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ABSTRACT

PGE and base-metal alloy minerals from podiform chromitites of the Luobusa ophiolite, southern Tibet include Os—Ir, Os—Ir—
Ru, Pt—Fe, Ir-Ni-Fe, Fe—Ni—Cr, and Fe—Co with highly variable compositions. Small amounts of diamond, graphite, SiC, an
unnamed chromium carbide, iron silicide (Fe-Si), and native Fe, Ni, Cr, Au, Cu and Si also are present. The alloys and native
elements were recovered primarily from heavy-mineral separates of the chromitites, but some are included in, or attached to,
magnesiochromite grains. They are mostly subhedral to anhedral and range in size from about 0.05 to 0.5 mm. Some grains have
euhedral crystal forms and others have round shapes, suggestive of melt droplets. Fe—Ni-bearing, Ru-rich PGE alloys, Fe—Ni and
Fe—Co alloys and native Fe and Ni in the Luobusa chromitites are interpreted as secondary minerals formed by alteration of PGE
sulfides. The Pt-Fe, Os—Ir, and Ir-Ni—Fe alloys, Fe silicide and perhaps the native Si are considered to be xenocrysts from the
mantle, transported to shallow depths by a rising plume and then captured by the melts from which the Luobusa chromitites
crystallized.
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SOMMAIRE

Les lentilles de chromitite de I'ophiolite de Luobosa, dans le sud du Tibet, contiennent des minéraux du groupe du platine et
des alliages de métaux de base, parmi lesquels figurent Os—Ir, Os—Ir-Ru, Pt-Fe, Ir-Ni—Fe, Fe-Ni-Cr, et Fe—Co, ayant une
composition tres variable. De plus, on a trouvé de petites quantités de diamant, graphite, SiC, un carbure de chromensans nom,
siliciure de fer (Fe-Si), ainsi que Fe, Ni, Cr, Au, Cu et Si natifs. Les alliages et les éléments a leur état natif crieduntorés
dans les concentrés de minéraux lourds présents dans les chromitites, mais dans certains cas, ils sont inclus dana desattachés
grains de magnésiochromite. lls sont en général sub-idiomorphes ou xénomorphes, et entre 0.05 et 0.5 mm de taille. Certains
grains sont idiomorphes, et d’autres ont des formes arrondies, rappelant des gouttelettes de liquide. Les alliages rathes en Ru
contenant du Fe et du Ni, ainsi que les alliages de Fe—Ni et de Fe—Co et le Fe et Ni natifs seraient des minéraux sexondaires d
a l'altération de sulfures des éléments du groupe du platine. Les alliages Pt—Fe, Os—Ir, et Ir-Ni-Fe, le siliciure dsifer et po
blement le silicium natif seraient des xénocristaux apportés du manteau dans une chambre a faible profondeur par un panache
mantellique, pour ensuite étre capté par des venues magmatiques, a partir desquelles les chromitites de Luobusa Hisgient crista

(Traduit par la Rédaction)

Mots-clés minéraux du groupe du platine, alliages de métaux de base, chromitites, ophiolite, Luobusa, Tibet.
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INTRODUCTION east of Lhasa (Fig. 1). It consists mainly of mantle peri-
dotite and dunite overlying mélangezone composed
Natural metallic alloys have been reported fronef pillow lavas, gabbros, pyroxenites and cherts in a
many localities and have been identified both in thiserpentinite matrix. To the south, the ophiolite is sepa-
sections of ultramafic rocks (Stockman & Hlava 1984ated from Triassic flysch by a steep reverse fault; to
Dmitrenkoet al 1985, Legendre & Augé 1986, Augéthe north, it is thrust over the Tertiary Luobusa Forma-
1988, Rudashevskgt al 1988, Melchert al. 1997, tion and Gangdese granitic batholith. The ophiolite
Malich 1999) and in placers or soils spatially associategktends 42 km in an east—west direction and has an out-
with ultramafic rocks (Cabri & Harris 1975, Bird & crop area of approximately 70 m
Bassett 1980, Nakagawa & Franco 1997). They are also Podiform chromitites occur discontinuously in a
commonly associated with chromian spinel in layeredand in the upper mantle peridotites (Fig. 1). They
basic intrusions (Naldre¢t al 1987, Kinloch & Peyerl display massive, disseminated, brecciated and nodular
1990), and generally fall into two compositional groupsextures and consist of magnesiochromite with a rela-
one dominated by platinum-group elements (PGE), afigely uniform composition [74 < 100 Cr/(Cr + Al)
the other, by base-metal elements (BM). < 82]. On the basis of their composition and texture, the
Most of the PGE alloys occur as primary inclusionshromitites are believed to have formed by precipita-
in chromian spineldf. Stockman & Hlava 1984, Augé tion from boninitic melts interacting with the host peri-
1988, Melcheet al. 1997). Os—Ir, Os—Ir-Ru and Pt-Fedotites (Zhouet al. 1996). These chromitites have an
varieties, the most common, occur either as monophaggusual mineral assemblage, including ultra-high pres-
minerals or composite grains associated with laurittire (UHP) minerals such as diamond and moissanite
(RuS), erlichmanite (Os§, silicates or PGE-BM sul- (SiC), as well as a number of highly reduced phases such
fides (Augé 1988, Harris & Cabri 1991, Melclaral  as graphite, native chromium, iron, nickel, gold, copper
1997). These primary inclusions are typically interand silicon identified by microprobe and X-ray diffrac-
preted as early-crystallizing phases in chromian spingbn studies (Hu 1999).
(Stockman & Hlava 1984, Garuti & Zaccarini 1997, The Luobusa chromitites have relatively uniform
Melcheret al. 1997), either as pure alloys or PGE-bearchondrite-normalized PGE distributions, with enrich-
ing sulfides (Peck & Keays 1990). Some may also haveent in Os, Ir and Ru, and depletion in Rh, Pt and Pd,
formed from droplets of immiscible sulfide meltfeatures typical of podiform chromitites (Zhet al
(Hulbert & von Gruenewaldt 1982). 1996). The chromitites feature a wide range of Os
Other PGE alloys and most BM alloys occur in sef8.6-80.6 ppb), Ir (18.9-114 ppb) and Ru (114-212 ppb)
pentine or chlorite veins in podiform chromitites. Theyoncentrations and a relatively narrow range of Pt
are usually polyphase minerals associated with sulfid@®41-3.24 ppb), Rh (5.02-10.4 ppb) and Pd (0.76-3.38
or arsenides (Stockman & Hlava 1984, Corrivaux &pb) concentrations (Zhoet al 1996). Variations in
Laflamme 1990, Melcheet al 1997); their mode of PGE abundance, chondrite-normalized patterns and
occurrence suggests that they formed by relatively lod/Ir values have no apparent correlation with the dis-
temperature alteration of PGE-BM sulfides (Stockmatibution of the chromitite orebodies, their textural types,
& Hlava 1984, Prichard & Tarkian 1988, McEIlduff & their bulk-rock compositions, or their chromium con-
Stumpfl 1990, Nilsson 1990, Garuti & Zaccarini 1997)tents (Zhotet al 1996).
These intercumulus alloys may also be related to late-
stage migration of silicate melts (Boudreau 1988) dPEPARATION PROCEDURESAND ANALYTICAL TECHNIQUES
hydrothermal fluids (Stumpfl & Rucklidge 1982). .
The Luobusa ophiolite of Tibet contains a number N 1996, we collected a 1500-kg sample of chromitite
of diamond-bearing podiform chromitites (Beti al. from orebody 31 in the Luobusa ophiolite. In order to
1993, Hu 1999) that shed considerable light on the ma@l_mlnate p053|blt_e sources of contamination, the sample
matic and melt—rock reaction processes occurring in t2S removed directly from the orebody, carefully
upper mantle (Zhoet al 1996). During an ongoing washed, air dried and crushed to pass a 1-cm sieve (for
study of these rocks, we have discovered a variety @¢tails, see Hu 1999). Mineral separation was carried
PGE and BM alloys, as well as native elements, froRHt at the Institute of Multlpurpo_se Utll_lzatlon of Min-
heavy-mineral fractions of the chromitites (Hu 1999)¢ral Resources, Zhengzhou, China, using a combination
In this paper, we describe the assemblage of alloys Rigvibration, magnetic, flotation and electrical conduc-
associated minerals, and discuss their paragenesis. WiY techniques. All of the equipment was carefully
believe that the assemblage contains important inforrfd€@ned prior to processing, and a 200-kg granite sample
tion concerning the origin of primary PGE and PGEWas processed first as a blank to check for any contami-

