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Abstract

Major elements, trace elements including highly siderophile elements (HSE) and Re—Os isotope ratios were analysed in situ
on individual sulfide grains and one Fe metal grain enclosed in fresh xenocrystic olivine and pyroxenes from kimberlites in the
Lac de Gras area, central Slave Craton. Reconstruction of low-temperature assemblages to high-temperature precursor sulfides
shows that there are two major sulfide populations: nickeliferous monosulfide solid solution (mss), and a distinct group of S-
deficient Ni- and Co-rich sulfides ((Ni,Co,Fe);_.S,). The inclusion suite is unusual because all (Ni,Co,Fe); _,S,, a subgroup of
mss, and Fe metal inclusion have high W concentrations (up to 3400, 2600 and 24,000 ppm, respectively) and because
(Ni,Co,Fe);_,S, have higher Ni and Co concentrations (mean 47 and 6.8 wt.%, respectively) combined with higher metal/
sulfur (mean Me/S =1.1) than the great majority of mantle-derived sulfides reported in the literature. Ca-in-olivine temperatures
indicate that the host olivine and included sulfides are derived from the deep layer of the stratified lithosphere beneath Lac de
Gras.

Re—Os isotope data were collected for 24 mss inclusions. '¥"Re/'*¥0s ranges from 0.006 to 2.71, and "¥70s/'%%0s from
0.1002 to 0.4732, corresponding to yos from — 21 to 272. The sulfides show a major mode of Txp at ~ 2.8 Ga, extending to
3.9 Ga, and of Tcyyur at ~ 2.9 Ga. Eleven samples define an isochron at r=3.27 + 0.34 Ga, with an enriched initial
'870s/"%8%0s at ¢ of 0.10725 + 0.00014 (yos;=2.53 + 0.13; MSWD=0.75).

Weak covariations of Os contents and '®’Re/"®¥0s in mss with Mg/(Mg + Fe) of host olivine are consistent with variable
degrees of melt depletion of sulfide-bearing peridotite. The incoherent behaviour of incompatible element abundances, the
unrelated enrichment in the fluid-mobile elements W, As and Zn, and the unsupported radiogenic Os and recent Re-enrichment
in some sulfides suggest repeated metasomatic processes subsequent to melting. The formation of the unusual (Ni,Co,Fe);_,S,
could be related to metasomatism or alteration of mantle sulfide. However, the major element compositions of mss and
(N1,Co,Fe);_,S, would also be consistent with an igneous origin, by fractionation from extremely Ni-rich sulfide melts that
unmix from S-bearing metal melts expected in the lower mantle.

Despite the evidence for interaction with fluids, some sulfides were able to preserve ancient melt-depletion signatures.
Model ages and the isochron age in the deep lithosphere beneath Lac de Gras exceed the age of the overlying crust of the
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Contwoyto terrane. This “age paradox” may be reconciled if the lithospheric mantle beneath the adjacent older Central Slave
Basement Complex (CSBC) was thrust beneath the younger Contwoyto terrane during collision of these two entities, resulting

in a translithospheric northeast-dipping suture.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Monosulfide solid solution (mss) in mantle peri-
dotites has compositions suggesting equilibrium with
a sulfide melt (e.g., Craig, 1973) and commonly is
interpreted as residual from partial melting (Helz,
1977; Lorand, 1987) or as crystallised from sulfide
liquids trapped during partial melting (Mitchell and
Keays, 1981; Hamlyn and Keays, 1986; Dromgoole
and Pasteris, 1987). These sulfides are the main
reservoir for highly siderophile elements (HSE) as
well as other siderophile/chalcophile elements in the
mantle (Mitchell and Keays, 1981; Garuti et al., 1984;
Fleet and Stone, 1991; Pattou et al., 1996; Alard et al.,
2000). Thus, the study of sulfides provides informa-
tion additional and complementary to lithophile ele-
ment studies on the silicate portion of the mantle.

Sulfide inclusions are expected to exchange Fe, Ni
and Co with host olivine and pyroxenes (e.g., Thomp-
son and Barnes, 1984), but should be shielded from
exchange with external reservoirs with regard to trace
elements that are incompatible in the host phase (Gae-
tani and Watson, 2000). The contents of PGE in the
sulfides may therefore be protected from interaction
with the kimberlite host or post-emplacement alter-
ation, provided that the host silicates are not fractured
during decompression in the ascending host magma
(e.g., Lorand, 1990). Because olivine readily recrystal-
lises in the mantle, e.g., during metasomatism (Drury
and Van Roermund, 1989), sulfide inclusions may be
subject to secondary overprints following their forma-
tion. A study of the major-element, trace-element and
Os isotopic composition of sulfide inclusions should
reveal whether the sulfide inclusions have remained
shielded or interacted with external reservoirs. These
data could then be used to understand pre-entrainment
processes involved in the formation and evolution of
the subcontinental lithospheric mantle.

For this purpose, olivine and pyroxene xenocrysts
with sulfide inclusions were hand-picked from heavy-

mineral concentrates of kimberlites at Lac de Gras,
Slave Craton (Canada). The host silicates have com-
positions similar to minerals in peridotite xenoliths
from the same locality (Pearson et al., 1999) and are
interpreted as disaggregated mantle wall-rock. Sul-
fides, both enclosed and interstitial, have been iden-
tified in xenoliths from Lac de Gras (Pearson et al.,
2002; authors’ unpublished data), linking the xeno-
cryst data of the present study to available xenolith
data. In this contribution, we document the character-
istics and composition of the sulfide inclusion suite,
which includes Ni—Co-rich sulfides, examine their
relationship to each other and propose models for their
formation and implications for lithosphere formation
in the central Slave Craton.

2. Geological setting

The material studied here consists of olivine and
pyroxene grains separated from kimberlites, mostly
the A154 pipe, in the Lac de Gras area, Slave Craton,
Canada (Fig. 1). The Slave Craton is an amalgamation
of terranes, including the ~ 4.0-2.7 Ga Central
Slave Basement Complex (CSBC; Blecker et al.,
1999) in the west and the ~ 2.7 Ga arc-related
Hackett River and Contwoyto terranes in the east
(Kusky, 1989). Lac de Gras lies on the Nd isotopic
line of Davis and Hegner (1992) and Davis (2003,
personal communication), which separates rocks with
Nd isotopic ratios indicative of ancient crust (west)
from rocks with isotopic ratios indicative of juvenile
sources (east). This line lies ~ 100 km east of the
surficial suture between the CSBC and the Contwoyto
Terrane into which the host kimberlites intruded, and
has been interpreted as the leading edge of the CSBC
at depth (Bleeker et al., 1999).

Using xenocryst and xenolith data from 18 kim-
berlites in the Lac de Gras area, Griffin et al. (1999)
identified a shallow mantle layer that is ultra-depleted
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Fig. 1. Geological map of the Slave Craton after Padgham and Fyson (1992), with the location of the Lac de Gras kimberlites. Also shown are
growth rings around an ancient core (Ketchum and Bleeker, 2001) in the CSBC (Central Slave Basement Complex; Bleeker et al., 1999), located
in the western part of the Craton, and the Contwoyto terrane in the eastern part of the Craton. The Pb isotopic line of Thorpe et al. (1992, as
quoted in: Pell, 1997) and the Nd isotopic line of Davis and Hegner (1992) and Davis (2003, personal communication) are shown for reference.

Inset shows location within Canada.
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in incompatible elements, which is separated by a
sharp boundary at ~ 140 km from a moderately
depleted deeper mantle lithosphere. The shallow layer
compositionally resembles modern depleted abyssal
peridotites and ophiolites from convergent margins,
but has higher Mg- and Cr-numbers (Griffin et al.,
1999). It may have formed in an arc setting, such as
that suggested by Kusky (1989). The deeper layer is
broadly similar to Archaean mantle worldwide, but
trends toward lower Mg-numbers and higher olivine/
orthopyroxene ratios than most Archaean sections
(Gaul et al., 2000). Griffin et al. (1999) suggested
that this deeper layer may have formed during under-
plating of a plume head or diapir that was moderately
depleted by partial melting during ascent; this model
is supported by the occurrence of diamonds contain-
ing lower mantle minerals (Davies et al., 1999).

3. Sample preparation and analytical techniques

Fifty two olivine grains, three orthopyroxene
grains and one clinopyroxene grain containing sulfide
inclusions, two discrete sulfide grains and one olivine
containing a grain of Fe metal were hand-picked from
coarse concentrate under the binocular microscope.
Additionally, five grains of pyrite, three grains of
pentlandite, and one grain each of pyrrhotite and
chalcopyrite were retrieved from the olivine concen-
trate but are not reported here because they are not
considered to be primary. All sulfides that were
recognised were picked and prepared, i.e., no sam-
pling criteria were applied. Samples were mounted
individually in aluminium sleeves filled with epoxy
and hand-polished using wet-and-dry sandpaper to
expose the sulfide inclusion. A fine polish was
obtained using a standard pellon polishing disk and
diamond polishing paste.

Major-element contents were analysed using a
CAMECA Camebax SX50 electron microprobe
(EMP) in the GEMOC National Key Centre at Mac-
quarie University (www.es.mq.edu.au/GEMOC/
AnMethods/anmeth.html). Sulfide analyses were per-
formed with an accelerating voltage of 20 kV, a beam
current of 20 nA and a beam size of <3 pm. Counting
times were 20 s on the peak and 10 s on each side of
the background. The host silicates were analysed with
a 15 kV acceleration voltage and counting times of 10

s on the peak and 5 s on the background. The PAP
matrix correction procedure (Pouchou and Pichoir,
1984) was applied to the raw data. Bulk sulfide
compositions were reconstructed by combining EMP
analyses of the individual low-temperature phases
with their modal abundances. Modes were calculated
from X-ray element distribution maps (see Fig. 2)
using an image analysis program (NIH Image 1.62 or
ROCKMAS (in-house program by E. van Achter-
bergh)). Sometimes distinct exsolved phases were
not evident in the X-ray maps. In this case, a traverse
of analyses across the grain was averaged and this was
taken as a representative composition.

Re—Os isotope data were collected with a Mer-
chantek LUV266 laser microprobe attached to a Nu
Plasma multi-collector ICPMS in the GEMOC Na-
tional Key Centre at Macquarie University. Typical
laser operating conditions are 4—5-Hz frequency, a
beam energy of 2—5 mJ/pulse and 60—80-um spot
sizes. The higher beam energies were applied to large
sulfide samples in order to increase the signal size.
Two set-ups were used for collection of the ion beams:
eight Faraday cups and Os as internal isotope standard
for mass fractionation correction (sulfides C1-C43;
189Os/l"zOs:0.39593, Pearson et al., 2002), or a
combination of eight Faraday Cups and two ion
counters (for masses 185 and 187) and Ir (bled with
Ar into the He gas carrying the ablated sample) as
external mass fractionation correction (sulfides C78—
C232). Drift on the ion counters was corrected for by
bracketing sample analyses with analyses of standard
PGE-A, a synthetic doped NiS bead with known Os
isotopic composition. The overlap of '*’Re on '*’Os
is corrected using '®°Re. The calibration procedures
and the corrections applied as well as reproducibility
of analyses of standard material are described in detail
in the work of Pearson et al. (2002).

