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Abstract

The Os isotopic compositions of mantle rocks generally are considered to be established during melt-depletion
events and to be robust to subsequent disturbances (e.g. metasomatism). Consequently, Os isotopes are used to date
the main melting event that a mantle section has undergone, i.e. transformation of fertile asthenospheric material into
a depleted, buoyant lithosphere. However, Os resides almost entirely in Fe^Ni^Cu sulphides, which can be very
mobile under mantle conditions. In situ laser ablation multi-collector ICP-MS measurement of Re/Os isotopic ratios
in sulphides from spinel peridotite xenoliths demonstrates that whole-rock Os-isotope signatures record the mixing of
multiple sulphide populations. Sulphides residual after melting events have unradiogenic Os isotopic compositions
reflecting ancient melt depletion; those introduced by later metasomatism events contain more radiogenic Os.
Therefore, the whole-rock Os isotopic signature can be strongly altered by metasomatic processes, and studies of
mantle-derived xenoliths show that such disturbance is quite common in the lithospheric mantle. Because melt-
depletion ages estimated from individual sulphide inclusions are systematically older than those obtained from whole-
rock analysis, caution is essential in the interpretation of the Os model ages derived from whole-rock analysis, and
their use and abuse in geodynamic models. This work suggests that sulphide could become a key phase in unravelling
the formation and evolution of the lithosphere.
: 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Re^Os isotopic system has been widely
used, over the last 10 years, to study the timing
and processes of the formation and evolution of
the sub-continental lithospheric mantle (SCLM)
[1^4]. The success of the Re^Os system in this
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¢eld stems from the fact that Os is, in general,
strongly compatible in mantle rocks, so that meta-
somatism due to the movement of £uids enriched
in incompatible elements is unlikely to disturb or
reset this isotopic system [1^4]. This is in contrast
to the more commonly used lithophile isotopic
systems such as Rb^Sr and Sm^Nd, whose parent
and/or daughter elements may be strongly con-
centrated in metasomatic £uids that can thus seri-
ously disturb the whole-rock signature [1].
However, the recent intensive use of the Re^Os

system tends to overlook the fact that the behav-
iour of the highly siderophile elements (HSEs: Os,
Re, Ir, Ru, Rh, Pt, Pd, Au) during mantle pro-
cesses remains unclear [1^8]. Recently, the robust-
ness of the Re^Os system against metasomatic
processes has been challenged [5^8]. Analyses of
mantle sulphides [9^14] have demonstrated the
high solubility of the HSEs in base metal sul-
phides (BMSs) and con¢rm that the Os budget
of mantle rocks is fully controlled by the BMSs.
Refractory monosulphide solid solution (MSS)
can accommodate up to 1000 ppm Os and Ir
[12] while whole-rock Os or Ir contents vary
from 1 to 6 ppb [2].
The behaviour of the BMS during melting and

metasomatism is poorly constrained [14^17]. The
BMSs have low melting temperatures [14^17] and
dissolved volatile species will further lower their
crystallisation temperatures [18]. Sulphide melts

have low viscosities, in the same range as vola-
tile-rich melts [19]. Finally, S is strongly soluble
in basaltic or volatile melts [16,17]. Thus, if
not sequestred inside refractory silicate or oxide
phases, sulphides are likely to be mobile in the
lithospheric mantle. In situ analyses of mantle sul-
phides [12^14] have shown that this mobility
is accompanied by severe fractionation of the
HSEs, and that the absolute and relative abundan-
ces of these elements can be altered by metaso-
matic processes [12^14,20]. Recent analytical de-
velopments [21] allow the in situ determination
of Os isotopes in single grains of mantle sulphides
by laser ablation multicollector inductively
coupled plasma mass spectrometry (LA-MC-ICP-
MS). This paper presents results obtained with this
technique, which o¡er new insights on the Re^Os
isotopic systematics of the lithospheric mantle.

2. Analytical techniques

S concentrations were measured using a high-
temperature iodometric-titration method [15]. Se-
lenium was analysed on 10 g powder splits by
hydride generation and £ameless atomic absorp-
tion spectroscopy at Geolab (Laurentian Univer-
sity, Canada). The detection limit is about 7 ppb.
S and Se data are reported along with key petro-
graphic features in Table 1.

Table 1
Compositional data for the selected samples

Al2O3 T (La/Sm)PM N S Se Sulphide
(wt%) (‡C) (ppm) (ppb) (ppm)

Gam VL11 1.87 876Q 16 4.12 15/4 53 22 201
Gam VL9 2.34 903Q 7 0.96 17/4 49 25 230
Mgam 1 2.24 927Q 25 0.651 21/4 69 28 257
Gam Tr6 1.87 897Q 12 2.02 6/2 50 22 201
Gam VL8 3.55 972Q 31 0.371 5/1 56 26 238
GRM-2 3.40 920Q 23 0.188 9/3 23 29 266
MBR-11 3.09 1052Q 10 0.942 7/3 4 16 146
Mtf-37 4.24 892Q 19 0.571 23/2 60 25 300
Mbs-1 2.21 906Q 21 18.40 11/1 89 52 490
Primitive mantle 4.2 Q 0.2 1.00 250Q 50 70 700? 150

