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consisting of Na–Si-rich glass and carbonate (Mg-rich calcite)Spinel-facies mantle xenoliths occur in a diatreme cutting through
drops, and in veins originating from the pockets (Assemblage 3).the Neogene Southern Patagonia Plateau at Gobernador Gregores
Euhedral olivine, clinopyroxene and spinel crystallize only in the(Santa Cruz Province, Argentina). This plateau is in a back-arc
silicate glass. So do new, euhedral apatite crystals when glass isposition with respect to the Chile trench. Xenoliths differ in their
in contact with previous Assemblage 2 apatite. Textural evidencewhole-rock composition from other South America occurrences, having
and comparison with experimental work suggest that silicate glasshigher CaO/Al2O3 ratios and, in some samples, TiO2 enrichment,
and carbonates are the result of unmixing of a former homogeneouswhereas the Na2O/Al2O3 variation range is similar. Three as-
melt. Because of the different flow rates of carbonate and silicatesemblages can be distinguished. Assemblage 1, in anhydrous proto-
melt, the xenoliths become enriched in carbonate, which is found ingranular lherzolites and harzburgites, contains clinopyroxene with
the veins, during their migration. Thus, the high CaO/Al2O3a depleted major and trace element composition, indicating pre-
ratio of whole rocks provides inconclusive evidence of carbonatite

metasomatic depletion processes. This assemblage fully recrystallized
metasomatism. This factor, and other minor deviations from the

to Assemblage 2 (amphibole ± phlogopite ± Cl-apatite-bearing)
expected results of carbonatite metasomatism, lead us to hypothesize

during a metasomatic episode. This causes clinopyroxene to acquire
an aqueous, Cl-rich fluid, possibly slab derived, as an alternative

geochemical characteristics often attributed to carbonate-melt meta-
agent. Amphibole, resulting from reactive porous flow of this agent

somatism. Noticeably, amphibole is markedly enriched in Nb (up in the mantle, could fully explain the observed geochemical features,
to 298 ppm), especially when depleted in Ti. A further event, as indicated by estimates of its partition coefficients.
related to decompression during xenolith uplift to the surface,
induces closed-system (perhaps with the exception of CO2 addition)
disequilibrium melting of Assemblage 2, dominantly of amphibole. KEY WORDS: carbonated xenoliths; Gobernador Gregores; LAM–ICP-

MS; mantle metasomatism; silicate glassIt is found in pockets (where amphibole is a residual phase)
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melt containing a carbonate component. Elements areINTRODUCTION
normalized with respect to primitive mantle (Hofmann,This paper illustrates a new occurrence of carbonated
1988).mantle xenoliths in Southern Patagonia (Gobernador

Gregores, Santa Cruz Province). Xenoliths occur in a
Plio-Pleistocene cinder cone inside one of the largest
diatremes cutting through the Neogene Southern Pa- PETROGRAPHY
tagonia Plateau [figs 1, 2 and 3C of Gorring et al. (1997)].

All the xenoliths are spinel-facies peridotites. They areThese lavas occupy a back-arc position with respect to
rounded and reach a maximum size of 60 cm. Thethe Chile trench,>400 km away to the east (Stern et al.,
dominant rock type, as found from the examination of1990; Gorring et al., 1997, and references therein). The
120 samples, is lherzolite (88%), followed by harzburgiteoccurrence of mantle xenoliths in association with sub-
(8%), wehrlite (3%) and dunite (1%). Amphibole (±duction regions is rare (Vidal et al., 1989; Maury et al.,
phlogopite) occurs in 43% of the xenolith collection.

1992; Szabo et al., 1996) and, as far as we know, car- Carbonate, apatite and glass are closely associated in
bonated mantle xenoliths are very rare in this context pockets.
(Szabo et al., 1995). Occurrences of xenoliths containing Three assemblages, related to successive events and/
primary (i.e. not supergenic) carbonate, however, are or representing different depth levels in the sampled
relatively common in other geological situations (e.g. mantle segment, can be distinguished. The first (As-
O’Reilly & Griffin, 1988; Ionov et al., 1993, 1996; Johnson semblage 1) occurs in lherzolites and subordinate harz-
et al., 1996; Ionov, 1998; Norman, 1998) and they may burgites with protogranular texture. These rocks do not
provide first-class evidence of the interaction processes contain hydrous phases. All the mineral phases are
between carbonate-rich melts and peridotite, related geo- strained [e.g. kink-bands in olivine (Ol1) and pyroxenes]
chemical signatures, and the origin of the carbonate and pyroxenes (Cpx1 and Opx1) are unmixed and cloudy.
component. Spinel (Spl1) is interstitial and irregularly shaped, but

Generation of carbonatite melts in mantle at pressure sometimes it is sub-euhedral. The majority of xenoliths
[2 GPa and their importance as efficient metasomatic are characterized by a coarse-granular texture (As-
agents acting on the mantle lithosphere has been dem- semblage 2). Clino- and orthopyroxene (Cpx2 and Opx2)
onstrated by Green & Wallace (1988) and supported do not have appreciable exsolution lamellae and the first
by further experimental work (Lee & Wyllie, 1998a). exhibits a spongy rim of variable thickness. Olivine
Carbonatite-related metasomatism results in peculiar recrystallization results in large (up to 5 mm) unstrained
geochemical [high light rare earth element (LREE), La crystals (Ol2). Spinel (Spl2) often contains sub-euhedral
and Ce, and low Hf, Zr and Ti, concentration] and silicate inclusions and occurs as an intergranular embayed
modal (orthopyroxene dissolution and a trend toward phase sometimes showing reaction rims. Amphibole may
wehrlite, presence of apatite) signatures common in xeno- be abundant; phlogopite is rarer. Only rarely do As-
lith occurrences in both continental and oceanic settings semblages 1 and 2 occur in the same xenolith and, when
(Yaxley et al., 1991, 1998; Dautria et al., 1992; Hauri et they do, Assemblage 2 appears as a thin recrystallized
al., 1993; Ionov et al, 1993; Rudnick et al., 1993). On the rim on Assemblage 1 phases.
other hand, it has also been demonstrated that the A further event (Assemblage 3) affects only Assemblage
relationship between LREE enrichment–HFSE (high 2 xenoliths and is documented by the occurrence of
field strength element) depletion and carbonate meta- silicate glass, containing carbonate droplets, in pockets
somatic agents is not so straightforward and that other around amphibole and, subordinately, around the other
agents or metasomatic processes may lead to results phases of Assemblage 2 (Fig. 1a, b and d). Glass +
similar to those expected from carbonatite (Zinngrebe & carbonate veins originate from the pockets and infiltrate
Foley, 1995; Bedini et al., 1997; Vannucci et al., 1998; along grain boundaries (Fig. 1c), and more rarely in
Zanetti et al., 1999). In subduction zones, Sweeney et al. fractures of matrix olivine. Carbonate drops are separated
(1992) suggested that metasomatism related to a car- from the silicate glass by smooth, outwardly convex
bonated component may be common, whereas Rudnick menisci, in both veins and pockets (Fig. 1c and d).
et al. (1993) concluded that it is unlikely. Carbonates are never in contact with the matrix phases,

