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The behaviour of trace elements in high-P mineral assemblages:
a LA-ICP-MS study of mafic rocks from the

Ncvado-Filabridc complex (SE Spain)

José F. Molina1 and Pilar Montero1

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-
Eilâbride 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 SREE can be up to ca.
100 ppm, amphibole and clinopyroxene show REE contents (2REE 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-element 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-LRËE-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 metamorphism,

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-Filâbride
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 distribution

in minerals from high-grade crustal and mantle

rocks (e.g. Rampone et at, 1993; Bea et al.,
1994,1998; Bea, 1996; Zanetti et al., 1996; Ionovet
at, 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 H20- and C02-H20-
bearing basalts (e.g. Schmidt and Poli, 1998; Molina

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
elements 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
stability 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
subducting 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
understanding of trace-element distribution among
eclogite-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 subducted

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
equilibrated foliated eclogites and high-P amphibolites
crop out in the Nevado-Filâbride 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 importance

of fluids in the gabbro-eclogite transition.
High-P amphibolites exhibit epidote segregation

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
deformation influence the distribution of trace
elements at high-P conditions.

In this paper, we report the results of systematic

trace-element analyses of amphibole, garnet,
clinopyroxene, epidote-group minerals, and white
mica from Nevado-Filâbride mafic rocks,
determined by laser ablation connected to an
inductively-coupled mass spectrometer (LA-ICP-MS).
The importance of epidote and its re actional
history in the distribution of LREE and Sr at high-P
conditions are also emphasised.

2. Geological setting and petrography

The Nevado-Filâbride complex is an Alpine
metamorphic terrain situated in the Betic Cordilleras

(SE Spain, Fig. 1), which experienced high-P
metamorphism with amphibolite-fades overprint
(e.g. Gomez-Pugnaire and Femândez-Soler, 1987;
Molina and Poli, 1998).

Fig. 1 Structural map of the Nevado-Filâbride complex showing the distribution of the mafic rocks.
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Table 1 Mineral assemblages from the Nevado-Filâbride complex analysed by LA-ICP-MS.
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Rock type Assemblage Textural features LA-ICP-MS analysed phases

Coronitic metagabbro Gar. Cpx, Zo,
Q. Ru

Decussate aggregates
of Zo and Cpx. Coronas
of Gar

Cpx, Gar. Zo

Foliated eclogite Na-Ca Amp,
Gar, Cpx, Pg,
Ep, Q.Ru

Abundant Ep inclusions
in Gar cores. Coronas
of Ep, Ca Amp around
Gar. Ab, Ca Amp in
symplectites

Cpx, Gar, Amp, Ep, Pg

Paragonite-bearing
high-P amphibolite

Na-Ca Amp,
Gar, Pg, Q,
Ru

Traces of Ep included
in Gar. Ep absent in
the rock matrix

Gar, Amp, Pg

Phengite-bearing
high-P amphibolite

Na-Ca Amp,
Gar, Pheng,
Q, Ru

Ep inclusions in Gar
cores. Ep absent in
the rock matrix

Gar, Amp, Pheng

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

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 (Garcia-Dueiias et ah, 1992; Jabaloy et ah.

1993).The mafic rocks formed during late Jurassic
alkaline to transitional continental magmatism
(e.g. Gömez-Pugnaire et ah, 2000).

Based on textural features and high-P mineral
assemblages, three types of metabasites can be
distinguished in the Nevado-Filâbride complex (Table

1) (see Gömez-Pugnaire and Fernândez-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 pm) replacing igneous clinopyroxene,

sodic-calcic amphibole after olivine, zoisite
after plagioclase, and garnet coronas around
omphacite 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 pm. Idio-
moiphic porphyroblasts of garnet (0 1-2 mm)
are also present, with cores extremely rich in
randomly distributed inclusions of amphibole,
epidote, quartz and rutile, and inclusion-free rims.

3) High-P amphibolites: sheared mafic rocks
with a coarse foliation (grain size 0.5 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 inclusions

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-Filâbride
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
paragonite, zoisite and omphacite.

