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ABSTRACT

Experiments were performed to establish the stability limits and mineral — sulfide melt partitioning behavior of the platinum-
group minerals laurite (Ru,0s,I1)S, and Ru—Os-r aloy as functions of temperature and sulfur fugacity. Ruthenium-doped ex-
periments yielded laurite up to ~1275 °C at log f(S;) of —2.0, with laurite replaced by Ru alloy at higher temperature. Similar
resultswere observed at log f(S;) of —2 and —1.3 for compositions doped with multiple PGE, except that Ru—Os-Ir alloy coexisted
with lauriteat T < 1265°C. Laurite and alloy from these latter experiments were found to be Ru—Os-Ir-rich and Pt—Pd-poor, with
grains of aloy containing more Os and It than laurite, and both phases becoming (Os + Ir)-rich with increasing f(S;). Concentra-
tionsof PGE in sulfideliquid saturated with laurite + alloy were found to be: Ru: 1-13 wt%; Osand Ir: < 0.6 wt%,; Pt and Pd: 0.5~
4 wt%. The finding that laurite and Ru—Os-Ir alloy are stable at chromian-spinel-based liquidus temperatures indicates that the
commonly observed inclusion of these phases in chromian spinel can be interpreted as a primary magmatic texture. High
solubilities for Ru in molten sulfide, combined with low intrinsic abundances of the PGE in igneous rocks, suggest that crystal-
lization of laurite or Ru—Os-Ir alloy in the presence of immiscible sulfide liquid is unlikely. Thus, the extent to which PGE-
bearing accessory minerals will affect the final distribution of the PGE within an igneous body may be strongly linked to when,
or if, saturation in sulfide liquid occurs.

Keywords: laurite, aloy, platinum-group minerals, platinum-group elements, partitioning, experiments.
SOMMAIRE

Nous décrivons les résultats d’ expériences congues dans le but d’ établir les limites de |a stabilité des phases minéraleslaurite
[Ru,0s,I1)S;] et un aliage de Ru—OsHIr, et larépartition d’ & éments du groupe du platine (EGP) en présence de ces phaseset d'un
liquide sulfuré en fonction de latempérature et de lafugacité du soufre. Les expériences, qui ont porté sur des mélanges dopés au
ruthénium, ont donné de lalaurite jusgu’ a environ 1275°C aune valeur de log f(S;) de —2.0; a plus haute température, lalaurite
est déstabilisée aux dépens de I’ alliage & dominance de Ru. Les expériences portant sur des compositions dopées avec d’ autres
éléments du groupe du platine a une valeur de log f(S;) de —2 et —1.3 ont donné des résultats semblables, sauf que I’ alliage Ru—
OsHr coexiste avec la laurite & une température inférieure ou égale a 1265°C. La laurite et I alliage dans ces derniers cas sont
riches en Ru-Ir-Os et montrent de faibles teneurs en Pt et Pd, les grains d’ alliage contenant plus d’ osmium et d'iridium que la
laurite, et les deux phases devenant progressivement plus riches en Os + Ir avec une augmentation en f(S,). Le liquide sulfuré
saturé en laurite + alliage contient 1-13% en poids de Ru, <0.6% de Os et Ir, et entre 0.5 et 4% de Pt et Pd. Lefait que lalaurite
et | alliage Ru—Os-Ir soient stables & une température du liquidus, telle que calibrée au moyen du spinelle chromifére, montre que
les exempl es répandus de ces phases piégées dans | e spinelle chromiféere marqueraient une relation primaire et donc magmatique.
A cause des solubilités élevées du Ru dans le liquide sulfuré, ainsi que des abondances limitées des EGP dans |es roches ignées,
lacristallisation de lalaurite ou de I’ alliage Ru—Os-Ir en présence d' un liquide sulfuré immiscible semble peu probable. Le role
des minéraux accessoires porteurs des EGP dans|adistribution final e de ceux-ci dans un complexeigné dépendrait donc fortement
de la présence ou non d' un liquide sulfuré et du stade de son apparition.

(Traduit par la Rédaction)

Mots-clés: laurite, alliage, minéraux du groupe du platine, € éments du groupe du platine, répartition, expériences.
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INTRODUCTION

Numerous studies have shown that the IPGE (the
iridium subgroup of the platinum-group elements: Os,
Ir, Ru) and the PPGE (the palladium subgroup of the
platinum-group elements: Pt, Pd, Rh) behave very dif-
ferently in mafic and ultramafic magmatic systems [see
Crocket (1981) and Barneset al. (1985) for summaries|.
Whereas the IPGE generally show compatible
geochemical behavior, the PPGE exhibit relative enrich-
ment as a function of degree of differentiation. For
example, primitive lavas whose compositions are domi-
nantly controlled by fractionation of olivine (+ chromian
spinel) yield apparent partition coefficients (D) for the
IPGE (especialy Ir) that are 6 or more, whereas values
for the PPGE are ~1 or less (Barnes & Picard 1993,
Brugmann et al. 1987). These elements thus become
decoupled in the more evolved members of such lava
suites. In the case of plutonic rocks, examples of this
decoupling include the strong enrichment in Os, Ir, and
Ru relative to Pt, Pd and Rh in cumulate chromitite ho-
rizonsin ophiolitic complexesworldwide (Barneset al.
1985), upward increases in the ratio of Pt + Pd to Os +
Ir + Ruin silicate and chromitite cumul ate horizons from
layered intrusions (e.g., Bushveld; Maier & Barnes
1999), and IPGE enrichment in basal cumulates rela-
tive to values inferred for parental magmas (e.g., the
Heazlewood River Complex; Peck et al. 1992). In this
paper, we present the results of phase equilibrium and
partitioning experiments to support the notion that such
| PGE-PPGE decoupling can arise by early precipitation
of IPGE-bearing accessory minerals at the magmatic
stage.

BACKGROUND INFORMATION

Various hypotheses have been put forth to account
for the apparent decoupling of the PGE, including 1)
compatibility of the IPGE in primary magmatic phases
such as olivine and chromian spinel (Hart & Ravizza
1996, Briigmann et al. 1987, Barnes & Picard 1993,
Capobianco & Drake 1990, Capobianco et al. 1994,
Peach & Mathez 1996), 2) preferential partitioning of
IPGE into monosulfide solid-solution, Mss (Li et al.
1998, Barnes et al. 1997, Fleet et al. 1993), or 3) early
saturation of an IPGE-rich aloy or sulfide (Maier &
Barnes 1999, Fleet & Stone 1991, Tredoux et al. 1995,
Legendre & Augé 1986). Recent field-based observa-
tions (e.g., Maier & Barnes 1999, Maier et al. 1999)
have indicated that the IPGE are excluded from
chromian spinel and olivine, thus suggesting that sul-
fide or alloy phases may be responsiblefor the observed
| PGE-PPGE decoupling. The possible role of IPGE al-
loy or sulfide in thisregard is highlighted by numerous
detailed petrographic studies that have documented a
variety of platinum-group minerals (PGM) asinclusions
within chromian spinel from layered intrusions (e.g.,
Talkington & Lipin 1986, Maier et al. 1999, and refer-
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ences therein) and ophiolites (e.g., Prichard et al. 1986,
Torres-Ruiz et al. 1996, Nakagawa & Franco 1997,
Garuti et al. 1999, and referencestherein). In their study
of world-wide occurrences of ophiolite, Legendre &
Augé (1986) identified thirteen different platinum-group
minerals (PGM), of which laurite [(Ru,0s,I1)S,;] and
rutheniridosmine (Ru—Ir—Os alloy) were observed to be
the most abundant included phases, whereas Pt, Pd and
Rh-bearing PGM were found to be notably sparse. In
thisand other studies, textural observationsindicate that
laurite or Ru-r—Os-aloy (or both) coprecipitated with
chromian spinel. Furthermore, petrographic studies by
Peck et al. (1992) have identified chromian spinel, oli-
vine and pyroxene inclusions within aluvial grains of
Os-Ir—Ru alloy weathered from the Heazlewood River
Complex (Tasmania). Thus, inclusion—host relations
documented from these | atter studieswould suggest that
IPGE-rich sulfide and aloy phases were precipitating
at the sametime asthe primary igneous minerals during
magma emplacement.