The questions we try to answer in this study are: (1) Is a thin film of silicate glass occurring between them (Fig.
a carbonated component responsible for the metasomatic 1c and d). New and small (<100 �m) euhedral crystals
effects observed in the Gobernador Gregores xenoliths? of olivine (Ol3), clinopyroxene (Cpx3), spinel (Spl3) and
(2) Is the metasomatic agent related to the subducted rarely Fe–Ti oxides (up to 10 �m) are found only in the
slab? silicate glass (Fig. 1a and d).

We define carbonate melt as melt with a carbonatite- Large apatite crystals, up to 2 mm across (Fig. 1d),
occur in a few samples as cloudy relics rich in partlylike composition and carbonated silicate melt as silicate
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Fig. 1. Back-scattered SEM images of Assemblages 2 and 3. (a) Amphibole (Amph) is the residual phase and three veins originate from the
pocket. (b) Assemblage 3 in sample GG92, containing Fe–Ti oxides. (c) Veins in sample GG104 at triple junction between Ol2 crystals. [Compare
this image with fig. 4 of Minarik (1998).] (d) Apatite2 and Apatite3 in sample GG104.

exploded fluid inclusions (<10 �m). Such relics are found phases and glass by electron microprobe at the Earth
immersed in large carbonate pools, but also in contact Sciences Department of Modena University. Details of
with the minerals of Assemblage 2 and with glass. Further the analytical technique have been reported by Maz-
apatite occurs as inclusion-free euhedral crystals (<10 �m zucchelli et al. (1992). Trace element data were obtained
in diameter) in the silicate glass close to, and as a by laser ablation microprobe–inductively coupled
recrystallized rim of, cloudy apatite when this latter is in plasma-mass spectrometry (LAM–ICP-MS) at CSCC,
contact with glass (Fig. 1c and d). Because of its re- Pavia. The basic setup of the instrument and the analytical
lationship with Assemblage 2, we hereafter refer to cloudy protocol have been described by Bottazzi et al. (1999),
apatite as Apatite2 (even if apatite does not occur in with a major modification to the laser probe consisting
Assemblage 1), whereas the clean euhedral apatite neo- in the adoption of a shorter laser wavelength (213 nm)
crystals are referred to as Apatite3. obtained by mixing the fundamental (1064 nm) and the

As well as in Apatite2, small fluid inclusions occur in fourth harmonic (266 nm) radiations in a third harmonic
all the Assemblage 2 minerals. Preliminary observations generator, in a similar way to that shown by Jeffries et
indicate that they are predominantly aqueous, CO2 in-

al. (1998). At this shorter wavelength, even the carbonates
clusions being rare even in Apatite2. This contrasts with analysed for this study displayed a regular ablation,
apatite from other xenolith occurrences, which have

whereas a first attempt using the 266 nm resulted incompositional and textural characteristics similar to Ap-
the so-called ‘catastrophic ablation’ that hampered anyatite2, but are commonly rich in CO2 inclusions (O’Reilly
accurate quantitative determination. NIST SRN 612 was& Griffin, 1988; Yaxley et al., 1991; Chazot et al., 1996).
used as the external standard, and 44Ca as the internal
standard. Precision and accuracy of trace element analysis

ANALYTICAL METHODS were assessed on a control sample BCR2-g (reference
values are from USGS Geochemical Reference MaterialsMajor elements were determined in whole rock by wave-

length-dispersive X-ray fluorescence and in mineral database, http://minerals.cr.usgs.gov/geo–chem–stand/;
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Fig. 2. Selected whole-rock chemical parameters compared with those of other South American xenolith occurrences (data source: Barbieri et
al., 1999; Rivalenti et al., 2000). Labelled points refer to the selected samples described in the text.

Fig. 3. (a) Trace element patterns of clinopyroxenes of Assemblages 1, 2 and 3. (b) REE patterns of clinopyroxenes. (c) Trace element patterns
of high-Ti and low-Ti amphiboles. (d) Trace element patterns of the Assemblage 3 glasses, which mirror the amphibole patterns. In all the
diagrams, the sample fields represent 1� standard deviation from the average. Concentrations are normalized to the Primitive Mantle composition
(Hofmann, 1988).
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Table 1: Variation range (average ± standard deviation) of some indicative parameters in clinopyroxenes and

amphiboles

Phase: Cpx1 Cpx2 Cpx3 High-Ti Amph Low-Ti Amph

No. of

samples: (3) (1�) (11) (1�) (7) (1�) (6) (1�) (2) (1�)