T (‡C), equilibrium temperature using two pyroxene equilibrium [25]; N, number of sulphides having a diameter 50 Wm/number
of thin sections investigated. S content obtained by high temperature iodo-titration [15], Se analysed by hydride generation and
£ameless atomic absorption spectroscopy, detection limit ca. 7 ppb. Sulphide abundance was computed from Se content ^ more
resistant to weathering e¡ects [14] ^ using S/Se= 3300 [14,31,32] and using S content in sulphide [12,15,33,41], propagated error is
ca. 20%.
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Unless noted otherwise (see Tables 2 and 3),
whole-rock Re^Os isotopic compositions and con-
centrations were analysed at the Open University.
1^2 g samples were digested in inverse aqua-regia
in Carius tubes followed by solvent extraction
[22,23]. Re separation was achieved after further
solvent extraction and an anion column pass [23].
Samples were run on a Finnigan MAT-261 mass
spectrometer in N-TIMs mode [23].
In situ Os-isotope analyses were obtained us-

ing a Nu Plasma multi-collector ICP-MS coupled
to a laser ablation system in the GEMOC Geo-
chemical Analysis Unit, Macquarie University
(Sydney, Australia). The laser ablation system
is a Merchantek LUV266 nm operating at 5 Hz,
with a beam energy of about 3^5 mJ/pulse,
and the spot size varied between 60 and 80 Wm.
Ablation was carried out in a He atmosphere.
The Nu Plasma mass spectrometer is a double-
focussing Nier^Johnson instrument with a fast
scanning laminated magnet [24]. A detailed de-
scription of the analytical techniques is given in
Pearson et al. [21] and only a brief outline is
given here. Measurements were made in static
collection mode; masses 194, 193, 192, 191,
190, 189, 188, 186 were measured in Faraday
cups, while masses 187 and 185 were measured
in ion counters. This detector setting allows si-
multaneous measurement of Os, Re and Ir and
permits analysis of low-Os sulphide (down to
W10 ppm for a 5% 2 SE on 187Os/188Os). Ir is
introduced to the Ar component of the nebuliser
gas stream, as a ‘dry’ vapour produced by de-
solvating an Ir solution (100 ppb) in a CETAC
MCN6000, and is used to measure the mass bias
of the instrument for correction of Re and Os.
Daily analysis of Ir^Os, Ir^Re and Re^Os solu-
tions shows that the fractionation behaviour and
relative fractionation coe⁄cients for Os, Re and
Ir are internally consistent [21]. Because of the
overlap of 187Re on 187Os, accurate measurement
is only possible for sulphides having 187Re/
188Os9 1.6. Repeated analyses (n=26) of PGE-
A, a synthetic sulphide standard, yield 187Os/
188Os= 0.10636Q 0.00017 (2c) ; solution TIMS
analysis of this same standard gave 187Os/
188Os= 0.10645Q 0.00002 (Ingo Horn, personal
communication).

3. Samples

3.1. Petrography and geochemistry

The samples described here are peridotite xe-
noliths from the alkali basalts of the Newer Ba-
salt Province in SE Australia (Mt Gambier xeno-
liths) and the Massif Central and neighbouring
provinces in France (MBR-11, GRM-2, Mtf-37
and MBS-1). They have all equilibrated in the
spinel facies. They illustrate the range of Re/Os
sulphide relationships encountered during our
study of W60 samples from these areas. All are
large xenoliths (Us 10 cm). Samples for crushing
and thin sections were taken from the cores of
the samples in order to minimise lava contami-
nation. Thorough investigation of several thin
sections (up to ¢ve per sample) indicates that
the samples studied are devoid of lava contami-
nation.
Al2O3 contents of Mt Gambier xenoliths range

between 1.87 and 3.55 wt% (Table 1) and mineral
chemistry indicates equilibration between 876 and
972‡C [25]. The xenoliths are devoid of metaso-
matic phases (e.g. amphibole, phlogopite, apatite).
However, trace element patterns indicate that
they have been a¡ected to various degrees by
metasomatic melts (0.3716 (La/Sm)N6 4.12, (Th/
Ta)Nv 1; N=normalised to primitive mantle val-
ues [26]).
The Massif Central xenoliths are from the Mas-

sif Central volcanic provinces (sensus stricto) and
from the nearby Languedoc Province (Southern
France). Two of them were previously investi-
gated for incompatible trace element and HSE
contents [14]. All selected samples are lherzolites
(2.219Al2O39 4.24 wt%), and have equilibra-
tion temperatures between 892 and 1048‡C.
GRM-2 and MBR-11 show light rare earth
element (REE)-depleted patterns (0.1889 (La/
Sm)N9 0.571) and enrichment in other large ion
lithophile elements. Mtf-37 contains disseminated
amphibole, (6 1% modal abundance) but shows a
light-REE depletion ((La/Sm)N = 0.571). How-
ever, there is pronounced enrichment of U and
Sr relative to Th or La, respectively [27]. MBS-1
displays poikilitic clinopyroxenes, inferred to be
metasomatic due to their petrographic character-
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istics and trace element compositions. Both Cpx
and whole rock show high Ca/Al ratios, and trace
element patterns ((La/Sm)N = 18.4, [14]) com-
monly ascribed to metasomatism by a volatile-
rich melt [28].
Thus all samples, from both the Mt Gambier

and the Massif Central suites, show evidence for
varying degrees of melting and moderate meta-
somatism by small-volume melts, variably en-
riched in incompatible and volatile elements, as
do the vast majority of SCLM samples world-
wide [29].