Simultaneous crystallization of an | PGE-rich sulfide
or alloy along with primary magmatic silicate and ox-
ide minerals, followed by fractionation and accumula-
tion, could account for the observed decoupling of the
IPGE and PPGE in the aforementioned examples. In
addition to the textures revealed by natural samples, a
first-order assessment of whether |PGE sulfides and al-
loysarelikely to be near-liquidus phases requiresinfor-
mation bearing on 1) the solubility of these mineralsin
mafic and ultramafic melt compositions, and 2) therela-
tive stabilities of these minerals asfunctions of tempera-
ture and thefugacities of oxygen, f(O5), and sulfur, f(S,).
Although the data are scarce to assess PGM solubili-
ties, direct measurements involving pure metals (e.g.,
O'Neill et al. 1995, Ertel et al. 1999, Amossé et al. 2000)
generally reveal low solubilities at f(O,) relevant to the
genesis of terrestrial magmas, althouth the results of
Peach & Mathez (1996) suggest that Ir solubilities may
be enhanced in the presence of dissolved sulfur. In either
case, still lower values may be expected if metal activi-
ties are reduced by dilution to form multicomponent
PGM. Thus, concentrations required for saturation may
approach levels present in mafic or ultramafic rock com-
positions, although further experimental work clearly is
required. Given the plausibility of PGM saturation, the
guestion remains asto whether the most common PGM,
such as laurite, are indeed stable at temperatures corre-
sponding to the silicate melt liquidus, and whether the
compositions of coexisting PGM, such as laurite and
Ru—OsHr aloy, are consistent with high-temperature
equilibrium phase-relations. Although there are thermo-
dynamic data available to evaluate these relations, un-
certainties in the activity—composition relations for
ternary Ru—Os-r sulfides and alloys, combined with the
relatively large uncertainties in heat capacity and en-
thalpy data for these minerals, make accurate determi-
nation of high-temperature phase relations difficult at
best. In order to redress these shortcomings, we have
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performed experiments to determine the stability limits
of the IPGE-rich PGM laurite and Ru—Os-r alloy at
controlled temperature, f(O,) and f(S,). In addition, our
phase-equilibrium experimentsincluded a suite of PGE
in order to establish laurite — and alloy — sulfide melt
partition coefficients, which in turn can be used to as-
sessthe ability of these mineralsto fractionate the |PGE
from the PPGE. Results of these experiments confirm
the notion that laurite and Ru—Os-r alloy can be stable
liquidus phasesin amafic magmaand that each of these
phases selectively exclude the PPGE, thus lending
strong support for the role of PGM in decoupling the
PGE in mafic igneous systems.

Overview of experiments

The objectives of this study are to determine the
high-temperature stability of laurite and Ru—OsIr al-
loy and to establish the role of these phases as selective
collectors of the IPGE. Because natural laurite and
IPGE-rich alloy contain relatively high levelsof all three
IPGE, our experiments are specifically focused on ter-
nary IPGE compositions (near-chondritic), which
broadly mimic those found in natural assemblages. At
values of f(O,) appropriate for basalt petrogenesis, the
PGE oxides are unstable, and thus the primary phase-
relations of interest involve the stability of the sulfide
and alloy phases. Therelevant equilibriathat define the

1300

343

stabilities of these phases can be expressed by the three
end-member reactions:

RUaioy + S2 = RuSpgirice )
Osuloy + S2 = OSSpauifide 2
ITaloy + S2 = IrSpaifide 3

On the basis of existing thermodynamic data (Barin
1995), we have cal culated the maximum thermal stabil-
ity of the end-member sulfides in the binary system
RuS,-0sS,; as a function of composition and the sulfur
fugacities employed in our experiments. Results are
portrayed in Figure 1. In this case, we have assumed
ideal mixing in the sulfide and alloy phases, which is
probably unrealistic, but serves for the purposes of il-
lustration and as a guide to plan experiments. We have
not calculated phase diagrams for the RuSy-IrS, or
OsSHrS; binary systems owing to the known solvus
that existsin the Ir-rich portion of these systems. Calcu-
lations bearing on the T—(S,) stability of IrS; indicate,
however, that IS, and OsS, behave similarly. The cal-
culated phase-diagram portrayed in Figure 1 predictsthe
relative variation in sulfide versusalloy stability asfunc-
tions of f(S;) and composition. As depicted, reduction
in f(S,) has a significant effect on decreasing the ther-
mal stability of the sulfide phase, as does the addition
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Fic.1. Phaserelationsfor thebinary system Ru—Osasfunctions of temperature and sulfur
fugacity. Phase relations were calculated using the thermodynamic data compiled in
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of Os (or Ir) to a Ru-bearing system. Also, these calcu-
lations predict a phase field of sulfide + alloy, with the
alloy composition being significantly richer in Os (or
Ir), relative to Ru, than the coexisting sulfide. All of
these predictions are borne out in our experimental re-
sults.

Experimental technique

Two sets of experiments were performed, the first
containing mixtures of synthetic basaltic glass (401 dia-
base from Roeder & Reynolds 1991), forsteritic olivine
and Ru metal, whereas the second set (prefixed by “f”
in Tables 1-3) contained glass, olivine and an Fe-Ni—S
mix (i.e., sulfide melt) doped with Ru—Ir—Os-Pt—Pd
metals (each added in subequal proportions). Samples
were contained in crucibles fabricated from megacrysts
of San Carlos (Arizona) alivine (SCO) and SCO pow-
der was added to each experiment to prevent the melt
from migrating out of the crucible at run conditions. The
basaltic glass was prepared by repeated grinding and
fusion of reagent-grade oxides and carbonates, whereas
the sulfide melt was prepared by grinding Fe, Ni, and S
powder in ethanol, drying, then doping with the metals,
and regrinding. In a typical experiment, basaltic glass
(40-80%), olivine powder (~20%), Ru metal (~1-2%)
or PGE-metal-doped sulfide melt (~40%) were
premixed, and ~70 mg of the basalt—olivine-metal or
sulfide mixture was packed into an olivine crucible.

All experimentswere performed using avertical tube
furnace modified for control of f(O,) and f(S;) by gas
mixing. Details of the furnace configuration can be
found in Brenan & Caciagli (2000). Experiment tem-
peratures were monitored using a ceramic-sheated Pt—
Pt10%Rh thermocouple calibrated against the melting
point of gold. A specific gas fugacity was obtained us-
ing mixtures of CO, CO,, and SO, in proportions cal cu-
lated using the “COSHmIix” computer program
(courtesy of Dr. Victor Kress). As described in Kress
(1997), the program uses RAND free-energy minimiza-
tion of data from JANAF thermodynamic tablesto cal-
culate the equilibrium speciation of the gases at high
temperature and one atmosphere. Precise control of gas
mixtureswas achieved using calibrated flow meters, and
the f(O,) predicted from mixing ratios was checked us-
ing solid oxide buffers. The range of sulfur and oxygen
fugacities (log values) investigated in this study is—2.7
to—1.3 and —10 to -8, respectively. For comparison, the
range in (log) f(S;) and f(O,) calculated for terrestrial
basaltic magmasis—1.8to +0.8 and —11to—7.5, respec-
tively (Wallace & Carmichael 1992).

