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ABSTRACT

Chromitite lenses rich in the platinum-group elements (PGE) have recently been discovered in the deeper part of the mantle
section of the northern part of the Oman ophiolite. In terms of stratigraphic level, there are two types of chromitite: Moho
transition zone (MTZ) and mantle types. The mantle type can be further classified into two subtypes: PGE-poor and PGE-rich.
Platinum-group minerals (PGM) have been mainly observed in the PGE-rich mantle chromitite and, to alesser extent, in the PGE-
poor mantle chromitite, although afew PGM grains have been detected from the M TZ chromitites. The PGM comprise four main
categoriesin the following order of abundance: (1) sulfides[Os-rich laurite, erlichmanite and unnamed (Ir,Rh)(Ni,Cu,Fe),S3], (2)
sulfarsenide and arsenide (irarsite-hollingworthite series, palladoarsenide), (3) alloysand native metals[Os-r alloy, (Cu—Pt—Fe—
Ir-Rh) aloy, Pt-Fe aloy, (Ni-Ru-Os-Ir) aloy, Ir—Pt aloy, Ir-Rh aloy and native Pd metal], and (4) PGE oxide (Ru—Os-r
oxide). Base-metal sulfides (BMS) and base-metal alloys (BMA) aso are found, asinclusionsin chromian spinel and interstitial
matrix, mainly inthe MTZ and PGE-poor mantle chromitites. The common abundance of PGE sulfides, i.e., Os-rich laurite, inthe
Oman chromititesis ascribed to the sulfide-undersaturated nature of the magma involved in chromitite formation. However, the
sulfur fugacity was sufficiently high to produce the Os-rich laurite and, to alesser extent, erlichmanite and Ru-poor Os-r alloy.
The sulfur fugacity was higher in the formation of the PGE-poor mantle chromitite relative to the PGE-rich chromitite, asindi-
cated by the presence of the unnamed Ir-rich sulfides and, to a lesser extent, BMS. The presence of PGE oxide commonly
associated with fractured chromian spinel indicates that the PGE distribution in rocks can easily be modified at an early stage of
serpentinization.
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SOMMAIRE

Nous avons récemment découvert des lentilles de chromitite enrichies en éléments du groupe du platine (EGP) dansla partie
laplus profonde de la séquence mantellique delapartie nord de I’ ophiolite d Oman. Du point de vue niveau stratigraphique, nous
distinguons deux sortes de chromitites, celles qui sont associées ala zone de transition du Moho (MTZ), et celles provenant du
manteau sousjacent. Ces derniéres comprennent a leur tour deux types, |I'un pauvre en EGP et I'autre enrichi en EGP. Les
minéraux du groupe du platine se trouvent surtout dans les chromitites mantelliques enrichies en EGP, quoique qu’ on en trouve
aussi, mais a un degré moindre, dans les chromitites mantelliques a faible teneur en EGP et dans les chromitites de type MTZ.
Nous documentons quatre groupes de ces minéraux, présentésici dansun ordre selon leur abondance: (1) sulfures[laurite osmifere,
erlichmanite et (Ir,Rh)(Ni,Cu,Fe),S; sans nom], (2) sulfarséniure et arséniure (Série irarsite-hollingworthite, palladoarsenide),
(3) aliages et métaux natifs[alliage Os-Ir, alliage (Cu—Pt—Fe-Ir-Rh), alliage Pt—Fe, alliage (Ni-Ru-Os-Ir), alliage Ir—P, alliage
Ir-Rh et Pd natif], et (4) oxyde des EGP (oxyde Ru—Os-r). Nous avons aussi trouvé des sulfures et des aliages de métaux de
base, en inclusion dans|e spinelle chromifére et danslesinterstices de lamatrice, surtout dans les chromitites detype MTZ et les
chromitites mantelliques afaible teneur en EGP. La présence courante de sulfures des EGP, par exemplelalaurite osmifére, dans
les chromitites de I’ ophiolite d’ Oman, serait due a la nature sous-saturée en sulfures du magmaimpliqué. Toutefois, la fugacité
en soufre était suffisante pour que soit produit lalaurite osmifére et, aun degré moindre, I’ erlichmanite et un alliage Os-Ir afaible
teneur en Ru. La fugacité en soufre était plus élevée lors de la formation des chromitites mantelliques a faible teneur en EGP,
comme en témoigne la présence du sulfure riche en Ir sans nom et, a un degré moindre, les sulfures des métaux de base. La
présence d' un oxyde des EGP en association avec |e spinelle chromifeére fissuré montre aquel point la distribution des EGP peut
étre modifiée dans ces roches a un stade précoce de leur serpentinisation.

(Traduit par la Rédaction)

Mots-clés: laurite, chromitite, ophiolite, & éments du groupe du platine, minéraux du groupe du platine, fugacité en soufre, secteur
nord de I’Oman.
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INTRODUCTION

In addition to their economic importance, the plati-
num-group elements (PGE) are potentially useful indi-
cators of degree of partial melting in the mantle and of
sulfur saturation of a melt. That property is due to the
siderophile and chalcophile nature of these precious
metals, which tend to be strongly fractionated into a
sulfide phase (e.g., Arculus & Delano 1981). Although
the Oman ophiolite is the largest and best preserved
ophiolitic succession on Earth, the PGE it contains and
thedistribution of platinum-group minerals (PGM) have
been poorly studied. In this paper, we provide the first
comprehensive description of PGM and their paragen-
esis in podiform chromitite from the Oman ophialite.
The distribution and paragenesis of the PGM in
chromitites will provide constraints on the behavior of
PGE within the ophiolitic upper mantle. This article is
complementary to that of Ahmed & Arai (2002), which
deals with PGE geochemical characteristics of the
chromitites from the Oman ophiolite, and the tectonic
significance of the PGE distribution.

BACKGROUND INFORMATION

It isnoteworthy that almost all the previous PGE and
PGM studies of the Oman chromitites (Brown 1982,
Page et al. 1982b, Augé 1986, Leblanc & Ceuleneer
1992, Prichard et al. 1996a) have dealt mainly with the
shallower pods located at the Moho transition zone
(MTZ) or even slightly deeper (2-3 km below the
Moho), where PGE-poor chromitites are certainly
found. A review of the PGE and PGM studies in the
Oman chromitites was summarized in Ahmed & Arai
(2002). These studies have led to the following conclu-
sions: (1) PGE contents and ratios are not correlated
with chemical properties of silicates and chromite; (2)
the chromitite-forming processesin the Oman ophiolite
may be different from those pertinent to stratiform in-
trusions in terms of concentrations and distributions of
PGE; (3) chromitites seemto contain PGM in Oman less
commonly than in other ophiolites; (4) the only PGM
found so far in chromitites at Oman is laurite, and (5)
the magma from which the chromititeswere formed was
possibly derived from a MORB-type basalt, or from
mantle materials previously depleted in PGE. Recently,
Ahmed & Arai (2002) have reported unusually high-
PGE chromitite in the deeper part of the mantle section
exposed in the northern Oman Mountains. The high
concentrations of PGE are reported only in the discor-
dant pods of chromitite deeper within the mantle sec-
tion that displays high-Cr# spinel [Cr# = Cr/(Cr + Al)
atomic ratio, > 0.7].

The PGM are mainly found in the discordant PGE-
rich chromitite pods and, to alesser extent, in the lenses
of concordant PGE-poor chromitite that occur near the
PGE-rich chromitite. In addition, afew PGM grainsare
also described from the MTZ chromitite at Wadi Rajmi
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(Fig. 1A). The PGM are mostly found as inclusions
within completely fresh grains of chromian spinel, and
subordinately in the cracks in chromian spinel and in
thesilicate matrix. Base-metal sulfides (BMS) and base-
metal alloys (BMA) are also included in or interstitial
to chromian spinel.

GEOLOGICAL SETTING AND SAMPLE LOCATIONS

Owing to the simple structure and stratigraphy ex-
posed in the northern Oman Mountains, a complete se-
guence of ophioliteiswell preserved and exposed from
the upper mantle to the upper crust (Fig. 1A). Thereare
several wadis (i.e., valleys) cutting the ophiolite from
west to east downstream, which provide excellent ex-
posures of rocks with which to examine the whole sec-
tion. The northern Oman mantle section consists mainly
of pervasively foliated harzburgite with minor amounts
of dunite, chromitite and basal |herzolite (Lippard et al.
1986). Dunite is predominant over harzburgite in the
uppermost part of the mantle, forming the MTZ. Con-
cordant layers of orthopyroxenite up to 6 m thick, asso-
ciated with dunite, arefound in harzburgite in the lower
part of the mantle section.

