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ABSTRACT

In the area of Gorduno, near Bellinzona, Central Alps, Switzerland, well-preserved eclogites crop out only at the margin of the
garnet peridotite massif of Alpe Arami (AA). These bodies of eclogite were not derived from cognate mafic layers of mantle
origin, and their thermal evolution is different from that inferred for the peridotite. Some questions are still open about the P–T
evolution of AA eclogites, and the data given in literature cover a broad range of variation. We have investigated the bulk
composition and the clinopyroxene–garnet trace-element distribution in a sample of eclogite from a lens occurring at the rim of
the peridotite body. We report new data on trace elements in the bulk rock, obtained by ICP–MS, as well as the results of SIMS
analyses on REE, Ti, V, Cr, Y, Sr, Zr, Sc carried out on the two major rock-forming minerals, i.e., clinopyroxene and garnet. We
also provide AAS data for Co, Ni and Cu in purified clinopyroxene and garnet concentrates, and O isotope ratios both on the bulk
rock and on clinopyroxene and garnet. We found that: i) the trace-element abundance in garnet and clinopyroxene may be
strongly influenced by the major-element composition; ii) their distribution within both mineral phases is inhomogeneous. In
particular, their highly variable contents highlight the complex evolution of the AA eclogite and emphasize the existence, at least
for some elements and at a very local scale, of chemical disequilibrium, also confirmed, in an independent way, by a significant
difference in �18O between clinopyroxene and garnet. Therefore, the low temperature of equilibration estimated in eclogite
sample 70–AM–10 is not an artifact of the computational strategy adopted, but is the record of the lack of complete equilibration
between clinopyroxene and garnet with changing P–T conditions during the various metamorphic events.

Keywords: eclogite, garnet, clinopyroxene, SIMS data, trace elements, oxygen isotope data, Alpe Arami, Central Alps,
Switzerland.

SOMMAIRE

Des éclogites bien préservées affleurent dans la région de Gorduno, près de Bellinzona, Alpes centrales, en Suisse, mais
seulement le long de la bordure du massif de Alpe Arami (AA) à péridotite grenatifère. Ces affleurements d’éclogite n’ont pas une
dérivation par transformation de niveaux mafiques génétiquement liés à la péridotite dans le manteau, et leur évolution thermique
diffère donc de celle déduite pour la péridotite. Certaines questions demeurent posées à propos de l’évolution P–T des éclogites
de ce massif, et les données publiées font preuve d’une grande variabilité. Nous avons donc étudié la composition globale de ces
roches et la distribution d’éléments traces entre les deux minéraux principaux, clinopyroxène et grenat, dans un échantillon
d’éclogite provenant d’une lentille en bordure du massif péridotitique. Nos résultats portent sur la quantité des éléments traces
dans la roche même, telles qu’indiquée par la méthode ICP–MS, de même que par analyses SIMS du clinopyroxène et du grenat
portant sur les terres rares, Ti, V, Cr, Y, Sr, Zr, et Sc. De plus, nous présentons des données obtenues par absorption atomique sur
le Co, Ni et Cu dans des concentrés purifiés de clinopyroxène et grenat, et des rapports des isotopes obtenus pour décrire la roche
globale et les deux minéraux. Nous trouvons que l’abondance des éléments traces dans le grenat et le clinopyroxène peut être
fortement influencée par leur composition en termes des éléments majeurs; de plus, leur distribution dans ces deux minéraux est
hétérogène. En particulier, leurs teneurs fortement variables soulignent l’évolution complexe de l’éclogite AA et l’existence, au
moins pour certains éléments et à une échelle très locale, d’un déséquilibre chimique, que vient confirmer, de façon indépendante,
une différence importante dans les valeurs �18O entre le clinopyroxène et le grenat. C’est donc dire que la faible température de
ré-équilibrage indiquée pour l’échantillon d’éclogite 70–AM–10 ne serait pas un artifice des méthodes de calcul employées, mais
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Nimis & Trommsdorff 2001a, b, Paquin & Altherr
2001a, b) are due to strongly scattered T values deter-
mined by the application of various thermometers based
on the partitioning of elements with different diffu-
sivities. These features have been tentatively explained
by Paquin & Altherr (2001a, b) as a consequence of a
lack of equilibration during metamorphic evolution.
Reviews of the different viewpoints have been recently
summarized by Paquin & Altherr (2002) and by Olker
et al. (2003).

The eclogites of this area are not derived from cog-
nate mafic layers of mantle origin, and their thermal
evolution is different from that inferred for the peridot-
ite (Paquin & Altherr 2001b). The data on the equilibra-
tion temperature of the AA eclogites reported in the
literature were all obtained by applying classical
geothermometers based on the distribution of Fe and Mg
between the clinopyroxene and garnet core. They cover
a broad range of variation, starting from the minimum
conditions T = 691° ± 31°C for an assumed pressure of
2 GPa (Woodland et al. 2002) up to an estimated peak
temperature of 860–927°C at P of 18–20 kbar (Brouwer
2000). Paquin & Altherr (2001b) calculated a T range
of 750–800°C for a nominal pressure of 3 GPa (30 kbar),
using the mineral compositions given by Ernst (1977).
Slightly higher temperatures have been obtained by
Brenker et al. (2003), who estimated a range of 800–
900°C for an assumed pressure of 1.5–2.5 GPa. On the
basis of petrological studies of the mineral assemblages
associated with omphacite containing oriented precipi-
tates of SiO2, Dobrzhinetskaya et al. (2002) have con-
cluded that the AA eclogites experienced at least four
stages of mineral growth corresponding to a P–T path
with a metamorphic peak at 1100°C and 7 GPa. Re-
cently, Ravna & Terry (2004) applied a new thermo-
barometric method based on Mg, Ca and Al end
members (Grs–Prp–Di–Ms–Cel) in UHP and HP
eclogites and schists, and estimated 676°C at 3.49 GPa
for the AA eclogite.