BM alloys in chromitite deposits. nation. This sample revealed only quartz, feldspar, gar-
net, mica, zircon and apatite.
GEOLOGICAL SETTING The alloy minerals were hand-picked from several

size-fractions, but most are between 0.1 and 0.3 mm in
The Luobusa ophiolite is located on the south bardiameter. A few inclusions of Ir-Os and Os—Ir—-Ru
of the Yarlungzangbo River, about 200 km east-southiloys were found within magnesiochromite grains
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Fic. 1. Geological map of the Luobusa ophiolite showing the distribution of chromitite orebodies (aft&t 2hdi996).

(Figs. 2A, B). The hand-picked grains were mounted iihey typically occur as anhedral to subhedral,
epoxy, machine polished, and analyzed with a SEM 5@guidimensional grains, from 0.05 to 0.5 mm, as inclu-
scanning electron microscope equipped with a DE#ions in magnesiochromite grains (Fig. 2A) or as
9100 energy-dispersion spectrometer at the Genenadividual crystals in the interstices between magnesio-
Research Institute of Mining and Metallurgy, Beijingchromite grains (Fig. 2B). Some of the recovered grains
China. The optimum operating conditions for thigre attached to magnesiochromite fragments, and some
equipment were: acceleration voltage 15 kV, beagontain a Fe—Ni alloy as a separate phase. Others con-
current 12 nA, takeoff angle 35and counting times of tain small inclusions of silicate or exsolution lamellae
30-50 s. The Multi-Element Standard Programpf Fe—Ir and Fe—Pt alloys.
SW9100 NOST, was used to analyze the spectra, andThe Luobusa Os—Ir and Os—Ir—Ru alloys span a wide
the results were checked using pure metal standards. Taege of compositions (Fig. 3) and are classified as
program normalizes all analytical results to 100%. osmium, iridium and ruthenium on the basis of the IMA-
sanctioned system of nomenclature (Harris & Cabiri

ALLoy MINERALS 1991). Most of the grains of osmium and iridium alloys
contain less than 10 at.% Ru and have a compositional
Os—Ir and Os—Ir—Ru alloys range similar to those included in the Kempirsai

chromitites of Kazakhstan (Melcheral 1997). A few
As in other chromitites, Os—Ir and Os—Ir—Ru alloygrains contain up to 67 at.% Ru. A number of the os-
are the most abundant varieties in the Luobusa orebodyium alloy grains plot in the experimentally determined
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Fic. 2. Reflected-light photomicrographs of alloys from the Luobusa chromitites: A. Euhedral Os—Ir alloy completely enclosed
in a magnesiochromite grain (sample B—1). B. Subhedral to anhedral grains of Ru—Os—Ir alloy along the boundary between
magnesiochromite grains (sample 3100). C. Zoned Ir—Os alloy grain. Ovoid core is osmjggrd@Qs whereas the rim is
iridium (Irg 670%.39. Note the slight difference in color between core and rim (Sample 1-26). D. Large grain on the left is
composite, with a “core” of iridium (@rse0% .39 and a rim of osmium (Q@g7ro.43. Note the sharp, curved boundary (empha-
sized) between the zones. The subrounded grain on the right is uniform osmium with the same composition as the rim (sample
024). E. Hexagonal crystal of Ru-rich Os—Ir—Ru alloy (sample 38-5). F. Zoned crystal with a core of {fRE&Ni) 3pand
a rim of Ru-rich Ru-Os—Ir alloy (sample 23-53). The matrix in C, D, E and F is epoxy.
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Fic. 3. Triangular diagram showing compositional variation of Os—Ir-Ru alloys in the
Luobusa chromitites. Dots represent compositions of Os—Ir-Ru alloys, and diamonds
represent compositions of BM-bearing Os—Ir—Ru alloys. The nomenclature and misci-
bility gap (shaded) are from Harris & Cabri (1991). The dashed lines show the bounda-
ries of the experimentally determined 1-bar miscibility gap (Bird & Bassett 1980). The
outlined field represents compositions of laurite and erlichmanite from Kempirsai,
southwestern Oregon, and Samar in the Philippines and of porous Ru-rich Os—Ir-Ru
alloys from the Oregon chromitites (data from Nakagawa & Franco 1997, Melcher
al. 1997 and Stockman & Hlava 1984).