Some samples have low Os signals, which raises
the question whether sufficiently accurate isotope data
can be obtained from these samples. One way to test
this is to compare measured to natural stable isotope
ratios. Of 13 samples with Os signals <10 mV, 11
samples had 192/188 of 3.05 £+ 0.11 (natural 3.08) and
190/188 of 1.94 £ 0.15 (natural 1.98). Two samples
with deviating stable isotope ratios were discarded.
The loss of precision at low signals is reflected in the
increased within-run errors. Several samples (e.g.,
C78, C185) have very low analytical uncertainties
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Fig. 2. Backscattered electron images (BSE, top row) and X-ray element distribution maps (second to bottom rows). Bright greys indicate high
concentrations and dark greys indicate low concentrations (see bar at left). (a) Flame-like exsolutions of pyrrhotite (po) and pentlandite (pn) with
chalcopyrite (cp) ring from assumed precursor monosulfide solid solution (mss); (b) mss with cp ring; (c) assumed precursor (Ni,Co,Fe); S,
consisting of Co-rich violarite (vi) and Co-poor millerite (mi); (d) Fe metal with Zn-bearing W oxide.

on the measured '®"Re/'®%0s, reflecting unusually
stable signals. Typical uncertainties on '®’Re/'**0s
are at the percent level.

During Re—Os isotope analysis, 27 of the 58
sulfides (plus one Fe metal), including all 12 (Ni,
Co,Fe);_,S,, from Lac de Gras, showed anomalously
high signals at mass 186. The contribution from
%605 accounted for <1% of the total 186 signal
and the signals point to a significant abundance of
186W. W-rich samples, including all (Ni,Co,Fe);_.S,,
did not yield reliable Re and Os isotopic data because of
scattering of the large W beam into the ion counters
where masses 185 (for Re) and 187 (for '*’0Os and
187Re) were collected.

Trace-element data were collected from the sul-
fides left after LAM-MC-ICPMS analysis, using ei-
ther a custom-built laser-ablation system (designed by
S.E. Jackson) or a Merchantek LUV 266 Nd:YAG UV
laser system, both linked to an Agilent 7500 ICPMS.
The custom-built laser is a Continuum Surelite [-20
Q-switched quadrupled frequency (266 nm) Nd:YAG
laser (Norman et al., 1996). Analyses consisted of
30—40 replicates (60 s) counted on the carrier gas for
background subtraction and ~ 50 replicates on the
sulfide grain (depending on the volume of material
available). Ablation was done in an Ar atmosphere
with a gas flow of 1.3 I/min, a repetition rate of 5 Hz
and 0.5—1 mJ energy per pulse, and resulted in 40—
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60-um crater diameters. At these conditions, the
Merchantek laser drills into the sample at about
1.4—1.2 um/s (compared to about 1 pm/s for silicates
at a repetition rate of 5 Hz; Jackson, personal com-
munication). The relative sensitivity was calibrated
against the in-house PGE-A NiS standard (to obtain
Ru, Rh, Pd, Os, Ir, Pt, Au, As, Bi) and silicate glass
standards NIST 610 or 612 (to obtain Zn, Mo, Ag, W
and Re), using values of Jackson and Sharma (unpub-
lished data) and Norman et al. (1996), respectively.
Silicon, Ca and other lithophile elements were mon-
itored to check if the host silicate phase was ablated in
addition to the sulfide. Average abundances, standard
deviations, 1o errors and detection limits for the
standard materials—analysed as unknowns—are giv-
en in Table 1. No differences were observed using the
different laser systems.

The isotope **S was used as the internal standard
for sulfides (®>Cu for the Fe metal inclusion) for the
elements calibrated relative to PGE-A, a NiS-bead
that is similar in matrix to sulfides. A =+ 3% relative
uncertainty on the S concentration determined by
microprobe is propagated through all analyses. ®*Ni,
derived from analysis relative to PGE-A, was used as
the internal standard for all elements calibrated rela-
tive to the NIST glasses. The uncertainty on the Ni-
content in PGE-A determined by ICPMS is ~ 10%
(Table 1). Mg concentration of olivine was determined
by EMP and **Mg was used as internal standard for
trace-element analyses of olivine. Raw data were
processed on-line using the GLITTER software
(Van Achterbergh et al.,, 1999; see http://www.es.
mgq.edu.au/GEMOC/glitter/).

Trace-element data collected by laser ablation
may not always be representative of the bulk grain
because most sulfides consist of polyphase low-
temperature assemblages that were not necessarily
ablated in modal proportions. While the variability
and small anomalies in trace-element abundances
probably reflect to a large degree the intrinsic het-
erogeneity of the samples, some variability could
result from exsolution and/or diffusion-related grain-
scale redistribution processes, combined with non-
modal sampling. Because the chalcopyrite we ana-
lysed has distinctly higher S/Ni (avg 6.6) than mss
(avg 2.0) or (Ni,Co,Fe); _,S, (avg 0.8), the over-
and undersampling of exsolved chalcopyrite may be
gauged by comparing bulk S/Ni (from microprobe

Table 1
Standard reproducibility (standards treated as unknowns)
PGE-A Avg (ppm) Stdev Avg 1l o mdl(ppm)
(n=14)
S 278,300 5200 11,000 171
Ni 770,000 72,000 54,000 0.7
Cu 253 25 16 0.16
As 143 12 8.7 0.9
Ru 249 34 22 0.064
Rh 265 36 23 0.032
Pd 279 28 19 0.036
Os 206 26 16 0.041
Ir 117 17 10 0.013
Pt 221 29 18 0.065
Au 251 23 16 0.043
Bi 244 26 13 0.035
NIST 610 Avg (ppm) Stdev Avg lo mdl
(n=10)
Si 339,000 26,000 14,000 52
K 466 47 15 1.5
Ca 82,000 9400 2600 59
Fe 461 27 15 5.1
Co 393 28 12 0.066
Ni 428 23 14 0.92
Cu 438 21 14 0.41
Zn 452 47 15 0.29
Mo 408 23 13 0.079
Ag 246 12 7.8 0.044
w 466 29 15 0.083
Re 61 22 2.0 0.039
NIST 612 Avg (ppm) Stdev Avg lo mdl
(n=5)
Si 314,000 16,000 23,000 22
K 81 19 33 0.97
Ca 81,300 9500 3000 17
Fe 52 1.0 2.3 2.1
Co 34 1.0 1.5 0.025
Ni 37 2.8 1.8 0.73
Cu 35 2.9 1.4 0.051
Zn 38 2.6 1.8 0.10
Mo 37 44 1.4 0.017
Ag 19 42 1.2 0.013
W 38 5.4 1.4 0.012
Re 8 1.3 0.31 0.0100

Average abundances determined by LAM ICPMS, standard
deviations (stdev, external precision on repeat analyses), lo
(within-run precision) and mean detection limits (mdl) for standards
PGE-A, NIST 610 and NIST 612.

and modal analysis) to S/Ni from trace-element
analysis. Of 23 samples, ten have (S/Nipy)/(S/
Nipam) of 0.9 to 1.1, consistent with roughly modal
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from Lac de Gras are plotted against the fields of mss, (Ni,Fe);.,S, and liquid established by Karup-Meller and Makovicky (1995). Shown for
comparison are sulfides occurring in basalts, pyroxenites, peridotites, olivine megacrysts and diamonds world-wide (Sobolev et al., 1981;
Lorand and Conquéré, 1983; Garuti et al., 1984; Dromgoole and Pasteris, 1987; Lorand, 1987; Lorand and Ceuleneer, 1989; Fleet and Stone,
1990; Bulanova and Zayakina, 1991; Deines and Harris, 1995; Szabo and Bodnar, 1995; Roy-Barman et al., 1998; Davies et al., 1999, in prep.;
Lorand and Alard, 2001; Richardson et al., 2001; Griffin et al., 2002).

sampling. For samples with higher or lower ratios, (S/Nipu)/(S/Nipan) outside the range of 0.8—1.2,

incompatible element variability may be related to a suggesting a severe discrepancy between bulk sulfide

sampling bias. Three samples (C27, C74, C116) have composition and the composition sampled during

Table 2

Summary of assemblages and characteristics of concentrate mineral-hosted sulfides from Lac de Gras

Assemblages mss mss mss +cp po+tpn+tcp po+pn mss + py

n 5(+1dj 26 8 5 1

Assemblages (Ni,Co,Fe); .S, (Ni,Co,Fe); . S,+vi  (Ni,Co,Fe); .S, +pn pn+miorgd vi+mior (Ni,Co,Fe); ,S,+cp
(Ni,Co,Fe); .S, gd or hz

