (Garcfa-Duefias et al., 1992; Jabaloy et al.,
1993).The mafic rocks formed during late Jurassic
alkaline to transitional continental magmatism
(e.g. Gémez-Pugnaire et al., 2000).

Based on textural features and high-P mineral
assemblages, three types of metabasites can be dis-
tinguished in the Nevado-Fildbride complex (Ta-
ble 1) (see Gémez-Pugnaire and Fernandez-Soler
(1987) and Molina and Poli (1998) for details):

1) Coronitic  metagabbros: undeformed,
coarse-grained metagabbros with aggregates of
omphacite + sodic-calcic amphibole + rutile (grain
size ~100-200 um) replacing igneous clinopyro-
xene, sodic-calcic amphibole after olivine, zoisite
after plagioclase, and garnet coronas around om-
phacite and zoisite aggregates.

2) Foliated eclogites: sheared mafic rocks
with a foliation defined by compositional banding
of millimetre-scale paragonite, and sodic-calcic
amphibole + omphacite + epidote + rutile layers
with grain sizes ranging from 100 to 200 um. Idio-
morphic porphyroblasts of garnet (¢ = 1-2 mm)
are also present, with cores extremely rich in ran-
domly distributed inclusions of amphibole, epi-
dote, quartz and rutile, and inclusion-free rims.

3) High-P amphibolites: sheared matic rocks
with a coarse foliation (grain size (.5 to 1 mm)
defined by abundant sodic-calcic amphibole,

white mica (paragonite or phengite), rutile and/or
titanite. In addition, pure albite can be present in
paragonite-bearing assemblages. Epidote is very
rare in the rock matrix, occurring mostly as inclu-
sions in garnet. As in the foliated eclogites, garnet
shows cores with inclusions of amphibole, epidote
and quartz and inclusion-free rims.

In addition, rare zircon and apatite, very rare
zirconolite and baddeleyite included in rutile may
also be present in the three rock types.

In the western sector of the Nevado-Filabride
complex (Fig. 1), well-exposed foliated eclogites
occur as metre-thick parallel bands intercalated
between metapsammites and graphitic mica-
schists. In addition, there are large bodies (up to
50 m thick) of coronitic metagabbros, locally
crosscut by high-P veins filled with abundant
quartz and kyanite and moderate to scarce para-
gonite, zoisite and omphacite.

In the eastern sector, high-P amphibolites
occur as metre to tens of metre-thick sheared lay-
ers in the upper metacarbonate sequences. It is
important to note that epidote is very rare in the
rock matrix of these amphibolites, being concen-
trated in centimetre-scale boudins and in centi-
metre-scale thick layers. This suggests the segre-
gation of epidote at centimetre- to metre-scales,
with important implications on the redistribution
of St and LREE during metamorphism as dis-
cussed later.

The lower metapelite sequences in the eastern
sector of the Nevado-Fildbride complex contain
large blocks of eclogites, commonly with pre-
served igneous mineralogy comprising gabbros,
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dolerites and basaltic dykes. Extremely peralumi-
nous xenoliths occur locally in gabbros and doler-
ites providing evidence for continental magma-
tism (e.g. Gémez-Pugnaire and Muifioz, 1991).

Table 2 Whole-rock analyses (major and trace ele-
ments in wt% and ppm, respectively).

la 1b 2 3 da 4b

Si0, 454 459 499 471 499 485
TiO, 118 220 124 035 138 217
ALO; 164 149 152 175 167 149
Fe,O; 182 139 899 856 987 122
MgO 716 882 895 111 679 642
MnO 017 021 015 015 016 022
CaO 598 784 884 967 905 792
Na,O 398 317 460 318 424 371
K,O 025 094 019 021 044 079
P05 018 038 021 009 018 032
LOI 116 151 163 133 132 092
Total 100 100 99.9 997 100 98.2

Mg# 048 059 069 075 061 054

Ne 128 048 258 213 091 -

Hy — ~ ~ - - 245
ol 158 121 826 124 720 578
Li 151 427 191 657 255 446
Rb 140 186 - - 727 139
Cs 013 111 - 063 083