1-bar miscibility gap of Bird & Bassett (1980), but lieand 1.5 at.%, respectively (Table 1). These PGE-BM

outside the gap defined by natural occurrences Harrisafloys are mostly osmium and ruthenium (Fig. 3), with

Cabri (1991) (Fig. 3). PGE:BM ratios ranging from 98 to 54.2. Some of them
Osmium and iridium are commonly intimatelyare compositionally similar to the Os—Ru—Cu—Fe alloy

intergrown, typically with cores of osmium and rims ofn Kempirsai, which was interpreted as due to second-

iridium (Figs. 2C, D). The osmium cores have a slightlgry alteration (Melcheet al. 1997).

greyish cast in reflected light, and have a round or ovoid

form. The iridium rims are white in reflected light andPt—Fe alloy

subhedral in outline (Figs. 2C, D). Os:Ir ratios in these

alloys range widely from approximately 2:1 to 1:3, but Pt—Fe alloy occurs either as single grains, 0.1-0.4

the Os-rich varieties are most common (Table 1, Fig. 3pm across, or as intergrowths with, or exsolution-
Ruthenium is less common than either osmium @nduced blebs in, Os—Ir-Ru alloy. Grains of the Pt—Fe

iridium, and typically occurs as subrounded grains bedloy may be subrounded (Fig. 2F) or tabular in form

tween magnesiochromite crystals (Fig. 2B) or a@ig. 4A). The tabular grain in Figure 4A is complexly

euhedral hexagonal crystals, up to 0.4 mm across (Figtergrown with osmium, suggesting replacement of the

2E). These are homogeneous grains, ranging from ab&ttFe alloy along grain boundaries and cracks. In a few

37 to 67 at.% ruthenium (Table 1, Fig. 3). Compostases, the grains of Pt—Fe alloy contain small inclusions

tionally, they grade into Ru-rich osmium, quite distincof Os—Ir—Ru alloy and RyS

from the more abundant Os-Ir alloy (Fig. 3). Most of these grains consist chiefly of Pt (52 to
Varied amounts of Fe, Ni and Cr were detected if2 at.%) and Fe (17 to 29 at.%), accompanied by vary-

some PGE grains, with maximum contents of 14.3, 17i8g amounts of Rh, up to 10.5 at.% (Table 2, Fig. 5). Ni,
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TABLE 1. REPRESENTATIVE COMPOSITIONS OF Os-Ir AND Os-Ir-Ru ALLOYS
FROM THE LUOBUSA CHROMITITES

Sample 3100 23-53 38-5 23-129 B-1  8-6 31-1-1 5-11 35-4-3 5-28 31-12-1 5-7A 1-18A
Os wt.% 31.85 33.24 36.08 4353 4838 20.15 57.92 51.51 60.07 53.50 62.92 56.43 39.78
I 11.26 2434 33.87 3234 3647 73.07 3650 43.58 3591 43.35 3439 4199 60.23
Ru 5472 4243 3004 2414 1513 617 558 490 402 315 270 158 000
Fe 146 000 000 000 000 061 000 000 000 000 000 000 000
Ni 071 000 000 000 000 000 000 000 000 000 000 000 000
Cr 000 000 000 000 000 000 000 000 000 000 000 000 0.00
Total 100.00 100.01 99.99 100.01 99.98 100.00 100.00 99.99 100.00 100.00 100.01 100.00 100.01
Os at% 20.78 2423 2861 3599 42.84 1898 5541 49.60 5823 5229 61.67 5590 40.03
I 7.27 1756 26.57 2646 3195 68.12 3455 41.52 3444 4192 3335 41.16 59.97
Ry 6720 5821 4482 3756 2521 1094 1005 888 733 579 498 295 000
Fe 324 000 0.00 000 000 19 000 000 000 000 0.00 000 000
Ni 1.50 0.00 0.00 000 000 000 000 000 000 000 000 000 000
Cr 000 000 000 0.00 000 000 000 000 000 000 000 000 000
Sample 13-22 27-1-1 31-7-2 42-23 312 25-2-7 79 024c 024r 1-26c 1-26r 1-18-B 1-23
Os wt.% 3690 3521 64.59 5948 6322 61.18 2347 33.37 57.10 59.00 37.77 39.00 37.46
Ir 61.57 6326 3393 39.26 3592 3826 7621 6663 4291 41.00 6223 41.00 6254
Ru 153 153 148 126 085 0.57 032 000 000 000 000 000 000
Fe 0.00 000 000 000 000 000 000 000 000 000 000 000 000
Ni 0.00 000 000 0.00 000 000 000 000 000 000 000 0.00 0.00
Cr 000 000 000 000 000 000 000 000 000 000 000 000 000
Total 100.00 100.00 100.00 100.00 99.99 100.01 100.00 100.00 100.01 100.00 100.00 100.00 100.00
Os at.% 36.64 34.97 63.98 59.07 6299 61.11 2359 3361 5735 5926 38.02 5926 37.71
Ir 60.50 62.17 33.26 38.58 3541 37.82 7580 6639 42.65 4074 61.98 40.74 62.29
Ru 286 286 276 235 159 107 061 000 000 000 000 000 000
Fe 000 000 0.00 000 000 000 000 000 000 000 000 000 000
Ni 0.00 000 000 000 000 000 000 000 000 000 000 000 000
Cr 000 000 000 000 000 000 000 000 000 000 000 000 0.00

Approximate formulas: 3100: Ru, 5,080 I8.07 23-53: Ry 5508054000 1; 38-5 Ruig 4400 20116 57 23-129: Rug 3308 3411 265
B-1: 08y 43175 ;R0 55, 8-6: I 1005 15RUg 115 31-1-1: O g 35R g 16; 5111 Osig sl 11 RUg g5 35-4-3: O, 5518 35Ruy 67; 5-28:
O5g.52170.42RUg o 311210 O35l 53R g5, 5-TA: Oy 511,41 RUq 035 1-18A: T 6080 405 13221 Irg 6080 17RUg 055 27-1-1:
Trg 3080 35RU o35 31-7-2: 08 411y 33RU g3 42-237 O8g 55170 3R 055 3131 050, 3110,35RUg 035 25-2-7: 861170 35Rug 015 7-9:
Tr47608025RUq 1, 024! Trg 608054, 0241 085 51lg 43, 12660 Osgsollgay; 1261 I, 5080 35 1-18-B: Oy 5ol 1-23:
Tr,62080.38.