Experiments were initiated by first placing the
loaded olivine crucible into a silica glass holder, then
suspending this assembly from a silica glass hanger
withdrawn to the top of the furnace tube. The furnace
was then sealed, and gas flow was commenced. After
20-30 minutes, the sample was slowly lowered into the
hot spot (over the course of 30 minutes), and remained
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there for durations of 1 to 5 days. Experiments were
terminated by removing the bottom furnace seal and
quickly lowering the sample into an ice-water mixture.
A summary of experiment conditions and run products
isprovided in Table 1.

ANALYTICAL METHODS

Run products were mounted in epoxy either “asis’ or
as crushed fragments. Mounted samples were prepared
for observation and electron-microprobe analysis by
grinding with successively finer SIC grit, then either 1
and 0.3 wm duminaor diamond paste, followed by a fi-
nal polish using colloidal silica. Individual phases were
analyzed using the Cameca SX-50 electron microprobe
(EMP) at the University of Toronto. Analyses employed
an accelerating voltage of 20 kV for sulfides and dloys,
and 15 kV for silicate glasses. Platinum-group minerals
were analyzed using a focused beam, whereas a 15 um
defocussed beam was used to obtain compositions of sili-
cate and sulfide melt. An 80 nA beam was used for PGM
analyses, with 20-60 second count-times on each X-ray
peak. Analyses of sulfide melt employed two beam con-
ditions: 20 nA, 5 seconds on peak for Fe, Ni and S, and

TABLE 1. SUMMARY OF EXPEROMENT CONDITIONS AND
RUN-PRODLCT PHASLS

Expt. Duration Temperaturelop £C.)log AS,) Gas-flow rete Alley*  Lawrite
{hours) [ {cm™Vmin)
CO-80,CQ,
Sulfide-liquid-undersaturated experiments
Rul 1z 1306 4.0 -1 27-4,5-42 S
Bud 63 1203 41 =20 8-6-13.5 x
Rus 18 1250 L0 20 26-1-8 % (dey
Hug 23 1238 50 -2.0 T4-37-136 x [de)
Ruln iok 1200 41 -0 8-6-13.4 x (e}
Sulfide-liquid-saturaied experiments
Ru7 12 1248 S0 2T 1914654 3
RuA 68 1200 21 -2 B-6-13.3 X
Ryl 45 1200 1 -2 §-6-13.5 b3 x
fRu2 120.5 1200 21 -2 86-13.5 5 X
TR 7z [230 -E.1 -1 3.6-50 x x
fRuda 3 1300 U W) 1:.2-4.5-0 x
fRugb T3 1300 -90 -1z 10.2-4.5-0 Assumed®
fRufrev
(fRudby 70 1250 94 413 10.2-5-0 X x
fRus mn 1250 G4 213 10.2-5-0 x n
RuTe T 1206 =58 -1z 10.2-3-1} X X
fRuTb % 1200 -5 -1z 10.2-3-0 Assumed Assumed
fRudrev
Ry 78 1280 42 -1Z 10,2480 %
R 74 1200 51 -2.0 §-6-13.5 x x
fRull 114 1250 -8.1 -1.9 3.6-3-0 X X
Ruls 114 1200 21 2.0 §-6-13.5 x x
fRuls 114 1200 21 -20 §-5-13.5 x x

Wotes: 1) Gxperiments with "f” prefix were duped with Ru—Tr—Os—Pt-Pd mixture, all
others contained Ru as sale PGE additive. 2} Denotes phase(s) oresem. 3} Laurite
in statc of pertial decomposition, although nterpreted to be stable during the
expetitient (see text). 4] Phases were assurned to be present based on resull from
duplicate experiment. 3) Experiments fRu4b and fRu7h were re-run as fRustey and
fRuStew, respectively
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80 nA, 20-60 seconds on peaks for the PGE. Oxygen
determinationsin the sulfide melt relied on peak integra-
tion using an ODPB pseudocrystal. Analyses of the sili-
cate melt also used two beam conditions: 10 nA, 5
seconds for major elements, and 80 nA, 60 seconds for
sulfur. X-ray lines used to determine PGE concentrations
were: RulLo, OsLa, IrLa, PtLa, and PdLa; corrections
for X-ray overlap were employed for RuLa on PdLa. For
sulfide and dloy analyses, we used pure metal's, pentlan-
dite for Fe, Ni, and S, and hematite for oxygen as stan-
dardsfor the PGE. For silicate glasses, abasalt glasswas
used to standardize most major el ements, and pentlandite
for Ni and S. In all cases, raw counts were converted to
concentrations using amodified ZAF correction routine.
Asacheck on the success of the overlap corrections, and
to confirm the spectrometer positions for background
measurement, we used our analytical routineto determine
the compositions of the PGE metal standards and PGE
abundances from experiment RUA, which was doped with
Ru as the sole PGE. Reported minimum-detection limits
for the PGE are based on these tests.

Representative compositions of silicate melt are pro-
vided in Table 2, asummary of laurite, alloy and sulfide
liquid compositions is provided in Table 3, and calcu-
lated mineral — sulfide melt partition coefficientsarere-
ported in Table 4. In some samples, aloy or laurite is
noted as being present (on the basis of optical identifi-
cation), but no analyses have been done. We encoun-
tered this problem in only two instances, either because
mineral grains produced in the experiment were too
small to be analyzed (alloy in fRu7) or too sparse in
number (lauritein fRu5rev), such that they wereinitially
identified, but not observed upon further polishing for
EMP analysis.

ResuLTs
Textural observations of run products

Representative textures from run products are pro-
vided in Figures 2 and 3. All experiments to which ex-
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TABLE 2. REPRESENTATIVE COMPOSITIONS* OF SILICATE MELT

Ru4 Ru? R fRu¥

(=158} {n=14} {n="a {n= L4}
S, wits S5ARGI0F  55,03(0.36) 2% 3H(02.58) 43.38(0.20}
Tic, 1.76(0.08) 167007 1.56{0.15) 1.72(0.05}
A0, 14.92{0.11) 14.25(0.17) 13 49(0.43) 14.51{0.10%
Fet) £.11{0.14) §06(0.10)  29.88{0.89) 19 93(0.25)
Mglh T54(0.10) Q3L{B07) 5.66(1.23) O.BI{0.08)
Cad 3.46(0. 1% 8.81(0.09) B46(0.43) §94(0.12)
Ne,0 2.66(0 0Ty 2.65(0.06) 1.8%(0.07) 1.87(0.08)
Cr,0, DOK0UT) 0.22(0.18) a.01(0.01) 0.02(0,02)
MaG 0.05(0.03) D.04(0.03) C.040.01} 0.07{0.03)
NI 0.62(0.02) 0a1n.oz) 0.070,02) a.030.03)
S ppm 232(301 1076(45) $223(339) 273863}
Lotal 10¢.16 100.31 1011 100.05

* Results of destron-microprobe analyses, 1) number in parentheses is one stanulard
deniation bazed on # analyses.

cess sulfide melt was added were found to contain
spherical globules of immiscible sulfideliquid. With the
exception of experiment Ru7, immiscible sulfide liquid
was absent in all experiments containing a sulfide-free
starting material. The presence of sulfide liquid in Ru7
is probably a result of the low f(O,) imposed on that
experiment, inasmuch as reduced f(O,) resultsin a de-
crease in the sulfur fugacity required to induce sulfide—
liquid saturation (datasummarized in Carroll & Webster
1994). Weinitially had difficulty ininterpreting therela-
tive stahilities of laurite and Ru alloy in sulfide-liquid-
undersaturated experiments owing to modification of
the high-temperature phase assemblage during quench-
ing. In several instances, we observed fine-grained,
porous aggregates of Ru aloy near the silicate melt —
vapor interface, whereas laurite crystals were found
elsewhere in the same samples. We finally concluded
that this texture developed during the quenching pro-
cess, as careful examination of some samples revealed
laurite crystals near the melt — vapor interface in astate
of partial decomposition (Fig. 2). Weinterpret this tex-