Sr 123 93.0 352 238 360 280
Ba 129 364 - 685 444 944
Sc 60.1 599 391 187 609 368

v 208 324 221 115 263 202
Co 246 358 701 717 260 6717
Vi 79.0 246 125 437  99.0 115

Y 239 411 281 114 195 303
Nb 323 88 126 121 675 17.0
Ta 0.52 118 - - 087 2.54
Th 033 066 208 172 053 125
u 049 025 021 001 013 026
La 428 923 892 356 723 155
Ce 100 273 209 858 172 362
Pr 1.54 405 311 115 251 5.00
Nd 737 196 144 479 119 234
Sm 229 574 438 170 327 637
Eu 099 169 174 098 133 210
Gd 282 574 511 221 362 767
Th 0.60 1.08 081 034 060 112
Dy 382 686 507 205 359 622
Ho 090 158 102 044 074 119
Er 243 431 262 110 191 322
Tm 040 075 039 015 028 042
Yb 224 431 250 090 159 249
Lu 034 063 035 014 023 036

2REE 400 929 713 279 560 111
FwEu* 119 090 113 123 118 092
Lay/Luy 135 156 270 269 337 460

1, high-P amphibolite (a, paragonite-bearing type; b,
phengite-bearing type); 2, foliated eclogite; 3, coronitic
metagabbro; 4, igneous relic-bearing mafic rocks (a,
metadolerite; b, metabasaltic dyke).

Thermobarometric estimates performed on
garnet-omphacite and garnet-amphibole-albite-
paragonite assemblages suggest formation of the
high-P amphibolites at 500-550 °C and 9-12 kbar,
and foliated and coronitic metagabbros at 500—
600 °C and 12-25 kbar (Molina, 1995; Molina and
Poli, 1998). The temperature and pressure esti-
mates in high-P amphibolites are consistent with
those reported by Lopez-Sdnchez-Vizcaino et al.
(1997) based on mineral equilibrium calculations
for the associated carbonate rocks and also with
minimum pressures of ca. 8 kbar for the occur-
rence of garnet in mafic systems at medium to low
temperature conditions (Poli, 1993).

3. Analytical methods
3.1. Whole-rock analyses

Six samples representative of each lithotype stud-
ied in the Nevado-Fildbride complex were collect-
ed for whole-rock analyses. Powders were ob-
tained by crushing the rocks to a grain size of less
than 5 millimetres in a crusher with hardened
steel jaws and then grinding them in a tungsten
carbide jar to a grain size of <25 um. This proce-
dure produced no detectable contamination of
REE or HFSE.

Major-element determinations were per-
formed by XRF with a Philips PW 1404/10 spec-
trometer after fusion with lithium tetraborate
(Centro de Instrumentacién Cientifica (C.I1.C.),
University of Granada). Typical precision was bet-
ter than + 1.5 % relative for an analyte concentra-

tion of 10 wt%.

2
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Fig. 2 Chondrite-normalized REE patterns of whole-
rock samples. 1a, high-P amphibolite (paragonite-rich
type); 1b, high-P amphibolite, (phengite-rich type); 2, fo-
liated eclogite; 3, coronitic metagabbro; 4a,
metadolerite; 4b, metabasalt. See Table 2 for whole-rock
analyses. Chondrite values are from Anders and
Ebihara (1982).
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Zircon was determined by XRF on pressed
pellets, with a precision better than + 4% for 100
ppm Zr. Other trace-element determinations
were carried out by ICP-Mass Spectrometry
(ICP-MS) after HNO; + HF digestion of 0.1000 g
of sample powder in alTeflon-lined vessel at high
T and P, evaporation to dryness, and subsequent
dissolution in 100 ml of 4 vol% HNO;. Instrument
measurements were performed in a PE SCIEX
ELAN-5000 spectrometer using Rh as internal
standard. Precision was about + 2% and *+ 5% rel
for analyte concentrations of 50 and 5 ppm re-
spectively.