The AA suite of eclogites and eclogitic amphibolites
has been investigated in several studies that focussed
on the bulk and mineral chemistry (Grubenmann 1908,
Dal Vesco 1953, O’Hara & Mercy 1966, Bocchio 1975,
1977, Ernst 1977, Bocchio et al. 1978, 1985, Becker et
al. 2000, Brouwer 2000). Very few trace-element data
are available so far for the bulk rock and, to our knowl-
edge, no in situ trace-element data were obtained in the
two major rock-forming minerals, i.e., clinopyroxene
and garnet in the AA suite.

plutôt un témoignage du manque d’équilibrage complet entre clinopyroxène et grenat à mesure que les conditions P–T ont changé
lors des divers événements métamorphiques.

(Traduit par la Rédaction)

Mots-clés: éclogites, grenat, clinopyroxène, données SIMS, éléments traces, données isotopiques sur l’oxygène, Alpe Arami,
Alpes centrales, Suisse.

INTRODUCTION

The garnet peridotite massif of Alpe Arami (here-
after AA), part of the upper Pennine Cima Lunga –
Adula nappe complex, in the Central Alps of Switzer-
land, is accompanied at its margins and throughout the
surrounding gneiss area by variably amphibolitized
eclogites along the mountain slope down to Gorduno
(Dal Vesco 1953, O’Hara & Mercy 1966, Möckel 1969,
Ernst 1977, Bocchio et al. 1985, Pfiffner & Trommsdorff
1998, Tóth et al. 2000). However, fresh eclogite does
occur, specifically in a layer surrounding the peridotite
body.

In the present paper, we have investigated the bulk
composition and the trace-element distribution between
clinopyroxene and garnet in a sample of eclogite from
Alpe Arami, labeled 70–AM–10. This sample displays
a surprisingly low temperature of equilibration, esti-
mated from the clinopyroxene–garnet pair: ~480°C at P
= 16 kbar (Bocchio et al. 1985). Such a result contrasts
with values of temperature given in the literature and
reviewed below for the eclogitic rocks of this area
(Bocchio et al. 1985). The trace-element concentrations,
measured with SIMS, and the ensuing partition-coeffi-
cients (Di) between clinopyroxene and garnet, can pro-
vide fundamental insights into the rock’s history, with
particular reference to the petrogenetic processes in-
volved in its evolution. In addition, we provide O iso-
tope data both on the bulk rock and clinopyroxene and
garnet single phases, and thus illustrate the key role of
O isotopes in investigating near-surface processes.

BACKGROUND INFORMATION

Whereas an Eocene age is nowadays generally ac-
cepted for the high-pressure metamorphism that affected
this mafic-ultramafic association (ca. 43–35 Ma: Becker
1993, Gebauer 1999), the origin and the metamorphic
evolution of the AA peridotite are still matters of de-
bate; indeed, there is a continuing controversy in the lit-
erature. O’Hara & Mercy (1966), Ernst (1977, 1981),
and Pfiffner & Trommsdorff (1998) have proposed a
mantle origin. In particular, the latter two authors sug-
gested an origin in a subcontinental environment near
the crust–mantle interface, in contrast with derivation
from much greater depths (300–400 km)
(Dobrzhinetskaya et al. 1996, Green et al. 1997a, b).
The contrasting hypotheses on the P–T conditions ex-
perienced by the AA peridotite (Brenker & Brey 1997,
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PETROGRAPHY OF THE ALPE ARAMI ECLOGITE

Detailed petrographic investigations in the AA area
led Bocchio et al. (1985) to recognize at least four stages
of retrogression from eclogite to amphibolite. However,
sensu stricto eclogites (i.e., rocks still preserving the
primary eclogitic assemblage omphacite + garnet +
rutile) crop out only in a layer surrounding the peridot-
ite body. Eclogite 70–AM–10 occurs very near the con-
tact with the peridotite massif (locality a of Fig. 2 in
Bocchio et al. 1985), but separated from it by a chlo-
rite-bearing peridotite mylonite rim. It is a fresh eclogite,
fine-grained and light green in color, composed chiefly
of light pink garnet and light green clinopyroxene
(omphacite). Garnet (30 vol.%), in large subhedral
grains, is usually cracked and surrounded by a thin
kelyphitic rim of a green amphibole, which also fills the
internal fractures. Clinopyroxene occurs as euhedral
prismatic crystals (14 vol.%) unevenly rimmed by a
fringe of symplectite alteration (35 vol.%) made up of a
very fine intergrowth of radiating plagioclase and am-
phibole. Occasionally, omphacite and garnet are in
mutual contact: in this case, the symplectite does not
occur, and only a thin rim of amphibole separates the
two minerals. Amphibole also is present as a primary
mineral whose grains show straight boundaries with
both omphacite and garnet. Both the primary and sec-
ondary amphibole (at the rim and in the cracks of gar-
net) are pargasitic in composition (Bocchio 1977); they
amount to 14 vol.%. Kyanite, rutile, plagioclase and
opaque minerals occur as minor components (1–4
vol.%). Epidote-group minerals are totally absent.

ANALYTICAL METHODS

The eclogite sample 70–AM–10 has already been
studied. The first author (Bocchio 1975, 1977, Bocchio
et al. 1978, 1985) focussed on bulk composition and
mineral chemistry, and Rossi et al. (1978) and Pavese
et al. (2000, 2001) investigated the crystallography of
the clinopyroxene. In the present work, the rare-earth
elements (REE) and selected trace elements in the bulk
rock were investigated by the ICP–MS technique at
CRPG–CNRS (Vandoeuvre-lès-Nancy, France). Hand-
picked separate grains of garnet and clinopyroxene,
embedded in epoxy resin, were analyzed in situ for
major and minor elements with an ARL EMX–SEMQ
electron microprobe (EMP) at CNR–IDPA (Milan), and
for trace constituents (REE, Sc, Ti, V, Cr, Sr, Y, Zr)
with a Cameca IMS 4f ion microprobe installed at
CNR–IGG (Pavia). The analytical methods are de-
scribed in Bocchio et al. (2000).

From the total major-element dataset, only those
analyses that passed the reliability test were selected,
i.e., those with formulae in agreement with all crystal-
chemical constraints, as suggested by Mottana (1986).
The concentration of the first transition-series trace ele-
ments Co, Ni, and Cu have been determined on purified

concentrates of the two minerals by atomic absorption
spectrometry using the FAA and GFAA techniques, at
the University of Milan; see Bocchio et al. (2000) for
details. Additional information was derived from O iso-
tope analyses performed on the bulk rock and separate
grains of the two minerals with the BrF5 method using a
MAT–251 EM mass spectrometer at the Institute of
Mineral Resources of Beijing (China). We used the
standard NBS–28 (�18OV SMOW = 9.6 ‰); precision of
analyses: ±0.2‰ (± 1�).