Co and Cu also were detected in a few grains, with maii the chromian spinel, suggesting a formation similar

mum concentrations of 6.70, 4.23 and 18.73 at.%q that of Ni—Fe alloy, by reduction of sulfides. Dick

respectively. One Pt—Fe grain contains 10.55 wt% Q974).

(Table 2). Isoferroplatinum (P#e), platinian awaruite
Only one of the analyzed grains of Pt—Fe alloy has(hli,Pt);Fe, and a series of complex Pt—-Pd—Cu—Fe and

composition close to that of isoferroplatinumsfef), Cu—Ni—-Fe—Pt—Pd alloys were found in serpentine and

assuming that the deficiency in Pt is balanced hwagnetite in chromitites of Thetford Mines, Quebec and

the incorporation of Rh,e., (Pt,Rh) 74 e 26 (Sample were interpreted to have formed by alteration of primary

21-1, Table 2). Most of the other grains have aphases (Corrivaux & Laflamme 1990).

even higher proportion of (Fe + Ni + Co). The grain In summary, most of the Pt—Fe alloy at Luobusa does

with 10.55 wt% Os has a formula of approximatelyot fit an isoferroplatinum stoichiometry and contains

Pty.64Rh,0s) 117 littte or no Pd, Ir and Rh. Thus, it is compositionally
Grains of Pt—Fe alloy with a similar composition butlistinct from that reported in New Caledonia and

with up to 9.8% Pd, 3.9% Ir and 9.0% Rh, respectiveljhetford Mines. However, many of these alloys may

have been reported from the New Caledonia ultramati@ve been modified, at least in part, by subsolidus reac-

complex (Augé & Maurizot 1995). Pt—Fe alloy has alstions or exsolution (or bothg(g, Bowles 1990).

been reported from eastern Samar, Philippines, but

detailed compositions are not given (Nakagawa &-Ni—Fe alloy

Franco 1997). Stockman & Hlava (1984) reported a

Pt-rich alloy with 33% Fe from chromitite in southwest- Ir-Ni—Fe alloy occurs as single grains up to 0.2 mm

ern Oregon. This alloy is associated with radial craclecross (Fig. 4B) or as colloform intergrowths with
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Fic. 4. Reflected-light photomicrographs of alloys from the Luobusa chromait&ned tabular crystal with a core of Pt—-Fe
alloy [(Pt,Rh)sqFe,Cu,Ni}y g and a rim of osmium (QsdrosdRuUor) (sample 42-23)B. Irregular grain composed of
awaruite (NiFe) (white) and Fe—Ni-Ir alloy (yellowish brown) (sample 3185\Vhite grain is osmium (Q@g3ro.34R U 03)-
Colloform intergrowth consists of osmium (white material) and Ir—Fe alloy [(Ir,Og¢&E¥,Ni) 34 (black material) (sample
31-12).D. Irregular, colloform grain of osmium (@&iro.39 (White material) and Ir—Fe alloy {lsd=e 34 (black material)
(sample 21-10k. Irregular grain of awaruite [Wiz4~& 24Cu,Co) o7 with fritted margin (sample 26—9. Intergrowth of
native iron (round, white grain) and Fe—Mn alloy brownish white grain; contact emphasized) (sample 38-10). Matrix in all
cases: epoxy.
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TABLE 2. REPRESENTATIVE COMPOSITIONS OF Pt-Fe AND Pt.Rh O s
Pt-Os—Fe ALLOYS FROM THE LUOBUSA CHROMITITES ’ ’

Sample 17-9  21-1 19-2  23-123 23-129 42-23 22-1A 23-53
Os wt.% 0.00 000 0.00 000 000 000 1055 0.00
bt 80.80 86.50 8533 8290 8136 77.70 7688 84.64
Rh 000 399 262 424 444 223 6.67 3.85
Fe 1020 931 9.80 964 1140 981 5.89 10.29
Ni 000 000 224 150 280 124 000 1.23
Co 000 000 0.00 173 600 000 000 0.00
Cu 000 000 000 000 000 903 0.00  0.00
Total 100.00 100.00 99.99 100.01 100.00 100.01 99.99 100.01
Os at.% 0.00 0.00 000 000 000 000 895 0.00
Pt 7159 6796 6466 6126 5857 5249 6358 64.13
Rh 0.00 594 3.76 594 606 286 1046 5.53
Fe 2841 2610 2594 2488 2867 2315 17.02 2724
Ni 0.00 0.00 564  3.68 670 278 0.00 3.10
Co 000 000 000 423 0.00 0.00 000 0.00
Cu 0.00 0.00 000 000 000 1873 0.00  0.00

Ni,Co,Cu 50 Fe

Approximate formulas: 17-9: Pt ,,Fegq, 21-11 (PtRh)g,Fey, 19-2:
(Pt,RU) g9(Fe Ni)y 315 23-123: (PRh), 67(Fe,Ni,Co)y 35; 23-129: (Pt,Rh)g o,(Fe,Ni)o 35, ) . i . oo
42-23: (Pt,Rh), s5(Fe,Cu,Ni), s 22-1A: (Pt.Rh,0s)y55Fe, 7 23-53: FiG. 5. Trlangular d|agram showmg composmonal variation

(PtRR), o(Fe,Ni)y 0. of grains of Fe—Ni—Pt alloy (atomic proportions) in
the Luobusa chromitites in terms of Pt, Rh, Os — Ni, Co,
Cu - Fe.