3.2. Electron microprobe mineral analyses

Accessory minerals were identified using a Scan-
ning Electron Microscope (SEM), operated in
BSE and EDAX microanalysis, on a Zeiss DSM-
950 microscope set at 20 kV. Major-element anal-
yses of minerals were obtained by wavelength dis-
persion with a CAMECA Camebax SX-50 elec-
tron microprobe using natural and synthetic
standards. Accelerating voltage was 20 kV and
beam current was 15 nA. Precision was about £
1.5 rel % for 1 wt% of analyte. Both procedures
were performed at the University of Granada
(CIC.).

Major elements, S, La and Ce in epidote were
also analysed using a Cameca Camebax electron
microprobe at the Mineralogical-Geological Mu-
seum ( University of Oslo), using 15 kV accelera-
tion voltage and 20 nA beam current.

3.3. LA-ICP-MS mineral analyses

Six metabasites (Table 1) covering the range of
rock types studied in the present work were se-
lected to determine the distribution of trace ele-
ments in high-P minerals.

The trace elements of individual mineral
grains in thin sections (thickness ~80 um) were
analysed by LA ICP-MS in the Perkin Elmer Ap-
plications Laboratory at Uberlingen (Germany)
using an excimer UV laser ablation system cou-
pled to a Perkin-Elmer Sciex Elan-6000 spec-
trometer (methods in Bea et al., 1996). The dia-
meter of the laser beam was fixed to produce cra-
ters approximately 30 um in diameter and 40-60
um in depth. NBS-612 glass was used as an exter-
nal standard for calibration. Concentration values
were corrected using silicon as an internal stand-
ard, previously determined in every mineral by
electron microprobe. Coefficients of variation (CV
= 100 X SD/mean), obtained by measuring five
replicates on a single grain of astrophyllite, were £
4.2rel % for45.6 ppmLa, £ 18.9rel % for 0.57 ppm

Y.t 4.4rel % for4.71 ppm Eu, and = 11.3 rel % for
0.62 ppm Yb. For elements with concentrations
higher than 100 ppm, CV are £ 1-3 rel % (see Bea
etal., 1996). Under these conditions, detection lim-
1ts were better than 20 ppb for most elements.

4. Whole-rock composition

Representative whole-rock analyses of the rock-
types studied by LA-ICP-MS are given in Table 2.
Data for non-deformed intrusive rocks with rel-
ics of kaersutite from the eastern sector of the
Nevado-Fildbride complex are shown for com-
parison.

The mafic rocks are compositionally compara-
ble to alkaline-to-transitional basalts in that they
are Hy-Ol-normative (Hy ~2.5) or Ne-normative
(Ne = 0.48-2.58) with SiO, = 45.449.9 wt% and
Na,O = 3.17-4.60 wt %, although K,O can be very
low (0.19-0.94 wt%). CaO is variable, ranging
from 5.98 wt% in high-P amphibolites to 9.67
wt% in coronitic metagabbros. Mg# values range
from 0.48-0.59 in high-P amphibolites to 0.75 in
the coronitic metagabbros. Mg# values are also
high (~0.60) in metadolerite, but lower in the
metabasalt, suggesting a higher degree of differ-
entiation.

Alkaline trace elements are variable, with the
highest values in the basaltic dyke (Table 2). Li,
Rb and Cs contents in high-P amphibolites are
higher than those in the coronitic gabbros and fo-
liated eclogites, in which Rb and Cs are below de-
tection limit (ca. 0.01 ppm). It is interesting to
note that in epidote-free, high-P amphibolites, Sr
contents are relatively low (~90-125 ppm),
whereas in the other rock types these are signifi-
cantly higher (>230 ppm). In the analysed rocks,V
is relatively high (~100-325 ppm), while Sc and Y
are moderate (~10-60 ppm). Zr is also relatively
high (79-246 ppm), although in coronitic meta-
gabbros it is moderate (~44 ppm). Ba contents are
very variable, reaching 685 ppm in the coronitic
metagabbros, whereas in the foliated eclogites
they are below detection limit. Nb contents are
relatively low (~5-9 ppm in high-P amphibolites
and < 2 ppmin eclogites), although in the metaba-
salt they reach 17 ppm. Th and U contents are
very low, with Th generally 2-10 times more abun-
dant than U. REE contents are low or moderate
in high-P amphibolites and coronitic metagab-
bros (XREE ~40 and 28 ppm, respectively), and
high in the metabasalt (XREE ~110 ppm).