RESULTS AND DISCUSSION

Bulk composition of the rock sample

The major-element data of Table 1 were obtained by
classic wet-chemical methods (Bocchio 1975). The
eclogite sample could represent a basaltic liquid with
relatively low total alkali (3.37 wt%), moderate TiO2
(1.28 wt%) and Al2O3 (16.30 wt%), and an Mg# value
[= 100*Mg/(Mg + Fe2+

tot)] of 62.2.
The abundances of the HFSE (Zr, Nb, Ti) and Y,

which are commonly assumed to be immobile during
ocean-floor alteration and metamorphic dehydration of
mafic rocks (Pearce & Cann 1973, Becker et al. 2000),
suggest the derivation of sample 70–AM–10 from a
MORB-like magma: in the multi-element diagram nor-
malized to N–MORB (Pearce 1983), the concentration
ratio is close to unity (Fig. 1a). This pattern matches
that of the kyanite-bearing eclogite AA15 from the
southwestern margin of the AA peridotite, analyzed by
Becker et al. (2000). Figure 1a shows that both samples
of eclogite have a MORB-like content of Th and Sm,
confirming that the abundances of these elements in
mafic high-pressure rocks reflect the original abun-
dances in their protoliths (Becker et al. 2000). This is
also the case of the mobile element Sr, whose normal-
ized concentration is close to one. This element plotted
with Ti and Zr in the triangular diagram (not shown),
proposed by Pearce & Cann (1973) for unaltered rocks,
gives further support to the inference that the eclogite
protoliths are ocean-floor basalts. This inference is op-
posite to that made on the basis of K, Rb and Ba abun-
dances; their low contents compared to MORB (cf. the
average N–MORB data of Hofmann 1988) are consis-
tent with their high mobility during metamorphic
evolution.

The C1-normalized REE pattern (Fig. 1b) (factors
from Anders & Grevesse 1989) is nearly flat, with slight
LREE depletion [(La/Yb)N = 0.75] (Table 1). The total
light rare-earth (LREE) content of the whole rock is
higher than that in clinopyroxene and garnet, which dis-
play the familiar X-pattern (Griffin & Brueckner 1985,
Tribuzio et al. 1994, Bocchio et al. 2000). This result
suggests that minerals other than clinopyroxene and
garnet contribute to the whole-rock REE budget. In
eclogite 70–AM–10, however, we found no accessory
minerals, such as apatite and epidote, which are notori-
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ous in hosting a larger amount of REE (Grauch 1989,
Tribuzio et al. 1994). It is therefore reasonable to infer
that these elements may be incorporated in the amphi-
bole, which occurs in significant amount (see above)
both as a primary and a secondary mineral. In addition,

we cannot disregard the possibility that some LREE
might be also loosely held along intergranular films
(Shatsky et al. 1990). As a concluding remark, note that
the eclogite sample examined exhibits a Sm/Nd ratio of
0.34, which is very close to the value of 0.32 of present-
day MORB (Sun & McDonough 1989).

FIG. 1. a) Multi-element diagram normalized to N–MORB (Pearce 1983). Greek crosses:
70–AM–10 eclogite; squares: kyanite-bearing eclogite (AA15) from the southwestern
margin of the Alpe Arami peridotite (Becker et al. 2000). b) REE abundances in 70–
AM–10 (whole rock) (Greek crosses) reported with those in selected grains of garnet
(solid circles) and clinopyroxene (open circles) on a C1-normalized plot (Anders &
Grevesse 1989).
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The whole-rock �18O value of 4.7‰ determined for
70–AM–10 is lower (at the 1� level) than the estimated
average value for the Earth’s mantle (5.5 ± 0.4‰,
Mattey et al. 1994) and the unaltered ocean-floor mate-
rial (mean �18O value close to 5.7‰, Muehlenbachs
1986), but it is comparable within error to the value of
4.8 ± 0.9‰, determined in eclogitic Alpine gabbros that
have undergone high-T ocean-floor alteration
(Barnicoat & Cartwright 1997). On the other hand, a
relatively low �18O value is not surprising because, as
reported by Vogel & Garlick (1970), such a feature is
common in many eclogites of medium-temperature ori-
gin, including those from northwestern Spain, western
France, southern Germany, Poland and western Norway.
Whole-rock �18O values lower than that of uncontami-
nated mantle material have also been determined in
more recent years by Agrinier et al. (1985) and Miller
et al. (1988) for some eclogites from the Western Gneiss
Region (Norway) and from Koralpe and Saualpe (Aus-
tria), respectively.

CHEMICAL COMPOSITION OF THE GARNET

Major-element data are reported in Table 2 as the
average result of EMP analyses performed at the core
of grains selected on the basis of the absence of evident
optical inclusions and microcracks. The compositional
variation detected from grain to grain is within the limit
of the analytical error, except for Mg and Ca (> 5% rela-
tive). All grains are members of the almandine – pyrope
– grossular solid-solution series, with minor amounts of
spessartine and andradite. The average composition,
Alm40.8Prp36.6 Grs21.0Sps1.0And0.6, is comparable with
Alm43.7Prp33.9Grs17.1Sps1.6And3.7, obtained for the core
zone of grains in thin section 70–AM–10 by Bocchio et
al. (1985). These data are also consistent with the com-
position reported by Brouwer (2000, average composi-
tion of five samples: Alm39Prp35Grs21Sps1Adr4), and
Woodland et al. (2002, sample AA1: Alm41.9Prp33.2
Grs22.6Sps1.1Adr1.1) for garnet from kyanite-bearing
eclogites from the southwestern margin of the AA peri-
dotite.

The SIMS data for the REE and other trace elements
(Sc, Ti, V, Cr, Sr, Y, Zr), measured on the same mount
used for EMP analyses, are reported in Table 3, together
with data for Co, Ni, and Cu, obtained by AAS on a
mineral concentrate. The C1-normalized trace-element
patterns are reported in Figures 1b and 2a. The present
dataset (Fig. 2a) is compared with that previously ob-
tained by SIMS on garnet in an eclogite–amphibolite
suite tectonically emplaced within the Adula Nappe
gneisses at Soazza (Mesolcina Valley), 22 km to the
northeast (Bocchio et al. 2000, and unpublished SIMS
data on Ti, Cr, and V, available from the authors on re-
quest).