TABLE 3a. COMBOSITION® QF LALIRITY

" e MNi 5 r Ru Pt Bd total
Ru 18 02%0.14) Q120009 37.82(0.33) <0.212 <0235 GLIS(O65Y <027 <022 0968
fRul 12 02R((h11} 045(0.08) 37.00(0.24) =021 0.7600.45) 60.56(0.47) <027 =022 W
fRu2 12 0.15(008) 01500055 37.10(0.13} <0.21 1.01{0.58) 60.28{0.52) <027 <0.22 9906
fRud 10 0.62(029) 0.36{0.31) 37.52(0.20) <0121 0.25(0.19) 60.57(0.46) <027 <022 S0
fRus 5 085(0533) 021011} 37AR(018) 033017 1L.21(0.59) 59.89(0.54) =027 =022 0027
Bu? 13 07{054) 0.1900.06) 37.32(0.98) <021 220090 3961(0.82) <027 <022 10052
Rud 17 045008 0.15(0.04) 3T.50{(0.09) 047023} 0.7H02 60.3100.30) <027 <027 9985
Rull & ©5140.33) 0.38(0.32) 37.3%(0.17) <0.21 047051} GOIH0ES) <027 =022 9916
Ruld 8 055(0.35) 0.25023) 37.28(0.26) <0.21 0.49(0.29) 61.07(0.89) <027 <022 W
fRulé B =004 =0.05 36.93(0.27) <0.21 <022 9814

0660007y 6024(0d6) <027

Motes: 1} The rumber in parentheses is one standard deviation based on # analyses. 2) The minimum detection limit
is based on 2-sipma above background. * Flectron-mictuprobe dala (wi% element).



346

THE CANADIAN MINERALOGIST

TABLE 3b. COMPOSITION* OF THE AT1LOY PHASE

n Fe Ni Oy Ir Ru Pt rd  total

fren 7 LTYHO6R)  QS0(035) 13.04(4.22) 27471666} 55.00(10.80) 3.80(1) <02 10170

fRu2 13 L2N0.32Y 0300013 1L0%688) 3221126) 4.07(5.10)  3.25(0.38) 022 10212

Rud 15 104025) 0.44(0.19) 1080{(372) 2337(3.48) 6253(1185) 297076} <022 10118

Rud 9 LIS027 0220110 2135(5.05) 2006(5.47) 48.04(260) 151007 <0227 0136

fRus 12 1 43(0.52)  036(0.36) 20.28(10.64) 33.40(10.67) 45.02(1.58) 1490020 <022 16212

fRufSrey 10 052012y 021008 2BE321T 313801.47) IGRE3000 L1aO% <022 10217

[RuBrev 11 G7000.13) 0180071 1616(0.98) 1430(1.02)  66.56(1.62) 201(0.13) <027 10200

iRug 3 2200034y 0290006 LI0(LTE) 331M4.3%)  42.1003.25) 265(0.33) <022 1025

Rall 5 000011y G301} 13535(975) 3149(856) SLTHIETT) 3.93(148) <022 10195

Ruls 7 119032 038018 1630{6.26) 198FETL) 3230071 3RIOIT) <022 10089

Ruls 2 275 025 14.53 19.77 s8.07 3,03 <2k 9BOR

Notes: as per Table 3a, % Electron-microprobe dara (wt% element).
TABLE 3c. COMPOSITION* OF SULFIDE LIQUID

n Fe Ni s 0 413 Ir Ru Pt Pd total
Ruh 10 37.45(2.17) 25.75(2.35) 30.38(0.57) 1.66(0.85) <0.20 <024 5.67(0.59)<0.27 <011 100,98
fRul 17 40.84(4.43) 20.63(4.74) 29.70(2.31} 2.70(2.99) <0.20 <0.24 34100.63) 0.74{069) 271{116) 10082
{Ru2 18 3571(1.61) 20.24(1.86) 29.75(0.97)y 2.12(0,75) 0.38(0.05) <0.24 8.26{0.84) 1.72(1.48) 2.86(0.74) 101.09
fRu3 19 31.70(3.04) 24.97(3.53) 27.59{1.58) 1.56(0.39) <0.20 <024 7.42(2.25) 331(066) 3.22(0.97) 10023
fRud 13 43.97{1.35) 12.67(0.81) 29.95(0.77) 2.93(0.48) <0.20 <0.24 THH0.63Y 1.1H075) 1740400 10050
fRuS 20 434001 43} 12.20(0.92) 30.22(1.14) 2.31{0.48) <D.20 <0,24 8.60(0.44) 1.73(1.15) 1.72(0.34) 100.53
fRuSrev 26 32.33(1.71) 15.50(1.54) 29.84(1.09) 1.93(0.68) 0.385(0.05) 0.47(0.19} 8.540.70) 2.17(1.32) 2.44(0.77) 100.60
fRu7 20 51.75(1.21)  9.59(0.98) 30.71{0.61) 3.09(0.47) <0.20 0.57(0.14) 2.45(0.26) 1.25(0:82) 1.06(028) 10054
fRuSrev 25 36.80(0.73) 14.89(0.73) 30.80{0.54) 1.45{0.30) 0.450.05) <024 13.0041.07% 0.5H032) 200(0.41) 9997
fRu? 16 39.06(5.03) 22.22(4.85) 29.84(0.82) 2.15{D.99} <020 =0,24 2,83(1.00y 1.37(0.66) 2.96(1.72) 10057
fRull 12 29.71(1.11) 24.59(0.83) 30.17(0.66) 0.90{D.31} <020 <{).24 10.26(1.62) 1.03(0.75) 3.81(0.36) 100.66
fRuls 16 364501 44) 20.24{2.02) ZE.99(1.30) Z.00{0.87) <020 <0.24 TO3(1.03) 141060Y Z8l{052) 9973
fRule 9 59.13(1.36) 532(1.32) 25.02(1.10) 7.92(1.39) <0.20 <024 095051y 0310029 0.7402%) 9953

Notes: as per Table 3a.

ture as arising from the brief reduction in sulfur fugac-
ity experienced by the sample during the quench.

In the sulfide-liquid-undersaturated experiments,
laurite crystals occur as clusters of euhedral to anhedral
grains (Fig. 2), whereas laurite is present as isolated
euhedral crystals in those experiments containing an
immiscible sulfide liquid (Figs. 3A, C). In these latter
experiments, laurite is invariably preferentialy wetted
by the sulfide liquid. Crystals of laurite from experi-
ments fRu3 and fRu9 [1250°C, log f(S,) = —2] are skel-
etal inform (Fig. 3B), in contrast to the euhedral crystals
produced in an experiment at the same temperature, but
higher f(S;) [fRu5, log f(S;) = —1.3, Fig. 3C]. Euhedra
to subhedral grains of Ru—Os-r aloy are present in all
experiments containing the multi-PGE mixture, and al-
loy grain-sizes decrease with either areduction in tem-
perature or an increase in sulfur fugacity. Although

* Electron-microprobe data {wi% element).

somealloy grains are observed in severa of the sulfide-
liquid-undersaturated experiments, this material wasin
every caseinterpreted to be a product of quench-induced
decomposition of laurite. Subhedral clusters of what
appears to be stable Ru alloy are present only in the
experiment run at 1300°C.

Assessment of equilibrium

Several observations suggest that near-equilibrium
phase assemblages and compositions were achieved in
our experiments. First, mineral assemblageswere repro-
duced using either metals or alloys or laurite + alloy as
theinitial PGE-bearing phases. Most experimentsin the
“f" series started with a mechanical mixture of PGE
metals, whereas experiments fRu5rev and fRu8rev used
the run products from experiments containing a single
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Fic. 2. Secondary electron image of a portion of the run product from experiment Ru4.
This image was taken at the melt—vapor interface (void space occupied by the latter
phase now filled with epoxy). Laurite in direct contact with the vapor has partially
decomposed to alloy (close-up in B). Thistextureisinterpreted to be a consequence of
thereduction in sulfur fugacity experienced by the sample during the quenching process.
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Fic. 3. Reflected-light photomicrographs (plane-polarized light) of run products from experiments containing immiscible sili-
cate and sulfide melts (L: laurite, A: Ru-r—Os alloy; all images taken at the same magnification). A) fRul [45 hrs, 1200°C,
log f(S) =—2.0], B) fRu3[73 hrs, 1250°C, log f(S;) = -1.9], C) fRuU5 [70 hrs, 1250°C, log f(S;) = -1.3], D) fRuda[73 hrs,

1300°C, log f(S,) = -1.3].