As in many other ophiolite complexes, chromitite
depositsare occasionally found at the uppermost part of
the mantle section, just at the Moho transition zone in
the Oman ophiolite (Nicolas & Al Azri 1991). Large
pods of chromitite have also been found recently deeper
within the mantle section of the Oman ophiolite. Among
four chromitite localites examined in the northern Oman
ophiolite (Fig. 1A), PGM have been found only in two
localities, Wadi Hilti and Wadi Rajmi. In spite of asys-
tematic investigation, no PGM have been found in
chromitites exposed along Wadi Farfar and Wadi Fizh.
The absence of PGM is confirmed by the very low PGE
concentrations in chromitites from these two localities
(Ahmed & Arai 2002). Chromitites located deeper
within the mantle (>5 km below the Moho) are found
only at Wadi Hilti, whereas at the other localities, Wadi
Rajmi, Wadi Farfar and Wadi Fizh, they arelocated just
at the boundary between the mantle and crust or at a
few kilometers (1-2 km) below the Moho (Fig. 1A). At
adeeper horizon within the mantle section at Wadi Hilti
(Fig. 1B), two types of chromitite have been distin-
guished in terms of mode of occurrence: concordant
(lensoid shape) and discordant (dike-like) chromitites
(Ahmed & Arai 2002). The former is slightly deeper
within the mantle than the latter, and they are about 500
m apart horizontally from one another.

Fic. 1. Geological sketch-maps of the study area (A) and the
PGE-mineralized chromitite locality (B) at Wadi Hilti in
the deeper mantle section, Oman ophiolite.
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PeTROGRAPHIC DESCRIPTIONS
AND GEocHEMICAL NOTES

The massive MTZ chromitites are occasionally
cross-cut by feldspathic and gabbroic veins, and their
interstitial silicate matrix consists exclusively of
clinopyroxene and amphibole. The deeper chromitite at
Weadi Hilti has olivine asinterstitial silicate and is free
of clinopyroxene and amphibole (Ahmed & Arai 2002).
The two types of chromitite in the deeper part of the
mantle section also differ in mineral inclusions in
chromian spinel: mainly olivine for the concordant pod
of chromitite, and mostly clinopyroxene and hydrous
silicates such as amphibole and phlogopite for the dis-
cordant variety (Ahmed & Arai 2002). A high concen-
tration of PGE is observed only in the discordant
chromitite deeper within the mantle section, which has
spinel with Cr# in excess of 0.7. All the other types of
chromitite that are associated with the MTZ and the
concordant lenses in the deeper mantle section are poor
in PGE and tend to have lower-Cr# spinel (maximum
0.6). In general, the PGE content of chromititestendsto
increase with an increase in the proportion and Cr# of
the spinel (Crocket 1979, Page et al. 1982b, Economou
1986, Leblanc 1991). The Al-rich (Cr# = 0.5) MTZ
chromitites of the northern Oman section display low
levels of the PGE compared to the chromitites contain-
ing spinel with intermediate-Cr (Cr# around 0.6) and
Cr-rich (Cr# > 0.7) values in the deeper mantle section,
such that there is a strong positive correlation between
Cr# of spinel and PGE contents (Fig. 2). The high level
of the PGE with increasing Cr content suggests the
coprecipitation of chromian spinel and PGM at adeeper
level in the upper mantle (e.g., Arai et al. 1999).
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Fic. 2. Variation of Cr# versus the total (log) PGE contents
in the chromitites studied from the Oman ophiolite. Cr#is
defined as Cr/(Cr + Al), atomic ratio.
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ANALYTICAL TECHNIQUES

Polished thin sections of analyzed samples have been
examined at high magnifications so that we could de-
tect very small grains of PGM down to 1 pm across.
Chemical analyseswere carried out usingaJEOL JXA—
8800 electron-probe micro-analyzer at the Center for
Co-operative Research at Kanazawa University, Japan.
Analytical conditions were 25 kV accelerating voltage
and 20 nA probe current for all elements except oxy-
gen. Analysisof the mineralsfor oxygen was conducted
at 10kV and 50 nA in aseparate run using LDE analyz-
ing crystals; the grains were analyzed both qualitatively
and semiquantitatively using wavelength-dispersion
spectroscopy (WDS). Counting time was 10 seconds for
all elements. Pure metals were used as standards for the
elements Os, Ir, Ru, Rh, Pt, Pd, Cu, Ni, Fe and Cr,
whereas gallium arsenide was used for As, and pentlan-
dite for S. Two oxides, Fe,0Os and Al,Os, were used as
standards for oxygen. We used the Ka X-ray lines for
Ni, S, Fe, Cr and O, the La lines for Os, Ir, Ru, Rh, Pt
and Cu, and the L lines for Pd and As.

THE PLATINUM-GROUP MINERALS
AND TEXTURAL RELATIONSHIPS

More than 200 polished thin sections of chromitite
and related rocks have been examined for the occurrence
of PGM. Only samples from the mantle PGE-rich and
PGE-poor chromitites at Wadi Hilti and, to alesser ex-
tent, MTZ chromitite from Wadi Rajmi were found to
contain PGM. The most common PGM is laurite, ide-
aly RuS; as a Ru-rich phase, whereas the least abun-
dant is native Pd as Pd metal (Fig. 3). Four groups of
PGM have been found in the northern Oman chromi-
tites: sulfides, sulfarsenides, alloys and oxide.

Platinum-group sulfides

Platinum-group sulfides in the northern Oman
chromitites are mostly found to be enclosed within fresh
chromian spinel and, in afew cases, within the intersti-
tial matrix and fractures in spinel, but they do not dis-
play any chemical variations depending on their mode
of occurrence. The grain size of the PGM sulfides occa-
siondly attains 30 wm. In most cases, it isOs-rich laurite
that is found, as solitary grains of euhedral shape em-
bedded within fresh chromian spinel (Figs. 4A, B, C).
This occurrence is contrary to that observed by Augé
(1986), where laurite is occasionally associated with
silicates. In a few cases, the laurite is associated with
inclusions of primary anhydrous silicates like ortho-
pyroxene and clinopyroxene (Fig. 4D), or with primary
hydrous silicates like amphibole and phlogopite (Fig.
4E). Os-rich laurite of similar morphology and compo-
sition also is found both in the olivine matrix (Fig. 4F)
and within fractures of chromian spinel (Fig. 4G). A few
grains of erlichmanite also are found as euhedral to
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subhedral crystals up to 5 wm across within fresh
chromian spinel (Fig. 4H); in some cases, it is associ-
ated with possible fluid inclusions (Fig. 4l).

An unnamed (Ir,Rh)(Ni,Cu,Fe) sulfideisfound only
in the mantle PGE-poor chromitite. Its occurrence is
coincident with the positive Ir anomaly observed in the
PGE distribution patterns of the mantle PGE-poor
chromitite (Ahmed & Arai 2002). This mineral gener-
ally shows a lower reflectance than the associated
laurite, and exhibits a grey to bluish grey color in re-
flected light. In most cases, this unnamed sulfide occurs
either as monomineralic inclusions or as composite in-
clusions with Os-rich laurite (Fig. 4J) or silicates (Fig.
4K). It shows a subhedral to anhedral shapein grainsup
to 10 pm across.

Platinum-group sulfarsenides

Platinum-group sulfarsenides are represented mainly
by a solid-solution series between irarsite and holling-
worthite end-members, with avariable Rh content. They
are found as single crystals of euhedral to subhedral
shapeenclosedinintact (Fig. 5A) or fractured (Figs. 5B,
C) chromian spinel. The sulfarsenides have the same
morphology and composition in either textural types of
spinel.
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Platinum-group alloys