Inspection of the C1-normalized REE data (Figs. 1b,
2a) shows that the patterns are qualitatively similar, all
grains being enriched in the medium (MREE) and heavy

rare-earths (HREE) relative to the LREE [(CeN/SmN)
between 2 and 8 �10–3 for 23.68 < SmN < 29.03; (CeN/
YbN) between 1 and 4 � 10–3, for 43.01 < YbN < 68.43].
Such a pattern confirms the well-established preference
of the HREE for garnet (Mysen 1978). The intergrain
variation, however, is higher than our typical SIMS ana-
lytical precision for REE, as derived from measurement
reproducibility on international standards, which is on
the order of ~10% at 0.1–0.7 ppm level (Bottazzi et al.
1994). Thus the observed scatter is ascribed to a real
inhomogeneity within the set; �REE varies from 45 to
58 ppm, with a mean value of 52 ppm. This holds, in
the present case, for the MREE and HREE, whereas for
the LREE, the major uncertainties in the SIMS analysis
are derived from the low counting statistics owing to
their extremely low concentrations (especially for La).

A careful inspection of Figure 2a shows that the gar-
net in 70–AM–10 is less HREE-enriched than that in
the samples from the omphacite-free symplectitic am-
phibolite (78–AM–13) from the Soazza suite and from
an eclogite from the same suite with a lower proportion
of clinopyroxene (78–AM–6), but it has a LREE con-
tent slightly higher than all other samples.

In Figure 2a, Y is plotted in the position occupied by
Ho, owing to their similarity in atomic radius. In the
present case, it is positively correlated with the �REE
(r = 0.98) and exhibits contents in the range 61.6–96.1
ppm, with a mean value of 79 ppm. All Y values are in
the range obtained for the garnet from Soazza (62 < Y <
301 ppm).

Like the REE and Y, the large cation Sr is inferred
to enter the eightfold-coordinated X site of a garnet. Its
content in the 70–AM–10 garnet is rather low (0.12–
0.34 ppm). The scatter is quite large and may also be
affected by low counting-statistics. As a whole, how-
ever, the Sr content seems to be of the same order as
that in samples of garnet from Soazza (which typically
have 0.1 ppm Sr where clinopyroxene is present), and
lower than the value of 4 ppm obtained for the
omphacite-free symplectitic amphibolite at that local-
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ity. This confirms the preference of Sr for clino-
pyroxene, and its tendency to enter garnet only where
clinopyroxene is lacking (O’Reilly & Griffin 1995,
Bocchio et al. 2000).

As for the other trace elements included in our
dataset, those forming the “first transition series” (i.e.,
Sc, Ti, V, Cr, Co, Ni, Cu) very likely enter the octahe-
dral site (Y) of the garnet structure. Their concentrations
follow the sequence of abundance Cr > Ti > Ni > Sc >
V > Co > Cu. Chromium content measured by SIMS
varies from 243 to 738 ppm, which attests to a signifi-
cant Cr inhomogeneity among the grains, as seen for
other trace elements (e.g., REE). The higher abundance
of Cr at AA in comparison with Soazza (unpubl. SIMS
data: 45–326 ppm Cr) confirms the well-known posi-
tive correlation of Cr with the pyrope component, which
is higher in the AA garnet (37 mol.% Prp) than in all the
other occurrences (17–33 mol.% Prp).

The most important host of Ti in eclogites is rutile
(TiO2), which is also the most abundant and ubiquitous
non-silicate mineral occurring in these rocks. From the
literature data, small quantities of Ti are known to be
incorporated into silicates. In the present case, Ti has

been detected by EMP analyses of both garnet and
clinopyroxene (Table 2), and of amphibole (Bocchio
1977). Ti contents derived from EMP data are very close
to the detection limits of the instrument and did not al-
low us to evaluate the degree of heterogeneity within
the dataset. The new SIMS data have confirmed the low
concentration of Ti (Table 2), but also point out the scat-
ter (184–270 ppm Ti) in its intergrain distribution. The
samples from Soazza (Bocchio et al. 2000) are slightly
enriched in this element, consistent with the inverse
correlation between Ti and the pyrope content, as sug-
gested by Rost & Grigel (1964).

The AA garnet is also depleted in V (51.5–72 ppm)
in comparison with the value of 743 ppm detected in
the omphacite-free symplectitic amphibolite mentioned
above, as well as in garnet samples from other eclogites
(72 < V < 245 ppm, unpubl. SIMS data). As observed
by some authors (Bocchio et al. 2000, and references
therein), the behavior of V mimics that of Ti: a decrease
in pyrope component is accompanied by an increase in
V content.

The Sc variation in the AA garnet is small (from 71.0
to 73.7 ppm Sc) and within the limit of analytical preci-
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sion. The average obtained (72 ppm Sc) is very close to
that reported for garnet samples in eclogites (65 ppm)
in the early compilation of Goldschmidt & Peters
(1931). The relatively small ionic radius for Zr suggests
that even this cation may be involved in substitutions at
the Y site. Some authors (e.g., Novak & Gibbs 1971,
Harte & Kirkley 1997), however, have proved that in
garnet, this cation prefers eightfold coordination, or
even partitions between the Y and X sites. In the AA
garnet, the Zr content is low (2.5–4.3 ppm). Neverthe-
less, it shows an intergrain variation comparable to that
previously determined in the samples from Soazza.

The average contents of Cu, Co and Ni in garnet,
measured by AAS, are reported in Table 3. In terms of
absolute values, Cu displays the lowest abundance (19
ppm), and Ni, the highest (104 ppm). It is not realistic
to compare abundances with the data on garnet in the
Soazza suite, because both span a large range (23 < Cu
< 3217 ppm, 74 < Ni < 2504), which probably reflects
the presence of small inclusions of opaque minerals that

escaped our attention in an optical-microscope investi-
gation (Bocchio et al. 2000). In contrast, the AA garnet
has a Co abundance (57 ppm) falling within the range
determined for garnet at Soazza (41–90 ppm).

