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Abstract Amphibole ± phlogopite ± apatite-bearing
mantle xenoliths at Gobernador Gregores display
modal, bulk-rock and phase geochemical characteristics
held as indicators of carbonatitic metasomatism. How-
ever, part of these xenoliths has high TiO2/Al2O3 and
those displaying the most pronounced carbonatitic
geochemical markers modally trend towards harzburg-
ite. Bulk-rock, clinopyroxene and amphibole show Zr,
Hf and Ti negative anomalies, which increase at
decreasing Na2O and high field strength elements
(HFSE) concentrations. Steady variation trends between
xenoliths which have and do not have carbonatitic
characteristics suggest a control by reactive porous flow
of only one agent, inferred to be initially a ne-normative
hydrous basalt (because of the presence of wehrlites)
evolving towards silica saturation. Variation trends ex-
hibit cusps when amphibole appears in the mode.
Appearance of amphibole may explain the Ti anomaly
variations, but not those of Zr and Hf. Numerical
modelling [Plate Model (Vernières et al. in J Geophys
Res 102:24771–24784, 1997)] gives results consistent
with the observed geochemical features by assuming the
presence of loveringite. Modest HFSE anomalies in the

infiltrating melt may be acquired during percolation in
the garnet-facies.

Introduction

This paper discusses how far modal and geochemical
characteristics of mantle xenoliths are reliable indicators
of a given metasomatic agent, in the study case car-
bonatite. Since the studies of Green and Wallace (1988),
Wallace and Green (1988), Yaxley et al. (1991) and
Dautria et al. (1992), safe mineralogical and geochemical
markers of carbonatite metasomatism in spinel-facies
mantle xenoliths are considered to be: (1) modal varia-
tion trend towards wehrlite (Dalton and Wood 1993);
(2) presence of apatite; (3) high Na, Cr, Mg# and light
rare Earth elements (LREE) in clinopyroxene; (4) large
light REE/heavy REE (LREE/HREE) fractionation,
marked Zr, Hf and Ti depletion with respect to REE
(e.g. Chazot et al. 1994), and, although less commonly
used, low Th/U in clinopyroxene (Foley et al. 2001),
high Nb/Ta and Zr/Hf (Rudnick et al. 1993; Green
1995) in the bulk-rock. These modal and geochemical
features are frequent in xenolith occurrences of any
geotectonic environment. Thus, carbonatite has become
a very popular, ambient-independent, metasomatic
agent modifying the mantle lithosphere.

Comparison with natural carbonatites and experi-
mental work on the partition coefficients between silicic
and carbonatitic melts and silicate phases (Wendlandt
and Harrison 1979; Sweeney et al. 1992, 1995; Green
et al. 1992; Blundy and Dalton 2000; Adam and Green
2001) support a link between these geochemical and
modal features and carbonatite metasomatism. Heretic
alternative interpretations showing that ‘‘carbonatite
fingerprints’’ displayed by peridotite bulk-rock and
minerals are not unequivocal indicators of carbonatite
metasomatism have, however, been proposed by various
Authors, who argue against the existence of a simple,
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straightforward link between agent original composition
and metasomatic consequence. For example, orthopy-
roxene dissolution, modal trend towards wehrlite and
apatite crystallisation may be induced by any ne-nor-
mative silicate melt and especially nephelinites (Zinngr-
ebe and Foley 1995; Xu et al. 1996; Neumann and
Wulff-Pedersen 1997; Wulff-Pedersen et al. 1999; Peslier
et al. 2002). REE-HFSE (high field strength elements)
decoupling and LREE enrichment may be consistent
with other agents, like hydrous silicate melts (Grégoire
et al. 2001; Laurora et al. 2001; Bodinier et al. 2004).
Elemental anomalies and fractionations may be process-
dependent. In particular, infiltration processes accom-
panied by reactive porous flow may induce dramatic
variations in the composition of the percolating meta-
somatic melt (Vernières et al. 1997; Bedini et al. 1997;
Ionov et al. 2002; Bodinier et al. 2004), with consequent
large variations of porosity, melt/rock ratios and ele-
ment partition coefficients (Zinngrebe and Foley 1995;
Bedini et al. 1997; Zanetti et al. 1999; Vannucci et al.
1998; Wulff-Pedersen et al. 1999) and, hence, of the
metasomatic imprint. In such a process, the features of
the metasomatic agent are recorded only in the mantle
segment percolated by large melt volumes closer to the
infiltration origin, but are soon lost by the reaction-in-
duced variations (e.g. Ionov et al. 2002; Bodinier et al.
2004).

Since the controversy on carbonatite metasomatism
may have important bearing for constraining the com-
position of the upper mantle and magma sources, we
contribute to the discussion by revisiting a xenolith
occurrence in the Patagonia backarc region, Gobern-
ador Gregores. The xenoliths of this locality do display
‘‘carbonatite fingerprints’’, interpreted as induced either
by carbonatite metasomatism (Gorring and Kay 2000)
or by a hydrous silicate melt (Laurora et al. 2001).
Considering the variations and mutual relationships of
the carbonatite fingerprints, we re-enforce our doubts on
the action of a carbonatite agent. Mineral name abbre-
viations are according to Kretz (1983).

Xenolith occurrence and petrography

Information on the geological framework and field
characteristics of the Gobernador Gregores (GG)
occurrence can be found in Gorring and Kay (2000,
their Lote 17 occurrence), Laurora et al. (2001) and
Rivalenti et al. (2004). Xenoliths, up to 60 cm large,
occur in pyroclastic deposits connected with the Pliocene
post-plateau volcanism (Gorring and Kay 2001)
�400 km E of the actual Chile trench. The study of
more than 200 xenoliths (Laurora et al. 2001) shows that
lherzolite predominates (86%), followed by harzburgite
(12%) and wehrlite-dunite (2%). All the Authors have
distinguished the xenoliths into two main types, anhy-
drous and hydrous, on the basis of the absence or
presence of amphibole ± phlogopite ± apatite. There is
no clear textural distinction between the two groups,

since most xenoliths have recrystallised granular or
porphyroblastic texture. In the anhydrous group, how-
ever, olivine is often strained and clinopyroxene may
have fine unmixing lamellae and abundant fluid inclu-
sions, becoming thereby cloudy. In the hydrous group,
pyroxenes are generally clear and unmixed. Laurora
et al. (2001) emphasised that all the xenoliths contain
veins and pockets of silicate glass, into which occur
carbonate drops derived from liquid immiscibility
(Chalot-Prat and Arnold 1999) and olivine, clinopy-
roxene and spinel ± Ti-oxides microphenocrysts. These
glasses reacted with the peridotite matrix phases induc-
ing, for example, spongy rims in clinopyroxene. Laurora
et al. (2001) demonstrated that these veins and pockets
were related to an essentially isochemical (except for
CO2 addition) decompression melting event of the hy-
drous metasomatic phases of the matrix and/or to
infiltration of basalt. This occurred during xenolith
transport in the basalt. These glasses, therefore, cannot
be responsible for the pervasive metasomatic modifica-
tions documented in the GG xenoliths, not being of
direct interest for the purposes of the present paper.
However, the concentration of highly incompatible ele-
ments in bulk-rock may be biased by their presence,
since these elements are highly concentrated in glasses.

Analytical methods

Major elements and Sc, V, Cr, and Ni in bulk-rock were
analysed on pressed pellets by X-ray fluorescence spec-
trometry (XRF) at the ‘‘Dipartimento di Scienze della
Terra dell’Università degli Studi di Modena e Reggio
Emilia’’, Italy, using a Philips PW1480 XRF. The
methods employed were those of Franzini et al. (1975)
and Leoni and Saitta (1976). Analyses are considered
accurate to within 2–5% and 10% for major and trace
elements, respectively. Total iron was determined as
FeO.