In the eastern sector, high-P amphibolites
occur as metre to tens of metre-thick sheared layers

in the upper metacarbonate sequences. It is

important to note that epidote is very rare in the
rock matrix of these amphibolites, being concentrated

in centimetre-scale boudins and in
centimetre-scale thick layers. This suggests the
segregation of epidote at centimetre- to metre-scales,
with important implications on the redistribution
of Sr and LREE during metamoiphism as
discussed later.

The lower metapelite sequences in the eastern
sector of the Nevado-Filâbride complex contain
large blocks of eclogites, commonly with
preserved igneous mineralogy comprising gabbros,
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dolerites and basaltic dykes. Extremely peralumi-
nous xénoliths occur locally in gabbros and dolerites

providing evidence for continental magma-
tism (e.g. Gömez-Pugnaire and Munoz, 1991).

Table2 Whole-rock analyses (major and trace
elements in wt% and ppm, respectively).

la lb 2 3 4a 4b

So, 45.4 45.9 49.9 47.1 49.9 48.5

TiO, 1.13 2.20 1.24 0.75 1.35 2.17

ai,o3 16.4 14.9 15.2 17.5 16.7 14.9
1 e-O, 18.2 13.9 8.99 8.56 9.87 12.2

MgO 7.16 8.82 8.95 11.1 6.79 6.42
MnO 0.17 0.21 0.15 0.15 0.16 0.22
CaO 5.98 7.84 8.84 9.67 9.05 7.92
Na,0 3.98 3.17 4.60 3.18 4.24 3.71
K,0 0.25 0.94 0.19 0.21 0.44 0.79
P2O5 0.18 0.38 0.21 0.09 0.18 0.32
LOI 1.16 1.51 1.63 1.33 1.32 0.92
Total 100 100 99.9 99.7 100 98.2

Mg# 0.48 0.59 0.69 0.75 0.61 0.54
Ne 1.28 0.48 2.58 2.13 0.91 -
Hy - - - - - 2.45
Ol 15.8 12.1 8.26 12.4 7.20 5.78

Li 15.1 42.7 19.1 6.57 25.5 44.6
Rb 1.40 18.6 - - 7.27 13.9
Cs 0.13 1.11 - - 0.63 0.83
Sr 123 93.0 352. 238 360 280
Ba 12.9 36,4 - 685 44.4 94.4
Sc 60.1 59.9 39.1 18.7 60.9 36.8
V 208 324 221 115 263 202
Co 24.6 35.8 70.1 71.7 26.0 67.7
Zr 79.0 246 125 43.7 99.0 115

Y 23.9 41.1 28.1 11.4 19.5 30.3
Nb 3.23 8.82 1.26 1.21 6.75 17.0
Ta Q.52 1.18 - - 0.87 2.54
Th 0.33 0.66 2.08 1.72 0.53 1.25

ff 0.49 0.25 0.21 0.01 0.13 0.26

La 4.28 9.23 8.92 3.56 7.23 15.5

Ce 10.0 27.3 20.9 8.58 17.2 36.2
Pr 1.54 4.05 3.11 1.15 2.51 5.00
Nd 7.37 19.6 14.4 4.79 11.9 23.4
Sm 2.29 5.74 4.38 1.70 3.27 6.37
Eu 0.99 1.69 1.74 0.78 1.33 2.10
Gd 2.82 5.74 5.11 2.21 3.62 7.67
Tb 0.60 1.08 0.81 0.34 0.60 1.12

Dy 3.82 6.86 5.07 2.05 3.59 6.22
Ho 0.90 1.58 1.02 0.44 0.74 1.19
Sr 2.43 4.31 2.62 1.10 1.91 3.22
Tm 0.40 0.75 0.39 0.15 0.28 0.42
Yb 2.24 4.31 2.50 0.90 1.59 2.49
Lu 0.34 0.63 0.35 0.14 0.23 0.36

SR EE 40.0 92.9 71.3 27.9 56.0 111
Eu/Eu* 1.19 0.90 1.13 1.23 1.18 0.92
I ,U\: I U 3 1.35 1.56 2.70 2.69 3.37 4.60

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
estimates in high-P amphibolites are consistent with
those reported by Lopez-Sânchez-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 occurrence

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 studied

in the Nevado-Filâbride complex were collected

for whole-rock analyses. Powders were
obtained 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 pm, This procedure

produced no detectable contamination of
REE or HFSE.