The oxygen isotope ratio for AA garnet is 4.5‰ and
is similar to that obtained for the whole rock (4.7‰).
This value is lower than the �18O value 5.5 ± 0.5‰ com-
monly accepted for upper-mantle minerals (cf. Nadeau
et al. 1993) and beyond the range in �18Ogrt (5.67–
7.18‰) measured by Kohn & Valley (1998) in garnet
from three eclogites samples from Trescolmen (Adula
nappe), whose peak conditions of metamorphism have
been determined to be in the range 550–650°C (Heinrich
1986). Values of �18O lower than 5.5‰, however, are
not unusual in garnet samples from European medium-
temperature eclogites e.g., Vogel & Garlick (1970):
2.5‰ in eclogite from Weissenstein, Germany. Lower
values (5.19–5.58‰) were recently determined in gar-
net by Jacob & Foley (1999).

CHEMICAL COMPOSITION OF THE CLINOPYROXENE

Electron-microprobe data for the clinopyroxene in
eclogite 70–AM–10 are reported in Table 2 as the aver-
age result of single-spot analyses performed at the core
of the selected grains. The corresponding concentrations
of the REE and other trace elements as determined with
the SIMS instrument are shown in Table 3. Composi-
tional variations have been detected from grain to grain
both for major and trace elements, with the major-ele-
ment variations within the limit of EMP errors for most
elements, and higher for others, e.g., Fe (~6% relative).
The clinopyroxene in our sample is an omphacite (no-
menclature of Morimoto et al. 1988), with an ordered
P2/n symmetry (Rossi et al. 1978, Pavese et al. 2000).
The mean composition and formula are compared in
Table 2 with the EMPA data determined by Bocchio et
al. (1985), with their structural formulae recalculated.
All the values reported for the omphacite core are within
the standard deviation of the new analytical results, with
the exception of a slight enrichment of Ti and Mn. A
regular enrichment of Fe, Mg, Ca, and a depletion of Al
and Na have been detected from core to the symplectitic
rim. The pyroxene of the symplectite is confirmed to be
omphacitic in composition, although depleted in the Jd
component. All analyses of the core zone in clino-
pyroxene 70–AM–10 reveal a slight enrichment in Na
and a depletion in Ca, compared with other recent data
on omphacite in the AA suite [Brouwer (2000): compo-
sitional range of five samples, 3.55–6.88 wt% Na2O,
13.13–17.68 wt% CaO, 8.01–11.96 wt% MgO, 2.49–
6.01 wt% FeO; Woodland et al. (2002): sample AA1,
6.18 wt% Na2O, 14.0 wt% CaO, 9.4 wt% MgO, 2.76
wt% FeO; Brenker et al. (2003): sample AAXB2, 5.34
wt% Na2O, 14.08 wt% CaO].

The composition of omphacite 70–AM–10, derived
from the EPM data and from site-occupancy refinements
carried out without any chemical constraint on selected

* These data are only indic ative, being comparable to SIMS data in analytical
uncertainty. All data are derived by SIMS, except Co, Ni and Cu, obtained by AAS.
The cpx/grt Di partition coefficients, reported in the last column, must be considered as
indicative only (see text).
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crystals by Rossi et al. (1978) and Pavese et al. (2000),
is close to that of ideal omphacite [(Ca0.5Na0.5)
(Mg0.5Al0.5) Si2O6], the proportions of Ti, Mn and Fe in
atoms per formula unit (apfu) being virtually negligible
(Table 2, anal. 7–8).

The intergrain variation in REE content suggests a
real inhomogeneity in the clinopyroxene core: �REE
varies from 5.71 to 9.39 ppm, with a mean value of 6.98
ppm. All the grains are characterized by a bell-shaped
chondrite-normalized REE pattern, with a maximum at

FIG. 2. C1-normalized (Anders & Grevesse 1989) multi-element patterns for selected
grains of garnet (a) and clinopyroxene (b) from eclogite 70–AM–10; symbols as in
Figure 1b. For comparison, we have reported the data relative to garnet (a: open sym-
bols) and clinopyroxene (b: full symbols) of the eclogites and symplectitic garnet
amphibolite from Soazza (Bocchio et al. 2000). Explanations of symbols: triangles: 78–
AM–12, squares: 75–AM–47, diamonds: 75–AM–48, stars: 78–AM–6, and open Greek
cross: 78–AM–13. See text for further details.
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Sm (Fig. 1b), similar to those of omphacite samples
from the Soazza suite (Fig. 2b). On the basis of ionic
radius and crystal-structure refinements, Oberti &
Caporuscio (1991) suggested that the REE are hosted in
the eightfold-coordinated M2 site. Moreover, according
to Caporuscio & Smyth (1990), the REE incorporation
in the M2 site of C2/c clinopyroxene is controlled by
the electrostatic site-potential, which is inversely related
to the amount of Na in this site. In P2/n omphacite, the
M2 site is actually split into two sites (M2 and M21),
which have different geometrical features, over which
Ca and Na are distributed more or less randomly (Rossi
et al. 1983). Taking into account crystallographic and
crystal-chemical data, R. Oberti (1999: pers. commun.
of unpubl. data) and Bocchio et al. (2000) inferred that
REE might be hosted preferentially in the smaller M2
(Na-rich) site than in the larger M21 (Ca-rich) one. An
X-ray refinement of the structure and site-occupancy
determination carried out on a representative crystal of
omphacite 70–AM–10 (Rossi et al. 1978) gave the fol-
lowing distribution of Na and Ca in the eightfold-coor-
dinated sites: 0.71Na + 0.29Ca in M2, and 0.33Na +
0.67Ca in M21. This distribution differs very little from
that in sample 75–AM–48 in the Soazza suite, which
contains approximately 0.73Na + 0.27Ca in M2, and
0.29Na + 0.72Ca in M21, but that sample displays a
level of �REE lower than in clinopyroxene from Alpe
Arami (Bocchio et al. 2000). Taking into account the
study of Shearer et al. (1989), we tentatively suggest
that the lower amount of Na (and the higher amount of
Ca) at M2 of omphacite from AA may indeed favor REE
incorporation at this site. On this basis, it is correct to
recall that subtle variations of REE concentrations in
clinopyroxene could be due to competition with the
cocrystallizing garnet (Oberti & Caporuscio 1991), with
a further contribution arising from minor or accessory
minerals also crystallizing during the metamorphic evo-
lution (Tribuzio et al. 1994, Bocchio et al. 2000).

