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ABSTRACT

Platinum-group minerals (PGM) were discovered in the Aikora River area of Papua New Guinea. This area is situated in the
Papuan Ultramafic Belt, in the eastem part of the island. The PGM concentrates consist almost exclusively of PGE alloys,
predominantly of Os-Ir-Ru alloys (887o) and subordinately of ft-Fe alloy (12Vo). Osmium (707o) is the main mineral of the Os-
Ir-Ru alloys, followed by ruthenium (13%), rutheniridosmine (l3%o) and iridium (47o). A few grains of Os-Ir-Ru alloy are
characterized by an unusually high Pt content (up to 1 8 wt %), and their compositions plot in the miscibility gap of the system Os-
Ir-Ru. We infer that these grains crystallized at higher temperatures. Composite grains of the various types of alloys and oriented
intergrowth are very common. Laurite is the only sulfide found, as inclusions in alloys, but more commonly as a product of
alteration. Sulfarsenides, undefined arsenides and probable PGE oxides are of secondary origin. The compositions of the alloys
and their textures suggest a high-temperature crystallization from a sulfur-depleted Os-Ir-Ru-Rh-Pt-Fe solid solution. The
PGM in the placers of the Aikora River area seem to have been derived from ophiolites of the Papuan Ultramafic Belt.

Keyworcls: platinum-group minerals, placer deposits, Os-Ir-Ru alloys, ft-Fe alloy, sulfides, sulfarsenides, PGE oxides, Papuan
Ultramafic Belt, Aikora River area, Papua New Guinea.

SoNrvatne

Nous avons ddcouvert des min6raux du groupe du platine dans la r6gion de la rividre Aikora, dans la ceinture ultramafique
papouenne de I'est de I'ile de Papouasie Nouvelle Guin6e. Les concentr6s de ces min6raux contiennent presqu'exclusivement des
grains d'alliages d'6l6ments du groupe du platine, surtout des alliages de Os-Ir-Ru (88Vo) etdePt-Fe (72Eo). L'osmium (70%)
est la phase min6rale dominante des alliages Os-Ir-Ru; viennent ensuite le ruth6nium (l3Vo), la rutheniridosmine (l3%o) et
f iridium (4Vo).Dans quelques cas, des grains d'un alliage Os-Ir-Ru possbdent des teneurs anormalement 6lev6es en Pt (usqu'd
187o, poids), et leur composition se situe dans la lacune de miscibilit6 du systdme Os-Ir-Ru. Nous croyons que ces grains ont
cristallis6 d une temp6rature relativement 6lev6e. Les grains compos6s de divers types d'alliage et les intercroissances orient6es
sont ffbs courantes. On trouve la laurite comme seul sulfure dans cette suite, en inclusion dans les alliages, mais encore plus
fr6quemment comme produit d'alt6ration Les sulfarsdniures, les ars6niures m6connus et les oxydes probables des 616ments du
groupe du platine ont une origine secondaire. La composition des alliages ainsi que leurs textues font penser qu'il s'agit d'une
cristallisation d temp6rature 6lev6e bL partir d'une solution solide Os-Ir-Ru-Rh-ft-Fe appauvrie en soufre. Les min6raux du
groupe du platine des graviers alluvionnaires de la rividre Aikora semblent d6riv6s d'un massif ophiolitique de la cernture
ultramafi que papouenne.

(Traduit par la R6daction)

Mots-clds'. min6raux du groupe du platine, graviers alluvionnaires, alliages Os-Ir-Ru, alliage h-Fe, sulfures, sulfars6niures,
oxydes des 6l6ments du groupe du platine, ceinture ultramafique papouenne, rivibre Aikora, Papouasie Nouvelle Guin6e.

$ E-mail addresses: torry.weiser@bgr.de, hgb hanau@t-online.de
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INrnooucrroN

Occurrences of platinum-group elements (PGE) in
Papua New Guinea are mainly known from their asso-
ciation with alluvial gold operations. The Aikora River
area in the Papuan Ultramafic Belt and the Milne Bay
Goldfield in the southeast. as well as some localities in
the April Ultramafic Belt in northwestern Papua New
Guinea, are reported to have yielded about 40 kg of
PGE, in addition to gold, from the end of the last cen-
tury to the 1930s (Grainger & Grainger 1914).Explora-
tion by Kennecott Co. in 1984 detected significant
concentrations of gold and minor PGE values in the
alluvial sediments of the Papuan Ultramafrc Belt and
the April Ultramafic Belt. These indications prompted
renewed exploration activities by a joint venture
between Degussa AG (Germany) and Pancontinental
Mining Limited (Australia) from 1986 to 1988. Our aim
in this paper is to provide a detailed characterization of
the platinum-group minerals (PGM) from the Aikora
River area, discovered during this exploration activity