Sr, Y, Zr, Nb, Ba, REE, Hf, Ta, Th and U in bulk-
rock were analysed by inductively coupled plasma–mass
spectrometry (ICP-MS) at the Department of Earth
Sciences of the Memorial University of Newfoundland,
St. John’s, NF, Canada. Full details of the procedure are
given in Jenner et al. (1990). Detection limits are re-
ported in Table 1. For quality control, two geological
reference standards (gabbro CCRMP MRG-1 and ba-
salt NIST SRM 688) were prepared and analysed with
the samples, together with a reagent blank to measure
the reagent contribution to the trace element values.
Reagent blank concentrations were insignificant for all
samples and have not been subtracted from sample
concentrations. For most elements, the accuracy of the
method (1 r.s.d.), determined from multiple analyses of
the reference standards, is 3–7%.

Major element, Ti and Cr mineral analyses were
carried out at the ‘‘Dipartimento di Scienze della Terra
dell’Università degli Studi di Modena e Reggio Emilia’’,
Italy, with an ARL-SEMQ electron microprobe in
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wavelength dispersive mode, with an accelerating po-
tential of 15 kV, a beam current of 20 nA, and a focused
spot size of about 4 lm diameter. Natural minerals were
used as standards. Counts were converted to weight
percent oxides using the PROBE software by J.J.
Donovan (Advanced Microbeam 4217 C, Kings Graces
road, Vienna OH 44473, USA). Results are considered
accurate within 2–6%.

Trace elements in pyroxenes and amphibole were
analysed by laser-ablation (LA-ICP-MS) at the ‘‘CNR-
Istituto di Geoscienze e Georisorse, Section of Pavia’’.
The LA-ICP-MS is a double focussing sector field ana-
lyser (Finnigan Mat Element) coupled with a Q-switched
Nd:YAG laser source (Quantel Brilliant), whose fun-
damental emission in the near-IR region (1,064 nm) is
converted to 266 nm by two harmonic generators. He-
lium was used as carrier gas, mixed with Ar downstream
of the ablation cell. Spot diameter was varied in the
range 30–100 lm. NIST SRM 610 glass was used as
external standards, with 44Ca as internal standard for
clinopyroxene and amphibole and 29Si for orthopyrox-
ene and phlogopite. Precision and accuracy, both better
than 10% for concentrations at the ppm level, were as-
sessed from repeated analyses of NIST SRM 612 and
BCR-2g reference standards. Detection limits were typ-
ically in the range 100–500 ppb for Sc, 10–100 ppb for
Sr, Zr, Ba, Gd and Pb, 1–10 ppb for Y, Nb, La, Ce, Nd,
Sm, Eu, Dy, Er,Yb, Hf and Ta, and usually <1 ppb for
Pr, Th and U.

Xenolith selection and grouping

The 26 samples selected for this study are representative
of all the GG xenolith variety. Their modal composition,
calculated by mass balance algorithms combining phase
and whole rock major and trace elements composition,
is reported in Table 1. Besides the obvious distinction in
anhydrous (group 1) and hydrous (group 2) xenoliths,
we add a further distinction based on the bulk rock
TiO2–Al2O3 variation trend. As shown in Fig. 1, sam-
ples split into two arrays, characterised by high (HTi)
and low (LTi) Ti/Al respectively, merging at low TiO2

and Al2O3 concentrations. The HTi array is on line with
the host basalt and the LTi with the primitive mantle
composition. This distinction is not a spurious effect
induced by basalt infiltration, because it is reflected also
in the core compositions of the silicate minerals and
spinel (Tables 1, 2, 3, and 4 and Fig. 1 for pyroxenes).
The HTi group consists both of anhydrous (cpx-poor
lherzolites GG78 and GG4) and hydrous xenoliths
(lherzolites GG30, GG92, GG26 and GG113; harz-
burgites GG65 and GG106; wehrlites GG33 and GG86).
The LTi group consists of the rest of the anhydrous and
hydrous groups and includes lherzolites, harzburgites
and one wehrlite (GG58) (Table 1). The reason for
distinguishing xenoliths by emphasising the Ti-Al
relationships is that high Ti is considered an indicator
of metasomatism operated by basaltic components

(Menzies et al. 1987) and it is, therefore, important for
the present issue. In summary, the groups used in the
text are:

– Group 1a, anhydrous LTi xenoliths
– Group 1b, anhydrous HTi xenoliths
– Group 2a, hydrous LTi xenoliths
– Group 2b, hydrous HTi xenoliths.

Modal trends

Modal composition is reported in Table 1 and modal
variation trends for the groups above distinguished are
illustrated in Fig. 2, along with vectors indicating vari-
ations induced by melting or melt-peridotite mineral-
ogical reactions. These comprise: (1) cpx formation by
opx dissolution (wehrlite trend); (2) opx formation by ol
± cpx dissolution (harzburgite trend). Group 1a xeno-
liths follow variation trends consistent with melting and
basalt removal, discussed in detail in Rivalenti et al.
(2004). Enough surprising, none of the 2a xenoliths
follows the wehrlite trend (with the obvious exception of
the LTi wehrlite GG58), but rather fall in the harz-
burgite trend, with the highest opx concentrations (up to
35%) in lherzolites GG49 and GG28 of group 2a. The

Fig. 1 a Variation of TiO2 (wt%) vs. Al2O3 (wt%) in bulk-rock,
distinguishing the present xenoliths into a HTi and a LTi array.
Data from Gorring and Kay (2000) and our unpublished analyses
are also reported. b, c Variation of TiO2 (wt%) vs. Al2O3 (wt%) in
clinopyroxene and orthopyroxene, respectively. The orthopyrox-
enes, and with a larger scatter also clinopyroxenes, of the HTi
xenoliths have, at a given Al2O3, higher TiO2 concentration than
the phases in the LTi xenoliths, with the exception of the anhydrous
LTi xenoliths (circles, see text)
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ö
h
le
r
(1
9
9
0
),
P
K
ö
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wehrlite trend is followed only by HTi xenoliths. These
trends are qualitatively maintained if cpx + amph, in-
stead of only cpx, is used.

Analytical results

Analytical data on bulk rock and mineral phases are
reported in Tables 1, 2, 3, 4 and 5. Information on
phlogopite and apatite is reported in Laurora et al.
(2001). In order to minimise the geochemical variations
induced by reaction with glass, mineral analyses refer
exclusively to core compositions, because analyses
across the crystals revealed that element diffusion af-
fected the rims, but not the inner portion of the crystals.

Because of the glass presence, in the following descrip-
tion we also preferentially emphasise pyroxene and
amphibole rather than bulk-rock characteristics.

Major elements -The most refractory compositions
occur in group 1a that has the most forsteritic olivine
(Fo 91.9 in GG118, Table 5), the highest Mg# values
[MgO/(MgO + FeOtot) in moles] and the lowest Na2O
concentration in bulk-rock and mineral phases. Bulk-
rock, clinopyroxene and amphibole of groups 1b, 2a and
2b have comparatively high Na2O concentrations and
low Mg# values (especially in group 2b: e.g. Mg# is
89.4–89.9 in bulk-rock and 87.5–89.0 in cpx of samples
GG92 and GG86, respectively, Tables 1 and 2). The
TiO2 enrichment with respect to Al2O3 observed in the
bulk-rock composition of the b groups corresponds
with a complementary Ti enrichment in clinopyroxene
(Table 2), orthopyroxene (Table 3) and spinel (Table 5).
In amphibole (pargasite to titanian pargasite; Table 4),
the highest TiO2 concentrations occur in the group 2b
samples GG92 and GG33 (TiO2=3.40 and 3.91 wt%,
respectively). Anyway, the other 2a and 2b amphiboles
have a similar TiO2 range. The CaO/Al2O3 and Na2O/
Al2O3 values in the 1a xenoliths are higher than those of

Fig. 2 Variation of the modal ratios cpx/opx and ol/opx versus
modal cpx and opx. Thin lines are model variation trends induced
by anhydrous (Baker and Stolper 1994; Kinzler 1997, at 1.9 GPa)
and hydrous (Hirose and Kawamoto 1995; Gaetani and Grove
1998, at 1.2 GPa) melting on a mantle having the mode reported by
Johnson et al. (1990). The arrows are qualitative vectors of
reactions dissolving olivine and forming opx (Ha harzburgite
trend) and dissolving opx and forming ol and cpx (We wehrlite
trend)
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PM (0.79 and 0.08, respectively) (Fig. 3). The values of
these parameters are even higher in the other three
groups.