The chondrite-normalized REE patterns (Fig.
2) for the high-P amphibolites are almost flat
(Lan/Luy ~1.40) with a negligible or no Eu anom-
aly, similar to those shown by E-MORB. Howev-
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§ N bution of REE among the Nevado-Fildbride am-
—;50 phiboles. REE, particularly the LREE, arlei more
it 0 00 Q 2Q0%0 E -? abundant in amphibole from eipbgcl)iz ;(r)l(él z (Oebg:;
E % 8 dEESS82 g &) 0.17-2 ppm La in eclogitic amphi .
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ized REE-patterns from eclogitic amphibole are
almost flat or have slightly positive slopes with
low fractionation of LREE/HREE (Lay/Luy =
0.37-0.58), whereas amphiboles from high-P am-
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Fig. 3 Absolute abundances of trace elements in
amphibole, garnet, epidote, pyroxene and mica
from high-P amphibolites and eclogites from the
Nevado-Fildbride complex. (a) Amphibole: 1,
high-P amphibolite; 2, foliated eclogite. (b) Garnet:
1, high-P amphibolite; 2 (rim) and 3 (core), foliated
eclogite; 4, coronitic metagabbro. (¢) Epidote: 1-2,
foliated eclogite; 3, coronitic metagabbro. (d)
Clinopyroxene: 1, foliated eclogite; 2, coronitic
metagabbro. (e) White mica: 1, phengite in high-P
amphibolite; 2, paragonite in foliated eclogite. See
Table 4 for trace-element mineral analyses. Shaded
areas represent fields occupied by analysed grains;
the number of analyses is given in brackets.
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phibolites have clear positive slopes with Lay/Luy
= 0.02-0.05 and no Eu anomaly (Fig. 5a). These
contrasting patterns may be a consequence of the
epidote segregation observed in high-P amphibo-

lites as previously mentioned.



104

J. FE Molina and P Montero

Table 4 Selected LA-ICP-MS analyses of major minerals from high-P amphibolites and eclogites (results in ppm ).

Amp Amp Amp Amp Fp Ep Ep Gar Gar Gar Gar Cpx Cpx Pheng Pg
1 2 4 4 2 2 3 1 2r 2c 3 2 3 1 2
Li 158 357 119 327 239 186 60.6 528 437 862 133 356 872 156 43.5
Rb 0.53 188 136 501 024 - 008 004 059 084 027 040 015 207 123
Cs 0.03 012 001 351 019 004 - 006 008 012 003 002 - 0.62 949
Sr 152 163 323 495 2025 476 148 - 089 930 239 132 348 236 29.2
Ba - 720 364 304 276 346 114 - 08 041 160 129 128 158 203
Se 101 276 508 503 319 287 223 418 305 216 832 283 288 157 1.62
v 115 409 209 340 3290 325 393 457 201 251 187 372 474 204 176
Co 224 279 337 317 341 106 209 121 195 944 474 203 452 225 3.98
Zr 115 3.09 916 675 350 428 118 804 131 426 125 142 115 118 0.57
Y 354 055 390 292 619 795 238 132 140 959 163 - 192 066 0.69
Nb 011 299 481 629 232 447 071 660 026 043 0.03 153 005 018 039
Ta 003 529 033 057 418 032 017 025 014 - - 045 - - 0.04
Th - 0.08 025 020 766 187 044 003 - 067 - 019 - - -
U 0.05 143 176 0798 261 744 086 028 130 192 008 030 020 016 010
La - 0.65 870 11.0 1el 388 145 - 032 060 006 0l6 - 0.07 006
Ce 0.06 165 394 458 417 114 44.5 002 018 160 017 04 003 005 -
Pr 0.03 050 799 956 640 148 756 - 015 040 004 0.04 002 - -
Nd 008 175 399 463 273 655 359 007 062 093 023 017 011 - -
Sm 0.03 051 115 125 861 192 1362 018 017 143 024 018 024 - -
Eu 0.04 042 144 230 296 711 452 103 046 046 040 025 023 - -
Gd 015 087 948 834 791 181 110 554 272 273 238 056 083 - -
Tb 0.04 022 153 134 114 218 084 217 202 147 090 005 011 - -
Dy 031 103 722 675 464 753 220 164 267 157 682 019 024 - -
Ho 0.09 023 143 127 492 068 026 389 108 764 135 004 005 - -
Er 023 082 370 269 642 098 040 119 320 378 368 010 009 -~ -
Tm 003 013 051 036 049 011 004 185 388 740 054 002 - - -
Yb 0.17 084 290 202 280 044 025 132 230 397 340 010 021 - -
Lu 0.03 016 045 021 037 004 005 208 254 111 055 0.02 008 - -
2REE 1.29 998 136 150 1183 289 136 583 106 149 20.8 232 224 012 006
Euw/Eu* 182 193 042 069 110 117 113 316 207 071 162 241 158 - -
Lay/Luy - 043 204 554 461 103 30.7 - 001 001 001 08 - - -