n 2 3 1 2 leach 1

Grain sizes (um) >40 >100 >150 >200 >300

n 23 17 7 8 3

Shapes elongate spherical polyhedral irregular

n 20 12 12 14

Hosts ol opx cpx none

n 52 3 1 2

n=number of grains, cp=chalcopyrite, dj=djerfisherite, gd = godlevskite, mi=millerite, mss =monosulfide solid solution, pn=pentlandite,
po =pyrrhotite, py = pyrite, vi=violarite; cpx = clinopyroxene, ol =olivine, opx = orthopyroxene.
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Table 3
Major-element contents of reconstructed sulfides and Fe metal in wt.%
Sample Mineral Low-T Host Cu Fe Ni Co S K (¢} Total  %hem M/S Ni/
assemblage (Ni+Fe)
Cl mss mss, cp” opx 11.05 3632 11.68 0.69 3347 <0.04 293 96.16 23.1 0.76 0.33
C3 mss mss, cp® ol 5.63 36.96 17.78 0.46 34.01 <0.04 226 97.10 16.6 0.82 0.39
C4 mss mss, cp® ol 7.07 37.37 1552 034 3543 <0.04 1.71 9745 119 0.82 033
C19 alt mss po, pn, cp ol 8.15 3539 1229 031 29.77 <0.04 9.65 9557 na na na
C20 mss mss, cp” ol 6.24 3645 1935 0.63 3393 na 0.97 97.58 6.6 0.96 0.37
Cc21 mss mss, cp” ol 4.19 43.09 1251 0.63 3549 <0.04 143 9734 83 0.85 0.25
C22 mss mss, cp” ol 3.48 3299 1896 0.29 3341 na 551 94.64 63.6 049 0.71
C23 mss po, pn, cp ol 7.37 3727 15.64 029 3373 <0.04 2.02 9633 144 084 0.35
C24 mss mss, cp” ol 592 39.02 13.82 0.39 3472 <0.04 2.63 96.51 18.6 0.75 0.33
C25 mss mss, cp” ol 6.10 34.56 1823 0.40 31.57 na 3.04 9390 258 0.79 0.46
C26 alt mss mss, cp” ol 7.45 28.70 10.18 047 2724 <0.04 874 82.78 na na na
C27 mss mss, py” ol 0.86 41.99 11.13 029 40.05 na 331 97.63 225 055 0.28
C38 mss mss, cp” ol 5.00 3249 18.68 0.44 3133 <0.04 4.63 9258 49.7 0.61 0.62
C41 mss mss, cp® ol 277 39.13 19.87 046 3448 <0.04 091 97.63 5.7 0.94 0.35
C42 mss mss, cp” ol 433 40.18 12.61 033 3490 <0.04 132 93.68 83 0.82 0.26
C43 mss mss, cp,alt” ol 542 4252 1450 0.38 33.44 <0.04 2.00 9828 123 0.89 0.29
C72 mss po, pn, cp ol 3.60 35.18 2222 0.55 34.62 <004 142 9759 104 089 043
C74 mss po, pn none 0.40 5423 379 0.06 36.60 na 142 9649 6.5 0.81 0.07
C78 mss mss” ol 1.39 3691 23.13 0.50 37.14 na 0.50 99.57 3.3 0.90 0.39
C79 mss mss, cp” opx 3.07 40.19 1853 036 3482 <0.04 1.04 98.01 6.4 0.92 0.33
C80 mss mss, cp® ol 547 36.86 18.19 039 36.76 na 1.04 9871 7.1 0.85 0.35
C83 altmss po, pn, alt ol 445 2998 18.77 0.72 30.35 na 826 92.53 na na na
C85 mss po, pn, cp opx 597 3490 19.70 0.47 32.67 <0.04 191 9564 146 0.89 0.42
C100  Fe metal Fe metal, ol 0.04 86.81 <0.07 <0.06 <0.08 na 3.56 9345 na na na
Fe—W-oxide
C101  alt Ni-rich pn, ol 420 10.23 3722 1.26 22.85 na 18.17 93.92 na na na
(Ni,Co,Fe); _ .S, mi, ~ hem
C105  (Ni,Co,Fe); _ S, Ni-rich pn, gd ol 0.78 14.58 47.50 2.44 30.83 na 1.59 97.72 339 1.03 0.86
Cl12  mss mss, cp” ol 13.07 37.55 11.19 024 34.11 na 1.28 97.45 8.6 091 0.25
Cl15  mss mss, cp” ol 3.76 40.66 14.58 0.35 34.64 na 2.61 9659 17.5 0.76 033
C116  mss pn, po none 1.94 36.05 19.66 052 33.51 na 461 9629 423 0.61 0.56
C120  alt (N1,Co,Fe); —,S,, cpx 0.78 837 50.16 3.04 31.16 na 399 9749 na na na
(Ni,Co,Fe); _ .S, FeO
C121  (Ni,Co,Fe); .S, pn, ol 044 9.79 5375 541 30.55 na 0.52 100.46 142 1.20 0.87
(Ni,Co,Fe); _,S,
C122  (Ni,Co,Fe); _,S, vi, ol 0.71 10.41 4379 11.55 31.80 na 1.21 9947 37.0 1.05 0.90
(Ni,Co,Fe); _,S,
C128  (Ni,Co,Fe); _,S, vi, ol 0.60 9.86 4270 13.12 3231 na 0.62 9921 172 1.08 0.85
(Ni,Co,Fe); — S,
C130  (Ni,Co,Fe); .S, vihz ol 1.89 9.17 52.02 6.05 2939 na 126 99.80 47.2 1.18 0.94
C132  alt cp, ol 048 2.18 57.00 3.59 27.60 na 582 96.66 na na na
(Ni,Co,Fe); — XSZ (Ni,CO,Fe)3 — xSZ
C135  (Ni,Co,Fe); _,S, vi, ol 0.95 1037 47.63 7.70 28.82 na 1.82 9730 69.2 1.10 0.96
(N1,Co,Fe); .S,
C140  (Ni,Co,Fe); .S, (Ni,Co,Fe); _,S, ol 1.19 1698 40.00 845 31.80 na 099 9941 156 1.07 0.75
Cl43  alt vi, gd ol 0.18 439 49.05 822 2993 na 4.61 9638 na na na
(Ni,Co,Fe); _ .S,
C146  (Ni,Co,Fe); .S, vi, mi ol 1.44 1049 4279 11.29 33.15 na 0.96 100.12 27.0 1.02 0.87
C156  mss po, pn, cp ol 245 3424 2524 046 33.72 <0.04 1.65 9775 12.6 091 047
CI58 mss mss, cp ol 547 39.74 1529 0.35 34.61 <0.04 191 9737 12.6 0.84 0.32
C159  mss po, pn, cp ol 2.10 36.35 2036 059 33.66 <0.04 245 9551 18.6 0.80 0.44
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Table 3 (continued)

Sample Mineral Low-T Host Cu Fe Ni Co S K O Total  %hem M/S Ni/

assemblage (Ni+Fe)

Cl171  mss mss, cp” ol 6.57 24.15 31.85 1.05 32.39 <0.04 252 9856 32.1 0.88 0.71
C173  mss po, pn, cp ol 10.35 32.74 17.84 0.39 32.71 0.76 2.13 9691 17.8 0.86 043
Cl74  mss po, pn ol 0.95 3451 27.83 0.61 34.79 <0.04 096 99.65 6.9 0.96 0.47
Cl75 mss po, pn, cp ol 1.35 30.02 2425 0.61 3096 0.18 380 91.07 41.7 0.69 0.65
CI85 mss mss, cp” ol 9.59 3696 11.11 0.51 32.86 <0.04 494 96.01 452 0.58 043
C186  mss mss® ol 2.03 31.10 8.62 0.31 27.58 <0.04 2.69 7234 252 0.60 031
C205  mss mss, cpb ol 394 40.12 1833 040 3421 <0.04 1.53 9856 9.8 091 0.35
C206  mss mss, cp® ol 6.11 41.18 1198 0.34 33.89 <0.04 1.70 9523 10.7 0.85 0.26
C211  alt mss alt mss, cp® ol 5.08 21.58 9.20 0.28 19.67 <0.04 8.56 6440 na na na
C216  mss mss, cp® ol 3.88 37.50 14.79 0.31 33.56 <0.04 247 9252 18.1 0.75 035
C217  mss mss, cp® ol 3.57 4229 15.04 0.60 3496 <0.04 1.12 97.59 6.6 0.90 0.28
C226  mss mss, cpb ol 5.75 39.06 16.12 0.36 35.04 <0.04 143 97.77 93 0.87 0.32
C229  altdj dj ol 1.92 28.41 1851 0.62 2821 2.99 9.13 89.79 na na na
C230 mss po, pn ol <0.06 42.44 20.01 0.72 36.15 <0.04 0.56 99.92 3.2 0.95 0.32
C231  mss mss” ol 1.30 35.67 2327 044 37.79 <0.04 0.83 99.31 5.7 0.84 0.41
C232  mss mss® ol 0.76 3237 21.51 0.71 32.03 <0.04 096 8834 7.4 0.89 0.42
C233  mss mss® ol 2.02 38.58 20.15 0.44 37.57 <0.04 086 99.62 55 0.85 0.36

Sulfides were reconstituted from analyses of low-temperature phases; low-T=Ilow-temperature; M/S =metal/sulfur; alt=altered; na=not
analysed or not available; other abbreviations as in Table 2; oxygen is thought to be present due to oxidation and %hem denotes the percentage
of Fe that may be tied up with oxygen in hematite; (M/S) and Ni/(Ni+ Fe) calculated from atomic proportions (after subtraction of O and Fe as

hematite; not given where more oxygen was present than could be subtracted with the available Fe =altered sulfides).

? Weak mottled variations in Ni-content.
® Weakly Ni-richer outer rings or cores.

laser ablation. The trace-element data for these three
samples are not reported here.

4. Sulfide mineralogy and chemical composition

Images obtained using energy-dispersive spectro-
metry show that most sulfides consist of multiple
phases, with varying S, Fe, Co and Ni content (Fig.
2a—c). Based on the rounded or polygonal shape of
the sulfide grains, their internal structure and the
compositions of coexisting phases, we interpret the
multi-phase sulfide inclusions in xenocrystic olivine,
orthopyroxene and clinopyroxene as low-temperature
assemblages that exsolved from single high-temper-
ature solid solutions upon cooling, during eruption of
the host kimberlite (cf. Lorand, 1990). Pre-exsolution
compositions were calculated from low-temperature
assemblages as described in Section 3. Altogether,
estimates were made of the composition of 45 Fe-
rich monosulfide solid solution grains (mss, Fe/
Ni>1), an unusual population of 12 Ni- and Co-rich
grains, 1 grain of djerfisherite and 1 grain of Fe
metal.

4.1. Reconstructed monosulfide solid solution (mss)

Precursor mss could in some cases be identified by
their microstructure and, more commonly, by their
bulk composition, which plots in the mss-field of
Craig (1973) at 300 °C. To distinguish mss from
pyrrhotite (po), a cut-off of 5 wt.% Ni was applied,
corresponding to the maximum solubility of Ni in the
po structure (Cabri, 1973). Only sample C74 has Ni
<5 wt.% and, considering the compositional gap in
Fe/Ni between this sample and other sulfides, it
probably represents a pyrrhotite. Only 13 of the 45
reconstructed mss show typical exsolved flames of
pentlandite in pyrrhotite (Fig. 2a). More often, only
weakly inhomogeneous distribution of Ni in the grain
was recognised, which was either flame-like or mot-
tled, or visible as weakly Ni-rich rings and, rarely, as
Ni-rich cores (Fig. 2b). Chalcopyrite occurs mostly as
thin rims (in near-median sections), and subordinately
as streaks throughout the sulfide grain. Cross-sections
of the silicate-enclosed sulfide grains range from
spherical to elongate to subangular polyhedral. Sulfide
assemblages and modes, host phases, grain sizes and
shapes are summarized in Table 2.
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The major-element compositions of the sulfides are
listed in Table 3. The high oxygen contents in some
sulfides exceed the solubility of this element in the
sulfide structure, particularly at mantle pressures
(Wendlandt, 1982; Mavrogenes and O’Neill, 1999).
Therefore, oxygen was subtracted by calculating and
extracting a hypothetical iron oxide (Fe,Os) in order
to calculate metal—sulfur ratios (M/S) and Ni/
(Ni+Fe). Where more oxygen was present than could
be removed with the available Fe content, sulfides are
designated as altered, and no M/S or Ni/(Ni+Fe) is
given. Major-element analyses were not normalised to
100, to give a more faithful reflection of the measured
major-element contents.