REE -In agreement with their major element depleted
composition, the 1a xenoliths have bulk-rock REE
concentration below 0.3xPM (Primitive Mantle, Hof-
mann 1988) and flat or slight LREE-enriched or de-
pleted REE pattern (Fig. 4). The 1a cpx have
predominantly LREE-depleted patterns, nearly flat from
Sm to Yb, whereas the 1b, 2b and 2a clinopyroxenes
have LREE-enriched patterns resembling those of peri-
dotites affected by alkali-basalt metasomatism (Fig. 5).
The REE concentrations and patterns are similar in
amphiboles and coexisting clinopyroxenes (compare
Figs. 5 and 7a–c). The LREE concentration in the 1a
opx is below the detection limit (Table 3, Fig. 6). Al-
though LREE-depleted, the 1b, 2b and 2a orthopyrox-
enes have relatively high Cen/Ybn values (0.10–0.34 and
0.21–0.33 in groups 2a and 2b, respectively) (Fig. 6).
Although harzburgites may have lower bulk-rock and
phase REE concentrations, their variation range largely
overlaps that of lherzolites. Wehrlites have REE con-
centrations in the range of the group they belong to.

Zr, Hf and Ti -The clinopyroxenes of group 1a have
low concentrations of Zr, Hf and Ti, which are slightly
depleted with respect to L-MREE. Clinopyroxenes and
amphiboles from groups 2a, 1b and 2b show very vari-

Fig. 3 Bulk-rock variation of CaO/Al2O3 vs. Na2O/Al2O3, com-
pared with the variation in the Southeastern Australia xenoliths
(shaded field, Yaxley and Green 1996). Data from Gorring and
Kay (2000) and our unpublished analyses are also reported. PM
primitive mantle (Hofmann 1988)

Fig. 4 Primitive mantle (Hofmann 1988)-normalised trace element
bulk-rock profiles for the four xenolith groups and wehrlites.
Continuous lines lherzolites, dashed lines harzburgites and cpx-poor
lherzolites. The lines labelled 5, 10, 15 and 20 are model residues of
5–20% fractional melting of a PM source (Hofmann 1988). Melting
parameters: initial and melting modes = Johnson et al. (1990) and
Gaetani and Grove (1998) experiment 38–41, respectively. Partition
coefficients: Ionov et al. (2002) for ol, opx and sp; Hart and Dunn
(1993) for cpx. Melting equation = Shaw (1970)
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able amounts of Zr and Hf, which are moderately to
extremely (e.g. GG73) depleted with respect to L-MREE
(Figs. 5 and 7a-c). Most amphiboles and pyroxenes have
Zr/Hf=35–40 and define a trend close to the PM value,
whereas the rest (HTi and LTi wherlites and the four
LTi samples having the most pronounced negative Ti
and Hf anomalies) lie in a field of relative Hf depletion
(Zr/Hf value > 100) (Fig. 8a). Ti behaves like Zr and
Hf, but it exhibits a positive spike in some group 2b
amphiboles (Fig. 7a-c), according to the well-docu-
mented (e.g. Vannucci et al. 1995) larger capability of
this mineral to host Ti with respect to pyroxenes and
olivine. This also explains the occurrence of a positive Ti
spike in bulk-rock pattern of 2b GG92 sample. Fig-
ure 8b illustrates the positive correlation between Gdn/
Tin and Ndn/Hfn ratios in cpx and amph. Bulk rock
would provide results similar to cpx, only with a larger
point spread because of the glass presence. The ratio
values progressively increase from group 1a (cpx Ndn/
Hfn and Gdn/Tin = 1.22 ± 0.50 and 1.98 ± 0.73), to
groups 1b, 2b and 2a (Fig. 8b). The highest Gdn/Tin and
Ndn/Hfn values do not occur in wehrlites but in the 2a
cpx-poor lherzolites GG69 and GG73, followed by
lherzolites GG104 and GG36. The correlation of these
parameters suggests that the Hf and Ti relative depletion
depends on the same cause. Zr, not shown, would pro-
vide evidence similar to Hf.

Ba, Th and U -The concentrations of these elements
are extremely variable even within the same group. U
always exhibits a positive spike in bulk-rock (caused by
the high U concentration in carbonate drops into the
secondary glass pockets, Laurora et al. 2001), it is al-
ways enriched with respect to Th in amphibole and
varies from enriched to depleted in clinopyroxene.

Nb and Ta -Amphibole (and the rare phlogopite,
Laurora et al. 2001) is the major host for these elements.
The highest Nb concentrations occur in the Ti-poorest
amphiboles. Most clinopyroxenes (Fig. 8c) and ortho-
pyroxenes (not shown) have Nb/Ta values lower than
PM (17.6), while amphiboles record higher values. The
relatively high Nb/Ta ratios shown by amphiboles are
consistent with their Mg# and Ti content, which, as
shown by Tiepolo et al. (2001), should determine Amph/L

DNb/Ta>1. When modally present, amphibole controls
the Nb/Ta value of bulk rock.

Amphibole—clinopyroxene element distribution -Amph/

CpxDREE is close to unity (Fig. 7d). Amphibole prefer-
entially fractionates Nb, Ta, Ti, Sr and Ba.

Comparison with xenoliths affected by carbonatite meta-
somatism -Compared with the clinopyroxenes of the
South-Eastern Australia xenoliths, typically affected by
carbonatite metasomatism (Yaxley and Kamenetsky
1999), the group 1b, 2a and 2b clinopyroxenes have
higher TiO2 and Al2O3, lower Mg# and similar Na2O
concentration range. They also show weaker Ti
depletion (Gdn/Tin=2.7–35.2 and 10.2–87.6, in our

Fig. 5 Primitive mantle (Hofmann 1988)-normalised trace element
profiles of clinopyroxenes in the four xenolith groups and wehrlites.
The lines labelled 5, 10, 15 and 20 are model residues of 5–20%
fractional melting of a PM source (Hofmann 1988). Melting
parameters as in Fig. 4
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samples and in the Australian xenoliths, respectively,
Figs. 8b and 9a) and more marked Zr and Hf depletions
(Ndn/Zrn=1.1–16.7 and 1.1–5.3 and Ndn/Hfn=2.7–65.8
and 0.9–24.1, respectively, Figs. 8b and 9c). The
Southeastern Australia clinopyroxenes have a narrower
Zr/Hf and Nb/Ta variation range (Fig. 8a and c). The
Ti/Eu values are higher in the present cpx than in those
of Southeastern Australia (129–1817 and 45–472,
respectively) and only the 2b clinopyroxenes partially
overlap the Yaxley and Kamenetsky (1999) range.