Considering the ionic radii, Y and Sr are expected to
enter the eightfold-coordinated sites (M2 and M21). In
the clinopyroxene grains examined, Y is in the range
0.89–1.29 ppm, and Sr, in the range 103–127 ppm. Both
these elements display a rough positive correlation with
�REE. Zirconium is commonly considered as an octa-
hedrally coordinated cation. In the AA omphacite, Zr
displays a more important intergrain variation (3.3–7.6
ppm) than that determined in the omphacite from Soazza
(2.8–4.7 ppm Zr).

The first-transition-series trace elements have the
following sequence of relative abundance: Ti > V > Cr
> Ni > Cu > Co > Sc. The absolute contents of the ele-
ments investigated by SIMS (i.e., Ti, V, Cr, Sc) are scat-
tered, and intergrain variations in concentration (Table
3) are, with the exception of Sc, greater than the ana-
lytical uncertainty (see Bocchio et al. 2000 for details
concerning the SIMS analyses).

All the transition elements considered are commonly
regarded to enter the six-fold-coordinated M1 site,

where the four major cations (Mg2+, Fe2+, Fe3+, Al3+)
are also located, together with some minor cations
(Mn2+ and Ti4+). In P2/n omphacite, the M1 site is split
into two independent sites, M11 (Al-rich) and M1 (Mg-
rich) (Rossi et al. 1983). From the site-occupancy re-
finement of the crystal of omphacite 70–AM–10
mentioned above, Rossi et al. (1978) deduced the fol-
lowing occupancies of major cations: M11 = 0.95Al +
0.03Fe3+ + 0.02Mg; M1 = 0.90Mg + 0.06Fe3+ +
0.04Fe2+. They concluded that in view of the small con-
tent of Fe (both Fe2+ and Fe3+), the sample has practi-
cally only Al in M11 and Mg in M1.

These observations confirm the well-known influ-
ence of the major-element population on the geometri-
cal features of the structural sites. As a consequence,
we can clearly infer that the incorporation of transition
trace elements in the larger M1 site or, alternatively, in
the smaller M11 sites, is constrained by both the varia-
tion of the main components and their charge and ionic
radius. In particular, this is the case of Sc. This element
occurs in the trivalent state (Sc3+); in clinopyroxene, it
has been described as substituting for ions such as Fe3+,
Al, Cr3+, V3+, and Mn3+ in the six-fold-coordinated sites,
where it coexists with divalent ions as Fe2+ and Mg
(Frondel 1968). Because of the resulting complexity of
composition as well as the possible involvement of the
coupled entrance of a monovalent ion at the M2 sites,
Frondel (1968) also suggested that it is difficult to state
which ion is replaced by Sc3+. However, according to
Messiga et al. (1995) and owing to its relatively large
ionic radius (Shannon 1976), the incorporation of Sc in
the octahedral sites could be reduced by the increased
level of octahedral VIAl due to solid solution toward Jd.
In the present case, such a statement can indeed be sup-
ported: the AA omphacite has a Sc content (13–16 ppm)
lower than the samples from Soazza (23–42 ppm), all
of which show lower amounts of the Jd component.

The control of major elements on trace-element in-
corporation in the omphacite examined is also estab-
lished for V, the incorporation of which is dependent on
its oxidation states (V3+, V4+, V5+). The AA omphacite
has a V content (311 to 455 ppm) lower than the range
(457–787 ppm: unpubl. SIMS data) determined in the
Soazza omphacites. These are also richer in Fe3+ (0.084–
0.127 apfu) than the AA omphacite (Table 2), confirm-
ing the positive effect of the aegirine component on V
incorporation already reported by Messiga et al. (1995)
for the metamorphic clinopyroxenes of the Voltri
Group. The positive correlation between Fe3+ and V
suggests that this element is likely to be present as V3+;
indeed the ionic radius of V3+ is very close to that of
Fe3+ (Shannon 1976).

Chromium also is expected to occur as a trivalent
ion: its concentration in AA omphacite varies from 97
to 199 ppm, i.e., within the range of the Soazza samples
(25–324 ppm: unpubl. SIMS data).

In clinopyroxene, Ti is commonly expected to enter
the octahedral site but, because of its fairly small ionic
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radius (rTi = 0.61 Å: Shannon 1976) compared to typi-
cal M1 cations (Fe2+, Mg, Fe3+, Cr3+), the possibility of
its incorporation at the tetrahedral site cannot be disre-
garded. In any case, whatever may be its structural po-
sition, in most samples of omphacite it occurs as a minor
element (<0.5 wt% TiO2). The abundance of Ti deter-
mined by electron microprobe in the AA omphacite is
relatively low (0.09 wt% TiO2 = 540 ppm Ti) and falls
in the range of variation 518–862 ppm Ti obtained by
SIMS on the same grains. The range of Ti concentra-
tion is even wider considering the EMPA data from
Bocchio et al. (1985), reported for comparison in Table
2. The concentration of Ti is higher in AA omphacite
than in coexisting garnet, but is lower than in amphi-
bole interpreted as a constituent of the eclogitic assem-
blage (Bocchio 1977: 0.32 wt% TiO2 = 1918 ppm Ti).
SIMS Ti values (unpubl. data) in the range 489 to 614
ppm detected in the omphacite from Soazza show that
Ti is more abundant in omphacite than in garnet. Such a
result highlights the preference of this cation for
clinopyroxene (and amphibole, if any), and it enters
garnet readily only where clinopyroxene is lacking.

Cobalt, Ni, and Cu have a dominantly divalent char-
acter. Thus, their content in the AA omphacite is lower
(18 ppm Co, 126 ppm Ni, 36 ppm Cu) than in the Soazza
samples (20–52 ppm Co, 154–638 ppm Ni, 87–793 ppm
Cu). Bocchio et al. (2000) did not observe a regular re-
lationship between them and the major divalent cations
located in the octahedral sites. A similar conclusion is
confirmed for the AA omphacite.

