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Metasomatism in oceanic and continental lithospheric

mantle: introduction

M. COLTORTI1 & M. GRÉGOIRE2

1Department of Earth Sciences, University of Ferrara, via Saragat 1, 44100 Ferrara, Italy

(e-mail: clt@unife.it)
2Laboratoire Dynamique Terrestre et Planétaire, UMR-CNRS 5562, Observatoire

Midi-Pyrénées, 31400, Toulouse, France

In the foreword of the volume Mantle
Metasomatism by Menzies & Hawkesworth
(1987), Boettcher stated that the concept of
mantle metasomatism has been of immense heuris-
tic value for Earth scientists. At that time, metaso-
matism was still strongly related to allochemical
metamorphism, where chemical composition of
the rock is changed by the additional or removal
of material. However, the concept of modal or
patent (where a new phase is petrographically
evident) and cryptic (where chemical enrichment
is not accompanied by the presence of a newly
formed phase) metasomatism had already been
introduced by the pioneering works of Harte
(1983), Menzies (1983) and Dawson (1984).

Outstanding progress has characterized the past
two decades, and the processes and agents of meta-
somatism are now much better understood, in part
as a result of the significant advancements of
in situ microanalytical techniques such as second-
ary ionization mass spectrometry (SIMS) and laser
ablation-inductively coupled plasma-mass spec-
trometry (LA-ICP-MS). The in situ analyses sub-
stantially deepened knowledge of intermineral and
solid–liquid partitioning coefficients as well as
identifying the geochemical features of metasoma-
tizing agents recorded by secondary paragenesis,
(namely, clinopyroxenes, amphiboles and glasses),
which are the main acceptors of trace elements
within the mantle.

Glasses were initially interpreted as the product
of host basalt infiltration and their petrological
importance was disregarded. During the 1990s,
the importance of identifying the geochemical fea-
tures of the metasomatizing agents was properly
highlighted and the study of glasses represented
an important improvement in the understanding of
metasomatic processes. Irrespective of their origin
as products of (1) reaction (Coltorti et al. 2000),
(2) in situ melting (Chazot et al. 1996; Yaxley
et al. 1997), (3) decompressional melting (Francis,
1976; Gamble & Kyle, 1987) or (4) partial
melting (Draper & Green, 1997), the glasses’ geo-
chemical features can be a valuable clue to the

nature of the metasomatizing agent. However,
glasses are usually small and more difficult to
analyse with the less time-consuming but larger-
spot LA-ICP-MS. For this reason, at the beginning
of this century, attention has been drawn back to
minerals, such as clinopyroxene, amphibole and/
or phlogopite (e.g. Grégoire et al. 2000; Moine
et al. 2001; Coltorti et al. 2007a). Another revolu-
tion is on the horizon because of the introduction
of LA-ICP-MS-MC (LA-ICP-MS with multi-
collector) and a new generation of femtolasers
associated with ICP-MS which, with their increased
sensitivity and enhanced performances, will allow
the development of both in situ isotopic analyses
and trace element analyses in orthopyroxene and
olivine. LA-ICP-MS-MC will permit pinpointing
of single ages and geochemical signatures instead
of an average obtained by mineral separates,
whereas femtolaser-ICP-MS will allow the study
of more refractory rocks, such as harzburgites and
dunites (which very rarely contain clinopyroxene
and/or amphibole and/or glass) and other
orthopyroxene-rich metasomatic parageneses, which
are rather abundant in mantle wedges (e.g. Smith
et al. 1999; Grégoire et al. 2001; McInnes et al.
2001; Ishimaru et al. 2007).

Most of the 14 papers in the present volume
mainly rely on in situ major and trace element
analyses of clinopyroxene and amphiboles, with
the aim of identifying the nature of the metasoma-
tizing agents affecting different portions of the
lithospheric mantle. Some very basic concepts are
at the core of these papers. Metasomatism is a
process that enriches the lithosphere. Thus the litho-
sphere had previously been depleted by one or more
partial melting episodes. As a consequence, metaso-
matism is the last event to be recorded by minerals,
and it would be hidden or even completely erased
by any melting process. Assuming that these
logical connections are true at low melt–rock inter-
action, which can be practically considered synon-
ymous with metasomatism, they are not valid for
high melt–rock interaction, where percolation and
impregnation can be responsible for both depletion

From: COLTORTI, M. & GRÉGOIRE, M. (eds) Metasomatism in Oceanic and Continental Lithospheric Mantle.
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and enrichment processes (see the work of Piccardo
on several ophiolitic bodies of the Alpine–Apennine
system). The increase of fluid/rock ratios also implies
a drift in the metasomatizing agent’s composition
from highly SiO2-undersaturated, volatile- and
alkali-rich silicate magmas (including CO2-rich or
even carbonatite melts) towards SiO2-saturated and
even SiO2-oversaturated magmas. In parallel, the
tectonic framework will change from intraplate,
where SiO2-undersaturated magmas are more abun-
dant, to suprasubduction and mid-ocean ridge
settings, where SiO2-saturated and -oversaturated
magmas predominate. The effects of these different
interactions are presented in this volume, and they
were studied on both continental and oceanic litho-
sphere, including the transition between the two that
occurs when an ocean starts to open.

The transition between continental and

oceanic lithosphere

Piccardo presents a comprehensive review of pet-
rological, field and age relationships of several peri-
dotite and ophiolite bodies of the Alpine–Apennine
system. The continental lithosphere here results
from the accretion of several masses of the convec-
tive asthenospheric mantle, which occurred from
Proterozoic to Permian times. Lithosphere exten-
sion caused adiabatic upwelling and decompression
melting, resulting in large-volume production of
mid-ocean ridge basalt (MORB)-like magmas,
which percolated and impregnated the continental
lithospheric mantle. The continental lithosphere
was progressively heated and asthenospherized
until complete failure of continental crust occurred
and mantle was exhumed at the sea floor. From this
study it appears that the separation between conti-
nental and oceanic mantle lithosphere is not
straightforward. Continental lithosphere can be pro-
gressively transformed into oceanic through
impregnation, and oceanic lithosphere can be
accreted at the base of the continental lithosphere.
These facts have some relevance when the prove-
nance and the nature of both depleted and enriched
components are described in mantle xenoliths from
continental and oceanic settings, as well as the
occurrence of pieces of continental lithosphere
found as xenoliths in ocean island basalts (Bonadi-
man et al. 2005, 2006; O’Reilly et al. 2006). More-
over, the simple paradigm that depleted rocks
record a partial melting event is questioned (see
also Bodinier 2007), especially when the dimen-
sions of the outcrop (as for xenoliths) do not
permit a thorough investigation of the field relation-
ships. The need for more sophisticated geochemical
tools capable of distinguishing between harzbur-
gites produced by reaction with a melt and those

produced by a ‘simple’ partial melting episode is
envisaged. Melt–rock impregnation casts doubts
on the barometric significance of the aluminous
phase; impregnated plagioclase peridotites that
were previously reasonably interpreted as having
formed at low pressure can in fact coexist with reac-
tive spinel peridotite.

Metasomatism in subduction-related

environments and post-collisional orogens

The study of mantle xenoliths is limited by their
small dimensions compared with Alpine or ophioli-
tic peridotite, but they have the exclusive advantage
of a very rapid (in geological terms) ascent (from a
few hours to several days), which allows the preser-
vation of the textural features formed at mantle
depth. Therefore, geochemical studies can be
applied to different generations of minerals, which
in turn can be related to various metasomatic
events. Most probably the concept of mantle meta-
somatism itself could not have been developed
without xenoliths. Unfortunately, xenoliths are
rarely brought to the surface by calc-alkaline
sensu lato lavas, thus our knowledge of the
mantle wedge above subduction zones is still
limited. A vigorous debate is currently developing
on the nature of the fluids migrating into this
portion of the mantle, as well as on the different
residential times of the subduction signature in
mantle wedges.

Ishimaru & Arai studied one of the few occur-
rences of this type of xenoliths, from Avacha
volcano (Kamchatka), contributing to knowledge
of the petrological features of the fluids migrating
into mantle wedges. The Avacha peridotites have
experienced metasomatism to various extents,
with the formation of metasomatic orthopyroxene
replacing primary olivine, by the infiltration of
slab-derived, sulphur-bearing, SiO2-rich fluids.
Secondary metasomatic minerals are also consti-
tuted by clinopyroxene, Cr-rich (in some cases
Al-rich) spinels and tremolite to Mg-hornblende
and edenite. This paper, which is complementary
to that of Ishimaru et al. (2007), focuses particularly
on the amphibole, which can be considered a
key mineral for a better understanding of the geo-
chemical signature of metasomatizing agents in
subduction environments. In the Avacha perido-
tites, amphiboles appear particularly depleted in
TiO2 and Nb, supporting the idea that fluids from
the slab are already depleted in these elements.
The large mass of trace element data on amphibole
provided by these two papers was also used by
Coltorti et al. (2007a) to propose a geochemical
separation, based on high field strength element
(HFSE) contents, between amphiboles formed in
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subduction settings and those formed in intraplate
environments. This geochemical tool has already
been used to identify relics of subduction events
recorded in xenoliths entrapped in alkaline, intra-
plate settings (Beccaluva et al. 2004; Coltorti
et al. 2007b).

The paper by Ntaflos et al. focuses on anhydrous
spinel peridotite xenoliths enclosed in the Late
Miocene olivine melanephelinites of the Viliga
River Volcanic Field (NE Russia), just a few
hundred kilometres north of the previous occur-
rence. These strongly alkaline lavas overlie a
massive sequence of plutonic and effusive
calc-alkaline rocks, and indicate that subduction
processes took place in this region from Early to
Late Cretaceous times. Ntaflos et al. propose that
the mantle xenoliths derived from Pacific astheno-
spheric mantle and not from the Asian mantle
wedge, which should have been affected by the sub-
duction fluids. They also demonstrate that the xeno-
liths were not affected by metasomatic processes.
The clinopyroxene REE modelling indicates that
the fertile peridotites experienced 2 – 9% batch
melting whereas the most depleted peridotites
experienced 15% batch melting. Similar results
were derived from the olivine and whole-rock
FeO and MgO modelling. A magmatic refertiliza-
tion of a depleted lithospheric mantle wedge is
excluded as a possible reason for the fertility of
the Viliga peridotites because neither whole-rock
chemistry nor clinopyroxene trace elements
provide evidence for metasomatism. In addition,
the low 87Sr/86Sr ratios and the high, partly
higher than mid-ocean ridge basalt (MORB),
143Nd/144Nd ratios point to an asthenospheric
origin. The model that Ntaflos et al. propose to
explain the origin of the Viliga peridotites is a ‘pie-
cemeal’ breakup of the subducted palaeo-Pacific
plate, which allowed the Pacific asthenospheric
mantle to intrude the mantle wedge through a slab
window. Subsequently, olivine melanephelinites
that were generated at deeper levels sampled this
part of asthenospheric mantle on their way to the
surface. The absence of any evidence for
subduction-related metasomatism implies that the
asthenospheric upwelling occurred when subduc-
tion was no longer active. This observation makes
it also unlikely that subduction-metasomatized
domains were preserved within the mantle at that
time, thus giving some clues about the mode and
time of material recycling above a subduction zone.

The paper by Seghedi et al. is the first report of a
new occurrence of lamproite in a region where this
rock type was previously unknown. These rocks are
of great interest for understanding the genesis of
ultrapotassic rocks in general, for defining the
nature of the metasomatizing agents of the subcon-
tinental lithospheric mantle, and for clarifying the

geodynamic evolution of the central–eastern
European basin and orogen. The area where the
Gătaia lamproite occurs is remarkable: the south-
ernmost margin of the Pannonian Basin, where
lithosphere thickness steeply increases southwards
and eastwards, representing a transition between
the Carpathian and the Serbo-Macedonian
domains. The mantle source of this magma could
have been influenced by several subduction events
both beneath the Tisza–Dacia block and the Serbo-
Macedonian Massif (Kovàcs et al. 2007). Prelević
et al. (2007) inferred a two-stage metasomatism,
the first being subduction-related whereas the
second is linked to alkaline silicate metasomatism
for similar lamproitic rocks in the Serbian
domain, a few tens of kilometres to the south.
Both stages of the metasomatism impinged upon a
very refractory lithosphere, produced in a suprasub-
duction environment. The first slab-related metaso-
matism is not recognized for the Gataia lamproite.
Based on trace element and isotopic data, Seghedi
et al. exclude the presence of any subduction-
related metasomatism and infer that only alkaline
metasomatism can be recognized. The paper is a
valuable contribution to a long-standing debate,
and represents a stimulus for the discussion on
the petrological evolution of the source of
these very peculiar rocks (Conticelli et al. 2007;
Prelević et al. 2007).

Metasomatism in continental intraplate

and rifting settings

The processes and nature of metasomatizing agents
in intraplate settings are much better understood
than are those in subduction environments. A con-
sensus exists on the way to distinguish between
alkaline silicate (both Na- and K-rich) and carbona-
tite melts, considered to be by far the most import-
ant metasomatizing agents in intraplate lithospheric
mantle. On the other hand, a major debate is cur-
rently developing on the possibility of relating the
various metasomatic signatures, which may be
recorded in mantle xenoliths from the same locality,
to a single metasomatic event through an infiltra-
tion–reaction process (Bodinier et al. 2004; Xu &
Bodinier 2004). The increasing availability of
dating on mantle material (Pearson et al. 2007)
will hopefully permit, in the near future, linkages
between geological processes recorded in the
upper and lower crust and depletion and enrichment
processes observed within the mantle. In this frame-
work, the distinction between a single metasomatic
event or multiple events will be crucial.

Most of the papers presented in this section of
the book deal with this aspect, although the question
is clearly far from being solved.
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The first question posed by Orejana & Vilaseca
about alkaline metasomatism is its relationship with
the host lavas; another important point to address
when dealing with this topic. They present a com-
plete dataset (major and trace element, and Nd–Sr
isotopic compositions) of highly altered anhydrous
and hydrated (amphibole- and phlogopite-bearing)
pyroxenites hosted in Permian lamprophyric
dykes. The occurrence of amphibole and phlogopite
with major element composition similar to those
found in peridotites affected by mantle metasoma-
tism and also very different, particularly regarding
Mg-number, Cr and Ti contents, from those found
in cumulitic pyroxenites, leads Orejana & Vilaseca
to think that these phases resulted from a reaction
with an infiltrating melt after the pyroxenites were
formed. The metasomatic processes seem to be
heterogeneous, as the xenoliths show three different
trace element signatures in minerals: (1) light rare
earth element (LREE)-enriched clinopyroxenes
with HFSE negative anomalies in primitive mantle-
normalized spidergrams; (2) clinopyroxenes and
amphiboles with high incompatible trace element
contents (large ion lithophile elements (LILE);
HFSE and REE); (3) relatively REE- and HFSE-
poor clinopyroxenes and amphiboles. These meta-
somatic characteristics support three different meta-
somatic agents: carbonatites, silicate magmas and
hydrous fluids or melts. Orejana & Vilaseca
propose that these agents are all derived from the
progressive differentiation of a single CO2–
H2O-rich highly alkaline agent, genetically related
to the Spanish Central System Permian alkaline
lamprophyric dykes. In this respect there should
be a genetic relationship between the metasomatiz-
ing agents and the host lavas, as inferred in many
other occurrences of intraplate metasomatism
(Wulff-Pedersen et al. 1999; Beccaluva et al.
2001; Coltorti et al. 2004), but the reactions, as sup-
ported by high Mg-number of the secondary phases
and their growing time with respect to the velocity
of ascent, have to have occurred at mantle depths
some time before the xenoliths were entrapped
(Beccaluva et al. 2001; Coltorti et al. 2004).

The second, and even more relevant, point is the
interpretation of the different geochemical signa-
tures recorded by the metasomatic phases (namely,
clinopyroxene, amphibole and phlogopite). Could
they be interpreted as the result of a single meta-
somatic event or could they be the result of several
episodes of metasomatism? This is, at the moment,
an open debate. Coltorti et al. (2007a, b), for
example, interpreted the low HFSE abundances
and the relative negative anomalies in the chondrite-
normalized diagram for amphibole as a signature for
subduction-related metasomatism and, using a
well-studied example of vein and disseminated
amphibole from Kerguelen, demonstrated that the

infiltration and reaction from a large vein into the
peridotite matrix is not able to vary significantly
the Zr/Nb ratios (Coltorti et al. 2007b). On the other
hand, based on the study of Bodinier et al. (2004)
and Xu & Bodinier (2004), Orejana & Vilaseca
inferred that this depletion could be related to the
differentiation of a single magma, which will be
enriched in H2O and CO2. In this way, the different
geochemical signatures recorded by the secondary
phases can be ascribed to a single geochemical
process instead of to different geological processes.

Galan et al. deal with similar questions in their
examination of the geochemical features of clino-
pyroxenes, amphiboles and phlogopites in mantle
xenoliths from Neogene–Quaternary alkaline
mafic lavas from Catalonia (NE Spain). Their
study provides evidence to show that the subconti-
nental lithospheric mantle beneath this area is
mostly made of protogranular anhydrous spinel
lherzolites and harzburgites, with minor pyroxe-
nites, and subordinate porphyroclastic and equigra-
nular peridotites. A melt depletion event (up to 30%
partial melting), related to mantle decompression
and probably starting within the garnet lherzolite
field, affected the peridotites. Evidence for sub-
sequent metasomatism is widespread in harzbur-
gites, but also occurs in some lherzolites. Two
types of cryptic metasomatism, one related to car-
bonatite melts and the other to alkaline silicate
melts, are distinguished. Evidence of modal meta-
somatism is rare and is restricted to the formation
of amphibole or phlogopite. This modal metasoma-
tism could be linked to either kind of cryptic meta-
somatism. The carbonatite metasomatism is more
widespread than the silicate Fe–Ti-rich melt type.
The latter could be compared with that observed in
the nearby Pyrenean peridotite massifs, adjacent
to the intrusions of Cretaceous alkaline magmas.
Catalonia pyroxenite xenoliths are interpreted as
cumulates from these alkali basalts. In this case the
two or three different metasomatic agents are con-
sidered independent and not derived by a single
fluid differentiating while infiltrating into the perido-
tite matrix. However, the question of Nb-depleted
carbonatite still arises. Could this melt be a deriva-
tive of a unique alkaline silicate melt after diff-
erentiation through a reactive chromatographic
process with early crystallization of amphibole
and phlogopite + Ti-oxides? However, the very
limited modal amount of these phases, none of
which is particularly enriched in this element,
limits the applicability of the model and again
gives rise to the question of whether this HFSE
depletion, particularly regarding Nb, could be a
sign of a previous, tectonically different and
independent metasomatism (Coltorti et al. 2007a, b).

The paper by Demény et al. reports mineral
chemistry, D/H and oxygen isotope ratios for
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amphibole, biotite, pyroxene and feldspar from
gabbroic plutons and amphibole xenoliths or xeno-
crysts in younger basalts of La Palma, following an
analogous study on Fuerteventura (Demény et al.
2004). Demény et al. use the data reported here to
support their earlier interpretation that the H–O
isotopic signature derived from a deep mantle
source. This conclusion would be very important
for our understanding of mantle stable isotope sys-
tematics, although some difficulties may arise in
clearly discriminating between shallow differen-
tiation processes and those occurring at mantle
depth. This approach is contributing to the current
debate regarding mantle plumes, whose existence
is under heavy criticism (Foulger et al. 2005). The
H and O isotope compositions of amphibole,
biotite, pyroxene and feldspar separates from the
Basal Complex gabbros, as well as amphibole xeno-
crysts and amphibololite xenoliths in basalts seem
to be devoid of any metasomatic influence (–90‰
and 5.1‰, respectively, relative to V-SMOW),
and are very similar to those found for Fuerteven-
tura. According to Demény et al. the most plausible
explanation for the low d

18O value is the presence
of subducted ocean crust in the mantle plume
source, whereas the low dD values could be
related to volatiles ascending from deep in the
Earth. Thus stable isotope data could provide a
potentially powerful tool to support not only the
existence of mantle plumes but also the presence
of recycled (via subduction and deep mantle circu-
lation) oceanic crust in the source of ocean-island
basalt (OIB) magmatism (see also Thirlwall et al.
2006, who found similarly low d18O for some
Icelandic basalts). Eventually this paper may also
contribute to the estimation of the role and abun-
dance of pyroxenites in the genesis of basaltic
magmas (see also Sobolev et al. 2005).

Touron et al. present major and trace element
stable and radiogenic isotope analyses of minerals
from two localities within the Devés Volcanic Dis-
trict (French Massif Central). Anhydrous spinel
lherzolites characterize mantle xenoliths from
Mt. Briançon, whereas at Marais de Limagne,
amphibole-bearing (with sporadic presence of phlo-
gopite) lherzolites and harzburgites are also present.
The metasomatic agent can be modelled as a
sub-alkaline TiO2, Th- and U-rich fluid or melt.
Associated with negative anomalies in HFSE in
chondrite-normalized spidergrams, such chemical
characteristics are compatible with a carbonate-rich
silicate melt or fluid as the metasomatic agent.
Nevertheless, the occurrence of two geochemical
signatures in amphibole, even within a single
sample, may suggest a multistage metasomatism.
Previous studies attributed the amphibole origin to
an enriched mantle component, possibly related to
the Variscan subduction in the Massif Central

(Deloule et al. 1991; Lenoir et al. 2000). The isoto-
pic compositions of Sr and Nd of clinopyroxene and
amphibole indicate that the metasomatic fluid or
melt derived from mixing between a depleted
mantle (DM)-type, deeply recycled component
and the European asthenospheric reservoir (Granet
et al. 1995).

The metasomatism of the upper mantle beneath
the Hyblean Plateau (Sicily) is the purpose of the
first paper by Perinelli et al. They propose a two-
stage evolutionary history for Hyblean anhydrous
spinel lherzolites and harzburgites: (1) a slight to
moderate (6–13%) partial melting event, which,
using Re–Os in situ isotopic determinations
(Sapienza et al. 2006), was estimated to have
occurred at a minimum Palaeoproterozoic–Archaean
age; (2) a cryptic metasomatism event that introduced
LREE, Sr, HFSE, V and Ti into the ‘barren’ perido-
tite, probably lasting from Carboniferous times to
the present day, which is supported by the Sm–
Nd isotopic study (Tonarini et al. 1996) and by
the widespread presence of glassy veins. The
latter metasomatizing episode was caused by a
hawaiitic melt and, according to Perinelli et al., is
related to the presence of the glassy veins, and is
not considered relevant on a regional scale. The
metasomatizing melt determined oxidation of the
upper mantle, increasing its redox state to above
the fayalite–magnetite–quartz buffer (FMQ).
Melt–peridotite interaction episodes are generally
related to metasomatic re-equilibration with a silic-
eous melt similar to the Upper Miocene host basalt,
again posing the question of the relationships
between metasomatism and magmatism: the
former probably representing a precursor to the
latter. Some peculiar spoon-shaped clinopyroxene
trace element patterns are explained as chromato-
graphic effects of the melt flowing into a conduit
and variably metasomatizing the surrounding
country rocks. The Hyblean peridotites were equili-
brated in the spinel peridotite stability field. P–T
estimates are consistent with the data obtained pre-
viously on pyroxenite xenoliths, suggesting a highly
perturbed palaeo-geotherm, probably, related to the
numerous magmatic intrusions at the crust–mantle
boundary and responsible for the metasomatic
event(s) recorded by peridotites.

Ismail et al. present an original occurrence of
spinel + amphibole-bearing mantle xenoliths from
the Neogene–Quaternary volcanic province of
Jabel El Arab (southern Syria). This locality,
together with many others in the region, is difficult
to access and the study contributes to the knowledge
of the lithosphere of the Dead Sea rift zone, at the
boundary between the African and Arabian plates.
The great majority of xenoliths are harzburgites,
with a few lherzolites and wehrlites. Based on clin-
opyroxene trace element contents, three groups of
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harzburgites are distinguished, showing a complex
evolutionary history that involves polybaric partial
melting (from garnet to spinel stability fields) at
various degrees (,20%), followed by various meta-
somatic episodes. Some Group II harzburgite
mineralogical and geochemical compositions indi-
cate a near re-equilibration with a silicate melt at
a relatively high melt/rock ratio, which increased
the incompatible trace element abundances but did
not significantly affect major element compositions.
Some of the Group III harzburgites have mineralo-
gical and geochemical compositions indicative of
metasomatism by small silicate- or carbonate-rich
melt fractions, resulting in selective major and
trace element enrichments in the clinopyroxenes
(high LREE/HREE ratio coupled with low
HFSE). The carbonate-rich melt is not considered
a mantle-derived carbonatite but the result of pro-
gressive reactions and crystallizations of an original
volatile-bearing silicate melt with the residual peri-
dotites. These metasomatic events were responsible
for the presence of amphibole, as well as for the
enrichment observed in the clinopyroxenes. The
widespread presence of glassy patches filled with
secondary cpx þ ol þ sp in both anhydrous and
hydrous xenoliths provides evidence for the perco-
lation of small silicate melt fractions shortly
before eruption. These melts did not originate by
in situ partial melting of amphibole but were
derived from partial melting of amphibole in the
nearby lithospheric mantle and subsequent frac-
tional crystallization of clinopyroxene, olivine and
spinel in reaction zones. Whether the different
types of metasomatism could all be contempora-
neous and derivatives of the same original silicate
melt source or whether the lithospheric mantle was
affected by different metasomatic media at different
times, also considering that volcanism in southern
Syria has been continuous since Miocene, remains
an open and highly debatable question.

Based on the study of the Gharyan peridotite
xenoliths from NW Libya, Beccaluva et al. assess
the role of HIMU metasomatic components in the
African lithospheric mantle. The mantle spinel lher-
zolite xenoliths from the Gharyan volcanic field
represent slightly to moderately depleted mantle
material likely to have resulted from extraction of
basic melts during pre-Palaeozoic times. Sub-
sequent metasomatic effects are evidenced by the
widespread pyrometamorphic textures represented
by reaction patches. Trace element analyses of
both bulk rocks and constituent pyroxenes show
variable enrichments in incompatible elements
possibly caused by interaction with Na-alkali
silicate basic melts similar to those from north
African volcanic districts. Most clinopyroxene sep-
arates from the Gharyan xenoliths show Sr–Nd–Pb
isotope compositions that indicate a prevalent

HIMU metasomatic signature. A coherent Sr–
Nd–Pb signature approaching DM is recorded by
a single sample relatively unaffected by meta-
somatic reactions, whereas some other samples
characterized by Sr–Nd ratios approaching DM,
but with a Pb isotope HIMU affinity, may be
attributable to higher mobility of Pb relative to Sr
and Nd during metasomatism. Beccaluva et al.
conclude that the Na–alkali silicate agent(s),
characterized by a clear HIMU signature, affected,
to a variable extent, a depleted lithospheric mantle
section (DM). This prevalent HIMU fingerprint
compares favourably with the geochemical features
of alkaline basic lavas and associated mantle xeno-
liths from other volcanic districts of northern
Africa, suggesting a common sub-lithospheric meta-
somatic agent across the region.

The second paper by Perinelli et al. develops an
experimental approach aimed at reproducing the
effect of metasomatism induced by alkaline
magma on upper mantle of Northern Victoria
Land (Antarctica). This is one of the few attempts
to experimentally model this process; it also had
the aim of constraining the P–T–X conditions suit-
able for the formation of amphibole. The model is
developed using a natural nephelinite magma (vari-
ably doped with H2O and TiO2) sandwiched
between natural anhydrous peridotite and pyroxe-
nite matrixes in analogy to what has been observed
in mantle xenoliths from Antarctica (Coltorti et al.
2004; Perinelli et al. 2006). These experiments are
difficult to perform for many reasons, one of
which is the differential temperature gradient that
exists when basaltic magmas intrude a peridotite
host. This condition cannot be simulated in a small
capsule, and the nephelinite has to be pre-heated
and pre-quenched. During the reaction, if the con-
ditions to form amphibole are to be created, the
temperature cannot be too high (amphibole is not
stable above 1100 8C at 1.5–2 GPa, Niida &
Green 1999), which means that the nephelinite is
not completely melted and the composition of the
infiltrating melts would be different from that of
the starting material (i.e. the nephelinite). Perinelli
et al. show that, in experiments on nephelinite–
lherzolite and nephelinite–pyroxenite assemblages,
considerable chemical modifications are observed
in both lherzolitic and pyroxenitic portions of the
charges, suggesting that metasomatic reactions
developed during the experiments. Clinopyroxene
composition changes from diopside to high-Mg–
Cr–(Na) augite and omphacite in lherzolite and to
low-Mg and high-Ti–Al–Fe–Na augite in pyro-
xenite. The observed Ti increase in natural clinopyr-
oxenes is fairly well matched by crystals formed
in pyroxenite, whereas even the use of Ti-doped
nephelinite caused a negligible Ti increase in clino-
pyroxene of lherzolite. Spinels (in lherzolite) and
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olivines (in pyroxenite) were compositionally
modified by metasomatic melts: Cr-number
increases and Mg-number decreases in spinel, and
forsterite decreases in olivine. Synthetic glasses
that fit better with natural melts are produced by
runs at T , 1250 8C in nephelinite–wehrlite exper-
iments and at T ¼ 1250 8C and 1.5 GPa in the
nephelinite–lherzolite experiment.

Pre-Mesozoic metasomatism in continental

intraplate settings

The paper by Bonadiman et al., based on major
and trace element and Nd–Sr–Hf isotopic (both
on whole rock and separate clinopyroxenes) com-
positions, demonstrates that the Scottish litho-
spheric mantle beneath Rinibar and Streap has
been affected by Palaeozoic kimberlite or carbona-
tite and subduction-related metasomatic events.
Rinibar mantle xenoliths show two different meta-
somatic styles, one carbonatitic and one kimberlite-
like, both derived from the same source. This is
supported by the similarity of Sr and Nd isotopic
ratios at 550 + 50 Ma. This age can be related to
the opening of the Iapetus Ocean following the
break-up of the Rodinia supercontinent. Late
Proterozoic–Early Phanerozoic carbonatite magma-
tism is also recognized within Scotland. Moreover,
the genesis of the coherent suite of megacrysts
from the Scottish Permo-Carboniferous high-
alkaline lavas involved carbonatitic melt fractions.
The emplacement of very small fraction partial
melts (and related mantle metasomatism) in relation
to the rifting and drifting of the Iapetus Ocean could
be compared with the opening of the Atlantic
Ocean, where Early to Late Cretaceous kimberlite
and alkaline–carbonatite complexes are found on
both sides of the ocean in Brazil and Angola. At
500 Ma the tectonic regime changed from divergent
to convergent. It may have been during this conver-
gent stage (c. 400 Ma) that the metasomatism
affecting the Streap lithospheric mantle occurred.
The various terranes that now constitute Scotland
in fact came into conjunction at the end of Caledo-
nian Orogeny, and were certainly contiguous by
416 Ma. Clinopyroxenes from this locality show
trace element contents that can be explained by
slab-related metasomatic fluids, and based on
Nd–Sr and Hf isotopes a substantial amount of
sediments (c. 10%) is necessary to explain the iso-
topic features of these samples. The Rinibar clino-
pyroxenes record no subduction-related imprint.
This could imply that either the northeasternmost
portion of the Highland Terrane lithospheric
mantle was unaffected by the Caledonian subduc-
tion or, alternatively, that the subduction-related
metasomatism recorded in the Streap mantle may

have been older, and occured when the two litho-
spheric blocks were far apart.

Finally, the study of Ashchepkov et al. proposes
to use monomineral thermobarometry to reconstruct
mantle sections beneath Yakutian kimberlite pipes
(Siberia, Russia). They demonstrate that their
methods offer the possibility to determine the
general features of the lithological stratigraphy of
mantle columns. They also propose that mantle sec-
tions containing large amounts of eclogites have, as
a rule, peridotites with hybrid features, and some-
times metasomatites and anatexic pyroxenites. For
them, a layered mantle structure is characteristic
beneath most kimberlite pipes and is probably
related to the periodicity of superplume activity in
the Precambrian. Finally, they argue that the
largest diamondiferous pipes exhibit the specific
structural features of their underlying mantle
columns; that is, the presence of dunite horizons,
subadiabatic temperature gradients, and large
amounts of pyroxenites.

The authors are deeply grateful to N. Arndt, D. Bell,
M. Benoit, S. Cebria, G. Chazot, S. Conticelli,
J.-Y. Cottin, G. Ceuleneer, L. Dallai, J.-M. Dautria,
G. Delpech, G. Dobosi, H. Downes, S. Duggen, S. Foley,
C. Garrido, J.-P. Liegois, M. Menzies, A. Montanini,
E.-R. Neumann, P. Nimis, G. Ranalli, C. Shaw, C. Szabò,
M. Thirlwall, M. Toplis and G. Yaxley for their sugges-
tions and comments, which greatly improved the overall
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GRÉGOIRE, M., O’REILLY, S. Y & POWELL, W.
2007a. Amphibole from suprasubduction and intra-
plate litospheric mantle. Lithos; doi: 10.1016/
j.lithos.2007.05.009.

COLTORTI, M., BONADIMAN, C., FACCINI, B.,
NTAFLOS, T. & SIENA, F. 2007b. Slab melt and intra-
plate metasomatims in Kapfenstein mantle xenoliths
(Styria Basin, Austria). Lithos, 94, 66–89.

CONTICELLI, S., GUARNIERI, L., MATTEI, M. ET AL.
2007. Potassic and ultrapotassic magmatism in the
Western Mediterranean Basin and insights on its geody-
namic significance—1: evidence from Pb, Nd, and Sr
isotopes and trace elements data on lamproite, shosho-
nites and calc-alkalic associations from Tuscany,
Murcia–Almeria, Corsica, and Western Alps. In:
European Mantle Workshop, Ferrara, 29–31 August
2007, Abstracts CD.

DAWSON, J. B. 1984. Contrasting types of mantle meta-
somatism? In: KORNPROBST, J. (ed.) Kimberlites II;
the Mantle and Crust–Mantle Relationships. Elsevier,
Amsterdam, 289–294.
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The Jurassic Ligurian Tethys, a fossil ultraslow-spreading

ocean: the mantle perspective
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Abstract: Alpine–Apennine ophiolites derive from the Jurassic Ligurian Tethys oceanic basin
formed by lithosphere extension and failure in the pre-Triassic Europe–Adria system. The
basin was floored by mantle peridotites and was characterized by along-axis alternation of avol-
canic and volcanic segments. Lithosphere extension and thinning caused asthenosphere adiabatic
upwelling and decompressional melting. Mid-ocean ridge basalt (MORB)-type melts diffusely
percolated through and reacted with the overlying lithospheric peridotites, which were strongly
modified, both depleted (harzburgites and dunites) and enriched (plagioclase peridotites), by
melt–peridotite interaction and melt refertilization. The stratigraphic–structural features
(mantle at the sea floor and alternation of avolcanic and volcanic segments) coupled with petro-
logical features (presence of alkaline melts and strongly heterogeneous, melt-modified peridotites)
allow us to interpret the Ligurian Tethys as a Jurassic analogue of modern ultraslow-spreading
oceans. The Liguria Mode for the inception of an oceanic basin consists of: (1) the rifting (con-
tinental) stage, dominated by extension of continental lithosphere and tectonic exhumation of
lithospheric mantle; (2) the drifting (transition) stage, characterized by melt-related processes
(i.e. inception of asthenosphere partial melting and MORB melt percolation through the overlying
mantle lithosphere); (3) the spreading (oceanic) stage, characterized by failure of the continental
crust, sea-floor exposure of mantle peridotites and discontinuous MORB extrusion.

The Ligurian Tethys basin separated the Europe
and Adria plates during Late Jurassic–Cretaceous
times. Opening of the Ligurian Tethys was kinemati-
cally related to pre-Jurassic rifting and Late Jurassic
spreading in the central Atlantic and was a conse-
quence of the passive extension of the Europe–
Adria continental lithosphere (Fig. 1). Segments of
the oceanic lithosphere of the Jurassic basin form
large ophiolite bodies in the orogenic system of the
Western–Central Alps (Platta, Malenco, Pennidic
Units, Lanzo, Chenaillet, Erro–Tobbio), the Northern
Apennines (Internal and External Liguride Units,
Tuscany) and Corsica (Monte Maggiore).

Palinspastic reconstructions suggest that the
Ligurian Tethys did not reach the size of modern
oceans (Winterer & Bosellini 1981): oceanic accre-
tion in the Ligurian Tethys started in the Middle
Jurassic and continued for c. 25 Ma. Age data indicate
a narrow time span between the end of divergence and
the onset of convergence and subduction. In the
Alpine realm, plate convergence leading to subduc-
tion of the oceanic lithosphere probably started in
the Late Cretaceous. The subduction zone had a
SW–NE trend, with the Europe plate underthrusting
the Adria plate, and it was most probably intra-
continental in the northernmost Alpine sector, and
progressively intra-oceanic towards the Ligurian
sector (Dal Piaz 1993, and references therein).

The Ligurian Tethys was completely closed in
the Early Tertiary, when segments of its oceanic

lithosphere were emplaced as west-vergent thrust
units in the Alps and east-vergent thrust units in the
Apennines. Depending on their stratigraphic, struc-
tural and metamorphic characteristics, the various
ophiolitic sequences of the Western Alps (WA)–
Northern Apennines (NA) have been ascribed to
different palaeogeographical settings in the Juras-
sic–Cretaceous Ligurian Tethys (Fig. 2). Accord-
ingly, the Lanzo and Voltri ophiolite massifs of the
Western and Ligurian Alps, which bear clear
records of eclogite-facies recrystallization and under-
went LT–HP subductive evolution were located west
of the subduction zone and are considered parts of the
Europe plate. The ophiolite-bearing Liguride Units of
the Northern Apennines, which escaped subduction
and underwent low-grade orogenic metamorphism,
were located east of the subduction zone and are con-
sidered part of the Adria plate (Piccardo & Vissers
2007, and references therein).

Since the early 1970s it has been recognized that:
(1) Ligurian ophiolitic mantle peridotites are,
dominantly, rather fertile, cpx-rich lherzolites (e.g.
Bezzi & Piccardo 1971; Nicolas & Jackson 1972);
(2) both gabbroic intrusive rocks and basaltic volca-
nites in Ligurian ophiolites have mid-ocean ridge
basalt (MORB) affinity (e.g. Beccaluva et al. 1980;
Serri 1980). The most relevant lithostratigraphic
features of these ophiolites is that serpentinized
mantle peridotites underlie both basaltic lava flows
and oceanic sediments, whereas sheeted dyke
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complexes and gabbroic Layer 3 are completely
lacking. Kilometre-size gabbroic bodies are solely
present as intrusions into mantle rocks. Thus, a
general consensus exists on the interpretation that

the Ligurian Tethys basin was floored by a peridotite
basement (Decandia & Elter 1969; Bezzi & Piccardo
1971; Piccardo 1976; Lemoine et al. 1987; Abbate
et al. 1994).

Fig. 2. Generalized palaeogeographical restoration of the Ligurian Tethys, with location of the main ophiolite
sequences at ocean–continent transition (OCT) and more internal oceanic (MIO) settings (redrawn and modified
after Dal Piaz 1993).

Fig. 1. Mesozoic evolution of central Atlantic and Ligurian Tethys basins, from continental rifting to ocean
formation (redrawn and modified after Lemoine et al. 1987).
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On the basis of stratigraphic and structural fea-
tures, the Liguride Units have been divided into two
main groups: the Internal (IL) and the External (EL)
Ligurides. The IL Units have been referred to more
internal settings of the basin and consist of serpenti-
nized mantle peridotites, usually covered by ophicar-
bonate breccias (ophicalcite) and intruded by
gabbroic bodies. Ultramafic and gabbroic rocks are
locally covered by MORB-type basaltic flows and
oceanic sediments (radiolarian cherts, Calpionella
Limestones and Palombini Shales) (Abbate et al.
1994, and references therein). The EL Units have
been referred to more pericontinental settings of the
Adria block and two domains have been distingui-
shed (Marroni et al. 2002, and references therein):
(1) the Western EL Domain, characterized by ophio-
lite olistoliths (MORB-type basalts and mantle
peridotites) in the Basal Complex associated with
continental mafic or felsic granulites and granitoids;
this domain has been considered as an ocean–conti-
nent transition zone; (2) the Eastern EL Domain,
characterized by units with Austro-Sudalpine or
Insubrian affinity, and lacking ophiolites; this
domain has been interpreted as the westernmost
zone of the thinned Adria continental margin.

Structural, petrological and geochemical data on
mantle peridotites deriving from different settings of
the Ligurian Tethys basin have shown their extreme
compositional heterogeneity (e.g. Piccardo 1976,
2003; Beccaluva & Piccardo 1978; Ernst & Piccardo
1979; Beccaluva et al. 1984; Rampone et al. 1995,
1996, 1998; Piccardo et al. 2004; 2007a; Müntener
& Piccardo 2006) and have revealed that they were
exhumed from the sub-continental lithospheric
mantle to the sea floor of the basin by means of
kilometre-scale extensional shear zones (e.g. Drury
et al. 1990; Vissers et al. 1991; Hoogerduijn Strating
et al. 1993; Montanini et al. 2006; Piccardo &
Vissers 2007).

This paper aims to: (1) review present know-
ledge on the most relevant field, structural and
compositional characteristics of mantle rocks that
were exposed at the sea floor of the Ligurian
Tethys basin; (2) document the close relationships
between petrology and geodynamic setting of the
various peridotite massifs; (3) provide evidence for
the close similarity of the ancient Ligurian Tethys
and modern ultraslow-spreading oceans; (4)
discuss the geodynamic evolution of the Jurassic
Ligurian Tethys, on the basis of the structural–
compositional evolution recorded in the mantle
peridotites. The discussion is based on field,
structural, petrological and geochemical data for
ophiolitic peridotite massifs from the Western
Alps and Northern Apennines in NW Italy, which
preserve mantle structures and compositions,
although some of them were involved in the Alpine
subduction.

Peridotite petrology and geodynamic

setting

The considered ophiolitic peridotites derive from
both ocean–continent transition (OCT) zones and
more internal oceanic (MIO) settings of the
ancient Ligurian Tethys basin. Mantle peridotites
occur as: (1) kilometre-scale olistoliths, in close
association with MORB pillow lava flows and con-
tinental crust material within the structural units
deriving from the OCT zones of the Adria margin
(e.g. the External Ligurides); (2) the basement of
MORB lava flows and oceanic sediments in the
ophiolite sequences from the MIO settings (e.g.
the Internal Ligurides) (Abbate et al. 1994;
Marroni et al. 2002; and references therein). The
majority of the NA Internal Liguride Units and of
the WA Pennidic Units, which presumably
derived from the MIO settings of the basin,
consist of serpentinized mantle peridotites, associ-
ated with volcanic rocks (or meta-volcanic rocks
in the WA; i.e. greenschist or eclogitic metabasites)
showing MORB affinity and oceanic sediments (or
meta-sediments in the WA; i.e. calc-schists or
schistes lustreés). these sequences preserve the orig-
inal oceanic stratigraphy which indicates the
presence of both:

(1) avolcanic sequences, showing direct
mantle exposure at the sea floor, without interposed
basalts, below the sedimentary cover; (2) volcanic
sequences, showing a basaltic cover interposed on
top of serpentinized mantle peridotites. In the
following, the terms avolcanic and volcanic are
used to indicate the absence or presence of volcanic
rocks in the oceanic sequence, instead of amagmatic
and magmatic.

Recent mantle studies on ophiolitic peridotites
from the Ligurian Tethys (e.g. Piccardo et al. 2004,
and references therein) indicate the abundance of
records of melt percolation and impregnation in peri-
dotites even deriving from avolcanic sequences,
suggesting that melt was in the system even without
sea-floor emplacement of volcanic rocks. Accord-
ingly, the terms amagmatic and magmatic are solely
used when referring to previous papers, where these
terms were used to indicate avolcanic and volcanic
ridge segments in present-day ultraslow-spreading
ridges (e.g. Michael et al. 2003).

The sub-continental lithospheric

peridotites from OCT settings

Mantle peridotites from OCT settings (Platta,
Malenco, Northern Lanzo massif, part of Erro–
Tobbio (ET) and some bodies in the External Ligur-
ides) are rather fertile lherzolites, showing (1) high
contents (10–15% by volume) of clinopyroxene
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with relatively high Na and Al contents (Fig. 3a),
(2) Ti-pargasite-bearing spinel-facies assemblage,
(3) widespread spinel (and garnet) pyroxenite bands
and locally phlogopite-hornblendite dykes, and
(4) bulk-rock compositions consistent with melting
residua after low degrees of partial melting; accord-
ingly, they plot along the melting trends calculated
by Niu (1997) (Fig. 3b).

Microstructural–paragenetic features indicate
that they were uplifted from garnet-peridotite
facies and were equilibrated at spinel-facies con-
ditions (at T in the range 900–1100 8C), on an
average continental geotherm (Müntener et al.
2004; Piccardo et al. 2004, 2007a; Montanini
et al. 2006; Piccardo & Vissers 2007; and
references therein).

Fig. 3. Bulk-rock characteristics of the various types of mantle peridotites from the Erro–Tobbio and South
Lanzo massifs (data from Piccardo & Vissers 2007; Piccardo et al. 2007a). (a) Na2O v. Al2O3 wt% of clinopyroxenes
from (1) sub-continental lithospheric peridotites, (2) reactive spinel peridotites and (3) impregnated plagioclase
peridotites. Clinopyroxenes in (1) maintain relatively high Na and La contents, whereas Na significantly decreases in
(2) and NaþAl strongly decrease in (3), as a result of equilibrium crystallization with plagioclase (data from Piccardo
et al. 2007a). (b) Bulk-rock SiO2 v. MgO wt% contents of sub-continental lithospheric peridotites from the Erro–
Tobbio massif. Mantle melting trends calculated by Niu (1997) are also reported. The representative points of the
Erro–Tobbio lithospheric peridotite samples plot along the melting trends, suggesting their origin as refractory
residua after variable degrees of partial melting (data from Piccardo & Vissers 2007). (c) Bulk-rock SiO2 v. MgO wt%
contents of reactive spinel peridotites and impregnated plagioclase peridotites from the Erro–Tobbio and South
Lanzo massifs. Melting trends are reported from Niu (1997). Legend: niu poly 25-8 and niu poly 15-8 are trends
related to fractional melting in the range of 2.5–0.8 and 1.5–0.8 GPa, respectively; niu batch 10 and niu batch 20 are
the trends related to batch melting at constant P (i.e) 1 and 2 GPa, respectively). The representative points of the
Erro–Tobbio and South Lanzo peridotites plot at significantly lower SiO2 contents, at corresponding MgO contents,
than melting trends indicating that these rocks underwent significant ‘undersaturation’, i.e. replacement of mantle
pyroxenes by olivine during reactive melt–peridotite interaction (data from Piccardo & Vissers 2007; Piccardo
et al. 2007a). (d) Bulk-rock FeO v. MgO wt% contents of reactive spinel peridotites and impregnated plagioclase
peridotites from the Erro–Tobbio and South Lanzo massifs. Melting trends are reported from Niu (1997). Legend as in
(c). The representative points of the Erro–Tobbio and South Lanzo peridotites plot at significantly higher FeO contents,
at corresponding MgO contents than melting trends (data from Piccardo & Vissers 2007; Piccardo et al. 2007a).
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Some EL (OCT) lherzolites gave Nd model ages
of 1.9–1.7 Ga (assuming a CHUR mantle source)
(Rampone et al. 1995), which have been considered
ages of isolation from the convective mantle and
accretion to the thermal lithosphere. On the basis of
Nd and Sr isotopic ratios of separated cpx, the north-
ern body of the Lanzo Massif has been considered by
Bodinier et al. (1991) as a section of sub-continental
mantle lithosphere that became isolated from the
convective mantle 400–700 Ma ago. These lines of
evidence support the interpretation that OCT perido-
tites derive from the sub-continental lithospheric
mantle of the Europe–Adria system and that the diff-
erent bodies were accreted to the sub-continental
lithosphere at different times.

Generally, the complete textural and compo-
sitional equilibration at spinel-facies conditions of
many OCT peridotite masses has been interpreted as
the annealing recrystallization of pristine mantle pro-
toliths from the asthenosphere at conditions compati-
ble with a mean sub-continental geotherm, after
isolation from the convective mantle. Accordingly,
they have been considered to represent the stage of
accretion to the thermal lithosphere and incorporation
into the mantle lithosphere (Piccardo 1976; Rampone
et al. 1995; Piccardo et al. 2004; Piccardo & Vissers
2007). For the Erro–Tobbio body, all the petrological
features pre-existing the sp-facies annealing re-
crystallization (i.e. partial melting, melt intrusion
(formation of pyroxenite bands) and plastic deforma-
tion) have been referred to a previous asthenospheric
stage of evolution (Piccardo & Vissers 2007, and
references therein).

Sub-continental lithospheric peridotites show
composite subsolidus decompressional evolutions
under lithospheric thermal conditions (i.e. litho-
spheric evolution). Sub-continental peridotites
from Erro-Tobbio and some External Liguride
masses show that sp-facies equilibrium granular
structures and pyroxenite banding are strongly
deformed along kilometre-scale extensional shear
zones, where the syntectonic metamorphic assem-
blage of the tectonite–mylonite bands varies from
spinel- to plagioclase- to amphibole-(chlorite)-
peridotite facies assemblages, and was followed
by formation of serpentinite mylonites. This has
been interpreted (e.g. Drury et al. 1990; Vissers
et al. 1991; Hoogerduijn Strating et al. 1993;
Piccardo & Vissers 2007) as evidence that the sub-
continental lithospheric mantle was progressively
exhumed towards the sea floor of the basin during
lithospheric extension, and that the extensional shear
zones accommodated most of the exhumation and
thinning of the sub-continental mantle lithosphere.

Recently, the exhumation history of a garnet
pyroxenite-bearing mantle section (hereafter referred
to as the Mt. Prinzera body) from the External Ligur-
ides, deriving from deep levels (garnet facies) of the

sub-continental lithosphere, has been investigated
by Montanini et al. (2006). The exhumation was
accomplished in two separate steps. The first step
has been referred to Late Palaeozoic continental exten-
sion, whereas the second step (i.e. the low-pressure
portion of the exhumation), including formation of
plagioclase mylonitic shear zones, was related to the
Mesozoic (Triassic to Jurassic) rifting that led to
continental breakup (Montanini et al. 2006). In fact,
Lu–Hf isochrons gave a minimum age of 220+ 13
Ma for the development of plagioclase-facies
mylonites (Montanini et al. 2006), suggesting that the
Mt. Prinzera lherzolites underwent subsolidus decom-
pressional evolution starting from Triassic times as a
consequence of lithospheric extension. In the Mt.
Prinzera peridotite, the anhydrous ductile evolution is
overprinted by different episodes of deformation
under hydrous conditions: the Sm–Nd isochron on
Mg-hornblende-bearing veins gave an age of
186.0+ 1.5 Ma, which has been interpreted as a
maximum time estimate for the onset of mantle
hydration (Montanini et al. 2006). The retrograde evol-
ution from plagioclase- to amphibole-facies conditions
in the Mt. Prinzera peridotite was almost coeval with
the intrusion of MORB gabbros in other sectors of
the External Liguride mantle section (Sm–Nd
isochron ages of 179+9 Ma, Tribuzio et al. 2004).

Additional informations on the decompressional
evolution of the lithospheric mantle in the Ligurian
Tethys realm derives from the Malenco peridotite
in the Central Alps (Trommsdorff et al. 1993;
Müntener & Hermann 2001, and references therein),
which was equilibrated at high mantle levels in Late
Palaeozoic times. This peridotite underwent decom-
pression, as indicated by the development of hydrated
shear zones (tremolite–chlorite peridotite mylonites),
starting at about 225 Ma (40Ar/39Ar amphibole age
determinations), which has been related to the onset
of rifting of the lithosphere leading to continental
breakup. Accordingly, extensional evolution in the
shallow mantle (i.e. Malenco) was almost coeval
with extension and thinning in the deeper spinel-facies
lithospheric mantle (i.e. Mt. Prinzera).

On the basis of available data on the OCT peri-
dotites, it can be speculated that in pre-Triassic
times the different mantle sections were at different
levels (i.e. P–T conditions) in the sub-continental
lithospheric mantle of the Europe–Adria realm,
but they underwent decompressional exhumation
together starting from Middle to Late Triassic
times, as a consequence of lithospheric extension.

The heterogeneous peridotites from

MIO settings

The peridotites from MIO settings show extreme
compositional heterogeneity, varying from fertile
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spinel lherzolites to depleted spinel harzburgites and
dunites to plagioclase-enriched peridotites (Piccardo
et al. 2004). Fertile spinel lherzolites show struc-
tural and compositional features similar to those
of OCT peridotites, whereas the majority of
mantle peridotites (i.e. depleted spinel harzbur-
gites–dunites and plagioclase-enriched peridotites)
have structural and compositional characteristics
suggesting melt–peridotite interaction processes
(Piccardo et al. 2004, 2007a; Piccardo & Vissers
2007, and references therein).

The different rock-types show clear mutual
relationships in the field: pristine fertile spinel lher-
zolites, still preserved in places as decametre- to
hectometre-sized remnants, are transformed to
granular rocks recording melt–peridotite inter-
action processes. These ‘reacted’ peridotites retain
widespread textural–compositional relics of the
lithospheric protoliths (i.e. phantoms of pyroxenite
banding, where pyroxenes are corroded and
replaced by new olivine, sp trains left after dissol-
ution of pyroxenes of pre-existing pyroxenite
bands, opxþ sp clusters recording spinel-facies
breakdown of precursor garnet, etc.) (see Piccardo
et al. 2004, 2007a; Piccardo & Vissers 2007, and
references therein).

Some Internal Liguride peridotites gave a Nd
model age of about 275 Ma (Rampone et al.
1996), which has been interpreted as the age of
Permian partial melting and accretion to the
thermal lithosphere. Comparable Nd model ages
have been obtained from the Platta peridotites in
the Central Alps (Müntener et al. 2004). These peri-
dotites are considered as representing mantle sec-
tions that were partially melted during Permian
extension-related mantle melting and magma pro-
duction in the Alpine realm (e.g. Dal Piaz 1993,
and references therein) and were accreted to the
thermal lithosphere prior to and independently
from the Jurassic evolution. IL MORB gabbroic
intrusive rocks yielded Sm–Nd isochron ages of
164 Ma. The Nd isotope composition recalculated
to 164 Ma for IL gabbroic and peridotitic rocks
give 1Nd ¼ 8.6 and 1Nd ¼ 11.9–14.8, respectively;
this isotopic contrast has been interpreted by
Rampone et al. (1998) as evidence of the lack of
a genetic crust–mantle link between IL residual
mantle and IL MORB magmatism. Tribuzio et al.
(2004) have recently argued against the geochrono-
logical meaning of Nd model ages provided by
these MIO peridotites on the basis of close isotopic
similarities to abyssal peridotites from modern
oceans (Salter & Dick 2002).

Geochronological data on melt percolation in
MIO peridotites are available for some Monte Mag-
giore (Corsica) impregnated plagioclase peridotites
(Rampone & Piccardo 2003) which gave Sm–Nd
cpx–plg isochron ages of 155 + 6 Ma. Some

plagioclase peridotites from the Mt. Nero body of
the External Liguride units yielded Sm–Nd cpx–
plg isochron ages of (163–165) + 20 Ma that
have been interpreted by Rampone et al. (1995) to
date the exhumation of the External Liguride
mantle to plagioclase-facies conditions. Field and
microstructural–geochemical features show that
the Mt. Nero peridotites are plagioclase-enriched
impregnated peridotites (Müntener & Piccardo
2003; Piccardo et al. 2004, 2006; Poggi et al.
2005) formed by melt–peridotite interaction. It is
thus plausible, as recently proposed by Montanini
et al. (2006), that the ages reported by Rampone
et al. (1995) record a stage of MORB melt –
peridotite interaction and impregnation in the
External Liguride mantle.

On the basis of these data, it can be speculated
that MORB melt percolation and impregnation in
MIO peridotites occurred in Jurassic times.

Melt interaction processes in MIO

peridotites

Pristine spinel lherzolite protoliths (sub-continental
lithospheric spinel peridotites) are transformed to
different types of granular rocks, both spinel and
plagioclase peridotites, which show structural and
compositional features suggesting melt–peridotite
interaction. These ‘modified’ peridotites cropping
out in MIO settings are hereafter referred to as reac-
tive, impregnated and replacive peridotites, on the
basis of their field, structural and compositional
features (see below).

Field observations indicate that (Piccardo et al.
2004, 2006, 2007a): (1) pristine sub-continental
spinel peridotites are transformed to reactive
depleted spinel peridotites (harzburgites and
dunites); (2) subcontinental and reactive spinel peri-
dotites are transformed to impregnated plagioclase
peridotites; (3) impregnated plagioclase peridotites
are cut by and replaced by spinel peridotites
(harzburgites and dunites).

Bulk-rock compositions of reactive and impreg-
nated peridotites from South Lanzo and Erro–
Tobbio indicate that they are commonly character-
ized by significant lower SiO2, and higher FeO,
than refractory residua calculated by Niu (1997),
at similar MgO contents (Fig. 3c and d). Accord-
ingly, neither reactive nor impregnated peridotites
correspond to refractory residua after any kind of
partial melting, as modelled by Niu (1997).

Reactive spinel peridotites. These crop out in
kilometre-scale areas and usually have granular
textures and variable grain size. They consist of
two main rock-types: (1) coarse granular,
clinopyroxene-bearing spinel harzburgites which
replace the pristine foliated sub-continental spinel
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peridotites; (2) granular, orthopyroxene-bearing
spinel dunites which cut, in the form of metre-wide
bands and decametre-wide bodies, the former
coarse granular spinel harzburgites.

Spinel harzburgites show peculiar microstruc-
tures: (1) unstrained olivine coronas partly replacing
corroded, deformed and exsolved pyroxene porphyr-
oclasts; these are indicative of pyroxene-dissolving-
and olivine-forming processes caused by peridotite
interaction with diffusely percolating pyroxene
(–silica)-undersaturated melts of deeper origin; (2)
interstitial formation of new pyroxenes; this is indica-
tive of incipient crystallization of the percolating
melts which attained pyroxene(–silica) saturation
during the reactive percolation.

Reactive spinel peridotites are strongly depleted
in pyroxenes and enriched in olivine. They have
highly variable clinopyroxene (from 1 to 12%), sig-
nificantly low orthopyroxene (,15%) and high
olivine (up to 92%) modal contents. They show a
significant decoupling between bulk and mineral
major and trace element compositions. According
to their bulk-rock MgO contents, they should corre-
spond to refractory residua after 15–25% of partial
melting of a fertile mantle source (according to
modelling of Niu 1997), whereas clinopyroxene
rare earth element (REE) contents and patterns indi-
cate that the equilibrium melts were MORB-type
melt increments formed by low degrees (1–5%)
of fractional melting of spinel-facies depleted
mantle (DM) asthenospheric sources. This decou-
pling indicates that partial melting was not the
process responsible for their formation (Piccardo &
Vissers 2007; Piccardo et al. 2007a).

In the Erro–Tobbio Massif, clinopyroxenes
from reactive peridotites showing highly variable
clinopyroxene modal contents (1–12%) have
closely similar trace element contents (Fig. 4a);
this suggests that the different samples were vari-
ably depleted in clinopyroxene by melt reactive per-
colation but were equilibrated with the same
percolating melt. Model calculations indicate that
the percolating melt was closely similar to a
single melt increment produced by 4% fractional
melting of a spinel-facies depleted MORB mantle
(DMM) asthenospheric source (Fig. 4b).

In the Lanzo Massif, clinopyroxenes from reac-
tive peridotites show strongly variable trace
element contents and REE patterns (Fig. 4c). In
some cases (e.g. sample LAS3), they show REE
patterns closely similar to those of clinopyroxenes
equilibrated with a single melt increment produced
by 5% fractional melting of a spinel-facies DMM
asthenospheric source. In one case (sample
LAF17), they show strongly humped REE patterns
with significant light REE (LREE) and heavy REE
(HREE) fractionations, with a maximum at Eu
(at about 10 � C1); model calculations suggest

that the percolating melt was closely similar to a
single melt increment produced by 5% fractional
melting of a garnet-facies DMM asthenospheric
source (Fig. 4e). In other cases, they show depleted
sinusoidal REE patterns, which are indicative of the
presence of transient geochemical gradients in
the equilibrium melts during melt–peridotite inter-
action (see Piccardo et al. 2007a, for a more
detailed discussion).

Structural and compositional features of these
peridotites preclude their interpretation as refrac-
tory residua after partial melting and indicate that
they were formed by melt–peridotite interaction
processes. The trace element composition of their
clinopyroxenes documents both (1) the presence
of significant chemical exchanges between the
migrating melts and the ambient peridotite during
diffuse and reactive porous flow melt percolation,
and (2) the nature of the percolating melts, corre-
sponding to MORB-type melt increments formed
by rather low degrees (1–5%) of fractional melting
of (garnet)–spinel-facies DM asthenospheric mantle
sources.

Impregnated plagioclase peridotites. These rocks
crop out over kilometre-scale areas and form at the
expense of both lithospheric and reactive spinel
peridotites. In the field their most distinctive
feature is the significant enrichment of plagioclase,
which frequently reaches 15% by volume. They are
composed of a deformed and corroded spinel-facies
mantle assemblage (the mantle porphyroclasts)
and an unstrained interstitial igneous assemblage
of plagioclase and pyroxenes. Characteristic
microstructures are the replacement of mantle
olivine by orthopyroxene and, in some cases, of
clinopyroxenes by orthopyroxeneþ plagioclase
aggregates, and the formation of plagioclase
and pyroxenes as single crystals or millimetre-sized
gabbroic aggregates. These microstructures suggest
that pristine spinel peridotite underwent interaction
with and interstitial crystallization of percolating
melts (Piccardo et al. 2004, 2007a; Piccardo &
Vissers 2007).

Accordingly, plagioclase peridotites are hybrid
rocks representing mixtures of mantle peridotites
plus variable percentages of melt-derived micro-
gabbroic material. Their bulk-rock compositions
are enriched in fusible components and are more
‘fertile’ than sp-peridotites, sometimes exceeding
primitive mantle (PM) estimates (by Hofmann
1988) (Fig. 5a). The bulk-rock composition of
the plagioclase peridotites defines a trend of
increasing SiO2, Al2O3 and CaO and decreasing
MgO, which starts from the field delimited by
the reactive spinel peridotite compositions and
points to ‘gabbroic’ samples (i.e. former peridotites
with plagioclase contents higher than 10% by
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Fig. 4. REE patterns of clinopyroxenes from Erro–Tobbio and South Lanzo reactive spinel peridotites (data
from Piccardo & Vissers 2007; Piccardo et al. 2007a). (a) REE patterns of clinopyroxenes from Erro–Tobbio
reactive spinel peridotites. (b) The REE patterns of clinopyroxenes from Erro–Tobbio reactive spinel peridotites are
plotted together with REE patterns of clinopyroxenes obtained after 1 – 25% of fractional melting following the
melting model of Johnson et al. (1990), using cpx/liquid KD of Hart & Dunn (1993), starting from the mantle source
of Ionov et al. (2002). REE patterns of Erro–Tobbio clinopyroxenes are almost coincident with REE patterns of
clinopyroxenes in equilibrium with liquids after about 4% fractional melting of a spinel-facies asthenospheric
mantle source (data from Piccardo & Vissers 2007). (c) REE patterns of clinopyroxenes from South Lanzo reactive
spinel peridotites. (Note the strong heterogeneity of the spectra) (data from Piccardo et al. 2007a). (d) The REE
patterns of average clinopyroxene of sample LAS3 from South Lanzo reactive spinel peridotites (note the
strongly pyroxene-depleted, olivine-enriched modal composition) are plotted together with REE patterns of
clinopyroxenes obtained after 1 – 25% of fractional melting following the melting model of Johnson (1990), using
cpx/liquid KD of Hart & Dunn (1993), starting from the mantle source of Ionov et al. (2002). REE patterns of
these clinopyroxenes are almost coincident with REE patterns of clinopyroxenes in equilibrium with liquids after
about 5% fractional melting of a spinel-facies asthenospheric mantle source (data from Piccardo et al. 2007a).
(e) The REE patterns of average clinopyroxene of sample LAF17 from South Lanzo reactive spinel peridotites
(note the strongly pyroxene-depleted, olivine-enriched modal composition) are plotted together with the REE patterns
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volume). Spinels in plagioclase peridotites have
high Ti contents (TiO2 in the range 0.6–1.0 wt%),
similar to spinels in equilibrium with MORB (Dick
& Bullen 1984) (Fig. 5b). Moreover, their mantle

and magmatic pyroxenes are enriched in REE, high
field strength elements (HFSE) and Sc with respect
to those of the reactive spinel peridotites and to
those in equilibrium with MORB (Fig. 5c).

Fig. 5. Bulk-rock and mineral major and trace element compositions of impregnated plagioclase peridotites from
the South Lanzo massif (data from Piccardo et al. 2007a). (a) Bulk-rock REE patterns. The bulk-rock REE
pattern of the reactive spinel peridotite LAS3 is also reported for comparison. A significant LREE fractionation is
always present, and HREE reach concentrations higher (.3 times C1) than the estimated composition of primitive
mantle. (b) TiO2 v. Cr-number in spinels from impregnated plagioclase peridotites from the South Lanzo massif.
Compositions of oceanic refractory peridotites are also reported for comparison (data from Piccardo et al. 2007a).
(Note the relatively very high Ti contents of spinels, closely similar to Ti in spinel in equilibrium with MORB
(Dick & Bullen 1984).) (c) C1 normalized REE patterns of clinopyroxenes and plagioclase from the impregnated
plagioclase peridotites of South Lanzo. Note that clinopyroxenes and plagioclase show strong variation of LREE
fractionation and, particularly plagioclase REE patterns, show variation from negative to positive LREE fractionation.
The C1 normalized REE pattern of clinopyroxene from the reactive spinel harzburgite LAS3 is also reported for
comparison. Note that clinopyroxenes from the impregnated plagioclase peridotites are significantly enriched in REE.
(d) The liquids in equilibrium with the clinopyroxenes from representative impregnated plagioclase harzburgites have
been calculated using the cpx/liquidD proposed by Vannucci et al. (1998) for silica-saturated basaltic system. Their
calculated REE patterns are plotted against the REE patterns of fractional melting liquids calculated by a fractional
melting model of a spine-facies DM mantle source. It can be inferred that impregnated peridotites were percolated by
fractional melt increments produced by 1–6% fractional melting of a spinel-facies DM mantle source (see Piccardo
et al. 1997a, for more discussion).

Fig. 4. (Continued) of garnet-facies residual clinopyroxenes calculated using the garnet peridotite melt modes
from Walter (1998). REE patterns of these clinopyroxenes are almost coincident with REE patterns of
clinopyroxenes in equilibrium with liquids after about 5% fractional melting of a garnet-facies asthenospheric mantle
source (data from Piccardo et al. 2007a). (f) The REE patterns of average clinopyroxenes of samples LAF2 and
LAF3 from South Lanzo reactive spinel peridotites (note the strongly pyroxene-depleted, olivine-enriched modal
compositions) are plotted together with REE abundance in clinopyroxenes modelled by numerical simulation (Plate
Model, Vernieéres et al. 1997) of reactive porous flow of melts into a depleted peridotite (see Piccardo et al. 2007a,
for a more detailed discussion of the modelling). The simulation results show that the REE fractionation of
clinopyroxenes LAF2 and LAF3 can be result from transient geochemical gradients induced by the reactive migration
of melt increments by 0.5% fractional melting of a spinel-facies DMM source (data from Piccardo et al. 2007a).
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Bulk-rock major element composition and
mineral chemistry are not strictly correlated as
would be expected in the case of simple partial
melting. Conversely, a significant correlation is
apparent between the major and trace elements of
plagioclase and interstitial clinopyroxene (e.g. the
striking correlation between REE fractionation and
albite content in plagioclase) (Fig. 5c). Therefore, it
has been inferred (Piccardo et al. 2007a) that the
composition of these rocks was fully reset by the per-
colating melts. REE patterns and fractionation of
melts calculated to be in equilibrium with the mag-
matic clinopyroxenes, using Kd appropriate for silica-
saturated systems (Vannucci et al. 1998), indicate that
percolating liquids were single melt increments with
MORB affinity generated by 1–6% fractional
melting of spinel-facies DM asthenospheric sources
(Piccardo et al. 2004, 2007a; Piccardo & Vissers
2007).

The widespread replacement of kinked mantle
olivine by newly formed orthopyroxene and the
abundant orthopyroxene crystallization in gabbro–
noritic patches indicate that the parental melts of
the plagioclase-bearing mineral assemblages were
silica-saturated. Silica-saturated melts have been
interpreted as either the last melt fractions produced
by low-pressure partial melting of depleted perido-
tites underneath mid-ocean ridges (e.g. Dijkstra
et al. 2001, 2003) or the product of progressive pyr-
oxenes(–silica) saturation of melts percolating
through mantle peridotite by reactive porous flow
as a result of mineralogical reactions involving the
assimilation of mantle pyroxenes and segregation
of olivine (Kelemen et al. 1995a, b). Several lines
of evidence (see Piccardo et al. 2007a, for a
more detailed discussion) suggest that the silica-
saturated composition of melts that formed the
impregnated plagioclase peridotites was attained
during open-system, reactive (pyroxene-dissolving,
olivine-precipitating) migration through the
lithospheric mantle.

The presence of plagioclase as isolated crystals
and within the gabbroic mineral aggregates, and
as a product of mineral reactions, suggests that
melt percolation and melt refertilization occurred
at plagioclase-facies conditions. Melt impregnation
at plagioclase-facies conditions developed on pris-
tine spinel peridotites that underwent melt reactive
percolation at relatively deeper, sp-facies con-
ditions. This indicates that lithospheric mantle
underwent multiple episodes of melt–peridotite
interactions during progressive exhumation
towards shallow levels in the lithosphere.

Replacive spinel peridotites. These rocks are
mostly spinel harzburgites and dunites and crop
out in the form of decimetre - to metre-scale bands
concordant with the main foliation of the host

plagioclase peridotite, and decametre-scale bodies
of dunites discordant to the plagioclase peridotite
foliation and to the concordant bands of replacive
spinel peridotites (Piccardo et al. 2004). Replacive
spinel harzburgites show microstructures that
indicate early pyroxene-dissolving, olivine-forming
melt–rock interaction processes. In the South Lanzo
body, replacive harzburgites and dunites sporadi-
cally contain single crystals or veins of new
clinopyroxene, up to a few centimetres in diameter
and poikilitic on olivine. Centimetre-scale euhedral
clinopyroxenes and fuzzy pyroxenite and gabbroic
dykelets occasionally occur in the centre of the
dunite bands. Moreover, thin, centimetre-scale
gabbroic or gabbro–noritic dykelets cut across
dunites and the surrounding peridotites. Peridotites
are cut by metre-wide gabbroic dykes, displaying
sharp contacts and chilled margins to the host
peridotite (Piccardo et al. 2007a).

Spinels in replacive dunites have exceptionally
high Ti contents (TiO2 up to .1.0 wt%), similar
to spinels from MORB (Dick & Bullen 1984). Inter-
stitial and megacrystic clinopyroxenes in South
Lanzo replacive harzburgites and dunites have vari-
able compositions, showing both depleted to
strongly depleted incompatible trace element
composition and MORB sensu lato signatures.

It has been inferred that focused melt–peridotite
interaction within the harzburgite–dunite channels
was capable of producing ‘refractory’ harzburgitic
peridotites with ‘depleted’ geochemical compositions
(see Piccardo et al. 2007a, for a more detailed discus-
sion). The extensive modification of the ascending
melt recorded by ‘depleted’ replacive harzburgites
can be reasonably ascribed to the early stages of
‘opening’ of the migration pathways and/or of
lateral ‘growth’ of the channels. It has been argued
by Piccardo et al. (2007a) that, within such bands,
channelled melt migration had a transient character,
too short to allow the attainment of chemical equili-
bration with the injected melt of MORB sensu lato
composition (see next section).

The clinopyroxene composition of both concor-
dant and discordant replacive spinel harzburgites
and dunites from South Lanzo indicates that they
attained chemical equilibrium with liquids varying
in composition from normal MORB (N-MORB) to
slightly large ion lithophile element (LILE)-enriched
MORB (Piccardo et al. 2007a) (Fig. 6a). This evi-
dence indicates that replacive channels were
exploited by MORB sensu lato melts to migrate
toward shallow crustal levels. Relatively LILE-
enriched clinopyroxene compositions ubiquitously
characterize the later clinopyroxene megacrysts
forming veins in both concordant and discordant
dunite bodies, as well as the cumulus clinopyroxenes
in gabbroic dykelets and dykes. The systematic
increase in LILE concentration, documented in the
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clinopyroxenes from the earlier concordant harz-
burgite and dunite bands to the later clinopyr-
oxene megacrysts in dunites, and clinopyroxene in
gabbro dykelets and dykes (Fig. 6d), is consistent
with the change of the geochemical affinity of the
ascending asthenospheric melts, from N-MORB to
transitional MORB (T-MORB).

Available data from the Mt. Nero (EL) and Lanzo
massifs suggest that replacive harzburgite channels
were, in places, preferential paths for upward
migration of melts showing alkaline affinity (Piccardo
et al. 2006, 2007b). The Mt. Nero impregnated plagi-
oclase peridotites are locally replaced by metre-wide
bands of clinopyroxene-bearing spinel harzburgites
(Piccardo et al. 2006). Interstitial clinopyroxenes in
refractory harzburgites crystallized from the melts
migrating within these replacive channels. They
have significantly high LREE contents and show
convex-upward REE patterns, with a maximum in
the region Sm–Eu, at more than 10 times C1, and
significant negative HREE (SmN/YbN c. 2; YbN

c. 5.4) and LREE fractionations (LaN/SmN in the
range 0.33–0.40; LaN ¼ 3.5–4.4) (Fig. 7a). More-
over, they, have relatively high HFSE(4þ,5þ), except
for Ti. Calculated equilibrium liquids show signifi-
cantly LREE/HREE fractionated REE patterns
(LaN/YbN ¼ 5–6.5), and high LREE concentrations

(LaN ¼ 65–80) (Fig. 7b). These trace element con-
centrations and fractionations are consistent with
liquids with alkaline affinity. In the North Lanzo
massif (Piccardo et al. 2007b) metre- to decametre-
wide bands of coarse granular, clinopyroxene-
bearing replacive harzburgites cut through impreg-
nated plagioclase-rich lherzolites. Interstitial
magmatic clinopyroxenes from the replacive
harzburgites show significantly high LREE contents
and negative LREE–HREE fractionation (Fig. 7c).
Calculated equilibrium liquids show marked
LREE/HREE fractionation (LaN/YbN . 11), and
high LREE concentrations (LaN up to 140); REE
patterns of the equilibrium liquids are closely
similar to those of alkaline basalts (Fig. 7d).

Bodinier et al. (1991) studied a refractory
cpx-poor spinel lherzolite (sample L212) forming
‘a poorly defined layer of unknown extension
within the plagioclase lherzolites’ of the Central
Lanzo body, which has been interpreted by
Piccardo et al. (2007a) as a late spinel harzburgite
band replacing pre-existing MORB-impregnated
plagioclase peridotites. Cpx from sample L212 ‘has
a similar LREE contents to the plagioclase lherzo-
lites from the same area, but shows an increasing
depletion towards the HREE (CeN/YbN higher
than unity)’ (Bodinier et al. 1991) (Fig. 7E).

Fig. 6. REE patterns of clinopyroxenes and plagioclase in replacive spinel harzburgites and dunites, and gabbroic
dykelets and dykes, from the South Lanzo massif (data from Piccardo et al. 2007a). REE patterns are closely similar to
slightly LREE-enriched with respect to corresponding mineral in equilibrium with MORB melts. Trends of REE
patterns of clinopyroxene and plagioclase calculated in equilibrium with MORB of Hofmann (1988) are
reported for comparison.
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Fig. 7. REE patterns of clinopyroxenes from Mt. Nero and North Lanzo replacive spinel harzburgites (data from
Piccardo et al. 2006, 2007b), and Central Lanzo refractory harzburgites (data from Bodinier et al. 1991) and the
calculated equilibrium liquids (clinopyroxene/liquid partition coefficients from Ionov et al. 2002). (a, b) Interstitial
magmatic clinopyroxenes in Mt. Nero harzburgite channels show high LREE contents and convex-upward REE
patterns, with a maximum in the region Sm–Eu, at more than 10 times C1, and negative HREE (SmN/YbN

c. 2; YbN c. 5.4 ) and LREE fractionations (LaN/SmN in the range 0.33–0.40; LaN ¼ 3.5–4.4). Calculated
equilibrium liquids have significant LREE/HREE fractionation (LaN/YbN ¼ 5–6.5), and high LREE concentrations
(LaN ¼ 65–80). (c, d) Interstitial magmatic clinopyroxene in the North Lanzo replacive harzburgite has, similarly,
significantly high LREE contents and negative LREE–HREE fractionation Calculated equilibrium liquid shows
marked LREE/HREE fractionation (LaN/YbN . 11), and high LREE concentrations (LaN up to 140), closely
similar to those of alkaline basalts. (e, f ) Clinopyroxene from the Central Lanzo refractory cpx-poor spinel
lherzolite L212 of Bodinier et al. (1991) and calculated equilibrium liquid.
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According to Bodinier et al. (1991), These refractory
peridotites have undergone a single-stage process
that is responsible for both their residua character
and their high LREE/HREE ratio, and that might
be the percolation of melts resulting from an olivine-
forming reaction between the percolating magma
and the host peridotites. L212 clinopyroxene has sig-
nificantly high 87Sr/86Sr ratios (.0.70453) and low
143Nd/144Nd ratios (,0.512796) (1Sr ¼ þ3.4,
1Nd ¼ þ0.9) and plots close to CHUR values: it is
characterized by much higher Sr and lower Nd isoto-
pic ratios than the host plagioclase peridotites. This
indicates, according to Bodinier et al. (1991), that
the host refractory peridotite has been percolated
by magma unrelated to the massif and that this
magma was clearly of deeper asthenospheric origin
showing ‘plume-type’ signature. The calculated
equilibrium liquid shows an REE pattern closely
similar to that of the alkaline liquids in equilibrium
with clinopyroxenes from the North Lanzo replacive
spinel harzburgite bands (Fig. 7f).

Accordingly, melts with alkaline affinity were
present during the evolution of the Ligurian
Tethys system. Field evidence suggests that these
melts did not ascend preceding MORB melt
percolation but migrated upwards during the last
stages of focused melt migration following diffuse
melt percolation and impregnation by fractional
melts with MORB affinity (Piccardo et al. 2006,
2007b). It has been suggested (Piccardo et al.
2007c) that alkaline liquids may have been pro-
duced by partial melting of garnet-pyroxenite-
bearing lithospheric mantle sections that were tecto-
nically detached by delamination and founded in
the upwelling melting asthenosphere during litho-
sphere extension and continental rifting. In this
scenario, MORB melts formed by melting of DM
asthenosphere may have migrated earlier than the
alkaline melts formed by melting garnet pyroxe-
nites. This process can be responsible for both the
formation of alkaline liquids (Piccardo et al. 2006,
2007b) and the garnet signature of the subsequent
MORB gabbroic intrusions and basaltic extrusions
(Montanini & Tribuzio 2007) (see below).

The oceanic peridotites from

MIO settings

Depleted spinel peridotites from the Monte
Maggiore (Corsica) massif yielded Sm–Nd model
ages of 164 + 14 Ma; they have been interpreted
by Rampone et al. (2005) as refractory residua
after Jurassic oceanic partial melting. Following
this interpretation, these peridotites could represent
refractory peridotites that originated during
formation of the Jurassic Ligurian Tethys.

Moreover, impregnated plagioclase peridotites
and MORB gabbro dykes from the same massif
yielded Sm–Nd cpx–plg isochron ages of
155+ 6 Ma (Rampone & Piccardo 2003) and
162+ 10 Ma (Rampone et al. 2005), respectively.
It can be speculated that, at least at Monte Maggiore,
asthenosphere partial melting, MORB melt percola-
tion and MORB melt intrusion were closely related
and can be referred to the same asthenosphere
melting stage during the formation of the Jurassic
Ligurian Tethys. According to Rampone et al.
(2005) the Monte Maggiore peridotite–gabbro
association provides evidence that a ‘mature’
oceanic stage, showing melt–refractory residua
relationships between gabbros and peridotites, has
been attained in the Jurassic Ligurian Tethys ocean.

Summary

Spinel lherzolites from OCT settings derive from
the sub-continental lithospheric mantle of the
Europe–Adria system. They were isolated from
the convective asthenosphere and accreted to the
sub-continental thermal lithosphere starting from
Proterozoic times. They underwent subsolidus
decompressional evolution, starting from Triassic
times, during passive extension of the continental
lithosphere of the Europe–Adria system.

The majority of peridotites from MIO settings
derive from pristine peridotites from the pre-
Triassic sub-continental mantle lithosphere, which
were transformed to melt-modified peridotites by
interaction with MORB-type melts and were
intruded by MORB melts during Jurassic times. In
the case of Monte Maggiore (Corsica), depleted
spinel peridotites could represent refractory
residua after asthenosphere partial melting during
the Jurassic ocean formation.

The melt-modified peridotites from MIO settings
consist of: (1) reactive spinel peridotites formed by
interaction of pristine sub-continental lithospheric
peridotites with silica-undersaturated MORB-type
melt increments; (2) plagioclase-enriched peridotites
formed by impregnation–refertilization of pristine
spinel peridotites by silica-saturated melt increments
with MORB affinity, which attained silica saturation
during reactive percolation in the lithospheric
mantle column prior to reaching the impregnation
level; (3) replacive spinel peridotites (harzburgites
and dunites) formed by focused and reactive
migration of aggregated MORB melts. Harzburgite–
dunite channels were exploited for shallow-level
delivery of aggregate MORB and, more rarely,
alkaline liquids.

In the case of Monte Maggiore, MIO refractory
peridotites could represent residual mantle after
Jurassic asthenosphere partial melting, which
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was accreted to the thermal lithosphere during
Jurassic times.

Comparison with modern

ultraslow-spreading oceans

Where the oceanic stratigraphy is preserved, as for
the majority of the Ligurian ophiolite sequences
from MIO settings, field and structural evidence
indicates that the oceanic settings of provenance
were characterized by: (1) mantle exposure at the
sea floor; (2) both avolcanic and volcanic segments;
(3) the lack of sheeted dyke complexes and
gabbroic Layer 3.

In present-day oceanic basins the direct exposure
at the sea floor of crust-free mantle lithosphere is
more common than previously recognized (Dick
et al. 1984, 2006; Cannat 1993, 1996; Cannat et al.
1997; Bonatti et al. 2001; Michael et al. 2003): it
has been suggested that nearly half of the global mid-
ocean ridge system is made of mantle peridotites
(Dick et al. 2003). Recent investigations of the South-
West Indian Ridge and Arctic Ridge have revealed an
ultraslow-spreading class of ocean ridge that is
characterized by intermittent volcanism and continu-
ous emplacement of mantle to the sea floor over large
regions, whereas the spreading rate is lower than c.
20 mm a21 (Dick et al. 2003, and references or
therein).

A distinctive characteristic of ultraslow-
spreading ridges (e.g. the Gakkel Ridge and the
Lena Trough) is the relative abundance of mildly
enriched or even alkaline basalts (Muhe et al.
1997; Dick et al. 2003; Michael et al. 2003;
Nauret et al. 2005, 2006), enriched in LREE and
other incompatible elements and showing alkaline
and/or isotopically enriched signatures. Their
origin from melting of garnet eclogite or veined
mantle has been suggested (e.g. Nauret et al.
2004, 2005; Snow et al. 2006).

Magmatic rocks from the Ligurian Tethys
(gabbros and basalts) are mostly derived from
MORB melts. In fact, the trace element compo-
sitions of computed liquids in equilibrium with clin-

opyroxene, 87Sr/86Sr and 143Nd/144Nd ratios of
whole rocks and mineral separates, and initial 1Nd

values (8.6–8.7) of Internal Liguride ophiolitic
gabbros are consistent with typical MORB compo-
sitions (Rampone et al. 1998; Tribuzio et al. 2004a).
The basaltic rocks show an overall tholeiitic
composition and MORB affinity (Beccaluva et al.
1984; Marroni et al. 1998; Rampone et al. 1998,
and references therein), as confirmed by their
fairly homogeneous 143Nd/144Nd ratios, ranging
from 0.51305 to 0.51310 (Rampone et al. 1998).
Montanini & Tribuzio (2007) found that the Ligur-
ian ophiolitic gabbros and basalts show peculiar

trace element fingerprints (i.e., Zr enrichment, rela-
tively high Sm/Yb ratios and anomalous compo-
sition of the less radiogenic Nd isotope) indicating
a garnet signature which can be explained by low
degree melting of a mixed source of spinel perido-
tite with small amounts of garnet pyroxenite.

Available data from the Lanzo and Mt. Nero
massifs indicate that melts showing enriched and
even alkaline affinity were present in the Ligurian
Tethys. In particular, replacive spinel harzburgite
bands cutting and replacing impregnated plagio-
clase peridotites in North and Central Lanzo and
at Mt. Nero have clinopyroxenes showing trace
element concentration and REE patterns consistent
with clinopyroxenes in equilibrium with liquids
with alkaline affinity (Piccardo et al. 2006, 2007b).

Another characteristic of the ultraslow-spreading
ridges is the strong compositional variability of the
exposed abyssal peridotites. Concerning, in particu-
lar, Gakkel Ridge, Hellebrand et al. (2006a, b) recog-
nized that at the magma-poor region at 3–208E
different domains are characterized by rock
types showing large compositional variations: (1)
modally fertile lherzolites, showing local heterogen-
eity (dunites); (2) lherzolites, cpx-poor harzburgites,
dunites (depleted and enriched samples within the
single dredge); (3) virtually cpx-free harzburgites
and dunites. Hellebrand et al. (2006) suggested that:
(1) this evidence indicates both low degrees of
regional partial melting and reactive melt transport;
(2) the extreme depletion of cpx-free harzburgites
and dunites may be the result of large-scale reaction
with percolating melts; (3) the reactive melt transport
is superimposed on the near-fractional ‘background’
melting and must have been restricted to focused
melt transport channels and confined infiltration
zones. Interestingly, interstitial clinopyroxene in
highly depleted harzburgites is LREE enriched: this
was explained by Hellebrand et al. (2006a, b) as a
result of diffuse and pervasive percolation of low-
degree melts from a garnet peridotite (pyroxenite)
source. This is closely similar to some replacive
depleted harzburgite bands from the Ligurian
Tethys, which contain LREE-enriched to alkaline
clinopyroxenes (see above). Plagioclase peridotites
are widespread at Gakkel Ridge; von der Handt
et al. (2006) have recently proposed that plagioclase
peridotites on Gakkel Ridge formed by impregnation
of transient depleted melts at low pressure. This
is closely similar to the impregnated plagioclase
peridotites from the Ligurian Tethys (see above).
Accordingly, the presence of peridotites both deple-
ted and enriched by melt migration and melt–
peridotite interaction is a characteristic feature of
ultraslow-spreading ridges.

Recently, Shimizu et al. (2006) stressed that geo-
chemical studies of abyssal peridotites show that large
local-scale (single-dredge to hand-specimen scales)
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variations in isotopic composition, modal abundance
and trace element content of clinopyroxene are pro-
duced by melt–rock reaction during melt migration
in the mantle (e.g. Warren et al. 2006) and are distinct
characteristics of ultraslow-spreading ridge perido-
tites. According to Shimizu et al. (2006), these geo-
chemical characteristics are useful to identify
ancient ultraslow-spreading ridge peridotites among
‘orogenic lherzolite massifs’. On the basis of initial
Nd and Sr isotopic characteristics, the large variations
of modal clinopyroxene and of trace element contents
in clinopyroxene over a sampling scale length of
150 m, and the ample evidence for chromatographic
melt–rock reaction in the presence of garnet,
Shimizu et al. (2006) proposed that the Horoman peri-
dotite massif (Hokkaido, Japan) could represent
abyssal peridotite beneath the Palaeo-Pacific ridge
when its spreading rate was ultraslow.

Recent investigations on ophiolitic peridotites
from the Ligurian Tethys have shown the presence
and abundance of melt-modified peridotites, with
strong compositional heterogeneity on a metre-
scale distance, characterized by strong modal
variation and trace element contents of clinopyrox-
ene. These variations have been related to the
effects of widespread percolation, interaction and
impregnation of pristine sub-continental litho-
spheric peridotites with percolating melts during
inception of the Ligurian Tethys basin (Piccardo
et al. 2004, 2007a, and references therein).

Accordingly, stratigraphic–structural features
(i.e. mantle at the sea floor and alternation of avol-
canic and volcanic segments), coupled with the pet-
rological features of magmas (i.e.the presence of
mildly enriched or alkaline melts) and peridotites
(i.e. extreme compositional heterogeneity related
to melt percolation and melt–peridotite interaction
processes) are in favour of the interpretation of the
Ligurian Tethys as a Jurassic analogue of modern
ultraslow-spreading ridges (Piccardo 2006).

The geodynamic evolution of the

Ligurian Tethys basin

The mantle perspective

Ophiolitic peridotites from the Jurassic Ligurian
Tethys show records of composite histories of
tectonic–metamorphic and melt-related events pre-
ceding their exposure at the sea floor of the basin.
The extensional evolution of the mantle lithosphere
leading to opening of the Ligurian Tethys most
probably started during Triassic times and was
dominated by two main processes (Piccardo &
Vissers 2007): (1) the subsolidus evolution, charac-
terized by deformation and recrystallization events
leading to the progressive upwelling during

lithosphere extension and thinning; (2) the
melt-related evolution, characterized by melt–peri-
dotite interaction processes induced by the reactive
percolation through the extending mantle litho-
sphere of MORB-type melts.

Field and structural evidence indicates that (1)
deformation associated with lithospheric extension
and thinning, forming kilometre-scale shear zones
in the mantle lithosphere, was partially overprinted
by structural and compositional changes induced by
melt–rock interaction, and (2) decompressional
partial melting of the underlying asthenospheric
mantle was induced by lithosphere extension and
thinning. Accordingly, deformation and melt perco-
lation in the mantle lithosphere were closely related
and mutually dependent.

Mantle processes and geodynamic

evolution

The Triassic lithosphere extension caused subsoli-
dus exhumation of the sub-continental lithospheric
mantle, by means of hectometre- to kilometre-scale
shear zones, which led to the sea-floor exposure of
the sub-continental lithospheric mantle during
Jurassic times. Extension started presumably
during the Triassic (estimated at 220 Ma in EL
mantle for the subsolidus decompressional transition
from spinel- to plagioclase-facies assemblages:
Montanini et al. 2006). Structural and petrological
investigations on the Erro–Tobbio (ET) peridotite
(e.g. Ernst & Piccardo 1979; Piccardo et al. 1990)
have shown that pristine spinel peridotites from
the sub-continental lithosphere underwent localized
deformation starting from spinel-facies conditions.
Detailed studies (Drury et al. 1990; Vissers et al.
1991; Hoogerduijn Strating et al. 1993) have shown
that they are transected by five generations of shear
zone structures forming porphyroclastic spinel-
bearing peridotite tectonites, plagioclase-,
hornblende- and chlorite-bearing peridotite mylo-
nites, and serpentinite mylonites. The shear zone
structures developed at progressively lower P and T
conditions (Hoogerduijn Strating et al. 1993). The
P–T path obtained for the ET peridotite is indicative
of subsolidus uplift, from deeper levels (i.e. spinel-
facies conditions) of the sub-continental lithospheric
mantle towards the ocean floor (Hoogerduijn Strating
et al. 1993). Discrete gabbro bodies and dykes with
MORB affinity (Piccardo 1984; Hoogerduijn Strating
et al. 1993; Borghini et al. 2007) intruded the
ET peridotite after melt percolation and plagioclase-
facies deformation and prior to serpentinization
of the ambient peridotite at oceanic conditions
(Piccardo & Vissers 2007).

Lithosphere extension and thinning induced
almost adiabatic upwelling of the underlying
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asthenosphere and its partial melting on decompres-
sion (Piccardo & Vissers 2007; Piccardo et al. 2007a,
b, and references therein). Information on the
minimum age of partial melting inception in the
Ligurian Tethys realm derives from the intrusion
ages (i.e. about 180 Ma) of the oldest MORB-type
gabbros that were intruded in the extending mantle
lithosphere of the ocean–continent transition
(Tribuzio et al. 2004; Rampone et al. 2005). These
ages suggest that asthenosphere partial melting
under decompression started most probably during
Late Triassic–Early Jurassic times. Preliminary data
on the Finero gabbroic complex in the Western
Alps, however, indicate the MORB affinity of par-
ental melts and an intrusion age of about 230 Ma
(Peressini et al. 2004), suggesting that asthenosphere
decompressional melting should have started, at least
locally, in Middle to Late Triassic times.

Asthenospheric MORB-type melts migrated
upwards by diffuse porous flow and percolated
through the extending sub-continental mantle litho-
sphere (Piccardo et al. 2004, 2007a; Piccardo &
Vissers 2007). Asthenospheric melts reacted with
the mantle lithosphere and with the deformed
rocks of the extensional shear zones, thus indicating
that inception of asthenosphere partial melting and
MORB percolation occurred during lithosphere
extension and thinning (Piccardo & Vissers 2007).
The upwelling hot asthenosphere caused heating
of the extending mantle lithosphere (Piccardo
et al. 2007a) whereas the upward migration of the
asthenospheric melts produced the compositional
modification (both depletion and enrichment) of
the extending lithospheric mantle, which underwent
thermo-chemical erosion (i.e. it was ‘asthenospher-
ized’; Bodinier & Godard 2003; Piccardo 2003;
Piccardo et al. 2004, 2007a; Müntener et al.
2005). Available data and interpretations (see the
previous section) indicate that melt percolation–
impregnation in MIO peridotites (i.e. Monte
Maggiore, Corsica, and Mt. Nero, External Ligur-
ides) occurred during the Middle Jurassic, very
close in time to MORB gabbroic intrusion into
MIO peridotites.

Asthenosphere partial melting formed Jurassic
refractory peridotites, coeval and cogenetic with
the Jurassic MORB melts. These refractory perido-
tites were accreted to the thermal lithosphere and
were percolated by new batches of MORB melts
that formed in the underlying melting astheno-
sphere. Continuing extension caused complete
failure of the continental crust and sea-floor
exposure of: (1) pristine subcontinental lithospheric
mantle; (2) melt-modified subcontinental mantle;
(3) finally, Jurassic refractory residual mantle.

The above evidence contradicts previous infer-
ences that the tectonic exhumation of the External
Ligurides and Erro–Tobbio sub-continental mantle

was completely unrelated to mantle melting and
melt production (Rampone et al. 2005) and, more-
over, that the magmatic activity to weaken the
strong lithosphere was absent during thinning and
exhumation of the mantle lithosphere of the basin
(Lavier & Manatschal 2006).

Transition from whole-lithosphere

extension to oceanic spreading

Field and structural data clearly suggest that the
recognized melt-related events occurred during
lithospheric extension. According to Piccardo &
Vissers (2007), this evidence supports the idea that
the various melt-related processes were related to
the same melting cycle of the asthenosphere,
connected to the continuing geodynamic evolution
of the Europe–Adria system, leading to Jurassic
ocean opening.

On the basis of the available radiometric ages on
gabbroic rocks with MORB affinity intruded into
the ophiolitic mantle, the evidence that MORB
intrusion was preceded by percolation and impreg-
nation by fractional melts with MORB affinity,
and the palaeogeographical distribution of the peri-
dotite massifs (see Piccardo & Vissers 2007, and
references therein), a comprehensive scenario for
the transition from lithospheric rifting to oceanic
drifting and opening can be proposed (Fig. 8).

Sm–Nd mineral isochron ages indicate very
similar intrusion ages of gabbroic rocks from the
OCT zones of both the European and the Adria
margins: 180 + 14 Ma for the ET gabbros
(Rampone et al. 2005) and 179+9 Ma for in the
EL gabbros (Tribuzio et al. 2004). Younger ages
(170 + 13 and 173 + 4.8 Ma) are yielded by
gabbros from the more internal units of Tuscany
(Tribuzio et al. 2004), whereas MORB gabbroic
intrusions in Internal Ligurides and Monte
Maggiore peridotites show very similar intrusion
ages: 165 + 14 Ma for the former (Rampone
et al. 1998) and 162 + 10 Ma for the latter
(Rampone et al. 2005). These data indicate that
magmatic processes were distributed in a broadly
symmetrical way (Piccardo & Vissers 2007):
slightly older (Early–Middle Jurassic; about 180
Ma) in the OCT settings of both the Europe and
Adria palaeomargins, and slightly younger
(Middle Jurassic; about 164 Ma) in the MIO set-
tings of the basin. Gabbroic bodies intruded
mantle peridotites before exposure at the sea floor
and failure of the continental crust (the synrift
OCT gabbros of Tribuzio et al. 2004).

Complete failure of the continental lithosphere
occurred, most probably, at 165 Ma, according to
the age of the older pelagic sediments of the Ligur-
ian Tethys (Bathonian–Callovian) (De Wever &
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Caby 1981; Marcucci & Passerini 1991). Volcan-
ism, although discontinuous and strongly reduced,
associated with chert deposition and in the
absence of remnants of continental crust material,
has been confined to the latest stage of oceanic evol-
ution (Late Jurassic, 156–150 Ma; Piccardo et al.
2006, and references therein). The volcanic rocks
from the Ligurian Tethys overlie sections of older
sub-continental mantle that contain MORB gab-
broic intrusions slightly older (164 Ma) than
MORB volcanism (Piccardo et al. 2004, and refer-
ences therein). Rifting and drifting in the Ligurian
Tethys were significantly avolcanic, but not amag-
matic, similar to the situation described at
ultraslow-spreading oceanic settings (i.e. Gakkel
Ridge, Arctic Ocean, and Southwest Indian Ridge;
Muller et al. 1999; Cannat et al. 2003, 2005; Dick
et al. 2003; Michael et al. 2003; Sauter et al.
2004, and references therein).

Available structural and petrological data on the
rift evolution of the mantle lithosphere of the
Europe–Adria system show that the lithospheric
mantle was significantly percolated and modified
by MORB melts from the underlying DM astheno-
sphere during extension and thinning (e.g. Drury
et al. 1990; Vissers et al. 1991; Hoogerduijn
Strating et al. 1993; Müntener & Piccardo 2003;
Piccardo 2003; Piccardo et al. 2004). The presence
and abundance of melt-modified peridotites along
the axial zone of the future oceanic basin (Piccardo
et al. 2004, 2007a), and the evidence that litho-
spheric mantle underwent asthenospherization
(thermo-mechanical and thermo-chemical erosion)
prior to oceanic opening strongly suggest that
melt percolation and asthenosphere–lithosphere
interaction should have played an important role
in the transition from lithosphere extension to
ocean opening.

Recently, Ranalli et al. (2007) explored the
thermal and rheological consequences of thermo-
mechanical erosion of the lithosphere during
lithosphere extension and asthenosphere–litho-
sphere interaction by modelling the temperature
and rheological properties of the thinned litho-
sphere as a function of thickness of the astheno-
spherized lithospheric mantle and time since
asthenospherization. Those workers proposed
that thermo-mechanical erosion of the lithospheric
mantle, related to lithosphere–asthenosphere
interaction, can be an important factor in a geolo-
gically rapid decrease in total lithospheric
strength. This softening could lead to whole-
lithosphere failure and consequently to transition
from continental extension to oceanic spreading.
Corti et al. (2007) used analogue models to investi-
gate extension of sub-continental mantle litho-
sphere weakened by percolating asthenospheric
melts. Model results suggest that mantle percolation

by asthenospheric melts is able to promote strong
localized thinning of the sub-continental litho-
sphere, provided that a significant thickness of the
lithospheric mantle is weakened by migrating
melts within a narrow zone. Model results support
the hypothesis that mantle percolation by astheno-
spheric melts is a controlling factor in the transition
from distributed continental deformation to loca-
lized oceanic spreading.

Conceptual models for the tectonic evolution
of magma-poor rifted margins have been pro-
posed (e.g. Whitmarsh et al. 2001; Manatschal
2004; Lavier & Manatschal 2006), on the basis
of sequential modes of lithosphere extension
from pure shear to simple shear to sea-floor
spreading, which are mainly based on geophysical
or geological observations on the conjugate
margins of the present-day West Iberia–New-
foundland in the Atlantic and the ancient
Europe–Adria in the Alps. Lavier & Manatschal
(2006) distinguished three evolution stages: (1)
the stretching mode, characterized by distributed
listric normal faulting cutting through the brittle
upper crust and soling out at mid-crustal levels;
(2) the thinning mode, characterized by the
occurrence of crustal-scale shear zones thinning
the crust to less than 10 km; (3) the exhumation
mode, characterized by downward-concave faults
that generate fault offsets more than 10 km, and
exhumation of the serpentinized sub-continental
mantle at the sea floor. Two processes have been
invoked by Lavier & Manatschal (2006) to weaken
the lithosphere and to explain the evolution of
rifting: attenuation of the middle crust in the initial
stage of rifting, and serpentinization of the mantle
lithosphere during the last exhumation phase. Those
workers suggested that mid-crustal weakening and
serpentinization allow for thinning and exhumation
of an originally strong mantle, and that these two pro-
cesses represent key mechanisms allowing continen-
tal break-up in a strong lithosphere in the absence of
magmatic activity to weaken the lithosphere (Lavier
& Manatschal 2006).

Although great attention has been dedicated by
Lavier & Manatschal (2006) to the behaviour of
the crust, little attention has been given to the beha-
viour of the upper mantle, both lithospheric and
asthenospheric, during the various stages of litho-
sphere attenuation. In particular, serpentinization
alone seems highly inadequate to accommodate
extension, thinning and failure of the sub-
continental lithosphere, starting from at least spinel-
facies conditions.

Available data from WA–NA ophiolitic perido-
tites document that during the pre-oceanic rifting
stages of the basin: (1) lithosphere extension caused
extensional deformation and tectonic–metamorphic
evolution of the subcontinental mantle lithosphere,
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Fig. 8. Formation of the ultraslow-spreading ocean of the Ligurian Tethys (a) The rifting (sub-continental)
stage, dominated by extension of continental lithosphere and tectonic exhumation of lithospheric mantle; lithosphere
extension, which presumably started during the Triassic (already active at 220 Ma in the EL mantle, Montanini et al.
2006), caused subsolidus exhumation of the sub-continental lithospheric mantle, by means of kilometre-scale shear
zones (e.g. Drury et al. 1990; Vissers et al. 1991; Hoogerduijn Strating et al. 1993). (b) The drifting (transition) stage,
characterized by melt-related processes; that is, inception of partial melting of the asthenosphere and melt
percolation through, and melt intrusion within the overlying lithospheric mantle. Lithosphere extension and thinning
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starting from spinel-facies conditions, with for-
mation of tectonite–mylonite shear zones (e.g.
Drury et al. 1990; Vissers et al. 1991; Hoogerduijn
Strating et al. 1993; Montanini et al. 2006; Piccardo
& Vissers 2007), which have been considered
relevant to lithosphere thinning and to subsolidus
exhumation of the lithospheric mantle; (2) litho-
sphere extension and thinning caused adiabatic
upwelling and decompressional melting of the
underlying asthenosphere; the asthenospheric
melts migrated via diffuse porous flow through
the extending mantle lithosphere (Piccardo et al.
2004, 2007a); (3) deformation and melt-related
processes in the mantle lithosphere were interde-
pendent and mutually enhancing during lithosphere
exhumation (Piccardo & Vissers 2007); (4) heating
by asthenosphere upwelling and reactive percola-
tion of asthenospheric melts through the mantle
lithosphere caused diffuse structural, compositional
and rheological modification of the mantle litho-
sphere, leading to its thermo-chemical and
thermo-mechanical erosion; this has been con-
sidered relevant to weaken the mantle lithosphere
and to enhance the transition from distributed con-
tinental deformation to localized oceanic spreading
(Müntener & Piccardo 2003; Piccardo 2003;
Piccardo et al. 2004; Corti et al. 2007; Ranalli
et al. 2007).

It can, accordingly, be recognized that the inter-
play between deformation, melt percolation and
compositional–rheological modification (thermo-
chemical and thermo-mechanical erosion) of
the mantle lithosphere had a fundamental role in
weakening the extending lithosphere and was
a controlling factor in the transition from distribu-
ted continental deformation to localized oceanic
spreading.

A conceptual model for the inception

of an ultraslow-spreading ocean: the

Liguria Mode

The present knowledge on the petrology and
palaeogeographical setting of mantle peridotites
from the Ligurian Tethys allows us to present a con-
ceptual model, the Liguria Mode, for the inception
and evolution of an oceanic basin whose formation
was dominated by the passive extension of the
continental lithosphere (Fig. 8) (Piccardo 2006).

The following stages can be envisaged.
(1) The rifting (continental) stage, which is

dominated by extension and thinning of contin-
ental lithosphere and tectonic exhumation of
sub-continental lithospheric mantle via kilometre-
scale extensional shear zones.

(2) The drifting (transition) stage, which is
characterized by progressive thinning of the conti-
nental lithosphere and by concomitant melt-related
processes. Lithosphere extension and thinning
induce adiabatic upwelling and decompressional
partial melting of the asthenosphere. MORB-type
fractional melts percolate through the overlying
sub-continental lithospheric mantle along the axial
zone of the future oceanic basin, and modify large
areas of the extending sub-continental mantle.
Refractory peridotites, residual of asthenosphere
partial melting and cogenetic with the MORB
melts are formed and accreted to the thermal
lithosphere after MORB-type melt extraction.

(3) The spreading (oceanic) stage, which is
characterized by complete failure of the continental
crust, and direct exposure at the sea floor of mantle
peridotites; these may be sub-continental peridotites
(at OCT settings), melt-modified sub-continental

Fig. 8. (Continued) induced almost adiabatic upwelling of the underlying asthenosphere and its partial melting on
decompression (Piccardo & Vissers 2007; Piccardo et al. 2007a). Asthenospheric melts percolated through, and
reacted with the mantle lithosphere and with the deformed rocks of the extensional shear zones, thus indicating
that inception of asthenosphere partial melting and MORB percolation occurred during lithosphere extension and
thinning (Piccardo & Vissers 2007). Available ages of MORB gabbroic intrusion (179–180 Ma for the oldest MORB
gabbros in OCT peridotites (Tribuzio et al. 2004; Rampone et al. 2005)) indicate that asthenosphere partial melting
started most probably not later than Late Triassic–Early Jurassic times. (c) The drifting (transition) stage,
characterized by: (1) melt-related processes; that is, partial melting of the asthenosphere and melt percolation through,
and melt intrusion within the overlying lithospheric mantle; (2) formation of melt-modified peridotites, both
depleted (harzburgite–dunite) and enriched (plagioclase peridotite); (3) accretion of ‘oceanic’ refractory residua
after asthenosphere partial melting, coeval and cogenetic with the Jurassic MORB melts, to the thick thermal
lithosphere. It must be recalled that during the last stages of focused melt percolation within harzburgite–dunite
channels, enriched and alkaline melts migrated from deeper levels and/or different mantle sources than previous
MORB-type melts. (d) the spreading (oceanic) stage, characterized by the complete failure of the continental crust
and the ‘modified’ sub-continental lithospheric mantle. Oceanic peridotites (i.e. the refractory residua after Jurassic
partial melting) were later exposed at the sea floor along the axial zone of the basin. These refractory peridotites
were accreted to the thermal lithosphere after MORB melt extraction, were percolated by newly formed MORB
melts from the underlying melting asthenosphere (percolated oceanic mantle) and were exposed at the sea floor
of the basin. MORB magmas sporadically reached the sea floor, were extruded above mantle peridotites, and
formed volcanic segments along the axis of the basin.
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peridotites, or refractory residual peridotites after
oceanic partial melting (at MIO settings).

Lithosphere extension and thinning of the mantle
lithosphere are accommodated by lithosphere-scale
extensional shear zones and induce asthenosphere
adiabatic upwelling and decompressional melting.
Mantle lithosphere is weakened by heating from
upwelling asthenosphere and diffuse percolation of
asthenospheric melts. The thermo-mechanical eros-
ion of the mantle lithosphere facilitates the trans-
ition from distributed lithosphere deformation to
localized oceanic spreading.

Conclusion

The following steps have been envisaged during the
progressive exhumation of Ligurian peridotites
from the sub-continental mantle lithosphere to the
sea floor.

(1) Mantle protoliths of the Ligurian ophiolitic
peridotites were accreted to the thermal lithosphere
and underwent complete equilibrium recrystalliza-
tion at sub-continental lithospheric conditions
after isolation from the convecting asthenosphere.

(2) The various peridotite masses were orig-
inally located in the mantle lithosphere at different
structural levels; that is, at different depths and/or
at different positions with respect to the future
passive continental margins and to the axial zone
of the embryonic basin. Accordingly, mantle sec-
tions located closer to the continent (i.e. future
OCT peridotites) or at shallower levels (closer
to the crust) should have escaped the melt-related
events and evolved along a complete subsolidus
path (the cold exhumation of Muntener & Piccardo
2003). Conversely, peridotite masses from more
axial settings (i.e. future MIO peridotites) under-
went a more composite evolution, characterized
by both tectonic–metamorphic and melt-related
processes, and were asthenospherized (the hot
exhumation of Muntener & Piccardo 2003).

(3) Along the axial zone of the rifting system,
mantle asthenosphere underwent near-adiabatic
upwelling and partial melting under decompression,
and formed single melt fractions with MORB
affinity. MORB-type melt–fractions migrated by
reactive porous flow through the overlying, extend-
ing mantle lithosphere; melt–peridotite interaction
formed melt-modified peridotites.

(4) After diffuse percolation–impregnation of
axial sub-continental lithospheric peridotites,
further melt upwelling occurred within focused
harzburgite–dunite channels. Generally these chan-
nels were used by upward migration of aggregated
MORB melts; locally they were exploited by
enriched to alkaline melts, most probably deriving
from mantle sources deeper than and/or different

from the DM asthenospheric sources of previous
MORB-type melts.

(5) Axial melt-modified peridotites were pro-
gressively uplifted to more cold, brittle and
hydrous conditions, associated with hydrous fluid
migration, and localized amphibole peridotite and
chlorite peridotite mylonites were formed, which
accommodated the later stages of exhumation
towards the sea floor. Diffuse serpentinization occu-
rred along serpentinite mylonite shear zones, which
was preceded or followed by MORB intrusion in
dykes. Finally, complete failure of the continental
crust allowed sub-continental peridotites, melt-
modified peridotites and refractory residual perido-
tites to be exposed at the sea floor, where they were
discontinuously covered by MORB.

Across-axis variation of mantle petrology indi-
cates the three stages of evolution of the basin
(Fig. 8): (1) exhumed subcontinental mantle charac-
terizes the OCT zones, representing the rifting
stage; (2) percolated subcontinental mantle mostly
characterizes the more external MIO settings, repre-
senting the transitional drifting stage, where signifi-
cant lithosphere attenuation was accompanied by
asthenosphere partial melting and lithosphere melt
percolation, preceding the complete failure of con-
tinental crust; (3) percolated oceanic mantle, coge-
netic with the Jurassic MORB melts, possibly
characterizes some more internal MIO settings,
representing the oceanic spreading stage, when
refractory residua after Jurassic partial melting
were emplaced at the sea floor, after complete
failure of the continental crust and the modified
sub-continental mantle lithosphere.
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MÜNTENER, O. & HERMANN, J. 2001. The role of lower
crust and continental upper mantle during formation of
nonvolcanic passive margins: evidence from the Alps.
In: WILSON, R. C. L., WHITMARSH, R. B., TAYLOR,
B. & FROITZHEIM, N. (eds) Non-volcanic Rifting of
Continental Margins: a Comparison of Evidence
from Land and Sea. Geological Society, London,
Special Publications, 187, 267–288.
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Calcic amphiboles in peridotite xenoliths from Avacha volcano,

Kamchatka, and their implications for metasomatic conditions

in the mantle wedge
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Abstract: Highly metasomatized parts of peridotite xenoliths from Avacha volcano, Kamchatka,
Russia, characteristically contain calcic amphiboles, especially tremolites. They are rich in meta-
somatic pyroxenes with high Mg-number (¼ Mg/(Mgþ Fe) atomic ratio), up to 0.94–0.98, and
contain Cr-poor aluminous spinels. They have the spinel lherzolite mineral assemblage and equi-
librium temperatures of 900–1000 8C or higher, beyond the stability field of tremolite. The tremo-
lite was therefore retrogressively formed after the peak of high-temperature metasomatism. The
high-Mg-number, low-alkali environment facilitates the formation of tremolite instead of Al-
rich calcic amphiboles. A sulphur-bearing silicic melt derived from a slab is a probable agent
involved in the metasomatism. High f O2 recorded in the highly metasomatized peridotites is con-
sistent with this process. This type of metasomatism can produce high-Mg-number peridotites and
pyroxenites with low-Cr-number spinel within the mantle wedge where the Mg-number of
silicates is positively correlated with the Cr-number of spinel in ambient peridotites.

Calcium-rich amphiboles are important accessory
minerals in upper mantle peridotites; they occur
either as residual phases after hydrous partial
melting (e.g. Ozawa 1988) or as metasomatic
phases precipitated from aqueous agents (e.g. Arai
1986). Tremolites and other calcic amphiboles are
especially common in abyssal peridotites and
ophiolitic or solid intrusive peridotites, their chemi-
cal compositions being variable depending on
alteration, metamorphic and metasomatic con-
ditions (e.g. Evans 1982). The calcic amphiboles
have a two-fold importance in the upper mantle.
They play a significant role in storing various
incompatible trace elements in the upper mantle
(e.g. Dawson & Smith 1982). Many elements can
be incorporated in the calcic amphiboles, which
are therefore a subtle indicator of chemical environ-
ment of the upper mantle. The calcic amphiboles
are changeable in chemistry, especially in Al and
alkali contents, depending on equilibrium tempera-
tures in the peridotite–H2O system (e.g. Evans
1982). Tremolitic amphiboles gradually change to
pargasitic amphiboles; that is, the Al and alkali con-
tents increase, with an increase of temperature in
the hydrous peridotite system (Evans 1982). Tremo-
lites, except some sodic tremolites (Aoki et al.
1972; Smith 1979), have been very rarely reported
from peridotite xenoliths because of their derivation
beyond the stability field of calcic tremolites. As far
as we know, tremolites have been reported only in
peridotite xenoliths only from Lihir, Papua New
Guinea (Franz et al. 2002). Geochemical

characteristics of the tremolites, however, have
not been clearly described yet.

We describe various calcic amphiboles, from tre-
molites to pargasites or edenites, in peridotite xeno-
liths from Avacha volcano, which are metasomatized
to various degrees (Arai et al. 2003). Avacha volcano
constitutes the volcanic front of the Kamchatka arc
(e.g. Tatsumi et al. 1994), and the peridotite xeno-
liths can provide us with direct information on
mantle materials and processes beneath the volcanic
front. Peridotite xenoliths derived from the mantle
wedge beneath the volcanic front are not available
elsewhere, except Iraya volcano, in the Philippines
(see Arai et al. 2007). The volcanic front is the
locus where magma production rates are the
highest in arcs (e.g. Sugimura et al. 1963), which
suggests the existence of a large amount of high-
degree mantle restite at depth. The mantle metaso-
matism as a result of dehydration of subducted
materials (e.g. Tatsumi 1986) is expected to be
most prominent beneath the volcanic front. The
amphiboles in the Avacha peridotite xenoliths are a
good indicator of physical–chemical conditions of
melting and metasomatism of the mantle wedge
just beneath the volcanic front.

Geological background

Avacha volcano is a stratovolcano, located on the
frontal volcanic chain (¼ volcanic front) of the
southern Kamchatka arc (Tatsumi et al. 1994),
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and the depth to the subducting slab is 120 km there
(Gorbatov et al. 1997) (Fig. 1). Beneath the
southern Kamchatka arc, the old and cold Pacific
plate has subducted at relatively rapid rates (70–
90 mm a21) (Minster et al. 1974) (Fig. 1). Volcanic
activity started in the late Pleistocene, and all the
effusive rocks have a calc-alkaline affinity. The
activity is subdivided into two stages, IAv and
IIAv, on the basis of eruption ages and chemical
compositions (Braitseva et al. 1998). Mantle peri-
dotite xenoliths are enclosed by IAv low-K andesi-
tic to basaltic andesitic tephra and pyroclastic flows,
and banded pumices can be observed in the layers
containing peridotite xenoliths.

Petrographical features

Modal proportions of minerals were determined for
the peridotite xenoliths by the point-counting
method, taking 2000–4000 points per thin section
(28 mm � 48 mm). Almost all of the Avacha

peridotite xenoliths are spinel harzburgites, contain-
ing small amounts of clinopyroxene (,2 vol%), and
we found subordinate olivine clinopyroxenites,
olivine orthopyroxenites, and dunites (Arai et al.
2003; Ishimaru et al. 2007). The peridotite xenoliths
have been metasomatized to various extents by
hydrous SiO2-rich melts or fluids (Arai et al. 2003;
Ishimaru et al. 2007). There is a grain-size variety
of minerals from .1 cm to 10 mm (Arai et al.
2003) (Figs 2 and 3). Fine-grained peridotite xeno-
liths have been also reported from Iraya volcano,
Luzon arc, Philippines (e.g. Arai et al. 1996,
2004). Arai et al. (1996) defined the fine-grained
peridotites, containing .10 vol% fine-grained min-
erals, as ‘F-type peridotites’ and the other peridotites,
formed by coarse-grained minerals, as ‘C-type peri-
dotites’. We will follow this usage in the following
sections. The F-type peridotites occupy c. 15% of
all collected peridotite xenoliths from Avacha
volcano, although they are much more predominant
in the xenoliths suite from the Iraya volcano, Philip-
pines (almost 90% of the total). There is no differ-
ence in constituent minerals between the C-type
and F-type peridotites from Avacha volcano,
although we could not determine the modal compo-
sitions of the F-type peridotites because of extremely
fine grain sizes of their minerals.

C-type peridotites are composed of olivine,
orthopyroxene, minor amounts of clinopyroxene
and amphiboles, and small amounts of metaso-
matic minerals (orthopyroxenes, clinopyroxene and
amphiboles) are common. We found metasomatic
amphiboles, associated with metasomatic orthopyr-
oxenes in C-type peridotites, although some amphi-
boles are possibly primary because of their coarse
size and lack of association with the other metaso-
matic minerals (Fig. 3a and b) (Ishimaru et al.
2007). Phlogopite is absent except in one metasoma-
tized C-type harzburgite (Ishimaru et al. 2007).
Avacha peridotites also have hornblendite selvages
surrounding xenoliths, but almost all of them are
not related to the amphiboles of the inner part of peri-
dotites (Arai et al. 2003; Ishimaru et al. 2007).

We found Al-poor calcic amphiboles, tremolites
and Al-poor magnesio-hornblendes (after Leake
et al. 1997), in two F-type peridotites (samples
672 and 166) as well as in a metasomatically
formed orthopyroxene-rich vein crosscutting a
C-type peridotite (sample 530). We describe each
xenolith in detail below.

Highly metasomatized F-type peridotite;

sample 672

This sample is composed of fine minerals (Fig. 2a
and b), and some chromian spinels are fragmen-
ted and stretched. The grain-size distribution is

Fig. 1. Schematic map of the Kamchatka arc region,
modified from Ishimaru et al. (2007, fig. 1). The
contours of the Wadati–Benioff zone are adopted from
Gorbatov et al. (1997), and the three volcanic chains are
from Tatsumi et al. (1994). PET,
Petropavlovsk-Kamchatsky, the capital city of
Kamchatka. Subduction speed of the Pacific plate is
70–90 mm a21 (Minster et al. 1974). Bold lines,
labelled VF, 2nd and 3rd, represent the volcanic chains
defined by Tatsumi et al. (1994), and are the volcanic
front, second volcanic chain and third volcanic
chain, respectively.

S. ISHIMARU & S. ARAI36



heterogeneous; some parts are composed of relatively
coarse minerals (c. 0.5 mm), and other parts of fine
minerals (,10 mm) (Fig. 2b). Modal proportions of
minerals are also highly variable, from websteritic
to dunitic lithologies, and we divided this sample
into two zones on the basis of their major-element
mineral chemistry (Fig. 2a and b). Details of
mineral chemistries will be described in the ‘Major-
element compositions of minerals’ section.

Zone 1 is composed of fine grains (up to 0.5 mm,
but mostly less than 0.1 mm across) of clinopyrox-
ene, orthopyroxene, chromian spinel, amphiboles,
and minor amounts of olivine, and shows a mosaic
texture (Fig. 3c). Clinopyroxene is the most domi-
nant phase in this zone, and orthopyroxene and

amphiboles could be observed interstitial to clino-
pyroxenes. The modal proportions of minerals are
highly variable from websterite through lherzolite
and/or wehrlite to dunite, and amounts of olivine
seem to increase toward Zone 2. There are no exso-
lution lamellae in pyroxenes (Fig. 3c). Some grains
of tremolite were discovered in this zone. Chromian
spinels are coarser than other minerals, and form
fragmented and elongated aggregates, although dis-
seminated fine spinel grains are also observed in this
zone (Fig. 3c and d). Backscattered electron images
of chromian spinels strongly suggest that they are
composed of two phases: the darker phase surrounds
or cuts the brighter phase with sharp boundaries
(Fig. 3d).

Fig. 2. Scanned images of thin sections. (a) plane-polarized light (PPL) image of F-type spinel peridotite (sample
672). The extremely fine grain sizes of minerals and the fluid trails of stretched chromian spinel aggregates
(black) should be noted. The thin-section area is divided into two portions (Zones 1 and 2) in terms of chemistry.
(b) Cross-polarized light (XPL) image of (a). (c) PPL image of a xenolith composed of coarse-grained (C-type)
and fine-grained (F-type) peridotites (sample 166). (d) XPL image of (c). (e) PPL image of C-type spinel
harzburgite with an orthopyroxenite (opx-ite) vein (sample 530). (f) XPL image of (e).
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Fig. 3. (Continued)
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Fig. 3. (Continued)
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In Zone 2, minerals are almost the same as in
Zone 1 except for the absence of calcic amphiboles
in the former. Minerals are coarser in Zone 2 than
in Zone 1, and there are some metasomatic veins,
composed of metasomatic orthopyroxenes replacing
olivine with or without clinopyroxenes (Fig. 2a and
b). The metasomatic orthopyroxenes sometimes
show radial aggregation replacing olivine, and are
the same as those typically observed in the metaso-
matized C-type peridotites (Arai et al. 2003; Ishi-
maru et al. 2007). Chromian spinels form irregular
trails, and their modal amounts are higher in Zone
2 than in Zone 1 (Fig. 2a). Some olivine grains are
kinked, but neither kinking nor exsolution was
observed in pyroxenes.

Composite xenolith of C-type and F-type

peridotites; sample 166

This sample is composed of coarse-grained and
fine-grained parts (C-part and F-part, respectively)
with high amounts of secondary orthopyroxenes
forming radial aggregates (Fig. 2c and d). There
are several metasomatic orthopyroxenite veins
cutting older textures (Fig. 3f), and the amphiboles
were precipitated at the centre of some orthopyrox-
enite veins (Fig. 3f).

The C-part is spinel harzburgite that contains
coarse orthopyroxene grains with minor amounts
of clinopyroxene and amphiboles, and some of the
grains are more than 1 mm across (Fig. 2c). Olivines
are kinked and some contain subgrains, which are
almost equal in size (around 0.2 mm). Chromian
spinels are opaque and have subhedral shapes.
Almost all primary orthopyroxenes are

recrystallized along their margins, and some
contain exsolution lamellae of clinopyroxene. Clin-
opyroxenes are free from exsolution lamellae and
kinking. Amphiboles are frequently associated
with metasomatic orthopyroxenes (see Fig. 3e–g).
Several grains of tremolite and Al-poor magnesio-
hornblende are observed (Fig. 3e and g), and we
found Al-poor magnesio-hornblende (tremolitic
hornblende) at the rim of edenite (Table 1; Fig. 3e).

The F-part is almost olivine orthopyroxenite,
containing some amounts of clinopyroxene and
amphibole, and the olivine varies in size from
1.0 mm to less than 0.1 mm (Fig. 3f). Olivine-rich
zones form islands in the F-part olivine orthopyrox-
enite, being elongated almost parallel to the direc-
tion of boundaries between the C-part and F-part
(Fig. 2d). Almost all orthopyroxene grains are
possibly of metasomatic origin; they form radial
aggregates or are recrystallized (Fig. 3f). The ortho-
pyroxene is coarser than olivine, and has neither
exsolution lamellae nor kinking. Some orthopyrox-
enes clearly formed at the expense of relatively
coarse olivine (Fig. 3f). Chromian spinels are
opaque and some grains are fragmented and stretched
(Fig. 2c). Some spinels in the F-part of this sample
have peculiar zoning (Fig. 3h), such as the chromian
spinel in sample 672 (Fig. 3d), observed by backscat-
tered electron imaging. The darker part partly sur-
rounds the brighter part (Fig. 3h).

C-type peridotite with an orthopyroxenite

vein; sample 530

This sample is basically a coarse-grained and
slightly metasomatized peridotite, with a thick

Fig. 3. Photomicrographs of Avacha peridotite xenoliths. All are transmitted XPL images, except (d), (h) and (k),
which are backscattered electron images of chromian spinel with unusual zoning, (n), which is a transmitted PPL
image, and (l) and (m), which are reflected PPL images. ol, olivine; opx I, primary orthopyroxene; opx II, metasomatic
orthopyroxene; cpx, clinopyroxene; amph, hornblende; sp, spinel; slf, sulphides. (a) Discrete primary amphibole in
C-type spinel harzburgite (sample 200). (b) Primary amphibole in C-type spinel harzburgite (sample 200). (c)
Fine-grained websteritic mineral assemblages in Zone 1 of F-type peridotite (sample 672). The minerals are mainly
orthopyroxene, clinopyroxene and amphiboles with minor olivine, and chromian spinel is elongated (see (d)). (d)
Backscattered electron image of chromian spinel, observed at the centre of (c). Spinel has brighter and darker parts,
corresponding to Cr-rich and Al-rich zones respectively. (e) Relatively coarse hornblende grain in C-type part of
sample 166. Two black spots were made by laser shot in in situ trace-element analysis. The optical zoning of
hornblende, where the rim (greenish) has lower Al2O3 content than the core (bluish), should be noted. (f) Transition
zone between C-type and F-type parts in sample 166. Coarse olivine grains are partly replaced by metasomatic
orthopyroxene, sometimes forming a vein, and by metasomatic hornblende (at centre right). (g) Tremolite associated
with chromian spinel in F-type part of sample 166. (h) Backscattered electron image of chromian spinel with unusual
zoning in F-type part of sample 166. (i) Harzburgite zone of sample 530 with opaque subhedral chromian spinel. (j)
Anhedral chromian spinel with optical inhomogeneity in orthopyroxene vein of sample 530. (k) Backscattered electron
image of chromian spinel in the centre of (j). Brighter and darker parts correspond to Cr-rich and Al-rich
zone, respectively. The Al-rich zone containing fluid inclusions has cut the Cr-rich spinel as veinlets. (l) Globular
sulphide blebs in secondary orthopyroxenes of the orthopyroxenite vein of sample 530. (m) Sulphide blebs associated
with spinels, especially aluminous ones, in the orthopyroxenite vein of sample 530. (n) Aluminous spinel in the
orthopyroxene vein of sample 530. The spinels are pale green in colour and are closely associated with olivines. (o)
XPL image of (n).
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orthopyroxenite vein (c. 5 mm) (Fig. 2e and f). The
peridotite part is spinel harzburgite, composed of
olivine, orthopyroxene, chromian spinel, and
minor amounts of clinopyroxene and hornblende,
which varies from edenite to magnesio-hornblende
(Leake et al. 1997). Olivines and orthopyroxenes
are kinked (Figs 2f and 3i). Some orthopyroxenes
have exsolution lamellae of clinopyroxene, and
are recrystallized. Chromian spinels are opaque
and have subhedral shapes (Fig. 3i).

At the boundary zone between the orthopyroxe-
nite vein and spinel harzburgite host, there are numer-
ous sulphide globules (Fig. 3l and m), and the wall
olivine is replaced by metasomatic orthopyroxenes
(Fig. 3j). The orthopyroxenite vein is composed of
orthopyroxene, amphiboles, clinopyroxene, spinels,
and minor amounts of olivine and sulphide. All
silicate minerals are kinked in this orthopyroxenite
vein, and the orthopyroxenes sometimes form radial
aggregates. We found two kinds of spinel, opaque
and pale green, in thin section (Fig. 3j, n and o).
The opaque spinel is chromian and the green spinel
is aluminous spinel, which is formed around the
chromian spinel or embedded in olivine as
inclusion (Fig. 3j, k and m–o). Chromian spinels,
especially the parts with darker backscattered
image, rarely contain many sulphide globules
(Fig. 3m). Olivines are fine and frequently replaced
by metasomatic orthopyroxenes, and are frequently
dusty because of the inclusions of fine green spinel
and fluids (Fig. 3n and o). Clinopyroxenes are
usually small and exhibit long prismatic shapes inter-
grown with orthopyroxene. Amphiboles have pris-
matic shapes and sometimes have cleavage planes
crossing at 1208. There are some tremolite and
Al-poor magnesio-hornblende grains in this ortho-
pyroxenite vein.