3.2. Sulphide abundance and S and Se content

All samples except Mtf-37 and MBS-1 have low
sulphide abundances, with only one to four grains
(Uv 50 Wm) per section. This observation is con-
¢rmed by the low contents of S (23^89 ppm) in
both the Mt Gambier and the Massif Central
suites. However, because S is particularly sensitive
to weathering e¡ects [15,30] and Se is less a¡ected
by this process, Se contents are probably a better
indicator of original sulphide abundance [31]. The
Se contents of the Mt Gambier suite de¢ne a nar-

Table 2
Sulphide and whole-rock Re^Os isotopic compositions for Mt Gambier xenoliths

Sample Sulphidea 187Re/188Os Q 2 SE 187Os/188Os Q 2 SE TRD Q2c TMA Q2c
(Ga) (Ga)

Gam VL11 T1 e(ol)-a 0.168Q 0.022 0.1126 0.0025 2.13Q 0.37 3.63Q 0.71
T2 int-a 0.478Q 0.004 0.1282 0.0008 30.16Q 0.12 0.85Q 0.62
T2 int-b 0.516Q 0.032 0.1270 0.0033 0.01Q 0.49 30.1Q 1.7
T2 int-b 0.710Q 0.017 0.1257 0.0053 0.21Q 0.79 30.3Q 1.0

Whole rock A, Os:3.86, Re:0.31 0.345Q 0.007 0.1187 0.0001 1.30Q 0.01 8.8Q 1.1
Whole rock B, Os:4.82, Re:0.56 0.523Q 0.010 0.1228 0.0002 0.70Q 0.03 32.35Q 0.22

Gam VL9 T1 e(ol)-a 0.016Q 0.001 0.1160 0.0007 1.64Q 0.10 1.71Q 0.11
T2 int-a 0.035Q 0.007 0.1283 0.0028 30.18Q 0.42 30.20Q 0.46

Whole rock, Os:3.36, Re:0.02 0.024Q 0.001 0.1225 0.0001 0.74Q 0.01 0.79Q 0.01

MGam 1 T1 e(ol)-c 0.274Q 0.019 0.1083 0.0040 2.75Q 0.59 8.3Q 2.1
T2 e(cpx)-b 0.437Q 0.022 0.1218 0.0032 0.79Q 0.48 39.5Q 8.1

Whole rock A, Os:4.05, Re:0.33 0.391Q 0.009 0.1202 0.0002 1.08Q 0.03 34Q 31
Whole rock B, Os:3.86, Re:0.30 0.425Q 0.009 0.1214 0.0002 0.91Q 0.03 317.4Q 6.5

Gam Tr6 T1 e(ol)-d 0.188Q 0.006 0.1153 0.0013 1.74Q 0.19 3.24Q 0.37
T2 e(cpx)-d 0.311Q 0.058 0.1190 0.0028 1.20Q 0.42 5.2Q 3.8

Whole rock, Os:3.84, Re:0.23 0.281Q 0.014 0.1185 0.0001 1.33Q 0.03 4.35Q 0.52

Gam VL8 T1 e(ol)-b 0.048Q 0.003 0.1124 0.0022 2.16Q 0.32 2.45Q 0.37
T2 int*-a 2.68Q 0.138 0.1716 0.0052 37.06Q 0.83 1.16Q 0.15

Whole rock, Os:2.50, Re:0.08 0.155Q 0.013 0.1273 0.0002 0.03Q 0.01 0.05Q 0.02

All values are shown Q 2c. Note that the method used, laser ablation MC-ICP-MS, only allows determination of mass ratio, and
not Re and Os concentrations, as internal normalisation is not possible. Whole-rock Re and Os concentrations in ppb. SE, stan-
dard error of means; A, B denote di¡erent powder aliquots from the same sample. TMA is the Re^Os model age, de¢ned as
TMA = (1/V)ln[1+((187Os/188Os)sample3(187Os/188Os)REF)/((187Re/188Os)sample3(187Re/188Os)REF)] and relies on the assumption that
there has been no disturbance of the Re/Os ratio. It is obviously not the case here, given that TMA model ages for some sul-
phides or samples are unrealistic, giving future ages or ages older than 4.5 Ga. TMA is model-dependent, here we have chosen a
CHUR (chondritic uniform reservoir) reference model, which assumes that the primitive mantle has a chondrite-like composition
(187Re/188OsREF = 0.40186, 187Os/188OsREF = 0.1275, [42]). TRD, the Re depletion age, assumes that all Re has been removed from
the residue (187Re/188Ossample = 0) and thus yields a minimum depletion age ( =TMA), but is more ‘robust’ to addition or removal
of Re by recent secondary processes. Uncertainties for TRD and TMA (c) were calculated following Albare'de’s [43] formulation;
V is the 187Re decay constant (1.666U10311 a31 [44]).
a T1, T2: Type 1 and Type 2 sulphide, respectively, see text; e and int denote enclosed and interstitial sulphides, respectively; ol,
olivine; cpx, clinopyroxene; a^e denote thick section numbers.
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row range between 22 and 28 ppb. The Massif
Central suite has Se abundances between 16 and
52 ppb. Using the S/Se ratio measured in mantle
sulphide [14,31,32] we can estimate the primary
abundance of sulphide in these samples as be-
tween 200 and 260 ppm for the Mt Gambier suite
and between 150 and 500 ppm for the Massif
Central suite. The estimated sulphide contents
are independent of any fertility indices (e.g.
Al2O3). Such sulphide abundances are well be-
low those estimated for the primitive mantle
(700Q 150 ppm, Table 1), but are characteristic
of alkali basalt-hosted peridotites [14^16,31].