Major-element determinations were
performed by XRF with a Philips PW 1404/10
spectrometer after fusion with lithium tetraborate
(Centro de Instrumentaciön Cientffica (C.I.C.),
University of Granada (.Typical precision was better

than + 1.5 % relative for an analyte concentration

of 10 wt%.

I —

-

\ la x

—

La Pr Sm Gd Dy Er Yb
Ce Nd Eli Tb Ho Tin Lu

Fig. 2 Chondrite-normalized REE patterns of whole-
rock samples, la, high-P amphibolite paragonite-rich
type); lb.high-P amphibolite, (phengite-rich type);2,foliated

eclogite; 3, coronitic metagabbro; 4a,
metadolerite; 4b, metabasalt. SeeTable2 for whole-rock
analyses. Chondrite values are from Anders and
Ebihara (1982).



Trace elements in high-P mafic rocks of the Nevado-Filâbride complex 101

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 a Teflon-lined vessel at high
T and P, evaporation to dryness, and subsequent
dissolution in 100 ml of 4 vol% HN03. 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
respectively.

3.2. Electron microprobe mineral analyses

Accessory minerals were identified using a Scanning

Electron Microscope (SEM), operated in
BSE and EDAX microanalysis, on a Zeiss DSM-
950 microscope set at 20 kV. Major-element analyses

of minerals were obtained by wavelength
dispersion with a CAMECA Camebax SX-50 electron

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
(C.I.C.).

Major elements, Sr, La and Ce in epidote were
also analysed using a Cameca Camebax electron
microprobe at the Mineralogical-Geological
Museum (University of Oslo), using 15 kV acceleration

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
selected to determine the distribution of trace
elements in high-P minerals.

The trace elements of individual mineral
grains in thin sections (thickness ~80 urn) were
analysed by LA ICP-MS in the Perkin Elmer
Applications Laboratory at Überlingen (Germany)
using an excimer UV laser ablation system
coupled to a Perkin-Elmer Sciex Elan-6000
spectrometer (methods in Bea et al., 1996). The
diameter of the laser beam was fixed to produce craters

approximately 30 pm in diameter and 40-60
pm in depth. NBS-612 glass was used as an external

standard for calibration. Concentration values
were corrected using sihcon as an internal standard,

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% for 45.6 ppm La, +18.9 rel % for0.57 ppm

Y, + 4.4 rel % for 4.71 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
et al., 1996). Under these conditions, detection limits

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 inTable 2.

Data for non-deformed intrusive rocks with relics

of kaersutite from the eastern sector of the
Nevado-Filâbride complex are shown for
comparison.

The mafic rocks are compositionally comparable
to alkaline-to-transitional basalts in that they

are Hy-Ol-normative (Hy -2.5) or Ne-normative
(Ne 0.48-2.58) with Si02 45.4 49.9 wt% and
Na20 3.17-4.60 wt%, although K20 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
differentiation.

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
foliated eclogites, in which Rb and Cs are below
detection 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 significantly

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
metagabbros it is moderate -44 ppm). Ba contents are

very variable, reaching 685 ppm in the coronitic
metagabbros, whereas in thé foliated eclogites
they are below detection limit. Nb contents are
relatively low (-5-9 ppm in high-P amphibolites
and < 2 ppm in eclogites), although in the metabasalt

they reach 17 ppm. Th and U contents are

very low, withTh generally 2-10 times more abundant

than U. REE contents are low or moderate
in high-P amphibolites and coronitic metagabbros

(LREE -40 and 28 ppm, respectively), and

high in the metabasalt (LREE -110 ppm).
The chondrite-normalized REE patterns (Fig.