Mineral chemistry

Analytical methods

We used an electron microprobe JXA8800 (JEOL)
at the Center for Cooperative Research of Kana-
zawa University for major-element analyses of
minerals. Analytical conditions were 20 kV acceler-
ating voltage, 20 nA probe current and 3 mm probe
diameter for ordinary analyses, and 15 kV acceler-
ating voltage, 20 nA probe current and focused
probe diameter of ,1 mm for analysis of minerals
in the specific samples (672, 166 and 530).
Ferrous and ferric iron contents in chromian
spinel were determined by calculation, based on
spinel stoichiometry. Trace-element concentrations
in minerals were determined by laser ablation
inductively coupled plasma mass spectrometry
(LA-ICP-MS), using a GeoLas Q-Plus, MicroLas

LA system coupled with an Agilent 7500s, Yoko-
gawa Analytical Systems ICP-MS system. The
laser-spot diameter was 50 mm for clinopyrox-
enes and amphiboles, and 100 mm for orthopyrox-
enes. The energy of laser ablation was 5 Hz and
8 J cm22. The NIST 612 standard glass was used
for calibration with Si as an internal standard.
Details of the analytical methods have been
described by Ishida et al. (2004) and Morishita
et al. (2005).

Major-element compositions of minerals

Summary for C-type and F-type peridotites. The
peridotite xenoliths from Avacha volcano, Kam-
chatka, are depleted in basaltic components (Arai
et al. 2003). Fo contents of the C-type olivine
vary slightly from one sample to another
(Fo ¼ 90.5–92.0), but there is no obvious intra-
grain chemical zonation (Arai et al. 2003) (Fig. 4).
Chemical variations of chromian spinels are not
very large (Fig. 5); Mg-number (¼Mg/
(Mgþ Fe2þ) atomic ratio) and Cr-number (¼Cr/
(CrþAl) atomic ratio) vary from 0.53 to 0.71 and
from 0.52 to 0.74, respectively. There are chemical
variations in major elements of orthopyroxenes,
between primary and metasomatic ones (Arai
et al. 2003; Ishimaru et al. 2007), but Mg-numbers
(¼Mg/(Mgþ Fe) atomic ratios) of orthopyroxenes
(Fig. 6) are almost the same as or slightly higher
(0.90–0.93) than those of coexisting olivines.
Major-element concentrations of clinopyroxenes
show similar depletion, being low in TiO2, Al2O3

and Na2O and high in MgO (see Fig. 7). Amphi-
boles in C-type peridotites are variable in chemistry
from pargasite through edenite to magnesio-
hornblende, and have relatively high Mg-numbers
(0.89–0.92). We identified primary amphiboles in
C-type peridotites from Avacha volcano, and the
primary hornblendes have slightly higher contents
of Al2O3 and TiO2, on average, than the metaso-
matic ones (see Table 1; Fig. 8).

Chemical features of F-type peridotite vary from
one sample to another from relatively FeO*-rich to
MgO-rich; the range of Fo content of olivine in
F-type peridotites is 90.8–93.3 (Fig. 4). There are
wide variations in major-element concentrations
of chromian spinel in F-type peridotites, and the
Cr-numbers and Mg-numbers differ from sample
to sample (0.18–0.84 and 0.57–0.81, respectively)
(Fig. 5). Pyroxenes in F-type peridotites have
similar chemical features to those observed in
C-type peridotites, and the orthopyroxenes are
especially similar in chemistry to the metasomatic
ones in C-type peridotites. Sulphide globules are
sometimes observed and are identified as monosul-
phide solid solution (MSS) with Fe:Ni atomic ratios
of around 2 : 1.
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Highly metasomatized F-type peridotite; sample
672. As described above, we divided sample 672
into two zones based on mineral composition;
major-element chemical variations of minerals are
wide in Zone 1 and relatively narrow in Zone 2
(see Figs 4 and 5). In Zone 1, minerals show a
wide range of extremely high Mg-numbers
(Figs 4–7). Both clinopyroxenes and orthopyrox-
enes have the highest Mg-number (up to 0.98 and
up to 0.97, respectively) in the area most distant
from the boundary of Zones 1 and 2, which is web-
sterite in lithology. Olivines have low NiO contents
(as low as 0.3 wt%) in Zone 1 relative to the

olivine–mantle array (Takahashi 1986), and show
a negative correlation between the NiO and Fo con-
tents (from 0.31 wt% at Fo95 to 0.43 wt% at Fo92).
We found peculiar chemical zonation in chromian
spinels coexisting with the high-Mg-number pyrox-
enes (see Fig. 3b). The lighter core has higher
Cr-number (c. 0.63) than the darker rim (c. 0.49),
whereas the calculated Fe3þ contents are the same.
The chromian spinels have higher Mg-numbers in
Zone 1 than in Zone 2 at given Cr-numbers (Fig. 5),
and fine spinels have lower Cr-numbers and higher
Mg-numbers than relatively coarse ones even
within Zone 1. Orthopyroxenes in Zone 1 have

Table 1. Representative microprobe analyses of amphiboles in C-type peridotites (samples 200
and 227) and tremolite-bearing peridotite xenoliths (samples 672, 166 and 530) from Avacha
volcano, Kamchatka

Sample no: 200 227 672

C-type

harzburgite

in opx

vein

Zone 1 (websterite–lherzolite–wehrlite–dunite part)

Point: 7-1 11-1 5-1 1-1 1-2 1-3 3-4 5-1 6-1 9-1 32-1 34-1

Amph-type: edenite edenite edenite tremolite mg-hb mg-hb mg-hb tremolite mg-hb tremolite tremolite edenite

SiO2 46.7 47.2 48.1 54.2 48.1 47.6 51.6 56.2 50.6 56.3 56.6 47.8

TiO2 0.32 0.55 0.05 0.02 0.09 0.06 0.04 0.02 0.05 0.03 0.00 0.13

Al2O3 11.8 11.2 10.6 4.10 10.1 9.87 7.19 3.83 9.00 2.64 3.58 11.4

Cr2O3 0.59 1.58 0.14 1.13 2.29 2.07 1.44 0.29 0.86 0.43 0.31 1.16

FeO* 3.8 3.82 3.49 1.09 1.52 1.50 1.35 1.33 2.00 1.92 1.41 2.94

MnO 0.04 0.07 0.05 0.03 0.05 0.03 0.05 0.02 0.03 0.03

MgO 19.5 19.4 19.8 22.5 20.4 20.2 21.5 23.5 21.4 22.8 23.7 19.7

CaO 11.9 11.2 11.9 12.1 12.1 11.6 12.1 12.7 12.1 11.5 12.5 12.4

Na2O 2.34 2.25 2.24 0.79 1.67 1.77 1.26 0.73 1.61 0.54 0.76 2.04

K2O 0.23 0.20 0.23 0.14 0.40 0.33 0.22 0.05 0.18 0.06 0.06 0.26

NiO 0.12 0.10 0.15 0.16 0.17 0.15 0.16 0.12 0.06 0.13 0.12 0.13

Total 97.4 97.6 96.8 96.2 97.0 95.2 97.0 98.8 97.9 96.4 99.1 98.0

Mg-no. 0.901 0.900 0.910 0.974 0.960 0.960 0.966 0.969 0.950 0.955 0.968 0.923

Cations (O ¼ 23)

Si 6.596 6.643 6.796 7.535 6.761 6.799 7.178 7.600 6.991 7.780 7.633 6.671

Ti 0.034 0.058 0.005 0.002 0.009 0.006 0.004 0.002 0.005 0.003 0.000 0.014

Al 1.954 1.860 1.770 0.673 1.674 1.660 1.178 0.610 1.466 0.429 0.568 1.876

Cr 0.066 0.176 0.016 0.124 0.254 0.234 0.158 0.031 0.094 0.047 0.033 0.128

Fe* 0.451 0.450 0.412 0.126 0.178 0.179 0.156 0.150 0.232 0.222 0.159 0.343

Mn 0.005 0.009 0.006 0.004 0.006 0.004 0.006 0.000 0.002 0.004 0.000 0.003

Mg 4.099 4.068 4.162 4.670 4.278 4.301 4.456 4.736 4.403 4.696 4.748 4.103

Ca 1.800 1.683 1.795 1.795 1.821 1.775 1.806 1.837 1.794 1.708 1.808 1.862

Na 0.639 0.613 0.612 0.212 0.455 0.490 0.341 0.192 0.431 0.144 0.197 0.551

K 0.042 0.036 0.041 0.024 0.072 0.060 0.038 0.009 0.032 0.011 0.011 0.046

Ni 0.014 0.011 0.017 0.017 0.019 0.017 0.018 0.013 0.007 0.015 0.013 0.014

Total 15.701 15.606 15.632 15.183 15.529 15.524 15.339 15.178 15.456 15.057 15.170 15.612

ol Mg-no.† 0.911 0.911 0.921 0.963 0.963 0.963 0.960 0.960 0.948 0.933 0.954 0.936

sp Cr-no.‡ – – – 0.505 0.505 0.505 0.593 – 0.299 0.737 – –

sp Cr-no.§ 0.545

*Total iron given as FeO.
†Mg-number of co-existing olivine within 1mm distance; italic values are for orthopyroxene when olivine is absent.
‡High Cr-numbers of two co-existing zoned spinels within 1mm distance.
§Low Cr-numbers of two co-existing zoned spinels within 1mm distance.
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wide variations in Mg-number (0.93–0.97), but with
constant Al2O3 and CaO. The major-element chemi-
cal variations of orthopyroxene are almost the same
for Zones 1 and 2, except for the lower Mg-numbers
in Zone 2 than in Zone 1 (Fig. 6). Olivines in Zone 2
have almost the same NiO content as low as the
lowest-Fo olivine in Zone 1 (0.36–0.43 wt%). Clino-
pyroxenes have low TiO2 (mostly ,0.05 wt%) and
Na2O (0.01–0.16 wt%) contents, and are noticeably
high in Al2O3 (up to 2.8 wt%) for their high
Mg-numbers (0.95) (Fig. 7). All the amphiboles
examined are calcic amphiboles (Leake et al.
1997), but are variable from edenite to tremo-
lite (Leake et al. 1997) (Table 1). The Fe-numbers
(Fe-number ¼ 1 2 Mg-number) of amphiboles are
correlated positively with alkaline contents
(NaþK) and Al, and negatively with Si (Fig. 8a–
c). TiO2 contents in amphiboles are low (,0.15
wt%) (Fig. 8d). We can see positive correlations for

Fe-number between amphiboles and coexisting
olivine or clinopyroxene (Fig. 8e and f).

Composite xenolith of C-type and F-type peridotites;
sample 166. Minerals have higher Mg-numbers in
C-type olivine orthopyroxenite than in C-type harz-
burgite, and the chemical variations of olivine and
spinel are not large within each part (Figs 4 and
5). Minerals in C-type harzburgite have the same
chemical variations as in ordinary C-type perido-
tites (Figs 4 and 5). NiO contents of olivine in
both C-type harzburgite and F-type olivine ortho-
pyroxenite are varied, exhibiting a negative corre-
lation with the Fo content (from 0.30 wt% at Fo93

to 0.48 wt% at Fo91). Some chromian spinels in
F-type olivine orthopyroxenite have the same
chemical zoning as observed in sample 672 (see
Fig. 3d and h), and the compositional gap is also
almost the same as in sample 672; the darker zone

166 530

C-type harzburgite F-part olivine

orthopyroxenite

peridotite part orthopyroxenite vein

3-1-1_core 3-1-2_rim 5-1 6-1 10-1 10-2 3-1-1_core 3-1-2_rim 5-2 5-3 8-2-1 8-2-2

edenite mg-hb tremolite edenite edenite edenite mg-hb edenite tremolite edenite tremolite mg-hb

48.4 53.3 55.0 46.4 49.0 48.5 50.8 48.9 55.4 47.1 56.6 51.5

0.06 0.01 0.00 0.14 0.14 0.17 0.10 0.14 0.04 0.12 0.00 0.06

9.38 4.98 3.36 12.3 9.95 10.4 7.54 8.71 4.55 12.75 2.18 7.53

1.23 0.72 0.73 0.01 0.00 0.01 1.73 1.85 0.01 0.04 0.06 0.07

3.39 2.74 2.59 3.86 4.64 4.33 3.17 3.37 2.10 2.80 1.91 2.49

0.05 0.03 0.03 0.06 0.16 0.15 0.03 0.05 0.06 0.03 0.00 0.01

20.3 22.1 22.6 19.8 20.7 20.4 20.8 20.2 22.6 19.9 23.4 21.3

12.2 12.0 12.2 11.7 10.8 11.2 12.3 12.0 12.6 12.7 12.2 12.4

2.07 1.31 0.95 2.48 2.17 2.09 1.87 2.01 0.71 1.83 0.43 1.17

0.23 0.12 0.05 0.20 0.12 0.12 0.03 0.18 0.15 0.20 0.06 0.20

0.13 0.10 0.09 0.15 0.14 0.17 0.10 0.10 0.12 0.10 0.10 0.10

97.4 97.4 97.7 97.0 97.7 97.5 98.4 97.5 98.4 97.6 97.0 96.8

0.914 0.935 0.940 0.901 0.888 0.894 0.921 0.914 0.951 0.927 0.956 0.939

6.818 7.398 7.587 6.561 6.856 6.803 7.051 6.878 7.548 6.584 7.784 7.180

0.007 0.001 0.000 0.015 0.015 0.018 0.011 0.015 0.004 0.012 0.000 0.006

1.557 0.814 0.546 2.054 1.640 1.721 1.232 1.444 0.729 2.100 0.353 1.238

0.137 0.079 0.079 0.001 0.000 0.001 0.189 0.206 0.001 0.004 0.006 0.008

0.399 0.318 0.298 0.456 0.543 0.507 0.367 0.396 0.239 0.327 0.219 0.290

0.006 0.004 0.004 0.007 0.019 0.018 0.004 0.006 0.007 0.004 0.000 0.001

4.252 4.557 4.648 4.161 4.304 4.260 4.286 4.221 4.593 4.142 4.799 4.435

1.834 1.787 1.798 1.767 1.611 1.676 1.822 1.813 1.843 1.902 1.800 1.846

0.565 0.352 0.255 0.680 0.588 0.567 0.504 0.549 0.188 0.495 0.114 0.316

0.042 0.021 0.009 0.035 0.021 0.022 0.005 0.033 0.026 0.036 0.010 0.035

0.014 0.011 0.010 0.017 0.016 0.019 0.011 0.011 0.013 0.012 0.011 0.012

15.631 15.341 15.232 15.755 15.614 15.612 15.482 15.572 15.191 15.617 15.098 15.367

0.919 0.919 0.917 0.926 0.920 0.920 0.909 0.909 0.940 0.940 0.937 0.937

– – 0.654 – – – – – 0.000 0.000 – –
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has lower Cr-number and higher Mg-number (0.36
and 0.75) than the brighter zone (0.64 and 0.66).
However, there is no obvious chemical zoning in
spinels in the C-type part of the xenolith.

All amphiboles are calcic, and vary from parga-
site to tremolite (Leake et al. 1997) (Fig. 8a and b).
One edenite in the C-type part has an Al-poor
magnesio-hornblende rim (Fig. 3 g), and Al2O3

and alkali (Na2OþK2O) contents decrease from
9.4 to 5.0 wt% and from 2.3 to 1.4 wt%, respect-
ively, and Mg-numbers increase from 0.91 to 0.94,
from the core to rim (Table 1). All the amphiboles
in the F-type part are edenite, and the Al2O3 contents
are higher than those in the C-type part, varying only
from 10.0 to 13.1 wt% (Table 1). Amphiboles have
lower Fe-number and Si contents in the C-type than
in the F-type part (Fig. 8).

C-type peridotite with an orthopyroxenite vein;
sample 530. Fo contents of olivine in the harzbur-
gite part are lower (90.3–91.2) than in ordinary
C-type peridotites, but are rather high (up to 94.1)
in the orthopyroxenite vein (Fig. 4). Some olivines
in the orthopyroxenite vein have low NiO contents
(down to 0.17 wt%) with high Fo contents (up to
94), and the low-NiO olivines are closely associated
with the Al-spinels (see Fig. 3n and o). The
Cr-number of spinel in the harzburgite part is high
(0.73), and is equivalent to the highest Cr-number
of spinels in ordinary C-type peridotites (Figs 4 and
5). It is noteworthy that there are Al-spinels almost
free of Cr2O3 (,0.4 wt%) in the orthopyroxenite
vein (Fig. 3n and o). We could find chromian
spinels also in the orthopyroxene vein, and some of
them are rimmed and veined by Al-rich spinels
(Fig. 3j, k and m). The Al-rich spinels surrounding
chromian spinel have lower Cr-number and higher
Mg-number (0.32–0.41 and 0.75–0.78, respectively)
than the core (0.61–0.65 and 0.67–0.68) (see Fig. 3 k
and m). The Mg-number range of orthopyroxenes is
almost the same as that of olivines (0.90–0.92)
both in the harzburgite part and orthopyroxenite
vein, and the Mg-numbers are higher in the ortho-
pyroxenite vein than in the harzburgite part. The
Al2O3 contents of orthopyroxene are higher in the
orthopyroxenite vein than in the harzburgite part
(Fig. 6), although those of clinopyroxene are almost
the same in both parts (Fig. 7). The variations of
CaO content in orthopyroxenes and Na2O contents
of clinopyroxene are also the same for the orthopyr-
oxenite vein and harzburgite part (Figs 6 and 7),
although the Mg-numbers are higher in the orthopyr-
oxenite vein than in the harzburgite part.

Amphiboles in the harzburgite part vary from
edenite to magnesio-hornblende, and the TiO2 con-
tents are low (,0.15 wt%) (Fig. 8d). On the other
hand, amphiboles in the orthopyroxenite vein are
highly varied from pargasite to tremolite (Fig. 8a).
The tremolites (or Al-poor magnesio-hornblende)
and edenite sometimes coexist within a few milli-
metres. The Fe-numbers of amphiboles are corre-
lated positively with Al or alkali (NaþK)
contents, and negatively with Si contents in the ortho-
pyroxenite vein (Fig. 8). The TiO2 contents and
Fe-numbers are also low (,0.15 wt% and 0.05–
0.09, respectively) in these amphiboles (Fig. 8d).

Trace-element concentrations in minerals

We determined trace-element concentrations of
metasomatic minerals (i.e. orthopyroxenes, clino-
pyroxenes and amphiboles) in the tremolite- (or
Al-poor magnesio-hornblende)-bearing samples
(166 and 530). REE patterns of clinopyroxenes
are slightly enriched in light REE (LREE) relative
to middle REE (MREE) (Fig. 9a). Trace-element

Fig. 4. Relationships between Fo contents of olivine
and Cr/(CrþAl) ratios (¼Cr-number) of chromian
spinel in tremolite-bearing peridotite xenoliths (samples
672, 166 and 530) from Avacha volcano, Kamchatka.
OSMA, olivine–spinel-mantle array as a residual trend
of spinel peridotites (Arai 1994). Shaded area represents
abyssal peridotites (Arai 1994). Bold continuous line
and bold dashed line show the chemical variations of
C-type and F-type peridotites from Avacha,
respectively. It should be noted that some olivines
coexist with low-Cr-number spinels. 672-1 and 672-2
are Zone 1 and Zone 2, respectively, of sample 672;
166 C and 166 F are the C-type part spinel harzburgite
and the F-type part olivine orthopyroxenite,
respectively, of sample 166; 530 P and 530 O are the
spinel harzburgite part and orthopyroxenite vein,
respectively, of sample 530.
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patterns of clinopyroxenes demonstrate positive
spikes at Sr and Pb relative to neighbouring
elements (Fig. 9b). (La/Yb)N (subscript N indicat-
ing normalization to primitive mantle values of
McDonough & Sun 1995) and (Sm/Yb)N ratios of
clinopyroxene are 0.49–0.53 and 0.16–0.22,
respectively. The Nd/Yb ratio of clinopyroxenes
in tremolite-bearing samples is rather high (0.61–
0.67), reflecting relatively low Yb content (0.24–
0.27 ppm) (Table 2). Orthopyroxenes are also
enriched in heavy REE (HREE), and their REE
patterns are flat from LREE from MREE (Fig. 9c).
Trace-element patterns of orthopyroxenes have
negative spikes at Sr for the F-type part of sample
166, but a weak positive Sr spike in the orthopyrox-
enite vein in sample 530 (Fig. 9d). Amphiboles in
sample 166 are LREE-enriched, and their REE
patterns have a positive anomaly at Eu (Fig. 9e).
The amphiboles have lower concentrations of
REE in the C-type than in the F-type part, and tre-
molite and Al-poor magnesio-hornblende have
lower concentrations than other amphiboles in the
F-type part (Fig. 9e). The REE patterns of amphi-
boles in the orthopyroxenite vein of sample 530
are almost identical to each other, showing LREE-

and HREE-enriched patterns with positive spikes
at Eu (Fig. 9g). The REE concentrations of amphi-
boles in sample 530 are almost the same as those of
tremolite and Al-poor magnesio-hornblende in
the F-type part of sample 166 (Fig. 9e and g). The
trace-element patterns of amphiboles in sample
166 have positive spikes at Ba and U and negative
spikes at Nb, Pb and Ti relative to neighbouring
elements (Fig. 9f), although those of sample 530
have positive spikes at Pb and Sr (Fig. 9h). All
the REE and trace-element patterns and their abun-
dances in these metasomatic minerals from
tremolite-bearing samples are similar to those
from the metasomatic vein in a highly metasoma-
tized sample 227, which is edenite-bearing, but
free of tremolite (Fig. 9) (see Ishimaru et al. 2007).

Equilibrium conditions and thermometry

We estimated equilibrium temperatures by using
the two-pyroxene geothermometer of Wells
(1977), and found that they vary even within a
single sample. The estimated equilibrium tempera-
tures of Avacha peridotite xenoliths, both

Fig. 5. Chemical variations of spinels in tremolite-bearing peridotite xenoliths (samples 672, 166 and 530) from
Avacha volcano, Kamchatka. (a) Relationships between the Mg-number (¼ Mg/(Mgþ Fe2þ)) and Cr-number
(¼Cr/(CrþAl)) of spinels. (b) Cr–Al–Fe3þ cation ratios of spinels. Bold continuous line and bold dashed line
show the chemical variations of C-type and F-type peridotites from Avacha, respectively. It should be noted that some
of the spinels examined have higher Mg-number and lower Cr-number than spinels in both C-type and F-type
peridotites from Avacha. Abbreviations are as in Figure 4.
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metasomatized and unmetasomatized, vary from
850 to 1100 8C, and there is no appreciable differ-
ence between them (Arai et al. 2003; Ishimaru
et al. 2007). The equilibrium temperatures in the
tremolite-bearing samples are varied: they vary
from 831 to 1081 8C in Zone 1 and from 886 to
953 8C in Zone 2 of sample 672, from 927 to
950 8C in the F-type part and from 886 to 958 8C
in the C-type part of sample 166, and from 881 to

977 8C in the peridotite zone and from 798 to
971 8C in the orthopyroxenite vein of the sample.

The orthopyroxenite vein within sample 530 has
the mineral assemblage olivineþ orthopyroxeneþ
clinopyroxeneþ spinel, where the silicates are
highly magnesian (Figs 4, 6 and 7) and spinel is
Cr-free (Figs 4 and 5). The xenolith was definitely
derived from the spinel lherzolite stability field of
the CaO–MgO–Al2O3–SiO2 system (e.g. Kushiro

Fig. 6. Major-element chemical variations in orthopyroxenes of tremolite-bearing peridotite xenoliths (samples
672, 166 and 530) from Avacha volcano, Kamchatka. (a) Mg-number v. Al2O3 wt%. (b) Mg-number v. CaO wt%.
Avacha C, distributions of clinopyroxene in C-type peridotites from Avacha volcano, Kamchatka. It should be
noted that the orthopyroxenes in the examined samples have higher Mg-number on average than the primary
ones in C-type peridotites from Avacha. Abbreviations are as in Figure 4.
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& Yoder 1966), and the equilibrium pressure is,
therefore, 0.8–104 GPa if the temperature is
around 1000 8C. Arai et al. (2003) referred to the
spinel lherzolite stability field for a highly metaso-
matized fine-grained peridotite that contains a
low-Cr-number (, 0.2) spinel, and the derivation
depth might be shallower than 60 km. We calculated
the redox state of the tremolite-bearing peridotite
xenoliths from Avacha by using the oxygen

barometer of Ballhaus et al. (1990, 1991). The cal-
culated oxygen fugacities of tremolite-bearing peri-
dotite xenoliths (samples 672, 166 and 530)
assuming P ¼ 1.5 GPa vary from 20.19 to þ1.35
(Dlog (f O2)FMQ, where FMQ is the fayalite–magne-
tite–quartz buffer), and this range is almost the same
as in primary peridotites (Dlog( f O2)FMQ ¼ 20.2 to
þ1.2). The tremolite-bearing samples (672, 166 and
530) do not show high oxygen fugacity relative to

Fig. 7. Major-element chemical variations in clinopyroxenes in tremolite-bearing peridotite xenoliths (samples 672,
166 and 530) from Avacha volcano, Kamchatka. (a) Mg-number v. Al2O3 wt%. (b) Mg-number v. Na2O wt%.
Avacha C, distributions of clinopyroxene in C-type peridotites from Avacha volcano, Kamchatka. It should be noted
that some clinopyroxenes are high in Mg-number relative to primary ones in C-type peridotites from Avacha.
Abbreviations are as in Figure 4.
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Fig. 8. Relationships between Fe-number (¼ Fe/(FeþMg) ¼ 1 2 Mg-number) of Ca-amphiboles in
tremolite-bearing peridotite xenoliths (samples 672, 166 and 530) from Avacha volcano, Kamchatka and other
chemical parameters. (a) Number of Si atoms per formula unit (p.f.u.) in Ca-amphiboles. Tr, tremolite; Ac, actinolite;
Mg-hb, magnesio-hornblende; Ed, edenite; Tsc, tschermakite; Par, pargasite. Nomenclature is after Leake et al. (1997),
and abbreviations in parentheses are for (Na þK) . 0.5 p.f.u. (b) Number of Al atoms (p.f.u.) in Ca-amphiboles.
(c) Number of (Na þK) atoms (p.f.u.) in Ca-amphiboles. (d) TiO2 contents of Ca-amphiboles. (e) Fe-number
of olivines. Two dashed lines, labelled Tr and Par, indicate Mg–Fe distributions between olivine and tremolite and
pargasite, respectively, in mantle-derived peridotites summarized by Evans (1982). (f) Fe-number of amphiboles
v. Fe-number of clinopyroxenes. ‘Avacha C’ shows the field for primary amphiboles in C-type peridotites from
Avacha. Distributions of amphiboles of the Colorado Plateau (Aoki et al. 1972; Smith 1979; Smith et al. 1999),
Papua New Guinea (McInnes et al. 2001; Franz et al. 2002) and NE Japan (Megata volcano) (Aoki & Shiba 1973; Arai
1986; Abe et al. 1992, 1995) are shown for comparison. Dotted areas show the field for amphiboles from other
arc-related areas: Nunivak (Francis 1976), Mexico (Blatter & Carmichael 1998), Patagonia (Gorring & Kay
2000; Laurora et al. 2001; Rivalenti et al. 2004a,b; Bjerg et al. 2005), and the Pannonian Basin (Szabó & Taylor
1994; Szabó et al. 1995; Vaselli et al. 1995; Zanetti et al. 1995). Continuous lines show the compositional
field for tremolites from the Avacha peridotite xenoliths.
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Fig. 9. Primitive mantle (PM)-normalized (McDonough & Sun 1995) REE and trace-element patterns of
clinopyroxenes (a, b), orthopyroxenes (c, d) and amphiboles (e–h). Wide grey lines indicate the patterns of minerals in
an orthopyroxenite vein of a highly metasomatized C-type spinel harzburgite xenolith (sample 227) from Avacha
volcano, Kamchatka (see Ishimaru et al. 2007). Papua 61-1H is a pattern of metasomatic amphibole from Papua New
Guinea (Grégoire et al. 2001). Abbreviations are as in Figure 8.
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the primary peridotite xenoliths from Avacha,
although they are distinctly more oxidized than
the abyssal peridotites (Dlog( f O2)FMQ ¼ 22.5 to
þ0.5; Bryndzia & Wood, 1990).

Discussion

Chemical characteristics of calcic

amphiboles from Avacha

Calcic amphiboles in peridotite xenoliths have been
reported from numerous localities irrespective of
tectonic settings, and they vary in chemistry from
tremolite to kaersutite (e.g. Dawson & Smith
1982). Figure 8 compares the calcic amphiboles in

the Avacha peridotite xenoliths (samples 672, 166
and 530) with those in other peridotite xenoliths
from arc and related settings. Primary amphiboles
in C-type peridotite xenoliths from Avacha have
almost the same compositions as those in peridotite
xenoliths from Megata volcano, NE Japan (Fig. 8).
The calcic amphiboles in the tremolite-bearing peri-
dotite xenoliths (samples 672, 166 and 530) from
Avacha volcano have lower Fe-numbers and Si con-
tents than those from other localities except Papua
New Guinea and the Colorado Plateau (Fig. 8).
Tremolite-bearing peridotite xenoliths have been
reported also from these localities (Papua New
Guinea, Franz et al. 2002; Colorado Plateau,
Smith 1979). The calcic amphiboles of Avacha
tremolite-bearing peridotite xenoliths have almost

Table 2. Minor- and trace-element concentrations (ppm) of minerals (clinopyroxenes, orthopyroxenes
and amphiboles) determined by LA-ICP-MS in tremolite-bearing peridotite xenoliths (samples 166
and 530) from Avacha volcano, Kamchatka

Sample no: 166

C-type harzburgite F-type olivine orthopyroxenite

Point: 3-1-1_core 3-1-2_rim 3-2 5-1 6-1 6-2 10-1 10-2 6-1 10-1
Mineral: edenite mg-hb pargesite tremolite edenite edenite edenite edenite opx opx

Li 0.814 0.748 1.30 D.L. 1.01 1.00 1.32 1.05 0.618 0.668
B 17.3 17.9 119 16.5 9.76 9.03 13.2 17.8 7.36 8.86
Sc 97.3 77.4 35.1 124 19.8 16.7 11.6 13.1 9.27 11.6
Ti 496 226 802 147 872 1526 913 1529 29.6 117
V 388 229 306 257 85.4 78.2 37.5 70.6 55.6 32.4
Cr 8194 6389 1787 9084 341 37.4 63.9 30.1 381 41.8
Co 41.5 38.6 39.6 42.4 40.0 42.8 46.5 45.3 52.4 61.7
Ni 1053 950 1111 886 1420 1559 1432 1488 1176 1270
Rb 0.684 D.L. 1.397 D.L. 0.483 0.645 D.L. 0.470 D.L. D.L.
Sr 82.6 31.3 116 23.5 173 178 40.3 98.7 0.142 0.130
Y 1.78 0.730 5.43 0.528 6.74 11.9 7.89 13.5 0.121 0.283
Zr 43.6 13.8 69.7 5.44 72.8 90.9 61.8 78.4 1.33 1.86
Nb 0.836 0.247 1.19 0.160 1.32 1.46 1.07 1.33 D.L. D.L.
Ba 284 27.7 104 7.46 82.4 115 10.3 70.8 0.138 0.195
La 3.12 0.965 7.05 0.618 4.02 3.95 3.47 4.84 0.012 0.019
Ce 9.07 2.67 23.5 1.59 14.7 14.5 14.5 18.8 0.041 0.069
Pr 1.11 0.312 2.96 0.154 2.34 2.49 2.18 2.85 0.005 0.009
Nd 3.85 1.11 10.2 0.406 9.52 11.5 8.96 12.8 0.026 0.053
Sm 0.428 0.133 1.43 D.L. 1.58 2.48 1.58 2.54 D.L. D.L.
Eu 0.240 0.070 0.436 D.L. 1.23 1.31 1.23 1.49 D.L. 0.009
Gd 0.278 0.097 0.912 D.L. 1.19 2.02 1.24 2.18 D.L. 0.016
Tb 0.039 D.L. 0.123 D.L. 0.157 0.293 0.183 0.316 D.L. D.L.
Dy 0.234 0.089 0.839 0.061 1.05 1.87 1.22 2.18 D.L. 0.028
Ho 0.051 D.L. 0.160 D.L. 0.219 0.416 0.249 0.451 D.L. 0.009
Er 0.167 0.088 0.519 0.081 0.638 1.19 0.750 1.43 D.L. 0.040
Tm 0.033 0.022 0.085 0.025 0.118 0.186 0.134 0.207 D.L. 0.007
Yb 0.323 0.190 0.749 0.198 0.915 1.56 1.07 1.81 0.034 0.072
Lu 0.068 0.033 0.120 0.032 0.151 0.248 0.178 0.268 0.009 0.017
Hf 0.828 0.237 2.23 D.L. 2.27 3.12 1.77 2.42 0.045 0.064
Ta 0.088 D.L. 0.115 D.L. 0.133 0.161 0.085 0.103 D.L. D.L.
Pb 0.414 0.229 0.589 D.L. 0.499 0.501 0.437 0.459 D.L. D.L.
Th 0.126 0.081 0.353 D.L. 0.158 0.191 0.089 0.243 0.033 D.L.
U 0.043 D.L. 0.080 D.L. 0.077 0.113 0.060 0.089 D.L. D.L.

D. L., Below detection limit.
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the same chemical compositions as those of Papuan
xenoliths (Fig. 8), except for Mg–Fe partitioning
with olivine and clinopyroxene (Fig. 8e and f).
Some of the tremolites from Papua New Guinea
and the Colorado Plateau show the Mg–Fe parti-
tioning with olivine almost equivalent to the
low-temperature pairs in ordinary solid intrusive
peridotites (Fig. 8e; Evans 1982). In contrast to
this, the tremolite–olivine pairs from the Avacha
xenoliths show apparent partition coefficients
closer to unity, suggesting higher equilibration temp-
eratures, than the Papuan pairs on average (Fig. 8e).

The tremolites and other Al-poor amphiboles
exhibit lower REE contents than Al-rich ones
(edenites and pargasites) in the Avacha peridotites
(Fig. 9), suggesting a systematic variation of REE
contents of the metasomatic agents involved. It is

noteworthy that a calcic amphibole from a Papuan
peridotite xenolith (No. 61-1H; Gregoire et al.
2001) is very similar to Al-rich amphiboles in
sample 166 from Avacha (Fig. 9f), indicating a
similarity in chemical signature of metasomatic
agents between the two localities.

Genesis of calcic amphiboles in the

Avacha peridotites

The C-type peridotite xenoliths from Avacha have
been metasomatized to various extents by SiO2-
rich aqueous fluids (and melt), related to the sub-
ducting slab (Arai et al. 2003; Ishimaru et al.
2007). The F-type peridotite xenoliths have also
undergone metasomatism, and metasomatic

530

Orthopyroxenite vein

1-2 4-2 3-1 4-2 10-1 1-1 2-1 7-1 8-1 8-2
cpx cpx opx opx opx edenite edenite mg-hb mg-hb trþmg-hb

1.11 1.01 0.682 0.932 0.946 1.52 1.57 1.05 1.18 1.47
12.3 9.52 9.27 18.0 25.9 12.7 11.1 8.60 14.5 42.8
50.5 21.3 2.37 8.74 14.0 26.4 32.0 45.1 56.2 74.3

162 117 105 82.9 94.6 855 810 463 570 629
150 91.7 27.9 54.9 62.1 321 331 239 270 298
688 193 D.L. 249 254 43.3 22.3 402 510 890
20.7 21.9 45.1 46.0 47.5 29.2 27.5 26.9 28.8 42.7

410 405 730 621 723 841 682 887 1,037 1,410
D.L. D.L. D.L. D.L. 0.103 1.11 1.69 0.615 1.02 0.522
12.2 11.6 D.L. 0.049 1.69 40.1 45.4 19.6 22.1 25.2
0.702 0.733 0.061 0.107 0.214 1.23 1.27 1.18 2.34 2.80
1.35 1.19 0.116 0.245 0.638 5.19 6.84 4.77 7.25 7.86

D.L. D.L. D.L. D.L. 0.009 0.135 0.153 0.099 0.145 0.126
0.116 D.L. D.L. D.L. 0.805 9.07 15.5 3.73 6.39 2.68
0.209 0.175 D.L. 0.007 0.047 0.688 0.726 0.459 0.624 0.761
0.318 0.319 D.L. 0.013 0.089 1.06 1.04 0.684 0.990 1.15
0.045 0.035 D.L. D.L. 0.015 0.097 0.113 0.080 0.121 0.157
0.163 0.164 D.L. D.L. 0.066 0.374 0.398 0.313 0.539 0.560

D.L. D.L. D.L. D.L. D.L. D.L. 0.103 D.L. 0.127 0.115
D.L. D.L. D.L. D.L. 0.009 0.056 0.064 0.052 0.073 0.096
D.L. 0.049 D.L. D.L. 0.023 0.085 0.095 0.076 0.152 0.210
D.L. D.L. D.L. D.L. D.L. D.L. D.L. D.L. 0.036 0.046
0.093 0.095 D.L. D.L. 0.027 0.140 0.160 0.141 0.289 0.391

D.L. 0.017 D.L. D.L. 0.007 0.037 0.038 0.045 0.072 0.084
0.127 0.110 D.L. 0.019 0.026 0.169 0.172 0.154 0.322 0.417
0.025 0.030 D.L. D.L. 0.010 0.040 0.032 0.040 0.070 0.072
0.266 0.244 0.034 0.060 0.063 0.411 0.370 0.416 0.655 0.773
0.045 0.042 0.009 0.014 0.017 0.076 0.073 0.080 0.113 0.149

D.L. D.L. D.L. D.L. 0.024 0.118 0.180 0.146 0.185 0.198
D.L. D.L. D.L. D.L. D.L. D.L. D.L. D.L. D.L. D.L.
0.256 D.L. D.L. D.L. 0.180 0.759 0.857 0.438 0.446 0.604

D.L. D.L. D.L. D.L. 0.013 D.L. D.L. D.L. D.L. D.L.
D.L. D.L. D.L. D.L. D.L. D.L. D.L. D.L. D.L. D.L.
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orthopyroxenes replacing olivine are observed
extensively (Arai et al. 2003). The calcic amphi-
boles, especially tremolites, described in this
paper, were found only in highly metasomatized
parts of the peridotite xenoliths (samples 672, 166
and 530) from Avacha volcano (see Fig. 3 g). A
relatively low-temperature condition is indispensa-
ble for tremolite formation in the upper mantle.
The upper stability limit of tremolite is 830 8C at
1 GPa and 850 8C at 2 GPa (Boyd 1959), or is
lower than 800 8C at these pressures in association
with olivine (e.g. Jenkins 1983). The tremolites in
Papuan peridotite xenoliths are metasomatic and
were observed in the core of plagioclase in metaso-
matized plagioclase lherzolite, and have low equili-
brium temperatures (720–780 8C) (Franz et al.
2002). On the other hand, the tremolites from the
Colorado Plateau peridotite xenolith have high
Na2O contents (up to 3.8 wt%), and were inter-
preted as the result of reaction of spinel, clinopyrox-
ene and an aqueous fluid at low temperature (below
700 8C) (Smith 1979). In contrast, two-pyroxene
equilibrium temperatures recorded in the tremolite-
bearing Avacha peridotite xenoliths are higher than
the stability limits; some highly metasomatized
peridotites including Zone 1 of sample 672 have
equilibrium temperatures higher than 1000 8C.
This may indicate a type of ‘retrogressive’ for-
mation of the tremolites within the Avacha perido-
tites after the main stage of high-temperature
metasomatism.

The other important point for the tremolite
formation in the Avacha peridotites is the bulk
chemistry. The tremolite-bearing part of the
Avacha peridotites is characterized by very high
Mg-numbers of its minerals (Figs 4–8). Alkali con-
tents are very low, but CaO and SiO2 contents are
high because these rocks are rich in pyroxenes
and amphiboles (e.g. Fig. 3c, e–l, n and o). Interest-
ingly, the Cr-number of spinel is very low (Figs 4
and 5) even though Mg-numbers of silicates are
high. High-Mg-number, low-alkali bulk compo-
sitions may facilitate the formation of tremolitic
amphiboles. With a deficiency of alkalis, tremolite
exhibits very limited solid solution toward tscher-
makite even in association with aluminous spinel
and orthopyroxene as in the case of Avacha
samples (e.g. sample 530; Figs 3 k, n and 4)
(Jenkins 1988). With a decrease of Mg-number
natural tremolites show an increase tschermakite
molecules (Cao et al. 1986).

Implications for mantle-wedge processes

beneath a volcanic front

The intense metasomatism of peridotite xenoliths
from Avacha volcano, Kamchatka, may be

representative of active metasomatism of the
mantle wedge beneath the volcanic front by fluids
(or melts) released from the subducting slab (Arai
et al. 2003; Ishimaru et al. 2007). The prominent
mantle metasomatism recorded by peridotite xeno-
liths from Lihir volcano, Papua New Guinea (Gré-
goire et al. 2001; McInnes et al. 2001; Franz
et al. 2002) and Iyara volcano, Philippines (Vidal
et al. 1989; Maury et al. 1992; Arai et al. 2004)
has exactly the same situation. The metasomatized
peridotites from Avacha are rich in metasomatic
pyroxenes formed at the expense of olivine, indicat-
ing metasomatic addition of silica (pyroxenes). The
predominance of clinopyroxene over orthopyrox-
ene in association with calcic amphiboles in
sample 672 may also indicate addition of calcium.
The metasomatic agent should have been rich in
aluminium, because Cr-free Al-rich spinel was pre-
cipitated with metasomatic silicates (Fig. 3n and o)
or Al-rich spinel overgrew fragmented chromian
spinel (Fig. 3d, h and k). Relatively low alkali con-
tents of calcic amphiboles (Fig. 8c) and the near
absence of phlogopite indicate low alkali contents
of the metasomatic agent involved. The drastic
increase of Mg-number in the metasomatized peri-
dotite possibly indicates subtraction of iron during
the metasomatism.

A sulphur-bearing silicic melt (e.g. Métrich
et al. 1999) is the most suitable candidate for such
a metasomatic agent. It can extract Fe or Ni from
olivine to leave the high-Mg-number, or low-Ni
olivine, and precipitate pyroxenes at the expense
of olivine. Sporadic globular MSS (Fig. 3l and m),
which is commonly observed in metasomatized
peridotites from Avacha (Arai et al. 2003), is a pre-
cipitate from the interacted melt. Extraction or
precipitation of Fe-rich sulphide at the expense of
fayalite component may raise f O2 through the
reaction Fe2SiO4þ 0.5S2 ¼ FeSþ FeSiO3þ 0.5O2

(Gaetani & Grove 1999). The overall high f O2 in
the metasomatized peridotites from Avacha (Arai
et al. 2003; Ishimaru et al. 2007) is consistent
with this interpretation (see de Hoog et al. 2001).
Sulphur possibly plays an important role in control-
ling the redox state of magmas and their source
within the mantle wedge (e.g. Hattori et al. 2002;
de Hoog et al. 2004). Deficiency of alkalis may
require early-stage precipitation of phlogopites
and amphiboles; for example, just above the slab
(e.g. Tatsumi 1986). The silicic melt probably had
almost the same chemical characteristics as those
of the metasomatized peridotite xenoliths from
Lihir, Papua New Guinea because of the similarity
between metasomatic minerals in the Avacha
peridotites and Papua New Guinean peridotites
(Fig. 9), where the metasomatic agent was con-
sidered to be slab-derived fluids (Grégoire et al.
2001; Franz et al. 2002).
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This type of metasomatism can produce metaso-
matic peridotites or pyroxenites with aluminous
spinels within the upper mantle (Fig. 4). The
Mg-number of silicates is expected to be covariant
with the Cr-number of spinel through upper mantle
processes. However, some highly magnesian peri-
dotites and pyroxenites have highly aluminous
spinels, or aluminous spinel rocks are observed
associated with magnesian peridotites (e.g. Rajesh
et al. 2004). The nature of the agent to form
high-Mg-number, low-Cr-number ultramafic rocks
has not been clear to date, but slab-derived melts
are one of the possible candidates (e.g. Franz &
Wirth 2000).

Summary and conclusions

(1) Avacha peridotite xenoliths contain tremolite
grains in highly metasomatized zones, composed
of metasomatic orthopyroxene, clinopyroxene and
chromian spinel (rarely aluminous spinel) and
minor amounts of olivine and sulphide. The two-
pyroxene thermometer of Wells (1977) yields
temperatures of mostly 900–1000 8C but rarely
.1000 8C, beyond the stability limit of tremolite.
This indicates retrogressive formation of tremolite
after the thermal peak of high-temperature
metasomatism.

(2) The tremolite-bearing part is characterized
by high Mg-number and high pyroxene (silica) con-
tents, suggesting removal of iron and addition of
silica on metasomatism. The metasomatism added
CaO but not alkalis. The tremolites were produced
in the high-Mg-number and low-alkali environment
at high temperatures relative to those in peridotite
xenoliths from Papua New Guinea and the Colorado
Plateau.

(3) The metasomatic agent is slab-derived
sulphur-bearing silicic melt, which is common
within the mantle wedge. This allows subtraction
of iron from olivine with precipitation of pyroxenes
and amphiboles. This interpretation is consistent
with the overall high f O2 of metasomatized perido-
tites from Avacha.

(4) This metasomatism can produce high-Mg-
number peridotites and pyroxenites with low-Cr-
number spinels within the upper mantle where the
Mg-number of silicates is covariant with the
Cr-number of spinel.

The samples used in this paper were mainly collected by
K. Kadoshima and A. Koyanagi in field research in
2000. The ICP-MS system was installed in the course of
research of the 21st-Century COE project ‘Environmental
Monitoring and Prediction of Long- and Short-Term
Dynamics of Pan-Japan Sea Area: Construction of Moni-
toring Network and Assessment of Human Effects’ led
by K. Hayakawa, Kanazawa University. Y. Ishida assisted

us in LA-ICP-MS analysis. K. Tazaki helped us to use the
electron microprobe at the Center for Cooperative Research,
Kanazawa University, and T. Morishita, J. Uesugi and
Y. Shimizu assisted us in microprobe analysis. We are grate-
ful to S. Duggen and Cs. Szabó for their critical comments
and to M. Coltorti for his editorial handling.
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GORDEEV, E. 1997. Seismicity and structure of the
Kamchatka subduction zone. Journal of Geophysical
Research, 102, 17883–17898.

GORRING, M. L. & KAY, S. M. 2000. Carbonatite meta-
somatized peridotite xenoliths from southern

Patagonia: implications for lithospheric processes
and Neogene plateau magmatism. Contributions to
Mineralogy and Petrology, 140, 55–72.
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Abstract: Mantle xenolith bearing olivine melanephelinites from the Okhotsk sector of the
Okhotsk–Chukotka Volcanic Belt (OCVB), northeastern Russia, occur as small isolated volca-
noes emplaced within massive late Early to Late Cretaceous subduction-related calc-alkaline
rocks. The xenoliths are typical medium- to fine-grained anhydrous mainly spinel lherzolites
that are strongly to weakly foliated with intensive to minor recrystallization to equigranular
texture. The primitive mantle normalized whole-rock REE have flat patterns or patterns with
slightly elevated light REE (LREE) ((La/Yb)N ¼ 0.48–1.38). The REE in clinopyroxenes have
systematically decreasing normalized abundances from Sm to La, implying that the LREE enrich-
ments in the whole-rock REE patterns are attributed to circulation of minor intergranular fluids or
melts. Equilibration temperatures and pressures calculated for the Viliga samples are in the range
of 1050–1160 8C and 15–21 kbar, respectively. Ca diffusion rates in olivine reveal a rapid trans-
port to the surface (2–6 days) of these peridotites. Model calculations have shown that the fertile
lherzolites can be produced by 2–9% batch melting, whereas the depleted peridotites require 15%
batch melting of a primitive source. The cessation of the interaction between the palaeo-Pacific
plate and the NE Russian margin at c. 87 Ma apparently caused a ‘piecemeal’ collapse of the
former followed by intrusion and ascent of olivine melanephelinitic magma, which entrained
xenoliths from the asthenospheric mantle of the subducted plate during the Pliocene through
the generated window(s). Moreover, clinopyroxenes that have low 87Sr/86Sr and high
143Nd/144Nd and plot in and above the mid-ocean ridge basalt (MORB) field are consistent
with an upwelling asthenospheric mantle through the window(s) created by the ‘piecemeal’ col-
lapse of the palaeo-Pacific plate.

Mantle xenoliths in alkali basalts emplaced in
massive subduction-related calc-alkaline rocks are
important rocks, as they could provide information
about the nature of the lithospheric mantle wedge
and the geochemical and metasomatic processes
that occur in such tectonic settings. Fluids released
from sediments of a downgoing subduction
slab could cause modal metasomatism in the litho-
spheric mantle wedge, forming hydrous phases
such as amphibole and phlogopite (Peacock 1993).
Migration of melts produced by melting of a down-
going subduction slab can also affect the lithospheric
mantle wedge, causing cryptic metasomatism, as has
been demonstrated by Kilian & Stern (2002) for the
Cerro Fraile mantle xenoliths in southernmost
Patagonia and by Kepezhinskas et al. (1996) for
the Valovayam Volcanic Field in the northern
segment of Kamchatka arc xenoliths.

The mantle xenoliths from the Viliga River
volcanic field in the northern Okhotsk region, NE
Siberia (Fig. 1), are hosted by olivine melanephelinites

and basanites and occur at two localities (Kananyga
River and Aliki River areas) on top of calc-alkaline
rocks up to 1550 m above sea level, which are
related to the subduction of the palaeo-Pacific slab
(Zonenshain et al. 1990). The age of the undersatu-
rated lavas ranges from 10.7 to 7 Ma (Akinin 1997,
2005; Apt et al. 1998). A limited number of mantle
xenoliths from the region have been studied by
Akinin et al. (1997) and Apt et al. (1998). Here
we present a summary of the petrology, mineralogy
and geochemistry of the ultramafic xenoliths from
both localities and discuss the implications of
these data with respect to the subduction slab and
mantle wedge processes.

Geological settings

The Okhotsk–Chukotka belt consists to a large
degree of coeval Cretaceous and early Tertiary
volcanic and plutonic rocks that occur along the
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continental margin in NE Russian. These igneous-
arc-related rocks form a widespread Andean-style
magmatic arc sequence that occurs for about
3500 km along the entire length of the belt from the
Chukotka Peninsula in the north to the Uda River in
the southwestern Okhotsk region (Zonenshain et al.
1990; Hourigan & Akinin 2004). The rocks of the
Okhotsk–Chukotka Volcanic Belt (OCVB) are
Early Cretaceous and Late Cretaceous, or locally
Palaeocene, gently dipping basalts, andesitic basalts,
andesites, dacites, rhyolites, tuffs, and rare beds of
nonmarine clastic rocks with conglomerates and
sandstones in the base (Nokleberg et al. 1998). On
the basis of their lithological similarities within
specific geographical regions the belt has been
divided into seven sectors. From NE to SW these
are the Eastern Chukotka flank zone, the Central Chu-
kotka sector, the Anadyr sector, the Penzhina sector,
the Okhotsk sector and the Western Okhotsk flank
zone. The duration of the magmatic activity in the
Okhotsk–Chukotka volcanic belt is still debated but
generally it has been estimated to range from
middle Albian to Campanian time (Hourigan &
Akinin 2004, and references therein).

Distributed along the OCVB are Pliocene or
Pleistocene mantle xenolith bearing olivine melane-
phelinites and basanites. The Viliga xenolith-
bearing olivine melanephelinites and basanites are
located in the Okhotsk sector (Fig. 1) and were
intruded into Cretaceous subduction-related
calc-alkaline rocks. However, only two out of five
outcrops are xenolith bearing: one (VL1) in the
Kananyga River and the other (VL5) in the Aliki
River about 40 km NE from the Kananyga River.

Analytical techniques

Electron microprobe analyses of major minerals
were carried out with a Cameca SX 100 electron
microprobe at the University of Vienna, Depart-
ment of Lithospheric Sciences. All analyses were
made against mineral standards by utilizing
wavelength-dispersive spectrometers; acceleration
voltage and beam current were 15 kV and 20 nA,
respectively, and standard correction procedures
were applied. For Ca analyses in olivine an accelera-
tion voltage of 20 kV and a beam current of 80 nA

Fig. 1. Location map showing the Okhotsk–Chukotka Volcanic Belt divided into six sectors: the West Okhotsk,
Okhotsk, Penzhina, Anadyr, Central Chukotka and Eastern Chukotka sectors. The Viliga Volcanic Field with
xenolith-bearing olivine melanephelinites is located in the Okhotsk sector (adapted and modified from
Hourigan & Akinin 2004).
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were used. As primary standard we used pure
wollastonite, and as secondary standard the San
Carlos olivine. The secondary standard is a frag-
ment of the gem-quality single crystal San Carlos
olivine (sample SC/KA), which was used by
Köhler & Brey (1990) for calibrating the Ca
exchange between olivine and clinopyroxene,
used as a geobarometer. The mean Ca content deter-
mined for this fragment is 524 ppm and the analyti-
cal error is c. 1%. A detailed description of the
determination of the Ca content of the SC/KA has
been given by Köhler & Brey (1990). Counting
time was 100 s on peak position and on each back-
ground position. To control the accuracy and repro-
ducibility of Ca analyses along a profile through the
olivine in contact with clinopyroxene, every 15th
analysis were performed on the SC/KA olivine.
For example, the SC/KA in the sample VL1-7
were measured 12 times. The average Ca content
was 537.5 ppm with x2 ¼ 0.0949. The Ca content
was then normalized to the reference value of
524 ppm and this factor was used to correct the
Ca contents of the analyses.

Major and trace element analyses were carried
out by X-ray fluorescence (XRF) Spectrometry
(Philips 2400 system). Th, U and REE were ana-
lysed by inductively coupled plasma-mass spec-
trometry (ICP-MS) (ELAN 6100 system) at the
University of Vienna, Department of Lithospheric
Sciences. Clinopyroxene preparation and Sr and
Nd isotopic analytical work were also performed
at the Laboratory of Geochronology, Department
of Lithospheric Sciences, University of Vienna,
using the analytical procedure described by Thoni &
Miller (2004), and determination of the Sr and Nd
isotopes was carried out by thermal ionization
mass spectrometry (TIMS), using a ThermoFinni-
gan Triton TI system. Xenolith modal proportions
were calculated using two methods. First we used
an automatic point counter with 2000 points per
thin section to acquire the modal phase proportions;
second, we calculated the modal distribution using
the mass balance of bulk-rock (XRF) and mineral
analyses (electron microprobe analysis; EMPA). A
comparison of the results from the two methods is
given in Table 1.

Trace element contents of minerals were ana-
lysed by laser ablation (LA) ICP-MS at the Univer-
sity of Bergen, Norway (VG Elemental Plasma
Quad 3 system). The laser system was used in
pulse mode with a frequency of 10 Hz and energy
of about 0.1–0.15 mJ per pulse. The laser beam
was 20 mm wide. The spots for analysis were
selected under optical microscope. The NIST 610
and 612 glasses were used as the external standard
and the CaO content in minerals was used as the
internal standard for yield calculations. Typical
detection limits are in the range of 20–40 ppb for

REE, Sr, Zr, Hf and Y; 200 ppb for V and Sc; and
4–6 ppm for Co, Cu and Zn.

Results

Petrography

The xenoliths from both localities (Kananyga River
and Aliki River) are variable in size and consist
mostly of spinel lherzolites. The largest xenoliths
have a diameter of up to 90 cm but they are strongly
oxidized and therefore have not been sampled. The
common size of the sampled xenoliths varies
between 10 and 25 cm in diameter. Also, augite
megacrysts up to 5 cm in size were found as
inclusions in the basalts. From our collection we
selected 14 samples that were large enough able
to provide representative whole-rock analyses and
large thin sections. With the exception of one
sample, VL1-35 (Fig 2a), which has equigranular
texture, all the samples have protogranular textures,
are fine-grained and exhibit evidence of defor-
mation (foliation and alignment of elongate spinel
grains; Fig. 2b). In same cases, clinopyroxene
shows typical spongy rims attributed to the reaction
with fluids or melts that caused its partial break-
down. The spongy rims show intergrowths of a
second generation clinopyroxene (cpx2) and glass.
The thickness of these spongy rims is variable and
occasionally if clinopyroxene is small the primary
clinopyroxene (cpx) exists, if at all, only in the
core of the grain. The petrographic features and
the modal composition of the studied samples are
given in Table 1.

Mineral chemistry

Olivine

Microprobe analyses of olivine are given in Table 2.
With an exception of sample VL5-3, which has Fo
87.9, all the samples have Fo values that vary from
89.6 to 90.5. CaO abundances from routine EPMA
analyses show minor variations around 0.1 wt%.
However, in the detailed Ca profiles used for
pressure calculations and ‘geospeedometry’ the
CaO content in the rims rises to 0.32 wt%. MnO
and NiO abundances range from 0.11 to 0.17 and
from 0.33 to 0.40, respectively.

Orthopyroxene

Orthopyroxene microprobe analyses are given in
Table 3. All orthopyroxenes in the Viliga xenoliths
are relative Al-rich (4.7–6.1% Al2O3). Within indi-
vidual samples orthopyroxenes are homogeneous
and there are virtually no compositional differences
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Table 1. Modal composition using mass balance and point-counting methods of the Viliga peridotites with short petrographic description

Sample Modal composition Petrographic description*

Olivine Orthopyroxene Clinopyroxene Spinel

MB PC MB PC MB PC MB PC

VL1-1 72.6 55.8 19.7 34.9 6.9 13.2 0.8 2.2 cpx coexisting with opx; sp vermicularly intergrown with opx
VL1-2 47.9 47.9 29.7 32.9 19.9 24.7 2.5 3.9 numerous larger cpx aggregates; sp mainly vermicularly intergrown with opx: ‘holly

leaf’ outline
VL1-3 61.4 57.3 25.8 29.5 11.5 13.8 1.3 2.1 reacted cpx rims caused by host infiltration; vermicularly grown sp: ‘holly leaf’

outline
VL1-7 53.4 27.7 28.4 49.2 16.3 12.5 1.8 2.2 strongly fractured coexisting cpx and opx phases; sp vermicularly intergrown with

opx: ‘holly leaf’ outline
VL1-8 60.2 64.8 24.9 40.4 12.6 15.6 2.1 1.7 partly fractured opxþ cpx; sp vermicularly intergrown with opx; inclusions of ol, cpx

and opx in sp
VL1-9 63.6 58.3 22.0 34.2 12.8 8.9 1.6 2.1 reacted cpx rims along cracks; sp vermicularly intergrown with opx: ‘holly leaf’

outline
VL1-12 57.6 54.4 24.6 32.3 16.0 12.2 1.8 1.9 large primary ol grains recrystallized to fine-grained ol aggregates; sp randomly

interstitial and vermicularly intergrown with opx
VL1-19 56.9 55.1 23.0 27.9 18.0 15.9 2.1 2.0 aggregates with cpx, opx and sp; sp randomly interstitial but also vermicularly

intergrown with opx: ‘holly leaf’ outline
VL1-26 59.4 49.2 21.0 34.4 18.7 15.8 2.0 2.9 phlogopite bearing; opx with inclusions of ol; sp vermicularly intergrown with opx
VL1-34 61.0 58.3 22.1 20.7 15.1 19.4 1.8 2.3 strongly reacted cpx rims along cracks; sp vermicularly intergrown with opx: ‘holly

leaf’ outline
VL1-35 60.1 63.6 24.0 35.9 13.9 12.5 1.7 2.8 slightly altered paragenesis; strongly reacted cpx rims caused by host infiltration,

interstitially and vermicularly grown sp
VL5-3 60.4 21.5 16.0 1.6 strongly reacted cpx and sp; melt pockets with glass and secondary cpx; zoned sp
VL5-12 56.9 26.2 15.2 1.7 strongly fractured and reacted cpx; sp zoned and interstitially but also vermicularly

grown: ‘holly leaf’ outline
VL5-15 57.3 25.8 14.9 1.8 strongly fractured and reacted cpx; sp zoned and vermicularly intergrown with opx:

‘holly leaf’ outline

*All samples with kink-banded olivine and protogranular texture, except sample VL1-35, which has equigranular texture.
MB, mass balance method; PC, point-counting method.
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between core and rim. As for olivine, sample VL5-3
has the lowest mg-number (0.88). In all other
samples mg-number varies from 0.90 to 0.91.
CaO abundances range between 0.85 and 1.12 wt%,
within the range typical for orthopyroxenes in the
spinel peridotite field.

Clinopyroxene

Clinopyroxene microprobe analyses are given in
Table 4. According to their composition and

texture, two kinds of clinopyroxene have been
identified: primary clinopyroxene (cpx1) and sec-
ondary clinopyroxene (cpx2). Secondary clinopyr-
oxene occurs mainly in the spongy rims of the
primary clinopyroxene. These rims consist of
glass and cpx2 and are the result of partial break-
down of the cpx1 as a result of reaction with
intergranular circulation of host basalt fluids or
melts. Primary clinopyroxenes are diopsides,
which are remarkably homogeneous within the
individual samples. The Al2O3 content varies

Fig. 2. Photomicrographs of Viliga lherzolite xenoliths. (a) well-equilibrated equigranular texture, sample
VL1-35 (crossed Nicols); (b) fine-grained protogranular texture with well-aligned and elongated spinels
(plane-polarized light). Most samples are exceptional fresh.
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Table 2. Representative olivine microprobe analyses (wt%)

Sample: VL1-1 VL1-2 VL1-3 VL1-7 VL1-8 VL1-9 VL1-12 VL1-19 VL1-26 VL1-34 VL1-35 VL5-3 VL5-6 VL5-12 VL5-13 VL5-15

SiO2 41.2 40.6 40.2 40.5 41.2 41.0 41.1 40.8 41.3 40.6 40.7 40.6 39.8 41.1 40.6 41.0
FeO 9.4 10.4 9.2 9.7 9.5 9.8 10.1 10.1 9.9 10.1 10.0 11.8 9.7 9.9 9.7 9.9
MnO 0.15 0.16 0.11 0.12 0.16 0.14 0.14 0.16 0.14 0.14 0.12 0.17 0.15 0.17 0.15 0.14
NiO 0.34 0.40 0.38 0.33 0.36 0.33 0.35 0.35 0.29 0.35 0.36 0.37 0.39 0.33 0.34 0.37
MgO 50.3 49.7 50.5 47.3 50.6 49.8 49.0 49.1 49.7 48.8 49.6 48.0 49.0 49.4 49.0 49.5
CaO 0.10 0.08 0.09 0.09 0.08 0.09 0.12 0.11 0.08 0.08 0.05 0.05 0.09 0.05 0.09 0.08

Total 101.5 101.4 100.5 98.1 101.9 101.3 100.9 100.6 101.4 100.1 100.9 101.1 99.2 101.1 100.1 101.1
Mg-no. 90.52 89.52 90.76 89.72 90.48 90.02 89.65 89.61 89.98 89.63 89.86 87.85 90.03 89.93 89.99 89.95

Total iron is shown as FeO. mg-number ¼ 100 � (molar MgO/(MgOþ FeO)).
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Table 3. Representative orthopyroxene microprobe analyses (wt%)

Sample: VL1-1 VL1-2 VL1-3 VL1-7 VL1-8 VL1-9 VL1-12 VL1-19 VL1-26 VL1-34 VL1-35 VL5-3 VL5-6 VL5-12 VL5-13 VL5-15

SiO2 55.1 54.7 53.4 53.7 54.9 54.4 54.3 53.9 54.4 53.8 55.2 54.5 53.1 55.0 53.5 54.5
TiO2 0.06 0.19 0.10 0.15 0.12 0.12 0.18 0.20 0.16 0.20 0.14 0.10 0.16 0.20 0.18 0.17
Al2O3 4.7 5.5 5.2 6.1 5.2 5.3 5.7 5.9 5.6 5.5 4.7 5.5 6.0 5.3 5.7 5.9
Cr2O3 0.54 0.33 0.50 0.43 0.50 0.50 0.43 0.41 0.38 0.38 0.34 0.42 0.47 0.45 0.51 0.47
FeO 6.0 6.4 5.9 6.3 6.0 6.2 6.4 6.3 6.3 6.4 6.3 7.3 6.0 6.2 6.1 6.3
MnO 0.10 0.13 0.11 0.16 0.12 0.13 0.15 0.15 0.14 0.16 0.14 0.17 0.12 0.15 0.15 0.13
NiO 0.08 0.11 0.07 0.11 0.12 0.10 0.10 0.07 0.10 0.12 0.11 0.06 0.12 0.09 0.13 0.08
MgO 33.3 33.1 33.2 32.4 33.5 32.9 32.2 32.1 32.5 32.1 33.3 31.6 31.9 32.7 32.3 32.4
CaO 0.98 0.85 0.95 1.09 0.88 0.92 0.95 1.03 0.90 0.92 0.71 0.84 1.12 0.83 1.11 1.08
Na2O 0.14 0.18 0.13 0.22 0.15 0.14 0.16 0.19 0.13 0.21 0.14 0.22 0.21 0.14 0.23 0.16

Total 101.0 101.4 99.4 100.6 101.4 100.7 100.5 100.3 101.4 99.7 101.1 100.69 99.3 101.13 99.9 101.19
Mg-no. 90.89 90.25 90.97 90.21 90.87 90.45 90.04 90.08 90.13 89.94 90.42 88.46 90.39 90.33 90.42 90.17

Total iron is shown as FeO. mg-number ¼ 100 � (molar MgO/(MgOþ FeO)).
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Table 4. Representative clinopyroxene microprobe analyses (wt%)

Sample: VL1-1 VL1-2 VL1-3 VL1-7 VL1-8 VL1-9 VL1-12 VL1-19 VL1-26 VL1-34 VL1-35 VL5-3 VL5-6 VL5-12 VL5-13 VL5-15

SiO2 52.1 51.6 50.5 51.4 51.9 51.9 51.4 51.2 51.7 50.9 51.8 52.0 50.3 51.6 51.1 52.1
TiO2 0.27 0.71 0.44 0.52 0.47 0.45 0.69 0.63 0.56 0.62 0.61 0.65 0.61 0.72 0.55 0.55
Al2O3 6.0 7.9 6.9 7.9 7.2 7.2 7.9 8.1 7.8 7.7 7.4 8.1 7.9 7.8 7.6 7.8
Cr2O3 1.04 0.66 0.93 0.83 0.91 0.93 0.80 0.78 0.80 0.77 0.78 0.78 0.82 0.80 0.81 0.87
FeO 2.9 3.2 2.7 3.3 3.0 3.0 3.1 3.1 3.2 3.1 2.9 3.6 3.2 3.0 3.4 3.3
MnO 0.09 0.12 0.08 0.11 0.11 0.12 0.11 0.11 0.10 0.08 0.10 0.09 0.14 0.09 0.14 0.12
NiO 0.01 0.04 0.07 0.02 0.07 0.05 0.05 0.05 0.05 0.05 0.07 0.04 0.09 0.04 0.03 0.05
MgO 16.3 15.5 16.2 16.2 15.7 15.8 15.7 15.6 15.5 15.5 15.2 14.6 15.8 15.5 15.8 16.0
CaO 20.4 19.4 20.0 18.3 19.5 19.6 19.2 18.7 19.1 19.2 19.8 18.3 18.1 18.9 18.6 18.6
Na2O 1.49 2.11 1.62 1.85 1.84 1.94 2.00 2.02 1.99 2.06 2.22 2.35 2.05 1.82 2.09 1.62

Total 100.7 101.2 99.6 100.5 100.8 100.9 101.1 100.3 100.9 99.9 100.9 100.4 99.1 100.3 100.2 100.9
Mg-no. 90.95 89.77 91.44 89.76 90.32 90.29 89.91 89.84 89.75 89.90 90.43 87.90 89.69 90.23 89.28 89.73

Total iron is shown as FeO. mg-number ¼ 100 � (molar MgO/(MgOþ FeO)).
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from 6.0 to 8.1 wt%, with an overall good positive
correlation with Al2O3 in orthopyroxene. The
Al2O3 and Na2O contents in cpx2 are lower than
those of cpx1, whereas the opposite is true for
MgO and CaO contents (Fig. 3a and b). The Na2O
and Al2O3 abundances in the cpx2 are up to 70%
and 35% respectively lower than in cpx1,
indicating their strong partitioning into the melt.
The MgO and CaO contents of cpx2 are in respect
to the primary ones about 15% higher than those
of cpx1. This indicates that MgO and CaO after
the breakdown of the primary clinopyroxene are
preferially incorporated into cpx2 and not into
the glass.

Spinel

Spinel microprobe analyses are given in Table 5.
The most Cr-rich spinels with cr-number ¼ 0.21
were found in the most depleted sample, VL1-1.
All other samples have cr-numbers ranging from
0.08 to 0.15. The mg-number varies between 0.76
and 0.79, with the exception of sample VL5-5,
which has mg-number ¼ 0.71. The Cr-number of
spinel and the forsterite Fo content in olivine,
which are sensitive indicators of the degree of
depletion in mantle peridotite, are positively corre-
lated (not shown).

Whole-rock major element chemistry

Fourteen representative whole-rock major and
trace element analyses from the Viliga xenolith
suite are given in Table 6. The whole-rock major

element composition of the peridotites corresponds
to that of fertile to moderately depleted spinel
lherzolites (Al2O3, CaO and MgO contents vary
in the range of 2.8–4.7, 2.7–4.1 and 36.7–
40.7 wt%, respectively). An exception is sample
VL1-1, which is a strongly depleted spinel lherzo-
lite (Al2O3 1.74 wt%, CaO 1.65 wt% and MgO
43.5 wt%). The Viliga xenoliths form negative
linear trends on plots of CaO, Al2O3, TiO2 and
Na2O v. MgO (Fig. 4), similar to those that have
been observed in many other mantle xenolith
suites worldwide (Ionov et al. 1993). Sample
VL1-2 has higher Al2O3 and CaO abundances
than the primitive mantle (McDonough & Sun
1995). Its unusual high cpx modal composition
(Table 1), which could point to an anomalous
local cpx enrichment, seems to be the reason for
the elevated Al2O3 and CaO contents above
primitive mantle. The Ca/Al ratios show a positive
correlation with MgO and generally increase from
1.08 to 1.24.

Whole-rock REE chemistry

Whole-rock REE analyses are given in Table 6 and
shown in Figure 5. In Figure 5a, the sample that is
most depleted in major elements, sample VL1-1
(Al2O3 and CaO 1.74 and 1.65 wt%, respectively)
is also the most depleted in REE (LuN ¼ 0.5). The
less depleted samples have LuN values that range
from 1.4 to 2.3 (Fig. 5b). The degree of depletion
indicated by the chondrite-normalized REE patterns
shows that a group of samples is enriched in light
rare earth elements (LREE) and has (La/Sm)N

Fig. 3. Variation diagrams of MgO v. Al2O3 and CaO v. Na2O in clinopyroxenes from Viliga xenoliths.
P, primary clinopyroxene (cpx1); S, secondary clinopyroxene (cpx2), formed after reaction of cpx1
with intergranular fluids or melts.
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Table 5. Representative spinel microprobe analyses (wt%)

Sample: VL1-1 VL1-2 VL1-3 VL1-7 VL1-8 VL1-9 VL1-12 VL1-19 VL1-26 VL1-34 VL1-35 VL5-3 VL5-6 VL5-12 VL5-13 VL5-15

SiO2 0.06 0.05 0.07 0.09 0.06 0.06 0.07 0.08 0.08 0.06 0.06 0.07 0.08 0.04 0.09 0.09
TiO2 0.09 0.19 0.16 0.18 0.17 0.17 0.21 0.21 0.17 0.15 0.18 0.11 0.21 0.20 0.20 0.19
Al2O3 51.6 60.6 54.9 58.4 55.9 56.0 58.4 58.8 59.2 58.0 58.3 55.1 57.0 58.2 56.5 58.2
Cr2O3 15.9 7.5 12.4 9.2 11.2 11.6 9.0 8.5 8.8 9.5 9.4 11.5 9.8 9.5 10.4 9.5
FeO 8.9 8.7 8.3 9.0 7.8 8.3 8.0 8.1 8.4 8.4 9.0 11.6 9.0 8.8 9.1 9.1
Fe2O3 3.2 2.3 2.0 1.8 3.2 2.8 2.7 2.5 2.5 2.5 1.64 2.36 1.88 2.04 1.97 1.97
MnO 0.04 0.07 0.07 0.07 0.09 0.10 0.08 0.09 0.12 0.07 0.07 0.08 0.07 0.06 0.09 0.10
NiO 0.31 0.36 0.37 0.35 0.37 0.33 0.36 0.33 0.36 0.34 0.34 0.40 0.43 0.40 0.38 0.31
MgO 20.4 21.7 20.8 21.0 21.5 21.3 21.7 21.6 21.6 21.4 21.0 18.8 20.6 21.1 20.6 21.0

Total 100.3 101.2 98.8 100.0 100.0 100.2 100.3 100.0 101.0 100.2 99.9 99.7 98.9 100.0 99.1 100.2
mg-no. 75.61 78.24 78.59 77.89 78.29 77.93 78.68 78.85 78.41 78.14 78.14 70.97 77.50 78.00 77.14 77.59
cr-no. 20.65 8.31 15.12 10.58 13.46 13.89 10.33 9.72 9.91 10.93 10.82 13.95 11.55 10.91 12.35 10.93

mg-number ¼ 100 � (molar MgO/(MgOþ FeO)); cr-number ¼ 100 � (molar Cr2O3/(Cr2O3þAl2O3)).
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Table 6. Whole-rock major and trace element abundances in Viliga peridotites

Sample: VL1-1 VL1-2 VL1-3 VL1-7 VL1-8 VL1-9 VL1-12 VL1-19 VL1-26 VL1-34 VL1-35 VL5-3 VL5-12 VL5-15

XRF analyses (wt%)
SiO2 43.5 45.3 44.2 45.2 44.4 44.5 45.0 44.6 44.8 44.5 44.6 44.6 45.6 45.3
TiO2 0.04 0.18 0.09 0.14 0.11 0.10 0.16 0.17 0.14 0.13 0.12 0.18 0.16 0.15
Al2O3 1.74 4.7 2.8 4.0 3.4 3.0 3.7 4.0 4.0 3.5 3.3 3.5 3.7 3.9
FeO 8.3 8.0 7.7 8.0 7.9 8.2 8.3 8.2 8.2 8.4 8.3 9.6 8.0 8.0
MnO 0.13 0.13 0.12 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.16 0.13 0.13
MgO 43.5 36.7 41.5 38.5 40.5 40.7 38.8 38.3 38.7 39.8 40.0 38.4 39.4 39.5
CaO 1.65 4.1 2.6 3.3 2.7 2.7 3.4 3.7 3.3 3.2 2.9 3.2 3.1 3.1
Na2O 0.09 0.34 0.17 0.28 0.27 0.21 0.29 0.33 0.27 0.26 0.27 0.44 0.27 0.30
K2O 0.01 0.00 0.01 0.01 0.02 0.01 0.02 0.02 0.01 0.00 0.01 0.38 0.07 0.13
P2O5 0.01 0.01 0.01 0.02 0.02 0.01 0.02 0.02 0.02 0.01 0.01 0.03 0.02 0.03

Total 98.9 99.4 99.4 99.5 99.5 99.6 99.7 99.4 99.5 99.9 99.6 100.4 100.5 100.5
mg-no. 90.37 89.14 90.53 89.58 90.12 89.82 89.33 89.31 89.40 89.46 89.56 87.69 89.76 89.75

XRF analyses (ppm)
Nb 3.2 3.0 3.4 3.2 3.2 3.2 3.4 3.4 3.3 3.2 3.3 1.6 1.2 1.7
Zr 2.8 8.3 4.4 6.4 5.7 5.2 7.9 8.0 7.5 6.2 6.3 4.7 5.2 4.4
Sr 4.0 17.3 6.5 12.4 11.1 10.0 16.5 16.9 14.7 10.9 11.0 61.8 29.1 29.6
Ga 1.8 3.6 2.1 3.2 2.7 2.4 2.8 3.0 3.1 2.5 2.5 2.7 3.5 2.4
Zn 37.5 41.1 38.0 40.2 42.1 38.7 39.5 42.3 40.5 39.5 39.4 87.5 58.3 61.1
Cu 12.5 24.9 21.1 37.8 22.6 17.5 26.3 30.0 27.0 22.3 30.5 8.2 36.7 33.9
Ni 2087 1718 1987 1990 2051 1895 1858 1960 1856 1870 1952 1591 1846 1833
Co 99 87 93 90 97 91 90 94 92 93 94 109 109 107
Cr 2140 2438 2400 2622 2794 2127 2143 2389 2298 2130 2165 2123 2208 2352
V 35 73 48 64 57 49 61 68 62 54 57 74 71 77
ICP-MS analyses (ppm)
Sc 6.438 11.122 9.753 12.473 31.718 9.074 28.612 27.089 23.743 8.971 7.750 16.899 16.351 16.520
Y 0.493 2.527 1.165 1.829 2.350 1.627 2.825 3.096 2.710 1.885 1.616 3.769 3.775 3.337
La 0.142 0.220 0.204 0.220 0.370 0.196 0.401 0.379 0.362 0.203 0.205 1.136 0.697 0.464
Ce 0.285 0.681 0.412 0.551 0.831 0.460 0.991 0.977 0.907 0.521 0.604 2.933 1.625 1.057
Pr 0.025 0.112 0.050 0.081 0.114 0.067 0.149 0.158 0.135 0.083 0.079 0.426 0.221 0.168
Nd 0.125 0.627 0.265 0.437 0.571 0.349 0.768 0.824 0.685 0.460 0.417 1.858 1.079 0.843
Sm 0.043 0.255 0.103 0.215 0.206 0.142 0.298 0.307 0.253 0.200 0.159 0.466 0.358 0.297
Eu 0.017 0.106 0.041 0.106 0.087 0.059 0.127 0.128 0.107 0.088 0.065 0.195 0.147 0.124
Gd 0.063 0.402 0.168 0.274 0.299 0.231 0.418 0.456 0.389 0.293 0.262 0.595 0.512 0.433
Tb 0.009 0.073 0.031 0.050 0.055 0.042 0.077 0.086 0.073 0.056 0.046 0.100 0.093 0.079

(Continued)
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Table 6. Continued

Sample: VL1-1 VL1-2 VL1-3 VL1-7 VL1-8 VL1-9 VL1-12 VL1-19 VL1-26 VL1-34 VL1-35 VL5-3 VL5-12 VL5-15

Dy 0.081 0.500 0.229 0.351 0.390 0.308 0.517 0.564 0.492 0.380 0.320 0.612 0.597 0.535
Ho 0.018 0.111 0.052 0.080 0.089 0.069 0.118 0.127 0.113 0.085 0.072 0.130 0.128 0.116
Er 0.063 0.336 0.161 0.245 0.286 0.213 0.355 0.383 0.343 0.252 0.223 0.388 0.396 0.350
Tm 0.009 0.050 0.023 0.037 0.044 0.030 0.053 0.055 0.052 0.038 0.032 0.053 0.057 0.051
Yb 0.074 0.328 0.166 0.250 0.308 0.215 0.360 0.383 0.355 0.262 0.221 0.370 0.395 0.341
Lu 0.012 0.049 0.024 0.038 0.049 0.033 0.054 0.059 0.057 0.039 0.033 0.056 0.060 0.054
Th 0.250 0.501 0.278 0.366 0.443 0.285 0.352 0.315 0.314 0.284 0.238 0.009 0.064 0.003

La/Yb 1.9 0.7 1.2 0.9 1.2 0.9 1.1 1.0 1.0 0.8 0.9 3.1 1.8 1.4
La/Sm 3.3 0.9 2.0 1.0 1.8 1.4 1.3 1.2 1.4 1.0 1.3 2.4 1.9 1.6
Tb/Yb 1.0 1.4 1.3 1.4 1.2 1.4 1.5 1.5 1.4 1.5 1.4 1.9 1.6 1.6

Total iron is shown as FeO. mg-number ¼ 100 � (molar MgO/(MgOþ FeO)).
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ratio ranging from 1.16 to 2.13 (Fig. 5a) whereas
REE patterns from the other samples show minor
to almost no LREE enrichment (Fig. 5b). All
samples except VL5-3 have (Sm/Lu)N ratios that
range between 0.60 and 0.99, suggesting that the
middle REE (MREE) and heavy REE (HREE) in
the Viliga xenoliths have not been affected by meta-
somatic processes. Sample VL5-3, in contrast, has
been massively affected by metasomatic processes,
as indicated by the high (Sm/Lu)N value (1.39) and
the ‘spongy’ clinopyroxenes.

Clinopyroxene trace elements

Clinopyroxene LA-ICP-MS trace element ana-
lyses from 13 samples are given in Table 7.
HREE and Y correlate positively with Ti (Fig. 6),
indicating melt depletion processes. Similarly, the
increase of LREE with increasing Sr contents that

plot exclusively in the melt depletion area in
Figure 7 supports the above observations about
melt extraction and precludes metasomatic pro-
cesses. In the chondrite-normalized diagram
(Fig. 8) the REE patterns show a slight depletion
of LREE with respect to HREE [(La/Sm)N

0.23–0.60]. The HREE abundances show a minor
but systematic decrease from Tb to Lu. Typically,
the (Tb/Lu)N ratios vary from 1.07 to 1.34, with
exception of sample VL1-1, which has (Tb/
Lu)N ¼ 0.75. On the primitive mantle normalized
diagram the high field strength elements (HFSE)
Ti and Zr are depleted relative to adjacent REE.
The Ti/Ti* ratios vary from 0.50 to 0.69 and the
Zr/Zr* ratios vary from 0.49 to 0.96 (Ti and Zr
are primitive mantle normalized whereas Ti* ¼
(EuNþGdN)/2 and Zr* ¼ (NdNþ SmN)/2), indi-
cating that the Ti anomaly is larger than that of Zr
(Fig. 9). As expected, the most pronounced negative
Ti and Zr anomalies were found in the most

Fig. 4. Whole-rock variation diagrams of MgO v. Al2O3, CaO, Na2O and TiO2 indicate the fertile character
of the Viliga peridotites. The filled star indicates Bulk Silicate Earth after McDonough & Sun (1995).
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depleted sample, VL1-1 (Ti/Ti* ¼ 0.50 and Zr/
Zr* ¼ 0.49). Incompatible elements such as Nb,
Ta, U, Th, Ba and Rb are strongly depleted, with
the exception of the VL1-26 sample, which has
values around unity in the primitive mantle normal-
ized diagram (Fig. 9).

Clinopyroxene Sr and Nd radiogenic

isotopes

The Sr and Nd isotopic compositions of four clino-
pyroxenes from the Viliga xenoliths are given in
Table 8 and plotted in Figure 10. Samples VL1-26
and VL3-15 have the lowest 87Sr/86Sr (0.702128

and 0.702357, respectively) and plot in the depleted
MORB mantle (DMM) end-member field of Zindler
& Hart (1986) whereas samples VL1-1 and VL1-3

have the highest 143Nd/144Nd (0.513581 and
0.513622, respectively), which plot above the
DMM field, and have slightly more radiogenic
87Sr/86Sr (0.702838 and 0.703261, respectively)
than samples VL1-26 and VL3-15. The clinopyrox-
ene Nd data do not correlate with major element
compositions, as the samples with the highest
143Nd/144Nd are the most depleted whereas Sr
data correlate with major element compositions,

with depleted samples having higher 87Sr/86Sr
and fertile samples having lower 87Sr/86Sr.

Fig. 5. Whole-rock chondrite-normalized (McDonough & Sun 1995) REE abundances: (a) LREE-enriched
peridotites; (b) slightly LREE-enriched peridotites.
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Table 7. LA-ICP-MS analyses of clinopyroxenes (ppm)

Sample: VL1-1 VL1-2 VL1-3 VL1-7 VL1-8 VL1-9 VL1-12 VL1-19 VL1-26 VL1-34 VL1-35 VL5-13 VL5-6

Sc 54.3 52.2 51.5 44.8 52.5 53.5 52.0 49.8 55.6 54.9 53.6 46.0 45.0
V 221 247 223 216 240 226 222 209 198 206 229 215 220
Co 23.7 23.8 23.7 25.5 24.2 23.4 23.8 22.0 19.7 20.8 20.8 25.5 25.9
Cu 1.64 2.43 1.62 1.80 2.60 8.09 1.91 1.71 1.68 1.77 1.88 1.63 2.25
Zn 11.8 12.0 12.1 14.0 12.6 12.1 12.7 11.1 9.5 9.7 9.9 14.0 14.2
Rb 0.062 0.040 0.010 0.028 0.061 0.012 0.021 0.011
Sr 32.5 86.2 34.8 71.1 76.7 62.4 87.5 81.4 94.3 73.8 82.3 75.8 69.0
Y 8.85 17.1 14.1 14.3 13.8 14.4 18.1 17.6 18.5 18.5 17.0 15.4 15.4
Zr 6.29 31.6 14.2 23.1 21.7 20.5 34.1 32.4 41.1 30.7 30.0 26.5 25.6
Nb 0.377 0.160 0.202 0.338 0.299 0.117 0.322 0.305 0.761 0.186 0.219 0.197 0.279
Ba 0.053 0.034 - 0.239 0.310 0.316 0.018 0.031 0.020 0.170 0.124
La 0.520 1.038 0.426 0.938 1.004 0.661 1.169 1.182 1.739 0.912 1.038 0.887 0.814
Ce 1.628 4.395 1.819 3.715 3.864 2.805 4.660 4.360 5.385 3.425 4.395 3.950 3.625
Pr 0.274 0.793 0.396 0.692 0.682 0.557 0.871 0.842 0.979 0.702 0.793 0.752 0.707
Nd 1.328 4.847 2.641 4.081 3.845 3.147 5.122 4.900 4.820 4.280 4.040 4.477 4.280
Sm 0.580 1.764 1.290 1.520 1.445 1.250 1.906 1.813 1.980 1.725 1.711 1.560 1.745
Eu 0.255 0.716 0.489 0.645 0.585 0.546 0.785 0.740 0.768 0.728 0.716 0.686 0.696
Gd 0.977 2.511 1.888 2.272 2.032 2.054 2.702 2.635 2.705 2.790 2.511 2.514 2.355
Tb 0.196 0.445 0.366 0.408 0.357 0.368 0.485 0.482 0.493 0.497 0.445 0.451 0.424
Dy 1.443 3.075 2.545 2.751 2.420 2.566 3.290 3.235 3.410 3.253 3.075 2.992 2.855
Ho 0.344 0.695 0.571 0.632 0.540 0.572 0.707 0.697 0.743 0.702 0.695 0.669 0.622
Er 1.030 2.065 1.659 1.761 1.521 1.629 2.060 2.023 2.239 2.067 2.065 1.851 1.880
Tm 0.164 0.313 0.254 0.274 0.242 0.241 0.295 0.312 0.343 0.326 0.313 0.283 0.274
Yb 1.091 2.025 1.650 1.790 1.627 1.570 1.870 2.020 2.235 2.040 2.025 1.778 1.787
Lu 0.164 0.318 0.248 0.269 0.251 0.222 0.285 0.293 0.332 0.307 0.318 0.254 0.263
Hf 0.145 1.014 0.519 0.719 0.658 0.577 1.096 0.971 1.152 0.950 0.897 0.765 0.804
Ta 0.033 0.013 0.011 0.017 0.028 0.037 0.021 0.045 0.014 0.018 0.017 0.017
Pb 0.048 0.063 0.048 0.133 0.057 0.082 0.060 0.029 0.047 0.063 0.512 0.123 0.065
Th 0.023 0.010 0.048 0.020 0.030 0.008 0.025 0.027 0.085 0.010 0.010 0.013 0.013
U 0.012 0.006 0.004 0.010 0.008 0.008 0.006 0.006 0.020 0.004 0.004 0.005 0.006

Each analysis is the average of two cpx grains; empty entries indicate failed determination.
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Fig. 6. Variation plots of Ti v. Yb and Y in clinopyroxenes. The arrow in both diagrams indicates increasing
degree of partial melting (adapted from Norman 1998). Symbols are as in Figure 4.
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Discussion

P–T conditions

Because the constituent minerals are not zoned and
clinopyroxenes do not have exsolution lamellae,

average microprobe analyses can be used for equi-
librium temperature calculations. As a geobarom-
eter for peridotites equilibrated in the spinel
peridotite field we used the Ca exchange between
olivine and clinopyroxene (Köhler & Brey 1990).
The application of this barometer depends first on

Fig. 7. Sr v. Ce diagram showing that clinopyroxenes from Viliga plot in the melt depletion field. Fine grey line
indicates field for samples from China, Kerguelen, Australia and Mexico–western USA after Norman (2001) and
references therein. Symbols are as in Figure 4.

Fig. 8. Chondrite-normalized (McDonough & Sun 1995) abundance patterns of clinopyroxene
obtained by LA-ICP-MS on Viliga peridotites.
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the accuracy and precision of the Ca content in
olivine coexisting with clinopyroxene. The low Ca
concentrations in olivine were estimated with high
accuracy and precision using the analytical con-
ditions described above. To avoid the phase bound-
ary fluorescence effect (PBF), coexisting olivine
and clinopyroxene from five samples were separ-
ated under a binocular microscope and were then
polished. It turned out that two of the samples did
not represent the outermost rims that should be in
contact with coexisting clinopyroxenes and from
two of the other samples it appears that a few
microns of the outermost rim are missing. Coexist-
ing olivine and clinopyroxene were separated under
the microscope in a double-polished thin section of
150 mm thickness of sample VL1-7. The reliability
of this barometer is strongly dependent also on the
accuracy of the temperature estimation. The use
of the two-pyroxene thermometer after Brey &

Köhler (1990), in which the experimental data are
the same as used for the Ca-ol–cpx barometer, pro-
vides internal consistency and minimizes the error
on the temperature estimation. Following the
advice given by Köhler & Brey (1990), we used
an iterative procedure to simultaneously calculate
pressure and temperature. The results are given in
Table 9. Only five samples were used for this calcu-
lation. The estimated pressures range from 15.2 to
21.3 kbar and temperatures from 1032 to 1166 8C.
Pressure estimates have to be interpreted with
caution, as Ca solubility in olivine is strongly temp-
erature dependent and its diffusion is much faster in
olivine than in clinopyroxene. Because the esti-
mated temperatures are within the range in which
the barometer is calibrated (900–1400 8C) and
because all minerals, with exception of the outer-
most rim in olivine that has elevated Ca contents,
are not zoned the estimated pressures reveal that

Fig. 9. Primitive mantle normalized (McDonough & Sun 1995) multi-element abundance patterns of
clinopyroxene obtained by LA-ICP-MS on Viliga peridotites.

Table 8. Clinopyroxene Sr- and Nd-isotopic ratios for Vilga and Hannuoba, eastern China xenoliths

Sample Rb
(ppm)

Sr
(ppm)

87Rb/86Sr 87Sr/86Sr Sm
(ppm)

Nd
(ppm)

147Sm/
144Nd

143Nd/
144Nd

VL1-1 CPX 0.06 32.5 0.005 0.702838 0.58 1.32 0.27 0.513581
VL1-3 CPX 0.04 34.8 0.003 0.703261 1.29 2.64 0.31 0.513622
VL1-26 CPX 0.06 69.9 0.002 0.702128 1.98 4.8 0.25 0.513326
VL5-13 CPX 0.02 75.8 0.001 0.702357 1.71 4.04 0.26 0.513234
DM1-4 0.702215 0.513585
DM1-9 0.702156 0.513483
MHP79/4-cpx 0.702286 0.513329
441-1 0.702131 0.514806

DM1-4 and DM1-9 from Song & Frey (1989), MHP79/4-cpx from Rudnick et al. (2004) and 44-1 from Apt et al. (1998).
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the peridotites equilibrated at different depths
beneath Viliga. For the other samples the tempera-
ture calculations were performed at 15 kbar
pressure, which, according to calculated pressures,
should represent a minimum value for that region.
For comparison, the temperatures estimated using
the Wells (1977) two-pyroxene thermometer are
also given. Temperatures estimated using the Brey
& Köhler (1990) thermometer are systematically

40–91 8C higher than those estimated using the
Wells (1977) thermometer. The uncertainities on
the pressure estimates are in the range of +2.7
kbar (Köhler & Brey 1990).

The advantage of the ol–cpx in situ separation is
that the detailed Ca core–rim profiles in olivine
provide PBF-free Ca diffusion profiles (Fig. 11).
The characteristic Ca diffusion profiles in olivine
with the elevated Ca content in the rims is attributed

Fig. 10. 143Nd/144Nd v. 87Sr/86Sr for clinopyroxenes from four Viliga peridotites. Plus sign and diamonds
indicate clinopyroxenes from Hannuoba xenoliths (Song & Frey 1989; Rudnick et al. 2004). Sample 441-1 is
clinopyroxene from Viliga (Apt et al. 1998). Fields after Zindler & Hart (1986).

Table 9. Equilibration temperatures and pressures for Viliga peridotites

Sample T (8C) (WELLS)1 T (8C) (BK)2 P (kbar) (KB)3

VL1-1 981 1047 19
VL1-2 960 1032
VL1-3 965 1032 15
VL1-7 1067 1166 20.6
VL1-8 989 1058
VL1-9 972 1063 18.6
VL1-12 990 1080 21.3
VL1-19 1014 1092
VL1-26 994 1071
VL1-34 966 1029
VL1-35 904 956
VL5-3 988 1075
VL5-6 1029 1083
VL5-12 1026 1070
VL5-13 1004 1057
VL5-16 1079 1119

Temperature estimates assuming a pressure of 15 kbar, after 1Wells (1977); 2Brey & Köhler (1990); pressure estimates after 3Köhler &
Brey (1990).
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to the temperature increase caused by the incorpor-
ation of the peridotites into host basalts and their
transport to the surface (Köhler & Brey 1990).
The most representative Ca profile in olivine can
be considered that of sample VL1-7, in which,
because of the in situ ol–cpx separation, the Ca
content at the outermost rim in contact with clino-
pyroxene is not affected by PBF effects and corre-
sponds to the real Ca concentration. The Ca
diffusion profiles in olivine grains as demonstrated
by Kil & Wendlandt (2004) for upper mantle
under the Rio Grande Rift could reveal the
thermal history of the xenoliths and provide infor-
mation about local thermal perturbation caused by
the intrusion of host magma in the lithosphere
prior to xenolith incorporation. In the Viliga perido-
tites the thermal history as derived from the Ca dif-
fusion profiles in olivine grains does not support
complex processes. It is rather a single event appar-
ently related to their entrainment in the host magma
and transport. Changes in the P–T conditions
before this event (the last heating stage) were insig-
nificant because minerals are not zoned and appear
to be in chemical and textural equilibration. This
event, according to the calculations, was short.

Using the 1D diffusion model of Lasaga (1998),
we estimated the duration of the heating event
applying the equation

T1=2 ¼ ðX1=2Þ2=2D

where T1/2 is the time necessary to reach half of the
equilibration concentration at a distance X1/2 from
the rim and the diffusion coefficient for Ca in
olivine D ¼ 3.18 � 10212 cm2 s21 at f O2 ¼ 1028

bar and T ¼ 1200 8C (Jurewicz & Watson 1988).
The estimated duration of heating varies between
1 and 6 days. There is a remarkably good positive
correlation between pressure of equilibration
(depth) and heating time or transport duration in
days inferred from the above calculations (Fig. 12).

Metasomatic events

The most striking characteristic of the Viliga spinel
peridotites is the absence of metasomatism, either
cryptic or modal. The phlogopite found in sample
VL1-26 does not appear to affect significantly the
bulk LREE; compared with the HREE they are

Fig. 11. Detailed Ca profiles in olivine (distance from grain rims). (a) In situ separation in thick section from coexisting
clinopyroxene in thick section (VL1-7) and hand-picked olivine under the microscope coexisting with clinopyroxene.
(b) Hand-picked olivine in which the very outermost margin is not present.
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slightly elevated, suggesting that only a few isolated
grains should be present in this sample. The
depletion of LREE relative to the HREE and the
high Nd- and low Sr-isotopic ratios in clinopyrox-
ene from this sample provide evidence against
cryptic metasomatism.

Whereas a number of samples are to variable
degree enriched in LREE relative to HREE, the
REE in clinopyroxenes are, without exception, all
depleted in LREE relative to HREE. The clinopyr-
oxene REE patterns preclude cryptic metasomatism
and the absence of hydrous phases precludes modal
metasomatism. Therefore the elevated LREE con-
tents are ascribed to the infiltration of host basalt
fluids or melts. In fact, the spongy clinopyroxenes
are also related to this event, as the clinopyroxenes
close to the xenolith–host basalt interface are more
affected than those located far from the interface.

The melting processes

The geochemical data (major, trace element and
mineral compositions) of Viliga peridotites rep-
resent residues after variable degrees of partial
melting of a primitive mantle. The degree of
melting of the Viliga spinel peridotites calculated
on the basis of bulk FeO and MgO contents and
constituent olivine (Frey et al. 1985) ranges from
2 to 16%, whereas the majority of the calculations,
apart from those for the most depleted samples,
indicate melt extractions between 2 and 9%.
These calculations are in good agreement with
those made using the REE in clinopyroxenes
(Norman 1998), which show that clinopyroxenes
represent the residues after 3–15% batch melting
of a primitive mantle (Fig 13a and b). All
samples, again with the exception of samples
VL1-1 and VL1-3, which are the most depleted
(c. 15% extraction of basaltic components), have

experienced degrees of melting in the range of
c. 3–7%. Considering that the estimated P–T con-
ditions and the variations in degree of partial
melting do not correlate, we assume that the
samples are not related to a stratified Earth
mantle. The relatively good agreement between
the two different approaches used to calculate the
degrees of melting and the absence of metasomatic
events together provide arguments against the
possibility that the fertile Viliga lherzolites rep-
resent refertilization of previously depleted rocks.
On the assumption that refertilization took place,
LREE enrichment in the clinopyroxenes should be
observed. However, the clinopyroxenes have
(La/Yb)N ,1 and thus have not been affected by
any magmatic refertilization. This ratio can be
maintained if the ascending melt intrudes into a
cold environment, making reaction with the
residual clinopyroxene difficult. Subsequent
cooling of the liquid would result in crystallization
of minerals that correspond to the melt composition
(Gannoun et al. 2004). Such possibilities can be
precluded for the Viliga spinel lherzolites because,
first, a magmatic refertilization would change the
bulk chemistry of the samples, which would decisi-
vely affect the calculated degrees of partial melting
based on the bulk FeO and MgO contents, and,
second, the temperatures are high enough that poss-
ible reaction of a melt with the residual clinopyrox-
enes would not be avoided. Considering the above
arguments and taking into account the depleted
nature of the Nd–Sr isotopic ratios in clinopyrox-
enes (they plot in the DMM field; Fig. 10), the
spinel lherzolite xenoliths do not support a
complex history beneath Viliga but rather a
simple evolution.

Clinopyroxenes from ‘dry’ peridotites with Sr
and Nd isotopic compositions that cover the
MORB field have been described by Jagoutz et al.
(1980), Menzies (1983), Stosch et al. (1986),
Song & Frey (1989), Ionov et al. (1992),
Kempton et al. (1999), Xu et al. (2003) and
Rudnick et al. (2004). Two of the Viliga clinopyr-
oxene Sr–Nd isotopic ratios plot in the upper part
of the MORB field and the other two (VL-1 and
VL-3) have Nd-isotopic ratios higher than those
of MORB. Amongst other analyses from the same
area, Apt et al. (1998) also reported a single analy-
sis of clinopyroxene with even higher Nd-isotopic

ratios (sample 441-1, 143Nd/144Nd ¼ 0.514896)
and 87Sr/86Sr ¼ 0.702131, which is similar to
sample VL1-26 described here. Their analyses
were performed at the Rice University, Houston,
with a Finnigan MAT-262 system. Nd-isotopic
ratios higher than those of MORB have also been
reported by Song & Frey (1989) and Rudnick
et al. (2004) for the Hannuoba xenoliths in

Fig. 12. Ca diffusion rates in days v. pressure (depth).
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Eastern China, and by Xu et al. (2003) for the
Huinan xenoliths in NE China. Song & Frey
(1989) suggested that the high 147Nd/144Nd and
low 87Sr/86Sr indicate long-term parent–daughter
depletion and represent a Proterozoic lithospheric
mantle. Elevated 147Nd/144/Nd values (higher
than those of MORB) in orogenic peridotites have
been interpreted as having asthenospheric origin
(Bodinier & Godard 2004). However, to our knowl-
edge, basalts with such a Nd-isotopic signature have
not yet been found on Earth. Thus the question

arises of whether such extreme Nd-isotopic ratios
in mantle clinopyroxenes, plotting well off the
mantle array, may form a unique group.

Calculation of model Nd ages for the Viliga
peridotites reveals major depletion events of a
Bulk Earth composition at 2–3 Ga. Alternatively,
they could be derived from an already depleted
source, such as a source from which MORB has
been extracted. It appears that the second possibility
does not apply, as the Viliga peridotites are, in
general, fertile spinel lherzolites.

Fig. 13. Model calculations for clinopyroxene REE. (a) Chondrite-normalized REE abundance patterns of
clinopyroxenes from Viliga and of predicted residual clinopyroxenes from batch melting model calculations (shaded
area). (b) Predicted batch melting model trend with primitive mantle normalized Y and Yb. The Viliga data fit the trend
very well. Normalization values after McDonough & Sun (1995). Symbols are as in Figure 4.
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Geodynamic implication

The Viliga xenolith-bearing olivine melanepheli-
nites and basanites are located in the Okhotsk
sector (Fig. 1) and were intruded into Late Cretac-
eous calc-alkaline rocks that are related to the sub-
duction of the palaeo-Pacific oceanic plate.
Subduction-related calc-alkaline rocks with ages
younger than the late Cretaceous have not be
found in this region. The prevailing explanation
for waning of the calc-alkaline magmatism is the
cessation of the subduction process. Recently,
Hourigan & Akinin (2004) suggested that the
Okhotsk–Chukotka volcanic belt was never a high-
standing arc sequence like the modern Andes, as the
volcanic rocks are flat-lying and no major shorten-
ing deformation has been observed. Furthermore,
shallowing of the downgoing plate could be
account for by the observed continent-ward
migration of the axis of arc magmatism with time.

The Viliga xenoliths belong to this subduction-
related tectonic setting. However, it appears that
these xenoliths do not represent parts of the usually
metasomatized mantle wedge, as no hydrous phases
are present and the LREE depletion in clinopyroxenes
precludes cryptic metasomatism. In addition, the low
Sr- and high Nd-isotopic values and the inferred
model ages point to a single melting process before
at least 2 Ga, whereas the continental crust above
the mantle wedge in Viliga, as far it is known, is of
Palaeozoic to early Mesozoic age (Nokleberg et al.
1998). Even if the subcontinental lithospheric

mantle were the residue after crustal extraction and
now represents a ‘fossil’ asthenosphere, it is unlikely
that it could escape the influence of metasomatic
fluids or melts related to the downgoing subduction
slab. Therefore, the xenoliths are not intimately
related to the subduction process.

The proposed model for the origin of the Viliga
spinel lherzolites is illustrated in Figure 14. During
the time between the cessation of the subduction at
c. 87 Ma (Hourigan & Akinin 2004) and the volca-
nic activity that brought the xenoliths to the surface
at c. 10.7–7 Ma (Akinin et al. 1997, 2005), the slab
experienced a ‘piecemeal’ breakup, which allowed
an upwelling asthenospheric mantle through the
window(s) between the slab pieces. Subsequently,
olivine melanephelinites that were generated at
deeper levels (Apt et al. 1998) sampled the spinel
lherzolites from the asthenospheric mantle, on
their way to the surface. Xenoliths from the litho-
spheric mantle could also have been entrained in
the host magma. The absence of such xenoliths is
regarded as a sampling problem.

The possibility that the Viliga xenoliths are
samples from the lithospheric part of the subducted
slab seems to be unrealistic because, first, the peri-
dotites are fertile and, second, as can be inferred
from the calculated P–T conditions, the maximum
depth from which the xenoliths were entrained in
the host magma is c. 70 km and the part closest to
the trench, the so-called volcanic front, is consist-
ently located c. 110 km above the subducting slab
(Tatsumi & Eggins 1995).

Fig. 14. Schematic representation of the ‘piecemeal’ breakup of the palaeo-Pacific plate followed by
asthenospheric mantle upwelling to which Viliga xenoliths belong. Arrows show olivine melanephelinitic lavas
of late Miocene age that brought the xenoliths to the surface.
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Conclusions

Anhydrous spinel peridotites in olivine melanephe-
linites from the Viliga River Volcanic Field are
located within subduction-related massive
calc-alkaline rocks. Their source is believed to be
the asthenospheric mantle and not the suprasub-
ducted lithospheric mantle. Constituent minerals
are homogeneous and no compositional variations
in terms of major and minor elements have been
observed. The estimated equilibrium pressures
range from 15.2 to 21.3 kbar and temperatures
from 1032 to 1166 8C.

The xenoliths have not been affected by metaso-
matic processes. Thin intergranular films of fluids
or melts from the host basalt can account for the
elevated whole-rock LREE abundances, as the
downward clinopyroxene REE patterns preclude
cryptic metasomatism. The clinopyroxene REE
modelling indicates that the fertile peridotites
experienced 2–9% batch melting whereas the
most depleted peridotites experienced 15% batch
melting. Similar results were derived from the
olivine and whole-rock FeO and MgO modelling.

A magmatic refertilization of a depleted mantle
wedge lithosphere can be excluded as a possible
reason for the fertility of the Viliga peridotites
because neither whole-rock chemistry nor clinopyr-
oxene trace elements provide evidence for metaso-
matism. In addition, the low 87Sr/86Sr and the high,
partly higher than MORB, 143Nd/144Nd point to an
asthenospheric origin.

A possible model explaining the origin of the
Viliga peridotites is a ‘piecemeal’ breakup of the
subducted palaeo-Pacific plate, which allowed an
upwelling asthenospheric mantle to intrude in the
evolved window(s) between the slab pieces. Sub-
sequently, olivine melanephelinites that were gen-
erated at deeper levels (Apt et al. 1998) sampled
the spinel lherzolites from the asthenospheric
mantle on their way to the surface.
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The Gătaia Pleistocene lamproite: a new occurrence at the

southeastern edge of the Pannonian Basin, Romania
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Abstract: The petrological identity of the lamproite occurrence situated c. 5 km south of Gătaia
(Banat, western Romania), until now considered to be an alkali basalt, has been revealed by
exploration drilling. This drilling programme pierced a slightly vesicular lava flow inside the
Şumiga hill (198 m above sea level), revealing a sequence of vesicular lava intercalated with
fallout scoria deposits. The isolated lamproite volcano, dated at 1.32 + 0.06 Ma (whole-rock
K/Ar method), is situated at the southeastern margin of the Pannonian Basin and at the western
margin of the South Carpathians, along an important NE–SW fault system. The lamproite
magma erupted through flat-lying Miocene sedimentary rocks, which overlie older crystalline
basement that experienced intense lithospheric deformation and orogeny during Cretaceous
times. The lamproite is associated with contemporaneous volcanic activity that lies 50–150 km
to the NNE, along the South Transylvanian fault system (Lucareţ alkali basalts, Uroiu shosho-
nites); these rocks, however, are not consanguineous, and derive from different mantle sources.
There are, however, similarities to Oligocene lamproites from Serbia (Bogovina), generated on
similar basement. The lamproite is fresh and has a slightly porphyritic texture with phenocrysts
of high-Mg olivine and microphenocrysts of euhedral leucite in a glassy matrix. The matrix
also contains microcrysts of olivine, armalcolite, apatite, sanidine, low Al-diopside, fluorine-
bearing titanium phlogopite, fluorine-bearing amphibole and accessory chrome spinels. Ba-
sulphate aggregates fill small vesicles. Very rare clots of corroded Al-phlogopite surrounded by
secondary spinels are enclosed by leucite aggregates, suggesting formation during an earlier
event. Major and trace element geochemistry and Sr and Nd isotopes show that the rock is a
typical lamproite, close to the compositions of Leucite Hills and Gaussberg lamproites. The
source for the Gătaia lamproite was probably a garnet harzburgite lithospheric mantle, metasoma-
tized by alkaline mafic melts, most probably active at the Cretaceous–Palaeogene boundary. Meta-
somatism by alkaline melts is indicated by high abundances of incompatible trace elements, such as
Ba, Sr, Rb and Zr. The Gătaia lamproite probably had a limited available source volume for melting
that reflects the ambient thermal regime in the typical post-collisional tectonic setting active during
Late Neogene to Quaternary time. Emplacement of this lamproite was probably a result of surface
uplift and erosion at the base of the lithosphere, marking the collapse of the Alpine orogen.

Pliocene–Pleistocene ultrapotassic magmatic
activity is uncommon in the Carpathian–Pannonian
region and the only example described so far is an
olivine leucitite from Bar, in the Pannonian Basin
(Harangi et al. 1995), dated at 2.17 Ma (Pécskay
et al. 1995a). Its mineral assemblage consists of
olivine, clinopyroxene and phlogopite as phenocryst
phases combined with groundmass leucite, with a
bulk-rock composition of 50.38 wt% SiO2 and
7.77 wt% MgO (Harangi et al. 1995). The new lam-
proite occurrence described here was until now con-
sidered to be an alkali basalt (Mateescu 1937;
Drăgulescu et al. 1968). This lamproite was
revealed by a private exploration drilling

programme in the summit of the volcano, which
passed through c. 2 m of soil and c. 4 m of oxidized
and weathered scoria-like clinker before intercept-
ing a slightly vesicular lava flow c. 10 m thick.

Ultrapotassic rocks of Tertiary–Quaternary
age occur in several localities in the Alpine–
Mediterranean region and are mostly considered
to be of orogenic type (Mitchell & Bergman
1991). Ultrapotassic rocks occur in Spain (Venture-
lli et al. 1984a, 1988, 1991; Benito et al. 1999;
Turner et al. 1999), Italy (Venturelli et al. 1984b;
Peccerillo 1985, 1990, 1995, 1998; Conticelli &
Peccerillo 1992; Conticelli et al. 1992, 2002;
Conticelli 1998), Turkey (Çoban & Flower 2007),
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Fig. 1. Distribution of the Gătaia lamproite in the context of Miocene–Quaternary magmatism in the Carpathian–Pannonian region (map is a simplified version of the map of
Pécskay et al. 2006). The inset show the western South Carpathians nappe stack, the Upper Cretaceous magmatic rocks and Gătaia (Romania) and Bogovina (Serbia) occurrences,
simplified after Kräutner (1997). Lithosphere thickness is according to Lenkey (1999) and references therein.
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the Alps (Venturelli et al. 1984b) and the Balkan
Peninsula (Prelević et al. 2001, 2005, 2007;
Yanev et al. 2003; Altherr et al. 2004) although,
according to the classification of Mitchell &
Bergman (1991), few of them are true lamproites.

In this paper, we present electron microprobe data
for the Gătaia lamproitic mineral phases and glass,
which are all fresh (an exceptional situation for this
rock-type), major and trace element, and strontium
and neodymium isotope data that are relevant to
the interpretation of the petrogenesis of this special
magma. We discuss the issue of the mantle source
for the Gătaia lamproite by comparing it with lam-
proitic rocks of similar age worldwide, including
those of Oligocene age from Serbia (emplaced on a
similar basement), and with local calc-alkaline,
alkali basaltic, potassic and ultrapotassic rocks
from the Carpathian–Pannonian region. We argue
that the Gătaia lamproite derives from lithospheric
mantle connected with the Tisia terrane, which
reveals enrichment, via alkaline mafic melts,
similar to the source of other anorogenic lamproites.

Geological setting

The Gătaia lamproite occurrence is situated c. 5 km
south of Gătaia (Banat) (Fig. 1). It forms a lava flow
within the Şumiga hill (198 m above sea level
(a.s.l.)), which comprises a lava cone with a base
of c. 2 km diameter, apparently composed of a suc-
cession of lava flows, 10–20 m thick, intercalated
with less abundant highly vesicular scoria fall
deposits (mostly intensely weathered). The isolated
Gătaia volcano is situated at the southeastern
margin of the Pannonian Basin and at the western
margin of the South Carpathians terrane (Fig. 1),
along a regionally important NE–SW fault
system. The latter has not been mapped until now,
although it parallels older Mesozoic tectonic fea-
tures and formed as a result of Miocene tectonic
uplift (e.g. Iancu et al. 2005) (Fig. 1). The lamproite
melts have been erupted onto relatively undeformed
flat-lying Pleistocene terrace deposits and Miocene
sedimentary rocks at the margin of the Pannonian
Basin. The Miocene succession overlies older crys-
talline basement made up of Supragetic Units,
which record the intense lithospheric deformation
and orogeny during Cretaceous times (e.g. Săndu-
lescu 1984; Iancu et al. 2005) (Fig. 1). The Gătaia
(Şumiga hill) lamproite represents a short-lived
magmatic episode, contemporaneous with volcanic
activity recorded by alkali basalts in Lucareţ and
shoshonites in Uroiu (e.g. Pécskay et al. 1995b;
Seghedi et al. 2004a) that lie 50–150 km to the
NNE, along the South Transylvanian fault system
(Săndulescu 1988; Kräutner 1997) (Fig. 1).
Although contemporaneous, these groups of rocks

are not consanguineous and are inferred to be
derived from a different mantle source (or
sources) (e.g. Seghedi et al. 2004a, b).

Petrography

The Gătaia lamproite is dark grey, fine-grained and
slightly porphyritic (Fig. 2a). It contains high-Mg
olivine (30–35 vol %) and microphenocrysts of
euhedral leucite (35–40 vol %) in a glassy ground-
mass. The groundmass forms 25–35 vol % of the
rock and encloses microcrysts of olivine, armalco-
lite, apatite, sanidine, low Al-diopside, fluorine-
bearing titanium phlogopite and fluorine-bearing
richterite. Cr-spinels occur as accessories (included
in olivine and rarely in the groundmass) along with
very rare titanomagnetite. Very rare clots of cor-
roded Al-phlogopite, surrounded by secondary
spinels (56.7 wt% Al2O3), are enclosed by leucite
aggregates. Ba-sulphate aggregates fill small ves-
icles and represent the final mineral phase. Rare
inclusions of fused sedimentary rocks (c. 5 mm
long) have also been found, and are sometimes sur-
rounded by spotted fine hyalophane aggregates.

Analytical methods and age

The analysed samples are petrographically fresh
and show no evidence of hydrothermal alteration.
For whole-rock K/Ar measurements (Debrecen
laboratory) the rock samples were crushed and
sieved to separate the 250–100 mm fraction for
Ar analysis. Argon was extracted from the sample
by RF fusion in a Mo crucible, in a previously

baked stainless steel vacuum system. 38Ar spike
was added from a gas pipette and the evolved
gases were cleaned using Ti and SAES getters and
liquid nitrogen traps, respectively. Cleaned argon
was transported directly into the mass spectrometer
and Ar isotope ratio was measured in the static
mode, using a 15 cm radius magnetic sector type
mass spectrometer. To determine potassium
content pulverized samples (0.1 g) were digested
in HF with addition of sulphuric and perchloric
acids. The digested sample was dissolved in
100 ml 0.25 mol 2l HCl. After a subsequent fivefold
dilution 100 ppm Na and 100 ppm Li were added as
a buffer and Li internal standard. K concentrations
were measured by a digitized flame photometer
(Corning 480 type).

The interlaboratory standards Asia 1/65, LP-6,
HD-B1, and GL-O combined with atmospheric Ar
were used to control the measurements. Details of
the instruments, applied methods, and calibration
results have been published by Balogh (1985).
The rock was dated by the K/Ar method
(K% ¼ 8.191; 40Ar rad % ¼ 33.3; 40Ar rad
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Fig. 2. (Continued).
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(cm3 STP g21) � 1027 ¼ 4.207] at 1.32 + 0.06
Ma, corresponding to the Pleistocene interval.

Minerals were analysed on a CAMECA SX100
microprobe at the Department of Lithospheric
Science, University of Vienna, using ZAF correc-
tion procedures. Counting times at the peak position
for Na and F were 10 s and for all other elements
were 20 s. Operating conditions were 10 kV and
10 nA for Na and F and for all other elements
15 kV and 20 nA, and natural minerals were used
as standards. A 5 mm defocused beam was used
for analysing feldspar glass and leucite.

Major and trace element analyses were carried
out using X-ray fluorescence (XRF) techniques
(Philips 2400). Th, U and REE were analysed by
inductively coupled plasma-mass spectrometry
(ICP-MS) (ELAN 6100) at the Department of
Lithospheric Sciences, University of Vienna. Sr
and Nd isotopic analytical work was performed at
the Laboratory of Geochronology, Department of
Lithospheric Sciences, University of Vienna,
using the analytical procedure described by Thoni
& Miller (2004), and determination of Sr and Nd
isotope ratios was carried out by thermal ionization
mass spectrometry (TIMS) a Thermo Finnigan
Triton TI system.

Mineral chemistry

Olivine

Multiple generations of olivine are recognized
(Table 1). The largest crystals (up to 1 cm) form
widespread phenocrysts, now largely corroded and
kinked. These large olivines have a magnesian
core (94–91 Fo) rich in NiO that grades into a
magnesium-depleted rim (Fig. 2a and b). The
high-Fo olivine cores are also rich in P2O5

(Table 1, sample 8.1p). Smaller groundmass
olivine is iron-enriched (84–80 Fo), euhedral and
of similar composition to the rims of the pheno-
crysts. In addition, several generations of chrome

spinels and apatite and various silicate–melt
inclusions (c. 50 mm) are present inside the olivine,
some of which are rich in apatite (Fig. 2c).

Leucite

Leucite is an important component of the rock,
forming euhedral to subhedral crystals (0.2–1 mm)
or aggregates (Table 1; Fig. 2d and e). The crystals
are sometimes weakly anisotropic and complexly
twined. They rarely enclose poikilitic high-Al phlo-
gopites. The contact between leucite crystals and
glassy groundmass is marked by a dark rim,
suggesting a compositional change with a slight
increase in SiO2 (1–2.5%) and a decrease in K2O
(2–2.5%). A tendency to higher Al2O3 (c. 3%)
paired with lower K2O (c. 3.5%) reveals the
decomposition of leucite into sanidine (Fig. 2e).

Sanidine

Sanidine is mostly present as late-stage rosette-like
crystals replacing the glassy matrix and leucite
(evident in compositional transitions at the margins
of leucite; see above; Fig. 2e and f). This relation-
ship suggests a high-temperature devitrification
as the glass became saturated (Table 1). Besides
this polycrystalline sanidine, which has high Ba
content, we have found rare high-Ti sanidine
included in the groundmass olivine (Table 1). The
high-Ti sanidine suggests that at a certain level of
silica saturation during late-stage crystallization,
the melt may have crystallized primary sanidine
and olivine; we suppose that in the following
stages of crystallization the large-volume pro-
duction of armalcolite consumed all available Fe
and Ti and suppressed further generation of sani-
dine as a primary mineral.

Spinels

Primary spinels are common minerals in Gătaia lam-
proite (Table 1). Rare secondary spinels are also

Fig. 2. (Continued) (a) Photomicrograph (plane-polarized light) of slightly porphyritic lava flow of Gătaia lamproite
showing olivine (Ol) phenocrysts, leucite (Lc) microcrysts and armalcolite (Ar) needles in a brownish vitreous
glass, which includes many other minerals. Field of view 2.2 cm. (b) Back-scattered electron image showing a large
subhedral corroded and kinked olivine (Ol), embedded in a mass of leucite (Lc), glass and other minerals. (c)
Back-scattered electron image showing a euhedral crystal of olivine (Ol) full of melt and apatite (Ap) inclusions. (d)
Back-scattered electron image showing euhedral leucite (Lc) crystals, with a dark rim at the contact with the glass,
surrounded by sanidine (San) that grows in the glass. (e) Back-scattered electron image showing euhedral to subhedral
crystals of leucite (Lc), one with glass inclusion surrounded by rosette-like crystals of sanidine (San) replacing the
glassy matrix and leucite. (f) Back-scattered electron image showing a line of spinel (Sp) inclusions in an olivine
crystal (Ol), and a hollow apatite (Ap) in the glass. (g) Back-scattered electron image showing a relict of high-Al
phlogopite (Ph2) microcrystals trapped in leucite (Lc) aggregate and surrounded by secondary spinels (Sp2). In the
glass there is a late-stage phlogopite crystal (Ph1). (h) Photomicrograph (plane-polarized light) showing tiny crystals of
amphibole (Am) in the glass. Field of view 0.9 cm.
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Table 1. Representative microprobe analyses of the mineral phases in the Gătaia lamproite

Mineral SiO2 TiO2 Al2O3 V2O3 Cr2O3 Fe2O3* FeO† MnO NiO ZnO MgO CaO Na2O K2O P2O5 BaO ZrO2 F Total Fo Cr-no. Mg-no.

Olivine core 41.3 0.05 6.3 0.12 0.74 51.6 0.11 0.07 100.29 92.9

rim 39.9 0.06 12.9 0.27 0.33 46.1 0.2 99.76 85.4

mph 38.0 ,0.02 17.2 0.29 0.16 42.7 0.34 98.74 81.5

Spinel sp-g 0.10 13.37 0.41 0.50 34.3 8.2 37.6 0.57 0.17 0.29 3.4 98.93 80.5 13.9

sp-i 0.06 5.77 2.15 0.16 49.6 8.4 25.4 0.36 0.15 0.23 7.4 99.75 81.6 34.5

sp-s 0.31 1.39 57.7 ,0.02 0.22 6.4 18.6 0.1 0.17 ,0.02 15.7 100.58 0.24 60.1

Phlogopite Phl-m 43.6 7.7 8.4 7.8 0.03 0.04 18.7 0.1 0.71 9.5 3.6 100.21

Phl-r 35.9 9.4 17.3 7.8 0.04 0.06 16.9 0.07 0.22 9.3 2.8 99.79

Leucite 58.4 0.31 21.8 1.01 0.26 0.02 0.49 18.5 100.72

Clinopyroxene 52.7 1.71 0.41 0.42 4.3 0.13 17.9 22.0 0.32 99.89

Amphibole 55.6 5.5 2.31 ,0.02 5.8 0.09 0.02 16.3 5.5 4.1 3.7 1.94 100.86

53.5 5.8 0.67 2.27 3.7 0.11 0.02 18.4 5.9 4.3 3.7 2.05 100.42

Armalcolite 0.3 69.1 0.30 0.47 21.2 0.17 0.04 7.2 0.13 0.24 99.18

Sanidine 64.8 0.43 15.3 2.5 0.56 0.97 14.8 0.75 100.11

61.1 1.57 17.9 1.4 1.83 0.1 15.6 99.57

Glass 68.0 2.7 10.1 3.7 0.03 1.05 0.07 2.5 7.1 0.21 0.25 95.66

61.2 2.8 16.5 1.6 0.03 1.45 1.29 1.31 9.8 95.98

Hyalophane 42.6 0.49 24.2 0.21 0.02 ,0.02 0.49 4.8 27.6 100.4

38.6 0.41 28.2 2.5 1.56 0.03 0.52 4.9 22.1 98.77

Apatite SiO2 CaO SrO P2O5 La2O3 Ce2O3 F Total

0.65 54.6 0.71 40.6 0.19 0.4 3.6 100.71

*Fe2O3 estimated by stoichiometric normalization.
†Fe total as FeO if Fe2O3 not given.
All the analyses represent the average of 2–4 measured points. mph, microphenocryst; lack of value indicates not analysed; sp-g, spinel in groundmass; sp-i, spinel inclusions in olivine; sp-s, secondary spinel; Phl-m,
matrix phlogopite; Phl-r, relict phlogopite; Cr-number¼mol(Cr/CrþAlþ Fe3þ) � 100; Mg-number¼mol(Mg/Mgþ Fe) � 100.



present. The primary spinels occur as small euhedral
crystals (c. 100 mm) included in olivine and, in the
groundmass, as chromites. Secondary spinels are
Al-rich and are included in leucite, and are inter-
preted to derive from breakdown of unstable
Al-phlogopite (earlier phlogopite) (Figs 2g and 3).
Jaques & Foley (1985) found similar pleonaste
spinels in West Kimberley lamproite and considered
that they formed by reaction from leucite.

The primary spinels fall in group 2 of Mitchell &
Bergman (1991). There is a continuous compo-
sitional trend showing decreasing Al and Mg with
increasing Cr and Fe. The earlier crystals show
lower Cr/(CrþAl) ratios (88), which correlate
with high-Fo (93) olivine. A single titaniferous
magnetite in the groundmass may represent the
end of this trend, or may be of another, unknown,
origin (Fig. 3). The chromites show variable
Mg- and Cr-number (100 atomic Cr/(CrþAl)),
between 5 and 58 and between 88 and 98, respect-
ively, and an increasing trend of TiO2 content
(from 2 to 12.19%) along with decreasing Al2O3

(from 4.3 to 0.3%).

Phlogopite

Phlogopite (Table 1) is present as microphenocrysts
in the groundmass, and as relict high-Al and Ti-rich
(7.8–10.6 wt%) microcrysts trapped in leucite
(Fig. 2g). High-Al phlogopites show lower SiO2

and Na2O, and slightly lower MgO and F, relative
to groundmass phlogopites. The aluminous mica,
however, has a high TiO2 content (7.9–9.3%),
similar to that of phlogopite phenocrysts from
the Leucite Hills (Mitchell & Bergman 1991).
However, their TiO2 content is similar to that of
phlogopite in the matrix (Fig. 2h), which has com-
positions typical of those in the groundmass of lam-
proites (e.g. Mitchell & Bergman 1991). High-Al
phlogopites are not in equilibrium with the host
lava, as evidenced by their marginal breakdown
and formation of secondary spinel. They have
been found in many lamproites and are considered
to be high-pressure cognate phases that form via
polybaric fractionation, leading to Al deficiency
and hence peralkalinity of the residual liquid
(Mitchell & Bergman 1991).

Amphibole

Amphibole is rare and forms small crystals (5–
10 mm) in the matrix (Table 1, Fig. 2h), as one of
the latest crystallizing phases. Amphiboles are typi-
cally richterites, a characteristic species for lamproi-
tic magmas, with similar compositions to Leucite
Hills, Smoky Butte, West Kimberley or Spanish
lamproites (e.g. Wagner & Velde 1986; Mitchell
& Bergman 1991). They show variable FeO (2.2–
5.8 wt%) and MgO (16.3–19.5 wt%) composition
and rather constant F content (1.9–2.1 wt%).

Fig. 3. Variation of Al/(Alþ Crþ Fe3þ) v. Mg/(Mgþ Fe2þ) and Fe3þ/(CrþAlþ Fe3þ) v. Fe2þ/(Mgþ Fe2þ)
of various spinels in Gătaia lamproite.
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Fig. 4. (a) Back-scattered electron image showing clinopyroxene (Cpx) generated as late crystals in the glass,
surrounded by olivine (Ol) with apatite (Ap) and a melt inclusion, leucite (lc) and other minerals. (b) Photomicrograph
(plane-polarized light) showing olivine (Ol), leucite (Lc) and armalcolite (Ar), as opaque needles in the glassy
groundmass. Field of view 2.0 cm. (c) Back-scattered electron image showing a rhombic section of an armalcolite
crystal (Ar), which grew in the glassy groundmass and is surrounded also by spinels (Sp), clinopyroxene (Cpx) and
leucite (Lc). (d) Back-scattered electron image showing relationships of the late-stage minerals generated in the Gătaia
lamproite: clinopyroxene (Cpx), armalcolite (Ar), olivine (Ol), surrounded by leucite crystals (Lc). (e) Back-scattered
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Clinopyroxene

Clinopyroxene forms small euhedral crystals in the
matrix (10–20 mm) and also forms a late crystalliz-
ing phase (Table 1, Fig. 4a). Its composition shows
low Al2O3 contents, which are typical of lamproitic
compositions, and they have a formula of En50 – 49

Fe7 – 5Wo44 – 43.

Armalcolite

Armalcolite is a late phase in the crystallization
sequence and occurs as elongate euhedral or skel-
etal crystals (0.2–1.2 mm) that are equally distribu-
ted in the groundmass (Fig. 4b and c), which show a
purplish tint in thin section and a weak birefrin-
gence (Fig. 4d). Its formula is very similar to armal-
colite reported worldwide (Fig. 5). High Mg/Fe
ratios (around unity) suggest generation at high
temperature (e.g. Velde 1975); on the other hand,
the skeletal crystal shape suggests fast growth
during low-P quenching of the lamproite magma.
This paper gives the first description of this
mineral in the Carpathian–Pannonian region.

Apatite

Apatite is a widespread mineral formed during all
stages of crystallization, and is c. 10–500 mm in
length. It is included in olivine (in phenocrysts,
early generated olivine (Fo90 – 92) and the last gen-
erated olivine (Fo80 – 78)), as well as in the ground-
mass glass, where the largest skeletal crystals are

found (up to 1 mm) (Fig. 4e). Many of these crys-
tals show a hollow core (Fig. 4f). The apatites are
fluor-type, having a fluorine content ranging from
2.6% to 3.7% (and to 4.5%, although these compo-
sitions do not fit the stoichiometric formulae)
(Table 1). The early apatites, sometimes recrystal-
lized in the olivine melt inclusions, have lower
fluorine contents (2.6–4.1%) relative to the
groundmass apatites (4.2–4.5%) and show small
differences in all other components (P2O5 39.8–
41.1%; Ce2O3 0.31–0.41%; La2O3 0.11–0.21%;
SrO 0.56–0.80%). This composition corresponds
to ‘apatite B’ of O’Reilly & Griffin (2000),
which suggests its crystallization from magmas
within the carbonate–silicate compositional spec-
trum, which favour high abundances of light rare
earth elements (LREE), Y and Sr contents of
the rock.