TiO2 0·12 0·06 0·19 0·13 0·53 0·39 3·33 0·28 0·67 0·56

Al2O3 2·74 0·39 5·53 0·83 6·28 1·10 13·88 0·07 14·19 0·56

CaO 23·40 0·18 18·77 0·82 21·30 1·03 9·19 0·14 10·21 0·45

Na2O 0·37 0·11 2·18 0·28 0·73 0·24 3·44 0·14 3·69 0·25

Cr2O3 0·76 0·15 1·73 0·27 2·44 0·77 1·12 0·36 2·18 0·33

mg-number 0·93 0·003 0·901 0·0051 0·921 0·0021 0·85 0·02 0·90 0·004

LaN/YbN 0·29 0·15 9·39 2·82 2·88 0·66 6·19 2·22 11·15 3·55

LaN/NdN 0·46 0·07 0·90 0·27 0·39 0·05 0·59 0·14 0·90 0·32

NdN/YbN 0·65 0·32 11·00 3·10 7·52 1·74 10·12 1·43 12·52 2·48

ZrN/HfN 0·57 0·16 3·98 2·83 5·28 4·29 1·10 0·05 4·96 3·98

Sr∗ 1·00 0·24 0·76 0·06 0·37 0·11 1·79 0·13 1·18 0·08

Zr∗ 0·42 0·05 0·35 0·26 0·19 0·08 0·46 0·01 0·26 0·10

Ti∗ 0·75 0·28 0·15 0·26 0·23 0·14 2·34 0·01 0·43 0·15

Oxides in wt %; mg-number = molar MgO/(MgO + FeOtot); Sr∗ = SrN × 2/(PrN + NdN); Zr∗ = ZrN × 2/(NdN + SmN); Ti∗ =
TiN × 2/(GdN + DyN).
1Sample GG92 (mg-number = 0·88 and 0·87 in Cpx2 and Cpx3 respectively) is not included.

reference values for Nb, Ta, Dy and Er are ICP-MS three samples. Scanning electron microscopy (SEM) im-
ages reveal that carbonate veins thinner than 3 �m occurunpublished data by Memorial University of New-

foundland, St John’s, Canada) to be approximately <7 in all the samples, including those characterized by
Assemblage 1 and those that contain only Assemblageand 10%, respectively. Detection limits of LAM–ICP-

MS analysis are largely a function of ablation volume 2. Consequently, in Fig. 2 some of the xenoliths show
deviations towards higher CaO and CaO/Al2O3 valuesand the counting time per element. Ablation volume

varies strongly depending on the instrumental con- with respect to the other South American xenoliths and
with respect to CaO/Al2O3= 0·95, which is the averagefiguration, and therefore detection limits are calculated

for each analysis. As a whole, detection limits degrade if value for the sub-continental spinel lherzolite mantle
(McDonough, 1990). The Na2O/Al2O3 ratios, <0·04, arespot size, beam power and cell gas flow are decreased.

Trace element analysis of Assemblage 3 minerals was comparable with those of the other South American
occurrences and much lower than the 0·21–0·55 rangeperformed using smaller spot size and lower beam power,

and therefore higher detection limit values have been of the Yaxley et al. (1991) samples and the 0·07–0·48
range of the Rudnick et al. (1993) samples. Some samplesobtained for those analyses. In Table 2a and b (see below)

element concentrations below detection limit are reported are also enriched in TiO2 (e.g. GG92) and in Al2O3 (e.g.
GG58) with respect to the variation field of the xenolithsas lower than two times the detection limit value cal-

culated for the analysis. reported for comparison.

Mineral phasesANALYTICAL RESULTS
OlivineWhole rock
From Ol1 to Ol3, CaO concentration increases (maximumFigure 2 compares the whole-rock composition of the

Gobernador Gregores xenoliths (analyses are available CaO concentration is 0·08, 0·21 and 0·79 wt % in Ol1,
Ol2 and Ol3, respectively) and NiO decreases, whereason line at the Journal of Petrology Web site http://www.pe-

trology.oupjournals.org) with other spinel-facies xenoliths the more magnesian compositions are found in Ol3 (Fo
from 89·1 to 93·5).of South America. Assemblage 1 is represented by only
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Table 2b: continued

Sample: GG104

Rock: lherzolite

Phase: Cpx3 Ol3 Spl3 Glass Carb

No. of analyses: (6) (1�) (3) (1�) (2) (1�) (4) (1�) (1) (1�)

SiO2 50·18 1·30 40·76 0·29 0·16 0·05 51·31 1·94

TiO2 0·46 0·15 0·02 0·03 0·16 0·02 0·52 0·01

Al2O3 6·71 1·36 0·69 0·94 46·77 2·45 23·56 0·59

FeOtot 2·25 0·20 7·22 0·26 10·10 0·06 3·32 0·50 0·14

MnO 0·04 0·02 0·13 0·01 0·14 0·02 0·07 0·01

MgO 15·28 1·16 50·42 1·33 20·83 0·34 3·30 0·43 2·82

CaO 21·51 1·90 0·36 0·30 0·16 0·08 7·44 0·55 52·52

Na2O 0·79 0·30 0·02 0·01 0·01 0·01 6·70 0·59

K2O 0·03 0·04 0·01 0·01 3·44 0·76

P2O5

Cr2O3 2·74 0·60 0·09 0·01 21·66 2·87 0·39 0·55

NiO 0·24 0·02 0·29 0·03 0·06 0·03

F

Cl 0·26 0·16

No. of analyses: (2) (1�) (2) (1�) (6) (1�)

Rb <2 22·3 5·3

Ba 4·04 0·00 1123 192 29·1 7·4

Th <0·1 3·73 0·56 0·23 0·27

U <0·05 1·41 0·27 2·27 0·35

Nb 8·57 0·27 640 94 2·78 0·39

Ta 1·14 0·40 22·3 3·5 <0·08

La 7·34 0·65 62·6 10·0 4·19 2·34

Ce 34·1 0·4 139 15 10·9 11·0

Pb <0·8 3·61 0·22 1·19 0·00

Pr 6·29 0·37 16·8 2·3 1·01 0·65

Sr 178 1 1596 272 450 141

Nd 32·4 2·5 60·7 9·8 3·55 2·04

Hf 0·22 0·00 0·42 0·09 0·03 0·03

Zr 49·0 2·0 156 23 1·31 0·66

Sm 8·45 0·18 12·2 2·5 0·87 0·60

Eu 2·66 0·16 3·92 0·26 <0·3

Gd 6·17 0·01 7·34 1·01 <1

Dy 5·08 0·10 4·45 0·54 0·29 0·05

Y 18·4 0·6 18·9 2·2 0·54 0·26

Er 1·92 0·11 1·88 0·32 <0·2

Yb 1·36 0·19 1·43 0·23 0·11 0·00

Sc 96·4 1·5 9·85 0·40 <2

Analyses in bold are used in the mass-balance calculations.