GsoLocrcar- Serrrxc

Papua New Guinea is composed, tectonically, of
three units, the so-called platform, the central mobile

belt and the oceanic crust and island arcs, which are the
result ofthe collision and accretion between the Austra-
lian and Pacific plates in the Mesozoic and Tertiary
(Dow 1977). During collision, ultramafic and mafic
rocks, presumably ophiolitic material, were emplaced
along major fault-zones in the mobile belt and in the
oceanic crust and island arcs. The April Ultramafic Belt,
the Marum Ophiolite Complex and the Papuan Ultra-
mafic Belt are the most important ophiolite zones
(Fie. 1).

The Papuan Ultramafic Belt, the largest ultramafic-
mafic complex on Papuan island, strikes over 400 km
in a NW-SE direction, attaining a maximum width of
40 km on the northeastern side of the Owen Stanley
Range in the eastern part of the island. The complex
consists of a basal ultramafic zone 4-8 km thick,
overlain by a gabbro zone 4 km thick and a basalt zone
44km thick (Davies 1971). The ultramafic zone was
subdivided by Davies (1971) into non-cumulus ultra-
mafic rocks at the base (harzburgite, dunite and
orthopyroxenite) overlain by ultramafic cumulates that
contain olivine, orthopyroxene, clinopyroxene, chro-
mite, but without plagioclase. The gabbro zone consists
of cumulus gabbro formed on the transition zone to the
ultramafic rocks, as well as granular gabbro and high-
level gabbro. The basalt zone consists predominantly of
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FIG. l. Tectonic sketch-map of Papua New Guinea showing the location of ultramafic belts and PGM occurrences (modified after
Power-Fardv et al. 1990\
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Fto.2. Diagrammatic relationship of Papuan Ultramafic Belt rock units (modified after Davies 1971).

massive basalt and spilitic lavas (Fig.2). According to
Davies (1971), the ultramafic zone forms part of the
oceanic mantle, whereas the gabbro and basalt zones are
oceanlc crust.

MBrnooolocy

The Papuan Ultramafic Belt is a rough mountain area
covered with dense jungle. The exploration work in the
Aikora River area was extremely difficult and expen-
sive because continuous service by helicopter was nec-
essary .  In  add i t ion  to  convent iona l  methods  o f
exploration, a special helicopter-borne sampling pro-
gram was developed. The first step was the identifica-
tion of a suitable airstrip for the helicopter. Rock
exposures are totally absent in the area. Stream sedi-
ments were collected over a five-km-long distance along
the Aikora River and its tributaries, along a section
through the whole sequence of mafic and ultramafic
rocks of the Papuan Ultramafic Belt (Fig. 3). The stan-
dard procedure for sampling was (i) to collect from each
locality a 6-liter sample (one standard gold pan) of five
mesh sand-sized sediment by sieving, (ii) reduction of
the sample to approximately 100 g of heavy-mineral
concentrate by panning, and (iii) visual assessment of
content, size and habit of the PGM.

The heavy-mineral concentrates collected systemati-
cally along selected sections ofriver banks in the Aikora
area were first scanned by X-ray fluorescence (XRF) to
obtain an overview of the element spectrum. Subse-
quently, the samples were inspected with a scanning
electron microscope equipped with an energy-dispersion
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system (SEM/EDX) to obtain preliminary information
on the composition of individual grains. Grains of PGM
and Au were embedded in araldite and polished with
diamond powder on a Diirener polisher for optical ex-
amination and qualitative electron-microprobe analyses
in the laboratories of Degussa AG (Bachmann et al.
1987, Bachmann 1988). The detailed quantitative char-
acterization of the PGM was carried oui recently at BGR
using a CAMEBAX Microbeam electron microprobe.
The analytical conditions were: accelerating voltage
20 kV, specimen current 30 nA and measurement time
10 s. The following X-ray lines and standards were used:
RuZa, RhZcr, OsMa,hLrl, CuKa, NiKcr, Se^Lcr, Te,Lct,
BiMcr (metals), Ptlcr, and FeKa (synthetic Pt3Fe alloy),
Pdlct (synthetic PdS), SKcr (synthetic PtS), Asla
(synthetic GaAs), and Sblcr (stibnite). Raw data were
corrected using the PAP program supplied by Cameca.
Additional corrections were performed for enhancement
of the elements Rh, Pd, Cu, As, and Sb by secondary
lines. Detection limits for the elements sought are
O.l wt.%o.