Glass

The rock has a glassy groundmass, whose compo-
sition is SiO2-rich and fairly homogeneous
(Table 1), which gains a c. 2% increase in SiO2

by recalculation to 100 wt% on a CO2-free basis.
We have not found alteration processes; however,
we have observed that devitrification and recrystal-
lization of the glass, as well as leucite, took place
and generated sanidine. Fresh glass should be the
result of a liquid line of descent resulting from frac-
tionation of the lamproitic magma. We have also
measured the glass included in several olivine
crystals (Table 1), which shows higher Al2O3 and

Fig. 4. (Continued) electron image showing various locations of apatite (Ap) generated in the Gătaia lamproite:
together with melt glass inclusion in olivine (Ol), as a single grain inclusion in olivine, as a late-stage inclusion
in glass of the rock. Also, late-stage minerals such as clinopyroxene (Cpx) or phlogopite (Ph) can be seen,
together with the prevalent leucite (Lc) crystals. (fscattered electron image showing hollow-cored apatite (Ap) that
grew in the glassy groundmass, surrounded by leucite (Lc) crystals. (g) Back-scattered electron image showing
anhedral hyalophane at the contact of a small fused argillaceous inclusion (now mullite) in the Gătaia lamproite.
(h) Back-scattered electron image showing irregular voids in the Gătaia lamproite, filled with barite (Bar). The image
also shows olivine (Ol), leucite (Lc), and other minerals.

Fig. 5. MgTi2O5–Fe2TiO5–FeTi2O5 ternary diagram showing the composition of Gătaia armalcolites. Smoky Butte,
Spain, Moon Canyon and lunar armalcolite from Velde (1975), Mitchell & Bergman (1991) and references therein.
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K2O but lower SiO2 relative to the groundmass
glass. There is a negligible difference between the
whole-rock and glass K2O composition, which
suggests that differentiation resulted in
SiO2 enrichment.

Hyalophane and barite

Hyalophane is a rare secondary mineral (Table 1)
and was generated as a consequence of high-
temperature contact reaction processes that fused
a small argillaceous fragment enclosed in the
magma and transformed it to mullite (Fig. 4g).
The contact processes suggest a high-Ba environ-
ment, also attested to by the late-stage barite gener-
ation (Fig. 4h), which appears as the last
generated mineral.

Geochemistry and classification

A lamproite attribute of the rock is given by its rela-
tively low contents of Al2O3 (9.34 wt%) and CaO
(3.43 wt%) in combination with high abundances
of Rb (205 ppm), Ba (2750 ppm), Sr (868 ppm)
and Zr (1243 ppm), as well as La (134 ppm) and
Ce (253 ppm) (e.g. Mitchell & Bergman 1991)
(Table 2). The major and trace element geochemis-
try confirms that the rock is a typical lamproite,
close to Leucite Hills and Gaussberg lamproite
compositions (Fig. 6). It is characterized by high
Mg-number (75.7), high abundances of Ni
(478 ppm) and Cr (539 ppm), as well as high
primary K2O contents (8.67 wt%) and K2O/Na2O
ratios (6.84).

Primitive mantle-normalized incompatible
element diagrams show the strongly enriched
nature of the Gătaia rocks (Fig. 7). The normalized
patterns range from several times primitive mantle
for heavy REE (HREE), Ti and Y, to several
hundred times for large ion lithophile elements
(LILE), such as Ba, Rb, U, K, Pb and Sr, or
LREE such as La, Ce and Nd. The trace element
patterns are distinguished by a slight negative Nb
anomaly, as compared with Serbian, Spanish or
Italian lamproites, which show accentuated Nb
and Ti anomalies, despite the generally high con-
tents of these elements (Table 2 and Fig. 7). The
rocks also have positive Zr anomalies.

In Figure 7 primitive mantle-normalized incom-
patible element diagrams compare ultrapotassic
rocks from Serbia (Bogovina, 30 Ma old; see inset
of Fig. 1), closest spatially to the studied area
(Fig. 7a) and various rock-types of a similar age
in the Carpathian–Pannonian region (Fig. 7b).
Serbian lamproites show different patterns with
stronger negative anomalies of Nb and Ti in con-
trast to Gătaia compositions, with the exception of
the Bogovina sample (BO-138) (Prelević et al.
2004), which, other than an accentuated Pb
anomaly, shows similar patterns to the Gătaia
sample. The Bogovina lamproite was generated on
a terrane basement similar to that of Gătaia (the
East Serbian composite terrane corresponds to

Table 2. Whole-rock major (%) and trace element
(ppm) contents, including REE analyses and
87Sr/86Sr and 143Nd/144Nd isotope values for
the Gătaia lamproite in comparison with those for
the Bar leucitite (from Harangi et al. 1995)

Sample Gătaia Bar

(wt%)
SiO2 52.74 50.38
TiO2 2.99 2.31
Al2O3 9.34 15.27
Fe2O3* 6.7 7.1
MgO 11.73 7.77
MnO 0.09 0.11
CaO 3.43 5.99
Na2O 1.27 2.97
K2O 8.67 6.4
P2O5 2.15 0.88
LOI 0.46 0.82
Total 99.57 99.18
mg-no. 75.7 70.3
K2O/Na2O 6.84 2.15

(ppm)
Ni 478 154
Cr 539 242
Co 39 na
V 162 183
Sc 14 16.9
Cu 53 na
Zn 99 na
Rb 205 161
Ba 2750 2414
Th 16.3 17.8
Nb 68 57
Pb 11 na
Sr 868 1140
Zr 1243 604
Y 21.54 20
La 125 84
Ce 258 152
Nd 121 75
Sm 15 10.2
Eu 3.7 2.87
Gd 10.9 na
Dy 5.13 na
Er 2.01 na
Tb 1.2 0.82
Yb 1.29 1.14
Lu 0.17 na

87Sr/86Sr 0.705713 + 5 0.70503
143Nd/144Nd 0.512572 + 4 0.512592

*Fe total as Fe2O3.
LOI, loss on ignition; na, not analysed.
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the Getic nappe system; see Kräutner 1997;
Iancu et al. 2005), although about 30 Ma earlier
(Prelević et al. 2005). As regards the contempora-
neous rocks in the Carpathian–Pannonian region,
only the Bar rocks (2.2 Ma) show similar patterns
to those of Gătaia; all the other contemporaneous

calc-alkaline (La Gruiu in Perşani Mts, 1.16 Ma),
alkaline (Uroiu shoshonite, 1.64 Ma) and alkali
basaltic (Lucareţ, 2.4 Ma; Sărata-Perşani Mts, 1.5
Ma) have larger negative anomalies of Nb, Rb
and Ce, Pb and Sr. Depletions of Nb relative to
Ba and La, as well as high ratios of Ba/La,

Fig. 6. CaO, K2O, Na2O and TiO2 v. Al2O3 for Gătaia lamproite in comparison with lamproites from West Kimberley
in Australia, Leucite Hills in Wyoming, Smoky Butte in Montana, Gaussberg in East Antarctica, Italy and Spain.
Also, Bar and Bogovina samples are shown. Data sources: West Kimberley, Jaques et al. (1984, 1986), and Nixon et al.
(1984) and Gaussberg, Sheraton & Cundari (1980); Leucite Hills, Kuehner et al. (1981), Barton & Hamilton (1982),
Mitchell & Bergman (1991) and Mitchell (1995); Smoky Butte, Wagner & Velde (1986) and Mitchell et al. (1987);
Spain, Nixon et al. (1984), Venturelli et al. (1984a), Wagner & Velde (1986), Toscani et al. (1995) and
Salvioli-Mariani & Venturelli (1996); Italy, Conticelli & Peccerillo (1992); Bogovina, Prelević et al. (2005); Bar,
Harangi et al. (1995).

Fig. 7. Primitive mantle-normalized element diagrams for mafic alkalic rocks and selected calc-alkaline basalts in
Serbia (a) and the Carpathian–Pannonian region (b) in comparison with Gătaia lamproite, using the normalizing
coefficient of Sun & McDonough (1989). Data sources as in Figure 6, Mason et al. (1996), Downes et al. (1995a) and
Seghedi et al. (2004a).
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suggest a genetic relationship for these other rocks
with a subduction-related metasomatic event (e.g.
Tatsumi & Eggins 1995).

REE abundances (Table 2) of the Gătaia rock are
similar to those of other olivine lamproites
(Mitchell & Bergman 1991, and references
therein; Prelević et al. 2007), as well to the Bar
ultrapotassic rock (Harangi et al. 1995). 87Sr/86Sr

v. 143Nd/144Nd ratios (Fig. 8) of the Gătaia
sample plot in the upper corner of the enriched
quadrant of the diagram, along with the Bar ultrapo-
tassic rock, suggesting that it is one of the least iso-
topically enriched ultrapotassic rocks known in the
world. The Bogovina lamproite, which shows a
geochemical resemblance to the Gătaia rock but
with higher 87Sr/86Sr and lower 143Nd/144Nd,
plots toward the more enriched crustal field
(Prelević et al. 2005).

Discussion

Magma evolution

The mineral chemistry (olivine trend to lower
Mg-number; Cr and Ni contents), spinels, glass
and whole-rock compositions indicate that

fractionation processes occurred during the ascent
of magma to the surface. The presence of clots of
corroded Al-phlogopite (17.25 wt% Al2O3), sur-
rounded by secondary spinels (56.7 wt% Al2O3)
enclosed by leucite aggregates, suggests formation
during an earlier event, as high-pressure phases
(Mitchell & Bergman 1991). Fractionation of phlo-
gopite and olivine would result in an increase in
SiO2 content, decreasing MgO, Ni and Cr contents,
and a slight increase in FeO and P2O5. 87Sr/86Sr
and 143Nd/144Nd isotopic ratios (0.70571 and
0.51257, respectively), are closer to asthenosphere-
derived melts relative to other lamproites; however,
primary mantle-like 87Sr/86Sr and 143Nd/144Nd
values may be achieved by a depleted lithospheric
mantle source via metasomatism. Compared with
other lamproites in the Mediterranean and
Carpathian–Pannonian area (Harangi et al. 1995;
Prelević et al. 2007, and references therein),
Gătaia has a composition closest to the Bar leucitite,
which was attributed to a phlogopite-bearing mantle
source (Harangi et al. 1995). Such a source is
consistent with lithosphere-metasomatic enrich-
ment, implying alkaline melt percolation distinct
from subduction-related metasomatism involved in
generation of orogenic lamproites (e.g. Prelević
et al. 2007).

Fig. 8. 87Sr/86Sr v. 143Nd/144Nd variation for Gătaia and Bar, as well as Lucareţ alkali basalts, in comparison with Leucite
Hills, Gaussberg, Serbian, Spanish, Italian and New South Wales lamproites. Data sources are as in Figure 6.
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Mantle source

Fertility evidence. The idiomorphic tabular shape of
the earlier-generated olivines (even deformed and
corroded) (Fig. 2b) and their homogeneous compo-
sitional trend, which shows rim compositions con-
sistent with that of euhedral small olivines
growing in the groundmass, indicate that they rep-
resent phenocrysts that reached equilibrium with
the magma. The cores of these early olivines have
Fo contents up to 93 and host spinel inclusions
with high Cr-number (c. 90), which decrease
toward their margins to Fo78 – 82 (olivine) and Cr88

(spinel). This unusual composition is also known
in other lamproites (e.g. Venturelli et al. 1984a;
Mitchell & Bergman 1991; Prelević et al. 2005),
as well as in komatiites (e.g. Arndt et al. 1977),
and appears to conflict with their high SiO2. A
normal peridotite mantle source and/or high-
temperature melting is not appropriate for the
early olivines and Cr-spinels, which instead indicate
a refractory, depleted peridotite as one component
of the mantle source (Foley & Venturelli 1989;
Arai 1994; Prelević et al. 2005). The olivine–
spinel pairs from Gătaia plot in the most refractory
part of the olivine–spinel mantle array of Arai
(1994) (Fig. 9). Experimental studies failed to
establish multiphase saturation in all peridotite min-
erals on the liquidi of ultrapotassic rocks (e.g. Foley
et al. 1986).

However, to produce lamproite magma, in
addition to depleted peridotitic mantle it is necess-
ary to add a second component that contains high
abundances of incompatible elements and would
reduce the solidus temperature of the source

mantle. Such situations have already been mooted
in the literature (Foley 1992; Mitchell 1995) in
the ‘veinþwall-rock melting’ model, which pro-
poses that lamproites are the products of melting
of refractory mantle intersected by phlogopite-
and clinopyroxene-bearing veins. According to the
‘veinþwall-rock’ model, vein assemblages con-
sisting principally of non-peridotitic K-rich ultra-
mafic lithology melt at lower temperatures than
the surrounding peridotite, and the resulting alka-
line melt infiltrates and ‘dissolves’ the peridotite.

Geochemical evidence. Higher Rb/Sr and Rb/Ba
ratios for the Gătaia lamproite, relative to most
basalts, including mid-ocean ridge basalts
(MORB) and ocean island basalts (OIB), reveal an
enrichment of Rb relative to Ba and Sr, indicating
partial melting of a similar source to that deduced
for other lamproites, as can be seen in Figure 10.
The plot reflects a style of enrichment analogous
to anorogenic lamproites (e.g. West Kimberley),
and different from orogenic ones, which show an
increasing trend in Rb/Sr ratios (e.g. SE Spain,
Italy or other orogenic lamproites) (Fig. 10).
According to Figure 10 the source of the Gătaia
lamproite is closer to phlogopite-bearing peridotites
(e.g. Erlank et al. 1987). Melting of phlogopite
veins in a harzburgitic substrate may explain the
fact that the Gătaia lamproite has very a low
CaO/Al2O3 ratio (0.36) and low CaO (3.43 wt%)
and Sc contents (14 ppm). In addition, liquidus
and near-liquidus studies on various lamproite com-
positions (e.g. Edgar & Vukadinovic 1992) have
suggested that the Gătaia lamproitic magma may
have formed by partial melting of a phlogopite-
bearing mantle source.

Mineralogical evidence. If the hypothesis that two
mantle sources with significant differences in
mineralogy and chemical composition contributed
to the generation of the Gătaia rock is accepted, it
is not appropriate to apply any simple trace
element modelling. Recently Prelević et al. (2005)
discussed the mineralogy of the source for Serbian
lamproites, using trace element behaviour, without
setting quantitative constraints on the melting
degree and source mineralogy. Zr was used as
marker for veinþwall-rock melting, as it is incom-
patible, not being included in any important mineral
within the rock, even the most enriched ones, as is
the case for the Gătaia lamproite. Relatively con-
stant Zr/Nb ratios for the Gătaia (20) and Bogovina
(18) rocks indicate that the depletion of Nb was not
controlled by a residual mineral in the source,
implying that the Ti–Nb depletion could be a
feature of the metasomatic agent.

High thermal stability of F-apatite, as compared
with OH-apatite, would have a greater buffering

Fig. 9. Distribution of olivine–spinel pairs from the
Gătaia lamproite on the olivine Fo v. spinel Cr-number
diagram, showing the olivine–spinel mantle array
(OSMA) defined by Arai (1994).

THE GĂTAIA PLEISTOCENE LAMPROITE 95



effect, offering a reasonable explanation for enrich-
ment of F in the groundmass apatites. This study
agree with other studies that at least F, and probably
P, entered solid rather than liquid phases (e.g.
Vukadinovic & Edgar 1993), as the result of
partial melting of an F- and P-rich lithospheric
mantle source. On the other hand, the high phos-
phorus content of the source suggested by early
generated apatites, often recrystallized in the
olivine melt inclusions where they show lower flu-
orine content (2.6–4.1%) and higher calculated OH
compared with the groundmass apatites (4.2–
4.5%), indicate both F and P buffering effects of
phlogopite and apatite. Ba is also strongly incompa-
tible in the Gătaia rock, as well as in the extremely
Ba-enriched (c. 3000 ppm) lamproite from Bogo-
vina (Serbia), which may be a result of melting of
a Ba-rich phase in the mantle. However, Ba-type
minerals were generated only as the latest phases
in the Gătaia lamproite, as sanidine, barite or,
rarely, as thermal contact minerals (hyalophane).

Regional comparative remarks and melting
processes. The Gătaia samples show some geo-
chemical similarities to Bogovina samples; that is,
similar patterns in mantle-normalized trace
element variation diagrams (Fig. 7), with less pro-
nounced Ti and Nb troughs and no Eu trough,
with the exception of high Pb (a crustal signature)

and high isotopic Sr for Bogovina analyses. Prele-
vić et al. (2005) interpreted the chemistry of Bogo-
vina lamproites in terms of multiple metasomatic
enrichment of the lithospheric mantle source.
First, a subduction-related metasomatic event of
Mesozoic age took place; this was followed by a
second event, as a result of melt percolation related
to the Palaeocene–Eocene alkaline basaltic mag-
matic episode. The latter is also recorded in
mantle xenoliths near Bogovina (Cvetković et al.
2004; Prelević et al. 2005) and in the Poiana
Ruscă Mountains near Gătaia (Downes et al.
1995b). This younger metasomatic event would
cause the deflection of the isotopic signature
towards HIMU (Prelević et al. 2005) and enrich-
ment in TiO2, Nb and Eu. We suggest that ultrapo-
tassic magmatism in Bar, Gătaia and Bogovina
belongs to a source that records only a metasomatic
overprint of alkaline mafic melts. The evidence pre-
sented here is not consistent with metasomatism
related to subduction, nor does it argue for the mul-
tiple metasomatic enrichment model of Prelević
et al. (2005). The higher 87Sr/86Sr of the Bogovina
sample simply suggests crustal assimilation pro-
cesses during its generation (with deflection of Sr
and Nd isotopic ratios), sufficient to explain the
chemical and isotopic similarities between this
rock and the Pannonian Basin ultrapotassic rocks
(with low 87Sr/86Sr).

Fig. 10. Ba/Sr v. Rb/Sr ratios in various igneous compositions, such as MORB (Pearce 1983), OIB and PM (primitive
mantle) (Sun & McDonough 1989) and garnet peridotites (Gar Per; Erlank et al. 1987). Results show a trend with
narrow limits of 0.03 and 0.1 for the Rb/Ba ratio; the ultrapotassic lavas from phlogopite peridotite xenoliths (Erlank
et al. 1987), from SE Spain (Venturelli et al. 1984a), Central Italy (Conticelli & Peccerillo 1992) and Western
Australian lamproites (Mitchell & Bergman 1991), and from Gătaia lamproite and Bar leucitite, are characterized by
an enrichment of Rb relative to Ba and Sr.
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In spite of the age differences between them, the
chemistry of the rocks at Bogovina, Gătaia and Bar
indicate a common lithosphere, in accordance with
the geotectonic model envisaged by Csontos et al.
(2002), which assigns them to the Tisia (Tisza)
terrane. The isolated occurrence of Gătaia lamproite
suggests a limited source volume available for
melting, which we ascribe to the ambient thermal
regime in a typical post-collisional tectonic
setting, during the Late Neogene to Quaternary tec-
tonic evolution, which indicates surface uplift and
erosion that marks the collapse of the Alpine
orogen (e.g. Iancu et al. 2005). The suggested depth
for the base of the lithosphere (e.g. Lenkey 1999,
and references therein), envisaged as the source area
for the Gătaia lamproite, lies at 80–110 km (Fig. 1),
and is in agreement with experimental studies that
suggest deep melting of a harzburgitic-type mantle
for this type of magma (Foley et al. 1986; Sato
et al. 1997; Elkins-Tanton & Grove 2003). The Bar
ultrapotassic rock, belonging to the same Tisia
terrane basement, indicates a shallower depth to
the base of lithosphere (,60 km), consistent with
a phlogopite lherzolite source (Harangi et al.
1995) (see Fig. 1).

Conclusions

According to its mineralogical and petrological
composition, the Pleistocene Gătaia rock is similar
to the other known lamproites in the world. The
Gătaia lamproite was generated via low-degree
partial melting of a garnet harzburgite source that
records a metasomatic overprint via alkaline mafic
melts (not metasomatism via subduction), probably
active at the Cretaceous–Palaeogene boundary
(Downes et al. 1995b; Cvetković et al. 2004). The
Sr and Nd isotopic data reveal that the Gătaia lam-
proite, along with the Bar ultrapotassic rock, is one
of the most unenriched ultrapotassic rocks known;
this is probably related to the invoked metasomatic
processes. We concur with the ‘veinþwall-rock’
model (Foley 1992; Mitchell 1995) in which vein
assemblages of ultramafic mineralogy (rich in phlo-
gopite, F, P and Ba) began to melt at lower tempera-
tures than the surrounding refractory peridotite. The
resulting alkaline melt infiltrated and ‘dissolved’
the peridotite. Further ascent of the lamproitic
magma toward the surface implies polybaric frac-
tionation, which was controlled by the buffering
effect of both F and P, as phlogopite and apatite.
This study attests to the similar composition of the
lithosphere involved in genesis of both the Gătaia
rock and the neighbouring ultrapotassic rocks (at
Bogovina and Bar), consistent with geotectonic
models that envisage their affiliation to the Tisia
(Tisza) terrane (e.g. Csontos et al. 2002).

However, the Gătaia rocks derive from a greater
depth (.100 km) relative to those from Bar
(,60 km), and did not experience assimilation pro-
cesses, as suggested by the evolution of Bogovina
magmas (suggesting a different geotectonic setting
during the Oligocene, which favoured assimilation
processes). The trigger for melting in the case of
the Gătaia lamproite was probably related to the
Late Neogene to Quaternary surface uplift and
erosion of the South Carpathians that marked the
lithospheric collapse of the Alpine orogen.

This work was made possible by the availability of a core-
sample of an exploration drill that pierced a lava flow of
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The Institute of Geodynamics of the Romanian
Academy is also acknowledged. We are grateful to
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H. Downes for her advice. We thank S. Foley and
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DRĂGULESCU, A., HINCULOV, L. & MIHĂILĂ, N. 1968.
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PÉCSKAY, Z., LEXA, J., SZAKÁCS, A. ET AL. 1995a.
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PRELEVIĆ, D., FOLEY, S. F., ROMER, R. L. &
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Abstract: The alkaline lamprophyres and diabases from the Spanish Central System carry a
heterogeneous suite of xenoliths including a group of highly altered ultramafic pyroxenites that
contain Cr–Mg-rich high-T hydrous minerals (Ti-phlogopite and pargasitic to kaersutitic amphi-
bole), indicative of modal metasomatism. The trace element mineral compositions of these xeno-
liths show three patterns: type A xenoliths, with light rare earth element enriched clinopyroxenes
with high field strength element (HFSE) negative anomalies; type B xenoliths, with clinopyro-
xenes and amphiboles with high incompatible trace element contents (large ion lithophile elements
(LILE), HFSE and REE); type C xenoliths, with relatively REE- and HFSE-poor clinopyroxenes
and amphiboles. These metasomatic signatures suggest the involvement of three different meta-
somatic agents: carbonate, silicate and hydrous fluids or melts, respectively. These agents could
have been derived from the progressive differentiation of a CO2–H2O-rich highly alkaline magma,
genetically related to the Late Permian alkaline magmatism. Because of the original sub-alkaline
nature of the pyroxenite xenoliths, they might have been formed originally as pyroxene-rich cumulates
associated with underplated Hercynian calc-alkaline basic magmas. Metasomatism as a result of
the infiltration of alkaline magmas within these cumulates might explain the relatively high radiogenic
Nd composition of the altered ultramafic xenoliths.

Ultramafic xenoliths carried by mantle-derived
alkaline volcanic and subvolcanic magmas some-
times include pyroxenitic types, which are much
less abundant than typical mantle lithologies
(peridotites). Several possible origins have been
proposed for pyroxenite xenoliths: (1) cumulates
or segregations from mantle-derived magmas intro-
duced as dykes or veins within the lithospheric
mantle (e.g. Frey & Prinz 1978; Downes 2001);
(2) cumulates crystallized within deep magma
chambers near the upper mantle–lower crust
boundary, associated with underplating of mafic
magmas (e.g. Féménias et al. 2003); (3) restites
produced during melting and genetically associated
with overlying orogenic batholiths (Ducea &
Saleeby 1998); (4) remnants of oceanic crust, sub-
ducted into the asthenosphere and then streaked
out by mantle convection until they were incorpor-
ated into the lithosphere (Allègre & Turcotte 1986).
Moreover, some pyroxenites have been subjected to
a later enrichment process (Garrido & Bodinier
1999; Litasov et al. 2000; Xu 2002).

The Upper Permian alkaline lamprophyres and
diabases from the Spanish Central System (SCS)
carry a heterogeneous xenolith suite, including
lower crustal granulites (Villaseca et al. 1999)
and ultramafic pyroxenites and hornblendites
(Orejana et al. 2006). Some types of pyroxenites
have never been studied because of their scarcity

and alteration. These altered pyroxenites show a
relict high-T paragenesis composed of clinopyro-
xene, amphibole and phlogopite, pointing to the
involvement of a metasomatic transformation at
depth.

The nature of the metasomatizing agents in
enrichment processes can be broadly divided into
three categories: (1) silicate melts (e.g. Ionov
et al. 2002a; Witt-Eickschen et al. 2003); (2) car-
bonate or carbonatitic melts and/or fluids (e.g.
Ionov 1998; Yaxley et al. 1998; Xu et al. 2003);
(3) hydrous fluids (e.g. Johnson et al. 1996).

The presence of multiple types of geochemical
patterns in a single suite of ultramafic xenoliths is
relatively common and sometimes has led to the
conclusion that various genetically unrelated
liquids were involved (Grégoire et al. 2003;
Witt-Eickschen et al. 2003), whereas, in other
cases, it has been interpreted as being derived
from different metasomatic agents genetically
related to a single original melt by percolative frac-
tional crystallization (Litasov et al. 2000; Ionov
et al. 2002a; Xu & Bodinier 2004). The widely
accepted porous melt flow model (Navon &
Stolper 1987) predicts the possibility of generation
of volatile-rich (H2O–CO2) melts or fluids from a
single volatile-rich magma (Downes 2001; Xu &
Bodinier 2004) as a result of a continuous reaction
with the rock matrix. These low-viscosity agents

From: COLTORTI, M. & GRÉGOIRE, M. (eds) Metasomatism in Oceanic and Continental Lithospheric Mantle.
Geological Society, London, Special Publications, 293, 101–120.
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are capable of producing a strong interaction with
the wall rock.

This paper focuses on the petrography and the
major and trace element mineral composition of
the altered pyroxenite SCS xenoliths, with the
intention of constraining their origin, and discusses
the interaction with metasomatic agents and their
relationship with the host alkaline basic magmas
at different emplacement levels.

Geological background

The SCS is a plutonic–metamorphic terrane com-
posed of several Hercynian granitic intrusions,
emplaced into Neoproterozoic metasediments and
Palaeozoic orthogneisses (Fig. 1). This basement
is crosscut by several post-orogenic dyke swarms
with contrasting geochemical affinities: calc-
alkaline, shoshonitic, alkaline and tholeiitic (Villa-
seca et al. 2004). The alkaline suite can be
divided in two groups: (1) basic to ultrabasic lam-
prophyres (camptonites) and diabases; (2) red
monzo-syenitic porphyries. Geochronological data
on this alkaline magmatism yield an age of intrusion
in the range 252–264 Ma (264 Ma, Ar–Ar in
amphibole, Perini et al. 2004; Scarrow et al.
2006; or 252 Ma, U–Pb in zircon, Fernández-
Suárez et al. 2006).

The SCS alkaline magmatism occurred in an
anorogenic setting during the initial stages of
North Atlantic opening. Orogenic Hercynian meta-
morphism in the area reached its peak at around
330 Ma and afterwards experienced a marked retro-
grade cooling path associated with moderate uplift
(Escuder Viruete et al. 1998). During these

post-orogenic conditions, voluminous granitic and
calc-alkaline magmas intruded these crustal levels,
promoting important local contact metamorphism.
At 70 Ma after the regional metamorphism, during
Late Permian times, lamprophyre dyke swarms
were emplaced at very shallow and cool levels,
although this did not result in contact metamor-
phism because of the small volume of magma.
These uplifted crustal blocks into which the lampro-
phyres were intruded have not experienced burial
since Early Mesozoic times, as revealed by fission-
track data (Bruijne & Andriessen 2000). Moreover,
a significant hydrothermal imprint is not observed
in either the lamprophyre dykes or the plutono-
metamorphic wall rocks, suggesting long-term
stable crustal conditions after the alkaline magma-
tism. Therefore, the significant degree of alteration
shown by the studied pyroxenite xenoliths suggests
a genetic relationship with the host lamprophyric
melt as discussed below.

The SCS alkaline lamprophyres and diabases
carry a wide variety of xenolithic material, compris-
ing wall-rock fragments (granites and gneises),
lower crustal xenoliths (granulites sensu lato) and
mafic to ultramafic pyroxene-rich cumulates from
the upper mantle–lower crust boundary. This last
group of xenoliths has been divided, in previous
studies, in four subgroups according to their petro-
graphic characteristics (Orejana et al. 2006): (1)
highly altered xenoliths; (2) spinel pyroxenites;
(3) hydrated clinopyroxenites; (4) magmatic
amphibole-rich clinopyroxenites and hornblendites.

Type 2 spinel pyroxenites and type 4 hornblen-
dites are generally larger in size and more abundant
than the other ultramafic xenoliths (Orejana et al.
2006). They have been interpreted as magmatic
cumulates or segregates crystallized at the upper
mantle–lower crust boundary. The amphibole-rich
type 4 xenoliths show magmatic textures, and
have been interpreted as crystallizing from the alka-
line melts (Orejana et al. 2006). In contrast, type 2
xenoliths display a granoblastic texture and,
occasionally, also contain orthopyroxene (e.g.
websterite 102131). Thus, they have been
interpreted as being related to earlier magmatic
events associated with underplating of calc-alkaline
basic magmas at the base of the crust (Orejana
et al. 2006).

Types 1 and 3 ultramafic xenoliths of Orejana
et al. (2006) show a variable amount of high-T
hydrated phases (amphibole and phlogopite).
Nevertheless, their crystalloblastic fabric and
modal mineral composition differentiate them
from the clearly igneous-textured type 4 xenoliths
(also rich in amphibole or phlogopite). Their
scarcity and small size represent major hindrances
to their study, especially when considering
their whole-rock and isotope geochemistry.

Fig. 1. Sketch map of the Spanish Central System
showing the location of the Permian alkaline
lamprophyres and diabases, and the outcrops of the
altered ultramafic xenoliths (P, Peguerinos; SBP, San
Bartolomé de Pinares).
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Nevertheless, in this paper we present a general
petrographic and geochemical characterization of
these enclaves, mainly focusing on major and
trace element mineral composition, although
whole-rock geochemical analyses and Sr–Nd
isotope determinations have been carried out on
two samples.

Analytical methods

The major element mineral composition has been
analysed at the Centro de Microscopı́a Electrónica
‘Luis Bru’ (Complutense University of Madrid)
using a Jeol JZA-8900 M electron microprobe
with four wavelength-dispersive spectrometers.
Analytical conditions were an accelerating voltage
of 15 kV and an electron beam current of 20 nA,
with a beam diameter of 5 mm. Elements were
counted for 10 s on the peak and 5 s on each back-
ground position. Corrections were made using the
ZAF method.

We have determined in situ the concentrations
of 27 trace elements (rare earth elements (REE),
Ba, Rb, Th, U, Nb, Ta, Pb, Sr, Zr, Hf, Y, V, Cr
and Ni) in clinopyroxene, amphibole and phlogo-
pite, on .130 mm thick polished sections by laser
ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS) at the University of Bristol
using a VG Elemental PlasmaQuad 3 ICP-MS
system coupled to a VG LaserProbe II (266 nm
frequency-quadrupled Nd–YAG laser). The count-
ing time for one analysis was typically 100 s (40 s
measuring gas blank to establish the background
and 60 s for the remainder of the analysis). The
diameter of laser beam was around 20 mm. The
NIST 610 and 612 glass standards were used to cali-
brate relative element sensitivities for the analyses
of the silicate minerals. Each analysis was normal-
ized to Ca using concentrations determined by
electron microprobe.

The whole-rock major and trace element compo-
sition of two xenoliths was analysed at the
CNRS-CRPG Nancy. The samples were melted
using LiBO2 and dissolved with HNO3. Solutions
were analysed by inductively coupled plasma
atomic emission spectrometry (ICP-AES) for
major elements, whereas trace elements were deter-
mined by ICP-MS. Uncertainties in major elements
are bracketed between 1 and 3%, except for MnO
(5–10%) and P2O5 (.10%). Carignan et al.
(2001) have evaluated the precision of Nancy
ICP-MS analyses at low concentration levels from
repeated analyses of the international standards
BR, DR-N, UB-N, AN-G and GH. The precision
for Rb, Sr, Zr, Y, V, Hf and most of the REE are
in the range 1–5%, whereas they range from 5 to
10% for the other trace elements, including Tm.

More information on the procedure, precision and
accuracy of Nancy ICP-MS analyses has been
given by Carignan et al. (2001).

Sr–Nd isotopic analyses of two xenoliths were
carried out at the CAI de Geocronologı́a y Geoquı́-
mica Isotópica of the Complutense University of
Madrid, using an automated VG Sector 54 multicol-
lector thermal ionization mass spectrometer with
data acquired in multidynamic mode. Isotopic
ratios of Sr and Nd were measured on a subset of
whole-rock powders. The analytical procedures
used in this laboratory have been described
elsewhere (Reyes et al. 1997). Repeated analysis
of NBS 987 gave 87Sr/86Sr ¼ 0.710249 + 30 (2s,
n ¼ 15) and for the JM Nd standard 143Nd/144

Nd ¼ 0.511809 + 20 (2s, n ¼ 13). The 2s error
on 1(Nd) calculation is +0.4. An estimated age of
265 Ma was used for calculating initial
isotopic ratios.

Petrography of xenoliths

Although the altered pyroxenite xenolith suite
has been previously classified into two types, the
similarity of their petrography (high degree of
alteration and the common presence of high-
temperature hydrated minerals), suggests that they
all form a heterogeneous, genetically related
group. Thus, for the sake of simplicity, we shall
refer to them hereafter as altered ultramafic
SCS xenoliths.

These altered ultramafic SCS xenoliths have
been sampled at two outcrops: Peguerinos (P) and
San Bartolomé de Pinares (SBP) (Fig. 1). They
are small in size, never exceeding 2.7 cm, and are
irregular to semi-rounded in shape. Their modal
composition is summarized in Table 1.

SCS altered pyroxenite xenoliths are composed
of variable amounts of two mineral parageneses:
(1) a granoblastic high-T assemblage of clinopyrox-
ene, amphibole, phlogopite and spinel; (2) a later,
volatile-rich alteration assemblage of chlorite
group and talc minerals that pseudomorph grano-
blastic crystals. The texture of the altered ultramafic
SCS xenoliths is fine-grained, equigranular and
granoblastic, showing typical triple junctions
indicative of solid-state equilibration. This high-T
crystalloblastic fabric is preserved irrespective of
the degree of secondary alteration.

Mineral heterogeneity might be related to the
small size of these xenoliths, giving rise to a wide
range of modal composition. Moreover, the lack of
olivine suggests a cumulate origin instead of
representing mantle fragments. Primary high-T
minerals are restricted to uncoloured clinopyroxene,
pargasitic to kaersutitic amphibole, Ti-phlogopite
and brown spinel (Table 1). Clinopyroxene modal
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proportion ranges from 2.6 to 81%. Spinel, amphi-
bole and phlogopite are not always all present in
these xenoliths. Although spinel is regularly disse-
minated when it appears, amphibole and phlogopite
are more dispersed. Neither mineral zoning nor pyr-
oxene exsolution lamellae have been observed in
these high-T minerals.

These pyroxenite xenoliths have secondary min-
erals in variable proportions from 19 to 95%. These
alteration phases are mainly talc and chlorite group
minerals, pale brownish chlorite being the most
common. Unaltered orthopyroxene has never been
observed in these xenoliths. Olivine pseudomorphs
are unlikely because the presence of this mineral in
the original paragenesis is very limited according to
their normative composition as deduced from
whole-rock chemistry: Ol does not exceed 9%,
whereas Hy ranges from 80 to 99% (see Table 4).
The normative compositions of analysed samples
plot within the field of orthopyroxenite in the ultra-
mafic rocks classification diagram, pointing to
orthopyroxene as the main original mafic phase
(now pseudomorphed) in the modal composition
of these xenoliths. In summary, normative and
modal compositions point to a wide range of
altered pyroxenites probably including orthopyrox-
enites and websterites.

The mineral chemistry of chlorite pseudomorphs
also supports the interpretation that orthopyroxene
was the main primary mineral of these pyroxenite
xenoliths. When comparing the chemical compo-
sition of the abundant chloritized pseudomorphs
with secondary chlorite from the partial replace-
ment of orthopyroxene from the websterite sample
102131 (type 2 xenoliths of Orejana et al. 2006)
we notice the good overlap of the two compo-
sitional fields (Fig. 2). Furthermore, the pale brown-
ish colour and the good cleavage of both chlorite
crystals reinforce the suggestion that they belong
to the same chlorite type. The wide chemical com-
position shown by these chlorites suggests complex
chemical substitution processes towards talc end-
member compositions (Fig. 2). Talc and occasional
Fe-sulphide are other secondary mineral phases.

Mineral chemistry

According to mineral chemistry, we have classified
the altered xenoliths into three sub-types by their
trace element contents (mainly light rare earth
elements (LREE) in clinopyroxene and amphibole):
type A xenoliths, with Sr–LREE-enriched clino-
pyroxene and lacking high-T hydrous phases
(amphibole or phlogopite); type B xenoliths, with
LREE-enriched clinopyroxene and amphibole; and
type C xenoliths, with REE-poor clinopyroxene
and amphibole.T
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Major elements

Clinopyroxene is diopside and augite with a het-
erogeneous major and trace element composition
(Tables 2 and 3). Al2O3, TiO2 and Na2O may
reach high concentrations: 4.2–7.7 wt%, 0.3–
1.4 wt% and 0.41–1.75 wt%, respectively. Never-
theless, the heterogeneity shown by the major
element composition highlights the large compo-
sitional ranges shown by clinopyroxenes from
type B xenoliths (Fig. 3). This latter group has
Mg-number values ranging from 0.78 to 0.93,
whereas types A and C are restricted to
Mg-number ¼ 0.89–0.93 and are generally homo-
geneous with respect to major element composition,
except for Na (Fig. 3).

Amphibole is absent in type A xenoliths
(Table 1). Similar to what is observed for clinopyr-
oxene, amphibole major and trace element compo-
sition is heterogeneous for type B xenoliths (Fig. 3).
On the whole, they are Ti–Al-rich pargasites or
kaersutites (TiO2: 1.9–5.1 wt%; Al2O3: 12.9–
15.7 wt%), with Na2O in the range 2.2–3.3 wt%,
K2O from 0.71 to 1.84 wt% and high Mg-number
(0.73–0.89), which overlaps the values for clino-
pyroxene (Table 2). Type C amphiboles do not
differ significantly in their major element compo-
sition from type B (Fig. 3), but have higher Cr
contents (7436–7845 ppm, compared with 2004–
3236 ppm for type B; Table 3).

Phlogopite is present only in type B xenoliths
(Table 1). Its major element composition is
homogeneous, with Mg-number ranging from
0.82 to 0.86, overlapping the values for
clinopyroxene and amphibole (Table 2). They

typically have high TiO2 (2.46–5.14 wt%), Cr2O3

(0.42–1.11 wt%) and Al2O3 (15.6–16.8 wt%)
contents (Fig. 3). This composition contrasts with
the lower Mg-number and Cr contents, and higher
Ti concentrations of phlogopites from the SCS
hornblenditic xenoliths, which have been inter-
preted as magmatic segregates genetically
linked to the host alkaline melts (Orejana et al.
2006), and also with phlogopites from typical
cumulate xenoliths (Fig. 3); but it is very
similar to that of phlogopites from metasomatic
ultramafic xenoliths, such as those reported by
Shaw (2004). Because of the scarcity and small
size of phlogopite from the altered ultramafic SCS
xenoliths, we could not analyse their trace
element composition.

Spinel is present in the three altered ultramafic
SCS xenolith types. It is always Al–Cr-rich and
Ti-poor, with Cr2O3 ranging from 4.8 to
14.3 wt%, Al2O3 from 49.7 to 63.5 wt%, TiO2

,0.22 wt% and Mg-number from 0.69 to 0.79
(Table 2). Nevertheless, spinel from type B xeno-
liths shows the lowest Cr2O3 and highest Al2O3

concentrations (4.8 and 63.5 wt%, respectively).
Spinel of type A and C xenoliths displays the
same narrow compositional range: 11.3–14.3 wt%
for Cr2O3 and 49.7–55.9 wt% for Al2O3.

Trace elements

Clinopyroxene trace element characteristics
emphasize the existence of three types of altered
ultramafic xenoliths (Fig. 4a). Clinopyroxenes
from type A xenoliths display the most
LREE-enriched patterns, which may reach 100
times chondrite values, whereas heavy REE
(HREE) tend to converge to concentrations shown
by clinopyroxenes from the other two xenolith
types. This LREE enrichment is also accompanied
by high contents of Sr (208–230 ppm), but low
values for Zr (22–26 ppm) and Nb (0.12–
0.24 ppm) (Table 3). Accordingly, their primitive
mantle-normalized trace element pattern is distinc-
tive, with strong negative anomalies at Zr-Hf and
Nb-Ta, and at Ba and Ti (Fig. 4b). Type B
clinopyroxenes are also enriched in LREE, but
with lower concentrations than type A. Moreover,
they yield convex-upwards chondrite-normalized
REE patterns with the peak position between Ce
and Nd, which is characteristic of clinopyroxenes
formed as deep cumulates crystallized from basic
alkaline magmas (Irving & Frey 1984) (Fig. 4a).
Nevertheless, the LREE concentrations of type B
clinopyroxenes are significantly higher than those
shown by Irving & Frey (1984). The primitive
mantle-normalized trace element pattern of these
clinopyroxenes is very similar to that of type A,
but concentrations of Zr (32.1–72.5 ppm), Hf

Fig. 2. Major element contents of secondary alteration
minerals of the ultramafic SCS xenoliths (*, brownish
chlorite W, talc). Talc and chlorite (diabantite)
compositional fields taken from data summarized by
Deer et al. (1976).
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Table 2. Major element composition and P–T estimates of representative high-T minerals from the SCS altered ultramafic xenoliths

Clinopyroxene Amphibole Phlogopite Spinel
Type: A B B B C B B B C C B B B A B C

Sample: 104394 104546B 104534A 104535 105787 104546B 105788 104535 105787 105787 103656-1 103657B-1 105788 104394 104546B 105787
13 25 33 26 45 23 33 24 46 47 36 4 40 5 22 43

SiO2 51.28 50.27 50.92 50.42 50.58 41.68 40.77 41.21 41.26 42.21 37.48 36.93 37.47 0.03 0.06 0.07
TiO2 0.48 0.79 0.82 0.54 0.31 4.25 4.32 2.87 1.98 2.05 2.46 4.92 3.40 0.13 0.16 0.12
Al2O3 5.83 7.46 7.26 5.63 5.99 15.34 14.24 13.19 14.57 14.99 15.75 15.81 16.76 55.91 63.47 53.09
FeOT 2.44 3.23 6.45 6.89 2.90 3.60 6.63 9.25 4.26 4.08 7.26 7.41 5.98 11.33 4.79 13.01
Cr2O3* 0.79 0.35 0.19 0.42 0.87 – – – – – 1.11 0.76 0.69 10.94 10.29 13.13
MnO 0.09 0.07 0.05 0.10 0.04 0.13 0.07 0.08 0.04 0.00 0.04 0.03 0.07 0.08 0.08 0.07
MgO 16.02 15.48 13.68 13.73 15.24 16.33 14.38 13.60 16.99 17.22 20.03 18.69 19.93 20.51 21.33 20.61
CaO 22.98 20.33 19.41 20.08 20.87 10.94 11.51 10.75 10.50 11.11 0.02 0.03 0.06 0.00 0.00 0.00
Na2O 0.95 1.02 1.27 1.55 1.59 3.09 2.49 3.18 3.08 3.09 1.22 0.87 0.64 0.00 0.00 0.00
K2O 0.00 0.00 0.00 0.00 0.00 1.04 1.71 0.74 1.12 1.05 8.84 9.08 9.15 0.00 0.00 0.01
Total 100.86 99.00 100.05 99.36 98.39 96.40 96.12 94.87 93.80 95.80 94.21 94.53 94.15 98.93 100.18 100.11
Mg-no. 0.92 0.89 0.83 0.78 0.90 0.89 0.79 0.72 0.88 0.88 0.83 0.82 0.86 0.77 0.79 0.74

Cations calculated on the basis of 6 O for clinopyroxene; 24 (O, OH, F) for amphibole; 24 (O, OH, F, Cl) for phlogopite; 32 O for spinel

Si 1.837 1.835 1.837 1.856 1.853 6.854 7.491 6.395 6.196 6.062 5.720 5.620 5.680 0.010 0.010 0.010
Ti 0.013 0.022 0.039 0.015 0.008 0.526 0.597 0.335 0.224 0.221 0.280 0.560 0.390 0.020 0.020 0.020
Al 0.246 0.321 0.213 0.245 0.259 2.970 3.081 2.410 2.577 2.535 2.830 2.835 2.990 13.820 15.030 13.190
Fe 0.073 0.099 0.170 0.212 0.088 0.495 1.019 1.200 0.535 0.490 0.930 0.940 0.760 1.880 0.760 2.170
Cr 0.022 0.010 0.010 0.012 0.025 0.075 0.059 0.074 0.151 0.143 0.130 0.090 0.080 1.920 1.730 2.320
Mn 0.003 0.002 0.002 0.003 0.001 0.018 0.011 0.011 0.005 0.000 0.010 0.000 0.010 0.010 0.010 0.010
Mg 0.856 0.842 0.836 0.754 0.832 4.003 3.939 3.146 3.804 3.687 4.560 4.240 4.500 6.420 6.390 6.480
Ca 0.882 0.795 0.844 0.792 0.819 1.927 2.266 1.787 1.690 1.709 0.000 0.000 0.010 0.000 0.000 0.000
Na 0.066 0.072 0.048 0.111 0.113 0.985 0.887 0.957 0.897 0.861 0.360 0.260 0.190 0.000 0.000 0.000
K 0.000 0.000 0.001 0.000 0.000 0.218 0.401 0.146 0.215 0.192 1.720 1.760 1.770 0.000 0.000 0.000
SCations 3.998 3.998 4.000 4.000 3.998 18.071 19.751 16.461 16.294 15.900 16.540 16.305 16.380 24.080 23.950 24.200

T (8C)† 896 1049 1092 1078 988 1004 1009 966 937 938
P (kbar)† 6.7 9.9 10.7 7.6 10.2

*Cr contents in amphibole have been determined by LA-ICP-MS (see Table 3).
†T estimations calculated using single pyroxene and Al–Ti in amphibole thermometers of Mercier (1980) and Otten (1984), respectively. P estimations calculated using the barometer of Nimis & Ulmer
(1998).
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Table 3. Trace element composition of representative clinopyroxenes and amphiboles from SCS altered ultramafic xenoliths

Clinopyroxene Amphibole

Type: A A A B B B C C C B B B B B C C C

Sample: 104394 104394 104394 104546B 104535 104534A 105787 105787 105787 104546B 104546B 104534A 104534A 104534A 105787 105787 105787

12 21 51 41 33 41 10 7 9 31 33 22 23 24 1 2 3

Ba 0.84 1.37 2.42 1.57 0.92 3.92 2.60 2.17 bd 172 178 236 247 228 79.7 82.1 84.3
Rb bd bd 1.65 bd 0.67 0.43 0.65 0.47 bd 4.84 5.12 6.01 6.03 6.20 5.69 5.97 6.33
Sr 230 212 215 95.3 107.6 101.2 44.8 44.0 40.9 278 208 474 488 504 120 120 117
Pb na na na na na na 0.46 0.16 0.17 na na na na na 0.29 0.45 0.43
Th 0.06 0.10 0.08 0.31 0.24 0.14 bd bd 0.06 0.20 0.33 0.15 0.16 0.19 bd bd bd
U bd bd 0.03 0.09 0.08 0.05 bd bd bd 0.05 0.11 0.03 0.05 0.04 bd bd bd
Zr 24.5 24.8 25.9 38.4 70.5 56.2 17.5 16.7 16.4 66.7 73.2 52.6 51.8 52.6 16.8 18.0 15.6
Nb 0.10 0.17 0.13 1.56 0.27 0.59 0.16 bd 0.11 78.4 53.2 43.1 45.3 45.2 1.35 1.23 1.36
Y 16.8 15.5 14.9 19.9 24.4 18.6 16.7 15.5 15.1 21.7 21.8 21.7 22.7 21.8 17.3 18.2 17.8
V 254 246 251 286 623 709 344 320 319 440 450 909 944 905 501 545 543
Ni 393 404 386 315 116 74 432 286 325 605 596 129 149 129 na na na
Cr 5215 4948 5020 2046 2892 1745 5239 4687 5310 3124 3236 2087 2182 2118 7436 7845 7721
Ta 0.01 0.04 0.02 0.09 0.07 0.11 0.05 bd bd 2.73 1.61 1.83 1.90 1.83 0.07 0.10 bd
Hf 0.89 0.89 1.16 1.50 2.41 1.61 0.88 0.88 0.75 1.51 1.56 1.46 1.34 1.41 0.95 0.83 0.62
La 20.71 20.76 20.43 6.73 9.05 6.88 2.35 2.24 2.11 10.10 12.00 9.94 10.29 10.35 3.14 3.02 3.32
Ce 70.19 69.42 70.24 22.41 28.93 21.65 6.61 6.27 6.37 30.73 35.51 27.40 27.48 27.49 8.41 8.98 9.10
Pr 10.64 10.14 10.23 3.73 4.15 3.22 1.05 0.90 0.99 4.71 4.74 4.04 4.14 4.25 1.29 1.40 1.27
Nd 46.37 49.40 44.52 18.45 19.25 15.56 5.81 5.42 5.63 21.61 24.53 19.82 20.19 19.78 7.03 6.86 7.19
Sm 8.61 8.91 8.29 5.64 5.50 3.61 1.84 1.81 2.07 5.89 5.61 5.08 5.55 5.07 2.59 2.21 2.45
Eu 2.14 2.15 2.18 1.75 1.79 1.42 0.71 0.66 0.65 2.04 1.90 1.78 1.94 2.04 0.89 0.80 0.75
Gd 5.74 5.11 5.48 4.99 4.84 3.47 2.58 1.92 2.46 5.50 5.61 4.56 4.31 4.64 2.43 2.81 2.77
Tb 0.80 0.72 0.75 0.72 0.90 0.58 0.43 0.39 0.42 0.89 0.78 0.71 0.72 0.70 0.45 0.54 0.56
Dy 3.60 3.36 3.60 4.81 5.16 4.02 3.25 2.67 2.76 4.30 4.14 4.17 4.29 4.66 3.21 2.97 2.88
Ho 0.68 0.57 0.66 0.97 1.06 0.71 0.67 0.58 0.56 0.91 0.88 0.88 0.97 0.92 0.56 0.75 0.69
Er 1.86 1.72 1.67 2.20 2.71 2.00 1.98 1.70 1.55 2.18 2.25 2.18 2.45 2.22 1.76 1.98 2.00
Tm 0.27 0.22 0.20 0.27 0.39 0.25 0.30 0.29 0.24 0.26 0.33 0.33 0.32 0.32 0.27 0.30 0.22
Yb 1.44 1.43 1.38 2.00 2.52 1.80 1.83 1.74 1.95 2.11 1.56 2.16 2.54 1.86 1.57 2.37 1.61
Lu 0.18 0.20 0.17 0.26 0.39 0.27 0.26 0.26 0.24 0.22 0.28 0.31 0.31 0.28 0.29 0.24 0.22
LREE 156.52 158.63 153.71 56.96 66.88 50.92 17.65 16.64 17.17 73.05 82.39 66.28 67.65 66.94 22.47 22.48 23.32
HREE 14.56 13.34 13.91 16.21 17.96 13.10 11.30 9.54 10.17 16.36 15.84 15.30 15.90 15.59 10.54 11.95 10.95
REE 173.22 174.12 169.80 74.92 86.63 65.44 29.66 26.84 27.99 91.45 100.13 83.36 85.49 84.57 33.90 35.23 35.02

na, not analysed; bd, below detection limit.
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(1.14–2.75 ppm), Nb (0.14–1.55 ppm) and Ta
(0.02–0.17 ppm) are clearly higher, whereas the
converse applies to Sr (92.9–111.8 ppm) (Fig. 4b).
Type B clinopyroxenes are also distinguished by
their lower Cr concentration (1630–3080 ppm)
when compared with type A and C clinopyroxenes
(4158–5310 ppm) (Table 3). Finally, type C clinopyr-
oxenes have generally lower trace element concen-
trations (Sr 40.9–44.1 ppm; Zr 15.7–18.2 ppm; Nb
01–0.6 ppm; LREE 16.6–17.7 ppm), with their
maximum difference being the almost flat chondrite-
normalized REE patterns (Fig. 4a).

Amphibole trace element compositions repro-
duce the chondrite- and primitive mantle-
normalized patterns of clinopyroxenes in each
xenolith, showing marked heterogeneity (Table 3).
Type B amphiboles are characteristically LREE
enriched and show a convex-upwards REE
pattern, with La abundances c. 40 times chondrite
values (Fig. 4c). This composition is similar to
that of amphiboles interpreted as deep cumulates

crystallized from alkaline basic melts (Irving &
Frey 1984), although being LREE enriched. The
primitive mantle-normalized trace element pattern
of amphiboles from type B xenoliths is character-
ized by Ba and Nb–Ta positive peaks and U–Th
and Zr–Hf negative anomalies (Fig. 4d). These
patterns contrast markedly with that of amphiboles
from type C xenoliths, which show general low
trace element concentrations; REE have flat
patterns, similar to that for clinopyroxene from
these xenoliths, and primitive mantle spidergrams
are characterized by the presence of high field
strength elemet (HFSE) (Nb–Ta and Zr–Hf)
negative anomalies (Fig. 4d).

Whole-rock geochemistry

Major and trace element composition

It has been possible to analyse only two altered ultra-
mafic SCS xenoliths for whole-rock geochemistry.

Fig. 3. Major element composition of clinopyroxene, amphibole and phlogopite from the altered ultramafic
SCS xenoliths. Mineral composition of the SCS Sp-pyroxenites and hornblendites taken from Orejana et al. (2006).
Fields of phlogopites from peridotites, hydrous veins and typical clinopyroxenites after Shaw (2004).
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These two samples correspond to type A and C xeno-
liths. Nevertheless, major and trace element compo-
sition, as well as isotopic ratios, are necessarily
influenced by their high degree of alteration
(Table 1): 86.5 vol% in sample 105776 (type A xeno-
liths) and 78.8 vol% in sample 105787 (type C xeno-
liths), and their high loss on ignition (LOI) values
(close to 10 wt%), so that these results should be
interpreted with caution.

The major element composition of these xeno-
liths is characterized by low contents of TiO2

(,0.2 wt%), CaO (,4 wt%), Na2O (,0.47 wt%)
and K2O (,0.13 wt%), and relatively high con-
centrations of SiO2 (48–50 wt%) and MgO (23–
24 wt%) (Table 4). The high proportion of secondary
talc in the analysed samples could explain the Si–
Mg-rich nature of these altered xenoliths (Mg-
number values vary from 0.81 to 0.84). The low
CaO content is likely to be related to the scarcity
of modal clinopyroxene (10–17%).

Both xenoliths have a homogeneous major
element composition, different from those of most
of the cumulate pyroxenites and hornblendites of
Orejana et al. (2006), although they plot close to the
websterite xenolith 102131 (Fig. 5). It is important
to note the similarity between major element contents
of the analysed altered xenoliths and the orthopyro-
xene composition (taken from the above-mentioned
websterite 102131) (Fig. 5). The whole-rock compo-
sition of analysed pyroxenites yields high normative
Hy for both samples (Table 4), indicating the predo-
minance of orthopyroxene in the original modal
composition of the xenoliths.

Altered ultramafic SCS xenoliths have variable
trace element contents. Sample 105776 (type A)
has higher REE–LILE–HFSE contents compared
with sample 105787 (type C) (Table 4). On the
whole, both pyroxenites show low concentrations,
although some incompatible elements display mod-
erate (Rb, K and LREE), or even high contents

Fig. 4. (a) Chondrite-normalized and (b) primitive mantle-normalized trace element composition of clinopyroxenes
from the altered ultramafic SCS xenoliths. (c) Chondrite-normalized and (d) primitive mantle-normalized trace
element composition of amphiboles from the altered ultramafic SCS xenoliths. Data for other SCS xenoliths are
taken from Orejana et al. (2006). S, averaged REE composition of deep cumulates from basaltic magmas, taken
from Irving & Frey (1984). Chondrite and primitive mantle values are taken, respectively, from Sun & McDonough
(1989) and McDonough & Sun (1995).
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(Ba in sample 105787, 203 ppm). The chondrite-
normalized REE pattern is flat for HREE and
increasingly fractionated from middle REE
(MREE) to LREE, and is subparallel for the two
samples (Fig. 6a). The primitive mantle-normalized
trace element patterns display clear negative
anomalies for HFSE (Th, Nb–Ta, Zr–Hf and Ti),
but they are significantly more marked in sample
105787 (type C) than in sample 105776 (type A)
(Fig. 6b). In this latter xenolith, whole-rock trace
element geochemistry is dominated by clinopyrox-
ene composition, and the normalized patterns

mimic those of this mineral, with negative
anomalies at the HFSE. A similar pattern occurs
for sample 105787, where the presence of a HFSE-
poor amphibole adds to the HFSE-poor nature of
clinopyroxene, although it results in the increased
Ba concentration of this xenolith.

Sr–Nd isotope composition

The initial Sr and Nd isotopic ratios of the analysed

altered ultramafic SCS xenoliths have (87Sr/86Sr)0

Table 4. Whole-rock geochemistry of SCS altered ultramafic xenoliths (major elements,
trace elements, Sr–Nd isotope ratios and CIPW normative composition)*

Sample

105776 105787 105776 105787

SiO2 49.67 48.32 Ba 30.1 203
TiO2 0.2 0.1 Rb 6.61 4.07
Al2O3 4.09 4.43 Cs 8.96 4.15

Fe2O3
† 11.02 9.08 Sr 58.8 58.5

MnO 0.03 0.07 Pb 1.93 bd
MgO 23.07 23.85 Th 0.18 0.02
CaO 2.21 4 U 0.12 0.02
Na2O 0.19 0.47 Zr 14.5 3.30
K2O 0.12 0.13 Nb 2.07 0.23
P2O5 0.07 0 Y 7.21 3.74
LOI 9.51 9.75 V 89.4 91.1
Total 100.18 100.2 Ni 1910 2117
Mg-no. 0.81 0.84 Cr 2948 3043

Ta 0.15 0.02
Q 2.9 0.0 Hf 0.44 0.14
Or 0.8 0.9 La 7.09 2.45
Ab 1.8 4.4 Ce 10.22 5.91
An 11.1 10.7 Pr 1.39 0.74
Ne 0.0 0.0 Nd 5.94 2.93
Lc 0.0 0.0 Sm 1.40 0.65
Di 0.6 9.1 Eu 0.50 0.23
Hy 79.8 66.0 Gd 1.41 0.66
Ol 0.0 6.7 Tb 0.24 0.11
Mt 2.4 2.0 Dy 1.37 0.67
Il 0.4 0.2 Ho 0.26 0.14
Ap 0.2 0.0 Er 0.73 0.38

End-members Tm 0.11 0.06

Ol 0.0 8.2 Yb 0.70 0.35
Hy 99.3 80.7 Lu 0.11 0.06
Dy 0.7 11.1

Sr–Nd isotopic ratios

87Rb/86Sr 0.32 0.2 147Sm/144Nd 0.1426 0.1341
87Sr/86Sr + 2s 0.707811 + 47 0.707800 + 05 143Nd/144Nd + 2s 0.512597 + 06 0.512585 + 06
87Sr/86Sr265Ma 0.70658 0.70704 1(Nd)265 Ma 1.03 1.08

*Normative composition has been calculated considering that Fe2O3 represents 15% of total Fe.
†Total Fe is represented as Fe2O3.
bd, below detection limit.
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from 0.70658 to 0.70704 and 1Nd c. þ1 (Table 4).
The Sr isotopic composition of the host dykes is
markedly different from that of the altered xeno-
liths, but radiogenic Nd values resemble those of

the isotopically enriched lamprophyre dykes, and
also those of the more radiogenic subalkaline SCS
pyroxenites (Fig. 7). This composition falls
outside the mantle array, because of the relative

Fig. 5. Major element whole-rock composition of the altered ultramafic SCS xenoliths. Fields of other ultramafic
SCS xenoliths (Sp-pyroxenites and hornblendites) and whole-rock and orthopyroxene composition of the websterite
102131 are taken from Orejana et al. (2006).

Fig. 6. (a) Chondrite-normalized and (b) primitive mantle-normalized trace element composition of the
altered ultramafic SCS xenoliths. Normalizing values for chondrite and primitive mantle from Sun & McDonough
(1989) and McDonough & Sun (1995), respectively.
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radiogenic Sr, whereas 1Nd values are similar to
BSE (Bulk Silicate Earth) values. Similar devi-
ations from the mantle array have been described
in mantle xenoliths from Spitsbergen (Ionov et al.
2002b) and the French Massif Central (FMC)
(Downes & Dupuy 1987) (Fig. 7), and have been
interpreted as a consequence of percolative porous
melt flow metasomatism and an enrichment event
caused by EMI-like magmas, respectively. This

high 87Sr/86Sr trend of the altered SCS xenoliths
contrasts with that displayed by pyroxenite xeno-
liths from Hannuoba (towards both higher Sr and
lower Nd radiogenic ratios), which might represent
the involvement of fluids derived from subduction
or from a delaminated lower crust (Xu 2002).

Discussion

The origin of secondary alteration

The presence of chlorite and talc in these xenoliths
suggests re-equilibration in a volatile-rich environ-
ment, probably interacting with a H2O–CO2-rich
fluid. The selective alteration, which mainly
affects the primary orthopyroxene of the xenolith,

is also reproduced in the host lamprophyre where
clinopyroxene, amphibole or phlogopite pheno-
crysts are well preserved, whereas olivine is
totally pseudomorphed by talc. The common pre-
sence of carbonate-rich and chlorite-rich ocelli in
the lamprophyres suggests significant volatile exso-
lution by the ultrabasic magma at subvolcanic
emplacement levels. Thus, it is possible that a selec-
tive low-P alteration of suspended solids (xenoliths,
phenocrysts) occurred during lamprophyric magma
devolatilization. Chlorite group minerals in ultra-
mafic assemblages can appear at high temperatures
under low-pressure conditions (,1 kbar), in the
range of 850–900 8C (Pawley 2003). Talc could
appear slightly later, at around 800 8C (Pawley &
Wood 1995). This estimate of relatively high-
temperature alteration is close to, or overlaps, the
solidus condition for volatile-rich lamprophyric
magmas (Esperança & Holloway 1987). Volatiles
exsolved from the lamprophyric melt react with sus-
pended solids (xenoliths, phenocrysts) and promote
the alteration of a restricted mineral phase assem-
blage (i.e. orthopyroxene in pyroxenites, garnet in
granulite xenoliths and olivine in lamprophyres).
The restricted alteration of pyroxenite xenoliths
(not related to vein or fracture filling) and olivine

Fig. 7. Sr–Nd isotopic composition of altered xenoliths (calculated at 265 Ma), in comparison with isotopic
ratios of the SCS alkaline magmatism (Villaseca et al. 2004), SCS cumulate pyroxenites (Orejana et al. 2006)
and pyroxenite xenoliths from the FMC (Downes & Dupuy 1987), Spitsbergen (Ionov et al. 2002b) and Hannuoba
(Xu 2002). MORB and OIB fields are after Wilson (1989).
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in lamprophyres could continue to late-stage or sub-
solidus conditions. The subsolidus autometasomatic
alteration of primary minerals in lamprophyres as a
result of their high volatile content has been
frequently described (Rock 1991). Petrographic
features also do not suggest external hydrothermal
invasive alteration, in agreement with the anoro-
genic setting of this alkaline magmatism. Devolati-
lization of the lamprophyric magma is the only
possible agent to alter the incorporated xenoliths
close to or at the shallow level of emplacement.

Nature of the metasomatic agents

The presence of high-P and high-T metasomatism
within the altered SCS pyroxenite xenoliths can
be recognized in the formation of new minerals
(mainly Mg–Cr-rich amphibole and phlogopite)
and in the modification of the incompatible trace
element composition of the clinopyroxene (and
more specifically LREE enrichment and variable
HFSE depletion). The major element composition
of studied amphibole and phlogopite is very
similar to that shown by equivalent phases inter-
preted as the products of metasomatism within
mantle xenoliths (Ionov et al. 1997). Amphiboles
are essentially Ti–Cr-pargasites (less commonly
kaersutites) and micas are titanian phlogopites. In
all samples the Mg-number values of amphibole
and mica are very close to those of coexisting clin-
opyroxene (Table 2), indicating that the minerals
are close to chemical equilibrium. Type A and C
altered SCS xenoliths show a homogeneous
mineral composition, with Mg-number in the
narrow range 0.88–0.93 for both amphibole and
clinopyroxene. Greater heterogeneity in major
element mineral chemistry is shown by type B
xenoliths, but they also display similar Mg-number
for their constituent minerals (0.78–0.92 for clino-
pyroxene, 0.72–0.89 for amphibole and 0.82–0.86
for phlogopite).

The most significant differences between the
altered SCS xenoliths are mainly restricted to
trace element mineral compositions. Type A xeno-
liths do not show hydrous high-T minerals (amphi-
bole or phlogopite) indicative of modal
metasomatism, but clinopyroxene displays highly
LREE-enriched chondrite-normalized patterns
(Fig. 4a), with high (La/Yb)N ratios ranging from
7.8 to 11.6 (Fig. 8). Moreover, strong negative
HFSE (Nb–Ta, Zr–Hf and Ti) anomalies and
high concentrations of Sr may be recognized
(Fig. 4b). These characteristics indicate the involve-
ment of cryptic metasomatism, which is analogous
to similar enrichment in peridotite xenoliths from
basalts (e.g. Frey & Prinz 1978; Kempton 1987;
Kempton et al. 1999).

Strong enrichments in LREE have been related
to silicate and carbonate melts (Downes 2001;
Ionov et al. 2002a; Xu 2002; Xu et al. 2003). Exper-
imental studies on carbonate metasomatism have
concluded that carbonatite melts may carry high
concentrations of LILE, REE, U and Th, but they
are characterized by low HFSE contents (Green &
Wallace 1988). This HFSE depletion leads to the
formation of clinopyroxene with deep troughs at
Ta–(Nb), Zr–Hf and Ti, if a carbonate melt acts
as the metasomatic agent (e.g. Ionov 1998;
Yaxley et al. 1998). The above premises coincide
with the (La/Yb)N and Zr/Zr* values, which have
been used to distinguish between clinopyroxenes
associated with carbonate and silicate metasoma-
tism (Fig. 8). We have calculated the composition
of melts in equilibrium with type A clinopyroxenes
using the cpx/carbonatite partition coefficients of
the compilation of Klemme et al. (1995). The
results represent liquids with a composition very
similar to the average composition of calciocarbo-
natites (Woolley & Kempe 1989) or to that of
selected Kola carbonatites (Downes et al. 2005)
(Fig. 9a), suggesting that a carbonate-rich melt
was likely to have been responsible for the cryptic
metasomatism in type A xenoliths.

Type B xenoliths contain clinopyroxene and
amphibole with convex-upwards chondrite-
normalized REE patterns, resembling those of deep-
seated cumulates from basaltic magmas (Irving &
Frey 1984), but they are markedly more LREE-rich,
with the peak position normally located at Ce
(Fig. 4a). Amphibole is characteristically enriched
in Nb–Ta and Ti (Fig. 4d), which is typical of
Mg–Cr-rich metasomatic amphiboles crystallized
in veins within the mantle from highly alkaline
basic melts (Downes 2001; Witt-Eickschen et al.

Fig. 8. (La/Yb)N v. Zr anomaly (Zr/Zr* ¼ ZrN/
(EuNþ ((SmN 2 EuN)/2))) for clinopyroxene from
the altered ultramafic SCS xenoliths.
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2003). Phlogopite is also typically Cr–Mg-rich,
displaying higher Mg-number (0.82–0.86) and
lower TiO2 contents (,5 wt%) than those expected
for micas formed from evolved basic melts as
pyroxenitic xenoliths (Mg-number c. 0.65–0.75
and TiO2 c. 6–9 wt%; Ionov et al. 1997; Shaw
2004), whereas Cr and Mg concentrations resemble
those of metasomatic micas crystallized in veins
within the upper mantle (Fig. 3). Trace element
signatures of clinopyroxene and amphibole from
type B xenoliths point clearly to a metasomatic
origin associated with an alkaline silicate melt
(modal metasomatism). Using the experimental
cpx/silicate melt partition coefficients of Hart &
Dunn (1993), except for Rb (Foley et al. 1996)
and Ta (averaged value determined at
P ¼ 1.0 GPa by Skulski et al. 1994), and the
amph/silicate melt partition coefficients of
LaTourrette et al. (1995), we have calculated the
hypothetical trace element composition of melts in
equilibrium with both minerals from this type of
xenolith, which is represented in Figure 9b and
c. The primitive mantle-normalized trace element
pattern of estimated melts broadly overlaps the
compositional range corresponding to the SCS
Permian alkaline lamprophyres and diabases, only
showing slightly higher concentrations of Nb, Ta,
La and Ce for estimates made using Damph/melt.
This similarity suggests that the metasomatic
agent responsible for the crystallization of amphi-
bole and the modification of the clinopyroxene
trace element composition from type B xenoliths
might be genetically related to the SCS Permian
alkaline magmatism.

The third distinctive geochemical signature
described in the altered ultramafic SCS xenoliths
corresponds to clinopyroxene and amphibole from
type C xenoliths, which display similar flat REE
patterns and strong HFSE depletions. This latter
aspect contrasts significantly with the primitive
mantle-normalized trace element patterns of amphi-
boles from type B and C xenoliths: the former
gives rise to strong positive Nb–Ta anomalies,
whereas type C amphiboles show negative Nb–Ta
anomalies (Fig. 4d). In contrast, the HFSE
depletions in clinopyroxenes from type A and C
xenoliths (Fig. 4b) represent analogous behaviour
indicative of high incompatibility of these elements
in both metasomatizing agents, and, in general
terms, this characteristic has been ascribed to
reaction with H2O–CO2-rich melts (e.g. Downes
2001; Ionov et al. 2002a; Xu & Bodinier 2004).

Single or multiple enrichment events?

The heterogeneous trace element mineral chemistry
of the altered SCS xenoliths can be explained by
advocating two possibilities: (1) that different,

Fig. 9. (a) Trace element composition of melts in
equilibrium with clinopyroxenes from type A altered
xenoliths, associated with carbonate melts. Data
calculated using cpx/carbonatite melt partition
coefficients (Klemme et al. 1995). (b) Trace element
composition of melts in equilibrium with clinopyroxenes
from type B altered xenoliths, associated with the SCS
alkaline magmas. Data calculated using cpx/basaltic
melt partition coefficients (Hart & Dunn 1993), except
for Rb (Foley et al. 1996) and Ta (averaged value
determined at P ¼ 1.0 GPa by Skulski et al. 1994).
(c) Trace element composition of melts in equilibrium
with amphiboles from type B altered xenoliths,
associated with the SCS alkaline magmas. Data
calculated using amph/silicate melt partition coefficients
of LaTourrette et al. (1995). Average composition of
calciocarbonatites taken from Woolley & Kempe (1989).
Compositional field of selected Kola carbonatites taken
from Downes et al. (2005). SCS alkaline dykes range
taken from Villaseca et al. (2004). Normalizing values
for primitive mantle from McDonough & Sun (1995).
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genetically unrelated metasomatic agents have
operated within the upper mantle–lower crust
boundary below the SCS, giving rise to three con-
trasting trace element patterns; or (2) that a single
melt has affected the wall-rock after fractionating
to produce three different (but genetically linked)
metasomatic agents. In any case, the composition
of melts in equilibrium with type B xenoliths
strongly supports metasomatism being caused by
highly alkaline magmas similar to the SCS Late
Permian alkaline magmatism, which is the only
alkaline magmatic event recorded in central Spain.

There are numerous cases where heterogeneous
trace element enrichment signatures within mantle
xenoliths have been interpreted as being controlled
by a unique metasomatic agent, as a result of a
differentiation process (e.g. Grégoire et al. 2000;
Xu & Bodinier 2004). Opposite to modal metaso-
matism within the wall-rock, restricted to zones
adjacent to vein conduits, a ‘diffuse’ metasomatism
has been proposed, corresponding to migrations of
melts that percolate along grain boundaries in a
solid matrix (i.e. porous flow; e.g. Xu & Bodinier
2004). The metasomatic agent is generally a small
melt fraction rich in volatiles. Such melts, because
of their low viscosity and low dihedral wetting
angles, such as occur for carbonatitic melts, can
escape their source regions at melt fractions
as low as 0.1%, percolating through the rock
matrix because of the formation of intercon-
nected grain-edge networks (e.g. Minarik 1998;
Witt-Eickschen et al. 2003). This characteristic
makes these magmas very effective as mobile meta-
somatic agents in the lithospheric mantle (Navon &
Stolper 1987; Green & Wallace 1988; Yaxley et al.
1998). Reactive porous flow metasomatism has
been used to explain the variable LREE enrichment
in clinopyroxene with almost constant HREE
(Bedini et al. 1997; Vernières et al. 1997; Ionov
et al. 2002a). Moreover, a direct relationship
between the style of metasomatism and the distance
from its source has been observed in peridotite
massifs (e.g. Bodinier et al. 1990), and ascribed to
a single metasomatic event involving a progress-
ively differentiated melt solidifying down a
thermal gradient. Nevertheless, the general equili-
brium conditions attained by minerals in the
altered SCS xenoliths, as demonstrated by similar
Mg-number values and the absence of strongly
fractionated LREE ratios, such as La/Ce, La/Pr
or La/Nd, suggest that source composition domi-
nated the metasomatic process over fractionation
mechanisms (chromatographic effect), so that the
rock acquired strong chemical fingerprints of the
metasomatic agents.

We propose that metasomatism within the
altered ultramafic SCS xenoliths represents the
involvement of a single parental melt. The estimated

trace element composition of melts in equilibrium
with type B xenoliths (associated with silicate
melt metasomatism) suggests that this agent was
similar to the Permian alkaline magmatism. Clino-
pyroxene and amphibole from type B xenoliths
show chemical characteristics similar to those of
metasomatic phases crystallized in veins. Neverthe-
less, a differentiation process must have occurred
while alkaline melts percolated through the wall-
rock, to produce type A–C geochemical signatures.
Crystallization of amphibole and phlogopite in vein
conduits and in the wall-rock may result in a signifi-
cant decrease in water and Nb–Ta contents in the
residual melts. Taking into account the high H2O
and CO2 contents characteristic of these alkaline
melts, a decrease in water in the percolating fluid
or melt would favour the formation of a
carbonate-rich fraction responsible for the anhy-
drous transformation of type A xenoliths, probably
at a greater distance from the magma source. Reac-
tion of a carbonate melt with the wall-rock would
result in a continuous exhaustion of its silicate com-
ponent and an increasing proportion of the carbon-
ate component in its composition (Mattielli et al.
1999), because carbonates are not stable in the
shallow mantle at moderate to high temperatures
(Dalton & Wood 1993).

Formation of type C clinopyroxene and amphibole
may be interpreted within this theoretical model.
The differences shown by type B and type C amphi-
boles in their trace element composition (e.g.
Zr–Nb concentrations) are very similar to those
described for vein and disseminated amphiboles
within metasomatized mantle xenoliths (Ionov et al.
1997; Fig. 10). Whereas convex-upwards REE
patterns in type B xenoliths could be ascribed to
silicate melt crystallization in veins, the flat REE
patterns and the negative HFSE anomalies of

Fig. 10. Zr/Nb v. Nb for amphiboles from the altered
ultramafic SCS xenoliths. Fields for disseminated and
vein amphibole are taken from Ionov et al. (1997).

HETEROGENEOUS METASOMATISM IN CENTRAL SPAIN 115



amphibole from type C xenoliths resemble trace
element contents of disseminated amphibole. Tran-
sition from the convex-shaped REE pattern to the
LREE-depleted pattern for vein and disseminated
amphiboles, respectively, has been documented in
several studies (Downes et al. 1995; Vaselli et al.
1995; Zanetti et al. 1996). The above differences in
trace element composition between metasomatic
amphiboles have been explained by the lower solubi-
lity of HFSE in aqueous fluids when compared with
silicate melts (Ionov & Hofmann 1995), in accord-
ance with the widely accepted model of mantle meta-
somatism involving expulsion of fluids from a
network of veins filled with crystallizing basaltic
melts (Wilshire 1987; O’Reilly et al. 1991). Thus, it
is likely that percolation of the H2O–CO2-rich
metasomatic agent, before total exhaustion of water,
would have given rise to crystallization of a HFSE-
poor amphibole in type C xenoliths.

Nature of the pyroxenite protolith

Although the whole-rock geochemistry of type B
xenoliths has not been determined, the similarities
in petrography (granoblastic texture, high degree
and type of alteration, modal composition), and in
major element mineral composition, when com-
pared with the other altered xenoliths, suggest that
they all are probably related to similar protoliths.
The modal abundance of pseudomorphed orthopyr-
oxene, as stated above, combined with their
Opx-rich normative composition (Table 4) and the
negative Nb–Ta (immobile elements) anomaly in
multi-element normalized plots shown by the pyr-
oxenites are in clearly contrast to the host alkaline
magma chemistry. Subsequently, pyroxenite
parental melts show a sub-alkaline affinity. Their
granoblastic texture indicates solid-state equili-
bration before being trapped by ascending alkaline
magmas.

P–T estimates on mineral equilibria in ultrama-
fic xenoliths give metamorphic conditions close to
mantle–crust boundary levels (Orejana et al.
2006). This is in agreement with estimated con-
ditions for accompanying granulite xenoliths (Villa-
seca et al. 1999). Moreover, recent estimates on
pyroxene-bearing charnockite xenoliths also yield
P–T conditions that rarely indicate significant
mantle depths, taking into account an estimated
average crustal thickness of 35km (see Villaseca
et al. 1999, and references therein). P–T estimates
in the studied altered pyroxenites using single-cpx
thermometry (Mercier 1980), Ti-in-amphibole
thermometry (Otten 1984) and cpx barometry
(Nimis & Ulmer 1998) give values that are
mostly in the range of 935–1075 8C and 7.6–10.2
kbar (Table 2), overlapping previously published
data on SCS xenolith suites. The lack of clear

mantle-derived (i.e. peridotite) xenoliths in the lam-
prophyres also argues for a non-mantle provenance
of these rocks. Thus, pyroxenite xenoliths could
represent ultramafic igneous bodies recrystallized
during granulite-facies conditions at the base of
the SCS continental crust.

Prior to entrainment of the alkaline magmatism,
three intrusive suites of calc-alkaline basic rocks
have been identified within the SCS (Villaseca
et al. 2004): (1) gabbros to quartz diorites emplaced
in small massifs (Gb1), coeval with the granitic Her-
cynian batholith; (2) medium-K calc-alkaline dyke
swarms (Gb2); (3) shoshonitic dyke swarms (Gb3).
Gb1 rocks were intruded between 345 and 310Ma
(Bea et al. 1999), whereas Gb2 and Gb3 represent
a post-collisional, late-stage magmatism emplaced
no earlier than 295Ma (Galindo et al. 1994). Thus,
the origin of the protolith of the altered SCS xeno-
liths might be associated with crystallization of
ultramafic pyroxene-rich cumulates from these
basic sub-alkaline magmas at the lower crust–
upper mantle boundary, in the context of an under-
plating event, as has been proposed for other
Permian pyroxenitic xenoliths from the French
Massif Central (Féménias et al. 2003).

The Sr–Nd isotopic ratios (calculated at 265Ma)
of the two analysed samples (type A and C xeno-
liths) give rise to a homogeneous 1Nd c. þ1, but
relatively variable radiogenic Sr isotopic ratios
(Fig. 11). A wide range of 87Sr/86Sr ratios in ultra-
mafic xenoliths accompanied by little variation of
the 1Nd value has been explained by interaction
with oceanic waters associated with a lithospheric
component affected by subduction (e.g. Downes
et al. 1992; Rosenbaum et al. 1997; Downes
2001; Xu 2002). Nevertheless, the SCS represents
the innermost part of the Hercynian Belt, precluding
the possibility of an oceanic subducted component
in this region. Moreover, the primary mineral chem-
istry of the altered SCS xenoliths strongly suggests
that metasomatism was caused by the infiltration of
alkaline magmas genetically related to the host
Permian alkaline dykes. Superimposed upon this
there is also a later strong alteration process
caused by the devolatilization of the lamprophyric
magma.

The relatively enriched Sr isotopic signature
might represent an enriched composition in the
source, probably linked to the Gb2 or Gb3 sub-
alkaline basic magmas mentioned above, as they
show a similar Sr isotopic composition to that of
the altered xenoliths. The relatively high 1Nd
value of the altered xenoliths points to the isotopi-
cally depleted SCS alkaline dykes as the main meta-
somatic melt via the two processes indicated above.
We have tested this possibility by applying a simple
mixing model that considers the averaged compo-
sition of the SCS depleted lamprophyres and
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diabases as a metasomatic melt, and a Gb2-like
composition as the original calc-alkaline pyroxeni-
tic protolith (Fig. 11). The trend described by this
model predicts an isotopic modification with a
20% contribution of an alkaline melt component
to explain the isotopic composition of the altered
ultramafic SCS xenoliths.

Conclusions

The altered ultramafic SCS xenoliths show recrys-
tallization textures, indicating solid-state equili-
brium at the lower crustal depths. The host
lamprophyric dykes do not show significant hydro-
thermal alteration. Thus, the secondary phases
(chlorite and talc group minerals) present in the

ultramafic xenoliths might have formed as a result
of selective transformation, mainly of orthopyrox-
ene, as a consequence of volatile exsolution from
the host melt. The presence of unaltered clinopyrox-
ene, amphibole and phlogopite phenocrysts in the
alkaline dykes suggests that these phases should
have been preserved in the xenoliths, if present.
The absence of olivine and the predominance of
modal clinopyroxene or normative Hy and Di indi-
cate that these xenoliths were not mantle fragments,
but represent cumulate pyroxenites of calc-alkaline
affinity.

The presence of Cr–Mg-rich high-T hydrous
phases (amphibole and phlogopite) indicates sig-
nificant modal metasomatism at depth. This meta-
somatic process seems to be heterogeneous, as
these xenoliths show three mineral trace element

Fig. 11. Comparison of Sr–Nd isotopic ratios of the altered SCS xenoliths with respect to different SCS magmatic
rocks. Composition of alkaline and sub-alkaline (Gb1–Gb2–Gb3) intrusions after Villaseca et al. (2004), calculated at
265 Ma. SCS sub-alkaline pyroxenitic xenoliths taken from Orejana et al. (2006). The curve joining small open
diamonds represents a simple mixing model illustrating the probable influence of the infiltration of alkaline
magmas (metasomatism and alteration) within an isotopically enriched pyroxenitic protolith. The mixing model
considers the most radiogenic Gb2 sample as the starting composition 87Sr/86Sr ¼ 0.70917; 143Nd/144Nd ¼ 0.512087;
Sr 230 ppm; Nd 16 ppm) and the isotopically depleted alkaline host dykes as the main metasomatic agent
(87Sr/86Sr ¼ 0.70350; 143Nd/144Nd ¼ 0.512637; Sr 800 ppm; Nd 40 ppm). MORB and OIB fields after Wilson
(1989). The model suggests that metasomatism (including alteration) might be caused by the involvement of
around 20% of the alkaline component.
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signatures: type A xenoliths, with LREE-enriched
clinopyroxenes with negative HFSE anomalies;
type B xenoliths, with clinopyroxenes and amphi-
boles with high incompatible trace element contents
(LILE, HFSE and REE); type C xenoliths, with
relatively REE- and HFSE-poor clinopyroxenes
and amphiboles. These metasomatic characteristics
support crystallization from three different metaso-
matic agents: carbonated magma, silicate magma
and hydrous fluids–melts, respectively, which are
derived from the progressive differentiation of a
single CO2–H2O-rich highly alkaline melt, gene-
tically related to the SCS Permian alkaline
lamprophyric magmatism.

The homogeneous Sr–Nd isotopic ratios of the
altered xenoliths, together with their sub-alkaline
nature, indicate that they formed as pyroxene-rich
cumulates, associated with the intrusion of
calc-alkaline basic magmas at the base of the
crust during an underplating event. The radiogenic
Sr composition could be explained by infiltration
of an isotopically depleted melt (similar to the
depleted SCS alkaline dykes) by an 87Sr/86Sr-
enriched component similar to Gb2 SCS
calc-alkaline dykes.
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GRÉGOIRE, M., BELL, D. R. & LE ROEX, A. P. 2003.
Garnet lherzolites from the Kaapvaal craton (South
Africa): trace element evidence for a metasomatic
history. Journal of Petrology, 44, 629–657.

HART, S. R. & DUNN, T. 1993. Experimental cpx/melt
partitioning of 24 trace elements. Contributions to
Mineralogy and Petrology, 113, 1–8.

IONOV, D. A. 1998. Trace element composition of mantle-
derived carbonates and coexisting phases in peridotite
xenoliths from alkali basalts. Journal of Petrology, 39,
1931–1941.

IONOV, D. A. & HOFMANN, A. W. 1995. Nb–Ta-rich
mantle amphiboles and micas: implications for
subduction-related metasomatic trace element fractio-
nations. Earth and Planetary Science Letters, 131,
341–356.

IONOV, D. A., GRIFFIN, W. L. & O’REILLY, S. Y. 1997.
Volatile-bearing minerals and lithophile trace
elements in the upper mantle. Chemical Geology,
141, 153–184.

IONOV, D. A., BODINIER, J. L., MUKASA, S. B. &
ZANETTI, A. 2002a. Mechanisms and sources of
mantle metasomatism: major and trace element com-
positions of peridotite xenoliths from Spitsbergen in

the context of numerical modelling. Journal of Petro-
logy, 43, 2219–2259.

IONOV, D. A., MUKASA, S. B. & BODINIER, J. L. 2002b.
Sr–Nd–Pb isotopic compositions of peridotite
xenoliths from Spitsbergen: numerical modelling indi-
cates Sr–Nd decoupling in the mantle by melt perco-
lation metasomatism. Journal of Petrology, 43,
2261–2278.

IRVING, A. J. & FREY, F. A. 1984. Trace element
abundances in megacrysts and their host basalts; con-
straints on partition coefficients and megacryst
genesis. Geochimica et Cosmochimica Acta, 48,
1201–1221.

JOHNSON, K. E., DAVIS, A. M. & BRYNDZIA, L. T. 1996.
Contrasting styles of hydrous metasomatism in the
upper mantle: an ion microprobe investigation. Geo-
chimica et Cosmochimica Acta, 60, 1367–1385.

KEMPTON, P. D. 1987. Mineralogical and geochemical
evidence for differing styles of metasomatism in
spinel lherzolite xenoliths: enriched mantle source
regions of basalts. In: MENZIES, M. & HAWKES-

WORTH, C. J. (eds) Mantle Metasomatism. Academic
Press, New York, 45–89.

KEMPTON, P. D., HAWKESWORTH, C. J.,
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Abstract: Mantle xenoliths in within-plate alkaline mafic lavas from NE Spain are mainly
anhydrous spinel lherzolites and harzburgites, grading into each other, and subordinate pyroxe-
nites. Peridotites followed an earlier melt depletion caused by mantle decompression and
subsequent metasomatism. Two main types of metasomatism are differentiated affecting mainly
the harzburgites: a silicate-melt metasomatism of Fe–Ti type and a carbonatite metasomatism.
Both types are recognized in the nearby Pyrenean peridotite massifs, but the presence of
hydrous minerals is less frequent in the xenoliths. The two metasomatic styles could have been
generated by the intrusion of Cretaceous alkaline magmas, if a chromatographic fractionation–
reaction process at decreasing melt mass took place. This would account for the evolution of
the original alkaline silicate percolating melt towards a carbonatite-rich melt, allowing the coex-
istence in both space and time of the two metasomatic styles. Metasomatism in lherzolites could be
explained in the same way. The pyroxenite xenoliths are interpreted as cumulates from these alka-
line basic magmas that crop out in the area as rare camptonite dykes. Interaction with host lavas is
minor and could explain the partial melting, enrichment and disequilibrium observed in a
deformed composite xenolith and sporadic veins filled with glass.

Mantle xenoliths from the Tertiary–Quaternary
alkaline mafic lavas of the western–central
European magmatic province (Wilson & Downes
1991) along with the orogenic ultramafic massifs
have served to constrain the evolution of the sub-
continental lithospheric mantle (SCLM) in the
European plate, as described, for example, by
Downes (2001, and references therein), Beccaluva
et al. (2004) and Féménias et al. (2004). These
complementary studies indicate that the SCLM
was affected by basaltic melt extraction and was
locally enriched by metasomatism related to the
infiltration of different melts or fluids in a subduc-
tion and/or intra-plate context.

The presence of peridotite mantle xenoliths,
type I of Frey & Prinz (1978), in Tertiary–
Quaternary alkaline mafic lavas from the Catalan
volcanic province of NE Spain was first described
by Tournon (1968), and they have more recently
been the subject of simultaneous studies by Bian-
chini et al. (2007) and by ourselves (Galán 2004;
Galán et al. 2006; Oliveras & Galán 2006). Here
we expand on our preliminary results and are
mainly concerned with their petrology, major
element geochemistry of both minerals and whole
rocks, trace element geochemistry of minerals
and, with estimation of their P–T– fO2 equilibrium

conditions. Our aims are: (1) to characterize the
different lithologies; (2) to assess the evolution of
this part of the SCLM by melt depletion and
metasomatic processes; (3) to establish correlations
with other European xenoliths and especially with
the nearby eastern Pyrenean ultramafic massifs,
where melting and particularly metasomatic pro-
cesses have been well documented by other
workers (Bodinier et al. 1987a, b, 1988, 1990,
2004; McPherson et al. 1996; Zanetti et al. 1996;
Woodland et al. 1996). According to those research-
ers, the state of these issues in the eastern Pyrenean
examples is as follows: the peridotites are spinel
lherzolites and harzburgites that show a continuous
variation in their modal compositions. First, they
underwent partial melting in the garnet stability
field, and were later equilibrated in the spinel lher-
zolite field. Later, the residues were first invaded by
tholeiitic magmas, similar to the Pyrenean Triassic
dolerites, and then injected by alkali basalts associ-
ated with the Cretaceous alkaline magmatism. The
former magmatic event crops out as dry pyroxenite
bands and the latter as both amphibole pyroxenite
dykes and hornblendite veins. The Cretaceous alka-
line injections caused aureoles showing both modal
metasomatism in a narrow zone close to the dykes
and cryptic metasomatism far from them (Bodinier
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et al. 1990, 2004). Both types of metasomatism
mainly affected the harzburgites. Moreover, trace
element concentrations and patterns in all wall
rocks, clinopyroxene and amphibole differ away
from the dykes; for example, clinopyroxene REE
patterns change from convex-upward near the
contact, typical of a silicate-melt metasomatism,
to extremely fractionated at greater distance,
which coupled to depletion of Zr and Ti suggests
a carbonatite metasomatism. Woodland et al.
(1996) supported an earlier carbonatite metasoma-
tism later overprinted locally by the Cretaceous
silicate-melt metasomatism. However, Bodinier
et al. (1990, 2004) favoured the hypothesis that
the emplacement of the silicate-melt dykes was
linked to chromatographic fractionation–reaction
of derivatives, which led to the coexistence, in
space and time, of silicate, hydrous and carbonatite
metasomatic agents. Nevertheless, the fact that the
anhydrous wall-rock harzburgites, away from the
contact, show much more Nd-enriched isotopic sig-
nature than that deduced from the chromatographic
fractionation–reaction model leaves open the likely
existence of multi-stage metasomatic events.

Finally, the results of this study will be dis-
cussed considering those obtained by Bianchini
et al. (2007), which provide trace element and
Sr–Nd–Hf isotopic compositions for other xeno-
liths from the same area.

Geological setting

The Catalan within-plate volcanism crops out in
three zones (L’Emporda, La Selva, La Garrotxa;
Fig. 1), which correspond to Neogene basins and
graben structures generated during late Alpine
extension, subsequent to the formation of the Pyre-
nees (Solé Sugrañés et al. 1984). The basins are
bounded by two main extensional fault systems
(NE–SW, NW–SE), which favoured the intrusion
of alkaline magmas (Araña et al. 1983) and are
part of the Tertiary–Quaternary rift system of
western and central Europe. Available geochrono-
logical data (Donville 1973a–c) indicate ages for
this volcanism ranging from 10 to 0.11 Ma, with
the oldest values being found in lavas from
L’Emporda zone and the youngest in lavas from
La Garrotxa zone.

Prior to this rifting event, this part of the Euro-
pean lithosphere also shared a common history
with others nearby: its structure formed during the
Variscan and Alpine orogenies, with rifting
episodes between these events: (1) during the
Permo-Carboniferous, producing calc-alkaline–
transitional and mildly alkaline magmatism (Lago
et al. 2004; Perini et al. 2004); (2) during the

Triassic–Jurassic, when continental tholeiites were
formed in relation to the early stage of the Atlantic
opening (Alibert 1985); (3) during the Cretaceous
(85–113 Ma), involving alkaline magmatism
(Rossy et al. 1992). Neither Alpine magmatism
nor that associated with the Triassic–Jurassic
extension are documented in the Catalan area, but
the Cretaceous alkaline magmatism is shown as
scarce lamprophyres (Solé et al. 2003). However,
these episodes be imprinted on the SCLM
underneath.

The lavas are leucite basanites, basanites, alkali
basalts and subordinate trachytes (López Ruiz &
Rodrı́guez Badiola 1985), for which Martı́ et al.
(1992) suggested heterogeneous mantle sources
(lithospheric for the oldest lavas and asthenospheric
for the youngest), whereas Cebriá et al. (2000) pro-
posed an origin for La Garrotxa mafic lavas by
different degrees of partial melting of an enriched,
isotopically heterogeneous lithospheric mantle
source, as a result of two metasomatic events: a
Late Palaeozoic metasomatism causing K enrich-
ment, and a Cretaceous–Palaeogene event associ-
ated with the infiltration of asthenospheric melts,
before the generation of the Neogene–Quaternary
alkaline lavas.

The studied xenoliths were found in alkaline
mafic lava flows and pyroclastic deposits from
three volcanoes: Sant Dalmai (1 in Fig. 1) in La
Selva zone, and Canet d’Adri and La Banya del

Fig. 1. Simplified geological map of the Catalan
volcanism with the location of the three volcanoes where
the xenoliths were sampled: 1, St Dalmai; 2, Canet
d’Adri; 3, Banya del Boc.

G. GALÁN ET AL.122



Boc (2 and 3 respectively in Fig. 1) in La Garrotxa
zone. The xenoliths are rounded–elongated or
angular in shape, and up to 5 cm in size.

Analytical methods

Over 200 xenoliths were collected, of which 60,
among the largest, were selected for petrographic
study. Those of a sufficient size were point
counted to classify them. The cores of 10 xenoliths,
among the largest and the least contaminated by
their host lavas, were ground using an agate mill
for major element analysis and Cr determination
by X-ray fluorescence (XRF) using a Siemens
SRS-3000 sequential XRF system at SGS Canada
Inc. The detection limit for all oxides was 0.01%
and the instrument precision on most elements
was better than 0.5%. A further 26 representative
xenoliths were selected for electron microprobe
analysis (EMPA) of the major elements, Ni and
Cr of their constituent minerals. Both a Jeol
JXA-8600 at the Department of Earth Sciences of
the University of Bristol and a Cameca SX50 at
the Serveis Cientı́fic Tècnics of the Universitat de
Barcelona were used for this purpose. Beam
current and acceleration voltage were the same in
both instruments (15.00 nA and 20.00 kV, respect-
ively) and natural and synthetic standards were
used in both cases. Although the counting time
and the correction method were different (20–30 s
and 16–20 s counting time for peak and background
respectively in the Jeol and 10 s for both peak and
background in the Cameca instrument; ZAF correc-
tion method in the Jeol instrument and PAP in the
Cameca), the analytical results are comparable.
For glass analyses, the working conditions were
different, using 6 nA acceleration voltage and a
larger beam spot (5–10 mm) to avoid alkali devola-
tilization. Both EMPA analysis and mineral mode
compositions were used for the estimation by mass
balance of major element whole-rock compositions
of those xenoliths that were not large enough to be
analysed by XRF. Moreover, 14 xenoliths were
further selected among those previously analysed
by EMPA for measuring mineral trace element
contents by laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) using a
VG Elemental PlasmaQuad 3þ S-Option ICP-MS
system equipped with a 266 nm Nd–YAG laser
(VG MicroProbe II), at the Department of Earth
Sciences of the University of Bristol. The Nd–
YAG laser operated at 6 Hz, the beam diameter
was c. 20 mm and average drill rates were c. 2–3
mm s21. The gas and then an Ar–He mixture
transported the ablated material from the sample
cell to the plasma torch. All measurements were

taken using Thermo Elemental PlasmaLab ‘time-
resolved analysis’ (TRA) data acquisition software,
with a total acquisition time of 100 s per analysis, of
which 40 s were allowed for background followed
by 60 s for laser ablation. Relative element sensi-
tivities were calibrated using NIST 610 glass, and
NIST 612 glass was used as a secondary standard.
Each analysis was normalized to a major element
as internal standard: 44Ca for clinopyroxene and
amphibole, 29Si for olivine, orthopyroxene and
phlogopite, and 49Ti for spinel. To avoid analytical
uncertainties related to variations in the concen-
tration of the internal standards, these element con-
centrations were measured on the same grains as
used for EMPA. Replicate analyses of the NIST
610 and 612 glasses indicate an analytical precision
better than 5% for most element concentrations
.10 ppm. The data were processed offline with
the same PlasmaLab software as used for data
collection and various custom-designed Excel
spreadsheets. The detection limits are defined as
3.28 SD above the background level, which
equates to a 95% confidence level that the measured
signal is significantly above background. Detection
limits for most elements were ,1 ppm, but were
(,2 ppm) for Sc and V, and ,38 ppm for Co, Ti
and Ni. Tables in this paper include, unless other-
wise mentioned, major and trace element mineral
compositions of the 14 xenoliths selected for
LA-ICP-MS analysis. Other mineralogical analyti-
cal data can be obtained from the authors
upon request.

Petrology

Most of the studied xenoliths are anhydrous spinel
lherzolites and harzburgites according to their
mineral mode compositions (Fig. 2), although
amphibole and phlogopite appear as accessory min-
erals in sporadic samples (Table 1). Clinopyroxene
mode shows a continuous variation from 17 to 6%
in the lherzolites and ,5% in the harzburgites.
Spinel mode also decreases from the lherzolites
towards the harzburgites. This continuous variation
in the mineral mode compositions has also been
documented for the eastern Pyrenean peridotites
(Bodinier et al. 1988). A few pyroxenites were
also found and are considered in this study.

Coarse granular textures (up to 4 mm in diam-
eter) are dominant among all peridotites (Fig. 3a),
but there are also porphyroclastic (Fig. 3b) and tran-
sitional granular–porphyroclastic forms and, less
frequently, mosaic–equigranular (Mercier &
Nicolas 1975) or granuloblastic (Harte 1977) tex-
tures (Fig. 3c), especially among lherzolites.
Coarse granular lherzolites and harzburgites are
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Table 1. Mineral mode compositions of granular peridotite xenoliths and estimated whole-rock compositions

Rock type: LHZ LHZ LHZ LHZ LHZ LHZ LHZ HZ HZ HZ HZ HZ
Sample: CA.00.83 BB.12.030* BB.64.04 BB.16.04 BB.81.04* SD.98.58 SD.98.2 CA.00.83b BB.12.041 BB.02.04 BB.74.04 BB.18.29*

(vol%)
Ol 65.0 52.6 67.7 72.4 72.8 69.2 74.2 79.2 40.5 70.3 71.8 74.4
Cpx 13.0 13.0 9.6 9.0 6.5 7.7 6.1 2.6 1.7 1.3 1.00 0.4
Opx 21.0 31.8 20.6 16.0 18.6 20.3 16.3 18.0 57.5 28.1 26.5 24.7
Spl 1.0 2.6 2.0 2.6 2.1 2.8 3.4 0.2 0.3 0.3 0.7 0.5
Am – – – – traces – – – – – – –
Glass – – – – – – – traces – – – –

Total 100.0 100.0 99.9 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.00

Oxides (wt%)
SiO2 44.40 45.00 43.99 42.24 42.16 43.45 43.93 43.49 49.22 45.13 44.99 44.68
TiO2 0.09 0.09 0.08 0.09 0.09 0.13 0.03 0.00 0.02 0.08 0.01 0.00
Al2O3 2.55 3.55 2.76 3.10 2.51 3.02 2.52 0.49 1.61 0.89 0.66 0.55
Cr2O3 0.45 0.67 0.44 0.44 0.32 0.54 0.58 0.30 0.65 0.43 0.28 0.23
FeOT 8.16 7.60 8.27 8.84 9.41 8.55 8.71 7.79 6.54 7.92 7.64 6.40
MnO 0.11 0.13 0.14 0.12 0.17 0.14 0.12 0.13 0.13 0.13 0.12 0.12
MgO 41.26 39.76 42.10 43.20 43.85 42.30 42.67 46.95 40.73 44.73 45.70 47.61
CaO 2.81 2.94 2.01 1.79 1.35 1.75 1.39 0.82 1.03 0.65 0.58 0.41
Na2O 0.18 0.26 0.20 0.17 0.14 0.12 0.04 0.02 0.07 0.03 0.02 0.00
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

TOTAL 100.00 100.00 99.99 99.99 100.00 100.00 100.00 100.00 100.00 99.99 100.00 100.00
Mg-no. 90.0 90.3 90.1 89.7 89.3 89.8 89.7 91.5 91.7 91.0 91.4 93.0
Cr-no. 10.5 11.2 9.7 8.7 7.9 10.6 13.4 29.1 21.3 24.5 22.1 21.9

LHZ, lherzolite; HZ, harzburgite; mineral abbreviations after Kretz (1983).
*Samples also analysed by XRF.
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xenomorphic, equigranular or slightly inequigranu-
lar rocks, with straight or slightly curved crystal
boundaries, and are mostly homogeneous, except
for two laminated lherzolites (Harte 1977;
BB.81.04, BB154.04), which show milimetre-scale
layers in which clinopyroxene and/or spinel
increase. Porphyroclastic peridotites show olivine,
orthopyroxene (up to 5 mm diameter) and, less fre-
quently, clinopyroxene and spinel porphyroclasts in
a finer matrix formed of less deformed neocrystals
of the same minerals, which can have grain junc-
tions at 120º (Fig. 3b). One of the most deformed
xenoliths is laminated (SD.98.15), with alternating
layers enriched in olivine and orthopyroxene
(average mineral composition of harzburgite).
Both minerals form both porphyroclasts, along
with spinel, and neocrystals defining a fluidal
finer matrix, with interstitial glass between the neo-
crystals. Finally, only one lherzolite was found
with finer mosaic–equigranular or granuloblastic
texture showing crystal boundaries at 120º (Fig. 3c).

Olivine crystals can have very different sizes even
in a single non-deformed sample. Rarely, these crys-
tals are tabular and aligned. Both orthopyroxene and
clinopyroxene occasionally show mutual lamellae
and spinel lamellae in lherzolites. Also, clinopyrox-
ene in lherzolites can have glass inclusions, and
may develop spongy rims occasionally (Fig. 3d).
Clinopyroxene in harzburgites usually forms
smaller crystals than orthopyroxene or olivine.
Spinel appears as lamellae, inclusions, isolated inter-
stitial or holly-leaf-shaped crystals (Mercier &
Nicolas 1975), and sometimes forms clusters along
with olivine and pyroxenes in the lherzolites
(Fig. 3e). Occasionally (e.g. in BB.154.04) spinel
crystals show corona textures (Fig. 3f) formed of

olivine (Fo 90.9+ 0.4% (1s)), clinopyroxene (Wo
44.3+ 1.7%; En 50.1+ 1.5%; Fs 5.5+ 0.3%),
plagioclase (An 61.6+ 13.3%) (mineral abbrevi-
ations after Kretz 1983) and a neospinel that is Cr
and Ti enriched (cr-number ¼ 100 � Cr/(CrþAlþ
Fe3þ) ¼ 22.4+ 3.5; mg-number ¼ 100 � Mg/
(Mgþ Fe2þ) ¼ 73.4+ 0.8; in cations per formula
unit) with respect to the earlier generation. Amphi-
bole forms isolated and disseminated crystals that
can include spinel and always show corona textures
(Fig. 3g). These corona textures are formed of
olivine (Fo 90.5 + 0.5%), clinopyroxene (Wo
44.1 + 4.6%; En 50.2 + 4.7%; Fs 5.6 + 0.6%),
plagioclase (An 28.9 + 3.3%), spinel enriched in
Cr, Ti and Fe (cr-number 33.2 + 4.6; mg-number
59.3 + 5.4) with respect to the spinel in the rock, +
ilmenite surrounding some of the spinel crystals.
Phlogopite appears as relict crystals also with
fine reaction corona. Finally, glass is found filling
discrete veins along mineral boundaries and cross-
cutting them (Fig. 3h).

Pyroxenites are olivine websterites, websterites
and clinopyroxenites (Fig. 2), with coarse granular
textures. Clinopyroxene is dominant and can
contain orthopyroxene lamellae. Olivine may be
absent and spinel is rare or absent. Phogopite in
tiny isolated crystals was found as an accessory
mineral in one sample.

Bulk-rock geochemistry

Bulk-rock analyses of major and minor elements for
10 peridotites are given in Table 2. Three of them
were also selected for LA-ICP-MS analysis,
whereas the bulk-rock estimates of the other
selected xenoliths, which were not large enough
to ensure representative sample mass, were based
on their modal analyses, previously transformed
from volume percent into weight percent using
specific gravity of minerals given by Deer et al.
(1992), and on their mineral chemistry (see
Table 1). Comparison of estimates and analytical
data for three xenoliths (BB.12.030, BB.81.04 and
BB 18.29; Tables 1 and 2) indicates significant
differences, especially in sample BB.12.030,
showing much higher analysed Al2O3 concentration
than Al2O3 estimated from mode. This is likely to
be due to the uncertainty of sampling for both
chemistry and mode. Both bulk-rock analyses,
when available, and estimates for the other samples
are considered in the variation diagrams for
basaltic oxides, Cr-number (Cr-number ¼ 100 �
Cr2O3/(Cr2O3þAl2O3); oxides in moles) and
CaO/Al2O3 ratio v. Mg-number (Mg-number ¼
100 � MgO/(MgOþ FeOT); oxides in moles)
(Fig. 4). Mg-number ranges from 89.0 to 92.0,
with the lowest values corresponding to lherzolites

Fig. 2. Classification of the peridotite (†) and the
pyroxenite (W) xenoliths based on the mineralogical
mode compositions (Le Maitre 2002).
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Fig. 3. (a) Lherzolite SD.98.2 with granular texture; (b) lherzolite BB.45.04 with orthopyroxene porphyroclast at the
top right-hand side of the picture, in a finer matrix formed of olivine, orthopyroxene and clinopyroxene, with grain
boundaries at 120º; (c) mosaic–equigranular or granuloblastic texture in lherzolite BB.26.04; (d) spongy rims in
clinopyroxene crystals from lherzolite CA.00.83; (e) holly-leaf-shaped spinel forming a cluster with orthopyroxene,
clinopyroxene and olivine in lherzolite BB.12.030; (f ) corona texture formed of olivine, clinopyroxene, plagioclase and
neospinel around an earlier spinel in lherzolite BB.154.04; (g) disseminated amphibole crystal with corona texture in
lherzolite BB.81.03; (h) glass vein in harzburgite BB.10.799. Mineral abbreviations after Kretz (1983).
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Table 2. Major and minor element compositions of granular peridotite xenoliths

Rock type: LHZ LHZ LHZ LHZ LHZ HZ HZ HZ HZ HZ
Sample: BB.12.030* BB.139.04 BB.81.04* BB.179.04 BB.154.04 BB.93.04 BB.96.04 BB.178.04 BB.180.04 BB.18.29*

Oxides (wt%)
SiO2 44.60 45.10 43.10 43.70 44.50 44.60 42.40 42.40 43.70 43.50
TiO2 0.19 0.08 0.03 0.06 0.08 0.10 0.10 0.04 0.04 0.02
Al2O3 6.63 2.57 0.71 0.68 1.06 2.63 1.15 0.60 0.94 0.68
Cr2O3 0.73 0.42 0.49 0.29 0.51 0.32 0.25 0.41 0.26 0.42
FeOT 7.83 7.59 7.61 7.68 7.14 7.95 8.33 8.61 7.74 7.39
MnO 0.12 0.12 0.11 0.11 0.11 0.12 0.12 0.13 0.12 0.11
MgO 35.90 41.80 46.80 46.10 45.30 41.30 44.90 47.00 45.60 46.80
CaO 3.34 1.60 0.59 0.39 0.48 1.96 1.95 0.41 0.44 0.25
Na2O 0.33 0.08 0.08 0.06 0.09 0.12 0.11 0.08 0.07 0.07
K2O 0.02 bd 0.02 bd 0.03 bd bd bd 0.01 bd

Total 100.56 100.20 100.39 99.93 100.09 99.99 100.24 100.64 99.78 100.06
Mg-no. 89.1 90.8 91.6 91.5 91.9 90.2 90.6 90.7 91.3 91.9
Cr-no. 6.9 9.9 31.6 22.2 24.4 7.5 12.7 31.4 15.7 29.3

bd, below detection.
*Samples whose estimated bulk compositions are given in Table 1.
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and the highest to harzburgites, as it is the case for
Cr-number (6.9–31.4). It should be observed that
lherzolites and harzburgites, as classified by
mode, overlap in their geochemical compositions;
this is likely to be explained by a lack of represen-
tative sample mass. However, it should be observed
that trends are consistent, with all basaltic com-
ponents (TiO2, Al2O3, CaO, Na2O) decreasing
with the degree of melt depletion represented by
Mg-number (Fig. 4a–d), whereas Cr-number and
Mg-number are positively correlated (Fig. 4e).
Also, the CaO/Al2O3 ratio stays constant and

similar to that of the Primitive Mantle
(PM), except for two harzburgites, which show
higher values (Fig. 4f). This evolution is similar
to that of peridotite xenoliths entrained by mafic
lavas of the western–central European province
(Zangana et al. 1999; Lenoir et al. 2000; Becca-
luva et al. 2004) and of peridotites from the ultra-
mafic massifs of the eastern Pyrenees (Bodinier
et al. 1988). Finally, except for one sample, the
peridotites are more refractory not only than PM
(McDonough & Sun 1995), but also than the
average SCLM (McDonough 1990).

Fig. 4. (a–d) Major elements (wt %) v. Mg-number; (e) Cr-number v. Mg-number; (f) CaO/Al2O3 v. Mg-number.
W, modal lherzolites; *, modal harzburgites; q, Primitive mantle (McDonough & Sun 1995); , average
subcontinental lithospheric Mantle (McDonough 1990). The dashed line encircles the peridotite compositions of the
eastern Pyrenean ultramafic massifs (Bodinier et al. 1988).
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Major element mineral chemistry

The forsterite content of the peridotite olivine
(89.0–92.0%) increases from lherzolites to harz-
burgites and is lower in the pyroxenite olivine
(87.7%) (Table 3). Homogeneous compositions
characterize each single xenolith and no significant
differences between porphyroclast and neocrystal
compositions of the porphyroclastic harzburgite
SD.98.15 were observed. This sample is also
marked by having the lowest forsterite contents
despite its refractory modal composition.

Orthopyroxene is aluminian, chromian–
aluminian and chromian enstatite (Morimoto
1988), with both mg-number (mg-number ¼ 100 �
Mg/(Mgþ FeT) ¼ (89.7–92.4) and cr-number
100 � Cr/(CrþAl) ¼ (4.5–19.7) increasing from
lherzolites to harzburgites (Table 4). This is also
the case for CaO (0.65–1.30%), whereas the oppo-
site is observed for TiO2 (0.16–0.00%), Al2O3

(5.45–2.10%) and Na2O (0.15–0.03%). Again,
the orthopyroxene of the porphyroclastic harzbur-
gite SD.98.15 is an exception, because its compo-
sitions are less refractory than those of other
harzburgites and more similar to orthopyroxene
compositions of lherzolites. Zoning is lacking in
isolated crystals, but there are slight increases in
both Na2O and K2O towards porphyroclast rims
and in the orthopyroxene neocrystals of sample
SD.98.15. The orthopyroxene of pyroxenites is
both aluminian and chromian enstatite, with lower
mg-number (87.0–89.5) and similar cr-number
(4.5–15.5) compared with peridotite orthopyrox-
ene. It also stands out because of its higher Ti abun-
dances (0.20–0.25%) and variable Al2O3 contents
(4.73–2.34%) (Table 4).

Clinopyroxene is mostly sodian–chromian–
aluminian diopside in lherzolites and chromian–
aluminian augite, close to diopside, in most
harzburgites (Morimoto 1998), with both mg-
number and cr-number increasing towards the
sterile rocks (Fig. 5a), as for orthopyroxene. Ca
also shows a slight positive correlation with
mg-number (Fig. 5b), whereas all Ti, AlT (Fig. 5c)
and Na (Fig. 5d) display a negative correlation, as
occurs for clinopyroxene affected by melt depletion
(Robinson et al. 1998). Greater scatter in both Ca
and Na plots indicates that these elements could
be also affected by metasomatism. Compositions
are homogeneous within a single sample (Table 5),
except for the occasional spongy rims in clinopyr-
oxene crystals from lherzolites (Fig. 3d). These
rims show depleted compositions of both Al and
Na, higher concentrations of Ca, and higher mg-
number and cr-number with respect to unaffected
zones. Two of these spongy rim compositions are
included in Table 5 and in Figure 5. Finally, it
should be noted that the AlVI/AlIV ratio shows a

rough positive correlation with both AlT and Na
(Fig. 5e and f), suggesting that the jadeite com-
ponent of clinopyroxene, which is positively associ-
ated with pressure, decreases towards the most
refractory rocks, as has been observed for the mid-
ocean ridge mantle (Seyler & Bonatti 1994). Com-
positions from core to spongy rims also follow these
general trends (Fig. 5). Clinopyroxenes in pyroxe-
nites are either chromian or aluminian augite
(Table 5), with variable mg-number (85.3–90.3)
and cr-number (5.6–23.8) that both overlap the
values for peridotite clinopyroxene, and with
higher Al and lower Na than in the latter (Fig. 5).

Spinel compositions are spinel sensu stricto in
lherzolites and Mg–Al chromite in coarse granular
harzburgites, but also spinel sensu stricto in the por-
phyroclastic harzburgite SD.98.15 (Table 6). These
compositions are homogeneous within a single
sample and in porphyroclasts and neocrystals of
sample SD.98.15. The cr-number (cr-number ¼
100 � Cr/(CrþAlþ Fe3þ) ¼ 9.4–55.9) and mg-
number (mg-number ¼ 100 � Mg/(Mg þ Fe2þ

¼ 80.8–68.0), both numbers in cations per
formula unit, are inversely correlated (Fig. 6).

Amphibole is magnesiohastingsite (Leake 1997),
with values for mg-number (86.6) and cr-number
(4.15), defined as for pyroxenes, close to those for
coexisting clinopyroxene (see Tables 5 and 7) and
with 3.20% TiO2.

Phlogopite in peridotites also has mg-number
(88.2) and cr-number (13.5) similar to those of
coexisting clinopyroxene (mg-number ¼ 92.4; cr-
number ¼ 17.6), but TiO2 concentration (1.75%)
is lower than in amphibole (Table 7), and much
lower than in accessory phlogopite of one pyroxenite
(10.12%). The latter phlogopite also has slightly
lower mg-number (83.9) than that of coexisting
olivine (87.7) and pyroxenes (89.4–90.3) (Table 7).

Glass in veins was analysed in three harzbur-
gites (Table 8). The average compositions are inter-
mediate–acid and alkaline, of tephriphonolite,
trachyandesite and trachydacite type (Le Maitre
2002), oversaturated and undersaturated. Their
total alkali contents (6.5–9.5) are much higher
than those of the host mafic lavas and evolved
rocks related to them (López Ruiz & Rodrı́guez
Badiola 1985). Finally, both Mg-number (36.1–
69.0) and K-number (K-number ¼ 100 � K2O/
(K2OþNa2O) ¼ 31.9–46.2; oxides in moles)
increase towards the most acid compositions, as
has been found in glasses from xenoliths elsewhere
(Draper & Green 1997; Coltorti et al. 1999).

Trace element mineral chemistry

Olivine mainly concentrates Ni, Co and Mn, and
small amounts of Ti and V. It shows homogeneous
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compositions within a single sample (Table 3). Ni
and Co values are scattered when plotted against
Fo%, but the Ni/Co ratio (18.25–21.50) and Fo%
are positively correlated (Fig. 7a). These values
are close to the Ni/Co ratio of PM (18.67). It
should be noted that the olivine of the porphyroclas-
tic harzburgite (SD.98.15) differs by showing a
lower Ni/Co ratio than that of other harzburgites,
and that this ratio is lower (13.59) in the olivine
of one pyroxenite.

Orthopyroxene has significant concentrations of
Ni, Co, Mn, Ti, V and Ga, and lesser amounts of Y
and Zr (Table 4). The Ni/Co ratio (11.65–14.50) is
lower than in olivine and increases steadily from
lherzolites to harzburgites, except for the porphyro-
clastic harzburgite SD.98.15, the orthopyroxene of
which plots closer to that of lherzolites (Fig. 7b).
Orthopyroxene from the pyroxenites also has
lower Ni/Co ratio (8.85–9.70). All Ti, Ga and Y
(Fig. 8a–c) show negative correlation with
mg-number for the peridotites, whereas Zr values
show scatter when plotted against mg-number,
especially for harzburgites (Fig. 8d). However,

one coarse granular harzburgite (BB.02.04) is note-
worthy for its Ti-enriched orthopyroxene. Also,
porphyroclast and neocrystal orthopyroxene com-
positions of SD.98.15 differ by their higher concen-
trations of all elements in Figure 8 and by their
greater scatter in the plots. Finally, Figure 8 also
illustrates that orthopyroxene of pyroxenites
differs from the peridotite orthopyroxene trend by
showing higher Ti, but lower Y and Zr.

Clinopyroxene concentrates most of the incom-
patible trace elements, but (1) Rb, Ba, Ta, Pb and
Th are often below detection (Table 5); (2) Ti, V,
Ga, Nb and Zr are partitioned by spinel and ortho-
pyroxene, as well as by clinopyroxene; (3) Ni
and Co are lower than in all olivine, orthopyroxene
and spinel (Tables 3–6). Ti is inversely correlated
with mg-number (Fig. 9a), reflecting a melt
depletion trend among peridotite clinopyroxene.
The only exception is the Ti-enriched clinopyrox-
ene of the coarse granular harzburgite BB.02.04.
Therefore, Ti is used as a variation index to assess
the behaviour of the other trace elements (Fig. 9).
Thus, the Ni/Co ratio (14.15–17.47) stays constant

Table 3. Representative major element analyses and formula units of olivine, and average trace element compositions

Rock type: Granular lhz

Sample: CA.00.83 BB12.030 BB.64.04 BB.16.04 BB.81.04 SD.98.58 SD.98.2

(wt%)

SiO2 40.31 40.21 41.81 40.41 39.51 40.73 41.91

TiO2 0.02 0.00 0.01 0.02 0.02 0.05 0.01

Al2O3 0.04 0.01 0.02 0.01 0.02 0.02 0.01

Cr2O3 0.05 0.01 0.04 0.02 0.03 0.01 0.07

FeOT 9.62 9.64 9.61 10.13 10.45 9.87 9.62

MnO 0.10 0.14 0.15 0.14 0.18 0.15 0.12

MgO 49.26 50.60 50.27 49.39 49.22 48.60 47.93

NiO 0.38 0.37 0.36 0.39 0.40 0.38 0.36

CaO 0.13 0.11 0.06 0.06 0.06 0.03 0.00

Total 99.78 101.10 102.33 100.57 99.89 99.84 100.03

Cations (O ¼ 4)

Si 0.991 0.978 1.000 0.987 0.978 1.001 1.023

Aliv 0.001 0.000 0.000 0.000 0.000 0.000 0.000

Ti 0.000 0.000 0.000 0.000 0.000 0.001 0.000

Cr 0.001 0.000 0.000 0.000 0.000 0.000 0.001

Fe 0.198 0.196 0.190 0.206 0.218 0.203 0.197

Mn 0.002 0.003 0.003 0.003 0.004 0.003 0.002

Mg 1.805 1.835 1.793 1.803 1.814 1.781 1.745

Ni 0.008 0.007 0.007 0.007 0.006 0.008 0.007

Ca 0.003 0.003 0.000 0.000 0.000 0.001 0.000

Fo% 90.1 90.3 90.4 89.7 89.3 89.7 89.8

Trace elements (ppm) n ¼ 2 +1s n ¼ 4 +1s n ¼ 4 +1s n ¼ 3 +1s n ¼ 4 +1s n ¼ 2 +1s n ¼ 2 +1s

Ti 19.06 2.2 11.33 1.9 16.73 1.2 19.31 2.4 135.5 169 31.86 5.1 10.89 15

V 4.564 0.2 2.210 0.1 2.684 0.5 3.575 1.2 8.649 7.4 3.192 0.5 4.754 0.0

Mn 1147 24 999.7 17 989.0 4.3 1115 15 877.2 12 na 1310 40

Co 158.9 2.4 140.3 1.4 135.8 0.9 149.7 0.8 117.5 4.3 191.3 4.3 174.1 5.4

Ni 2909 62 2898 27 2746 17 3034 18 2253 84 3518 100 3263 25

Ni/Co 18.31 20.66 20.22 20.27 19.17 18.39 18.74

Equi, equigranular; lhz, lherzolite; Hz, harzburgite; Px, pyroxenite; p, porphyroclasts; nc, neocrystals; n, number of analyses; na, not
analysed; bd, below detection; other abbreviations as in Table 1.
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for lherzolites and increases slightly towards the
most refractory harzburgites (Fig. 9b). All V, Ga,
Y, Er and Zr show a rough positive correlation
with Ti (Fig. 9c–g), except for Zr of harzburgite
BB.18.29 (Fig. 9g). However, a change of slope is
observed for both Ga and Y trends, from lherzolites
to harzburgites. In contrast, other elements show
positive correlation with Ti only for lherzolites
and then inverse correlation for harzburgites (e.g.
La, Sr, Th) (Fig. 9h–j). Also, one lherzolite
(BB.64.04) stands out for its anomalous high con-
centrations of these three elements and of U
(Fig. 9k). Finally, both U and Nb values are scat-
tered (Fig. 9k and l), as is the case for Sc. Thus,
Figure 9 illustrates that the behaviour of trace
elements consistent with Ti could be due to melt
depletion, whereas the scattered values and
increased contents of the most incompatible
elements, especially in harzburgites, could be due
to metasomatism. It should also be noted that one
of the spongy rims shows trace element abundances
similar to those of the unaffected zone of the clino-
pyroxene crystal, whereas the other is slightly
enriched in Ti, La, Yb, Zr and Nb (Fig. 9). Regard-
ing clinopyroxene in pyroxenites, it is marked

(Fig. 9) by lower Ni/Co ratio, and lower V, Y and
Yb concentrations than those of peridotites. On
the other hand, clinopyroxene rare earth element
(REE) and multielement patterns of lherzolites,
harzburgites and pyroxenites are variable and
differ between these rocks. The SREE in clinopyr-
oxene from lherzolites are 2–9 times PM concen-
tration and most REE patterns (Fig. 10a) are
either light REE (LREE) depleted or slightly
enriched ((La/Nd)N ¼ 0.40–1.65), with heavy
REE (HREE) exceeding PM values and non-
fractionated ((Gd/Yb)N ¼ 0.84–1.31); a weak
positive Eu anomaly is also shown. Furthermore,
lherzolite clinopyroxene is also characterized by
(Th/U)N ,1 (Fig. 10b), a negative anomaly at
Nb, with (Ti/Nb)N ¼ 0.77–32.90, weak negative
anomalies at Zr ((Zr/Sm)N ¼ 0.16–0.86) and Ti
((Ti/Eu)N ¼ 0.31– 0.57), and a positive anomaly
at Sr, especially in two moderately LREE-enriched
lherzolites (SD.98.2 and BB.64.04) ((La/Nd)N ¼
10.83–11.90) (Fig. 10a). The clinopyroxene-poor
lherzolite SD.98.2 also differs in its significant
depletion of middle REE (MREE), Hf, Zr and Ti,
and its slight HREE fractionation ((Gd/
Yb)N ¼ 0.61)). It should be mentioned that no

Equi.lhz

Granular Hz Porphyroclastic Hz Px

BB.26.04 CA.00.83b BB12.041 BB.02.04 BB.74.04 BB18.29 SD.98.15p SD.98.15nc BB.83.04

39.37 40.62 40.54 41.68 41.34 40.61 40.06 40.21 39.56

0.02 0.00 0.00 0.02 0.01 0.00 0.03 0.04 0.01

0.02 0.01 0.03 0.02 0.02 0.01 0.00 0.03 0.01

0.02 0.03 0.03 0.05 0.07 0.04 0.02 0.01 0.04

10.13 8.51 8.47 8.97 8.61 8.26 10.60 10.09 12.03

0.13 0.12 0.15 0.13 0.13 0.12 0.16 0.17 0.16

49.61 51.00 51.19 50.60 51.04 51.70 48.61 48.71 47.80

0.40 0.39 0.39 0.39 0.44 0.38 0.42 0.36 0.30

0.04 0.09 0.10 0.10 0.11 0.09 0.10 0.05 0.11

99.74 100.78 100.90 101.96 101.77 101.23 100.00 99.67 100.02

0.972 0.985 0.982 1.001 0.993 0.980 0.989 0.992 0.988

0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000

0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000

0.000 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.000

0.210 0.173 0.171 0.179 0.173 0.167 0.219 0.208 0.250

0.003 0.002 0.003 0.003 0.002 0.002 0.003 0.004 0.003

1.830 1.844 1.849 1.808 1.827 1.860 1.788 1.792 1.768

0.007 0.008 0.007 0.007 0.008 0.007 0.008 0.007 0.007

0.000 0.002 0.003 0.000 0.000 0.002 0.003 0.001 0.000

89.7 91.4 91.5 91.0 91.4 91.8 89.1 89.5 87.6

n ¼ 4 +1s n ¼ 4 +1s n ¼ 3 +1s +1s n ¼ 4 +1s n ¼ 2 +s n ¼ 3 +1s n ¼ 1 n ¼ 3 +1s

44.47 21 bd 13.75 6.8 50.85 4.5 4.692 2.4 bd 25.55 3.5 30.5 46.31 10

9.450 52 6.035 1.0 4.720 1.8 7.947 1.1 5.992 0.4 4.281 2.7 2.836 0.9 4.137 4.983 1.2

1069 7.4 na 1122 16 1013 5.0 952.3 8.9 995 5.6 1183 34 1185 1289 11

138.9 3.5 157.3 7.0 157.9 2.9 144.3 3.1 141.8 3.7 155.8 1.6 164.8 3.8 163.4 158 2.2

2685 56 3052 60 3233 60 2836 46 3049 68 3215 5.9 3014 19 2997 2147 25

19.33 19.40 20.47 19.65 21.50 20.64 18.29 18.34 13.59
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difference has been observed between the clinopyr-
oxene patterns of the mosaic–equigranular lherzo-
lite BB.26.04 and those of coarse granular
lherzolites. Finally, patterns of spongy rims are
either slightly LREE enriched or comparable with
those of unaffected zones of the clinopyroxene
crystal (Fig. 10a and b). The SREE in clinopyrox-
ene from harzburgites are higher (2–17 times PM)
than in lherzolites, and the patterns (Fig. 10c) are
LREE and MREE enriched ((La/Nd)N ¼ 1.05–
2.24; (Sm/Yb)N or (Sm/Er)N ¼ 3.43–13.95) with
respect to HREE ((La/Yb)N or (La/Er)N ¼ 2.47–
58.47). The harzburgite clinopyroxene is also
characterized by (Th/U)N . 1 in most samples,
higher Nb, with (Ti/Nb)N ¼ 0.08–2.27, but
always with a negative Nb anomaly, a negative
anomaly at Zr ((Zr/Sm)N ¼ 0.14–1.28), except

for one sample, and by more significant nega-
tive anomaly at Ti ((Ti/Eu)N ¼ 0.04–0.43) than
the lherzolite clinopyroxene (Fig. 10d). Again, the
Ti-enriched harzburgite BB.02.04 differs from the
others by its convex-upward REE pattern, and by
less significant negative anomalies at Nb, Zr and
Ti (Fig. 10c and d). Convex-upward REE patterns
also characterize the clinopyroxene from pyroxe-
nites. This has the lowest SREE (1–4 times PM)
(Fig. 10e) and also shows weak negative
anomalies at Zr ((Zr/Sm)N ¼ 0.27–0.34) and Ti
((Ti/Eu)N ¼ 0.43–0.70), but concentrations of
both elements are equal to or exceed those of the
PM (Fig. 10f).