Temperature and pressure

The average equilibrium temperatures (Table 2) calcu-
lated according to Brey and Köhler (1990) at 1.6 GPa are
905±94, 1112±22, 1087±25 and 1084±30�C in groups
1a, 1b, 2a and 2b, respectively. By using the Ca-in-olivine
geobarometer of Köhler and Brey (1990), most xenoliths
record a pressure range between 1 and 2.5 GPa, similar in
the various groups, with outsider towards higher and
lower values (Table 2).Higher temperature in amphibole-
bearing than in coexisting anhydrous xenoliths, con-
comitant with different texture, is a common feature
usually interpreted as a record of separate events (e.g.
Stosch and Seck 1980). The group 1a xenoliths could
represent, therefore, the mantle untouched by the ther-
mal-metasomatic event recorded in the other groups. In

view of the similar texture, however, it is also possible that
the observed thermal differences depend on the calibra-
tion of the geothermometers on anhydrous systems.
Amphibole may influence the Fe,Mg and Ca distribution
between cpx and opx.

Inconsistencies with carbonatitic metasomatism

Geochemical signatures commonly considered typical
and indicative of carbonatite metasomatism are absent
only in the group 1a xenoliths, apart for their high CaO/
Al2O3 and Na2O/Al2O3 values, which may be anyway a
consequence of the pervasive presence of glass-carbon-
ate veins (Laurora et al. 2001; Rivalenti et al. 2004).
Rivalenti et al. (2004) interpreted this group of xenoliths
as representing the residuals of partial melting triggered
by the addition of small-volumes of asthenospheric
melts recording a slab signature in their H2O and Cl
abundance. The melting models reported in Figs. 4 and
5 show that the distribution and concentration of
moderately incompatible elements (e.g. HREE) of bulk
rock and clinopyroxene may correspond with 5–20%
fractional melting residues. Differently, the relatively
large concentration of highly incompatible elements may
record the continuous mixing of the incremental melts
with the uprising melt. In principle, this process can also
account for the relatively large CaO/Al2O3 and Na2O/
Al2O3 of bulk rock. The whole-rock and pyroxene
compositions of all the other groups variably display
features believed to be consistent with carbonatite
metasomatism. The previous description of modal and

Fig. 6 Primitive mantle (Hofmann 1988)-normalised trace element
profiles of orthopyroxene in the four xenolith groups and the two
HTi wehrlites
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geochemical variations highlights, however, important
inconsistencies with the expected results of carbonatite
metasomatism. These inconsistencies are:

1. Carbonatitic features appear also in the HTi xeno-
liths, recording geochemical features (high Ti, low
Mg#) consistent with metasomatism operated by a
basaltic component (Menzies et al. 1987);

2. Wehrlites, a potential end-product of carbonatitic
metasomatism, do not display the most marked car-
bonatite fingerprints (e.g. the highest HFSE deple-
tions and lowest Ti/Eu) and have relatively low Mg#.
Moreover, two wehrlites follow the HTi variation
trend;

3. Modal trends towards wehrlite occur in the HTi
group, whereas instead the LTi 2a group, having
otherwise enhanced carbonatite characteristics,
modally trends towards harzburgite;

4. Compared to those from xenoliths affected by car-
bonatite metasomatism, the GG clinopyroxenes
display significant geochemical differences for both
major (higher Al2O3 and TiO2, and lower Mg#)
and trace element (lower Ti, higher Zr and Hf
depletions).

Moreover, doubts on carbonatite metasomatism rise
from twin elements. Foley et al. (2001) have experi-

mentally shown that clinopyroxenes in equilibrium with
natrocarbonatite melts have Th/U<1, while those in
equilibrium with potassic alkaline melts (leucitite) have
Th/U>1. Here, most pyroxenes and amphiboles have
Th/U higher than PM (Th/U=4). In the sample group
having the most marked Zr and Hf depletions (i.e. the
most pronounced carbonatite characteristics, GG73,
GG104, GG36 and GG69), the lowest Th/U is 1.97
(GG73). If the results of Foley et al. (2001) can be ap-
plied to mantle metasomatism involving sodic alkaline
melts (which is unwarranted), the Th/U values of the
GG phases suggest equilibration with silicate melts ra-
ther than carbonatite.

According to Green (1995) and Rudnick et al. (1993),
large Zr/Hf and Nb/Ta values are indicators of car-
bonatite metasomatism. Figure 8d shows that in the GG
clinopyroxene and amphibole Zr/Hf and Nb/Ta are
decoupled, with the highest Nb/Ta displayed by samples
having Zr/Hf �40 (with one exception).

Two distinct metasomatic agents?

A possible way to reconcile the various petrological,
mineralogical and geochemical indicators, which
alternatively support basaltic and carbonatitic melt
metasomatism, is to assume that these two agents
acted independently and overprinted each other. This
is a frequent explanation for localities with apparently
contrasting metasomatic stiles, including GG (Gorring

Fig. 7 a-c Primitive mantle (Hofmann 1988)-normalised trace
element profiles of amphibole. d Amphibole/clinopyroxene trace
element partitioning
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and Kay 2000). An alternative possibility is the infil-
tration of only one metasomatic agent (silicate melt)
and geochemical variations induced by the reactions
with the ambient peridotite during the porous flow of
this agent. A simple test of these two hypotheses is
provided by the variation trends of the geochemical
parameters. In the first case, bulk rock and phase
geochemistry would be a function of three compo-
nents: pre-existing mantle, silicate melt and carbonatite
component. As a consequence, the geochemical
parameters of the metasomatised peridotites would
randomly plot in the space defined by the three end-
members. In the second case, geochemical variations
should have as an end-member the pre-existing mantle
composition and would be controlled by the reactive
porous flow of the metasomatic agent and consequent
geochemical variations. Since natura non facit saltus

(Leibniz 1704), the geochemical variations should be
steady and peaks should occur only in concomitance
with dramatic events in the system, such as, for
example, entering the stability field of a new phase,
e.g. amphibole. Using these constraints, we examine
the reciprocal behaviour of geochemical parameters
expect to be different in carbonatitic and basaltic
systems.

Element ratios vs. companion elements -The diagrams
in Fig. 9 illustrate the influence of the companion
element variations on the variation of Gdn/Tin and
Ndn/Hfn in clinopyroxenes and amphiboles. In the
clinopyroxenes of the hydrous HTi and LTi xenoliths,
the increase of the Ti and Hf concentrations correlate
with a decrease of the negative HFSE anomaly. Zr
(not shown) provides trends like Hf. The group 1a
and 1b clinopyroxenes show the opposite behaviour.
The two resulting variation trends meet at high HFSE
concentration. The REE concentration also increases
up to the HFSE cusp, but its increase at higher ratio
values than that of the cusp is very modest. The cusp
corresponds with the entry of amphibole in the peri-
dotite assemblage.

Fig. 8a–d Relationships of selected elements (ppm) and element
ratios in clinopyroxenes and amphiboles. a Zr-Hf correlation,
b Gdn/Tin–Ndn/Hfn relationship, c Nb-Ta (ppm) correlation,
d variation of Nb/Ta vs. Zr/Hf. Composition of the Australian
clinopyroxenes (Yaxley and Kamenetsky 1999) is reported as a
light-shaded field. Amphiboles in d are represented by the dark-
shaded field
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These variation trends are inconsistent with metaso-
matism of two potential end-members (alkali basalt,
high HFSE and REE concentration, Ndn/Hfn and Gdn/
Tin �1; carbonatite, low HFSE and high REE concen-
tration, Ndn/Hfn and Gdn/Tin>>1) independently
affecting a depleted mantle (low HFSE and REE con-
centration, Ndn/Hfn and Gdn/Tin �1) because of the lack
of samples plotting in the gap between the depleted
mantle component (1a samples) and the carbonatitic
end-member. Rather, the trend suggests interaction with
mantle of only one component, inducing metasomatic
effects that drastically change during percolation. By
applying the lever rule, the position and trend of
amphibole in Fig. 9a suggests that the entry of amphi-
bole in the reaction products may control the negative Ti
anomaly of the percolating melt and, hence, of cpx.