An osmium—ridium aloy is the most common of
the PGE alloys in the northern Oman chromitites; the
grains show a subhedral to round shape of less than 5
pm across (Figs. 5D, E). Likethe grains of sulfides, the
grains of Os-Ir aloy are occasionaly included within
fresh chromian spinel but are absent in the silicate ma-
trix or spinel cracks. It is noteworthy that there are usu-
ally voids around the inclusions of Os-Ir aloy (Figs.
5D, E). The grains of Cu—Pt—Fe-Ir-Rh alloy are aso
found as discrete inclusions, locally associated with
irarsite in chromian spinel of the PGE-poor chromitite,
and display a subhedral to round shape, up to 5 pm
across (Fig. 5F). Grains of an unidentified Ni-Ru—Os—
Ir alloy have been observed as inclusions within
chromian spinel of the PGE-poor chromitite. They show
aeuhedral shape of about 5 um across (Fig. 5G). Grains
of Ir—Pt and Ir-Rh alloy are found to be associated with
Os-rich laurite within chromian spinel. They occur as
small blebs, less than 5 pwm across (Figs. 5H, 1). One
composite grain of PGE alloy observed within a crack
in chromian spinel of the PGE-poor chromitite displays
an anhedral shape, and is about 30 pm across (Fig. 5J).
It consists of aggregates of Ir—Pt and Pt—Fe alloys, as
well as Pd metal and Pd arsenide, all of which are
intergrown around an irarsite grain (Fig. 5J).
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Fic. 3. Frequency histograms of the PGM species in different types of chromitite in the
Oman ophiolite. Note the distinctive abundance of laurite among the PGM.
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Fic. 4. Back-scattered electron images of PGE sulfides (A—K) in the northern Oman chromitites. A, B, D, E, G and H are from
PGE-rich chromitite. C isfrom MTZ chromitite, and F, |, Jand K are from PGE-poor chromitite. Abbreviations: L, Os-rich
laurite; E, erlichmanite; Ir—S, unnamed (Ir,Rh)(Ni,Cu,Fe) sulfide; Opx, orthopyroxene; Ol, olivine; Spinel, host chromian
spinel.
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Os-Ir alloy

Os-Ir alloy Cu-Pt-Fe-Rh alloy
L

Ni-Ru-Os-Ir Ir-Pt alloy
alloy Ir-Rh alloy

Spinel

Fic.5. Back-scattered electron images of PGE sulfarsenides (A—C), and PGE alloys (D—J) from the northern Oman chromitites.
A, G and J are from the mantle PGE-poor chromitite, and B, C, D, E, F, H and | are from the PGE-rich chromitite. Abbrevia-
tions: |, irarsite; H, hollingworthite; L, Os-rich laurite; C, composite PGM grain.
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Fic. 6. Back-scattered electron images (A-D) of the PGE oxide grains, and (E-G) of BMS grains from the northern Oman
chromitites. Image C is a close-up of A. Abbreviations: P, pentlandite; M, millerite; B, bornite.
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Platinum-group oxide

A few grains of PGM with arelatively low reflec-
tance and unusual textures arefound asinclusionswithin
apparently unaltered chromian spinel. These grains have
attracted our attention also owing the low analytical to-
tals. They were interpreted as PGE oxide (Ahmed et al.
2002). They show a yellowish white color and range
from 15 up to 50 um in size, with perfect polygonal
shapes (Figs. 6A, B) within chromian spinel grains,
which are usually fractured but chemically intact. In
most cases, the grains show characteristic radial cracks,
which are usually continuous with the cracksin the host
spinel (Fig. 6C). Such grains usualy have void space
around them (Figs. 6C, D). It is noteworthy that the
polygonal PGM (oxide) have cracks, in some cases ra-
diating, of various dimensions (Figs. 6A, C). Theradia
cracks of PGE oxide and those in the chromian spinel
are occasionaly filled by serpentine-group minerals,
whereas chlorite is usually absent (Ahmed et al. 2002).
These featuresindicate asignificant decreasein volume
on formation of the PGE oxide. Similar cracking was
reported in PGE oxides in chromitites and related allu-
vium of the New Caledonian ophiolite (Augé &
Legendre 1994) and the Nurali ultramafic complex,
southern Urals (Garuti et al. 1997). The void space
around PGE oxides was recognized in chromitite from
the Vourinos ophiolite (Garuti & Zaccarini 1997).
Laurite and other PGM are free of radia cracking and
usually show ahomogeneous appearance (seeFigs. 4, 5).

Base-metal sulfides (BMS) and alloys (BMA)

Grains of base-metal sulfides and alloys are occa-
sionally found as small inclusions within chromian
spinel or as larger aggregates in the silicate matrix and
altered parts of chromian spinel. They are much more
abundant in the PGE-poor and MTZ chromititesthanin
the PGE-rich chromitite. They consist of the following
minerals, in decreasing order of abundance: Ni—Fe al-
loy, pentlandite, unknown Cu-rich Ni—Fe sulfide, mil-
lerite, bornite and heazlewoodite. Inclusions of
pentlandite and unknown Cu-rich Ni—Fe sulfide occa-
sionally show a droplet shape (Figs. 6E, H), up to 10
wm across, within unaltered chromian spinel of the
PGE-poor and MTZ chromitites. Bornite is usually
found as minute grains associated with Os-rich laurite
enclosed by chromian spinel (Fig. 6G). The grains of
Ni—Fe alloy and millerite are usually found as large
aggregates in the interstitial silicate matrix and within
altered parts of the chromian spinel.

CoMPOSITION OF THE MINERALS
Laurite—erlichmanite series

There is a distinct compositional gap between
erlichmanite and laurite in the northern Oman chromi-
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tites (Fig. 7A), as has been found elsewhere. Lauriteis
accounts for about 75% of all the PGM grainsfound. In
amost al cases, thelauriteisthe Os-rich variety (Augé
1985), in which Ru/(Ru + Os + Ir) varies from 0.54 up
t0 0.76 (atomic ratio). In most cases, laurite from differ-
ent types of chromitite has a similar compositional
range, with Ru> Os> Ir in atomic proportions (Fig. 7A,
Tables 1, 2). The Os content varies from 12 up to 34
wt%, and is 18.8 wt% on average, indicating a remark-
able extent of substitution of Os for Ru. The Ir content
does not substantially vary, ranging from 6 up to 13.8
wt%, about 9 wt% on average. The average composi-
tion (n = 154) is (Rup.es00.23110.11)S, and the richest
onein Osis(RuUp.490%.41110.10)Sz (Table 2, Fig. 7A). The
grains are rather homogeneous. Rh, Ni and Fe were
detected as minor elements, with average concentrations
of 0.9, 0.2 and 0.6 wt%, respectively (Table 1).

Erlichmanite, ideally OsS,, also is characterized by
extensive substitution of Ru for Os, and its average com-
position is (OspssRUp 251 10.17)S,. Erlichmanite in some
cases showsavery high Ir content, ranging from 7 up to
20.8 wt% (Table 2). Minor amounts of Rh, Ni and Fe
have been detected, with average concentrations of 0.4,
0.04 and 1.3 wt%, respectively. The relatively high Cr
content in some cases of laurite—erlichmanite minerals
isdueto afluorescence effect from the chromian spinel
host; those compositions were, therefore, corrected by
subtraction of the Cr content.

Unnamed (Ir, Rh)(Ni,Cu,Fe),S;

This minera has been found only in the PGE-poor
chromitite asdiscreteinclusionswithin chromian spinel.
Theratio (Ni + Cu + Fe)/(Ir + Rh) varies from 1.15 to
2.54 (2.0 on average). The mineral usually contains
minor amounts of Os, Ru and Pt, with average concen-
trations of 0.2, 0.9 and 2.0 wt%, respectively. The aver-
age chemical formula of this minera is (Irg76Rho.24)
(Nig.36CuUo 29F€p.35)52S3. This formula is comparable to
what has been reported from other ultramafic complexes
(Fig. 7B) such asthe Tiebaghi ophiolitic complex (Augé
1988), ultramafic massifs of Finero, Italy, and Ojén,
Spain (Garuti et al. 1995), and the Ray—Iz ultramafic
complex, Polar Urals, Russia (Garuti et al. 1999b). The
above-mentioned authors defined this mineral as a lr—
Cu sulfide, unknown #1, probably (Ni,Fe,Cu),(Ir,Rh)S;,
and an unknown Ir-Rh—Ni sulfide, respectively. There
is a debate whether this mineral is a new mineral spe-
cies (Garuti et al. 1995, Torres-Ruiz et al. 1996) or a
variety of PGE-rich pyrrhotite or pentlandite (Cabri
1981). Its mode of occurrence and paragenetic assem-
blage in the northern Oman chromitite support the first
suggestion.

Irarsite-hollingworthite series

Irarsite (IrAsS) and hollingworthite (RhASS) arethe
only PGE sulfarsenides observed in the northern Oman
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chromitites. The two end-members show a wide range
of solid solution (Table 3, Fig. 8A). Theirarsite richest
in Ir has less than 3 wt% Rh, with an average chemical
formulaof (Irg.g7RUp.0sRNp.05)ASS, whereas the holling-
worthite richest in Rh has up to 6.4 wt% Ir, with an
average formula of (Rho_gg|r0.07pt0‘04)ASS. The Rh:lr
ratio is positively and negatively correlated, respec-
tively, with Pt (up to 5.5 wt%) and Ru (up to 2.6 wt%)
(Fig. 8A, Table 3).