Spinel mainly concentrates Ti, V, Co, Ni, Mn
and Ga (Table 6). Only the Ni/Co ratio is inversely
correlated with cr-number (Fig. 11a), whereas Ti, V

Table 4. Representative major element analyses and formula units of orthopyroxene, and average trace element compositions

Rock type: Granular lherzolites Equi. lhz

Sample: CA.00.83 BB12.030 BB.64.04 BB.16.04 BB.81.04 SD.98.58 SD.98.2 BB.26.04

(wt%)
SiO2 53.92 54.82 54.90 55.14 54.86 54.59 58.09 54.23

TiO2 0.13 0.08 0.13 0.13 0.16 0.16 0.05 0.08
Al2O3 5.46 3.83 4.56 4.40 4.70 4.41 2.87 4.02

Cr2O3 0.59 0.39 0.38 0.34 0.35 0.37 0.27 0.32
FeOT 6.20 6.11 6.32 6.56 6.62 6.46 6.32 6.67

MnO 0.15 0.12 0.13 0.16 0.16 0.14 0.10 0.11
MgO 32.17 34.11 32.64 32.61 32.63 32.70 32.73 33.39

NiO 0.12 0.09 0.11 0.11 0.12 0.13 0.12 0.11
CaO 1.18 0.66 0.74 0.67 0.78 0.70 0.49 0.66

Na2O 0.15 0.11 0.11 0.11 0.11 0.14 0.01 0.06
K2O 0.00 na 0.01 0.00 0.00 0.01 0.00 0.01

Total 100.09 100.32 100.03 100.23 100.49 99.81 101.05 99.66

Cations (O ¼ 6)

Si 1.862 1.878 1.896 1.902 1.888 1.889 1.994 1.876
AlIV 0.138 0.122 0.104 0.098 0.112 0.111 0.006 0.124

AlVI 0.084 0.033 0.081 0.081 0.078 0.068 0.110 0.039
Ti 0.003 0.002 0.003 0.003 0.004 0.004 0.001 0.002

Cr 0.016 0.011 0.010 0.009 0.010 0.010 0.007 0.009
Fe3þ 0.041 0.082 0.014 0.009 0.023 0.034 0.000 0.077
Fe2þ 0.138 0.093 0.169 0.180 0.167 0.153 0.181 0.116

Mn 0.004 0.003 0.004 0.005 0.005 0.004 0.003 0.003
Mg 1.656 1.742 1.680 1.677 1.673 1.686 1.675 1.722

Ni 0.003 0.002 0.003 0.003 0.003 0.004 0.003 0.003
Ca 0.044 0.024 0.027 0.025 0.029 0.026 0.018 0.025

Na 0.010 0.007 0.008 0.007 0.007 0.010 0.001 0.004
K 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000

mg-no. 90.2 90.9 90.2 89.9 89.8 90.0 90.2 89.9
cr-no. 6.8 6.4 5.1 4.8 5.0 5.3 5.9 5.2

Wo% 2.3 1.2 1.4 1.3 1.5 1.4 1.0 1.3
En% 88.1 89.7 88.9 88.7 88.4 88.8 89.4 88.8

Fs% 9.5 9.0 9.7 10.0 10.0 9.8 9.7 9.9

Trace elements (ppm) n ¼ 2 +1s n ¼ 4 +1s n ¼ 4 +1s n ¼ 4 +1s n ¼ 4 +1s n ¼ 3 +1s n ¼ 2 +1s n ¼ 4 +1s

Ti 645.4 53 505.8 21 648.0 21 703.5 27 886 158 770.8 9.0 287.7 4.7 411.8 11
V 104.7 1.1 84.89 4.4 91.43 4.1 90.96 3.2 96.27 5.7 93.82 1.5 103.6 9.8 80.34 2.4

Mn 1055 2.1 1103 48 1041 23 1064 13 1085 8.3 na 1207 73 1084 13
Co 68.55 1.7 63.11 2.9 60.48 1.9 58.76 0.9 61.64 0.8 63.99 2.9 66.74 0.9 58.11 3.5

Ni 853.9 31 771.6 41 749.2 35 714.3 5.4 752.7 12 787.7 28 785.5 39 679.4 14
Ga 5.485 0.0 3.300 0.3 3.657 0.5 3.468 0.3 4.359 0.4 4.311 0.6 3.533 0.1 3.446 0.2

Y 1.407 0.4 0.807 0.1 0.878 0.1 1.107 0.1 1.179 0.2 0.893 0.1 0.794 0.0 1.085 0.2
Zr 1.377 0.0 1.327 0.4 1.473 0.2 1.774 0.2 1.825 0.2 1.611 0.5 0.921 1.3 1.055 0.6

Ni/Co 12.46 12.23 12.39 12.16 12.21 12.31 11.77 11.69

Abbreviations as in Table 3. Fe3þ after Droop (1987).
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and Ga remain quasi-constant v. cr-number in most
samples (Fig. 11b–d). The exceptions are the por-
phyroclastic and coarse granular harzburgites
(SD.98.15 and BB.02.04, respectively), which also
have Ti- and V-enriched spinel. Ga is higher only
in the spinel from the porphyroclastic harzburgite,
which also shows heterogeneous compositions
from crystal core to rim.

Amphibole partitions higher amounts of Ni
(DNi, am/cpx ¼ 2.76), Co (DCo, am/cpx ¼ 2.12),
Ga (DGa, am/cpx ¼ 3.32), Rb, Ba, Nb, Sr, Pb and
Ti, lesser amounts of Sc (DSc, am/cpx ¼ 0.74),
and similar amounts of REE, Zr, Th and U than
coexisting clinopyroxene (Table 7, Fig. 12a). The
Ni/Co ratio is also higher (19.52) than that of the
clinopyroxene. Both coexisting minerals are
characterized by LREE depletion, except for La,
and flat HREE. All these characteristics fit with
the compositions of disseminated amphibole either

in peridotite massifs or in xenoliths (Vannucci
et al. 1995) rather than with compositions of vein
amphiboles (Ionov et al. 1997).

Phlogopite from the clinopyroxenite xenolith
(BB.83.04) mainly concentrates large ion lithophile
elements (LILE), some high field strength elements
(HFSE; Nb, Ta, Ti) and Pb (Table 7), which are
much higher than in clinopyroxene, whereas La,
Ce, Zr and Hf contents are comparable (Fig. 12b).
These compositions, along with the Rb/Sr (0.89)
and Zr/Nb (0.53) ratios, are comparable with
those of vein biotites (Ionov et al. 1997).

Glass in veins from the coarse granular harzbur-
gite CA.00.83b shows high concentrations of all
incompatible trace elements, especially of Nb and
Ta, but also of Zr and Ti. The first HFSE define a
positive anomaly, but there is only a weak negative
Ti anomaly (Fig. 12c). The multielement pattern of
this glass differs from the patterns of both the host

Granular Hz Porphyroclastic Hz Px

CA.00.83b BB12.041 BB.02.04 BB.74.04 BB18.29 SD.98.15p SD.98.15nc SD.98.1 SD.83.04

56.23 56.07 55.83 56.24 56.27 54.63 54.99 55.05 55.34

0.00 0.04 0.22 0.01 0.00 0.10 0.15 0.25 0.21
2.07 2.52 2.62 2.31 2.12 4.69 4.63 4.73 2.34

0.71 0.80 0.77 0.83 0.72 0.36 0.38 0.33 0.66
5.41 5.33 5.69 5.37 5.16 6.65 6.37 7.92 6.95

0.14 0.13 0.12 0.12 0.12 0.13 0.12 0.17 0.18
34.69 34.68 33.40 33.64 35.15 32.37 31.73 29.87 32.96

0.11 0.09 0.11 0.13 0.10 0.09 0.05 0.08 0.10
1.05 1.11 1.28 1.28 1.06 0.70 1.44 1.82 1.17

0.08 0.09 0.07 0.03 0.08 0.09 0.20 0.13 0.01
na na 0.00 0.01 na 0.02 0.15 0.00 0.00

100.48 100.85 100.11 99.97 100.79 99.83 100.26 100.35 100.35

1.923 1.910 1.929 1.941 1.915 1.895 1.900 1.921 1.921
0.077 0.090 0.071 0.059 0.085 0.105 0.100 0.079 0.079

0.007 0.012 0.036 0.035 0.000 0.087 0.089 0.115 0.017
0.000 0.001 0.006 0.000 0.000 0.003 0.004 0.007 0.005
0.019 0.021 0.021 0.023 0.019 0.010 0.010 0.009 0.018

0.056 0.061 0.007 0.003 0.071 0.010 0.013 0.000 0.034
0.098 0.091 0.157 0.152 0.076 0.183 0.171 0.231 0.168

0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.005 0.005
1.769 1.761 1.721 1.731 1.783 1.669 1.635 1.554 1.705

0.003 0.002 0.003 0.004 0.003 0.003 0.001 0.002 0.003
0.038 0.040 0.042 0.047 0.039 0.026 0.053 0.068 0.044

0.005 0.006 0.004 0.004 0.005 0.006 0.013 0.009 0.001
0.000 0.000 0.000 0.000 0.000 0.001 0.007 0.000 0.000

92.0 92.1 91.3 91.8 92.4 89.7 89.9 87.1 89.4
18.6 17.5 16.4 19.7 18.6 4.9 5.2 4.5 15.8

2.0 2.1 2.2 2.4 2.0 1.4 2.8 3.7 2.3
90.2 90.2 89.3 89.5 90.6 88.4 87.3 83.9 87.4

7.9 7.8 8.5 8.0 7.5 10.2 9.8 12.5 10.4

n ¼ 4 +1s n ¼ 3 +1s n ¼ 4 +1s n ¼ 4 +1s n ¼ 2 +1s n ¼ 3 +1s n ¼ 1 n ¼ 1 n ¼ 2 +1s
154.7 12 330.0 6.1 1201.0 11 81.07 4.8 113.6 9.5 803.0 237 925.8 1176 1129 6.4

63.92 3.0 66.66 0.5 123.30 2.4 81.79 5.0 72.63 2.7 96.96 4.0 109.4 112.9 89.02 1.5
na 1034 28 993 13 904.7 13 929.3 5.5 1106 15 1158 1284 1269 21

69.51 2.3 65.16 0.2 59.5 3.5 58.63 0.5 63.28 1.6 70.77 2.5 76.69 83.52 66.29 0.9
842.8 61 852.2 14 761.2 14 850.7 17 848.3 5.9 764.8 67 887.8 807.9 587.3 4.8

2.979 0.8 2.633 0.6 3.155 0.2 1.603 0.1 1.234 0.1 5.820 0.4 4.459 7.803 2.666 0.1
bd 0.402 0.1 0.966 0.2 0.138 0.0 0.296 0.0 1.401 0.3 1.555 1.165 0.699 0.0

1.300 0.4 1.471 0.2 3.437 0.6 0.384 0.1 5.103 0.6 3.611 2.3 4.04 2.347 1.199 0.0
12.13 13.08 12.79 14.51 13.41 10.81 11.58 9.67 8.86
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basaltic lava and the harzburgite clinopyroxene.
The latter shows significant negative anomalies
for Nb, Ta, Zr and Ti, and Pb is below detection.

P–T– f O2 equilibrium conditions

Temperatures provided by the orthopyroxene–
clinopyroxene thermometer (Brey & Köhler 1990)
(TBK90) at 1.5 GPa indicate that lherzolite
(1012+ 71 8C) (+1s) and harzburgite tempera-
tures (1059+ 21 8C) overlap significantly, and that
pyroxenite temperatures are variable but higher
(1064–1257 8C) than those of peridotites. The
Ca-in-orthopyroxene thermometer (Brey & Köhler

1990) (TBKCaO90) provides consistent tempera-
tures, within TBK90 +75 8C, but in this case the
values are slightly higher for the coarse granular
harzburgites than for the lherzolites (TBKCaO90
for lherzolitesis is 987 + 62 8C; TBKCaO90 for
coarse granular harzburgites is 1087 + 29 8C;
TBKCaO90 for pyroxenites is 1116–1250 8C).
TBKCaO90 also gives temperatures for the por-
phyroclastic harzburgite SD.98.15 that are similar
to those of coarse granular peridotite, but in this
sample temperature is lower and less uncertain
for porphyroclasts (TBKCaO90 is 983 + 3 8C)
than for neoblast compositions (TBKCaO90 is
1105 + 52 8C).

Fig. 5. The mg-number for clinopyroxene v. (a) Cr-number, (b) Ca, (c) AlT and (d) Na; (e) AlVI/AlIV v. AlT;
(f) AlVI/AlIV v. Na. All elements in cations per formula unit. W, lherzolite; �, clinopyroxene spongy rims; *,
harzburgites; A, pyroxenites. The arrows indicate the composition evolution from core (c) to spongy rims (sr).
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Pressure estimations have been attempted using
the Ca-exchange reaction between olivine and clin-
opyroxene (Köhler & Brey 1990) (PKB90), consid-
ering TBK90 temperatures and Ca contents in
olivine measured by EMPA. However, despite
using only olivine core compositions, to avoid the
effect of secondary fluorescence, the results show
high uncertainty for a single sample and scattered
values for the whole group of xenoliths. They plot
across the spinel lherzolite field and a few
samples even cross the boundaries with the garnet
lherzolite (O’Neill 1981) and plagioclase lherzolite
fields (Gasparik 1987). The PKB90 average for
lherzolites is 17.2 + 10.6 kbar (1s), with the
highest values corresponding to the mosaic–
equigranular xenolith BB.26.04 and to the
clinopyroxene-poor lherzolite SD.98.2, both being
within the garnet lherzolite field, whereas the
lowest PKB90 values are close to the plagioclase
lherzolite field. The PBK90 average for harzbur-
gites is lower (9.3+7 kbar) and several samples
plot within the plagioclase lherzolite field. Finally,
the PKB90 value for the pyroxenite BB.83.04, in
which olivine and clinopyroxene coexist, is
9.5 + 1.4 kbar. The large PBK90 range for perido-
tites suggests that these xenoliths are not in equili-
brium for the Ca-exchange reaction between
olivine and clinopyroxene. In such a case, only
the maximum equilibrium pressures for these peri-
dotites can be known, using the Al–Cr abundance
in spinel (Webb & Wood 1986) and P values for
the spinel lherzolite–garnet lherzolite boundary of
O’Neill (1981): they range from 21.7 + 0.1 kbar
for lherzolites to 32.5 + 0.1 kbar for harzburgites.
The latter values are discarded as too high accord-
ing to the increasing Cr contents of harzburgite
spinel, caused by partial melting.

Finally, estimations of f O2 are based on the
reaction 6fayaliteþO2 ¼ 6ferrosiliteþ 2magnetite,
using the calibration of Wood (1991) (FOW91).
Fe3þ in spinel studied by EMPA was estimated by
charge balance and then corrected following the
method of Liermann & Ganguly (2003). The
results show that f O2 values for lherzolites and harz-
burgites overlap significantly, although average f O2

for lherzolites is higher (FOW91 ¼ 20.2 + 0.5)
than for harzburgites (FOW91 ¼ 20.6 + 0.5),
where the values are expressed as log units relative
to the fayalite–magnetite–quartz buffer (FMQ).
This slightly higher f O2 average for lherzolites
could account for the weak positive Eu anomaly
of their clinopyroxene REE patterns (Fig. 10a). It
should be mentioned that f O2 for the amphibole-
bearing lherzolite BB.81.04 (FOW91 ¼ 0.1 + 0.2)
does not differ from values for the anhydrous lher-
zolites. Also, no correlation has been observed
either between f O2 and cr-number of spinel or
between f O2 and the (La/Yb)N or (La/Er)N value

of clinopyroxene, as was observed elsewhere
(Wood et al. 1990).

Discussion

The xenoliths related to the Neogene–Quaternary
within-plate volcanism of NE Spain are mainly
formed of anhydrous peridotites, grading from lher-
zolites to harzburgites. This is in agreement with
SCLM compositions documented for the nearby
eastern Pyrenean peridotites (Bodinier et al. 1988)
and for other mantle xenoliths of western–central
Europe (Downes 2001, and references therein;
Beccaluva et al. 2004), and contradicts the exist-
ence of a bimodal suite of lherzolites and highly
refractory harzburgites, without intermediate
compositions, reported recently by Bianchini et al.
(2007) for the same area. Finally, a few websterite
and clinopyroxenite xenoliths are also found.

The pyroxenites

They show characteristics of cumulates from basal-
tic melts. This is inferred from: (1) lower Fo con-
tents, and lower mg-number and Ni/Co ratio of
both olivine and orthopyroxene (Tables 3 and 4,
Fig. 7); (2) lower Ni/Co ratio and distinct major
and trace element compositions of clinopyroxene
(Table 5, Figs 5 and 9) with respect to peridotite
clinopyroxene; (3) the convex-upward clinopyrox-
ene REE patterns (Fig. 10e). These patterns are
comparable with those of clinopyroxene in both
dry pyroxenite bands and amphibole pyroxenite
veins in the Pyrenean ultramafic massifs (Bodinier
et al. 1987a, b), or with REE patterns of clinopyrox-
ene in veins of composite mantle xenoliths
(Witt-Eickschen et al. 1993). High Ti and other
trace element contents of the accessory phogopite
in one of the pyroxenite xenoliths (Table 7) are
also in agreement with its origin from veins
(Zanetti et al. 1996; Ionov et al. 1997). Estimates
of REE concentrations for the melts in equilibrium
with the pyroxenites give patterns (Fig. 13) similar
to those of Pyrenean Cretaceous picrites, alkali
basalts and teschenites (Rossy et al. 1992). DREE,
cpx for the estimates were determined after
Wood & Blundy (1997), using major element com-
positions of clinopyroxene and crystallization con-
ditions of 1300 8C and 10 kbar, according to
themobarometric data. This Cretaceous alkaline
magmatism has been associated with the Fe–Ti
metasomatism affecting wall-rock peridotites in
the eastern Pyrenean massifs (Bodinier et al.
1988, 1990, 2004; McPherson et al. 1996; Zanetti
et al. 1996; Woodland et al. 1996), and crops out
in the Catalan area as scattered camptonites (Solé
et al. 2003).
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Table 5. Representative major element compositions and formula units of clinopyroxene, and average trace element compositions

Rock type: Granular lhz

Sample: CA.00.83c CA.00.83sr BB.12.030 BB.64.04 BB.16.04 BB.81.04 SD.98.58 SD.98.58sr SD.98.2

(wt%)
SiO2 50.81 50.42 52.05 51.65 51.72 51.14 51.87 51.47 54.61

TiO2 0.41 0.45 0.45 0.51 0.62 0.72 0.75 0.71 0.25
Al2O3 6.99 5.34 6.31 6.72 6.90 7.29 6.92 4.70 3.58

Cr2O3 1.07 1.13 1.02 0.83 0.77 0.74 0.91 0.99 0.50
FeOT 3.52 3.36 2.59 3.21 2.91 3.27 3.05 3.07 2.65

MnO 0.11 0.08 0.10 0.12 0.13 0.10 0.04 0.07 0.08
MgO 16.28 16.57 15.42 14.94 14.78 14.84 14.55 16.11 16.25

NiO 0.07 0.07 0.05 0.09 0.04 0.07 0.08 0.02 0.04
CaO 18.32 20.90 20.75 19.61 19.72 19.29 19.20 21.71 21.91

Na2O 1.45 0.66 1.75 1.77 1.92 1.94 1.95 0.55 0.70
K2O 0.01 0.01 nd 0.00 0.00 0.00 0.00 0.01 0.01

Total 99.02 98.99 100.49 99.45 99.51 99.40 99.29 99.41 100.58

Cations (O ¼ 6)
Si 1.847 1.846 1.867 1.875 1.874 1.855 1.886 1.883 1.972

AlIV 0.153 0.154 0.133 0.125 0.126 0.145 0.114 0.117 0.028
AlVI 0.147 0.077 0.134 0.163 0.168 0.166 0.183 0.086 0.124
Ti 0.011 0.012 0.012 0.014 0.017 0.020 0.021 0.020 0.007

Cr 0.031 0.033 0.029 0.024 0.022 0.021 0.037 0.029 0.014
Fe3þ 0.055 0.067 0.068 0.035 0.037 0.054 0.000 0.003 0.000

Fe2þ 0.052 0.035 0.009 0.062 0.051 0.045 0.093 0.091 0.080
Mn 0.003 0.002 0.003 0.004 0.004 0.003 0.001 0.002 0.002

Mg 0.882 0.905 0.824 0.808 0.798 0.802 0.789 0.879 0.875
Ni 0.002 0.002 0.001 0.003 0.001 0.002 0.002 0.001 0.001

Ca 0.714 0.820 0.797 0.763 0.766 0.750 0.748 0.851 0.847
Na 0.102 0.047 0.122 0.125 0.135 0.136 0.137 0.039 0.049

K 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
mg-no. 89.2 89.9 91.5 89.3 90.1 89.0 89.5 90.3 91.6

cr-no. 9.3 12.5 9.8 7.7 7.0 6.3 11.1 12.5 8.6
Wo% 41.9 44.9 46.9 45.7 46.4 45.4 45.9 46.7 47.0

En% 51.8 49.5 48.5 48.4 48.3 48.6 48.4 48.2 48.5
Fs% 3.4 3.8 4.2 2.3 2.5 3.5 0.1 0.3 0.1

Trace elements (ppm) n ¼ 4 +1s n ¼ 1 n ¼ 5 +1s n ¼ 4 +1s n ¼ 6 +1s n ¼ 4 +1s n ¼ 4 +1s n ¼ 2 +1s n ¼ 5 +1s

Sc 50.99 2.7 54.16 70.87 4.1 55.95 0.5 60.84 1.0 51.22 1.3 63.04 2.3 72.50 6.2 76.28 2.3
Ti 2105 59 2809 2557 74 2657 23 3417 51 3856 80 3990 47 3945 148 1105 104
V 246.1 1.8 262.6 282.4 6.0 255.5 2.5 285.3 6.9 277.2 5.2 324.1 7.5 327.4 7.9 264.2 6.2

Mn 804.3 8.1 770.8 665.8 11 669.3 5.9 715.4 31 739.1 5.9 nd nd 685.8 50
Co 29.90 2.0 27.9 22.89 1.1 21.78 0.4 23.28 3.0 23.40 0.2 27.71 2.4 27.67 0.6 25.02 2.9

Ni 425.5 41 394.1 354.3 28 335.7 2.7 371.7 62 351.6 3.6 403.1 30 421.8 47 375.4 48
Ga 5.285 0.4 4.549 3.778 0.3 4.107 0.1 4.750 0.2 5.155 0.1 6.615 0.4 7.058 0.8 3.195 1.0

Rb bd bd bd bd bd 0.381 0.1 bd bd bd
Sr 38.43 2.8 48.37 77.37 1.7 246.7 2.8 93.61 3.7 119.7 2.4 176.5 3.4 141.8 17 79.38 12

Y 13.54 0.4 15.66 16.19 0.7 12.66 0.1 16.93 0.8 16.85 0.4 20.55 0.7 17.96 1.3 11.11 0.6
Zr 13.08 0.4 24.62 31.78 1.5 24.12 0.4 37.97 1.5 32.83 1.0 54.12 0.6 52.44 1.5 1.734 1.0

Nb 0.389 0.2 0.647 0.172 0.0 0.167 0.0 0.301 0.1 0.064 0.0 1.123 0.2 1.399 0.1 0.788 0.5
Ba bd bd bd bd bd bd bd 2.459 1.5 3.648 3.2

La 0.490 0.1 3.750 0.922 0.1 24.93 0.4 1.751 0.3 4.297 0.3 5.325 0.4 4.952 0.1 4.156 0.1
Ce 1.810 0.1 12.54 3.868 0.3 17.57 0.6 5.007 0.1 5.963 0.5 10.75 0.4 9.396 0.2 5.038 0.3

Pr 0.361 0.0 1.806 0.668 0.0 0.863 0.0 0.811 0.1 0.857 0.0 1.425 0.1 1.201 0.1 0.273 0.1
Nd 2.135 0.2 6.857 4.464 0.2 4.042 0.3 4.794 0.3 5.027 0.3 7.469 0.3 6.870 0.8 0.740 0.2

Sm 1.045 0.2 1.969 1.529 0.2 1.517 0.2 1.727 0.2 1.931 0.1 2.441 0.3 2.385 0.0 0.420 0.0
Eu 0.538 0.1 0.965 0.800 0.1 0.669 0.0 0.799 0.1 0.866 0.1 1.140 0.1 0.939 0.1 0.281 0.1
Gd 1.571 0.1 2.297 2.326 0.7 1.913 0.2 2.288 0.1 2.406 0.2 3.157 0.5 2.859 0.7 1.065 0.2

Tb 0.379 0.0 0.428 0.441 0.1 0.365 0.0 0.449 0.0 0.502 0.0 0.650 0.1 0.513 0.1 0.248 0.0
Dy 2.474 0.2 3.606 2.829 0.2 2.172 0.1 3.082 0.3 3.051 0.0 4.234 0.5 3.196 0.7 1.938 0.2

Ho 0.533 0.0 0.620 0.660 0.1 0.483 0.0 0.656 0.0 0.691 0.0 0.927 0.1 0.736 0.0 0.455 0.1
Er 1.435 0.2 1.754 1.934 0.2 1.331 0.1 1.770 0.1 1.792 0.1 2.284 0.1 1.997 0.3 1.346 0.2

Tm 0.231 0.0 0.209 0.260 0.0 0.182 0.0 0.269 0.0 0.267 0.0 0.386 0.0 0.256 0.1 0.173 0.0
Yb 1.516 0.1 2.089 1.960 0.2 1.180 0.1 1.794 0.1 1.857 0.1 2.646 0.4 1.992 0.3 1.427 0.2

Lu 0.200 0.1 0.227 0.246 0.0 0.172 0.0 0.245 0.0 0.240 0.0 0.304 0.1 0.266 0.0 0.208 0.0
Hf 0.449 0.1 0.834 1.026 0.2 0.740 0.0 1.112 0.1 1.099 0.1 1.405 0.1 1.404 0.2 0.267 0.0

Ta bd 0.132 bd bd bd bd bd bd bd
Pb bd bd 0.520 0.1 0.673 0.0 bd bd bd 0.902 0.2 0.544 0.1

Th bd 0.118 bd 2.002 0.0 0.122 0.0 0.389 0.0 0.379 0.1 0.351 0.0 bd
U bd 0.057 bd 0.523 0.0 0.068 0.0 0.189 0.0 0.125 0.1 0.188 0.0 0.287 0.0

Ni/Co 14.23 14.15 15.48 15.41 15.97 15.03 14.55 15.24 15.00
(La/Yb)N 2 (La/Er)N 0.22 1.22 0.32 14.38 0.66 1.57 1.37 1.69 1.98

(La/Nd)N 0.44 1.05 0.40 11.90 0.70 1.65 1.38 1.39 10.83
(Sm/Yb)N 2 (Sm/Er)N 0.75 1.02 0.85 1.40 1.05 1.13 1.00 1.30 0.32
(Gd/Yb)N 0.84 0.89 0.96 1.31 1.03 1.05 0.97 1.16 0.61

(Th/U)N 0.53 0.98 0.46 0.53 0.78 0.48
(Ti/Nb)N 2.96 2.37 8.12 8.69 6.20 32.90 1.94 1.54 0.77

(Ti/Eu)N 0.50 0.37 0.41 0.51 0.55 0.57 0.45 0.54 0.50
(Zr/Sm)N 0.48 0.48 0.80 0.61 0.85 0.66 0.86 0.85 0.16

(Zr/Hf)N 0.79 0.80 0.83 0.88 0.92 0.81 1.04 1.01 0.18
(Nb/Ta)N 0.28

c and sr, core and spongy rim compositions, respectively. Other abbreviations as in Table 3.
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Equi. lhz Granular hz Px

BB.26.04 CA.00.83b BB12.041 BB.02.04 BB.74.04 BB.18.29 SD.98.1 BB.83.04

51.83 53.33 52.89 52.80 53.43 53.40 53.62 52.83

0.35 0.05 0.12 0.50 0.04 0.03 0.45 0.38
5.49 2.45 3.40 3.46 2.46 2.88 5.51 2.23

0.64 1.31 1.54 1.38 1.15 1.55 0.49 1.04
3.14 2.51 2.49 2.72 2.46 2.33 5.46 3.49

0.11 0.09 0.07 0.10 0.10 0.08 0.15 0.11
15.69 17.83 17.74 17.28 18.28 17.95 17.72 18.12

0.05 0.04 0.04 0.11 0.09 0.06 0.06 0.06
21.21 21.52 20.90 20.79 21.21 21.01 16.11 21.38

1.24 0.73 0.93 0.78 0.34 0.94 0.94 0.28
0.01 nd nd 0.01 0.01 nd 0.00 0.00

99.76 99.84 100.12 99.93 99.57 100.22 100.49 99.92

1.879 1.931 1.906 1.914 1.939 1.921 1.931 1.919
0.121 0.069 0.094 0.086 0.061 0.079 0.069 0.081

0.113 0.035 0.050 0.062 0.044 0.043 0.165 0.015
0.010 0.001 0.003 0.014 0.001 0.001 0.012 0.010
0.018 0.037 0.044 0.040 0.033 0.044 0.014 0.030

0.059 0.043 0.059 0.012 0.007 0.056 0.000 0.036
0.037 0.033 0.016 0.070 0.072 0.014 0.164 0.070

0.003 0.003 0.002 0.003 0.003 0.002 0.005 0.003
0.848 0.962 0.953 0.934 0.989 0.963 0.951 0.981

0.001 0.001 0.001 0.003 0.003 0.002 0.002 0.002
0.824 0.835 0.807 0.807 0.825 0.810 0.621 0.832

0.087 0.049 0.065 0.054 0.024 0.066 0.066 0.020
0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000

89.8 92.7 92.7 91.9 92.6 93.2 85.3 90.2
7.1 26.5 23.4 21.3 23.9 26.5 5.6 23.8

46.6 44.6 44.0 44.3 43.6 44.0 35.8 43.4
48.0 51.4 51.9 51.2 52.2 52.2 54.8 51.1

3.5 2.4 3.3 0.8 0.5 3.2 0.3 2.0

n ¼ 2 +1s n ¼ 4 +1s n ¼ 4 +1s n ¼ 4 +1s n ¼ 3 +1s n ¼ 4 +1s n ¼ 4 +1s n ¼ 6 +1s
57.03 2.7 62.14 12 55.93 3.0 68.96 1.2 38.49 0.2 65.99 4.9 37.45 3.6 44.32 0.6

1752 85 329.1 10 794.3 58 2622 34 144.4 3.0 268.8 10 2345 277 1956 50
227.9 5.4 179.7 5.9 177.8 8.4 297.5 6.5 137.7 1.8 218.8 12 194.1 11 157.1 4.8

631.1 18 nd 718.7 15 663.8 4.7 613.7 13 674.7 32 1180 71 851.1 48
20.01 0.9 30.23 2.0 27.65 0.3 25.31 0.3 25.90 0.1 27.91 2.1 49.06 3.3 30.33 2.7

314.0 32 454.9 44 436.7 13 390.9 5.6 452.4 6.1 466.6 37 519.6 52 335.0 23
3.560 0.7 2.792 0.5 3.151 0.2 3.529 0.2 1.330 0.3 2.174 0.1 8.189 0.9 2.554 0.2

bd bd bd bd bd bd bd bd
25.36 0.3 382.1 43 137.0 14 62.10 0.7 54.76 1.2 184.4 21 56.10 9.4 43.86 0.5

14.70 0.5 2.281 0.1 5.393 0.9 9.012 0.1 0.829 0.1 3.861 0.3 7.164 0.9 4.247 0.1
17.79 0.9 12.23 1.9 18.01 2.4 36.86 0.5 1.789 0.1 71.22 2.7 12.29 2.6 7.954 0.2

,0.150 2.360 0.1 1.088 0.1 0.630 0.1 0.247 0.1 1.303 0.2 ,0.150 0.0 ,0.150
3.244 3.7 bd bd bd bd bd bd bd
0.589 0.1 23.16 1.1 5.391 0.7 2.040 0.1 2.212 0.1 8.706 0.8 1.517 0.4 0.327 0.1

1.212 0.1 53.15 3.7 13.69 2.4 6.055 0.2 4.349 0.1 23.12 3.2 5.904 1.4 1.408 0.1
0.338 0.0 6.021 0.3 1.942 0.3 0.959 0.0 0.630 0.0 3.249 0.2 1.054 0.2 0.343 0.0

2.651 0.3 19.91 1.8 9.949 1.3 5.328 0.2 3.250 0.1 12.53 0.9 6.211 1.3 2.292 0.2
1.561 0.4 3.462 0.3 2.377 0.3 2.243 0.2 0.476 0.1 2.148 0.1 1.741 0.3 0.918 0.2
0.721 0.1 0.971 0.1 0.833 0.2 0.891 0.0 0.164 0.1 0.500 0.1 0.701 0.2 0.356 0.0
1.814 0.2 1.067 0.2 1.773 0.2 2.659 0.1 0.473 0.1 1.205 0.0 1.899 0.3 1.289 0.2

0.334 0.1 0.158 0.0 0.281 0.1 0.422 0.0 0.066 0.0 0.185 0.1 0.291 0.0 0.201 0.0
2.509 0.2 0.789 0.1 1.354 0.3 2.213 0.1 0.225 0.0 0.915 0.2 1.602 0.3 1.075 0.1

0.563 0.0 0.107 0.0 0.242 0.1 0.377 0.0 0.030 0.0 0.152 0.1 0.305 0.1 0.191 0.0
1.384 0.2 0.268 0.1 0.459 0.1 0.799 0.0 0.150 0.0 0.406 0.1 0.673 0.2 0.453 0.1

0.246 0.0 bd bd bd bd bd 0.099 0.0 0.068 0.0
1.555 0.0 bd 0.453 0.2 0.563 0.0 bd bd 0.658 0.1 0.404 0.1

0.194 0.1 bd 0.079 0.0 0.061 0.0 bd 0.068 0.0 0.093 0.0 0.054 0.0
0.756 0.1 bd 0.591 0.1 1.607 0.1 bd 1.980 0.2 0.641 0.3 0.314 0.1
bd 0.239 0.0 bd bd bd 0.137 0.0 bd bd

0.540 0.1 bd bd bd bd bd bd 0.228 0.1
bd 1.503 0.2 0.280 0.0 0.146 0.0 bd 1.867 0.3 bd bd

0.140 0.0 0.321 0.1 bd bd 0.081 0.295 0.0 bd bd
15.69 15.05 15.79 15.44 17.47 16.72 10.59 11.05

0.26 58.47 8.09 2.47 10.00 14.49 1.57 0.55
0.43 2.24 1.05 0.74 1.31 1.34 0.47 0.28

1.09 13.95 5.70 4.33 3.43 5.71 2.87 2.47
0.95 3.21 3.17 3.83 2.55 2.39 2.34 2.59

1.19 1.62
0.08 0.40 2.27 0.32 0.11

0.31 0.04 0.12 0.38 0.11 0.07 0.43 0.70
0.44 0.14 0.29 0.64 0.15 1.28 0.27 0.34

0.63 0.82 0.62 0.97 0.52 0.68
0.56 0.54
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The compositional heterogeneity of the perido-
tites is explained by melt depletion and subsequent
metasomatisms.

Melt depletion

Melt depletion in peridotites is inferred from: (1)
the inverse correlation of all clinopyroxene, ortho-
pyroxene and spinel modes with the olivine mode
(Fig. 2, Table 1); (2) the negative correlation of
basaltic components with Mg-number and the posi-
tive correlation between Cr-number (or cr-number)
and Mg-number (or mg-number) in both whole
rocks and pyroxenes (Figs 4 and 5), whereas
cr-number and mg-number are inversely correlated
in spinel (Fig. 6); (3) increasing Fo% in olivine and
Ni/Co ratio in olivine and pyroxenes from lherzo-
lites to harzburgites, whereas this ratio decreases
in spinel (Figs 7, 9b and 11a); (4) LREE and even
MREE depletion in clinopyroxene of most lherzo-
lites (Fig. 10a); (5), decreasing HREE in cpx from
lherzolites to harzburgites (Fig. 10a and c). Most
co-variation diagrams in this study show no

significant gap between the two types of peridotites.
Therefore, different melting histories for lherzolites
and harzburgites (Bianchini et al. 2007) cannot
be confirmed.

To approach the degree of melting, trace
element concentrations of residual clinopyroxene
have been estimated for both batch and fractional
melting of a PM source (McDonough & Sun
1995), with a clinopyroxene fraction of 0.20, as
given by Norman (1998). Partition coefficients of
REE and Y for the clinopyroxene used in this
approach were also determined after Wood &
Blundy (1997), assuming melting of spinel lherzo-
lites at 1400 8C (Takahashi et al. 1993) and 21.0
kbar, which is the maximum estimated pressure
for these rocks. These DREE, cpx and DY, cpx are
comparable with those determined experimentally
(Hart & Dunn 1993). An ErN v. YN plot (Fig. 14)
has been selected to illustrate the degree of
depletion, as both elements decrease regularly
with Ti (Fig. 9e and f) from lherzolites to harzbur-
gites, except for xenolith BB.02.04, and because
heavier REE than Er are not systematically detected

Table 6. Representative major element analyses and formula units of spinel, and average trace element compositions

Rock type: Granular lhz

Sample: CA.00.83 BB.12.030 BB.64.04 BB.16.04 BB.81.04 SD.98.58

(wt%)
SiO2 0.12 0.00 0.06 0.13 0.06 0.10
TiO2 0.21 0.08 0.15 0.13 0.16 0.18
Al2O3 51.91 53.77 54.56 57.77 57.06 53.66
Cr2O3 13.72 14.21 11.69 9.63 9.10 12.04
Fe2O3 3.77 1.74 3.05 1.89 3.25 3.66
FeO 8.73 9.21 8.83 9.19 8.56 8.93
MnO 0.11 0.10 0.11 0.10 0.10 0.15
MgO 20.52 20.32 20.65 20.96 21.17 20.55

Total 99.08 99.43 99.11 99.80 99.47 98.97
Si 0.025 0.000 0.013 0.027 0.012 0.021
Ti 0.033 0.013 0.024 0.020 0.025 0.028
Al 12.980 13.336 13.504 14.042 13.928 13.317
Cr 2.302 2.364 1.941 1.570 1.490 2.004
Fe3þ 0.601 0.276 0.482 0.294 0.507 0.580
Fe2þ 1.549 1.620 1.551 1.585 1.483 1.572
Mn 0.019 0.018 0.020 0.017 0.018 0.026
Mg 6.490 6.374 6.466 6.445 6.537 6.452
mg-no. 80.7 79.7 80.7 80.3 81.5 80.4
cr-no. 14.5 14.8 12.2 9.9 9.4 12.6

Trace elements (ppm) n ¼ 4 +1s n ¼ 2 +1s n ¼ 4 +1s n ¼ 4 +1s n ¼ 6 +1s n ¼ 3 +1s
Ti 1052 32 490.7 12 826.0 3.8 752.2 20 997.0 16 2086 174
V 440.7 12 330.3 19 419.9 18 418.1 26 360.5 46 1087 25
Mn 848.0 29 715.7 36 844.0 112 847.5 49 758.1 82 na
Co 221.2 10 232.3 9.7 246.2 12 281.1 20 229.1 29 744.8 49
Ni 2862 119 2497 168 3132 155 3670 302 3072 424 9587 654
Ga 85.81 3 68.84 3.0 72.46 4.4 88.5 5.4 76.73 11 275.6 24
Zr 1.314 0.4 1.16 0.3 bd bd bd 0.1 3.281 1.8
Nb 1.164 0.1 1.276 0.1 bd bd bd 0.0 2.711 0.2

pc, porphyroclastic core; pr, porphyroclastic rim; other abbreviations as in Table 3. Fe3þ estimation is by stoichiometry assumingP
cations ¼ 24.
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in the harzburgite clinopyroxene (Table 5). It is
shown that the lherzolite clinopyroxene fits with a
low degree of either batch melting (,10%) or frac-
tional melting (,8%), in the spinel lherzolite field.
However, the slight HREE fractionation of SD.98.2
clinopyroxene (Fig. 10a) indicates that melting
could have started in the garnet lherzolite field.
This is consistent with much higher AlVI/AlIV

ratio in SD.98.2 clinopyroxene (4.352) with
respect to other lherzolite values (1.605–0.961)
and, with the PBK90 estimate (23.1 kbar) for
sample SD.98.2, which is among the highest
pressures for lherzolites. Bianchini et al. (2007)
came to the same conclusion from the Hf isotopic
composition of a clinopyroxene that shows com-
parable REE and multielement patterns to those of
SD.98.2 clinopyroxene. Harzburgite depletion is
explained by a higher degree of fractional melting
(10–30% in Fig. 14b). Again, no significant gap
is observed between the degree of melting in the
two types of peridotites. Increasing ErN by metaso-
matism is unlikely in harzburgite clinopyroxene, as
it displays flat HREE when most HREE are over the
detection limit (Fig. 10c). The only exception is

Granular hz Porphyroclastic hz

SD.98.2 CA.00.83b BB.12.041 BB.02.04 BB18.29 SD.98.15p SD.98.15nc

0.15 0.00 0.00 0.08 0.00 0.08 0.10
0.17 0.14 0.24 1.00 0.09 0.09 0.13
53.59 21.96 26.39 26.55 23.68 56.28 56.09
13.53 45.71 42.31 39.95 45.64 9.68 9.49
2.49 3.61 2.35 3.61 2.24 3.10 3.85
9.32 12.36 12.13 12.23 11.93 9.71 9.19
0.11 0.21 0.17 0.17 0.20 0.06 0.11
20.24 14.79 15.58 16.16 15.31 20.31 20.71
99.03 98.78 99.15 99.75 99.09 99.31 99.67
0.011 0.000 0.000 0.019 0.000 0.017 0.021
0.010 0.025 0.042 0.179 0.016 0.014 0.020
13.310 6.376 7.464 7.444 6.786 13.853 13.754
2.254 8.904 8.028 7.514 8.773 1.598 1.561
0.394 0.670 0.424 0.647 0.410 0.486 0.603
1.642 2.547 2.433 2.432 2.424 1.696 1.598
0.020 0.044 0.035 0.034 0.041 0.011 0.019
6.360 5.434 5.575 5.731 5.550 6.324 6.424
79.5 68.1 69.6 70.2 69.6 78.9 80.1
14.1 55.8 50.4 48.2 54.9 10.0 9.8

n ¼ 4 +1s n ¼ 3 +1s n ¼ 4 +1s n ¼ 4 +1s n ¼ 2 +1s n¼1 (pc) n ¼ 1(pr)
437.9 114 1092 401 1361 23 5849 64 496.8 4.8 2855 3398
770.5 219 1052 425 725.8 10 1587 40 890.4 5.8 2033 2368
1216 272 na 1226 26 1182 30 1104 9.9 4714 5598
427.4 107 376.5 151 257.9 7.5 246.6 4.1 239.6 5.5 1521 1685
3939 910 1663 731 1561 32 1634 30 1326 45 18430 21050
104.2 30 46.86 25 56.57 2.3 65.72 3.1 31.21 1.0 499.4 612.5
2.173 0.8 4.835 4.7 5.179 0.2 0.964 0.2 4.475 0.2 bd 5.869
1.875 0.7 6.127 3.1 5.478 0.1 0.404 0.1 3.996 0.3 5.621 8.072

Fig. 6. The mg-number v. cr-number for spinel. W,
lherzolites; *, harzburgites; w, porphyroclast; q,
neocrystal. This figure illustrates that spinel of the
studied xenoliths follows the trend defined by spinel in
xenoliths from the Massif Central and Languedoc
(France), encircled by a continuous line. These are
characterized by higher mg-number for similar
cr-number with respect to the trend defined by spinel of
the Pyrenean peridotites, encircled by a dashed line
(Fabriès et al. 1987).
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Table 7. Representative major element analyses and formula units of amphibole and
phlogopite, and average trace element compositions

Rock type: Granular lhz and hz Px

Mineral: Am* Phl Phl
Sample: BB.81.04 BB.10.799 BB.83.04

(wt%)
SiO2 42.12 36.79 37.49
TiO2 3.18 1.75 10.12
Al2O3 14.90 17.19 15.01
Cr2O3 0.96 3.93 na
FeOT 4.67 4.68 5.43
MnO 0.09 0.00 0.04
MgO 16.81 19.70 15.79
NiO 0.14 nd nd
CaO 10.10 0.12 0.03
Na2O 4.17 0.04 0.64
K2O 0.19 10.22 8.90

Total 97.30 94.42 94.42

Cations (O ¼ 22)
Si 5.959 5.352 5.456
AlIV 2.041 2.648 2.544
AlVI 0.443 0.300 0.031
Ti 0.338 0.191 1.108
Cr 0.107 0.452
Fe3þ 0.550
Fe2þ 0.003 0.569 0.661
Mn 0.011 0.000 0.005
Mg 3.545 4.271 3.424
Ni 0.015
Ca 1.531 0.019 0.005
Na 1.114 0.011 0.181
K 0.035 1.897 1.652
mg-no. 86.5 88.2 83.8
cr-no. 4.1 13.3

Trace elements (ppm) n ¼ 4 +1s n ¼ 5 +s
Sc 37.74 0.7 12.98 0.8
Ti 18023 144 56724 2891
V 416.2 4.1 601.2 37
Mn 564.1 5.0 235.9 12
Co 49.66 1.1 72.15 1.7
Ni 969.6 9.7 1292 99
Ga 17.12 1.3 21.32 5.3
Rb 6.877 0.3 43.84 8.1
Sr 421.2 6.5 49.52 44
Y 20.43 0.7 0.185 0.1
Zr 30.00 0.4 16.88 1.5
Nb 2.887 0.2 31.66 2.2
Ba 1820 144 1402 262
La 4.764 0.1 0.408 0.3
Ce 6.700 0.2 1.180 1.4
Pr 1.056 0.1 bd
Nd 5.761 0.6 0.437 0.2
Sm 2.187 0.1 bd
Eu 1.068 0.1 bd
Gd 2.966 0.3 bd
Tb 0.564 0.0 bd
Dy 3.675 0.2 bd
Ho 0.769 0.0 bd

(Continued)

G. GALÁN ET AL.140



sample BB.02.04, which differs in showing a clino-
pyroxene convex-upward REE pattern. It should be
noted that these estimates for harzburgites are not as
high as those considered by Bianchini et al. (2007)
(.40%). Therefore, neocrystallization of clinopyr-
oxene in harzburgites by later metasomatism (Bian-
chini et al. 2007) would not be necessary to account
for its presence in these refractory rocks.

Melting could occur by mantle decompression,

as the AlVI/AlIV ratio in clinopyroxene decreases
from lherzolites towards harzburgites (Fig. 5e and f)
(Seyler & Bonatti 1994). Unfortunately, the high
uncertainty linked to PKB90 results means that
we cannot confirm this hypothesis. Moreover, as
both AlVI/AlIV ratio and Na also decrease in the
refractory compositions of spongy rims, with
respect to unaffected zones of clinopyroxene
crystals (Figs 3d and 5e, f), decompression, along
with probable migration of a low-density fluid
during later metasomatism (Carpenter et al. 2004),
could have triggered local partial melting, at subso-
lidus temperatures. Thus, LREE and other incompa-
tible trace elements slightly enriched in the spongy
rim of sample CA.00.83 (Figs 9 and 10a, b) would
be explained by the injection of this later
volatile-rich fluid. Any relationship between the
development of the clinopyroxene spongy rims
and heating by the host lava is discarded, because
this texture is not observed at the xenolith borders
(Carpenter et al. 2004), and because lower

orthopyroxene–clinopyroxene temperature was
estimated for spongy rims than for clinopyroxene
cores (Llovet & Galán 2003). Subsolidus decom-
pression is also supported by the onset of plagio-
clase in rare corona textures around both spinel
and amphibole (Fig. 3f and g).

Types of metasomatism

Evidence of metasomatism exists in both lherzolites
and harzburgites, but in the latter it is more signifi-
cant and widespread. Metasomatism in harzburgites
is inferred from: (1) sporadic presence of accessory
phlogopite (e.g. BB.17.799, Table 7); (2) slightly
higher CaO/Al2O3 ratio in two bulk-rock compo-
sitions (CA.00.83b and BB.96.04) with respect to
the PM (Fig. 4f ); (3) Ti increase in orthopyroxene
and spinel of two harzburgites (BB.02.04 and
SD.98.15) and in the clinopyroxene of one of
them (BB.02.04); (4) LREE and other incompatible
trace element enrichment (Th, U, Nb, Ta, Sr, Zr,
Hf), without increase in Ti (Figs 9 and 10c, d). In
lherzolites, metasomatism is reflected by: (1)
slight LREE enrichment (BB.81.04 and SD.98.58)
and the sporadic presence of accessory amphibole
(e.g. in BB.81.04); (2) moderate enrichment and
high fractionation of LREE coupled to positive
anomaly at Sr in two samples (BB.64.04 and
SD.98.2); and (3) development of sporadic spongy
rims in clinopyroxene crystals showing refractory

Table 7. Continued

Rock type: Granular lhz and hz Px

Mineral: Am* Phl Phl
Sample: BB.81.04 BB.10.799 BB.83.04

Er 2.158 0.1 bd
Tm 0.304 0.0 bd
Yb 2.001 0.2 bd
Lu 0.280 0.0 bd
Hf 0.876 0.0 0.415 0.0
Ta bd 1.244 0.1
Pb 2.325 0.8 1.626 0.8
Th 0.374 0.0 bd
U 0.244 0.1 bd
Ni/Co 19.52
(La/Yb)N 2 (La/Er)N 1.62
(La/Nd)N 1.60
(Sm/Yb)N 2 (Sm/Er)N 1.19
(Gd/Yb)N 1.20
Rb/Sr 0.02 0.89
Ba/Sr 4.32 28.31
Zr/Nb 10.4 0.53
Ti/Zr 601 3361
Rb/Ba 0.00 0.03

*Fe3þ after Robinson et al. (1982).
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Table 8. Averages for glass compositions in veins of different granular harzburgite xenoliths

Sample: CA.00.83b BB.10.799 BB.12.48

(wt%) n ¼ 10 + 1s n ¼ 4 +1s n ¼ 7 +1s
SiO2 59.70 1.2 56.40 1.8 51.25 0.7
TiO2 2.69 0.1 2.56 0.2 2.45 0.3
Al2O3 15.18 0.2 18.51 0.7 18.37 1.4
FeOT 2.64 0.2 3.16 0.7 7.19 0.7
MnO 0.05 0.0 0.06 0.0 0.16 0.0
MgO 3.29 0.2 2.20 0.0 2.28 0.3
CaO 4.64 1.3 4.95 0.1 6.19 0.8
Na2O 3.52 0.3 3.18 1.2 5.43 0.4
K2O 4.58 0.5 3.44 0.6 3.85 0.9

Total 96.28 94.45 97.17

CIPW norm (wt%)
Qtz 9.29 10.57 0.00
Pl 43.48 54.51 38.77
Or 28.13 21.51 23.40
Ne 0.00 0.00 12.62
Di 8.93 0.00 14.10
Hy 4.87 0.00 0.00
Ol 0.00 7.57 6.31
Ilm 5.30 5.15 4.79
QtzþOpx 14.16 10.57 0.00
Neþ Lc 0.00 0.00 12.62
Mg-no. 68.96 55.40 36.10
K-no. 46.12 41.58 31.84
Na2O/K2O 0.77 0.92 1.41
TAS 8.10 6.63 9.28
TiO2þK2O 7.27 6.00 6.30
CaOþNa2O 8.16 8.13 11.62

Trace elements (ppm) n ¼ 3 +1s
Sc 19.24 1.5
Ti 18083 1427
V 167.3 61
Co 40.04 13
Ni 379.9 131
Ga 88.56 21
Rb 85.47 23
Sr 1737 358
Y 39.06 0.2
Zr 456.0 105
Nb 344.2 138
Ba 707.9 16
La 138.0 1.4
Ce 323.3 73
Pr 26.36 0.8
Nd 99.55 4.6
Sm 14.25 1.2
Eu 4.792 1.0
Gd 11.84 0.7
Tb 1.755 0.1
Dy 8.080 0.9
Ho 1.532 0.1
Er 3.955 0.1
Tm 0.736 0.2
Yb 3.565 0.3
Lu 0.491 0.1
Hf 8.311 1.0
Ta 8.554 2.6

(Continued)
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and LREE-enriched composition (e.g. in CA.00.83)
(Fig. 10a and b). Finally, glass filling occasional
cross-cutting veins (Fig. 3h) can be found in both
lherzolites and harzburgites.

Metasomatism in harzburgites. Two metasomatic
styles, mainly cryptic, can be distinguished.

(1) One type is characterized by Ti, Fe, Al, V,
Co and Zr enrichment in orthopyroxene, clinopyr-
oxene and spinel (e.g. BB.02.04 and SD.98.15;
Figs 8, 9 and 11), along with a convex-upward
REE pattern, low (La/Yb)N and high Ti/Eu ratios
in BB.02.04 clinopyroxene (Figs 10c, d and 15).
This type of pattern parallels those of pyroxenite
xenoliths and dykes (Fig. 10c and e) and could be
explained by interaction and diffusional
re-equilibration (Bodinier et al. 1990) of the

harzburgite with an infiltrating alkaline silicate
melt, similar to those in equilibrium with the pyrox-
enites. This metasomatism can be compared with
the Fe–Ti metasomatism in wall-rock peridotites,
adjacent to Cretaceous amphibole–garnet pyro-
xenite and hornblendite dykes and veins in the
Lherz massif (Bodinier et al. 1988, 1990, 2004;
McPherson et al. 1996; Woodland et al. 1996;
Zanetti et al. 1996). However, the porphyroclastic
harzburgite SD.98.15 is a rare xenolith that shows
no clinopyroxene and it is also noteworthy for its
less refractory compositions and zoning of minerals
(Figs 6, 7, 8 and 11). This absence of chemical
equilibrium in a small xenolith, together with the
existence of melt in its fluidal matrix and the
higher temperature provided by the neocrystals,
suggests a brief silicate melt metasomatism that

Table 8. Continued

Sample: CA.00.83b BB.10.799 BB.12.48

Pb 31.98 4.5
Th 13.97 1.2
U 4.410 0.6
Ni/Co 9.49
Rb/Ba 0.12
(Th/U)N 0.81
(Nb/Ta)N 2.26
(La/Yb)N 26.3
(Gd/Yb)N 2.7
(Zr/Hf)N 1.48
(Ti/Nb)N 0.03
(Ti/Eu)N 0.48
(Zr/Sm)N 1.24
Ce/Pb 10.1
Ba/Th 50.7
Ti/Eu 4100
U/Nb 0.01

Fig. 7. (a) Olivine Ni/Co v. Fo%, both increasing regularly from lherzolites towards harzburgites;
(b) orthopyroxene Ni/Co v. mg-number, showing similar trend. The Ni/Co value for the Primitive Mantle
(McDonough & Sun 1995) is represented in (a). Symbols as in Figs 5 and 6.
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could be due to heating by the host lava and there-
fore will not be considered in the following discus-
sion. Highly alkaline melts were also considered by
Bianchini et al. (2007) as the metasomatizing agent
for the granular harzburgites, but of Permo-
Triassic age.

(2) The other metasomatic style in harzburgites
(BB.18.29, BB.12.04, BB.74.04 and CA.00.83b) is
mainly defined by (a) trace element enrichment,
except for Ti, in clinopyroxene; (b) higher LREE/
HREE ((La/Yb)N or (La/Er)N ¼ 2.47–58.47) and
lower Ti/Eu ratios (Fig. 15); (c) increased Th, U
and Nb, but with moderate negative anomalies for
Nb and other HFSE (Fig. 10d). These multielement
patterns compare better with those of clinopyroxene
in xenoliths from the southern domain of the Massif
Central, France, than with those with more extreme
HFSE negative anomalies in more refractory xeno-
liths from the northern domain (Downes et al.
2003). In addition, they are also comparable with
those in distant wall-rock anhydrous harzburgites,
injected by a Cretaceous amphibole–garnet pyrox-
enite dyke and hornblendite veins in the Lherz
massif (Pyrenees) (Fig. 10c and d), although the
xenolith clinopyroxene is more refractory. This
metasomatic style shows characteristics typical of
carbonatite metasomatism; also typical are the
high (Zr/Hf)N ratio (4.8) of the clinopyroxene in

the most metasomatized harzburgite (CA.00.83b)
and the CaO/Al2O3 ratio exceeding PM of two
harzburgite bulk-rock compositions (Fig. 4f)
(Dupuy et al. 1992; Ionov et al. 1993; Norman
1998; Yaxley et al. 1998; Coltorti et al. 1999;
Blundy & Dalton 2000). However, a similar carbo-
natite signature has been questioned by other
workers (Grégoire et al. 2000; Zhang et al. 2000;
Laurora et al. 2001), because it can be also gener-
ated by hydrous silicate-melt metasomatism. Fur-
thermore, in the Lherz massif it has been linked to
the injection of the alkaline melts in dykes,
through melt infiltration in the wall-rock and chro-
matographic fractionation–reaction at decreasing
melt mass, leading to the melt evolution and the for-
mation of carbonate-rich derivatives away from the
dyke (Bodinier et al. 2004). This model has been
also considered for explaining metasomatism in
xenoliths (Bedini et al. 1997), but in this case it is
more difficult to constrain the spatial relationships
between the alkaline silicate-melt component and
the carbonatite derivatives. For instance, this study
cannot provide significant evidence of modal meta-
somatism causing precipitation of amphibole (+
clinopyroxene) as a result of percolation–reaction:
hydrous minerals are only accessory, and slightly
higher CaO/Al2O3 ratio than that of PM in some
whole rocks could be also due to diffusional

Fig. 8. The mg-number in orthopyroxene v. (a) Ti, (b) Ca, (c) Y and (d) Zr. Arrows indicate melt depletion
within coarse granular peridotites. Symbols as in Figures 5 and 6.
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re-equilibration with the infiltrated melt. In
addition, the percolation–reaction model in the
Lherz massif can account for the LREE enrichment
in distal anhydrous wall-rock harzburgites, but not
for their low 143Nd/144Nd ratios. According to
Bodinier et al. (2004), the earlier isotopic

compositions would remain unaffected, because of
the insufficient time elapsed since the dyke injec-
tions. 143Nd/144Nd and 87Sr/86Sr results on harz-

burgite xenoliths from Catalunya (Bianchini et al.
2007) are comparable with those for anhydrous
wall-rock harzburgites from Lherz (Bodinier et al.

Fig. 9. Variation diagrams for clinopyroxene; (a) Ti v. mg-number; (b– l) Ni/Co ratio and trace elements v.
Ti. Symbols as in previous figures. c and sr, core and spongy rim compositions, respectively.
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Fig. 9. (Continued).

Fig. 10. (a– f) Clinopyroxene REE and multielement patterns. Clinopyroxene patterns of eastern Pyrenean
ultramafic massifs are shown as reference (Bodinier et al. 1987a, b, 2004).
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2004), but interpretations are controversial. Bian-
chini et al. (2007) considered the isotopic compo-
sitions to be related to Permo-Triassic
metasomatism, whereas Bodinier et al. (2004)
favoured their linkage to the much older harzburgite
petrogenesis. Finally, McPherson et al. (1996) and
Woodland et al. (1996) suggested an earlier carbo-
natite metasomatism overprinted by the Cretaceous
alkaline–silicate metasomatim in the Lherz massif.
Woodland et al. also found increasing f O2 related to
the carbonatite metasomatism. However, the results
of this study do not provide evidence of f O2

increase in the carbonatite metasomatized xeno-
liths, with respect to the Fe–Ti metasomatized
sample BB.02.04. Therefore, although multistage
metasomatism in harzburgites cannot be completely
discarded, the single-stage percolation–reaction
model should be favoured for its simplicity.

Metasomatism in lherzolites. The slight evidence
of metasomatism in some lherzolites has been
related by Bianchini et al. (2007) to a subalkaline
basic metasomatizing agent, comparable with the
Triassic dolerites in the Pyrenees. This would
explain the slight LREE enrichment and depleted
isotopic compositions of lherzolites. However,
those workers did not discard the influence of
other alkaline metasomatizing agents, to explain
the high LREE fractionation of some clinopyroxene

and coexisting amphibole (Bianchini et al. 2007,
sample Olt8, figs 5 and 6; and our samples
BB.64.04 and SD.98.2 in Fig. 10a). Here it is
suggested that the Cretaceous alkaline silicate-melt
metasomatism could account for all these character-
istics, if chromatographic fractionation or reaction
took place. In such a case, the lherzolites would
be less affected, because they were at greater dis-
tance from the dykes. Thus, the amphibole of
sample BB.81.04, at equilibrium with coexisting
clinopyroxene (Fig. 12a) and depleted of LREE,
except for La, would be formed by reaction
between a distal lherzolite and a ‘residual’ late-
stage percolating hydrous fluid, depleted of Rb,
Th, U, LREE and Zr, because of earlier crystalliza-
tion of amphibole + phlogopite (Vannucci et al.
1995; Zanetti et al. 1996; Ionov et al. 1997;
Pearson et al. 2003; Bodinier et al. 2004). This,
together with a probably high rock/melt ratio and
short time elapsed since the metasomatism, would
not affect the primary depleted isotopic compo-
sition of lherzolites.

Glass in veins. Glass filling veins has been related
to mantle metasomatism as (1) the witness of the
infiltrating melt (Edgar et al. 1989; Zinngrebe &
Foley 1995; Draper & Green 1997); (2) an
in situ breakdown product of previous metaso-
matic phases (e.g. amphibole, phlogopite +

Fig. 11. The cr-number for spinel v. (a) Ni/Co ratio, (b) Ti, (c) V and (d) Ga c and r, core and rim
compositions, respectively.
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Fig. 12. (a) Multielement patterns for coexisting clinopyroxene and amphibole of a coarse granular lherzolite;
(b) multielement patterns for coexisting clinopyroxene and phlogopite of a pyroxenite; (c) multielement patterns
for vein glass and clinopyroxene of a coarse granular harzburgite, and for the host lavas (Cebriá et al. 2000).
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clinopyroxene) (Chazot et al. 1996; Yaxley et al.
1997); or (3) the product reaction of between pris-
tine mantle assemblages and infiltrating metaso-
matic components (Neumann & Wulff-Pedersen
1997; Coltorti et al. 2000). Regarding the shortage
of data in this study, the first hypothesis could be
excluded, as the glass in harzburgite CA.00.83b,
with clinopyroxene showing a carbonatite metaso-
matic signature, has high enough REE contents to
explain the extreme LREE enrichment of the
clinopyroxene, but it is very enriched in HFSE to
account for the clinopyroxene negative anomalies
for these elements (Fig. 12c). On the other hand,
an origin as in situ breakdown product of earlier
amphibole and clinopyroxene could be plausible:
its Ce/Pb, Ba/Th, Ti/Eu and U/Nb ratios
(Table 8) are intermediate between those of the
metasomatized clinopyroxene and amphibole in
xenolith BB.81.04 (Yaxley & Kamenetsky 1999).
However, this implies that glass post-dates the
main metasomatism, although it should be borne
in mind that glass does not appear as a breakdown
product in amphibole coronae of sample
BB.81.04, but plagioclase (Fig. 3g). Finally, regard-
ing the third hypothesis, all Na2O/K2O ratio
v. normative quartzþ orthopyroxene or nepheline þ
leucite composition, and TiO2þK2O v. CaOþ
Na2O composition multielement patterns (Fig. 12c),
together with the Rb/Ba (0.12), (Zr/Sm)N

(1.24) and (Ti/Eu)N (0.48) ratios of glass (Table 8),
fit with a reactive Na-alkali silicate melt (Coltorti
et al. 2000), close to the limit with a carbonatite
melt. Therefore, the third hypothesis could also
be likely, but the reactive metasomatic melt could
be also linked to the host alkaline lava, which
would explain the glass preservation (Shaw &
Klügel 2002).

Fig. 13. REE patterns of melts in equilibrium with the
pyroxenites, compared with the REE pattern range
between the Cretaceous picrite HAB-69 and teschenite
BLU-A of Rossy et al. (1992) from the Pyrenees. REE
partition coefficients for clinopyroxene used in the
estimations are La 0.062–0.096, Ce 0.097–0.139, Pr
0.142–0.191, Nd 0.196–0.248, Sm 0.305–0.346, Eu
0.351–0.380, Gd 0.392–0.406, Tb 0.425–0.421, Dy
0.449–0.425, Ho 0.461–0.418, Er 0.462–0.404, Tm
0.456–0.386, Yb 0.445–0.365, Lu 0.431–0.344, for
samples SD.98.1 and BB.83.04, respectively.

Fig. 14. ErN v. YN of relict clinopyroxene for batch
melting (a) and fractional melting (b). Numbers indicate
degree of melting. Other symbols as in Figure 4. DEr,
cpx and DY, cpx used in the modelling were 0.485 and
0.495, respectively.

Fig. 15. (La/Yb)N or (La/Er)N v. Ti/Eu, with the fields
of the carbonatite and silicate metasomatism (Coltorti
et al. 1999).
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Conclusions

The results of this study lead to the following con-
clusions on the SCLM of NE Spain.

(1) It is mainly formed of anhydrous spinel lher-
zolites and harzburgites, without any significant gap
between them. Minor pyroxenites are also found.

(2) Melt depletion, probably linked to mantle
decompression and starting within the garnet lher-
zolite field, affected the peridotites. Either low
degree of batch melting or fractional melting
(,10%) could explain the fertility decreases of
lherzolites, and up to 30% of fractional melting
could account for the most refractory harzburgites.

(3) Subsequent metasomatism affected especially
the harzburgites, but also some lherzolites. Only the
sporadic presence of amphibole or phlogopite
reflects modal metasomatism, whereas the other
chemical changes could be related to cryptic
metasomatism.

(4) Two main styles of metasomatism can be
identified in the harzburgites, one generated by
interaction with an alkaline silicate melt and the
other by percolation and chromatographic fraction-
ation of a carbonatite melt. However, both metaso-
matizing agents could be linked, in space and time,
by a chromatographic fractionation and reaction
process at deacreasing melt mass, leading to the
evolution of the initial alkaline melt and to the for-
mation of the carbonate-rich derivatives. Upper
Cretaceous alkaline magmas cropping out in the
area as lamprophyres are the most likely metasoma-
tizing components.

(5) The slighter evidence of metasomatism
observed in lherzolites could be also due to the
same metasomatic event, if a chromatographic frac-
tionation or reaction process is assumed.

(6) Only occasional xenoliths showing hetero-
geneous mineral compositions along with intersti-
tial glass, and the presence of sporadic veins filled
with glass could be linked to metasomatism
caused by reaction with the host lava.
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Abstract: Chemical and isotopic compositions of amphiboles, biotites, pyroxenes and feldspars
from gabbros and basalts of La Palma, Canary Islands, were studied to determine primary, plume-
related compositions and effects of late-stage water–rock interactions. All the studied amphiboles
have Sr isotope ratios close to those typical for the mantle, excluding the possibility of significant
seawater influence. The pyroxenes and amphiboles also have stable isotope compositions that are
typical for mantle-derived phases, whereas biotites and feldspars show signs of interaction with
meteoric water. On the basis of the oxygen isotopic compositions, the infiltrating meteoric
water derived from precipitation at an approximate elevation of 3500 m above sea level, indicating
that La Palma reached this height when the gabbro complexes were formed. The unaltered hydro-
gen and oxygen isotope compositions of amphiboles show a trend from normal mantle ranges to
290‰ and 5.1‰, respectively; these values are very close to compositions found in other Canary
Island complexes by earlier studies, and support the theory that these compositions reflect a plume
component originating from depth, rather than local phenomena.

The geochemical characteristics of volcanic rocks
from ocean islands are particularly interesting for
research on the Earth’s mantle as these rocks orig-
inate from the deep mantle and hence may
provide a unique insight into the evolution of this
region. Early studies on ocean island basalts
(OIB) observed a slight 18O depletion (Garcia
et al. 1989; Harmon & Hoefs, 1995) compared
with normal upper mantle compositions largely
defined by mid-oceanic ridge basalts (MORB)
(e.g. Kyser 1986; Mattey et al. 1994), although
other researchers have argued against any signifi-
cant primary difference and attributed the decreased
18O content to assimilation of ocean crust that had
experienced high-temperature interaction with
seawater (Eiler et al. 1997; Garcia et al. 1998).
However, a number of recent studies have sup-
ported a primary nature of low 18O content in
ocean island (Wiechert et al. 1997; Widom &

Farquhar 2003; Thirlwall et al. 2006) and
back-arc complexes (Macpherson et al. 2000)
and mainly related this feature to recycling of
oceanic crust through deep subduction and plume
formation. Macpherson et al. (2000) suggested an
alternative model with low d18O values originating
from core–mantle interactions. This was later dis-
cussed by Thirlwall et al. (2006), and they
negated ocean crust recycling as an explanation
for primary, low d18O values in Icelandic rocks.
Similar conclusions were supported by radiogenic
isotope and trace element data for plume-related
magmas indicating a possible component of sub-
ducted oceanic crust (e.g. Marcantonio et al.
1995; Roy-Barman & Allègre 1995; Widom et al.
1999; Sobolev et al. 2000).

The basaltic rocks of the submarine series and
the first subaerial rocks of Fuerteventura, Canary
Islands, contain amphiboles and phlogopites with
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stable and radiogenic isotope compositions that are
interpreted to reflect recycled ocean crust (Demény
et al. 2004). Shallow-level crustal assimilation as
the cause of low d18O values can be ruled out as
H isotope analyses showed no evidence of a sea-
water influence (see Demény et al. 2004). Instead,
the H isotope values are around 295‰, similar to
values for other plume-related rocks of the region
(Demény et al. 2004), and depleted in D relative
to typical upper mantle with 270 + 10‰ (e.g.
Boettcher & O’Neil 1980; Kyser & O’Neil 1984;
Kyser 1986; Agrinier et al. 1993). Demény et al.
(2004) have raised the possibility that the observed
D depletion is characteristic for plume material and
may have originated from the deep mantle.
H isotope compositions of ocean island basalts are
far less frequently studied than O isotope compo-
sitions; in view of the sensitivity of the H isotope
system to fluid–rock interactions this aspect cer-
tainly warrants further research. To examine
whether the Fuerteventura volcanic rocks are
typical of pristine plume material or simply reflect
local alteration, additional plume-related rocks
were collected from La Palma, and analysed.

Rocks of the Basal Complex of La Palma were
chosen for study, as these rocks represent the initial
stage of plume-related magmatic activity, similar to
those studied in Fuerteventura. Gabbros of the
Basal Complex representing different magmatic
stages, as well as basalt-hosted xenoliths and mega-
crysts, were investigated for their H–O–Sr isotope
and trace element compositions.

Geological background

La Palma (Fig. 1) is one of the westernmost and
youngest islands of the Canarian Archipelago and
it is still in the juvenile stage of development
(Carracedo et al. 2001). Its geological history
started in the Pliocene, when a submarine volcanic
edifice was formed. This edifice is composed of
pillow lavas, pillow breccias and hyaloclastites,
intruded by plugs of gabbros and a dense dyke
swarm (Hernández-Pacheco 1971; Hernández-
Pacheco & Fernández-Santı́n 1974; Staudigel
1981; De la Nuez 1984; Staudigel & Schmincke
1984; Staudigel et al. 1986; Carracedo et al.
2001). The submarine volcanic edifice together
with gabbro and dyke intrusions forms the so-called
Basal Complex. After a period of uplift, tilting and
erosion of the seamount, the subaerial volcanic
activity started (Ancochea et al. 1994; Guillou
et al. 1998, 2001; Carracedo et al. 1999a,b, 2001;
Singer et al. 2002; Hildenbrand et al. 2003). This
activity produced the Garafı́a shield volcano
between 1.77 and 1.20 Ma (Ancochea et al. 1994;
Carracedo et al. 2001). The rapid growth and

progressive instability of this shield volcano
culminated about 1.20 Ma ago in a gravitational
landslide of the southern flank of the volcanic
edifice, after which a new shield volcano (called
Taburiente Volcano) was formed. This younger
edifice again was partially destroyed by a new grav-
itational landslide 560 ka ago. In the interior of the
new collapse basin, the Bejenado stratovolcano
was formed, and was active until around 400 ka
ago (Carracedo et al. 2001). During the last stage
of volcanism on La Palma a north–south-trending
rift was formed (Cumbre Vieja Volcano).

The submarine volcanic edifice of the Basal
Complex of La Palma consists of trachytic breccias,
overlain by a thick sequence of basaltic pillow
lavas, pillow breccias and hyaloclastites. This
sequence seems to be NW–SE oriented and dips
508 SW. The age of this unit, determined through
the study of Foraminifera found in some hyaloclas-
tites, is Pliocene (3–4 Ma). All these rocks are
intruded by various NW–SE-trending gabbros,
olivine gabbros, amphibole gabbros and alkali
gabbros probably related to the subaerial edifices.
The submarine volcanic rocks and gabbros are
intruded by a network of basaltic dykes that rep-
resents up to 75% of the outcrops. The Basal
Complex rocks have also been affected by an
intense greenschist-facies hydrothermal meta-
morphism (Hernández-Pacheco & Fernández-
Santı́n 1974; Staudigel 1981; Staudigel &
Schmincke 1984; Schiffman & Staudigel 1994,
1995).

Samples and petrography

The studied samples were collected from several
series and rock types. The localities are shown in
Figure 1.

(1) Olivine-bearing gabbros (samples LP-02/9,
LP-02/18, LP-02/19, LP-04/2, LP-04/4, LP-04/
6, LP-04/7, LP-04/9, LP-04/11, LP-04/13 and
LP-04/14). The gabbro is composed of idio-
morphic, small olivine crystals, interstitial plagio-
clase, subidiomorphic pink and colourless
clinopyroxene, interstitial oxides, kaersutite and
biotite as overgrowths on pyroxene (Fig. 2a), and
apatite included in kaersutite (Fig. 2b). Meta-
morphic minerals (related to the hydrothermal
greenschist facies) include chlorite, epidote,
calcite, albite, actinolite, serpentine and oxides.
Sample LP-04/2 contains metamorphic actinolite
crystals, which were separated and analysed for H
and O isotope compositions. Sample LP-04/6
contains a vein of amphibole-bearing leucogabbro
that contains idiomorphic kaersutite, biotite and
plagioclase.
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(2) Amphibole-bearing alkaline leucogabbros
(samples LP-8359, LP-02/8, LP-02/12, LP-02/
17, LP-04/1, LP-04/5, LP-04/10 and LP-04/12).
The gabbro is composed of interstitial
plagioclase, idiomorphic and prismatic pink clino-
pyroxene, interstitial oxides, idiomorphic kaersutite

(Fig. 2c), idiomorphic biotite (Fig. 2d) and sphene,
oxides and apatite as inclusions in kaersutite. Meta-
morphic minerals (related to the hydrothermal
greenschist facies) include chlorite, epidote,
calcite, albite, actinolite, serpentine and
oxides. Sample LP-04/10 contains a vein of

Fig. 1. Geological map of La Palma with sample localities (modified after Carracedo et al. 2001).
The eastern–western division line in the Basal Complex is artificial and for presentation.
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amphibole-bearing leucogabbro that contains
idiomorphic kaersutite and biotite, and plagioclase.

(3) Amphibole-rich clinopyroxenite (amphibo-
lolite; ‘a general term, for use in the field, to desig-
nate any coarse-grained, holocrystalline igneous
rock almost entirely composed of amphibole
minerals’, Glossary of Geology, Bates & Jackson
1983, 1987) (samples LP-02/4, LP-02/7, LP-02/
7822 and LP-02/7823) and wehrlite–clinopyroxe-
nite (sample LP-02/6) xenoliths collected from
the basaltic rocks of the Cumbre Vieja Ridge and
historical eruptions. They contain pink and green
clinopyroxene, large kaersutite as overgrowths on
pyroxene, and idiomorphic apatite included in pyr-
oxene and oxides. Biotite sometimes occurs as
overgrowths on kaersutite. Idiomorphic sphene
occurs sporadically.

(4) Amphiboles in basaltic rocks within the
Basal Complex and megacrysts in the old submar-
ine pillow-lava basalt in the Basal Complex
(sample LP-02/7845). The rock is strongly altered
with kaersutite as megacrysts with rounded rims.
Minerals related to hydrothermal greenschist-facies

metamorphism also occur: calcite, chlorite, epidote,
prehnite, pumpellyite and albite.

(5) Xenoliths and xenocrysts in basaltic dykes
in the Basal Complex (samples LP-02/16,
LP-02/25 and LP-02/28). The xenoliths contain
clinopyroxene, kaersutite and oxides (amphibole-
bearing clinopyroxenite). The xenocrysts are
kaersutites that originated from the disaggregated
xenoliths.

Analytical methods

Bulk-rock major element compositions were deter-
mined using conventional wet chemistry and gravi-
metric (SiO2, loss on ignition (LOI)), atomic
absorption spectrometry (AAS; Perkin Elmer
AAnalyst/300) and UV-VIS spectrophotometric
(UNICAM SP1800-s) analyses. The precision of
the analyses is 0.3–1% depending on the element.
Bulk-rock trace elements were analysed by X-ray
fluorescence (XRF) spectrometry using a Philips
1410 system at the Institute for Geochemical

Fig. 2. Optical microscope images of thin sections. Crossed nicols. (a). Kaersutite rim around clinopyroxene
in olivine-bearing gabbro. Sample LP-04/13. (b) Apatite inclusions in kaersutite in olivine-bearing gabbro.
Sample LP-02/18. (c) Idiomorphic kaersutite crystals in pegmatitic leucogabbro. Sample LP-04/1. (d) Biotite
in amphibole-bearing leucogabbro. Sample LP-04/10.
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Research, Hungarian Academy of Sciences.
Samples for analysis were milled in an agate
mortar to a fine powder (,50 mm). Sample
powders of 1.6 g were pressed into pastilles with
an additional 0.4 g of boric acid as binder.

The chemical compositions of micas, amphiboles,
pyroxenes and olivines were determined with a JEOL
JCX-A 733 electron microprobe at the Institute for
Geochemical Research, Budapest, using mineral
and artificial glass standards. Matrix effects were
corrected by the conventional ZAF method.

The H and O isotope compositions were deter-
mined at the University of Lausanne, Switzerland.
The results are expressed in the d-notation
(d ¼ (R1/R2 2 1) � 1000, where R1 and R2 are
the D/H or 18O/16O ratios in the sample and the
standard, respectively) in permil (‰) relative to
V-SMOW. O isotope compositions of silicate min-
erals were measured using a laser-based method
(Rumble & Hoering 1994; Kasemann et al. 2001)
at the University of Lausanne. The following d18O
values were obtained for international standards in
the course of the study: NBS-28 quartz
9.66 + 0.05‰ (n ¼ 10; theoretical value 9.64‰),
NBS-30 biotite 5.12 + 0.08‰ (n ¼ 4; theoretical
value 5.1‰), UWG-2 garnet 5.88 + 0.13‰
(n ¼ 20; theoretical value 5.8‰, Valley et al.
1995). Based on these data and the reproducibilities
of duplicate data, the d18O values of samples are
exact to within 0.15‰. Water contents and H
isotope compositions were determined by TC/EA
(high-temperature conversion/elemental analyzer),
using a method similar to that described by Sharp
et al. (2001). The raw data were normalized using
NBS-30 biotite and two laboratory standards
(Kaol#17 kaolinite and G1 biotite). The H isotope
compositions of the laboratory standards obtained
in this study reproduced to within +2‰. The
precision of H2O content measurements performed
in parallel is better then 0.1 wt%, on the basis
of repeated measurements of NBS-30 and
in-house standards.

The Sr isotopic analyses were carried out at the
Universität München, Germany. The amphibole
separates were cleaned in acetone and ultrapure
water using an ultrasonic bath before leaching in
2.5N HCl. Amphibole dissolution and chromato-
graphic procedures followed the methods outlined
by Hegner et al. (1995). The 87Sr/86Sr ratios were
measured in a dynamic mass collection mode
using a double Faraday cup and are normalized to
86Sr/88Sr ¼ 0.1194. The NIST 987 Sr-reference
material measured during the course of the study
yielded 87Sr/86Sr ¼ 0.710220 + 10 (2s external
precision, n ¼ 22). The 87Sr/86Sr isotopic ratio of
the samples of this study are corrected for
machine bias and are reported relative to 0.71024
in NIST 987.

Trace element compositions were analysed by
laser-ablation (LA)-ICP-MS using a Perkin–
Elmer ELAN 6100 DRC type mass spectrometer
equipped with a 193 nm excimer laser at the Uni-
versity of Lausanne (for samples from La Palma)
and a VG Elemental PQ2þ ICP-MS coupled to a
4D Engineering (Hannover, Germany) excimer
laser system at the Southampton Oceanography
Centre (for samples from Fuerteventura). The
analytical protocol followed the blank–standard–
sample–standard pattern. For the purpose of cali-
bration and monitoring instrument performance
during the analysis session, polished pieces of the
NBS-612 (at the University of Lausanne) and the
NIST 610 (at the Southampton Oceanography
Centre) standards containing the trace elements of
interest were used. After collection, the trace
element data were corrected for any instrumental
drift, the gas blank was subtracted, and the data
were then calibrated against the standards. Ca
content determined by electron microprobe analysis
was used as internal standards.

Results

Major element compositions of the studied gabbros
(Table 1) show a complete transition between
plume-related compositions and MORB-related
ones (Neumann et al. 2000; Fig 3a). Chemical com-
positions determined by electron microprobe analy-
sis (EMPA) and LA-ICP-MS are listed in Tables 2
and 3, respectively. All the studied amphiboles
(except LP-02/19 and LP-04/2) have similar
major element compositions (with TiO2 contents
between 5.5 and 7.2 wt%) and plot in the kaersu-
tite–Mg-hastingsite field of the classification
diagram of Leake et al. (1997), independent of
their various host rocks (gabbro, xenocrysts and
amphibololite xenoliths in basalts). Samples
LP-02/19 and LP-04/2 contain metamorphic acti-
nolite and tremolite, respectively. The Fe3þ con-
tents were calculated according to Schumacher
(1997; see also Demény et al. 2005), the
Mg-numbers were calculated for lower and upper

Fe3þ limits. The Mg-number varies inversely with
the TiO2 and Na2OþK2O content. On the basis
of AlIV and Ti cation numbers, the amphiboles are
similar to the ‘primary magmatic amphiboles’ crys-
tallized from plume-related magma in the Canary
Islands (Fig. 3b). The Al2O3 contents of the amphi-
boles indicate about 0.4–0.7 GPa crystallization
pressure (Ernst & Liu 1998), in agreement with
the pressures obtained for magma storage within
the volcanic edifice of La Palma (Klügel et al.
2005; Galipp et al. 2006). Trace element compo-
sitions show similar spidergram patterns for the
studied amphiboles, although some of the elements
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indicate variations (e.g. U, Th, Nb, Ta, Pb, Sr, Zr,
Hf, etc.; see Fig. 4). Most of the pyroxene is diop-
side. However, samples LP-04/6 and LP-04/10
contain augites. The olivines have forsterite con-
tents from 74 to 81%.

Stable H and O isotope compositions and H2O
contents are listed in Table 4 and shown in
Figure 5. The studied amphiboles and biotites col-
lected from the gabbros have rather large dD and
d18O variations from 2110 to 265‰ and from
1.0 to 5.5‰, respectively (Fig. 5b). One of the bio-
tites and a chlorite sample have high H2O contents
(7.28 and 8.58 wt%), suggesting chloritization in
the case of the biotite. The other biotite samples
all have ,3.7 wt% H2O. The amphiboles have an

average H2O content of 1.2 wt%, although some
of the samples yielded lower values. As there is
no H2O wt%–dD correlation (see Fig. 5a), the low
water contents could be related to impure separates
(considered unlikely, as the samples were carefully
hand-picked under binocular microscope) or low
water content in the magma and/or the amphibole.
The d18O and dD values of amphiboles show a
slight positive correlation (Fig. 5c), similar to that
of phlogopites of early volcanic rocks of Fuerteven-
tura found by Demény et al. (2004). The Al2O3

content of amphiboles does not correlate with the
dDamph values (R2 ,0.01), suggesting that crystal-
lization pressure differences did not cause vari-
ations in melt water contents and hence in H

Fig. 3. (a) A. TiO2/Al2O3 v. MgO in gabbros of the Basal Complex of La Palma. Fields for plume- and MORB-related
gabbros are from Neumann et al. (2000). (b) AlIV v. Ti for amphiboles hosted by Basal Complex gabbros and
amphibololite xenoliths and xenocrysts from basalts of La Palma. Fields for amphiboles of different origins are from
Neumann et al. (2000). The amphiboles falling into the MORB field are tremolite and actinolite.

Table 1. Major and trace element contents of gabbros of La Palma (in wt% and ppm, respectively)

Sample: 8 9 10 11 17 18 19 20A 20B

SiO2 45.68 44.33 42.34 51.85 44.66 42.08 46.82 40.03 43.76
Al2O3 13.28 8.19 11.45 16.73 16.79 8.18 7.91 12.21 18.03
TiO2 2.61 2.21 3.69 2.30 3.38 3.32 2.64 4.26 2.21
Fe2O3 9.69 11.60 14.71 7.39 10.05 13.70 8.70 14.50 7.35
MgO 8.95 16.24 12.32 2.40 5.14 18.18 12.71 6.35 4.64
CaO 13.87 13.51 11.81 4.62 11.67 8.52 17.64 12.51 10.00
K2O 0.29 0.21 0.45 3.02 1.44 1.62 0.32 2.23 3.14
Na2O 1.96 0.91 1.70 5.82 2.68 1.51 1.08 4.24 5.81
P2O5 0.23 0.18 0.25 0.40 0.25 0.33 0.15 0.50 0.38
LOI 2.34 2.31 0.62 4.14 2.71 1.87 1.28 0.87 2.62
Sum 98.9 99.69 99.34 98.67 98.77 99.31 99.25 97.70 97.94
Sc (0.2) 43 47 38 9 32 31 66 20 16
V (3) 235 181 347 207 300 280 240 374 176
Co (2) 58 56 57 28 36 54 43 59 33
Ni (9) 118 371 214 75 561 165 43 31
Zn (3) 16 43 50 68 50 55 20 60 39
Sr (15) 456 302 452 605 644 97 185 837 1141
Zr (5) 94 83 93 415 148 129 103 229 246

Precisions are shown by numbers in parentheses. All samples belong to the LP-02 sample set.
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Table 2. Representative chemical compositions (in wt%) of amphiboles, clinopyroxenes and olivines in La Palma determined by electron microprobe analysis

Amphiboles

Sample: LP-02/4 LP-02/6 LP-02/7 LP-02/8 LP-02/9 LP-02/12 LP-02/17 LP-02/18

SiO2 36.95 38.91 39.31 40.56 38.21 39.06 40.40 38.52
Al2O3 13.93 12.99 12.75 11.30 14.32 12.23 12.04 12.74
TiO2 6.11 5.57 6.65 5.24 6.78 6.58 6.22 5.46
FeO 11.24 11.27 9.81 12.68 9.66 12.25 11.42 9.65
MgO 12.44 12.18 12.42 12.97 13.88 12.61 12.90 14.22
MnO 0.29 0.21 0.29 0.00 0.11 0.00 0.00 0.09
CaO 11.96 11.97 12.24 11.38 12.22 12.17 11.87 11.96
Na2O 2.61 2.40 2.75 2.84 2.48 2.43 2.78 2.57
K2O 1.29 1.37 0.94 0.87 1.06 0.78 0.91 1.59
Total 96.82 96.87 97.16 97.84 98.72 98.09 98.53 96.80

Ion numbers
Si 5.58 5.85 5.85 6.02 5.58 5.81 5.95 5.76
Al(IV) 2.43 2.15 2.15 1.98 2.42 2.19 2.05 2.24
Al(VI) 0.05 0.15 0.09 0.02 0.04 0.00 0.04 0.00
Ti 0.69 0.63 0.74 0.59 0.74 0.74 0.69 0.61
Fe3þ 0.11 0.00 0.00 0.05 0.17 0.02 0.00 0.14
Mg(c) 2.80 2.73 2.76 2.88 3.02 2.80 2.83 3.17
Fe2þ(c) 1.31 1.42 1.22 1.53 1.01 1.50 1.41 1.07
Mn(c) 0.04 0.03 0.04 0.00 0.01 0.00 0.00 0.01
Ca 1.93 1.93 1.95 1.82 1.91 1.94 1.87 1.92
Na(b) 0.07 0.07 0.05 0.12 0.09 0.04 0.13 0.09
Na(a) 0.70 0.63 0.75 0.69 0.61 0.66 0.67 0.66

Sample: LP-02/19 LP-04/1 LP-04/2 LP-04/5 LP-04/6 LP-04/7 LP-04/9 LP-04/10

SiO2 47.46 40.60 55.78 38.75 40.45 42.00 40.96 39.79
Al2O3 7.89 12.07 2.15 13.92 12.72 10.66 11.59 11.70
TiO2 1.43 5.52 7.12 5.81 6.59 6.23 6.30
FeO 9.82 11.76 2.54 11.05 9.84 10.85 10.01 10.86
MgO 16.26 13.19 23.42 12.56 13.67 13.81 13.60 12.87
MnO 0.00 0.15 0.00 0.19 0.10 0.00 0.15 0.00
CaO 12.37 11.95 12.86 12.26 11.69 11.80 11.17 12.03
Na2O 2.07 2.89 0.31 2.77 2.92 2.61 2.97 2.76
K2O 1.04 0.92 1.20 1.26 0.90 0.97
Total 97.29 99.14 97.06 99.54 98.39 99.58 97.57 97.27

(Continued)
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Table 2. Continued

Amphiboles

Sample: LP-02/4 LP-02/6 LP-02/7 LP-02/8 LP-02/9 LP-02/12 LP-02/17 LP-02/18

Ion numbers
Si 6.87 5.96 7.68 5.66 5.93 6.10 6.04 5.93
Al(IV) 1.13 2.04 0.32 2.34 2.07 1.90 1.96 2.07
Al(VI) 0.21 0.05 0.03 0.06 0.13 0.00 0.05 0.00
Ti 0.16 0.61 0.00 0.78 0.64 0.72 0.69 0.71
Fe3þ 0.06 0.00 0.21 0.00 0.00 0.00 0.00 0.01
Mg(c) 3.51 2.89 4.80 2.74 2.99 2.99 2.99 2.86

Fe2þ(c) 1.13 1.44 0.08 1.35 1.21 1.32 1.24 1.34
Mn(c) 0.00 0.02 0.00 0.02 0.01 0.00 0.02 0.00
Ca 1.92 1.88 1.87 1.92 1.84 1.84 1.76 1.92
Na(b) 0.00 0.12 0.00 0.08 0.17 0.15 0.24 0.06
Na(a) 0.60 0.70 0.09 0.71 0.66 0.58 0.61 0.74

Sample LP-04/14 LP-7822 LP-7823 LP-7845 LP-8359

SiO2 39.81 40.48 39.60 39.46 38.73
Al2O3 12.64 12.88 13.24 14.44 13.21
TiO2 6.76 5.82 5.77 6.13 7.20
FeO 10.09 10.97 10.81 11.99 11.91
MgO 13.47 12.89 13.15 12.82 12.46
MnO 0.12 0.15 0.11 0.15 0.16
CaO 11.94 11.62 11.83 10.77 12.04
Na2O 2.76 2.89 2.51 2.77 2.60
K2O 1.04 1.15 1.38 0.66 0.80
Total 98.64 98.85 98.41 99.19 99.11

Ion numbers
Si 5.84 5.93 5.83 5.68 5.70
Al(IV) 2.16 2.07 2.17 2.32 2.30
Al(VI) 0.02 0.16 0.13 0.13 0.00
Ti 0.75 0.64 0.64 0.66 0.80
Fe3þ 0.00 0.00 0.05 0.66 0.00
Mg(c) 2.94 2.81 2.89 2.75 2.73

Fe2þ(c) 1.24 1.35 1.28 0.79 1.47
Mn(c) 0.02 0.02 0.01 0.02 0.01
Ca 1.88 1.83 1.87 1.66 1.90
Na(b) 0.12 0.18 0.13 0.34 0.09
Na(a) 0.66 0.65 0.58 0.43 0.65
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É

N
Y

E
T

A
L

.
1
6
2



Pyroxenes

Sample: LP-02/8 LP-02/12 LP-02/17 LP-02/18 LP-02/19 LP-04/2 LP-04/6

SiO2 50.19 48.19 50.66 49.62 49.28 49.94 43.41
Al2O3 2.77 4.65 2.72 4.46 3.81 3.58 5.53
TiO2 1.24 2.20 1.31 1.94 1.75 1.32 2.11
FeO 7.24 8.60 7.81 6.29 6.42 5.39 13.04
MgO 14.81 13.35 13.97 15.03 14.59 15.63 21.53
CaO 22.70 22.60 22.59 22.40 22.88 22.61 22.07
Na2O 0.33 0.54 0.53 0.32 0.35 0.17 0.24
Total 99.28 100.13 99.59 100.05 99.07 98.63 97.95

Sample: LP-04/7 LP-04/9 LP-04/10 LP-04/11 LP-04/13 LP-04/14 LP-8359

SiO2 48.86 45.68 45.24 48.57 45.33 47.28 47.77
Al2O3 4.59 5.83 5.55 5.00 7.15 4.87 5.52
TiO2 2.45 2.85 2.31 2.79 2.79 2.15 2.64
FeO 7.19 7.26 10.24 7.15 7.63 6.69 9.25
MgO 14.02 12.97 20.46 13.40 12.49 13.81 12.10
CaO 22.49 22.02 22.99 22.88 22.70 22.68 21.65
Na2O 0.47 0.36 0.18 0.40 0.37 0.23 0.52
Total 100.06 96.97 99.22 99.25 98.47 97.70 99.46

Olivines

Sample: LP-02/18 02/19 LP-04/2 LP-04/6 LP-04/10 LP-04/11 LP-04/13 LP-04/14

SiO2 39.53 38.17 39.31 37.39 38.78 38.52 38.62 38.44
MgO 42.41 39.39 42.45 37.33 39.58 39.87 39.81 41.39
FeO 18.62 22.41 17.94 23.78 21.71 22.34 20.46 19.99
Total 100.56 99.96 99.69 98.49 100.06 100.72 98.89 99.82

Ion numbers were calculated using the method of Schumacher (1997). The ion numbers shown in this table are based on maximum Fe3þ.
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Table 3. Trace element compositions (in ppm) of amphiboles from La Palma (samples ‘LP’) and Fuerteventura (samples 97/20, 96/54, 97/23, 96/58; see also
Demény et al. 2004) determined by LA-ICP-MS

Sample: LP-7822 LP-7823 LP-7845 LP-8359 LP-02/4G LP-02/4F LP-02/6 LP-02/8 LP-02/9 LP-02/17

Sc 35.6 72.7 52.4 57.5
Rb 2.41 6.84 1.05 4.02 4.16 9.58 7.02 3.02 3.8 3.72
Ba 366 589 179 449 378 621 376 338 517 424
Th 0.12 0.23 0.07 0.14 0.06 1.16 0.2 0.19 0.25 0.17
U 0.11 0.11 0.1 0.04 0.02 0.46 0.15 0.04 0.05 0.03
Ta 1.71 2.39 1.21 4.12 1.22 3.49 1.54 8.19 6.85 5.19
Nb 36.0 46.8 25.9 77.3 26.6 61.0 32.5 160.6 134.2 96.3
La 17.1 21.8 5.8 18.8 11.4 23.4 14.8 33.8 34.6 24.2
Ce 46.5 62.4 22.5 63.0 34.1 62.6 40.5 120.3 110.8 84.0
Pb 0.53 0.50 0.19 1.14 0.29 2.16 0.51 0.38 0.37 0.44
Pr 6.95 9.73 4.27 9.88 5.35 9.16 6.12 19.2 16.1 13.7
Sr 736 1314 640 842 784 1425 801 322 524 645
Nd 35.6 50.6 25.2 49.0 28.0 51.9 32.4 94.3 74.6 68.5
Sm 7.86 12.07 8.14 12.56 6.97 13.40 7.51 24.05 16.73 17.42
Zr 108 152 53 156 78 170 103 294 241 188
Hf 3.57 5.48 2.13 5.35 2.56 6.09 3.34 10.89 7.18 6.25
Eu 2.63 4.05 3.21 4.09 2.24 4.18 2.53 5.37 4.43 5.13
Gd 6.50 10.67 8.06 5.90 11.43 6.27
Tb 0.94 1.44 1.22 1.52 0.84 1.63 0.86 3.16 2.04 2.09
Dy 4.79 7.47 6.93 8.94 3.71 7.98 4.34 18.74 11.96 12.49
Ho 0.80 1.26 1.21 1.58 0.71 1.41 0.76 3.32 2.08 2.18
Er 1.80 2.87 2.87 3.78 1.50 3.22 1.62 8.18 5.00 5.22
Tm 0.21 0.32 0.35 0.46 0.17 0.37 0.18 1.07 0.68 0.64
Yb 1.31 1.97 2.08 3.06 1.10 2.37 1.12 6.40 4.19 3.98
Lu 0.17 0.24 0.23 0.39 0.14 0.27 0.13 0.80 0.53 0.53
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Sample: LP-02/18 LP-04/1 LP-04/5 LP-04/6 LP-04/9 LP-04/14 97/20 96/54 97/23 96/58

Sc 44.5 67.6 37.4 42.2 54.1 51.8 47.6 47.8 46.9
Rb 7.14 3.01 4.35 4.62 3.11 4.38 12.67 6.80 11.15 11.68
Ba 137 348 537 657 487 487 366 311 303 264
Th 0.16 0.23 0.11 0.41 0.17 0.20 0.04 0.29 0.03 0.03
U 0.05 0.04 0.02 0.06 0.03 0.05 0.02 0.13 0.04 0.02
Ta 4.05 8.09 3.12 12.31 5.21 4.92 1.52 2.58 1.20 1.04
Nb 64.2 144.5 49.3 239.8 101.3 96.9 21.9 43.8 17.2 14.4
La 14.0 36.1 13.0 54.3 29.5 26.3 10.9 19.3 6.2 6.9
Ce 47.5 128 43.7 161 103 85.8 33.5 52.5 21.3 21.1
Pb 0.38 0.40 0.32 0.66 0.38 0.34 0.30 1.12 0.22 0.28
Pr 7.89 20.1 6.99 22.9 16.5 12.2 5.33 7.22 3.74 3.62
Sr 157 352 1116 464 599 756 696 1077 554 509
Nd 42.9 105.7 37.9 108.2 82.7 56.0 33.3 41.7 23.1 22.0
Sm 10.96 27.57 10.31 24.37 20.45 12.25 8.42 8.95 5.57 5.09
Zr 166 297 120 321 194 182 170 268 110 88
Hf 5.47 11.92 4.28 9.36 6.61 5.44 7.06 8.53 4.60 4.04
Eu 3.11 6.14 3.43 6.89 6.03 3.86 2.45 2.71 1.89 1.71
Gd 6.59 7.19 4.74 4.44
Tb 1.44 3.82 1.31 3.08 2.52 1.39 0.73 0.82 0.58 0.52
Dy 7.96 22.3 7.04 18.12 14.44 7.86 3.86 4.51 3.02 2.83
Ho 1.42 4.00 1.22 3.21 2.48 1.35 0.55 0.67 0.43 0.38
Er 3.64 10.3 2.80 7.84 6.10 3.32 1.23 1.51 0.96 0.83
Tm 0.45 1.26 0.37 1.03 0.72 0.43 0.12 0.18 0.11 0.09
Yb 2.74 7.51 1.76 5.81 4.20 2.57 0.83 1.23 0.59 0.60
Lu 0.36 0.99 0.26 0.78 0.59 0.31 0.09 0.15 0.07 0.06
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isotope compositions via fractionation associated
with the degassing. Although the Mg-numbers of
pyroxenes and olivines are well correlated
(R2 ¼ 0.98), the Mg-numbers of amphiboles and
pyroxenes have no relationship with the d18O
values (Fig. 5d), indicating that magma evolution
during crystallization did not result in significant
O isotope fractionation. The leucogabbro veinlets
within mafic gabbros (samples LP-04/6 and
LP-04/10) contain augite, but their amphibole has
stable isotope compositions identical to those of
other amphiboles from the gabbro series. These
observations suggest that the changes in H and O
isotope compositions are not related to variations
in crystallization conditions and rock types.

Sr isotope compositions were also measured on
selected samples, and the data are listed in
Table 4. Most of the 87Sr/86Sr ratios fall into the
uncontaminated plume-related range (Hoernle &
Tilton 1991), although some samples have
lower values.

Discussion

Secondary processes: water–rock

interactions and degassing

Before trace element and isotopic compositions are
used to interpret primary magmatic processes, it has
to be ascertained that the measured compositions

truly represent primary magmatic compositions.
The very low d18O values observed in biotites and
chlorites within the gabbros are strong indicators
of secondary alteration processes. This is further
supported by differences between the oxygen
isotope compositions of pyroxene, amphibole and
feldspar. Excluding the amphibole separates of
samples LP-02/19 (actinolite) and LP-04/2 (tremo-
lite), the gabbro-hosted amphiboles have an average
d18O value of 5.1‰ (+0.2‰, n ¼ 26), the average
d18O value for pyroxenes is 5.2 + 0.2‰ (n ¼ 8),
whereas the feldspars, which are most sensitive to
alteration, have an average d18O value of
4.7 + 0.9‰ (n ¼ 14) with a large scatter from 3.6
to 6.7‰. The difference in d18O between pyroxene
and amphibole is in agreement with the theoretical
fractionation at 900–1000 8C (Zheng 1993a,b),
although it should be noted that the diopside–
hornblende oxygen isotope fractionation is not
temperature-sensitive in the range of 700–
1000 8C. On the other hand, only two feldspar
separates have d18O values in high-temperature
equilibrium with pyroxene or amphibole compo-
sitions (around 6.5‰, using the fractionation
equations of Zheng 1993a); all the other feldspars
have lower d18O values. The dD and d18O values
of amphiboles and biotites plot in two distinct
fields within Figure 5b. Although both hinge on
values typical for upper mantle derived melts (e.g.
Kyser & O’Neil 1984; Kyser 1986; Agrinier et al.
1993; Mattey et al. 1994; Chazot et al. 1997), the

Fig. 4. Trace element contents of amphiboles of La Palma, normalized to primitive mantle (Hofmann 1988).
Continuous lines indicate amphiboles from gabbros; dashed lines, amphibololite xenoliths and xenocrysts;
the shaded field indicates amphiboles from Fuerteventura.
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amphiboles have a range of dD values that extends
to much lower values, accompanied by a slight
decrease of the d18O values, whereas the biotite
and chlorite have a wide range in d18O values as
well as dD values, with the former extending to
much lower values. This second group for biotites
includes only one amphibole with a low d18O
value. This amphibole (LP-04/2) is a tremolite
with elevated water content (see Table 4) and can
be attributed to the greenschist-facies hydrothermal
metamorphism of the gabbros.

As the rocks were formed as part of an ocean
island system, the low d18O values may suggest
high-temperature interaction with seawater, similar
to that observed for ophiolitic rocks (e.g. Muehlen-
bachs 1986; Alt & Bach 2006; Gao et al. 2006).
Alternatively, these low values may be attributed
to high-temperature interaction with meteoric
water, as suggested by Javoy et al. (1986) for differ-
ent rock types from Fuerteventura, La Palma and La
Gomera. The isotopic compositions of water in

equilibrium with biotite and the chlorite–serpentine
separate of sample LP-04/3 can be calculated using
the biotite–water and chlorite–water fractionation
equations of Wenner & Taylor (1971), Bottinga &
Javoy (1973), Suzuoki & Epstein (1976), Cole
(1985) and Graham et al. (1987). The equilibrium
temperatures are not known exactly; however, an
unaltered magmatic biotite would typically be in
equilibrium with magmatic water at .800 8C,
whereas the typical greenschist-facies assemblage
would suggest temperatures of 200–400 8C. The
d

18O values of the biotite show a negative relation-
ship with the H2O content, indicating an alteration
effect; thus, the calculations were made assuming a
continuous temperature decrease from 800 to
300 8C and an associated change in the d18O
values from 5.0 to 1.5‰. The water in equilibrium
with the chlorite of sample LP-04/3 would represent
the infiltrating fluid, and its isotopic compositions
were calculated for 200, 300 and 400 8C. The
results of the calculations are shown in Figure 6,

Table 4. Stable H and O isotope compositions (in ‰ relative to V-SMOW), water contents (in wt%)
and Sr isotope ratios of mineral separates from La Palma, Canary Islands

H2O dD d18O 87Sr/86Sr H2O dD d18O 87Sr/86Sr

Amphiboles

LP-02/4F 1.20 274 5.2 0.70311 LP-02/28 0.44 267 5.3 0.70310
LP-02/6a 1.41 265 5.1 LP-04/2 2.47 278 3.5 0.70298
LP-02/6b 1.28 266 5.3 LP-04/5 1.14 282 5.2 0.70301
LP-02/7 1.17 283 4.8 LP-04/6 0.82 287 5.2 0.70304
LP-02/8 1.16 286 5.1 0.70304 LP-04/7 0.56 292 5.0
LP-02/9 1.54 296 4.7 0.70311 LP-04/9 1.19 289 4.7 0.70307
LP-02/12 1.17 299 4.9 0.70309 LP-04/10 0.99 291 4.9
LP-02/16 1.21 275 5.4 0.70307 LP-04/14 0.95 288 5.1
LP-02/17 1.20 293 4.8 0.70311 LP-7822 1.66 271 5.2
LP-02/18 1.79 291 5.0 0.70304 LP-7823 1.34 277 5.4 0.70309
LP-02/19 0.63 2107 5.1 0.70305 LP-7845 1.38 2100 5.1 0.70295
LP-02/25 1.67 291 5.3 LP-8359 1.14 2101 5.3

Biotites

LP-02/9 3.66 294 2.9 LP-04/3 7.28 276 5.2
LP-02/17 3.38 287 1.3 LP-04/8 1.79 289 4.1
LP-02/18 3.42 293 1.9 LP-04/9 2.65 288 3.5
LP-02/19 2.69 289 2.7 LP-04/10 2.18 286 4.5
LP-04/2 3.57 276 3.7 LP-04/3(*) 8.58 280 1.0

Pyroxenes Feldspars

d18O d18O d18O d18O
LP-02/8 5.3 LP-04/12 5.4 LP-02/8 5.1 LP-04/4 3.7
LP-02/19 4.9 LP-04/13 4.9 LP-02/9 4.1 LP-04/6 6.7
LP-04/1 5.3 LP-04/14 4.9 LP-02/17 3.6 LP-04/8 6.1
LP-04/6 5.2 LP-02/19 4.0 LP-04/9 4.4
LP-04/11 5.4 LP-04/1 5.1 LP-04/10 5.0

LP-04/2 5.1 LP-04/11 4.2
LP-04/3 4.0 LP-04/14 5.1

Sample LP-04/3(*) is a chlorite.
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along with the compositions of the Canary Island
meteoric waters. The maximum dD value obtained
for biotite at 300 8C is very similar to that obtained
for chlorite. The distribution of the calculated H
and O isotopic compositions of the waters suggests
mixing of meteoric and magmatic water, although
the direction of the biotite data trend would not
exclude seawater infiltration. As whole-rock
samples have been noted to have slightly elevated
Sr isotope ratios interpreted to be a result of sea-
water–rock interaction in the gabbros (Hart et al.
1999), it may also be expected that secondary amphi-
bole should have higher 87Sr/86Sr compared with
primary magmatic amphibole, if seawater was
indeed important at this stage. However, all of the
studied samples, even the actinolite of sample
LP-04/2, have Sr isotope compositions typical for
normal mantle-derived melts, thus any influence of
seawater is not obvious here.

Opposite to the H isotope exchange, where the
fluid is usually the dominating phase, the oxygen
content of the rock is comparable with that of the
fluid phase. The degree of d18O change in the
fluid and the rock depends on the exchange temp-
erature and the amount of the infiltrating fluid. As

Fig. 6. H and O isotope compositions of waters
calculated using the compositions of biotites (V) and
chlorites (grey circles) in gabbros at varying
temperatures. The isotopic compositions of Canary
Islands meteoric waters are from Gonfiantini et al.
(1975).

Fig. 5. (a, b) H2O contents (in wt%) and H and O isotope compositions (in ‰) of amphiboles, biotites and chlorites
in La Palma. B, amphibololite xenoliths and amphibole xenocrysts; *, amphiboles in gabbros; †, biotites and
chlorites in gabbros.(c) dD v. d18O values in amphiboles. FV, primary phlogopite compositions from
Fuerteventura (Demény et al. 2004). (d) Mg-numbers as a function of d18O values in amphiboles and pyroxenes.
Upper mantle ranges are from Kyser & O’Neil (1984), Kyser (1986), Agrinier et al. (1993), Mattey et al. (1994) and
Chazot et al. (1997).
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the low-temperature hydrous minerals have clearly
been formed in the presence of a secondary fluid,
the chlorite compositions may be expected to have
equilibrated with the infiltrating fluid, hence provid-
ing the best estimate of its composition, too. dD
values of chlorites of about 250‰ correspond to
dD values of meteoric waters similar to those
measured for precipitation at the top of Teide
(Tenerife island, elevation 3717 m above sea level
(a.s.l.) today (about 250 to 240‰, Gonfiantini
et al. 1975; Albert-Beltrán et al. 1990). This
suggests that the elevation of the island may have
reached this height, although the present height is
2426 m a.s.l. This estimation is based on the
assumption that the altitude effect on H isotope
composition of the precipitation was approximately
the same during the alteration of the gabbro as it is
today. Climate change may affect the isotopic com-
position of the actual precipitation through vari-
ations in the isotopic composition of the source
ocean water and temperature. However, given that
changes in climate may be expected to be less pro-
nounced for tropical to subtropical ocean islands in
terms of changes in the overall H isotope budget of
the precipitation (e.g. Darling et al. 2003), this esti-
mate is expected to be fairly robust. Based on the
reconstruction of the volcanic edifice of La Palma
(Carracedo et al. 1999b), the original height of the
Taburiente volcano was at least 3000 m a.s.l., in
good agreement with the height inferred above.
In a study of the H and O isotope compositions of
several Canary Island complexes Javoy et al.
(1986), also noted similar isotope compositions
and inferred a similar height for Fuerteventura.
However, their preliminary dataset suggested
lower heights for La Palma and La Gomera.

As several of the islands of the Canary archipe-
lago seem to have reached altitudes of about 3000–
4000 m during their evolution, this can be perhaps
considered to be an upper limit before major col-
lapses of the volcanic edifice. As this statement
has important implications for assessment of
island evolution and safety, follow-up studies on
other islands will be needed to fully explore the sig-
nificance of isotopic studies in this area.

Next to the rather important change in the 18O
contents of biotites with increasing alteration, the
amphiboles also show a trend towards D depletion
in parallel to a slight 18O depletion (Fig. 5c).
Because the change in dD is not associated with a
decrease in the H2O content of the amphiboles,
degassing or partial breakdown of amphibole
would not provide a plausible explanation (see
Demény et al. 2006). In contrast, degassing of H2O
from the host magma may explain the decrease in
dD values as well as the change in the oxygen
isotope composition if the water is degassed at temp-
eratures higher than 500 8C. If such degassing was

important, the absence of a relationship between
the dD values and the Al2O3 contents of the amphi-
boles (R2 , 0.01) would indicate however, that
this is not related to a decrease in crystallization
pressure. Further more, the observed shift in d18O
values may be explained by H2O degassing from
the melt. A basaltic melt can contain c. 6 wt% dis-
solved H2O (Webster et al. 1999), whereas the
studied gabbros contain about 0.5–4 wt%
H2O. Using the CO2–H2O and basalt–H2O fraction-
ation relationships of Zheng (1994) and Appora et al.
(2003), the released H2O would be enriched in 18O
relative to the melt by about 2‰. Degassing of
two-thirds of the water content would cause about
20.15‰ shift in the total oxygen content of the
melt, assuming that all of the oxygen atoms take
part in the exchange process. As already crystallized
phases such as pyroxenes may not take part in the
exchange between H2O and the remaining fraction,
this estimation is the upper limit of the d18O
change. Additionally, continuing degassing would
result in a stronger change in the amphibole, which
is not observed in the present dataset. All these con-
siderations suggest that H2O degassing is not likely
as the major cause of the negative dD and d18O shift.

Late-stage alteration in the presence of fluids
depleted in D (270‰ or lower; see above) may
also account for the trend in dD values. This would
be possible in the presence of the meteoric water
such as that which may have caused the alteration
of biotite to chlorite. However, as the amphiboles
show no textural, chemical or O- and Sr-isotopic
signs of late-stage alteration, this possibility is
considered to be unlikely for most of the amphiboles.

In summary, although it is clear that the biotite
within the rocks analysed has been partially
altered to chlorite in the presence of meteoric
water, the amphiboles are compatible with having
preserved primary magmatic compositions. The
variations in primary compositions for the amphi-
boles may reflect magmatic processes such as mag-
matic degassing and/or be related to different
source components compared with normal mantle-
type melts. This possibility will be discussed
further below in conjunction with trace element
contents and Sr isotope ratios of mineral phases.

Primary compositions

Primary magmatic oxygen isotope compositions are
commonly preserved in pyroxene, as these are less
sensitive to late-stage diffusive exchange with infil-
trating secondary fluids relative to feldspars and
micas, for example (Farver 1989). The average
d18O value (5.2‰) of the pyroxenes is in good agree-
ment with the lowest d18O value obtained on clino-
pyroxenes from Canary Island rocks by Thirlwall
et al. (1997), and with the pyroxene compositions
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reported from Fuerteventura by Demény et al.
(2004). As discussed above, the amphiboles are in
high-temperature equilibrium with the pyroxenes
and hence they too would be in equilibrium with
typical mantle-derived melts. This would be compa-
tible with their closure temperatures to diffusion
(Farver 1989). Oxygen isotope exchange with feld-
spar at decreasing temperature may also produce a
negative d18O shift in the amphibole and pyroxene,
producing lower than normal mantle d18O values.
However, the closure temperatures of these minerals
should also be taken into account. As Farver (1989)
has pointed out, oxygen self-diffusion in hornblende
is an order of magnitude faster than in diopside,
resulting in closure temperatures around 900–
1000 8C in pyroxene and 600–800 8C in amphibole
(at 100–1000 8C Ma21 cooling rate and 0.1–1 mm
grain size). This means that retrograde oxygen
isotope exchange with feldspar would affect the
d18O values of amphiboles, whereas the pyroxene
compositions would remain intact. The c. 0.1‰ frac-
tionation between these minerals indicate that no
significant retrograde exchange with feldspars
occurred. Based on O isotopic fractionations
between melt and olivine (c. 0.4‰, Eiler et al.
2000) and between pyroxene and olivine (0.3–
0.4‰, Mattey et al. 1994), the basaltic melt compo-
sitions should be close to the pyroxene d18O values
(c. 5.2‰). This composition is 0.3–0.5‰ lower
than suggested for primary mantle value (5.5–
5.7‰, Mattey et al. 1994; Eiler 2001).

The observations described above suggest that
the trend to slightly lower d18O and much lower
dD values from typical mantle compositions
(Fig. 5c) is not due to late-stage alteration, but
rather to magmatic processes. Fractional crystalli-
zation can also result in d18O variation, but the
d18O values of amphiboles and pyroxenes show
no relationship with their Mg-numbers (Fig. 5d).
Demény et al. (2004) have observed similar shifts
in phlogopites and amphiboles from the submarine
and early subaerial volcanic rocks of Fuerteventura.
They related the low d18O and dD values to a plume
component that contained subducted ocean crust
material and deep-seated hydrogen. The dD–d18O
data from La Palma fit the compositions from Fuer-
teventura, supporting the earlier conclusions.
However, the nature of the components or processes
that determined the dD–d18O distributions in La
Palma and Fuerteventura can be further elucidated
by trace element and Sr isotope analyses that will
be discussed below.

Trace element ratios coupled with radiogenic
and stable isotope data can provide essential infor-
mation on processes such as source heterogeneities,
fractional crystallization, partial melting and assim-
ilation. However, the studied rock types hosting the
amphiboles have variable mineralogical compo-
sitions and crystallization histories, all of which

may influence the trace element partitioning and
hence trace element content of the amphiboles.
The chemical composition of amphibole (Tiepolo
et al. 2000) and the crystallization conditions
(pressure and temperature, Adam & Green 2003)
can also affect the amphibole–melt partition coeffi-
cient and, thus, the trace element composition of the
amphibole. Ce/Pb and Ba/Nb, generally thought to
reflect crustal assimilation processes, show a nega-
tive correlation (R2 ¼ 0.49), suggesting that assim-
ilation affected the compositions of rocks with the
Fuerteventura amphiboles containing the highest
amount of a crustal component. However, as trace
element content and their ratios in amphiboles can
depend on magma evolution and chemistry and
crystallization conditions (Adam & Green 2003),
these trace element ratio variations should be com-
pared with other variables that are not sensitive to
these factors, such as Sr isotope ratio. The Sr
isotope ratios are again highest in the Fuerteventura
amphiboles, supporting the assumed presence of an
assimilated crustal component. This observation
raises the question of whether the low d18O values
found in these amphiboles can also be related to
crustal contamination. However, the d18O values
do not show any correlation with the Sr isotope
ratios (Fig. 7a). Instead, the 87Sr/86Sr ratios show
a relationship with those of Ba/Nb (Fig. 7b).
Literature data obtained on amphiboles from other
settings (and with variable amounts of a crustal
component) have also been plotted in Figure 7b to
establish an empirical relationship. There are two
main trends that indicate mixing curves determined
by different Ba, Nb, and Sr contents in the end-
member components. The Canary Islands amphi-
boles fit the relationship that indicates mixing of
uncontaminated mantle material with a component
having a high Ba/Nb ratio and no enrichment in
Sr, such as observed in the amphiboles from the
alkaline basalts and calc-alkaline andesitic rocks
of the Carpathian Basin (CB-A and CB-CA,
respectively) which record mantle metasomatism
by subducted material (see Demény et al. 2005).
Marks et al. (2004) introduced a new variable to
detect crustal contamination, the Pb/Pb* value
(Pb/Pb* ¼ PbN/

p
(CeNPrN)) which seems to be

independent of mineral–melt partition as pyroxenes
and amphiboles fit the same trend in their Pb/Pb*–
1Nd(T) diagram. The Pb/Pb* and Ba/Nb(N) ratios
show a good correlation that trends towards the
amphiboles from the Carpathian Basin (Fig. 7c),
supporting crustal contamination.

Interestingly, the dD values do display systema-
tic distributions when compared with the Pb/Pb*
values (Fig. 7d). The dD–Pb/Pb* plot indicates
two trends from a component with low Pb/Pb*
ratio (and low Ba/Nb and 87Sr/86Sr) and a dD
value of around 290‰, to higher Pb/Pb* values
and (1) higher dD values (up to 267‰, La
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Palma, amphibololite xenoliths) and (2) lower dD
values (down to 2119‰, Fuerteventura amphi-
boles). The observation that the dD values display
co-variations with the Pb/Pb*, Ba/Nb and Sr
isotope ratios, whereas the d18O values do not,
suggests that the crustal component was introduced
via a fluid phase, whose infiltration apparently did
not affect the oxygen isotope compositions. The
gabbros of La Palma belong to the early magmatic
activity and may represent the upwelling melt,
whereas the amphibololites could have been
formed as cumulates in a magma chamber, which
makes the contamination more probable. This
process may explain the elevated Ba/Nb ratios
and dD values in the xenoliths. Demény et al.
(2004) have observed a difference in dD between
phlogopites (dD about 295‰) and amphiboles
(dD about 2110‰) in Fuerteventura, which they
related to early crystallization of phlogopite and
later amphibole formation. The present data,
however, suggest that the amphiboles were affected
by fluid infiltration carrying a crustal component
that is reflected by Pb/Pb*, Ba/Nb and
87Sr/86Sr increase.

The good agreement between the primary com-
positions inferred from the amphiboles of the La

Palma gabbros (d18O about 5.1‰, dD about
290‰) and the phlogopites of the Fuerteventura
volcanic rocks (d18O about 5.0‰, dD about
296‰) that have close-to-HIMU Sr–Nd–Pb
isotope ratios indicates that these compositions are
characteristic for the Canary Islands magmas and
may represent the pristine plume component, as
suggested by Demény et al. (2004). The lower
than normal mantle d18O values can be most prob-
ably be explained by subducted ocean crust
material, although a deep component originating
from the core–mantle boundary could also be poss-
ible (Macpherson et al. 2000; Thirlwall et al. 2006).
The crustal contamination model in which the
upwelling magmas assimilate ocean crust material
that had undergone high-temperature seawater–
rock exchange can be excluded on the basis of H
and Sr isotope compositions. The origin of the
low dD values can also be related to the subduction
of ocean crust as the slab undergoes partial devola-
tilization. Demény et al. (2004) have discussed and
excluded this possibility. The general plume-related
hydrogen isotope composition of about 2 95‰ in
the region around the Canary Islands plume led
them to suggest that the hydrogen component is of
deep-seated origin. The present dataset further

Fig. 7. Co-variations of assimilation-sensitive trace element ratios (Ba/Nb, Pb/Pb*, normalized to primative mantle,
Hofmann 1988) and H, O and Sr isotope compositions in amphiboles of La Palma (LP) and Fuerteventura (FV). (a, c, d)
A, amphibole xenocrysts and amphibololite xenoliths in basalts of La Palma; *, amphiboles in gabbros of La Palma;
grey circles, amphiboles from Fuerteventura; W, phlogopites from Fuerteventura (Demény et al. 2004). (b) †, data of
the present study; W, literature data (Downes et al. 1995; Zanetti et al. 1995; Witt-Eickschen et al. 1998; Tribuzio et al.
1999, 2000; Powell et al. 2004; Demény et al. 2005; Orejana et al. 2006; A. Demény, unpubl. data). CB-A, alkaline
basalts from the Carpathian Basin; CB-CA, Calc-alkaline andesitic rocks from the Caspathian Basin.
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supports this idea as the primary plume-related
composition is similar for the western and eastern
Canary Islands and does not vary with time
(whereas the age of magmatism for Fuerteventura
is about 20 Ma, that for La Palma is about 3 Ma).

Earlier studies have shown lower than normal
mantle dD values in plume-related magmas
(Deloule et al. 1991; Dyar et al. 1992; Kyser
1998) that were regarded as a primary feature.
Demény et al. (2004) raised the possibility that
the D depletion may be related to upwelling of
material, especially volatile components, from the
deep Earth. The enstatite chondrite material that
constituted the early Earth and may be preserved
in the deep mantle is thought to be highly D
depleted (Javoy 1998). Theoretical examinations
of hydrogen exchange processes between the deep
Earth and the surface have shown that primordial
hydrogen can be preserved in the core (Williams
& Hemley 2001). As major plumes are rooted at
the core–mantle boundary (Hofmann 1997), they
may provide pathways for degassing volatiles.
Mixing of D-depleted primordial hydrogen with
the upper mantle component would produce the
observed isotopic compositions.

Conclusions

It has been confirmed that the volcanic rocks of the
Canary Islands have oxygen isotopic compositions
that are slightly lower than those expected for
rocks derived from the upper mantle and that may
be attributed to a plume component (see Demény
et al. 2004). Chemical compositions and stable
and radiogenic isotope ratios of rocks from La
Palma are similar in this regard to those from
Fuerteventura. Amphibole, biotite, pyroxene and
feldspar separates from Basal Complex gabbros,
as well as amphibole xenocrysts and amphibololite
xenoliths in basalts help constrain the petrogenesis
of the La Palma rocks. The biotite and feldspar
record interaction with meteoric water, whose
isotopic composition indicates infiltration from
about 3500 m a.s.l. This height has been inferred
from stable isotope data for several islands in the
archipelago (Javoy et al. 1986), thus it has general
significance for the assessment of the evolution of
the volcanic edifices.

Primary trace element contents and isotopic
compositions have been preserved in the amphiboles
of La Palma. Variables sensitive to crustal contami-
nation (Ba/Nb and Pb/Pb*) show correlations with
Sr isotope ratios, supporting assimilation of a crustal
component. The lack of correlation between O and
Sr isotope compositions and the relationship
between Pb/Pb* ratio and dD values suggest that
the crustal component was introduced as part of a

fluid phase during metasomatism. The similarities
in H and O isotope compositions between the rocks
from Fuerteventura and La Palma are compatible
with the earlier assumption that these values
represent a plume component. Degassing to the
same degree in different complexes and rocks
producing the same H isotope composition cannot
be excluded, but it is regarded as very unlikely.
The most plausible explanation for the low d

18O
value is the presence of subducted ocean crust in
the plume source, whereas the low dD values could
be related to volatiles ascending from depth.

This study was conducted in the framework of Hungarian–
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2006-00970/BTE. We also thank the Haciendas de
Argual y Tazacorte and the Caldera de Taburiente National
Park for their help during the fieldwork. Financial support
to A.D. was kindly provided by the Fondation Herbette,
allowing for a 3 month stay at the University of Lausanne,
where analyses of silicate minerals were conducted. The
paper was significantly improved by the detailed reviews
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GALIPP, K., KLÜGEL, A. & HANSTEEN, T. H. 2005.
Changing depths of magma fractionation and stagna-
tion during the evolution of an oceanic island
volcano: La Palma (Canary Islands). Journal of Volca-
nology and Geothermal Research, 155, 285–306.

GAO, Y., HOEFS, J., PRZYBILLA, R. & SNOW, J. E. 2006.
A complete oxygen isotope profile through the lower
oceanic crust, ODP Hole 735B. Chemical Geology,
233, 217–234.

GARCIA, M. O., MUENOW, D. W., AGGREY, K. E. &
O’NEIL, J. R. 1989. Major element, volatile, and
stable isotope geochemistry of Hawaiian submarine
tholeiitic glasses. Journal of Geophysical Research,
94, 10525–10538.

GARCIA, M. O., ITO, E., EILER, J. M. & PIETRUSZKA,
A. J. 1998. Crustal contamination of Kilauea
Volcano magmas revealed by oxygen isotope analyses
of glass and olivine from Puu Oo eruption lavas.
Journal of Petrology, 39, 803–817.

GONFIANTINI, R., GALLO, G., PAYNE, B. R. & TAYLOR,
C. B. 1975. Environmental isotopes and hydrochemis-
try in ground water of Gran Canaria. I: Interpretation
of environmental isotope and hydrochemical data in
ground water hydrogeology. IAEA, Vienna, 159–170.

GRAHAM, C. M., VIGLINO, J. A. & HARMON, R. S. 1987.
Experimental study of hydrogen-isotope exchange
between aluminous chlorite and water and of hydrogen
diffusion in chlorite. American Mineralogist, 72,
566–579.

GUILLOU, H., CARRACEDO, J. C. & DAY, S. J. 1998.
Dating of the Upper Pleistocene–Holocene volcanic
activity of La Palma using the unspiked K–Ar tech-
nique. Journal of Volcanology and Geothermal
Research, 86, 137–149.

GUILLOU, H., CARRACEDO, J. C. & DUNCAN, R. 2001.
K–Ar, 40Ar/39Ar ages and magnetostratigraphy of
Brunhes and Matuyama lava sequences from La

PLUME-RELATED STABLE ISOTOPE COMPOSITIONS AND FLUID–ROCK 173



Palma Island. Journal of Volcanology and Geothermal
Research, 106, 175–194.

HARMON, R. S. & HOEFS, J. 1995. Oxygen isotope het-
erogeneity of the mantle deduced from global 18O sys-
tematics of basalts from different geotectonic settings.
Contributions to Mineralogy and Petrology, 120,
95–114.

HART, S. R., BLUSZTAJN, J., DICK, H. J. B., MEYER, P.
S. & MUEHLENBACHS, K. 1999. The fingerprint of
seawater circulation in a 500-meter section of ocean
crust gabbros. Geochimica et Cosmochimica Acta,
63, 4059–4080.

HEGNER, E., WALTER, H. J. & SATIR, M. 1995. Pb–Sr–
Nd isotopic compositions and trace element geochem-
istry of megacrysts and melilitites from the Tertiary
Urach volcanic field: source composition of small
volume melts under SW Germany. Contributions to
Mineralogy and Petrology, 122, 322–335.

HERNANDEZ-PACHECO, A. 1971. Nota previa sobre el
complejo basal de la isla de La Palma (Canarias). Estu-
dios Geologicos, 27, 255–265.
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Abstract: Spinel lherzolites and harzburgites from Mont-Briançon and Marais de Limagne in the
Devès volcanic district display coarse-grained to porphyroclastic microstructures and the modal
content of volatile-bearing phases increases with the degree of deformation. Clinopyroxene
and/or spinel are partly or totally reacted to amphibole. The coupled interpretations of trace-
element, rare earth element (REE) and O–Sr–Nd data for clinopyroxene and amphibole indicate
that the metasomatized mantle beneath Devès is a mixture of depleted and enriched mantle associ-
ated with an alkaline, high field strength element poor, and light rare earth element, U- and Th-rich
carbonate-rich silicate fluid–melt metasomatic agent. Oxygen isotope and REE data for clinopyr-
oxene–amphibole pairs indicate a (La/Yb)N enrichment related to an increasing metasomatic
agent/rock ratio.

Because of its physical properties, the subconti-
nental lithospheric mantle (SCLM) can record
large-scale tectonic and metamorphic events,
whereas the physical and chemical signatures of
these processes tend to be homogenized in the con-
vecting mantle. Investigations of fragments of litho-
spheric mantle brought to the surface by magmas
(mantle xenoliths) provide information beneath
each locality about mineralogical and geochemical
processes such as melt extraction, interaction with
fluids or melts derived from different sources, asth-
enospheric upwelling, thermal erosion or delamina-
tion (O’Reilly et al. 2001).