Cr2O3 concentration is as high as 2·21 wt %. TheClinopyroxene
incompatible trace element concentration is dramaticallySelected chemical parameters are reported in Table 1.
higher than in Cpx1; REE profiles are LREE enrichedCpx1 has the highest mg-number and low concentrations
and smoothly fractionated from LREE to Yb. Ti and Zrof TiO2, Al2O3 and Na2O (Table 1). Trace element
are depleted with respect to REE, ZrN/HfN is >1 andpatterns (Fig. 3a and b) display low heavy rare earth
Nb is depleted with respect to La and U (Fig. 3a andelement (HREE) concentrations (YbN = 0·22–1·99),
b).LREE depletion, almost flat profile from Sm to Yb,

Cpx3 has a very narrow mg-number variation range.negative Zr and Ti anomalies, virtually absent Sr anomaly
It is enriched on average, with respect to the otherand Nb below the detection limit. Similar depleted com-
clinopyroxenes, in TiO2, Al2O3, Cr2O3 and, with respectpositions are common in the entire Patagonia mantle
to Cpx2, it has lower Na2O concentrations (Table 1).lithosphere (Barbieri et al., 1999).
One sample (GG92) has lower mg-number (0·87) andCpx2 has lower mg-number than Cpx1 and higher

concentrations of TiO2, Al2O3 and Na2O (Table 1). Cr2O3 (0·94 wt %) than the other analysed Cpx3. Cpx3
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is slightly LREE depleted with respect to Cpx2 (Table 1) and ca-number [molar CaO/(CaO + MgO)], >0·95
and 0·93, respectively, match the values experimentallyand has higher Nd to Yb concentrations (Fig. 3b). It also

differs from Cpx2 in having a more modest negative Ti obtained for carbonates coexisting with spinel-facies peri-
dotites (Dalton & Wood, 1993a, 1993b).anomaly, a negative Sr anomaly (Table 1), enrichment

in Nb and Ta (up to 8·84 and 1·17 ppm, respectively)
and depletion in U and Th (Fig. 3a). Apatite

Apatite2 is a Cl-apatite (Cl = 1·8–2·1 wt %, F =
Orthopyroxene 0·34–0·55 wt %). Similar Cl-rich apatites were described
As observed in clinopyroxene, Opx2 has slightly lower by Chazot et al. (1996) in Yemen xenoliths and by O’Reilly
mg-number range than Opx1 (0·89–0·91 and 0·90–0·91, & Griffin (1988) in Western Victoria, and attributed to
respectively), and higher Al2O3 (2·43–6·86 wt % and metasomatism by carbonatite and CO2 + H2O + Cl
2·64–3·38 wt %, respectively), TiO2 (0·03–0·37 wt % fluids, respectively. Apatite2 has high LREE con-
and 0·02–0·07 wt %, respectively) and Na2O (0·13– centrations (LaN = 2877–3814) and fractionated REE
0·25 wt % and 0·00–0·08 wt %, respectively). REE patterns (LaN/YbN = 204–265), high Sr and Ba con-
concentrations are at or below the detection limit in centrations (8270–10813 ppm and 350–412 ppm, re-
Opx1. The most enriched has CeN = 0·01 (GG71) and spectively) and low Nb and Zr concentrations; Ta and
YbN = 0·40. Opx2 is distinctly enriched in REE with Hf concentration are below the detection limits. The
respect to Opx1, although concentrations are always low. dimensions of Apatite3 do not permit electron microprobe
It often has spoon-shaped patterns with CeN ranging analyses.
from 0·42 to 1·4 and YbN = 0·22–0·77.

Amphibole Glass
Here it is a pargasite, which may contain up to 0·15 wt % Glass composition does not vary from pockets to veins,
Cl. TiO2 concentration differentiates the amphiboles into but varies from sample to sample and depending on the
two groups: one with 0·34–1·10 wt % TiO2 and the phase occurring as the reactant inside the pockets. The
other with 3·28–3·90 wt % TiO2. The first group has most common compositions are trachy-basalt and tephri-
higher mg-number and Cr2O3 concentration than the phonolite (SiO2 = 48·6–62·6 wt %), with Al2O3 con-
high-Ti group (Table 1). Both groups have LREE-en- centrations varying between 13·2 and 24·6 wt %. Most
riched, smoothly fractionated, REE patterns (Fig. 3c), glasses have total alkalis >3·5 wt %, reaching values as
but the low-Ti amphiboles have slightly higher LaN/YbN high as 11·7 wt %, and Na2O/K2O >2. However, when
than the others (Table 1). With respect to the high-Ti phlogopite is a residual phase, Na2O/K2O is <1·5. The
amphiboles, the low-Ti ones are enriched in Sr, Nb, Ba, glass occurring in sample GG104, associated with large
Th and U and have more marked positive Ba and Apatite2 crystals, is one of the lowest in TiO2 (<0·6 wt %)
Nb and negative Ti and Hf, spikes (Fig. 3c). High-Ti and one of the highest in Al2O3 (>23 wt %) and Na2O
amphiboles have a positive Ti anomaly. The Zr/Hf ratio (>6 wt %). Glasses contain up to 0·43 wt % Cl. The
is high in the low-Ti amphiboles, whereas these elements trace element pattern of the glasses mirrors that of
are virtually unfractionated in the high-Ti group (Table coexisting amphibole, but with slightly higher element
1). Similar variability in the amphibole composition was concentrations, markedly higher for Th and U.
found by Ionov & Hofmann (1995) and Yaxley & Ka-
menetsky (1999).