1—high-P amphibolite; 2—foliated eclogite; 3 —coronitic metagabbro; 4 —granite (Verkhisetsk); ¢ —core; r —rim.

5.2. Garnet

Garnet is almandine-rich in all rock types
(Almy 54 60), with the highest pyrope values in ec-
logitic assemblages (Py;19.045). In the analysed
high-P amphibolites, garnet shows no systematic
compositional variations with almost flat core-
rim profiles; whereas in garnet from eclogites, an
increase in pyrope and a decrease in spessartine
and grossular are observed towards the grain
rims.

As observed in amphibole, garnet from eclog-
ites shows significantly higher Sr contents than
amphibolite garnet (Table 4, Fig. 3b). Garnet from
foliated eclogites presents trace-element zoning,
with Sr- and HREE- rich cores and rims enriched
in Co, Y and MREE. In garnet from high-P am-
phibolites, slight trace-element zoning is also de-
tected with cores enriched in V, Y, MREE and
HREE. In coronitic garnets from metagabbros,
core-rim trace-element variations cannot be de-
tected owing to their small grain size, but the aver-
age from four grains shows minor variations for
most trace elements (e.g. 27.8 + 9.7 ppm Y, 33.7 +
12 ppm Co). However, Sr contents are very varia-

ble (ca. 9.30 + 15 ppm Sr), as observed in amphi-
bole from foliated eclogites.

As in the case of amphiboles, garnet from foli-
ated eclogites is richer in REE than garnet from
high-P amphibolites. In most eclogitic garnets,
chondrite-normalized REE-patterns are steeply
positive from La to Dy-Ho and then decrease
smoothly to Lu, with no Eu anomaly. Amphibolite
garnet presents a chondrite-normalized REE pat-
tern thatis also very steep from La to Dy and then
almost flat— or even slightly negative — to Lu; they
have no Eu anomaly, near-zero LREE and less
HREE than eclogitic garnets. Coronitic garnet
shows chondritic REE patterns similar to those of
amphibolitic garnet, with the same shape and
REE abundance (see Fig. 5b).

5.3. Epidote-group minerals

Zoisite occurs in coronitic metagabbros with pis-
tacite contents, Ps (Ps = Fe?'/(Fe*" + Al-2)), rang-
g from0.11 to 0.33.In the other samples, epidote
1s progressively more Fe-rich showing Ps contents
ranging from 0.50-0.68 in eclogites to 0.80-0.90 in
high-P amphibolites.
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Trace-element contents of epidote included in
garnet could not be determined because of their
small grain size. Matrix epidote in foliated eclog-
ites and zoisite aggregates in coronitic metagab-
bros has abundant Li, Sr and V (> 50 ppm), mod-
erate or high Ba, Sc, Co, Zr, Y, Th and U, and very
low Rb and Cs (Fig. 3c).