Beneath the French Massif Central, previous
geophysical studies have revealed the presence of a
deep thermal anomaly (400 km depth) and have dis-
tinguished two lithospheric domains separated by the
NE–SW ‘Sillon Houiller’, a major lithospheric struc-
ture (Granet et al. 1995). Geochemical studies of
mantle xenoliths have also shown that this area con-
sists of two geochemically contrasting lithospheric
sections on each side of the 458300 N parallel
(Fig. 1). These southern and northern domains have
been interpreted as mantle heterogeneities generated
during the Wilson cycle of the Hercynian orogeny
(Lenoir et al. 2000; Downes et al. 2003).

Metasomatic minerals such as amphibole may
play an important role in basalt petrogenesis (e.g.

Beccaluva et al. 1998), and glass may be formed
under mantle conditions by its destabilization
(Chazot et al. 1996; Neumann & Wulff-Pedersen
1997; Neumann et al. 2002). Amphibole is usually
observed either growing around clinopyroxene
and/or spinel (e.g. Francis 1976; Moine et al.
2001; Coltorti et al. 2007) or in veins (e.g. Francis
1976; O’Reilly et al. 1991; Moine et al. 2001).
Recent studies have also shown that glass can be
directly related to amphibole formation (Coltorti
et al. 2004). Amphibole has been observed in
mantle xenoliths from the Massif Central, and pre-
vious studies (Boivin 1982; Deloule et al. 1991;
Lenoir 2000) attributed its origin to an enriched
mantle component (Deloule et al. 1991), possibly
related to the Hercynian subduction in the Massif
Central. Nevertheless, the relationships between
clinopyroxene and amphibole, their trace-element
contents and the isotopic compositions of O, Sr
and Nd have not been discussed at the sample
scale. This study focuses on mantle xenoliths from
Mont-Briançon and Marais de Limagne, two
localities in the southern domain (Devès volcanic
district, 0.5–3.5 Ma, Maury & Varet 1980).
Mont-Briançon is known for the absence of metaso-
matic parageneses in the peridotite xenoliths
(Downes 1987; Lenoir et al. 2000), whereas ultra-
mafic xenoliths from Marais de Limagne are
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known for their richness in volatile-bearing phases
(Jardin 1973; Boivin 1982; Downes 1987; Lenoir
et al. 2000). Considering sample size and richness
in volatile phases (when present) only few samples
allowed a full set of geochemical analyses. The tex-
tural and paragenetic relationships of primary and
metasomatic minerals, their chemical compositions
and their O–Sr–Nd isotopic compositions have
been used to constrain the geochemical fingerprint
of the metasomatic agent and to evaluate the fluid/
rock ratio at the sample scale.

Geological setting and sample

descriptions

The French Massif Central is one of the most exten-
sive exposures of the Variscan belt within Western
Europe (Fig. 1). The Hercynian orogeny was the
result of a collision between continental blocks
following oceanic closure; uplift continued until
Carboniferous time, when the gravitational collapse
and peneplanation of the belt began (Le Griel
1988). During the Palaeocene, the Massif Central
was uplifted and extended because of the Alpine
orogeny (e.g. Michon & Merle 2001). This exten-
sion, associated with a mantle upwarping creating
an asthenospheric flow, has been interpreted as the
result of a hotspot originating either at the upper–
lower mantle boundary (Hoernle et al. 1995) or

c. 400 km beneath the Massif Central (Granet
et al. 1995). This mantle upwelling is present
beneath most recent volcanic areas and is respon-
sible for the alkali-basaltic volcanism that occurred
from the Eocene until 0.5 Ma ago (Maury & Varet
1980). Numerous mantle-derived xenoliths are
found in these lavas. The southern domain of the
French Massif Central is characterized by coarse-
grained peridotites that are geochemically fertile,
whereas protogranular and refractory peridotites
are found in the northern area (Lenoir et al. 2000;
Downes et al. 2003).

The two volcanic complexes studied here are
located on the basaltic plateau of the Devès volca-
nic district (0.5–3.5 Ma, Maury & Varet 1980)
near the limit between the two contrasting litho-
spheric domains. In the literature, mantle xenoliths
from the strombolian cone of Mont-Briançon
(samples MB; Fig. 1) have been described as free
of volatile-bearing phases (Downes 1987; Lenoir
et al. 2000; Touron 2005), whereas peridotite xeno-
liths from the phreatomagmatic cone at Marais de
Limagne (samples ML; Fig. 1) often contain amphi-
bole in various modal contents and rare phlogopite
(Downes 1987; Lenoir et al. 2000; Touron 2005).
Several tens of peridotites were collected in each
locality. Peridotites from Mont-Briançon are
centimetre- to decimetre-scale and are composed
of coarse-grained anhydrous lherzolites as noted
by previous studies (Downes 1987; Lenoir et al.

Fig. 1. Simplified map of the Eastern Massif Central showing the boundary (dashed line) between the two
contrasting lithospheric domains (after Lenoir et al. 2000) and sample localities (MB, Mont-Briançon; ML, Marais de
Limagne).
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2000). Samples from the Marais de Limagne
locality are centimetre- to rarely decimetre-sized
and comprise a large variety of peridotites (coarse
to porphyroclastic microstructures, anhydrous to
hydrous lherzolites and harzburgites; Table 1). In
this study, the chemical compositions of minerals
and their isotopic ratios were obtained on samples
characteristic of the main petrographic types and
containing primary and metasomatic assemblages.

Analytical methods

Major- and trace-element compositions

Major-element compositions in minerals were
determined using a CAMECA Camebax SX50 or
a CAMECA SX100 electron microprobe. Silicate
phases were analysed with an accelerating voltage
of 15 kV and a beam current of 20 nA. Counting
time was 10 s on the peak and 5 s for background
on both sides of the peak. Lower detection limit
were between 0.09 and 0.03 wt%. The mg-number
(¼ 100Mg/(Fe2þ þMg), atoms per formula unit
(a.p.f.u.)) of silicates and oxides and the cr-
number (¼ 100Cr/(CrþAl), a.p.f.u.) of spinel
will be used to define the refractory or enriched
character of minerals.

Trace elements in clinopyroxenes and amphi-
boles were analysed with 266 nm and 213 nm
lasers connected to an Agilent 7500 Series quadru-
pole inductively coupled plasma mass spectrometry
(ICP-MS) system (frequency 5 Hz, energy 0.5 and
1 mJ; Norman et al. 1996). NIST 610 was used as
the external standard to calibrate the instrument
using values of Norman et al. (1996) and Ca con-
tents from electron microprobe as the internal stan-
dard. Precision and accuracy on trace elements are
documented by repeated analysis of BCR-2G. The
oxide production is monitored by measuring
248ThO/232Th (Norman et al. 1996, 1998). Data
were processed on-line using the GLITTER soft-
ware (Van Achterbergh et al. 2001).

Isotopic composition of oxygen

Prior to oxygen extraction, separated olivine and pyr-
oxenes were cleaned in HNO3 (68%) at 50 8C for 1 h
to remove material in dissolution pits and various
impurities, then rinsed with MQ H2O until neutral
pH. Optically pure grains were picked for oxygen
extraction, which was carried out using BrF5 in the
conventional method (Clayton & Mayeda 1963) for
clinopyroxenes and amphiboles, whereas for olivines
and orthopyroxenes, O2 was extracted using a CO2

laser-heating setup (Sharp 1990). The extraction
was performed on one or several grains depending
on their weight. O2 quantities (.25 mmol; e.g. 2–
4 mg for laser and 5–8 mg for conventional), yields T
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and reproducibility were monitored, with in-house
standards and international standards (NBS28;
UWG2 and San Carlos olivine provided by
J. O’Neil). Uncertainties on the analyses were
+0.3‰ and +0.2‰ for conventional and laser
methods, respectively. CO2 gases were analysed
with an ISOPRIME dual-inlet mass spectrometer
(Université Jean Monnet). Results were normalized
to international standards using the technique
described by Coplen (1988).

Sr and Nd extraction and isotopic ratios

Aliquots of inclusion-free pure clinopyroxenes and
amphiboles were handpicked using a binocular
microscope. The minerals (c. 150 mg) were leached
in sub-boiling 6 N two-bottle-distilled HCl in pre-
cleaned Teflon beakers for 20 min, then rinsed with
MQ H2O until pH neutral. The samples were then
re-picked to ensure optical purity. The samples
were digested and prepared following conventional
procedures (Patchett & Tatsumoto 1980; Blichert-
Toft et al. 1997; Blichert-Toft 2001). The Sr and
Nd solutions were analysed by mass spectrometry
using a Nu Plasma multicollector ICP-MS system.
The samples were introduced using an MCN-6000
desolvating micro-concentric nebulizer with an
uptake of 60 ml min21 and 100 ml min21,

respectively. After each analysis, 2% HNO3 solution
was run for 10–15 minutes as a washout.

The Sr and Nd isotopes and their respective
interference-free 87Rb and 147Sm isotope were ana-
lysed simultaneously (static-collection mode) in
Faraday cups. Interferences of 144Sm on 144Nd
were corrected using the recommended ratio
144Sm/147Sm of 0.2070. The data were normali-
zed to 146Nd/ 144Nd ¼ 0.7219 (Wasserburg et al.
1981). Interferences of 87Rb on 87Sr were corrected
using the recommended ratio for 85Rb/87Rb of
0.38632. The data were normalized to 86Sr/
88Sr ¼ 0.1194. The zero measurement was made
by ESA (electrostatic analyser) deflection. External
precision of 143Nd/144Nd is +0.000038 (n ¼ 12) for

BHVO2 and +0.000066 (n ¼ 13) for JMC321.
External precision of 87Sr/86Sr is about +0.000032
(n ¼ 13) for BHVO2 and 0.000058 for SRM987
(see also http://www.es.mq.edu.au/GEMOC/).

Results

Petrographic observations

The studied lherzolites and harzburgites display a
range of microstructure regardless of the rock type
(Table 1). All anhydrous lherzolites (MB4, MB32
and MB52) display a coarse-grained microstructure

Fig. 2. (a) Spinel lherzolite (MB52), (b) spinel–amphibole lherzolite (ML40) and (c) spinel–amphibole harzburgite
(ML30) in transmitted light, and (d) spinel–amphibole harzburgite in reflected light (ML30), showing mineral
assemblages involving olivine (ol), clinopyroxene (cpx), orthopyroxene (opx), spinel (sp) and amphiboles (amp), such
as disseminated amphibole surrounding spinel (b and c) or, as in enlargement of (c), reactive front between
clinopyroxene and amphibole (d).
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(Fig. 2a). In these xenoliths, olivine (ol), orthopyrox-
ene (opx) and clinopyroxene (cpx) are of similar size
(1.5–2 mm), highlighting the primary mineralogical
character of these minerals. Spinel (sp) is a minor
interstitial phase, usually ,1.5 mm across, and does
not show any consistent spatial relationship to the
other phases. The coarse-grained anhydrous lherzo-
lite MB4 is the sample richest in cpx (16%;
Table 1). Amphibole-rich xenoliths are characteristic
of the Marais de Limagne locality. Generally, there
does not seem to be any consistent relationship
between the modal contents of amphibole (amp)
and cpx (Touron 2005). Nevertheless, in the few
samples presented here, the modal content of amp
increases with the degree of deformation (from
coarse-grained to porphyroclastic microstructure)
and recrystallization, whereas the modal content of
cpx decreases. The coarse-equant lherzolite ML25
is amp-poor (1%, Table 1) with millimetre-scale
mineral. Spinel is in intergranular positions sur-
rounded by amphibole and is similar in grain size
to coexisting ol, opx, cpx and amp. The modal con-
tents of amp in the porphyroclastic lherzolite
(ML40) and the two porphyroclastic harzburgites
(ML22 and ML30) vary from 5 to 21% (Table 1).
In ML22, porphyroclasts of olivine are 3 mm across
whereas porphyroclasts of orthopyroxene can be
slightly larger (up to 3.5 mm). Granuloblasts are
composed of ol, opx, cpx, amp and sp, and range
from 0.8 to 1 mm in diameter. Spinel grains define
a foliation and amphibole grains can be either disse-
minated in the granuloblastic matrix or located
around spinel (Fig. 2b). In the two amp-rich harzbur-
gites ML22 and ML30, porphyroclasts of ol and opx
have grain sizes ranging from 3.5 to 4 mm whereas
neoblasts of ol, opx, cpx and amp are 0.2–1 mm in
diameter. Spinel is rare, interstitial, and surrounded
by amp; its grain size is ,0.3 mm in ML22 and
,1 mm in ML30. In the amp-rich harzburgite
ML30 cpx is relict (Fig. 2c), being corroded and par-
tially or totally replaced to amp (Fig. 2d). Phlogopite
(phl) is observed only in lherzolite ML40 (1%;
Table 1); it appears to be in textural equilibrium
with amp and cpx. In the samples from both
localities, no glass has been observed at grain
boundaries or near sp, cpx and amp crystals. Never-
theless, it can occur near amphibole in very few
samples from Marais de Limagne, probably associ-
ated with the destabilization of this mineral and
related to possible interaction with host lava
(Touron 2005). Therefore, these samples have been
discarded from this study.

Major- and trace-element compositions

of minerals

None of the minerals studied here show any zoning
for major-element compositions. Olivines have

mg-number ranging from 0.89 to 0.91, with weak
variations of NiO, MnO and CaO contents
(Table 2), regardless of the rock types and the
modal content of volatile-bearing phases. The opx
have mg-number ranging from 0.90 to 0.91 in
hydrous harzburgites and homogeneous CaO con-
tents. In contrast to mg-number and CaO, Al2O3

contents in opx vary from Al2O3-rich in porphyro-
clasts from the phl–amp-lherzolite to Al2O3-poor
in amp-rich harzburgite. Spinel has variable Cr2O3

contents with cr-number ranging from 0.08 to
0.60. The highest and lowest cr-number values cor-
respond respectively to the amph-rich harzburgite
and to an anhydrous lherzolite from Mont-Briançon
containing MgO-rich spinel. Cpx is Cr-diopside.
Amphibole is pargasitic and hastingsitic or hornble-
nde (ML30) with mg-number varying from 0.89 to
0.91 and from 0.87 to 0.89, respectively. Both cpx
and amp are Al2O3-rich; the highest Al2O3 contents
are found in the anhydrous lherzolite from
Mont-Briançon (MB4) and the amp-rich harzbur-
gite from Marais de Limagne (ML30). Whereas
cpx is MgO- and Cr2O3-rich and TiO2 -poor, coex-
isting amp is Cr2O3- and TiO2-rich (Table 2). With
the exception of the TiO2 content in cpx, which
strongly decreases (form 0.72 to 0.21 wt%) with
increasing amp content (from 1 to 8%), no chemical
evolution can be observed within cpx from anhy-
drous to highly hydrous samples. Phl from ML40
is Cr2O3 and Al2O3-rich with a mg-number of
0.87 (Table 2).

Chondrite (C1) normalized rare earth element
(REE) patterns for cpx and amp display wide vari-
ations especially in the light REE (LREE from 0.6
to 80 times C1 and from 0.9 to 150 times C1,
respectively, Fig. 3a and Table 3). In cpx, the
middle REE (MREE) and heavy REE (HREE) are
similar within all rock-types, at about 10 times
C1. In comparison, the MREE and HREE contents
of amp are higher and more than 10 times C1. The
highest REE content is observed in amphibole from
the most amphibole-rich harzburgite ML30.

LREE depletion is observed in amp and cpx in
the anhydrous lherzolites from Mont-Briançon
(La/Yb)NC1 ¼ 0.2–0.4) and in cpx and amp in
the amp-poor lherzolite from Marais de Limagne
(ML25; (La/Yb)NC1 ¼ 0.1 for both cpx and amphi-
bole; Fig. 3a and Table 3). These minerals display a
similar depletion in most lithophile elements and
are characterized by slight negative anomalies in
Nb, Ta, Ti and Ba. Moreover, amphibole from the
amp-poor lherzolite (ML25, Fig. 3a) displays a
positive anomaly in U.

In the amp–phl-bearing lherzolite (ML40), all
cpx have similar REE patterns, whereas for amphi-
boles two types can be observed: those located
around spinel display an almost flat REE pattern
except for La and Ce, and are notably poorer in
LREE than amp disseminated in the matrix
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Table 2. Major-element compositions of minerals expressed as weight percent of oxides, structural formulae, mg-number and cr-number

Sample: MB4 MB32 MB52 ML25 ML40 ML40 ML22 ML22 ML30 MB4 MB32 MB52 ML25 ML40 ML40 ML22 ML22 ML30 MB4
Mineral: Ol Ol Ol Ol Ol porp. Ol neob. Ol porp. Ol neob. Ol Opx Opx Opx Opx Opx porp. Opx neob. Opx porp. Opx neob. Opx Cpx
n: 6 7 7 10 1 4 3 6 7 6 8 7 3 1 1 3 6 4 7

SiO2 40.69 40.68 40.59 40.67 41.14 40.84 40.83 40.88 40.98 55.43 55.28 55.4 55.32 55.50 55.86 56.44 55.93 57.45 51.57
TiO2 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.02 0.12 0.1 0.08 0.08 0.10 0.07 0.02 0.06 0.02 0.72
Al2O3 0.03 0.02 0.02 0.01 0.00 0.01 0.01 0.01 0.01 3.93 3.76 3.66 3.51 4.47 3.62 2.72 3.46 1.65 7.04
Cr2O3 0.01 0.02 0.03 0.02 0.00 0.01 0.01 0.02 0.01 0.22 0.31 0.28 0.26 0.31 0.32 0.35 0.39 0.30 0.68
FeO 10.19 9.39 9.73 10.09 10.47 10.52 9.11 9.21 9.98 6.38 6.07 6.15 6.50 6.66 6.93 5.99 6.11 6.26 2.99
MnO 0.13 0.13 0.13 0.16 0.12 0.18 0.15 0.13 0.2 0.13 0.14 0.12 0.15 0.24 0.16 0.15 0.12 0.20 0.08
MgO 48.67 49.28 49.45 48.59 47.93 48.18 49.86 49.87 48.72 32.89 33.41 33.46 33.01 32.64 32.92 34.08 34.00 33.74 14.76
CaO 0.06 0.07 0.05 0.05 0.05 0.04 0.05 0.04 0.04 0.64 0.59 0.63 0.57 0.50 0.66 0.55 0.56 0.59 20.29
Na2O 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.09 0.09 0.11 0.05 0.07 0.06 0.08 0.07 0.08 1.71
K2O 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.02 0.01
Ni0 0.39 0.39 0.38 0.36 0.44 0.38 0.35 0.36 0.35 0.06 0.11 0.1 0.08 0.02 0.08 0.07 0.11 0.09 0.04
ZnO
V2O3

F
Cl n.d.

Total 100.22 100.02 100.41 99.97 100.23 100.26 100.39 100.56 100.37 99.91 99.87 100.02 99.53 100.56 100.77 100.44 100.81 100.45 99.92

Structural formulae
Si (IV) 1.00 1.00 0.99 1.00 1.01 1.00 0.99 1.00 1.00 1.92 1.91 1.91 1.92 1.91 1.92 1.92 1.94 1.97 1.87
Al (IV) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.16 0.15 0.00 0.14 0.18 0.15 0.13 0.11 0.07 0.3
Al (VI)
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.00 0.00 0.00 0.00 0.00 0.00 0.02
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02
Fe3þ

Fe2þ 0.21 0.19 0.2 0.21 0.21 0.22 0.19 0.19 0.2 0.18 0.18 0.18 0.19 0.19 0.2 0.17 0.17 0.18 0.09
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00
Mg 1.78 1.80 1.80 1.78 1.75 1.76 1.81 1.81 1.78 1.69 1.72 1.72 1.71 1.67 1.69 1.73 1.74 1.73 0.8
Ni 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.79
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.12
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
F
Cl
OH*

Total 3.00 3.00 3.01 3.00 2.99 3.00 3.01 3.00 3.00 4.00 4.01 4.01 4.00 4.00 4.00 4.00 4.01 4.00 4.01

mg-no. 0.89 0.9 0.90 0.90 0.89 0.89 0.91 0.91 0.90 0.90 0.91 0.91 0.90 0.90 0.89 0.91 0.91 0.91 0.90
cr-no.



Sample: MB32 MB52 ML25 ML40 ML22 MB4 MB32 MB52 ML25 ML40 ML22 ML30 ML25 ML40 ML40 ML22 ML30 ML40
Mineral: Cpx Cpx Cpx Cpx Cpx Sp Sp Sp Sp Sp Sp Sp Amp Amp dis Amp sp Amp Amp Phl
n: 7 6 10 4 6 4 7 5 2 3 4 4 2 3 4 10 14 1

SiO2 51.59 51.79 51.44 52.37 53.12 0.06 0.06 0.08 0.07 0.03 0.06 0.05 42.87 43.90 43.62 43.44 45.00 38.97
TiO2 0.56 0.52 0.57 0.36 0.21 0.13 0.1 0.12 0.07 0.05 0.02 0.08 1.58 1.17 0.80 0.73 0.39 1.09
Al2O3 6.55 6.69 6.41 5.51 4.46 58.34 55.57 55.87 57.27 48.16 44.6 19.54 14.78 14.4 14.15 14.3 12.05 17.22
Cr2O3 0.89 0.87 0.62 0.69 0.86 8.06 11.2 11.09 8.86 16.78 22.51 43.65 1.01 0.84 1.15 1.61 2.02 1.10
FeO 2.66 2.73 2.96 3.22 2.73 10.48 10.7 10.98 11.5 14.76 13.11 20.46 4.38 4.71 4.73 4.09 4.50 4.48
MnO 0.07 0.02 0.06 0.08 0.07 0.07 0.08 0.12 0.1 0.14 0.15 0.29 0.02 0.02 0.05 0.05 0.04 0.02
MgO 14.67 14.61 14.68 15.25 15.70 21.88 22.09 21.88 20.78 19.38 19.27 13.86 17.42 17.57 17.43 17.75 17.93 22.3
CaO 20.4 20.6 20.99 21.4 21.33 0.00 0.01 0.01 0.03 0.01 0.01 0.1 11.09 10.98 11.11 10.95 10.50 0.01
Na2O 1.89 1.98 1.56 1.15 1.49 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 3.80 3.49 3.27 3.77 3.58 0.93
K2O 0.00 0.01 0.01 0.01 0.00 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.01 0.30 0.76 0.43 0.87 8.61
Ni0 0.03 0.06 0.05 0.03 0.04 0.44 0.35 0.34 0.36 0.34 0.3 0.12 0.11 0.15 0.12 0.07 0.11 0.22
ZnO 0.08 0.08 0.08 0.09 0.15 0.17 0.16
V2O3 0.08 0.06 0.07 0.08 0.03 0.08 0.1
F 0.02 0.06 0.03 0.06 0.45
Cl 0.00 0.00 0.06 0.12 0.07
Total 99.33 99.93 99.34 100.14 100.00 99.62 100.3 100.68 99.2 99.83 100.28 98.42 97.08 97.62 97.34 97.19 97.18 95.58

Structural formulae
Si (IV) 1.88 1.88 1.80 1.90 1.93 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.06 6.17 6.18 6.15 6.39 5.45
Al (IV) 0.28 0.29 0.28 0.24 0.19 1.78 1.7 1.71 1.76 1.55 1.44 0.74 1.94 1.83 1.82 1.85 1.61 2.55
Al (VI) 0.53 0.56 0.54 0.53 0.4 0.29
Ti 0.02 0.01 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.17 0.12 0.09 0.08 0.04 0.11
Cr 0.03 0.02 0.02 0.02 0.02 0.16 0.23 0.23 0.18 0.36 0.49 1.11 0.11 0.09 0.13 0.18 0.23 0.12
Fe3þ 0.52 0.55 0.56 0.48 0.53 0.17
Fe2þ 0.08 0.08 0.09 0.1 0.08 0.23 0.23 0.24 0.25 0.34 0.3 0.55 0.35
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.01
Mg 0.8 0.79 0.8 0.82 0.85 0.84 0.86 0.84 0.81 0.79 0.79 0.66 3.67 3.68 3.68 3.74 3.79 4.65
Ni 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.02 0.01 0.01 0.01 0.02
Ca 0.8 0.8 0.82 0.83 0.83 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.68 1.65 1.69 1.66 1.6 0.00
Na 0.13 0.14 0.11 0.08 0.1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.04 0.95 0.9 1.03 0.99 0.25
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.14 0.08 0.16 1.54
F 0.01 0.03 0.01 0.03 0.20
Cl 0.00 0.00 0.01 0.03 0.02
OH* 1.99 1.97 1.97 2.00 1.94 4.00

Total 4.02 4.02 3.94 4.00 4.01 3.03 3.03 3.03 3.02 3.04 3.03 3.07 17.74 17.69 17.73 17.81 17.75 5.86

mg-no. 0.91 0.91 0.90 0.89 0.91 0.79 0.79 0.78 0.76 0.7 0.72 0.55 0.88 0.87 0.87 0.89 0.88 0.87
cr-no. 0.08 0.12 0.12 0.09 0.19 0.25 0.6

neob., neoblast, por., porphyroblast, amp dis, amphibole disseminated; amp sp, amphibole associated with spinel; n.d., not determinied; n, number of analyses.



Fig. 3. (Continued ).
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((La)C1 ¼ 20–80; Fig. 3b and Table 3). The
enrichment in Gd and LREE is evident. Primitive
mantle-normalized cpx displays strong negative
anomalies in Rb, Ba, Nb, Ta and Ti. In contact
with spinel, Al2O3- and TiO2-rich amp has a
pattern similar to those of coexisting cpx. Dissemi-
nated amp is richer in trace elements, although Th,
U, Pb, Ti and HREE contents are comparable with
those of sp-associated amp and display trace-
element patterns similar to those of the coexisting
cpx, as observed in other amp-bearing peridotites
(Coltorti et al. 2004, 2007).

Therefore, amp shows different trace-element
signatures related to its petrographic location
within the amp–phl bearing lherzolite (ML40).
Associated with disseminated amp, phl has a

low REE content enriched in Rb, Ba, Nb, Ta, Pb
and Sr.

In the amp-bearing harzburgites (ML22; and
ML30; Fig. 3c and Table 3), cpx and coexisting
amp are enriched in LREE relative to HREE
((La/Yb)NC1 ¼ 3.8–8.2 for cpx and 2–15.8 for
amphiboles). The primitive mantle-normalized dia-
grams for the most incompatible element-enriched
cpx (ML22) show strong negative anomalies in
Rb, Ba, Nb, Ta and Ti. Amps in both harzburgites
display negative anomalies in Nb, Ta, Zr, Hf and
Ti. The strongest enrichment (lithophile elements
and REE) or depletion (HFSE) is observed in
the most modally metasomatized sample: the
amp-rich harzburgite (21% of amphibole for (La/
Yb)NPM ¼ 18 in ML30).

Fig. 3. (Continued) Chondrite C1-normalized REE patterns and primitive mantle normalized trace-element patterns
(after McDonough & Sun 1995) for cpx, amp and phl of (a) anhydrous and hydrous depleted lherzolites (MB4, 27,
32, 52 and ML25), (b) two types of amphibole (amp-dis, amphibole disseminated; amp sp, amphibole associated
with spinel; see Table 3) in amp-lherzolite ML40, (c) hydrous harzburgites (ML22 and 30).
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Table 3. Average trace-element compositions of cpx, amp and phl expressed in ppm

Sample: MB4 MB32 MB52 ML25 ML22 ML40 ML30

Mineral: cpx cpx cpx cpx amp cpx amp cpx amp dis amp sp phl amp

n: 9 1SD 9 1SD 7 1SD 7 1SD 6 1SD 7 1SD 13 1SD 3 1SD 3 1SD 3 1SD 1 12 1 SD

Rb 0.04 0.02 – 0.0 0.09 0.05 0.04 0.01 0.51 0.21 0.67 0.58 18.94 1.86 0.4 0.17 11.91 1.85 1.62 1.11 729.55 7.79 1.11

Ba 0.06 0.03 0.12 0.07 0.87 0.54 0.09 0.04 4.2 2.99 18.59 17.18 301.01 26.81 7.08 2.61 173.63 48.19 9.52 0.91 4469.41 216.42 27.72

Th 0.03 0.01 0.03 0.01 0.01 0.01 0.03 0.02 0.07 0.05 3.92 0.42 5.07 0.57 1.15 0.09 1.31 0.07 1.36 0.03 0.01 3.81 0.36

U 0.01 0.01 0.02 0.01 0.01 0.00 0.03 0.02 0.11 0.04 1.35 0.13 1.52 0.16 0.37 0.02 0.35 0.03 0.39 0.01 0.08 1.22 0.09

Nb 0.09 0.02 0.1 0.02 0.07 0.03 0.03 0.02 0.19 0.11 0.07 0.06 4.65 3.37 0.6 0.22 50.27 10.67 4.99 3.2 43.48 18.38 3.62

Ta 0.02 0.01 0.02 0.01 0.01 0.01 – 0.00 – 0.00 0.02 0.01 0.05 0.03 0.03 0.02 2.09 0.88 0.17 0.1 1.99 0.23 0.07

La 1.09 0.03 0.89 0.11 0.49 0.03 0.17 0.01 0.22 0.05 20.3 5.09 43.11 5.41 9.16 0.77 19.64 0.4 5.38 0.77 0.14 61.5 2.26

Ce 4.29 0.17 3.13 0.08 1.98 0.04 1.47 0.07 1.86 0.15 19.46 9.53 53.79 10.69 18.84 1.87 44.16 1.82 9.6 1.7 0.83 140.08 3.31

Pb 0.23 0.06 0.12 0.03 0.14 0.03 0.08 0.01 0.71 0.23 1.11 0.17 3.01 0.28 0.27 0.02 0.94 0.02 0.99 0.03 1.57 1.74 0.78

Pr 0.8 0.05 0.69 0.03 0.42 0.02 0.45 0.02 0.49 0.05 1.27 0.71 3.9 1.00 2.0 0.26 5.79 0.48 1.15 0.11 0.09 17.52 0.51

Sr 76.88 2.51 63.91 1.06 49.16 1.05 28.23 2.73 63.56 4.09 202.33 48.67 448.12 28.75 153.33 16.78 418.52 0.1 167.28 6.69 144.02 610.86 24.47

Nd 4.75 0.16 4.44 0.17 2.93 0.11 3.41 0.22 3.82 0.27 4.25 1.46 10.36 2.73 6.51 0.74 22.39 2.06 5.42 0.35 0.11 64.75 2.12

Zr 38.46 2.08 33.94 1.15 28.26 1.04 24.45 0.77 19.74 1.38 29.27 1.76 27.59 5.1 39.31 3.5 106.74 10.63 47.57 9.18 16.04 30.31 7.23

Hf 1.19 0.09 1.03 0.06 0.84 0.08 0.97 0.07 0.7 0.07 0.96 0.06 0.48 0.11 0.92 0.02 1.87 0.31 0.83 0.13 0.24 0.6 0.07

Sm 1.83 0.14 1.84 0.13 1.3 0.06 1.63 0.07 1.82 0.14 1.35 0.08 1.73 0.27 1.6 0.12 3.96 0.44 1.53 0.06 0.03 10.26 0.48

Eu 0.74 0.04 0.76 0.06 0.59 0.03 0.69 0.05 0.83 0.04 0.55 0.08 0.64 0.06 0.64 0.02 1.45 0.13 0.66 0.04 0.08 3.1 0.14

Ti 3867.4 184.1 3411.1 104.0 3047.5 246.6 3598.5 195.9 10237.9 448.0 1966.9 204.5 2575.0 641.6 23113.8 157.0 3617.2 222.6 4441.8 197.9 5360.5 2311.4 122.7

Gd 2.69 0.12 2.64 0.17 2.09 0.12 2.46 0.16 2.68 0.2 1.85 0.28 1.95 0.23 1.79 0.12 3.59 0.13 2.28 0.08 – 7.24 0.48

Tb 0.48 0.03 0.48 0.03 0.39 0.01 0.45 0.04 0.51 0.01 0.35 0.04 0.33 0.02 0.32 0.01 0.53 0.01 0.4 0.03 – 1.02 0.07

Dy 3.6 0.14 3.35 0.2 3.07 0.16 3.4 0.21 3.74 0.24 2.44 0.33 2.47 0.22 2.33 0.12 3.44 0.37 2.88 0.13 0.02 6.01 0.59

Y 20.5 0.84 19.67 0.63 17.81 0.68 19.49 1.00 21.07 1.13 14.36 1.37 14.43 0.85 13.07 0.72 18.79 0.49 16.05 0.16 0.16 32.0 1.98

Ho 0.78 0.04 0.76 0.02 0.68 0.04 0.76 0.05 0.82 0.06 0.58 0.07 0.55 0.05 0.5 0.01 0.66 0.03 0.62 0.03 – 1.17 0.07

Er 2.28 0.11 2.15 0.11 2.01 0.09 2.19 0.1 2.29 0.27 1.66 0.19 1.56 0.13 1.38 0.11 1.83 0.02 1.69 0.16 – 2.99 0.26

Yb 2.14 0.1 2.01 0.1 1.92 0.08 2.12 0.17 2.21 0.2 1.5 0.2 1.56 0.19 1.45 0.09 1.79 0.09 1.81 0.06 – 2.77 0.26

Lu 0.31 0.03 0.28 0.02 0.29 0.01 0.31 0.02 0.29 0.03 0.21 0.04 0.23 0.02 0.19 0.02 0.24 0.01 0.24 0.0 0.00 0.39 0.03

n, number of point analyses; 1SD one standard deviation on analyses.



Isotopic composition of oxygen

The d18O values obtained for the xenolith min-
erals (d18Ool ¼ 4.6–6‰; d18Oopx ¼ 4.7–5.8‰;
d18Ocpx ¼ 5.4–6.1; d18Oamp ¼ 5.3–5.9‰ V-SMOW;
Table 4) fall within the range of basalt-hosted peri-
dotites worldwide (Boettcher & O’Neil 1980; Ionov
et al. 1994; Mattey et al. 1994; Chazot et al. 1997;
Fig. 4). d18O values for olivine vary within a single
sample. These variations are not necessarily related
to the number and size of grains analysed, as shown
by the coarse-grained anhydrous lherzolites (MB4,
MB32 and MB52).

The isotopic composition of oxygen in the

different mineral phases are plotted in d18Omineral A

v. d18Omineral B diagrams (A–B pairs: opx–ol, cpx–
ol, amp–ol, amp–cpx), which show equilibrium
lines for 9008 and 1400 8C (roughly encompassing
the spinel-bearing lherzolite field; Fig. 4). Where
amphibole is considered, equilibrium is limited to
1100 8C, after Niida & Green (1998) (Chiba et al.
1989; Zheng 1992, 1993; Rosenbaum et al. 1994).

The mineral pairs (ol–opx and ol–cpx) of the
anhydrous lherzolites from Mont-Briançon plot
near or away from the two extreme temperature
equilibrium lines, indicating an isotopic disequili-
brium. Moreover, it has been shown, using a larger
set of anhydrous peridotites, that disequilibrium
between mineral pairs is common among samples
from the Devès volcanic district (Touron 2005).

In the hydrous peridotites, most of the pairs are
in equilibrium, except in the porphyroclastic
amphibole-rich harzburgite (ML22), where ol–
opx and ol–cpx pairs indicate disequilibrium at
mantle conditions. Amp–cpx pairs are in equili-
brium within mantle conditions regardless of the
amp modal content. The minerals from the
amp-poor lherzolite (ML25; 1% of amphibole) are
isotopically equilibrated whereas mineral pairs
from the amp-rich harzburgite (ML22; 7% of
amphibole) are not.

Sr and Nd isotopic compositions

87Sr/86Sr isotopic ratios range from 0.702528 to
0.703689 for cpx. However, no such large variation
is observed for amp, which is relatively homo-
geneous: 0.703245–0.703394 (Fig. 5, Table 4).
The lowest isotopic ratio was measured in an anhy-
drous sp-lherzolite from Mont-Briançon (MB4), in
agreement with the depleted character already
revealed by the major- and trace-element compo-
sitions of the pyroxenes. The highest values corre-
spond to cpx in the hydrous xenoliths from Marais
de Limagne.

143Nd/144Nd isotopic ratios range from
0.513051 to 0.513433 for cpx; the highest values
are observed in cpx from the anhydrous lherzolite
MB52, which is the sample most depleted in

Table 4. d18O (‰ V-SMOW), 143Nd/144Nd and 87Sr/86Sr + 2s of minerals
from lherzolites and harzburgites

Sample Mineral d18O 143Nd/144Nd 86Sr/87Sr

MB4 ol 4.6; 5.5
opx 5.8
cpx 5.6 0.513195 + 18 0.702528 + 10

MB32 ol 5.5; 6
opx 5
cpx 5.6 0.513076 + 8 0.703248 + 8

MB52 ol 5.4; 5.8
opx 6.7
cpx 5.8 0.513433 + 18 0.702607 + 14

ML25 ol 4.9
opx 5.6
cpx 5.4 0.513282 + 10 0.703689 + 12
amp 5.3

ML22 ol 4.9; 5.7
opx 4.7
cpx 6.1 0.513053 + 10 0.703463 + 14
amp 5.8 0.512907 + 54 0.703394 + 14

ML40 ol 5.1
opx
cpx 5.8 0.513051 + 12 0.703484 + 14
amp 5.6 0.512980 + 12 0.703245 + 14

ML30 ol 5.4
opx 5.1
amp 5.9 0.512888 + 10 0.703372 + 12
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incompatible elements (Fig. 5, Table 4). In the
amp-rich lherzolite and harzburgites, cpx have Nd
isotopic ratios lying on the mantle array whereas
associated amp has Nd values (0.512888–
0.512980) lying below the mantle array. The high
143Nd/144Nd ratio of ML25 shows a decoupling
between Nd and Sr isotopes, moving away from
the mantle array. The 87Sr/86Sr and 143Nd/144Nd
of both cpx and amp, regardless of the modal
content of amp, plot within the field of cpx from
anhydrous peridotites from the southern domain
(Downes et al. 2003).

Discussion

Mineralogical and chemical evidence of

metasomatic fluids

Mantle rocks studied from Mont-Briançon and
Marais de Limagne show evidence of metasomatism

revealed by hydrous silicates, without interaction of
the host lava (no glass).

All minerals from the different microstructures
have homogeneous major oxides, indicating
absence of exchange at grain boundaries. This
interpretation is supported by the chemical charac-
teristics of cpx (mg-number ¼ 0.89–0.91), which
correspond to those predicted for primary peridoti-
tic assemblages (Fabriès et al. 1989). The metaso-
matism involves both secondary re-equilibration
of primary cpx and the crystallization of amp and
phl as modal phases.

Calculated equilibrium temperatures based on
the solubility of Ca in opx (Brey & Kohler 1990)
are in agreement with those obtained using the
Sachtleben & Seck (1981) thermometer based on
Al solubility in opx and coexisting ol and sp
(Touron 2005). They range from 920 to 960 8C
(Table 1). These temperatures, corresponding to
the final recrystallization of the anhydrous silicate
phases (ol, opx and sp), are homogeneous

Fig. 4. d18Omineral A v. d18Omineral B (‰ V-SMOW; ol, olivine; opx, orthopyroxenes; cpx, clinopyroxene; amp,
amphibole) for mineral separates (shaded circles, ol and pyroxenes from Mont-Briançon (MB); shaded squares, ol,
pyroxenes and amp from Marais de Limagne (ML); 2s error bars are shown.
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regardless of the amp content and the microstruc-
ture. Therefore, all the observed reactions (destabi-
lization and/or re-equilibration of cpx and/or
spinel, crystallization of amphibole) are inferred
to have occurred under mantle conditions in a
limited depth range in the lithosphere. Using the
Eastern Australian geotherm (advective and recog-
nized in young intra-plate volcanism, O’Reilly
et al. 1997) or the geotherm in the Massif Central
obtained after geophysical studies (Granet et al.
1995, and references therein), these xenoliths
should come from c. 40 or 50 km, respectively.

The depletion in most lithophile elements, com-
bined with the absence of metasomatic phases in
the anhydrous lherzolites from Mont-Briançon, is
compatible with a partial melting model (Norman
1998; Fig. 6) requiring less than 2% of melting, con-
sistent with the fertile character of the southern
lithospheric domain (Lenoir et al. 2000; Downes
et al. 2003).

In volatile-bearing xenoliths, amp occurs
surrounding cpx or sp and/or disseminated in the
peridotite. A reaction corresponding to the
hydration of cpx has been observed in the most
amp-rich harzburgite. Such a reaction is also
suggested in other hydrous samples, as the TiO2

content in cpx decreases with increasing modal

content of amp. Moreover, amp generally displays
trace-element patterns similar to those of cpx.
Variations in LREE enrichment or depletion
within cpx and/or amp cannot be explained by
primary heterogeneities of host peridotites as a
result of large variations in the degree of partial
melting (Vannucci et al. 1995). Therefore, LREE-
depleted amp might result from cpx hydration, a
H2O-rich fluid being a precursor of alkaline melt
(Menzies 1983).

Calculated compositions of liquid in equilibrium
with cpx and amp were obtained using partioning
coefficients (cpx: Hart & Dunn 1993; Blundy
et al. 1998; amp: Brenan et al. 1995; LaTourette
et al. 1995; Ionov et al. 1997; Fig. 7). Most cpx
and associated amp appear to have been in equili-
brium with liquid of similar compositions. Never-
theless, a hydrous lherzolite (ML40) with two
types of amp displays two liquid compositions
representing distinct chemical microsystems for
amphiboles associated with sp (flat pattern) or
with cpx and phl (LREE enrichment). Differences
in REE enrichment can be related to chemically
different metasomatic agents, indicating a multi-
stage metasomatism. Amp associated with sp
would correspond to a microsystem formed before
the crystallization of disseminated amphibole and

Fig. 5. 87Sr/86Sr v. 143Nd/144Nd in cpx and amp (field for peridotites from southern Massif Central domains;
MORB and EAR after Downes et al. (2003) and references therein; main oceanic mantle reservoirs after Zindler & Hart
(1986); DM, depleted mantle; BSE, Bulk Silicate Earth; HIMU, High m; EMI, enriched mantle.
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preserved from metasomatic infiltration and reac-
tion. This last metasomatic agent is enriched in
REE and large ion lithophite element (LILE) and
could be derived from a more REE-rich fluid such
as an alkaline magma. In other hydrous samples,
the modal content of amp increases with REE
enrichment and this would suggest an increasing
volume of the metasomatic agent.

In conclusion, cpx and/or spinel in samples
from Marais de Limagne are partly or totally
reacted to amphibole, revealing a progressive trans-
formation that can be described by the infiltration–
reaction–crystallization process (Neumann &
Wulff-Pedersen 1997). Each end-member of this
complex solid–liquid relationship can be dominant
in different cases: (1) existence of a potential crys-
tallization substrate (cpx or spinel) for liquidus
phase(s) of the melt will favour chemical exchanges
between melt and substrate; (2) variation of the
volume of percolating agent will favour the
infiltration model.

Geochemical signature of the

metasomatic agent

Calculated liquids in equilibrium with minerals
(Fig. 7) have similar trace-element patterns for
coexisting minerals, highlighting once again the
chemical equilibrium. From the least modally meta-
somatized lherzolite (ML25, 1% amp) to the most
modally metasomatized harzburgite (ML30, 21%
of amp) these liquids become richer in most litho-
phile elements, and negative anomalies in high
field strength elements (HFSE) increase. In ML25,
the liquids in equilibrium with cpx and amp have
a flat trace-element pattern (about 10 times PM)
but display large positive anomalies in U and Th.

This liquid is consistent with a sub-alkaline
TiO2-rich fluid or melt (Fabriès et al. 1989). The
enrichment in lithophile elements is evident in
ML30, where negative anomalies in HFSE and
high Th and U enrichment suggest a carbonate-rich
silicate melt or fluid (e.g. Dautria et al. 1992; Ionov
et al. 1993; Moine 2000; Moine et al. 2000).

Origin of the metasomatic agent

The isotopic compositions of Nd and Sr in cpx
(Fig. 5) plot in the southern domain (Downes
et al. 2003) from the depleted mantle (DM) to
EAR (European Asthenospheric Reservoir; Granet
et al. 1995) fields in the mantle array, except
those from ML25. However, being poorer in radio-
genic Nd, the coexisting amphiboles fall in the
HIMU field and very close to the EAR end-member.
As the EAR reservoir is regarded as the isotopic fin-
gerprint of the mantle plume beneath the European
plate, the melts responsible for the formation of
amphibole could result from the mixing between a
depleted mantle source (asthenospheric component)
and a deeply recycled enriched component (HIMU
or EAR). In Figure 8, the cpx and amphiboles plot
along a trend from the DM to EMI end-members
and define a box) between the depleted and variably
enriched mantle. These plots support the mixture of
different sources previously proposed for primitive
lavas from the Massif Central (Wilson & Downes
1991), but suggest that the HIMU source is not
required to explain the Sr–Nd data or the
O-isotope data.

Calculated d18Ofluid

Variations in the d18O of ol and opx, correlated
with the number of fragments analysed, reflect

Fig. 6. Modelled degree of melting (after Norman, 1998; normalization values after McDonough & Sun 1995).

S. TOURON ET AL.190



Fig. 7. Primitive mantle normalized calculated liquids in equilibrium with cpx and amp (normalization values
from McDonough & Sun 1995) in (a) depleted hydrous lherzolite, (b) two types of amp-lherzolite and (c) hydrous
harzburgites.
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grain-scale processes such as isotopic zoning
induced by different fluids or thermal exchanges.
However, as mentioned above, no chemical
zoning and no glass have been observed in the xeno-
liths, excluding late-stage fluid re-equilibration as a
cause for these isotopic variations.

d18Omineral A v. d18Omineral B diagrams (Fig. 4)
show that ol–opx or ol–cpx pairs from the
amp-poor lherzolite are not in equilibrium at
mantle conditions (e.g. 900–1400 8C). This isoto-
pic disequilibrium is inconsistent with the petro-
graphic observations. Stable isotope disequilibria
have to be related to partial exchange as a result
of different rates of oxygen isotope diffusion
(Cole & Chakraborty 2001). Diffusion coefficients
of oxygen are higher for pyroxenes than for ol and
amp (diffusion coefficient: opx . cpx . ol . amp;
after Cole & Chakraborty 2001) and/or grain size.
Therefore d18O values of pyroxenes respond to
changes of temperature more rapidly than those
for other co-existing minerals.

Accepting the calculated equilibrium tempera-
tures given by the Brey & Köhler (1990)

thermometer for each xenolith (which are consistent
with the amphibole stability field (Niida & Green
1999) for these spinel-bearing peridotites), liquids
in equilibrium with different phases have been cal-
culated using theoretical fractionation factors
(Zheng 1992, 1993; Zhao & Zheng 2003;
Table 5). Because fractionation factors between
all minerals (ol, opx, cpx ad amp) and basalt (as
melt) are not available, a d18Ofluid (d18OCc

(calcite) and d18OH2
O) has been calculated for

each mineral using the oxygen–calcite fraction-
ation factor (Zheng 1993) for an anhydrous melt
and mineral–H2O for amphibole representing a
hydrous melt (Table 5). The calculated d18OCc

values range from 7.1 to 8.3‰ (d18OH2
O values

are 8.4 and 9‰) with the exception of the
amphibole-poor lherzolite (ML25), which shows
larger variations: 6.3–8.3‰. In this amphibole-
poor lherzolite, d18OCc values in equilibrium with
olivine and opx are respectively 7.5–8.3‰ and
6.3‰, whereas values in equilibrium with cpx and
amphibole are respectively 7.9 and 8.2‰. As men-
tioned above, the apparent lower d18OCc value (opx)
can be explained by exchange time and/or grain
size effects (the Soret effect, Kyser et al. 1998).
Such a low d18OCc value could be induced by a
thermal anomaly from a mantle upwelling, in agree-
ment with geophysical studies (Granet et al. 1995,
2000).

d18OCc values in equilibrium with minerals from
the anhydrous lherzolites are similar to those for
fluids equilibrated with minerals from hydrous peri-
dotites. This indicates that the melts are homo-
geneous in d18O beneath the northern part of the
Devès area. Chazot et al. (2003) measured similar
d18OCc values in carbonatitic lava from the Velay
volcanic district, equilibrated at c. 700 8C. Despite
the cpx–amp relationship revealed by petrography
and trace-element patterns, the calculated˙d18OCc

Fig. 8. d18O values of amp and cpx v. 87Sr/86Sr and
143Nd/144Nd (main oceanic mantle reservoirs after
Harmon & Hoelfs (1995); DM, depleted mantle; HIMU,
High m; EMI and EMII, enriched mantle. Symbols
as in Figure 5.

Table 5. d18O values (‰ V-SMOW) for calculated
calcite-rich and H2O-rich liquids in equilibrium with
peridotite minerals at the calculated equilibrium
temperature given by the Brey & Köhler (1990)
thermometer for each xenolith

Sample d18Ocalcite d18OH2
O

ol opx cpx amp amp

MB4 7.1; 8 7.4 7.3
MB32 8; 8.5 6.6 7.4
MB52 7.9; 8.3 8.3 7.5
ML25 7.4 7.2 7.2 7.7 8.4
ML40 7.5 7.6 8 8.7
ML22 7.5; 8.3 6.3 7.9 8.2 9
ML30 7.9 6.6 8.3 9
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values (melts) vary from 7.2 to 8.3‰ V-SMOW.
The differences in calculated D18OCc cpx – amp in
equilibrium vary from 0.3 to 0.5‰. The decrease
of D18OCc does not vary with the amphibole
modal content but seems to be associated with the
LREE–enrichment in cpx (La/Yb)NC1 ¼ 0.1–8.5)
and amphibole ((La/Yb)NC1 ¼ 0.1–15.8).

REE and stable isotope characterization

of hydrous metasomatism

The infiltrating fluid or melt responsible for the for-
mation of amphibole and the LREE enrichment in
minerals apparently homogenized the d18O of the
minerals. The metasomatic agent that percolated
the Marais de Limagne peridotites could have
homogeneous d18O and (La/Yb) values. Consider-
ing the cpx–amp relationship, proportions of melt
have been estimated using the equations for melt/
rock ratios (W/R ratio) in an open system from
Criss & Taylor (1986) and a temperature of
900 8C (close to calculated equilibrium temperature
obtained by geothermometry), to quantify the rela-
tive volume of melt and to characterize its initial
(La/Yb) ratio. In the calculation, the d18O of the
initial cpx corresponds to that of the less modally
metasomatized peridotite (ML25), and that of the
final cpx to the metasomatized peridotite with
residual cpx (ML40; the most amp-rich sample
ML30, having no cpx); the d18O fluid or melt
value is the d18OCc in equilibrium with the most
LREE-rich amphibole (ML40; d18OCc ¼ 8‰).
The comparison between the different hydrous
samples indicates that W/R increases from 0.25
to 0.47 (Fig. 9). The absolute values of W/R are

unrealistic under mantle conditions but the
calculation does indicate a relative increase in the
proportion of fluid. As mentioned above, D18OCc

cpx – amp and W/R ratios are not correlated to the
amp content in the peridotites (W/R varies from
0.45 to 0.25 for 7–8% of amp; Fig. 9). This might
be related to the fact that the harzburgite has under-
gone melt extraction before metasomatic
re-enrichment. The extrapolation of the W/R ratio
up to unity would produce a d18OCpx value of 7‰
in equilibrium with a d18OCc ¼ 8‰. This value is
slightly lower than those obtained for carbonatites
from Velay (d18O ¼ 8.7–24.5‰; Chazot et al.
2003) at 700 8C. Nevertheless, if d18OCc is calcu-
lated at this temperature, the results obtained corre-
spond to the lowest values for these carbonatites
(Chazot et al. 2003).

(La/Yb)NPM ratios of cpx and (La/Yb)NPM

ratios of liquids in equilibrium with cpx are
plotted v. W/R in Figure 10. For a W/R ratio of
unity (chemical equilibrium between percolating
fluid and host peridotite), the ratio of the initial per-
colating melt should be (La/Yb)NPM ¼ 175 or (La/
Yb)NPM ¼ 18 for cpx. This value is comparable
with ratios observed in amp-rich harzburgites
from Marais de Limagne, similar to ML30 (21%
amp and no cpx; Touron 2005).

Conclusions

The lherzolites from Mont-Briançon locality are
characterized by the absence of metasomatic

Fig. 9. Calculated W/R ratios at 900 8C v. d18O values
of cpx (‰ V-SMOW). Dashed line corresponds to W/
R ¼ 1 and could represent the d18O value of the fluid in
equilibrium with cpx.

Fig. 10. (La/Yb)NC1 of cpx and (La/Yb)NC1 of
calculated liquids in equilibrium with cpx v. W/R ratios
calculated at 900 8C. Dashed line corresponds to
evolution of (La/Yb) ratio with increasing W/R ratio.
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phases, whereas lherzolites and harzburgites from
Marais de Limagne show variable modal contents
of amphibole (amp) and rare phlogopite (phl).

The anhydrous lherzolites from Mont-Briançon
have cpx trace-element patterns compatible with
small degrees of partial melting (,5%). Cpx and
amp in hydrous peridotites from Marais de
Limagne display similar trace-element patterns
and the calculated liquids in equilibrium indicate
chemical equilibrium between these two phases.
The metasomatic agent can be modelled as a sub-
alkaline TiO2-, Th- and U-rich fluid or melt.
Associated with negative anomalies in HFSE,
such chemical characteristics are compatible with
a carbonate-rich silicate melt or fluid as the
metasomatic agent. Nevertheless, this metasoma-
tism did not affect all peridotites equally. Local
chemical microsystems were preserved, as indi-
cated by the occurrence of two types of amp
within a single lherzolite. This situation suggests a
multistage metasomatism.

The isotopic compositions of Sr and Nd of cpx
and amp indicate that the metasomatic fluid or
melt was derived from a mixing between a depleted
MORB mantle (DMM)-type, deeply recycled com-
ponent and the European Asthenospheric Reservoir
(Granet et al. 1995). The first set of coupled O, Sr
and Nd data on cpx and amphibole allows an
improved definition of the isotopic signature of
the metasomatized mantle beneath Devès.

The silicate–H2O–CO2-rich melt that infiltrated
and reacted with the host peridotites has
re-equilibrated cpx and amphibole in terms of
LREE and O isotopes. Assuming petrographical
and geochemical equilibrium, proportions of melt
(W/R) have been estimated and have revealed
that the volume of melt is not related to the amp
content but to the LREE-enrichment, in agreement
with the trend of differentiation (from silicate
toward silicate–CO2-rich) of the infiltrating melt.
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Thèse d’Etat Université de Clermont-Ferrand.

BRENAN, J. M., SHAW, H. F., RYERSON, F. J. &
PHINNEY, D. L. 1995. Experimental determination
of trace-element partitioning between pargasite and a
synthetic hydrous andesitic melt. Earth and Planetary
Science Letters, 135, 1–11.
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171, 149–167.

HARMON, R. S. & HOELFS, J. 1995. Oxygen isotope
heterogeneity of the mantle deduced from global
18O systematics of basalts from different geotectonic
settings. Contributions to Mineralogy and Petrology,
120, 95–114.

HART, S. R. & DUNN, T. 1993. Experimental cpx/melt
partitionning of 24 trace elements. Contributions to
Mineralogy and Petrology, 113, 1–8.

HOERNLE, K., ZHANG, Y.-S. & GRAHAM, D. 1995.
Seismic and geochemical evidence for large-scale
mantle upwelling beneath the eastern Atlantic and
western and central Europe. Nature, 374, 34–39.

IONOV, D. A., DUPUY, C., O’REILLY, S. Y., KOPYLOVA,
M. G. & GENSHAFT, Y. S. 1993. Carbonated perido-
tites xenoliths from Spitsbergen: implications for
trace element signature of mantle carbonate metaso-
matism. Earth and Planetary Science Letters, 119,
283–297.

IONOV, D. A., HARMON, R. S., FRANCE-LANORD, C.,
GREENWOOD, P. B. & ASHCHEPKOV, I. V. 1994.
Oxygen isotope composition of garnet and spinel peri-
dotites in continental mantle: Evidence from the Vitim
xenolith suite, southern Siberia. Geochimica et Cos-
mochimica Acta, 58, 1463–1470.

JARDIN, L. 1973. Les enclaves basiques et ultrabasiques
dans les basaltes alcalins de la chaı̂ne du Devès
(Haute-Loire, France). Thèse de doctorat, Université
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de Doctorat, Université Montpellier II.
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Piazza Porta San Donato 1, 40126 Bologna, Italy
3deceased, 18 November 2006

Abstract: Coarse-grained, protogranular spinel peridotite xenoliths in the Upper Miocene Valle
Guffari diatreme display a complex history for the shallow mantle underneath the Hyblean Plateau
(SE Sicily). The mineral assemblage and composition (olivine Fo89 – 91, orthopyroxene En88 – 91,
Cr-diopside En48 – 49Fs4 – 6Wo45 – 48, Cr-rich spinel with cr-number ¼ 25–39) record at least one
depletion event caused by melt extraction, followed by metasomatic enrichment. One of these
samples (HYB40) hosts a fresh glass vein. Rare earth elements (REE) in clinopyroxenes from
these peridotites show three patterns: (1) light REE-enriched (Lan/Ybn ¼ 7–17); (2) spoon-
shaped (Lan/Ybn ¼ 18–20; Lan/Smn ¼ 21–34; Smn/Ybn , 1); (3) nearly flat (Lan/Ybn �3).
Whole-rock and clinopyroxene trace elements indicate that these patterns are associated with
more or less complete equilibration with at least two distinct metasomatic melts: an alkaline sili-
cate melt resembling the host basalt and a hawaiitic melt (for peridotite HYB40). P–T estimates
yield 0.9–1.2 GPa and 870–1050 8C, suggesting that refertilization by metasomatizing melts
occurred at the Crust–Mantle boundary or just below. In addition, the P–T data coincide with
the palaeogeotherm reported by an earlier worker that is consistent with a high geothermal gradi-
ent. However, this thermal regime does not fit with the occurrence of an active mantle plume
beneath the Hyblean area because of the deduced mantle potential temperatures, which are
almost 2008C lower than those typical for a mantle plume. f O2 calculation gives a redox
state above the fayalite–magnetite–quartz buffer FMQ (up to þ1.7 Dlog units) related to
melt-driven metasomatism.

The ever-growing interest of petrologists in upper
mantle xenoliths within volcanic rocks depends on
the fact that xenoliths represent small ‘fragments’
of lithospheric mantle trapped by the ascending
magmas. The ascent rate of nodule-bearing alkaline
magmas is estimated as a few cm s21 (Spera 1980),
hence their geochemical and mineralogical
characteristics are considered to remain mostly
unmodified. Therefore, geochemical and isotopic
investigations on these rocks provide much of our
knowledge of petrological features of the upper
mantle, and its origin and evolution (e.g. Nixon
1987; Rivalenti et al. 1996).

The Hyblean Plateau (southeastern Sicily, Italy)
has been affected several magmatic episodes by
since at least Triassic times (Cristofolini 1966;
Carbone & Lentini 1981; Rocchi et al. 1998).
Some volcanic events brought to the surface a
large number of mantle-derived xenoliths, mainly
spinel-facies peridotites and subordinate pyroxe-
nites (Sapienza & Scribano 2000). Garnet-bearing
peridotites are absent in the suite. Previous studies

of Hyblean peridotites provided petrographic evi-
dence of their depleted character, which has been
related to melt extraction (e.g. Sapienza & Scribano
2000). In contrast, studies on whole-rock trace
element distribution (e.g. Sapienza & Scribano
2000), Sr–Nd (Tonarini et al. 1996) and He isotope
systematics (coupled with fluid inclusion study)
(Sapienza et al. 2005) and in situ Re–Os in sul-
phides (Sapienza et al. 2007) indicate that they
underwent metasomatic episodes, probably related
to the interaction with silicate melt(s). In this
study, we present the first data on trace elements
of pyroxenes and a glass veinlet from spinel perido-
tite xenoliths from the Hyblean Plateau, with the
aim of deciphering the depletion and enrichment
episodes affecting the Hyblean upper mantle. Geo-
chemical data and P–T– f O2 evaluations (in the
spinel peridotite stability field) are integrated to
document depletion and enrichment events and to
characterize the metasomatic agent(s) invading the
peridotite matrix. As the Hyblean upper mantle
has been considered to be geochemically akin to
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the northern African upper mantle (Beccaluva et al.
2001), a better comprehension of the geochemical
processes that have affected this lithosphere
portion would add another facet to the petrological
and geochemical knowledge of the northern African
lithospheric mantle.

Geological setting

The Hyblean Plateau is geographically identified
with the southeastern corner of Sicily (southern
Italy, central Mediterranean region; Fig. 1), in a
complex geodynamic framework dominated by
the collision between the European and African
plates. It is considered to represent the northern

portion of the Pelagian Block, in continuity with
the African plate (Burollet et al. 1978). However,
there is debate regarding the nature of this litho-
spheric portion, and suggestions have been made
regarding its possible oceanic or transitional affinity
(Vai 1994; Scribano et al. 2006). The Plateau is in
contact with the Apennine–Maghrebian Chain
through the Gela foredeep in the NW, but the
suture is masked by Neogene deposits. The
eastern border of the Plateau is sharply joined to
the Ionian Basin by the Malta Escarpment.

The plateau is composed of an undeformed
c. 12 km thick sedimentary sequence consisting of
Meso-Cenozoic carbonates and Neogene–Quatern-
ary clastic sequences interrupted by several volca-
nic layers (Bianchi et al. 1987). Although

Fig. 1. Geological sketch map of Hyblean Plateau, southeastern Sicily, Italy. The location of Valle Guffari diatreme
is reported.
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Cristofolini (1966) described Triassic igneous
alkali–sodic layers penetrated by commercial
drill-holes near Ragusa, the oldest magmatic event
recognized in the field consists of Cretaceous
alkali basalts, extending over a few square kilo-
metres in the south eastern part of the Plateau
(Amore et al. 1988). Miocene alkali basaltic lavas
and tuff-breccia pipes (the latter described by
Carbone & Lentini 1981) crop out in the central–
eastern part of the Plateau. These volcanic rocks
have an alkaline affinity and range from alkali
basalts to basanites and ankaratrites (Bianchini
et al. 1998). The most recent magmatic episode is
represented by Plio-Pleistocene lava flows covering
a broad compositional range, from tholeiitic to alka-
line (ocean-island basalt (OIB)-like; Beccaluva
et al. 1998; Trua et al. 1998).

Both Quaternary lava flows and Upper Miocene
tuff-breccia pipes host a large number of mantle-
and crustal-derived xenoliths (Sapienza & Scribano
2000). The Miocene Valle Guffari diatreme (Fig. 1)
is the most fruitful for quantity, variety of lithotypes
and freshness of samples.

Analytical methods

Whole-rock major element compositions were
determined on fused discs by X-ray fluorescence
(XRF) (Philips PW 1480), and trace elements
were determined for selected samples by induc-
tively coupled plasma-mass spectrometry ICP-MS
(Fisons PQ2 Plusw) at Dipartimento di Scienze
della Terra, Università di Pisa. Samples were dis-
solved in screw-top PFA vessels on a hotplate at
c. 120 8C using on HF–HNO3 mixture. Analyses
were performed by external calibration using
basaltic geochemical reference samples as
composition- and matrix-matching calibration sol-
utions. The correction procedure includes: (1)
blank subtraction; (2) instrumental drift correction
using Rh–Re–Bi internal standardization and
repeated (every five samples) analysis of a drift
monitor; (3) oxide–hydroxide interference correc-
tion. Precision, evaluated by replicate dissolutions
and analyses of the in-house standard HE-1 (Mt.
Etna hawaiite), is generally between 2 and 5%
RSD, except for Gd (6%), Tm (7%), Pb and Sc
(8%). Detection limits are in the range 0.002–
0.02 ng ml21 in the solution (corresponding to
0.002–0.02 ppm for a 1000-fold sample dilution)
for all the elements, except for Ba, Pb and Sr
(0.1–0.2 ppm).

Major elements of minerals and glass were ana-
lysed by CAMECA electron microprobe (CNR–
Centro di Studio per gli Equilibri Sperimentali
Minerali e Rocce, Dipartimento di Scienze della
Terra, Università degli Studi di Roma La Sapienza)

operated at 15 kV accelerating voltage and 30 nA
beam current. Counting times were 100 s. To
reduce alkali loss during glass analysis, we
decreased the counting time to 20 s and the beam
was defocused to 15 mm. ZAF correction was
applied to all data. Synthetic minerals (wollastonite
for Si and Ca; rutile for Ti; corundum for Al; olivine
for Fe; periclase for Mg; jadeite for Na; orthoclase
for K) were used as standards. Metallic standards
were used for Cr, Mn and Ni. Analytical precision
is 0.5–6% for oxides in the concentration range
.50–1.5% wt% and ,10% for oxides in the
range 0.4–1.5 wt%. Because of the need for accu-
rate evaluation of Ca contents in olivine for equili-
brium pressure estimations, the measurement of
olivine Ca content was repeated on isolated grains
to avoid fluorescence effects from neighbouring
pyroxenes: the analytical precision for CaO is
,8% and the measured value was lower by about
8–10% than that analysed on thin section.

Trace element concentrations in minerals and
glass were determined by laser ablation microp-
robe–inductively coupled plasma–mass spec-
trometry (LAM-ICP-MS) at CNR–Istituto di
Geoscienze e Georisorse in Pavia (Operating con-
ditions, analytical procedures, accuracy and pre-
cision have been described by Bottazzi et al. 1994).

Petrography

The petrography of Hyblean peridotite xenoliths
was presented in a set of papers (Scribano 1986;
Mazzoleni & Scribano 1994; Tonarini et al. 1996;
Sapienza & Scribano 2000); here we summarize
the peridotite features relevant for this study.
Eight Hyblean (HYB) spinel peridotites have been
selected from the freshest ultramafic xenoliths in
the Miocene diatreme pipe of Valle Guffari
(Fig. 1). The xenoliths are subrounded and their
size ranges from around 5 cm to 9 cm. According
to a 1500-point modal estimation these rocks are
spinel lherzolites and spinel harzburgites (olivine
59–77 vol%, orthopyroxene 19–30 vol%, clinopyr-
oxene 3–10 vol%, spinel 1–4 vol%). All the min-
erals of the selected xenoliths are essentially
fresh; a low degree of serpentinization occurs only
along the cracks within olivine or along
grain boundaries.

The most widespread texture is coarse-grained
protogranular (Fig. 2a) and only two samples
(HYB21 and HYB24) show textures that are inter-
mediate between protogranular and porphyroclastic
(Mercier & Nicolas 1975). Coarse (up to 5 mm)
kink-banded olivine and smaller orthopyroxene
(2–3 mm) grains show curvilinear grain bound-
aries. Thin exsolution lamellae of clinopyroxene
and spinel are often observed in orthopyroxenes
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(Fig. 2b). Clinopyroxene (,2 mm) sometimes dis-
plays pyrometamorphic textures (spongy rims)
and exsolution of spinel (HYB24 and HYB29).
Spinel is usually found as small dispersed grains,
but in sample HYB14 it occurs as vermicular
inclusions in orthopyroxene (Fig. 2c). Such vermi-
cular spinel may be due to the subsolidus exsolution
from a previous Al-rich enstatite (e.g., Morten et al.
1989) or the breakdown of earlier garnet. In sample
HYB40 a yellowish vein of fresh silicate glass
cross-cuts the xenolith (Fig. 2d); the veinlet con-
tains small euhedral olivine (5%) and clinopyrox-
ene (8%) crystals.

Chemical composition

Major elements

Whole rock. Four new bulk-rock analyses of
Hyblean peridotites are reported in Table 1.
SiO2 and MgO contents are in the ranges
44.5–45.6 wt% and 39.1–45.3 wt%, respectively.
The Mg-number ranges from 89 to 92. CaO

(0.8–2.4 wt%) and Al2O3 (0.75–1.98 wt%) are
negatively correlated with mg-number, and
TiO2 contents are rather scattered. K2O and
Na2O contents in all samples are very low
(,0.06 wt% and ,0.11 wt%, respectively).
Loss on ignition (LOI) is , 2wt%, testifying to
the freshness of the samples.

Olivine. Olivines are homogeneous, with Fo varying
from 89 to 91 (Table 2). NiO content ranges from
0.34 to 0.48 wt% and CaO content does not
exceed 0.2 wt%. In sample HYB40, the olivines
within the glass vein have higher contents of Fo
(91–92), NiO (up to 0.51 wt%) and CaO
(0.28 wt%) with respect to the olivines of the perido-
tite matrix (Fo 89, NiO 0.35 wt%, CaO 0.19 wt%).

Orthopyroxene. Orthopyroxenes are enstatites
(En88 – 91) with a narrow (89–92) range of
mg-number values (¼100 � MgO/(MgOþ
FeOtot) molar) but relatively large variations in
CaO (0.3–1.5 wt%) and Al2O3 (2.4–4.9 wt%)
abundances. Cr2O3 content varies between 0.2 and

Fig. 2. Photomicrographs in transmitted light: (a) coarse-grained protogranular-textured spinel peridotite; (b) tiny
exsolution lamellae of spinel in clinopyroxene; (c) vermicular spinel in contact with orthopyroxene; (d) glass
vein within sample HYB40. OL, olivine; OPX, orthopyroxene; CPX, clinopyroxene; SPL, spinel.
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0.8 wt% (Table 3). These oxides are not correlated
with mg-number.

Clinopyroxene. Clinopyroxenes are diopsides
(En48 – 49Fs4 – 6Wo45 – 49) with typically low TiO2

contents (often below detection limits). Their
mg-number values range from 89 to 92, and are
positively correlated with mg-number values of

coexisting orthopyroxenes. CaO contents (20.1–
24.2 wt%) and mg-number values are positively
correlated, whereas Cr2O3 (0.3–1.4 wt%), Al2O3

(2.4–5.7 wt%) and Na2O (0.3–1.6 wt%) contents
are negatively correlated with mg-number. In
sample HYB40 the clinopyroxenes crystallized
within the glass vein have a lower mg-number
value (90) and higher TiO2, Al2O3 and Cr2O3 con-
tents with respect to clinopyroxene from the host
peridotite (Table 4).

Spinel. Spinel cr-number (cr ¼ atomic Cr/
(CrþAl) ranges from 0.26 to 0.39. Hence, accord-
ing to Carswell (1980), these xenoliths may be
classified as Cr-spinel peridotites. TiO2 content in
spinels is up to 0.65 wt% (Table 5) and mg-number
(¼atomic 100 � Mg/(Mgþ Fe2þ)) values vary
between 0.67 and 0.80 (Table 5 and Fig. 3). Vermi-
cular spinels from symplectitic orthopyroxene–
spinel intergrowth in peridotite HYB14 have the
highest mg-number and the lowest cr-number
values. TiO2 content in spinels from peridotites
HYB23, HYB29 and HYB40 is positively corre-
lated with TiO2 content in coexisting clinopyroxene
(not shown).

Glass vein. The glass vein in sample HYB40 has an
alkaline composition (SiO2 c. 50 wt%; Na2Oþ
K2O c. 6.3 wt%; Table 6) and plots in the field
of trachybasalt (specifically hawaiite because
Na2O – 2 � K2O) in the total alkalis–silica
(TAS) diagram (Fig. 4). Whereas mg-number ¼ 65
and K2O/Na2O ratio ¼ 0.33 are consistent with a
hawaiitic composition, MgO (,4.5 wt%) and FeO
(,5.5 wt%) contents are relatively low and Al2O3

(c. 20.3 wt%) and TiO2 (c. 3.6 wt%) relatively high.

Trace element composition

Whole rock. New trace-element data are listed in
Table 1. The C1-normalized REE pattern and primi-
tive mantle PM-normalized spider diagrams are
shown in Figure 5, along with the field for already
published peridotite data (Mazzoleni & Scribano
1994; Tonarini et al. 1996; Sapienza & Scribano
2000; Sapienza et al. 2005). The C1-normalized
REE patterns are characterized by light REE
(LREE) enrichment relative to heavy REE
(HREE) (Lan/Ybn ¼ 4–24; Table 1 and Fig. 5a),
whereas the PM-normalized incompatible element
profile indicates variable enrichment in large ion
lithophile elements (LILE) (e.g. Cs, Sr) and high
field strength elements (HFSE) (e.g. Th, U, Nb)
(Fig. 5b). Zr/Hf and Nb/Ta ratios range from 22
to 53 and from 13 to 39, respectively. The Zr/Hf
ratio in three out of four samples is higher
than the PM value (37.1; McDonough &
Sun 1995), whereas Zr (2.5–3.8 ppm) and Hf

Table 1. Whole-rock major and trace element
composition of studied peridotite xenoliths

HYB21 HYB29 HYB36 HYB40

wt%
SiO2 44.92 44.73 45.59 44.54
TiO2 0.05 0.06 0.03 0.03
Al2O3 1.88 0.96 0.75 1.98
FeOT 8.58 8.93 7.28 10.24
MnO 0.13 0.14 0.15 0.16
MgO 41.39 41.68 45.28 39.14
CaO 2.23 1.33 0.81 2.39
Na2O 0.11 0.07 0.09 0.08
K2O 0.01 0.02 0.06 0.04
P2O5 0.06 0.05 0.04 0.01
LOI 1.04 1.80 0.58 2.13
Total 100.4 99.8 100.7 100.7
mg-no. 89.6 89.3 91.7 87.2

ppm
Sc 14.6 10.2 11.8 16.0
V 68.3 39.1 66.6 32.7
Cr 2076 1844 1856 2563
Co 101 103 102 108
Ni 2081 2092 2029 2244
Rb 0.99 1.03 0.66 0.71
Sr 105 62.3 71.2 88.3
Y 1.12 0.67 1.89 0.85
Zr 2.74 2.46 3.69 3.75
Nb 1.44 0.68 0.44 1.77
Cs 0.02 0.04 0.08 0.05
Ba 1.06 0.50 8.56 32
La 1.78 1.05 0.96 2.34
Ce 2.84 2.43 1.31 4.15
Pr 0.31 0.30 0.17 0.43
Nd 1.19 1.11 0.86 1.55
Sm 0.23 0.21 0.29 0.27
Eu 0.07 0.06 0.10 0.07
Gd 0.21 0.14 0.37 0.20
Tb 0.03 0.02 0.06 0.04
Dy 0.19 0.13 0.37 0.19
Ho 0.04 0.03 0.07 0.03
Er 0.12 0.06 0.18 0.09
Tm 0.02 0.01 0.03 0.01
Yb 0.14 0.07 0.16 0.07
Lu 0.02 0.01 0.02 0.01
Hf 0.06 0.06 0.17 0.07
Ta 0.06 0.04 0.03 0.05
Th 0.21 0.06 0.10 0.08
U 0.05 0.02 0.06 0.06

FeOT, total Fe; mg-number ¼ molar (100 � MgO/(MgOþ FeOT)).
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Table 2. Major element compositions of selected olivines of spinel peridotites from the Hyblean Plateau, and of olivines within the glass veinlet in peridotite HYB40

HYB14 HYB21 HYB23 HYB24

rim rim core* rim* core rim core* rim* core rim core* core* core rim core* core*

wt%
SiO2 41.73 41.91 41.59 41.28 40.79 40.72 40.98 40.77 40.45 40.73 41.20 40.52 41.39 41.97 41.73 41.25
TiO2 bd bd bd bd bd bd bd bd bd bd bd bd bd bd bd bd
Al2O3 bd bd bd bd bd bd bd bd bd bd bd bd bd bd bd bd
FeOT 9.05 8.72 8.76 9.12 9.75 9.47 9.25 9.31 9.72 9.34 9.71 9.56 9.19 8.90 9.18 9.06
MnO bd 0.19 bd bd bd bd bd bd bd bd bd bd bd bd bd 0.15
MgO 49.24 49.16 49.20 48.88 49.41 49.42 49.77 49.86 49.39 48.69 49.24 48.97 49.52 49.50 49.85 48.53
NiO 0.45 bdl. 0.35 0.41 0.43 bdl. 0.41 bd bd 0.34 0.43 0.41 bd bd bd bd
CaO 0.17 0.20 0.07 0.10 0.12 0.17 0.08 0.10 bd 0.11 0.07 0.08 0.12 0.14 0.08 0.07
Total 100.6 100.2 100.0 99.8 100.5 99.8 100.5 100.0 99.6 99.2 100.6 99.5 100.2 100.5 100.84 99.06
Fo 90.6 90.9 90.9 90.5 90.0 90.3 90.6 90.52 90.1 90.3 90.0 90.1 90.6 90.8 90.6 90.5

HYB29 HYB34 HYB36 HYB40

rim core core* rim* rim core core* core* core core core* rim core core* core* glass glass

wt%
SiO2 41.30 39.82 40.66 40.45 40.59 40.64 40.50 40.43 40.99 41.19 40.76 40.78 40.96 41.15 40.96 41.33 41.01
TiO2 bd bd bd bd bd bd bd bd bd bd bd bd bd bd bd bd bd
Al2O3 bd bd bd bd bd bd bd bd bd bd bd 0.02 bd bd bd bd bd
FeOT 8.95 9.52 8.89 8.99 9.60 9.94 9.65 9.74 9.54 8.99 9.07 10.31 10.34 10.34 10.25 9.11 9.09
MnO bd bd bd bd bd bd bd bd 0.18 bd 0.17 bd bd bd 0.23 bd bd
MgO 49.46 48.97 49.13 49.31 48.80 48.84 48.76 48.93 49.58 49.23 49.28 48.53 48.71 48.39 48.61 49.70 48.80
NiO 0.34 0.44 0.38 0.41 0.36 0.46 0.39 0.37 0.48 0.47 0.41 0.35 bd 0.42 0.36 0.49 0.51
CaO 0.12 bd 0.08 0.08 0.11 bd 0.06 0.07 bd bd 0.06 0.19 bd 0.06 0.06 0.25 0.28
Total 100.2 98.8 99.1 99.2 99.5 99.9 99.4 99.5 100.8 99.9 99.8 100.2 100.0 100.4 100.5 100.9 99.7
Fo 90.8 90.2 90.8 90.7 90.1 89.7 90.0 89.9 90.3 90.7 90.6 89.3 89.4 89.3 89.4 90.7 90.5

FeOT, total Fe; bd, below detection limit; glass, secondary olivine crystallized in glass vein.
*Analysis on single grain.
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Table 3. Major and trace element compositions of selected orthopyroxenes of spinel peridotites from the Hyblean Plateau

HYB14 HYB21 HYB23 HYB24

core rim core core rim core core core core core rim core

wt%
SiO2 54.86 54.60 55.15 55.35 55.08 55.69 55.79 55.54 55.51 55.55 55.33 55.23
TiO2 0.02 bd bd 0.04 0.04 bd bd bd bd 0.05 0.07 bd
Al2O3 4.86 4.58 4.65 4.29 4.17 3.98 3.77 3.47 3.72 4.64 4.41 4.21
FeOT 5.89 5.97 5.77 5.76 6.00 5.85 5.98 6.20 6.08 5.97 5.78 5.93
MnO bd 0.14 bd bd 0.21 bd bd bd bd bd bd 0.18
MgO 33.01 33.05 32.79 32.87 32.99 33.57 33.32 33.92 32.97 32.41 33.23 32.84
CaO 1.48 1.32 1.43 1.28 1.30 1.03 1.20 0.79 1.04 1.24 1.25 1.23
Na2O bd bd bd 0.10 bd bd 0.18 0.17 0.16 bd bd bd
Cr2O3 0.80 0.72 0.65 0.75 0.75 0.59 0.45 0.50 0.37 0.72 0.66 0.58
Total 100.9 100.4 100.4 100.4 100.5 100.7 100.7 100.6 99.8 100.6 100.7 100.2
Wo 2.8 2.5 2.8 2.5 2.5 2.0 2.3 1.5 2.0 2.4 2.4 2.4
En 88.3 88.3 88.5 88.8 88.2 89.3 88.8 89.3 88.8 88.4 88.9 88.6
Fs 8.8 9.2 8.7 8.7 9.3 8.7 8.9 9.2 9.2 9.1 8.6 9.0
mg-no. 90.9 90.8 91.0 91.0 90.7 91.1 90.9 90.7 90.6 90.6 91.1 90.8

ppm
V 100 98 101 102
Cr bd 5317 6325 n.a.
Rb bd bd bd bd
Sr 0.57 0.30 0.44 0.97
Y 0.47 0.63 0.83 0.71
Zr 0.17 0.36 0.44 1.55
Nb 0.62 0.32 0.44 0.73
Cs bd bd bd bd
Ba bd bd bd bd
La 0.08 0.030 0.054 0.08
Ce 0.13 0.072 0.10 0.20
Pr 0.01 0.016 bd bd
Nd bd 0.088 0.10 0.10
Sm bd bd bd 0.01
Eu bd bd bd bd
Gd bd bd bd bd
Tb bd bd bd bd
Dy 0.04 bd bd 0.06
Ho 0.02 0.019 0.032 0.03
Er 0.07 0.080 0.095 0.14
Tm 0.01 bd bd 0.03
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Table 3. Continued

HYB14 HYB21 HYB23 HYB24

core rim core core rim core core core core core rim core

ppm
Yb 0.16 0.14 0.22 0.19
Lu 0.03 0.029 0.037 0.05
Hf bd bd bd bd
Ta bd bd bd bd
Pb bd bd bd bd
Th 0.02 0.011 0.014 0.007
U 0.01 0.003 bd 0.009

HYB29 HYB34 HYB36 HYB40

core rim core core rim core core rim core core rim core

wt%
SiO2 54.66 55.33 55.29 56.08 55.91 55.87 56.37 56.21 56.15 56.54 56.10 56.42
TiO2 0.05 0.06 bd bd bd bd bd bd 0.14 bd bd
Al2O3 3.70 3.57 3.73 2.43 2.50 2.66 2.67 2.63 2.78 2.57 2.60 2.72
FeOT 6.46 6.16 6.23 5.95 6.22 5.47 6.05 5.77 5.52 7.14 6.72 6.84
MnO bd bd bd 0.24 bd 0.21 bd 0.17 0.19 0.17 bd 0.00
MgO 32.77 32.95 32.56 34.41 34.62 34.51 34.87 34.83 34.62 33.61 33.73 33.95
CaO 1.35 1.24 1.20 0.53 0.53 0.55 0.31 0.31 0.33 0.34 0.37 0.33
Na2O bd 0.12 0.12 bd bd 0.10 bd bd bd bd bd
Cr2O3 0.73 0.70 0.62 0.43 0.32 0.38 0.39 0.38 0.36 0.23 0.27 0.25
Total 99.7 100.1 99.7 100.1 100.1 99.8 100.7 100.3 99.95 100.7 99.8 100.51
Wo 2.6 2.4 2.3 1.0 1.0 1.0 0.6 0.6 0.6 0.6 0.7 0.6
En 87.7 88.3 88.2 89.9 89.9 90.9 90.6 90.7 91.2 88.6 89.3 89.3
Fs 9.7 9.3 9.5 9.1 9.1 8.1 8.8 8.7 8.2 10.8 10.0 10.1
mg-no. 90.0 90.5 90.3 91.2 90.8 91.8 91.1 91.5 91.8 89.4 89.9 89.8

ppm
V 92 99 114
Cr 4673 4941 2428
Rb bd bd bd
Sr 1.83 1.79 bd
Y 0.69 0.72 0.51
Zr 1.33 1.45 bd
Nb 0.23 0.25 bd
Cs bd bd bd
Ba bd bd bd
La 0.052 0.083 bd
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(0.06–0.17 ppm) contents are always lower than
PM (10.5 ppm and 0.28 ppm, respectively; McDo-
nough & Sun 1995). The Nb/Ta ratio and Nb
content (0.4–1.8 ppm) are higher than PM values
(Nb/Ta ¼ 17.8 and Nb 0.66 ppm; McDonough &
Sun 1995) in two out of four samples. Ba is vari-
able, with both positive and negative anomalies
(BaN ¼ 0.08–5). Compatible elements do not
show significant variations in abundances in the
studied peridotites (Cr 1844–2563 ppm; Ni 2029–
2244 ppm; Sc 10–16 ppm; Co 101–108 ppm; V
33–68 ppm). Cr and La are negatively correlated
with mg-number.

Orthopyroxene. The REE distribution and contents
are similar for all analysed samples (Table 3 and
Fig. 6). Their C1-normalized REE patterns are
characterized by LREE depletion relative to
HREE (LaN/YbN ¼ 0.14–0.34). In sample
HYB14, in spite of the occurrence of vermicular
intergrowths with spinel, the absence of a marked
HREE enrichment of orthopyroxene suggests that
the origin of the intergrowths is not related to the
breakdown of an earlier garnet. When normalized
to PM values, incompatible trace element patterns
of orthopyroxenes display marked positive Nb and
Ti anomalies and, in general, negative Sr, La, Ce,
Sm and Zr anomalies. Orthopyroxenes from
sample HYB40 do not show a positive Nb
anomaly and have higher contents of Hf and Ti.

Clinopyroxene. Clinopyroxenes are in general
homogeneous; only clinopyroxenes in sample
HYB21 show evidences of core–rim zonation
(Table 4). C1-normalized REE patterns for clino-
pyroxenes are characterized by enrichment of
LREE with respect to HREE (HREE; LaN/
YbN ¼ 2.7–20; Table 4). In Figure 6, three patterns
are recognized: (1) LREE-enriched (Lan/Ybn ¼ 7–
17) for samples HYB21, HYB24 and HYB29; (2)
spoon-shaped (Lan/Ybn ¼ 18–20; Lan/
Smn ¼ 21–34; Smn/Ybn , 1) for sample HYB14;
(3) flattened (Lan/Ybn c. 3; Smn/Ybn ¼2–2.6;
Lan/Smn c. 1.3) for sample HYB40. The REE
pattern of clinopyroxene in the HYB40 glass
veinlet mimics that of clinopyroxenes in the host
peridotite but has a higher SREE (Fig. 6). All clin-
opyroxenes are enriched in U and Th with respect to
primitive mantle values and their PM-normalized
incompatible trace element patterns show negative
Ba, Zr, Hf and Ti anomalies. They lack Sr
anomalies, except for rims in HYB21 clinopyrox-
enes, which display a clear positive Sr anomaly.
Rim analysis of HYB21 clinopyroxenes also
shows an enrichment of all trace elements with
the exception of Nb and Ti, whose values remain
similar to those of cores (Table 4). This selective
enrichment is probably a result of the differentC

e
0
.2

6
0
.3

2
b
d

P
r

0
.0

3
5

0
.0

5
5

b
d

N
d

0
.2

1
0
.1

9
b
d

S
m

b
d

b
d

0
.1

0
E

u
b
d

0
.0

3
2

b
d

G
d

b
d

b
d

b
d

T
b

b
d

0
.0

1
8

b
d

D
y

0
.1

1
0
.0

9
8

b
d

H
o

0
.0

2
4

0
.0

2
2

b
d

E
r

0
.0

7
0

0
.0

8
7

0
.1

2
T

m
b
d

b
d

b
d

Y
b

b
d

0
.1

8
0
.1

4
L

u
b
d

0
.0

3
7

0
.0

4
H

f
b
d

b
d

0
.1

1
T

a
b
d

b
d

b
d

P
b

b
d

b
d

b
d

T
h

0
.0

0
7

0
.0

0
8

0
.0

0
9

U
0
.0

0
7

0
.0

0
4

0
.0

0
4

F
eO

T
,

to
ta

l
F

e;
b
d
,

b
el

o
w

d
et

ec
ti

o
n

li
m

it
;

m
g
-n

u
m

b
er
¼

m
o
la

r
(1

0
0
�

M
g
O

/
(M

g
O
þ

F
eO

T
))

.

METASOMATISM OF THE UPPER MANTLE BENEATH THE HYBLEAN PLATEAU (SICILY) 205



Table 4. Major and trace element compositions of selected clinopyroxenes of spinel peridotites from the Hyblean Plateau, and of clinopyroxenes hosted in
glass vein from sample HYB40

HYB14 HYB21 HYB23 HYB24 HYB29

core rim core core rim core core rim core core rim core core rim core

wt%
SiO2 52.66 52.05 52.98 53.06 52.87 52.67 51.77 52.23 52.25 53.53 53.37 53.24 53.65 53.51 53.51
TiO2 0.04 0.06 bd 0.09 0.10 bd 0.59 0.57 bd 0.14 0.12 0.16 0.15 bd
Al2O3 5.04 4.96 4.67 4.70 4.57 4.75 5.58 5.71 5.56 4.98 5.02 5.08 4.12 4.45 4.45
FeOT 3.52 3.31 3.19 3.40 3.43 3.19 3.53 3.50 3.27 3.23 3.25 3.38 3.18 3.28 3.28
MnO bd bd bd bd bd bd bd bd bd bd bd bd bd bd bd
MgO 16.08 16.12 16.07 15.99 16.22 16.11 16.01 15.88 15.61 16.16 16.24 15.99 16.33 16.29 16.29
CaO 20.36 20.67 20.89 20.54 20.43 20.42 20.62 20.06 20.03 20.48 20.62 20.77 20.72 20.74 20.74
Na2O 1.01 0.98 1.05 1.16 1.04 1.09 1.55 1.54 1.34 1.28 1.18 1.23 1.15 1.17 1.17
Cr2O3 0.90 1.08 0.76 0.98 0.91 0.98 1.24 1.39 1.04 0.92 0.91 0.90 0.85 1.02 1.02
Total 99.6 99.2 99.6 99.9 99.6 99.2 100.9 100.9 99.1 100.7 100.7 100.6 100.2 100.6 100.5

Wo 44.8 45.2 45.7 45.2 44.7 45.0 45.2 44.7 45.2 45.0 45.1 45.5 45.1 45.1 45.1
En 49.2 49.1 48.9 49.0 49.4 49.5 48.8 49.2 49.0 49.4 49.4 48.7 49.5 49.3 49.3
Fs 6.0 5.7 5.4 5.8 5.9 5.5 6.0 6.1 5.8 5.5 5.5 5.8 5.4 5.6 5.6
mg-no. 89.1 89.7 90.0 89.3 89.4 90.0 89.0 89.0 89.5 89.9 89.9 89.4 90.2 89.9 89.9

ppm
V 197 194 190 257 224 220 229
Cr na na na 10600 na 9650 10402
Sr 92 103 67 406 176 390.7 403
Y 3.2 3.4 5.0 7.50 6.5 6.9 6.8
Zr 0.66 0.73 2.58 18.33 13 14.2 14.3
Nb bd 3.8 2.57 1.64 6.3 2.44 2.50
Ba 1.77 1.60 0.69 bd 0.53 0.41 0.50
La 11.1 11.5 5.9 11.95 14.7 15.8 15.9
Ce 12.9 12.3 10.1 19.01 26.9 41.5 42.4
Pr 0.84 0.85 1.09 2.07 2.70 5.1 5.0
Nd 2.04 1.82 4.1 7.95 9.77 19.6 19.6
Sm 0.33 0.21 0.76 1.51 1.65 3.24 2.86
Eu 0.12 0.08 0.25 0.43 0.48 0.82 0.78
Gd 0.20 0.23 0.89 1.42 1.26 2.34 2.61
Tb 0.04 0.05 0.15 0.20 0.19 0.29 0.25
Dy 0.52 0.45 0.86 1.29 1.19 1.72 1.52
Ho 0.12 0.15 0.20 0.27 0.23 0.27 0.25
Er 0.38 0.32 0.47 0.81 0.66 0.70 0.69
Tm 0.07 0.09 0.09 0.11 0.096 0.10 0.10
Yb 0.38 0.44 0.55 0.72 0.60 0.66 0.76
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Lu 0.05 0.06 0.09 0.08 0.087 0.11 0.09
Hf 0.017 bd 0.06 0.38 0.34 0.44 0.41
Ta 0.11 0.09 0.13 0.43 0.42 0.29 0.27
Pb bd bd bd 0.22 bd bd bd
Th 0.81 0.82 0.69 1.37 1.28 0.49 0.49
U 0.20 0.18 0.12 0.36 0.32 0.12 0.10

HYB34 HYB36 HYB40

core rim core core rim core core rim core glass glass

wt%
SiO2 53.50 53.82 53.93 53.05 53.47 53.31 53.30 53.45 53.47 48.00 48.14
TiO2 bd bd bd 0.31 0.27 0.27 0.47 0.51 0.48 2.89 2.15
Al2O3 3.44 3.09 3.27 3.06 2.79 3.12 2.45 2.65 2.78 7.64 7.80
FeOT 3.04 2.84 2.78 2.43 2.52 2.66 2.55 2.51 2.67 3.01 2.86
MnO bd bd bd bd bd bd bd bd bd bd bd
MgO 16.99 17.15 17.23 17.03 17.07 17.18 17.04 17.05 17.11 14.65 15.11
CaO 22.02 22.26 21.53 23.93 24.24 23.38 23.58 23.79 23.27 23.34 21.98
Na2O 1.07 1.13 1.08 0.49 0.48 0.46 0.31 0.29 0.30 0.32 0.42
Cr2O3 0.63 0.65 0.55 0.66 0.76 0.57 0.34 0.44 0.35 0.95 1.53
Total 100.7 100.9 100.4 101.0 101.6 101.0 100.0 100.7 100.4 100.8 100.0
Wo 45.8 46.0 45.2 48.3 48.5 47.4 47.8 48.1 47.3 47.8 48.1
En 49.2 49.4 50.3 47.9 47.5 48.4 48.1 48.0 48.4 48.4 47.8
Fs 4.9 4.6 4.6 3.8 3.9 4.2 4.0 4.0 4.2 3.8 4.2
mg-no. 90.9 91.5 91.7 92.5 92.4 92.0 92.3 92.4 92.0 89.7 90.4

ppm
V 154 181 na
Cr na 2820 na
Sr 44 54 65
Y 5.6 7.0 12.7
Zr 13 13 22
Nb 0.09 0.23 0.57
Ba 2.54 bd bd
La 2.37 2.86 3.6
Ce 4.0 4.7 6.3
Pr 0.63 0.74 1.05
Nd 2.84 4.7 6.8
Sm 1.15 1.42 2.02
Eu 0.33 0.49 0.75
Gd 1.04 1.39 2.64
Tb 0.17 0.22 0.41
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diffusive ability of the trace elements into the meta-
somatic agent (highest for the most incompatible
elements such La, Sr; Yu et al. 2006). HYB40 clin-
opyroxenes display a strong negative Nb anomaly
and a weak positive Pb anomaly, whereas the nega-
tive Zr, Hf and Ti anomalies are very smooth
(Fig. 6). With respect to the other samples,
HYB40 clinopyroxene also has lower Zr/Hf ratio
(17, compared with 32–41 in other samples) and
lower Nb content (0.1 ppm, compared with 2.5–
6.3 ppm in other samples; Table 4), In this
sample, clinopyroxene of the glass vein is richer
in incompatible trace elements than the peridotite
clinopyroxenes but has very close Zr/Hf (c. 19)
and Th/U ratios (c. 2). In bivariate plots (Fig. 7)
Th, U, Sr, Nb and V are positively correlated with
La (these are assumed to be the most incompatible
elements), whereas Ba, Hf and Zr are negatively
correlated. Y and Yb contents do not show any sig-
nificant correlation with La content.

Glass vein. C1-normalized diagrams show that the
glass vein is slightly LREE enriched (LaN/YbN c.
5; Fig. 8a). PM-normalized incompatible element
diagrams are characterized by strong positive Ba,
Nb, Pb and Ti anomalies (Fig. 8b). Zr/Hf and
Nb/Ta ratios are 27–31 and 13–16 respectively.
The glass has major and trace elements composition
very different from that of the basaltic host rock
(Figs 4 and 8).

P–T conditions and oxygen barometry

P–T– fO2 estimates of the studied Hyblean perido-
tites are based on the compositions of mineral
phases (Table 7 and Fig. 9). Literature P–T esti-
mates (Nimis 1998; Punturo et al. 2000; Sapienza
et al. 2005) are also reported for comparison. Equi-
librium temperatures were calculated using the two-
pyroxene geothermometers of Wells (1977) and
Brey & Köhler (1990). They yield values in the
range 752–1070 8C and 844–1028 8C, respect-
ively. Pressure was estimated using the Köhler &
Brey (1990) geobarometer, based on Ca exchange
between coexisting olivine and clinopyroxene. It
varies in a narrow range, between 0.9 and 1.2 GPa
with a maximum error of +0.1 GPa, lower than
the uncertainty related to geobarometer calibration
(+0.17 GPa; Köhler & Brey 1990). These data
agree with the P–T conditions of spinel pyroxenitic
xenoliths obtained by Nimis (1998) (Fig. 9a).

The redox state of the xenoliths is reported as
Dlog units with respect to the fayalite–magne-
tite–quartz buffer (FMQ); calculations are based
on model of Wood & Virgo (1989), using the temp-
eratures previously calculated. Although the range
of estimated pressure is 1.1 + 0.1 GPa, a uniform
equilibration pressure of 1.5 GPa has been usedT
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Table 5. Representative microprobe analyses of spinels from Hyblean Plateau peridotite xenoliths

HYB14 HYB14 HYB21 HYB21 HYB23 HYB23 HYB24 HYB24 HYB24 HYB29 HYB29 HYB29 HYB34 HYB36 HYB36 HYB40 HYB40

wt%
TiO2 bd 0.41 0.60 0.65 0.64 0.65 bd bd bd 0.29 bd 0.35 bd bd bd 0.54 0.56
Al2O3 44.01 43.97 41.13 40.60 37.41 38.19 41.07 42.67 42.42 36.03 33.96 34.29 36.83 40.23 39.48 41.15 40.96
V2O5 bd bd bd 0.15 bd bd bd bd bd bd bd bd 0.17 bd bd bd bd
Cr2O3 22.88 22.87 26.28 26.39 28.62 28.23 25.02 23.22 23.71 30.14 31.73 31.65 28.55 24.60 25.89 21.87 20.94
FeOT 12.59 13.50 13.89 14.56 15.39 15.49 14.71 14.26 14.31 16.26 16.02 16.05 18.79 19.60 18.93 19.34 18.18
MgO 19.53 19.83 18.50 18.42 18.75 18.00 19.28 18.69 18.83 17.72 17.84 17.95 16.30 16.17 16.10 16.88 17.82
MgO 0.38 0.34 bd bd bd bd bd bd bd bd bd bd bd bd bd bd bd
Total 99.4 100.9 100.4 100.8 100.8 100.6 100.1 98.8 99.3 100.4 99.6 100.3 100.6 100.6 100.4 99.8 98.5
cr-no. 25.8 25.9 30.0 30.4 33.9 33.1 29.0 26.7 27.3 35.9 38.5 38.2 34.2 29.1 30.5 26.3 25.5
mg-no. 80.1 79.6 76.3 76.0 76.6 73.8 78.9 77.1 77.4 73.9 75.9 75.3 68.7 67.4 67.4 69.4 73.6

FeOT, total Fe; bd, below detection limit; cr-number ¼ atomic (100 � Cr/(CrþAl)); mg-number ¼ atomic (100 � Mg/(Mgþ Fe2þ)).
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1990). f O2 values calculated for our xenoliths range
betweenþ0.2 andþ1.6 Dlog units (maximum error
+0.2 log units) with respect to FMQ (Table 7).
Peridotite HYB40 records the most
oxidized conditions.

Discussion

Partial melting

According to the literature, the harzburgitic compo-
sition, the depletion in basaltic components as
Al2O3 and Na2O, and the rather high mg-number

values of pyroxenes and Fo content in olivine of
the Hyblean peridotites all indicate that these
rocks underwent one or more depletion events
(Sapienza & Scribano 2000, and references
therein).

In this study we observe that although the Zr/Hf
ratio (as well as some Nb/Ta values) indicates
metasomatic enrichment (Fig. 10b and the next
section), whole-rock Zr and Hf (and Nb and Ta in
two samples) concentrations are lower than PM
values and can be related to partial melting. Simi-
larly, clinopyroxene composition shows Zr (and
Hf) contents lower than primitive mantle clinopyr-
oxene trace elements (PMCE: ZrPMCE ¼ 36.1 and

Table 6. Microprobe and LAM-ICP-MS analyses of glass vein

HYB40 HYB40 HYB40 HYB40 HYB40 HYB40

wt%
SiO2 49.26 49.32 50.35 50.11 49.68 49.73
TiO2 3.47 3.53 3.56 3.78 3.64 3.56
Al2O3 20.09 20.19 20.46 20.47 20.13 20.14
FeOT 5.16 5.32 5.41 5.57 5.37 5.24
MgO 4.36 4.02 4.39 4.29 4.24 4.38
CaO 9.63 9.50 9.55 9.71 9.62 9.44
Na2O 4.74 4.99 4.65 4.28 4.90 4.87
K2O 1.49 1.89 1.52 1.42 1.47 1.50
P2O5 0.33 0.33 0.27 0.25 bd 0.29
Total 98.5 99.1 100.2 99.9 99.1 99.2

ppm
V 405 421
Cr 30 25
Rb 11 10
Sr 554 570
Y 28.6 30.9
Zr 80 76
Nb 26 26
Cs 0.51 0.48
Ba 1027 1092
La 22.5 22.3
Ce 31.4 29.9
Pr 4.0 4.0
Nd 20.6 20.9
Sm 5.3 5.5
Eu 1.80 1.94
Gd 6.2 6.5
Tb 0.93 bd
Dy 6.1 6.1
Ho 1.10 1.10
Er 3.2 3.2
Tm 0.43 bd
Yb 2.76 2.99
Lu 0.38 0.36
Hf 2.98 2.50
Ta 1.91 1.65
Pb 10.1 10.3
Th 2.32 2.05
U 0.96 0.88

FeOT, total Fe; bd, below detection limit.
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HfPMCE ¼ 1.34; calculated by the Hellebrand et al.
(2002) model, according to Rivalenti et al. (1996),
whereas Zr/Hf ratios are similar to (or higher
than) PMCE, and always above the trend of clino-
pyroxene evolution for fractional melting reported
in Figure 10b. The different affinity of Zr and Hf
for clinopyroxene (cpx/meltDHf . cpx/meltDZr; Hart
& Dunn 1993) should imply that partial melting
lowers the Zr/Hf in the solid residue with respect
to the source rock (Weyer et al. 2003). Therefore,
the observed Zr and Hf trend can be interpreted as
the result of an early depletion (which removes
mainly Zr but also Hf from clinopyroxenes) fol-
lowed by a later enrichment that chiefly added Zr.

Our new bulk-rock data fall in the field of the lit-
erature Zr and Hf data and their trend is compatible
with higher Zr enrichment relative to Hf, after
partial melting (Fig. 10b). However, only two
samples show Nb and Nb/Ta values comparable
with the literature data (Fig. 10a).

The degree of partial melting (F) has been
obtained by applying three models.

First, clinopyroxene abundances of HREE were
used, on account of their low mobility with respect
to LREE during metasomatic events. Following
Johnson et al. (1990), Norman (1998) and Helleb-
rand et al. (2002), computations are based on the
comparison between the REE contents of ‘depleted’
clinopyroxenes, calculated using a model of frac-
tional melting of a primitive spinel peridotite
mantle source, and the REE contents of

clinopyroxenes from the studied peridotites
(Fig. 11). Modelling is based upon the approach
of Hellebrand et al. (2002) and provides results in
the range F ¼ 6–13% for the distribution from
Dy to Yb.

Second, a narrower range of F is obtained by
applying the method proposed by Norman (1998),
based on Y and Yb concentration of clinopyroxene;
modelling results show that 10–14% of fractional
melting can reproduce Y–Yb contents of
HYB clinopyroxene.

Third, the equation proposed by Hellebrand
et al. (2001) was employed. It describes the extent
of melting as a function of spinel cr-number; the
calculated F range is between 11 and 14%, similar
to that obtained by the Norman (1998) model.
This suggests that the lowest F estimated by the
clinopyroxene HREE model is probably due to the
action of metasomatic events that hence slightly
modified the HREE abundance of
some clinopyroxenes.

In the cr-number v. TiO2 diagram, the partial
melting is characterized by their negative corre-
lation as F increases (Fig. 3a). The spinels,
instead, show an increase of TiO2 at constant
cr-number. These enrichments indicate that the
‘interacting’ end-members are the residual perido-
tites and a component with higher Ti content and
lower mg-number (Fig. 3a). Similarly, the mutual
variation of cr-number and mg-number (Fig. 3b)
cannot be related only to melt extraction event(s)

Fig. 4. Total alkalis–silica classification diagram for Hyblean Upper Miocene lavas (shaded field) and glass vein
within sample HYB40. The dividing line between alkalic and subalkalic series is after Irvine & Baragar (1971).
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(see black arrow in Fig. 3b), as the mg-number for
varies for similar cr-number.

Spinel compositions of our Miocene lavas xeno-
liths are less depleted than those of the harzburgites,
found in Quaternary lavas (Scribano 1986; Fig. 3).
These data seem to indicate a small-scale spatial
heterogeneity rather than to suggest a progressive
depletion of the Hyblean upper mantle from the
Late Miocene to Quaternary.

Mantle metasomatism

The studied samples do not show modal metasoma-
tism, except for the occurrence of a glass veinlet in
peridotite HYB40, which will be discussed in the
next section. In contrast, whole-rock and mineral
chemistry show evidence of cryptic metasomatism,
such as the relations between trace and major
elements in bulk-rock chemistry (e.g. negative

Fig. 5. (a) C1-normalized REE pattern and (b) PM-normalized multi-element diagram for studied Hyblean peridotite
xenoliths. C1- and PM-normalizing values after McDonough & Sun (1995). The shaded field represents literature
data (Mazzoleni & Scribano 1994; Tonarini et al. 1996; Sapienza & Scribano 2000; Sapienza et al. 2005).
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correlations between mg-number and Cr content
and positive correlation between Cr content and
Al2O3 and Na2O), the variable trace element enrich-
ments in clinopyroxene, and the irregular Ti and Fe
enrichment apparent in Figure 3a and 3b.

Evolution of whole-rock and clinopyroxene Zr/
Hf and Nb/Ta ratios can be ascribed to metasomatic
processes after an early partial melting event (see the
previous section) (Fig. 10), although more data are
needed to better define a trend. Both Nb/Ta ratio
and Nb content in two out of four Hyblean peridotites
are higher than PM values (and also the field of
Hyblean peridotites from literature), depicting a
trend compatible with their introduction by metaso-
matic agent(s); a similar process can be invoked for
the increase of Zr/Hf ratios (higher than PM). The
effect of metasomatism is also confirmed by the
composition, of clinopyroxene, the Nb/Ta ratios of
which resemble those of the whole rocks
(Fig. 10a), and mainly by the positive correlation
between Nb and La (see below; Fig. 7).

Given that the Nb and Ta concentrations are
controlled by metasomatism, and the low solubility
of Nb–Ta in metasomatic fluids (Tatsumi et al.

1986), the lack of a negative Nb–Ta anomaly in
whole–rock and clinopyroxene spider diagram
(Figs 5b and 6) suggests that the metasomatic
agent was a melt. The metasomatic event(s) also
affected the LREE abundances in clinopyroxenes
(Fig. 6); the most pronounced enrichment is experi-
enced by La, thus this element was adopted as an
enrichment index. During metasomatism the pair
Yb–Y maintains a mutual positive correlation. In
contrast both elements are not correlated with La
(Fig. 7). This suggests that they did not undergo
differential enrichments and were only slightly
affected by metasomatism. Metasomatic agents,
also control Nb, V, Sr, U and Th contents in clino-
pyroxene, as shown by the positive correlation with
La in the bivariate plots shown in Figure 7.

As clinopyroxene is the main repository for REE
and many other trace elements in mantle peridotites
(e.g. Eggins et al. 1998), we attempt to model the
nature of the metasomatic melt by using the clino-
pyroxene–basaltic melt partition coefficients of
Skulski et al. (1994).

The differences in composition between our
clinopyroxenes document different metasomatizing

Fig. 6. C1-normalized REE patterns and PM-normalized trace element patterns for pyroxenes of Hyblean spinel
peridotites. Clinopyroxene within the HYB40 glass vein is also plotted. C1- and PM-normalizing values from
McDonough & Sun (1995).
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agents and various extent of metasomatism as a
result of various degrees of equilibration with the
metasomatic agent. We can assume that the differ-
ent levels of enrichment in the xenoliths may be
due to their distance from the metasomatic source
(magma conduit; Xu & Bodinier 2004) and to the
progressive equilibrium achieved with it. The
spoon-shaped REE patterns in clinopyroxene from
peridotites HYB14 and HYB21 probably reflect a
situation in which complete equilibration with the
metasomatic agent is not reached, hence these com-
positions were not used for parental melt calcu-
lation (Fig. 6).

The modelled melt patterns from HYB24 and
HYB29 are parallel to each other and very rich in
LREE, up to c. 600 times PM (Fig. 12). Liquid
from HYB40 clinopyroxenes shows some signifi-
cant differences, with minor Nb, Sr and LREE con-
tents and lower Zr/Hf ratio (c. 16 with respect to
30–35). The theoretical composition of the liquids
in equilibrium with peridotite clinopyroxenes can
be compared with the compositions of the
Hyblean Upper Miocene lavas (Bianchini et al.
1998; Rocchi et al. 1998; Perinelli 2001; Scribano
et al. 2006) and the theoretical liquid in equilibrium
with clinopyroxene from pyroxenite xenoliths from
the same locality (Nimis & Vannucci 1995; Peri-
nelli 2001; Fig. 12). Among the pyroxenites
studied by Nimis & Vannucci (1995), we con-
sidered only group 1 pyroxenites that still preserve
their primary compositions related to the crystalli-
zation from an OIB-like melt. Melts deduced from
HYB40 clinopyroxenes, particularly that crystal-
lised in the glass vein, resemble the compositions
described by Nimis & Vannucci (1995), which
therefore could be considered to be responsible
for metasomatism in this sample. This suggestion
is also confirmed by the glass vein, the composition
of which matches that of melts calculated from pyr-
oxenites (Fig. 12). In contrast, host basalt represents
a possible metasomatic agent for peridotites
HYB24 and HYB29. For these rocks, the LREE
enrichment as well as Sr and Zr normalized values
of host basalts and theoretical metasomatic agents
are comparable. Some differences in Ti content
(Fig. 12) could be related to uncertainties in the
empirical evaluation of Dcpx/liq, the dependence of
partition coefficients on P–T–X conditions and
volatile contents, which makes us consider these
calculations as only qualitative. However, the possi-
bility of crystallization of a Ti-rich phase in the
metasomatizing melt cannot be ruled out. Neverthe-
less, the melts considered to have metasomatized
HYB24 and HYB40 show some similarities (Zr;
MREE, HREE and Y; Fig. 12); HYB24 is possibly
enriched only in the most incompatible elements by
the host lava in a later phase.

Origin of the glass vein

Several mechanisms have been suggested for glass
formation in peridotite xenoliths: (1) in situ decom-
pression melting (Chazot et al. 1996); (2) host
magma infiltration (Garcia & Presti 1987); (3) reac-
tion between percolating melt(s) and host perido-
tites at mantle depths (Zinngrebe & Foley 1995).

In the Hyblean case, mechanism (1) can be ruled
out because of the textural occurrence of the glass
vein. To distinguish between options (2) and (3)
we compared the geochemical characters of the
host basalts and glass vein (Figs 4–8). The

Fig. 7. Covariation diagrams of selected trace elements
against La in clinopyroxenes from Hyblean
peridotites. Arrows (drawn by eyes) and shaded fields
indicate the variation trends of the elements against La.
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difference in major-element, REE and
trace-element compositions between host basalt
(mg-number ¼ 69) and the glass vein is evident:
the glass vein is hawaiitic (mg-number ¼ 65) and
has higher K2O/Na2O ratio (0.33 and 0.19, respect-
ively). Mass-balance calculations based on the glass
and phenocryst compositions show that fraction-
ation of a small modal amount of clinopyroxene
and olivine cannot explain a derivation from the
Upper Miocene magma (Perinelli 2001). Compari-
son with the Upper Miocene basalts shows that

the REE in the glass are less fractionated than
those in Upper Miocene lavas, with LaN at the
lower limit and YbN at the upper limit of the
host-rock field (Fig. 8a). Selective trace element
relationships expressed by LILE/HFSE (e.g. Ba/
Nbglass c. 40; Ba/Nbhost-basalt c. 11) and LILE/
LREE (e.g. Ba/Laglass c. 47; Ba/Lahost-basalt c. 7)
further stress the lack of parental affinity between
the host magma and glass vein. As demonstrated
in the previous section, the trace element compo-
sition of the glass vein closely resembles that of

Fig. 8. (a) C1-normalized REE patterns and (b) PM-normalized trace element patterns for the glass vein of spinel
peridotite HYB40. Fields of Upper Miocene lavas are shown for comparison. C1- and PM-normalizing values are from
McDonough & Sun (1995).
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melts that generated the pyroxenites. Glass within
peridotite HYB40 can therefore be ascribed to the
flux of OIB-like liquid in the host peridotite
before entrainment into the host lavas. Partial crys-
tallization of the glass indicates that the veining
process must have occurred not long before entrain-
ment into the host magma, but leaving enough time

for equilibration of clinopyroxenes in the host peri-
dotite with the intruding melt.

P–T–fO2 conditions

P–T determinations show that the studied rocks
equilibrate in the spinel peridotite stability field

Table 7. Temperature, pressure and oxygen fugacity estimates for peridotites from the Hyblean Plateau

T (8C) P (GPa) Log f O2 Dlog f O2 (FMQ)

HYB14 1007 (4) 1.2 (0.02) 29.06 (0.04) 1.01 (0.04)
HYB21 1053 (8) 1.23 (0.01) 29.27 (0.18) 0.15 (0.18)
HYB23 1001 (6) 1.13 (0.05) 29.50 (0.23) 0.65 (0.23)
HYB24 1036 (13) 1.13 (0.05) 28.59 (0.11) 1.07 (0.11)
HYB29 1034 (11) 1.12 (0.07) 28.41 (0.07) 1.27 (0.07)
HYB34 957 (9) 0.95 (0.07) 29.86 (0.1) 0.96 (0.1)
HYB40 873 (10) 0.85 (0.04) 210.62 (0.03) 1.61 (0.03)

Temperature estimates have been obtained by two-pyroxene geothermometers (Brey & Köhler 1990). Equilibration pressures of
peridotites are based on olivine–clinopyroxene Ca exchange reaction (Köhler & Brey 1990). Ca content of olivine was measured on
isolated grains. The T and P values for each sample represent the average of three T and P estimates. Standard deviations are given in
parentheses. For the f O2 calculations a uniform equilibration pressure of 1.5 GPa and the Brey & Köhler (1990) temperature estimations
have been used.

Fig. 9. (a) P–T estimates for Hyblean peridotite xenoliths. The shaded field includes the range of microthermometric
measurements; the dark grey portion indicates the high-frequency interval in which c. 60% of measurements fall
(Sapienza et al. 2005). Vertically hatched field indicates the P–T equilibration conditions for Hyblean pyroxenites
(Nimis 1998). Peridotite wet (H2O , 0.4 wt%) solidus is after Green et al. (1987); peridotite dry solidus is after
Takahashi & Kushiro (1983). The shaded field with dashed border indicates the onset of olivine crystallization for
alkaline basalts–basanite compositional range. The Moho depth is after Scarascia et al. (1994). (b) f O2–T plot for
Hyblean peridotites. Curves are: IW, iron–wüstite; FMQ, fayalite–magnetite–quartz; MH, magnetite–hematite;
MAA, Mantle Average Array.
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(Fig. 9a), and fit the palaeogeotherm calculated by
Nimis (1998) for spinel-bearing pyroxenite. Our
estimates are also consistent with the entrapment
pressures obtained by microthermometric measure-
ments of fluid inclusions hosted in Hyblean

peridotites from the same diatreme (Sapienza
et al. 2005) (0.4–1.1 GPa, at a nominal T of
1000 8C, with a peak between 0.75 and 0.95 GPa;
Fig. 9a).

The agreement of different geothermobaro-
metric computations applied to distinct lithotypes
(peridotites and pyroxenites) from the same locality
corroborates the validity of this palaeogeotherm.
Therefore, the metasomatic processes, inferred
from fluid inclusions and related to melt–peridotite
interaction, took place at, or below, the crust-mantle
boundary (up to 1.2 GPa).

The pressure and temperature estimates may be
fitted by the equation of heat transport (Philpotts
1990)

Tz ¼ Tz0 þ ðJz0
Q =kÞðz� z0Þ � ðA0=2kÞðz� z0Þ2

that allows us to model a geothermal gradient for
Miocene mantle. To match the thermobarometric
estimates, the surface heat flux JQ

z0 has to be
assumed to be 75 mW m22, close to the range
observed in the area (60–70 mW m22; Arisi Rota
& Fichera 1987; Della Vedova et al. 1989; Viti
et al. 1997). Other constants are taken from the
standard values reported in the literature: the heat
produced in the crust (A0) is 0.31 mW m23 (Phill-
potts 1990) and the thermal conductivity k (W
m21 K21) is assumed to be 2.52 (Philpotts 1990).
Whether the high geothermal gradient found may
be related to an advective heat-transfer mechanism
(Nimis 1998) or to conductive heat transfer from
underlying asthenospheric mantle can be decided
by looking at the mantle potential temperatures
(TP) of host lavas. For a selection of the less

Fig. 10. (a) Nb/Ta–Nb and (b) Zr/Hf–Zr variation
diagrams for whole-rock and clinopyroxenes from
Hyblean peridotites. The fractional melting trend of a
starting source of primitive spinel peridotite is taken
from Weyer et al. (2003) and references therein. The
trace element composition of clinopyroxene in primitive
mantle (PMCE) and the modelled trend for
clinopyroxene partial melting residue are estimated
using the model of Johnson et al. (1990) modified by
Hellebrand et al. (2002) (black points indicate degree of
partial melting). mineral/meltD are from Ulmer (1989),
Hart & Dunn (1993) and Horn et al. (1994).

Fig. 11. Comparison between REE patterns of
clinopyroxenes from Hyblean peridotites and modelled
REE patterns in clinopyroxenes following fractional
melting of a spinel peridotite source (Hellebrand et al.
2002). Degrees of partial melting are indicated.
C1-normalizing values after McDonough & Sun (1995).
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evolved Miocene lavas (mg-number . 0.6; Rocchi
et al. 1998) we evaluated the TP values following
the method proposed by Putirka (2005) plotting
XMgliq against XFeliq on the olivine saturation
surface (Langmuir & Hanson 1981). As all these
lavas lie on an olivine control line at XFeliq

c. 0.07 and the most Fo-rich olivines cluster at a
composition of Fo90, the resulting TP are of about
1430 8C. This value is maintained also by the
more recent Plio-Pleistocene lavas and is encoun-
tered on the palaeogeotherm at a pressure of about
3.0 GPa, corresponding to the base of the litho-
sphere where the mantle geothermal gradient
becomes adiabatic (Fig. 9a). At this pressure the
melting relations are possibly related to the cusp
of the dry peridotite solidus at the transition
between the spinel and garnet stability fields. The
composition of Miocene alkaline lavas also

suggests an origin at a depth of about 90 km (Trua
1997; Trua et al. 1998). This allows us to reject
the hypothesis of Nimis (1998) that an active
asscent of mantle (a plume) may be responsible
for the values of the thermal gradient. In fact, the
thermal gradient and the heat flux of the area have
been practically constant in the last 10 Ma, and
the mantle potential temperatures are almost
200 8C lower than those of Hawaii and Iceland
(Putirka 2005).

The redox state estimated for many Hyblean
xenoliths falls within the range for subcontinental
lithospheric mantle (FMQ + 1; Wood et al.
1990). The highest f O2 values (above FMQ
buffer) obtained for the most metasomatized
samples (HYB29 ¼ 1.3 Dlog units and
HYB40 ¼ 1.6 Dlog units) indicate that the metaso-
matic agent(s) was slightly more oxidized than the

Fig. 12. Trace element compositions of liquids at equilibrium with clinopyroxenes from peridotite xenoliths.
Compositions were calculated using the clinopyroxene–liquid partition coefficients of Skulski et al. (1994) and Eu
after Hart & Dunn (1993). PM-normalizing values after McDonough & Sun (1995). The fields for Upper Miocene lava
(Bianchini et al. 1998; Rocchi et al. 1998; Perinelli 2001; Scribano et al. 2006) and parental liquids of clinopyroxenes
in pyroxenite xenoliths (Nimis & Vannucci 1995; Perinelli 2001) are shown for comparison (they all are recalculated
using clinopyroxene–liquid partition coefficients of Skulski et al. (1994) and Eu after Hart & Dunn (1993). The
composition of glass in sample HYB40 is also shown.
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host mantle. For the other samples, the observed
f O2 variation seems not to be directly related to
the metasomatism: the f O2 for HYB14 (very
poorly metasomatized xenolith) is higher (c. 1
Dlog units) than f O2 obtained from the strongly
metasomatized HYB24 (0.15 Dlog units). This is
in contrast to the common tenet that relates the vari-
ations of f O2 to the action of a metasomatizing
agent that leads to a progressive oxidation.
Similar behaviour of f O2 has been observed in peri-
dotite xenoliths of Mt. Lessini and Sardinia (Italy)
as well as in other mantle xenoliths from other
regions (e.g. Cape Verde Islands; Siena &
Coltorti 1993), and has been explained by the
‘peculiar effects of fugitive metasomatic agents’
that can provide a heterogeneous oxidation of
mantle without evident chemical or modal enrich-
ments (Siena & Coltorti 1993, and references
therein).

Summary and conclusion

Hyblean peridotites reflect at least a two-stage pet-
rogenetic process. The geochemical characters of
spinels and clinopyroxenes indicate a moderate
(11–13%) degree of partial melting; Sapienza
et al. (2006) proposed a minimum Palaeoprotero-
zoic–Archaean age for this event. Depletion was
followed by a cryptic metasomatism, which
affected the Hyblean lithospheric mantle as shown
by whole-rock and clinopyroxene compositions. A
minimum Carboniferous age (Tonarini et al.
1996) has been proposed for this process. Metaso-
matism introduced mainly LREE, selective LILE
and HFSE into the ‘barren’ peridotite.

Two distinct metasomatic agents have
been recognized.

(1) Siliceous alkaline melt similar to the Upper
Miocene host basalt in terms of LREE enrichment,
which determined the HFSE enrichment and
increased Nb/Ta and Zr/Hf ratios. The more or
less complete re-equilibration with this metaso-
matic agent, calculated from the clinopyroxene
compositions, probably depends on the distance
between the metasomatic source and the
studied clinopyroxenes.

(2) Hawaiitic melt (found in the glass veinlet in
sample HYB40), which is not related to the Upper
Miocene host basalt. The metasomatizing melts
also oxidized the upper mantle, increasing the f O2

to above FMQ.
Textural and chemical evidence suggests a short

interval between the two metasomatic events,
which are probably both related to
Miocene magmatism.

The peridotites equilibrated in the spinel perido-
tite stability field. P–T estimates are consistent with

the data obtained on pyroxenite xenoliths by Nimis
(1998): the thermobarometric data fit a geotherm
that has not varied since at least the Late Miocene
and that agrees with a mantle potential temperature
(1430 8C) of coeval primitive melts at a pressure of
2.7 GPa. This thermal regime does not fit with the
occurrence of an active mantle plume beneath the
Hyblean area.
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tive comments on an early version of this
paper. A. Zanetti is also thanked for assistance during
LAM-ICP-MS analysis. M. Benoit and an anonymous
reviewer are thanked for constructive comments that
improved the paper. This work is part of the PhD thesis
of C.P. and is financially supported by the University of
Pisa (grants for PhD research). This is the last study in
which we could benefit from the fruitful contribution of
ideas and enthusiasm of Lauro Morten, to whose
memory dedicate this paper.
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Abstract: A suite of mantle xenoliths from the Neogene–Quaternary volcanic province of Jabel
El Arab (Syria) is dominated by spinel + amphibole harzburgites, with rare lherzolites and wehr-
lites that were equilibrated at temperatures of 900–1100 8C. The major elements of pristine
minerals and trace element compositions of clinopyroxene and amphibole indicate that the litho-
spheric mantle experienced various degrees of melt extraction (olivine Mg-number ¼ 89.4–91.8,
spinel Cr-number ¼ 10.4–46.4), followed by a multistage metasomatic history. The primary clin-
opyroxene has variable and high Mg-number (89.1–93.6) and highly variable major element con-
centrations (Al2O3 2.7–7.6 wt%, Na2O 0.5–2.5 wt% and Cr2O3 0.4–2.5 wt%). Three groups of
harzburgites were identified on the basis of petrographical, mineralogical and geochemical data.
Group I harzburgites have compositions indicating a residual origin after polybaric partial
melting with F ,20%, which started in the garnet stability field and continued in the spinel stab-
ility field. Group II harzburgites are interpreted as a result of a percolation mechanism involving
the infiltration of large volumes of undifferentiated basaltic melts through the residual lithosphere.
Finally, the mineral major element compositions and the selectively enriched trace element con-
tents of clinopyroxenes in group III harzburgites (high (La/Sm)N and Th, U, Sr and low high field
strength element contents) are attributed to a percolation mechanism involving small volume melt
fractions. Such small melt fractions correspond to CO2-bearing alkaline silicate magmas that have
evolved to CO2-rich melts during repeated percolation-reaction within the Syrian lithospheric
mantle. Shortly before eruption, some xenoliths were infiltrated by small silicate melt fractions,
which produced discrete reaction zones composed of cpx + ol + sp + glass surrounding reacting
primary spinels. The glass in the melt pockets has a trachytic to trachy-andesitic composition and
its composition suggests that glass is derived from melting of pre-existing amphibole in the litho-
spheric mantle, triggered by infiltration of a Na-rich metasomatic agent.

The nature and origin of metasomatic agents in the
lithospheric mantle may be difficult to assess
because they are often associated with a multistage
history and are still widely debated in the literature.
Many recent petrological and geochemical studies
on mantle metasomatism have focused on the
major and trace element compositions of upper
mantle xenoliths to decipher the nature of percolat-
ing melts or fluids (O’Reilly & Griffin 1988; Hauri
et al. 1993; Ionov et al. 1994; Wulff-Pedersen et al.
1996; Coltorti et al. 1999; Grégoire et al. 2000;
Moine et al. 2001, 2004; Frezzotti et al. 2002;
Delpech et al. 2004). These studies have described
a wide range of melt or fluid compositions as meta-
somatic media ranging from H2O-rich to CO2-rich

melts and basaltic to carbonatitic melts occurring
in oceanic and continental settings.

Previous studies of mantle xenoliths from the
northern part of the Arabian plate beneath the
Syrian rift have mostly focused on petrographical
descriptions of the xenoliths and their Neogene–
Quaternary host basalts, fluid inclusions in perido-
tites and their P–T equilibrium conditions (Nasir
1994; Laws & Wilson 1997; Medaris & Syada
1998; Nasir & Safarjalani 2000; Bilal & Touret
2001; Al-Mishwat & Nasir 2004; Bilal & Sheleh
2004). The xenolith suite is composed of peridotites
(lherzolite, harzburgite, wehrlite) and deep mag-
matic segregates (pyroxenites, metagabbros). CO2-
bearing fluid inclusions within primary minerals

From: COLTORTI, M. & GRÉGOIRE, M. (eds) Metasomatism in Oceanic and Continental Lithospheric Mantle.
Geological Society, London, Special Publications, 293, 223–251.
DOI: 10.1144/SP293.11 0305-8719/08/$15.00 # The Geological Society of London 2008.



of peridotites indicate P–T conditions correspond-
ing to the spinel lherzolite field (1000 8C,
c. 1.5 GPa, Bilal & Touret 2001). However, the
composition of the Syrian lithospheric mantle is
still poorly documented, especially with regard to
the relationships between modal compositions,
mineral compositions and the physico-chemical
conditions.

This paper reports petrographical, mineralogical
and geochemical data for a suite of mantle xenoliths
from Tel Tannoun, southern Syria. The aim of this
study is to assess the type of metasomatism and
the nature and origin of melts interacting with the
mantle beneath a thinned lithosphere associated
with underplating, using detailed petrographical,
mineralogical and in situ geochemical data.

Geological setting and xenolith

occurrence

The Dead Sea fault zone forms the boundary
between the African and Arabian plates. Volcanism
along the Syrian rift is related to the movement of
the Arabian plate towards the Eurasian plate at a
velocity of 18 + 2 mm a21 in a NNW direction
(McClusky et al. 2000; Fig. 1). The volcanism is
divided into two periods: Late Jurassic–early Cre-
taceous (Cretaceous basalts, Dubertret 1933), and
Neogene–Quaternary (Mouty et al. 1992; Nasir &
Safarjalani 2000). The Neogene–Quaternary alkali
basalt volcanism is related to the formation of the
Red Sea (24–16 Ma) and Dead Sea rifts (8–0.4
Ma) (Ponikarov 1967; Bohannon et al. 1989;
Camp & Roobol 1989; Nasir 1994; Baker et al.
1997; Chorowicz et al. 2005). The Syrian rift thus
represents the northern part of the Dead Sea rift,
and is the continuation of the Red Sea rift. The
Neogene basalts from southern Syria are mostly
alkali basalts and basanites (Stein & Katz 1989;
Stein & Hofmann 1992; Stein et al. 1993; Laws &
Wilson 1997). Their chemical composition indi-
cates a typical intraplate setting from the Jurassic
to the present (Mouty et al. 1992). Some geochem-
ical studies of volcanic rocks from the southern
Arabian plate (Yemen, Jordan) have suggested
that volcanism originated from the interaction
between the Afar mantle plume and the lithosphere
(Camp & Roobol 1989; Nasir 1994; Baker et al.
1997). More recent geochemical studies of lavas
from the northern Arabian plate (Harrat Ash
Shaam; Israel, Syria, Jordan) favour instead an
origin of the volcanism related asthenospheric
upwelling in response to lithospheric extension in
this region and do not attribute any role to the
Afar mantle plume (Shaw et al. 2003; Lustrino &
Sharkov 2006; Weinstein et al. 2006).