2) for the high-P amphibolites are almost flat
(LaN/LuN -1.40) with a negligible or no Eu anomaly,

similar to those shown by E-MORB. Howev-



102 J. F. Molina and P. Montero

X
P-,

a*1

X
Oh C\|
O

a o
O w

(33

O '

0 '

03 H
o «

O '

03

Ü '

Su,
[£) c

CU o
pq cs

Oh SH

W ^

OH--H
W ^

o.
S 95 <N<
Ou

J^j <N<

Cu
S r<

CU

g :
<

m
D- O

<N
r- m

00
00

00
Os
SO

SO o 00
CO

1 Ö 1 Ö Ö Ö ^t
Os

<N
CO
"J- SO OS

Oso o - o(N SO

Ö Ö
CO

1 <N 1 Ö Os CO
Os

co
mo CO

00
<N
O in

Os
CO

00
Os

SO
m

Ö c-4 1 Ö S 1 Os
Os

CN
00o SO

Os
CO

COo CO
m

CO m 00
inin

Ö Os 1 Ö <N 1 Os
Os

so
O s Os

<N
Os
t-»

00 m in Os
CO

00
CO

Ö 1 00
<N

1—1 1 1 1

o
Os
00 oo SO CO

<N
SO
CO

Os
Os Os

(N
<N

00
CO

Ö
<N

1 Os Ö 00 i 1 (N
O

CO
Os <N

D- CO
CO

CO
m Os

CO
1 Ö

<N
1 Os

CM
<N CO i 1 Ö

O

m̂t
CO
CO

m 00
"«t

OS SO
<N m Os

OÖ
CO

1

<N
1 CO 1 1 Ö

O

SO
D-;

CO
Os

SO
Os

in D- SO
in

CO
00

CO
1 Ö

<N
1 Ö

CO
1 1 Öo

Os
<N SO

00
SO
in

D-
Os

CO
1

<N
1 Ö

CO
Ö 00 1 1 Ö

O

OS
OSo in

<S)
00 00o <N

Os
•ct
m

00
CO

Ö Ö
CO

1 Ö 1 ^t
<N

1 1 00
Os

l>o 00
Os t-»

O- ino Oo (N
00
CO

Ö SO
<N

00 1 Ö ö CO
<N

1 1

Os

CO o 00
CO o 00

CO
Ö in Os 1 Ö Ö CO

<N
1 1 in

Os

m l>o
SO
CO

CO
Os <N

"3-o o-o
SO
CO

Ö CO
<N

CO 1 Ö Ö
<N

1 I SO
Os

so
SO
CO

min 00
SOo 00

SO
CO
CO

00
SO

Ö <N 1 Ö Ö <N Ö in
Os

SO
SO

SO m
00 « CO r-in

00
SO

Os SO
SO

CO Ö 1 Ö S Os CO Ö SO
Os

CO
m m

<N
D-; 00

Os
00

<N
D-; Os

SO
m

SO ö 1 1 Os CO Ö SO
Os

mo 00 00
00

Os
in 00

Os
SO

00
os

Os
CO

CO
Os

SO Ö <N 1 in 1 Os 00 <N Ö SO
Os

ïAfSSo O O o QoO ^fi .00^ +-yj^StïS^UZW E2

rO
•S
&0
cd

0
-O
-S
OH

1
Pu

er, in the other rock types, the chondrite-normalized
REE patterns can show relatively high positive

Eu anomalies (Eu/Eu* 0.92-1.23) and higher
REE fractionation (LaN/LnN ~ 2.70-4.60). The

variations in the REE fractionation may suggest
that protoliths for high-P amphibolites and eclog-
ites were derived from different magmatic sources.

However, given the high contents of LREE in
epidote (shown below), the segregation of epi-
dote observed in high-P amphibolites strongly
supports a relatively higher mobility of LREE
during metamorphism.

5. Composition of major mineral phases

5.1. Amphibole

Amphibole in the eclogites and high-P amphibolites

is mainly barroisite (see Table 3). NaM4-site
occupancy is nearly identical in the two rock types
(0.68-1.00 apfu), but eclogites show a higher A-
site occupancy. During the low-P overprinting,
these amphiboles are replaced by pargasite and
hastingsite in the eclogites, and by actinolite or
Mg-hornblende in the high-P amphibolites.