Relationship Na2O–HFSE anomalies -The diagrams of
Fig. 10 illustrate the correlation between the Na2O con-

centration of cpx (that should increase during carbona-
tite metasomatism) and the Ti and Hf anomalies. The
resulting peculiar variation trend still presents a cusp at
high Na2O connecting two arrays of decreasing (array 1)
and increasing (array 2) negative HFSE anomaly,
respectively, with decreasing Na2O. The sample distri-
bution on the two arrays is, however, a little bit changed
with respect to that shown in Fig. 9. Array 1 comprises
the group 1a and 1b samples. Array 2 is constituted
dominantly by the 2a clinopyroxenes. The group 2b
clinopyroxenes plot on the two arrays close to the cusp.
The lowest Mg# values occur in clinopyroxenes plotting
close to the cusp. Amphibole mimics the cpx trend at
higher Na2O concentrations. The variation trend along
array 2 is the contrary of what is predicted in carbonatite
metasomatism. Note that the Yaxley and Kamenetsky
(1999) clinopyroxenes behave like predicted by carbon-
atite metasomatism affecting a previous mantle of vari-
able composition. Mixing of three components is
unsupported at GG for the same reasons previously
discussed (see anomalies-companion elements).

Relationship Na2O/Al2O3–HFSE anomalies -The
experiments of Blundy and Dalton (2000) indicate that

Fig. 9 Dependence of the HFSE anomalies (normalised to the
primitive mantle, Hofmann 1988) from REE and HFSE concen-
trations (ppm) in the clinopyroxenes and amphiboles. The shaded
field refers to the Yaxley and Kamenetsky (1999) clinopyroxenes
reported for comparison
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carbonatite metasomatism should increase the Na2O
concentration with respect to that of Al2O3 in cpx. Our
LTi group 2a clinopyroxenes show an inverse correla-
tion of the Na2O/Al2O3 parameter with the HFSE
anomalies (Fig. 10), contrasting with the positive cor-
relation in the clinopyroxenes of Yaxley and Kamenet-
sky (1999).

Nature of the metasomatic agent

None of the points so far discussed supports carbonatite
metasomatism overprinting a, or followed by, previous
Fe-Ti metasomatism. The smooth variation trends in
Figs. 8b, 9 and 10 favour metasomatism operated
by only one agent, that percolated into, and reacted
with, the ambient peridotite acquiring the observed

geochemical features. The initial melt had to be an alkali
basalt (because of the trend towards wehrlite of the HTi
xenoliths, their high TiO2/Al2O3 and relatively low
Mg#). Various authors have proposed that silicate melts
consumed during reactive porous flow into the ambient
peridotite may leave a carbonatitic residual melt (Baker
et al. 1998; Zanetti et al. 1999; Bodinier et al. 2004). This
residual melt would induce a carbonatitic imprint in the
peridotite. At Finero, for example, a mantle harzburgite
was pervasively affected by silicate melt metasomatism
that left a carbonatic residual fluid, documented in small
peridotite pockets containing apatite and high-Na,
HFSE depleted, cpx and modally trending towards
wehrlite (Zanetti et al. 1999). By contrast, at GG, it has
been shown that the clinopyroxenes having the highest
relative HFSE depletions have the lowest Na (Fig. 10)
and the modal trend is towards harzburgite. This sug-
gests that the residual melt had to become silica-satu-
rated, concomitantly with an apparently paradoxical
increasing HFSE depletion (trend towards harzburgite
of the LTi xenoliths concomitant with their high HFSE
negative anomalies). Variation of initially alkaline melts
to silica-rich melts is a typical result of melt-peridotite
reaction at lithospheric levels (Kelemen et al. 1992, 1998;
Shaw 1999), because the mineralogical reaction is

Fig. 10 Dependence of the HFSE anomalies (normalised to the
primitive mantle, Hofmann 1988) from the Na2O concentration
(wt%) and the Na2O/Al2O3 ratio in the clinopyroxenes and
amphiboles. The shaded field refers to the Yaxley and Kamenetsky
(1999) clinopyroxenes reported for comparison. The arrows
indicate the variation trends qualitatively expected from carbon-
atitic metasomatism
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ubiquitously dominated by dissolution of peridotite
orthopyroxene.

The alternative possibility on the nature of the
metasomatic agent, hydrous fluid rather than melt, was
discussed by Laurora et al. (2001). Moine et al. (2001)
also proposed that the variable REE/HFSE values
shown by amphiboles from peridotite xenoliths from
Kerguelen Island (Indian Ocean) could be the result of
changes of the mineral/liquid trace elements partitioning
as a function of aH2O. The ability of fluids in inducing
HFSE-REE decoupling is commonly based on the re-
sults of the experimental work at low pressure done by
Keppler (1996). Nevertheless, successive experimental
works on fluid/melt (Ayers and Eggler 1995; Adam et al.
1997) and fluid/solid partitioning (e.g. Stalder et al.
1998) at high P and T did not confirm the occurrence of
significant HFSE fractionation between melt and fluid.
Therefore, the conclusion that large REE/HFSE frac-
tionation can be a marker of fluid percolation is, at least,
disputable.

Constraints on the metasomatic process

HFSE-REE decoupling is frequently documented in
hydrous mineral-bearing peridotites, and indirectly sup-
ported by the occurrence of positive Hf and, less fre-
quently, Zr anomaly in clinopyroxenes and amphiboles
from mantle peridotites and cumulates (e.g. Grégoire
et al. 2000a; Ionov et al. 2002; Raffone et al. 2004) and
amphibole-rich veins in peridotite (Moine et al. 2001).
Neglecting carbonatite metasomatism, this decoupling
may originate either from the dissolution-crystallisation
of phases having S/LDHFSE

4+ higher than those of the
adjacent REE or be inherited from processes related with
the source of the metasomatic agent or its percolation
in the mantle region beneath that of observation (e.g.
hidden garnet facies and observed spinel facies).

Structural-compositional variation of the metaso-
matic phases during porous flow may induce important
variations of the partition coefficients. For example, Hill
et al. (2000) demonstrated that, when clinopyroxene
becomes enriched in [4]Al component, Cpx/LDHFSE

4+

become > 1 and > Cpx/LDadjacent REE. At GG, however,
the variation range of [4]Al is much narrower than that
of the Hill et al. (2000) experiments. Tiepolo et al. (2000,
2001) and Oberti et al. (2000) show that, as a response to
compositional and structural variations of amphibole,
compatibility of Ti substantially increases, whereas Nb
and Hf become compatible in amphiboles in equilibrium
with Ti-depleted, silica-rich melts. The Amph/LDZr,Ta also
increase, but they can more hardly become compatible,
being the Amph/LDNb/Ta and

Amph/LDHf/Zr about 1.5-2 in
alkaline systems differentiated via Ol+Cpx+Amph±
Phl crystallisation (namely, SiO2 - and FeO-rich and
TiO2 -poor). Amphibole crystallisation would further
deplete the percolating melts in Ti and, as shown in
Fig. 8d, in clinopyroxenes in equilibrium with these
melts high Zr/Hf would correspond with relatively low

Nb/Ta. None of the experimental works quoted above
reports, however, substantial HFSE-REE decoupling
and do not explain, therefore, the observed HFSE4+

negative anomalies. Consistently, Ionov et al. (2002),
who used S/LD pertinent to SiO2 -undersaturated high-P-
T systems for modelling metasomatism documented in
Spitsbergen xenoliths, show that crystallisation of
amphibole during melt/spinel peridotite reaction can
determine negative Nb, Ta and Ti anomalies in the
differentiates, but not negative Zr and Hf anomaly.

Orthopyroxene and phlogopite preferentially host Zr,
Hf and Ti with respect to REE (Salters et al. 2002;
McDade et al. 2003) and could in principle induce REE-
HFSE decoupling in the flowing melt. However, their S/

LDZr,Hf are so low that hardly their crystallisation could
cause relevant anomalies.