Ru—Os-r aloy or aloy + laurite, respectively, as the
PGE-bearing minerals. In the second part of the latter
experiments, samples were subject to conditions in
which aloy was unstable with respect to aloy + laurite
(fRubrev) or laurite + alloy was unstable with respect to
aloy (fRu8rev), as judged from previous “forward”
experimentsinvolving mixtures of metals. In each case,
the phase assemblages of the “forward experiment”
were reproduced. We did recognize some residual ma-
teria from the forward experiments, however, in these
reversals. For example, some grains of aloy in experi-
ment fRu8rev are anomalously Ru-rich, with composi-
tions defining a trend that projects back to that of the
laurite present in the starting materia (Fig. 4).

In addition to reversed assemblages, individual
grains of laurite produced in our forward experiments
are relatively homogeneous in those cases where min-
eral grainswere large enough for multiple analyses. Fig-
ure 5 portraysthe results of multiple analysesfor iridium
acrossindividual crystals of laurite from three different

experiments. Occasionally, moderate to severe spikes
in Ir (£ Os) content were found, which we attribute to
X-ray excitation from small inclusions of aloy that have
been observed in some grains. Aside from variationsdue
toinclusions, however, individual grainsdisplay no sys-
tematic core—im variations and are generally homoge-
neous. We could not perform the same multiple-point
analyses on individual grains of aloy owing to their
small size. Analyses of multiple grains did yield some
variability (up to 50% or more), which is probably a
result of inclusion of some melt in the volume of aloy
analyzed (although compositions with appreciable sul-
fur were excluded from the dataset), and zonation pro-
duced owing to the extreme compatibility of Ru, Ir and
Os in the aloy phase. Grains of aloy have undergone
extensive chemical exchange relative to the starting
materia, astheinitia alloy assemblage contained Pt and
Pd, which have been partidly (Pt) to completely (Pd)
excluded from the final aloy composition (Table 3b),
and sequestered by the sulfide liquid.
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Fic. 4. Triangular diagram (atomic %) depicting the compo-
sition of laurite from experiment fRu7a and alloy from
fRuBrev. Note that the alloy compositions trend from Ru-
rich (similar to laurite) to Ir-Os-rich.

Slicate melt compositions

We analyzed glasses from a representative suite of
experiments to assess their chemical homogeneity and
to determineif sulfur contentsin the melt are consistent
with previous studies. The most distinctive difference
in the composition of silicate melts produced is the
abundance of FeO. Samples to which the sulfide melt
mixture was added (e.g., fRul, fRu7; Table 2), yielded
silicate melts with 20-30 wt% FeO, in comparison to
samplesthat wereinitially sulfide-free (e.g., Ru4, Ru7),
which contain ~8 wt% FeO. Thisresult isclearly abulk-
composition effect, as Fe added to the experiment in the
sulfide melt mixture reacts with oxygen in the vapor to
form FeO, which dissolvesin the silicate melt. Silicate
melts with the highest Fe contents also have the highest
abundance of dissolved sulfur, which reflects a sulfur-
solution mechanism involving association with Fein the
melt (Carroll & Webster 1994). Haughton et al. (1974)
defined the S-FeO variation for a sulfide-liquid-satu-
rated basalt similar to the composition employed in this
study, and a comparison of results is portrayed in Fig-
ure 6. Our results are in very good agreement with the
sulfide-saturation curve derived from their experiments,
with al of our sulfide-saturated compositions plotting
near or on the curve, and the undersaturated composi-
tion plotting below the curve. The solubility model of
Wallace & Carmichael (1992) describes the sulfur con-
tent of asilicate melt coexisting with a S-bearing vapor
a a particular T, f(S;) and f(O,). Using this model, a
concentration of 316 + 84 ppm sulfur is calculated for
the sulfide-liquid-undersaturated melt of experiment
Ru4, which iswithin error of the measured value of 232
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+ 30 ppm. For this latter composition, calculations us-
ing the Wallace—-Carmichael model aso indicate that
saturation in an immiscible sulfide liquid will not occur
until the log f(S;) increases to a value of —0.8, at which
point the melt would contain ~900 ppm dissolved sulfur.

Sulfide melt compositions

Sulfide melt compositions are Fe- and Ni-rich, with
sulfur and oxygen contents of ~25-31 and ~1-8 wt%,
respectively. The melt with the lowest sulfur and high-
est oxygen contents corresponds to the one experiment
inwhich we added extrairon to the Fe-Ni—PGE-S com-
ponent. All other experiments contain the same Fe-Ni—
PGE-S component in their starting composition, so
variationsin their Fe content correspond to either varia-
tionsininitial sulfide:silicate melt ratio, f(O)/f(S,) ra-
tio (which dictates the sulfide melt — silicate melt
partitioning of Fe), or the iron content of the olivine
crucible (which is considered to vary somewhat, as
judged by color differences among crucibles). The PGE
content of the sulfide melts produced are uniformly low
for iridium and osmium (<0.6 wt%in all cases), whereas
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Fic. 5. Iridium concentration profiles across single crystals

of laurite from various run-products. The spikesiniridium
concentration are interpreted to be the result of X-ray exci-
tation from small inclusions of aloy.
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Fic. 6. Variation in the sulfur content of silicate melt coexisting with S-bearing vapor as
a function of FeO content. Compositions are those measured in this study, and from
Haughton et al. (1974), and were synthesized at 1200°C over arange of f(O,) and f(Sy).
Filled symbols correspond to samples saturated in animmiscible sulfideliquid, whereas
open symbols are sulfide-free. The dashed lineisregressed from dataof Haughton et al.
(1974) and corresponds to the sulfide saturation-surface for melts of variable FeO con-
tent. Note that experiment Ru7 was done at 1248°C, and the measured S content has
been recalculated to 1200°C using the T-dependence of S solubility determined by

Richardson & Fincham (1956).

Pt and Pd contents are ~0.5-4 wt%, and Ru contents
were found to be ~1-13 wt% (Table 3c). Given that all
experimentswere saturated in aRu—Os- r-rich alloy, the
low Osand Ir contents of sulfide liquids reflect the low
solubility of these elementsin the melt phase. Pd is ex-
cluded from both laurite and Ru—Os-Ir aloy (Table 3a,
b), and thus variations in the Pd content of sulfide lig-
uids probably reflects differences in the abundances of
this element in the material added to an experiment. A
similar explanation is true for Pt, although the Pt con-
tent of the sulfide melt will be controlled to some extent
by the abundance of Ru—Os-Ir aloy, owing to the mod-
erate levels of Pt measured in this phase (~3 wt%;
Table 3b). Relative abundances of PGE in sulfide melt
coexisting with Ru—Os-Ir alloy are generally consistent
with previous determinations. For example, Fleet &
Stone (1991) reported results from experiments at 1 bar
and 1200°C that produced sulfide melt with <1 wt% Ir
and <0.1 wt% Os coexisting with alloys containing 77—
88 wt% Ir and 97 wt% Os. The Pt and Pd content of
their melts were similar to amounts added to the start-
ing material, consistent with the high solubilites for
these elements documented in our experiments. Peach

& Mathez (1996) measured somewhat higher Ir concen-
trations (~4 wt%) in sulfide melt equilibrated with Ir—
Feadloy (~90% Ir) at 0.8 GPa and 1450°C, which may
reflect differences in alloy composition or the higher
temperature.