Fig. 3 shows the calculated composition of the
sulfides in the Fe—S—(Ni+ Co) quadrilateral. Ni/
(Ni+Fe) ratios in mss range from 0.25 to 0.71 (0.07
for pyrrhotite), with Ni contents of 8.6 to 31.9 wt.%.

1.0 ,

Metal/sulfur ranges from 0.49 to 0.96; most values are
>0.8 (Fig. 4). Copper and Co contents range from
<0.06 to 13.1 wt.% and from 0.06 to 1.1 wt.%,
respectively. Oxygen contents are generally below 6
wt.%, but may be as high as 9.7 wt.%. The presence
of oxygen may be associated with the breakdown
(e.g., oxidation) of sulfide. Despite the high oxygen
contents observed in some mss, no discrete alteration
products, such as magnetite, have been observed. The
oxygen is assumed to be present as submicroscopic
magnetite exsolutions that are not resolvable by EMP
analysis, rather than residing in the sulfide lattice.
Trace-element data were collected for 16 of the
mss grains (Table 4). Mss may contain up to hundreds
of ppm of Mo, Ru, Ag, Os, Ir and Pt, and <100 ppm
of Rh and Pd, while As, Au and Bi are present at a
level <10 ppm. Zn is the most abundant of the trace
elements, with concentrations ranging from below

Ni/(Ni+Fe)

A Mss

4 (Ni,Co,Fe);.S,

silicate-hosted
Lac de Gras

% inclusions in diamond, Lac de Gras

sulfides in diamonds, xenoliths
and basalts from other localities

Fig. 4. Metal/sulfur (M/S) versus Ni/(Ni+ Fe) for sulfides from Lac de Gras and from other localities (references as in Fig. 3); the removal of Fe
with oxygen during oxidation leads to lower M/S than shown here, as indicated by the arrow.
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Table 4
Trace-element abundances of sulfides in ppm
Sample Mineral Zn As Mo Ru Rh Pd Ag w Re Os Ir Pt Au Bi
Cl mss 42 045 122370 65 022 3.5 4.1 024 280 162 0.51 0.104 1.6
lo 2 0.08 09 20 3 0.02 0.2 0.3 0.03 20 12 0.04 0.010 0.1
C4 mss 4500 24 105 154 1.69 43 8.9 1.1 0.47 5.2 3.0 8.7 0.07 73
lo 200 0.5 9 08 0.1 0.2 0.7 0.1 0.07 0.4 0.3 0.6 003 5
C19 mss 1210 1.4 35 1.34 021  4.17 210 0.11 0.24 1.18  0.41 295 016 43
lo 70 0.1 3 0.08 0.01 0.2 20 0.02 0.03 0.10 0.04 0.22 0.02 0.3
C22 mss 31 10.7 6 1.3 12 5.0 0.62 1.52 3.2 1.59 7 023 45
lo 2 04 2 0.4 3 0.8 0.03 0.06 0.7 0.4 2 0.04 0.2
C23 mss 700 57 11 0.7 5 7 0.4 0.60 14 9 5 012 09
Stdev/1c (n=2) 300 2 4 0.3 1 1 0.2 0.03 4 3 1 003 03
C41 mss 125 21 31 31 3.8 12.4 1.1 0.024 048 27 13 4.7 0.028 <0.03
lo 9 0.1 4 2 0.3 0.7 0.1 0.006 0.07 3 2 0.5 0.004
C42 mss <40 39 22 005 006 21 <0.01 0.012 0.8 0.365 0.10 <0.014 0.27
Stdev/1c (n=2) 1 09 002 002 04 0.005 0.2 0.14 0.03 0.07
C43 mss 63 21 30 4 6 10 <0.01 095 10 5 23 003 9
Stdev/la (n=2) 40 3 10 2 2 2 0.05 4 2 0.8 0.01 2
C85 mss 62 103 152 60 6.6 1.4 5.2 790 <0.07 65 47 160 0.1 0.4
lo 4 07 08 4 0.5 0.1 0.3 30 4 3 10 0.0 0.0
C100  Fe metal 68 93 24 <0.07 0.072 <0.05 6.8 24,000 03 <0.03 <0.02 <0.072 0.1 0.1
lo 5 6 1 0.03 0.4 1000 0.1 0.0 0.0
Cl12  mss 50 39 28 65 6.2 0.7 25 1720 0.1 17 8.9 6.3 0.1 0.0
lo 3 03 1 5 0.5 0.1 0.1 60 0.0 1 0.6 0.5 0.0 0.0
C120  (Ni,Co,Fe); -,S, 57 35 119 15 099 079 38 280 0.14 43 3.2 0.40  0.041 4.0
lo 4 03 07 1 0.08 0.06 0.2 9 0.01 0.3 0.2 0.04  0.007 0.4
C128  (Ni,Co,Fe); —,S, 1300 9.3 54 850 81 9.2 3.83 3100 1.20 160 102 2.7 0.21 0.33
lo 100 0.6 360 6 0.6 0.2 100 0.06 10 7 0.2 0.02  0.03
C130  (Ni,Co,Fe); —,S, 58 1.9 8.7 28 3.6 3.0 31 73 0.50 35 15 1.8 0.10  0.041
lo 5 02 05 2 0.3 0.2 2 2 0.03 2 1 0.2 0.01 0.007
Cl46  (Ni,Co,Fe); _,S, 77 29 42 9 14 30 1.3 3400 0.42 7 3 4 0.18  0.20
lo 0.7 03 1 4 0.7 10 0.3 100 0.02 3 1 2 0.06  0.02
Cl173  mss 66 78 209 19 010 22 0.51 2600 0.42 0.63 0.31 1.0 0.08  0.022
lo 8 05 07 02 003 02 0.05 100 0.03 0.07 0.03 0.1 0.02  0.010
C205 mss 14 054 19.8 13 1.7 7.7 1.6 0.11 0.40 44 2.6 24 0.03 0.014
lo 2 010 07 1 0.1 0.7 0.2 0.02  0.03 0.4 0.2 0.2 0.01 0.005
C216  mss 14 032 288 47 071 118 0.52 <0.03 1.32 2.7 1.2 13 0.08  0.044
lo 2 009 09 04 006 1.0 0.05 0.05 0.2 0.1 1 0.01 0.006
C226  mss 19 038 46 48 052 036 029 0.03  0.16 34 21 0.38 <0.01 0.58
lo 3008 2 04 005 004 0.04 0.02  0.02 0.3 0.2 0.04 0.03
C231  mss 19 23 56 59 119 31 1.9 0.06 1.63 57 29 61 1.4 0.65
lo 302 2 5 1.0 3 0.2 0.02  0.07 4 2 5 0.1 0.04
C233  mss 20 1 16.0 9.0 1.00 21 33 0.18 1.59 47 2.5 19 17 3.5
lo 3.0 06 08 009 2 0.3 0.03  0.08 0.4 0.2 2 1 0.2

Stdev = standard deviation (in italics), 1o =one sigma error (within-run precision); where several analyses of the same grain were available, the
larger of the two errors is given; na=not available; other abbreviations as in Table 2.

detection (0.10—0.29 ppm) to 4500 ppm. W abundan-
ces range from below detection (0.01 to 0.08 ppm) to
2600 ppm.

We have grouped samples without W-enrichment
into those with high Pd/Ir relative to the primitive
mantle (Pd/Irpy, =1.2, values of McDonough and
Sun, 1995) and those with lower Pd/Ir. We use the

normalisation to primitive mantle (indicated by the
suffix py) because the HSE budget of peridotite is
contained within sulfide (e.g., Pattou et al., 1996; Alard
et al., 2000), and the pattern obtained after normal-
isation should make fractionation evident. Samples
with Pd/Irpyy <1 (Fig. 5a) have a weak to marked
negative slope from the compatible IPGE (iridium
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Fig. 5. Extended PGE patterns of (a) mss with chondrite-normalised Pd/Ir (Pd/Irpp)>1 and (b) with Pd/Irpy <1, (¢) W-rich mss and (d)
(Ni,Co,Fe);_,S,. Normalised to primitive mantle of McDonough and Sun (1995).

group: Ru, Os, Ir) to the incompatible PPGE (palladium
group: Rh, Pd, Pt) and Au. Four of these samples have
negative Pt anomalies. Re abundances are mostly sim-
ilar to those in samples with Pd/Irpy>1. The range of
PGE abundances is large, with [IPGEpy, ranging from
~ 10%to 10° and PPGEpy, from 10 to 10*. Samples with
Pd/Irp\p>1 (Fig. 5b) have PGEpy ~ 100—-5000, a weak
positive slope from the IPGE to the PPGE, and Aupy,,
<300, with the exception of sample C233 which is
enriched in Aupy,, relative to Repys and Pdpy. Two of
the samples have negative Pt anomalies. Three W-rich
samples (Fig. 5c) have disparate IPGE abundances,
with comparatively low Pdpy; and nearly uniform
Aupy;. One sample (C173) has Pd/Irpye>1, with a PGE
pattern resembling those in Fig. 5a. A second sample
(C85) has smoothly decreasing PGEy with the excep-
tion of a positive spike in Pt, and a third sample (C112)

with Pd/Irpy; <1 has a PGE pattern resembling those in
Fig. 5b.