Special samples
Phlogopite Four samples, representing examples of the variations in
Its composition is variable from one sample to another, mineral composition and phase relationships previously
mg-number and TiO2 ranging from 0·88 to 0·91 and from shown, have been studied in detail. Their whole-rock
1·8 to 3·9 wt %, respectively. The TiO2 concentration of composition is shown in Fig. 1, except for GG104, which
phlogopite correlates with that of the coexisting phases. was too small (5 cm in diameter) for whole-rock analyses.
The REE concentrations are close to or below the Phase composition is reported in Table 2a and b and
detection limit. This phase has high concentrations of shown in Fig. 4. Reactant phases (i.e. the phases that are
LILE (Rb = 93–288 ppm, Ba = 2612–4677 ppm) and disappearing in the pockets) are amphibole in GG58,
Nb (30–380 ppm). GG73 and GG104, whereas GG92 represents a very

complex situation, where abundant glass is produced by
Carbonate destabilization of all the Assemblage 2 phases, including

phlogopite. Sample GG92 exhibits TiO2 enrichment inIt is a Mg-rich calcite with CaCO3> 93·5 wt %, MgCO3

> 6 wt % and FeCO3 > 0·5 wt %. The mg-number whole-rock and phase compositions, with the latter having
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the lowest mg-number values (Table 1). GG92 and require any addition of further metasomatic agents, with
the possible exception of low amounts of CO2.GG104 contain large Apatite2 and small Apatite3 crystals,

and sample GG92 has traces of Fe–Ti oxides in the
reaction products. In all the samples, glass composition
mirrors that of amphibole (compare the respective pat-

Assemblage 3: evidence for only oneterns in Fig. 4). The carbonate drops in GG58 and GG73
metasomatic episodeare too small (<20 �m) for major and trace element
We used simple mass-balance calculations applied toanalyses. However, SEM images reveal that they are
special samples to demonstrate that Assemblage 3 resultedMg-calcites, as in the other samples. The carbonates
from modal melting of Assemblage 2 in a closed system(GG92 and GG104) resemble those analysed by Ionov
(i.e. isochemical, with the possible exception of CO2). On(1998). They are slightly LREE enriched, and have REE
the basis of major elements, the results are as followsconcentrations close to or below the detection limit and
(in wt %):show positive Ba, U and Sr spikes (Fig. 4c and d).

Element distribution between amphibole and Cpx2 and GG58: 1Amph= 0·29Cpx3+ 0·39Glass+ 0·24Ol3+between Cpx3 and glass is shown in Fig. 5a and b. The 0·06Spl3 + 0·02Carb, R2 = 0·56;Amph–Cpx2DREE,Y, Zr, Hf values are parallel to, and from Sr to GG73: 1Amph= 0·26Cpx3+ 0·43Glass+ 0·24Ol3+Yb slightly lower than, the West Eifel data of Witt- 0·05Spl3 + 0·02Carb, R2 = 0·26;
Eickschsen & Harte (1994). Most Cpx3–glassD values are G104: 1Amph = 0·21Cpx3 + 0·46Glass+ 0·25Ol3 +within the range observed by Chazot et al. (1996). 0·05Spl3 + 0·02Carb, R2 = 0·93;

where R2 is the sum of the squared residuals. A deduced
carbonate composition (that of sample GG104) was usedEquilibration temperature and pressure
for GG58 and GG73, where direct carbonate analysis wasThe average temperatures calculated at 1·6 GPa (Brey
impossible. The carbonate component was introduced in& Köhler, 1990, geothermometer) are 960 ± 98°C and
the mass balance as wt % of MgO and CaO. The1090± 95°C in Assemblages 1 and 2, respectively. Data
resulting carbonate component (2 wt %) requires a mini-on Assemblage 1 refer to exsolved pyroxene pairs. The
mum addition of >1·6 wt % CO2 to the reactantlack of orthopyroxene in Assemblage 3 does not permit
assemblage.calculation of the two-pyroxene temperature. On the

Petrographic examination indicates that in samplebasis of the amphibole stability field, a minimum tem-
GG92 virtually all the phases of Assemblage 2 reactedperature of >1100°C is estimated. Spinel-facies as-
to produce Assemblage 3. Mass-balance results may,semblages do not permit estimation of precise pressure
therefore, be of questionable significance. Our best result,conditions. High-precision ICP-MS analyses on the CaO
which has, however, Spl3 in the reactants, is as follows:concentration in olivine are not available at present.

Using the electron microprobe determinations and the GG92: 1Amph + 0·30Cpx2 + 0·68Opx2 + 0·05Spl3
Köhler & Brey (1990) geobarometer, Assemblage 2 ranges + 0·15Phlog = 0·18Cpx3 + 1·17Glass + 0·82Ol3 +
from 1·4 to 2·1 GPa. Assemblage 3, assuming a tem- 0·11Carb, R2 = 0· 01.
perature of 1100°C, provides a wide range of pressure

In the four cases examined, including GG92, the traceestimates from negative values to 1·3 GPa, possibly as a
element concentration of the glass calculated using theconsequence of the difference between Assemblage 3 and
mass-balance parameters is in close agreement with thethe experimental system on which the geobarometer was
measured glass composition (Fig. 4). This provides in-calibrated.
dependent evidence that the geochemical budget of As-
semblage 3 is entirely controlled by the modal
disequilibrium melting of the metasomatic Assemblage

DISCUSSION 2 phases, producing a carbonated silicate melt. The
composition of this latter was only (GG58, GG73,The textural and geochemical characteristics presented

so far indicate that at Gobernador Gregores a mantle GG104) or dominantly (GG92) controlled by amphibole.
Similar results were reached by Chazot et al. (1996) forlithosphere that suffered ancient depletion events sub-

sequently underwent metasomatic enrichment and melt- the origin of glass pockets of xenoliths from Yemen, and
Yaxley & Kamenetsky (1999) for glasses from xenolithsing episodes recorded by Assemblages 2 and 3. Hereafter

we discuss the petrological indications provided by these from Australia. Calculated glasses for GG92 and GG104
samples have slightly lower U, Th and La concentrationstwo assemblages and show that there is evidence for

only one enrichment episode recorded in Assemblage 2. relative to the observed ones (Fig. 4). These differences
are explained by the preferential partitioning of theseAssemblage 3 is the consequence only of melting and

element redistribution of Assemblage 2 and does not elements into apatite, which was not introduced in
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Fig. 4. Trace element characteristics of the Assemblage 2 and Assemblage 3 phases in the four selected samples, normalized to the Primitive
Mantle composition (Hofmann, 1988). Values of the detection limit are reported only for Cpx3. Glass calculated from mass-balance parameters
(see text) is compared with the composition of the analysed glass.