Metasomatic oxides able to selectively fractionate
HFSE has been used to explain the anomalies of these
elements (e.g. Bodinier et al. 1996, 2004; Bedini et al.
1997). Titanium oxides, such as ilmenite, armalcolites
and the minerals of the crichtonite series have been re-
cently recognised to be quite diffuse (Grégoire et al.
2000b; Kalfoun et al. 2002). Bodinier et al. (1996) doc-
umented the occurrence of titanium oxides such as Nb-
rutile on the surface of peridotite spinel. Ulvospinel can
also be present in alkaline cumulate xenoliths (e.g.
Raffone et al. 2004). At GG, Ti oxides have not been
found in connection with the metasomatic amphiboles
and pyroxenes, but only in melt pockets related to the
infiltration of the host basalt, as well as to decompres-
sion melting of hydrous minerals (Laurora et al. 2001).
If, anyway, they were there during the metasomatic
event, they may not have been rutile and ilmenite, which
have very high DNb(Ta) values (in the range 100–500;
Green and Pearson 1987; Stimac and Hickmott 1994
and references therein; Jenner et al. 1993; Foley et al.
2000) and DNb(Ta) /DZr(Hf) ratio, and would thus pro-
duce results in contrast with the large Nb(Ta) absolute
concentration and Nb/Zr ratios shown by the GG clin-
opyroxenes. Notwithstanding the absence of experi-
mental S/LD, armalcolites and minerals of the
chrichtonite series (including loveringite) are more suit-
able because they can have DZr(Hf) > to >>DNb(Ta). In
particular, if the mean of the concentration reported by
Kalfoun et al. (2002) and Grégoire et al. (2000b) is
compared with that of a common OIB, the DNb(Ta) re-
sult in the range 1–10, whereas DZr(Hf) are in the range of
10–100 for chrichtonite series minerals.

The parameters so far examined are implicitly as-
sumed to have operated during the reactive porous flow
of the metasomatic agent in to the observed spinel-facies
mantle. It is, however, also possible that the melt infil-
trating the GG spinel-facies mantle had previous, weak
HFSE depletion either inherited from the melt source or
acquired during percolation in the garnet-facies seg-
ment. The possibility that the melt infiltrating the spinel-
facies GG mantle had initial, weak HFSE depletions,
concomitant with the alkaline character of the melt, is
consistent with the model of Rivalenti et al. (2004). They
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proposed that slab-derived components fertilised
asthenospheric domains of the mantle wedge, from
which small volume melts migrated and interacted with
the spinel-facies lithosphere. Near-solidus melts derived
from such fertilised asthenosphere would be ne-norma-
tive (Yaxley and Green 1998). Although the experiments
of Rapp et al. (1999) do not show relative HFSE
depletion in eclogite-derived melts, but rather enrich-
ment, van Westrenen et al. (2001) emphasise that Zr, Hf
and Ti depletions could occur in silicate melts derived
from eclogites because these elements are compatible,
and adjacent REE incompatible, in Ca-rich garnet. The
other possibility, relative HFSE depletion in the melt
during percolation in the garnet-facies mantle, is sup-
ported by experimental results showing that Gnt/LD for
Zr and Hf can be greater than those of all LREE in the P
range 3.4-2.5 GPa (Hauri et al. 1994; van Westrenen
et al. 2001; Salters et al. 2002). Garnets from the Vitim
peridotite xenoliths have both Zrn and Hfn enriched with
respect to Smn (Ionov 2004; see also, for similar results,
Xu et al. 2000, and, only for Hf, Qi et al. 1995). Con-
sistent variation of the Zr(Hf)/Sm fractionation has been
also documented for the garnet/fluid equilibrium (Stal-
der et al. 1998). The possible role of garnet could also
partially explain the large variability of the Zr/Hf ratio,
because such elements can enter both X and Y sites of
the garnet structure, DZr/DHf thus varying from >1 to
<1 (van Westrenen et al. 2001).

Theoretical modelling

In the previous sections, it has been discussed how the
changes in bulk-rock and mineral compositions of
groups 1b, 2a and 2b can be rationalised in terms of
transient effects related to differentiation of one com-
ponent (alkaline melt) via reactive porous flow. In order
to support that at GG such a process may be a viable
alternative to carbonatite metasomatism, we present the
results of two reactive porous flow models, made
according to the Vernières et al. (1997) procedure. The
first model will focus on the explanation of the geo-
chemical dilemma represented by the clinopyroxene and
bulk-rock trace element composition of groups 1b, 2a
and 2b GG xenoliths, which have virtually the same
REE concentration but dramatically different REE/
HFSE4+ fractionation (e.g. see the clinopyroxene com-
position of GG92 and GG73 samples). The second
model will focus on the possible effects of the porous
flow migration through garnet-facies peridotites on the
REE/HFSE and LREE/HREE fractionation of the
uprising melts.

Model 1

The geochemical and petrographic features of GG
xenoliths allow us to set the following preliminary con-
straints on the modelling:

The composition of the lithospheric spinel peridotite pro-
tolith -Numerical simulations reported in the literature
have shown that reactive melt migration in the litho-
spheric mantle is particularly efficient in inducing large
geochemical variations when the ambient peridotite is
depleted (lherzolite to strongly refractory harzburgite,
e.g. Bedini et al. 1997; Ionov et al. 2002). Rivalenti et al.
(2004) have shown that the only Patagonia xenoliths
where metasomatism did not hide the evidence of previ-
ous composition and processes were rare harzburgites
having porphyroclastic texture and representing residues
of variable, but large, partial melting (�20% fractional
melting). These peridotites are modally (depletion of
clinopyroxene, absence of hydrous minerals) and geo-
chemically (large depletion in moderately incompatible
elements, e.g. HREE, Ti) similar to the group 1a GG
xenoliths, from which they differ for texture, that is
invariably secondary and deeply re-crystallised in the
latter (Gorring and Kay 2000; Laurora et al. 2001; this
work). The group 1a xenoliths, can be considered,
therefore, as a model for the composition of the mantle
predating metasomatism. Thus, the composition of
harzburgite GG118 has been adopted as representative of
the ambient peridotite before injection of alkaline melts.

The partition coefficients and the trace element composi-
tion of the infiltrated melt -Most porous-flow literature
models used partition coefficients determined for rela-
tively high T and P (e.g. Ionov et al. 2002). In particular,
the clinopyroxene-liquid partition coefficients most fre-
quently used were those of Hart and Dunn (1993), which
were obtained at 3 GPa and 1380�C in a SiO2-undersat-
urated anhydrous system. This data set, or similar ones,
were successfully applied in the simulation of partial
melting processes for reproducing the observed REE
composition of refractory clinopyroxenes (e.g. Johnson
et al. 1990) and furnished very reasonable estimates for
liquids in equilibrium with clinopyroxenes from cumu-
lates (e.g. Koga et al. 2001) or reactive dunite and harz-
burgite (Kelemen et al. 1995). Nevertheless, it is a
common observation that, when the Hart and Dunn’s
data set is applied in combination with the composition
of clinopyroxenes from peridotite metasomatised by hy-
drous alkaline melts s.l., the REE content and the LREE/
HREE fractionation of the calculated liquid frequently
exceed those found in natural silicate melts. For this
reason, Ionov et al. (2002) concluded that geochemical
features of bulk-rock and minerals similar to those of the
GG group 2 xenoliths (their Type II samples) couldn’t be
explained by percolation of the host basalt with clear OIB
affinity. Alternatively, they invoked the occurrence of an
extremely fractionated and LREE-enriched silicate (car-
bonate) melt. On the other hand, a discrete number of
papers have shown that the Cpx/LDREE documented in
clinopyroxene-glass pairs from mantle xenoliths can be
significantly higher than those of Hart and Dunn, being
Cpx/LD for HREE even higher than one (e.g. Chazot et al.
1996; Vannucci et al. 1998; Laurora et al. 2001). Similar
DREE values have been experimentally determined by
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Blundy et al. (1998) for near-solidus melting of fertile
spinel peridotite. The possibility to estimate solid-melt
trace-element partitioning for near-solidus conditions in
the GG xenoliths is provided by the occurrence of clin-
opyroxene-glass pairs. As documented by Laurora et al.
(2001), the observed Cpx/LDREE are significantly higher
than those of Hart and Dunn (1993). Liquid composi-
tions calculated by using this data set still show larger
LREE content and LREE/HREE fractionation than the
GG alkaline lavas reported by Gorring and Kay (2001),
but approach the composition of Ti-rich glasses fromGG
xenoliths. This suggests that this data set may document
the REE composition of the metasomatic melt. Thus, the
trace element composition of the infiltrating liquid was
estimated by using the Cpx/LD’s measured in GG xeno-
liths (Table 6) and the composition of the clinopyroxene
from the Fe-Ti-richer sample (GG92), assuming this
latter as that closest to the chemical equilibrium with the
more primitive alkaline melt. The Cpx/LDREE from the
GG xenoliths were also used in the numerical simulation.
In addition, the solid-liquid trace-element partitioning
for amphibole, orthopyroxene, olivine and oxide were
calculated as reported in the caption of Table 6, in order
to produce a consistent data set.