Pd arsenide (palladoarsenide)

Pd arsenide is found as part of composite PGM
grainsintergrown around irarsite. Its chemical formula,
(Pdo.68AS0.30CU0 02), IS close to theideal composition of
palladoarsenide (Pd,As) reported from various locali-

A) Laurite-erlichmanite

PGE-rich
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ties (Cabri 1981). It has minor amounts of Cu and P,
being up to 1.1 and 0.8 wt%, respectively (Table 3).
Hence, itsformula can be written as (Pdy gsCuo 02)s2AS,
whichiscomparableto what has been reported from the
Stillwater Complex, Montana (Cabri 1981).

Alloys

The chemical composition of the Os-Ir alloy ranges
from (Osg.43110.44RU0.00F€0.04) 10 (OSp.79lr0.16RU0.02
Fepo3), with an average formula of (Osgsslfo3sRUo.03
Fep03). Theadloy is comparable to the osmium—ridium
series reported from various localities (Cabri 1981).
Variable amounts of Ru, 0.3-4.1 wt% (1.5 wt% on av-
erage), Fe, 0.4-1.2 wt% (0.8 wt% on average), and Pd,
up to 0.5 wt%, have been detected in the Os-Ir alloy
(Table 4, Fig. 8B).

PGE-poor

\VA

B) Unnamed Ir-sulfides
® This Study (Oman)
o Tiebaghi
v Ray-Iz

o Finero, Ojén

Ir

Rh

(Ni+ Cu + Fe)

Fic. 7. Compositional variation of PGE sulfidesin terms of (A) Ru—Os-Ir of the laurite—
erlichmanite series, and (B) Ir —Rh — (Ni + Cu + Fe) of the unnamed (Ir,Rh)(Ni,Cu,Fe)
sulfide from the northern Oman chromitites. The unnamed (Ir,Rh)(Ni,Cu,Fe) sulfide
from the Tiebaghi complex (Augé 1988), Rai—lz complex (Garuti et al. 1999b) and
Finero and Ojén (Ferrario & Garuti 1990) are shown here for comparison. Note the
overlap of the samples studied with the samples from Rai-1z, Finero and Ojén.
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TABLE 1. REPRESENTATIVE COMPOSITIONS OF Os-RICH LAURITE IN CHROMITITE,
OMAN OPHIOLITE

Wt % MTZ PGE-poor PGE-rich

S . No. 32 30 29 60 44-2  43-1 43-6  18-1 67-3 68-1 68-5 i1-2
S 35.04 3379 3342 3221 3123 3317 3317 3212 3237 3430 3339 3462
Os 1503 1801 1899 1631 2278 1858 21.07 22.07 2133 1829 17.77 1291
Ir 10.25 7.37 6.73 3.37 9.50 10.14 3.20 11.83 6.44 9.52 1245 8.16
Ru 33.45 3495 3375 37.06 29.78 3152 3465 2803 31.07 3437 3153 3792
Rh 1.14 1.04 1.12 0.58 0.69 0.58 0.69 0.70 0.73 1.84 0.80 1.00
Pt - - - - - - - - 0 - - -
Pd - - 0.17 0.02 - 0.30 0.08 0.01 0.15 0.11 0.16 -
As - - - - - - - - 0 - - -
Ni 0.35 0.13 0.12 0.15 0.04 0.09 0.08 0.09 0.38 - 0.07 0.22
Cu - - - - - - - - 0.67 - - -
Fe 0.79 0.65 0.64 1.46 0.85 0.68 1.00 0.52 1.37 0.11 0.27 0.73
Cr 1.55 1.58 2.03 3.84 2.23 1.74 3.23 172 3.66 1.22 2.31 2.02
Total 97.60 9752 9694 9499 97.09 96.79 97.16 97.07 98.17 99.11 9874 97.58

At %

S 68.85 6770 67.81 6657 66.69 6811 6755 6794 6674 6786 6821 67.83
Os 4.98 6.09 6.50 5.69 8.21 6.44 7.24 7.88 7.42 6.11 6.13 4.27
Ir 3.36 2.46 228 1.16 3.38 3.47 1.09 4.17 222 3.14 4.24 2.67
Ru 20.85 2221 2172 2430 2017 2052 2238 18.80 2032 2157 2043 2357
Rh 0.70 0.65 0.71 0.37 0.46 0.37 0.44 0.46 0.47 1.13 0.51 0.61
Pt - - - - - - - - - - - -
Pd - - 0.10 0.01 - 0.19 0.05 0.01 0.10 0.06 0.10 -
As - - - - - - - - 0 - 0 -
Ni 0.38 0.14 0.13 0.17 0.04 0.10 0.09 0.10 0.43 - 0.07 0.24
Cu - - - - - - - - 0.69 - 0 -
Fe 0.89 0.75 0.75 1.73 1.04 0.80 1.16 0.63 1.63 0.13 0.31 0.82

MTZ: chromitite from the Mcho transition zone, Wadi Rajmi. PGE-poor: lensoid chromitite from the deeper mantle
section of Wadi Hilti. PGE-rich: dike-like chromitite from the deeper mantle section of Wadi Hilti. S. No.: sample
numbers. Electron-microprobe data.

TABLE 2. REPRESENTATIVE COMPOSITIONS OF ERLICHMANULE AND UNNAMED
(Ir, Rh}(Ni,Cu,Fe),S; IN CHROMITITE, OMAN OPHIOLITE

Wt % Erlichmanite (Ir, Rh)}(Ni, Cu, F¢);S3
S. No. 29-2 29-3 11-3 67-1 68-3 43-1 43-2 43-6 18-1 18-2
S 26.19 26.69 14.48 30.69 30.49 26.37 25.79 26.88 25.50 26.68
Os 4168 4397 4177 3004 3479 . 1.16 . ; -
Ir 713 7.02 20.75 5.61 6.10 37.12 37.00 36.60 34.42 33.62
Ru 9.73 9.54 10.42 23.97 23.62 0.98 3.09 0.18 - -
Rh 0.47 0.41 0.35 0.97 0.76 7.47 7.24 6.98 4.12 4.30
Pt - - - - - 3.65 4.50 1.95 - -
Pd . - 021 0.18 . 024 0.03 R 0.04 -
As - - - - - - - - - -
Ni 0.05 0.06 - - - 6.31 3.44 10.25 10.96 10.66
Cu - - - - - 6.88 8.38 5.64 543 10.11
Fe 1.43 1.31 Q.78 0.45 0.54 5.08 2.89 7.37 11.86 11.65
Cr 5.77 5.02 3.84 3.52 2.23 2.87 2.63 3.59 2.96 221
Total 92.45 94.02 62.61 9543 98.53 96.97 96.13 99.44 95.36 99.23
At %
S 68.04 68.05 50.07 68.34 67.09 57.70 58.74 55.75 53.04 52.07
Os 18.27 18.92 24.37 11.29 12.92 - 0.44 - - -
Ir 3.09 2.99 11.97 2.08 2.24 13.55 14,06 12.66 11.94 10.95
Ru 8.02 7.71 11.43 16.93 16.49 Q.68 223 0.12 - -
Rh 0.38 0.33 0.38 0.67 0.52 5.09 5.14 4.51 2.67 261
Pt - - - - - 1.31 1.68 0.67 - -
Pd - - 0.22 0.12 - 0.16 0.02 - 0.02 -
As - - - - - - - - - -
Ni 0.07 0.08 - - - 7.54 4.28 11.61 12.46 11.37
Cu - - - - - 7.59 9.63 591 570 9.96
Fe 2.13 1.92 1.55 0.57 0.68 6.38 3.77 8.77 14.16 13.05