the mass-balance calculation because of the difficulty of and observed glass composition even for the elements
enriched in apatite, in any case, suggests its limitedanalysing P in the glass, and the very small dimensions

of the Apatite3. The minimal deviation between calculated participation in the melting assemblage, as observed
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Fig. 5. (a) Amphibole–Cpx2 partition coefficients compared with the West Eifel data (Witt-Eickschen & Harte, 1994). (b) Cpx3–glass partition
coefficients compared with the data from Chazot et al. (1996). (c) Putative metasomatic agent calculated from Cpx2 composition and Cpx3–GlassD
values. (d) Element partitioning between amphibole and the putative metasomatic agent, compared with Amph–GlassD values from McKenzie &
O’Nions (1991), Adam et al. (1993), Adam & Green (1994), Dalpé & Baker (1994), Brenan et al. (1995) and Chazot et al. (1996) (light-shaded).
The dark shaded area refers to Amph–GlassD values from Tiepolo (1999) and Tiepolo et al. (2000, 2001).

elsewhere by O’Reilly & Griffin (1988) and Chazot et al. Specific research on the origin of the CO2, as well as a
detailed study on the fluid inclusions, is under way.(1996). Further support for negligible Apatite2 par-

Notwithstanding the CO2 problem, mass-balance cal-ticipation in melt production is provided by Cl: in sample
culations, and the independent evidence provided byGG104, which has large Apatite2 crystals, Cl con-
trace elements, indicate that the formation of Assemblagecentration is 0·07, 2 and 0·26 wt % in amphibole,
3 post-dates the metasomatism that created Assemblageapatite and glass, respectively. Using the mass-balance
2. It is also clear that the Assemblage 3 carbonated meltparameters, the Cl concentration in the calculated glass
does not represent a metasomatic agent, but only ais 0·18 wt %, requiring, therefore, melting of only 4%
breakdown product that was formed during de-apatite to reach the 0·26 wt % Cl concentration observed
compression and high-temperature transport in the hostin the glass. Water was not considered in the mass-
magma.balance calculations. Mass balance also does not explain

the origin of CO2 present in the carbonated silicate melt.
The complete lack of carbonates in Assemblage 2 either
as a separate phase or as inclusions in the silicates, and

Silicate glass–carbonate relationships:the dominant aqueous composition of fluid inclusions in
liquid immiscibility vs fractionalthe mineral phases suggest either that the system was open
crystallizationto CO2 during melting or that hypothetical Assemblage 2

carbonates were completely exhausted in the reaction. The silicate glass–carbonate relationships observed in the
Open-system CO2 addition may result from degassing of Assemblage 3 pockets and in the veins could be explained
the host basalts (which contain abundant vesicles filled by either liquid immiscibility (Pyle & Haggerty, 1994;
with carbonates) possibly related to a decrease in pressure Kogarko et al., 1995) or fractional crystallization of car-
during their emplacement (O’Reilly & Griffin, 1988; bonate from a carbonated silicate melt (Ionov, 1998). The

first possibility is in apparent contrast to the experimentalO’Reilly et al., 1991; Ionov et al., 1994; Ionov, 1998).
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results of Lee & Wyllie (1997, 1998b), who showed that previously discussed. In some samples, there is a distinct
whole-rock enrichment in TiO2, which in sampleMg-calcite and silicate glass do not behave as immiscible

liquids during mantle melting processes. However, Mi- GG92 may be as high as 0·33 wt %. The Assemblage 2
pyroxenes are in general richer in Fe and Ti than arenarik (1998) showed experimentally that immiscible car-

bonate liquid has convex menisci against the coexisting those in Assemblage 1. Orthopyroxene in Assemblage 2
is a forming, not a dissolving, phase; the wehrlites do notsilicate melt and, because of the higher melt–solid in-

terfacial energy of a carbonate with respect to a silicate contain orthopyroxene and may thus be the result of
clinopyroxene addition to a dunite, not the result ofmelt, the latter selectively wets the grain-edge channels,

preventing any contact between carbonate and matrix. orthopyroxene dissolution from a lherzolite or harz-
Figure 1c shows that the carbonate–silicate glass re- burgite. Apatite is Cl rich, not F rich as observed in most
lationships observed at Gobernador Gregores are very carbonatites (Hogarth, 1989; Hornig-Kjersgaard, 1998),
similar to those resulting from Minarik’s experiments. and sometimes in xenoliths (Hauri et al., 1993; Rudnick
We therefore conclude that carbonated silicate melt et al., 1993). On the other hand, the high Na2O con-
resulting from melting of Assemblage 2 underwent later centration of Cpx2 and its trace element characteristics
immiscibility of the carbonate component, in agreement (high LaN/YbN; Hf and Ti negative anomalies) are similar
with evidence from natural samples (Chalot-Prat & to those observed in xenoliths affected by carbonatite
Arnold, 1999). metasomatism (Yaxley et al., 1991; Rudnick et al., 1993).

Unmixing occurred before crystallization of the As- We have estimated the trace element concentration of
semblage 3 minerals, because they are never found inside the metasomatic agent using the Cpx2 composition and
the carbonate drops or crossing the silicate melt– the Cpx3–glass partition coefficients (Fig. 5c). Although
carbonate contact. U and Sr are highly concentrated in the use of these partition coefficients is questionable in
carbonate with respect to the silicate melt, suggesting several ways (e.g. low-pressure origin of the glasses, D
their preferential entry in the former. As a consequence, values referred to solid–melt system applied to a situation
the Cpx3 crystals formed from the silicate melt have U where the metasomatic agent may be a fluid), they have
concentration below the detection limit and appreciable at least the advantage of being referred to a chemically
Sr negative anomalies (Figs 3a and b and 4). closed system, because it has been shown that glass

During flow in a silicate matrix, carbonate melt mobility production does not require the introduction of exotic
is severely restricted with respect to that of the silicate chemical species (except perhaps CO2). The comparison
melt, thus inducing local enrichment of carbonate and of the geochemical characteristics of the estimated
depletion of the silicate melt (Minarik, 1998). As a con- metasomatic agent with those of crustal carbonatites is
sequence, the melt unmixing and migration, shown in inconclusive for two reasons. First, crustal carbonatites
the Gobernador Gregores xenoliths by the presence of are not primary melts (Ionov, 1998), and have, therefore,
veins originating from the pockets (see previous de- variable geochemical characteristics depending on their
scription), induced variations in bulk-rock composition, petrogenetic process. Examination of the carbonatite
in spite of Assemblage 3 production being isochemical. occurrences reported by Nelson et al. (1988) reveals that

they have highly variable trace element concentrations
and variation patterns. They have in common LREE
enrichment with respect to HREE and, in most oc-

Assemblage 2: metasomatic agents currences, Ti and Hf depletion, whereas Th, U, Nb and
Carbonatite metasomatism? Ta are extremely variable both in concentration and

reciprocal relationships, therefore representing poor in-Indicators of metasomatism related to carbonate fluids
or melts are, in bulk rock, high CaO/Al2O3 and Na2O/ dicators of carbonatite metasomatism. Second, the Ti

depletion relative to REE of the metasomatic agent hereAl2O3, a marked tendency towards wehrlite mineralogy,
the presence of apatite, enrichment in the jadeite com- estimated is not as dramatic as in the crustal carbonatites.