The omphacite 70–AM–10 gives a �18O value of
5.1‰, which is higher than values pertaining to the
whole rock and coexisting garnet, but is lower than the
average oxygen isotopic composition of the clino-
pyroxene occurring in unaltered peridotite (�18O = 5.61
± 0.32‰: Mattey et al. 1994). Such a value is also lower
than those (5.57–7.47‰) measured by Kohn & Valley
(1998) for omphacite in the three samples of eclogite
from Trescolmen mentioned above. It is, however, in
the range (3.0–5.3‰: Nadeau et al. 1993) in omphacites
from the Monviso eclogitic rocks, which preserve the
�18O signature typical of an oceanic crust hydrother-
mally altered at a high temperature.

EVALUATION OF TRACE ELEMENT

AND OXYGEN ISOTOPIC DISTRIBUTION

BETWEEN CLINOPYROXENE AND GARNET

In the previous paragraphs, we have described the
trace-element composition determined in garnet and
clinopyroxene from the AA eclogite and shown that
their abundance may be strongly influenced by the ma-
jor-element composition. We have also pointed out that
in most cases, their distribution within the two datasets
is inhomogeneous. Such a chemical inhomogeneity is
due to many factors, such as changes of P, T and bulk
composition, and also implies variation of diffusion
rates during and after growth. Compared with major

elements, the behavior of trace elements is a particu-
larly sensitive indicator of changing conditions during
metamorphism. In the present case, their highly vari-
able contents highlight the complex evolution of the AA
eclogite and emphasize the existence, at least for some
elements and at a very local scale, of chemical disequi-
librium. This inference supports the conclusion that the
compositional variations for some trace elements deter-
mined both in omphacite and garnet obviously affect
the reliability of the partition coefficients and renders
unrealistic any calculation of P and T based on the ex-
change of these elements between the two minerals.
With these words of caution in mind, we have reported
in Table 3 the mean ratios (Di = cpxCi/grtCi) for the REE
and other trace elements.

The partition coefficients in the AA eclogite de-
creases quite abruptly with decreasing ionic radius, from
Ce (DCe = 13.33) to Yb (DYb = 0.006), thus confirming
the well-known greater affinity of the LREE for
omphacite than for garnet. A similar feature was also
determined in the Soazza eclogites: in particular, sample
78–AM–48, showing DCe= 11.00 and DYb = 0.009, dis-
plays a pattern of distribution of REE between
clinopyroxene and garnet very close to that determined
in the AA sample.

The incorporation of LREE in clinopyroxene is in-
deed favored by the greater volume of its M2 site rela-
tive to that of the X site in garnet; on the contrary, garnet
concentrates the smaller HREE more easily. However,
owing to the greater thermal expansion of the clino-
pyroxene structure due to a higher number of shared
edges of polyhedra (Novak & Gibbs 1971), the ability
of garnet to host the HREE decreases with increasing
temperature. As a consequence, we find in the literature
that eclogites of mantle origin, re-equilibrated at T >
1000°C, invariably show DHREE values higher
(Caporuscio & Smyth 1990, Harte & Kirkley 1997) than
those obtained in AA as well as in eclogites that equili-
brated at medium and low temperature (cf. Messiga et
al. 1995, Bocchio et al. 2000).

Summarizing the data reported in the literature and
in this work, elements such as Sr, V, Ni and Cu prefer-
ably partition into clinopyroxene and display D > 1 in
high-, medium- and low-temperature eclogite; in
contrast, Sc, Y, and Co invariably show a marked pref-
erence for garnet (D < 1) (Bocchio et al. 2000, and
references therein). Titanium and chromium (usually
considered as minor elements) show a slight preference
for clinopyroxene but, in some eclogites of all three tem-
perature ranges, they are evenly distributed between
clinopyroxene and garnet (D ≥ 1). As already observed
by Griffin et al. (1988) and O’Reilly & Griffin (1995),
the distribution of Zr is a sensitive indicator of chang-
ing T conditions; it enters garnet (D < 1) as T increases,
e.g., in the high-temperature eclogites of mantle origin
(Harte & Kirkley 1997), as well as in the diamondifer-
ous eclogite xenoliths from Udachnaya (Jacob & Foley
1999). In low- and medium-temperature eclogites, DZr
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is either close to one (Messiga et al. 1995) or it exhibits
a slight affinity for clinopyroxene (Bocchio et al. 2000,
and present paper).

Differences in isotopic values between primary
phases may provide valid information about the condi-
tion of equilibration of a rock. As for eclogites, some
authors (e.g., Ongley et al. 1987, Caporuscio 1990,
Leech & Ernst 2000) suggest that convergence to zero
or small differences between the �18O values of garnet
and clinopyroxene are consistent with the hypothesis
that these phases achieved isotopic equilibrium; thus
they imply that both minerals formed at the same time
during the transition from basalt to eclogite.

The oxygen isotope fractionation calculated between
omphacite and garnet (�cpx–grt = �18O of omphacite mi-
nus �18O of garnet) in the AA eclogite is +0.6. This
value is high in comparison with the range (from –0.02
to +0.37) of isotopic fractionation between clino-
pyroxene and garnet determined in the Trescolmen
eclogites, where these minerals have been proved to
have crystallized contemporaneously and to have
formed in isotopic equilibrium (Kohn & Valley 1998).
Smaller values of the range in �cpx–grt are also reported
by Jacob & Foley (1999: from +0.27 to +0.50) and by
Leech & Ernst (2000: from +0.35 to +0.46). However,
large differences in measured isotopic values between
clinopyroxene and garnet are not uncommon in other
eclogitic assemblages around the world, both of crustal
and mantle origin [Vogel & Garlick (1970, Fig. 2);
Agrinier et al. (1985): from +0.1 to +1.5; Caporuscio
(1990): from –0.6 to +0.6]. In particular, the last author
suggested that the occurrence of a kelyphytic rim around
garnet may have affected its isotopic value: as a conse-
quence, a significant difference in �18O between
clinopyroxene and garnet may indicate disequilibrium.
This inference could tentatively be applied to the AA
sample, whose primary eclogitic assemblage shows the
effects of a conversion to a late symplectitic amphibo-
lite stage and resulting lower-grade assemblage: indeed,
the early-formed garnet and clinopyroxene display at
their rim incipient kelyphitic and symplectitic alteration,
respectively. The regular decrease of Na and Al, as well
as the increase of Fe, Mg and Ca from the clinopyroxene
core to its symplectitic rim (Table 2: anal. 4, 5, 6) could
indeed reflect re-equilibration of the major elements
during the metamorphic evolution, but clearly it does
not imply that this mineral is in isotopic equilibrium
with the garnet. In addition, the early isotopic composi-
tion of both clinopyroxene and garnet may have been
modified by large-scale transport of H2O provided by the
adjacent, dehydrating metapelites during the late lower-
pressure metamorphic event marked by the hydration of
the mafic eclogites to amphibolites (Heinrich 1982).