3.3. Sulphide occurrence, mineralogy and
geochemistry

Despite this low sulphide abundance, the Mt
Gambier xenoliths contain two types of sul-
phide. Type 1 occurs as rounded inclusions in
silicate (typically olivine) and consists of the
exsolution products of MSS (Ni-rich MSS+Ni-
poor MSS+pentlandite) which occupy the centre
of the inclusions, whereas Cu sulphides are con-
¢ned to the rims of the sulphide grains (Fig. 1a).
Type 2 sulphides are interstitial (Fig. 1b), or
associated with clinopyroxene or with interstitial

Table 3
Sulphide and whole-rock Re^Os isotopic compositions for the Massif Central xenoliths

Sample Sulphidea 187Re/188Os Q 2 SE 187Os/188Os Q 2 SE TRD Q2c TMA Q2c
(Ga) (Ga)

Sulphides in GRM-2 peridotite xenolith (Grand Magnon, Languedoc, Southern France)
T1 e(opx)-a 0.167Q 0.009 0.1248 0.0036 0.34Q 0.54 0.59Q 0.92
T1 e(ol)-b 0.029Q 0.004 0.1236 0.0012 0.52Q 0.18 0.56Q 0.19
T2 int-a 0.500Q 0.034 0.1389 0.0055 31.79Q 0.84 6.7Q 3.9

Whole rock2, Os:1.74, Re:0.13 0.383Q 0.007 0.1349 0.0015 31.12Q 0.23 332Q 14

Sulphides in MBR-11 peridotite xenolith (Mont BriancXon, Vivarais, France)
T1 e(ol) b-s3a 0.089Q 0.002 0.1169 0.0011 1.57Q 0.08 2.01Q 0.22
T1 e(ol) b-s3b 0.240Q 0.019 0.1210 0.0022 0.97Q 0.17 2.39Q 0.91
T1 e(ol) b-s1 0.055Q 0.052 0.1145 0.0046 1.92Q 0.68 2.22Q 0.85
T2 e(cpx) b-s4 0.223Q 0.034 0.1272 0.0027 0.05Q 0.40 0.12Q 3.24
T2 int a-s1 0.791Q 0.140 0.1354 0.0014 31.20Q 0.20 1.20Q 0.96

Whole rockV, Os:1.63, Re:0.17 0.491Q 0.009 0.1336 0.0004 30.92Q 0.06 3.93Q 0.47

Sulphides in Mtf-37 peridotite xenolith (Montferrier, Languedoc, Southern France)
int(a-s1) 0.072Q 0.012 0.1316 0.0042 30.68Q 0.63 30.83Q 0.77
int(a-s2) 0.060Q 0.010 0.1337 0.0034 31.00Q 0.51 31.17Q 0.61
int(a-s3) 0.211Q 0.008 0.1209 0.0026 0.92Q 0.39 1.93Q 0.81
int(a-s4) 0.072Q 0.012 0.1316 0.0042 30.68Q 0.63 30.83Q 0.77
int(c-s3) 0.137Q 0.008 0.1361 0.0014 31.36Q 0.21 32.08Q 0.33
int(e-s9) 0.310Q 0.030 0.1151 0.0032 1.77Q 0.47 7.4Q 3.2
int(e-s6) 0.240Q 0.012 0.1267 0.0010 0.06Q 0.15 0.15Q 0.37
int(e-s1) 0.256Q 0.002 0.1194 0.0024 1.14Q 0.36 3.11Q 0.97
int(e-s4) 0.186Q 0.002 0.1175 0.0017 1.42Q 0.25 2.62Q 0.47

Whole rockV, Os:5.24, Re:0.16 0.144Q 0.003 0.1277 0.0002 30.03Q 0.03 30.05Q 0.05

Sulphides in Mbs-1 peridotite xenolith (Montboissier, Northern Massif Central, France)
T2 e(cpx)-a 0.258Q 0.020 0.1218 0.0054 0.79Q 0.8 2.19Q 2.25
T2 e(cpx)-a 0.225Q 0.024 0.1229 0.0050 0.63Q 0.74 1.42Q 1.7
T2 e(cpx)-a 0.00043Q 0.0003 0.1365 0.0024 31.42Q 0.36 31.43Q 0.36
T2 e(cpx)-b 0.364Q 0.016 0.1157 0.0040 1.68Q 0.59 16Q 9