Furthermore, the CaO/Al2O3 variation in whole rockponent of clinopyroxene, high LaN/YbN, and relative
depletions of Ti and Hf with respect to REE and high does not correlate with the observed Hf depletion of the

metasomatic agent, indicating different controls on theBa (Yaxley et al., 1991; Rudnick et al., 1993). Both in
bulk rock and mineral phases the iron, aluminium and two parameters.

Distinction between carbonatite and silicate melt orTi concentrations should remain virtually unchanged.
Applied to the Gobernador Gregores xenoliths, these fluid metasomatism based on experimental petrology is

even more confusing. For example, Wendlandt & Har-indicators provide inconclusive evidence. Some of the
xenoliths have high CaO/Al2O3, but Na2O/Al2O3 is rison (1979) and Green et al. (1992) indicated REE

preference for the carbonated melt (although partitioninvariably low, indicating only CaO (i.e. carbonate) en-
richment. This can be ascribed to the different mobility coefficients increase for the first researchers, and decrease

for the second, from LREE to HREE), whereas, accordingrate between Assemblage 3 carbonate and silicate melt
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to Hamilton et al. (1989) and Veksler et al. (1998), REE (Ayers & Eggler, 1995). Both fluids and melts are enriched
are partitioned into the silicate melt (again with opposite in LREE with respect to HREE, as demonstrated for
partition coefficient variation from LREE to HREE in the latter by the experimental work of Rapp et al. (1991),
the two experiments). Sweeney et al. (1995), on the who found that melts of eclogite-facies basaltic charges
basis of experimental mineral–melt partition coefficients, have LaN/YbN ratios as high as 50, comparable with the
showed that mantle affected by carbonatite or silicate LaN/YbN range (58–70) of the estimated metasomatic
melt metasomatism would present qualitatively similar agent (Fig. 5c). The main problem concerns HFSE,
patterns but with markedly higher concentrations of Na, because it is still a matter of debate whether slab-derived
Nb, Ta and Sr, and slightly higher Zr in case of car- fluids may efficiently transport these elements and
bonatite metasomatism, whereas Ti and HREE are sim- whether the HFSE anomalies observed in the xenoliths
ilar in the two cases. are slab inherited or acquired during percolation. Re-

The high Zr/Hf (and Ba/Nb; Green et al., 1992) ratio, garding the first point, most workers agree that fluids, in
held to be a typical effect of carbonatite metasomatism, addition to REE, can also transport large amounts of
was found to remain virtually unchanged by Klemme et HFSE, whose solubility increases at increasing pressure
al. (1995). Veksler et al. (1998) found that Ta is much and Cl concentration. Philippot & Selverstone (1991)
more preferentially partitioned into silicate than Nb, found brines in eclogites rich in Fe, Ti, P, Ba, Ce, La
resulting in a high Nb/Ta ratio of carbonatite. However, and Th, and monazite, rutile and sphene as daughter
Sweeney et al. (1995) did not indicate any Nb–Ta frac- minerals. Brenan et al. (1995) indicated Nb, Th, Zr and
tionation. This cursory examination of the inconsistencies Hf solubility. As for the origin of the HFSE anomalies,
of published experimental results indicates that element opinions differ widely. For example, the presence of rutile
ratios, or element concentrations, cannot provide definite in the experiments of Rapp et al. (1991) would induce a
evidence of carbonatite metasomatism. large negative Nb anomaly in the slab component, but

Ayers & Watson (1993) demonstrated that rutile solubility
Silicate melt–fluid metasomatism? is pressure dependent. At 3 GPa rutile is >100 times

more soluble than LILE- and REE-enriched monazite,Various workers have shown that metasomatic imprints
so that fluids may be enriched in Ti, Zr and other HFSEsimilar to those brought about by carbonate melts may
relative to LILE and LREE (Kelemen et al., 1993).derive from hydrous silicate melts, either because of the
However, with the exception of Ryerson & Watson (1987)variations in the element partition coefficients on the basis
and Keppler (1996), who suggested that HFSE anomaliesof composition (Vannucci et al., 1998; Wulff-Pedersen et
may characterize the fluids, most workers claim thatal., 1999), or because of the percolation and reaction
variations of element solubility in fluids are not sufficientmechanism (Zinngrebe & Foley, 1995; Bedini et al.,
to induce fractionation either among the HFSE or be-1997; Zanetti et al., 1999). At Gobernador Gregores, the
tween HFSE and REE (Ayers & Eggler, 1995; Adam etcrystallization rather than dissolution of the ortho-
al., 1997; Ayers et al., 1997). In agreement with thesepyroxene in Assemblage 2 is more indicative of a silicate
workers, the HFSE concentration and anomalies of themelt than of a carbonate one.
present putative metasomatic agent cannot be explainedHydrous silicate melts occur in several different en-

vironments and may have various origins (Schiano et al., only by slab-inherited characteristics. This is also the
1994). Because of the geodynamic context of Gobernador result of studies on the origin of geochemical features in
Gregores, we hypothesize the origin of the metasomatic subduction-related magmas (e.g. Kelemen et al., 1990,
agent from the subducted slab, which was in eclogite 1993), inferred to be controlled by percolation and re-
facies at this distance from the trench (400 km). Both the action with the mantle wedge. We cannot at present fully
high water and Cl concentrations of the metasomatic document the percolation–reaction process because data
agent favour a slab origin, because fluid inclusions and are still scarce, but the amphibole composition is sufficient
brines in eclogites related to subduction environments to preliminarily constrain the process and to indicate
are, in addition to H2O, chloride rich as a response to that percolation-reaction of a subducted slab-derived
hydrothermal alteration of the sea floor before subduction component is a viable hypothesis for explaining the HFSE
(Philippot & Selverstone, 1991; Scambelluri et al., 1997; anomalies.
Philippot et al., 1998). As demonstrated by experimental
results (Ayers & Eggler, 1995; Brenan et al., 1995; Bureau