Os—Ir—Ru alloy (Figs. 4C, D). Single grains are com-
monly associated with grains of Ni—Fe alloy (Fig. 4B)
or native Ni (> 90 at.% Ni), whereas the colloform Awaruite has been reported from a number of locali-
varieties are associated with osmium (Fig. 4C). ties in association with Ni sulfides in serpentinized
Concentrations of Ir and Ni vary widely, whereas thaltramafic rocks €.g, Chamberlairet al. 1965, Dick
Fe contents are relatively constant (mostly betwedr®74, Melcheet al. 1997) and is usually considered to
15 and 25 at.%) (Table 3). Some of these grains alse a secondary mineral.
contain small amounts of Ru, Os and Cu. Except for
one grain that contains 94.7 wt% Ir, the (Ir + Os + RuMative Fe, native Si and Fe silicides
(Fe + Ni + Cu) value ranges from 0.2 to 2.1.
Ir-Ni—Fe alloys with PGE:BM proportions ranging  Native Fe occurs in two forms in the Luobusa chro-
from 1.5 to 5 have been reported in chromitites of thaitites, as small, round globules intergrown with an

Kempirsai ophiolite (Melcheet al. 1997). Fe—Mn alloy (Fig. 4F) and as anhedral masses of acicu-
lar crystals (Fig. 7A). The composition of these grains
Base-metal alloy is close to 100% Fe, although some have minute amounts

of Mn and Si (Table 5). Four grains of pure Si have also
Grains of base-metal alloy range widely in compaddeen found in the Luobusa chromitites (Table 5); they
sition but generally fall into one of three groups: higheccur either as an intergrowth with an Fe silicide (Fig.
Fe, high-Ni, and Fe—Co alloys. The most commomB) or as inclusions in SiC. To our knowledge, native
variety in the Luobusa chromitites is awaruitesf¢i), Si has not previously been reported from chromitites and
which typically occurs as anhedral grains about 0.2—0i$ known only as inclusions in diamonds from
mm in diameter, with a pitted or corroded appearangémberlites, although Bird & Weathers (1975) reported
(Fig. 4E). Most of these grains have a composition veglemental silicon as inclusions in little altered
close to the ideal formula, although some contain sméjbsephinite” (awaruite) from southwestern Oregon.
amounts of Cr and Cu. Two grains have relatively high Anthropogenic contamination is always a possibility,
Ni contents, 84.5 and 92.5 at.% Ni (samples 26-2 abdt we believe this is not the case for the Luobusa
2-7, respectively, in Table 4), higher than the approxsamples. No such grains were found in the granite con-
mate stoichiometric values, 72—74 at.% Ni. trol sample, which was processed in exactly the same
The other grains of Fe—Ni alloy have Fe:Ni valuew/ay as the chromite samples. In addition, the variety of
ranging from 0.65 to 8.63 (Fig. 6). All but one of theseative metals (C, Si, Fe, Au, Cu, Ni, Cr) is high, and
grains also contain varying amounts of Cr, from 1.02 wome of them are intergrown with alloys, such as Fe-Si
20.29 at.% (Table 4). A few grains also contain smadind Fe—Mn. Finally, some of the native Si occurs as
amounts of Mn and Cu. Two grains are Fe—Co allapclusions in Fe-Si alloy (Fig. 7B) and in euhedral SiC
with a ratio Fe/Co essentially equal to 1 (Table 4rystals, an association difficult to explain by conta-
Fig. 6). mination. A somewhat similar assemblage of native
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TABLE 3. REPRESENTATIVE COMPOSITIONS OF Ir-Ni-Fe ALLOY FROM THE LUOBUSA CHROMITITES

Sample  31-15 31-17 31-12 31-10 31-7 35-5 354 353 24-17 31-6 24-11 92 24-14

Oswt% 000 000 350 000 378 136 305 1278 000 000 000 000 000

Ir 9473 8640 83.16 8587 83.01 8140 7823 6582 64.67 5808 5524 4049 3934
Ru 1.13 116 026 162 107 089 000 000 000 000 000 000 000
Fe 073 951 1108 977 952 1438 879 685 1098 1129 982 1149 1103
Ni 342 293 199 275 261 19 992 1455 2395 2969 3494 47.08 4864
Cu 039 093 094 0%

Total 100.01 100.00 99.99 100.01 99.99 99.99 99.99 100.00 99.99 99.99 100.00 100.00 99.99

Osat% 000 000 268 000 293 09 214 861 000 000 000 000 000
Ir 8566 6599 6307 6533 6377 5799 5431 4389 3552 2949 2715 17.08 1642
Ru 194 168 038 230 156 121 000 000 000 000 000 000 000
Fe 2.27 25.00 2893 2549 2517 3526 21.00 1572 2076 19.73 1661 16.68 1585
Ni 1013 733 494 6385 657 457 2255 31.77 43.08 4936 5624 6504 6649
Cu 0.00 000 000 000 000 000 000 000 065 143 000 120 124

Approximate formulas: 31-15: (Ir,Ru)q g(Ni,Fe)q 1; 31-17: (Ir,Ru), go(Fe,Ni), 5; 31-12: (Ir,O8,Ru)g ¢(Fe,Ni)o 345 31-10:
(Ir,Ru)q e5(Fe,Ni)y 35; 31-7: (Ir,08,Ru), oo(Fe,Ni)y 55 35-5: (IRu,08)g go(Fe,Nido.ug; 35-4: (Ir,08)g so(Ni,Fe)o ps; 35-3:
(Ir,08) 55(Ni,Fe)g 47; 24-17: (NL,Fe)y glry 56 31-6: (NLFe)y rolfo 307 24-11: (NLF€)oslr 27, 9-2: (NLF@)g 31t 175 24-14:
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(Ni:Fe)o.xa_Irn.n-

metals and carbides has also been reported in alp

{D#her minerals

ultramafic rocks in the Koryak Highland (Rudashevsky

et al. 1987).

Associated with the alloys is a wide variety of other

The Fe silicide from Luobusa forms subroundedhinerals, the most interesting of which include dia-
grains 0.1-0.5 mm in size, some of which have fritteshond, moissanite (SiC), an unnamed chromium carbide
margins (Fig. 7B). Most of the grains have relativeland graphite (Hu 1999). The crystals of diamond are
uniform compositions with 69.6—71.1 at.% Si and 28.9mostly euhedral octahedra and dodecahedra between 0.2
30.4 at.% Fe (Table 5), resulting in an Fe:Si ratio @nd 0.7 mm in diameter, although a few twinned and
approximately 3:7. One grain is close to pure Siin coniroken grains also are present. The largest grain is 0.83
position with only 0.1 at.% Fe (Table 5). Several grainmm across and contains several Fe—Mg silicate inclu-

of Fe silicide are intergrown with native Si (Fig. 7B).