Caption as for Table 2; 2 and V, data from Meissel et al. [34] and Lambert et al., [39], respectively.
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Fig. 1. Backscattered electron and chemical maps of typical mantle sulphides. (a) Enclosed; (b) interstitial sulphides, both from Mt Gambier peridotites; (c) Mtf-37
intergranular sulphide; (d) MBS-1 cpx-enclosed sulphide. BSE, backscattered electron; MSS, monosulphide solid solution; Pn, pentlandite; Cp-Icp, chalcopyrite-isocu-
banite. Note the di¡erence in Cp-Icp distribution and occurrence: thin ¢lm on the edge of the enclosed sulphide (a) and networked patches in the interstitial sulphide
(b). Chemical maps produced using a LINK energy dispersive X-ray detector coupled to a CAMECA SX-50 microprobe. Colour scales indicate the relative abun-
dance of a given element.
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melt pockets, and are more abundant than Type
1. They show anomalously high modal abundan-
ces of Cu-rich sulphides, which occur as net-
worked patches and veinlets (Fig. 1b). Type 1
sulphides display strong enrichment in refractory
HSE (Os, Ir, Ru, Rh) over Pt and Pd (low Pd/Ir
sulphide), while Type 2 sulphides show the in-
verse HSE pattern and are characterised by high
Pd/Ir ratio [12]. Sulphides in Mt Gambier lava
are characterised by a Ni-poor chemistry and
consist mainly of Ni-poor MSS (almost pure
monoclinic pyrrhotite), with minor amounts of
pyrite and isocubanite-like sulphide. The Type
2 sulphides therefore are distinct from those in
the host lava.
Although sulphides in MBR-11 and GRM-2

are heavily altered, we recognise the same two
types described for the Mt Gambier suite. In
situ PGE analyses of Type 1 and Type 2 MBR-
11 sulphides reveal the same systematics described
for the Mt Gambier suite [14].
Due to the sheared microstructure all sulphides

are intergranular in Mtf-37; however, they are in
textural equilibrium with the ‘polygonal’ neoblas-
tic matrix. They consist of abundant pentlandite
intergrown with low-Ni pyrrhotite, chalcopyrite Q
valeriite (Fig. 1c).
All sulphides in MBS-1 are enclosed in poiki-

litic clinopyroxene (Fig. 1d). Sulphide mineralogy
is dominated by pentlandite and Ni-rich MSS.
Chalcopyrite and isocubanite are relatively abun-
dant (W10^15%, Fig. 1d). For both MBS-1 and
Mtf-37, this mineralogy yields an original Ni-rich
and S-poor bulk composition intermediate be-
tween typical mantle MSS and pure pentlandite
[15,33]. In situ LAM-ICP-MS analyses of MBS-
1 sulphides show variable and extremely fraction-
ated HSE patterns (0.146Pd/Ir6 1430). This
fractionation is correlated with modal abundances
of Cu sulphides [14].

4. Results

4.1. Whole-rock Re^Os characteristics

Whole-rock analyses of the Mt Gambier xeno-
liths yield 187Os/188Os between 0.1185 and 0.1273

and 187Re/188Os ranging from 0.024 to 0.523 (Ta-
ble 2). While we obtain slightly more radiogenic
values, the range of Os-isotope composition is in
agreement with previous studies of these rocks [4].
It should also be noted that analyses of di¡erent
powder aliquots from the same samples yield dif-
ferent Re^Os isotopic compositions; compare
whole rocks A and B for Gam VL11 and
Mgam1 (Table 2). Re-depletion ages (TRD, Table
2) range from 0.04 to 1.35 Ga, while most of the
model ages are unrealistic (TMA, Table 2). These
features indicate that the Re^Os system has been
perturbed.
Both GRM-2 and MBR-11 have 187Os/188Os

higher than estimated for the primitive upper
mantle (PUM) (187Os/188OsPUM =0.1290Q 0.0006
[34]). In GRM-2 this radiogenic value is not sup-
ported by the Re/Os ratio (Table 3), which is
slightly lower than estimated for the PUM
(187Re/188OsPUMW0.4 [34]). Conversely, the al-
most PUM-like 187Re/188Os ratio of MBR-11
yields an extremely old TMA model age
(W3.9 Q 0.3Ga, Table 3), unlikely for this Prote-
rozoic to Phanerozoic area. Thus, in both cases
the Os-isotope composition of the whole rock
does not seem to be directly related to the mea-
sured Re/Os ratio. Mtf-37 has 187Os/188Os close to
the PUM value and overlapping the chondrite
range [34]. This feature, along with the extreme
fertility of this sample and a Pd/Ir (1.3 Q 0.1) with-
in error of the chondrite values, could suggest
that the sample has a very primitive composition
[34]. However, the Re/Os ratio is signi¢cantly low-
er than that estimated for the PUM.

4.2. Sulphide Re^Os isotopic compositions

Mt Gambier Type 1 inclusions (olivine-enclosed
sulphides with MSS bulk chemistry) have 187Os/
188Os between 0.1083 and 0.1160 and 187Re/188Os
from 0.016 to 0.274 (Table 2, Fig. 2a,b). In con-
trast, Type 2 sulphides (interstitial, Ni- and
Cu-rich sulphides) have more radiogenic Os
(187Os/188Os= 0.1190^0.1282) and higher Re/Os
ratio. One Type 2 sulphide in sample Gam
VL8 yields an even more radiogenic composi-
tion (187Os/188OsW0.172). Its 187Re/188Os ratio
(W2.68Q 0.14) is over the limit of the analytical
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technique (i.e. 187Re/188Osv 1.6; [21]), but it indi-
cates the presence of highly radiogenic sulphides
in these samples.
Sulphides enclosed in silicate phases in GRM-2

have low 187Os/188Os (6PUM, Table 3, Fig. 2c).
TMA ages are ca. 0.6 Ga for these sulphide inclu-
sions. In contrast, interstitial sulphides show high
Re/Os and high 187Os/188Os (sPUM, Fig. 2c).
Similar systematics are found in sample MBR-
11. Olivine-enclosed sulphides have 187Os/188Os
from 0.1145 to 0.1210 and 187Re/188Os between
0.055 and 0.240 (Fig. 2d). TRD ages range between
1 and 2 Ga and TMA ages cluster about 2.2 Ga.
The clinopyroxene-hosted sulphide has more ra-
diogenic Os (187Os/188Os= 0.1272Q 0.0027) and