S. No.: sample numbers. Sample 29 is related to MTZ chromitite, samples 11, 18 and 43 arc related to PGE-poor
chromitite, and samples 67 and 68 are related to PGE-rich chromitite. Electron-microprobe data.
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TABLE 3. REPRESENTATIVE COMPOSITIONS OF PGE SULFARSENIDE AND ARSENIDE
IN CHROMITITE, OMAN OPHIOLITE
Wt % Irarsite Hollingworthite Irarsite-hollingworthite Pd arsenide
S. Ne. 41-3 41-4 68-5 65-6 26-1 65-1 68-2 68-3 23-2 23-3 23-4
5 13.63 12.66 15.35 15.48 11.92 12.96 12.92 13.21 12.39 12.41 0.06
Os 1.22 0.86 041 0.61 - - - - - - -
Ir 46.25 45.56 507 6.38 40.60 43.01 44.13 45.38 28.90 29.21 0.36
Ru 2.58 1.89 - 021 0.98 0.54 0.80 1.20 0.28 0.02 -
Rh 1.59 1.41 41.08 41.30 9.99 11.86 11.14 9.76 19.97 20.34 0.14
Pt - - 3.83 324 0.42 127 0.60 0.28 5.30 5.48 0.79
Pd - 0.03 0.23 0.04 0.26 0.30 0.06 0.27 0.29 - 72.87
As 27.50 28.28 32.42 31.64 19.41 2823 2842 27.57 2171 27.80 22.04
Ni 0.03 0.03 0.18 0.10 0.05 - - - 0.09 0.09 0.04
Cu - - - - 6.21 0.03 0.10 0.62 0.01 - 1.06
Fe 0.45 0.26 0.15 0.15 1.70 0.71 0.47 0.49 0.27 0.35 0.24
Cr 195 234 1.42 1.31 5.50 1.96 120 122 0.56 0.76 0.62
Total 95.20 9335 10014 100.76 97.04  100.87 99.84  100.00 95.76 96.46 98.22
At %

) 39.33 3770 35.03 3533 34.34 3521 3529 3597 33.90 3384 0.19
Cs 0.59 0.43 0.16 0.24 - - - - - - -
Ir 2227 22.63 1.93 243 19.52 19.50 20.12 20.62 13.19 13.29 0.19
Ru 2.36 1.78 - 0.15 0.90 0.47 0.70 1.03 0.24 0.02 -
Rh 1.43 131 29.21 29.37 8.97 10.04 9.48 8.28 17.03 17.28 0.13
Pt - - 1.43 1.22 0.20 0.57 0.27 0.12 238 2.46 0.40
Pd - 0.05 0.15 0.03 0.23 0.24 0.05 0.22 0.24 - 67.82
As 33.97 36.04 31.66 3091 23.93 32.83 3323 3213 3245 3244 29.13
Ni 0.05 0.05 0.23 0.13 0.08 - - - 0.13 0.13 0.07
Cu - - 0 0 9.03 0.04 0.14 0.85 0.01 - 1.65
Fe 0.75 0.44 0.20 0.20 2.81 1.10 0.73 0.77 0.42 055 0.43

S. No.: sample numbers. Samples 23, 26 and 41 are related to PGE-poor chromitite, whereas sampie 68 is related to PGE-rich chromitite.
Electron-microprobe data.

TABLE 4. REPRESENTATIVE COMPOSITIONS OF PGE ALLOYS IN CHROMITITE,
OMAN OPHIOLITE

Wt % Os-It Cu-Pt-Ir-Fe-Rh Ni-Ru-Os-Ir Pt-Fe I-Rh Ir-Pt Pd metal

S. No. 112 65-8 26-1 26-2 43-3 43-4 23-1 08-5 67-4 23-1

S - - 0.08 - 0.05 - 0.04 - - 0.13
Os 53.72 68.81 - - 18.38 17.17 - - 3.13 022
Ir 36.37 14.46 1271 12.80 7.81 8.05 0.30 57.31 16.66 0.51
Ru 1.20 0.60 - - 21.88 20.28 0.04 1.40 4.54 -
Rh 0.16 0.14 8.80 12.41 0.54 0.54 0.60 12.67 1.61 0.24
Pt - - 2872 2511 - - 82.12 - 11.28 1.57
Pd 0.47 0.15 0.19 0.38 - 0.11 5.52 - 0.04 87.59
As - - - - - - 0.15 - - 0.68
Ni - - 017 0.11 32.99 38.01 043 3.16 0.11 0.10
Cu - - 2540 23.59 0.20 0.51 3.26 1.19 - 0.05
Fe 0.68 0.72 736  11.26 2.12 2.26 10.02 231 6.06 0.50
Cr 2.25 6.70 241 2.16 4.31 3.02 1.17 4.05 19.84 0.78
Total 94.85 91.58 85.85 87.83 88.26 89.96 103.64 82.29 63.27 92.35

At %

S - - 0.30 - 0.15 - 0.17 - - 0.47
Os 56.33 78.92 - - 10.04 8.73 - - 4.95 0.13
Ir 37.70 16.39 7.90 7.45 4.22 4.05 0.22 5431 26.07 0.31
Ru 2.37 1.29 - - 22.45 19.37 0.05 252 13.51 -
Rh 0.32 0.29 1021 13.49 0.54 0.51 0.81 2242 4.70 0.27
Pt - - 17.58 1440 - - 58.32 - 17.38 0.93
Pd 0.88 0.32 0.21 0.40 - 0.10 7.19 - 0.12 95.50
As - - - - - - 0.28 - - 1.05
Ni - - 0.35 0.21 58.33 62.55 1.02 9.80 0.55 0.20
Cu - - 47.72 4151 0.33 0.78 7.11 342 - 0.09
Fe 241 279 1573 22,55 3.94 3.91 24.84 7.53 32.71 1.04

S. No.: sample numbers. Samples 11, 67 and 68 are related to PGE-rich chromitite, whereas samples 23, 26 and 43 are
related to PGE-poor chromitite. Electron-microprobe data.
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In grains of the unidentified Cu—Pt—Fe—Ir-Rh aloy,
the Pt content may reach 28.7 wt%, and the mineral also
contains considerable amounts of Cu (up to 25.4 wt%),
Fe (up to 11.3 wt%), Ir (up to 12.8 wt%) and Rh (up to
12.4 wt%) (Table 4). The average chemical formula of
this mineral is (CUO_45FQ)_19P[0.16Rh0_12| ro_og) (Table 4)
This mineral most likely represents a PGE-rich base-
metal alloy or desulfurized PGE-rich base-metal sulfide,
e.g., chalcopyrite. The unidentified Ni-Ru—Os-r aloy
(Nig.61RU0.22080,00l f0.04F€0,04), @S0 appears to be PGE-
rich desulfurized base-metal sulfide, e.g., millerite. The
PGE (Ru + Os + Ir) to base metal (Ni + Fe) ratio is
approximately 1:2 (Table 4).

Small grains of possible Ir—Pt and Ir-Rh alloys are
found to be associated with Os-rich laurite within
chromian spinel of the PGE-rich chromitite (Table 4).
The Ir—Pt alloy contains up to 4.5 wt% Ru, 3.1 wt% Os,
and 1.6 wt% Rh. The very low total and high amounts
of Cr and Fe are due to the small grain-size. The Ir-Rh
alloy contains considerable amounts of Cu, Ni and Fe.

Rh

A) PGE sulfarsenides
o Oman (this study)
O Ojén lherzolite massif
2 Shetland ophiolite

Hollingworthite

Pt 5 Ir

B) Os-Ir Alloys

® Oman (this study)
o Rai-lz, Urals

= Vourinos

L]
Os 1 25 Ir

Fic.8. Compositional variation of PGE sulfarsenidesinterms
of (A) Rh—Pt-r and (B) Ru—Os-Ir of Os-r aloy from the
northern Oman chromitites (atom proportions).
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Its formula (| r0.54Rh0.22RU0.03Nio,loFe().ogCUo'Qg;) shows
an approximate PGE : base metal ratio of about 4:1
(Table4). The Pt—Fedloy and native Pd metal arefound
as parts of acomposite PGM grainin fracturesin spinel
in the PGE-poor chromitite (Table 4). They are found
intergrown around a grain of irarsite. The Pt—Fe aloy
contains various amounts of Pd, Cu and Ni, and has a
formula (Pto goF€p.25Pdo.07CUo 07Nig.01), comparable to
isoferroplatinum (PtsFe) reported by Cabri (1981).

Oxide

The PGE oxides or hydroxides documented so far in
the literature are mostly enriched in Pt and Pd, which
are more mobile than Ru, Os and Ir, and are found
mainly in aluvial occurrences (e.g., Augé & Legendre
1994). However, in situ PGE oxides or hydroxides of
Ru—Os-r have been recently described from chromitite
(e.g., Augé & Legendre 1994, Garuti & Zaccarini 1997,
Garuti et al. 1997). The chemical analysis of the PGE
oxidein the northern Oman chromitite demonstratesthe
exclusive presence of Ru, Os and Ir as major constitu-
ents, with a considerable amount of Fe, and traces of Ni
and Rh (Table 5). The analytical totals are much less
than 100 wt%, which is ascribed to the possible pres-
ence of some light elements not determined by electron-
microprobe analysis. We sought the anions, such as S,
As, Te, Bi and Sb, but they are practically absent.