4.2. An unusual sulfide phase: Ni—Co-rich sulfides
((IVZ, CO’F e)3fo2)

Ni—Co-rich sulfides have a streaky, mottled, con-
centric or fishnet-like appearance or combinations
thereof as a result of the distribution of major ele-
ments (Fig. 2c). In most cases, the average analyses
for Ni-poor phases showed higher NiO contents and
averages for Ni-rich phases showed lower NiO con-
tents than the pure endmember compositions. Upon
exsolution, Co is partitioned into the Ni-poorer of the
coexisting phases, with the exception of sample C101
which consists of Co-rich millerite and Co-poor
altered (>20 wt.% O) pentlandite. The assemblage
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of Ni—Co sulfide plus cp is clearly at disequilibrium
(see phase relations in the work of Craig, 1973).
Like nickeliferous mss, which has the structural
formula Fe;_,S, reconstructed bulk Ni—Co-rich sul-
fides are non-stoichiometric and may be described as
(Ni,Co,Fe);_.S,. They compositionally partially
overlap with sulfide in equilibrium with mss and
residual liquid in the Fe—Ni—S system (see Fig. 3);
this sulfide appears on the liquidus at 862 °C and
atmospheric pressure (Kullerud et al., 1969; Karup-
Moller and Makovicky, 1995). (Ni,Co,Fe); _,S,
have Ni/(Ni+ Fe) ratios from 0.75 to 0.96, and they
plot below the mss field in Fig. 3. M/S ratios are
higher than for mss, ranging from 1.02 to 1.20.
Copper and Co contents range from 0.2 to 4.2
wt.% and 1.3 to 13.1 wt.%, respectively. Oxygen
contents are variable between 0.5 and 18.2 wt.% and
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are probably related to the alteration of the sulfide.
Discrete alteration products observed with (Ni,C-
o,Fe); S, are FeO in sample C120 and a phase
approaching hematite composition in sample C101.
These phases were not considered in reconstruction
of single high-temperature precursor sulfides. Other
high-Ni samples with high O contents (C132, C140)
do not show discrete alteration phases, which may be
present at the submicroscopic level. Fig. 4 shows
that mss inclusions from Lac de Gras are broadly
similar to sulfide suites from other localities. In
contrast, (Ni,Co,Fe);_.S, occupies a compositional
field at high Me/S and Ni/(Ni+Fe) that is not
overlapped by the vast majority of sulfides in basalts
and in mantle-derived pyroxenites, peridotites, oliv-
ine megacrysts and diamonds from other localities
world-wide.
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Fig. 6. W (ppm) versus a) Mo (ppm), b) As (ppm), ¢) Zn (ppm) and d) O (wt.%). Shown for comparison are sulfide inclusions in olivine

xenocrysts from Siberia (Griffin et al., 2002).
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Trace-element data were collected for four of the
(Ni,Co,Fe);_,S, (Table 4). Ru, Os and Ir abundances
in (Ni,Co,Fe);_,S, are up to hundreds of ppm. Mo,
Rh, Pd and Ag can have abundances in the tens of
ppm, while As, Re, Pt, Au and Bi are present at
concentrations <10 ppm. One sample has a high Zn
content of 1,300 ppm. W reaches concentrations in the
thousands of ppm. Three of the four samples have Pd/
Irpp <1 (Fig. 5d). The (Ni,Co,Fe); S, with the
highest IPGE abundances has unusually high Rh/Ir
and Ru/Ir. All four (Ni,Co,Fe);_,S, have negative Pt
anomalies.

4.3. Fe metal trace-element composition

Analysis of the Fe metal grain by EMP yielded W
concentrations between 0.1 and 30.8 wt.%, which
indicates that W is not homogeneously distributed in
the grain. This is also evident from Fig. 2d. Domains
of high W abundances are associated with high Zn and
oxygen contents and represent discrete W-bearing Fe
oxide and Fe-bearing W oxide with approximately
hematite stoichiometry. The two oxide phases cannot

be discerned in Fig. 2d, but represent significantly
distinct groups of EMP analyses obtained from the W-
rich domain. The bulk composition in Table 3 was
tentatively reconstructed from 80% Fe metal, and 10%
each of W—Fe oxide and Fe—W oxide. Analysis by
LAM ICPMS yielded 24,000 ppm W and an Fe
content of 86 wt.%, which may be close to the bulk
composition. Higher W abundances in the metal
compared to sulfides are consistent with the side-
rophile character of W (Jana and Walker, 1997).
While absolute trace-element abundances in the Fe
metal suffer from uncertainties in the reconstructed
bulk composition, relative abundances are considered
to be robust. The most striking characteristics of Fe
metal trace-element abundances are the distinct neg-
ative Co and Ni anomalies and positive W anomaly
relative to elements of similar siderophile character
(not shown).

4.4. W-enrichment

All (Ni,Co,Fe);_,S,, some of the mss and the Fe
metal inclusion have high W contents (up to 3400,
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and '""*W (diamonds) are shown.



S. Aulbach et al. / Chemical Geology 208 (2004) 61-88 75

2600 and 24,000 ppm, respectively). Tungsten is a
highly refractory, moderately siderophile element
with similar chemical properties to Mo (Lodders
and Palme, 1991; Ertel et al., 1996). These two
elements are correlated in the high-W sulfides
(W =10 ppm) (Fig. 6a). Arsenic is the only element
for which the average content in high-W sulfides is
higher than that in low-W sulfides, but there is no

Table 5
Re—0Os isotope compositions and model ages

correlation between W and As in high-W sulfides
(Fig. 6b). Likewise, there is no correlation with Zn,
another element for which unusual enrichments are
observed in some sulfides (Fig. 6¢). Tungsten is also
not correlated with either compatible or incompatible
HSE.

There are several arguments why the high W-con-
tents observed for all of the (Ni,Co,Fe);_,S, and 28%

Sample WRe/"80s  + ¥70s/"80s  + Reference®  yog° Trp [Gal™d  +°© Tepur [Gal™® £°
Cl 0.145 0.039 0.1043 0.0088 1 —179 33 1.3 5.1 2.3
C3 0.064 0.042 0.1066 0.0057 1 —16.1 3.00 0.82 3.6 1.2
C4 0.272 0.017 0.1222 0.0048 1 —3.80 0.76 0.71 2.2 2.1
C19 0.566 0.036 0.1158 0.0024 1 —883 1.74 0.35 —4.23 0.31
C20 0.0604 0.0045 0.1103 0.0015 1 —13.2 2.47 0.22 2.88 0.28
C23 0.2102 0.0078 0.1200 0.0025 1 —-552 107 0.37 2.17 0.76
C24 0.301 0.022 0.1208 0.0064 1 —492 097 0.96 3.6 3.6
C25 0.024 0.016 0.1064 0.0054 1 —16.2 3.01 0.77 3.19 0.91
C27 0.1287 0.0040 0.1651 0.0077 1 30.0 na na —-9.0 1.8
C38 0.0134 0.0057 0.1083 0.0020 1 —14.8 2.75 0.29 2.84 0.33
C41 0.1118 0.0013 0.1002 0.0020 1 —21.1 3.90 0.29 5.33 0.39
C43 0.1426 0.0026 0.4732 0.0093 1 272 na na na na
C78 0.010130 0.000026  0.10786 0.00026 1 —15.1 2.808 0.037 2.878 0.037
C79 0.0453 0.0068 0.1584 0.0015 1 24.7 na na —5.55 0.16
C80 0.03594 0.00016 0.11478 0.00022 1 —9.66 1.816 0.032 1.986 0.030
C158 0.0842 0.0010 0.11999 0.00094 1 —-556 1.06 0.14 1.32 0.16
C185 0.006101 0.000056  0.10776 0.00042 1 — 152 2.822 0.060 2.864 0.060
C186 0.385 0.010 0.1523 0.0034 1 19.9 na na na na
C205 0.3931 0.0054 0.1525 0.0016 1 20.1 na na na na
C206 0.09476 0.00064 0.11586 0.00044 1 —8.81 1.667 0.064  2.155 0.070
C211 0.01175 0.00022 0.1082 0.0014 1 —14.8 2.76 0.20 2.84 0.20
C216 2.713 0.056 0.2778 0.0048 1 119 na na 3.79 0.14
C217 0.649 0.012 0.1644 0.0034 1 29.4 na na 8.4 1.0
C231 0.1723 0.0010 0.12449 0.00024 1 —2.02 0408 0.036  0.669 0.020
VR16367  0.0395 0.0094 0.1068 0.0024 2 —16.0 2.97 0.34 3.28 0.44
VR19674  0.0133 0.0015 0.1102 0.0020 2 —13.2 2.47 0.29 2.55 0.30
VR40383  0.0961 0.0050 0.11308 0.00076 2 —11.0 2.07 0.11 2.69 0.17
VR481 0.013719 0.000078  0.10797 0.00014 2 —15.0 2.793 0.020 2.888 0.019
VR50882  0.541 0.015 0.11135 0.00084 2 — 124 2.38 0.12 —7.15 0.78
VR50904  0.18 0.10 0.1400 0.0090 2 10.2 na na —3.68 0.55
YK2471 0.401 0.017 0.1251 0.0062 1 —1.55 035 0.93 na na

Uncertainties on isotope ratios are 2 standard errors. yos calculated as the present-day percent deviation of the samples from chondritic mantle
(values of Walker et al., 1994). Trp are rhenium-depletion ages (Walker et al., 1989), Tcyyr are model ages, calculated for extraction from a
chondritic (CHUR) source (values of Walker et al., 1994) and using a A for "*’Re of 1.666 x 10~ ' a~ ! (Smoliar et al., 1996). Ages are given

irrespective of plausibility or precision.
(1) this study; (2) Pearson et al. (1999).

® Percent deviation from '*’0s/**%0s of chondrite today (values of Walker et al., 1994).

¢ Calculated assuming formation from a chondritic reservoir (Walker et al., 1994).

4 Corrected for ingrowth of '®7Os since kimberlite-eruption ~ 60 Ma ago.

¢ Calculated using 2 Standard errors on '*’0s/''®0s or combining 2 Standard errors on "¥"Re/"*%0s and '*70s/'%%0s.
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of the mss have a geological origin, and do not
represent contamination or an analytical artefact:

(1) No W-rich materials were used in the sample
preparation; in particular no tungsten—carbide mills
were used at any time; (2) high W contents were found
using three different methods, i.e., EMP analysis (of the
Fe metal), quadruple ICPMS and multicollector
ICPMS; (3) W abundances were obtained by drilling
into the sulfide ( ~ 0.7—-1.2 pm/s, for 50- to 100-s
runs), and W signals for the high-W materials were
sustained well above background for >70 s (Fig. 7).
Integration of the signal was done from about 10 s after
the ablation started to exclude ablated material depos-
ited at the surface and other surface contamination; (4)
host olivine and sulfides from Lac de Gras were
prepared in the same manner as a suite from Siberia,
yet sulfides from Siberia have W contents <40 ppm
with the exception of one sulfide with 165 ppm (Griffin
et al., 2002).

Tungsten appears to be homogeneously distributed
in the W-rich sulfides and is not correlated with O-
content (Fig. 6d). Therefore, the W-rich oxides in the
Fe metal are considered to be exsolution products
from a single W-bearing precursor metal phase similar
to that reconstructed from Fe metal and W-rich oxides.

5. Re—Os isotope systematics

Re—Os isotope data for 24 Fe-rich mss inclusions in
concentrate-derived minerals and for one included
sulfide grain in a xenolith from Lac de Gras (this study)
were combined with results for six Lac de Gras samples
given by Pearson et al. (2002), of which one is an
inclusion in diamond, one is an inclusion in an olivine
macrocryst and four are from peridotites (Table 5). The
data set in this study encompasses '*’Os/'*%0s ratios
from 0.1002 to 0.4732, corresponding to subchondritic
Yos (yOs:{[(18705/18805sample)/(18705/18goschondrite)]
—1} x 100) for all but eight samples. '*’Re/'**0s
range from 0.006 to 2.713. Re—Os isotope systematics
are shown in Fig. 8.