Cr,Co,Cu

Fe,Mn 50 Ni

Fic. 6. Triangular diagram showing compositional variation

in BM alloys in the Luobusa chromitites in terms of Cr, Co,

Cu - Fe, Mn — Ni.

sions. Moissanite occurs as small, euhedral crystals up
to about 0.5 mm across or as smaller fragments of bro-
ken crystals. It ranges widely in color from deep blue,
to green to colorless. The unnamed chromium carbide
forms steel-grey, acicular crystals up to 0.5 mm long.
Graphite is abundant and forms tabular prisms, 0.1-0.7
mm long, with clear hexagonal symmetry (Hu 1999).

Discussion

Natural alloys associated with ophiolites and ultra-
mafic rocks have been commonly interpreted either as
secondary minerals formed by alteration or primary
magmatic inclusions. Secondary alloys typically occur
in cracks in chromite or in serpentine veins (Dick 1974,
Stockman & Hlava 1984, Melcheit al. 1997). They
are mainly Ru-rich Os—Ir alloys (commonly containing
small amounts of BM elements) and BM alloys. These
PGE alloys usually have a porous appearance, and are
typically associated with PGE sulfides.d, laurite—
erlichmanite).

Those alloys interpreted as being primary typically
gccur as inclusions in chromian spinel, either as
individual grains or composite phases with PGE-BM
sulfides. The most commonly reported primary alloy is
Os—Ir with less than 10 at.% Ru, which may or may not
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TABLE 4. COMPOSITIONS OF REPRESENTATIVE BASE-METAL ALLOYS FROM THE LUOBUSA CHROMITITES

Sample 23-15 30-3-1 30-25 30-18 26-9 26-4 2-18B 26-2 2-18 2-7 16-15 23-104 2-12 23 16-30

Fe wt.% 2522 2495 2474 2434 2326 1865 3692 1241 3977 242 8819 7208 6427 3371 4938

Ni 7478 7258 7288 7382 7461 7905 5932 8486 4838 9218 1181 884 3269 4841 000
Cr 000 000 000 000 000 215 370 0.00 11.28 0.00 000 1908 093 1788 0.00
Mn 000 000 000 000 000 016 006 000 017 000 000 000 102 000 0.00
Cu 000 000 071 068 117 000 000 270 040 539 000 000 110 000 000
Co 000 247 166 116 097 000 000 002 000 000 000 000 000 0.00 5061
Total 100.00 100.00 99.99 100.00 100.01 100.01 100.00 99.99 100.00 99.99 100.00 100.00 100.01 100.00 99.99
Fe at.% 2617 2590 2570 2528 2419 1936 3791 1299 4040 255 8870 7138 6533 34.06 50.73
Ni 73.83 71.67 72.02 7295 7378 7807 5795 8451 4676 9245 1130 833 31.62 4654 000
Cr 000 000 000 000 000 240 408 0.00 1231 0.00 000 2029 102 1940 0.00
Mn 000 000 000 000 000 017 006 000 018 000 000 000 105 000 0.00
Cu 000 000 065 062 103 000 000 248 036 49 000 000 098 000 0.00
Co 000 243 163 114 09 000 000 002 000 000 000 000 0.00 000 4927

Approximate formulas: 23-15: Nig;,Fe, s 30-3-1: Nig7,Fe€26C0000; 30-25: Niy ,,Fe, ,(Co,Cu)yp; 30-18: Nip,3Fe_,5(Co,Cu),q,; 26-9:
Nig 74F€9.24(Cu,Co)y g, 26-4: Nig z5F e 50Cry o; 2-18B: Nio.ngeo.sscrn.m; 26-2: NiggsFey, 15Cug,5; 2-18: Nig F ey 4,Cry 15 2-7: Nig g,F ey 0Cug 55
16-15: Fey goNi,, 1 ; 23-104: Fey ,Crq,0Nig g5; 2-12: Fey g6Nig 55(Cr,Cu)g g5 2-3: Nip 4 /F ey 3,Crg 15 16-30: Fey 5,Coy 4o

be associated with PGE sulfides. Pt—Fe and Ir—Fe—plioducts of PGE sulfides. There is convincing evidence
alloys are also typically interpreted as primary phasethat primary PGE—BM sulfide phases may become

unstable during postmagmatic, supergene evolution of
Secondary alloys in the Luobusa chromitites the ultramafic hosts (Stockman & Hlava 1984, Bowles

1986), and that the PGE phases can be modified by the

The Fe- and Ni-bearing Os—Ir—Ru alloys in Luobusmobilization of platinum-group elements at relatively

are similar in composition to the porous, Ru-rich alloykow temperatures. For example, the porous grains of
and the laurite—erlichmanite grains in KempirsaRu-rich alloy in chromitites of southwestern Oregon are
(Melcheret al. 1997), southwestern Oregon (Stockmabelieved to have formed by desulfurization of primary
& Hlava 1984), and Samar, Philippines (Nakagawa &urite during serpentinization (Stockman & Hlava
Franco 1997). We interpret them to be alteratioh984).

Fic. 7. Reflected-light photomicrographs of native iron and Fe silicide grains in the Luobusa chromitites. A. Irregular grain of
native iron with an acicular habit (sample 23-17). B. Ovoid grain of Fe siliciglef&i 37) with fritted margins. This grain
contains a small patch of native Si below the dotted contact (sample 38-2). Matrix in both cases: epoxy.
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TABLE 5. REPRESENTATIVE COMPOSITIONS OF Fe SILICIDES AND NATIVE Si AND Fe
IN THE LUOBUSA CHROMITITES

Sample 12-22 23-3 81 23-6 382 30-28p 4-2 2-2 23-17 16-16 38-3a 35-31 4-6 31-2

Siwt% S55.26 55.08 53.78 53.51 53.36 99.89 100.00 100.01 0.17 0.65 100.00 100.00 100.00 100.00
Fe 4474 4492 4622 4648 46.64 011 0.00 0.00 9891 9753 000 000 000 000
Mn 0.00 000 000 000 000 000 000 000 091 182 000 000 000 000

Total  100.00 100.00 100.00 99.99 100.00 100.00 100.00 100.01 99.99 100.00 100.00 100.00 100.00 100.00
Siat% 71.07 7092 69.82 69.60 69.47 99.94 100.00 100.00 038 0.66 100.00 100.00 100.00 100.00

Fe 2893 29.08 30.18 30.40 3053 006 0.00 000 98.70 97.72 000 000 000 000
Mn 0.00 000 000 000 000 000 000 000 092 143 000 000 000 000

Approximate formulas: 12-22: Si, ;,Fe, 5; 23-3: Sig 7, Fea5; 8-1: Sig qoFeq 39; 23-6 SigsoFeg 50; 38-2: Siu_eruJ,;_30—28b:
Sig.amFen001; 4-2: Siy g0, 2-2: Siyops 23-17: (Fe, M)y 06Siy 0003 16-16: (Fe,Mi1)g 55,81, g06; 38-32: Siy g5 35-31: 81y o; 4-6:
Si; g0 31-2: Si; gg-

The formation of native PGEs and alloys as a res\gtains of Fe silicides suggest reaction with a melt. We
of low-temperature alteration has also been reportéeintatively include them with the primary alloys
from numerous PGE-bearing chromitites (Prichard &iscussed below.