Wavel ength-dispersion spectroscopy (WDS) clearly
shows that oxygen is one of the major constituents in
these PGM (Ahmed et al. 2002). The average chemical
formula of the PGE oxide is (Rugs70s0.16lr0.07F€0.16
Rhg 02Nig02)320. The possible presence of hydroxyl
(OH) cannot be eliminated. The PGE oxide is within
the compositional range of Os-rich laurite in terms of
Ru-Os-Ir proportions (Fig. 9). A Ru—Os-Ir oxide simi-
lar to the one we found was reported by Garuti &
Zaccarini (1997) and Garuti et al. (1997) from atered
or weathered chromitites. The O-bearing PGM from
weathered (lateritized) samples, in which limonite and
other Fe hydroxides are abundant, are possibly a mix-
ture of a PGE alloy and Fe hydroxide (e.g., Garuti &
Zaccarini 1997). Therelatively low content of Fein the
Oman PGE oxide may indicate that the oxygen detected
was not derived from an admixed Fe hydroxide (Ahmed
et al. 2002). More detail s about the composition of PGE
oxide are presented in Ahmed et al. (2002).

Base-metal sulfides and alloys

Almost all base-metal sulfides (BMS) and base-
metal alloys (BMA) have trace amounts of PGE (up to
0.7 wt%) except for bornite, which has up to 6.9 wt% of
total PGE (Table 6). The most abundant BMA isNi—Fe
aloy, which displays large aggregates and anhedral
grains with a pitted and rough appearance. The aloy is
usually found in the PGE-poor chromitite asinclusions
within altered parts of chromian spinel. The Ni—Fe al-
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B Oman PGE oxide
® Laurite from Vourinos Complex

O Nurali PGE oxides
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Fic.9. Compositional variation of oxide-hydroxidegrainsin
terms of Ru—Os-r (in atomic ratios) in the PGE-mineral-
ized chromitite, Oman ophiolite, in comparison with Os-
rich laurite from the northern Oman chromitites, PGE ox-
ides from the Nurali ultramafic complex, southern Urals,
Russia (Garuti et al. 1997), and laurite of Vourinos com-
plex (Augé 1988). Note the similarity in element propor-
tions between the PGE oxide and laurite from Oman, and
between the PGE oxides of Oman and the Nurali complex.
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loy has an average chemical composition typical of
awaruite (NigFe) (Table 6). Awaruite associated with
Ni sulfides has been described from serpentinized ul-
tramafic rocks and is usually considered to be of sec-
ondary origin (e.g., Melcher et al. 1997, Bai et al. 2000).
Pentlandite, (Nig.31Fe0.21)So.4g On average, has a
metal:sulfur ratio of approximately 1 (Table 6). The
unidentified Cu-rich Ni—Fe sulfide found in our PGE-
poor and MTZ chromitites usually has a pentlandite-
type metal:sulfur ratio, with a composition (Nig 37F€p 08
Cup.05)So.50 On average, and up to 8.40 wt% Cu
(Table 6). A Cu-rich Ni—Fe sulfide with asimilar com-
position has also been reported as inclusions in spinel
and as amatrix mineral in relatively altered chromitite
(Augé 1988, Ferrario & Garuti 1990). It has also been
described from the sulfide-rich chromitite of the Moa—
Barracoa ophiolite massif, eastern Cuba (Proenza et al.
2001). Millerite contains various amounts of Fe, from
0.8 to 11.4 wt%, and has an average chemica formula
(Nio.44Fep.05)So51 (Table 6). The metal (Cu + Fe) to sul-
fur ratio of borniteis approximately 6:4, and its average
formulais (Cug s1Fen.07)So.42, Which is close to the ideal
formula, CusFeS, The relatively high Os, Ir and Ru
contentsin some grains of bornite may be derived from
adjacent Os-rich laurite (Table 6). Heazlewooditeisthe

TABLE 5. REPRESENTATIVE COMPOSITIONS OF THE PGE OXIDES IN CHROMITITE,
OMAN OPHIOLITE
Wt % Analysis without oxygen Analysis with oxygen
S. No. 18-6 18-7 6-2 18-5% 18-6 18-7 6-2 18-5*
0] - - - - 10.32 7.65 6.14 0.20
S 0.02 - 0.02 32.12 0.02 - 0.02 32.12
Os 25.75 25.74 15.35 22.07 25.75 25.74 1535 22.07
Ir 11.71 12.02 6.76 11.83 11.71 12.02 6.76 11.83
Ru 34.57 34.13 42,97 28.03 34.57 34.13 42,97 28.03
Rh 1.10 1.04 1.37 0.70 L1 1.04 1.37 0.70
Pt . - - - - - - .
Pd 0.12 - 0.11 .01 0.12 - 0.11 0.01
As - - - - - - - -
Ni 1.19 2.03 0.18 0.09 119 2.03 0.18 0.09
Cu - - - - - - - -
Fe 4.31 3.39 6.39 0.52 431 3.39 6.39 0.52
Cr 3.23 1.98 1.53 1.72 3.23 1.98 1.53 1.72
Total 82.00 80.23 74.68 97.09 92.33 88.56 80.79 97.29
At %
0 49.88 42,33 36.29 0.84
S 0.09 - 0.09 67.94 0.04 - 0.06 67.37
Os 20.91 20.80 12.00 7.88 10.48 11,99 7.64 7.81
Ir 9.40 9.60 5.23 417 4.71 5.54 3.33 4.14
Ru 52.75 51.82 63.14 18.80 26.44 29.89 40.22 18.65
Rh 1.64 1.55 1.97 0.46 0.82 0.90 1.26 0.46
Pt - - - - - - - -
Pd 0.17 - 0.14 0.01 0.09 - 0.09 0.01
As - - - - - - - -
Ni 3.12 531 0.46 0.10 1.56 3.06 0.29 0.10
Cu - - - - - - - -
Fe 11.92 10.92 16.99 0.63 5.97 6.30 10.82 0.63

S. No.: sample numbers. Sample 18 is related to PGE-poor chromitite, whereas sample 6 is related to PGE-poor chromitite. Electron-

microprobe data. * Grain of Os-rich laurite.
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TABLE 6. REPRESENTATIVE COMPOSITIONS OF BASE-METAL SULFIDES (BMS) AND BASE-METAL ALLOY (BMA)

IN CHROMITITE, OMAN OPHIOLITE
Wt % Pentlandite Cu-rich Millerite Ni-Fe alloy Bomite Heazlewoodite
pentlandite (Awaruite)
S. No. 60 30 29-1 29-2 20 60 43-2 43-1 43-1 43-1 29
S 32.18 3349 3494 32.03 3508  33.23 0.06 0.01 23.05 22,76 27.33
Os 0.27 - 0.27 0.12 0.08 0.08 0.11 0.18 3.30 1.89 0.33
Ir 0.05 0.03 - 0.14 0.06 0.01 0.05 0.06 1.86 0.53 0.04
Ru - 0.10 0.02 0.28 0.02 0.13 0.16 0.01 3.52 0.98 0.11
Rh 0.02 0.11 0.02 0.11 - 0.02 0.03 0.13 0.14 0.06 -
Pt - 0.02 - - - 0.06 - - - - -
Pd - - 0.03 0.10 0.16 - 0.05 0.14 0.13 0.15
As - - - - - - - - - - -
Ni 33.66 38.15 4790 4207 6148 5249 71.00 74.28 0.41 0.09 69.87
Cu - 021 - 647 832 0.29 0.02 128 0.27 56.43 53.16 0.30
Fe 29.25 2635 9.03 17.22 0.81 797 21.19 24.20 5.29 8.67 0.98
Cr 343 1.71 2.28 3.97 1.66 2.68 3.26 1.85 2.76 427 1.51
Total 98.87 100.17 10094 10429 9958  96.84 97.14  101.03 96.88 92.54 100.62
At %
S 4772 4809  50.19 46.23 5059  49.89 0.12 0.01 40.55 41.10 41.19
Os 0.07 - 0.07 0.03 0.02 0.02 0.04 0.06 0.98 0.57 0.08
Ir 0.01 0.01 - 0.03 0.01 - 0.01 0.02 0.55 0.16 0.01
Ru - 0.05 0.01 0.13 0.01 0.06 0.10 0.01 1.96 0.56 0.05
Rh 0.01 0.05 0.01 0.05 - 0.01 0.02 0.07 0.07 0.04 -
Pt - 0.01 - - - 0.01 - - - - -
Pd - - - 0.01 0.04 0.07 - 0.03 0.08 0.07 0.07
As - - - - - - - - - - -
Ni 27.28 2992  37.59 33.18 4844 4305 74.96 7417 0.39 0.09 57.52
Cu - 0.15 4.69 6.06 021 0.02 1.25 0.25 50.09 48.43 0.22
Fe 24.91 21.72 7.45 14.27 0.67 6.87 23.51 25.39 534 8.99 0.85