higher 187Re/188Os (0.223). The interstitial sulphide
contains still more radiogenic Os (187Os/
188Os= 0.1354Q 0.0014 and has a higher 187Re/
188Os (W0.791).
The 187Re/188Os of Mtf-37 sulphides ranges

from 0.06 to 0.31; 187Os/188Os varies from
0.1151Q 0.0032 to 0.1361Q 0.0014. Cpx-enclosed
sulphides in MBS-1 have 187Re/188Os between
0.0004 and 0.36 and 187Os/188Os from
0.1157Q 0.0040 up to 0.1365Q 0.0024 (Fig. 2d,
Table 3). The noteworthy feature of these two
samples (Mtf-37 and MBS-1) is the inverse corre-
lation between 187Os/188Os and the Re/Os ratio
(Fig. 2e,f).

Fig. 2. 187Os/188Os versus 187Re/188Os in sulphides and whole rock. Olivine-enclosed sulphides, black symbols; pyroxene-hosted
sulphides, grey symbols; interstitial sulphides, empty symbols; whole rocks, hashed enlarged symbols. (A) Mt Gambier sulphides:
Gam VL11, circle; Gam VL9, square. (B) Mt Gambier. Mgam 1, diamond; Gam Tr6, triangle; Gam VL8, inverted triangle. (C)
GRM-2 lherzolite. (D) MBR-11 lherzolite; open circles, interstitial and enclosed sulphides; hashed box, whole rock. (E) Mtf-37,
all sulphides are interstitials. (F) MBS-1, all sulphides are enclosed in poikilitic cpx. PUM, primitive upper mantle values [34].
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5. Discussion

5.1. Origin of Type 1 sulphides

The unradiogenic Os composition of the en-
closed sulphides indicates that they have evolved
for a long time in a low Re^Os environment.
Their bulk composition (MSS), occurrence (en-
closed in refractory silicate, e.g. olivine), low Pd/
Ir [12^14] and overall low Re^Os characteristics
strongly suggest that these sulphides are residual
from ancient melting events.

5.2. Origin of Type 2 sulphides

Type 2 sulphides show a wider range of Re^Os
isotopic composition, but display common char-
acteristics. They are interstitial or associated with
clinopyroxene and have S-poor (relative to MSS),
and Ni and/or Cu-rich bulk compositions. They
have higher Re/Os and Pd/Ir, and more radiogen-
ic Os isotopic compositions, than the Type 1 sul-
phides from the same samples. These features,
taken together, indicate a metasomatic origin for
Type 2 sulphides.
One could argue that Type 2 sulphides are re-

lated to contamination by the host. However, this
is very unlikely for several reasons: (1) No petro-
graphic or geochemical features (e.g. REE pat-
terns) indicate lava contamination; (2) in¢ltrated
sulphides from the lava in xenoliths usually occur
as veinlets and are strictly interstitial, whereas
some of the Type 2 sulphides are enclosed in
Cr-diopside of typical mantle composition (Gam
Tr6, Gam VL9, MBS-1); (3) analyses of sulphide
from Mt Gambier lavas reveal an extremely Ni-
poor and S-rich bulk composition, in contrast to
the Ni-rich and S-poor composition characteristic
of Type 2 sulphides; (4) basaltic sulphides show
highly fractionated HSE patterns and Re/Os [35]
and Pd/Ir [14,36] at least an order of magni-
tude higher than those observed here; (5) Os in
alkali basalts is usually quite radiogenic (187Os/
188Oss 0.135 [2]), whereas most of the Type 2
sulphides at Mt Gambier have 187Os/188Os9
0.130.
Mt Gambier sulphides show a positive correla-

tion between 187Os/188Os and 187Re/188Os, and

each sulphide pair de¢nes an ‘isochron’. However,
unrealistic ages or intitial Os compositions are
obtained for Gam VL9 and Mgam 1. Further-
more, Type 2 sulphides in Gam VL11 (Fig. 2a)
show similar 187Os/188Os over a large range of
187Re/188Os (0.478^0.710), demonstrating that
their Os isotopic compositions are not related to
time-integrated in situ 187Re decay. The high Re/
Os ratios, but relatively unradiogenic Os compo-
sitions, of the Type 2 sulphides indicate that the
sulphide-bearing metasomatic £uids/melts have
scavenged Os from a reservoir with low Re/Os,
which is most likely the surrounding SCLM.
This observation also indicates that the Re/Os
ratios of the Type 2 sulphides are not representa-
tive of their source reservoir(s) and thus that Re
has been enriched relative to Os during the meta-
somatic process(es) which led to the crystallisation
of the Type 2 sulphides. These features also sug-
gest that the metasomatic event is recent, since
little or no 187Os ingrowth by Re decay has oc-
curred.
Interstitial sulphides in GRM-2 yield future