The area of study (Jabel El Arab) represents the
northwestern boundary of the Arabian plate (Fig. 1).
Most of the Cenozoic volcanic fields of Syria are
located along secondary faults in a north–south
direction parallel to the Syrian rift. The most wide-
spread occurrence of alkali lavas (Neogene–Qua-
ternary) is concentrated in southern Syria, in a
linear zone parallel to the direction of the Syrian
rift. The Cenozoic basaltic lavas may be up to
500 m thick and are covered by Tertiary and Qua-
ternary sediments (Nasir & Safarjalani 2000; Al-
Mishwat & Nasir 2004). All xenoliths were
sampled from the Neogene–Quaternary volcanic
field of Jabel El Arab (part of Harrat Ash Shaam),

Fig. 1. Geological map of the Syrian rift with the
ultrabasic–basic xenolith locality of Tel Tannoun in the
Jabel El Arab (star in circle). f, Zagros thrust zone; f 0,
border faults of the graben in the rift zone; f 00,
undifferentiated faults.
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south of Damascus, near Tel Tannoun (32857
0
N,

36844
0
E) (Fig. 1). The xenoliths occur in the

flanks and craters of Strombolian volcanic cones.
Most of the xenoliths are rounded to subrounded,
but some have an irregular shape. They range in
size from a few centimetres to more than 30 cm.
Most are oxidized or display evidence of weather-
ing but the xenoliths selected for this study are
fresh or only slightly oxidized. The xenoliths
studied can be classified into three groups on the
basis of their mineralogical characteristics (Frey
& Prinz 1978): spinel lherzolite, spinel +
amphibole harzburgites and spinel wehrlite.

Analytical methods

The modal compositions were determined by point
counting (3000 points per thin section). Electron
microprobe analyses of minerals were obtained
using a CAMECA SX-100 electron microprobe
(CNRS-UMR6524, Clermont-Ferrand, France)
with a wavelength-dispersive spectrometry (WDS)
technique. Operating conditions used a 15 kV
accelerating voltage, a 15 nA current for mineral
analyses or 8 nA for glass analyses, and a beam
diameter of c. 2–3 mm. Natural and synthetic min-
erals were used as standards. Counting times were
10 s on peak and 10 s on background for all
elements, and detection limits are typically 0.01–
0.04 wt%.

Concentrations of 28 trace elements (rare earth
elements (REE), Ba, Rb, Th, U, Nb, Ta, Sr, Zr,
Hf, Ti, Y, Cr, Sc, V and Ni) were determined in
clinopyroxenes and amphiboles on 120 mm thick
polished sections by laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS)
at the Observatoire Midi-Pyrénées (University Tou-
louse III, France). A CETAC LSX-200 frequency-
quadrupled Nd–YAG LA system delivering a
wavelength of 266 nm was connected to a Perkin
Elmer Elan 6000 ICP-MS instrument (Grégoire
et al. 2002). A typical analysis consisted of three
replicates of 100 readings each, with each replicate
representing one sweep of the mass range. The
counting time for one sample was typically 160–
170 s. The NIST 610 and 612 glass standards
were used as external standards. Each analysis
was normalized using the Ca wt% values deter-
mined by electron microprobe. The ablated material
was carried from the laser cell to the ICP-MS
system with a mixture of He and Ar. Typical detec-
tion limits range from 10 to 20 ppb for REE, Ba, Rb,
Th, U, Nb, Ta, Sr, Zr, Hf and Y, and are 100 ppb for
V and Sc, and 2 ppm for Ti, Ni and Cr. The typical
precision and accuracy for a laser microprobe
analysis range from 1 to 10%.

Petrography

The analysed peridotites are spinel harzburgites (13
samples), some of which contain amphibole, one
spinel lherzolite, and one spinel wehrlite
(Table 1). They contain variable amounts of
spinel (0.1–4 vol%) and amphibole (0.1–4.8
vol%). Microstructures vary from coarse-grained,
coarse-grained–tabular to rare porphyroclastic,
according to the classification of Mercier &
Nicolas (1975). Olivine, clinopyroxene and ortho-
pyroxene vary in size from 0.5 to 4 mm, and the
pyroxenes show curvilinear grain boundaries.
Orthopyroxene is commonly associated with clino-
pyroxene, and both minerals in some harzburgites
display spongy rims. Spinel in the xenoliths is inter-
stitial and has a vermicular shape. It is brown and
large (1–3 mm) in some harzburgites (38Th, 43Th
and IT13A) and greenish in the lherzolite (51Th)
and harzburgite (IT30). Amphibole occurs as
grains surrounding the primary spinel or as intersti-
tial crystals in the peridotitic matrix in the harzbur-
gite 33Th (Fig. 2). Harzburgites IT10 and IT49
contain numerous crystals of amphibole that occur
around the primary spinel, but in most cases, these
amphiboles are not in direct contact with the
spinel, as they appear embedded in a matrix of
smaller grain size composed of cpxþ spþ olþ gl
(Fig. 3a; see below). These amphiboles display
resorbed grain boundaries that suggest they are
not in equilibrium with this fine-grained silicate
assemblage. In the porphyroclastic xenolith IT31,
most olivine porphyroclasts show undulose extinc-
tion and kink-banding and the large orthopyroxene
porphyroclasts (�10 mm in diameter) commonly
contain exsolution lamellae of cpx (Fig. 2b). The
olivine and orthopyroxene porphyroclasts occur in
a matrix of neoblasts of olivine, orthopyroxene
and clinopyroxene.

Primary olivine, clinopyroxene and orthopyrox-
ene of the xenolith suite often contain variable
amounts of solid and fluid inclusions of CO2,
similar to the inclusions described in the mantle
xenoliths from Tel Tannoun (Bilal & Touret 2001).

Nine harzburgites and the wehrlite (30Th, 33Th,
37Th, 52Th, IT1B, IT31, IT10, IT47, IT49 and
23Th) display reaction zones disseminated in the
peridotitic matrix (Figs 2d and 3). The reaction
zones often occur around primary brown spinel or
between primary mineral boundaries. The primary
spinel in the reaction zone has spongy rims
(Fig. 3c and d). Minerals in reaction zones include
subhedral to euhedral clinopyroxene, olivine,
small euhedral spinel and glass. Sometimes euhe-
dral small amphiboles occur in some reaction
zones but are never associated with the large
resorbed amphibole surrounding primary spinels.
The small euhedral amphibole may be dispersed
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Table 1. Characteristics of mantle xenoliths from Tel Tannoun

Sample Petrographical type Microstructure Ol Opx Cpx Sp Am Mg-no. (Ol) Cr-no. (Sp) T(B&K90) T(Wells77)

23Th Wehrlite Coarse grained 87.3 0.7 11.2 0.8 90.8 + 0.1 (4) 45.1 + 1.1 (2) 922 906
51Th Lherzolite Coarse grained–tabular 72.6 14.1 10.1 3.2 89.6 + 0.1 (5) 10.5 + 0.1 (3) 1100 1041
30Th Harzburgite Coarse grained 82.2 14.5 2.4 0.9 90.7 + 0.2 (5) 34.8 + (2) 1016 993
33Th Harzburgite Coarse grained 85.4 10.9 2.2 1.1 0.4 91.5 + 0.1 (5) 45.3 + 1.1 (2) 952 952
37Th Harzburgite Coarse grained–tabular 87.1 10.7 1.5 0.7 90.5 + 0.3 (5) 23.4 + (1) 1052 1062
38Th Harzburgite Coarse grained–tabular 78.6 13.8 4.8 2.8 91.3 + 0.1 (2) 36.1 + 0.2 (2) 924 909
43Th Harzburgite Coarse grained 87.9 9.9 1.2 1 91.6 + 0.1 (6) 35.5 + 0.2 (2) 937 942
52Th Harzburgite Coarse grained–tabular 80 15.5 3.4 1 0.1 90.2 + 0.1 (2) 76.8 + (1) 939 916
IT1B Harzburgite Coarse grained 79.9 17.7 2.1 0.3 91.0 + 0.9 (5) 1076 1006
IT10 Harzburgite Coarse grained 79.4 13.3 1.7 0.8 4.8 90.7 + 0.6 (4) 952 960
IT13A Harzburgite Coarse grained–tabular 71.6 20.2 4.2 4 90.5 + 0.1 (2) 21.4 + 0.7 (5) 934 951
IT30 Harzburgite Coarse grained 84.3 11.5 1.6 2.6 90.5 + 0.1 (5) 16.2 + 0.8 (3) 950 931
IT31 Harzburgite Porphyroclastic 78 13.5 4.6 3.9 90.5 + 0.1 (4) 20.8 + 1.5 (3) 925 932
IT47 Harzburgite Coarse grained–tabular 77.4 18.4 2.4 1.8 90.3 + 0.1 (5) 16.2 + 0.1 (3) 1038 1005
IT49 Harzburgite Coarse grained 76.3 20.2 2.1 0.1 1.3 89.9 + 0.3 (2) 924 919

The Mg-number of olivine and Cr-number of spinel are average values of a number of analyses indicated in parentheses. T(B&K90) and T(Wells77) are equilibration temperatures (in 8C) calculated from the
thermometers of Brey & Köhler (1990b) and Wells (1977), respectively.
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in the reaction zone but it commonly occurs at the
boundary between primary minerals (olivine, ortho-
pyroxene) and the reaction zone and is often associ-
ated with small euhedral oxides. Clear glass was
observed in the reaction zones of harzburgites and
the wehrlite (30Th, 37Th, IT47, IT49 and 23Th).
In the wehrlite 23Th, glass also occurs as thin
veins along grain boundaries of primary minerals
and in many cases these thin veins are connected
to adjacent reaction zones. Glass also occurs in
the vicinity of the spongy rims of clinopyroxene
in harzburgite 30Th and wehrlite 23Th.

Mineral major element compositions

(Table 2)

Olivine

Primary olivines in the lherzolite 51Th have homo-
geneous compositions and the lowest Mg-number

(Mg-number ¼ 100 � Mg2þ/(Mg2þ þ Fe2þ) in
mole fractions ¼ 89.4–89.7). Their Mg-number
values are slightly more magnesian in the spinel
wehrlite (90.1–90.4) but those of the spinel harz-
burgites are highly variable and the most magne-
sian, ranging from 90.1 to 91.8. NiO contents in
olivines from harzburgites vary from 0.26 to 0.45
wt%, from 0.27 to 0.35 wt% in the lherzolite and
from 0.34 to 0.40 wt% in the wehrlite. Concen-
trations of CaO, Cr2O3 and TiO2 in the primary
olivine from the lherzolite and harzburgites are
always very low and are ,0.2 wt% and ,0.1
wt% in the wehrlite. The Al2O3 contents of olivines
in the lherzolite and harzburgites are always below
0.09 wt%.

The Mg-numbers of secondary ol (Ol II) in reac-
tion zones are higher than those of primary olivines
(92.1–93.4). CaO (0.8–0.25 wt%), Cr2O3 (0.06–
0.64 wt%) and Al2O3 (,0.12 wt%) contents of sec-
ondary olivines in the wehrlite and harzburgites are
higher than those in the primary olivines whereas

Fig. 2. Photomicrographs of petrographic features of Syrian mantle xenoliths from Tel Tannoun. (a) Coarse-
grained–tabular microstructure in harzburgite 37Th. (Note the spongy boundaries of orthopyroxene (Opx) and
clinopyroxene (Cpx).) (b) Porphyroclastic microstructure in harzburgite IT31 with an orthopyroxene porphyroclast
containing spinel exsolution lamellae. (c) Coarse-grained microstructure in harzburgite 43Th. (d) Partly resorbed
amphibole around a primary spinel in harzburgite 33Th. The partly resorbed amphibole is embayed in a secondary
assemblage composed of euhedral to suheuhedral sp, cpx, olivine and glass.

LITHOSPHERIC MANTLE BENEATH SYRIA 227



Fig. 3. (a, b) Photomicrographs of secondary assemblages in reaction zones. (a) Reaction zone containing small
grains of resorbed amphiboles, secondary spinel (SpII), clinopyroxene (CpxII), glass and carbonate in hydrous
harzburgite IT49. (b) Reaction zone in anhydrous wehrlite 23Th around primary spinel. (c, d) Back-scattered
electron images of reaction zones. (c) Secondary euhedral to subeuhedral Sp (SpII) and Cpx (CpxII) embayed in a
glass matrix in harzburgite 30Th. (d) Secondary assemblage of OlII, CpxII and SpII in reaction zone embayed
in glass around a primary Sp in the wehrlite 23Th.

Table 2. Representative major element compositions of olivine in Syrian mantle xenoliths

Sample: 23Th 23Th 51Th 30Th 30Th 33Th 33Th 37Th 37Th 38Th
Assemblage: I II I I II I II I II I

SiO2 40.61 40.85 40.19 40.45 41.09 41.42 40.92 40.86 41.35 40.73
TiO2 0.04 0 0 0.01 0.02 0 0.04 0.03 0.02 0
Al2O3 0.01 0 0.02 0.04 0.12 0.01 0.06 0.04 0.06 0.01
Cr2O3 0.05 0.12 0 0.06 0.61 0.01 0.50 0.14 0.07 0
FeOT 9.24 6.22 10.16 9.02 7.51 8.23 6.64 8.45 7.28 8.35
MnO 0.14 0.17 0.16 0.10 0.11 0.14 0.08 0.14 0.14 0.14
MgO 49.10 51.50 48.44 49.57 49.95 49.74 51.02 49.47 50.27 49.68
NiO 0.40 0.36 0.29 0.32 0.32 0.34 0.35 0.29 0.26 0.32
CaO 0.07 0.14 0.07 0.06 0.16 0.07 0.21 0.07 0.14 0.07
Na2O 0.01 0.04 0.01 0.03 0.02 0 0.03 0.02 0 0
K2O 0.00 0 0.01 0 0.02 0 0 0.03 0.01 0.01
Total 99.67 99.40 99.36 99.65 99.92 99.96 99.86 99.53 99.60 99.3
mg-no. 90.44 93.63 89.48 90.75 92.21 91.48 93.19 91.26 92.49 91.4

Assemblage I refers to the primary mineralogy and II to the secondary mineralogy. FeOT determined as total Fe. Mg-number ¼ 100 � Mg/
(Mgþ Fe).
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the Ol II has similar NiO (0.26–0.43 wt%) and TiO2

(,0.06 wt%) contents.

Orthopyroxene

The composition of orthopyroxene ranges from
En89.1 to En91.2 in harzburgites, from En88.1 to
En88.2 in the lherzolite and from En89.9 to En90.3

in the wehrlite. The Mg-number is homogeneous
in the lherzolite (89.9–90) and wehrlite (91–91.3)
whereas it is variable in the harzburgites (90.6–
92.4). The Al2O3 contents (0.7–4.9 wt%) are
highly variable in the harzburgites but more homo-
geneous in the lherzolite (5.5 wt%) and wehrlite
(2.2–2.7 wt%); the Cr2O3 content is in the range
of 0.3–0.6 wt% in harzburgites, 0.4–0.5 wt% in
the lherzolite and 0.3–0.4 wt% in the wehrlite. Con-
centrations of Na2O are relatively high and constant
in the lherzolite (0.15 wt%) and in the wehrlite
(0.12–0.14 wt%) but more variable in harzburgites
(0.03–0.2 wt%).

Clinopyroxene

Primary clinopyroxenes (Cpx I) are Cr-diopsides
(En48 – 52 Wo43 – 49 Fs3 – 6; Fig. 4). Their Mg-number
ranges from 89.1 to 89.7 in the lherzolite, from 90.5
to 93.6 in the harzburgites and from 91.7 to 92.7 in
the wehrlite. Major element contents of Cpx I in the
lherzolite are homogeneous (Fig. 4), whereas
Al2O3, CaO and Na2O are highly variable in harz-
burgites (Al2O3 2.71–6.71 wt%; Na2O 0.53–2.44
wt%). In the wehrlite, Cpx I has relatively homo-
geneous concentrations with respect to Al2O3 and
Cr2O3, whereas TiO2, SiO2 and Na2O show slight
variations, and CaO has more variable contents

(19.17–20.88 wt%). Rims of Cpx I in the wehrlite
have similar to higher Mg-number, CaO, Al2O3,
TiO2 and Cr2O3, but lower SiO2 and Na2O contents,
similar to Cpx II occurring in reaction zones (see
below). The primary clinopyroxene compositions
show a progressive trend of decreasing Al2O3 and
increasing CaO with increasing Mg-number
from the lherzolite to the harzburgites (Fig. 4),
with the wehrlite sample having an intermediate
composition.

Subeuhedral to euhedral secondary clinopyrox-
enes (Cpx II) in the reaction zones are also
Cr-diopsides (En46 – 54 Wo42 – 51 Fs3 – 5) and have
highly variable Mg-number, covering the whole
range of Cpx I in the harzburgites and the wehrlite
(90.4–93.8; Table 4, Fig. 4). Major element
concentrations are very variable in Cpx II and the
latter are commonly higher in Al2O3 (3.71–7.97
wt%), Cr2O3 (1.08–4.75 wt%) and TiO2 (0.6–0.93
wt%) than Cpx I at similar Mg-number. CaO con-
tents in Cpx II are similar to those of Cpx I but
their SiO2 concentrations are commonly lower than
those of Cpx I. Finally, the Na2O contents of Cpx
II are less variable than those of Cpx I and do not
extend to the high Na2O contents of some Cpx I.

Spinel

The primary spinel displays large variations in com-
position ranging from chromite (23Th, 33Th and
52Th) to magnesian and aluminous chromite
(30Th, 37Th, 38Th, 43Th, 51Th, IT13A, IT30,
IT31 and IT47). The Mg-number and Cr-number
(¼ 100 � Cr/ (CrþAl) in mole fractions) range
from 59.8 to 80.7 and from 10.4 to 46.4, respect-
ively (Table 5, Fig. 5). The spinels in harzburgites

43Th 52Th IT1B IT10 IT13A1 IT30 IT31 IT31 IT47 IT49
I I I I I I I II I I

40.93 40.06 40.81 40.95 40.87 40.56 40.69 41.80 40.69 41.451
0 0.01 0.05 0.03 0.01 0.06 0.00 0.00 0.04 0.003
0.01 0.00 0.00 0.02 0.03 0.00 0.02 0.07 0.03 0.026
0 0.04 0.03 0.02 0.05 0.03 0.03 0.03 0.00 0.072
7.98 9.43 8.06 9.21 9.43 9.53 9.18 7.57 9.46 9.503
0.13 0.17 0.15 0.15 0.17 0.10 0.17 0.12 0.20 0.139

50.01 49.11 50.49 49.64 49.75 49.58 49.73 50.26 49.24 48.92
0.3 0.32 0.32 0.31 0.31 0.35 0.37 0.28 0.33 0.294
0.08 0.03 0.09 0.10 0.10 0.04 0.08 0.21 0.13 0.052
0.04 0.02 0.00 0.00 0.01 0.00 0.00 0.02 0.15 0.038
0.01 0.01 0.01 0.00 0.01 0.03 0.02 0.00 0.02 0.031

99.49 99.179 99.992 100.4 100.73 100.28 100.29 100.37 100.3 100.54
91.79 90.28 91.79 90.56 90.38 90.26 90.59 92.21 90.25 90.19

LITHOSPHERIC MANTLE BENEATH SYRIA 229



and wehrlite are more chromiferous than in the
lherzolite; the Mg-number v. Cr-number diagram
(Fig. 5) shows a linear distribution from low
Cr-number–high Mg-number in spinels from the
lherzolite to high Cr-number–low Mg-number in
spinels from harzburgites and the wehrlite. The
TiO2 content in spinel decreases from the lherzolite
(0.23 wt%) to the harzburgites (0.01–0.26 wt%).
Secondary spinels in reaction zones commonly
have higher Mg-number (72.3–98.6) and

Cr-number (22.0–63.6) compared with primary
spinel, corresponding to the most chromiferous
spinels of the harzburgites and wehrlite. For com-
parison in Figure 5, the primary and secondary
spinels from this xenolith suite extend to much
higher Cr-number and lower Mg-number than
spinels reported from xenoliths from southern
Syria (Table 5; Nasir & Safarjalani 2000). Some
harzburgites have primary spinels with Mg-number
and Cr-number in spinels that are similar to

Fig. 4. Major element compositions of primary and secondary clinopyroxenes in mantle xenoliths from Tel Tannoun.
B, primary Cpx in lherzolite; †, primary Cpx in the wehrlite; O, primary Cpx in harzburgites; W, secondary
Cpx in the wehrlite;4, secondary Cpx in harzburgites; grey field, secondary clinopyroxenes (Cpx II) from this study.
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xenoliths from the French Massif Central, Hawai or
the Kishb Plateau in Saudi Arabia (IT47, IT31,
IT30, IT13A, 37Th, Fig. 5). The wehrlite 23Th
and some harzburgites (30Th, 33Th, 38Th, 43Th)
have primary spinels with higher Cr-number and
lower Mg-number; they have similar compositions
to spinels reported in xenoliths from Yemen
(Chazot et al. 1996) or from the French Massif
Central (Xu et al. 1998).

Amphibole

Amphiboles occurring in three samples are parga-
sites (33Th) or hornblendes (IT10 and IT49) accord-
ing to the classification of Leake et al. (1997). Their
Mg-number ranges from 89.7 to 91.5. The amphi-
boles are poor in TiO2 (0.14–0.72 wt%) and rich
in Cr2O3 (2.50–3.45 wt%) and Na2O (3.97–4.43
wt%). The amphibole occurring around the spinel
(33Th) has higher Ti, Al, Ca and Na contents, and
lower Si and K contents than the resorbed amphi-
boles in reaction zones (IT10 and IT49).

Glass (Table 7)

The major element compositions of glass in reac-
tion zones are highly variable both between and
within samples. Overall, they are characterized by
relatively high SiO2 (54.57–62.84 wt%), high
Na2O (4.76–14.85 wt%), high Al2O3 (20.59–
25.36 wt%) and low TiO2 (0.05–0.85 wt%) and
FeOT (0.59–3.28 wt%) contents (Fig. 6). The
glass compositions vary between sample depending
on the occurrence or absence of reacting amphibole
in the reaction zones, but also vary within samples
without amphibole. In Figure 6, glass compositions
in harzburgites where reacting amphibole occurs
(IT10, IT49; Fig. 3a) have similar to higher Na2O
(up to 14.85 wt%), higher Al2O3, much lower
CaO, K2O and FeOT and lower TiO2 than glasses
in anhydrous samples. In the anhydrous samples,
compositional variations also exist at the scale of
a single sample, especially with respect to SiO2 in
harzburgite 37Th and wehrlite 23Th (54.5–60
wt%). On the other hand, glass compositions in
anhydrous harzburgite 30Th are more homo-
geneous in terms of SiO2 (55.4–56.7 wt%) and
have very low TiO2 contents compared with other
anhydrous samples. Glass in the anhydrous wehrlite
23Th has no K2O, similar to glasses in hydrous
harzburgites (Fig. 6). In this sample, glass compo-
sitions in reaction zones and in thin veins have
similar major element compositions, except that the
glasses in the veins have similar to higher SiO2 con-
tents compared with the most Si-rich glasses in the
reaction zones. In the total alkali–silica diagram (Le
Bas et al. 1986; Fig. 7), the glasses have trachytic to
trachy-andesitic compositions, with the exception of

the amphibole-bearing harzburgite (IT10), which
has a glass with a phonolitic composition, owing to
its very high Na2O and very low K2O contents. For
comparison, the host lavas of the Jabel El Arab xeno-
liths (this study and Mouty et al. 1992) are basalts
and basanites (Fig. 7). The host lavas and the
glasses in the xenoliths have very different major
element compositions. Most glasses have Na2O þ
K2O . 6 wt%, and some may contain up to 15.5
wt% in the amphibole-bearing harzburgite IT10,
with Na2O/K2O .1.8. In terms of their normative
composition the glasses are mostly plagioclase
(52–92%), orthoclase (0.1–17.1%) and diopside
(,10.8%) normative.

Temperature estimates

Temperatures were calculated using the two-
pyroxene (Cpx–Opx) thermometers of Wells
(1977) and Brey & Köhler (1990a), using core
major element compositions of minerals only. The
temperatures were calculated at an assumed
pressure of 1.5 GPa, which corresponds to the
average pressure estimated by Bilal & Touret
(2001) on the basis of CO2 fluid inclusions in
mantle xenoliths from the same locality. The esti-
mated temperatures for the lherzolite, the wehrlite
and the harzburgites are relatively similar and
range from 906 8C to 1100 8C.

The temperature estimates in the wehrlite 23Th
are the lowest and range from 906 to 922 8C. For
the coarse grained–tabular lherzolite 51Th, the
temperature estimates are the highest and range
from 1041 to 1100 8C. The temperature estimates
for the coarse-grained and coarse-grained–tabular
harzburgites (909–1076 8C) are higher than those
estimated for the porphyroclastic harzburgite
(925–932 8C). Nine harzburgites out of 13 have
similar equilibration temperatures in the range of
909–960 8C, irrespective of their microstructure
and thermometers used. Four harzburgites (IT1B,
IT47, 30Th and 37Th) have higher equilibration
temperatures (993–1100 8C), with a tendency for
temperature estimates using the formulation of
Wells (1977) to give lower results. Such deviation
to lower estimates of equilibration temperatures
using the formulation of Wells (1977) was pointed
out by Brey & Köhler (1990b) for T .1000 8C in
their experiments. A comparison with available
equilibration temperatures calculated with the
same thermometers for mantle xenoliths from
southern Syria (Medaris & Syada 1998; Nasir &
Safarjalani 2000) indicates temperatures in the
range 990–1150 8C, similar to or slightly
higher than the highest temperatures recorded in
harzburgites studied here.
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Trace elements

The REE concentrations of mineral phases
(clinopyroxene, amphibole) are given in Table 8
and REE and trace element patterns are presented
in Figure 8. Trace element contents of clinopy-
roxenes correspond to cores of primary clinopyrox-
enes (Cpx I). No trace element data are available for
the harzburgites IT10 and IT49 or for minerals in
reaction zones. Primary clinopyroxenes (Cpx I)

are more enriched in trace elements than the
primitive mantle estimate of McDonough & Sun
(1995) by a factor of 2–70 times. Clinopyroxene
of the lherzolite 51Th has a nearly flat REE
pattern with a slight enrichment in La and Ce com-
pared with primitive mantle values and middle REE
(MREE) slightly higher than heavy REE (HREE). It
also has lower Ti, Zr, Nb, Sr and Ba contents than
other trace elements.

Table 4. Representative major element compositions of clinopyroxene in Syrian mantle Xenoliths

Sample: 23Th 23Th 51Th 30Th 30Th 33Th 33Th 37Th 37Th 38Th 43Th 52Th
Assemblage: I II I I II I II I II I I I

SiO2 53.34 50.63 51.57 48.63 50.35 54.07 48.32 50.30 51.90 53.59 52.97 55.29
TiO2 0.24 0.45 0.76 0.10 0.06 0.14 0.93 0.57 0.40 0.13 0.25 0.03
Al2O3 4.66 6.21 7.31 8.80 7.25 3.63 7.82 6.28 3.71 3.46 3.78 3.27
Cr2O3 1.01 3.64 0.68 3.04 1.93 1.36 3.71 2.17 1.23 1.27 1.40 1.94
FeOT 2.48 2.36 3.26 2.18 2.21 2.15 1.93 2.39 2.63 2.11 2.13 2.56
MnO 0.04 0.12 0.10 0.07 0.01 0.11 0.08 0.03 0.06 0 0.10 0.09
MgO 15.31 15.60 15.52 14.42 15.64 16.36 14.35 15.86 16.86 16.42 16.33 15.70
NiO 0.07 0.04 0.02 0.06 0.04 0.04 0.01 0.03 0.00 0.08 0.03 0.04
CaO 20.69 19.40 19.03 21.77 21.57 20.71 22.04 21.12 21.48 21.82 21.84 19.19
Na2O 1.92 1.33 1.59 0.89 0.81 1.59 0.90 0.95 0.58 1.12 1.11 2.44
K2O 0.00 0.02 0.01 0.02 0.02 0 0.00 0.00 0.01 0.02 0.02 0
Total 99.75 99.80 99.85 99.97 99.87 100.16 100.1 99.70 98.85 100.02 99.96 100.55
Mg-no. 91.71 92.17 89.51 92.17 92.70 93.13 93.03 92.22 92.03 93.27 93.26 91.61
En 48.51 50.54 50.03 46.10 48.30 50.41 45.90 48.96 49.95 49.34 49.17 50.76
Fs 4.41 4.30 5.87 3.95 3.83 3.73 3.47 4.16 4.33 3.57 3.57 4.66
Wo 47.10 45.17 44.10 49.99 47.90 45.87 50.66 46.91 45.72 47.11 47.27 44.59

Assemblage I refers to the primary mineralogy and II to the secondary mineralogy. FeOT determined as total Fe. Mg-number ¼ 100 � Mg/
(Mgþ Fe).

Table 3. Representative major element compositions of orthopyroxene in Syrian mantle Xenoliths

Sample: 23Th 51Th 30Th 33Th 37Th 37Th 38Th 43Th 52Th
Assemblage: I I I II I II I I I

SiO2 57.26 53.7 56.29 57.49 55.5 56.09 56.37 56.85 57.97
TiO2 0.03 0.20 0 0.08 0.06 0.07 0.01 0.10 0.02
Al2O3 2.23 5.49 2.75 2.52 3.93 3.76 2.59 2.59 0.71
Cr2O3 0.30 0.40 0.30 0.96 0.4 0.38 0.42 0.46 0.40
FeOT 5.72 6.39 5.75 5.42 5.78 5.97 5.24 5.27 5.70
MnO 0.13 0.12 0.13 0.16 0.16 0.14 0.16 0.1 0.15
MgO 33.72 31.92 33.62 34.18 32.74 33.04 34.20 34.25 34.09
NiO 0.09 0.1 0.09 0.07 0.05 0.05 0.08 0.09 0.08
CaO 0.60 1 0.82 0.72 0.85 0.71 0.62 0.54 0.62
Na2O 0.14 0.15 0.17 0.09 0.16 0.19 0.06 0.06 0.15
K2O 0.00 0.03 0.00 0.00 0.03 0 0.00 0.02 0.01
Total 100.22 99.50 99.92 101.68 99.66 100.4 99.75 100.33 99.90
Mg-no. 91.31 89.90 91.24 91.85 91.18 90.77 92.08 92.05 91.43
En 90.26 88.13 89.81 90.60 90.02 89.52 90.99 91.09 90.34
Fs 8.59 9.90 8.63 8.04 8.71 9.11 7.82 7.87 8.47
Wo 1.15 1.97 1.56 1.37 1.27 1.38 1.19 1.04 1.19

Assemblage I refers to the primary mineralogy and II to the secondary mineralogy. FeOT determined as total Fe. Mg-number ¼ 100 � Mg/
(Mgþ Fe).
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The harzburgites have clinopyroxenes with very
variable trace element contents and were subdi-
vided into three groups on the basis of the shape
of their REE patterns, light REE (LREE)/HREE
ratios and major element compositions, as follows.

Group I. Clinopyroxenes are characterized by
low abundances of LREE compared with MREE
and HREE (IT13A, IT31 and IT47, Fig. 8) and by

high Mg-number and Al2O3 contents, and low
Cr2O3 contents (Fig. 4). The harzburgites in which
they occur have a coarse-grained or porphyroclastic
microstructure. The (La/Yb)N (where N indicates
primitive mantle normalized) ratios are low and
range from 0.02 to 0.13. The trace element patterns
display a slight enrichment in some of the large ion
lithophile elements (LILE; (Th and U) (high for

IT1B IT13A IT13A IT30 IT31 IT47 IT47 IT10 IT49
I I II I I I II I I

57.79 55.87 55.47 55.39 56.57 55.67 55.78 57.16 57.63
0.02 0.00 0.04 0.05 0.03 0.03 0.00 0.00 0.00
1.43 3.16 3.32 3.43 2.92 3.60 4.13 2.18 1.11
0.57 0.39 0.41 0.31 0.39 0.32 0.44 0.52 0.47
5.45 5.88 5.94 6.02 5.85 6.08 5.88 6.14 5.80
0.17 0.18 0.15 0.10 0.11 0.17 0.14 0.15 0.15
34.29 33.96 34.00 33.86 33.70 33.43 33.00 33.60 34.34
0.08 0.07 0.09 0.07 0.09 0.09 0.08 0.07 0.12
0.70 0.67 0.76 0.67 0.60 0.63 1.01 0.79 0.68
0.16 0.03 0.03 0.09 0.05 0.12 0.19 0.20 0.19
0.00 0.00 0.02 0.01 0.02 0.01 0.04 0.00 0.00
100.65 100.21 100.22 100.00 100.32 100.15 100.70 100.80 100.49
91.80 91.16 91.07 90.96 91.12 90.75 90.89 90.69 91.31
90.61 89.98 89.76 89.79 90.07 89.66 89.11 89.32 90.14
8.09 8.73 8.80 8.92 8.78 9.14 8.93 9.17 8.58
1.30 1.29 1.44 1.29 1.15 1.20 1.96 1.51 1.28

IT1B IT1B IT10 IT13A1 IT30 IT31 IT31 IT47 IT47 IT49 IT49
I II II I I I II I II I II

54.26 52.86 51.64 52.09 52.62 53.30 51.32 54.07 52.05 50.67 51.17
0.00 0.30 0.20 0.19 0.20 0.13 0.56 0.08 0.10 0.28 0.20
4.00 3.89 4.82 4.11 6.16 4.45 5.45 5.36 6.61 4.76 4.82
1.47 2.11 2.05 0.83 0.88 0.93 1.96 0.83 1.08 4.32 4.84
2.81 2.04 2.86 2.35 2.32 2.50 2.33 2.55 3.03 1.97 1.98
0.01 0.05 0.05 0.09 0.04 0.04 0.09 0.07 0.08 0.08 0.02
16.21 17.15 16.89 16.86 15.45 16.27 16.21 16.15 16.03 15.20 15.08
0.04 0.01 0.07 0.08 0.02 0.02 0.06 0.05 0.02 0.05 0.05
18.87 21.48 19.99 22.58 21.06 20.96 20.68 20.06 19.43 21.93 21.36
2.38 1.00 1.06 0.79 1.53 1.27 0.86 1.60 1.69 0.90 1.46
0.00 0.00 0.00 0.01 0.00 0.02 0.00 0.04 0.00 0.00 0.01
100.01 100.9 99.61 99.97 100.3 99.88 99.52 100.9 100.1 100.2 101.0
91.23 93.80 91.36 92.83 92.23 92.03 92.54 91.87 90.47 93.26 93.18
51.75 50.84 51.42 49.02 48.46 49.69 50.09 50.47 50.58 47.40 47.81
5.01 3.39 4.89 3.83 4.10 4.31 4.04 4.47 5.36 3.44 3.53
43.27 45.79 43.71 47.19 47.46 46.01 45.88 45.06 44.09 49.17 48.69
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Fig. 5. Cr-number v. Mg-number for spinels in mantle xenoliths from Tel Tannoun. Symbols for rock types as for
Figure 4. Fields: strippled, whole xenolith suite of Tel Tannoun (Nasir & Safarjalani 2000); horizontal lines, spinels in
harzburgites of Kishb Plateau, Saudi Arabia (Kuo & Essene 1986); light grey, spinels in harzburgites from Yemen
(Chazot et al. 1996); dark grey, spinel in peridotite xenoliths from Massif Central (Xu et al. 1998); crosshatched,
spinels in lherzolites from Hawai (Sen 1988).

Table 5. Representative major element compositions of spinel in Syrian mantle Xenoliths

Sample: 23Th 23Th 51Th 30Th 30Th 33Th 33Th 37Th 37Th 38Th 38Th
Assemblage: II I I I II I II I II I II

SiO2 0.01 0.01 0.08 0.06 0.09 0.01 0.04 0.26 0.91 0.03 0.02
TiO2 0.04 0.06 0.20 0.00 0.04 0.09 0.09 0.26 0.39 0.06 0.06
Al2O3 28.73 31.90 56.69 38.81 47.53 32.20 32.74 47.00 33.15 38.39 39.34
Cr2O3 42.04 37.34 9.83 30.91 20.01 38.07 36.84 21.39 33.15 31.99 31.29
FeOT 11.59 12.62 11.02 12.08 9.99 12.52 11.65 10.27 13.59 10.95 9.61
MnO 0.16 0.18 0.06 0.18 0.04 0.16 0.22 0.11 0.17 0.14 0.2
MgO 16.83 16.46 20.67 17.38 19.98 16.86 16.74 19.68 17.02 18.09 18.73
NiO 0.14 0.12 0.32 0.23 0.35 0.16 0.16 0.22 0.15 0.21 0.21
CaO 0.00 0.01 0 0.03 0.16 0.00 0.03 0.06 0.23 0 0.01
Na2O 0.02 0.02 0 0.00 0.00 0.03 0.01 0.00 0.07 0 0.04
K2O 0.00 0.00 0.02 0.00 0.02 0.00 0.00 0.00 0.05 0 0
Total 99.55 98.71 98.89 99.67 98.21 100.1 98.51 99.26 98.89 99.86 99.51
Mg-no. 74.19 72.38 80.52 73.56 81.70 73.1 73.39 78.98 72.62 76.06 78.85
Cr-no. 49.54 43.99 10.40 34.84 22.02 44.24 43.04 23.39 40.13 35.86 34.80

Assemblage I refers to the primary mineralogy and II to the secondary mineralogy. FeOT determined as total Fe. Mg-number ¼ 100 � Mg/
(Mgþ Fe). Cr-number ¼ 100 � Cr/(CrþAl).
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IT31) and weak enrichments in Zr, Ba and Ti. Their
Sr concentrations are relatively low (12–22 ppm)
(Fig. 8).

Group II. Clinopyroxenes from group II are
characterized by flat or nearly flat REE patterns
(38Th, 43Th and 33Th) and they display the
highest Mg-number, and high TiO2 and Cr2O3 con-
tents. They are found in harzburgites with micro-
structures varying from coarse grained to slightly
tabular. These clinopyroxenes have (La/
Yb)N ¼ 1.4–4.1, (La/Sm)N ¼ 0.7–2.7 and (Sm/
Yb)N ¼ 1.6–2 but weak enrichments in Ba, Nb,
Zr and Ti and no enrichment in the most incompa-
tible elements (Rb, Th and U). The clinopyroxene

of harzburgite 33Th displays the highest concen-
trations of Th (3.54 ppm) and U (0.86 ppm). The
concentration of Sr in this group ranges from 45
to 104 ppm (Fig. 8).

Group III. Clinopyroxenes from group III are
characterized by REE or trace element patterns
showing enrichments in the most incompatible
trace elements (IT1B, IT30, 23Th, 30Th, 37Th
and 52Th), and therefore high (La/Yb)N ratios
ranging from 0.8 to 36. They have the lowest
Mg-number and the highest Na2O values. Their
trace element patterns show enrichments in LILE
(Th and U) and only weak enrichments in high
field strength elements (HFSE; Nb, Ta, Zr and

43Th 43Th 52Th IT1B IT10 IT13A IT30 IT31 IT47 IT49
I II I II II I I I I II

0.04 0.05 0.02 0.00 0 0.03 0.04 0.00 0.07 0.186
0.24 0.2 0.22 0.03 0.003 0.07 0.01 0.07 0.07 0.264
38.14 36.34 11.85 20.23 25.862 49.56 53.16 49.40 53.31 23.127
30.97 32.93 58.25 52.67 41.555 19.23 14.92 18.70 15.23 44.257
11.84 12.14 16.59 9.09 14.681 10.95 10.34 10.84 10.95 7.959
0.18 0.14 0.25 0.25 0.252 0.09 0.12 0.12 0.10 0.323
17.65 17.42 12.38 17.57 15.936 19.31 20.07 19.52 20.01 22.497
0.18 0.18 0.05 0.12 0.102 0.27 0.30 0.29 0.28 0.207
0 0.02 0.02 0.00 0.116 0.02 0.01 0.02 0.01 0.071
0.04 0 0.00 0.01 0.02 0.00 0.00 0.02 0.00 0.088
0 0 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.006
99.28 99.42 99.62 99.96 98.537 99.54 98.96 98.98 100.0 98.99
74.75 74.05 59.84 79.62 72.487 100.00 79.74 78.99 78.8 98.58
35.27 37.79 76.75 63.59 51.87 20.64 15.85 20.23 16.08 56.21

Table 6. Representative major element compositions of amphibole in Syrian mantle Xenoliths

Sample: 33Th 33Th IT10 IT10 IT10 IT10 IT49 IT49
Assemblage: II II II II II II II II

SiO2 44.22 44.07 45.09 45.85 46.26 45.18 47.39 47.25
TiO2 0.72 0.72 0.27 0.20 0.14 0.17 0.21 0.22
Al2O3 13.28 13.42 12.81 12.54 12.35 12.77 10.16 10.27
Cr2O3 2.76 2.63 2.50 2.79 2.71 2.79 3.45 3.29
FeOT 3.26 3.03 3.63 3.73 3.77 3.77 3.26 3.19
MnO 0.04 0.04 0.09 0.10 0.05 0.07 0.05 0.07
MgO 18.44 18.20 18.10 18.43 18.45 18.44 18.79 18.82
NiO 0.12 0.08 0.08 0.10 0.05 0.10 0.08 0.05
CaO 10.61 10.26 9.62 9.33 9.30 9.39 8.87 8.93
Na2O 4.05 4.10 3.97 4.24 4.15 4.17 4.43 4.38
K2O 0.06 0.04 1.05 0.90 0.96 0.96 1.02 0.98
Total 97.55 96.58 97.20 98.21 98.19 97.80 97.72 97.43
Mg-no. 91.062 91.468 89.985 89.905 89.798 89.814 91.21 91.407

Assemblage I refers to the primary mineralogy and II to the secondary mineralogy. FeOT determined as total Fe. Mg-number ¼ 100 � Mg/
(Mgþ Fe).
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Ti), and Rb and Ba compared with their neighbour-
ing elements. The concentration of Sr in group III
ranges from 11 to 521 ppm, with most samples
containing .104 ppm. Group III clinopyroxenes
display various types of REE enrichments. Some
of these clinopyroxenes (harzburgites 37Th and
IT30, wehrlite 23Th) have a spoon-shaped REE
pattern with preferential enrichments in LREE com-
pared with MREE at variable MREE and HREE
contents. The MREE–HREE pattern is almost flat
and resembles that of group I or group II clinopyr-
oxenes. Some other clinopyroxenes (harzburgites
52Th, 30Th and IT1B) have REE patterns

displaying progressive enrichments from HREE to
LREE (Fig. 8). The coarse–grained harzburgite
IT1B has the highest LREE and MREE contents
compared with the other clinopyroxenes. In terms
of major elements, two samples with LREE-
enriched clinopyroxenes (52Th and IT1B) have sig-
nificant lower Al2O3 and CaO, but higher Na2O and
Cr2O3 than LREE–MREE-enriched clinopyrox-
enes (Fig. 4). Clinopyroxenes from sample 30Th,
which has the lowest MREE contents, have major
element compositions intermediate between those
of other LREE-enriched clinopyroxenes (52Th,
IT1B) and LREE–MREE-enriched clinopyroxenes

Fig. 6. Major element compositions of glasses in mantle xenoliths from Tel Tannoun. Symbols for rock types as
for Figure 4. Grey field is for partial melting experiments of Draper & Green (1997).
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Table 7. Representative major element compositions and normative compositions of glass in Syrian mantle Xenoliths

Sample: 23Th 23Th 23Th 23Th 23Th 23Th 23Th 23Th 23Th 23Th 30Th 30Th 30Th 30Th 30Th 30Th 30Th 30Th 30Th
Assemblage: II II II II II II II II (vein) II (vein) II (vein) II II II II II II II II II

SiO2 58.42 57.93 57.08 58.21 55.20 54.57 55.87 58.36 57.97 59.58 55.76 55.44 55.77 56.06 55.98 56.68 56.42 56.12 56.51
TiO2 0.58 0.68 0.67 0.34 0.51 0.66 0.57 0.56 0.63 0.49 0.17 0.11 0.22 0.19 0.23 0.17 0.05 0.05 0.12
Al2O3 22.80 22.15 21.58 22.73 22.88 22.71 22.48 21.54 20.82 21.50 21.78 21.77 21.98 22.32 22.63 21.73 22.14 22.51 22.31
Cr2O3 0.06 0.12 0.06 0.00 0.09 0.00 0.07 0.06 0.08 0.04 0.10 0.03 0.00 0.11 0.06 0.10 0.05 0.19 0.07
FeOT 2.65 2.45 2.45 2.39 2.68 2.61 2.77 2.63 2.25 2.24 2.61 2.36 2.86 2.56 2.45 2.65 2.48 2.85 2.83
MnO 0.06 0.08 0.04 0.05 0.07 0.07 0.04 0.02 0.00 0.02 0.02 0.07 0.04 0.04 0.09 0.00 0.02 0.06 0.05
MgO 3.11 3.07 3.17 2.25 2.66 2.98 3.17 2.62 2.68 2.29 3.11 2.94 2.62 2.84 2.94 3.07 2.66 2.97 2.98
NiO 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.04 0.03 0.00 0.04 0.00 0.01 0.00 0.02 0.00
CaO 6.29 6.64 6.69 4.90 6.87 6.76 6.25 6.10 5.83 5.78 8.57 8.11 7.93 7.49 7.08 8.34 7.66 7.37 7.97
Na2O 6.10 7.59 8.07 8.22 8.33 9.25 8.94 8.86 9.07 8.78 4.81 4.77 4.76 5.07 5.17 4.83 4.98 4.92 4.99
K2O 0.09 0.02 0.05 0.04 0.07 0.07 0.04 0.11 0.07 0.10 2.25 2.62 2.50 2.55 2.64 2.53 2.80 2.58 2.58
Total 100.16 100.73 99.85 99.13 99.38 99.67 100.20 100.86 99.40 100.81 99.20 98.26 98.68 99.26 99.26 100.12 99.25 99.64 100.40
Mg-no. 67.64 69.12 69.69 62.63 63.91 67.05 67.10 63.94 68.00 64.52 68.03 68.92 61.98 66.40 68.14 67.34 65.69 64.96 65.26

Normative compositions
Quartz 2.69
Plagioclase 82.69 83.75 76.97 88.45 73.66 64.59 70.59 74.99 73.86 80.31 69.63 68.14 71.02 71.18 70.78 69.06 68.73 72.31 69.07
Orthoclase 0.53 0.12 0.3 0.24 0.41 0.41 0.24 0.65 0.41 0.59 13.41 15.78 14.95 15.19 15.72 14.95 16.67 15.31 15.13
Nepheline 0 3.38 7.59 3.44 12.11 18.56 14.1 9.71 10.51 6.62 1.6 1.98 0.77 1.48 2.31 0.97 2.02 0.65 2.03
Corundum 1.25 0.23
Diopside 0 5.3 8.68 0 7.59 10.83 8.07 9.39 10.60 7.80 9.32 8.03 6.71 4.68 3.27 8.59 6.49 2.93 6.65
Hypersthene
Olivine 0 6.16 5.2 7.01 5.26 4.36 5.92 4.22 3.42 3.75 5.72 5.76 6.12 6.8 7.32 5.86 5.87 8.23 6.71
Ilmenite 1.1 1.29 1.27 0.66 0.97 1.25 1.08 1.04 1.20 0.93 0.32 0.21 0.42 0.36 0.46 0.32 0.09 0.09 0.23
Total 100 100 100.01 100.03 100 100 100 100 100 100 100 99.9 99.99 99.69 99.86 99.75 99.87 99.52 99.82

Sample: 37Th 37Th 37Th 37Th 37Th IT10 IT10 IT47 IT47 IT47 IT47 IT47 IT49 IT49 IT49 IT49
Assemblage: II II II II II II II II II II II II II II II II
SiO2 56.43 56.34 57.18 58.23 60.02 58.38 57.54 57.88 57.25 56.15 61.68 56.63 62.84 60.02 60.28 61.30
TiO2 0.85 0.81 0.80 0.72 0.71 0.36 0.25 0.56 0.68 0.52 0.57 0.85 0.34 0.32 0.24 0.39
Al2O3 21.05 21.66 21.03 20.58 21.17 23.80 23.85 21.78 22.92 23.30 20.08 23.14 25.36 24.90 24.13 24.90
Cr2O3 0.04 0.07 0.17 0.06 0.04 0.05 0.03 0.43 0.03 0.00 0.00 0.03 0.13 0.37 0.08 0.03
FeOT 2.51 2.76 2.79 2.63 1.82 1.28 1.80 2.81 2.92 3.28 1.81 2.86 0.68 0.60 0.59 1.16
MnO 0.00 0.07 0.01 0.11 0.07 0.01 0.00 0.02 0.00 0.10 0.09 0.07 0.01 0.00 0.00 0.00
MgO 3.35 3.03 3.08 2.94 2.01 0.42 0.93 2.86 2.11 2.12 1.80 2.38 0.14 2.21 0.57 0.93
NiO 0.00 0.00 0.01 0.01 0.00 0.02 0.01 0.08 0.01 0.03 0.00 0.00 0.02 0.00 0.00 0.00
CaO 7.02 7.03 6.74 5.98 4.85 0.91 1.66 6.98 6.20 5.40 4.42 6.08 0.36 2.78 6.79 0.71
Na2O 6.16 5.97 6.05 6.21 6.11 14.85 14.05 6.80 7.11 7.36 6.87 6.80 9.90 10.02 7.48 10.68
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Table 7. Continued

Sample: 23Th 23Th 23Th 23Th 23Th 23Th 23Th 23Th 23Th 23Th 30Th 30Th 30Th 30Th 30Th 30Th 30Th 30Th 30Th
Assemblage: II II II II II II II II (vein) II (vein) II (vein) II II II II II II II II II

K2O 1.96 1.99 1.94 2.18 2.88 0.69 0.62 1.93 1.86 1.90 2.01 2.00 0.34 0.32 0.59 0.39
Total 99.37 99.72 99.80 99.64 99.67 100.75 100.74 102.14 101.08 100.16 99.32 100.84 100.12 101.54 100.75 100.50
Mg-no. 70.36 66.13 66.33 66.57 66.31 36.64 47.94 64.45 56.25 53.56 63.93 59.73 27.20 86.75 63.45 58.72

Normative compositions
Quartz
Plagioclase 67.76 70.1 71.42 72 73.8 55.55 52.03 66.79 70.55 69.40 76.70 70.80 85.64 81.88 92.57 82.87
Orthoclase 11.7 11.76 11.52 12.94 17.08 4.02 3.60 11.23 10.87 11.23 11.94 11.70 2.01 1.83 3.49 2.30
Nepheline 4.79 3.86 2.46 1.45 33.70 35.88 6.85 7.49 9.58 0.00 6.94 0.00 8.46 0.33 5.74
Corundum
Diopside 8.79 6.84 7.28 6.32 1.8 3.76 6.64 9.16 4.57 1.53 3.20 2.79 0.00 0.00 2.53 0.00
Hypersthene 4.68 5.52 1.05
Olivine 5.34 5.9 5.79 5.9 1.3 0.66 1.37 4.91 5.23 7.27 0.00 6.18 0.00 4.28 0.64 2.75
Ilmenite 1.61 1.54 1.54 1.39 1.35 0.68 0.47 1.04 1.27 0.99 1.08 1.60 0.65 0.59 0.44 0.74
Total 99.99 100 100.01 100 100.01 98.37 99.99 99.98 99.98 100 98.44 100.01 89.35 97.04 100.00 94.40

Assemblage I refers to the primary mineralogy and II to the secondary mineralogy. FeOT determined as total Fe. Mg-number ¼ 100 � Mg/(Mgþ Fe); Cr-number ¼ 100 � Cr/(CrþAl).
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(37Th, IT30 and 23Th). Finally, the microstructure
in group III harzburgites is similar to that of group II
(coarse grained with a tabular tendency).

REE and trace element patterns of the amphi-
bole in harzburgite 33Th (Fig. 8) are similar to
those of clinopyroxene in the same rock (group
II). However, amphibole in sample 33Th has a
higher concentration in trace elements such as U,
Th and Sr (U 1.33 ppm, Th 4.85 ppm and Sr
186 ppm) than in the coexisting clinopyroxene (U
0.86 ppm, Th 3.54 ppm and Sr 104 ppm), in agree-
ment with amphibole-bearing xenoliths from Ant-
arctica (Coltorti et al. 2004) and Kapfenstein
(Coltorti et al. 2007).

Discussion

Partial melting history

The studied suite of xenoliths from Syria comprises
one lherzolite, one wehrlite and several harzbur-
gites, all of which equilibrated in the spinel stability
field (906–1100 8C). Their petrological, mineralo-
gical and geochemical characteristics are compar-
able with those of type I Cr-diopside mantle

peridotites described by Frey & Prinz (1978) and
Menzies & Hawkesworth (1987). The major
element compositions of the primary mineral
phases, particularly the high Mg-number of the
primary minerals, low clinopyroxene modal con-
tents, the high Mg-number of olivine and the high
Cr-number of spinel (Frey & Prinz 1978; Menzies
& Hawkesworth 1987; Boyd 1989; Fabriès et al.
1991; Norman 1998), are indicators of partial
melting processes in the mantle. In Figure 9, most
of the xenoliths from this and other studies
(Medaris & Syada 1998; Nasir & Safarjalani
2000) plot off the partial melting trend at low
pressure defined by Boyd (1989), indicating that
xenoliths rarely preserved their residual partial
melting signatures in terms of olivine modal con-
tents and/or Mg-number in olivine (IT13A, group
I; 38Th, group II; + IT1B, group III). Other xeno-
liths either have olivine contents too high and/or
Mg-number too low to be simple melting residues.

The mineralogical and geochemical compo-
sitions of minerals in lherzolite 51Th (Figs 4 and
8; Table 2–7) indicate that this sample represents
the most fertile rock in the xenolith suite.
However, most of the xenolith suite is composed
of harzburgites containing minerals with high

Fig. 7. Total alkalis–Silica diagram of Le Bas et al. (1986) for glasses and lavas from Tel Tannoun. Symbols as for
Figure 4. Dark grey field is for glasses in reaction zones in anhydrous spinel lherzolites from Yemen (Chazot et al.
1996); light grey field is for glasses in reaction zones in hydrous spinel lherzolites from Yemen (Chazot et al. 1996);
stippled field is for volcanic rocks from southern Syria (Mouty et al. 1992); A, basalts from Jabel El Arab (Ismail,
unpublished data); grey squares, basalts from Tel Tannoun locality (Ismail, unpubl. data).
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Table 8. Trace element contents (ppm) of clinopyroxenes and amphibole from xenoliths from Tel Tannoun obtained by LA-ICP-MS

Element Wehrlite Lherzolite Harzburgite

23Th 51Th 30Th 33Th-cpx 33Th-Am 37Th 38Th 43Th 52Th IT1B IT13A IT30 IT31 IT47

Sc 90 65 74 111 76 85 93 96 108 133 81 77 86 74
Ti 675 4433 267 727 5476 2140 531 1287 262 270 731 1452 953 646
V 271 274 208 298 431 320 244 223 316 267 224 216 187 213
Cr 4061 4548 9259 16374 6496 7299 6499 8942 7971 5968 6637 5946 5654
Fe 18569 13301 15070 23487 17444 11938 10355 15830 19367 17300 16849 15378 21070
Co 21 19 18 22
Ni 322 300 292 353 969 377 293 244 272 306 302 276 242 317
Ga 1.35 3.29 6.79 3.30
Rb 0.36 0.59 0.67 0.31 0.64 0.00
Sr 33 79 311 104 185 156.5 45 73 146 521 22 11 17 12
Y 8.90 19.33 5.75 8.49 11.42 19.66 5.02 10.78 8.27 9.24 9.09 15.32 11.60 11.05
Zr 14.0 30.9 58.5 23.9 36.6 6.8 25.4 28.1 7.3 8.8 1.9 1.9 14.2 1.4
Nb 0.77 0.80 0.13 6.31 0.23 0.55 0.34 0.15 0.05 0.31
Ba 1.32 0.18 1.80 0.24 36.02 0.65 0.13 0.19 1.03 0.07 0.11 0.10
La 1.07 4.06 12.86 5.18 6.50 23.18 1.45 2.20 14.75 41.98 0.20 2.65 0.04 0.09
Ce 1.31 8.99 19.88 8.43 10.01 29.86 2.51 6.35 29.17 72.24 0.72 4.52 0.54 0.08
Pr 0.18 1.15 1.75 0.94 1.30 2.24 0.43 0.97 2.92 8.21 0.14 0.32 0.16 0.04
Nd 1.23 5.89 5.37 3.97 5.43 6.25 2.68 5.14 10.20 26.92 1.04 1.21 1.21 0.53
Sm 0.54 2.04 0.84 1.19 1.51 1.52 0.94 2.00 2.12 3.37 0.37 0.55 0.81 0.44
Eu 0.24 0.82 0.24 0.47 0.60 0.59 0.31 0.75 0.84 1.11 0.16 0.27 0.42 0.21
Gd 1.01 2.76 0.61 1.55 1.93 2.49 0.96 2.41 1.96 2.22 0.70 1.21 1.41 1.14
Tb 0.20 0.52 0.10 0.27 0.34 0.52 0.15 0.38 0.31 0.30 0.14 0.29 0.32 0.24
Dy 1.48 3.59 0.68 1.64 2.18 3.63 0.99 2.43 1.83 1.63 1.18 2.52 2.21 1.74
Ho 0.34 0.81 0.18 0.32 0.43 0.84 0.21 0.46 0.36 0.32 0.35 0.60 0.44 0.36
Er 0.99 2.13 0.64 0.87 1.24 2.70 0.62 1.27 0.86 0.79 1.08 1.81 1.21 1.20
Yb 0.96 2.10 0.80 0.85 0.97 2.63 0.64 1.07 0.85 0.80 1.04 1.72 1.03 1.36
Lu 0.15 0.33 0.15 0.15 0.14 0.34 0.13 0.19 0.15 0.12 0.15 0.25 0.11 0.18
Hf 1.55 0.56 0.75 1.09 0.60 0.46 0.96 0.49 0.32 0.13 0.25 0.32 0.21
Ta 0.10 0.07 0.19 0.07 0.14
Pb 0.54 0.35
Th 2.54 0.17 1.69 3.54 4.85 0.83 0.14 0.17 0.87 0.71 0.05 1.15 0.39 0.10
U 0.74 0.09 0.44 0.86 1.33 0.21 0.24 0.08 0.03 0.26 0.21 0.03

(La/Sm)N 1.24 1.25 9.59 2.73 2.70 9.55 0.97 0.69 4.37 7.81 0.34 3.03 0.03 0.13
(La/Yb)N 0.76 1.32 10.94 4.15 4.56 5.99 1.55 1.40 11.81 35.86 0.13 1.05 0.02 0.05
(Sm/Yb)N 0.61 1.05 1.14 1.52 1.69 0.63 1.60 2.03 2.70 4.59 0.38 0.35 0.86 0.36
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Fig. 8. REE and trace element patterns of primary clinopyroxenes and amphibole from xenoliths from Tel Tannoun.
Light grey field is for group I clinopyroxenes; dark grey field is for group II clinopyroxenes. Normalization values
are from McDonough & Sun (1995). The lherzolite 51Th is reported for comparison in the three groups.
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Mg-number (89.2–91.7 for olivine, 90.6–92.4 for
orthopyroxene and 90.5–93.6 for clinopyroxene)
and high Cr-number in spinels (23.4–46.4). In the
clinopyroxene, the Al2O3–Mg-number negative
correlation between the lherzolite and the harzbur-
gites (Fig. 4) suggests that the major element com-
position of group I and II clinopyroxenes was
mainly controlled by various degrees of partial
melting. According to major element variations,
the highest Mg-number (90.2–91.8 for olivine,
91.2–92.1 for orthopyroxene and 93.0–93.6 for
clinopyoxene) and most refractory compositions
in minerals (lowest Al, Ti and Na; Fig. 4) from
group II harzburgites imply that they experienced
the highest degrees of melting. However, their
nearly flat trace element signatures (Fig. 8) and
high HREE contents do not resemble those of
partial melting residues (Johnson et al. 1990) and
imply that they were probably re-enriched, even
in HREE, during metasomatism (33Th and 43Th).
However, the lower HREE contents of harzburgite
38Th (Fig. 8), its modal composition and
Mg-number in olivines (Fig. 9) could still be indica-
tive of a high degree of melting.

The group I harzburgites have Mg-number
(90.3–90.6 in olivine, 90.3–91.2 in orthopyroxene

and 90.5–93 in clinopyroxene and Cr-number in
spinel (16.1–23) intermediate between those of
minerals from group II and the lherzolite 51Th.
Their clinopyroxene REE patterns characterized
by depletions in LREE and low (La/Yb) are geo-
chemical fingerprints of residual lithospheric
mantle after partial melting (Johnson et al. 1990;
see modelling below). None the less, some of the
most incompatible trace elements are still enriched
compared with partial melting residues (Th, U and
Nb) and are indicative of later metasomatism by
small silicate melt fractions.

The group III harzburgites have minerals
characterized by highly variable Mg-number
(89.2–91.8 for olivine, 90.8–91.8 for orthopyrox-
ene and 90.5–93.1 for clinopyroxene), and very
heterogeneous Cr-number in spinels ranging from
22 to 76.7 (Tables 2–5). The mineral major
element variations and clinopyroxene HREE abun-
dances suggest that this group has experienced
various degrees of melting. For instance, some
LREE–MREE-enriched clinopyroxenes from
group III have some of the lowest HREE (IT1B,
30Th and 52Th) and MREE (30Th) abundances,
suggesting high degrees of partial melting
(Fig. 8). In contrast, the higher abundances of

Fig. 9. Olivine modal proportions (vol%) v. olivine Mg-number in xenoliths from Tel Tannoun compared with
xenoliths from Archaean, Proterozoic and Phanerozoic terranes (Boyd 1989; Griffin et al. 1998). B, spinel lherzolite;
†, spinel wehrlite; V, group I harzburgites; S, group II harzburgites; O, group III harzburgites; A, harzburgite
(IT10); filled square with cross, harzburgite (IT49); 4, Syrian lherzolites from Medaris & Syada (1998) and Nasir &
Safarjalani (2000); � harzburgites from Medaris & Syada (1998) and Nasir & Safarjalani (2000).
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HREE and flat MREE–HREE patterns for group III
(IT30, 23Th and 37Th) clinopyroxenes imply lower
degrees of melting, similar to group I harzburgites.
The major element variations in some group III
clinopyroxenes (IT1B, 52Th and 30Th; high Na
and low Al; Fig. 4), coupled with the very high
Cr-number in spinel and the enrichments in Th,
U, Sr and LREE, highlight instead the effect
of metasomatic overprinting as a result of melt–
rock reaction.

Trace element abundances can be used to illus-
trate the extent of the partial melting process.
Although the clinopyroxenes from the three
groups display variable enrichment in the most

incompatible elements (Th, U and LREE), some
harzburgites (IT1B, IT13A, IT31, IT47, 30Th,
33Th, 38Th and 52Th) have low Dy, Er, Yb and
Lu contents compared with CI-chondrite and primi-
tive mantle estimates (Fig. 8) and may have pre-
served the trace element signature of partial
melting residues. To assess the extent of partial
melting, we undertook trace element modelling
using the non-modal fractional partial melting
equations of Johnson et al. (1990) and by assuming
that partial melting occurred in the spinel stability
field (Fig. 10a). No other REE or REE ratios
can satisfactorily be used to assess partial melting
conditions, as most LREE/MREE ratios in the
clinopyroxenes are greater than unity (e.g. Sm/Yb
or Ce/Yb).

The results display some major inconsistencies
with a model involving partial melting in the
spinel stability field, at least for some harzburgites
(Fig 10a). Some clinopyroxenes from group I
(IT13A and IT47) and from group III (30Th) have
DyN values that are too low for their YbN values
if melting occurred in the spinel stability field,
hence they display low (Dy/Yb)N ratios (IT13A,
IT47 and 30Th). Such low (Dy/Yb)N ratios in clin-
opyroxenes are a characteristic feature of perido-
tites that started melting in the garnet stability
field and continued to melt in the spinel stability
field (Hellebrand et al. 2002; Brunelli et al. 2006).
To account for the low (Dy/Yb)N ratios (0.56–
0.84) at relatively high YbN in such clinopyroxenes,
5–10% of melting must have occurred in the garnet
stability field, followed by additional melting in the
spinel stability field (continuous melting model; see
model and parameters of Brunelli et al. 2006;
Fig. 10b). The total degree of melting for these
MREE-depleted samples is ,20% (Fig. 10b).
Therefore, the trace element modelling strongly
supports a polybaric melting model for some
group I and group III harzburgites. However, the
occurrence of reaction zones filled with newly
formed minerals, the variations in major element
compositions and the enrichments in Th, U and
LREE in some clinopyroxenes, coupled with the
variations in modal composition of the xenolith
suite (Figs 4 and 8), preclude a simple partial
melting origin. These characteristics would appear
to indicate later metasomatic interaction(s) of the
residual peridotites with melt(s).

Metasomatic history

Nature of metasomatic agents in the Syrian litho-
spheric mantle. The microstructural characteristics,
and modal and chemical compositions of the
primary and secondary assemblages reflect the
nature of the metasomatic agent(s) that reacted
with the host peridotites. Textural disequilibrium

Fig. 10. (a) Trace element modelling of residual
clinopyroxene in harzburgites 30Th, IT13A and IT47
using the non-modal partial melting equations and
parameters of Johnson et al. (1990) and CI-chondrite
normalization values after McDonough & Sun (1995).
Numbers refer to the amount of melting in per cent and
the associated residual clinopyroxene composition.
(b) (Dy/Yb)N v. YbN for clinopyroxenes in xenoliths
from this study using the continuous melting model and
parameters of Brunelli et al. (2006). Symbols as for
Figure 9. Light grey field is for clinopyroxenes from the
Vema lithospheric section (Brunelli et al. 2006).
Smallfilled circles on curves are 1% increments
of melting.
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between distinctive mineral parageneses and the
occurrence of minerals in mantle xenoliths such as
amphibole, phlogopite or plagioclase, in association
with major and trace element enrichments, are
indicative of metasomatic processes (O’Reilly &
Griffin 1988; Fabriès et al. 1989, 1991; Ionov
et al. 1994; Wulff-Pedersen et al. 1996; Coltorti
et al. 1999; Grégoire et al. 2000; Frezzotti et al.
2002; Delpech et al. 2004; Moine et al. 2004).

The petrological, mineralogical and geochem-
ical characteristics of the studied mantle xenoliths
indicate that most xenoliths experienced a
complex modal and/or cryptic metasomatic
history, which modified the major and trace
element compositions of the residual lithospheric
mantle after various degrees of partial melting.
This is indicated by: (1) the occurrence of reaction
zones in which secondary minerals are observed;
(2) the occurrence of amphibole; (3) the major
element variations in primary minerals; (4) the
enrichment in strongly incompatible trace elements
in clinopyroxenes.

Two major types of metasomatism are inferred to
have been responsible for the major and trace element
compositions: silicate melt metasomatism involving
large melt fractions and silicate melt metasomatism
by small melt (volatile-rich) fractions.

Eight harzburgite xenoliths (30Th, 33Th, 37Th,
52Th, IT1B, IT31, IT47 and IT49; Table 1) display
evidence of modal metasomatism with the develop-
ment of reaction zones at the expense of spinel and/
or amphibole, as well as spongy rims in the primary
clinopyroxene and orthopyroxene (23Th, 30Th,
37Th and 52Th; Fig. 2). These reaction zones
occur in the three groups of harzburgites, irrespec-
tive of the trace element composition of the
primary clinopyroxene. They testify to a late meta-
somatic event that occurred shortly before entrap-
ment in the host lava. The geochemical evidence
for this late metasomatic event will be developed
further below.

The primary evidence that suggests metasoma-
tism is the relationship between olivine modal com-
positions and Mg-number (Fig. 9). From Figure 9,
most xenoliths from this suite cannot be simple
partial melting residues, including the lherzolite
51Th. The deviation to high olivine modal contents
at a given Mg-number and/or to lower Mg-number
at a given modal olivine content is a well-known
consequence of metasomatism between the residual
lithospheric mantle and silicate melts rising to the
surface (Kelemen 1990). Such metasomatism may
ultimately produce dunites or wehrlites.

The group II harzburgites have the highest
olivine modal contents, olivine with the highest
Mg-number (91.3–91.8), clinopyroxenes with the
highest Mg-number (93–93.6) and relatively low
Al, high Ca and low Na contents (Fig. 4). Spinel

in this group of harzburgites has variable but high
Cr-number and Mg-number (34.8–46.4 and 70.3–
77.6, respectively; Fig. 5). These geochemical
characteristics indicate that the primary minerals
still retain evidence for a high-degree partial
melting episode. According to the major element
data for olivine, orthopyroxene, clinopyroxene and
spinel (Table 2), the group II harzburgites under-
went higher degrees of partial melting than the
group I harzburgites (see cpx I in Fig. 4 and Sp in
Fig. 5). However, the Na contents of group II clin-
opyroxenes are higher than those in group I clino-
pyroxenes, contrary to what is expected from
partial melting. In addition, the trace element con-
tents of group II clinopyroxenes display relatively
flat patterns with very limited trace element frac-
tionation (Fig. 8) and do not resemble the trace
element signatures of partial melting residues
(Johnson et al. 1990; Fig. 10a). This suggests that
the Na, Cr and trace element contents of group II
clinopyroxenes were further re-enriched during a
metasomatic event. This metasomatism also
occurred at relatively constant Mg-number
(Table 1) or may have even produced slightly
more refractory compositions in terms of
Mg-number, and at increasing modal olivine con-
tents (Fig. 9; and higher Cpx/Opx ratios) as indi-
cated by experimental work (Kelemen 1990) and
natural peridotites (Seyler & Bonatti 1997). The
nearly flat trace element patterns in the Syrian xeno-
liths are similar to those found in clinopyroxenes in
metasomatized refractory harzburgites from Ethio-
pia (Bedini et al. 1997).

Such nearly flat trace element patterns of depleted
Ethiopian harzburgites and clinopyroxenes are a con-
sequence of an almost complete re-equilibration with
a relatively undifferentiated basaltic melt during reac-
tive porous melt flow at high melt/rock ratio and
constant bulk Mg/Fe ratio (Bedini et al. 1997).
Similarly, the mineral chemistry and modal compo-
sitions of the group II harzburgites could represent a
residual mantle re-equilibrated with basaltic melt
during a metasomatic event at high melt/rock ratio.
Such a metasomatic event may have taken place
during the emplacement of the largest intraplate vol-
canic field of the Arabian plate (Harrat Ash Shaam)
on top of which Quaternary Strombolian cones have
formed, which contain the studied xenoliths. Even-
tually, during metasomatism at decreasing melt/
rock ratio, amphibole may have crystallized, such as
in harzburgite 33Th. The equilibration temperatures
are lower (850–950 8C) than those found by Bedini
et al. (1997), indicating an origin for the Syrian
xenoliths from a relatively shallow upper mantle.

The group III harzburgites are characterized by:
(1) intermediate Mg-number values of primary min-
erals, lower than or equal to those for group I and II;
(2) low (samples IT30, 23Th and 37Th) to high
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Cr-number values (samples IT1B, 30Th and 52Th)
in spinels; (3) strong enrichment in Th, U, Sr and
LREE, associated with depletion in HFSE (except
Zr for 30Th) in these clinopyroxenes (Fig. 8). As
discussed above, the heterogeneous major elements
and HREE contents in group III clinopyroxenes
suggest that the metasomatic episode(s) affected
harzburgites that had experienced either a low
(37Th and IT30) or high degree of melt extraction
(IT1B, 30Th and 52Th). The variation of
the major element contents in clinopyroxenes and
spinels (Figs 4 and 5) and the variation of trace
element concentrations or ratios in Cpx I (Figs 8
and 11) suggest that the group III harzburgites
were affected by metasomatic media of
variable compositions.

If the assumption that some group III harzbur-
gites (IT30, 23Th and 37Th) share some geochem-
ical characteristics with group I melting residues is
valid (based on mineral major elements and trace
elements in Cpx I), the increase in Al2O3 and Na2O
in clinopyroxene at relatively constant Mg-number
probably occurred during the metasomatic event
that re-enriched the clinopyroxene in the most
incompatible trace elements. These clinopyroxenes
have high Ti/Eu and moderate (La/Yb)N (Fig. 11),
as well as low (Nd/Hf)N and (Gd/Ti)N (not
shown); such geochemical indicators suggest that
the metasomatic medium in some group III harzbur-
gites (IT30, 23Th and 37Th) was essentially a sili-
cate melt rather than a carbonate-rich melt fraction.
These harzburgites contain no volatile-bearing
minerals, suggesting that the metasomatic agent
was poor in volatile components. The selective

enrichments in the most incompatible trace elements
and in LREE only indicate that these clinopyroxenes
experienced only incipient metasomatism by small
silicate melt fractions away from the silicate melt
source (Ionov et al. 2002).

However, the major element compositions of
some other group III clinopyroxenes and spinels
(IT1B, 30Th and 52Th) display contrasting geo-
chemical variations. These clinopyroxene compo-
sitions extend to lower Al and Ti, but higher Na
and Cr contents than other group III clinopyroxenes
for a given Mg-number (IT30, 23Th and 37Th;
Fig. 4) and their spinels have high Cr-number. In
addition, the trace element signatures of these clin-
opyroxenes (IT1B, 30Th and 52Th) show strong
enrichments in Th, U, Sr and LREE (Fig. 8) and
are comparatively poor in HFSE. The major and
trace element compositions of such clinopyroxenes
closely resemble those of clinopyroxenes resulting
from carbonatitic metasomatism (Hauri et al.
1993; Coltorti et al. 1999; Delpech et al. 2004;
Yaxley et al. 1991, 1998). Metasomatism by a car-
bonatitic melt or fluid should produce extensive
reaction zones around the primary orthopyroxene
in harzburgites, because orthopyroxene is unstable
in the presence of carbonatitic melt at low pressures
and will form secondary clinopyroxene, olivine and
Cr-rich spinel associated with release of CO2

(Wyllie & Huang 1976; Yaxley et al. 1991, 1998;
Dalton & Wood 1993; Coltorti et al. 1999;
Laurora et al. 2001; Dawson 2002). In response to
carbonatitic metasomatism, the harzburgitic or lher-
zolitic lithospheric mantle will ultimately convert to
wehrlite. In this context, the wehrlitic samples rep-
resent portions of the lithospheric mantle that have
reacted the most with the carbonatitic metasomatic
agent and therefore should bear indisputable
mineralogical and geochemical evidence of such
metasomatism. The wehrlite 23Th has Cpx I with
relatively high Al2O3, CaO and TiO2 and lower
Na2O compared with Cpx I in the harzburgites
showing characteristic features of carbonatitic
metasomatism (Fig. 4). Moreover, the trace
element compositions of Cpx I in the wehrlite
23Th do not display the strong LREE and Sr enrich-
ments and HFSE depletions often seen in clinopyr-
oxenes metasomatized by carbonatitic melts, but
show only a weak enrichment in La and Ce and a
strong enrichment in Th and U (Fig. 8). Finally, in
the group III harzburgites displaying carbonatitic
geochemical fingerprints, as well as in the wehrlite,
there is no mineralogical evidence for reaction
between a carbonatitic melt and the harzburgitic
lithospheric mantle. Therefore, in the Syrian xeno-
liths, the evidence for metasomatism by a mantle-
derived carbonatite is not supported.

Several geochemical studies have pointed out
that trace element signatures in clinopyroxenes

Fig. 11. (La/Yb)N v. Ti/Eu in clinopyroxenes from
Syrian xenoliths (after Coltorti et al. 1999). B, lherzolite
(51Th); V, group I harzburgites; S, group II
harzburgites; O, group III harzburgites. (La/Yb)
ratios are normalized to CI-chondrite values from
McDonough & Sun (1995).
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similar to those ascribed to carbonatitic metasoma-
tism can be generated by other metasomatic pro-
cesses such as those resulting from reactive
porous melt flow (Bedini et al. 1997) or silicate
melt metasomatism (Zanetti et al. 1999). Some
recent studies have also pointed out that silicate-
and carbonate-rich melts can be contemporaneous
derivatives of a silicate melt (Ionov et al. 2002;
Bodinier et al. 2004; Delpech et al. 2004; Moine
et al. 2004). In the Syrian xenoliths, the ‘carbonati-
tic’ geochemical signature of the metasomatic agent
in some group III harzburgites (IT1B, 30Th and
52Th) was probably acquired during repeated
melt–rock reactions with the heterogeneous wall-
rock harzburgites. During this process, the evol-
ution of the geochemical composition of the
metasomatic medium can be attributed to crystalli-
zation of amphibole, phlogopite or small amounts
of Fe–Ti oxides (minerals that would buffer
HFSE and/or Rb–Ba and the CO2/H2O ratio)
during percolation. Amphibole is common in the
lithospheric mantle beneath southern Syria
(Table 6; Medaris & Syada 1998; Nasir & Safarja-
lani 2000), and phlogopite has been reported by
Medaris & Syada (1998) and Nasir & Safarjalani
(2000). The resulting differentiated small melt frac-
tion responsible for metasomatism in some group
III harzburgites after percolation away from its
source was a CO2-rich alkali silicate melt that had
acquired a ‘carbonatitic’ trace element signature
(Fig. 11). Such metasomatic processes have been
described for mantle xenoliths from Kerguelen
(Delpech et al. 2004; Moine et al. 2004), Ethiopia
(Bedini et al. 1997) and Spitsbergen (Ionov et al.
2002) and produced highly fractionated trace
element signatures in clinopyroxenes as a result of
percolation metasomatism.

Were these metasomatic events in groups II and III
related in time and space? In this section, we
examine if the different geochemical fingerprints
in the group II and III harzburgites could be
explained by a single metasomatic event or if we
need to invoke a complex multistage metasomatic
history. Geochemical studies on peridotites from
continental massifs such as Lherz (Fabriès et al.
1989, 1991; Bodinier et al. 2004) or Ronda
(Garrido & Bodinier 1999) have demonstrated
that percolation of basaltic melts can affect the
mantle rocks on a kilometre scale and that processes
involving porous melt flow and chromatographic
effects can lead to extreme trace element fractiona-
tions in low-temperature, small melt fractions away
from the melt source in the upper part of the mantle
column. However, in the lower part of the column,
close to the melt source, metasomatism by a large
volume of silicate melt is likely to result in almost
complete re-equilibration of the peridotites with

the infiltrating melt. For mantle xenoliths in alkali
basalts, we rarely know the spatial relationships
between melt source and the metasomatized perido-
tite so that any direct relationship between trace
element fractionation and distance from a melt
source is difficult to assess. None the less, Bedini
et al. (1997), on the basis of relationships between
equilibration temperatures, microstructures and
geochemical indicators in mantle xenoliths,
argued for kilometre-scale percolation in the litho-
spheric mantle beneath the East African rift.

In the Syrian xenolith suite, there is no relation-
ship between the equilibration temperatures and the
microstructures of group I, II and III harzburgites
(Table 1), which indicates that all the xenoliths
have been sampled from similar depths and that
metasomatism affected a heterogeneous residual
protolith as shown by the heterogeneous mineral
major element compositions and HREE contents
in groups II and III. Therefore, it is unlikely that
the geochemical fingerprints in this xenolith suite
are the result of a kilometre-scale process along a
lithospheric mantle column as in Ethiopia. None
the less, can group II and III harzburgites result
from a single metasomatic event at a shorter dis-
tance? Ionov et al. (2002) and Bodinier et al.
(2004) showed that a variety of trace element
enrichments can be achieved during a single meta-
somatic event as a result of chromatographic frac-
tionation during porous melt flow. In this view,
harzburgites from group II would be located
closer to the melt source (in the vicinity of
magma intrusions or magma pathways) as they
reacted with larger melt fractions, and harzburgites
from group I and III would be situated away from
the melt source and affected only by smaller
evolved (volatile-rich or not) melt fractions. This
would imply that the different types of metasoma-
tism could all be contemporaneous and derivatives
of the same original silicate melt source. If such a
mechanism is viable, we cannot rule out that
group II and III harzburgites have been affected
by different metasomatic media at different times.
In particular, volcanism in southern Syria (Harrat
Ash Shaam) seems to have been continuous since
Miocene time, and therefore we cannot discard
the possibility of a multistage metasomatic
history. To better constrain these hypotheses, a
larger set of mantle xenoliths from different
locations in northern Syria should be considered
in relation to the timing of eruption of the volcanoes
in which they are found.

Origin of the reaction zones and glass. The glasses
in samples IT10, IT47, IT49 and 23Th (wehrlite),
and 30Th and 37Th (harzburgites group IIIA
clinopyroxene) have silicic (54.57–62.84 wt%),
sodic (4.76–14.85 wt%), calcic (0.4–8.57) and
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aluminous (20.59–25.36 wt%) compositions
(Figs 6 and 7). The formation of glass in mantle
xenoliths has been widely studied (Frey & Green
1974; Francis 1976; Stoch & Seck 1980; Chazot
et al. 1996; Neumann & Wulff-Pedersen 1997;
Yaxley et al. 1997; Coltorti et al. 1999, 2000) and
can be attributed to various processes.

Experimental studies on low-degree melting of
peridotite have shown that silicic, aluminous and
alkaline melts are in equilibrium with lherzolitic
and harzburgitic mineralogy at 1–3 GPa and
between 850 and 1350 8C (Draper & Green 1997,
1999). In Figure 6, the glasses have commonly
higher Na2O, CaO, FeOT and Al2O3, much lower
K2O, and somewhat lower SiO2 than experimental
results of Draper & Green (1997, 1999). Therefore,
small degrees of partial melting of the lherzolites
and harzburgites do not seem to be a realistic mech-
anism to explain the origin of these glasses.

Can reaction zones originate from infiltration of
the host basalt? In Figure 7, the glass compositions
encompass the field of trachy-andesites and trachytes
but are very different from basalts or basanites from
the Tel Tannoun xenolith locality or from Jabel El
Arab in terms of SiO2 and Na2OþK2O (Fig. 7).
Moreover, petrographic evidence for infiltration of
host lava has not been observed in the xenolith
suite. Therefore, we discard the possibility that the
glasses formed as a result of the host lava infiltration.

The occurrence of amphibole in the reaction
zones of harzburgites IT10 and IT49 in disequili-
brium with the surrounding silicate matrix
(Fig. 3a) can be taken as evidence that part of the
glass formed from breakdown of pre-existing
amphibole during transport to the surface (Frey &
Green 1974; Francis 1976; Stoch & Seck 1980;
Chazot et al. 1996; Yaxley et al. 1997). In this
case, glasses would have formed by in situ
melting of amphibole in a closed system as a
result of heating. If so, one would expect the
Na2O/K2O ratios of the glasses to be similar to
that of the residual amphibole in the reaction
zone. In Figure 12, glasses in those reaction zones
have heterogeneous Na2O/K2O ratios varying
between 12.6 and 31.6, owing to their hetero-
geneous and very high Na contents (up to 14.85
wt%), whereas those of residual amphiboles are
homogeneous and much lower (4.3–4.4). They
also span a large range of FeOT/MgO ratios,
varying from a ratio close to that of the residual
amphibole to much higher ratios (0.3–4.8). This
evolution is consistent with subsequent fractional
crystallization of magnesian olivine and and
Mg–Cr-rich spinel from the partial melt (Ol II
Mg-number 92.1–93.4, Sp II Mg-number 65.9–
91.5; Tables 2 and 5), which will rapidly deplete
the melt in MgO. However, the enrichment in
Na2O cannot be realistically explained by

Fig. 12. (Na2O/K2O) v. Na2O for glasses from Syrian xenoliths. Dashed arrows represent the effects on a melt
with the composition of residual amphibole of subsequent fractionating olivine, spinel and clinopyroxene. The
conticuous-line arrow represents the combined effect of in situ melting of amphibole in harzburgites IT10 and IT49
triggered by infiltration of a Na-rich metasomatic agent to produce high Na2O/K2O.
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subsequent fractional crystallization of secondary
clinopyroxenes (Cpx II, Table 4) as it would not
increase the Na2O/K2O ratio of the melt by a
factor of almost 10 (Fig. 12), or possibly after
almost complete crystallization of the partial melt
in the reaction zone. This is not supported by the
petrographic observation and it implies that in situ
melting of pre-existing amphibole cannot satisfac-
torily explain the glass compositions in harzburgites
IT10 and IT49. Alternatively, these sodic glasses
could be explained by addition of an exotic
Na-rich (and K- and Ca-poor) melt to these harzbur-
gites, which triggered partial melting of the pre-
existing amphiboles. Such Na-rich metasomatic
fluid or melt may have originated by melting of
amphibole or incongruent melting of clinopyroxene
in the nearby lithospheric mantle, but at present we
cannot assess its origin.

In anhydrous samples (23Th, 30Th, 37Th and
IT47), an origin of the glass in reaction zones by
in situ melting during decompression of a former
hydrous mineral (amphibole or phlogopite) is not
supported, as no relics of such minerals have been
found. None the less, a metasomatic agent resulting
from a small degree of partial melting of pre-
existing amphibole may have invaded the xenoliths
shortly before eruption, reacted with the primary
mineralogy and produced the reaction zones in
anhydrous xenoliths. The composition of glasses
in reaction zones and veins of the wehrlite supports
this idea, as these glasses they display Na2O/K2O
ratios and TiO2 contents very similar to those of
amphiboles in harzburgite 33Th (Fig. 12,
Table 7). Similarly, glass compositions in anhy-
drous harzburgite IT47 and 37Th have Na2O/K2O
ratios very similar to those of residual amphiboles
in IT10 and IT49 (Table 6 and 7). The decrease in
CaO and FeOT, and increase in Na2O without
clear trends in other major elements in these
glasses (Figs 6 and 12) is accounted for by sub-
sequent fractional crystallization of mainly clino-
pyroxene (Cpx II, Table 4) with only minor
olivine (Ol II) and spinel (Sp II) from the
metasomatic melt.

Overall, the major element compositions of the
glasses in hydrous and anhydrous xenoliths
support a major role of melting of pre-existing
amphibole in producing small melt fractions now
recorded as reaction zones in xenoliths. In
hydrous xenoliths, it is clear that in situ melting of
amphibole has contributed to the glass composition,
but melting has certainly been triggered by infiltra-
tion of a Na-rich metasomatic agent, which in turn
may be derived from earlier melting of pre-existing
amphibole or incongruent melting of clinopyroxene
in the nearby lithospheric mantle. Support for per-
colation of these small melt fractions is given by
the reaction zones in anhydrous xenoliths, in

which the glasses also appear to require a source
that contains amphibole. The occurrence of reaction
zones in the three groups of harzburgites, irrespec-
tive of the clinopyroxene major and trace element
compositions, indicates that the infiltration of
these small fractions of silicate melt occurred
shortly before entrapment in the host lava, and
after metasomatism that re-enriched the trace
element compositions of clinopyroxenes in group
II and III harzburgites. The large difference in com-
position between Cpx I and Cpx II (Fig. 4) shows
that the major and trace element enrichments in
Cpx I predate the very late metasomatic event
that produced the wehrlitic reaction zones. The
last metasomatic event could be the precursor of
magmas that entrained the xenoliths and may
be related to the youngest Quaternary basanitic
volcanic activity. A more detailed study of these
reaction zones, including the determination of
trace elements in residual amphiboles, glass
patches and secondary clinopyroxenes, would
help to clarify the origin of the glasses in the
Syrian xenoliths.

Conclusions

The conclusions from this study are as follows.
(1) The mineralogical and geochemical data on

the Syrian xenolith suite indicate a complex
history involving polybaric partial melting at
various degrees (,20%) that started in the garnet
stability field and continued in the spinel stability
field. These xenoliths were further metasomatized
by percolating silicate melts.

(2) Some harzburgites (group II) have mineralogi-
cal and geochemical compositions indicating a
near-re-equilibration with a silicate melt at a rela-
tively high melt/rock ratio, which increased the
incompatible trace element abundances while not sig-
nificantly affecting their major element compositions.

(3) Some harzburgites (group III) have minera-
logical and geochemical compositions indicative
of metasomatism by small silicate melt fractions,
resulting in major element enrichments and selec-
tive trace element enrichments in the associated
clinopyroxene (high LREE/HREE, but low
HFSE). Some of these clinopyroxenes have geo-
chemical fingerprints comparable with metasoma-
tism by carbonate-rich melts.

(4) The occurrence of geochemical fingerprints
commonly seen in mantle xenoliths metasomatized
by carbonatitic melts can be attributed to progress-
ive reaction and crystallization of an original
volatile-bearing silicate melt with the residual peri-
dotites. This led to the generation of CO2-rich small
melt fractions but does not imply metasomatism by
a mantle-derived carbonatite.
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(5) The occurrence of reaction zones filled with
secondary cpxþ olþ spþ glass in anhydrous and
hydrous xenoliths indicates the percolation of
small silicate melt fractions shortly before eruption.
The composition of glass supports the idea that
these melts originate from partial melting of
amphibole in the nearby lithospheric mantle and
subsequent fractional crystallization of cpx, ol and
sp in reaction zones.
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Abstract: The Neogene–Quaternary alkali-basalt–hawaiite lavas of the Gharyan volcanic field
(NW Libya) contain mantle xenoliths. These mostly consist of protogranular spinel lherzolites
with superimposed metasomatic textures represented by reaction patches where primary orthopyr-
oxene (opx), clinopyroxene (cpx) and spinel (sp) are the main reacting phases. The secondary
parageneses include clinopyroxene (cpx2), olivine (ol2) and feldspar (feld) as reaction rims
around opx, spongy-textured clinopyroxene with recrystallized portions (cpx2 + feldspar), and
brown spinel destabilized in a higher Cr/(CrþAl) black vermicular aggregate (sp2) generally
associated with feldspar microlites. Cpx2 are typically depleted in Na2O and Al2O3 relative to
cpx; feldspar includes both alkali-feldspar (Or 17–51) and plagioclase (An 23–64). Bulk rocks
have flat heavy rare earth element (HREE) patterns (1.2–2.3 times chondrite) and are variably
enriched in light REE (LREE; LaN/YbN up to 6.6). The constituent clinopyroxenes are character-
ized by flat HREE distributions (8–14.5 times chondrite) and variable LREE enrichment with
LaN/YbN up to seven, which generally conform to the bulk-rock chemistry. Samples relatively
unaffected by metasomatism have clinopyroxene Sr–Nd isotopic composition (87Sr/86Sr down
to 0.7023, 143Nd/144Nd up to 0.5139) that approaches the depleted mantle (DM), suggesting
that the lithospheric mantle beneath the area underwent a long-term depletion probably by pre-
Palaeozoic extraction of basic melts. The remaining samples approach 87Sr/86Sr c. 0.7030,
143Nd/144Nd c. 0.5130, with 206Pb/204Pb up to 19.66. These data imply that the causative
agents of metasomatism were Na-alkali silicate melts with a clear HIMU affinity, in accordance
with the isotopic signature of the host lavas (87Sr/86Sr ¼ 0.7032, 143Nd/144Nd ¼ 0.5130,
206Pb/204Pb ¼ 19.60). This prevalent HIMU geochemical signature is comparable with that
recorded in Cenozoic alkaline basic lavas and associated mantle xenoliths from other occurrences
of the northern–central African lithosphere, suggesting a common regional sub-lithospheric com-
ponent. The relatively low 3He/4He of the Gharyan xenoliths (5.3–6.5 Ra) indicates that this com-
ponent originates within the upper mantle and is unrelated to the deep-seated mantle plume source
of the Ethiopian–Yemen plateau basalts. Therefore, the Cenozoic volcanic districts of the Saharan
belt could be related to smaller-scale shallow mantle upwellings (also referred to as ‘hot fingers’)
triggered by intraplate reactivation of regional tectonic lineaments within the Pan-African cratonic
basement, as a foreland reaction of the African–Europe collisional system.

In the Saharan belt of North Africa, south of the
Maghrebian orogenic system, Cenozoic intraplate
volcanism occurs in Morocco (Atlas), Algeria
(Hoggar), in several volcanic fields in Libya and
Chad (e.g. Gharyan, Jebel Haruj, Tibesti), as
well as in Sudan (Jebel Marra). The distribution
of this within-plate anorogenic volcanism in the
north African plate is related to extensional tec-
tonics and may be considered the surface
expression of a variety of processes involving
interactions between the lithosphere and the

convecting mantle below. Such volcanism is
associated either with localized domal basement
uplifts or with the development of rift systems.
It is still unclear if magma sources are homo-
geneous, or if each province is a distinct entity
in terms of mantle geochemical components. Fur-
thermore, it has yet to be established whether
mantle plumes have any role in the production
of this magmatism, and the role of pre-existing
lithospheric architecture (and its far-field stress
regime) in controlling the location of the major
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volcanic districts, and their geochemical charac-
teristics, remains unclear.

Mantle xenoliths often exhumed in alkaline vol-
canic rocks in these areas can provide important
constraints on the composition and mineralogy of
the mantle lithosphere and its role as a magma
source component. Unfortunately, detailed investi-
gations are still scarce, and in particular there are
very few isotope data in the literature (Dautria
et al. 1987, 1992; Raffone et al. 2001, 2004; Becca-
luva et al. 2006a, b).

The aim of this paper is to investigate mantle
xenoliths from the Gharyan district, the northern-
most volcanic field of Libya (Fig. 1). Gharyan
consists of a large (3000 km2 and a few tens of
metres thick) basaltic plateau of Early Eocene age
characterized by magmas that are transitional in
composition between tholeiitic and alkaline.
Additionally, Late Eocene phonolite domes and
younger (12–1 Ma) volcanic centres erupted alka-
line basic melts (Liégeois et al. 2005, and refer-
ences therein). The latter contain the peridotite
xenoliths that are the subject of this paper. These
mantle xenoliths display widespread pyrometa-
morphic textures (Siena et al. 1991, and references
therein) and therefore may represent a convenient
case study to investigate the development of meta-
somatic reactions and the nature of their agent of
metasomatism (Coltorti et al. 2000).

We present new major and trace element ana-
lyses carried out both on whole rocks (X-ray

fluorescence (XRF); inductively coupled plasma
mass spectrometry (ICP-MS)) and minerals
(in situ analyses by electron microprobe analysis
(EMPA) and laser ablation microprobe (LAM)-
ICP-MS) as well as Sr–Nd–Pb–He isotope ana-
lyses of hand-picked mineral separates. The goal
is to reconstruct the compositional evolution of
the lithospheric mantle beneath the area, and to
interpret the observed metasomatic components in
terms of geochemical fluxes between different
reservoirs (e.g. lithospheric v. sub-lithospheric
mantle components) on a regional scale.

Petrography, mineral and bulk-rock

composition

The mantle xenoliths from Gharyan (up to 5–6 cm
in size) are dominantly lherzolites that typically
show protogranular textures characterized by a
four-phase mineral assemblage. ‘Primary’ olivine,
orthopyroxene, clinopyroxene and spinel are
widely overprinted in pyrometamorphic domains
(Fig. 2) containing spongy (sieve-textured) clino-
pyroxene and reaction patches with ‘secondary’
microcrysts of olivine, clinopyroxene, spinel
and feldspar.

Primary olivine (ol) consists of large kink-
banded crystals (up to 1 mm) with Fo ranging
between 89.0 and 89.7. Lower Fo content (down
to Fo 85.5) is recorded by olivine microcrysts

Fig. 1. Simplified geological map of North Africa indicating the locations of the main Cenozoic volcanic fields
(after Liégeois et al. 2005, modified). Also shown is the modal composition of the Gharyan mantle xenoliths in terms
of olivine (ol), orthopyroxene (opx) and clinopyroxene (cpx).
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(ol2) in reaction patches. The evidence of strain and
deformation in these olivine crystals, together with
the absence of cumulate textures, rules out a cumu-
late origin of these xenoliths.

Orthopyroxene (opx) is rarely intact, usually
showing ‘corroded’ crystal rims with reaction
coronas (Fig. 2) containing complex fine-grained
aggregates of secondary olivine, clinopyroxene
and feldspar. ‘Core’ opx composition varies in the
following ranges: Wo 1.0–1.7, En 87.7–89.4, Fs
9.1–10.6, with Mg-number (Mg/(Mgþ Fe))
0.89–0.91 and Cr-number (Cr/(CrþAl)) 0.03–
0.06. Enrichment in CaO (Wo up to 4.2; En down
to 85.9) characterizes opx crystal rims at the inter-
face with clinopyroxene, as recorded in sample
E27A.

Clinopyroxene (cpx) shows a compositional
variation in relation to its textural position. Large
equilibrated diopsidic crystals are characterized by
the following compositions: Wo 45.1–48.5, En
47.0–49.4, Fs 4.0–6.6, with Mg-number 0.88–
0.93, Cr-number 0.04–0.09, Na2O wt% 0.94–1.76
and TiO2 wt% 0.3–0.6 (Fig. 3a); endiopside sec-
ondary clinopyroxene (cpx2) consists of spongy
destabilized crystals (Fig. 2) and secondary

microcrysts in reaction patches, typically character-
ized by a lower Na2O content (down to 0.3%) some-
times associated with TiO2 enrichment with respect
to the primary compositions (Fig. 3a and b).

Spinel (sp) is typically holly-leaf or lobate in
shape, and generally characterized by brown cores
with Mg-number 0.78–0.82 and Cr-number 0.09–
0.11, and black rims (sp2) with lower Mg-number
(down to 0.44) and higher Cr-number (up to
0.73), resulting in a fine aggregate of vermicular
Cr–Fe–Ti-rich spinel intergrowth with feldspar
microliths (Figs 2 and 3c). Similar textures in
which primary spinel crystals are progressively
destabilized toward the rims have been described
in other mantle xenolith suites and related to meta-
somatic reactions (Siena et al. 1991; Beccaluva
et al. 2001a).

Feldspar (feld) occurs only in the reaction fine-
grained patches and is not texturally equilibrated
with the primary phases of the peridotite mineral
assemblage. An extremely wide compositional
range can be observed (even within a single
sample), varying between andesine–labradorite
plagioclase (An 23–64) to variously potassic alka-
line feldspar (Or 17–51), and conforming with the

Fig. 2. Photomicrographs of Gharyan mantle xenoliths illustrating petrographic evidence of metasomatic reactions.
(a) Destabilized orthopyroxene surrounded by a reaction aggregate of secondary olivine, clinopyroxene and feldspar,
and spinel crystal with brown Al2O3-rich core and black high Cr-number rim; (b) magnification of the spinel reaction
rim showing the presence of secondary feldspar; (c) vermicular aggregate of secondary black spinel intergrowth
with feldspar; (d) destabilized spongy clinopyroxene surrounded by olivine crystals.
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overall feldspar field from continental peridotite
xenoliths (Fig. 3d). As recently observed in
several xenolith populations (Ionov et al. 1999;
Grégoire et al. 2000; Beccaluva et al. 2001a;
Delpech et al. 2004; Bonadiman et al. 2005), the
presence of alkali feldspar can be considered an
important marker of metasomatic processes, thus

precluding the interpretation of this phase as
crystallized from infiltrated host-lava.

Application of the two-pyroxene geotherm-
ometer of Brey & Köhler (1990) using the compo-
sition of large equilibrated crystals from the
samples least affected by secondary textures gives
nominal equilibration temperatures in the range of

Fig. 3. Mineral compositions of Gharyan mantle xenoliths. (a) Wollastonite (Wo)–enstatite (En)– ferrosilite (Fs)
classification diagram for pyroxenes. (b) Na v. Cr/(Cr þ Al) for clinopyroxene and (c) Mg/(Mg þ Fe)
v. Cr/(Cr þ Al) for spinel in atoms per formula units (a.f.u.). (d) Albite (Ab) – anorthite (An) – orthoclase
(Or) classification diagram for feldspars, showing compositional fields for metasomatic feldspars in
oceanic and continental peridotite xenoliths (after Bonadiman et al. 2005).
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890–1060 8C, with the lowermost values in sample
X1A and the highest in sample E5B.

Major element mass-balance calculations between
the mineral phases and whole-rock composition
(Tables 1 and 2; Fig. 1) indicate that all the samples
are lherzolites, with the following modal abundance:
ol 59–77%, opx 12–34%, cpx 8–17%, sp 1–3%.

In the Al2O3 v. MgO diagram of Figure 4a the
Gharyan peridotites are compared with primitive
mantle (PM) composition, abyssal peridotites and
other xenolith suites from Cenozoic volcanic occur-
rences in the African plate (Hoggar; Iblean district,
Sicily), and its northern Adriatic promontory
represented by the Veneto Volcanic Province

Table 1. Major (wt%) and trace element (ppm) whole-rock analyses of representative mantle
xenoliths from Gharyan and their host lavas

Type: Lh Lh Lh Lh Lh Lh Lh Host lavas

Sample: A2A E1D E11A E12A E14A E27A X1A A2 E1 E22

SiO2 44.80 43.33 45.27 42.88 45.55 45.19 44.94 48.04 49.83 49.73
TiO2 0.15 0.12 0.13 0.06 0.13 0.12 0.10 2.27 1.95 1.95
Al2O3 3.41 2.89 3.54 2.37 3.45 3.32 3.02 14.27 15.06 14.99
FeOTOT 9.29 9.23 7.19 9.29 7.64 7.36 8.01 9.91 10.41 10.51
MnO 0.15 0.16 0.13 0.14 0.14 0.13 0.14 0.16 0.16 0.16
MgO 38.33 40.55 39.68 43.14 39.81 40.65 40.27 7.93 7.95 8.05
CaO 3.54 2.98 3.57 1.95 2.79 2.81 3.29 9.69 9.65 9.62
Na2O 0.28 0.49 0.39 0.14 0.39 0.33 0.20 5.17 3.87 3.88
K2O 0.03 0.18 0.03 0.01 0.08 0.06 0.00 1.05 1.12 1.11
LOI 1.52
Ni 1765 1797 1713 1974 1654 1846 1942 249 262 259
Co 111 113 110 113 105 112 115 48 49 48
Cr 2203 1707 1882 1634 1951 1939 2120 255 305 309
V 71 50 73 50 73 74 73 191 188 182
Rb 1 n.d. n.d. n.d. n.d. n.d. n.d. 9 17 17
Ba nd 18 14 8 7 n.d. 5 559 384 376
Sr 51 59 77 39 73 31 16 774 522 524
Sc 19.2 n.d. 19.1 13.5 18.6 18.2 21.8 18.3 23.3
Y 3.78 2.59 3.70 1.36 2.82 2.60 2.33 24.7 21.0
Zr 9.88 16.4 12.6 3.33 7.20 4.93 2.89 232 139
Hf 0.21 0.23 0.28 0.09 0.23 0.16 0.12 4.79 3.60
Nb 1.30 1.00 1.96 0.83 1.30 1.06 1.06 71.0 40.9
Ta 0.29 0.20 0.21 0.21 0.20 0.17 0.58 4.23 2.42
La 0.58 2.04 3.56 1.23 2.25 1.63 0.45 45.8 36.6
Ce 1.37 4.90 6.89 1.63 4.60 2.74 0.55 90.1 63.7
Pr 0.19 0.52 0.92 0.16 0.64 0.33 0.06 9.80 7.92
Nd 1.04 2.63 3.85 0.52 2.61 1.36 0.37 41.7 30.8
Sm 0.27 0.49 0.77 0.13 0.59 0.35 0.19 7.11 6.56
Eu 0.11 0.14 0.24 0.06 0.20 0.12 0.08 2.08 2.08
Gd 0.38 0.48 0.79 0.22 0.63 0.48 0.24 6.82 6.71
Tb 0.07 0.08 0.12 0.04 0.11 0.09 0.05 0.84 0.91
Dy 0.51 0.48 0.75 0.26 0.65 0.64 0.40 4.49 5.05
Ho 0.11 0.09 0.14 0.06 0.14 0.13 0.09 0.66 0.79
Er 0.34 0.27 0.41 0.19 0.42 0.39 0.29 1.91 2.24
Tm 0.05 0.03 0.06 0.04 0.07 0.06 0.05 0.20 0.26
Yb 0.36 0.26 0.39 0.19 0.39 0.38 0.30 1.44 1.68
Lu 0.04 0.03 0.04 0.03 0.05 0.04 0.05 0.16 0.20
Th 0.08 n.d. 0.40 0.23 0.19 0.20 0.18 6.07 4.04
U 0.06 n.d. 0.11 0.13 0.08 0.04 0.09 1.56 1.09
ol 59 69 59 77 53 61 63
opx 22 17 23 12 34 25 20
cpx 17 13 16 8 10 12 15
sp 2 1 2 3 3 2 2
feld – trace trace trace trace trace trace

Mineral modal proportions (%) of xenoliths were obtained by mass-balance calculation of bulk-rock and mineral analyses. Lh, lherzolite;
ol, olivine; opx, orthopyroxene; cpx, clinopyroxene; sp, spinel; feld, feldspar; n.d., not detected; LOI, loss on ignition.
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(VVP; Beccaluva et al. 2005, references therein,
and authors’ unpublished data). Depletion trends
by partial melting of a fertile mantle source have
also been reported by Niu (1997). It should be
noted that the Gharyan lherzolites are comparable
with those from Hoggar, overlapping the least
depleted portion of the mantle melting trend.
Notably, the Gharyan mantle appears to be rather
fertile, as is also supported by its relatively low
Cr-number (Cr2O3/(Cr2O3þAl2O3)) ratio as well
as nickel content (Fig. 4b).

Chondrite (Ch)-normalized rare earth element
(REE) patterns of Gharyan lherzolites are reported
in Figure 5. It is noteworthy that nearly flat heavy
rare earth element (HREE) patterns range between
1.2 and 2.3 times chondrite, with the highest and
lowest content corresponding to cpx-rich (16–
17%) and cpx-poor (8%) samples, respectively.
This confirms that HREE are mainly concentrated

in clinopyroxene (Bedini & Bodinier 1999; Coltorti
et al. 1999; Beccaluva et al. 2001b), and therefore
represent an indication of the depletion degree of
mantle material. On the other hand, most samples
show light REE (LREE) enrichments to a variable
extent and shape (LaN/YbN ¼ 3–6.6 times), which
are commonly ascribed to metasomatic processes.

Pyroxene trace element composition

In situ trace element analyses represent the more
reliable data to define the diverse contributions of
depletion and enrichment processes as well as to
recognize the possible contamination of mantle
material by the host lava, which are otherwise diffi-
cult to unravel solely by whole-rock analyses.

The REE patterns of constituent clinopyroxenes
are characterized by flat HREE patterns (8–
14.5 times Ch) and variable LREE enrichment
with LaN/YbN up to seven (Fig. 6; Table 3).
Sample A2A has relatively flat patterns with a
slight depletion in LREE (La, Ce, Pr), suggesting
a comparable slight depletion of the pristine
mantle domain unaffected by metasomatic enrich-
ments. Other samples such as E4C and X1A show
spoon-shaped REE patterns with HREE around
nine and 11 times Ch, respectively, a significant
depletion in Nd, Pr (PrN/YbN down to 0.1) and an
increase in the lightest REE, particularly evident
for La (LaN/YbN up to 1.7). These patterns can be
interpreted as the result of melting episodes (and
extraction of basic melts) followed by slight
cryptic metasomatic processes that reintroduced
the most incompatible (more mobile) elements.
The remaining samples are characterized by vari-
ably enriched LREE (LaN/YbN up to seven)

Fig. 5. Chondrite-normalized REE patterns for
bulk-rock peridotite xenoliths from Gharyan.
Normalizing factors after McDonough & Sun (1995).

Fig. 4. Variations of Al2O3 v. MgO (a) and Cr-number
(Cr2O3/(Cr2O3 þ Al2O3)) v. Ni (b) for the Gharyan
mantle xenoliths. Literature data for other mantle
xenoliths from the African plate (Hoggar; Iblean district,
SE Sicily) and its northern Adriatic promontory (Veneto
Volcanic Province, VVP) are reported for comparison
(Beccaluva et al. 2001a, 2005, 2006a, b). Also shown in
(a) are the field for abyssal peridotites and the partial
melting trends from a fertile mantle composition
(PM) after Niu (1997).
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Table 2. Representative electron microprobe analyses of mineral phases from the Gharyan mantle xenoliths

A1A Lh A2A Lh

Mineral: ol ol opx opx cpx cpx feld feld feld ol ol opx opx cpx cpx cpx sp sp
Label: 1C 2H 2A 2B 1D 2I 2E 2F 2L 3A 3C 3B 3D 2A 2B 2C 1A 1B

SiO2 40.94 41.17 55.61 55.75 52.23 52.19 61.19 65.28 66.67 41.13 41.24 55.67 55.25 52.32 52.28 52.55 0.04 0.08
TiO2 0.02 0.02 0.10 0.12 0.47 0.55 0.26 0.25 0.25 0.03 0.00 0.16 0.12 0.53 0.63 0.60 0.17 0.19
Al2O3 0.04 0.02 4.43 4.27 6.37 6.62 23.13 19.19 19.34 0.01 0.07 4.63 4.64 6.81 6.58 6.72 57.03 57.40
FeOTOT 10.19 10.56 6.79 6.45 3.17 3.25 0.34 0.47 0.36 10.08 10.38 7.00 6.72 3.07 3.03 3.24 12.61 11.52
MnO 0.16 0.13 0.18 0.23 0.14 0.05 0.04 0.02 0.03 0.09 0.23 0.20 0.07 0.01 0.08 0.01 0.02 0.14
MgO 48.58 48.62 32.78 32.56 15.33 15.01 0.04 0.08 0.04 48.76 49.13 32.41 32.41 15.20 15.10 15.09 20.68 20.45
CaO 0.05 0.08 0.78 0.74 19.93 20.07 4.89 0.67 0.19 0.05 0.07 0.80 0.74 19.41 19.27 19.43 0.02 0.00
Na2O 0.00 0.00 0.13 0.16 1.72 1.69 8.08 6.11 6.01 0.05 0.03 0.05 0.14 1.78 1.79 1.80 0.00 0.01
K2O 0.00 0.00 0.00 0.00 0.01 0.00 1.35 6.50 7.99 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00
Cr2O3 0.01 0.00 0.27 0.33 0.53 0.61 – – – 0.03 0.01 0.23 0.28 0.57 0.77 0.56 9.15 9.43
NiO 0.01 0.01 – – – – – – – 0.44 0.38 – – – – – 0.43 0.34
Total 99.99 100.61 101.06 100.62 99.91 100.05 99.31 98.56 100.87 100.67 101.53 101.15 100.38 99.70 99.54 100.00 100.15 99.56

E1D Lh

Mineral: ol ol opx opx cpx2 cpx2 cpx2 cpx2 cpx2 sp2 sp2 feld feld feld
Label: 2E 2 N 2A 2B 2C 2M 3D 5A 5C 1A 1D 1E 2L 5D

SiO2 40.80 41.02 55.58 55.56 54.73 55.22 52.22 53.70 53.41 0.07 0.14 53.94 66.99 56.43
TiO2 0.02 0.00 0.14 0.11 0.42 0.25 0.71 0.47 0.36 3.92 3.73 0.14 0.26 0.14
Al2O3 0.00 0.01 4.19 4.25 1.20 1.02 4.11 2.12 3.43 15.90 17.04 28.68 17.82 26.75
FeOTOT 11.78 11.35 6.75 6.69 3.89 5.30 3.40 3.27 3.38 31.39 31.50 0.85 1.02 0.52
MnO 0.31 0.18 0.15 0.17 0.14 0.18 0.13 0.15 0.07 0.38 0.36 0.00 0.02 0.00
MgO 47.71 47.95 32.93 32.29 19.16 19.86 16.02 17.68 17.21 9.86 9.92 0.05 0.12 0.07
CaO 0.18 0.06 0.61 0.67 20.42 18.03 22.81 21.46 21.07 0.16 0.18 12.35 0.11 9.70
Na2O 0.00 0.00 0.11 0.13 0.47 0.40 0.57 0.47 0.63 0.00 0.04 4.77 5.32 5.71
K2O 0.00 0.00 0.00 0.02 0.02 0.01 0.03 0.00 0.00 0.00 0.00 0.21 8.48 0.44
Cr2O3 0.08 0.00 0.31 0.32 0.90 0.56 0.71 1.11 0.79 31.66 31.59 – – –
NiO 0.01 0.01 – – – – – – – 0.14 0.21 – – –
Total 100.88 100.58 100.76 100.22 101.37 100.82 100.71 100.44 100.34 93.47 94.71 101.00 100.15 99.77
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Table 2. Continued

E4C Lh

Mineral: ol ol opx opx opx opx opx cpx cpx cpx cpx cpx sp sp feld feld feld
Label: 1A 1B 1F 2B 2C 3D 6B 1G 1H 3B 4A 4B 1I 4F 6D 6E 6I

SiO2 40.81 40.75 55.40 55.69 55.38 55.56 55.26 52.57 52.49 52.39 52.63 52.76 0.07 0.09 66.12 65.79 54.97
TiO2 0.02 0.00 0.12 0.06 0.08 0.12 0.08 0.39 0.35 0.34 0.27 0.29 0.16 0.09 0.32 0.38 0.12
Al2O3 0.00 0.00 3.25 3.53 3.57 3.75 3.72 4.62 4.54 5.01 4.95 4.80 54.76 55.49 19.73 20.83 27.45
FeOTOT 10.33 10.44 6.65 6.66 6.84 6.41 6.69 2.83 2.90 2.70 2.72 2.82 11.59 11.01 0.36 0.31 0.40
MnO 0.14 0.20 0.17 0.11 0.08 0.18 0.20 0.06 0.05 0.19 0.01 0.09 0.16 0.11 0.00 0.03 0.00
MgO 48.59 48.88 33.55 33.20 33.04 33.02 33.18 15.87 15.91 15.88 15.73 15.70 20.27 20.16 0.03 0.00 0.00
CaO 0.02 0.05 0.54 0.50 0.57 0.77 0.52 22.27 22.21 22.06 21.91 21.92 0.03 0.05 0.78 1.73 10.43
Na2O 0.00 0.02 0.02 0.04 0.00 0.05 0.00 1.09 1.11 1.08 1.08 1.14 0.01 0.00 7.06 7.70 5.35
K2O 0.00 0.00 0.00 0.00 0.03 0.01 0.00 0.00 0.00 0.04 0.00 0.01 0.00 0.01 5.86 3.93 0.28
Cr2O3 0.00 0.02 0.29 0.21 0.23 0.33 0.22 0.55 0.53 0.54 0.40 0.52 9.70 9.81 – – –
NiO 0.31 0.34 – – – – – – – – – – 0.25 0.21 – – –
Total 100.20 100.70 100.01 99.99 99.84 100.20 99.89 100.30 100.19 100.24 99.71 100.05 97.01 97.02 100.24 100.70 99.01

E5B Lh

Mineral: ol ol ol2 opx opx opx cpx cpx2 cpx2 cpx2 sp sp feld feld
Label: 2H 2I 3E 2E 2F 3A 3L 3G 3I 3M 2A 3B 3C 3D

SiO2 40.63 41.05 41.08 54.86 55.09 54.53 51.91 52.27 51.62 52.96 0.07 0.10 58.24 66.69
TiO2 0.00 0.00 0.00 0.15 0.19 0.10 0.52 0.58 0.52 0.57 0.20 0.32 0.13 0.25
Al2O3 0.00 0.02 0.00 4.98 4.86 4.85 7.24 3.73 4.91 2.68 55.99 57.00 26.54 18.79
FeOTOT 10.06 10.27 10.20 6.64 6.69 6.46 3.57 3.62 3.25 3.27 11.83 11.57 0.46 0.71
MnO 0.08 0.25 0.22 0.06 0.14 0.22 0.08 0.10 0.13 0.10 0.09 0.16 0.00 0.03
MgO 48.61 48.74 48.23 32.77 32.32 32.84 14.62 16.91 16.57 16.92 20.48 20.77 0.11 0.70
CaO 0.06 0.03 0.29 0.81 0.74 0.78 19.34 22.00 21.88 22.86 0.00 0.03 8.88 1.36
Na2O 0.00 0.00 0.02 0.10 0.17 0.12 1.73 0.46 0.46 0.53 0.00 0.02 6.28 6.36
K2O 0.00 0.01 0.02 0.02 0.02 0.00 0.00 0.03 0.00 0.01 0.04 0.05 0.37 4.50
Cr2O3 0.00 0.00 0.12 0.27 0.21 0.30 0.48 0.65 0.67 0.73 8.35 8.15 – –
NiO 0.01 0.01 0.01 – – – – – – – 0.33 0.36 – –
Total 99.46 100.37 100.19 100.66 100.43 100.21 99.50 100.35 100.02 100.64 97.37 98.52 101.01 99.38
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E8A Lh

Mineral: ol ol opx opx cpx cpx cpx cpx2 cpx2 cpx2 sp2 sp2 feld feld feld
Label: 3A 3B 1A 1B 2E 4A 4C 2F 4B 4D 2A 3C 2B 2D 3D

SiO2 40.54 40.59 55.56 55.55 52.27 52.62 52.83 51.57 51.26 52.08 0.08 0.04 51.09 55.14 56.25
TiO2 0.00 0.00 0.13 0.08 0.36 0.40 0.39 0.77 0.59 0.45 0.99 6.81 0.06 0.17 0.19
Al2O3 0.00 0.00 3.95 3.76 5.67 5.49 5.65 3.72 4.83 2.99 30.96 20.60 29.40 26.26 26.80
FeOTOT 12.57 11.01 6.24 6.41 2.87 2.98 3.10 3.95 3.37 3.63 20.00 26.68 0.59 0.56 0.61
MnO 0.17 0.14 0.13 0.11 0.04 0.15 0.14 0.11 0.09 0.14 0.22 0.33 0.02 0.00 0.00
MgO 46.75 48.42 33.37 33.16 15.39 15.47 15.61 16.13 16.67 17.29 15.22 10.42 0.07 0.16 0.08
CaO 0.09 0.05 0.63 0.62 21.27 21.29 21.51 22.26 21.65 21.95 0.19 0.57 13.29 9.62 9.67
Na2O 0.01 0.00 0.05 0.05 1.41 1.36 1.28 0.42 0.59 0.34 0.01 0.03 4.20 5.98 5.94
K2O 0.01 0.00 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.21 0.35 0.33
Cr2O3 0.06 0.04 – – 0.65 0.56 0.63 1.26 0.79 1.00 28.96 31.18 – – –
NiO 0.29 0.27 – – – – – – – – 0.28 0.21 – – –
Total 100.49 100.51 100.19 99.78 99.93 100.31 101.17 100.19 99.84 99.87 96.92 96.88 99.12 98.83 100.21

E11A Lh E12A Cpx-poor Lh

Mineral: ol ol opx opx cpx2 cpx2 cpx2 cpx2 feld ol opx opx cpx cpx sp sp feld
Label: 1D 2A 1A 2D 2B 2C 2E 1G 1F 1I 1B 1M 1G 1H 1C 1D 1L

SiO2 41.08 41.43 55.25 55.76 52.44 52.48 53.08 52.57 64.70 41.36 55.85 55.89 52.61 53.40 0.04 0.04 55.08
TiO2 0.00 0.01 0.02 0.06 0.25 0.24 0.20 0.72 0.69 0.04 0.08 0.09 0.33 0.37 0.07 0.12 0.13
Al2O3 0.03 0.01 4.62 4.52 4.50 5.06 4.27 2.62 17.26 0.00 3.45 3.54 4.60 4.51 55.01 54.96 27.11
FeOTOT 10.34 10.51 6.81 6.65 3.65 3.22 3.42 4.72 1.03 10.48 6.82 6.55 2.91 2.96 12.69 12.50 0.62
MnO 0.16 0.14 0.12 0.09 0.09 0.10 0.17 0.12 0.01 0.14 0.19 0.12 0.12 0.13 0.05 0.12 0.00
MgO 48.43 48.88 32.05 32.47 17.20 16.67 17.64 17.57 1.64 49.14 33.13 33.29 15.67 15.75 19.35 19.63 0.12
CaO 0.13 0.10 0.84 0.72 21.03 20.86 20.34 19.14 2.20 0.05 0.53 0.54 22.53 22.01 0.03 0.02 10.82
Na2O 0.01 0.02 0.11 0.17 0.51 0.58 0.51 0.47 5.01 0.01 0.03 0.06 1.05 1.10 0.00 0.02 5.47
K2O 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 7.80 0.02 0.00 0.00 0.00 0.00 0.02 0.02 0.27
Cr2O3 0.01 0.03 0.32 0.31 0.76 0.88 0.82 1.58 – 0.02 0.28 0.22 0.49 0.57 10.07 9.38 –
NiO 0.01 0.01 – – – – – – – 0.01 – – – – 0.36 0.34 –
Total 100.20 101.15 100.14 100.76 100.45 100.08 100.43 99.51 100.35 101.27 100.36 100.30 100.31 100.81 97.70 97.14 99.61

(Continued)

H
IM

U
M

E
T

A
S

O
M

A
T

IS
M

IN
G

H
A

R
Y

A
N

L
H

E
R

Z
O

L
IT

E
X

E
N

O
L

IT
H

S
2
6
1



Table 2. Continued

E14A Lh

Mineral: ol ol2 opx opx cpx2 cpx2 sp2 sp2 feld feld feld
Label: 1A 1F 1L 1M 1E 1P 1G 1H 1C 1D 1I

SiO2 39.79 39.93 55.15 54.29 51.76 52.76 0.14 0.20 55.65 54.70 59.79
TiO2 0.02 0.05 0.14 0.19 0.90 0.48 3.64 4.65 0.10 0.15 0.16
Al2O3 0.03 0.01 2.99 2.89 2.35 2.62 19.26 10.98 26.48 26.77 24.17
FeOTOT 13.66 10.46 7.25 7.03 4.80 4.21 24.81 26.37 0.53 0.84 0.40
MnO 0.23 0.10 0.14 0.19 0.13 0.07 0.21 0.31 0.00 0.01 0.00
MgO 45.36 48.33 32.15 32.09 16.77 17.83 11.12 10.03 0.04 0.31 0.00
CaO 0.10 0.06 1.93 1.95 20.87 20.11 0.16 0.57 8.34 8.94 5.70
Na2O 0.01 0.00 0.07 0.07 0.48 0.54 0.00 0.02 6.52 6.18 7.94
K2O 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.09 0.43 0.32 0.67
Cr2O3 0.00 0.02 0.39 0.34 1.14 1.00 38.27 43.57 – – –
NiO 0.01 0.01 – – – – 0.26 0.16 – – –
Total 99.20 98.98 100.22 99.05 99.20 99.64 97.90 96.95 98.08 98.23 98.82

E27A Lh

Mineral: ol ol opx opx core opx rim cpx cpx cpx core cpx rim cpx2 cpx2 sp sp feld feld feld
Label: 1M 2H 1A 2A 2C 1Q 1R 2G 2E 1B 1D 1G 1H 1C 1F 2D

SiO2 40.88 40.78 55.44 55.35 56.76 52.11 52.30 52.35 54.16 52.13 52.42 0.09 0.06 52.05 67.03 67.37
TiO2 0.00 0.01 0.10 0.15 0.12 0.49 0.44 0.43 0.14 0.52 0.47 0.16 0.17 0.07 0.23 0.23
Al2O3 0.04 0.00 4.82 4.57 2.08 6.67 6.71 6.74 2.32 3.33 4.12 56.15 56.27 29.55 18.79 17.92
FeOTOT 10.21 10.18 6.31 6.55 6.23 3.22 3.47 3.37 3.39 3.64 3.32 11.17 11.15 0.33 0.29 0.49
MnO 0.12 0.22 0.21 0.17 0.10 0.12 0.07 0.05 0.16 0.17 0.07 0.03 0.15 0.00 0.00 0.01
MgO 49.13 48.80 32.35 32.72 32.79 15.31 15.36 15.55 19.03 17.65 17.05 20.60 20.41 0.13 0.04 0.21
CaO 0.09 0.06 0.88 0.70 2.12 20.00 19.95 19.84 20.13 21.34 22.04 0.00 0.00 13.02 0.03 0.00
Na2O 0.00 0.00 0.12 0.09 0.07 1.59 1.69 1.75 0.41 0.45 0.54 0.00 0.00 4.39 7.39 6.38
K2O 0.01 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.02 0.00 0.00 0.21 6.06 6.84
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Cr2O3 0.00 0.00 0.34 0.31 0.57 0.57 0.54 0.62 0.90 0.51 0.63 8.30 8.34 – – –
NiO 0.01 0.01 – – – – – – – – – 0.40 0.43 – – –
Total 100.50 100.08 100.58 100.60 100.83 100.08 100.54 100.71 100.64 99.77 100.69 96.90 96.99 99.76 99.86 99.45

X1A Lh

Mineral: ol ol opx opx cpx cpx sp sp feld feld
Label: 1A 2I 1E 2A 1B 1D 1C 2G 2D 2F

SiO2 41.19 39.39 55.65 56.24 52.55 52.70 0.03 0.06 67.40 68.21
TiO2 0.00 0.02 0.10 0.11 0.43 0.31 0.10 0.09 0.39 0.14
Al2O3 0.01 0.03 3.58 3.66 5.22 5.26 56.04 56.93 18.94 18.79
FeOTOT 10.29 10.07 6.65 6.71 3.06 2.99 12.14 11.64 0.67 0.55
MnO 0.13 0.11 0.13 0.15 0.06 0.05 0.11 0.13 0.05 0.05
MgO 48.60 48.86 32.90 33.49 15.34 15.24 20.13 20.80 0.09 0.04
CaO 0.04 0.06 0.56 0.60 21.56 21.29 0.00 0.01 0.08 0.02
Na2O 0.03 0.01 0.06 0.06 1.26 1.17 0.01 0.00 6.04 5.48
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.92 8.22
Cr2O3 0.01 0.04 0.23 0.28 0.57 0.52 9.54 9.56 – –
NiO 0.01 0.01 – – – – 0.39 0.41 – –
Total 100.31 98.60 99.86 101.29 100.05 99.54 98.50 99.63 100.58 101.50

Mineral abbreviations as in Table 1; suffix ‘2’ refers to secondary compositions.
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Fig. 6. Chondrite-normalized REE patterns of clinopyroxenes and orthopyroxenes from Gharyan peridotite
xenoliths. Normalizing factors after McDonough & Sun (1995).