Tarkian 1988, McElduff & Stumpfl 1990, Nilsson 1990,

Garuti & Zaccarini 1997). The alteration of laurite tdPrimary alloys in the Luobusa chromitites

form native Ru at a low temperature was conclusively

demonstrated in chromian spinel of the Ronda massif in Pt—-Fe, Os—Ir, and Ir-Ni—Fe alloys are typically
Spain (Torres-Ruiet al. 1996, Garuti & Zaccarini 1997). interpreted as primary phases because they are incorpo-

The porous texture seen in grains of Ru-rich Os—ated in crystals of chromian spinel (Stockman & Hlava
alloy elsewhere has been explained by exposure of PG&84, Augé 1988, Melchest al. 1997) and are com-
sulfide inclusions along cracks in chromian spinelnonly believed to be products of early crystallization
which under conditions of low sulfur activity, would of the melts from which the chromitites formed. Roeder
lead to mobilization of PGEs in the order of Ru < Os & Jamieson (1992) showed experimentally that Pt—Fe
Rh < Ir < Pd < Pt (Bowles 1986, Stockman & Hlavalloy co-crystallizing with primary chromian spinel at
1984). During the desulfurization process, some BNI200°C andf(O,) equivalent to FMQ buffer [lof(O,)
elements may enter the alloys to form compositiorrs—8.41] should have a Fe/(Fe + Pt) between 0.20 and
similar to those encountered at Luobusa. Inclusions fdr-25. They further showed that the alloy compositions
ther from cracks would be protected by the host graiase relatively insensitive to changes in composition of
of chromian spinel and be little affected. This proceghe chromian spinel. These values accord well with
may be responsible for the formation of the Fe—Ni—Ghose of Grove (1981), who indicated that Pt—Fe alloys
alloys at Luobusa. should contain 78.4 at.% Pt if they formed in equilib-

Thus, on the basis of their similarity to secondarsium with natural basalts at the QFM buffer over a wide
phases elsewhere, the Fe- and Ni-bearing and Ru-rietnge of temperature.

Os—Ir-Ru alloys in the Luobusa chromitites are inter- Most of the Pt—Fe alloy grains at Luobusa have
preted as products of low-temperature alteration sfgnificantly lower Pt contents (52.5 to 71.6 at.%) and
primary PGE phases. slightly higher Fe/(Fe + Pt) ratios (0.20-0.32) than the

It seems likely that the BM alloys, and at least somexperimentally determined values. If the Fe/(Fe + Pt)
of the native elements found the Luobusa chromititegsalues encountered at Luobusa reflect primary values,
also are secondary in origin. Ni—Fe alloy (awaruite) hakey suggest crystallization under more reducing condi-
been demonstrated to be a secondary mineral in ti@ns than those assumed in the experiments of Roeder
Josephine ophiolite, produced during serpentinization & Jamieson (1992). It is very difficult to estimate the
peridotite (Dick 1974), and we infer such a mode d{O,) conditions under which the magnesiochromite
origin for this mineral at Luobusa. Some of the nativlormed at Luobusa. The magnesiochromite composi-
Fe in Luobusa occurs as round globules (Fig. 4F) suiipns suggest crystallization under oxidizing conditions,
gesting formation as melt droplets. However, thesghereas the presence of many reduced phasgs (
could also represent globules of immiscible sulfide thgraphite, diamond, Cr, SiC, a chromium carbide, Si)
were later modified by alteration. suggests low fugacities of oxygen. Either these reduced

The origin of the Fe silicide and native Si is not cleaphases formed later than the magnesiochromite or some
These phases have not been reported in secondspgcial conditions allowed them to be preserved in an
assemblages, and the fritted margins of some of tbgidizing environment.
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We suggest that the Pt—Fe, Os-Ir and Ir-Fe—Idssociated with PGE-bearing sulfides or other possible
alloys and the Fe silicide are out of equilibrium with thearental minerals (Fig. 2A). Those alloys lying between
host magnesiochromite, and that the alloys and tlgeains €.g, Fig. 2B) are Ru-rich varieties, assumed to
magnesiochromite did not crystallize from the samige secondary in origin. Finally, some of the grains have
melts. This interpretation is based on the following@ rounded or ovoid shape with a smoothly curving
arguments: boundary (Figs. 2C, D), which suggests formation by

1. Experimental studies have shown that an Os—Icrystallization from melt globules.

Ru alloy is an extremely refractory phase, with tempera- Because the “primary” alloys at Luobusa do not
tures of formation much higher than those inferred fareem to have crystallized from the boninitic melts that
the crystallization of magmatic chromitites at Luobustormed the chromitites or to have formed by alteration
or even for formation of silicate melts in the uppeor exsolution, and because they are associated with a
mantle. In particular, Os—Ir alloys melt in the range ofariety of UHP minerals, we infer that they are
2443 C to 3050C (Bird & Bassett 1980). Even thoughxenocrysts derived from a deep mantle source. In this
these temperatures would be significantly reduced model, they could represent phases left in the mantle
silicate melts, they may still be higher than the meltinduring early stages of differentiation of Earth. They
temperature of hydrous mantle material presumed to ®uld have been transported to relatively shallow
the source of the boninitic melts from which thelepths by a rising mantle plume, and then incorporated
magnesiochromite crystallized. into the melts from which the chromitites eventually