TRD ages and unrealistic TMA ages, again indicat-
ing that the Os isotopic composition is not related
to time-integrated in situ Re decay. This suggests
that Re has been fractionated relative to Os dur-
ing the metasomatic process that led to the recent
crystallisation of this interstitial sulphide. In con-
trast, the radiogenic composition of the MBR-11
interstitial sulphide is consistent with its Re/Os
ratio, as shown by its ‘realistic’ TMA model age.
Although it is not possible to dismiss Re^Os frac-
tionation, as demonstrated in GRM-2 and for the
Mt Gambier xenolith suite, in this case the Os
isotopic signature could have been produced by
in situ decay of 187Re.
The inverse correlation between 187Os/188Os and

Re/Os in samples Mtf-37 and MBS-1 (Fig. 2e,f)
demonstrates that the high 187Os/188Os of the sul-
phides cannot be ascribed to in situ Re decay.
However, the development of radiogenic Os
(187Os/188OssPUM) requires a reservoir with
high Re/Os (sPUM). The relationships shown
here suggest that radiogenic Os, but not Re, has
been preferentially scavenged from a high-Re/Os
reservoir via a metasomatic £uid. Alternatively,
Os may have been fractionated relative to Re
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by the transporting £uid during its percolation
through the lithosphere. This is reminiscent of
the Re^Os characteristics of subduction-related
peridotites, where transport of Os has been re-
lated to the percolation into a mantle wedge of
a highly oxidising subduction-related £uid [5].
The occurrence of amphibole in Mtf-37 and a

pronounced enrichment in U (U/Thv 30) indicate
the percolation of an oxidising £uid [37]. The geo-
chemical and pertrological features of Mtf-37 sug-
gest that pre-existing sulphides have re-equilibrat-
ed with an Os-rich £uid. LA-ICP-MS analyses of
Mtf-37 sulphides show constant Os, Ir, Ru con-
tents and variable subchondritic Pd/Ir ratios (O.
Alard, unpublished data), similar to those of Type
1 sulphide [12,14]. Thus these sulphides are prob-
ably not of metasomatic origin. Their microstruc-
tural position (interstitial in an ol-rich matrix) and
the rapid di¡usion of Os in sulphide probably
allowed these sulphides to partially re-equilibrate
with the percolating £uid.
The highly enriched and fractionated incompat-

ible trace element pattern of the poikilitic cpx in
MBS-1 [14] also suggests the percolation of a
highly evolved, volatile-rich metasomatic melt.
However, in contrast to Mtf-37, the occurrence
of the sulphides (in the poikilitic cpx) and their
highly fractionated PGE patterns [14] suggest that
part of these sulphides have crystallised from the
percolating melt. This is also suggested by the
high sulphide abundance of MBS-1, which is in
contrast to its relatively depleted composition
(Al2O3 = 2.21 wt%), especially when compared
with the sulphide and Al2O3 contents of Mtf-37
(W300 ppm, 4.2 wt%, respectively).
There is no straightforward relationship be-

tween the occurrence, abundance and geochemis-
try of metasomatic (Type 2) sulphides and the
usual indices of metasomatism such as LREE en-
richments or HFSE/LILE fractionation (e.g. Mt
Gambier xenoliths, Tables 1 and 2). There are
several reasons for this. First, each of these man-
tle sections has a complex history of multiple
melting and metasomatism episodes (see below).
Each of these events may well have added or re-
moved sulphides and/or modi¢ed the HSE char-
acteristics of pre-existing sulphides. It is also ex-
tremely di⁄cult to decipher the cumulative e¡ects

of those events on the abundance and fractiona-
tion of the lithophile elements. Secondly, a meta-
somatic £uid will have drastically di¡erent e¡ects
upon the sulphide systematics of a mantle section
depending on the equilibrium temperature (above
or below sulphide solidus/liquidus), £uid compo-
sition (e.g. S saturation, fO2, PCO2), and shield-
ing of sulphide by silicate. The lithophile trace
elements are either insensitive or behave di¡er-
ently to those parameters. Thus, clear relation-
ships between lithophile element fractionation
and sulphide-controlled elements such as Re and
Os are not expected, except in very speci¢c and
unusual conditions such as in Mtf-37 and MBS-1.
These two samples, however, provide compelling
evidence that Os transport via sulphide-barren
(Mtf-37) or sulphide-bearing (MBS-1) volatile-
rich metasomatic £uids is possible and is not re-
stricted to subduction settings.