L. BECCALUVA ET AL.264



Table 3. Representative in situ trace element analyses by LAM-ICP-MS of pyroxenes

A1A Lh A2A Lh

Mineral: cpx cpx cpx cpx cpx cpx cpx cpx opx opx
Label: 1A 2B 3A 3B 3C 1A 1D 1E 3B 3D

Rb 0.03 ,0.01 ,0.01 ,0.03 ,0.02 0.07 ,0.02 0.03 ,0.02 ,0.02
Ba 0.11 0.15 0.17 ,0.10 0.86 0.18 0.17 ,0.04 ,0.02 0.03
Sr 118 138 118 117 115 80.3 78.07 78.08 0.22 0.27
Y 18.3 18.4 17.8 17.1 16.7 18.5 15.18 14.97 0.99 1.03
Zr 32.6 31.1 31.8 31.8 30.8 29.7 26.44 27.14 1.51 1.65
Hf 1.03 1.02 0.90 0.85 0.98 0.84 0.73 0.91 0.04 0.08
Nb 1.43 1.34 1.35 1.18 1.32 0.59 0.49 0.56 0.02 0.02
Ta 0.14 0.08 0.06 0.05 0.07 0.03 0.02 0.01 ,0.01 ,0.01
La 6.38 6.92 6.55 6.42 6.21 1.74 1.62 1.64 ,0.01 ,0.01
Ce 15.3 18.2 15.0 14.9 15.8 4.97 4.81 4.84 0.01 0.01
Pr 1.95 2.15 1.83 1.89 2.08 0.76 0.73 0.70 ,0.01 ,0.01
Nd 8.83 9.31 8.30 8.17 8.09 5.27 4.29 3.54 0.03 0.03
Sm 1.96 2.28 2.15 2.22 1.97 2.01 1.84 1.75 0.03 ,0.03
Eu 0.77 0.88 0.75 0.84 0.76 0.69 0.68 0.65 ,0.01 0.01
Gd 2.61 2.54 2.58 2.62 2.54 2.38 1.85 1.68 0.05 0.06
Tb 0.44 0.46 0.43 0.42 0.47 0.40 0.40 0.36 0.02 0.01
Dy 3.31 3.28 3.22 3.14 3.60 3.02 3.05 2.71 0.11 0.15
Ho 0.65 0.69 0.71 0.74 0.66 0.66 0.64 0.55 0.03 0.03
Er 1.98 1.96 1.82 1.93 1.92 2.15 1.75 1.69 0.12 0.13
Tm 0.24 0.29 0.29 0.28 0.24 0.32 0.25 0.22 0.02 0.03
Yb 2.00 1.95 1.72 2.05 2.19 1.89 1.61 1.79 0.30 0.28
Lu 0.27 0.28 0.26 0.27 0.25 0.25 0.24 0.22 0.05 0.04
Pb 0.36 0.35 0.28 0.38 0.30 0.26 0.26 0.15 ,0.02 ,0.02
Th 0.76 0.82 0.69 0.73 0.80 0.15 0.12 0.15 ,0.01 ,0.01
U 0.19 0.27 0.13 0.19 0.14 0.04 0.06 ,0.06 0.01 ,0.01
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Table 3. Continued

E1D Lh E4C Lh

Mineral: cpx cpx cpx opx opx cpx cpx cpx cpx opx opx
Label: 3A 5A 5B 2A 2I 3B 3C 1C 4D 5A 5B

Rb 0.19 0.52 0.32 ,0.01 ,0.01 0.08 ,0.02 0.08 0.02 0.02 0.01
Ba 2.79 7.27 3.15 ,0.06 0.53 ,0.07 0.12 0.59 0.08 0.15 0.11
Sr 94.9 125 97.1 0.71 0.78 4.67 4.56 18.7 20.3 0.28 0.29
Y 13.0 18.2 16.0 1.22 1.26 13.6 13.7 14.1 10.5 1.56 1.66
Zr 24.2 35.8 27.8 2.33 2.56 4.31 3.97 4.71 7.62 0.50 0.45
Hf 0.94 1.17 1.00 0.04 0.05 0.42 0.26 0.32 0.26 0.03 ,0.04
Nb 0.81 0.80 0.24 ,0.06 0.02 0.01 ,0.01 0.02 0.09 ,0.07 ,0.01
Ta 0.02 0.06 0.08 ,0.01 0.01 ,0.01 ,0.01 ,0.01 0.02 ,0.01 ,0.01
La 5.01 8.78 6.61 0.05 0.04 1.10 1.19 3.52 3.85 0.10 0.07
Ce 18.1 26.5 20.0 0.11 0.11 0.44 0.48 3.57 5.25 0.04 0.06
Pr 2.47 3.59 2.86 0.04 0.03 0.10 0.09 0.23 0.42 ,0.01 0.01
Nd 11.1 17.3 14.9 0.15 0.12 1.15 1.21 1.51 2.04 ,0.04 0.06
Sm 3.03 3.23 3.08 ,0.03 0.05 0.78 0.78 1.04 0.78 0.04 0.04
Eu 0.79 1.27 1.04 0.02 0.04 0.44 0.38 0.30 0.38 0.02 0.04
Gd 2.92 3.24 3.36 0.08 ,0.03 1.90 1.54 1.55 0.97 0.14 0.09
Tb 0.46 0.56 0.43 0.03 0.03 0.28 0.28 0.35 0.25 0.02 0.03
Dy 2.61 3.92 3.61 0.24 0.13 2.35 2.31 2.34 1.66 0.21 0.27
Ho 0.52 0.67 0.44 0.05 0.06 0.55 0.52 0.57 0.40 0.05 0.06
Er 1.19 1.88 1.79 0.17 0.08 1.56 1.54 1.20 1.41 0.22 0.25
Tm 0.19 0.24 0.19 0.04 0.04 0.26 0.24 0.19 0.16 0.05 0.06
Yb 1.41 1.80 1.81 0.43 0.46 1.59 1.62 1.60 1.53 0.31 0.36
Lu 0.20 0.25 0.27 0.06 0.06 0.25 0.30 0.24 0.13 0.06 0.06
Pb 0.23 0.36 0.31 0.02 0.06 0.70 0.54 0.79 0.69 0.06 0.05
Th 0.27 0.34 0.12 0.01 0.02 0.94 1.09 1.02 1.22 0.26 0.16
U 0.09 0.06 0.09 0.01 0.01 0.42 0.47 0.39 0.38 0.05 0.07

E5B Lh E12A Cpx-poor Lh

Mineral: cpx cpx cpx cpx opx opx cpx cpx cpx opx
Label: 3H 4A 3F 4D 3A 3B 1F 1G 1H 1B

Rb 0.15 ,0.05 0.16 0.17 ,0.02 ,0.02 0.10 0.01 0.04 ,0.02
Ba 4.99 0.16 6.53 2.45 0.19 0.21 1.01 0.18 2.79 0.25
Sr 146 199 146 185 0.38 0.38 119 123 113 0.69
Y 20.1 22.6 21.1 20.9 1.34 1.26 13.7 13.1 12.3 0.63
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Zr 33.3 39.6 34.9 36.5 1.82 1.97 4.53 3.97 3.34 0.28
Hf 1.11 1.28 1.13 1.42 0.05 0.06 0.37 0.44 0.31 ,0.03
Nb 1.21 1.38 0.56 1.38 ,0.02 0.02 0.03 0.04 0.04 0.05
Ta 0.02 0.05 0.01 0.05 0.01 ,0.01 ,0.01 ,0.01 0.02 ,0.01
La 10.9 13.0 10.5 11.7 0.03 0.03 13.61 14.1 13.6 0.05
Ce 21.0 26.8 22.0 24.1 0.09 0.15 17.79 19.0 15.7 0.14
Pr 2.16 2.95 2.48 2.70 0.01 0.01 1.26 1.18 1.01 ,0.01
Nd 8.84 12.0 8.79 9.63 0.05 0.15 2.88 3.51 2.55 ,0.01
Sm 2.23 2.57 2.64 2.75 ,0.06 ,0.03 1.51 1.14 1.04 ,0.01
Eu 0.74 0.93 0.88 0.94 0.02 0.03 0.48 0.36 0.39 0.02
Gd 2.69 3.21 2.96 3.09 ,0.06 0.07 1.23 1.80 1.59 ,0.01
Tb 0.45 0.63 0.62 0.53 0.01 0.02 0.29 0.33 0.37 ,0.01
Dy 3.52 4.15 3.67 4.44 0.15 0.12 2.17 2.09 2.39 0.09
Ho 0.76 0.92 0.82 0.82 0.04 0.03 0.53 0.54 0.57 0.64
Er 2.22 2.62 2.10 2.14 0.16 0.23 1.90 1.90 1.72 ,0.01
Tm 0.34 0.41 0.35 0.35 ,0.02 0.04 0.21 0.27 0.25 0.12
Yb 2.05 2.24 2.34 2.23 0.23 0.37 1.33 1.82 1.92 0.03
Lu 0.32 0.37 0.36 0.31 0.06 0.06 0.16 0.24 0.22 0.21
Pb 0.27 0.66 0.30 0.52 0.04 0.05 1.16 0.84 0.83 ,0.00
Th 1.24 1.40 0.57 1.04 ,0.01 0.01 2.00 2.06 2.34 0.03
U 0.33 0.29 0.14 0.27 0.01 ,0.01 0.27 0.75 0.77 0.02

E8A Lh E11A Lh

Mineral: cpx cpx cpx cpx opx opx cpx cpx opx
Label: 2H 5A 5B 2E 1A 4A 2B 2C 2D

Rb 0.07 ,0.04 ,0.03 0.04 0.24 ,0.01 0.77 0.92 0.10
Ba 0.95 0.09 0.68 0.28 2.88 0.53 37.0 22.9 0.66
Sr 50.6 46.4 40.7 41.5 3.05 0.07 166 122 2.38
Y 16.1 15.8 15.8 15.5 1.15 0.83 17.4 17.6 1.40
Zr 17.8 17.4 17.1 18.4 1.13 0.76 45.9 47.9 3.12
Hf 0.79 0.82 0.63 0.70 0.07 ,0.03 1.55 1.60 0.02
Nb 0.03 0.01 0.14 0.07 0.09 ,0.01 1.55 2.17 0.07
Ta ,0.01 ,0.01 0.06 ,0.01 ,0.01 ,0.01 0.11 0.08 0.02
La 7.36 6.80 6.25 6.46 0.16 0.01 9.83 8.68 0.11
Ce 10.3 9.29 8.40 9.12 0.28 0.02 25.1 24.3 0.37
Pr 0.92 0.87 0.82 0.92 0.03 0.01 3.53 3.46 0.03
Nd 3.90 3.69 3.49 3.78 0.13 ,0.03 15.6 15.4 0.23
Sm 1.35 1.36 1.50 1.50 0.04 ,0.03 3.39 3.54 ,0.04
Eu 0.59 0.65 0.60 0.60 0.03 0.01 1.24 1.09 0.02
Gd 2.14 2.13 2.05 2.10 0.04 ,0.03 3.06 3.32 0.07

(Continued)
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Table 3. Continued

E8A Lh E11A Lh

Mineral: cpx cpx cpx cpx opx opx cpx cpx opx
Label: 2H 5A 5B 2E 1A 4A 2B 2C 2D

Tb 0.38 0.34 0.40 0.37 0.01 ,0.01 0.49 0.46 0.03
Dy 2.68 2.57 2.87 2.74 0.19 0.13 3.10 3.19 0.21
Ho 0.62 0.57 0.55 0.60 0.04 0.03 0.75 0.70 0.09
Er 1.73 1.77 1.91 1.71 0.16 0.17 1.93 2.07 0.20
Tm 0.23 0.25 0.25 0.27 0.02 0.03 0.23 0.29 0.02
Yb 2.06 2.32 1.35 1.90 0.26 0.27 1.72 1.86 0.30
Lu 0.26 0.28 0.23 0.27 0.04 0.05 0.23 0.25 0.06
Pb 1.07 1.16 1.47 1.04 0.06 0.06 0.29 0.60 0.08
Th 1.48 1.39 1.18 1.30 0.05 ,0.01 0.77 0.81 0.03
U 0.43 0.38 0.41 0.42 0.01 ,0.01 0.17 0.15 ,0.01

E27A Lh

Mineral: cpx core cpx core cpx rim opx rim opx core opx opx
Label: 2F 2G 2E 2D 2A 1A1 N 1B1

Rb 0.06 ,0.01 2.71 0.54 0.05 ,0.02 ,0.02
Ba 0.30 0.14 2.91 4.15 0.37 0.05 1.06
Sr 101 98.8 54.9 16.1 1.00 0.26 0.26
Y 16.4 16.8 13.6 1.40 1.21 0.98 0.98
Zr 12.7 13.1 6.34 1.20 0.82 0.84 0.72
Hf 0.81 0.69 0.32 0.14 0.06 0.04 ,0.03
Nb 2.05 2.09 0.40 0.35 0.09 0.03 0.10
Ta 0.07 0.10 0.04 0.08 ,0.01 ,0.01 ,0.01
La 8.34 8.68 3.91 1.05 0.06 0.02 0.03
Ce 13.5 13.8 7.66 2.03 0.10 0.04 0.06
Pr 1.43 1.37 0.84 0.24 ,0.01 ,0.01 0.01
Nd 5.64 5.50 3.77 0.91 0.06 0.03 0.07
Sm 1.50 1.73 1.16 0.19 0.03 0.06 0.09
Eu 0.68 0.77 0.53 ,0.03 0.03 0.01 ,0.01
Gd 2.53 2.16 2.03 0.21 0.12 ,0.03 ,0.02
Tb 0.41 0.40 0.36 0.05 0.02 ,0.01 0.01
Dy 3.10 3.15 2.44 0.37 0.17 0.09 0.10
Ho 0.67 0.66 0.52 0.04 0.06 0.04 0.04
Er 1.90 1.89 1.42 ,0.01 0.28 0.10 0.09
Tm 0.29 0.28 0.23 ,0.01 0.03 0.02 0.03

L
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Yb 2.01 2.01 1.74 0.18 0.47 0.23 0.24
Lu 0.28 0.32 0.26 0.06 0.04 0.04
Pb 0.63 0.52 0.75 4.61 0.12 0.15 ,0.01
Th 1.47 1.34 0.47 0.48 ,0.01 0.02 0.01
U 0.41 0.42 0.09 0.11 0.01 0.01 0.01

X1A Lh

Mineral: cpx cpx cpx cpx cpx opx
Label: 1B 1D 1Z 3B 4A 4C

Rb ,0.01 ,0.02 ,0.02 0.07 ,0.05 ,0.02
Ba 0.05 ,0.04 0.13 0.14 0.27 0.14
Sr 45.7 18.5 16.7 45.2 20.4 0.70
Y 15.4 15.0 15.3 15.1 15.3 1.00
Zr 6.11 5.08 5.40 11.3 5.00 1.33
Hf 0.43 0.47 0.56 0.55 0.28 0.03
Nb 0.07 0.04 0.04 0.20 0.08 0.01
Ta 0.01 ,0.01 0.01 ,0.01 ,0.01 0.01
La 2.64 1.34 1.29 3.31 1.39 0.04
Ce 3.17 1.26 1.08 4.82 1.38 0.06
Pr 0.38 0.19 0.17 0.47 0.16 ,0.01
Nd 1.94 1.56 1.41 2.16 1.63 0.05
Sm 1.02 0.95 0.95 1.16 0.85 ,0.03
Eu 0.46 0.45 0.42 0.45 0.35 ,0.01
Gd 1.88 1.79 1.63 1.77 1.80 0.05
Tb 0.33 0.34 0.43 0.34 0.34 0.02
Dy 2.82 2.83 2.70 2.29 2.86 0.15
Ho 0.64 0.58 0.69 0.58 0.60 0.04
Er 1.84 1.94 1.97 1.76 2.04 0.11
Tm 0.27 0.25 0.29 0.24 0.29 0.02
Yb 1.64 1.87 1.92 1.70 1.50 0.23
Lu 0.27 0.24 0.25 0.18 0.25 0.05
Pb 0.69 0.50 0.43 0.52 0.53 0.15
Th 1.65 1.46 1.43 1.84 1.29 0.12
U 0.46 0.48 0.48 0.47 0.44 0.03

Abbreviations as in Table 1.
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related to marked enrichment effects that totally
mask the pre-metasomatic history. Among these,
samples E1D and E11A have humped LREE pat-
terns with CeN/YbN slightly higher than LaN/
YbN, as is often observed for magmatic clinopyrox-
enes (Jeffries et al. 1995; Foley et al. 1996; Dobosi
& Jenner 1999). They could be interpreted as the
result of more effective metasomatic processes
with modal growth of clinopyroxene under con-
ditions of higher fluid/matrix ratio.

Trace element modelling has been carried out
based on the composition of these clinopyroxenes
and experimental partition coefficients have been
determined for clinopyroxene–basic melts
(GERM dataset: http://earthref.org/GERM) to
identify the nature of the metasomatizing agent
(Fig. 7). Most incompatible elements of the calcu-
lated metasomatic agents fit fairly well with the
composition of Na alkaline basic lavas (alkali-
basalts, basanites and melilitites) from Cenozoic
volcanic districts of the African plate.

Orthopyroxene shows very low REE compo-
sition, and when plotted in chondrite-normalized
diagrams generally displays LREE-depleted pat-
terns. In samples E1D and E5B, where clinopyrox-
ene (of probable neo-formation) records clear
metasomatic effects, orthopyroxene does not show
any evidence of LREE enrichment. This suggests
that, in this case, orthopyroxene is a reacting
phase that is effectively consumed during the reac-
tion with the metasomatizing agent. In other
samples (E4C, E8A and E27A), the REE patterns

of the orthopyroxenes mimic at sub-chondritic
level the spoon-shaped patterns of the coexisting
clinopyroxene. This effect is probably related to
metasomatic processes occurring with a low fluid/
matrix ratio that did not trigger clinopyroxene
growth and orthopyroxene consumption.

Diffusive processes between metasomatized
clinopyroxene and coexisting orthopyroxene seem
to be represented in sample E27A, where clinopyr-
oxene or orthopyroxene cores and their interface
rims have been analysed. It can be observed that
the LREE content of the opx gradually increases
from the core (LaN c. 0.1–0.3) toward the interface
with the clinopyroxene (LaN c. 4), and that the
LREE conent of the cpx gradually decreases from
the core (LaN c. 36) toward the rim (LaN c. 16).

Sr–Nd–Pb isotope variations

To overcome any ambiguous interpretation of the
geochemical components of the pristine
mantle and the subsequent metasomatic enrich-
ments, isotopic analyses have been carried out on
carefully separated (and chemically leached) clino-
pyroxenes. Sr–Nd–Pb isotope compositions of the
cpx separates (Table 4 and Fig. 8) show the follow-

ing compositional ranges: 87Sr/86Sr ¼ 0.70227–
0.70304, 143Nd/144Nd ¼ 0.51296–0.51387, 206Pb/
204Pb ¼ 18.76–19.66, 207Pb/204Pb ¼ 15.6–15.75,
208Pb/204Pb ¼ 38.46–39.47. NdN/YbN of both
whole rock and clinopyroxene are inversely

Fig. 7. Primitive mantle (PM)-normalized trace element patterns of the computed metasomatic agents that affected
the Gharyan lithospheric mantle. Calculations were performed on the basis of composition of the most
metasomatized clinopyroxenes, using distribution coefficients from the GERM web site (http://www.earthref.org/
GERM/). Normalizing factors after Sun & McDonough (1989). Also shown for comparison is the compositional field
of Cenozoic alkaline lavas (alkali-basalts, basanites and melilitites) from volcanic districts of the African plate
(Beccaluva et al. 1998; Janney et al. 2002; Azzouni-Sekkal et al. 2007).
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Table 4. Sr–Nd–Pb isotope compositions of clinopyroxene separates (cpx) from the Gharyan mantle xenoliths and their host lavas (w.r.)

Rock type Sample Analysed
fraction

87Sr/86Sr 143Nd/144Nd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb Sm/Nd age CHUR (Ga) Sm/Nd age DM (Ga)

Anhydrous peridotite xenoliths
Lh A2A cpx 0.70227 0.51330 18.76 15.60 38.46
Lh E1D cpx 0.70304 0.51296 19.48 15.70 39.29
Lh E11A cpx 0.70297 0.51298 19.66 15.75 39.47
Lh (cpx poor) E12A cpx 0.70304 0.51341 – – –
Lh E14A cpx 0.70284 0.51303 19.65 15.69 39.35
Lh E27A cpx 0.70295 0.51319 19.61 15.68 39.32
Lh X1A cpx 0.70290 0.51387 – – – 1.17 0.85
Host lavas
Alkaline basalt A2 w.r. 0.70319 0.51299 19.60 15.71 39.40
Hawaiite E1 w.r. 0.70320 0.51295 19.40 15.69 39.23

Abbreviations as in Table 1. Sm–Nd model ages (Ga) referred to chondrite uniform reservoir (CHUR) and depleted mantle (DM) are calculated for the relatively unmetasomatized sample X1A using averaged
Nd and Sm contents of clinopyroxene (Table 3) and the model parameters by Faure (1986).

H
IM

U
M

E
T

A
S

O
M

A
T

IS
M

IN
G

H
A

R
Y

A
N

L
H

E
R

Z
O

L
IT

E
X

E
N

O
L

IT
H

S
2
7
1



correlated with 143Nd/144Nd, with the higher
143Nd/144Nd being recorded in samples less
affected (or totally unaffected) by metasomatism.
Sm–Nd model age calculations of the less metaso-
matized sample X1A give ages of 0.85 and 1.17 Ga
relative to depleted mantle (DM) and chondrite
uniform reservoir (CHUR), respectively. These
data, although limited, seem to confine the main
depletion melting events to pre-Palaeozoic times.

The extremely high 143Nd/144Nd of sample
X1A (approaching 0.5139) is coupled with a
higher SmN/NdN (1.6–2 in cpx, and 1.6 in the
whole rock). This may suggest that sample X1A
was affected by partial melting in the presence of
residual garnet (leaving high Sm/Nd in the
system), and subsequently re-equilibrated in the
spinel peridotite facies, ultimately leading to

the observed very radiogenic 143Nd/144Nd compo-
sition (Downes et al. 2003; Bianchini et al. 2007).

In the Sr v. Nd isotopic diagram (Fig. 8) the least
metasomatized samples plot in the upper-left part of
the diagram close to the DM end-member. In con-
trast, the most metasomatized xenoliths (87Sr/86Sr
c. 0.7030, 143Nd/144Nd c. 0.5130) cluster around
the high m (HIMU) mantle end-member. This
latter is also the dominant component of all the Cen-
ozoic alkaline lavas from North African districts
(Hoggar, Allègre et al. 1981; Jebel Marra, Davidson
& Wilson 1989; Franz et al. 1999; Iblean and Sicily
Channel districts, Beccaluva et al. 1998; Civetta
et al. 1998; Bianchini et al. 1999), including those
from Gharyan.

Pb isotopic data confirm that the Gharyan mantle
xenoliths can be interpreted as the result of mixing

Fig. 8. Sr–Nd–Pb isotopic variations for clinopyroxene separates from the Gharyan mantle xenoliths, compared
with those from Hoggar (Beccaluva et al. 2006a, b) and the Veneto Volcanic Province (VVP, Beccaluva et al. 2007).
Also shown are compositions of Gharyan host lavas and other alkaline basic lavas from Hoggar (Allègre et al. 1981),
Jebel Marra (Davidson & Wilson 1989; Franz et al. 1999), and the Iblean–Sicily Channel districts (Beccaluva et al.
1998; Civetta et al. 1998; Bianchini et al. 1999). Isotopic mantle end-members (DM, HIMU, EMI and EMII) are
after Zindler & Hart (1986).
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between DM and HIMU components. However, it
has to be noted that the enrichment in 206Pb and
208Pb is significant also in samples that have pre-
viously been considered to be relatively unaffected
by metasomatism on the basis of REE and Nd
isotopes. For example, E27A is characterized
by 206Pb/204Pb ¼ 19.61, 208Pb/204Pb ¼ 39.32,
NdN/YbN c. 1, 143Nd/144Nd ¼ 0.5132, and
87Sr/86Sr ¼ 0.70295. This apparent incongruence
between the Sm–Nd and the U–Pb systems may
be attributed to different elemental behaviour
during metasomatism, with Pb being much more
mobile than Nd (and Sr) and hence a more sensitive
indicator of incipient metasomatic events.

He isotopes

Helium isotope determinations have been made on
gases trapped in olivine and pyroxene from
several xenoliths. They show a narrow 3He/4He
range (5.3–6.5 Ra; Table 5) that is similar to
ratios measured in peridotite xenoliths and lavas
from Hoggar (Pik et al. 2006; Beccaluva & Stuart,
unpubl. data), the Cameroon line (e.g. Barfod
et al. 1999), and the Etna–Iblean plateau and
Sicily Channel (Marty et al. 1994; Martelli et al.
2004; Sapienza et al. 2005; Stuart, unpubl. data).
The measured 3He/4He values are lower than the
DM sampled by mid-ocean ridge basalts (8+1
Ra) and show no sign of the deep mantle signature
such as that of the Ethiopia–Afar plume (Pik
et al. 2006). Similar 3He/4He values are recorded
by Cenozoic intraplate volcanism throughout
Europe (Buikin et al. 2005), Africa (Pik et al.
2006) and the eastern–central Atlantic Ocean
(Hilton et al. 2000), which are typical of basalts
with strong HIMU-like Pb isotope and trace
element ratios (e.g. Barfod et al. 1999; Hilton
et al. 2000). Therefore He isotopes are consistent
with the Sr–Nd–Pb isotope data and provide
further evidence for a rather uniform HIMU sub-
lithospheric component beneath the North
Africa lithosphere.

Conclusions

Mantle xenoliths from the Gharyan volcanic field
represent a lithospheric mantle that equilibrated in
the spinel lherzolite facies (8–17% of cpx) at temp-
eratures between 890 and 10608C. They represent
slightly to moderately depleted mantle material
likely to have resulted from extraction of basic
melts that occurred during pre-Palaeozoic times.

Subsequent metasomatic effects are indicated by
the widespread pyrometamorphic textures rep-
resented by reaction patches with secondary
mineral parageneses that include cpx2, ol2 and feld-
spar as reaction rims around opx, spongy textured
clinopyroxene with recrystallized portions (cpx2þ
feldspar), and brown spinel destabilized in a black
vermicular aggregate (sp2) generally associated
with feldspar microlites.

Trace element analyses of both bulk-rocks and
constituent pyroxenes show variable enrichments
in incompatible element (LREE, Th, U, etc.) poss-
ibly caused by interaction with Na-alkali silicate
basic melts similar to those from North African
volcanic districts.

Porous flow appears to be the general mechan-
ism of metasomatism, although with variable
effects (enrichments) depending on the fluid/
matrix ratio, fluid mobility and reaction kinetics,
which cause different equilibrium attainment
reflected in variable trace element patterns. Some
of these effects could be theoretically accommo-
dated by chromatographic fractionation as proposed
for mantle reactive porous flow models by Bodinier
et al. (2004, and references therein).

Most cpx separates from the Gharyan xenoliths
show Sr–Nd–Pb isotope compositions (87Sr/86Sr
c. 0.7030, 143Nd/144Nd c. 0.5130, 206Pb/204Pb up
to 19.66) that indicate a prevalent HIMU metaso-
matic signature. Significantly, an analogous
imprint also characterizes the host lavas
(87Sr/86Sr 0.7032, 143Nd/144Nd 0.5130,
206Pb/204Pb 19.60).

A coherent Sr–Nd–Pb signature approaching
DM is recorded by a single sample (87Sr/86Sr

Table 5. Helium isotope composition of olivine and orthopyroxene separates from the Ghayan anhydrous
peridotite xenoliths

Rock type Sample Analysed fraction 4He(CM3 STP g21) Error 3He/4He (R/Ra) Error

Lh A2A opx 7.6E 2 09 3.8E 2 10 5.29 0.48
Lh E11A ol 1.9E 2 08 8.3E 2 10 6.50 0.48
Lh E11A opx 8.6E 2 08 3.4E 2 09 6.13 0.21
Lh E12A opx 6.8E 2 09 3.4E 2 10 5.75 0.64
Lh E27A ol 1.5E 2 08 7.4E 2 10 6.44 0.36
Lh X1A opx 1.1E 2 07 4.2E 2 09 6.08 0.13

Ra is the atmospheric 3He/4He ratio.
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0.70227, 143Nd/144Nd 0.51330, 206Pb/204Pb 18.76)
relatively unaffected by metasomatic reactions,
whereas some other samples characterized by Sr–
Nd ratios (87Sr/86Sr c. 0.70295, 143Nd/144Nd c.
0.51319) approaching DM, but a HIMU affinity
for Pb isotopes (206Pb/204Pb c. 19.61), may be
attributable to the higher mobility of Pb relative to
Sr and Nd during metasomatism. Our results
allow us to conclude that the Na-alkali silicate
agent(s), characterized by a clear HIMU signature,
affected to a variable extent a depleted lithospheric
mantle section (DM) under the investigated area.
This prevalent HIMU fingerprint compares favour-
ably with the geochemical features of alkaline basic
lavas and associated mantle xenoliths from other
volcanic districts of North Africa, suggesting a
common sub-lithospheric metasomatic agent
across the area.

One possibility is that the sub-lithospheric com-
ponent is associated with a large-scale mantle
plume extending from the eastern Atlantic to the
circum-Mediterranean and Central Europe since
the late Cretaceous (Cebriá & Wilson 1995;
Hoernle et al. 1995; Wilson & Bianchini 1999;
Wilson & Patterson 2001). However, the available
data indicate that such a sub-lithospheric mantle
component also extends southward to central
Africa (Pik et al. 2006). Moreover, the relatively
low 3He/4He isotopic ratios confirmed by the ana-
lyses on the Gharyan xenoliths (5.3–6.5 Ra)
suggest that this sub-lithospheric component orig-
inates within the upper mantle, in contrast to the
high ratios recorded in the Ethiopian–Yemen
plateau basalts (up to 20 Ra), which are attributed
to deep-seated mantle plume(s) possibly rising
from the core–mantle boundary (Pik et al. 2006).
This is in accordance either with remarkable degas-
sing of shallow mantle domains or with the addition
of recycled components to the upper mantle
(Moreira & Kurz 2001).

Therefore, the volcanic districts of the Saharan
belt could have been related to small, second-order,
‘hot fingers’ triggered by intraplate rifting related to
tectonic reactivation of the Pan-African cratonic
basement (Azzouni-Sekkal et al. 2007). This, in
turn, may be considered a far-field foreland reaction
to the Africa–Europe collisional system (Liégeois
et al. 2005).

Appendix: analytical methods

Rock samples were selected from the freshest chips and

powdered in an agate mill. For determination of major

and trace elements (Ni, Co, Cr, V and Sr), samples were

analysed as powder pellets by XRF, using a wavelength-

dispersive automated Philips PW 1400 spectrometer at

the Department of Earth Sciences, Ferrara University.

Accuracy and precision for major elements are estimated

as better than 3% for Si, Ti, Fe, Ca and K, and 7% for

Mg, Al, Mn and Na; for trace elements (above 10 ppm)

they are better than 10%. REE, Sc, Y, Zr, Hf, Nb, Th

and U were analysed by ICP-MS at the Department of

Earth Sciences, Ferrara University, using a VG Plasma

Quad2 plus system. Accuracy and precision, based on

the replicated analyses of samples and standards, are esti-

mated as better than 10% for all elements well above the

detection limit.

Mineral compositions were obtained at the CNR-IGG

Institute of Padova with a Cameca-Camebax electron

microprobe (fitted with three wavelength-dispersive spec-

trometers) at an accelerating voltage of 15 kV and speci-

men current of 15 nA, using natural silicates and oxides

as standards. Trace element analyses on pyroxenes were

carried out at the CNR-IGG of Pavia by LAM-ICP-MS,

using an Elan DRC-e mass spectrometer coupled with a Q-

switched Nd–YAG laser source (Quantel Brilliant). The

CaO content was used as internal standard. Precision and

accuracy, better than 10% for concentrations at ppm

level, were assessed by repeated analyses of NIST SRM

612 and BCR-2 standards.

Sr–Nd–Pb isotopic analyses on separated (by hand-

picking) clinopyroxene (c. 100–200 mg) and whole rocks

were carried out at SUERC. Samples were initially leached

with 2.5M HCl and then digested with a mixture of HF–

HNO3–HCl. Sample preparation followed methods similar

to those described by Hardarson et al. (1997). Sr samples

were analysed using a VG Sector 54-30 mass spectrometer

in multidynamic mode using an exponential correction for

mass fractionation and 86Sr/88Sr ¼ 0.1194. Nd and Pb

isotopes were analysed using a Micromass IsoProbe

MC-ICP-MS system Pb was measured using the

method similar to that described by Ellam (2006). NIST

SRM981 gave 206Pb/204Pb ¼ 16.940+ 7, 15.496+ 6,

36.708+ 15 (2 SD, n ¼ 22). Nd was measured in multidy-

namic mode. Isotope ratios were collected as six blocks of 20

dynamic (three mass) cycles with an on-peak zero measure-

ment for each block determined in a blank solution of the 5%

(v/v) nitric acid used to make up the sample solutions. Mass

bias was corrected using 144Nd/146Nd ¼ 0.7219 and an

exponential law. The internal laboratory Nd ‘standard’

(JM) gave 143Nd/144Nd ¼ 0.511481 + 15 (n ¼ 10),

which is within error of the long-term thermal ionization

mass spectrometry (TIMS) mean of 0.511499 + 10 (all

errors 2 SD). Two determinations on the BCR-1 geostandard

gave 143Nd/144Nd ¼ 0.512615 +14 (2 SE) and

0.512629 + 14 (2 SE). Each 143Nd/144Nd measurement

consumed c. 150 ng of Nd. Mineral separates for helium

isotope analysis were picked under a binocular microscope

and washed ultrasonically in HNO3 then water, prior to a

final treatment with Analar acetone. Helium was extracted

from all minerals by in vacuo crushing and analysed at

SUERC using procedures modified only slightly from

those of Stuart et al. (2000).
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GRÉGOIRE, M., LORAND, J. P., O’REILLY, S. Y. &
COTTIN, J. Y. 2000. Armalcolite-bearing, Ti-rich
metasomatic assemblages in harzburgitic xenoliths
from the Kerguelen Islands: implications for the
oceanic mantle budget of high-field strength elements.
Geochimica et Cosmochimica Acta, 64, 673–694.

HARDARSON, B. S., FITTON, J. G., ELLAM, R. M. &
PRINGLE, M. S. 1997. Rift relocation—a geochemical

and geochronological investigation of a palaeo-rift in
northwest Iceland. Earth and Planetary Science
Letters, 153, 181–196.

HILTON, D. R., MCPHERSON, C. G. & ELLIOT, T. R.
2000. Helium isotope ratios in mafic phenocryst and
geothermal fluids from La Palma, the Canary Islands
(Spain): implications for HIMU mantle source. Geo-
chimica et Cosmochimica Acta, 64, 2119–2132.

HOERNLE, K., ZHANG, Y. S. & GRAHAM, D. 1995.
Seismic and geochemical evidence for large-scale
mantle upwelling beneath the Eastern Atlantic and
Western and Central Europe. Nature, 374, 34–39.
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Abstract: Magma generation in the Ross Sea system is related to partial melting of strongly
metasomatized mantle sources where amphibole most probably plays a crucial role. In this
context, metasomatism induced by a mela-nephelinite melt in lithospheric mantle of the Mt.
Melbourne Volcanic Province (northern Victoria Land (NVL), Antarctica) was investigated
experimentally studying the effects of melt interaction with lherzolite at 1.5–2.0 GPa and
T ¼ 975–1300 8C, and wehrlite at 1.0 GPa and T ¼ 1050–1250 8C. The experiments were
designed to induce melt infiltration into the ultramafic rocks. The observed modifications in min-
erals are compared with those found in mantle xenoliths from NVL. The effects of metasomatic
modifications are evaluated on the basis of run temperature, distance from the infiltrating melt and
the diffusion rates of chemical components. Both in lherzolite and wehrlite, clinopyroxene exhi-
bits large compositional variations ranging from primary diopside to high-Mg–Cr–(Na) augitic
and omphacitic clinopyroxenes in lherzolite, and to low-Mg and high-Ti–Al–Fe–Na augites in
wehrlite. Olivine (in wehrlite) and spinel (in lherzolite) are also compositionally modified: the
former shows enrichment in Fe and the latter displays a higher Cr/(CrþAl) ratio. The systematic
variations in mineral compositions imply modifications of the chemistry of the infiltrating melt as
recorded by the glass veinlets and patches observed in some charges. In experiments involving
wehrlite paragenesis, the glass composition approaches that of melt patches associated with
both amphibole-free and amphibole-bearing natural samples, and is related to olivine þ
clinopyroxene crystallization coupled with primary clinopyroxene dissolution at the contact
between the metasomatizing melt and the solid matrix. Even if amphibole crystallization was
not attained in the experiments, we were able to explain the occurrence of amphibole in the
natural system considering that in this case a hot metasomatizing melt infiltrates a cooler matrix.

The Ross rift system and accompanying Cenozoic
volcanism of the Mt. Melbourne Volcanic Province
(northern Victoria Land (NVL), Antarctica) has
been related either to the occurrence of a long-
lasting mantle plume or to the top-down control of
the tensile state of the lithosphere (Rocholl et al.
1995; Rocchi et al. 2006). Alkali-basaltic eruptions
brought to the surface abundant mantle xenoliths,
mainly represented by both amphibole-free and
amphibole-bearing spinel peridotites and cumulitic
pyroxenites–wehrlites, which can provide infor-
mation on the thermal state and the chemical and
mineralogical composition of lithospheric mantle.

Previous studies have revealed a significant
mineralogical and compositional heterogeneity of
NVL upper mantle, as a result of the combined
effects of partial melting and both modal and
cryptic metasomatic processes (Coltorti et al.
2004, 2006; Perinelli et al. 2006). Modal metaso-
matism of NVL mantle xenoliths is recognizable
by the occurrence of pargasitic to kaersutitic
amphibole, usually associated with glass. Amphi-
bole may form veins or grow as disseminated
grains around clinopyroxene and/or spinel. Disse-
minated and vein amphiboles have similar major
and trace element composition and their genesis

From: COLTORTI, M. & GRÉGOIRE, M. (eds) Metasomatism in Oceanic and Continental Lithospheric Mantle.
Geological Society, London, Special Publications, 293, 279–302.
DOI: 10.1144/SP293.13 0305-8719/08/$15.00 # The Geological Society of London 2008.



is attributed to the reaction of lherzolitic rocks with
an infiltrating magma, possibly an undersaturated,
TiO2-rich Na alkaline silicate melt (Coltorti et al.
2004). According to Coltorti et al. the reaction
that generates amphibole first produces progressive
modifications on primary mantle paragenesis
forming secondary olivine (ol2-nat), clinopyroxene
(cpx-A) and spinel (sp2-nat), and consuming ortho-
pyroxene. These neoformed phases represent ‘pre-
cursors’ of amphibole as well as being associated
with it. Coltorti et al. (2004) inferred that the poss-
ible metasomatic agent was similar to the most
undersaturated rock found in the province, a nephe-
linite cropping out at Greene Point (sample
SAX20, Orlando et al. 1997; Perinelli et al.
2006). An analogous nephelinitic melt has been
considered by Perinelli & Armienti (2005) to be
responsible for the metasomatic events recognized
in wehrlites and pyroxenites cropping out in the
same area.

The concurrent presence of amphibole-free and
amphibole-bearing spinel peridotites and pyroxe-
nites has been documented in several areas world-
wide (Xu & Bodinier 2004, and references
therein). They may result from the same metaso-
matic event (Xu & Bodinier 2004) but are related
to two different mechanisms: (1) ‘wall-rock’ meta-
somatism, caused by the transport of melt in
fractures (veins and dykes); (2) ‘diffuse’ metasoma-
tism related to percolation of small melt fractions
along grain boundaries in a solid matrix. The differ-
ences in metasomatic assemblage and mineral com-
positions (major and trace elements) in the
xenoliths can be explained by the P–T control on
amphibole stability and the progressive
chemical variation of infiltrating melts (Xu &
Bodinier 2004).

Despite the interest in completely highlighting
how ‘diffuse’ and/or ‘wall-rock’ metasomatism
acts, few experimental studies on interaction of
alkaline melts with mantle rocks have been under-
taken (e.g. Sen & Dunn 1994; Shaw et al. 1998;
Rapp et al. 1999; Shaw 1999). Therefore, to
better understand the processes involved in the
metasomatism in NVL mantle, a series of high-
pressure–high-temperature experiments were per-
formed to simulate in situ the effect of different
extents of metasomatism. In particular, the aim
of the experiments was to investigate the reactions
affecting lherzolite or wehrlite phases during
interaction with alkaline melts, and to test
the possibility that ensuing reactions
generate amphibole.

The experiments were performed at pressure
conditions of 1.5–2.0 GPa for lherzolite and
1.0 GPa for wehrlite in a P–T range close to the
conditions of metasomatism that may have occurred
in nature, according to Perinelli et al. (2006).

Starting materials

Nephelinite–lherzolite runs at high T

(.1100 8C)

In these runs we used fine-grained (,100 mm)
nephelinite SAX20 (sampled at Greene Point) con-
taining olivine phenocrysts (Fo71 – 78) (Table 1) in a
groundmass of diopsidic clinopyroxene, feldspar
(Ab49Or47An4), nepheline (Ne66 – 70Ks3 – 6Qtz23 – 30)
and spinel (magnetite6–ulvöspinel94 series).

Anhydrous lherzolite (,50 mm) from a xenolith
(sample 154L, provided by M. Coltorti) was chosen
as representative of unmetasomatized mantle.
Mineral compositions are given in Table 1.

Nephelinite–lherzolite runs at low T

(,1100 8C)

In these runs we used the 154 L lherzolite and a
SAX20 glass_5bru glass obtained melting in air
SAX20 powder at 1400 8C (quenched after 2 min)
in a Deltech DT-31VT-OS2 vertical quench
furnace and remelting the resulting glass at the
same temperaure, after grinding. Natural brucite
(Mg(OH)2) powder (5 wt%, 99.9% pure) was
added to the (anhydrous) glass, as its decomposition
at run conditions (Irving et al. 1977) supplies water
to the system (Table 1). Moreover, another glass
(SAX20-2.5TiO2glass_5bru) was prepared by
adding 2.5 wt% TiO2 to SAX20 prior to the two
melting cycles at 1400 8C; as in the preparation of
the previous starting material, 5 wt% of 99.9%
pure brucite was added to the mixture before
loading the capsule.

MgO and TiO2 additions allow the bulk compo-
sition of the glass to approach that of metasomatic
melts inferred by Coltorti et al. (2004) (Table 1)
and water released by brucite enhances reaction
rates and counterbalances the water loss during
glass synthesis.

Nephelinite–wehrlite runs

Nephelinite SAX20 was used with a fresh wehrlite
(BRP19), free of any metasomatic feature, sampled
at Browning Pass, on the coast of Ross Sea,
NVL. This rock consists of c. 50% olivine (Fo81),
c. 50% diopsidic clinopyroxene and a trace of
Cr-spinel (Table 1).

Experimental and analytical procedures

Nephelinite–lherzolite runs

At T . 1100 8C nephelinite powder was placed at
the bottom of a graphite capsule, to avoid Fe loss,

C. PERINELLI ET AL.280



Table 1. Representative composition of minerals in lherzolite and in wehrlite together with whole-rock composition of nephelinite SAX20
and other synthetic starting materials used in the runs. Metasomatizing melts inferred by Coltorti et al. (2004) are also reported for comparison

Lherzolite 154L Wehrlite BRP19 SAX20* SAX20glass_5bru
nominal

SAX20-
2.5TiO2glass_5bru

nominal

melt1† melt2†

ol1 opx1 cpx1 sp1 ol1 cpx1 sp1

SiO2 40.73 55.93 52.81 bdl 40.55 51.18 0.05 40.78 39.19 38.23 39.68 47.74
TiO2 bdl bdl 0.07 0.01 bdl 0.67 2.18 3.62 3.48 5.74 7.48 5.66
Al2O3 bdl 3.25 3.19 48.04 bdl 4.16 26.84 11.81 11.35 11.07 12.13 10.49
FeOT 8.79 5.59 1.93 11.32 17.57 6.01 28.53 14.50 13.93 13.59 3.74 5.66
MnO 0.09 0.18 0.14 0.02 0.19 0.10 0.10 0.28 0.27 0.26
MgO 50.20 34.17 16.99 18.49 41.53 16.43 11.42 9.33 12.26 12.04 17.91 13.32
CaO 0.02 0.55 23.56 bdl 0.18 19.75 bdl 9.23 8.87 8.65 14.96 9.9
Na2O n.d. 0.04 0.39 n.d. n.d. 0.64 n.d. 5.31 5.10 4.98 4.04 4.01
K2O bdl bdl bdl bdl bdl bdl bdl 1.54 1.48 1.44 2.83
Cr2O3 bdl 0.66 0.79 20.76 bdl 0.92 29.99 0.08 0.08 0.08
NiO 0.40 n.d. n.d. n.d. bdl bdl bdl 0.03 0.03 0.03
P2O5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1.60 1.54 1.50
H2O n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.90 1.47 1.47
Total 100.23 100.37 99.87 98.64 100.02 99.86 99.11 99.01 99.05 99.08 99.94 99.61
Fo 91.05 80.81
En 90.38 48.44 48.26
Fs 8.57 3.31 10.07
Mg-no. 0.75 0.50
Cr-no. 0.22 0.43

ol1, olivine; opx1, orthopyroxene; cpx1, clinopyroxene; sp1, spinel; H2O value refers to LOI. bdl, below detection limit; n.d., not determined; Fo, En, Fs, forsteritic, enstatitic, ferrosilitic components,
respectively; Mg-number ¼ Mg/(Mg þ Fe2þ); Cr-number ¼ Cr/(Cr þ Al).
*From Orlando et al. (1997).
†Metasomatizing melts from Coltorti et al. (2004).
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and in close contact with lherzolite powder; the
nephelinite/lherzolite ratio was c.1 in all runs.
The graphite capsule (4 mm long) was then inserted
into an outer Pt capsule (o.d. 3.0 mm, i.d. 2.8 mm,
length c. 7–8 mm), which was welded shut. Exper-
iments were performed at 1.5 and 2.0 GPa, at temp-
eratures in the range 1150–1300 8C; runs lasted up
to 95 h. No H2O was added to the charges.

Ag50Pd50 capsules were used in runs at
T , 1100 8C. The melt–peridotite couples were
assembled as sandwiches of lherzolite between
either SAX20glass_5bru or SAX20-2.5TiO2-
glass_5bru powders, again with a melt/lherzolite
ratio of c. 1. Because of the lower temperatures of
these experiments, longer durations (190–212 h)
were used.

All of these experiments (Table 2) were carried
out in a 1

2
inch piston-cylinder apparatus (at CNR–

IGG HP–HT Laboratory, Florence) using a salt–
Pyrex–crushable alumina assembly and the ‘hot
piston-out’ technique. Pressure was calibrated
using the reaction ferrosilite ¼ fayaliteþ quartz at
1000 8C (Bohlen et al. 1980). Further experimental
details have been given by Orlando & Borrini
(2001). Temperature was measured by a Pt100–
Pt90Rh10 thermocouple and no correction for the
effect of pressure was applied to the thermocouple
e.m.f. The pressure was considered accurate
to +0.05 GPa and temperature to +5 8C of
stated values.

Oxygen fugacity during the experiments at
T . 1100 8C was estimated according to the calcu-
lated Fe3þ in spinel coexisting with olivine
and orthopyroxene (Ballhaus et al. 1990) and the
C–COH buffer (Ulmer & Luth 1991). The two
independent estimates are consistent, and give
values of DFMQ , 21.2 (where FMQ is the
fayalite –magnetite–quartz buffer).

Run products were analysed on a JEOL
JXA-8600 electron microprobe operated at 15 kV
accelerating voltage and 10 nA beam current.
Count times ranged from 10 to 40 s (same times
for backgrounds) and alkali loss was minimized
by defocusing the electron beam to 15 mm. Data
were corrected for the matrix effect using the
Bence & Albee (1968) method and errors were esti-
mated according to Vaggelli et al. (1999).

Nephelinite–wehrlite runs

These samples were prepared by packing a layer of
wehrlite powder over a layer of nephelinite powder
in a graphite capsule, to obtain a wehrlite/nepheli-
nite ratio of c. 1 in all charges. The graphite capsule
was put into a Pt capsule, stored in an oven at
110 8C overnight to remove humidity, and
then welded shut. The final length of capsules was
8–9 mm.

All nephelinite–wehrlite experiments were run
in a 3/4 inch piston-cylinder apparatus, at the
HP–HT Laboratory of Experimental Volcanology
and Geophysics of Istituto Nazionale di Geofisica
e Vulcanologia (INGV), Rome.

Experiments were performed at 1.0 GPa
at 1250–1050 8C; run times were in the range
5–48 h (Table 2). Experiments performed at
1150 8C and 1050 8C were repeated with
c. 3%water in the capsules. Below we identify as
‘hydrous’ the experiments with H2O added in the
charge and ‘anhydrous’ the runs without H2O
addition, although in the latter experiments water
is present because of its occurrence in nephelinite
(Table 1).

The pressure cell consists of an assembly of
NaCl–Pyrex, with a graphite heater and magnesia
inner sleeves. The dimensions of this assembly
allowed volatile-free and volatile-added charges to
be run at the same time. Al2O3 (anhydrous runs)
or pyrophyllite (water-bearing runs) powder was
packed around the capsules (Freda et al. 2001).
The temperature was controlled by a W95Re5–
W74Re26 (type C) thermocouple. The thermocouple
tip was placed in the middle of c. 10 mm long
hotspot between the two capsules (for further
details see Misiti et al. 2006). The thermocouple
was encapsulated in an Al2O3 sleeve. The tempera-
ture was considered accurate to +3 8C of
stated values.

Pressure was calibrated against the NaCl
melting point (Bohlen et al. 1980) at 1004 8C at
1.0 GPa and 1090 8C at 1.5 GPa. Pressure correc-
tion was þ250 bar.

Experiments were first pressurized to the target
pressure and then heated at a rate of 200 8C min21

to 20 8C below the target temperature. A slower
rate of 40 8C min21 was applied within the last
20 8C of heating to avoid overshooting. The exper-
iment was ended by switching off the heating
power while maintaining pressure constant. The
initial quench rate was about 2000 8C min21. The
pressure is considered accurate to +0.05 GPa and
possible pressure effects on the e.m.f. of the thermo-
couple were ignored.

Oxygen fugacity estimated according to Ulmer &
Luth (1991) is for all experiments DFMQ , 21.3.
Experimental conditions and results are summar-
ized in Table 2.

Back-scattered electron (BSE) images of
nephelinite–wehrlite runs were collected at the
Dipartimento di Scienze della Terra of Pisa Univer-
sity, using a Philips XL30 SEM.

Microanalyses of phase composition were per-
formed on polished carbon-coated mounts by a
four-spectrometer Cameca SX50-52 electron
microprobe using a 15 keV accelerating voltage, a
15 nA beam current (at CNR–IGAG, Rome).
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Table 2. Experimental assemblage, run conditions and results

Run Starting material Capsule P (GPa) T (8C) Duration (h) Detected phases

169 154L
SAX20

C–Pt 1.5 1150 3 lh: ol1, opx1, cpx1, sp1,
cpx2, sp2

nf: glass, cpx, ol, sp, ne
167 154L

SAX20
C–Pt 1.5 1200 4 lh: ol1, opx1, cpx1, sp1,

cpx2, sp2
nf: glass, cpx, ol, sp

170 154L
SAX20

C–Pt 1.5 1250 49 lh: ol1, opx1, cpx1, sp1,
cpx2, sp2, ,,glass

nf: glass, cpx, ol
166 154L

SAX20
C–Pt 1.5 1300 75 lh: ol1, opx1, cpx1, sp1,

cpx2, sp2, ,,glass
nf: glass

173 154L
SAX20

C–Pt 2.0 1300 95 lh: ol1, opx1, cpx1, sp1,
cpx2, sp2

nf: glass, cpx, ol,
rhönite, sp

178 154L
SAX20-2.5TiO2glass_5bru

Ag50Pd50 2.0 975 212 lh: ol1, opx1, cpx1, sp1,
cpx2, sp2

nf: glass, ol, cpx, sp
177 154L

SAX20-2.5TiO2glass_5bru
Ag50Pd50 2.0 1025 190 lh: ol1, opx1, cpx1, sp1,

(ol2), (opx2), cpx2, sp2,
,glass2

nf: glass, oxides, cpx, ap
176 154L

SAX20glass_5bru
Ag50Pd50 2.0 1025 190 lh: ol1, opx1, cpx1, sp1,

(ol2), (opx2), cpx2, sp2,
,glass2

nf: glass, ol, cpx,
rhönite, ap

141 BRP19
SAX20

C–Pt 1.0 1250 5 py: ol1, cpx1, ol2, cpx2,
glass

nf: glass
140 BRP19

SAX20
C–Pt 1.0 1200 8 py: ol1, cpx1, ol2, cpx2,

,glass
nf: glass, ol

144 BRP19
SAX20

C–Pt 1.0 1175 8 py: ol1, cpx1, ol2, cpx2,
,glass

nf: glass, ol
150 BRP19

SAX20
C–Pt 1.0 1150 8 py: ol1, cpx1, ol2, cpx2,

,glass
nf: glass, ol, cpx, oxides

153 BRP19
SAX20

C–Pt 1.0 1150 24 py: ol1, cpx1, ol2, cpx2,
glass

nf: glass, ol, cpx, oxides
154 BRP19

SAX20
C–Pt 1.0 1050 48 py: ol1, cpx1, ol2, cpx2,

glass
nf: glass, ol, cpx,

oxides, ne
153* BRP19

SAX20
C–Pt 1.0 1150 24 py: ol1, cpx1, ol2, cpx2,

glass
nf: glass, ol, cpx, oxides

154* BRP19
SAX20

C–Pt 1.0 1050 48 py: ol1, cpx1, ol2, cpx2,
glass, , sp2

nf: glass, ol, cpx, oxides,
rhönite, ap

C–Pt, double capsules with graphite inside Pt; lh, nf, py in the Detected phases column refer to phases found in lherzolitic, nephelinitic
and pyroxenitic portions of the capsule, respectively; ol, olivine; opx, orthopyroxene; cpx, clinopyroxene; sp, spinel; ap, apatite; ne,
nepheline; suffixes 1 and 2 refer to original and neo-formed phases, respectively; ,, scarce; � , rare.
*Experiments with c. 3 wt% H2O added in the charge.
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Matrix effect corrections (ZAF) were performed
using the algorithm of Philibert (1963) and
Duncumb & Reed (1968). A focused beam was
used for minerals, whereas glasses were analysed
with a 10 mm diameter beam to minimize
volatilization of sodium; a 5 mm diameter beam
was used for small volumes of glass in the
lowest-temperature experiments.

Results

Nephelinite–lherzolite runs

Phases detected in experimental products are
reported in Table 2 and chemical analyses of lherzo-
lite are shown in Tables 3–5. In experimental runs
glass is seldom found in lherzolite and is not related
to the distance from the lherzolite–nephelinite
interface or to the occurrence and the composition
of neoformed phases (see below).

Runs at high T (>1100 8C). Nephelinite was
completely molten at 1.5 GPa and 1300 8C. At
lower temperatures it was partially molten and
clinopyroxeneþ olivine, spinel and nepheline pro-
gressively saturated the liquid at decreasing temp-
erature. In the run at 2.0 GPa glass coexisted with
clinopyroxene, olivine, spinel and rhönite (Table 2).

The lherzolite area of the charges contains small,
rare glass pockets (mostly not analysable by elec-
tron microprobe) with the exception of the run per-
formed at the lowest temperature (Fig. 1a).

In the lherzolitic portion of the capsules at
1250 8C, some glass analyses attain a SiO2-rich
latitic composition; the original phases, olivine
(ol1), clinopyroxene (cpx1), orthopyroxene (opx1)
and spinel (sp1) are accompanied by scattered
neoformed subhedral clinopyroxene (cpx2, Fig. 1a)
and spinel (sp2). Analyses of neoformed phases in
the lherzolitic portion of the charges are reported
in Tables 3–5.

At 1.5 GPa, cpx2 is augite in all the runs. With
respect to the original phases, there are increases
in MgO (from 16.5–17.4 to 26 wt%), Na2O (from
0.4–0.8 to 2.2 wt%) and Cr2O3 (from 0.4–0.9 to
2.7 wt%), whereas CaO decreases (from 22.6–
23.8 to 7.6 wt%). In particular, in the run carried
out at 1150 8C neoformed clinopyroxene is mainly
found around orthopyroxene crystals together with
glass that is not analysable (Fig. 1b).

At 2.0 GPa cpx2 has a higher Na2O content
(2.3–4.1 wt%) than cpx2 synthesized at 1.5 GPa;
the CaO content is generally low (9.7–14.2 wt%)
and Cr2O3 and MgO content are in the range of
1.2–1.8 and 17.4–18.4 wt%, respectively. Accord-
ing to the Morimoto (1989) classification, most of
the analysed crystals are omphacite. Neoformed
spinel (sp2) occurs as subhedral crystals or

coronas around original crystals in all the runs, as
shown in Figure 1c. Sp2 crystals generally show
higher Cr-number (Cr/(Cr þ Al); up to 0.85) and
lower Mg-number (Mg/(Mg þ Fe2þ); down to
0.63) with respect to sp1 crystals. The highest
Cr2O3 content (67.2 wt%) was found in exper-
iments at 1150 8C.

Runs at low T (<1100 8C). BSE images reveal
that some olivine crystals close to the lower inter-
face sank into the nephelinitic portion and reacted
from Fo90 to Fo85. In these runs interaction occurred
despite the low temperature, probably because of
the reactivity of glass as starting material and the
long durations utilized (190–212 h).

In the run with SAX20glass_5bru, in the nephe-
linitic portions of the capsule, glass is dominant and
olivine (Fo78), augitic clinopyroxene, rhönite and
apatite crystals are commonly found. In the lherzo-
lite, neoformed phases join the original ones:
olivine crystals equilibrated to Fo86 close to the
lower interface (ol2) and small (,20 mm) enstatitic
orthopyroxene crystals (opx2) enriched in Na2O
(0.5–1.4 wt%) and CaO (1.1–1.6 wt%) relative to
opx1 are sometimes found scattered in sporadic
glass patches along the capsule walls. Glass ana-
lyses show very low totals (,70 wt%), probably
because of the combined effect of water content
and poorly polished surfaces of micro-vesicular or
friable glass (e.g. see Peterson & Newton 1990).
Neoformed augite and omphacite, enriched in
Na2O (up to 3.3 wt%) and Cr2O3 (up to 2.5 wt%)
and depleted in CaO (16.2–19.8 wt%) with
respect to cpx1, are found throughout the lherzolitic
portion together with high Cr-number (0.39–
0.54)–low Mg-number (0.59–0.60)
neoformed spinel.

In runs with SAX20-2.5TiO2glass_5bru (Ti-
doped), at 1025 8C, glass is the dominant phase in
the nephelinitic portions of the charge; however,
small (,10 mm) ilmenite–hematite crystals are
scattered in the glass together with scarce clinopyr-
oxene and apatite. As in the undoped run, we
detected in the peridotite high-Na2O and -CaO
orthopyroxene (opx2) in (nephelinitic) glass
pockets and high-Na2O, -Cr2O3 and low-CaO
neoformed augitic and omphacitic clinopyroxene.
High Cr-number (0.64–0.65) spinels (sp2) are com-
monly present throughout the lherzolitic portion;
their TiO2 contents (1.2–1.8 wt%) are greater than
in sp1 and in sp2 of the undoped run. Furthermore,
the Mg-number (0.48–0.50) is the lowest among
the analysed spinels in all experiments.

At 975 8C some clinopyroxene, olivine and
spinel crystals are scattered in the glass in the
nephelinitic portions of the capsule. Some olivine
(Fo90) crystals, probably from the lherzolitic
portion, are present in the lower nephelinitic
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Table 3. Representative electron microprobe analyses of cpx2 in lherzolite

Run 169 169 169 167 167 167 167 167 170 170 166
P (GPa)/T (8C) 1.5/1150 1.5/1150 1.5/1150 1.5/1200 1.5/1200 1.5/1200 1.5/1200 1.5/1200 1.5/1250 1.5/1250 1.5/1300

SiO2 54.59 54.29 53.51 47.67 53.39 53.97 54.10 54.19 54.31 54.34 53.27
TiO2 bdl bdl 0.11 2.35 0.17 0.18 0.41 0.03 0.18 0.20 0.09
Al2O3 0.71 0.70 1.94 8.82 3.98 4.06 4.49 2.96 3.24 4.92 3.23
Cr2O3 1.91 1.47 0.83 0.81 1.93 1.82 0.86 1.85 1.20 2.71 1.77
FeOT 2.44 2.58 3.18 7.39 5.59 5.54 6.21 5.73 4.28 3.24 3.57
MnO 0.32 0.14 bdl 0.22 0.08 0.17 0.28 0.30 0.28 0.23 0.11
MgO 19.42 19.19 19.29 14.02 22.63 21.96 22.00 25.96 20.42 17.00 20.11
CaO 19.91 20.79 20.13 15.96 10.51 11.17 10.71 7.62 14.77 15.37 16.95
Na2O 0.70 0.83 0.59 2.31 1.17 1.23 1.47 0.83 1.04 2.24 0.93
K2O 0.04 bdl 0.04 0.14 bdl bdl 0.09 bdl bdl bdl bdl
Total 100.04 99.99 99.62 99.69 99.45 100.10 100.62 99.47 99.72 100.25 100.03
mg-no. 93.39 92.96 91.50 77.10 87.78 87.55 86.27 88.94 89.43 90.30 90.90
SiO2/Al2O3 76.89 77.56 27.58 5.40 13.41 13.29 12.05 18.31 16.76 11.04 16.49

Run: 178 178 176 176 176 177 177 173 173 173 173 173
P (GPa)/T (8C) 2/975 2/975 2/1025 2/1025 2/1025 2/1025 2/1025 2/1300 2/1300 2/1300 2/1300 2/1300

SiO2 54.06 54.49 54.95 54.95 53.40 54.83 53.53 51.66 53.18 53.65 53.77 53.43
TiO2 0.05 0.08 0.09 0.11 0.17 0.29 0.87 1.38 0.37 0.57 0.66 0.10
Al2O3 3.28 2.91 1.65 1.60 4.20 3.85 6.18 7.88 7.13 7.30 8.39 6.44
Cr2O3 0.75 1.05 2.52 2.31 0.64 0.97 2.08 1.09 1.66 1.29 1.29 1.83
FeOT 1.86 1.94 2.20 2.24 3.70 3.79 5.75 8.84 4.20 4.25 4.13 3.78
MnO 0.05 0.06 0.09 0.21 0.26 0.14 0.17 0.29 0.17 0.21 0.15 0.06
MgO 17.41 16.93 18.25 18.83 16.55 16.46 14.08 14.72 18.36 17.55 17.37 18.05
CaO 20.72 21.46 19.43 18.96 18.60 18.13 14.02 11.12 11.97 10.93 9.72 14.18
Na2O 1.53 1.34 1.25 1.27 1.89 2.45 3.90 3.41 2.75 3.63 4.14 2.27
K2O 0.19 0.27 bdl bdl 0.04 bdl bdl 0.07 bdl bdl bdl 0.04
Total 99.90 100.53 100.43 100.48 99.45 100.91 100.58 100.46 99.79 99.38 99.62 100.18
mg-no. 94.32 93.93 93.64 93.72 88.81 88.51 81.29 74.71 88.58 87.99 88.18 89.44
SiO2/Al2O3 16.48 18.73 33.30 34.34 12.71 14.24 8.66 6.56 7.46 7.35 6.41 8.30

mg-number ¼ Mg � 100/(Mg þ FeT); bdl, below detection limit.
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Table 4. Representative electron microprobe analyses of sp1 and sp2 in lherzolite

Run 169 169 167 170 173 176 176 176 177 177 178
sp1 sp2 sp2 sp1 sp1 sp1 sp2 sp2 sp2 sp2 sp1

P (GPa)/T (8C) 1.5/1150 1.5/1150 1.5/1200 1.5/1250 2/1300 2/1025 2/1025 2/1025 2/1025 2/1025 2/975

TiO2 0.07 0.11 0.11 0.59 0.32 0.10 0.15 0.07 1.81 1.21 bdl
Al2O3 46.42 35.42 22.56 44.05 42.63 46.83 33.68 24.29 14.68 15.89 49.45
Cr2O3 22.89 36.15 47.64 22.40 27.73 22.84 32.62 42.74 41.53 41.40 21.67
FeOT 12.43 12.77 11.79 17.25 11.54 12.06 20.49 18.60 31.57 31.04 10.78
MnO 0.11 0.15 0.16 0.14 0.08 0.13 0.42 0.32 0.47 0.51 0.13
MgO 18.68 17.30 16.67 15.18 18.49 18.93 13.72 13.14 10.49 10.84 19.81
CaO 0.02 0.06 0.14 0.15 0.02 0.07 0.14 0.05 0.12 0.08 0.00
Total 100.62 101.96 99.07 99.76 100.79 100.96 101.22 99.21 100.67 100.97 101.84
Cr-no. 0.25 0.41 0.59 0.25 0.30 0.25 0.39 0.54 0.65 0.64 0.23
Mg-no. 0.75 0.72 0.75 0.63 0.75 0.76 0.59 0.60 0.48 0.50 0.78

Mg-number ¼Mg/(Mg þ Fe2þ) where Fe2þ was calculated on the basis of stoichiometry and charge balance; Cr-number ¼ Cr/(Cr þ Al); bdl, below detection limit.
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section. Neoformed clinopyroxene and spinel crys-
tals are found in the (central) lherzolitic portion of
the charge. In particular, cpx2 shows slight Na2O
enrichment (up to 1.53 wt%) and CaO depletion
(down to 20.7 wt%) with respect to cpx1.

Nephelinite–wehrlite runs

At 1.0 GPa the nephelinite layer of anhydrous
experiments is completely molten at 1250 8C; at
1200 8C olivine crystallizes, joined by clinopyrox-
ene at 1150 8C, and by spinel and nepheline at
1050 8C. In the hydrous experiments performed at
1150 8C and 1050 8C, crystal assemblages in
nephelinite are the same as the anhydrous exper-
iments but lack nepheline; rhönite and apatite
occur at lower temperature. It is evident that at
different temperatures different melt composition
start to interact with the wehrlitic layer and their
composition are reported in Table 8 and shown in
the total alkalis–silica (TAS) diagram (large
symbols in Fig. 3a).

Melts are in contact with the wehrlite through a
reaction area whose extent depends on experimental
temperature and run duration. The influence of the
experimental time is shown by the replicated anhy-
drous experiment at 1150 8C: in the shorter run
(8 h) the reactions are limited to a c. 250 mm wide
area whereas in the longer runs (24 h) the reaction
affects all the wehrlite layer.

Run at T ¼ 1250 8C. The wehrlite layer is strongly
infiltrated and three sub-layers can be recognized
(Fig. 2): in the boundary layer (layer I), 300 mm
wide closest to nephelinite melt, clinopyroxene
(cpx1) dissolved completely, resulting in a mush
of olivine þ melt (Fig. 2a). The melt composition
in this region is controlled by the contribution of
cpx1 dissolution in the nephelinite; the resulting

melt is enriched in SiO2 and CaO, and depleted in
alkalis (mainly Na2O), TiO2 and P2O5 (Tables 6–
8; Fig. 3a–d). The mg-number is close to that
of nephelinite.

The olivine grains become more rounded or
show embayed rims; the composition is depleted
in iron (Fo 82.6) relative to primary olivine
(Fo 80.8; ol1). Calculated partition coefficients
(KD Mg/Fe) for Mg and Fe (all Fe as FeO) between

Table 5. Representative electron microprobe
analyses of glasses in lherzolite

Run 170 170 170
P (GPa)/T (8C) 1.5/1250 1.5/1250 1.5/1250

SiO2 54.64 56.96 58.27
TiO2 1.37 0.55 0.44
Al2O3 21.55 21.47 22.26
Cr2O3 bdl 0.08 0.13
FeOT 3.61 2.90 2.58
MnO 0.11 bdl 0.03
MgO 3.58 3.10 3.49
CaO 2.72 2.04 2.05
Na2O 4.38 4.99 5.31
K2O 3.68 3.91 4.29
Total 95.64 96.00 98.85

bdl, below detection limit.

Fig. 1. Backscattered electron images of representative
run products in lherzolite. (a) Run 170 (1250 8C and
1.5 GPa); (b, c) run 169 (1150 8C and 1.5 GPa).
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Table 6. Representative electron microprobe analyses of ol2 in wehrlite

Run 141 141 141 141 140 140 140 153 153 153 153k 153k

ol1* ol2† ol2 ol1‡ ol2§ ol2 ol2§ ol2§ ol2} ol2§ ol2§ ol2
T (8C) 1250 1250 1250 1250 1200 1200 1200 1150 1150 1150 1150 1150

SiO2 39.06 39.57 40.19 40.02 38.77 38.56 38.69 37.99 38.53 39.21 38.19 38.88
TiO2 bdl bdl bdl bdl 0.02 0.14 0.03 bdl bdl bdl bdl bdl
Al2O3 0.12 bdl bdl bdl 0.09 0.32 0.03 0.04 0.03 0.03 0.24 0.05
FeO 16.00 14.58 15.43 14.33 23.16 23.95 21.36 22.91 21.18 19.85 21.21 24.00
MnO 0.39 0.21 0.30 0.10 0.42 0.40 0.49 0.36 0.37 0.34 0.48 0.44
MgO 42.75 44.10 44.09 44.77 36.43 35.83 38.86 37.07 39.57 39.81 38.32 36.91
CaO 0.42 0.39 0.58 0.35 0.44 0.50 0.32 0.62 0.56 0.47 0.54 0.50
NiO 0.24 0.18 0.12 0.18 0.27 0.19 0.19 0.10 0.15 0.23 bdl 0.11
Cr2O3 0.17 bdl 0.20 0.12 0.04 0.02 bdl 0.09 0.14 0.02 0.12 0.07
Total 99.15 99.03 100.91 99.87 99.64 99.91 99.97 99.18 100.54 99.96 99.10 100.94
Fo 82.65 84.36 83.59 84.78 73.71 72.73 76.43 74.26 76.91 78.14 76.31 73.28

Run 154 154 154 154k 154k 154k 154k

ol2 ol2} ol2} ol2 ol2 ol2} ol2}

T (8C) 1050 1050 1050 1050 1050 1050 1050

SiO2 37.25 37.57 39.81 37.69 38.16 39.83 39.63
TiO2 bdl bdl bdl bdl bdl bdl bdl
Al2O3 0.03 0.22 0.02 0.02 0.19 bdl 0.25
FeO 32.52 28.82 20.16 30.69 27.68 19.30 17.84
MnO 0.73 0.59 0.35 0.56 0.43 0.34 0.21
MgO 28.99 32.31 39.35 30.59 33.46 40.10 41.18
CaO 0.53 0.43 0.23 0.50 0.41 0.35 0.07
NiO 0.02 0.09 0.17 0.09 0.10 0.19 0.17
Cr2O3 0.10 bdl 0.20 bdl 0.08 bdl 0.22
Total 100.18 100.03 100.29 100.14 100.51 100.10 99.57
Fo 61.38 66.64 77.67 63.99 68.31 78.81 76.43

*Restitic olivine in layer.
†Restitic olivine in layer II.
‡Restitic olivine in layer III.
§Analysis at the rim of ol1 at nephelinite–wehrlite boundary layer.
}Away from nephelinite–wehrlite boundary layer.
kWet experiments.
Fo, forsterite; bdl, below detection limit.
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olivine and the associated melt range from 0.23 to
0.26. The highest KD Mg/Fe values approach the
equilibrium values of 0.3 + 0.03 for mafic melts
(Roeder & Emslie 1970).

Layer II, about 600 mm wide, is composed of
olivine, clinopyroxene and interstitial melt that
may contain neocrysts of olivine and clinopyroxene
(Fig. 2a and b). The melt fraction of this layer is
very low relative to layer I and the glass occurs in
interstitial patches rarely connected to olivine þ
melt layer by very thin veins. Neoformed olivines
crystallized in the largest glass blebs are subequant
and up to 25 mm in size whereas neoformed clino-
pyroxenes are anhedral and similar in size to the
neoformed olivines. The primary crystals generally
preserve their original shape, showing slightly
rounded rims when they occur close to the small
glass blebs; sometimes original olivines close to
the large blebs show an overgrowth of neoformed
olivine (Fig. 2b).

The compositional variation observed in the
primary phases consists in the enrichment of for-
sterite component in olivine (from Fo c. 80 in ol1
to an average of Fo 84.3 in ol2) and depletion in
TiO2, Al2O3, FeO and Na2O, as well as an increase
in mg-number, in clinopyroxenes (Table 7). These
compositional changes indicate a restitic character
for these crystals (Hirose & Kawamoto 1995;
Shaw et al. 2006).

Compositions of the interstitial glass pools,
reported in Table 8, differ significantly from those
of glasses at the nephelinite–wehrlite interface
(‘boundary layer’). Moving towards layer III, as
melt pools decrease in size, the compositions
change, displaying an increase in SiO2, Al2O3,
FeO and alkalis (Na2O to a minor extent), and a
decrease of TiO2, CaO, P2O5 and mg-number
(Table 8 and Fig. 3).

The secondary olivine (ol2) grown in the largest
melt pools has similar composition to restitic
olivine (an average of Fo 83.5) whereas secondary
clinopyroxene (cpx2) is enriched in TiO2 (1.1–
2.7 wt%), Al2O3 (4.2–7.2 wt%), FeO (6.2–10.4
wt%) and Na2O (1.0–1.6 wt%) (Fig. 4a–c) with
respect to cpx1 (Tables 6 and 7). The mg-number
of cpx2 ranges from 66 and 74 (Table 7).

Restitic olivine has KD Mg/Fe
ol/liquid between 0.03 and

0.19, whereas KD Mg/Fe
ol/liquid between ol2 and the associ-

ated melt ranges from 0.14 to 0.17, all consistently
lower than equilibrium values. The lowest KD Mg/Fe

ol/liquid

values are related to glass with the highest SiO2

content. KD Mg/Fe
cpx/liquid (all Fe as FeO) of restitic clino-

pyroxene falls outside the equilibrium range of
0.25–0.32 (Nielsen & Drake 1979; Shaw et al.
1998), and varies between 0.08 and 0.12. Conver-
sely, the KD Mg/Fe values for cpx2 and melt pairs
are close to equilibrium values, ranging from 0.26
to 0.38.

In layer III, the most distal from the nephelinite–
wehrlite interface (Fig. 2a), olivine and clinopyrox-
ene have compositions similar to those of ‘restitic’
crystals in layer II but fractions of secondary melt
are very low and are not large enough to
be analysed.

Runs at T , 1250 8C. As in the 1250 8C run, the
wehrlite layer shows various degree of interaction
with infiltrated melts. In all experiments the
boundary layers (on average 250 mm wide) are
characterized by the highest melt fraction; the
reaction between liquid and wehrlite results in a
decrease in clinopyroxene abundance and growth
of neoformed olivine, which occurs either as dis-
crete grains or rims on the original crystals. In the
remaining wehrlite, the infiltrating melt forms
small patches or a network of thin veins and inter-
stitial glass pools spreading across the entire
wehrlite layer. In the short duration (8 h) exper-
iment at 1150 8C the melt–rock interaction area
is restricted to a narrow area (about 100 mm in
diameter).

Minerals

The neoformed olivine crystallized at the boundary
layer is depleted in the Fo component with respect
to ol1, approaching the composition of olivine crys-
tallizing in the nephelinite area (from Fo76 for ol2
at 1200 8C to Fo61 for ol2 at 1050 8C; Table 6).
Dissolution of initial clinopyroxene in this region
strongly decreases from the run at 1200 8C to that
at 1050 8C.

In the wehrlite, primary olivine and clinopyrox-
ene do not show significant textural variations and
olivine neocrysts may grow in the largest melt
pools. The olivine neocrysts progressively approach
the composition of ol1 (Table 6). Original clinopyr-
oxene (cpx1) develops narrow (up to 50 mm) and
irregular reaction rims (cpx2; Fig. 2c) enriched in
TiO2 (up to 1.25 wt% at 1200 8C; up to 5.55 wt%
at 1050 8C), Al2O3 (up to 5.4 wt% at 1200 8C; up
to 8.9 wt% at 1050 8C), FeO (up to 6.5 wt% at
1200 8C; up to 9.2 wt% at 1050 8C) and Na2O
(0.8 wt% at 1200 8C; up to 1.4 wt% at 1050 8C).
These enrichments are coupled with decreasing
mg-number values (Table 7 and Fig. 3a–d) (see
also Shaw et al. 2006, and references therein). It
is noteworthy that the cpx2 compositions of each
experimental run are related to the composition of
the reacting melt, which in turn depends on the
experimental temperature (Fig. 3e). Some of the
scatter observed in each compositional trend is
due to the irregular extent of the melt–rock
reactions (Fig. 2c).

In the hydrous experiments at 1150 8C and
1050 8C, cpx1 dissolution at the interface with the
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Table 7. Representative electron microprobe analyses of cpx2 in wehrlite

Run 141 141 141 140 140 153 153 153§ 153§ 154 154 154
cpx restitic cpx2* cpx2* cpx2† cpx2‡ cpx2‡ cpx2* cpx2† cpx2† cpx2‡ cpx2‡ cpx2*

T (8C) 1250 1250 1250 1200 1200 1150 1150 1150 1150 1050 1050 1050

SiO2 54.11 47.89 50.09 50.54 49.63 46.73 50.88 48.57 51.56 45.29 47.76 50.63
TiO2 0.28 2.71 1.45 1.25 1.08 2.84 1.55 2.47 1.24 3.92 2.30 1.12
Al2O3 1.46 6.17 4.79 5.44 4.91 7.72 5.03 5.54 3.38 7.90 6.61 4.87
Cr2O3 1.39 0.31 0.23 0.88 0.88 0.57 0.73 0.28 0.75 0.07 0.15 0.65
FeOT 4.17 10.24 8.75 6.55 6.24 6.13 4.93 7.79 5.73 9.13 8.24 6.42
MnO 0.10 0.36 0.23 0.16 0.11 bdl 0.07 0.11 0.05 0.26 0.33 bdl
MgO 16.35 11.24 13.52 14.44 15.84 12.80 14.51 12.75 15.19 10.31 12.73 15.22
CaO 21.05 20.14 19.51 19.93 20.44 21.71 21.37 20.83 21.81 22.41 20.46 19.71
Na2O 0.55 1.40 1.54 0.74 0.81 1.19 1.11 1.18 0.64 1.00 1.15 0.83
Total 99.46 100.46 100.11 99.93 99.95 99.69 100.18 99.53 100.36 100.29 99.73 99.45
mg-no. 87.49 66.18 73.37 79.72 81.90 78.83 83.99 74.48 82.54 66.81 73.36 80.87
SiO2/Al2O3 37.06 7.76 10.46 9.29 10.11 6.05 10.12 8.77 15.25 5.73 7.23 10.40

Run 154§ 154§ 154§ 154§

cpx2‡ cpx2c‡ (rim) cpx2‡ cpx2‡

T (8C) 1050 1050 1050 1050

SiO2 46.94 45.83 44.53 46.91
TiO2 2.70 2.49 5.33 2.94
Al2O3 7.54 8.95 10.64 7.80
Cr2O3 bdl bdl 0.42 0.08
FeOT 9.65 8.78 7.70 9.30
MnO 0.19 0.13 0.16 0.25
MgO 10.30 10.61 9.60 10.30
CaO 21.52 21.43 20.99 20.79
Na2O 1.04 1.11 1.29 1.32
Total 99.88 99.33 100.66 99.67
mg-no. 87.49 66.18 73.37 79.72
SiO2/Al2O3 37.06 7.76 10.46 9.29

*cpx2 neocrysts in glass blebs far from SAX20–wehrlite boundary layer.
†Clinopyroxene reacted rim analysed far from SAX20–wehrlite boundary layer.
‡cpx2 at boundary layer.
§Wet experiments.
mg-number¼ Mg � 100/(Mg þ FeT); bdl, below detection limit.
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Table 8. Representative electron microprobe analysis of glasses in wehrlite

Run 141 141 141 141 141 141 141 140 140 140 153 153 153
glass* glass* glass* glass† glass† glass† glass† nephelinite

derived
melt

glass* glass† nephelinite
derived

melt

glass* glass†

T (8C) 1250 1250 1250 1250 1250 1250 1250 1200 1200 1200 1150 1150 1150

SiO2 45.86 46.28 48.26 47.34 49.23 50.63 51.69 42.24 45.12 46.28 42.4 42.56 44.52
TiO2 2.66 2.47 2.05 2.72 2.15 1.95 2.13 3.48 4.09 3.91 4.23 4.25 4.36
Al2O3 9.74 9.34 8.29 9.84 9.12 13.13 13.34 13.21 13.88 14.16 14.07 13.94 14.67
Cr2O3 0.22 0.76 0.28 0.26 0.35 0.52 0.06 0.06 0.10 bdl bdl 0.05 bdl
FeOT 13.64 13.47 13.14 12.37 12.13 17.28 13.38 14.35 11.84 11.84 13.85 12.74 11.41
MnO 0.23 0.29 0.26 0.23 0.31 0.35 0.25 0.34 0.31 0.25 0.25 0.28 0.37
MgO 9.11 9.42 8.13 6.00 5.10 2.01 1.20 6.58 4.82 3.15 4.56 3.63 1.74
CaO 12.24 12.45 13.64 14.52 14.49 7.61 9.47 10.22 12.82 12.81 11.73 12.66 11.45
Na2O 4.10 4.17 4.37 4.78 5.56 4.62 5.34 5.90 5.19 5.60 5.69 5.94 7.32
K2O 1.17 1.16 1.06 1.12 1.25 1.84 2.37 1.96 1.84 1.99 1.95 2.35 2.48
P2O5 1.03 0.19 0.50 0.83 0.30 0.06 0.78 1.64 na na 1.28 1.61 1.68
mg-no. 54.35 55.49 52.45 46.37 42.83 17.16 13.79 44.98 42.06 32.17 36.99 33.69 21.38
SiO2/Al2O3 4.71 4.96 5.82 4.81 5.40 3.86 3.87 3.20 3.25 3.27 3.01 3.05 3.03

Run 153‡ 153‡ 153‡ 154 154 154 154 154 154‡ 154‡ 154‡ 154‡ 154‡

nephelinite
derived

melt

glass* glass† nephelinite
derived

melt

glass* glass* glass† glass§ nephelinite
derived

melt

glass* glass* glass* glass†

T (8C) 1150 1150 1150 1050 1050 1050 1050 1050 1050 1050 1050 1050 1050

SiO2 42.60 43.93 45.76 47.85 49.76 49.4 55.03 50.2 46.74 47.59 48.26 49.9 51.25
TiO2 3.85 3.94 3.31 2.40 1.88 2.45 1.46 1.69 2.56 2.46 2.20 2.11 1.73
Al2O3 13.14 15.28 16.69 19.40 21.01 20.15 22.31 21.75 19.43 19.76 19.98 21.51 23.13
Cr2O3 0.14 0.01 bdl 0.03 bdl 0.16 0.04 bdl bdl 0.08 bdl 0.11 0.07
FeOT 13.97 10.92 9.49 11.20 6.67 9.33 3.40 5.76 10.26 9.57 9.04 6.76 4.44
MnO 0.30 0.17 0.25 0.18 0.06 0.20 0.01 0.03 0.23 0.26 0.23 0.21 0.09
MgO 5.85 3.26 1.77 2.20 1.96 1.86 1.66 1.95 2.22 2.23 2.30 2.02 1.70
CaO 11.49 11.79 9.62 6.07 4.53 5.36 2.79 3.68 6.58 5.89 5.75 4.93 3.58
Na2O 5.43 6.61 8.81 6.47 9.62 6.97 7.92 10.51 8.45 8.54 8.37 8.79 10.31
K2O 2.00 2.04 2.05 3.10 3.67 3.44 4.45 3.82 2.94 3.07 3.12 3.66 3.70
P2O5 1.24 2.06 2.26 1.11 0.84 0.68 0.92 0.60 0.60 0.54 0.76 0.45 0.37
mg-no. 42.75 34.74 24.95 25.97 34.36 26.22 46.54 37.64 27.84 29.35 31.22 34.76 40.57
SiO2/Al2O3 3.24 2.88 2.74 2.47 2.37 2.45 2.47 2.31 2.41 2.41 2.42 2.32 2.22

*Glass blebs at SAX20–wehrlite boundary layer.
†Glass blebs in the wehrlite layer.
‡Wet experiments.
§Glass analysed along the capsule wall.
mg-number ¼Mg � 100/(Mg þ FeT); bdl, below detection limit; na, not analysed.
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melt is reduced with respect to the anhydrous
counterparts. A small amount of cpx1 dissolved
completely (at 1150 8C) or partially (at 1050 8C)
in an area about 200 mm wide (Fig. 2e and f). The
neoformed phases found both at the interface and

inside the wehrlite layer show the same kind of
compositional modifications and textural features
as recognized in the anhydrous experiments
(Fig. 4a–c). In the 1050 8C run a Ti-rich spinel
also crystallizes at the boundary layer (Fig. 2f).

Fig. 2. Backscattered electron images of representative run products in wehrlite. (a, b) Run 141 (1250 8C), (c, d)
run 154 (1050 8C); (e, f) run 154* (1050 8C, wet run). I, II and III refer to different reaction areas observed in 1250 8C
run. cpx2, clinopyroxenes produced by melt–rock reaction; ol restitic, olivine that underwent partial melting
(1250 8C). In (f) A refers to the growth rim on primary clinopyroxene; B refers to the reaction rim of the same crystal.
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Fig. 3. (a) Experimental glasses from nephelinite–wehrlite runs plotted in the TAS classification diagram (Le Bas
et al. 1986); (b–f) compositional variation diagrams for experimental glasses. The arrows indicate compositional
variations resulting from the continuous interaction of infiltrating melts with the wehrlite. The large symbols represent
the nephelinite-derived melts; asterisk indicates the melt composition at the boundary layer that starts infiltration. Also
shown are fields for interstitial glasses occurring in natural wehrlites (Perinelli & Armienti unpublished).
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Glasses

A network of melt veins and/or interstitial glass
pools is observed in all the experiments. This is con-
nected to the nephelinite. Melt compositions of the
analysable glass are reported in Table 8.

In the 1200 8C and 1150 8C experiments, includ-
ing the longest duration run at 1150 8C, most of the
interstitial pools were too small to be analysed.
Glasses analysed at the boundary layer show weak
chemical modifications with respect to nephelinite,
except for alkalis (mainly Na2O), which were
enriched in the experiments at 1150 8C. The same
enrichment was not observed in glasses from the
1200 8C run, the chemistry of which records
instead the higher contribution of clinopyroxene
dissolution (Table 8; Fig. 3a–f).

In the hydrous and anhydrous experimental runs
performed at 1050 8C, the melts occurring at the
boundary layer and invading wehrlite have the
most differentiated compositions (Fig. 3a), being
derived by high degrees of nephelinite crystalliza-
tion at this temperature; further inside the rock,
these melts show an increase in SiO2 (to 55%)
and K2O (to 4.5%) and a depletion in CaO, P2O5

(not shown) and TiO2 (although these last two
elements show an increase at the top of wehrlite;
Fig. 3c). In these runs, Na2O content in the melt
patches is influenced by the presence of water,
which prevented the nepheline crystallization in
the hydrous nephelinite-derived melt; as a conse-
quence, Na2O concentrations in wet experiments
are higher than in anhydrous ones, reaching
10 wt% in the distal interstitial patches. Similar
Na content is attained in the water-free runs only
in the melt portions that occur along the wall of
the graphite capsule (Fig. 3e).

It is noteworthy that the mg-number values
shown a good covariance with SiO2 (not shown).

In terms of mineral–melt Mg and Fe exchange
equilibrium we found that olivine KD Mg/Fe

ol/liquid

(0.27–0.33) and clinopyroxene KD Mg/Fe
cpx/liquid (0.2–

0.28) in the boundary layer approach equilibrium
values for the highest temperature experiment
(1200 8C) or the longest duration runs (1050 8C,
48 h). In the wehrlite layer the KD Mg/Fe

ol/liquid values
are generally lower (0.15–0.18) than those calcu-
lated for the boundary layer, although KD Mg/Fe

cpx/liquid

shows a very wide range (0.12–0.35), with most
values falling in the range 0.24–0.30, indicating
equilibrium between most of the clinopyroxenes
and associated melts. The low KD values for
olivine may be due to the high SiO2 content of the
glass occurring in this area (Draper & Green
1997; Shaw et al. 1999).

KD Mg/Fe
phases/liquid values computed for 1150 8C

experiments are constantly low (,0.19 and ,0.18

Fig. 4. (a) TiO2 v. SiO2/Al2O3, (b) TiO2

v. mg-number, and (c) Al2O3 v. Na2O, for
synthesizing clinopyroxenes in nephelinite–wehrlite
experiments. Also shown is secondary clinopyroxene
related to metasomatism of natural wehrlites
(grey area; Perinelli & Armienti 2005). The long
arrows indicate compositional variations induced
by metasomatism on original clinopyroxene as a
function of distance from the nephelinite–wehrlite
boundary layer.
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for olivine and clinopyroxene, respectively).
These low KD values are not linked to the
occurrence of high SiO2 melts and may be related
to the run duration being too short to
attain equilibrium.

Discussion

The ubiquitous occurrence of neoformed clinopyr-
oxene and spinel in the lherzolite and clinopyroxene
and olivine in the wehrlite indicates that both

Fig. 5. Composition of experimental (this paper) and natural clinopyroxenes (from Coltorti et al. 2004). The
shaded area and dotted line indicate the compositional field of cpx1 of lherzolite 154L (this paper) and cpx1 from
Coltorti et al. (2004), respectively. The arrows in the upper right diagram indicate out compositional variations
induced by metasomatism on cpx1, as reported by Coltorti et al. (2004).
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underwent a chemical modification at the exper-
imental conditions. The modifications observed in
lherzolite and wehrlite will be discussed below.

Nephelinite–lherzolite reaction

The distribution and the paucity of the glass do not
allow a reaction front to be clearly identified in the
lherzolitic portion of the charges. This can be
ascribed to fast kinetics of the melt infiltration
process, which reaches an early completion even
in the shortest run, as a consequence of the low vis-
cosity of nephelinite-derived melts. This affects the
spatial distribution and chemical composition of
the neoformed phases, which do not show regular
compositional variations from the lherzolite–
nephelinite interface to the internal parts of
the peridotite.

Neoformed minerals (cpx2, sp2) could form
either by a partial melting process of lherzolite or
by metasomatic reactions. However, the chemical
variations recorded in cpx2 are not compatible

with partial melting (e.g. their Na2O and Al2O3 con-
tents) and, although the Cr-number increase from
sp1 to sp2 could be due also to partial melting
(e.g. Matsukage & Kubo 2003), the fact that
Cr-number variations are unrelated to temperature
of the experiments rules out this hypothesis. More-
over, an increase of Cr-number in spinels is reported
to occur as a result of metasomatic reactions in lher-
zolite (e.g. Francis 1976; Neal 1988; Sen & Dunn
1994). In addition, the fact that TiO2 content in
sp2 increases if a Ti-doped nephelinite is used
clearly indicates that neoformed phases result
from interaction with the alkaline melt. Textures
observed in lherzolite for neoformed phases point
to rock–melt interaction. In particular, the occur-
rence of cpx2 together with glass in association
with orthopyroxene (and olivine) is reported to be
a consequence of orthopyroxene interaction with
silica-undersaturated melts (Shaw et al. 1998;
Shaw 1999). Moreover, sp2 coronas observed
around original spinel crystals closely resemble
those reported by Shaw et al. (2006) in mantle peri-
dotite xenoliths that underwent interaction with
silica-undersaturated melts.

The main compositional features of cpx2 and
sp2 can be compared with those of natural phases
thought to be a consequence of reaction with meta-
somatizing melts. In Figures 5 and 6 the compo-
sitions of neoformed clinopyroxene and spinel in
the lherzolitic portion of the capsule are given,
together with that of original phases in lherzolite
154L. Furthermore, clinopyroxenes from unmetaso-
matized xenoliths and clinopyroxene associated
with amphibole (cpx-A) and secondary clinopyrox-
enes (i.e. in the reaction rim of orthopyroxene,
cpx2-O) studied by Coltorti et al. (2004) are also
reported for comparison.

The higher Na2O contents and the concomitant
increase in Al2O3 and Cr2O3 (Fig. 5) of cpx2 syn-
thesized at 2 GPa is a result of the entrance of triva-
lent cations (Al, Cr, Fe) at the M1 site as a result of
the decrease in cell volume at increasing pressure.
Such a high Na2O increase is not observed in crys-
tals formed at 1.5 GPa or in natural lherzolitic
samples in which cpx-A coexists with pargasitic
amphibole (containing c. 3 wt% Na2O).

The Cr2O3 contents in cpx2 are comparable with
those of cpx-A, whereas cpx2-O shows contents
similar to some cpx2 formed at 1150 8C. MgO
enrichment (Fig. 5) associated with CaO depletion
occurs in the experimentally produced clinopyrox-
enes but not in cpx-A.

The SiO2/Al2O3 v. TiO2 diagram has been used
by Coltorti et al. (2004) to show the chemical vari-
ations of both cpx-A and cpx2-O. In particular,
according to those workers, TiO2 in cpx-A
approaches 6 wt% (Fig. 5) Some cpx2 crystals
(formed at 2 GPa) show TiO2 enrichments to

Fig. 6. (a) Cr-number v. Mg-number and (b) Cr-number
v. TiO2, in experimental spinel. Legend as in Figure 5.
The dotted arrows indicate compositional variations
induced by metasomatism on original spinels from
mantle xenoliths (Coltorti et al. 2004).
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1 wt%, whereas SiO2/Al2O3 ratios of cpx2 formed
at low temperature (especially at 1150 8C) approach
those of cpx2-O.

In summary, cpx2 chemistry does not match that
of natural samples, although SiO2/Al2O3 ratios
detected in cpx2-O (from natural metasomatized
lherzolites) is approached by some cpx2 syn-
thesized at low temperature.

For spinel, Cr-number and Mg-number appear to
be inversely correlated and TiO2 content
approaches 2.0 wt% in runs performed using the
Ti-doped starting material (Fig. 6). No worthwhile
comparison can be drawn between these findings
and the data reported by Coltorti et al. (2004)
because of the paucity of the analytical data for
spinels reported by those workers. However, it
can be noted that a general Cr-number and TiO2

increase and a slight Mg-number decrease were
also observed in natural sp2 (Fig. 6).

Finally, analyses of glass obtained at 1250 8C
approach the composition of some Si-rich glasses
found in xenoliths where interaction involving
orthopyroxene occurs (Shaw et al. 1998; Shaw
1999). In the discrimination diagram CaOþNa2O
v. TiO2 þ K2O proposed by Coltorti et al. (2000)
to identify the nature of the metasomatic agents,
these glasses plot in the field pertaining to metaso-
matism caused by Na-alkaline silicate melt.

Nephelinite–wehrlite reaction

The effects of metasomatic reactions recognized in
the wehrlite–nephelinite experimental runs were
compared with those observed in metasomatized
wehrlites and pyroxenites from Browning Pass,
Baker Rocks and Mt. Overlord (NVL), Antarctica.
These metasomatized rocks, both amphibole-free
and amphibole-bearing, are interpreted to be the
result of successive infiltration of rising alkaline
melt(s) into pyroxenite bodies formed by a fraction-
ation process at different conditions of pressure and
temperature (Perinelli & Armienti 2005).

The compositional features recorded by clino-
pyroxene in our experiments reveal the most repre-
sentative effects of the reactions with the infiltrating
melt. The differences between original and second-
ary clinopyroxenes, and the comparison of the latter
with the cpx2 in natural samples, are evaluated on
the basis of their TiO2, Na2O, SiO2 and Al2O3 con-
tents and mg-number, which are the most dis-
tinguishable chemical parameters. Experimental
neoformed clinopyroxenes define a trend of
decreasing SiO2/Al2O3 with increasing TiO2,
from the less to the more reacted crystals
(Fig. 4a); these last overlap the trend defined by
neoclinopyroxenes in natural metasomatized pyrox-
enites (Fig. 4a). The enrichment of TiO2 in exper-
imental cpx2 is also associated to the increase of

FeO content, which, in terms of mg-number,
shows a trend similar to that of natural cpx2
although the latter displays a more limited
mg-number variation (Fig. 4b). It is noteworthy
that in the area of the experimental boundary
layer, the distribution of TiO2 and FeO enrichments
along the reaction rims surrounding primary clino-
pyroxenes may be not correlated. For instance, the
clinopyroxene shown in Figure 2f has similar
mg-number (point A mg-number ¼ 68.9 and point
B mg-number ¼ 68.3) along the entire reaction
rim, and this results in equilibrium with the adjacent
melt in term of KD Mg/Fe

cpx/liquid (0.24 and 0.25, respect-
ively), but the TiO2 content is very different
(point A TiO2 5.33 wt% and point B TiO2

2.49 wt%). This may be due to the different diffu-
sive rates of these elements and to the amount of
glass adjoining the crystal: the higher diffusive vel-
ocity of Fe (and Mg) with respect to Ti allows
crystal–liquid equilibrium to be reached also
when the amount of adjacent glass is low; when
the clinopyroxene borders large melt pools and
the crystal can grow, the new composition
approaches that of clinopyroxenes crystallized in
the nephelinite area that show very high TiO2

content (up to 6 wt%).
The mutual variation of Na2O and Al2O3 of

experimental cpx2 follows a smooth positive trend
that includes also some natural secondary clinopyr-
oxenes found in the metasomatized amphibole-free
pyroxenites. Most of the natural cpx2, instead,
defines a steeper trend with a slight (or no) Na2O
increase (Fig. 4c). These natural cpx2 grains
almost all occur in amphibole-bearing samples,
suggesting that the crystallization of amphibole
may affect the Na2O behaviour in clinopyroxene.
Sen & Dunn (1994) in their experimental work on
melt–lherzolite interaction observed a similar
relationship between amphibole crystallization and
Na2O content of associated clinopyroxene.

In this framework, the compositional modifi-
cations recorded by clinopyroxene in our reaction
experiment on wehrlite are like those observed in
both experimental and natural mantle rock–melt
systems where the reactions involves high melt/
rock volume ratio (e.g. Sen & Dunn 1994; Shaw
et al. 1998, 2006; Shaw 1999; Coltorti et al. 2004;
Perinelli et al. 2006; see the section ‘Nephelinite–
lherzolite reaction’ of the present paper). The occur-
rence of amphibole, therefore, seems to be the sole
parameter affecting the compositions of secondary
pyroxenes in the variously metasomatized
mantle rocks.

Glasses

All the glasses represent melts generated from the
nephelinite. The temperature-dependent path of
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nephelinite-derived melts is illustrated in the basalt
tetrahedron CaTs–Di–Ol–Q pertaining to the
CMAS system (Fig. 7). Nephelinite-derived com-
positions lie on an olivine control line down to
1150 8C; at lower temperatures clinopyroxene crys-
tallization drives the metasomatizing melts towards
a phono-tephritic composition. At the various

temperatures, these are the melts that are provided
to the boundary layer and start infiltration (Fig. 7).

The processes that affect the nephelinite-derived
melts at the boundary layer are themselves evident
in the pseudo-ternary projection from the quartz
(Q) component of the basalt tetrahedron CaTs–
Di–Ol–Q of Figure 7. Boundary-layer melts from

Fig. 7. Synthetic glasses plotted on the pseudo-ternary projection from quartz (Q) in the basalt tetrahedron CaTs–Di–
Ol–Q pertaining to the CMAS system (O’Hara 1968), where C ¼ (CaO 2 3.33P2O5þ 2Na2Oþ 2K2O) � 56.08,
M ¼ (FeOþMnOþNiOþMgO 2 TiO2) � 40.31, A ¼ Al2O3þ Cr2O3þ Fe2O3þNa2OþK2Oþ TiO2) � 101.96
and S ¼ (SiO2 2 2Na2O 2 2K2O) � 60.09 (all oxides in molar proportion). Symbols as in Figure 3; ol1, cpx1 and
cpx2 refer to primary olivine, primary clinopyroxene and secondary clinopyroxene, respectively. In the two smaller
pseudo-ternary projections the trends of liquid evolution from the nephelinite-derived melts to interstitial melts are
shown for both anhydrous and hydrous experiments at the various temperatures used. The effect of alkali diffusion on
the liquid compositions is shown in the inset SiO2 v. Na2O diagram. From this diagram it is evident that the glasses at
the boundary layer of anhydrous experiments are affected by clinopyroxene dissolution mainly in the runs at the highest
temperature. In the hydrous runs the clinopyroxene dissolution had negligible effect. In all experiments, the
composition of melts formed in wehrlite is controlled by crystallization of new olivines and clinopyroxenes as well as
by the alkali diffusion process.
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higher-temperature anhydrous experiments
(1250 8C–1150 8C) are influenced to a different
extent by the effect of the preferential dissolution
of primary clinopyroxene, which implies an
increase in the abundance of cpx-derived oxides,
SiO2 and CaO (see Fig. 3). Melts from the
1150 8C hydrous run reveal, with respect to its
anhydrous analogue, a negligible contribution of
cpx1 dissolution and a significant crystallization
of both secondary olivine and clinopyroxene. Simi-
larly, boundary layer melts of lower-temperature
runs (1050 8C), when anhydrous, show a very low
assimilation of primary clinopyroxene; when
hydrous, they show essentially the crystallization
of neoformed olivineþ clinopyroxene. These
1050 8C glasses, both hydrous and anhydrous,
display a rise in alkalis and a decrease in calcium
contents (Fig. 3).

The control of assimilation–crystallization pro-
cesses on the composition of boundary layer melts
in both hydrous and anhydrous runs is shown in
more detail in the small projections of Figure 7.
They show that cpx1 dissolution has a significant
role in anhydrous experiments, whereas in
hydrous runs, the compositional effect on the
glasses of cpx1 assimilation may be hidden by the
contemporaneous crystallization of neo-crystals of
the same phase. Moreover, all boundary layer
melts are affected by olivine crystallization. A
cursory inventory of olivine and clinopyroxene
amounts involved in the formation of boundary
layer melts may be performed using Figure 7 and
applying the lever rule. For anhydrous melts, at
1250 8C, up to 15% of olivine crystallization is
necessary together with consistent (up to 40%) clino-
pyroxene assimilation. At lower temperatures, much
lower amounts of olivine crystallization (0–5%)
and clinopyroxene assimilation (10%) are
required. For hydrous melts olivine and clinopyrox-
ene crystallization always occur. It should be noted
that the amount of glass is very low, and the above per-
centages do not imply a large amount of melting of the
original paragenesis. Boundary layer melts thus
appear to be controlled by clinopyroxene dissolution
and/or crystallization in a way that can be
recognized as a reaction front (Lundstrom 2003;
Morgan & Liang 2003).

When boundary layer melts migrate through the
wehrlite, they change in composition as a result of
both the nucleation of new phases and reaction
with pre-existing clinopyroxene and olivine. As a
consequence, they progressively become enriched
in SiO2, Al2O3 and alkalis and depleted in TiO2

and P2O5 (Fig. 3). However, the observed trends
in Harker diagrams (Fig. 3 and inset in Fig. 7)
seem to indicate that a diffusive flux of Na2O and
K2O also occurrs from the nephelinite–wehrlite
boundary layer into wehrlite; the interstitial pools

are thus enriched in the faster diffusing elements
(Na2O and K2O) compared with the slower diffus-
ing TiO2 and P2O5, according to a process well
documented in other experimental studies (‘uphill
diffusion’ of Shaw et al. 1998; see also Lundstrom
2003; Morgan & Liang 2003, and references
therein). The competing behaviour between the dif-
ferently diffusing TiO2 and Na2O is evident if we
consider that the continuing clinopyroxene–melt
interaction in wehrlite should reduce sodium and
titanium content in the melt as a result of their
absorption by clinopyroxene; instead, TiO2 displays
the expected trend whereas Na2O increases (Fig. 3).

The continuing clinopyroxene–melt interaction
in fact should change both Na2O and TiO2 in the
same way and the decoupling of these two elements
shown in Figure 3 could be explained by their
different diffusivity. Moreover, the differences in
the Na2O–SiO2 enrichment trends, shown by wet
and dry experiments at 1050 8C, underline the
strong effect of water on the alkali diffusivity
(Freda & Scarlato 2001, and references therein).

Finally, the highest Na content attained in the
water-free runs found in the melt portions along
the wall of the graphite capsule may be explained
by a melt advection process (Lundstrom 2003).

Although chemical transport by diffusion may
have some effect on glass compositions, the differ-
ent behaviour of the elements in experimental melts
mainly depends on the melt/rock ratio (Navon &
Stolper 1987; Bodinier et al. 1990; Bedini et al.
1997; Vernières et al. 1997; Ionov et al. 2002).
For high melt/rock ratios, the compositional
modification of the reactant liquid is prevented or
limited to a thin layer at the melt–rock boundary
(nephelinite–wehrlite interface). Low melt/rock
ratios cause progressive compositional changes of
percolating melt as a result of its continuous inter-
action with the rock assemblage. Therefore, the
compositional variations of infiltrating melts and
reacted phases are a function of the distance from
the melt source (i.e. from the nephelinite layer)
and depend on the rate of melt infiltration in
addition to the reaction processes.

The compositions of experimental glasses when
compared with those of natural samples reveal some
significant similarities: in particular, the alkali-rich
melt compositions from hydrous and anhydrous
runs at 1050 8C mimic the alkali-rich glasses
found in natural metasomatized amphibole-free
pyroxenites (Fig. 3b–e). This suggests that in
evolved T–X systems such as those experimentally
reproduced at the lowest temperature, the compo-
sitions of melts probably were not suitable to form
amphibole. Moreover, water content could have
hindered amphibole nucleation; in fact, despite
water addition in the 1050 8C run, the metasoma-
tized assemblage contains only some spinel, a
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phase that precedes amphibole nucleation in
systems with low water activity (King et al. 2000).

Melts from runs at 1200 8C and interstitial melts
at 1250 8C approach natural low-alkali melt compo-
sitions (Fig. 3a) associated with amphibole-bearing
pyroxenites, although amphibole is absent in
these experiments.

Lack of amphibole among experimental

products

Amphibole is a phase that directly reveals metaso-
matism of mantle rocks and occurs in many
mantle xenoliths from NVL. In our experiments,
amphibole was not detected, in lherzolite or wehr-
lite. This was expected in high-T experiments (T
.1100 8C); in lower-T runs amphibole formation
could have been hampered by some parameters con-
trolling its P–T stability field in mantle rocks, such
as bulk-rock composition, particularly alkali and Ti
contents in lherzolite, and water content (e.g.
Wallace & Green 1991; Niida & Green 1999).
However, considering for comparison the Sen &
Dunn (1994) reaction experiments, it can be
observed that, although they used an amphibolite-
derived melt as metasomatizing agent, amphibole
nucleated as small (1–10 mm) grains, only at
975 8C (and not at 1025 8C) at the same pressure
as our experiments (2.0 GPa).

A further parameter that may have hindered the
amphibole crystallization is the melt/rock ratios in
the experimental charges, which, as pointed out by
Rapp et al. (1999), can affect the nature of chemical
reactions and thus the mineralogy of the resulting
assemblages.

Finally, although amphibole is outside its stab-
ility field at T . 1100 8C, we noted that in the wehr-
lite–nephelinite system the composition of melts
from high-temperature runs approaches natural
melt compositions associated with amphibole-
bearing pyroxenites. This leads us to consider that
the lack of amphibole in the runs might be due to
the experimental configuration; this imposes a con-
stant temperature on the system, a condition that
does not reproduce exactly the condition of the
natural environment, where a hot metasomatizing
melt infiltrates a colder matrix. Therefore, high-T
experimental melts could represent suitable precur-
sors of melts able to form amphibole, but to crystal-
lize this phase it should infiltrate a matrix at lower
temperature, which is excluded by the configuration
of the experiments.

Relying upon this evidence, it is possible to con-
sider that in the mantle, where a nephelinitic magma
such as SAX20 at 1200 8C passes through a rela-
tively cool wehrlite (850-1050 8C; Perinelli &
Armienti 2005; Perinelli et al. 2006), at the

magma–wall-rock contact, the wehrlite undergoes
a transient heating that induces clinopyroxene dis-
solution. The resultant melts, enriched in clinopyr-
oxene components, may percolate into cooler wall
rock while reacting with the wehrlitic mineral assem-
blage. Moreover, during their migration, melts crys-
tallize secondary clinopyroxene and they
progressively become enriched in water to achieve
amphibole saturation. Similar processes, which can
be accounted for in terms of ‘wall-rock’ metasoma-
tism and ‘diffuse’ metasomatism (Xu & Bodinier
2004, and references therein), probably lead to the
amphibole crystallization also in lherzolitic rocks,
although our experiments with lherzolite paragenesis
did not provide any indication of these processes.

Our experiments, however, do not rule out the
possibility that natural glasses associated with
amphibole may originate by interaction with a meta-
somatic agent different from SAX20 nephelinite
(i.e. a low-alkali and high-TiO2 hydrous liquid).

Concluding remarks

Although our experiments on nephelinite–
lherzolite–wehrlite assemblages did not produce
amphibole, considerable chemical modifications are
observed in both lherzolitic and wehrlitic wehrlite
assemblages portions of the charges. Moreover, the
runs on nephelinite wehrlite assemblages show that
compositional variations and their extent depend on
melt/rock ratio and are a function of the distance
from the melt source (i.e. from the nephelinite layer).

Clinopyroxene shows compositional variations in
both lithotypes: it changes from diopside to
high-Mg–Cr–(Na) augites and omphacites in lher-
zolite and to low-Mg and high-Ti–Al–Fe–Na
augites in the wehrlite. Its chemical variations par-
tially fit the modifications of clinopyroxenes found
in xenoliths and thought to be a result of reactions
between a metasomatizing melt such as SAX20
and a lherzolite (wehrlite). In particular, we were
able to reproduce experimentally at low tempera-
tures, the high SiO2/Al2O3 ratios of secondary clin-
opyroxenes found as reaction rims of orthopyroxenes
in lherzolite, whereas even the use of Ti-doped
nephelinite did not cause the Ti increase observed
in clinopyroxene of natural lherzolite. On the other
hand, the Ti, Al and Na increase in natural clinopyr-
oxenes of amphibole-free pyroxenites is fairly well
matched by crystals formed in wehrlite.

Furthermore, spinel (in lherzolite) and olivine (in
wehrlite) were compositionally modified by metaso-
matic melts: Cr-number increases and Mg-number
decreases in spinel, and forsterite decreases in olivine.

Nephelinite–lherzolite experiments produced
scarce interstitial glass; the only analysable
patches, from the 1.5 GPa-1250 8C experiment,
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have compositions that approach some melts related
to orthopyroxene–melt reaction found in natural
xenoliths. In contrast, experiments on the nepheli-
nite–wehrlite system provided a variety of melts
that fit to some extent the natural glasses. In particu-
lar, the runs at T , 1150 8C produced melts that
mimic the trends shown by high-alkali and
low-TiO2 glasses found in the amphibole-free
natural pyroxenites. Boundary layer glasses of
high-temperature (T . 1150 8C) runs could be the
precursor of glasses associated with amphibole-
bearing pyroxenites. They are significantly affected
by primary clinopyroxene dissolution and simul-
taneous crystallization of the neoformed phases.
The lack of amphibole nucleation in the exper-
iments was probably due to the fact that the fixed
temperature imposed by the experimental setting
does not allow achievement of a stability field for
amphibole, which can form in nature in an evolving
T–X regime where a hot metasomatizing melt infil-
trates a colder matrix.

This mechanism can be identified with a moving
reaction front that, although implying a relatively
low amount of melt, may induce widespread meta-
somatic effects in a wide mantle region. The vari-
able metasomatic style recognized in NVL can be
accounted for in terms of a process like this, where
the infiltration of rising basaltic melts, which are
also responsible for the formation of pyroxenitic
lenses and dykes of variable thickness, modifies
the chemical and mineralogical mantle composition,
as well as its thermal regime (Armienti & Perinelli,
unpublished). Such or variably metasomatized
mantle source is probably responsible for the Ceno-
zoic magmatism, although the role played by amphi-
bole (and clinopyroxene) in the magma generation is
still a matter of considerable debate.
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constructive reviews. The authors thank M. Coltorti for
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C. Petrone (CNR-IGG) and M. Serracino (CNR-IGAG)
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(eds) X-ray Optics and X-ray Microanalysis. Aca-
demic Press, New York, 379–392.

RAPP, R. P., SHIMIZU, N., BORMAN, M. D. &
APPLEGATE, G. S. 1999. Reaction between slab-
derived melts and peridotite in the mantle wedge:
experimental constraints at 3.8 GPa. Chemical
Geology, 160, 335–356.

ROCCHI, S., ARMIENTI, P., DI VINCENZO, G., CARDINI,
I., ROSSETTI, F. & STORTI, F. 2006. Tight link
between Cenozoic magmatism and local-regional
fault activity in the West Antarctic Rift. Terra
Antartica Reports, 12, 73–80.

ROCHOLL, A., STEIN, M., MOLZAHN, M., HART, S.R. &
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Abstract: Mantle xenoliths entrained in late Carboniferous to mid-Permian silica-poor basic
magmas from northern Scotland were investigated using major and trace element compositions
of minerals and isotopic compositions of whole-rocks and clinopyroxenes. The aim of the study
was to gain more precise information on the nature of the lithospheric mantle beneath this
terrane, including evidence for its metasomatic modification and evolution. This study concerns
peridotites from two localities in the ENE and WSW of the Scottish Northern Highlands
Terrane: Rinibar (South Ronaldsay, Orkney) and Streap Com’laidh (near Glenfinnan). Two
groups of clinopyroxenes can be distinguished both at Streap Com’laidh (Type-S1 and Type-S2)
and Rinibar (Type-R1 and Type-R2) based on different trace element contents and isotopic
ratios. Type-S1 is characterized by an almost flat profile from middle rare earth elements
(MREE) to heavy REE (HREE) accompanied by an overall light REE (LREE) enrichment. It
shows the highest Th and U, coupled with low Sr, Zr and TiO2 contents. Type-S2 exhibits
humped LREE-enriched patterns and a steep decrease from Nd to Yb. It has the lowest Th and
U, coupled with the highest Sr, TiO2 and Zr contents. Both groups of clinopyroxenes present ana-
logous isotopic features. They have measured 87Sr/86Sr values from 0.70652 to 0.70826,
144Nd/143Nd from 0.512093 to 0.512687 and 176Hf/177Hf from 0.282727 to 0.283088. These iso-
topic features could be explained by the addition in the mantle wedge of a slab component, made
up of altered oceanic crust plus a moderate quantity of subducted sediments. The most recent sub-
duction event in the geological history of Scotland is at about 400 Ma. It may have been during this
convergent stage that the metasomatism affecting the sub-Streap lithospheric mantle occurred.
Type-R1 is characterized by the lowest concentrations of Ba, Rb, Sr, LREE and U–Th, associated
with remarkably high levels of Ti and Zr. These clinopyroxenes have measured 87Sr/86Sr ranging
from 0.70330 to 0.70383, 144Nd/143Nd from 0.512643 to 0.512761 and 176Hf/177Hf from
0.282705 to 0.282899. In contrast, Type-R2 shows the highest concentrations of Ba, Rb, Sr,
LREE and U–Th, and pronounced Ti and Zr negative anomalies. They have measured
87Sr/86Sr isotopic ratios similar to Type-R1, but lower 144Nd/143Nd (0.512431–0.512524) and
higher 176Hf/177Hf (0.282921–0.283014). Calculated melt in equilibrium with Type-R1 is very
similar to inferred primary kimberlitic magmas and the clinopyroxene trace element profiles
may have resulted from an efficient chemical exchange between a percolating melt and the peri-
dotite host rock. On the other hand the calculated Type-R2 melt overlaps the field of Proterozoic
carbonatites. Significantly, at the age of 550 (+50) Ma, the two groups have almost identical Sr–
Nd compositions, similar to average depleted mid-ocean ridge basalt mantle (DMM) at 550 Ma.
This strongly suggests contemporaneous overprinting of DMM by kimberlitic and carbonatitic
metasomatic agents at c. 550 Ma, which may be related to the opening of the Iapetus Ocean fol-
lowing the break-up of the Rodinia supercontinent. These data indicate a complex metasomatic
history of the Scottish lithospheric mantle, which relate different geological events, most probably
prior to the juxtaposition of the various tectonic blocks that nowadays constitute the Northern
Highland Terranes.
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Geological Society, London, Special Publications, 293, 303–333.
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The petrological characteristics of the Scottish
lithosphere as it was in late Palaeozoic time have
been investigated through a study of spinel perido-
tite xenoliths in late Carboniferous–early Permian
alkali basaltic dykes from two localities in the
Scottish Northern Highland Terrane; that is, the tec-
tonic unit bounded by the Great Glen Fault to the
south and east and the Moine Thrust to the west
and north (Fig. 1). The localities are Rinibar
(Orkney Islands) and Streap Com’laidh (Inverness-
shire). The Streap Com’laidh xenolithic dyke was
first described by Walker & Ross (1954) followed
by a more detailed description by Praegel (1981).
The Rinibar occurrence has not previously
been reported.

Intraplate magmatism was widespread in Britain
and Ireland in the Carboniferous to the early
Permian. A review of this activity in Scotland has
been given by Upton et al. (2004). A wide assortment

of mantle and lower crustal xenoliths, together with
high-pressure phenocrysts and megacrysts, was
entrained by some of the silica-poor mafic magmas
(basanite to mela-nephelinite compositions). The
Carboniferous–Permian volcanic province in the
British Isles provides a rare (possibly unique?) oppor-
tunity to sample pre-Mesozoic mantle xenoliths that
were entrained by basaltic magmatism as opposed
to kimberlitic, lamproitic or lamprophyric magma-
tism. The majority of the occurrences are in Scotland
(Upton et al. 1983; Watson 1985; Hunter & Upton
1987; Menzies & Halliday 1988; Downes et al.
2001). Studies of deep crustal and upper mantle xeno-
liths within the Northern Highland Terrane include
those from Tingwall (Orkney), Duncansby Head
(NE Scottish mainland; Upton et al. 2001) and
Gribun (Isle of Mull; Upton et al. 1998). Further
data on lower crustal xenoliths from the terrane
have been provided by Halliday et al. (1993).

Fig. 1. Simplified map of Scotland terranes showing the boundaries of the main tectonic units and the location of
the main pre-Mesozoic mantle xenolith occurrences (after Upton 2004). Stars indicate the Rinibar and Streap
Com’laidh xenolith location.
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Mineralogical and geochemical studies of
mantle xenoliths in the province are few, as the
majority have been extensively hydrated or carbo-
nated, rendering them unsuitable for detailed analy-
sis. However, the advent of analytical techniques
such as in situ laser-ablation inductively coupled
plasma-mass spectrometry (LA-ICP-MS) and high-
precision radiogenic isotope analysis of mineral
separates by thermal ionization mass spectrometry
(TIMS) and multi-collector (MC)-ICP-MS has per-
mitted acquisition of critical new data. In this study
we present data for representative xenoliths from
Rinibar and Streap Com’laidh (henceforth abbre-
viated to Streap), including in situ major and trace
element mineral analyses acquired through electron
microprobe analysis (EMPA) and LA-ICP-MS, and
high-precision Sr–Nd–Hf isotopic data obtained by
TIMS and MC-ICP-MS on whole rock and separ-
ated clinopyroxenes. The petrological and geo-
chemical characteristics of the xenoliths throw
light on the nature of the fluids and melts that
were responsible for the metasomatism of the pre-
Mesozoic lithospheric mantle beneath northern
Scotland. They point to the operation of two distinct
metasomatic styles, one intraplate and the other
subduction-related, both very different from the
xenoliths’ host lavas. Streap xenolith-bearing
dykes show the typical characteristics of an ocean
island basalt (OIB)-like mantle source (Upton
et al. 2004; Kirstein et al. 2006).

Geological setting

Xenoliths occur abundantly in a mafic dyke c. 1 m
wide, cutting Devonian sandstones, SE of Rinibar
on the western coast of the South Ronaldsay,
Orkney (UK Grid reference [412 929]). The xeno-
liths appear to be wholly composed of spinel-
bearing lherzolites and pyroxenite megacrysts. On
Orkney, and in the far NE of the Scottish mainland,
a group of volcanic necks and vents, associated with
hundreds of small mafic, NE–SW-trending dykes,
also cut Devonian sandstones. Whole-rock K/Ar
dating on some of these dykes indicated an age of
252 + 10 Ma (Baxter & Mitchell 1984).

Another Permian NE–SW dyke swarm, dating
from c. 290 Ma, occurs further south in the North-
ern Highland Terrane (extending from Glenfinnan
to Cluanie Lodge) (Walker & Ross 1954; Upton
2004). The Streap dyke, at [945 844], is part of
this swarm and cuts Proterozoic (Moine) meta-
sedimentary rocks. The dyke is c. 70 cm wide and
contains a wide variety of xenoliths (spinel lherzo-
lites, websterites, granulite-facies metagabbros and
quartzo-feldspathic gneisses together with a mega-
cryst suite (Walker & Ross 1954; Praegel 1981;
Upton et al. 1983). Spinel lherzolite xenoliths

dominate the suite, constituting c. 90% of the total
and measuring up to 15 cm across. Praegel (1981)
presented seven whole-rock analyses of the lherzo-
lites together with mineral data for the four
principal components.

Both occurrences are located within the Northern
Highland Terrane, which is one of the five main
terranes that constitute Scotland. From south to
north, these terranes are the Southern Uplands,
Midland Valley, Grampian Highland, Northern
Highland and, to the NW of the Moine Thrust
Zone, the Hebridean Terrane (Fig. 1). The terranes
are believed to have been amalgamated into their
present relationships by 400 Ma at the latest. Uncer-
tainty exists as to where the Northern Highland
Terrane lay in earlier times, but magnetic studies
suggest that by around 1.2 Ga, it was an integral
part of a supercontinent located in the southern
hemisphere. The break-up of Rodinia led, at
c. 600 Ma, to the opening of the Iapetus Ocean.
This subsequently underwent complex closure
throughout the Ordovician and Silurian, resulting
in the Caledonian Orogeny. The final ‘docking’ of
the Northern Highland Terrane with respect to its
neighbouring Grampian and Hebridean Terranes
appears to have been effected during the (Silurian)
Scandian phase of the orogeny.

Prior to Caledonian deformation the North High-
lands Terrane is inferred to have been a relatively
stable continental region affected by extensional
tectonics between c. 1000 and 600 Ma. Extension
gave rise to shallow marine faulted basins within
which sediments accumulated and were sub-
sequently metamorphosed to form the Moine Super-
group. The terrane was subjected to an extensional
phase at c. 870 Ma when tholeiitic basalt magmas
formed a major dyke swarm, later to be amphiboli-
tized and deformed in the Caledonian Orogeny.
After this, the terrane remained little affected by
magmatism until intrusion of late Caledonian
(mainly salic) plutons at 430–410 Ma, related to
WNW-directed subduction (Thirlwall 1988). By
latest Carboniferous times the terrane had been
incorporated within the supercontinent of Pangaea.
Stresses within this led to fracturing, small-fraction
mantle melting and consequent intrusion of alkaline
mafic dykes. Some of these dykes contain the xeno-
liths that form the subject of this paper.

Petrography

Streap is among the very few British and Irish
localities where fresh peridotite xenoliths can be
found containing primary olivines and orthopyrox-
enes. Those from Rinibar show greater weathering
and the ferromagnesian silicates show secondary
hydration, commonly concentrated along fractures
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in pyroxenes and olivine, as well as the develop-
ment of calcite veins accompanied by tiny crystals
of magnetite and clay minerals. Primitive mantle
textures, however, are still preserved in the great
majority of the samples. The spinel-bearing ultra-
mafic xenoliths occur abundantly, mainly as
rounded or, more rarely, angular nodules between
10 and 20 cm in diameter. The Rinibar and Streap
xenoliths are typically fine-grained (�0.5 mm for
all minerals), with protogranular to porphyroclastic
textures (Mercier & Nicolas 1985). Those from
Streap have the finest grain size, with all minerals
varying between 200 and 400 mm diameter.

Mineral modes for samples with loss on ignition
(LOI) , 6 wt% were calculated from whole-rock
and mineral data using mass-balance calculations.
For the more weathered samples, modes were cal-
culated using the procedure proposed by Niu
(1997) for altered peridotites. In both cases results
were cross-checked with petrographic observations.
Short descriptions and modes of all the studied
samples are given in Table 1.

At both localities the peridotites are predomi-
nantly lherzolites (following the Streckeisen
(1976) classification), although samples ST1 and
ST4 from Streap are not readily classifiable.
Although both are formally lherzolites, ST1 has
7% of modal opx and is therefore considered a
wehrlite, whereas ST4, with 30% of modal cpx, is

a cpx-rich lherzolite. Sample EN5 from Rinibar,
with 33% modal olivine, is classified as
olivine websterite.

The olivines have sizes ,0.5 mm and show the
characteristic rounded grain boundaries of protogra-
nular peridotites. The Rinibar olivines are often
fractured and severely weathered, whereas the
Streap olivines are very fresh and show no defor-
mation apart from occasional undulose extinction.
Orthopyroxenes, occasionally kink-banded, exhibit
subrounded habits with grain size varying from
0.2 to 0.5 mm. These sizes are generally less than
those typical for minerals in peridotite xenoliths
(2–10 mm) (Pearson et al. 2003, and reference
therein). Emerald green clinopyroxenes in the
Streap peridotites are very fresh, primitive grains
with crystal sizes comparable with those of the ortho-
pyroxenes. In contrast, the primary Rinibar clinopyr-
oxenes commonly exhibit a spongy texture with
secondary clinopyroxenes, olivines and spinels.

Small amounts of phlogopite are present in
samples AN1, CN4, EN7, GN5, HN2 (Rinibar)
and ST1 (Streap), and sample FN3 (Rinibar) also
has very small amphibole crystals in the spongy
rim of the primary clinopyroxenes. The phlogopites
occur as brown, reddish brown to yellow tabular
crystals, disseminated in the peridotite matrix, or
concentrated in veinlets. In Rinibar samples AN1
and GN5 the phlogopites occur in polycrystalline
aggregates in association with clinopyroxenes and
dark spinels as lamellar intergrowths.

Analytical methods

Major element compositions of minerals were deter-
mined by EMPA, using a Cameca CAMEBAX
instrument, at the Istituto di Geoscienze e Geori-
sorse, CNR, Padua (Italy). An acceleration voltage
of 15 keV and sample currents of 20 mA with 100 s
counting time were used. Oxides and natural and
synthetic minerals were used as standards. Matrix
corrections were performed using the the PAP pro-
cedure in the CAMECA software. Analytical pre-
cision (2s) is better than +2% for elements in the
range 10–20 wt% oxide, better than 5% for elements
in the range 2–10 wt% oxide, and better than 10%
for elements in the range 0.5–2 wt% oxide. The con-
centrations of trace elements in clinopyroxenes and
orthopyroxenes were obtained by LA-ICP-MS at
the Istituto di Geoscienze e Georisorse, CNR,
Pavia (Italy). Precision and accuracy (both better
than 10% for concentrations at ppm level) were
assessed by repeated measurements of SNR NIST
612 and BCR-2 standards. The data obtained have
been processed with the GLITTER software
package (Van Achterberg et al. 2001). Calcium
was used as an internal standard for quantifying

Table 1. Mineral mode relative percentages of
Streap and Rinibar xenoliths

Sample Rock type LOI ol opx cpx sp phl

Streap
ST1 Wehrlite 2.38 47 7 43 2 0.9
ST3* Lherzolite 60 27 12 1
ST4 Cpx rich-lherzolite 1.49 49 20 30 1
ST5 Lherzolite 0.57 62 25 12 1
ST7* Lherzolite 60 30 9 1
ST13 Lherzolite 2.27 65 16 18 0.3

Rinibar
AN1 Lherzolite 6.87 78 11 10 1 0.4
CN2 Lherzolite 9.79 55 30 14 1
CN4 Lherzolite 6.51 81 7 9 1 1.8
EN4 Lherzolite 9.95 63 25 9 3
EN5 Ol-websterite 5.25 33 10 56 1
EN7 Lherzolite 13.1 72 13 11 3 1.8
EN8 Lherzolite 8.92 65 24 10 1
FN3 Lherzolite 5.08 69 9 20 2
FN4 Lherzolite 3.14 64 21 15 0.6
GN5 Lherzolite 10.3 62 17 20 2
HN11 Lherzolite 11.2 72 14 12 2

LOI, loss on ignition (wt%); ol, olivine; opx, orthopyroxenes; cpx,
clinopyroxenes; sp, spinels; phl, phlogopites.
*Because of the very small size of the xenolith whole-rock
analyses were not carried out, thus mineral modes were
estimated on the basis of petrographic observations.
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clinopyroxenes, and magnesium for orthopyroxenes.
The calibration protocol involves standardization at
the beginning, middle and end of each analytical
run to correct for within-run instrumental drift.
During each run BCR-2 was analysed as an
unknown sample. Full details of the analytical par-
ameters and quantification procedures have been
given by Tiepolo et al. (2003).

High-precision Sr–Nd–Hf-isotope analysis by
TIMS and MC-ICP-MS was conducted to gain evi-
dence concerning the nature of the metasomatic
agents that affected the Streap and Rinibar perido-
tites. The Sr, Nd and Hf isotope composition of
the Rinibar xenoliths was obtained on acid-washed
clinopyroxene separates to avoid possible cryptic
alteration. However, the radiogenic isotope ana-
lyses for the Streap xenoliths were obtained on
whole-rock dissolutions; separation of clinopyrox-
enes from the Streap samples was impossible
because of their anomalously fine-grained nature.

Sr–Nd–Hf isotope analyses were performed
on 100–125 mg fresh clinopyroxene separates
and whole-rock powders at the Department of
Geology, Royal Holloway University of London,
using a multi-collector VG354 mass spectrometer
(Sr and Nd) and an IsoProbe MC-ICP-MS system
for Hf. The chemical procedures were performed
in clean laboratories and all acids were purified by
sub-boiling distillation and were blank-tested for
Sr. As the blank-test for Sr gave very low values,
it is valid to assume that the Nd and Hf blanks
would also be very low. The whole-rock powders
and clinopyroxene samples were acid washed with
6N HCl in poly-tetrafluorethylene (PTFE) Savillex
beakers on a hot plate and rinsed with 18.2 MV
water to minimize the effects of alteration. Dissol-
ution was achieved with 6M HCl to which was
added a few drops of concentrated HF (a mixture
that effectively breaks down clinopyroxene), evap-
oration and subsequent addition of a concentrated
HNO3–HF mixture, which left only a few tiny
grains of unsoluble spinel in some of the clinopyr-
oxene separate samples. Following evaporation
the residue was converted to nitrate and dissolved
in 10% HNO3 and passed through c. 50 mg of
TRU-Spec resin loaded on pipette-tip columns to
separate the light rare earth elements (LREE); Nd
was separated from the remaining LREE by two
passes on anion resin exchange columns. The first
eluent containing the matrix elements, and Sr and
Hf, that was collected from the TruSpec columns
was evaporated, dissolved with 8 N HNO3 and
passed through SrSpec resin loaded in pipette-tip
columns to separate Sr from the matrix and Hf. Sr
was further purified with a second pass on the
SrSpec resin. Hf was then separated from the
heavy REE (HREE) and high field strength
elements (HFSE) and purified with a two-step

column chemistry using cation resin followed by
Ln resin (Anczkiewicz et al. 2004).

Sr was run multi-dynamically on single Re fila-
ments using a TaF5 sandwich-loading technique.
Nd was loaded on single Re filaments with dilute
H3PO4 and silica gel and run multi-dynamically
as NdOþ. Further details of the analytical pro-
cedures have been reported in the literature (Thirl-
wall 1991a, b). The external reproducibility (2s)
of this method is currently +0.000014 for
87Sr/86Sr and +0.000006 for 143Nd/144Nd. Hf was
analysed using a static procedure on the IsoProbe
(Thirlwall & Anczkiewicz 2004). Over the 3 days
of analysis the JMC475 standard yielded 176Hf/
177Hf ¼ 0.282191 + 10 (2s, n ¼ 11), and the
measured data have been corrected to JMC475
176Hf/177Hf ¼ 0.282165.