CONCLUDING REMARKS

Bocchio et al. (1985) applied the classical geo-
thermometers of Råheim & Green (1974) and Ellis &

Green (1979) based on the partition of Fe2+ and Mg
between coexisting garnet and clinopyroxene and ob-
tained a temperature of equilibration of 480°C for the
eclogite 70–AM–10, which is lower than that reported
in the literature for other samples in the area. They noted
that this unrealistic value derives from the extremely low
Fe2+ content of the clinopyroxene, although this min-
eral, on the whole, is not unusual in any other respect.
Indeed, such a low Fe2+ may be biased because it is es-
timated indirectly on the basis of the crystal-chemical
constraints suggested by the method adopted for the
calculation of the structural formula. In the present case,
however, the low Fe2+ has been confirmed first by crys-
tallographic refinements (cf. Rossi et al. 1978) and,
more recently, by X-ray and Mössbauer investigations
(Pavese et al. 2000, unpubl. data). New EMPA data
obtained for the core of clinopyroxene grains (see Table
2) confirm that the Fe content (both Fe3+ and Fe2+) is
definitely low, and provide evidence of an intergrain Fe
variation, which turns out to be higher than the analyti-
cal error. This leads not only to the possible outward
diffusion of Fe (as proved by the slight increase of FeO
determined in the symplectitic rim), but also it compro-
mises the Fe–Mg exchange thermometry between
clinopyroxene and garnet. If the new data for eclogite
70–AM–10 are processed with the thermobarometric
calibration proposed by Ravna (2000) and Ravna &
Terry (2004), and Fe3+ calculated from stoichiometry,
the P–T conditions of equilibration obtained are 542°C
at 3.88 GPa, whereas if Fe3+ is calculated from Fe3+ =
Na – (Al + Cr), the conditions are estimated to be 729°C
at 2.78 GPa (Ravna 2004, pers. commun.). Mössbauer
and micro-XANES studies of the omphacite are prob-
ably the only reliable method to overcome these uncer-
tainties (Sobolev et al. 1999, Schmidt et al. 2003).

A further significant constraint on the estimated con-
ditions of equilibration of eclogite 70–AM–10 comes
from the oxygen isotope fractionation calculated be-
tween omphacite and garnet. Oxygen isotope thermom-
etry (obtained through the courtesy of D. Jacob) based
on �18O fractionation between clinopyroxene and gar-
net yields a temperature of 1026°C using the method of
Zheng (1993), which is considered accurate up to
1200°C. The latter estimate is in good agreement with
the highest recorded stage of metamorphism (1100°C)
calculated by Dobrzhinetskaya et al. (2002) for AA
eclogites. However, compared with the data of Ravna
(2004) indicating 542–729°C, this result seems to be
quite erratic and may confirm the suggestion that the
pair is not in isotopic equilibrium. This result also con-
trasts with the P2/n space-group symmetry of
omphacite, indicating either formation at temperatures
lower that the equilibrium temperature of the disorder-
ing reaction (865 ± 10°C: Carpenter 1981) or a pro-
longed ordering process exceeding several million
years at temperatures above the solvus (300°C:
Champness 1973). An indirect confirmation of these
inferences comes from a recent systematic study using
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transmission electron microscopy (TEM) performed on
omphacite in eclogites from the Adula nappe. Brenker
et al. (2003) found that the measured mean size of
antiphase domains in omphacites from AA is not in
agreement with high peak temperature (850 ± 50°C) that
they had calculated for the Fe/Mg exchange between
clinopyroxene and garnet. The small size of the mea-
sured antiphase domains (APDs) in AA omphacite can
be explained only if one assumes that the mineral started
ordering at a temperature much lower than that of the
C2/c → P2/n transition, i.e., possibly, during the retro-
grade Lepontine event that in the area reached peak tem-
peratures around 650°C (Brenker et al. 2003). Such
thermal conditions render more realistic the lower-tem-
perature conditions estimated (480–542°C) for the
eclogite 70–AM–10. In addition, they are close to the
range 600–700°C at which AA eclogitic lenses began
to convert to amphibolites (Ernst 1977, Tóth et al, 2000),
and agree also with the crystal-chemical features of the
amphiboles occurring in sample 70–AM–10 (Bocchio
et al. 1978). Indeed, all amphibole grains analyzed with
crystallographic techniques display a pargasitic compo-
sition and appear to have crystallized at a relatively high
temperature, in agreement with their IVAl contents
(1.55–1.85 apfu). However, they show a wide chemical
variation (among different crystals and among different
zones in the same crystal) and a partial disorder among
cations, indicating that homogenization was prevented.
This inference further supports the conclusion tenta-
tively suggested by Bocchio et al. (1985) that the main
cause of the low values of temperature calculated for
eclogite sample 70–AM–10 is a disequilibrium condi-
tion, probably related to a second stage of exchange of
clinopyroxene with garnet, or with another ferromagne-
sian phase, during the process of symplectite formation
related to the Lepontine event. Alternatively, Bocchio
et al. (1985) also argued that such an eclogite might be
somehow related to the formation of the chlorite-bear-
ing peridotite mylonite rim around the Alpe Arami body.

The in situ data on the REE and other trace elements
obtained in garnet and clinopyroxene in the present
work are in agreement with the suggested conditions of
disequilibrium. Heterogeneity in trace elements has
been observed in several minerals of other occurrences
of eclogite in the Alps (Tauern Window: Getty &
Selverstone 1994; Trescolmen: Zack et al. 2001), and it
was ascribed to mobilization by H2O and other fluids,
not only before and during subduction, but also during
the early stage of exhumation. This interpretation could
be valid also for the eclogites of Alpe Arami. More in-
vestigations, both of mineral phases and of a higher
number of representative samples from all around peri-
dotite body, could provide a test of this hypothesis.
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