Evidence from amphibole& Keppler, 1999) and studies on brines and fluid in-
The partition coefficients between amphibole and pu-clusions in eclogite-facies rocks (Philippot & Selverstone,
tative metasomatic agent are shown in Fig. 5d, where1991; Scambelluri et al., 1997), silicate solubility in hy-
they are compared with available literature data. Ourdrous fluids increases with temperature, pressure and Cl
data parallel the D patterns from the literature, whichconcentration, so that at high pressure and Cl con-

centration these fluids are analogues of silicate melts have an extremely high variation range. Of especial
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interest for the present discussion are the Nb, Ta, Hf, CONCLUSION
Zr and Ti anomalies. Tiepolo et al. (2000 and this volume)

Mantle xenoliths at Gobernador Gregores (southern Pa-have shown that partition coefficients of these elements
tagonia) provide evidence that a depleted lithosphericmay vary by orders of magnitude, depending on melt
mantle suffered a major metasomatic episode, resultingand amphibole structure and composition. They found,
in the recrystallization of all the previous phases and infor example, that Amph/LDNb and Amph/LDTa may become
the addition of amphibole, phlogopite and apatite. Itsas high as 1·63 and 1·0, respectively, in Ti-depleted,
modal and geochemical signature resembles that believeddehydrogenated amphiboles (Tiepolo et al., 2000). Similar
to be typical of metasomatism brought about by car-chemical–crystallographic controls also affect Zr and Hf
bonate fluids and melts. However, the lack of unequivocal(Tiepolo et al., 2001) so that in certain circumstances Hf
indicators of carbonatite metasomatism, and deviationsmay become compatible.
from modal and geochemical parameters considered toPervasive occurrence of Assemblage 2 and the textural
be typically induced by such a metasomatic agent, suggestcharacteristics of the xenoliths suggest that the mantle
that the enrichment episode was caused by other agents.wedge was metasomatized by reactive porous flow. In
These are inferred to be hydrous fluids or silicate melts,mantle segments percolated by large fluid volumes, the
possibly slab derived. The induction of amphibole crys-mg-number value of amphibole and of the other phases
tallization, in addition to other modal variations, is anresulting from reaction is likely to reflect that of the
effect of the reactive porous flow of this agent throughmetasomatic agent (Xu et al., 1998) and hence to be
the mantle wedge. We have estimated the element par-relatively low. In segments percolated by small melt
titioning between amphibole and the potentialvolumes, as could be the case in the upper part of the
metasomatic agent. The results suggest that amphibolemantle column in the models of Bedini et al. (1997) and
crystallization alone is able to induce the observed TiVernières et al. (1997), the mg-number value of amphibole
depletions relative to REE, concomitant with Nb en-is buffered by that of the peridotite at high mg-number
richment and a high Zr/Hf ratio. We propose that thevalues. Therefore, the sample with the lowest mg-number
xenoliths in which the amphibole has relatively low mg-amphibole (GG92, mg-number 0·84) possibly represents
number, marked positive Ti anomaly, modest positivea deeper level of the mantle column, whereas the others
Nb anomaly and ZrN/HfN > 1 represent the deeper(mg-number 0·90) represent shallower levels. Partition
levels of the mantle segment, percolated by large volumescoefficients for GG92 (Fig 5d) indicate that amphibole
of the metasomatic agent. The xenoliths where amphibolecrystallization would induce an increase in the LREE/
has higher mg-number, negative Ti anomaly, markedHREE, Nb/Ta, Zr/Hf and Sr/(Pr, Nd) ratios, an increase
positive Nb anomaly, and high ZrN/HfN values representof Nb and Ta, and a decrease of Ti in the residual liquid.
a shallower depth, percolated by smaller volumes ofThese are the general characteristics observed in the
residual metasomatic fluid, whereas the xenoliths thatputative metasomatic agent in samples with higher mg-
have no sign of metasomatism come from the shallowestnumber. In these samples Amph/LDNb >1 is in agreement
levels.with that predicted by Tiepolo et al. (2000) for amphiboles

The phases of the metasomatic assemblage, dominantlyin equilibrium with SiO2-saturated, TiO2-poor melts.
amphibole, underwent subsequent disequilbrium melting,Ionov & Hofmann (1995) discussed similar findings and
resulting in the production of a carbonated silicate melt.proposed that Nb in certain circumstances (silica-rich
Mass-balance calculations indicate that the melting pro-hydrous fluids, rather than silicate or carbonate melts)
cess was isochemical, except perhaps for CO2, whichmay become compatible in amphibole. The Amph/LDZr and
may originate from hypothetical carbonates in the me-Amph/LDHf of GG92 are able to explain the Zr/Hf variation
tasomatic assemblage or fluid inclusions in its mineralof the other putative liquids referred to lower melt/
phases (neither of which has been found), or from de-rock ratios, not their absolute Zr and Hf concentration.
gassing during decompression of the transporting basalts.Partition coefficients predict that Zr and Hf concentration
The carbonated silicate melt underwent liquid im-should increase in the residual liquids, not decrease as
miscibility, products of which are now represented byobserved in the putative melts. To fit the putative melts,
carbonated drops and silicate glass. Olivine, spinel andboth elements should be compatible and Hf more com-
clinopyroxene, with markedly different compositionspatible than Zr. This is observed in one of the ex-
from their analogues in the premetasomatic andperimental runs of Tiepolo et al. (2001), but not directly
metasomatic assemblage, crystallized in the silicate meltdocumented here. Another possibility is that the low Zr
after unmixing. In addition to pockets principally aroundconcentrations reflect mixing with the composition of the
relic amphibole, the melting products of the metasomaticpre-metasomatic peridotite, which had a dominant effect
assemblage are also observed in veins originating from thebecause of low melt/rock ratio. Further constraints on
pockets and infiltrating along grain edges and fractures.this model and on the metasomatic process are the subject

of work in progress. Because of the different flow rate of carbonate with
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