Mineralogical reactions and model results -Mineralogi-
cal reactions were designed to involve amphibole,

clinopyroxene, olivine and HFSE-rich oxide crystalli-
sation without assimilation of peridotite minerals.
These assumptions determined a decreasing melt mass
with the progression of the interaction. The mantle
column was considered composed by 50 cells and 150
process increments were run. Melt crystallisation was
set to 0 and 2% at the base and at the top of the
column, respectively. After 150 process increments,
the melt fraction (porosity) varies steadily from
3% (at the base of the mantle column) to 6& (50th

cell), whereas the final composition varies from 74%
Ol, 22.7% Opx, 3.3% Cpx (first cell) to 73% Ol,
22.3% Opx, 3.8% Cpx, <0.1% Ox, 0.9% Amph (50th
cell).

Figure 11a shows the composition of liquid each 10
cells after 150 increments. Liquid composition reveals
that the REE concentration of the entire mantle column
approaches the equilibrium with the melt injected at its
base. Differently, the crystallisation of very small
amounts of HFSE-rich oxides is able to determine a
‘‘sink’’ effect for HFSE4+ with consequent development
of strong REE/HFSE fractionation. In particular,
the strong REE/HFSE4+ fractionation peculiar of
the liquid calculated in equilibrium with the GG73
clinopyroxene is accurately matched by the liquid com-
position of the cells close to 40th. The weakness points
of this model are the uncertainty about the oxide-melt

Table 6 Chemical and reaction parameters used in numerical modelling

Ol/LDc Opx/LDb Cpx/LDa Oxide/LDd Amph/LDb Infiltrated
melte (ppm)

Chemical parameters
Th 1.77E-07 2.12E-04 2.12E-02 2.00E-02 12.5
U 1.32E-07 2.64E-04 1.32E-02 2.00E-02 5.1
Nb 2.95E-04 4.66E-04 1.14E-02 3.20E+00 1.14E+00 42.9
Ta 7.50E-04 1.24E-03 3.75E-02 5.70E+00 5.20E-01 4.1
La 2.31E-04 2.62E-04 1.25E-01 1.50E-01 102
Ce 5.37E-04 8.31E-04 2.31E-01 2.60E-01 205
Sr 7.86E-05 2.11E-04 1.01E-01 1.70E-01 3314
Nd 1.08E-03 2.53E-03 5.05E-01 5.20E-01 61.2
Zr 1.20E-02 1.60E-02 3.90E-01 1.30E+02 4.50E-01 230
Hf 2.30E-02 4.36E-02 7.65E-01 1.60E+02 9.70E-01 3.0
Sm 1.15E-03 7.61E-03 7.61E-01 8.10E-01 10.9
Gd 1.85E-03 2.82E-02 9.72E-01 1.03E+00 5.3
Ti 1.69E-02 3.19E-01 7.96E-01 2.10E+01 4.03E+00 1702
Dy 3.56E-03 4.16E-02 1.13E+00 1.10E+00 3.4
Ho 4.44E-03 6.00E-02 1.06E+00 1.01E+00 0.65
Er 5.35E-03 8.30E-02 9.89E-01 8.60E-01 1.6
Yb 8.87E-03 1.47E-01 1.05E+00 1.05E+00 1.1

Ol Opx Cpx Oxide Amph

Modal parameters
Crystallised mineralsf 0.20 0.30 0.05 0.45

a Cpx/LDs: average Cpx3/glassDs in xenoliths GG58, GG73 and
GG104 (Laurora et al. 2001)
b Opx/LDs and Amph/LDs calculated from the Cpx/LD and the Opx/
Cpx and Amph/Cpx values in the GG samples
c Ol/LDs: calculated from the Cpx/LD and the Ol/Cpx ratio desumed
by the Ol/LD and Cpx/LD reported by Ionov et al. (2002)
Cpx/LD and the Ol/Cpx ratio inferred from the Ol/LD and Cpx/LD
reported by Ionov et al. (2002)

d Oxide/LDs: calculated from the average chrictonite mineral com-
positions (Kalfoun et al. 2002) and OIB composition (Sun and
McDonough 1989). Oxide/LDHf modified according to the experi-
mental DZr/DHf ratio from rutile/titanate-melt equilibrium (Foley
et al. 2000; Tiepolo et al. 2002)
eInfiltrated melt composition: calculated on the basis of the Cpx/LDs
and Cpx composition from the Fe-and Ti-richer sample (GG92)
fDeduced from the modal composition of the GG samples
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partitioning and the lack of HFSE-oxides in the peri-
dotite assemblages. On the other hand, at GG Ti-oxides
are rather frequent in melt pocket and vein determined
by decompression melting of amphibole and/or perido-
tite mineral/host basalt reaction. Thus, we conclude that
HFSE-oxide can actually be an important mineral dur-
ing the first stages of melt-peridotite reaction, playing a
leading role in the generation of transient REE/HFSE
fractionation.

Model 2

The second model (Fig. 11b) refers to percolation of
an OIB-like melt (composition taken from Sun and
McDonough 1989) into the hidden, garnet-facies mantle
segment, and is aimed to show the effects on this process
on the melt infiltrating the spinel-facies mantle in terms
of REE/HFSE and LREE/MREE fractionation. Model
parameters are reported in Table 7 and in the Fig. 11b
caption. According to the depleted character previously
inferred for the pristine Patagonia lithosphere, it was
assumed that the mantle was constituted by a depleted
garnet-harzburgite, whose modal and chemical compo-
sition (Table 7) was calculated by 18% batch melting
(melting mode from Walter 1998) of Primitive Mantle
(Hofmann 1988). It was assumed that the melt/perido-
tite mineralogical reaction involved no assimilation and
the crystallisation of only olivine. Thus, percolation
occurred at decreasing melt mass, as in Model 1. Solid/
liquid partition coefficients for garnet-facies assemblages
were taken from Salters et al. (2002), whose data set was

completed on the basis of the numerical formulation of
the lattice-site elastic-strain theory by Blundy and Wood
(1994). A mantle column formed by 20 reaction cells was
considered and, in order to highlight the fractionation
produced by this interaction, the liquid compositions
after only 20 increments are shown in Fig. 11b. Under
these assumptions, during percolation the liquid com-
position was characterised by an increase of LREE,
whereas the HREE content was rapidly buffered to low
content, with a consequent increase of LREE/HREE
fractionation. As for HFSE, liquids acquired variable Zr
and Hf depletion with respect to L-MREE, whereas the
REE/(Ti, Nb) ratio was virtually unaffected. Interest-
ingly, REE, Th, U, Zr and Hf concentrations in liquids
approached (close to 10th cell) that of the hypothetical
liquid calculated in equilibrium with the cpx from GG92
sample.