Epidote shows the largest St (and LREE) var-
lations at single grain scale. Microprobe analyses
of LREE and Sr in an epidote grain from a foliat-
ed eclogite (Table 5) show strong compositional
zoning with Sr ranging from > 4000 to ~300 ppm,
and La and Ce from ~2000 and ~6000 ppm, re-
spectively, to concentrations close to detection
limit. BSE images (Fig. 6) show that the high Sr
and LREE concentrations occur in very small (a
few micrometers) irregular patches related to ru-
tile inclusions.

Chondrite-normalized REE patterns are al-
most flat from La to Gd and then decrease
smoothly from Gd to Lu, with Gdy/Yby = 22.8—
35.8 showing high LREE/HREE fractionation
(Layn/Luy =45 to 100) (Fig. 5¢). The Eu anomaly is
moderately positive (Ew/Eu* = 1.10-1.17), as in
epidote from other low-T metamorphic settings
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Fig. 4 2REE4,, vs. ZREEyy in high-P amphibolites
and eclogites from the Nevado-Fildbride complex com-
pared with values for other rock types. Filled circle:
high-P amphibolite (paragonite-rich type); filled dia-
mond: high-P amphibolite (phengite-rich type); cross:
Fe-gabbro from Liguria (Tribuzio et al., 1996); filled
square: spinel lherzolite from S Baikal (Ionov et al.,
1993) and amphibole-rich peridotite from E Pyrenees
(Bodinier et al., 1988); open square: andesite from
Colima Volcanic complex (Luhr and Carmichael, 1980);
filled triangle: dacite from § Kyushu (Nagasawa and
Schnetzler, 1971); asterisk: granite from Verkhisetsk
(Bea, unpublished).

(e.g. Nystrom, 1984; Tribuzio et al., 1996). These
compositional features contrast with epidote
from subduction-related plutonic acid rocks (e.g.
granodiorites and granites from Verkhisetsk,
Urals, Russia; Bea, 1996), which presents strong
positive Eu anomalies and lower LREE/HREE
ratios (e.g. Lay/Luy = 30 for epidotes from the
Verkhisetsk granite, F. Bea, pers. comm. ).

5.4. Clinopyroxene

Clinopyroxene has omphacite composition with
minor acmite substitution and negligible Al
contents. It contains high Li and V (> 100 ppm),
moderate to low Sr, Ba, Co, Y and Zr (~1-50
ppm), and very low Rb, Cs,Nb, Ta, Th and U (Fig.
3d). REE contents are also low (SREE = 2.32-
1.23). In both foliated and coronitic metagabbros,
clinopyroxene is relatively homogeneous at sam-
ple scale (e.g. ~350 + 17 ppm V, ~ 30 + 7 ppm Sc,
~0.16 + 0.01 ppm La).

In clinopyroxene from foliated eclogites,
chondrite-normalized REE patterns decrease
from La to Nd, then increase towards Eu, showing
a small positive Eu anomaly (Ew/Eu* = 0.98-2.40),
and decrease towards Dy, becoming almost flat
from Dy to Lu (Fig. 5d). In coronitic metagabbros,
clinopyroxene shows S-shaped chondrite-normal-
ized REE patterns, which increase from La to Eu,
decrease to Tm, and then increase again to Lu.

5.5. White mica

Na-mica is very close to the ideal paragonite com-
position, while K-mica exhibits more complex
compositions with some phengitic substitution (Si
= 3.23-3.29 apfu) and Na contents of up to 0.14
apfu.

In paragonite from eclogites and high-P am-
phibolites, Li, Rb, Ba, Sr and V are high, Cs, Sc, Co,

Table 5 Microprobe analyses of major elements, Sr, La
and Ce in epidote (foliated eclogites)

1 2 3
(Wt%)
Sio, 36.7 37.6 37.0
ALO, 24.5 23.9 24.1
Fe,O4 9.98 {3 10.6
MnO 0.17 0.09 0.06
Ca0 22.0 93.3 23.9
Total 93.4 96.2 96.6
(ppm)
Sr 4378 1691 208
La 2089 bdl bdl
Ce 5870 208 bdl