Amphibole contains low Rb, Cs and Y (0.02-8
ppm), moderate to high Li, Sc, Co and Zr (-1-100
ppm), and high V (-100-400 ppm) (see Table 4
and Fig. 3a). The REE contents of Nevado-Filâ-
bride amphiboles are extremely low when
compared with amphiboles from igneous rocks (Fig.
4). SREE values in amphiboles from the Nevado-
Filâbride complex, for instance, are even lower
than in ultramafic rocks, which show very low
whole-rock REE contents. The low REE contents
of Nevado-Filâbride amphiboles are in agreement

with values reported for Na-amphiboles
from other high-P, low-temperature metamoiphic
belts (e.g. below detection limit of the ion micro-
probe in Na-amphiboles from Liguria; Tribuzio et
al., 1996).

Most trace elements in amphibole with
contents >1 ppm exhibit relatively minor variations at
sample scale (e.g. -11.2 ± 1.7 ppm Sc, 129 ± 19

ppm V). However, Sr contents in amphibole from
foliated eclogites are very variable (-400 ± 350
ppm).This contrasts with relatively minor scatter
of Sr in amphibole from high-P amphibolites
(16.2 ± 1.4 ppm), and may have important
implications for the behaviour of trace elements at
high-P conditions (see below).

There are significant differences in the
distribution of REE among the Nevado-Filâbride
amphiboles. REE, particularly the LREE, are more
abundant in amphibole from eclogite rocks (e.g.
0.17-2 ppm La in eclogitic amphibole and < 0.03
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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-Filabride 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. (c) 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.

ppm La in the amphibolites). Chondrite-normalized

REE-patterns from eclogitic amphibole are
almost flat or have slightly positive slopes with
low fractionation of LREE/HREE (Las/LuN
0.37-0.58), whereas amphiboles from high-P am¬

phibolites have clear positive slopes with LaN/LuN
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 amphibolites

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

Amp
1

Amp
2

Amp
4

Amp
4

Ep
2

Ep
2

Ep
3

Gar
1

Gar
2r

Gar
2c

Gar
3

Cpx
2

Cpx
3

Pheng
1

Pg
2

Li l.\S 35.7 11.9 32.7 23.9 186 60.6 5.28 4.37 8.62 13.3 356 87.2 156 43.5

Rb 0.53 1.88 1.36 50.1 0.24 - 0.08 0.04 0.59 0.84 0.27 0.40 0.15 20.7 123
Cs 0.03 0.12 0.01 3.51 0.19 0.04 - 0,06 0.08 0.12 0.03 0.02 - 0.62 9.49
Sr 15.2 163 32.3 49.5 2025 476 148 - 0.89 9,30 23.9 13.2 34.8 236 29.2
Ba - 7.20 36.4 304 2.76 3.46 1.14 - 0.86 0.41 1.60 1.29 1.28 158 203
St 10.1 27.6 50.8 50.3 31.9 28.7 22.3 41,8 30.5 21.6 8.32 28.3 28.8 15.7 1.62
V 115 409 209 340 329 325 393 45.7 20.1 25.1 187 372 474 264 176
Co 22.4 27.9 33.7 37.7 3,41 10.6 20.9 12,1 19.5 9.44 47.4 20.3 45.2 22.5 3.98

Zr 1.15 3.09 9.16 6.75 35,0 4,28 11.8 80,4 1.31 42.6 1.25 1.42 11.5 1.18 0.57

Y 3.54 0.55 39:0 29.2 61.9 7.95 2.38 132 140 95.9 16.3 - 1.92 0.66 0.69
Nb 0.11 29.9 4.81 6.29 23.2 4.47 0.71 6.60 0.26 0.43 0.03 1.53 0.05 0.18 0.39
Ta 0.03 5.29 0.33 0.57 4.18 0.32 0.17 0.25 0.14 - - 0.45 - - 0.04
Th - 0.08 0.25 0.26 7.66 1.87 0.44 0.03 - 0.67 - 0.19 - - -
Ü 0.05 1.43 1.76 0.78 26.1 7.44 0.86 0.28 1.30 1,92 0.08 0.30 0.20 0.16 0.10