Re-depletion ages (Trp, Walker et al., 1989) were
calculated for samples with negative yos (Table 5).
They range from 0.35 to 3.9 Ga. Four samples have
Trp>3.0 Ga, six samples give ~ 2.75-2.97 Ga, and
the remainder give younger ages. Model ages (7ya)
for eight samples are negative (future) or implausibly
old, having either unsupported radiogenic Os (light
grey field in Fig. 8) or low '*70s/'*®*Os relative to
their Re/Os, suggesting recent Re addition (stippled
line in Fig. 8). Five samples give Tyio> 3.2 Ga, six
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Fig. 8. Re—0Os isotope diagram for concentrate- and xenolith-derived sulfides from this study and from Pearson et al. (2002). One area of the
diagram has been blown up for resolution. Error bars are two standard errors (2 S.E.). Four different groups with respect to Re—Os isotope
systematics are indicated by three trends (solid and stippled lines) and the grey field will be discussed in the text. The sulfide with the most

unradiogenic Os (C41) is also indicated.
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samples give 2.8—2.9 Ga and the remainder give
younger ages, down to 0.7 Ga (Table 5).

Richardson et al. (2001) report up to 30% relative
difference in '"*"Re/'®*0s for different fragments of
low-temperature assemblages of pyrrhotite, pentland-
ite and chalcopyrite included in eclogitic diamonds,
which they ascribe to partitioning of Re into the
chalcopyrite and incomplete recovery of the inclusion
during sample preparation. It is possible that during the
in situ isotope analysis, the sulfides were not sampled
in modal proportions, as already discussed for the
trace-element data. In this study, Re—Os data were
collected by focussing the laser beam on the centre of
the sulfides and in the majority of the analyses, the
sulfide was totally consumed. However, it is possible
that chalcopyrite, which occurs mostly on the rims, is
not adequately represented, leading to spuriously low
%7Re/'®*0s in some samples. This could lead to
Tcuur overestimates for samples with supra-chondrit-
ic Yos, and underestimates for those with subchondritic
Yos. In contrast, the effect on 18705/1%80s would be
negligible because the exsolution into low-temperature
assemblages including chalcopyrite occurred relative-
ly recently (ca 50 Ma), during eruption of the kimber-
lite (Richardson et al., 2001). In most cases, because
the sulfide grain was consumed during Re—Os analy-
sis, no modal bias on Re—Os ages is expected.

6. Host compositions

Three of the sulfide inclusions are hosted by
orthopyroxene, one is hosted by clinopyroxene, two
sulfide grains were recovered without a host and the
rest are included in olivine. Mss occur in olivine with

Mg-numbers (Mg#=100Mg/(Mg + Fe)) ranging from
88.6 to 93.7 (mean=91.7), whereas (Ni,Co,Fe); _ ,S,
are hosted by olivine with Mg# from 87.2 to 92.0
(mean=90.4) (Table 6). Many host silicates have
Mg#, CaO and NiO contents similar to olivine from
Lac de Gras peridotite xenoliths (Pearson et al., 1999;
authors’ unpublished data). The compositional over-
lap suggests that the xenocrystic hosts originated by
disaggregation of lithospheric mantle material. This
interpretation is supported by the occurrence of both
included and interstitial sulfides, including (Ni,
Co,Fe);_,S,, in peridotitic xenoliths from Lac de Gras
(Pearson et al., 1999; authors’ unpublished data). The
compositions of sulfide-hosting olivine trend towards
lower Mg# and both unusually high and low NiO
contents relative to olivine from xenoliths and dia-
monds. The low Ni contents suggest melting at high
pressures, as olivine-melt partition coefficients de-
crease with increasing pressure, from 3.0 at 1 GPa
to 1.4 at 14 GPa (Bickle et al., 1977; Suzuki and
Akaogi, 1995).

There is no correlation between NiS (Ni/(Ni+ Fe))
of sulfide and NiO of coexisting olivine. Mss—olivine
pairs have Kps for the exchange of Ni and Fe between
olivine and sulfide that are lower (0.2—27) than the
equilibrium high-temperature Kp of 32 adopted by
Fleet and Stone (1990) and most are lower than the
range of Kps of 17—-56 in high-temperature, ambient-
pressure experiments of Gaetani and Grove (1997). In
contrast, Kps for (Ni,Co,Fe); _ S,-olivine pairs trend
towards much higher values (51-272).

The Ca-in-olivine thermometer (Kohler and Brey,
1990) was applied under the assumption that the
olivine xenocrysts were in equilibrium with clinopyr-
oxene. This is supported by the Ca-saturation of

Table 6

Average composition of host minerals in wt.%

Mineral n SiO, FeO' MnO MgO CaO NiO Total Mg# Ca® TCa_in_olb
Avg ol hosting mss 42 40.85 8.16 0.11 50.52 0.04 0.36 100.2 91.7 321 1186

Avg ol hosting (Ni,Co,Fe); .S, 1
ol hosting Fe metal

Avg opx hosting mss

cpx hosting (Ni,Co,Fe); .S,

0 41.52 9.32 0.12
1 40.97 8.44 0.10
3 58.13 5.12 0.10
1 55.14 3.56 0.09

49.09 0.04 0.35 100.5 90.4 353 1202
49.58 0.26 0.22 100.0 91.3 240 1151
3537 0.59 0.09 100.5 92.5

17.97 18.15 <0.08 99.3 90.0

Temperatures, calculated using the Ca-in-olivine thermometer of Kéhler and Brey (1990) at a nominal pressure of 5 GPa, require cpx to be part
of the assemblage and the average composition of clinopyroxene in xenoliths from Lac de Gras (Pearson et al., 1999, and unpublished data) was

used for the temperature calculation. Abbreviations as in Table 2.
. (ppm).
(°0).
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garnets in 59 out of 63 xenoliths from Lac de Gras
(Pearson et al., 1999; authors’ unpublished data). At a
nominal pressure of 2 GPa, temperatures range from
960 to 1090 °C, and at 5 GPa, temperatures range
from 1100 to 1300 °C. This places the host olivine in
the deep lithospheric mantle stratum, which extends
from ca. 140- to 220-km depth (Griffin et al., 1999;
although 2 GPa is lower than pressures expected in
the deep lithospheric mantle layer, temperatures were
calculated for this pressure to ensure that temperatures
expected in the deep layer were obtained regardless of
the choice of pressure).

7. Discussion
7.1. Inclusion—host relationships

The wide range of Kps for the distribution of Ni
and Fe between olivine and included sulfides suggests

that different inclusion—olivine pairs attained variable
degrees of equilibrium during or after transport in the
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Fig. 9. Mg-number in olivine versus (a) Os (in ppm) and (b)
%7Re/'®¥0s in mss.

host kimberlite to lower temperatures than indicated
by the Ca-in-olivine temperatures. Since we are deal-
ing with isolated olivine xenocrysts instead of an
infinite olivine reservoir, the effect of reequilibration
was probably more pronounced in the single olivine,
where the abundances of Ni and Fe are low compared
to sulfide. The contrast between mss-olivine Kps and
(Ni,Co,Fe);_,S,-olivine Kps may indicate that bulk
composition has an effect on the distribution of Fe, Co
and Ni between these phases.

The weak covariations of Os abundance and
"%7Re/'®¥0s in sulfide with Mg# in olivine (Fig. 9)
suggest that the relationship between these two phases
is not accidental. It could be interpreted in terms of a
co-evolution of metasomatic sulfide and silicate melts
and their interaction with peridotite, but would also be
qualitatively consistent with magmatic fractionation in
both the silicate and sulfide portions of the source.

7.2. Open-system behaviour

Os and Ir are well correlated in mss from Lac de
Gras (Fig. 10a). Ir also correlates positively with Ru
and Rh and demonstrates the geochemical affinity of
these elements. These covariations may reflect a
primary igneous trend, where early crystallising sul-
fide has high concentrations, whereas the fractionated
sulfide melt has low concentrations. Alternatively, Os
and Ir are partitioned into a residual sulfide, whereas
the complementary sulfide melt has low concentra-
tions. While a crude positive correlation is recognis-
able for incompatible elements (Pd, Pt), the scatter is
larger than for compatible elements (Fig. 10b).

Some of the scatter in the incompatible PGE could
be due to secondary processes, such as interaction
with melts and fluids. The variable trace-element
abundances may also reflect a combination of sulfide
liquid trapped with the sulfide and variable formation
conditions, as the partitioning of PGE between sulfide
and sulfide melt depends on bulk composition of the
system, pressure, temperature, and partial pressures of
oxygen and sulfur (see review by Makovicky, 2002).
The negative Pt anomalies (Fig. 5a,b,d) could be
explained by the presence of pre-existing or exsolved
alloys (e.g., Orberger et al., 1998) that were not
trapped with the sulfides. Pt may also have been
removed from sulfide in sulfurous vapours together
with Cu and Ni (Baker et al., 2001).
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Fig. 10. Diagram of (a) Os versus Ir and (b) Pd versus Pt in mss.
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The high-W sulfides tend to have higher As con-
tents, though W and As are uncorrelated. Other
samples display relatively high Zn contents, a feature
also seen in some sulfide inclusions in olivine from
Siberia (Griffin et al., 2002). Arsenic and Zn are
soluble in moderately saline, high-H,S fluids, whereas
W and Mo favour saline H,S-deficient fluids in
hydrothermal systems (Noll et al., 1996). The enrich-
ment in W, As and Zn and the fact the these elements
do not behave sympathetically suggests repeated in-
teraction with fluids of different composition. Inter-
action with fluids could explain the disturbed
incompatible PGE budget and implausible model ages
in samples with unsupported radiogenic Os or recent

Re-enrichment. The sulfides may have been trapped
in the host silicates during metasomatism, possibly
upon mantle recrystallisation (Drury and Van Roer-
mund, 1989) induced by the fluid percolation.