Isee BSE image in Fig. 6 for analysis location.
bdl—below detection limit.
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Fig. 5 Chondrite-normalized REE patterns of amphibole, garnet, epidote and pyroxene from high-P amphibolites
and eclogites from the Nevado-Filabride complex. (a) Amphibole: 1, high-P amphibolite; 2, foliated eclogite. (b)
Garnet: 1, high-P amphibelite; 2 (rim) and 3 (core), foliated eclogite; 4, coronitic metagabbro. (c¢) Epidote: 1-2, foli-
ated eclogite; 3, coronitic metagabbro. (d) Clinopyroxene: 1, foliated eclogite; 2, coronitic metagabbro. See Table 4 for
trace-element mineral analyses. Shaded areas represent fields occupied by analysed grains; the number of analyses is
given in brackets. Chondrite values are from Anders and Ebihara (1982).

Zr and Y are moderate or low, and Nb, Ta, Th and
U are very low, while phengite is richer in Rb and
Cs (Fig. 3e).In both types of micas, REE contents
are very low (XREE = 4.75-0.06 ppm), in most
cases below detection limits, which is a common
feature of micas (Bea, 1996).

6. Discussion

Sr and LREE are highly variable in the eclogite-
facies minerals, which contrasts with the minor
trace-clement variations observed in the mineral
phases from high-P amphibolites.

However, in spite of the strong trace-element
zoning in eclogitic minerals, major-element data
reported by Molina and Poli (1998) for amphibole
and omphacite from the rock matrix of foliated
eclogites show minor variations. In addition, Fe/
Mg partition coefficients between amphibole, om-
phacite and garnet suggest the attainment of equi-
librium of grain rims (Molina and Poli, 1998).
These relationships provide evidence for the
higher sensitivity of trace elements to kinetic
processes as suggested by Hickmott et al., (1987)
and Hickmott and Shimizu (1990).

Trace-element zoning in garnet porphyro-
blasts may be partly caused by trace-eclement frac-
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Fig. 6 BSE image of epidote in foliated eclogite.
Bright area close to rutile inclusion is very rich in Sr and
LREE. Numbers refer to microprobe analyses in Table
5. Scale bar is 100 pm.

tionation during garnet growth (i.e. growth zon-
ing, Hollister, 1966). However, this mechanism
cannot explain the abrupt Sr and LREE varia-
tions observed in epidote. Zoisite and epidote
with Sr and LREE zonation like those from the
Nevado-Filabride eclogites have been reported in
numerous high-P terrains: Norwegian Caledo-
nides (Brastad, 1985), North Cascades (Sorensen
and Grossman, 1993), Catalina Schist (California)
(Sorensen and Grossman, 1993) and Su-Lu prov-
ince (eastern China) (Nagasaki and Enami, 1998).
Two mechanisms have been proposed to explain
the Sr and/or LREE zoning: (1) breakdown of St-
REE-rich accessory minerals during mineral
growth with local trace-element transport (at mil-
limetre scales), i.e. internal metasomatism (Hick-
mott et al., 1987); and (2) introduction of Sr and
REE into the rock by externally-derived fluids,
which implies trace-element transport of, at least,
decimetre scales, i.e. external metasomatism
(Hickmott et al.,, 1987). Nagasaki and Enami
(1998) suggested local variations in the Sr con-
tents of the protoliths to account for zoned Sr-rich
zoisite and epidote in the ultrahigh-P rocks from
the Su-Lu province. By contrast, Brastad (1985)
invoked the infiltration of Sr-rich fluids into the
rock to explain anomalous Sr concentrations in
Ca-rich minerals from Norwegian eclogites. In
agreement with external metasomatism-based
mechanisms, Sorensen and Grossman (1993) at-
tribute zoned REE-rich epidotes in North Cas-
cades and in Catalina Schist to subduction-related
fluid-rock interaction processes.