For experiments conducted at the same temperature
and f(S,), but different durations, we observed a small,
but systematic decrease in the Fe content of the sulfide
liquid, and a complementary increase in Ru content
(Fig. 7). In addition, with increasing temperature, but at
constant f(S;), the Fe content of the sulfide liquid also
decreases, whereasthe Ru content increases (Fig. 7). Al-
though the change in melt Fe content with run duration
is probably a result of continued Fe-Mg exchange be-
tween the olivine crucible and the sample, we expected
that the Ru content of the melt would be buffered by the
presence of the Ru-rich sulfide and alloy phases, whose
compositions are roughly fixed. The covariation of Fe
and Ru in the sulfide liquid may be the result of a de-
crease in the activity coefficient for Ru with decreasing
Fe content of the melt. We tested this hypothesis by
conducting an experiment in which the added Fe-Ni—
PGE-S component was Fe-rich (fRul6), and, as ex-
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Fic. 7. Variation in composition of sulfide melt (Wt% Fe and Ru) as a function of run
duration for experimentsat 1200 and 1250°C and | og f(S;) = —2. Note that the Feand Ru
contents of the melt vary in a complementary way.

pected, the Ru content of the resulting sulfideliquid was
significantly lower than that of experiments with lower
Fe contents, but similar duration (cf. fRul5 and fRul6
with ~8 and ~1 wt% Ru, ~36 and ~59 wt% Fe, respec-
tively, in the sulfide liquid).

Compositions of laurite and alloy

Itisnotablethat in all of the experiments conducted,
the composition of laurite corresponds to nearly pure
RuS,, with low concentrations of Ir and Os, and unde-
tectable levels of Pt and Pd (Table 3a). Alloy composi-
tions are significantly enriched in Os and Ir relative to
laurite, and contain low, but uniform levels of Pt, and
undetectable Pd. The relative exclusion of Pt and Pd
from the alloys produced in our experimentsis aso in
agreement with the compositions of alloys from the
experiments of Fleet & Stone (1991). Both laurite and
aloy are Fe- and Ni-poor, with the alloy having some-
what higher abundances of both of these elements
(Table 3a, b). Figures 8 and 9 portray the compositions
of coexisting laurite and aloy in terms of the relative
abundances of Ru, Ir and Os (atomic %), as functions of
temperature and f(S,), respectively. The variationin al-
loy composition (and tieline position) for experiments
run at asingle set of conditions results from differences
in the bulk compositions of the samples, which is prob-

ably aresult of the “nugget effect” on the PGE distribu-
tion within the starting material. As shown in Figure 8,
at 1200°C and log f(S;) =2, coexisting alloy and laurite
define a compositional field within which both PGM
will crystallize. The field extends to ~60 at.% Ru for Ir-
rich compositions, and ~75 at.% Ru for more Os-rich
bulk compositions. Increasing temperature appears to
have little effect on the extent of the two-phasefield, as
alloy compositions at 1250°C scatter near those pro-
duced at 1200°C. The Os-Ir-rich character of the alloy
coexisting with the Ru-rich laurite isin accord with the
phaserelations portrayedin Figure 1. In all cases, alloys
aretoo Ir-poor to intersect the miscibility gap (> 50 at.%
Ir) defined by Harris & Cabri (1991).

Maximum thermal stability of laurite

In order to determineif laurite can coprecipitate with
mineralslike chromian spinel on the basalt liquidus, and
thus become an included phase, the maximum thermal
stability of laurite was assessed by monitoring its pres-
ence or absence at aparticular condition of T and f(Sy).
For experiments at log f(S;) = —2 doped with only Ru,
laurite is present in the run products up to 1250°C, and
absent in the the experiment at 1300°C, thus bracketing
the thermal stability to be ~1275 + 25°C. In the experi-
ments doped with multiple PGE, laurite was found to
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coexist with Ru—Os-r alloy up to 1250°C at log f(S,) =
—2 and —1.3, and is absent from the run products in ex-
periments at 1280 and 1300°C at log f(S;) = —1.3, thus
bracketing the thermal stability to be~1265+ 15°C. The
presence of skeletal lauritein the experimentsat 1250°C
and log f(S;) = —2 may suggest that the maximum ther-
mal stability of laurite is close to 1250°C at this f(S,).
These results are broadly in accord with calculated
phase-relations portrayed in Figure 1, in that the maxi-
mum thermal stability of near-end-member laurite is
near 1300°C at log f(S;) = —1.3. However, our results
differ from the calculated thermal stability of laurite at
log f(S) = —2, in which the predicted temperature of
breakdown is ~1180°C. We have found, however, that
even small uncertainties in the thermodynamic data for
these minerals will have a relatively significant effect
on their calculated thermal stability, which probably
accounts for this discrepancy. The most important re-
sult from thisanalysisisthat lauriteisfound to be stable
at liquidustemperatures of the basalt and values of f(S,)
that are both 1) at the low end of estimates for natural
magmas, and 2) at and below those required for satura-
tion in immiscible sulfide liquid.

Partitioning of PGE among alloy, laurite and
sulfide or silicate liquid

Table 4 summarizes calculated laurite— and alloy —
sulfide melt partition coefficients for Fe, Ni, Os, Ir, Ru,
Pt and Pd; values are plotted in Figures 10A and B. In
some cases, the PGE concentration in one of the phases
of interest is too low to be detected, and consequently
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Fic. 8. Triangular diagram (atomic %) depicting the average
compositions of coexisting laurite and alloy from experi-
ments at constant f(S,) [log f(S;) = —2], but variable tem-
perature (1200, 1250°C). Tielines connect coexisting
laurite and alloy.
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Fic.9. Triangular diagram (atomic %) depicting the average
compositions of coexisting laurite and aloy from experi-
ments at constant temperature (1250°C), but variable f(S,)
[logf(Sp) =—1.3and—2]. Tielines connect coexisting laurite
and aloy.

only minimum (melt < MDL) or maximum (laurite or
alloy < MDL) partition-coefficients could be deter-
mined. Note that the calculation of a Nernst (weight
ratio) partition coefficient for elements that are major
constituents of laurite or aloy (i.e., Ru in laurite and
Ru, Os, Ir in aloy) is of limited use for geochemical
modeling, inasmuch as the composition of the solid
phaseisrelatively fixed; asaresult, partition coefficients
are asensitive function of melt composition. Resultsare
presented in this manner simply to show the relative
degrees of retention of these elementsin the solid phase
for amelt having broadly similar Fe, Ni and PGE abun-
dances. Relative to the sulfide liquid, both laurite and
aloy exclude Fe, Ni, and Pd, whereas both phases con-
centrate Ir and Ru. The behavior of Pt is somewhat dif-
ferent in that laurite excludes Pt and Pd to a similar
degree (both mineral/melt D being <<1), whereas the
alloy phase exhibitsapreferencefor Pt (D of ~1to ~10),
whileexcluding Pd (D of <0.3). Estimatesfor the laurite/
melt D for osmium yielded values that are =2 and =0.6,
although the former values might be somewhat high, as
grains of laurite formed in these experiments are rela-
tively small, and the electron beam may have impinged
on someinclusion material. In contrast to the near-unity
laurite—-melt D for Os, alloy — sulfide melt partition-
coefficients for Os are uniformly high (>30). On the
basis of phase relations portrayed in Figure 1, we ex-
pect that the laurite-melt D for osmium (and iridium)
will increase significantly with falling temperature.
We have not, as yet, analyzed the coexisting silicate
melt from our experiments for PGE, but can provide
estimates for laurite — and aloy — silicate melt parti-
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TABLE 4. CAILCULATED J.AURITE - SULFIDE MELT AND ALLOY - SULFIDE MELT
IARTITION COEFFICIENTS