La - 0.65 8.70 11.0 161 38.8 14.5 _ 0.32 0.60 0.06 0.16 - 0.07 0.06
Ce 0.06 1.65 39.4 45.8 417 114 44.5 0.02 0.18 1.66 0.17 0.44 0.03 0.05 -
Pr 0.03 0.50 7.99 9.56 64.0 14.8 7.56 - 0.15 0.40 0.04 0.04 0.02 - -
Nd 0.08 1.75 39.9 46,3 273 65.5 35.9 0,07 0.62 0.93 0.23 0.17 0.11 - -
Sm 0.03 0.51 11.5 12.5 86,1 19.2 13.62 0.18 0.17 1.43 0.24 0.18 0.24 - -
Eu 0.04 0.42 1.44 2.30 29.6 7.11 4.52 1.03 0.46 0.46 0.40 0.25 0.23 - -
Gd 0.15 0.87 9.48 8.34 79,1 18.1 11.0 5.54 2.72 2.73 2.38 0.56 0.83 - -
Tb 0.04 0.22 1.53 1.34 11.4 2.18 0.84 2.17 2.02 1.47 0.90 0.05 0.11 - -
Dy 0.31 1.03 7.22 6.75 46.4 7.53 2.20 16.4 26.7 15.7 6.83 0.19 0.24 - -
Ho 0.09 0.23 1.43 1.27 4.92 0.68 0.26 3.89 10.8 7.64 1.35 0.04 0.05 - -
Er 0.23 0.82 3.70 2.69 6.42 0.98 0.40 11.9 32.0 37.8 3.68 0.10 0.09 - -
Tm 0.03 0.13 0.51 0.36 0.49 0.11 0.04 1.85 3.88 7.46 0.54 0.02 - - -
Yb 0.17 0.84 2.90 2.02 2,80 0.44 0.25 13.2 23.0 59,7 3.40 0.10 0.21 - -
Lu 0.03 0.16 0.45 0.21 0.37 0.04 0.05 2.08 2.54 11.1 0.55 0.02 0.08 - -
SREE 1.29 9.78 136 150 1183 289 136 58.3 106 149 20.8 2.32 2.24 0.12 0.06
Lulu1 1.82 1.93 0.42 0.69 1.10 1.17 1.13 3.16 2.07 0.71 1.62 2.41 1.58 - -
L%/Lun - 0.43 2.04 5.54 46.1 103 30.7 - 0.01 0.01 0.01 0.85 - - -
1 —high-P amphibolite; 2—foliated eclogite; 3—coronitic metagabbro; 4 —granite (Verkhisetsk); c—core; r—rim.

5.2. Garnet

Garnet is almandine-rich in all rock types
(Almç s^o gg), with the highest pyrope values in ec-
logitic assemblages (Pyo.io-o.is)- 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 eclogites

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
amphibolites, slight trace-element zoning is also
detected with cores enriched in V, Y, MREE and
E1REE. In coronitic garnets from metagabbros,
core-rim trace-element variations cannot be
detected owing to their small grain size, but the average

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 amphibole

from foliated eclogites.
As in the case of amphiboles, garnet from

foliated 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
pattern that is 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 Fe3+/(Fe3' + Al-2)), ranging

from 0.11 to 0.33. In the other samples, epidote
is 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), moderate

or high Ba, Sc, Co. Zr, Y,Th and U, and very
low Rb and Cs (Fig. 3c).

Epidote shows the largest Sr (and LREE)
variations at single grain scale. Microprobe analyses
of LREE and Sr in an epidote grain from a foliated

eclogite (Table 5) show strong compositional
zoning with Sr ranging from > 4000 to ~300 ppm,
and La and Ce from -2000 and -6000 ppm,
respectively, 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
rutile inclusions.

Chondrite-normalized REE patterns are
almost flat from La to Gd and then decrease
smoothly from Gd to Lu, with Gdrt/YbN 22.8-
35.8 showing high LREE/HREE fractionation
(La^/LuN 45 to 100) (Fig. 5c).The Eu anomaly is

moderately positive (Eu/Eu* 1.10-1.17), as in
epidote from other low-T metamorphic settings

100 150 200 250

^REE^ (ppm)
Fig. 4 2REEAmp vs. 2REEwr in high-P amphibolites
and eclogites from the Nevado-Filâbride complex
compared with values for other rock types. Filled circle:
high-P amphibolite (paragonite-rich type); filled
diamond: high-P amphibolite (phengite-rich type); cross:
Ee-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: andésite from
Colima Volcanic complex (Luhr and Carmichael, 1980);
filled triangle: dacite from S 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. LaN/LuN 30 for epidotes from the
Verkhisetsk granite, F. Bea, pers. comm.).