7.3. Possible origins of mss, (Ni,Co,Fe);_.S> and Fe
metal

7.3.1. Primary mss, secondary (Ni,Co,Fe);_.S> and
Fe metal

Mss in olivine xenocrysts from Lac de Gras may be
interpreted as part of a residual mantle assemblage
after partial melting (e.g., Lorand, 1987). A test as to
which of the samples represent undisturbed products
of high-temperature fractionation is to compare their
trace-element compositions to those produced by
melting of hypothetical primitive sulfide, which has
been calculated following Peach et al. (1990; Table 7).
Fig. 11 shows the position of all samples in the Pt—
Ir—Pd ternary diagram relative to an estimated igne-
ous trend, defined by compositions of sulfide melts
and complementary residues that were calculated for
the partitioning of these elements between mss and

Table 7
Trace-element modelling

Pt Ir Pd
Primitive mantle 0.0071 0.0032 0.0039
Primitive sulfide 9.372 4.224 5.148
S-Saturated system
Dmss/sulf liquid 0.1 4.0 0.1
10% batch melt 64.6 1.1 27.1
40% batch melt 21.8 1.5 11.2
80% batch melt 11.6 2.6 6.3
0.5% fract. melt 170.4 1.1 49.2
1% fract. melt 154.9 1.1 47.0
10% fract. melt 253 1.1 19.9
Residue 10% batch 32 4.6 2.7
Residue 40% batch 1.1 6.0 1.1
Residue 80% batch 0.6 10.6 0.6
Residue 0.5% fract. 8.5 4.2 4.9
Residue 1% fract. 7.7 43 4.7
Residue 10% fract. 1.3 4.6 2.0

Primitive sulfide with 33 wt.% sulfur (=average for sulfides from
Lac de Gras) was calculated from primitive mantle values of
McDonough and Sun, (1995). Experimental distribution coefficients
for the partitioning of PGE between mss and sulfide liquid Dysg/suir
liquida (Li et al., 1996; experiments at 1100 °C and 35 wt.% S
content) were used to calculate partial melts and complementary
residues assuming batch and fractional melting models.
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Fig. 11. Tri-plot of the Platinum-group elements Pd, Ir and Pt in mss against a calculated igneous trend (grey arrows) defined by partial melts
and residues of a primitive mantle sulfide (Table 7). Inset shows the trends for different melting models (batch and fractional melting). Arrows
indicate increasing degrees of partial melting. Different groups of samples with regard to Re—Os isotope systematics are indicated (see section
7.4.1). Metasomatic (i.e., interstitial) and residual (i.e., enclosed) sulfides of Alard et al. (2000) are shown for comparison.

sulfide melt using values of Li et al. (1996). While
some samples plot on or close to the igneous trend,
many samples lie to the Pd-rich or Pt-depleted side,
suggesting the operation of secondary processes.

Before we discuss the possible origins of (Ni,Co,
Fe);_,S,, we would like to emphasise that this phase
occurs also as an inclusion in diamond from Lac de
Gras (Davies et al., in prep). Therefore, deuteric
alteration processes or loss of sulfur and Fe en route
to the surface, due to the fracturing of host olivine
grains during decompression (Lorand, 1990), are
unlikely to be the reasons for the unusual composition
of (Ni,Co,Fe);_,S,. However, this does not preclude
that such processes also occurred.

A few low-temperature assemblages similar to
those from which the (Ni,Co,Fe);_,S, was recon-
structed have been observed in alpine mantle perido-
tites and in mantle xenoliths from central Europe; they

were ascribed to low-temperature fluid-related pro-
cesses involving the replacement of pentlandite by
heazlewoodite and magnetite (Garuti et al., 1984;
Szabo and Bodnar, 1995). Oxygen contents in (Ni,C-
o,Fe);_,S, are no higher than in mss, and a ferric-iron
rich phase has only been observed in the low-temper-
ature assemblage of one grain. The involvement of
oxidising fluids in the formation of (Ni,Co,Fe); .S, is
therefore unlikely. By contrast, reducing fluids may
have led to desulfidisation (e.g., Lorand and Con-
quéré, 1983) and formation of Fe metal by exsolution
from olivine or from mss, leaving behind S- and Fe-
poor (Ni,Co,Fe);_,S,. If (Ni,Co,Fe);_,S, originated
by alteration of primitive sulfides in the deep litho-
sphere (the depth being constrained by its inclusion in
diamond), it is surprising that more of these sulfides
or their low-temperature products have not been
observed (Figs. 3 and 4).
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7.3.2. Igneous origin of mss and (Ni,Co,Fe);_.S,

The fact that (Ni,Co,Fe);_,S, and mss from Lac
de Gras form compositionally distinct clusters sim-
ilar to (Ni,Fe);+,S, in equilibrium with mss and
residual liquid in the Fe—Ni—S system (Karup-
Moller and Makovicky, 1995; Fig. 3) would be
consistent with an igneous origin for both sulfide
types. The phase diagram shows that a Ni-rich
sulfide melt could first precipitate Ni-rich mss,
followed by precipitation of (Ni,Co,Fe); .S, in
equilibrium with a residual Cu-rich melt. Tie-lines
connecting experimental (Ni,Fe);.+xS, and mss are
steeper than a hypothetical tie-line connecting aver-
age (Ni,Co,Fe); .S, and mss from Lac de Gras.
Also, experimental (Ni,Fe);4,S, appears at a lower
temperature than those obtained from olivine host-
ing (Ni,Co,Fe);_,S,. This may indicate that (Ni,Co,
Fe);_,S, formed by a similar mechanism but under
different conditions, e.g., higher P/T. However,
primitive mantle is not expected to produce such
Ni-rich melts. This leads to the more speculative
part of the model.

During core formation, carbon-bearing metal-rich
sulfide melts drained to the core and some of this
metal may have been trapped in the mantle (Rama
Murthy and Hall, 1972; Arculus and Delano, 1981).
Such melts would form two immiscible melts upon
cooling: a S-, Ni- and Co-poor metal melt, and a
Ni- and Co-rich sulfide melt (Ballhaus and Ellis,

Sulfide/Primitive Mantle
T T

1996; Jana and Walker, 1997). Ni-rich mss, such as
that observed in xenocrystic olivine from Lac de
Gras, would precipitate from the S-rich melt, but at
Fe/Ni and Fe/Co>1. The fractionated melt would be
depleted in S and enriched in Ni and Co, and
precipitate (Ni,Co,Fe);_,S,, which has lower Me/
S. Liquid immiscibility could be induced during
ascent of a plume from the deep mantle that
entrained lower mantle material including the
trapped metal component. Assuming that the phase
changes during ascent into the upper mantle are
isochemical, the two sulfide types could be trapped
by recrystallising olivine. Intriguingly, the Fe metal
has marked negative Ni and Co anomalies that
might be expected in the unmixed S-, Ni- and
Co-poor metal melt.

7.4. Interpretation of Re—Os isotope systematics

7.4.1. Comparison of Os isotope composition and
HSE abundances

In the Re—0Os isotope diagram (Fig. 8), five groups
of sulfides have been distinguished: sulfides with
unsupported '*’0s/'**0s, sulfides that have correlated
8705/1%80s and "*"Re/'®¥0s, sulfides with spuriously
low Re/Os, sulfides lying on a trend of recent Re-
enrichment and one sulfide with significantly lower
'870s/'%80s than those lying on the correlation or the
Re-enrichment trend. In the following, we will eval-

Sulfide/Primitive Mantle

L T T T T T T T T T T T T T T
N b) ]
105 E spuriously low Re (thin solid line Fig. 8) ( ) E 105 E e iaeemeeeeen . Re-enriched ( ) E
E 3 E  lowest 1870s/18%0s (C41,%~ (Stippledline Fig. &) ]
B 7] I~ also Re-enriched) 5 7]
104 o 100 5 3
108 5 108 =
[ isochronous (thick solid line Fig. 8, n = 3) N C N
102 = 102 E
E = e '870s-enriched 3
C ] C (light grey field Fig. 8, n = 2) ]

101 1 1 1 1 1 1 1 1 101 1 1 1 1 1 1 1 1

Os Ir Ru Rh Pt Pd Au Re

Os Ir Ru Rh Pt Pd Au Re

Fig. 12. Extended PGE-patterns normalised to primitive mantle of McDonough and Sun (1995). Samples are grouped according to whether they
(a) lie on the 11-point isochron, have assumed undersampled Re, or (b) are '*’Os- or Re-enriched. Location of samples with regard to the trends

and fields in the Re—Os isotope diagram (Fig. 8) is also indicated.
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uate if disturbances in the Re and/or Os budget will
produce distinct signatures in the other HSE. Note,
however, that HSE data are not available for many of
the sulfides due to complete consumption during Re—
Os isotope analysis, which was carried out prior to
trace-element analysis.

Trace-element data are available for three of the
samples having correlated '*’0s/'®*0s and '®’Re/
¥80s (including high-Re/Os sample C216) and they
plot on the igneous trend in Fig. 11. Their extended
PGE patterns are relatively flat, with the exception of
Au (Fig. 12a).

One sulfide with spuriously low Re/Os, due to
insufficient sampling of exsolved Re-rich cp rims
during laser ablation, also plots on the igneous trend
in Fig. 11. This may indicate that the PGE do not
follow Re upon low-temperature re-equilibration and
exsolution of cp. With the exception of Au, the
extended PGE pattern is similar to those of sulfides
lying on the main trend, though displaced to higher
abundances (Fig. 12a).

Some sulfides have highly radiogenic Os isotopic
compositions that are not supported by their Re/Os;
their '"®’Re/'®*0s is too low to have produced the
observed radiogenic Os within the age of the solar
system. HSE data were obtained for two of these
sulfides and they plot to the Pd/Pt-rich and Pd/Ir-rich
side in Fig. 11, away from the igneous trend, and

towards the interstitial metasomatic sulfides of Alard
et al. (2000). Also, their primitive mantle-normalised
(indicated by the suffixpy) extended PGE-patterns
(Fig. 12b) show the highest Ru/Os and Ru/Ir of all
samples.

Sulfides with low '#70s/'**0s relative to their Re/
Os (Re-enriched samples) appear to lic on a sub-
horizontal trend which originates within error at the
initial '®’0s/'®0s of the samples with correlated
8705/'%80s and '®’Re/'®*0s (Fig. 8). This trend is
interpreted as reflecting Re-enrichment. One of two
samples plots on the Pd-rich side in the Pt—Ir—Pd
ternary plot (Fig. 11). The other sample plots at the Ir-
apex. Their undisturbed Os isotope composition sug-
gests that the Re enrichment did not entail a modifi-
cation of the compatible PGE budget and their
extended PGEpy; patterns give no definite indication
that any disturbance has occurred (Fig. 12b).

Sulfide C41 has significantly lower '*’0s/'*%0s
than other sulfides from Lac de Gras and also appears
to have suffered mild Re-addition, given its 5.1 Ga
model age. It has an extremely low Au abundance, but
its extended PGEpy pattern does not portray its Re
enrichment nor its extremely low '*’0s/'*0s.

7.4.2. Model ages
Model ages (Tcyur and Trp; rhenium-depletion
age as defined in (Walker et al., 1989) have been
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Fig. 13. Cumulative probability diagram (using Isoplot of Ludwig, 1999) of rhenium-depletion ages (7rp, as defined by Walker et al., 1989) and
model ages (Tchur, as given in Table 5; model parameters of Walker et al., 1994).
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calculated by reference to the mantle evolution curve
of Walker et al. (1994). This particular curve has been
chosen to facilitate comparison and is not meant to
have any genetic significance. Because all of the host
olivines were entrained from the deep lithospheric
mantle layer, the age data pertain to that mantle
stratum only. In a cumulative probability plot, several
modes are evident, both for Txp ages and Tcyyr ages
(Fig. 13). A strong peak is apparent at ca. 2.8 Ga for
Trp and 2.9 Ga for Tcyur. These ages exceed that of
the overlying crust, the 2.7 Ga turbidites of the
Contwoyto terrane. Some peaks at younger ages could
be correlated with events in the Slave Craton, such as
the Malley-McKay (2.2 Ga) and Mackenzie dike
swarms (1.27 Ga), suggesting crystallisation of sul-
fides from asthenosphere-derived melts (Griffin et al.,
2003(a)). However, these peaks may also reflect
mixing of older and younger components and may
not carry any real age information. Sample C41 has
extremely unradiogenic '®’0s/'**0s and gives a Txp
of 3.9 +£0.29 Ga.