5.3. Sulphide^whole-rock relationships and
implication for Os model ages

Whole-rock analyses show Re/Os ratios and Os
isotopic compositions intermediate between Type
1 and Type 2 sulphides. This indicates that the
whole-rock Re^Os signature re£ects only the mix-
ing proportions between the residual and metaso-
matic sulphides. This observation is consistent
with the poor reproducibility between aliquots
of the same sample, which is ascribed to the so-
called ‘nugget e¡ect’. Our results strongly suggest
that the ‘nugget e¡ect’ is in fact an expression of
the heterogeneous distribution of the various sul-
phide populations de¢ned above. Therefore, Re^
Os model ages for whole-rock samples would
rarely correspond to any real melt-depletion
event, but would instead be determined by the
relative abundance of the di¡erent sulphide gen-
erations. The age of the melt-depletion event as
estimated by TRD and TMA for Mt Gambier en-
closed sulphides varies from 1.7Q 0.2 to 2.8 Q 0.6
and from 1.7Q 0.1 to 3.6Q 0.7 Ga, respectively
(Table 2). Whole-rock Re^Os data, both from
this study (Table 2) and from previous studies
of xenoliths from the same locality [4], yield
much younger model ages (9 2 Ga).
Several olivine-enclosed sulphides in Mt Gam-
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bier xenoliths (e.g. Mgam 1, Table 2) display aber-
rant TMA, while showing realistic Re depletion
age (TRD, i.e. s 3.0 Ga), thus indicating late Re
addition to the sulphides themselves. The possibil-
ity of Re addition, as discussed above, casts some
doubt on the meaning of some Early Archean
TMA ages which are associated with relatively
high Re/Os in enclosed sulphides (187Re/
188Oss 0.16, i.e. Gam VL11, Gam Tr6). These
ages can be considered only as maximum deple-
tion estimates of the depletion age. In contrast,
TRD ages do not take into account the amount
of Re and therefore have to be considered as min-
imum age estimates. Despite these considerations,
Os model ages for the Mt Gambier samples
spread from 1.64 up to 2.75 Ga. For instance,
the TRD age for the Mgam 1 enclosed sulphide
indicates a minimum age of depletion of about
2.16 Ga, while the maximum age depletion
(TMA) for Gam VL9 is 1.82 Ga. Thus, those sul-
phides have recorded di¡erent discrete events, ei-
ther of melting, or of the crystallisation of mono-
sulphide from sulphide liquids. The small size of
the data set and the relatively large uncertainty
associated with these age estimates precludes a
more detailed discussion of the meaning of these
data in terms of crustal formation or geodynamic
events. Rocks of Proterozoic ages are not known
in the Mt Gambier area; the nearest outcrop is
400 km to the west (see [4]).
The Os isotopic composition of the MBR-11

and GRM-2 whole rocks does not seem directly
related to the measured Re/Os ratio. However, in
both cases, the whole-rock composition is well
explained by the mixing in various proportions
of the Type 1 and Type 2 sulphides (Fig. 2c).
Although model ages for Type 1 sulphides have
relatively large uncertainties, they allow the con-
struction of a rough melt-depletion history, oth-
erwise not available with whole-rock data (Table
3). MBR-11 enclosed sulphides show TMA ages
clustering about 2.2 Ga for a range of 187Re/
188Os from 0.055 to 0.240. GRM-2 olivine-en-
closed sulphide shows consistent TRD and TMA
ages of ca. 0.6 Ga. Proterozoic and Pan African
crustal ages are well documented throughout the
Variscan Belt and the Mediterranean Basin (e.g.
[38]).

6. Conclusions

The Os sulphide paradox can be summarised as
follows: Os is highly compatible in the mantle
and this should limit the disturbance of its iso-
topic composition by metasomatism. However,
the physical properties and reactivity of its carrier
phases (the BMSs) allow Os to become highly
mobile. Furthermore, during the percolation of
highly oxidising £uids, Os can become mobile in
metasomatic £uids.
Although the technique used here does not al-

low the precise measurement of Os content for
each sulphide, it is obvious from the sulphide^
whole-rock systematics (Fig. 2a^f) that whole-
rock Re^Os analyses re£ect various degrees of
mixing between several sulphide generations, as
do HSE abundances in sub-continental and oce-
anic peridotites [7^9, 17]. Therefore, these data
provide compelling evidence that the Os isotopic
composition of mantle rocks is altered by meta-
somatic processes. Furthermore, they show that
small-scale isotopic heterogeneities can be pre-
served for billions of years. The preservation for
1^2 Ga of a depleted signature in the silicate-en-
closed sulphide inclusions suggests that they have
been e¡ectively armoured by the silicate and that
Os has an extremely low rate of di¡usion in oliv-
ine [11].
These results clearly call for caution in the in-

terpretation of the Os model ages derived from
whole-rock analysis and their use and abuse in
geodynamic models. Melt-depletion ages esti-
mated from individual sulphide inclusions are sys-
tematically older than those obtained from whole-
rock analysis. Thus, whole-rock model ages can
only be considered as minimum depletion ages.
We therefore suggest that the age of the o¡-craton
SCLM derived from peridotite xenoliths may
have been underestimated and that ancient litho-
spheric material may survive beneath o¡-craton
areas despite multiple orogenic events [4,39,40].
Our study of 60 samples from the Massif Cen-

tral and Eastern Australia volcanic provinces [41]
has shown that the occurrence of the two types of
sulphide is an extremely common feature of o¡-
craton mantle xenoliths. Ongoing studies demon-
strate that this is also true of cratonic xenoliths
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from Canada, Siberia and South Africa (W.L.
Gri⁄n et al., unpublished data). Samples such
as GRM-2 and MBR-11 demonstrate that these
two types of sulphides occur in samples with low
sulphide abundances and in samples with whole-
rock Re^Os characteristics representative of de-
pleted mantle lithosphere (e.g. Mt Gambier xeno-
liths). At the other end of the scale, Mtf-37 has a
whole-rock composition akin to the primitive
mantle. Therefore, this study illustrates the poten-
tial of the in situ technique for deciphering the
behaviour of the HSEs during geological process-
es. Although sulphides are a minor phase, they
are ubiquitous in the mantle and are a key phase
in our understanding of the formation and evolu-
tion of the lithosphere. Although the in situ Re^
Os technique is subject to larger analytical uncer-
tainties than conventional analysis [21], its spatial
resolution and the preservation of the petro-
graphic context allow the data to be interpreted
with a higher degree of con¢dence.
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