In the epidotes from Nevado-Fildbride eclog-
ites, the occurrence of rutile in close connection to
the Sr-LREE-rich domains suggest that abrupt
changes may have been caused by the breakdown

of titanite during the eclogite-facies metamor-
phism. Titanite can contain significantly higher Sr
and LREE contents than rutile and, hence, rela-
tively large amounts of these trace elements may
be released from titanite during metamorphism
leading to local domains enriched in Sr and
LREE if mass transport through the rock matrix
was limited. This mechanism is likely since titanite
had probably formed prior to the eclogite-facies
metamorphism (e.g. Gémez-Pugnaire and Fer-
nandez-Soler, 1987; Molina, 1995).

Limited mass transport across the rock matrix
during eclogite-facies metamorphism has been
also argued to explain the preservation of fine-
scale trace-element heterogeneities in Alpine ec-
logites (Getty and Selverstone, 1994). This con-
trasts with the epidote segregation observed in
the high-P amphibolites. Although segregation
prior to the high-P metamorphism cannot be dis-
regarded, the systematic presence of epidote
grains included in garnet supports the segregation
of epidote during the growth of the garnet por-
phyroblasts and, hence, during high-P metamor-
phism. The segregation of epidote requires disso-
lution of epidote, transport of its chemical compo-
nents on, at least, centimetre-to-metre-scales, and
nucleation and growth of the new epidote grains.
Given the relatively low temperatures of metamor-
phism, volume diffusion is precluded and mass
transport should be produced by grain-boundary
diffusion enhanced by a fast intergranular medium
—either a volatile-rich fluid phase or a volatile-rich
surface film adsorbed on crystal surfaces (e.g. Fish-
er, 1973). The depletion in LREE detected in the
mineral phases from high-P amphibolites and in
their bulk composition suggest that REE could
also be transported towards epidote segregates by
the intergranular medium. Therefore, this leads to
a redistribution of REE and St in the high-P am-
phibolites controlled by the kinetic of nucleation
and growth of epidote grains.

The preservation of trace-element zoning in
foliated eclogites shows that deformation was not
an efficient mechanism for eliminating composi-
tional heterogeneities even in minerals defining
the matrix foliation. Therefore, the different
trace-clement behaviour reported in eclogites
and in high-P amphibolites can be related to dif-
ferent scales of fluid circulation during the high-P
metamorphism.

Zoisite and epidote may play a key role in the
transport of REE to great depth at convergent
margins, as result of their stability to ultrahigh-P
conditions (Poli and Schmidt, 1995, 1998). There-
fore, experimental determinations of epidote/flu-
id partition coefficients for Sr and LREE are es-
sential to assess the transfer of these trace ele-
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ments to the mantle wedge at convergent margins.
However, if their distribution in high-P minerals
is heterogeneous as indicated by epidote from the
Nevado-Fildbride eclogites, disequilibrium mod-
els for trace-clement releasing and transport, in-
cluding the kinetics of nucleation and growth of
epidote-group minerals and other Sr-LREE-rich
minerals, which may be stable at eclogite-facies
conditions (e.g. allanite and apatite ), must be con-
sidered to obtain effective rock/fluid partition co-
efficients for LREE and Sr at high-P conditions.

7. Conclusions

Trace-element abundances of major-silicate phas-
es from high-P mafic rocks from the Nevado-Fild-
bride complex show that Rb, Cs and Ba are con-
centrated in mica, Y and HREE in garnet, and Sr
and LREE in epidote group minerals, whereas
amphibole and clinopyroxene show very low
REE contents as is commonly observed in high-P
mafic rocks.

In spite of attainment of major-element equi-
librium partitioning in foliated eclogites, large
scattering occurs in the distribution of Sr and
LREE. This may suggest limited capacity of the
intergranular medium in eclogites to eliminate
heterogeneities in Sr and LREE contents through
the rock. The high-P amphibolites have remarka-
bly different trace-element behaviour with only
minor scattering. This difference may suggest that
fluids strongly control trace-element mobility and
promote attainment of equilibrium in the latter.

The likelihood of heterogeneous distribution
of LREE and Sr prior to the eclogite-facies meta-
morphism owing to the existence of pre-eclogitic
Sr-LREE-rich minerals such as titanite, allanite or
apatite evidences that the recycling of these trace
elements at convergent margins may be control-
led by disequilibrium fluid-rock interaction proc-
€sses.
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