5.4. Clinopyroxene

Clinopyroxene has omphacite composition with
minor acmite substitution and negligible A1IV

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 (LREE 2.32-
1.23). In both foliated and coronitic metagabbros,
clinopyroxene is relatively homogeneous at sample

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 (Eu/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-normalized

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
composition, 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
amphibolites,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

1 2 3

(wt%)
Si02 36.7 37.6 37.9

AliOj 24.5 23.9 24.1
I C,0; 9.98 11.3 10.6

MnO 0.17 0.09 0.06
CaO 22.0 23.3 23.9
Total 93.4 96.2 96.6

(ppm)
Sr 4378 1691 298
La 2089 bdl bdl
Ce 5870 298 bdl

Gee BSE image in Fig. 6 for analysis location,
bdl—below detection limit.



106 J. F. Molina and P. Montero

La Pr Sin Gd Dy Er Yb
Ct Nd Eu Tb Ho Tm Lu

La Pr Sm Gd Dy Ei Yb
Ce Nd Eu Tb Ho Tm Lu

I
i
s

10

IQ"'

IQ2

T3
§

S
£

iol

10w

10

10'"

La Pr Sm Gtl Dy Er Yb
Ce Nd Eu Tb Ho Ti;i Lu

m

La Pr Sm Cd Dy Er Yb
Ce Nd Em Tb Ho Tm Lu

Fig. 5 Chondrite-normalized RËË patterns of amphibole, garnet epidote and pyroxene from high-P amphibolites
and eclogites from the Nevado-Filâbride 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. (c) Epidote: 1-2,
foliated 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 (YREE 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-element 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,
omphacite and garnet suggest the attainment of
equilibrium 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 tracé-element 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
LREB. Numbers refer to microprobe analyses in Table
5. Scale bar is 100 pm.

tionation during garnet growth (i.e. growth zoning,

Hollister, 1966). However, this mechanism
cannot explain the abrupt Sr and LREE variations

observed in epidote. Zoisite and epidote
with Sr and LREE zonation like those from the
Nevado-Filâbride 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 province

(easternChina) (Nagasakiand Enami, 1998).
Two mechanisms have been proposed to explain
the Sr and/or LREE zoning: (1) breakdown of Sr-
REE-rich accessory minerals during mineral
growth with local trace-element transport (at
millimetre 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
contents 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)
attribute zoned REE-rich epidotes in North
Cascades and in Catalina Schist to subduction-related
fluid-rock interaction processes.

In the epidotes from Nevado-Filâbride eclogites,

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,
relatively 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. Gömez-Pugnaire and Fer-
nândez-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
eclogites (Getty and Selverstone, 1994). This
contrasts with the epidote segregation observed in
the high-P amphibolites. Although segregation
prior to the high-P metamorphism cannot be
disregarded, 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 metamorphism.

The segregation of epidote requires
dissolution of epidote, transport of its chemical components

on, at least, centimetre-to-metre-scales, and
nucleation and growth of the new epidote grains.
Given the relatively low temperatures of metamorphism,

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. Fisher,

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 Sr in the high-P
amphibolites controlled by the kinetic of nucleation
and growth of epidote grains.

The preservation of trace-element zoning in
fohated eclogites shows that deformation was not
an efficient mechanism for eliminating compositional

heterogeneities even in minerals defining
the matrix foliation. Therefore, the different
trace-element behaviour reported in eclogites
and in high-P amphibolites can be related to
different 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). Therefore,

experimental determinations of epidote/flu-
id partition coefficients for Sr and LREE are
essential 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-Filâbride eclogites, disequilibrium models

for trace-element releasing and transport,
including 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
considered to obtain effective rock/fluid partition
coefficients for LREE and Sr at high-P conditions.

7. Conclusions

Trace-element abundances of major-silicate phases

from high-P mafic rocks from the Nevado-Filâ-
bride complex show that Rb, Cs and Ba are
concentrated 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
equilibrium 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 remarkably

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 controlled

by disequilibrium fluid-rock interaction
processes.
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