This evidence suggests that the melt-garnet harz-
burgite reaction could be relevant in the production of
transient features like large LREE/HREE and REE/(Zr,
Hf) fractionation frequently documented in metasoma-
tised spinel-peridotites from world-wide occurrences
(e.g. Rivalenti et al. 2000; Ionov et al. 2002; Bodinier
et al. 2004), revealing, moreover, a possible cognate
origin with the alkaline melts commonly erupted to the
Earth’s surface.

Conclusions

The Gobernador Gregores xenoliths consist of: (1)
anhydrous lherzolites and harzburgites recording

Table 7 Chemical and modal parameters used in numerical simulation of melt/peridotite reaction at garnet-facies conditions

Ol/LDa Opx/LDa Cpx/LDa Gnt/LDa Infiltrated meltb

(ppm)
Initial peridotitec

(ppm)

Chemical parameters
Th 5.00E�05 2.70E�03 1.77E�02 1.30E�02 4.00 0.00048
U 4.70E�04 2.40E�03 2.16E�02 5.50E�02 1.02 0.00034
Nb 1.70E�04 4.00E�03 2.40E�02 1.60E�02 48 0.0053
La 6.00E�08 1.60E�03 2.60E�02 6.20E�04 37 0.00002
Ce 7.50E�07 3.10E�03 3.60E�02 3.20E�03 80 0.0033
Nd 1.20E�05 9.50E�03 6.20E�02 4.60E�02 38.5 0.024
Zr 4.45E�03 1.30E�02 3.80E�02 3.69E�01 280 0.80
Hf 3.74E�03 3.20E�02 8.40E�02 3.96E�01 7.80 0.037
Sm 1.20E�04 2.00E�02 9.00E�02 2.68E�01 10.0 0.032
Gd 6.00E�04 3.10E�02 1.15E�01 7.88E�01 7.62 0.10
Ti 1.09E�02 1.04E�01 1.30E�01 2.69E�01 17,200 237
Dy 3.70E�03 4.10E�02 1.38E�01 1.57E+00 5.60 0.21
Ho 7.20E�03 4.40E�02 1.47E�01 1.90E+00 1.06 0.054
Er 1.35E�02 4.60E�02 1.54E�01 2.11E+00 2.62 0.17
Yb 4.10E�03 4.60E�02 1.63E�01 5.15E+00 2.16 0.27

Ol Opx Cpx Gnt

Modal parameters
The initial peridotite 0.657 0.281 0.009 0.053
Cristallised minerals 1

aSolid–liquid partition coefficients: Salters et al. (2002). REE data
sets: checked and completed by fitting the experimental data to the
formulation of the elastic-site lattice-strain theory (Blundy and
Wood 1994)

bOIB: Sun and McDonough (1989)
cInitial lithospheric peridotite: residue from 18% batch melting of
garnet-facies PM source (Hofmann 1988)
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melt–assisted partial melting (group 1a); (2) anhydrous
and hydrous xenoliths modally trending towards wehr-
lite, having high TiO2/Al2O3 ratios both in bulk-rock
and mineral phases, and REE profiles similar to those

induced by alkali basalt metasomatism (groups 1b and
2b, respectively); (3) hydrous xenoliths modally trending
towards harzburgite, having low TiO2/Al2O3 (group 2a)
and REE patterns similar to groups 1b and 2b. The Ti,
Hf and Zr negative anomalies progressively increase in
the order 1a, 1b, 2b and 2a, the most marked occurring
in 2a cpx-poor lherzolites. The Na2O, Ti, Hf and Zr
concentrations increase in correlation with the negative
HFSE anomalies only in the pyroxenes and amphiboles
of the anhydrous xenoliths, but instead they decrease in
the hydrous ones, while REE concentration remains
roughly constant and high.

Most of the modal and geochemical features are,
therefore, inconsistent with carbonatitic metasomatism,
that would induce modal trends towards wehrlite, in-
crease of the Na2O and REE concentration and negative
HFSE anomalies in silicate phases of xenoliths that
experienced large carbonatite interaction. For the same
reason they are also inconsistent with processes where a
carbonatite residual melt derives from consumption of
an initially silicate melt during reactive porous flow.
Rather, the observed characteristics are consistent with
reactive porous flow of an initially ne-normative, hy-
drous basalt inducing the characteristics of the 2b
xenoliths, that evolves to silica saturation (e.g. the 2a
xenoliths). Amphibole crystallisation and the variations
of the Amph/LDHFSE caused by changes in the composi-
tion of the flowing melt may explain the depletion of Ti
with respect to REE, the variations in clinopyroxenes
and amphiboles of the Nb/Ta ratio from higher to lower
than chondritic and of the Zr/Hf ratio from chondritic
to higher than chondritic. No experimental work yet
available indicates, however, any important REE-Zr, Hf
decoupling in amphibole and crystallisation of this
phase cannot, therefore, explain the Zr and Hf deple-
tions observed in the group 2a xenoliths. All the ob-
served geochemical features may be explained by
hypothesising the presence of a mineral of the crich-
tonite series in the metasomatic assemblage and we
present a numerical modelling (Plate Model, Vernières
et al. 1997) where the observed characteristic are suc-
cessfully reproduced by the crystallisation of olivine,
clinopyroxene, amphibole and loveringite in the flowing
melt. Numerical modelling also shows that modest
HFSE anomalies may be present in the initial melt
infiltrating the spinel-facies as a heritance of reactive
porous flow into the garnet-facies mantle. The latter
process also is particularly effective in determining a
significant increase of the LREE/HREE fractionation in
the migrating liquids, thus potentially explaining the
very large LREE-enrichment frequently documented in
mineral and bulk-rock chemistry of peridotite metaso-
matised by asthenospheric alkaline melts.
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Fig. 11 a Trace elements compositions of liquids calculated by
means of Plate Model simulation (Vernières et al. 1997) of the
reaction between an alkaline melt and refractory spinel harzburgite.
Initial and final liquid compositions: potential melt in equilibrium
with the GG92 and GG73 cpx, respectively. Chemical composition
of the ambient peridotite: spinel harzburgite GG118. Further
chemical and modal parameters and details on the process are
reported in Table 6 and in the text. The model is able to reproduce
the REE/HFSE4+ fractionation at nearly constant REE content
shown by mineral chemistry of groups 2a and 2b samples.
Conversely, the HFSE5+, U and Th fractionation are poorly
documented. b Trace elements compositions of liquids calculated
by Plate Model simulation (Vernières et al. 1997) of the reaction
between OIB and refractory garnet harzburgite. OIB composition:
Sun and McDonough (1989); garnet harzburgite composition: 18%
batch melting residue of a garnet-facies, PM source (Hofmann
1988). Further chemical and modal parameters and details on the
process are reported in Table 7 and in the text. Liquid composi-
tions are shown for the first cell (corresponding to the injected OIB)
and for every 5 cells. They document that OIB-garnet peridotite
interaction can produce a significant Zr and Hf depletion with
respect to L/MREE, but not Ti and Nb depletion. The REE, Th,
U, Zr and Hf concentrations approach that of the hypothetical
liquid calculated in equilibrium with the Cpx from GG92 sample
(see text and Table 7). Between 1 and 15 cells, the final porosity
varies from 3% to 6&, whereas the final composition is constantly
66.4% Ol, 27.5% Opx, 0.9% Cpx, 5.2% Gnt
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(COFIN 1998 and 2000), CRN and CNR-CONICET joint pro-
grammes.
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