phase Fe Ni Os " Ru Pt Pd
Rul  laurite 0.0069(0.0028) 0.0073(0.0034) XD *32 1833 <037 <0081
aftoy OB CO2H0.018) =65 >110 164)  S1S.1) <0081
Rz laurite 0.0042(0.0027)  DUOTAO.0026) <035 =2 7408 <016 <0077
alloy 00340009 00IS(M.00T)  BWOW  F30 G609 LT 0077
Rud  laucite 0.020(0.009)  DO2E.H3) ND L0 R2(25)  <DORZ 0088
alloy 0033(N008)  0.018(0.008) »54 =97 BAfIL) 00029} <0068
Rus  alloy 0.026(0.006)  OOIF0009) 107 =120 6MN.6) 1308 <013
fRuS  laurite 0.020(0.008)  0.017(0.009) =17 =50 T4 <016 <013
alloy 00012 D.030(0.030) =101 130 52(03) 086060} <013
Rusrey  alloy 0.023(0.003)  BOLA0005) TS} 62T 4705} 053033 <009
RuT  laurite OOL4(000T)  OH2KD.007) NI 319(1.8) 243(26) <022 2l
MRusrev  alloy UO21(0.004) 001260005  36(%) 68 5104)  3.520) <001
Mg Jaurite OO0IHOO0Y)  DOUGR0.0023)  >2.4 =33 2148y =0.20 <0.074
alloy D000y 0N3(0.004) >4 =221 15(5) 1810} <0074
fRul1  lancite D00} GOTSEO.OLS) N =19 5808 <026 <0058
alloy DOREOB4)  0.013(0.005) =63 =130 SO0(L7) 38N} <0058
Ruls  laurite G.O15(0.010)  0.012(0.011) ND 220 THLOY <019 =004
alloy 003300097 0.01%(0.008) >82 =83 7410) 2712)  <0.084
Ruls kit <C.00068 <0094 ND 28 62031y <0.87 <630
alloy 0.047(0.007) =73 =42 61 o8 <030

0.047(0.012)

MNotes: 1) ND: partition coetficient not determined (concentrations < MDJ. in both phases).
2} | o ervor in partition coefficient based on combined unceriainties in concentrations for both phases.

tion-coefficients based on published sulfide — silicate
melt values. As shown in several studies (Stone et al.
1990, Bezmen et al. 1994, Fleet et al. 1996), sulfide —
silicate melt partition-coefficients for the PGE are uni-
formly high (i.e., ~10°-10°), and within the uncertainty
of agiven dataset, there does not appear to be a system-
atic difference in partition behavior between the |IPGE
and the PPGE (see also Peach & Mathez 1996). Thus,
we expect that PGM — silicate melt partition-coefficients
for the PGE will display the same relative values as
those involving sulfide melt, implying that laurite or
aloy crystallization will result in a strong preferential
uptake of the IPGE into the solid phase rel ative to coex-
isting silicate melt.

Discussion AND CONCLUSIONS

Comparison with natural laurite and
Ru-1r—Os alloy compositions

Compositions of associated laurite and Ru—r—Os
aloy from natural samples are provided in Table 5 and
projected on the ternary system Ru—Os-Ir (at%) in
Figure 11A. Inthis case, the term “associated” refersto
laurite and alloy that occur as touching grains and as
spatially proximal inclusionswithin the same host-min-
eral grain (invariably chromian spinel) or, in the case of
placer deposits (Samar ophiolite only), sasmples derived
from the same rock-formation. In al cases, reported
occurrences of associated laurite and aloy are from
chromitites within ophiolite complexes. The composi-

tional characteristics of natural laurite and alloy are
broadly similar to those synthesized in our experiments;
both natural and synthetic PGM are low in Pt, Pd, Fe
and Ni, with alloys being significantly richer in Pt, Os
and Ir, and poorer in Ru, than the associated laurite
(Table 5). A comparison of Figure 11A with Figures 8
and 9 reveals, however, that the compositions of natural
laurite and alloy tend to be poorer in Ru than composi-
tions produced in our experiments. |ndeed, compositions
of natural aloy project closeto the Os-r joinin Figure
11A, whereas our synthetic alloy contains no more than
~20 at% Os and ~30 at% Ir. One possible reason for
this discrepancy is that the natural laurite-alloy pairs
may have crystallized or exchanged at lower tempera-
turesthan those employed in our experiments. Asshown
in Figure 1, for any bulk composition and f(S,), laurite
and alloy formed at the highest temperatures will be Ru-
rich; with falling temperature, both laurite and aloy will
tend toward more Os-rich (and Ir-rich) compositions.
This process requires that the f(S;) remain constant in
order to accommodate the formation of more sulfide as
temperature falls. Such a scenario is possible if the al-
loy and sulfide remain open to sulfur exchange with an
externa reservoir (i.e., a magma), but cannot occur if
the minerals become trapped within growing chromian
spinel phenocrysts, which is their most common asso-
ciation. Moreover, for the case of bulk compositionsthat
project into the ternary sytem Ru-Ir-Os, we have found
that a reduction in temperature from 1250 to 1200°C
had little effect on the compositions of coexisting laurite
and alloy. Given that such temperatures are reasonable



354

THE CANADIAN MINERALOGIST

1000 E T T T T T r v
A Laurite/Sulfide Meft
100 E y
5
G 10 ' E
b= 3 é
8
S 1fF~"~""7""""""TT T AT TN T o,
5 ¥
‘5 01 F E
(=N [
001 § % i
0.001 F 28] E
0.¢001 Fe Ni Qs Ir Ru Pt Pd
1000 T T T T T - T
E B A Aftoy/Suiffidle Melt
A
100 E
§ o
I [
o
a B i
& 10 f ‘
[ah] A
[&]
O
foanl
I e it Rt
z
3 []
01F E E
i A v
001 L > ol 1 1 L

fr Ru Pt Pd

Fic. 10. Calculated minera — sulfide melt partition coefficients for Fe, Ni, Os, Ir, Ru, Pt
and Pd. A) Laurite— sulfide melt. B) Alloy — sulfide melt. Open symbols correspond to
maximum or minimum partition-coefficients (distinguished by arrow direction),
whereas filled symbols denote absol ute values.

for the initiation of crystallization of chromian spinel,
entrapment of coexisting alloys at the T—(S;) conditions
of our experiments seems unlikely. However, an in-
crease in f(S,) of 0.7 log units did result in an increase
in the Os and Ir content of both laurite and alloy (con-
sistent with binary phase-relations), which suggests that
the natural assemblages probably crystallized at ahigher
f(S;) than that imposed on our experiments.

Figure 11B portrays the composition of natural
laurite from parageneses that do not contain associated
Ru-r—Os aloy. Laurite in this case occurs in both lay-

ered intrusions (Stillwater, Bushveld) and in ophiolites,
and in nearly all cases, it occurs as inclusions within a
chromian spinel host. Although there is some overlap
with the laurite compositions portrayed in Figure 11A,
thosein Figure 11B tend to be both Ir-poor, and trend to
more Os-rich compositions, than laurite associated with
Ru—OsHr aloy. In comparison to laurite produced in
our experiments, even the most Ru-rich laurite in Fig-
ure 11B contains more Ir and Os than the compositions
we have synthesized, again suggesting that f(S;) during
laurite formation and entrapment was higher in nature
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TAB)LFE 5, REPRESENTATIVE COMPOSITIONS OF ASSOCIATH} {.ATURITE AND ALT.OY