S. No.: sample numbers. Samples 20, 29, 30 and 60 are related to MTZ chromitite, whereas sample 43 is related to the PGE-poor

chromitite. Electron-microprobe data.

least abundant BMS; it is restricted to the interstitial
matrix of the MTZ chromitite. It has very low levels of
Fe and Cu (Table 6), and its average chemical formula
is (Nio.42So.58)-

Discussion
The Oman ophiolite among others: a comparison

After the discovery of unusually high-PGE chromi-
tite, the consensus that the Oman ophiolite is one of the
classical PGE-poor ophiolites of the world (e.g., Augé
1986, Prichard et al. 1996a) must berevisited. Although
most chromitites in ophiolites contain between 100 and
500 ppb of PGE and have moderate to low Pd/Ir values
(0.8-0.1) (Leblanc 1991), PGE-rich (>750 ppb)
chromititeswith very low Pd/Ir values (< 0.1) have been
described from some ophialites, such as the Massif du
Sud in New Caledonia (Page et al. 1982a). The PGE
contents of our PGE-rich chromitite (1500 ppb) with an
extremely low Pd/Ir value (0.007) (Ahmed & Arai 2002)
now place parts of the Oman ophiolite among the most
PGE-enriched of ophiolite complexes.

According to the literature, two types of PGE distri-
butions have been found in the mantle section of
ophiolites: (1) aunimodal distribution characterized by

(Ru-Os-Ir)-dominant PGM, and (2) a bimodal distri-
bution characterized by (Ru—Os-r)-bearing chromitites
in the deeper mantle section and (Rh—Pt—Pd)-bearing
chromititesin the uppermost part of the mantle section,
near the MTZ. The former type is occasionally linked
to the deep-seated mantle chromititesin ophiolites such
as Vourinos, Greece (Augé 1988, Garuti & Zaccarini
1997), Rhodope, Bulgaria (Tarkian et al. 1991), Skyros
Island, Greece (Tarkian et al. 1992) and Othrys, Greece
(Garuti et al. 1999a). The latter type has been reported
from ophiolites such as Zambales, the Philippines
(Bacutaet al. 1988), Thetford Mines, Canada (Corrivatix
& Laflamme 1990), Bulgiza and Tropoja, Albania
(Ohnenstetter et al. 1991), Pindos, Greece (Tarkian et
al. 1996), and Shetland (Prichard et al. 1996b).

The Oman ophiolite belongs the “unimodal” type:
the (Ru,Os,Ir)-bearing chromitites are common both in
the deeper mantle section and in the MTZ. Laurite, by
far the most common primary PGM in the northern
Oman chromitites, is accompanied by minor amounts
of other PGM: erlichmanite as in Othrys (Garuti et al.
1999a), an Os-Ir alloy asin Vourinos (Augé 1988), an
unnamed Ir-rich sulfide asin Ojén, Spain (Garuti et al.
1995), and a PGE sulfarsenide as in many other com-
plexes (e.g., Augé 1988, Legendre & Augé 1986,
Thalhammer & Stumpfl 1988, Tarkian et al. 1991). The
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combination of thesetypes of mineralsin chromitites of
the northern Oman ophiolitic complex suggests that
crystallization occurred where sulfur was widely vari-
able. The presence of a PGE oxide is also comparable
to what has been reported in some localities (e.g., Augé
& Legendre 1994, Garuti & Zaccarini 1997, Garuti et
al. 1997), and ascribed to the desul furization of primary
PGM, i.e., laurite, during an early stage of serpenti-
nization.

In terms of laurite composition, the Oman ophiolite
is similar to the Othrys ophiolite, Greece (Garuti et al.
1999a), the Rai—Iz ophialite, Polar Urds, Russia (Garuti
et al. 1999b), and to the Finero and Ojén peridotite com-
plexes (Ferrario & Garuti 1990, Garuti et al. 1995). In
these complexes, laurite is usualy Os- and somewhat
Ir-rich, and has an apparent compositional gap with
erlichmanite (Fig. 10). On the other hand, the laurite
composition of the Oman ophiolite is quite different
from those in some ophiolites and layered intrusions,
i.e., New Caledonia (Augé & Maurizot 1995) and
Vourinos (Augé 1988) ophiolites, Stillwater Complex,
Montana (Talkington & Lipin 1986), and the Bird River
Sill complex, Manitoba (Ohnenstetter et al. 1986). The
laurite in these complexes is usualy Ru-rich and Os-
and Ir-poor relative to those of thefirst group (Fig. 10).
There isaclear contrast between the Ru-rich laurite in
al of the stratiform chromitites and some podiform
chromitites and the Os-rich laurite in the other type of
podiform chromitite.

Origin of primary PGM assemblages

The PGE sulfides and Os-Ir alloy mainly found in-
cluded in fresh chromian spinel aretypically interpreted
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as primary phases (e.g., Stockman & Hlava1984, Augé
1988, Melcher et al. 1997, Garuti et al. 19993, b, Bai et
al. 2000). They are probably produced as early precipi-
tates from the melt involved in chromitite formation.
There is now a broad agreement that the PGM inclu-
sions represent magmatic minerals entrapped by crys-
tals of chromian spinel (e.g., Stockman & Hlava 1984,
Augé 1988, Ferrario & Garuti 1990, Torres-Ruiz et al.
1996) rather than the products of subsolidus exsolution
from the host chromian spinel (e.g., Naldrett & Cabri
1976). The composition of Os-rich laurite in the three
types of chromitite from Oman, i.e., mantle PGE-rich,
mantle PGE-poor and MTZ, isvirtually identical, sug-
gesting no dependency on the host composition of
chromian spinel. Furthermore, the perfect euhedral
shape of the laurite crystals and their sporadic distribu-
tion even within the same pod strongly suggest that
laurite represents a high-temperature phase on the
liquidus of a primitive magma.

In simple experimental magmatic systems, Ru, Os
and Ir tend to be concentrated into aloysand, to alesser
extent, sulfides, i.e., laurite at a relatively low fugacity
of sulfur, f(S;), and high temperatures (1200-1300°C)
(Brenan & Andrews 2001). Where the magmain such a
system has a suitable f(S;), the PGE sulfides will have
thefollowing order of precipitation: RuS,, OsS, and Ir'S,
(Westland 1981). According to the recent experiments
of Brenan & Andrews (2001), laurite shows a composi-
tion of nearly pure RuS; with low concentrations of Os
and Ir a high temperatures and low f(S;). The forma-
tion of Os-rich laurite and erlichmanite (OsS,) requires
ahigher f(S;) than that for Ru-rich laurite. Consequently,
the Os-for-Ru substitution in laurite is promoted by an
increase of f(S;) (Stockman & Hlava1984, Woods 1987,
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Garuti et al. 19993, Brenan & Andrews 2001). The Ru-
rich Os-Ir aloy also tends to be stable under relatively
low f(S;). Under conditions of high f(S;), Ru in the
magma is consumed for the laurite formation, and thus
the alloy grainstrapped by chromian spinel, if any, will
be Ru-poor (Nakagawa & Franco 1997).

Hence, the common abundance of Os-rich laurite and
the rarity of erlichmanite and (Ru-poor) Os-Ir aloy,
especialy in the PGE-rich chromitite of the Oman
ophiolite, suggest that theinitial f(S;) of the magmawas
high enough to form Os-rich laurite. We believe, there-
fore, that the magmas involved in the formation of
chromitite in the Oman ophiolite were sulfide-under-
saturated, and that the Os-rich laurite crystallized at a
higher f(S) than in other complexes, where the laurite
composition is more Ru-rich.

The mechanism of laurite formation asinclusionsin
chromian spinel is best explained by the “metal-clus-
ters hypothesis’ proposed by Tredoux et al. (1995).
After liberation of the PGE from the mantle source at a
high degree of partial melting, they tend to occur as
minute metallic clustersin the host melt. Such metallic
clusterswill move upward with the melt until they reach
the favorable conditions for chromitite formation, at
which point they will act as a nucleus for the early-
formed crystals of chromian spinel and silicates
(Tredoux et al. 1995). The subsequent formation of PGE
aloys or sulfides will be controlled by the available
sulfur content of the magma before entrapment by the
early-formed crystals of chromian spinel.