7.4.3. Isochron

An isochron constructed from 11 samples (Fig. 14)
yields an initial "*70s/'®%0s of 0.10725 + 0.00014
(yos=2.53 £ 0.13) at 3.27 + 0.34 Ga (MSWD =0.75).

Excluding possible Re-undersampled (a)

+ +__|
G T=3.27 + 0.34 Ga
* v} 18708/ "%80s nitial = 0.10725 + 0.00014

Yos initial = 2.53 £ 0.13
N =11, MSWD = 0.75

0.0 0.1 0.2 0.3 0.4

187Re/1 SSOS

Fig. 14. Isochron (model 1 solution; using Isoplot of Ludwig, 1999)
constructed with 11 samples. Error bars are 2 S.E. Samples used are:
C4, C20, C23, C24, C38, C78, C185, C211, YK2471, VR48l,
VR40383.

The initial Os isotope composition is enriched relative
to chondritic mantle. These samples were chosen
primarily because they lie on a trend that includes the
high-Re/Os sample C216. Sample C216 was not used
in the regression because we cannot confidently correct
for large overlaps of '*’Re on '®’0s. The range in Re/
Os among these samples is interpreted as the product of
magmatic fractionation, where C216 represents a
trapped sulfide liquid, while low-Re/Os samples rep-
resent residual mss and intermediate-Re/Os samples
represent mildly depleted mss or a mixture of residual
mss and trapped sulfide liquid. Trace-element abun-
dances are available for three of the isochronous
samples and all three lie on the calculated igneous
trend in Fig. 11. By contrast, five of six samples with
unsupported radiogenic '*’0Os and assumed Re-
enriched samples plot off the calculated igneous trend.

The positive yos 0f 2.53 £ 0.13 for the sulfide suite
is identical to that estimated for the outer core at 3.27
Ga (parameters of Walker et al., 1995), suggesting that
transfer of outer core material into the mantle or
isotopic equilibration with the outer core could be at
the origin of the high initial '*’Os/'**0s (Walker et
al., 1995, 1997; Brandon et al., 1998; Puchtel and
Humayun, 2000). Alternatively, the lower mantle may
have supra-chondritic Re/Os because more Os than Re
partitioned into the core relative to the silicate portion
(Walker et al., 1997). Mixing of this Re-enriched
lower mantle (parameters of Walker et al., 1997) with
23% chondritic mantle would satisfy the requirements
of the isochron. Finally, a deep mantle source may
have been enriched by recycling of ~ 30% of ~ 260
Ma old (at 3.27 Ga) basaltic crust to chondritic
mantle, which would raise the '®70s/'®®0s of the
source to the required value.

The Os isotope evolution trajectory of a modelled
high-Re/Os lower mantle source passes through the
initial yo, of lithospheric mantle samples and mantle-
derived melts from 3.8 Ga ago to the present and
includes isochronous sulfides from Lac de Gras (Fig.
15). We take this to indicate that our regression and
the result are meaningful and reasonable. On the other
hand, this suggests that the lower mantle represents a
long-lived '"®’Os-enriched mantle domain that has
been repeatedly tapped by plumes and upwelling
mantle at least since the Meso-Archaean. A second
group of samples plot along the chondritic evolution
line (Fig. 15), suggesting that it, too, has been an
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Fig. 15. Diagram of time versus o (after Walker and Nisbet, 2002), for sulfides from Lac de Gras (isochron-derived), chromite, lherzolite and
lamproite from the 3.4 Ga Kimberley block (Western Australia; isochron-derived; Graham et al., 1999), olivine and spinel separates from 3.8 Ga
West Greenland spinel peridotites and chromite separates from 3.46 Ga Pilbara komatiite (Bennett et al., 2002), and plume-derived melts
(komatiites, picrites, flood basalts, OIBs) from 2.8 Ga through recent (from Walker and Nisbet, 2002, and references therein). Grey lines show 7o
evolution for chondritic mantle enriched by addition of oceanic crust at 3.53 Ga and evolving at a '*’Re/'**0s of 1 (stippled line), and for lower
mantle that was Re-enriched during core fractionation or interaction with the Re-enriched outer core at 4.55 Ga and evolving at '*’Re/"**0Os of
0.54 (solid line). The black line shows the yos evolution of chondritic mantle, which, by definition (Walker et al., 1989), has zero slope.

important long-lived reservoir, perhaps restricted to
shallower mantle regions (cf. Bennett et al., 2002).

7.5. Implications for lithosphere formation

Model ages and the isochron age indicate that there
is a component in the deep lithospheric mantle be-
neath the Contwoyto terrane that is significantly older
than the overlying 2.7 Ga crust. Nd isotope data
indicate formation of the crust from juvenile sources
and the absence of older crust at depth (Davis and
Hegner, 1992). If indeed the Re/Os data reflect 3.3 Ga
melting of a radiogenic source, it coincides within
error with a period of extensive crust formation in the
adjoining Central Slave Basement Complex (CSBC;
Bleeker et al., 1999), a 4.0-2.7 Ga continental block
that collided with the Contwoyto terrane at 2.7 Ga.
The isochron age is also consistent within error with
lower crustal and mantle ages in other parts of the
Contwoyto terrane (Grutter et al., 2000; Irvine et al.,
2003). The old ages for lower crust and mantle
samples in the Contwoyto terrane, combined with

evidence that east-dipping subduction took place
when the Contwoyto terrane and the CSBC collided
(Bleeker et al., 1999), suggest the presence of a trans-
lithospheric discontinuity dating back to the assembly
of the Slave Craton. This is consistent with the fact
that the Lac de Gras kimberlites sit atop the Nd
isotope line, which maps the terrane boundary at
depth (Davis and Hegner, 1992; Davis, personal
communication, 2003), and atop a strong gradient in
lithospheric strength (Poudjom Djomani et al., 2003).

If the sulfide-derived isochron carries real age
information, there are a number of features that are
consistent with a plume origin for the deep litho-
sphere, as originally proposed by Griffin et al. (1999).
These are: the geochronological coincidence of volu-
minous crust formation and sulfide ages in the deep
lithosphere, the supra-chondritic initial Os isotopic
composition, the presence of diamonds with lower
mantle inclusions (Davies et al., 1999) and the het-
erogeneity of the shallow mantle but relative homo-
geneity of the deep mantle across the Slave Craton
(Griffin et al., in press). A lower mantle origin for the
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deep lithosphere could also explain the presence of
unusual Ni and Co rich sulfides, by fractionation from
immiscible carbon-bearing metal-rich sulfide melts, as
discussed above.

The high initial '®’0s/'**0s combined with the
presence of a sulfide with extremely unradiogenic Os
would also imply that lithospheric mantle may form
from sources with non-chondritic and heterogeneous
Os isotopic compositions. The argument for a plume
source containing depleted oceanic mantle domains is
strengthened by recent evidence for recycled Archae-
an oceanic lithosphere sampled by a modern plume
(Schaefer et al., 2002). Interestingly, a suite of sulfide
inclusions in diamonds from the Panda pipe (adjacent
to Lac de Gras) forms an isochron at 3.4 + 0.28 Ga
with a high initial "*’Os/'**0s of 0.10928 + 0.00013
(Westerlund et al., 2003). While the age coincides
within error with our results, the initial '*’0s/'*¥0s is
significantly higher and could be interpreted as further
evidence for heterogeneities in the plume. The possi-
bility of subcretion of heterogeneous mantle as a
mode of lithosphere formation in the Archaean sug-
gests that model ages (7cyyr or Trp) may be inac-
curate even for residual mantle peridotites, if the
initial Os isotopic composition is not constrained.

8. Conclusions

We have analysed a suite of sulfide inclusions and
one grain of Fe metal in xenocrystic olivine and
pyroxenes from kimberlites in the Lac de Gras area,
Slave Craton. The sulfide suite comprises unusual W-
enriched sulfides with the non-stoichiometric compo-
sition (Ni,Co,Fe);_,S,, and W-enriched mss. Based
on the similarity of host silicates to peridotite minerals
and the occurrence of similar sulfide inclusions in
peridotites from the same locality, the samples are
interpreted as disaggregated mantle material. Host
olivines give temperatures (Kdhler and Brey, 1990)
that place the samples in the deep layer of the
stratified lithospheric mantle beneath Lac de Gras
(Griffin et al., 1999) and their chemical and isotopic
composition may have a bearing on the formation and
evolution of this layer.

Weak covariations between Os abundance and Re/
Os of mss and the Mg# of host olivine would be
compatible with a magmatic origin that was later

obscured by repeated interaction with fluids, leading
to unrelated W, As and Zn enrichments. (Ni,Co,
Fe);_,S, could be interpreted as desulfidisation prod-
ucts, resulting from loss of S and Fe from primary
mantle sulfides. They would also be consistent with
an igneous origin, where, following the fractionation
of Ni-rich mss, they precipitate from Ni-rich sulfide
melts. Such melts may unmix from carbon-bearing
metal-rich sulfide melts expected in the lower mantle
(Rama Murthy and Hall, 1972; Arculus and Delano,
1981; Ballhaus and Ellis, 1996; Jana and Walker,
1997).

Mss give Trp and Tcyyr ages with modes at 2.8
and 2.9 Ga, respectively, and extending to 3.9 Ga.
Therefore, significantly older mantle resides beneath
the western part of the 2.7 Contowyto terrane, where
the Lac de Gras kimberlites intruded. This age
paradox may be reconciled by thrusting of ancient
mantle from the neighbouring 4.0-2.7 Ga CSBC
beneath the Contwoyto terrane during 2.7 Ga colli-
sion (Bleeker et al., 1999). A subset of samples lies
on a 3.27 £ 0.34 Ga isochron with supra-chondritic
initial Os isotopic composition. If the isochron is
real, the initial '*’0s/'®’Os may be interpreted as the
signature of a high-Re/Os source, such as the lower
mantle or outer core which are thought to have
evolved at supra-chondritic Re/Os (Walker et al.,
1997). This would be consistent with an ultra-deep
origin for the sulfides and the deep lithosphere in
which they occur, in line with other lines of evidence
that the deep lithospheric mantle beneath Lac de
Gras is plume-derived (Griffin et al., 1999, in
press(b); Davies et al., 1999). The presence of
recycled oceanic mantle in the plume source is
suggested by the presence of a sample with extreme-
ly unradiogenic '*’Re/'®’Os, pointing to heterogene-
ity in the plume source.
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