TROM UPHICOLITES
localiey phase reference S Qs Ru It Rh P Pd MNi Lu  Fe sum
‘liehaghi, alloy 1 254 802 36 B167 027 1351 005 157 036 nd 9959
New Caledonia  laurite 3573 765 4323 1238 021 nad 022 009 nd  nd 9961
Yourinos, alloy 2 nd. 58352 102 3906 085 nd 033 008 ad nd 99386
{ireece alley 0% 6374 114 3334 049 wod. 001 006 nd  nd 9974
lautite 3474 231 3472 557 121 nd 049 016 wd ond 9999
laurite ilon 282 3085 714 071 nd. nd 01X nd  nd 9999
Thetford Mines,  alloy 3 329 210 3349 81 17 nd nd nd nd nd 987
Cuebec laurite nd. 6] 1.3 374 403 nd nd nd nd  nd 100
Samar, allay 4 nd, 1930 07 7307 nd 629 016 nd nd 036 9993
Philippines alloy nd 5545 731 3313 ad 305 031 od  nd @12 9937
Taurite 3094 2553 3613 655 063 nd nd nod nd 2 10018
laurite JL8% 2154 4264 38% 0685 nd nd nd nd O 10058
Josephine, alloy 5 nd. 30467 12 4787 17 133 nr 005 nd 053 9532
Oregon alloy ad 601 21 308} 034 209 ar nd nd 05 9506
laurite 326 165 3696 1024 nr. nd  nr 007 nd 05 9688
lanrite 3445 N9 4472 7 nr, md  or Q02 002 024 9836

. ool detected; nr. gt reported. References: 1; Auge (1988), 2 Augé (1985), 3: Comivaus & Laflamme (1990,
4: Nakagawa & France {1997), 5 Stockman & Hiava [1984).

than in our experiments. The trend to Os-rich composi-
tionsinthe Ojen (Spain) and Othrys (Greece) ophiolites
is probably aresult of early crystallization and removal
of the Ru-rich laurite, as dictated by the binary phase-
relations portrayed in Figure 1. Some of thelaurite com-
positions from these latter two ophiolites project into
the two-phase field defined by associated laurite and
aloy inFigure 11A. Provided that small amounts of Os-
Ir alloy have not been overlooked in these samples, this
observation suggests that higher f(S;) prevailed during
crystallization in the Ojen and Othrys ophiolitesthanin
those portrayed in Figure 11A.

Data presented in Figure 11C, reported from the
Kamuikotan ophiolite belt (Hokkaido, Japan), provide
an example of alocality in which alloy isthe sole docu-
mented host for the IPGE. In this case, most alloy com-
positions plot within the alloy-only field defined by our
experiments, whereas some plot within our experimen-
tally determined two-phasefield. Thislatter observation
would suggest that such alloy crystallized at conditions
below the f(S;) defined by our experiments. It is aso
notable that many of these alloy compositions plot
within the two-phase field defined by the associated
laurite + aloy in Figure 11A. Again, provided small
amounts of laurite have not been overlooked in these
samples, thisresult would indicate arelatively low f(S,)
during crystallization compared to the samples por-
trayed in Figures 11A or B, as previously concluded by
Nakagawa & Franco (1997).

Implications for IPGE/PPGE fractionation
in natural magmas

The results of this study show that laurite can be
stable at high temperature and at sulfur fugacitieswithin
the range recorded by natural mafic magmas. In addi-
tion, the compositions of laurite and coexisting alloy are
broadly consistent with the compositions of associated
laurite and aloy from natural parageneses. Because of
the high thermal stability we have documented, these
results lend further credence to the notion that laurite
can be a primary magmatic phase, and is capable of
coprecipitation and subsequent entrapment by other pri-
mary liquidus phases, such as chromian spinel (e.g.,
Merkle 1992, Hiemstra 1979). Although it is not clear
to us why chromian spinel appears to preferentially
nucleate on coexisting laurite, separate experimentsin-
volving chromian spinel —melt partitioning in the pres-
ence of aloy and sulfide (Sattari et al. 1999) show that
chromian spinel commonly includes these phases.
Tredoux et al. (1995) have emphasized the notion that
inclusion of PGM into liquidus phases such as chromite
may be a natural consequence of the presence of the
PGE as polyatomic aggregates or clusters within the
silicate melt. In the case of laurite inclusions, such clus-
ters must coalesce and react with available sulfur prior
to entrapment in order to produce the observed micro-
metric inclusions of stoichiometric RuS,.
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1985), Thetford ophiolite, Canada (Corrivaux & Laflamme 1990), Samar ophiolite, Phil-
ippines and Kamuikotan ophiolite, Japan (Nakagawa & Franco 1997), Josephine
ophioalite, Oregon (Stockman & Hlava 1984), Bushveld intrusion, South Africa (Maier
et al. 1999), Stillwater intrusion, Montana (Talkington & Lipin 1986), Ojen ophiolite,
Spain (Torres-Ruiz et al. 1996), Othrys ophiolite, Greece (Garuti et al. 1999), C1 = C1

chondrite from Barnes et al. (1985).

Clearly, early precipitation and accumulation of
laurite + Ru—Os-Ir alloy will have a profound effect on
| PGE/PPGE fractionation, owing to the relative incom-
patibility of the PPGE in both of these PGM. Whether
or not these phases begin to precipitate from a silicate
magmawill depend on thefactorsthat control PGE solu-
bility, which are asyet poorly constrained, but certainly
includef(O,) (e.g., O'Neill etal. 1995, Ertel et al. 1999,
Amossé et al. 2000). An additional important question
in determining the stability of laurite and Ru—Os-r al-
loy is whether the system reaches saturation in an im-
miscible sulfideliquid. We have found that 1 to >10 wt%
Ru is required for laurite or alloy saturation in the sul-
fideliquid, and such levels are significantly higher than
those expected for sulfide liquids produced by natural
mafic magmas. Moreover, the high solubility of Ir alloy
in molten sulfide (~4 wt%) documented by Peach &
Mathez (1996) extends this result to Ir-rich composi-

tions. Such results virtually preclude the presence of
laurite or Ru—Os-Ir alloy in magmatic systems that
reach sulfide liquid saturation, as presaged by Merkle
(1992), on the basis of textural observations of Bushveld
chromitites. Thus, the presence of laurite or aloy (or
both) as inclusions in primary chromian spinel in set-
tings like the Bushveld or Stillwater complexes would
suggest that initial crystallization took place under sul-
fide-liquid-undersaturated conditions. Early crystalliza-
tion of laurite would be very effective in removing the
IPGE from the magma, thus concentrating them in the
initial cumulates, and resulting in arelative enrichment
of the PPGE in the later-formed sulfide liquid. The
abundances of PPGE would thereby be controlled by
thefraction of sulfideliquid present in aparticular rock-
unit, and such relations have been well documented in
the Bushveld (i.e., Maier & Barnes 1999). For the case
of sulfur-poor magmas, which never reach sulfide-liquid
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saturation, precipitation of laurite or Ru—Os-r alloy (or
both) will cause IPGE enrichment in the early-formed
cumulates, with further crystallization causing progres-
sive PPGE enrichment in the more evolved composi-
tions. Peck & Keays (1990) have provided a detailed
account of thisbehavior in the Heazlewood River Com-
plex (Tasmania), which has an abundance of Ru—Os-r
placer deposits derived from the basal cumulates, and
no associated sulfide mineralization. This process aso
may act in the suboceanic upper mantle, as represented
by ophiolite complexes, and may, in part, provide an
explanation for the relative depletion of IPGE in mid-
ocean-ridge basalts (Barnes et al. 1985). For magmas
whose sulfur fugacities are sufficiently high that sulfide
saturation occurs concurrently with the precipitation of
the primary liquidus phases, laurite + Ru—Os-Ir alloy
will not form, and decoupling of the IPGE from the
PPGE can only occur by crystallization of Mss (e.g., Li
et al. 1998), as has been documented at Sudbury (Keays
& Crockett 1970, Naldrett et al. 1982, Li et al. 1992),
Noril’sk (Naldrett et al. 1994, Zientek et al. 1994) and
Alexo, Ontario (Barnes & Naldrett 1986).
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