2. Peach & Mathez (1996) have demonstratedtystallized.
experimentally that Os—Ir alloys are not stable in sili- Natural alloys tend to be inert in many geological
cate melts in nature. To crystallize magmatic Os—&nvironments (Feather 1976), but can be modified un-
alloys, mantle-derived melts should have Ir contents @er certain conditions (Bowles 1986). Experimental
the range of thousands of ppb. However, Ir concentravidence suggests that PGE alloys react relatively rap-
tions in natural melts range from <0.02 ppb in MORBRdly with silicate melt (Roeder & Jamieson 1992). Thus,
(Hertogenet al. 1980) to <0.23 ppb for boninitesit is not clear how the PGE grains at Luobusa remained
(Hamlyn et al. 1985). Thus, Peach & Mathez (1996)ssentially unchanged in chemical composition and
concluded that “.. Os—Ir alloys observed as inclusiomsorphology after being incorporated into a boninitic
in chromite cannot represent early crystallized phaseselt, but other ultra-high pressure minerals, such as dia-

3. The alloys in the Luobusa chromitites are assoginond and moissanite, show the same lack of reaction.
ated with a variety of exotic minerals, such as diamonBjamond has recently been reported from volcaniclastic
SiC, an unnamed chromium carbide, Fe silicide arldmatiite (Capdevilat al. 1999), which formed from
native Si. Iron silicide is known only as an inclusion inmelts similar in composition to the boninitic magmas
diamonds, suggesting an ultra-high-pressure origin. Sgarental to the Luobusa chromitites. Although these
has also been found as inclusions in diamond andcig/stals of diamond have “low-relief surface features”
generally considered an ultra-high pressure mineral sniggestive of transport in a strongly reactive magma,
nature. We believe that these minerals are xenocry#tey maintain a cubo-octohedral morphology. They are
derived from deep mantle sources (Hu 1999). interpreted as xenocrysts from depths greater than 150

4. Most of the osmium alloys in Luobusa plot in th&m (Capdevileet al. 1999).
1-bar pressure miscibility gap determined experimen- Tredouxet al. (1995) suggested another possible
tally by Bird & Bassett (1980) (Fig. 3), although theyexplanation for the origin of ‘primary’ PGE alloys. They
lie outside the field defined by natural specimens (Harnmsoposed that the PGE occur in melts as metallic clus-
& Cabri 1991). Bird & Bassett (1980) suggested that &trs rather than as individual atoms, and that these
high pressures, the miscibility gap in the binary systeniusters are stabilized by surface absorption of ligands,
Os-Ir is shifted toward the Ir end. The Luobusa alloysuch as S, As, Sb and Te. Such clusters would signifi-
plot outside this presumed high-pressure gap, suggestntly change the way in which PGE behave in a magma
ing formation at relatively high pressures. and tend to overcome the problem of crystallization of

Some of the alloys may have formed by alteration @aflloys from melts with very low PGE contents. They
pre-existing minerals or by exsolution, as suggested byggested that such clusters could coalesce in silicate
Peach & Mathez (1996). However, formation by eithenelts to form PGE alloys, which then would act as cen-
of these processes seems unlikely given the natuters of nucleation for early-forming silicates and oxides.
morphology and distribution of the grains. TypicallySuch PGE clusters are readily formed experimentally
these alloys are relatively pure Os—Ir, Pt—Fe, and Ir-FéSchmid 1985), but there is no direct evidence for their
Ni, occurring in zoned crystale.g, Figs. 2C, D, F). existence in natural systems. Lacking such evidence and
The boundaries between zones are sharp and well deren the association of PGE alloys in Luobusa with
fined, not what would be expected if the grains formeddHP phases such as diamond and moissanite, we favor
by alteration. Some of the grains occur as inclusionthe xenocrystic model described above.
completely enclosed in magnesiochromite and are not



PGE AND BASE-METAL ALLOYS, LUOBUSA OPHIOLITE 597

CONCLUSIONS BIRD, J.M. & BasseTT, W.A. (1980): Evidence of a deep mantle
history in terrestrial osmium — iridium — ruthenium alloys.

A variety of PGE and BM alloys occur in the J. Geophys. ReB5, 5461-5470.
chromitites of the Luobusa ophiolite where they are o ]
associated with exotic minerals such as diamond, graph- & WEATHERS M.S. (1975): Josephinite: specimens
ite, SiC, an unnamed chromium carbide, and native Si. from the Earth’s coreBarth Planet. Sci. Let28, 51-64.
The BM alloys and Ru-rich PGE alloys are similar t . N .
secondary phases found elsewhere. We interpret th%l%%)REAU' A.E. (1988): Investigations of the Stillwater

. - omplex. IV. The role of volatiles in the petrogenesis of
to be the products of alteration of PGE and BM sulfides. ¢ 3"\ Reef, Minneapolis adit secti@an. Mineral 26,

On the basis of their textural relationships, chemical 193-20s.
compositions and mineralogy, we suggest that the
Pt—Fe, Os—Ir, and Ir-Ni-Fe alloys, along with Si-Fe argbwes, J.F.W. (1986): The development of platinum-group
possibly native Si, are xenocrysts derived from a mantle minerals in lateritesEcon. Geal81, 1278-1285.
source below 150 km. We suggest that after formation
in the mantle, these minerals were transported to shal-  (1990): Platinum-iron alloys, their structural and
lower depths by a rising plume, where they were cap- magnetic characteristics in relation to hydrothermal and
tured by the boninitic melts from which the chromitites 0W-temperature genesistineral. Petrol 43, 37-47.
crystallized. It is not clear how they survived transpor
in a such a hot silicate melt. One possibility is that theéf ; : ; .

- . . the relation of the geological and tectonic environment of
were transported 0“9'T‘a“y in large xenoliths that the source rocks to the bulk Pt:Pt+Ir+Os for placges).
disaggregated at a relatively late stage as the melt wasyjineral. 13, 266- 274.
undergoing rapid cooling.

After CI’ySta”Izatlon Of the LUObusa Chromitites,CApDEva’ R., ARNDT, N., LETENDRE, J & &UVAGE, J.-F.
possibly during emplacement of the ophiolite, some of (1999): Diamonds in volcaniclastic komatiite from French
the PGE-bearing sulfides were exposed along fractures Guiana.Nature399, 456-458.
in the magnesiochromite and were altered to form BM

BRI, L.J. & HARRIS, D.C. (1975): Zoning in Os—Ir alloys and

alloys and BM-bearing Os—Ir—Ru alloys. CHAMBERLAIN, J.A., McLEOD, C.R., TRAILL, R.J. & LACHANCE,
G.R. (1965): Native metals in the Muskox IntrusiGan.
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