The Os content of laurite seems to be dependent on
the temperature and f(S;) of the host melt. The laurite —
silicate melt partition coefficient for Os significantly
increases with decreasing temperature (Brenan &
Andrews 2001), and, therefore, the late-formed laurite
tends to be more Os-rich. The early crystallization of
laurite will result in the partitioning of Osinto the solid
phase, i.e., laurite, over the coexisting silicate melt. With
decreasing temperature, the f(S,) will increase, allow-
ing laurite crystals to accommodate more Os and Ir to
produce the Os-rich laurite prior to its incorporation
within chromian spinel. On the other hand, quick en-
trapment of lauriteinto chromian spinel owing to ahigh
cooling rate of magma is necessary to form Ru-rich
laurite, precluding exchange of Os and Ir in the melt
with Ru in the laurite once crystallized. If the magma
reaches the sulfide-saturated conditions, aimost al the
PGE in the melt will be precipitated as monosulfide
solid-solution, precluding (or postdating) the presence
of laurite or alloys in the magmatic system (Barnes &
Naldrett 1986, Naldrett et al. 1994, Li et al. 1992, 1998,
Brenan & Andrews 2001, Andrews & Brenan 2002).

The rarity of BMSin the PGE-rich chromitite of the
Oman ophiolite can be explained by the abnormally high
PGE contents that consume the available sulfur in the
melt in order to produce Os-rich laurite (Augé 1988).
The enrichment of some PGM with some base metals
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like Cu and Ni reflects the presence of these metalsin
the parent magma without sufficient amount of sulfur
to form sulfide(s). The presence of some PGE — base-
metal alloys, such as Cu—Pt—Fe-Ir—Rh and Ni-Ru—Os—
Ir alloys, within chromian spinel reflects a high-
temperature condition and low availability of sulfur at
the early stage of spinel growth. This situation is also
comparable to the presence of sulfarsenides as primary
phases in chromian spinel, ascribed to relatively high
Asactivity (Torres-Ruiz et al. 1996). The activity of As
declined rapidly after the formation of As-bearing min-
erals (i.e., I-Rh sulfarsenide) with falling temperature
(Torres-Ruiz et al. 1996).

The abundance of unnamed (Ir,Rh)(Ni,Cu,Fe) sul-
fideand Os-rich lauritein the PGE-poor chromitite may
reflect the relatively high f(S;) of the mantle-derived
melt beneath the mid-ocean ridge. The relatively low
degree of partial melting involved in the formation of
PGE-poor chromititein the Oman ophioliteis supported
by the very gentle negative slope of its PGE distribu-
tion patterns from Ru to Pd (Ahmed & Arai 2002). The
BMS inclusions in some MTZ and PGE-poor chromi-
tites may support a higher activity of sulfur and low-
temperature conditions (Ferrario & Garuti 1990). The
very few PGM grains, mainly laurite, in the MTZ
chromitite reflect the depletion in PGE of its parental
evolved magma. Thelow Os:Ru ratio, 0.35 on average,
of the MTZ chromitites of the Oman ophiolite denotes
the fractionated nature of the parent magmas in terms
of PGE.

Origin of secondary PGM assemblages

The PGE oxide from the Oman ophiolite was possi-
bly formed at a very low temperature, where chromian
spinel can remain chemically intact. At higher tempera-
tures, i.e., higher degrees of serpentinization, chromian
spinel in chromititeis not stable, being converted to Fe-
rich phases, ferrian chromite or Cr-bearing magnetite
(e.g., Ahmed et al. 2001). This inference is supported
by the absence of chlorite and the presence of serpen-
tine-group mineralsin the network of fractures. In addi-
tion, the formation of a PGE oxide likely proceeded at
an early stage of serpentinization because peridotites
surrounding the chromitite pods are relatively fresh.
This situation is confirmed by the relatively low con-
tents of Fe and Ni in the oxide (Fig. 7 in Ahmed et al.
2002): Fe and Ni are supplied from olivine on
serpentinization. A Ni—Fe alloy is quite commonly as-
sociated with PGM in highly atered chromitites (e.g.,
Garuti & Zaccarini 1997, Arai et al. 1999). Stockman
& Hlava (1984) concluded that Ru-rich alloys were
formed by desulfurization from primary lauritewith sig-
nificant addition of Fe-Ni during serpentinization. Inthe
Nurali complex of the southern Urals, the Fe-rich Ru—
Os-r oxide grains are solely associated with altered
chromian spinel (Garuti et al. 1997).
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The PGE (Ru—Os-Ir) oxide grains from Oman were
probably transformed from primary laurite by desulfur-
ization and oxidation accompanied by volume reduc-
tion. Their polygonal shape and mode of occurrence as
inclusions within chromian spinel are exactly the same
aslaurite (Figs. 6A-D). The Ru—Osr proportionswere
almost unchanged during the desulfurization—oxidation
process (Fig. 9). The preservation of Ru—Os-r propor-
tions upon transformation from laurite to PGE oxides
was also reported from the Vourinos ophiolite (Garuti
& Zaccarini 1997). Primary laurite as a precursor for
PGE oxides is also suggested by the occurrences from
the Nurali Complex: primary magmatic laurite is in-
cluded only in fresh chromian spinel, whereas the ox-
ides are found in ferrian chromite (Garuti et al. 1997).
Owing to the brittle failure of chromian spinel grains,
radial cracks developed throughout the spinel grains,
and extended through some of the enclosed PGM. Asa
result, some of the laurite grains were exposed to an
oxygenated fluid phase, and were, therefore, converted
to the Ru—Os-Ir oxide with a significant reduction in
volume. The absence of chlorite-group minerals within
the network of fracturesin spinel and PGE oxide grains
and the presence of serpentine-group mineralsonly sug-
gest that chromian spinel is not involved in the alter-
ation, at least at the stage of PGE oxide formation. It is
the Eh rather than temperature that possibly controlled
the formation of PGE oxide in Oman (Garuti et al.
1997). Westland (1981) suggested that PGE sulfidescan
be transformed to PGE alloys or PGE oxides depending
on Eh—pH changesin the system PGE-S-H,0. Bowles
(1986) suggested that either laurite or Ru-rich alloyscan
be precipitated in alateritic environment depending on
Eh—pH conditions. According to Brookins (1987),
laurite is converted to RuO, via Ru metal with an in-
crease of Eh at agiven pH in the system Ru—O-H-S at
low-temperature, low-pressure conditions. We suggest,
therefore, that Eh enhancement on invasion of aqueous
fluid has converted primary Os-bearing laurite to Ru—
Os-Ir oxide through an alloy stage.

The mode of occurrence of almost al BMS and
BMA, as well as some of PGM, in the fractured
chromian spinel and interstitial matrix of the PGE-poor
and MTZ chromitites suggest that they are secondary in
origin, formed during the serpentinization process.

CONCLUSIONS

1. Mineralization in the platinum-group elementsis
described for the first time from the northern Oman
chromitites. PGE mineralization is found mainly in the
PGE-rich chromitite deeper within the mantle section
and, to alesser extent, in the PGE-poor chromitite found
at the same level, although the MTZ chromitites rarely
have PGM grains.

2. Os-richlauriteisthe most common PGM, but all
the other PGE also appear in mineral phase(s) that are
minor in amount. Subordinate Os-Ir alloy and erlich-
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manite also are found in the northern Oman chromitites.
Theunnamed (Ir Rh)(Ni,Cu,Fe) sulfideisonly common
inthe PGE-poor chromitite. PGE sulfarsenide and some
other unidentified PGE alloys are observed as primary
inclusionswithin chromian spinel. The variable minera
assemblages suggest crystallization under awide range
of Sand As activities prior to or during the crystalliza-
tion of chromian spinel.

3. The common abundance of Os-rich laurite and
Ru-poor Os-r alloy suggests that the parent magma(s)
involved in the formation of the northern Oman
chromitite was sulfide-undersaturated. The Os-Ir aloy
precipitated at the very early stage of crystallization,
whereas the erlichmanite was precipitated at relatively
high-f(S;) and low-temperature conditions.

4. A PGE oxide is found in the Oman ophiolite.
Polygonal inclusions with radial cracks occur in unal-
tered grains of chromian spinel and are composed of Ru,
Os, Ir and O with small amounts of Fe. Its Ru—-Os-Ir
proportions are similar to that of primary Os-bearing
laurite (Ru—Os-Ir sulfide), the most common PGM in
the Oman chromitites.

5. The oxide formed by desulfurization and oxida-
tion of the laurite, with appreciable reduction in volume
a very low-temperature condition, at which chromian
spinel remained chemically intact. An increase of Eh
possibly promoted the transformation of laurite to PGE
oxide via an aloy stage.

6. Theoccurrence of BMSand BMA infracturesin
chromian spinel and in the matrix reflects their second-
ary origin; they formed progressively during the
serpentinization process.
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