Major element, trace element and

isotopic data

The degree of weathering in the Rinibar xenoliths is
too high to permit whole-rock major and trace
element modelling. Consequently, for quantitative
assessment, particularly relating to the geochemical
nature of the Palaeozoic lithospheric mantle, our
detailed major and trace element analytical work
was restricted to the minerals (Tables 2–7).

The mg-number of the Streap olivines ranges
between 87.4 and 91.3, except for the wehrlite
ST1, which has olivines with mg-number 83.1.
The Ni contents vary between 1230 and 2670 ppm
(Table 2, Fig. 2). The mg-number for the Rinibar
olivines (87.3–92.2) are comparable, but they are
generally richer in Ni (1720–3620 ppm). Olivine
from lherzolite AN1 has anomalously low
mg-number (85.4–85.7). The more iron-rich oli-
vines do not represent secondary recrystallized
crystals but are primary grains. The predicted total
variation of olivine mg-numbers in the upper
mantle secular evolution is in the range of 86.3
(the lowest value as Bulk Silicate Earth (BSE) pri-
mordial olivine) to 92.5 (the most restitic mantle
peridotites) (O’Neill & Palme 1998). AN1 olivines
lie at the lowest limit, indicating a composition
more fertile than BSE primordial olivine. This,
however, does not agree with its modal contents
(cpx c. 9 vol%). This olivine-rich and cpx-poor
lherzolite with low mg-number in olivines has prob-
ably undergone processes that modified its original
modal and geochemical composition (e.g. metaso-
matism at high melt/rock ratio). Compared with
olivines from Archaean cratons and off-craton
Phanerozoic settings, the Streap olivines fall in
the Phanerozic field, whereas some of the Rinibar
samples fall into the field for selected cratonic
areas (Kelemen et al. 1998).
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Table 2. Representative major element analyses of olivines from Streap and Rinibar xenoliths

Streap Rinibar

lh cpx-
rich
lh

wh lh

ST3 ST3 ST5 ST5 ST13 ST13 ST4 ST1 ST1 AN1 AN1 CN2 CN2

wt%
SiO2 40.77 40.77 41.25 41.02 40.97 40.71 40.23 38.73 38.88 39.25 39.46 40.97 40.92
FeO 9.90 10.13 8.50 8.39 10.14 10.05 11.81 15.06 15.93 13.97 13.58 9.73 9.79
MnO 0.15 0.04 0.15 0.13 0.18 0.24 0.15 0.24 0.31 0.19 0.33 0.14 0.17
MgO 49.39 49.68 49.52 49.48 48.59 48.91 46.05 43.29 44.15 45.80 45.64 49.58 49.28
CaO 0.06 0.05 0.06 0.04 0.03 0.00 0.11 0.05 0.01 0.05 0.11 0.04 0.04
Cr2O3 0.02 0.04 0.00 0.00 0.01 0.00 0.02 0.00 0.04 0.00 0.08 0.00 0.00
NiO 0.30 0.21 0.30 0.29 0.29 0.16 0.32 0.11 0.16 0.25 0.26 0.45 0.37

Si 0.995 0.992 1.006 1.005 1.004 0.998 1.008 1.000 0.988 0.988 0.992 0.996 0.998
Fe 0.202 0.206 0.173 0.172 0.208 0.206 0.247 0.325 0.339 0.294 0.285 0.198 0.200
Mn 0.003 0.001 0.003 0.003 0.004 0.005 0.003 0.005 0.007 0.004 0.007 0.003 0.004
Mg 1.795 1.802 1.800 1.806 1.774 1.788 1.720 1.666 1.672 1.719 1.710 1.796 1.791
Ca 0.002 0.001 0.001 0.001 0.001 0.000 0.003 0.001 0.000 0.001 0.003 0.001 0.001
Cr 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.002 0.000 0.000
Ni 0.006 0.004 0.006 0.006 0.006 0.003 0.006 0.002 0.003 0.005 0.005 0.009 0.007
Mg-no. 89.9 89.7 91.2 91.3 89.5 89.7 87.4 83.7 83.2 85.4 85.7 90.1 90.0

mg-number ¼ 100 � Mg/(Mgþ Fe) (atomic formula units).

Fig. 2. Ni (ppm) v. mg-number in Rinibar (grey symbols) and Streap (filled and open symbols) olivines.
The vertical line indicate the predicted upper limit for mg-number (92.5) of olivine from the most restitic mantle
peridotites (O’Neill & Palme 1998). Fields of olivines from Archaean craton peridotites, both garnet and spinel
facies, are from Kelemen et al. (1998); Phanerozoic mantle olivine array is from Takahashi (1987).
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As for the olivines, mg-number values for the
orthopyroxenes from both localities range from
89.7 to 91.8. The orthopyroxenes from samples
ST1 and ST4 also have the lowest mg-number, clus-
tering around 85 and 88, respectively (Table 3).
Within a single sample, the mg-number values of
the orthopyroxenes are similar to, or slightly
greater than, those of the olivines, as the Fe–Mg
partition coefficient (Kd) between olivine and ortho-
pyroxene is c. 1 (Brey & Köhler 1990). CaO con-
tents vary between 0.37 and 1.05 wt%, with no
distinction between the two suites (Table 3).
However, the Streap orthopyroxenes have, on
average, higher Al2O3 (2.3–5.5 wt%) and lower
Cr2O3 (0.19–0.38 wt%) than those from Rinibar
(Al2O3 1.7–4.1 wt%; Cr2O3 0.23–0.53 wt%).
The LREE in the Streap orthopyroxenes are
lower, by a factor of 10, than those of Rinibar,
whereas the middle REE (MREE) and HREE are
more uniform, with chondrite-normalized patterns
showing a decrease from HREE to MREE ((Sm/
Yb)N, 0.08–0.15). The LREE enrichment in the
Rinibar orthopyroxenes is accompanied by high
Sr, U and Th, but not by Ti and Zr, suggesting the
possibility that they have interacted with a melt
rich in highly incompatible elements (Table 7).

In the Streap clinopyroxenes mg-number is
limited to 91–93, except for samples ST1 and
ST4, which, analogously to orthopyroxenes and
olivines, show the lowest values (86–88.5). In
contrast, the Rinibar clinopyroxenes exhibit a con-
tinuous spectrum of mg-number from 89 to 93,
with sample AN1 showing the lowest values
(Table 4). For all samples, the mg-number of the

clinopyroxenes is greater than that of the coexisting
olivines (and orthopyroxenes). This is consistent
with the Fe–Mg Kd for olivine–clinopyroxene,
determined experimentally at T ¼ 1000 8C and
P ¼ 1.5 GPa (ol – cpxKd ¼ 1.16; Brey & Köhler
1990). Fe–Mg distribution coefficients for the
Streap clinopyroxenes and olivines range between
1.15–1.17 (i.e. close to the values indicated by
Brey & Köhler (1990)), suggesting that the silicates
in the peridotites were in equilibrium. On the other
hand, the Fe–Mg distribution coefficient for the
Rinibar clinopyroxene–olivine pairs vary from
1.01 to 1.2, indicating disequilibrium between the
two phases.

In the Streap peridotites, the Al2O3 and TiO2

contents vary from 3.8 to 7.3 wt% and 0.57 to
1.05 wt%, respectively, whereas the primary clino-
pyroxenes from Rinibar show somewhat lower
Al2O3 (1.7–6.7 wt%) and TiO2 (,0.5 wt%) con-
tents (Table 4). When compared with primary clin-
opyroxenes, the few grains of secondary
clinopyroxenes from Rinibar, which are always
related to spongy pyroxene grains, are richer in
CaO and, to a lesser extent, TiO2, with highly vari-
able Na2O. However, in view of their scarcity and
extremely small size, which prevents detailed
analytical study, they are not considered any
further here and are not reported in Table 4.

On the basis of their REE and incompatible trace
element distribution, two types of clinopyroxenes
can be distinguished among the Streap xenoliths
(Table 7; Fig. 3a and b). The first (Type-S1) is
characterized by an almost flat profile from
MREE to HREE ((Sm/Yb)N 0.91–1.66)

Rinibar

lh

CN4 CN4 EN4 EN4 EN7 EN8 FN3 FN3 FN4 GN5 GN5 HN11

40.87 40.65 41.16 40.68 40.71 40.89 40.23 40.33 40.84 40.72 39.97 40.93
10.73 10.75 9.82 9.47 11.31 10.38 11.76 12.01 9.30 9.99 9.82 8.58
0.19 0.16 0.20 0.14 0.32 0.14 0.25 0.27 0.14 0.16 0.17 0.09
48.05 48.59 50.01 49.58 48.19 48.57 46.32 46.22 48.84 49.27 49.54 50.59
0.10 0.10 0.04 0.07 0.08 0.06 0.08 0.09 0.07 0.03 0.03 0.05
0.01 0.06 0.00 0.08 0.05 0.01 0.04 0.02 0.02 0.00 0.03 0.02
0.40 0.26 0.38 0.38 0.23 0.29 0.27 0.28 0.24 0.22 0.23 0.36

1.003 0.995 0.994 0.993 0.997 1.002 1.006 1.007 1.004 0.996 0.984 0.992
0.220 0.220 0.198 0.193 0.232 0.213 0.246 0.251 0.191 0.204 0.202 0.174
0.004 0.003 0.004 0.003 0.007 0.003 0.005 0.006 0.003 0.003 0.003 0.002
1.757 1.773 1.800 1.804 1.759 1.773 1.726 1.720 1.789 1.796 1.818 1.828
0.003 0.003 0.001 0.002 0.002 0.002 0.002 0.002 0.002 0.001 0.001 0.001
0.000 0.001 0.000 0.001 0.001 0.000 0.001 0.000 0.000 0.000 0.001 0.000
0.008 0.005 0.007 0.007 0.005 0.006 0.006 0.006 0.005 0.004 0.005 0.007
88.9 89.0 90.1 90.3 88.4 89.3 87.5 87.3 90.3 89.8 90.0 91.3
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accompanied by an overall LREE enrichment ((La/
Yb)N 0.61–4.54). It shows the highest Th and U
contents (up to 4.7 ppm and up to 1.3 ppm, respect-
ively), coupled with low Sr (78–208 ppm), Zr (27–
36 ppm) and TiO2 (0.47–0.72 wt%) contents
(Table 7). Cpx in ST3, on the whole, presents a
type-S1 profile, but with a spoon-shaped LREE
distribution, with a minimum at Pr (Fig. 3a and
b). The second type (Type-S2) exhibits humped
LREE-enriched patterns ((La/Yb)N 4.53–12.0),
with maxima at Pr (Nd) and a steep decrease from
Nd to Yb ((Sm/Yb)N 4.63–7.03). Compared with
Type-S1, these clinopyroxenes have the lowest
Th (0.06–0.59 ppm) and U (0.03–0.17 ppm),
coupled with the highest Sr (183–241 ppm), TiO2

(0.57–1.05 wt%) and Zr (21–73 ppm) (Fig. 3c
and d). The patterns of both types show positive
Eu anomalies ((EuN/((SmþGd)N/2) ¼ Eu*,
1.1–1.36).

The Rinibar clinopyroxenes are LREE-rich with
humped, strongly positive, fractionated patterns.
(La/Yb)N ranges from 6.86 to 32.2 with a
maximum at Ce. On the basis of their incompatible
trace element distributions, they are divisible into
two groups. Type-R1 is characterized by the

lowest concentrations of Ba (and Rb), Sr, LREE
and U–Th, associated with remarkably large Ti
and Zr (and Hf) anomalies varying from moderately
negative to slightly positive (Fig. 4a and b).
Type-R2 shows the highest concentrations of Ba
(and Rb), Sr, LREE, U and Th, somewhat lower
Nb (and Ta) concentrations, and pronounced Ti
and Zr (Hf) negative anomalies. Sample CN2 has
the highest overall REE concentrations; it also has
the highest Th and U (Th 7.04 ppm; U 1.84 ppm)
and it is the only sample of Rinibar having cpx
with LaN . CeN (Fig. 4c and d).

On the basis of their textures, all spinels in the
Streap lherzolites can be classified as ‘primary’
spinel and are compositionally rather homogeneous
(Table 5). They are extremely fertile in terms of
aluminium contents (cr-number ¼ (Cr/(CrþAl) �
100), 8.40–18.8) and show mg-number (80–84)
and TiO2 contents (0.05–0.18 wt%) compatible
with mantle conditions (Barnes & Roeder 2001).
Spinels from ST1 and ST4 are relatively rich in
TiO2 (0.40–0.60 wt%) and have cr-number values
of 9.86–18.8 associated with low mg-number
(61–78). In contrast, the Rinibar spinels are strongly
zoned with cr-number ranging from 8.26 to 71.8 and,

Table 3. Representative major element analyses of orthopyroxenes from Streap and Rinibar xenoliths

Streap

lh cpx-rich lh wh

ST3 ST3 ST5 ST7 ST7 ST13 ST13 ST4 ST1

wt%
SiO2 55.44 55.27 55.23 55.33 54.83 55.05 55.46 53.81 54.07
TiO2 0.11 0.15 0.14 0.16 0.17 0.12 0.13 0.29 0.16
Al2O3 4.09 4.53 4.41 4.16 3.99 4.13 3.48 5.40 2.94
Fe2O3 0.22 0.42 0.00 0.19 0.53 0.29 0.44 0.05 0.40
FeO 5.87 6.00 5.35 6.05 5.43 6.52 6.35 7.32 9.54
MnO 0.14 0.03 0.15 0.11 0.17 0.22 0.25 0.12 0.25
MgO 33.33 33.62 33.09 33.25 33.72 33.20 33.88 31.03 30.92
CaO 0.73 0.71 0.79 0.67 0.65 0.46 0.37 1.02 0.47
Na2O 0.13 0.11 0.13 0.11 0.13 0.05 0.03 0.15 0.07
K2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02
Cr2O3 0.26 0.31 0.35 0.26 0.21 0.30 0.19 0.34 0.28

Si 1.904 1.883 1.908 1.902 1.888 1.896 1.902 1.879 1.912
Ti 0.003 0.004 0.004 0.004 0.005 0.003 0.003 0.007 0.004
Al 0.165 0.182 0.180 0.168 0.162 0.168 0.141 0.222 0.123
Fe III 0.006 0.011 0.000 0.005 0.014 0.007 0.011 0.001 0.011
Fe II 0.169 0.171 0.154 0.174 0.156 0.188 0.182 0.214 0.282
Mn 0.004 0.001 0.004 0.003 0.005 0.006 0.007 0.003 0.007
Mg 1.706 1.707 1.704 1.703 1.731 1.703 1.732 1.615 1.630
Ca 0.027 0.026 0.029 0.025 0.024 0.017 0.014 0.038 0.018
Na 0.009 0.007 0.009 0.008 0.009 0.003 0.002 0.010 0.005
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
Cr 0.007 0.008 0.009 0.007 0.006 0.008 0.005 0.009 0.008
Mg no. 91.0 90.9 91.7 90.7 91.7 90.1 90.5 88.3 85.3

mg-number ¼ 100 � Mg/(Mgþ Fe) (atomic formula units).
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on the whole, they show higher cr-number and TiO2

contents (up to 2.04 wt%) than those from Streap.
Phlogopites are present in a few samples from

both xenolith groups, and in these the mg-number
values mimic those of the coexisting pyroxenes
(Table 6). However, whereas the disseminated
phlogopites in the Streap xenoliths have low Ba,
Zr (and Hf) and extremely low Nb (5–6 ppm) con-
tents, those in the Rinibar samples are enriched in
both LILE (Ba up to 39 000 ppm) and HFSE (Nb,
130–150 ppm) (Table 7).

Sr, Nd and Hf isotopic data for the xenoliths are
reported in Table 8, along with the internal error
(2s). The Type-R1 clinopyroxenes have measured
87Sr/86Sr values ranging from 0.70330 to 0.70383,
143Nd/144Nd from 0.512643 to 0. 512761 and
176Hf/177Hf from 0.282705 to 0.282899. Although
the Type-R2 clinopyroxenes have similar measured
87Sr/86Sr isotopic ratios, they have lower 143Nd/
144Nd (0.512431–0.512524) and higher 176Hf/177Hf
(0.282921–0.283014) than the Type-R1 clinopyrox-
enes. The two groups of Streap xenoliths, separated
on the basis of their trace element contents, are none
the less isotopically indistinguishable in terms of
Nd–Hf systematics. In turn, the Type-S1 xenolith
group shows a slight tendency towards more

radiogenic Sr. However, when compared with data
from mineral separates and whole rocks of nine peri-
dotite xenoliths from Streap (Menzies & Halliday
1988), which have trace element distribution closely
comparable with our data for both Type-S1 and
Type-S2 xenoliths, no difference has been observed.
Typically, they have measured 87Sr/86Sr values
from 0.70652 to 0.70826, 143Nd/144Nd from
0.512093 to 0.512687 and 176Hf/177Hf from
0.282727 to 0.283088. Only the ST1 samples record
very low Nd and Hf isotope ratios (measured
143Nd/144Nd 0.512093 and 176Hf/177Hf 0.282562)
with marginally higher radiogenic Sr. Compared
with both Rinibar types of clinopyroxenes, Streap
whole-rock xenoliths have more radiogenic Sr,
whereas the Nd and Hf isotope ratios are clearly
distinct only for two samples (Table 8).

Physico-chemical constraints on

the nature and evolution of the Scottish

lithosphere

Thermal and rheological contraints

Fine-grained protogranular textures have been
observed in peridotite xenoliths from various

Rinibar

lh

CN2 CN2 EN4 EN4 EN8 EN8 FN4 GN5 GN5

55.77 56.19 55.96 56.15 55.70 55.61 54.71 56.51 55.88
0.04 0.02 0.02 0.00 0.06 0.07 0.10 0.00 0.04
4.12 3.06 2.24 2.23 3.88 4.22 4.54 1.76 2.26
0.20 0.33 0.16 0.40 0.25 0.53 0.14 0.10 0.58
6.63 6.18 5.84 5.83 6.83 6.13 5.89 6.14 5.61
0.14 0.15 0.06 0.15 0.16 0.18 0.16 0.16 0.24
33.10 33.94 33.66 34.24 33.16 33.84 32.63 33.65 34.20
0.87 0.84 0.64 0.73 0.72 0.79 0.90 0.79 0.82
0.08 0.05 0.10 0.04 0.06 0.08 0.11 0.12 0.11
0.01 0.00 0.06 0.03 0.02 0.00 0.00 0.01 0.02
0.53 0.29 0.37 0.44 0.34 0.35 0.45 0.23 0.34

1.901 1.919 1.945 1.930 1.905 1.885 1.895 1.960 1.923
0.001 0.001 0.001 0.000 0.002 0.002 0.003 0.000 0.001
0.166 0.123 0.092 0.090 0.157 0.168 0.185 0.072 0.092
0.005 0.008 0.004 0.010 0.006 0.014 0.004 0.003 0.015
0.189 0.176 0.170 0.168 0.195 0.174 0.171 0.178 0.162
0.004 0.004 0.002 0.004 0.004 0.005 0.005 0.005 0.007
1.682 1.727 1.743 1.754 1.690 1.709 1.685 1.739 1.754
0.032 0.031 0.024 0.027 0.026 0.029 0.034 0.029 0.030
0.005 0.003 0.007 0.003 0.004 0.005 0.008 0.008 0.007
0.001 0.000 0.003 0.001 0.001 0.000 0.000 0.001 0.001
0.014 0.008 0.010 0.012 0.009 0.009 0.012 0.006 0.009
89.9 90.8 91.1 91.3 89.7 90.8 90.8 90.7 91.5
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Table 4. Representative major element analyses of clinopyroxenes from Streap and Rinibar xenoliths

Streap Rinibar

lh cpx-rich lh wh lh

ST3 ST5 ST5 ST7 ST7 ST13 ST13 ST4 ST4 ST4 ST1 ST1 AN1 AN1 CN2 CN2 CN2 CN4 CN4

wt%
SiO2 52.30 52.22 52.49 51.60 51.84 52.11 52.04 50.67 50.84 51.08 49.90 50.89 52.89 53.22 53.51 53.12 53.27 52.01 51.37
TiO2 0.55 0.61 0.55 0.61 0.72 0.67 0.75 1.04 1.03 0.89 0.73 0.69 0.53 0.46 0.10 0.13 0.10 0.35 0.42
Al2O3 6.36 6.67 6.75 6.54 6.67 3.77 6.91 7.31 7.30 6.93 5.04 3.82 2.15 3.26 3.50 4.16 3.97 4.34 3.46
Fe2O3 0.35 0.20 0.24 0.42 0.28 0.37 0.40 0.19 0.23 0.22 0.67 0.70 0.32 0.71 0.55 0.53 0.57 0.44 0.26
FeO 2.84 2.31 2.50 2.44 2.49 2.07 2.16 3.94 3.76 3.68 3.81 3.63 2.90 3.44 2.59 2.69 2.58 3.04 2.70
MnO 0.20 0.08 0.10 0.07 0.10 0.02 0.15 0.10 0.12 0.11 0.11 0.16 0.14 0.09 0.08 0.09 0.14 0.15 0.11
MgO 15.36 15.52 15.35 15.24 15.24 16.59 14.26 15.06 15.01 15.33 14.33 15.36 16.52 15.43 17.61 16.81 17.04 15.89 15.76
CaO 20.19 19.62 19.68 19.78 19.87 23.38 20.41 18.72 18.84 18.92 22.02 22.44 22.27 20.40 21.64 21.42 21.48 19.80 22.59
Na2O 1.64 1.80 1.88 1.81 1.75 0.49 2.18 1.54 1.63 1.54 0.94 0.74 0.77 1.90 0.80 1.04 1.00 1.47 0.54
K2O 0.03 0.00 0.01 0.00 0.02 0.00 0.01 0.01 0.01 0.00 0.03 0.00 0.00 0.00 0.02 0.02 0.03 0.00 0.05
Cr2O3 0.81 0.70 0.72 0.54 0.62 0.96 0.69 0.59 0.62 0.63 0.70 0.41 1.43 1.53 0.62 0.51 0.45 1.15 1.60

Si 1.878 1.884 1.885 1.876 1.876 1.885 1.877 1.850 1.851 1.860 1.856 1.880 1.929 1.924 1.914 1.909 1.912 1.908 1.896
Ti 0.015 0.017 0.015 0.017 0.020 0.018 0.020 0.029 0.028 0.024 0.020 0.019 0.015 0.012 0.003 0.004 0.003 0.010 0.012
Al 0.269 0.284 0.286 0.280 0.285 0.161 0.294 0.315 0.314 0.297 0.221 0.166 0.092 0.139 0.148 0.176 0.168 0.188 0.151
Fe III 0.009 0.005 0.007 0.012 0.008 0.010 0.011 0.005 0.006 0.006 0.019 0.019 0.009 0.019 0.015 0.014 0.015 0.012 0.007
Fe II 0.085 0.070 0.075 0.074 0.075 0.063 0.065 0.120 0.115 0.112 0.119 0.112 0.088 0.104 0.077 0.081 0.077 0.093 0.083
Mn 0.006 0.002 0.003 0.002 0.003 0.001 0.004 0.003 0.004 0.003 0.003 0.005 0.004 0.003 0.002 0.003 0.004 0.005 0.003
Mg 0.822 0.834 0.822 0.826 0.822 0.895 0.767 0.819 0.814 0.832 0.794 0.845 0.898 0.831 0.939 0.900 0.911 0.869 0.867
Ca 0.777 0.758 0.757 0.771 0.771 0.906 0.789 0.732 0.735 0.738 0.878 0.888 0.870 0.790 0.829 0.825 0.826 0.778 0.893
Na 0.114 0.126 0.131 0.127 0.123 0.034 0.152 0.109 0.115 0.109 0.068 0.053 0.054 0.133 0.055 0.072 0.070 0.105 0.039
K 0.001 0.000 0.001 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.002
Cr 0.023 0.020 0.020 0.016 0.018 0.027 0.020 0.017 0.018 0.018 0.021 0.012 0.041 0.044 0.018 0.014 0.013 0.033 0.047
mg-

no.
90.6 92.3 91.6 91.8 91.6 93.4 92.2 87.2 87.6 88.1 87.0 88.3 91.1 88.9 92.4 91.7 92.2 90.3 91.3
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Rinibar

lh

CN4 EN4 EN5 EN5 EN7 EN7 EN8 FN3 FN3 FN4 FN4 FN4 GN5 GN5 GN5 HN11 HN11 HN11

wt%
SiO2 52.27 52.85 51.11 51.99 54.77 54.15 52.50 53.63 53.45 52.06 52.07 51.10 53.95 53.74 49.62 53.94 54.65 51.83
TiO2 0.49 0.60 0.38 0.34 0.23 0.21 0.18 0.05 0.18 0.21 0.35 0.48 0.07 0.10 0.42 0.25 0.18 0.86
Al2O3 2.85 3.00 4.58 4.11 1.90 2.15 4.84 2.81 3.75 6.20 6.10 6.75 3.81 1.96 6.00 2.56 2.96 3.29
Fe2O3 0.23 0.45 0.81 0.66 0.51 0.53 0.34 0.48 0.34 0.24 0.26 0.42 0.52 0.22 0.58 0.39 0.15 0.30
FeO 2.79 2.70 2.60 2.73 3.09 2.75 2.88 3.04 3.49 2.87 2.80 2.64 2.66 2.88 2.16 2.44 2.30 2.03
MnO 0.07 0.17 0.14 0.07 0.17 0.06 0.12 0.12 0.13 0.09 0.10 0.11 0.16 0.15 0.01 0.03 0.10 0.05
MgO 16.23 17.02 16.33 16.75 16.79 16.10 16.20 16.40 15.77 15.96 15.92 15.32 16.27 17.61 15.87 16.42 15.85 15.98
CaO 22.40 22.79 22.12 22.16 21.18 21.48 21.64 20.30 19.96 19.60 19.89 19.99 19.67 22.02 21.32 20.14 19.59 22.32
Na2O 0.65 0.55 0.74 0.68 1.45 1.57 0.92 1.53 1.66 1.41 1.41 1.51 1.93 0.50 0.75 1.75 2.15 0.95
K2O 0.02 0.00 0.01 0.02 0.01 0.02 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.02 0.04 0.07 0.00
Cr2O3 1.49 1.10 0.33 0.34 1.05 1.22 0.40 0.84 0.85 0.86 0.83 0.95 0.84 0.67 2.41 2.19 2.31 2.50

Si 1.914 1.899 1.868 1.886 1.962 1.958 1.900 1.954 1.942 1.886 1.884 1.859 1.945 1.951 1.819 1.949 1.968 1.887
Ti 0.013 0.016 0.010 0.009 0.006 0.006 0.005 0.001 0.005 0.006 0.009 0.013 0.002 0.003 0.012 0.007 0.005 0.024
Al 0.123 0.127 0.197 0.176 0.080 0.092 0.206 0.120 0.161 0.265 0.260 0.289 0.162 0.084 0.259 0.109 0.126 0.141
Fe III 0.006 0.012 0.022 0.018 0.014 0.014 0.009 0.013 0.009 0.006 0.007 0.012 0.014 0.006 0.016 0.011 0.004 0.008
Fe II 0.085 0.081 0.079 0.083 0.093 0.083 0.087 0.093 0.106 0.087 0.085 0.080 0.080 0.087 0.066 0.074 0.069 0.062
Mn 0.002 0.005 0.004 0.002 0.005 0.002 0.004 0.004 0.004 0.003 0.003 0.003 0.005 0.004 0.000 0.001 0.003 0.002
Mg 0.886 0.912 0.889 0.906 0.896 0.868 0.874 0.891 0.854 0.862 0.858 0.831 0.874 0.953 0.867 0.884 0.850 0.867
Ca 0.879 0.878 0.866 0.861 0.813 0.832 0.839 0.792 0.777 0.761 0.771 0.779 0.760 0.857 0.837 0.780 0.756 0.871
Na 0.046 0.038 0.053 0.048 0.101 0.110 0.065 0.108 0.117 0.099 0.099 0.106 0.135 0.036 0.053 0.123 0.150 0.067
K 0.001 0.000 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.002 0.003 0.000
Cr 0.043 0.031 0.009 0.010 0.030 0.035 0.011 0.024 0.025 0.025 0.024 0.027 0.024 0.019 0.070 0.063 0.066 0.072
mg-

no.
91.2 91.8 91.8 91.6 90.6 91.3 90.9 90.5 89.0 90.8 91.0 91.2 91.6 91.6 92.9 92.3 92.5 93.3

mg-number ¼ 100 � Mg/(Mgþ Fe) (atomic formula units).
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Scottish localities (Hunter & Upton 1987; Menzies
et al. 1987; Downes et al. 2001). However, such
textures are globally rare in spinel peridotite
xenoliths of intraplate Cenozoic (Phanerozoic?)

magmas (Pearson et al. 2003, and reference
therein). Fine-grained protogranular textures are
also very scarce in mantle xenoliths in pre-Mesozoic
kimberlites and lamproites (Dawson 1980; Pearson

Fig. 3. Chondrite-normalized REE (a) and incompatible trace element (b) plots of Streap Type-S1 clinopyroxenes;
Type-S2 (thin grey profiles) are reported for comparison. Chondrite-normalized REE (c) and incompatible trace
element (d) plots of Streap Type-S2 clinopyroxenes; Type-S1 (thin grey profiles) are reported for comparison.
Normalizing factors from McDonough & Sun (1995).
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Fig. 3. (Continued).
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Fig. 4. Chondrite-normalized REE (a) and incompatible trace element (b) plots of Rinibar Type-R1
clinopyroxenes; Type-R2 (thin grey profiles) and clinopyroxenes from MARID peridotites and garnet–phlogopite
peridotites (PP) from the Kimberley pipes (South Africa) (Grègoire et al. 2002) are also reported for comparison.
Chondrite-normalized REE (c) and incompatible trace element (d) plots of Rinibar Type-R2 clinopyroxenes;
Type-R1 (thin grey profiles) and carbonatite-metasomatized Cr-diopsides from spinel peridotite xenoliths from
Kutch (Western India, Karmalkar & Rege 2002), southern Patagonia (Gorring & Kay 2000) and Comores
(Coltorti et al. 1999) are also reported for comparison. Normalizing factors from McDonough & Sun (1995).
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Fig. 4. (Continued).
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et al. 2003). Among the very few examples that we
know of are those from the Palaeozoic (590–
470 Ma) kimberlites of eastern Finland (Kukkonen
& Peltonen 1999; Kukkonen et al. 2003), which
have peridotite textures comparable with those
from Rinibar. The subcontinental mantle that they
represent is interpreted to have stabilized in the
late Archaean (3.5–2.7 Ga). Fine-grained protogra-
nular textures are also reported for a group of
pyroxenites (orthopyroxenites and mica clinopyr-
oxenites) in the Mesozoic Weltevreden and Mzong-
wana kimberlites in South Africa (Doyle et al.
2004), which have been interpreted as reaction
products between ‘megacryst magma’ and mantle
peridotite. Very fine-grained peridotite textures
(with olivines 60–70 mm in diameter) are also
known from xenoliths from a mantle wedge
above a subduction zone, attributed to the strong
shearing that characterizes such environments
(Arai et al. 2004). Coarse textures (i.e. grain size
.5 mm), are considered to be characteristic of
the subcratonic lithospheric mantle (Silver et al.
1999; Pearson et al. 2003). The grain growth
occurs when there is a local destabilization of
the grain structure induced by a thermal injection
accompanied by a long-term residence in a

high-temperature–low-stress regime (Silver et al.
1999). This is believed to be characteristic of the
Archaean subcratonic mantle, where abnormally
large crystals occur (e.g. olivines up to 30 mm;
Pearson et al. 2003). These probably grew in
higher geothermal regimes than those of Phanero-
zoic subcontinental mantle (Francis 2003). Under
a dynamic recrystallization regime, stress domi-
nates over the temperature effect, leading to
smaller grains at higher stress (Karato et al. 1980;
de Bresser et al. 1998, 2001). The very fine grain
size of the Scottish xenoliths may reflect efficient
dynamic recrystallization. This matches neither
cratonic mantle roots nor the Phanerozoic mantle.

Equilibrium temperature estimates for the
Streap and Rinibar xenoliths were calculated
using the opx–cpx Fe–Mg exchange thermometer
(Brey & Köhler 1990). Both populations record
very similar range of temperatures (Streap 840–
1000 8C; Rinibar 870–1000 8C), with only sample
ST4 showing higher temperatures (1180–
1200 8C). It is noteworthy that these are only
slightly higher than equibration temperatures
(820–800 8C) estimated for the ultramafic cumulate
suites that are inferred to overlie the lithospheric
lherzolites in the Northern Highland Terrane

Table 5. Representative major element analyses of spinels from Streap and Rinibar xenoliths

Streap Rinibar

lh cpx-rich lh wh lh

ST3 ST3 ST5 ST5 ST7 ST13 ST4 ST4 ST1 ST1 AN1 AN1 CN2 CN2 CN4

wt%

SiO2 0.06 0.05 0.08 0.08 0.07 0.06 0.09 0.09 0.02 0.04 0.09 0.09 0.11 0.04 0.09

TiO2 0.15 0.18 0.13 0.13 0.12 0.05 0.56 0.56 0.39 0.60 1.60 2.04 0.08 0.06 0.46

Al2O3 56.32 56.28 54.90 55.08 58.19 57.30 52.91 52.48 42.83 38.41 13.06 22.01 44.74 44.04 37.68

Fe2O3 3.65 2.97 2.57 2.30 2.08 1.58 4.49 4.67 10.29 13.14 11.34 8.87 5.40 5.77 5.22

FeO 7.82 8.31 7.02 7.07 8.22 8.84 10.21 9.71 16.00 16.88 19.00 16.62 10.35 9.81 11.70

MnO 0.12 0.12 0.07 0.05 0.11 0.05 0.11 0.09 0.21 0.16 0.48 0.35 0.11 0.23 0.15

MgO 21.11 20.85 21.06 21.12 20.99 20.33 18.92 19.13 14.18 12.77 10.04 12.83 18.65 18.61 16.58

Cr2O3 9.00 9.53 9.97 10.24 7.94 8.67 8.47 8.33 12.72 13.24 42.63 35.67 20.27 20.47 25.10

NiO 0.33 0.33 0.31 0.28 0.32 0.28 0.36 0.35 0.07 0.24 0.19 0.25 0.25 0.26 0.21

Si 0.002 0.001 0.002 0.002 0.002 0.002 0.002 0.002 0.001 0.001 0.003 0.003 0.003 0.001 0.003

Ti 0.003 0.003 0.003 0.003 0.002 0.001 0.011 0.012 0.009 0.014 0.040 0.048 0.002 0.001 0.010

Al 1.734 1.735 1.729 1.729 1.788 1.783 1.699 1.695 1.465 1.361 0.511 0.811 1.442 1.430 1.288

Fe 0.070 0.060 0.050 0.050 0.040 0.030 0.090 0.100 0.220 0.300 0.280 0.210 0.110 0.120 0.110

Fe II 0.170 0.180 0.160 0.160 0.180 0.200 0.230 0.220 0.390 0.420 0.530 0.430 0.240 0.230 0.280

Mn 0.003 0.003 0.002 0.001 0.002 0.001 0.002 0.002 0.005 0.004 0.014 0.009 0.003 0.005 0.004

Mg 0.822 0.813 0.838 0.838 0.815 0.800 0.768 0.781 0.613 0.572 0.497 0.597 0.760 0.764 0.716

Cr 0.186 0.197 0.211 0.216 0.164 0.181 0.182 0.181 0.292 0.315 1.119 0.881 0.438 0.446 0.575

Ni 0.007 0.007 0.007 0.006 0.007 0.006 0.008 0.008 0.002 0.006 0.005 0.006 0.005 0.006 0.005

cr-no. 9.7 10.2 10.9 11.1 8.4 9.2 9.7 9.6 16.6 18.8 68.7 52.1 23.3 23.8 30.9

mg-no. 82.9 81.9 84.0 84.0 81.9 80.0 77.0 78.0 61.1 57.7 48.4 58.1 76.0 76.9 71.9

cr-number ¼ 100 � Cr/(CrþAl) (atomic formula units).
mg-number ¼ 100 � Mg/(Mgþ Fe) (atomic formula units).
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(Upton et al. 1998, 2001). These temperatures are,
on average, lower than those recorded by mantle
xenoliths (1000–1100 8C) in Phanerozoic alkali
basalts from around the world (Downes et al.
2001; Pearson et al. 2003) but match the tempera-
tures reported for the shallowest cratonic mantle

and off-cratonic mantle roots (Francis 2003;
Griffin et al. 2003; King 2005).

No reliable pressure values were obtained using
the ol–cpx Ca exchange barometer of Köhler &
Brey (1990), because of the disequilibrium of
calcium between the two phases, but as spinel is

Rinibar

lh

CN4 EN4 EN4 EN5 EN5 EN7 EN7 EN8 EN8 FN3 FN3 FN4 FN4 GN5 HN11 HN11

wt%

0.19 0.07 0.09 0.05 0.06 0.05 0.20 0.15 0.09 0.12 0.20 0.06 0.06 0.06 0.05 0.06

1.42 0.13 0.14 0.14 0.17 1.01 1.82 0.03 0.04 0.73 0.76 0.18 0.22 0.16 0.51 0.54

21.90 30.39 30.59 55.95 56.45 14.13 15.14 52.73 51.85 25.18 27.03 48.49 49.60 25.79 13.23 14.84

6.47 6.58 6.40 3.86 4.52 10.88 10.16 4.49 4.03 9.41 7.96 3.92 3.42 5.67 5.02 5.67

15.65 11.54 12.22 9.45 9.37 13.75 21.03 9.49 8.88 14.42 14.92 8.50 9.00 12.27 13.16 12.63

0.33 0.27 0.33 0.11 0.08 0.29 0.55 0.12 0.07 0.27 0.25 0.09 0.11 0.23 0.28 0.29

12.47 15.98 15.82 19.91 20.31 13.33 8.70 19.77 19.58 12.88 12.66 19.54 19.47 15.21 12.71 13.38

36.59 33.43 34.52 8.32 7.58 45.02 39.98 11.96 12.09 30.32 29.08 15.32 15.06 39.63 50.17 48.74

0.22 0.25 0.23 0.31 0.16 0.13 0.12 0.30 0.40 0.18 0.21 0.24 0.28 0.09 0.03 0.09

0.006 0.002 0.003 0.001 0.002 0.002 0.007 0.004 0.002 0.004 0.007 0.002 0.002 0.002 0.002 0.002

0.034 0.003 0.003 0.003 0.003 0.024 0.046 0.001 0.001 0.018 0.018 0.004 0.004 0.004 0.013 0.013

0.832 1.061 1.053 1.742 1.744 0.537 0.595 1.651 1.654 0.957 1.022 1.574 1.594 0.917 0.521 0.572

0.160 0.150 0.140 0.080 0.090 0.260 0.250 0.090 0.080 0.230 0.190 0.080 0.070 0.130 0.130 0.140

0.420 0.290 0.300 0.210 0.210 0.370 0.590 0.210 0.200 0.390 0.400 0.200 0.210 0.310 0.370 0.350

0.009 0.007 0.008 0.002 0.002 0.008 0.016 0.003 0.002 0.007 0.007 0.002 0.002 0.006 0.008 0.008

0.599 0.705 0.689 0.784 0.793 0.641 0.432 0.783 0.790 0.619 0.605 0.802 0.791 0.684 0.633 0.652

0.932 0.783 0.797 0.174 0.157 1.148 1.053 0.251 0.259 0.773 0.737 0.334 0.325 0.945 1.326 1.260

0.006 0.006 0.005 0.007 0.003 0.003 0.003 0.006 0.009 0.005 0.005 0.005 0.006 0.002 0.001 0.002

52.8 42.5 43.1 9.1 8.3 68.1 63.9 13.2 13.5 44.7 41.9 17.5 16.9 50.8 71.8 68.8

58.8 70.9 69.7 78.9 79.1 63.4 42.3 78.9 79.8 61.3 60.2 80.0 79.0 68.8 63.1 65.1

Table 6. Representative major element analyses of phlogopites from Streap and Rinibar xenoliths

Streap Rinibar

wh lh

ST1 ST1 ST1 AN1 AN1 AN1 CN4 CN4 CN4 GN5 EN7 EN7 EN7

wt%
SiO2 36.95 36.46 36.39 34.69 38.16 37.72 37.81 37.08 37.73 31.31 35.80 34.60 35.22
TiO2 4.64 4.90 4.27 7.23 5.75 6.25 3.35 3.38 3.52 6.21 5.05 6.58 6.74
Al2O3 14.85 14.82 15.18 15.15 15.21 12.27 16.10 16.24 16.05 16.62 15.26 15.18 15.73
FeO 6.53 6.69 6.40 7.60 7.25 8.27 4.68 4.65 4.70 9.47 8.37 9.74 6.88
MnO 0.04 0.00 0.02 0.06 0.12 0.09 0.00 0.02 0.08 0.02 0.09 0.13 0.02
MgO 19.78 19.25 19.80 17.53 19.89 19.04 20.98 20.95 20.86 15.90 17.53 17.48 18.43
Na2O 0.61 0.62 0.64 0.49 0.72 0.58 0.77 0.78 0.76 1.15 0.88 0.80 0.83
K2O 9.08 8.57 8.68 7.61 8.82 7.56 8.34 8.21 8.23 6.19 7.94 7.14 8.24
Cr2O3 0.56 0.62 0.73 0.05 0.04 0.00 1.49 1.34 1.96 0.11 0.00 0.00 0.12
NiO 0.09 0.06 0.04 0.11 0.09 0.11 0.18 0.28 0.16 0.00 0.13 0.08 0.06
mg-no. 84.4 83.7 84.6 80.4 83.0 80.4 88.9 88.9 88.8 75.0 78.9 76.2 82.7

mg-number ¼ 100 � Mg/(Mgþ Fe) (atomic formula units).
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the only aluminous phase, it is reasonable to con-
sider the range of 1.2–1.8 GPa as the barometric
conditions at the time of the xenolith entrainment.

In summary, the thermal and rheological data
indicate that the lithospheric mantle beneath the
SW and the NE parts of the Northern Highlands
Terrane, as sampled by the dykes at Rinibar and
Streap, differs from the simple ‘pure’ Archaean to
Phanerozoic cratonic and Phanerozoic off-cratonic
environments. We might infer that these xenoliths
represent portions of both cratonic and off-cratonic
Proterozoic mantle.

Pre-Palaeozoic Rinibar and Streap

mantle composition

The concentrations of major and trace elements in
the minerals from most of the Rinibar and Streap
xenoliths vary with mg-number. However, there is
no clear depletion trend that can be attributed to

melt extraction. For the Rinibar samples, it is diffi-
cult to constrain the melting conditions prior to
metasomatism, as the abundances of even those
elements least likely to have been influenced by
metasomatism (i.e. HREE, Zr and Y) vary widely
and do not relate to the major refractory indicators.
Moreover, it is highly probable that the clinopyrox-
enes are ‘originally’ secondary in nature, as
suggested by many workers for the origin of the
clinopyroxenes and garnets in the Archaean sub-
continental lithospheric mantle (e.g. Stachel et al.
1998; Griffin et al. 1999; Bonadiman et al. 2004;
Spengler et al. 2006). Some indications, however,
of the Pre-Palaeozoic nature of the Scottish litho-
sphere can be deduced from a few key major and
trace elements in the minerals. For example, the
Al2O3 and Cr2O3 contents of the pyroxenes of the
two suites are strikingly different, with the
Rinibar orthopyroxenes and clinopyroxenes (at
comparable mg-number), having lower Al2O3 and
higher Cr2O3 than those from Streap (Fig. 5). In

Table 7. Trace element compositions (ppm) of clinopyroxenes (cpx), orthopyroxenes (opx) and phlogopites (phl) of
Streap and Rinibar xenoliths

Streap

Type-S1

ST3 ST5

ppm cpx cpx cpx cpx cpx cpx cpx cpx opx opx

Cs ,0.04 ,0.04 ,0.04 ,0.04
Rb ,0.09 ,0.09 ,0.09 ,0.08
Ba 0.39 0.50 0.65 0.29 0.01
Th 0.68 0.80 0.63 0.62 0.95 0.90 1.06 1.22 0.001
U 0.20 0.21 0.18 0.17 0.19 0.18 0.24 0.28 0.05 0.05
Nb 0.53 0.69 0.49 0.56 1.47 1.36 1.13 1.55
La 3.47 5.40 3.01 3.34 9.06 10.5 6.80 11.3 0.03
Ce 4.97 6.98 4.15 4.15 20.3 21.6 13.3 27.3 0.08 0.08
Pr 0.66 0.82 0.55 0.58 2.37 2.40 1.49 3.30 0.01
Sr 73.1 94.6 69.5 66.5 183 177 124 208 0.4 0.37
Nd 3.73 4.44 3.24 3.39 9.27 9.43 6.07 12.2 0.09
Zr 20.7 22.0 20.7 20.9 28.8 29.4 29.6 36.6 1.94 1.22
Hf 0.87 0.84 0.88 0.82 0.72 0.79 0.96 0.98 0.05 0.04
Sm 1.60 1.93 1.63 1.57 2.06 2.27 2.09 2.89 0.03
Eu 0.80 0.84 0.78 0.73 0.78 0.86 0.82 1.09
Gd 2.48 2.32 2.22 2.02 2.53 2.70 2.54
Tb 0.45 0.50 0.46 0.41 0.45 0.47 0.44 0.51 0.02
Dy 3.15 3.22 3.19 2.78 2.99 3.11 2.95 3.33 0.15 0.12
Y 17.0 17.6 16.4 16.1 19.8 19.0 20.6 20.4 1.37 1.01
Ho 0.67 0.73 0.72 0.67 0.59 0.61 0.64 0.70 0.04 0.03
Er 1.89 1.85 1.93 1.64 1.62 1.72 1.88 1.87 0.18 0.16
Tm 0.27 0.28 0.29 0.26 0.23 0.26 0.27 0.32 0.03 0.02
Yb 1.81 1.96 2.00 1.66 1.57 1.70 1.74 1.93 0.24 0.26
Lu 0.27 0.30 0.28 0.26 0.22 0.24 0.30 0.27 0.05 0.04
(La/Yb)N 1.38 1.98 1.08 1.45 4.13 4.42 2.79 4.21
(Sm/Yb)N 0.99 1.09 0.91 1.05 1.46 1.48 1.33 1.66
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other words, the latter have ‘more fertile compo-
sitions’ than the Rinibar pyroxenes.

In the discrimination diagram of Ramsay &
Tompkins (1994) (Fig. 5), it can be seen that the
Streap clinopyroxenes have the chromium and
aluminium contents expected for diopsides in
off-craton environments (both spinel and garnet
stability fields) whereas most of the Rinibar
clinopyroxenes plot in the field for cratonic
garnet lherzolites.

The high Al2O3 contents and flat chondrite-
normalized MREE–HREE profiles of the Type-S1
clinopyroxenes suggest that they originally formed,
and experienced long-term equilibration, in the
spinel stability field (Beccaluva et al. 2001;
Neumann et al. 2004; Bonadiman et al. 2005;
Hellebrand et al. 2005). The high normalized
HREE values (YbN, 9–15 � chondrite) of these pyr-
oxenes also reflect the fertile character of the pre-
metasomatic peridotite. Because the HREE contents
correlate with the cr-number of the coexisting
spinel, we can employ the modelling technique

proposed for abyssal peridotites by Hellebrand
et al. (2001). An estimate of the degree of partial
melting can be obtained using the simple equation
for a near-fractional melting model based on cr-
number of spinel (F(%) ¼ 10.3ln(Cr-numbersp)þ
25.0; Hellebrand et al. 2005). This indicates a
range between 1 and 6% for the Streap population.
Similar estimates (c. 4%) were also obtained using
the (Sm/Yb)N v. YbN grid (Hellebrand et al. 2001,
2005) in which we replace the starting point
(‘DMM cpx in spinel facies’) with the CpxPM-sp

(primitive mantle clinopyroxene composition in
the spinel stability field, as defined by Bonadiman
et al. (2005)).

As reported above, the mg-number values of
clinopyroxenes in both suites are comparable, but
the Streap clinopyroxenes consistently have higher
Al2O3 and TiO2 contents (Table 2). Clinopyroxene
MREE–HREE chondrite-normalized profiles are
also distinct between Rinibar and Type-S1 of
Streap. From these simple considerations, it
appears that the Rinibar and Streap samples, prior

Type-S2

ST13 ST1

cpx cpx cpx cpx cpx cpx cpx cpx cpx cpx cpx cpx cpx opx phl

0.05 ,0.04 ,0.04 ,0.04 ,0.04 ,0.04 1.59
0.13 ,0.10 ,0.10 ,0.09 0.38 ,0.08
0.67 ,0.04 0.37 0.23 2.21 0.18 0.004 13493
2.72 2.49 1.02 3.40 4.64 1.20 0.06 0.15 0.13 0.45 0.53 0.42 0.10
0.62 0.57 0.27 0.76 1.03 0.33 0.03 0.05 0.05 0.16 0.19 0.17 0.03 0.01
0.01 0.03 0.03 0.02 0.04 0.04 0.04 0.12 0.09 0.07 0.06 0.02 0.07 5.27
4.28 4.00 1.73 6.24 10.69 2.26 4.53 7.00 6.27 7.64 8.92 12.9 5.65 0.01
9.85 8.82 5.68 14.66 22.81 6.38 17.3 27.5 24.1 25.4 30.0 30.3 21.2 0.02
1.02 1.04 0.87 1.59 2.24 0.96 2.74 4.94 4.22 4.67 5.15 4.40 3.50 0.01
112 117 79 133 165 88.1 183 242 199 206 234 178 196 0.20 212
4.31 5.01 4.54 6.58 8.46 5.16 14.3 23.0 20.9 22.4 24.4 18.3 17.3 0.04
27.3 36.0 31.6 36.0 35.0 30.2 22.5 41.0 35.8 35.4 40.8 33.5 31.0 1.25 3.68
0.94 1.12 0.94 1.19 1.18 1.07 0.93 1.29 1.33 1.13 1.25 0.95 1.05 0.01 0.08
1.45 1.97 1.71 1.82 2.15 1.93 3.81 6.19 5.07 5.34 6.30 4.28 4.01 0.01
0.71 0.96 0.82 0.88 0.98 0.87 1.18 1.77 1.70 1.81 2.03 1.37 1.21
1.94 2.47 2.08 2.19 2.58 2.34 2.79 4.24 3.89 4.13 4.59 3.61 3.37
0.36 0.49 0.46 0.45 0.51 0.46 0.40 0.57 0.53 0.61 0.59 0.45 0.39 0.01
2.25 3.04 3.19 3.26 3.39 3.21 1.90 3.00 2.58 2.74 2.95 2.42 2.06 0.04
14.7 19.9 17.1 16.9 17.3 16.7 9.12 15.5 12.2 14.5 16.9 12.3 10.5 0.63 0.94
0.52 0.71 0.75 0.74 0.71 0.74 0.35 0.58 0.51 0.56 0.54 0.42 0.39 0.02
1.37 2.02 1.88 2.00 2.01 1.89 0.88 1.40 1.11 1.41 1.37 0.92 0.97 0.10
0.24 0.32 0.32 0.30 0.31 0.29 0.12 0.17 0.15 0.20 0.20 0.12 0.13 0.01
1.54 2.39 2.05 2.22 2.32 2.06 0.61 1.00 0.99 1.04 1.14 0.77 0.70 0.12
0.24 0.27 0.33 0.34 0.32 0.29 0.10 0.13 0.13 0.14 0.12 0.10 0.10 0.02
1.99 1.20 0.61 2.01 3.31 0.79 5.34 5.04 4.53 5.28 5.62 12.00 5.83 4.14
1.05 0.91 0.93 0.91 1.03 1.04 6.96 6.90 5.67 5.72 6.15 6.18 6.41
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to metasomatism, represented distinct mantle
domains. The Streap Type-S1 peridotites could rep-
resent typical sp-facies, off-craton, lithospheric
mantle, whereas we suggest that the Rinibar
samples were evolved from a garnet-bearing
source in a cratonic environment. Alternatively, as
will be discussed below, the HREE profiles of the
Rinibar samples could indicate equilibrium with
melt generated in the garnet stability field.

Metasomatic style of Rinibar

The Rinibar clinopyroxenes are characterized by
humped REE patterns with a maximum at Pr (Nd)
and (Sm/Yb)N varying between 5.0 and 6.2,
accompanied by the moderately to strong Ti (Zr
and Hf) negative anomalies (Fig. 4a–d). The degree
of MREE–HREE positive fractionation depends on
the presence of garnet in the peridotite source,
which preferentially takes up the HREE; for
example (Sm/Yb)N values in the Slave and Kaapvaal
cratons are typically .15 (i.e. Griffin et al. 1999;

Grégoire et al. 2003; Kopylova & Caro 2004). Less
steep MREE–HREE clinopyroxene profiles (i.e.
5 , (Sm/Yb)N , 15) are a function of the appear-
ance of spinel and the relative destabilization of
garnet, as shown by a minority of mantle xenoliths
brought to the surface in kimberlites (e.g. Griffin
et al. 2003; Stachel et al. 1998). Peridotite clinopyr-
oxenes that have been always in equilibrium with
spinel have almost flat to negatively fractionated
HREE profiles ((Sm/Yb)N ratios varying from c. 1
to ,1; Hellebrand et al. 2005). In some cases, the per-
sistence of positively fractionated MREE–HREE
profiles for clinopyroxenes in the spinel stability
field is considered to indicate former residence in
garnet-bearing mantle (see Bonadiman et al. 2005).
The pronounced convexities of the LREE profiles
are consistent with lower cpx/liqKd of La with
respect to Ce, which can be obtained only if the clin-
opyroxene crystallized from a primitive basic melt
(Suhr et al. 1998; Asimow et al. 2001). These clino-
pyroxene profiles, especially those of Type-R1, are
similar to those from MARID peridotites and

Table 7. (Continued)

Rinibar

Type-R1

ST4 CN4 HN11

ppm cpx cpx cpx cpx cpx cpx cpx phl phl cpx cpx cpx cpx cpx cpx

Cs ,0.04 ,0.04 ,0.04 7.61 3.88
Rb 0.18 ,0.09 0.12 305 364
Ba 0.23 0.22 0.18 36672 38766
Th 0.47 0.59 0.54 0.28 0.15 1.04 0.16 0.38 0.08
U 0.13 0.13 0.14 0.08 0.02 0.10 0.04 0.10 0.04
Nb 1.90 2.06 1.94 0.45 134 149 1.72 1.12 1.04 1.84 2.06 4.08
La 8.82 10.93 9.80 12.7 12.0 18.7 5.45 15.9 7.79 9.66 5.79 13.1 4.97
Ce 25.0 30.3 27.1 40.0 35.8 45.7 18.9 52.3 30.3 34.9 24.5 52.5 19.0
Pr 3.67 4.51 3.96 6.36 5.75 7.06 3.53 8.69 6.09 5.86 5.28 8.53 4.26
Sr 248 247 250 210 190 314 133 381 532 496 326 413 272 470 234
Nd 17.5 21.7 19.0 31.3 30.4 30.5 18.1 43.4 31.4 25.9 28.0 38.0 21.2
Zr 61.6 74.0 65.7 182 189 191 90.9 44.8 31.2 204 153 149 132 229 182
Hf 2.01 2.25 2.40 7.18 7.46 7.28 4.05 0.77 0.40 4.07 2.81 2.43 2.44 2.95 3.87
Sm 4.44 5.45 4.70 7.55 7.40 6.43 5.02 10.9 9.25 6.62 8.07 9.65 6.58
Eu 1.62 1.95 1.75 2.35 2.30 2.12 1.66 3.82 2.90 2.25 2.62 3.04 2.22
Gd 3.40 4.34 3.49 6.80 7.18 5.74 4.34 10.1 7.93 6.04 6.63 7.99 5.29
Tb 0.50 0.68 0.55 0.91 1.00 0.79 0.61 1.47 1.27 0.84 0.92 1.11 0.93
Dy 2.79 3.36 3.08 4.66 4.22 4.43 3.50 7.48 6.19 4.37 5.29 6.05 4.87
Y 11.6 13.5 11.9 22.2 20.6 19.6 14.1 0.22 26.3 27.5 20.7 24.1 28.5 20.7
Ho 0.49 0.64 0.56 0.76 0.79 0.77 0.54 1.26 1.15 0.81 0.95 1.20 0.84
Er 1.15 1.52 1.25 1.98 1.82 1.92 1.40 3.00 2.59 2.04 2.08 2.87 1.93
Tm 0.15 0.21 0.16 0.27 0.27 0.27 0.18 0.36 0.35 0.28 0.36 0.24
Yb 1.05 1.15 1.13 1.33 1.16 1.58 0.86 2.17 2.03 1.40 1.55 2.13 1.18
Lu 0.13 0.16 0.17 0.19 0.14 0.21 0.11 0.27 0.23 0.22 0.21 0.27 0.17
(La/Yb)N 6.02 6.85 6.23 6.86 7.39 8.49 4.55 5.27 2.75 4.96 2.68 4.42 3.02
(Sm/Yb)N 4.69 5.29 4.63 6.30 7.08 4.53 6.49 5.60 5.05 5.26 5.79 5.03 6.19
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Table 8. Measured Sr–Nd–Hf isotopic values of bulk rocks and clinopyroxenes of Streap and Rinibar
xenoliths, respectively

Sample Rock
type

(87Sr/
86Sr)m

2s Rb Sr (143Nd/
144Nd )m

2s Sm Nd (176Hf/
177Hf)m

2s Lu Hf

Streap
Type-S1
ST5 lh whole rock 0.70710 11 1 39 0.512687 17 0.41 1.67 0.283088 60 0.05 0.13
ST13 lh whole rock 0.70652 10 10 190 0.512550 5 1.45 4.31 0.282735 12 0.32 1.11
Type-S2
ST1 wh whole rock 0.70826 12 7 199 0.512093 5 2.96 11.7 0.282537 8 0.08 0.68
ST4 cpx-rich lh whole rock 0.70797 9 7 229 0.512615 5 2.04 8.30 0.282727 17 0.07 1.10

Rinibar
Type-R1
AN1 lh cpx 0.70347 12 5.07 205 0.512761 4 4.65 18.8 0.282799 12 0.14 6.51
CN4 lh cpx 0.70383 12 2.10 212 0.512643 6 6.07 25.3 0.282706 7 0.15 5.66
FN3 lh cpx 0.70331 11 2.35 348 0.512757 4 8.34 35.9 0.282848 8 0.23 1.95
HN11 lh cpx 0.70330 12 2.00 352 0.512743 16 8.14 29.9 0.282705 27 0.21 2.90
Type-R2
CN2 lh cpx 0.70377 11 0.50 682 0.512431 4 4.74 32.0 0.283014 28 0.17 0.31
FN4 lh cpx 0.70381 9 0.12 390 0.512480 5 6.33 38.9 0.282921 10 0.22 0.91
GN5 lh cpx 0.70345 12 3.15 586 0.512524 5 5.12 40.0 0.23 0.46

Trace element analyses are in ppm. Rb and Sr analyses of Streap were carried out by XRF, whereas Sm, Nd, Lu and Hf were Determined
ICP-MS. Trace element analyses of Rinibar clinopyroxene separates were carried out by LAM-ICP-MS.

Type-R1 Type-R2

FN3 AN1 CN2 FN4 GN5

cpx cpx cpx cpx cpx cpx cpx opx cpx cpx cpx cpx cpx

0.74 ,0.03 0.16 0.38 0.52 ,0.03 0.11 0.05 0.32 0.23
2.35 ,0.07 ,0.09 5.75 5.20 ,0.09 0.13 0.13 2.28 5.61
4.75 0.14 1.05 41.3 40.2 0.07 0.16 0.36 0.30 87.4 23.0
0.22 0.50 0.50 0.18 0.39 7.08 6.49 0.06 1.48 1.75 1.81 0.23 0.33
0.02 0.11 0.10 0.05 0.10 2.02 1.84 0.04 0.39 0.47 0.48 0.04 0.08
1.35 1.07 0.91 4.05 8.27 0.71 0.38 1.04 1.31 1.31 1.32 0.22
10.34 15.75 15.40 4.49 8.96 49.1 50.7 0.10 22.3 24.9 24.4 20.2 26.2
39.5 53.7 56.3 13.7 27.4 96.9 106 0.37 72.1 78.0 72.9 83.8 101
6.58 7.68 8.11 2.31 4.50 10.7 11.7 0.05 9.40 9.82 9.72 10.8 12.9
246 331 465 186 235 691 675 1.05 406 387 381 553 625
34.5 35.4 37.7 12.5 21.3 31.3 35.7 0.18 36.3 40.5 39.2 40.7 47.4
124 125 122 96.2 260 24.0 21.6 2.3 57.1 64.9 52.2 13.0 15.2
2.60 1.55 1.71 4.05 8.45 0.31 0.32 0.05 0.92 1.05 0.71 0.36 0.44
7.96 8.12 8.92 3.47 6.04 4.66 5.12 0.05 6.09 6.45 6.29 5.26 6.02
3.09 2.85 3.02 1.22 2.22 1.39 1.42 0.03 2.07 2.07 2.21 1.49 1.59
7.05 5.74 7.25 2.75 4.74 3.22 3.32 0.09 4.19 4.38 4.18 2.81 3.13
1.05 0.89 1.05 0.44 0.76 0.43 0.46 0.01 0.61 0.61 0.63 0.43 0.50
5.45 4.51 5.04 2.35 3.81 2.14 2.20 0.17 3.39 3.26 3.30 2.25 2.73
21.9 18.4 22.3 10.0 15.5 13.7 13.5 1.23 14.4 15.5 15.4 14.0 17.2
0.97 0.88 0.83 0.40 0.71 0.52 0.45 0.05 0.64 0.66 0.62 0.50 0.61
2.16 1.80 1.98 1.02 1.54 1.25 1.16 0.20 1.49 1.62 1.59 1.29 1.61
0.29 0.23 0.31 0.13 0.21 0.18 0.17 0.04 0.24 0.25 0.23 0.18 0.24
1.63 1.65 1.70 0.71 1.33 1.16 1.13 0.36 1.36 1.59 1.55 1.30 1.52
0.24 0.21 0.23 0.11 0.19 0.18 0.17 0.07 0.21 0.22 0.23 0.22 0.29
4.54 6.84 6.51 4.54 4.84 30.26 32.15 11.73 11.27 11.33 11.12 12.41
5.42 5.46 5.84 5.43 5.06 4.45 5.03 4.96 4.52 4.52 4.48 4.41
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garnet–phlogopite peridotites from the Kimberley
pipes (South Africa, Grégoire et al. 2003) (Fig. 4b).
On the other hand, the Type-R2 trace element profiles
mimic those of peridotites interacted with carbonatite
melts (Fig. 4d).

In terms of major element contents, the Type-R1
clinopyroxenes appear approximately equilibrated
with orthopyroxene (and olivine), suggesting that
their crystallization resulted from an equilibrium
between a hypothetical melt and the original perido-
tite matrix. To put further constraints on the origin
of the clinopyroxenes, we calculated the hypotheti-
cal melts in equilibrium with clinopyroxene, using
the cpx/meltKd of Green et al. (2000) and Keshav
et al. (2005) (Fig. 6a). The calculated melt type is
very similar (except for HREE) to the ‘inferred
primary kimberlitic magmas’ for two of the Kim-
berley pipes (Le Roex et al. 2003). Trace element
profiles are, however, better accounted for by con-
sidering the MARID liquid proposed by Grégoire
et al. (2002). The MARID paragenesis was inter-
preted by those workers as having resulted from
an efficient chemical exchange between a percolat-
ing melt of kimberlitic composition and its perido-
tite host rock. Such an exchange could have
occurred via an extensive reaction between highly
depleted mantle peridotite and percolating melt,
either by continuous melt feeding a mantle

column (Vernières et al. 1997; Ionov et al. 2002)
or through impregnation by an interconnected
melt network (e.g. Moine et al. 2001; Speigelman
& Kelemen 2002; Piccardo et al. 2007).

Major element contents of the Type-R2 Rinibar
clinopyroxenes also imply the same on-craton
imprinting, but their trace element budget differs
in showing strong Sr, U, Th and LREE enrichment
accompanied by remarkable Zr (and Hf) negative
anomalies. These features have been documented
in Cr-diopsides from spinel peridotite xenoliths
that reflect strong carbonatitic metasomatism of
continental (e.g. Kutch, Karmalkar & Rege 2002;
southern Patagonia, Gorring & Kay 2000) as well
as oceanic lithosphere (Coltorti et al. 1999).

The hypothetical Type-R2 melts, calculated on
the basis of the cpx/carbKd of Klemme et al.
(1995), overlap the field of Proterozoic carbonatite
melts from the Canadian, North Atlantic, Kaapvaal
and Baltic Cratons (Ionov & Harmer 2002; Downes
et al. 2005; Tappe et al. 2006; Fig. 6b). The
Type-R2 melts are also similar to those calculated
in equilibrium with type-R1 pyroxenes, except for
the more accentuated Zr (and Hf) negative
anomalies. The slighter fractionated MREE–
HREE patterns of the calculated carbonatitic melts
with respect to the Proterozoic carbonatic melts
could indicate that the final residence of

Fig. 5. Cr2O3 v. Al2O3 discriminating plot for craton and off-craton Cr-diopsides in both spinel and garnet stability
field (Ramsay & Tompkins 1994).
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Fig. 6. (a) Chondrite-normalized incompatible trace element diagram of calculated melts in equilibrium with
Rinibar Type-R1 clinopyroxenes. Inferred primary kimberlite of Kimberley pipes from Le Roex et al. (2003) and
MARID liquid proposed by Grégoire et al. (2002) are reported for comparison. (b) Chondrite-normalized incompatible
trace elements diagram of calculated melts in equilibrium with Rinibar Type-R2 clinopyroxenes. Proterozoic
carbonatite field (outlined by grey lines) from Ionov & Harmer (2002), Downes et al. (2005) and Tappe et al. (2006).
Normalizing factors are from McDonough & Sun (1995).
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clinopyroxenes in equilibrium with these melts
must have been the spinel-bearing peridotite field.
In summary, the trace elements of the clinopyrox-
enes suggest that both silicate (kimberlitic) and car-
bonatitic magmas affected this part of the Northern
Highland Terrane lithosphere, interacting with the
(probably depleted) subcratonic mantle. The rela-
tively high, but still fractionated, HREE profiles
of the clinopyroxenes suggest the evolution from
garnet to spinel stability field of the peridotite
source, or a prolonged interaction with a carbonatic
or kimberlitic melt that originated in the garnet
stability field and afterwards moved towards a

spinel peridotite environment. This scenario con-
strains the barometric conditions at the time of the
melt–lithosphere interaction to lower than
2.1 GPa (Gasparik 2003).

Sr, Nd and Hf isotopic data for the Type-R1
(kimberlite-type) and Type-R2 (carbonatite-type)
clinopyroxene groups are closely similar, with
perfect overlapping of the Sr isotopic data. The
principal difference is for the Nd-isotopic compo-
sitions, which depict two distinct fields in the Nd
v. Sr isotope co-variation diagram at 252 Ma, the
age of the xenolith-bearing dyke (Fig. 7a). Signifi-
cantly, at the age of 550 (+50) Ma, the two groups

Fig. 7. 143Nd/144Nd v. 87Sr/86Sr co-variation diagrams for Scottish samples corrected for the ages of (a) the Rinibar
(252 Ma) and Streap (290 Ma) xenolith-bearing dykes and for (b) 550 Ma (Rinibar) and 400 Ma (Streap). LA-ICP-MS
data of the clinopyroxenes used for the age corrections, as reported in Table 8. Grey squares, Rinibar Type-R1
clinopyroxenes; grey diamonds, Type-R2 clinopyroxenes; open circles, Streap Type-S1 whole-rock; black triangles,
StreapType-S2 whole-rock. GLOSS, Global Subducted Sediments (Plank & Langmuir 1998) corrected at 400 Ma.
Average DMM from Workman & Hart (2005).
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have almost identical Sr–Nd compositions (Fig. 7b),
similar to average DMM at 550 Ma (Workman &
Hart 2005). This strongly suggests contemporaneous
overprinting of DMM by kimberlitic and carbonatitic
metasomatic agents at c. 550 Ma and not at c.
250 Ma, when the xenoliths were emplaced at
crustal levels by alkaline magmas. This is supported
by the systematics in the Nd–Hf-isotope diagram,
in which the kimberlitic-type Rinibar samples fall
into the DMM (550 Ma) field and the carbonatitic-
type Rinibar samples form a vertical array from
this field. The downward vertical array in the Nd–
Hf-isotope diagram points to a metasomatic agent
with relatively low 176Hf/177Hf (Fig. 8), suggesting
that the metasomatic agent must have had a low Lu/
Hf ratio for a long time.

Contemporaneous kimberlite and carbonatite
magmatism is not unusual, as indicated by the
majority of the pre-Mesozic lithospheric carbona-
tites, which are spatially and temporally related to
kimberlites and which have Sr and Nd isotopic
ratios similar to those of the Type-R1 and
Type-R2 clinopyroxenes from Rinibar (e.g. in the
Canadian, Finnish, Kola and Kaapvaal Cratons;
Agashev et al. 2001; Kukkonen et al. 2003;
Le Roex et al. 2003; Eglington & Amstrong 2004;
Downes et al. 2005; Tappe et al. 2006) (Fig. 9).
Accordingly, a common origin for both carbonatitic
and silicate magmatism has been invoked. The two
magma types were generated in the same mantle
region by similar melting processes. This also
accords with experimental results on the melting of
a carbonated mantle at 6 GPa, which show that kim-
berlites and carbonatites can be formed from the

same source by variable degree of partial melting
(Dalton & Presnall 1998). Analogously, kimberlite
and carbonatite metasomatism that affected the
Rinibar lithospheric mantle at 550+ 50 Ma may
be considered as derived from variable degrees of
partial melting of a similar source.

Metasomatic style in the Streap xenoliths

The Streap clinopyroxenes show geochemical fea-
tures completely different from those of Rinibar
clinopyroxenes. The enrichments in Sr, U, Th and
LREE contents can be explained by interaction of
originally different lithospheric mantle with meta-
somatic melts. The U/Th ratio closely reflects the
chondritic ratio (U/Th 0.23–0.26, Table 8; PM
0.25, McDonough & Sun 1995), and indicates that
the hypothetical melt interacting with the lherzo-
lites had the cpx/meltU/Th partition coefficients of
c. 1 predicted (cpx/meltU/Th, 0.98–1.19; Wood
et al. 1999; Lundstrom et al. 2000, and references
therein) for clinopyroxenes on the mantle solidus
in equilibrium with basaltic melts at 1.0–1.5 GPa.
Among the wide assortment of mantle, crustal
xenoliths and megacrysts (Upton et al. 1999,
2001, 2003) representing the complexity of the jux-
taposed Scottish tectonic blocks, Sr–Nd isotopic
signatures comparable with those of Streap have
been observed, so far, only for the Loch Roag (Heb-
ridean Terrane) mantle xenoliths and a few Fidra
(Southern Uplands Terrane) metagabbroic granu-
lites (Fig. 9) (Menzies et al. 1987; Downes et al.
2001). The Streap mantle xenoliths show the
highest radiogenic Sr yet recorded from any of the

Fig. 8. 176Hf/177Hf v. 143Nd/144Nd co-variation diagram of Rinibar and Streap samples corrected for the age of
550 Ma and 400 Ma, respectively. Field of Palaeozoic turbidites from Vervoort et al. (1999). LA-ICP-MS data
of the clinopyroxenes used for the age corrections, as reported in Table 8. Symbols as in Figure 7.
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Scottish terranes. A subduction event has been
already invoked by Menzies & Halliday (1988) to
account for these anomalous isotopic features.
Additionally, Thirlwall (1982) argued for a
NW-dipping subduction zone on the basis of the
northwesterly increase of Sr, Ba, K, P and REE in
the Siluro-Devonian volcanic rocks. In this
context, Streap could represent shallow, less con-
taminated, sub-arc lithospheric mantle. However,
extreme lateral heterogeneity of the Scottish litho-
spheric mantle has been already noted, and the
data should be handled with caution (e.g. Menzies &
Halliday 1988; Upton et al. 1999; Downes et al.
2001).

A very dilute hydrous fluid as metasomatic agent
must be discounted because of the high U–Th con-
tents coupled with their unfractionated ratios and
elevated Th/Nd in some of the Streap samples
(Wood et al. 1999; Foley et al. 2001). Uranium is
enriched by the action of H2O-rich fluids, derived
from the dehydration of minerals in the subducted
slab at high water/rock ratios (Bailey & Ragnars-
dottir 1994) but, on the basis of dehydration and
melting experiments with marine sediments, Th is
mobilized by melts rather than fluids (Johnson &
Plank 1999). Conversely, positive Eu anomalies,
with respect to Sm and Gd, have been recorded in
deep-sea hydrothermal fluids as a result of exchange
mechanisms between fluids and plagioclase during
prolonged rock–fluid interaction (Douville et al.
1999). It therefore appears that dehydration or

melting of variable portions of altered oceanic
crust could be involved in the subduction process.
Menzies & Halliday (1988) reported analyses of
separated clinopyroxenes from Streap with very
high 87Sr/86Sr (0.70755–0.71073), at almost con-
stant 143Nd/144Nd (0.512712–0.512680). This too
could reflect involvement of dehydration or
melting of altered oceanic crust. It is, however,
highly unlikely that altered oceanic crust alone
could account for these high radiogenic Sr values,
and sediment subduction has also to be considered.
The most recent subduction event that occurred in
the geological history of Scotland is reported at
about 400 Ma, thus we correct the Streap Sr–Nd iso-
topic data for this age. In Figure 7b Streap samples
fall between the average DMM (400 Ma)
(Workman & Hart 2005) and subducted sediments
(400 Ma), and, notably, they overlap with the field
of Palaeozoic turbidites (Global Subducted Sedi-
ments, Plank & Langmuir 1998; Palaeozoic turbi-
dites, Vervoort et al. 1999; Fig. 8). Simple bulk
mixing between average DMM and average sub-
ducted sediments suggests up to 10% of the Sr and
Nd coming from subducted sediments (Fig. 7b).
This is consistent with some Streap cpx having
elevated Th/LREE. It was recently argued that
subduction-zone lavas and hence the slab com-
ponents (¼metasomatic agents) in the melting
region of the mantle wedge inherit elevated Th/
LREE from subducted sediments (Plank 2005).
The high aluminium, together with the positive Eu

Fig. 9. 1Nd v. 87Sr/86Sr for Rinibar and Streap samples corrected for the ages of the xenolith-bearing dykes.
1Nd values were calculated using 143Nd/144Nd and 147Sm/144Nd ratios for a chondritic uniform reservoir (CHUR)0 of
0.512638 and 0.1967, respectively (Blichert-Toft & Albarède 1997). LA-ICP-MS data of the clinopyroxenes used for
the age corrections, as reported in Table 8. Streap separate clinopyroxenes (open triangles) are also reported for
comparison (Menzies & Halliday 1988). Fields of Fidra peridotite and granulite xenoliths are from Downes et al.
(2001); Loch Roag xenoliths from Menzies et al. (1987) and Menzies & Halliday (1988); Proterozoic carbonatites
from Agashev et al. (2001), Eglington & Amstrong (2004) and Downes et al. (2005). Group I kimberlite field from Le
Roex et al. (2003), Davies et al. (2006) and Tappe et al. (2006). Symbols as in Figure 7.
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anomaly, of these clinopyroxenes also suggests that
plagioclase played a significant role in the genesis of
the metasomatic melts. Considering that the clino-
pyroxene does not preferentially retain Eu with
respect to Gd and Sm, the positive Eu anomalies
should be a signature of the metasomatic melt; con-
sequently, plagioclase (as the phase that preferen-
tially accommodates Eu with respect to
neighbouring REE), should be present in the
source of such melt, and should be completely
exhausted during partial melting. As the barometric
evaluation for Streap (and Rinibar) xenoliths
conflicts with the presence of plagioclase in the
peridotite source, the Eu positive anomaly of the
metasomatic agent could have been produced by
partial melting of oceanic crust and subducted
sediments. Further evidence for the involvement of
sediment in the geochemistry of the Streap
samples can be deduced from the Nd–Hf isotopic
systematics (Figs 8 and 10). The majority of the
Scottish xenoliths lie between CHUR and the DM
field but two Streap samples plot in the fourth quad-
rant of this diagram. Significantly, these two
samples plot in the field of Palaeozoic turbidites,
indicating that up to 10% of sediments may have
been involved in the subduction process (Fig. 8).
Negative to extremely negative 1Hf, accompanying
by similarly negative 1Nd, is also a characteristic
signature of the majority of the lamproites world-
wide (Davis et al. 2006 and references therein),

indicating that these magmas were derived from
mantle sources affected by a long-term LREE
enrichment and low Lu/Hf ratio. Accordingly,
Davies et al. (2006) demonstrated that lamproite
sources contain a significant subduction-related
component (oceanic crust plus sediments) that
was stored for a long time (.1 Ga) in the
subcontinental lithospheric mantle (Fig. 10).

The extreme elemental and isotopic variability
of the Streap clinopyroxenes is explicable in terms
of a hydrous melt derived from altered oceanic
crust plus an important contribution from sediments
that interacted with a heterogeneous mantle
column. In this model, several factors may be
responsible for mobilizing elements and forming
fluid or melts, including (1) variation in the pro-
portion of melt and fluid produced from the slab
(oceanic crust + sediments) fluxing the mantle
wedge and controlling U–Th variability, Zr, Hf
and Eu enrichments; (2) the proportion of spinel
and garnet in the mantle wedge (yielding different
HREE profiles and variable Zr and Hf enrichments);
(3) the degree of melt–peridotite interaction.

Conclusion

Geochemical and isotopic features of clinopyrox-
enes from two localities in Northern Scotland high-
light several chemically heterogeneous mantle

Fig. 10. 1Hf v. 1Nd at the time of Rinibar and Streap xenolith emplacements. 1Nd values were calculated using
143Nd/144Nd and 147Sm/ 144Nd ratios for a chondritic uniform reservoir (CHUR)0 of 0.512638 and 0.1967, respectively
(Blichert-Toft & Albarède 1997). 1Hf were calculated using 176Hf/177Hf and 176Lu/ 177Hf ratios for a chondritic
uniform reservoir (CHUR)0 of 0.282772 and 0.032, respectively (Blichert-Toft & Albarède 1997). LA-ICP-MS
data of the clinopyroxenes used for the age corrections, as reported in Table 8. Also shown for comparison are the
fields of Group I, II, Transitional kimberlites and lamproites from Davies et al. (2006). Symbols in Figure 7.
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domains. Clinopyroxenes from Rinibar identified
two metasomatic styles, one carbonatitic and one
silicate (kimberlite-like). Based on the similarity
of trace element patterns of the calculated metaso-
matic melts it is proposed that they derived from
the same source with variable degrees of partial
melting. This is also supported by the similarity of
Sr and Nd isotopic ratios at 550 + 50 Ma. This
age is crucial for Scotland and for global tectonics.
It corresponds to the opening of the Iapetus
Ocean following the break-up of the Rodinia super-
continent. At about the same time (550 Ma) the
Canadian and Finnish Shields were also affected
by kimberlitic and carbonatitic magmatism. Late
Proterozoic–Early Phanerozoic carbonatite mag-
matism is also recognized within Scotland (Loch
Borralan, Northern Highland Terrane; Young
et al. 1994). Moreover, the megacrysts in the
Carbo-Permian basanites and melanephelinites
appear to represent a coherent suite across Scotland
from the Hebridean Terrane (Loch Roag) to the
Southern Uplands (Burn-Between-the-Laws).
Their genesis, involving high LREE and Nb, argu-
ably involved carbonatitic melt fractions (Long
et al. 1994; Upton et al. 1999). The emplacement
of very small fraction partial melts (and related
metasomatism) in relation to the rifting and drifting
of the Iapetus Ocean could be compared with the
opening of the Atlantic Ocean, where Early to
Late Cretaceous kimberlite and alkaline–carbona-
tite complexes are found on both side of the ocean
in Brazil and Angola.

At 500 Ma the tectonic regime changed from
divergent to convergent as Iapetus began to close
and Baltica started to approach Laurentia. It may
have been during this convergent stage (c. 400 Ma)
that the metasomatism affecting the sub-Streap
lithospheric mantle occurred. Clinopyroxenes
from this locality show trace element and isotopic
features that can be explained by metasomatic
fluids from a subducted slab. A substantial amount
of sediments (c. 10%) is also necessary to explain
the isotopic features of these samples. The various
terranes that now constitute Scotland came into
conjunction at the end of the Caledonian Orogeny,
and were certainly contiguous by 416 Ma. The
Rinibar clinopyroxenes record no subduction-
related imprinting. This could imply that either
the north easternmost portion of the Highland
Terrane lithospheric mantle was unaffected by the
subduction or, alternatively, the subduction-related
metasomatism recorded in the Streap mantle may
be older, and occurred when the two lithospheric
blocks were far apart.
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Reconstruction of mantle sections beneath Yakutian kimberlite

pipes using monomineral thermobarometry
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Abstract: Four original monomineral methods for mantle peridotite associations are used to
reconstruct P–T conditions beneath the kimberlite pipes of Yakutia. The clinopyroxene Jd–Di
method gives the closest coincidence with Opx barometry in accord with all physico-chemical
boundaries. Garnet thermometers calibrated using Opx, Gar–Cpx and Ni-garnet thermometers
and two variants of barometers were developed separately for pyroxenites and peridotites. A
Cr–Sp thermobarometer uses the monomineralic version of the Ol–Sp thermometer and a
newly calibrated Cr–Sp barometer. A picroilmenite method uses the Ol–Sp thermometer and a
pressure-calibration of the geikielite component. Each mantle column is divided into two
(upper and lower) sections by a pyroxenite layer located near 40 kbar. Below the pyroxenite
layer, the lower section comprises 3–4 lithologically distinct horizons, with a thermally perturbed
layer at the base. Above the pyroxenite layer are 3–5 lithologically distinct horizons, which are
more fertile than the lower sections. Splitting of the geotherms characterizes most P–T diagrams
and is ascribed to multistage melt percolation processes typical for the mantle beneath kimberlite
pipes. The largest pipes are diamond-bearing and have a highly depleted peridotite lens above the
asthenospheric layer.

Monomineral thermobarometry (McGregor 1974;
Finnerty & Boyd 1987; Ryan et al. 1996; Nimis
& Taylor 2000; Ashchepkov 2002, 2003, 2006a, b;
Ashchepkov et al. 2005a, b; Ashchepkov &
Vishnyakova 2006) of kimberlite megacrysts and
xenocrysts permits the reconstruction of mantle
lithological and chemical structure and thermal
state. P–T diagrams and lithological columns may
be produced (Griffin et al. 1999a, b; Ashchepkov
et al. 2003a) for pipes where polymineral mantle
xenoliths are not well preserved. Even heavy-
mineral concentrate from diamond and other
placers containing only garnets, ilmenites and chro-
mites now yields geotherm positions (Ashchepkov
et al. 2005b, c) and the detailed structure and rock
sequences in the lithospheric mantle. The new
version of garnet thermobarometry (Ashchepkov
2006) correlates well with traditional methods of
P–T estimations, based on polymineral associations
(e.g. Nickel & Green 1985; Krogh 1988; Brey &

Kohler 1990). They reproduce closely the pressures
obtained with Al–Opx (McGregor 1974) and Gar–
Opx barometers (Nickel & Green 1985; Brey &
Kohler 1990).

In developing new methods our goal was to con-
struct a series of self-consistent methods. For this
purpose we used a database containing electron
microprobe analysis (EPMA) results from more
than 2300 associations of polymineralic xenoliths
from the published literature and more than
16 000 original analyses of xenocrysts and xenolith
minerals from Siberian kimberlites.

The reconstruction of the structure of the litho-
spheric mantle permits us to decipher the processes
of continental lithosphere genesis and the influence of
subduction and plumes on the lower horizons of the
lithosphere (Sobolev 1977; Dobretsov & Kirdyashkin
1994; Griffin et al. 1999a, b). The majority of
diamond was captured by kimberlites from the lower
part of the lithospheric mantle (Kharkiv et al. 1968;

From: COLTORTI, M. & GRÉGOIRE, M. (eds) Metasomatism in Oceanic and Continental Lithospheric Mantle.
Geological Society, London, Special Publications, 293, 335–352.
DOI: 10.1144/SP293.15 0305-8719/08/$15.00 # The Geological Society of London 2008.



Sobolev 1977; Boyd & Finnerty 1980; Dawson 1980;
Sobolev et al. 1984, 1997; Pokhilenko et al. 1991;
Jacob et al. 1994; Logvinova et al. 2001).

Study of the mantle xenoliths and xenocrysts
allows the determination of mantle structure
(Nixon & Boyd 1973; Sobolev 1977) and the
mapping of mantle lithosphere (Griffin et al.
1999a, b). Because of the high degree of xenolith
alteration in many pipes, the determination of
mantle structure by this method has been restricted
to Udachnaya (Boyd et al. 1997), Obnazhennaya
(Taylor et al. 2003) and Mir (Beard et al. 1996;
Snyder et al. 1997; Roden et al. 1999). Thermo-
barometric estimates using garnet (Ryan et al.
1996; Griffin et al. 1999a, b) permit the construc-
tion of a lithological profile of the lithospheric
mantle and have been used also to determine the
evolution of the mantle in the northern part of the
Siberian Platform (Pokhilenko et al. 1999). This
variant of garnet thermobarometry gives pressure
estimates that sometimes are very different from
those determined with the polymineralic methods.
The use of garnets alone does not permit complete
imaging of mantle sequences.

New methods

The new methods we used are calibrated or com-
pared with the baseline provided by the orthopyrox-
ene method, which includes the Opx thermometer
of Brey & Köhler (1990) combined with Al–Opx
barometer of McGregor (1974). The new methods
compare favourably with the results from other pub-
lished xenolith thermobarometers (e.g. Bertrand &
Mercier 1985; Nickel & Green 1985; Brey &
Köhler 1990).

Clinopyroxene

The methods described in the previous papers
(Ashchepkov 2002, 2003) use the correlation of the
Jd content in clinopyroxene with the pressure esti-
mated with the Al–Opx barometer (McGregor 1974)

P0 ¼ 0:19� Kd3=4 � T (8C)=(1þ Fe)

� 35ln(1273=T (8C))

� (Alþ Tiþ 2:5Naþ 1:5Fe3þ)

where Kd¼ (Na/Ca)� [Mg/(AlVIþ Crþ Ti 2 Fe3þ)]
(formula units) and a second approximation

P ¼ 0:00006P3
0 � 0:0156P2

0

þ 1:6757P0 (R2 ¼ 0:8245):

The temperatures are calculated using the mono-
mineralic clinopyroxene thermometer (Nimis &
Taylor 2000) with an additional correction

T ¼�0:000001T2
NT2000 þ 0:9575TNT2000

þ 107:01þ 33:85(Cr2O3 þ TiO2)

� 137:5� 25:8(FeO� 4:2)

� 11:2Na2Oþ TiO2:

Garnet

We use separate schemes for common peridotites
and for pyroxenite and peridotites impregnated by
melts from the garnet thermobarometer (Ashchep-
kov 2006).

(1) The thermometer for peridotites uses the cor-
relations of KD with estimates based on the Opx
method of (Brey & Köhler 1990):

T(WC) ¼ 5272:5[ln(KD)=P]3 þ 10265[(ln(KD)=P]2

þ 6472[ ln (KD)=P]þ 2113

where KD ¼ MgO � [TiO2/(CaOþMgO)2] �
FeO � Al2O3.

The barometer is calibrated against pressures
obtained with the Al–Opx method (McGregor 1974):

P0 ¼ [5:25Cr2O3=(CaOþMnOþ 2FeO)0:4

þ 0:0T(WC)þ 22:5Na2OþMgO=20)

þ 0:5CaOþ (FeO=7� TiO2 � 15)]� 2:5

and the approximation

P ¼ �0:0001P3
0 þ 0:0081P2

0 þ 0:8078P0 þ 0:8308:

(2) For pyroxenites and peridotites impregnated
by melts, we use the approximation of temperatures
obtained with the Gar–Cpx thermometer of Krogh
(1988):

T(WC) ¼1700þ 3607[ln(KD)=P]

þ 3138[ln(KD)=P2]

where KD¼ Na2O � MnO � [TiO2/(CaOþMgO)]
� FeO � Al2O3, with the additional correction

T(WC) ¼ [(T � 800)� 1:55]þ 923:

The pressures are calculated with the following
equation:

P(kbar) ¼ 4þ 4:975Cr2O3 þ 0:0135T(WC):
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Chromite

Dependence of the Cr/(CrþAl) in spinel (O’Neill
1981) on pressure in the garnet stability field
determined using Al–En barometry (McGregor
1974) was calibrated using .300 associations
(R ¼ 0.87) (Ashchepkov & Vishnyakova 2006)
P ¼ 0.065[Cr/(CrþAl)] � T(8C) (formula units).
For pressures greater then 32, the correction
P ¼ P 2 11 is used.

A systematic difference from the results of the
Opx method is correlated by applying second
approximations for two variants:

(1) P ¼20.0053P0
2þ 112.92Pþ 5.809þ 0.054

[T(8C)] � Ti for the low-temperature branch (see
Fig. 2);

(2) P ¼20.000006P0
4þ 0.0011P0

3 2 0.0623P0
2þ

1.92Pþ 0.054[T(8C)] � Ti for the high-tempera-
ture branch of geothermal gradients beneath
Udachnaya pipe.

The temperatures are determined using the
monomineralic version of the Ol–Sp thermometer
(O’Neill & Wall 1987), where the Fo content in
olivine is calculated with the empirical equations
Fo ¼ 1 2 0.0493[Fechr/Mgchr] 2 0.0582 for the
high-temperature branch and Fo ¼ 1 2 0.08 2
0.0005P for the low-temperature branch.

Ilmenite

Dependence of the geikielite component on
pressure was used for the ilmenite barometer. The
internal exchange (TiO2 � MgO)–(Fe2O3 �
Fe2O3) has a large effect on the cell volume in
picroilmenite. KD ¼ TiO2/MgO is simplified to
KD ¼ k � TiO2 (k c. 5) by utilizing the linear cor-
relation between TiO2 and MgO in the compo-
sitional trend of megacrysts.

Additional correction to Cr2O3 is made for
Cr-bearing (.1.0%) ilmenites:

P0 ¼ ((TiO2 � 23)� 2:15� [T(WC)� 700]=

20MgO� Cr2O3 � 1:5MnO)T(WC)=1273

and further corrections P1 ¼ 10½ð60� P0Þ=60� þ
P0 reproduce the pressure estimates obtained with
the clinopyroxene barometer (Ashchepkov 2003)
for 120 ilmenite-bearing peridotites from the data-
base of Alymova et al. (2005) (R ¼ 0.71).

Ilmenite temperatures are calculating using the
monomineralic version of the Ol–Il thermometer
(Taylor et al. 1998) with estimation of the Fo
content in olivine coexisting with the megacrysts
as Fo ¼ 1 2 0.12 2 0.00025P for pressures lower
than 30 kbar and Fo ¼ 1 2 0.11 2 0.00025P for
greater pressures. For Cr-bearing picroilmfnites
(Cr2O3 . 1%) the correlation Fo ¼ 1 2 0.033

[FeIlm/MgIlm] 2 0.0133 2 0.0008P 2 0.00005
(T0 2 1000) (formula units) found in ilmenite peri-
dotites (.150 associations) (Alymova et al. 2004)
permits determination of the forsterite content of
olivine using an iteration scheme. Data is available
online at http://www.geolsoc.org.uk/SUP18300.

Application to the reconstruction

of mantle columns beneath

kimberlite pipes

Clinopyroxene Jd–Di thermobarometry (Ashchep-
kov 2002, 2003) gives very good agreement with
the estimates based on the Al-enstatite barometer
(McGregor 1974) for the pipes where the compo-
sition of the mantle peridotites is relatively
depleted, but it also gives realistic P–T estimates
and good agreement for the Mg-rich eclogites.
They often produce clustering of data at 40 kbar.
These pressures correspond to 4–5% Cr2O3 in
pyropes. These values refer to inflections and devi-
ations from the linear trend in the garnet Cr2O3–
CaO diagram (Sobolev 1977; Kopylova et al.
2000; Carlson et al. 2004). This level in the mantle
is commonly marked by relatively high-temperature
associations and an abundance of pyroxene-rich
associations. Most Cr-bearing pyroxenites in
Udachnaya (Kuligin & Pokhilenko 1998; Pokhilenko
et al. 2000; Ashchepkov et al. 2003a) and Mir pipes
(Roden et al. 1999), as well as Obnazhennaya
(Taylor et al. 2003), record P–T values close to
this mantle layer.

For relatively depleted mantle columns the new
garnet thermobarometer provides the only good
possibility for reconstruction of mantle layering and
P–T structure. Griffin and colleagues used
Cr-barometry (Ryan et al. 1996) and Ni-thermometry
(Griffin et al. 1989) for garnets with difference
between pyroxenites and common peridotites
(Griffin et al. 1999a, b). We show in our diagrams
the most probable variants of P–T estimates for peri-
dotites and pyroxenites separately.

The high P–T conditions near 40–42 mW m22

correspond to Ti-rich associations that are probably
related to intrusions of protokimberlite melt
(Ehrenberg 1979). The coldest associations located
near the 35 mW m22 geotherm mark depleted perido-
tite horizons with subcalcic garnets, which should rep-
resent the dunite or harzburgite layers (Boyd et al.
1993). Temperature methods using Ti in garnet are
restricted to T , 1300 8C, the limit of calibration.
Using the Ni approximation method (Ashchepkov
2006a, b) higher temperatures may be obtained, but
the relatively low precision (R ¼ 0.65) of this
method often gives temperatures that are too low
and located near the 35 mW m22 geotherm.
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The P–T estimates obtained using the chromite
thermobarometer (Ashchepkov & Vishnyakova
2006) yield geotherm positions and lithological
layering very similar to those determined by pyrox-
enes. As a rule they reveal irregularly heated harz-
burgite and dunite horizons (Pokhilenko et al.
1991; Griffin et al. 1999a; Ashchepkov et al.
2003b) in lower regions of the lithosphere, which
are not revealed by the pyroxenes and garnets. For
diamond inclusions they define high temperatures
to 1500 8C at the base of the lithospheric mantle
columns. High temperature estimates are also
found at 40 kbar for pyroxenite lenses and in the
garnet–spinel facies. Cr-spinels indicate a sharply
layered mantle with a low conductive geotherm
for the Daldyn and Alakite regions. For the Udach-
naya pipe mantle column they show seven different
lithological horizons (Ashchepkov et al. 2003a).

In the detailed papers devoted to the calibration
of the five single-mineral self-consistent methods
(Ashchepkov 2002, 2003, 2006a, b; Ashchepkov &
Vishnyakova 2006), most of these methods show
correlations that allow their use in mantle thermo-
barometry (Ashchepkov et al. 2005b, c; Ashchepkov
2006a, b). The modified versions of the monomineral
thermometers and barometers show better coinci-
dence (Fig. 1).

Comparisons of the P–T diagrams based on five
minerals reveal very similar configuration of P–T
fields for each method using the database of the
2200 peridotite and pyroxenite associations from
kimberlite deep-seated xenoliths. For a database
of over 500 mantle xenoliths from Udachnaya
(Schulze 1995; Boyd et al. 1997; Kuligin &
Pokhilenko 1998; Smith 1999; Malygina
2000; Pokhilenko et al. 2000; Alymova et al.
2004; Pokhilenko 2006), each monomineralic
method closely reproduces the P–T plot for Udach-
naya pipe derived from standard thermobarometric
schemes such as those of Finerty & Boyd (1987),
McGregor (1974) or Brey & Köhler (1990). The
layering is emphasized by interchange of heated
and cold horizons (Fig. 2). They are visible on
diagrams using only the orthopyroxene method
(Fig. 2e) as well as on diagrams obtained with poly-
mineral thermobarometry (Fig. 2d and e). Each new
monomineralic method gives P–T values plotting
on the orthopyroxene-derived points but also
provides additional P–T points corresponding to
orthopyroxene-free associations.

Data set

In this paper we use .15 000 new analyses
obtained from 2004 to 2006 in the course of three
projects between ALROSA Stock Company and
UIGGM SD RAS devoted to detailing of the
mantle structure beneath the Yakutian diamond pro-
vince. The EPMA was carried out according to

standard methods using a CamebaxMicro system.
The data include 300–900 analyses for each pipe
for the 10 major oxide components. Additionally,
the analyses of Udachnaya xenolith minerals from
the dissertations of Kuligin (1997), Malygina
(2000) and Pokhilenko (2006) were used to check
the agreement between the methods of polymineral
and monomineral thermobarometry.

Reconstruction of the mantle columns

beneath the kimberlite fields of the

Siberian Platform

Daldyn region

Four types of mantle section may be recognized here
(Fig. 3). The first one is characteristic of the Udachnaya
(Ashchepkov et al. 2003a) and Zarnitsa pipes (Ash-
chepkov et al. 2003b) and shows discrete intervals of
lithological layering. This may be explained by the pre-
sence of pyroxenite horizons at the base of a series of
stacked palaeo-slabs connected with the lithospheric
keel (B-type eclogites) (Jacob et al. 1994; Beard
et al. 1996; Snyder et al. 1997; Sobolev et al. 1998).
In the middle part of the section (40–50 kbar) the ana-
tectic and hybrid pyroxenites (Pokhilenko et al. 1999,
2000; Logvinova et al. 2001; Kuligin et al. 2003)
form a pyroxenite lens. Pyroxenite bodies are also
abundant in the spinel facies and near the Gar–Sp tran-
sition. Highly depleted dunites (Pokhilenko et al. 1991)
are found within two intervals from 45 to 60 kbar (Ash-
chepkov et al. 2003a). Cr-spinel rocks are the more
abundant representatives of the lowest-temperature
conditions in the 32–58 kbar interval for the Udach-
naya pipe. Garnet-bearing rocks record higher temp-
erature values. Ortho- and clinopyroxenes give
ranges of temperatures at the same pressures. For the
mantle sequence beneath the Zarnitsa pipe, three dis-
crete intervals of pressure were found using garnets
and pyroxenes. Cr-spinels mark the layers above and
below these three horizons. The ilmenites mark all
the intervals, showing temperature branches close to
those revealed by garnets with different degrees of
heating. It is possible that not only did magma
affect only selected intervals (as apparent) but also a
contrast in lithology of the mantle sequence gave
the different pressure intervals for Cr-spinels and
garnet–pyroxenes (Fig. 3).

The pyroxenite layer definitely seen on the P–T
diagram for Udachnaya is not evident on the
diagram for the Zarnitsa pipe. In these mantle litho-
sphere sections heating to P–T conditions approxi-
mating the SE Australia geotherm (SEAG; O’Reilly
et al. 2001) at the level of the Sp–Gar transition and
above is indicated. The subvertical subadiabatic
P–T gradient determined from orthopyroxene for
the Udachnaya pipe contrasts with mantle columns
where nearly conductive P–T gradients prevail.
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Fig. 1. Correlation diagrams between temperatures and pressures used in monomineral thermobarometers used in this paper for mantle reconstructions and other
thermometers and barometers (references are given on the axes).
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Fig. 2. P–T plots for xenoliths from the Udachnaya pipe (.480 associations) produced with the monomineral
thermobarometers plotted together with the values determined by the orthopyroxene thermobarometer (grey squares)
T (8C) (Brey & Köhler 1990) and P (kbar) (McGregor 1974). (a) Clinopyroxene T (8C) (Nimis & Taylor 2000)
corrected 1, P (kbar) (Ashchepkov 2003); 2, the same for diamond inclusions (Sobolev et al. 2004); 3, T (8C) and P
(kbar) (Nimis & Taylor 2000). (b) Picroilmenite T (8C) (Taylor et al. 1998)–P (kbar) (Ashchepkov & Vishnyakova
2006). 1, For megacrystals (Cr2O3 ,1%); 2, for pyroxenites and metasomatites. (c) Garnet (Ashchepkov 2006). 1,
Peridotites; 2, diamond inclusions (Sobolev et al. 2004); 3, pyroxenites. (d) Cr-spinel. 1, T (8C) (O’Neill & Wall
1987)–P (kbar) (Ashchepkov & Vishnyakova 2006), high-temperature branch; 2, the same, for low-emperature
branch; 3, for diamond inclusions (Sobolev et al. 2004), high-temperature branch. For comparison, plots produced by
common mantle thermobarometers are represented: (e) 1, T (8C) (Brey & Kohler 1990) (OPx)–P (kbar) (McGregor
1974); 2, T (8C) and P (kbar) (Brey & Köhler 1990); (f) 1, as in (e); 2, T (8C) (Finnerty & Boyd 1987)–P (kbar)
(McGregor 1974). SEA, SE Australian geothem.

I. V. ASHCHEPKOV ET AL.340



Fig. 3. P–T estimates for the mantle columns beneath the kimberlite fields of the Daldyn region. 1, Garnet
thermobarometry for peridotites (Ashchepkov 2006a, b); 2, the same for pyroxenites; 3, clinopyroxene
thermobarometry (Nimis & Taylor 2000); 4, T (8C) (Nimis & Taylor 2000); 4, T (8C) (Nimis & Taylor 2000) P (kbar)
(Ashchepkov 2003); 5, orthopyroxene thermobarometry: T (8C) (Brey & Kohler 1990) P (kbar) (McGregor 1974); 6,
Cr-spinel thermobarometry: T (8C) (Taylor et al. 1998) P (kbar) (Ashchepkov & Vishnyakova 2006); 7, Ilmenite
thermobarometry: T (8C) (Taylor et al. 1998) P (kbar) (Ashchepkov & Vishnyakova 2006).
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Ilmenite P–T estimates for Udachnaya refer to
the deepest (.40 kbar) parts of the mantle litho-
sphere, which are more heated, whereas for Zarnitsa
(Ashchepkov et al. 2003a, b) they trace pressure
intervals from 65 to 25 kbar.

The second type of mantle section is found for
the Osennyaya (Osernayya) pipe and the nearby
Zimnyaya, Letnyaya and Gornyatskaya pipes,
where the more fertile clinopyroxene-rich rocks
make up the interval from 40 to 55 kbar, close to
the estimates from ilmenites. The maximal pressure
(55 kbar) is similar to that obtained from the shift of
the Raman peak for a coesite inclusion in diamond
(Sobolev et al. 2000). Below 55 kbar the depleted
dunite horizon is represented in concentrate by
coarse chromite grains giving high-temperature
conditions at 60 kbar. The garnet estimates are
low temperature. Ilmenite P–T points suggest a
broad distribution of the high-temperature Ilm–
Cpx metasomatites within a large pressure interval.

The third type of mantle section is found at the
Aeromagnitnaya pipe. Cpx-based estimates are dis-
tributed in the lower part of the mantle column, with
three dense clusters close to 70 kbar, 60–65 kbar
and 50–55 kbar. Ilmenite P–T estimates cluster
within the range 65–45 kbar, suggesting a split
into three branches with different degrees of
heating. Garnet P–T values preferentially populate
the upper (30–20 kbar) and lower (50–65 kbar)
parts of the mantle section. Cr-spinel estimates cor-
respond to low-temperature conditions, but at the
level of 40 kbar they mark three geotherms of 35,
40 and 45 mW m22 in the pyroxenite layer.

The fourth type of mantle structure, which
occurs beneath Dal’nyaya and Festival’nyaya, the
Dolgozhdannaya and Irelyakhskaya pipes, shows
only a Cpx-rich base to the mantle lithosphere and
a transition from convective to conductive
geotherms in a restricted interval from 50 to
70 kbar. Garnet, chromite, and ilmenite P–T par-
ameters are close to those determined with
clinopyroxene analyses.

Judging from the example of the Daldyn region
it is possible to say that in the same kimberlite field
the structure of the mantle beneath closely spaced
pipes may vary to a high degree. The pipes with
in a single field may contain varying sets of
mantle peridotite xenoliths as well as eclogites
and metasomatites.

Alakite region

The most detailed reconstructions of the mantle
were obtained for the kimberlite pipes of the
Alakite field (Fig. 4) (Sobolev et al. 2003; Ashchep-
kov et al. 2004a, b, d). The P–T diagram for the
Aykhal pipe reveals a structure similar to that calcu-
lated for the South African pipes (Nixon 1973;

Nixon & Boyd 1973; Smith 1999). Essential
heating from 38 to 45 mW m22 was found for the
lower part from 80 to 50 kbar, including a garnet
dunite horizon at 50–60 kbar. Eight to nine litho-
logically distinct pressure intervals are indicated
by P–T–X data from garnets and clinopyroxenes.
A similar structure is revealed in the mantle
column beneath the Yubileynaya pipe (Ashchepkov
et al. 2004a, d ), although that column is enriched in
clinopyroxene compared with the others. Two
horizons of depleted rocks are found at the base
of the mantle column at 58–65 kbar. The high-
temperature garnet branch (c. 45 mW m22) to
40 kbar most probably corresponds to pyroxenites
or peridotites from the contact zones of deep seated
magmatic feeder channels. The mantle column
beneath the Ozernaya pipe, which is located very
close to Yubileynaya, shows a low-temperature
conductive geotherm splitting at 40 kbar to a
subadiabatic trajectory from 40 to 25 kbar, and a
polybaric ilmenite trend with deviations from a
conductive geotherm to a high-temperature subadi-
abatic path approaching the SEAG.

The lower part of the mantle section beneath the
Sytykan pipe is represented by garnet harzburgites
and dunites at 60–50 kbar, with several lenses of
eclogite-like rocks suggested above. A pyroxenite
lens was found at 45–35 kbar, above the depleted
layers (harzburgite is suggested). Cr-spinel P–T
estimates are located along the low-temperature
conductive branch for the Sytykanskaya, Aykhal
and Ozernaya mantle columns. However, in the
lithosphere beneath Komsomolskaya and Yubiley-
naya they trace several (3–4) separate layers with
extensive heating (Fig. 4). More high-temperature
estimates usually are located near the pyroxenite
layer. In the mantle beneath Sytykanskaya
(Reimers et al. 1998) spinel peridotites form
the lens between the heated depleted layer at
65–58 kbar and an essentially pyroxene-enriched
horizon at 60–50 kbar. The mantle column under
the Komsomolskaya pipe is more fertile compared
with the mantle horizons beneath the southern kim-
berlite pipes (Aykhal and Yubileynaya). The layer-
ing is more similar to that of mantle beneath the
Upper Muna field. The deviations for the clinopyr-
oxene T–P estimates to lower temperatures are
typical for eclogites and similar rocks with high
Na2O content in pyroxenes.

The P–T conditions for the ilmenites from Aykhal
pipe overlap those determined with clinopyro-
xene, garnet and chromite in the interval from
40–60 kbar. These conditions range from 35 to
40 mW m22, the higher temperatures prevailing at
deeper levels. For the Yubileynaya pipe, the devi-
ations to the high-temperature field on the P–T
diagram are more pronounced in the upper part of
the mantle column. The nearby Zarya pipe shows a
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Fig. 4. P–T estimates for the mantle columns beneath the kimberlite fields of the Alakite region Signs are the same.
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stepped mantle geotherm traced by clinopyroxene
and garnet.

The P–T estimates for ilmenites beneath the
Sytykanskaya pipe reveal low-temperature gradi-
ents in the lower part of the mantle section and
essentially coincide with garnet P–T points,
suggesting broad ilmenite–clinopyroxene metaso-
matism such as that occurring in xenoliths as
hydrous Cpx–Ilm veinlets. However, in the upper
part of the mantle section it gives more heated con-
ditions than the P–T gradients derived from the
common mantle peridotites. The lower part of the
mantle section beneath the Komsomolskaya pipe
is also represented by metasomatites close in P–T
conditions to the common harzburgites. As in the
Sytykanskaya case, heated metasomatites are
located above. Protokimberlite melt intrusion in
several stages and accompanying metasomatism is
the most probable cause of these phenomena.

Malo–Botuobinsky field

The mantle sequence beneath the Mir pipe
(Ashchepkov et al. 2004b, c) is based on 530 new
analyses of minerals from concentrate and on data
for about 30 xenoliths from the literature (Beard
et al. 1996; Roden et al. 1999). Despite the differ-
ence in the chemical features of minerals from the
Mir and Internationalnaya pipes, the structure of
the lithosphere is generally similar (Fig. 5). Highly
depleted rocks are distributed beneath the Mir pipe
mainly in the 60–50 kbar interval. In the upper
part, lherzolites including metasomatic minerals
(phlogopite and amphibole) are more typical.
Lenses of eclogite, pyroxenite and metasomatites
occur in the middle part, and the pyroxenites are
found at the base. In the mantle section under the
Internationalnaya pipe heating to 1400 8C is found
from the base of the lithosphere to 55 kbar. Three
large peridotitic units are recognizable in the lower
part of the mantle section of both pipes. For Interna-
tionalnaya the lower units contain essentially eclogi-
tic or hybrid peridotite layers judging by the
pyroxene compositions. The spinel P–T trajectories
trace the conductive geotherm in the lower regions,
but above this horizon it splits, and branches to the
highest-temperature trajectories appearing in our
P–T plots. The structure of the mantle beneath the
Dachnaya pipe should be very close to that for
the Mir pipe. Spinel horizons reside only at a con-
ductive geotherm of 35 mW m22 and at the
35 kbar level it shows heating. Pyroxenes give
very low-temperature conductive estimates, in clus-
ters that nearly coincide in pressure with those deter-
mined from ilmenites (Fig. 5).

The structure of the mantle lithosphere beneath
Amakinskaya and Taezhnaya is probably similar
although we have insufficient data. Chromite P–T

estimates refer to the middle part of the section
and clinopyroxene to the base of the lithosphere
beneath the Amakinskaya pipe. A stepped, high-
temperature geotherm is traced by both garnets
and ilmenites from 65 to 45 kbar.

The ilmenite trends for the Amakinskaya pipe
refer to the lower part of the section, with a gradient
close to conductive characterizing the metasoma-
tites. For the Mir pipe ilmenites give P–T con-
ditions of high-temperature metasomatites at the
base. For the Dachnaya pipe they extend also to
the upper zones, forming subadiabatic gradients.
Here they are probably tracing the fractures of a
feeder system rising to the Moho. The clusters of
pressure values for ilmenites correspond to those
for garnet and pyroxenes. In the mantle column of
the Internationalnaya pipe the ilmenites from the
lowest zone show good correspondence to the con-
ductive geotherms and from 50 kbar upwards the
rising subadiabatic gradients.

Upper Muna field

Detailed P–T diagrams were obtained for the
Deimos, Zapolyarnaya, Novinka and Komsomols-
kaya–Magnitnaya pipes (Ashchepkov et al.
2005d), with fewer representatives for Poiskovaya,
Inter-Kosmos, Mechta and Debyut. All these pipes
reveal a rather different P–T sequence from the
other regions. They show the presence of
clinopyroxene-enriched horizons at the base of the
lithosphere. This feature is more typical for the
Mesozoic kimberlites of South Africa and other
parts of the post Gondwana continents (Nixon &
Boyd 1973). They reveal gently inclined geotherms
at the base of the lithosphere except for Deimos.
The 4–5 repeated flattened arrays of P–T estimates
for clinopyroxenes are typical for the lower part of
the mantle section (Fig. 6).

Three types of mantle section can be identified
there. The mantle column beneath the Zapolyarnaya
pipe contains a wide range of rocks with metaso-
matic and pyroxenitic signatures within the
65–30 kbar interval. The high-temperature Ti-rich
garnet branch probably indicates contact associ-
ations developed near rising protokimberlite
magma systems. The separate chains of P–T
points probably correspond to the P–T paths of
the mantle melts. The ilmenite P–T estimates plot
sometimes as for Deimos on the three P–T trajec-
tories. These together with clinopyroxene P–T
values form the inflections on the geotherms in
the 55–50 kbar interval.

High-temperature clinopyroxene rocks are
typical for the Novinka and Zapolyarnaya pipes in
the lithosphere base, but are rather rare in Deimos.
Inclined geotherms for the lithosphere beneath
Poiskovaya and inter-Kosmos are shown by the
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Fig. 5. P–T estimates for the mantle columns beneath the kimberlite fields of the Malo-Botuobinsky region. Signs are
the same.
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Fig. 6. P–T estimates for the mantle columns beneath the kimberlite fields of the Upper Muna region. Signs
are the same.
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spinels; they are repeated three times in the lower
mantle sequence. Ti-rich garnets widely developed
there are more high-temperature in the lower part
of the mantle columns. In the upper part of mantle
column near 30 kbar the high-temperature branch
approaching P–T of the SEAG or 60–65 mW m22

is outlined by several points. Ilmenite rocks charac-
terize separate discrete levels of probably mantle
metasomatites at the base of the lithosphere near
the pyroxenite lens (40 kbar) and Gar–Sp transition.
They are related to the various P–T gradients of
mantle diapirs and magmatic systems.

Nakyn field

Peridotite mantle beneath the Nakyn field (Spetsius
et al. 2004) is heated, based on garnet P–T

estimates of geotherms up to 40 mW m22 (Fig. 7).
Pyroxene geotherms in the lower part form an
inflection from an inclined convective branch to a
conductive branch, which reflects heating of the
base to 43 from 35 mW m22 or lower, and is more
obvious for the Botuobinskaya mantle sequence.

In the mantle section beneath the Nyurbinskaya
pipe the pyroxene estimates from 55 to 40 kbar
trace heating conditions from 35 to 42 mW m22,
practically coinciding with the ilmenite P–T path.
Garnets mainly trace the stepped high-temperature
branch near 40 mW m22. Some of P–T estimates
are close to the conductive 35 mW m22 geotherm
and the convective branch in the base. P–T points
of Cr-spinels occur in three pressure intervals in
the mantle beneath the Nurbinskaya pipe. In the
lowest part they coincide with the convective
branch, as elsewhere in the world (Nixon & Boyd
1973; Boyd et al. 1997). In the middle part, from
52 to 45 kbar, they are close to the pyroxene esti-
mates, and in the highest part, at 40 kbar, they
reflect the high-temperature conditions of the
pyroxenite layer.

The lower part is essentially heated. According
to experimental data, temperatures of c. 1200 8C
are favourable for growth of good quality diamonds
(Fedortchouk et al. 2003), so these conditions
suggest high diamond potential.

P–T diagrams for the Nyurbinskaya and
Botuobinskaya pipes are similar in configuration,
but the latter has a more depleted mantle column
as revealed by the rarity of pyroxenes and their
low-Al composition (Fig. 7).

Discussion

Models of the mantle column evolution

Major conclusions and simple evolutionary
schemes were developed as a result of the study
of monomineral thermobarometry and chemistry
of the xenocrysts from 25 kimberlite pipes.
Mantle domains in each region have specific fea-
tures although the structure of the mantle column
in the kimberlite field may be highly variable. Inter-
action of deep-seated melts and fluids with the
lithospheric mantle results in peculiarities of
composition of rocks and minerals, and variable
distribution of metasomatites, pyroxenites and
megacrystalline rocks in mantle sections. Metaso-
matites are mostly developed in the lower regions
of the mantle lithosphere, as in South Africa
(Grégoire et al. 2002), and reflect the influence of
deep-seated magmatic systems.

For the Daldyn field the contrasting mineralogi-
cal layering of the peridotite and eclogite slices is
typical for the majority of pipes (Ashchepkov
et al., 2003a, b, 2005c; Alymova et al. 2004;

Fig. 7. P–T estimates for the mantle columns beneath
the kimberlite fields of the Nakyn region. Signs are
the same.
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Ashchepkov 2006b). Peridotites are moderately
depleted, with low Na, Al and Cr contents (Boyd
et al. 1997; Pokhilenko et al. 1991, 2000). The
Alakite field is characterized by the wide distribution
of metasomatism in the mantle column (Sobolev
1977; Sobolev et al. 1997, 2003; Reimers et al.
1998; Ashchepkov et al. 2004a, d; Logvinova et al.
2005). In the Malo–Botuobinsky region (Sobolev
1977; Beard et al. 1996; Roden et al. 1999) the
middle part of the section is characterized by a
peridotite composition moderately enriched in
Al, Na, Ca, Si and Fe, which is typical for continental
mantle. Similar features were recognized for the
Nakyn region, which has abundant eclogites
and metasedimentary rocks (Spetsius et al. 2004).
Specific features in the Upper Muna field
(Ashchepkov et al. 2005d) are abundant metasoma-
tites and a moderately enriched character of the
pyroxenes in the deeper part of the mantle section.

Broad variation of the mantle column structure
may occur in the same kimberlite field, probably
as a result of the inclined position of the mantle
layers or variable compositions of palaeo subduc-
tion slabs residing in the lithospheric keel (Jacob
et al. 1994), as well as the local distribution of the
zones of metasomatism.

There is an impression that the composition of
the mantle rocks at the lithospheric base influences
the degree of metasomatic alteration and the
diamond potential. The pipes highly enriched in
diamonds have thick depleted dunite horizons at
the base of the lithosphere, and original enrichment
in diamonds probably occurred at the stage of litho-
spheric craton growth and is probably subduction-
related. It is well known that dunites are effective
melt conduits (Braun & Kelemen 2002), hence
they should concentrate the subduction-related
magmas as well as various plume melts, including
the stage of kimberlitic magmatism. The melts
flowing along the base of the lithosphere selectively
infiltrate into the upper lithosphere along dunite
horizons, creating pyroxenites at different levels
and heating the mantle column. In favourable fO2

conditions (Fedortchouk et al. 2003) and in the pre-
sence of carbon in the rocks, diamond grains should
nucleate. Some diamonds derive from the P–T con-
ditions of pyroxenite lenses. The composition of the
basal lithologies determines also the type of inter-
action with metasomatic melts. Interaction of melt
with dunites creates impregnated peridotites with
porphyroblastic textures. Intrusion of the melt
results in shearing (Moore & Lock 2001). Such
structures and rocks were found in the zones
of contact with megacrystalline ilmenite-bearing
rocks (Pokhilenko et al. 1991). In the case of
essentially pyroxenitic rocks or fertile peridotites,
a high-temperature magmatic metasomatism
occurs, such as that in the Thumb diatreme, Colorado
Plateau (Smith et al. 1991; Ehrenberg 1982). This

may result in the creation of hybrid low-Cr pyroxe-
nites, which are typical for the Mir pipe, for South
Africa (Nixon & Boyd, 1973) and for the Festival’-
naya, Dal’nyaya, Dolgozhdannaya, Irelyahskaya
and other pipes in the Daldyn field.

The largest pipes (600–1000 m) in their respect-
ive fields, including Mir in the Malo–Botuobinsky
region, Udachnaya and Zarnitsa in the Daldyn
field, and Aykhal, Yubilenaya, Sytykanskaya and
Komsomolskaya in the Alakite field, have large
dunite lenses in the lithosphere base according to
thermobarometry and a high frequency of deep-
seated subcalcic garnets (Sobolev et al. 1973;
Pokhilenko et al. 1991).

Large pipes also have steeper geothermal gradi-
ents, which are sometimes close to subadiabatic.
This probably results from heating of the mantle
columns by large quantities of rising melt. This
heating is a favourable factor for diamond growth.
The high development of the pyroxenite association
and the signs of contact interaction (Kuligin et al.
2003) with the increase of Na, Ti, Al and Fe in
minerals is another characteristic feature of
large pipes.

The largest pipes were formed in the most per-
meable zones in the lithosphere, which usually are
represented by dominantly dunite slices. The advec-
tive geothermal gradients result partially from the
upwelling of large magmatic masses in the continen-
tal keel with associated heating. This is a possible set
of favourable conditions for diamond growth.

Average-sized pipes (200–500 m) such as
Dal’nyaya usually contain in the base a pyroxene-
rich layer in which the low-Cr pyroxenes are associ-
ated with Ti-pyropes and ilmenites.

In some mantle columns in the Alakite region the
metasomatism penetrates through the entire lower
part of the mantle columns, resulting in the smooth-
ing of contrasting layering. However, rising melts
create additional layers of pyroxenite and metaso-
matic rocks at the boundaries of primary subduction
slabs, which are marked by ilmenites and
Fe-pyroxene P–T estimates. The pyroxenite lenses
marked by inflection in the garnet CaO–Cr2O3

trend are found in practically all the regions of the
world (Sobolev 1977; Griffin et al. 2002). The
level near c. 40 kbar is the source region of the
partial melting. The varying character of metasoma-
tism from K-type in the lower regions to Na type
above is probably due to the decomposition of
primary subduction amphibole in this layer. For
example, the mantle column beneath the Yubiley-
naya pipe demonstrates a high degree of develop-
ment of K-metasomatites with richterite and
phlogopite, including K-pyroxenes in the lower
part of the mantle section and Na-pargasite in the
upper part (Ashchepkov et al. 2004a).

Large magmatic systems that interact with the
continental lithosphere are of several types.
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Hydrous lamproite melts and basaltic melt pass
easily through the continental lithosphere to the
30–20 kbar level where, at the minimum on the
volatile-bearing peridotite solidus (Wyllie 1995),
basaltic magmas sometimes accompanying kimber-
lite magmatism are generated. They are responsible
for heating to conditions of the SEAG gradient,
fertilization and Fe-metasomatism, such as occurs
in mantle columns beneath the Udachnaya pipe
and the diatremes of the Aldan shield (Ashchepkov
et al. 2001). Protokimberlite and essentially
carbonatite melts, which appear as a result of the
long differentiation, cause Ti-metasomatism and
heating to 40–45 mW m22, mainly in the lower
part of the mantle section up to 40 kbar. They
form series of megacrystalline essentially pyrope-
and ilmenite-bearing rocks, which are very close
in geochemistry to kimberlites (Nowell et al.
2004) and show signs of a high degree of differen-
tiation (Griffin et al. 1997), probably in the feeder
system developing before eruptions (Ashchepkov
et al. 2005a). This interaction is possibly a favour-
able factor in diamond growth. Melts responsible
for the creation of the high-temperature (to
1600 8C) branches of geotherms at the base of the
lithosphere should have a high-pressure and prob-
ably lower mantle origin.

The major models arising from thermobaro-
metric study are the following. Mantle domains in
each region have specific features of lithological
construction and of interaction with deep-seated
magmatic systems. The primary structure of the
lithosphere is inferred to have formed by subduction
during ocean–continent convergence. The frag-
ments of the mantle lithosphere in each geodynamic
environment have characteristic compositions that
result in major compositional features after the
coupling to the continental cratonic lithosphere.
The melts and fluids in subduction- and plume-
related environments may change the geochemical
features of the most permeable zones in the litho-
spheric keels of cratons. Usually mantle columns
are separated into two parts at the level of 40 kbar
by a pyroxenite layer formed as a result dehydration
and melting of subducting slabs near 120–130 km
(van Keken et al. 2002).

The common feature for the Palaeozoic kimber-
lites of Siberia is the layering consisting of 10–12
slices. The upper part consists of 4–5 horizons
that are more fertile than the lower part as a result
of ancient enrichment (Francis 2003), or as a
result of transformation by basaltic melts and
those derived from the pyroxenite lens. The lower
4–5 layers usually show progressive depletion.
For the region subjected to the influence of the
Permian–Triassic superplume in the Anabar and
Aldan shield, the characteristic is deep depletion
in pyroxenes (Ca, Al) but Fe-metasomatism of
the mantle column below 40 kbar (Ashchepkov
et al. 2001).

Protokimberlite melts (which should be essen-
tially carbonatitic at the last stages of evolution)
are responsible for the creation of the megacrystal-
line kimberlite associations at the stage of creation
of the feeder system. This is accompanied by
Ti-metasomatism, usually to the 40 kbar level,
with elevation of the thermal gradient to 40–
45 mW m22. This stage may be one factor in
diamond growth.

Conclusions

(1) Methods of monomineral thermobarometry
applied to five separate minerals show agreement
of the P–T estimates, and the possibility of deter-
mining the general features of the lithological stra-
tigraphy of the mantle columns from which they
are derived.

(2) Ilmenite trends and associated
Ti-metasomatites and contact associations are the
result of formation of magmatic feeder systems pre-
ceding kimberlite eruptions. They are polybaric and
were created in several pulses.

(3) Mantle sections containing large amount of
eclogites have, as a rule, peridotites with hybrid
features, and sometimes metasomatites and ana-
texic pyroxenites.

(4) A layered mantle structure is characteristic
beneath most kimberlite pipes and is probably
related to the periodicity of superplume activity
(Dobretsov & Kirdyashkin 1994) in the Precambrian.

(5) The largest diamondiferous pipes exhibit
specific structural features of their underlying
mantle columns: the presence of dunite horizons,
subadiabatic temperature gradients and large
amounts of pyroxenites.
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Gătaia lamproite 85–6, 97
Gharyan lherzolite xenoliths 272
Ligurian peridotites 16, 23, 27
Scottish lithospheric mantle 7, 303, 305,

328, 330
Spanish Central System 102

Alakite region 338, 342, 343, 344, 348
alkaline basalts 24
alkaline mafic lavas, Catalonia (NE Spain) 4, 121–53

enrichment 144–5, 147, 149
geological setting 122–3
major elements 125, 127, 128–9, 130–1, 132, 135,

136–7, 140–1
melt depletion 4, 138–9, 141, 150
metasomatism types 4, 121, 141, 143–5, 147, 149
modal composition 4, 124, 150
P–T– fO2 conditions 134–5
petrology 123–5
Pyrenean massif 4, 121–2, 135, 139, 144,

146, 149
Sr–Nd isotope composition 145, 146
trace elements 129–34, 135, 136–7, 138–9, 140,

141, 144
alkaline magma

NVL (Antarctica) upper mantle 6–7, 279–302
Spanish Central System 4, 101–2, 112–16

Alpine–Apennine system 2, 11
altered xenoliths, Spanish Central System 102, 103–18

modal composition 103, 104
P–T conditions 116
secondary alteration 103, 112–13

aluminium content
alkaline mafic lavas 125, 127, 128–9, 134, 141
Avacha peridotite xenoliths 2, 41, 42, 43, 44, 45, 46,

47, 48, 51, 53
lamproite spinels 89
monomineral thermobarometry 337
NVL (Antarctica) 6, 279, 289, 290–1, 294, 296–7,

299, 300
Scottish lithospheric mantle 309, 320–1, 324
SCS altered xenoliths 105, 108
Yakutian kimberlite pipes 347

amphiboles
alkaline mafic lavas 4, 123, 125, 126, 129, 133, 140–1,

147, 148, 149, 150
Avacha peridotite xenoliths 2–3, 35–55
Devès, Massif Central 5, 177, 179, 180, 181, 187, 188,

190, 192
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Gătaia lamproite 92, 93
Gharyan lherzolite xenoliths 255, 256, 257–8, 259–63
Hyblean Plateau upper mantle 200–1, 202–5,

206–8
Jabel El Arab mantle xenoliths 227–31, 232–3,

234–5, 236, 237–8, 239, 245
La Palma Basal Complex 159, 160, 161–3
Scottish lithospheric mantle 307–9, 310–11, 312–13,

318–19, 320–1, 322, 324
SCS altered xenoliths 103, 105, 108–10, 111, 113
Viliga peridotite xenoliths 58–9, 60, 65, 67–8, 69, 70

Malo–Botuobinsky field 344, 345, 348
mantle

depth 5, 155, 156
Jurassic Ligurian Tethys 11–33
Yakutian kimberlite pipe reconstruction 7, 335–52

mantle columns, Yakutian kimberlite pipes 7, 335,
337–49

mantle plumes
Gharyan lithosphere 253, 274
La Palma Basal Complex 155–75
Yakutian kimberlite pipes 7, 349

mantle wedge, Avacha peridotite xenoliths 35, 52–3
mantle xenoliths

alkaline mafic lavas 4, 121–53
Devès, Massif Central 5, 177–96
Gharyan (NW Libya) 6, 253–77
Jabel El Arab (Syria) 5–6, 223–51
monomineral thermobarometry 336, 338, 339–40
NVL (Antarctica) 6–7, 279
Scottish lithosphere 7, 303–33

Marais de Limagne 5, 177–96
mass-balance method 59, 60, 257, 306
megacrysts 158
melt depletion

alkaline mafic lavas 4, 138–9, 141, 144, 148, 149, 150
Gharyan lherzolite xenoliths 6, 253, 258, 272–3, 274

melt infiltration, NVL (Antarctica) 6, 279, 296, 297, 299
melt percolation

alkaline mafic lavas 121, 147, 150
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Gătaia Pleistocene lamproite 85, 86–7
Gharyan lherzolite xenoliths 254–6
Hyblean Plateau upper mantle 199–200
Jabel El Arab mantle xenoliths 225–7
La Palma Basal Complex 156–8
Scottish Northern Highlands Terrane 305–6
Spanish Central System 103–4
Viliga peridotite xenoliths 59, 60, 61

petrology
alkaline mafic lavas 123–5
Ligurian peridotites 13–23, 28
Scottish lithosphere 304

phase composition microanalysis 282, 284, 286–7
phlogopites

alkaline mafic lavas 4, 123, 125, 126, 129, 133, 140–1,
147, 148, 150

Devès, Massif Central 5, 179, 181
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Twenty years have passed since Menzies & Hawkesworth extended the concept of metasomatism 
to mantle processes. The aim of this book is to gather together progress made on this topic since 
then. Most of the 14 papers reported in the volume rely on in situ major and trace element 
analyses of minerals and glasses in mantle xenoliths, and deal with different kinds of 
metasomatic agents at variable fluid/rock ratios in tectonic settings as different as intra-plate, 
mid-ocean ridge (ophiolites) and supra-subduction. The book contributes to the wide debate on 
the nature of the fluids migrating into the mantle wedge, as well as on the different residential 
times of the subduction signature. In addition papers on intra-plate settings deal with the 
problem of relating various metasomatic signatures to one single metasomatic event through an 
infiltration-reaction process. 
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