One hundred and fifty-four grains of PGM were
found in ten samples from the Aikora River area. In
total, 935 quantitative electron-microprobe analyses
were carried out on single grains and inclusions.

MNenaLocv

The main minerals in the concentrates are ilmenite,
chromite and magneti te, which usually occur as
euhedral to subhedral crystals up to 500 pm across.
Ilmenite commonly shows exsolution lamellae of
hematite. Subordinate components of the panned
samples are rutile, zircon, jacobsite, pyrite and cuprite.
The main silicate minerals identified by XRF are min-
erals of the olivine, pyroxene and hornblende groups,
and epidote (Bachmann et al.1987).

The gold particles are rounded and knobby, and
reach up to 2 mm in diameter (Fig. 4a). There are two
groups of compositions, with Au:Ag ratios (at.7o) of
85:15 and 95:5. Silvery white inclusions in gold corre-
spond to Au5sAg5s (Bachmann et al. 1981). The Au/
PGM ratio varies from sample to sample, but is invari-
ably less than l.

The PGM are developed as well-formed crystals or
rounded and flattened irregular forms (Fig. 4) and arc
up to 2 mm in length. Of all measured PGM, l2vo fall
in the class >1.21 mm, 16%obetween 0.91 and 1.2mm,
42Vobetween 0.61 and 0.9 mm, 2SVabetween 0.31 and
0.6 mm, and only 2Vo are smaller than 0.3 mm. The
PGM grains show a silver color with a metallic luster
under the stereo optical microscope. Bachmann et al.
(1987) identified by qualitative electron-microprobe
analyses "osmiridium" and "rutheniridosmine", prob-
ably iridium, osmium or rutheniridosmine after the re-
vised nomenclature of Hanis & Cabri (1991), as the
main PGM, with minor isoferroplatinum, laurite and
irarsite. A quantitative assessment of the abundance of

the PGM in the concentrates is unknown. Our new quan-
titative electron-microprobe data show that 887o of the
analyzed single grains of PGM consist of Os-Ir-Ru al-
loys; the remaining l2vo a;re grains of Pt-Fe alloy. All
other observed minerals occur only as alteration prod-
ucts in fractures or along grain margins and, to a lesser
extent, as inclusions within the alloys.

Os-Ir-Ru alloys

The larger crystals of the Os-Ir-Ru alloys are mostly
rounded or flattened with a lobed outline (Fig. 4a).
Grains of osmium, iridium and ruthenium, but not of
rutheniridosmine, smaller than 0.5 mm, show in some
cases idiomorphic crystal faces (Figs. 4b, c). Crystals
of Os-Ir-Ru alloy covered with Pt-Fe alloy (Figs. 4b,
6e, I are rare. In reflected light, the grains are white
with a light bluish tinge and mostly variably anisotropic
depending on the orientation ofthe crystal. Interference
colors in oil immersion change from orange to dark
brown. Cubic crystals are subordinate. The majority of
the grains of Os-Ir-Ru alloy are optically homogeneous
under reflected light. Common inclusions comprise
other PGM, composite grains of different phases in the
system Os-Ir-Ru (Fig. 5a), and intergrowths with
Pt-Fe alloy (Figs. 5f, 6a, b).

Electron-microprobe analyses of the homogeneous
grains show the presence of all known phases of the
ternary system Os-Ir-Ru. Osmium, the hexagonal alloy,
with variable amounts of ruthenium, is the dominant
phase (707o), followed by rutheniridosmine (137o) and
ruthenium (137o).Only 47o of the analyzed crystals con-
sist of cubic iridium and Pt-bearing iridium (Fig. 7). The
compositions of the grains show a well-developed trend
parallel to the miscibility gap in the system Os-Ir-Ru
and confirm similar observations by Harris & Cabri
(1973) on material from Papua New Guinea of uncer-
tain origin. This trend also is in good agreement with
compositions of material from Burma (Hagen et al.
1990) and from the Urals, Russia and Alberta, western
Canada (Cabi et al. 1996). Figure 7 shows also that the
majority of the compositions cluster on the boundary
between osmium and rutheniridosmine, close to the
triple point. It is typical of all analyzed grains of Os-Ir-
Ru alloys that the content of Pd is nearly always below
the detection limit. Only a few grains carry up to
0.4 wt.Va of Pd.

The grains of osmium are mostly homogeneous and
contain up to 1.0 wt.VoPt and 3.0 wt.7o Rh. Composi-
tions vary between 34.8 andSO.l at.Vo Os, 8.3 and 41.0
at.Vo Ru, and 5.0 and 39.3 at.Vo h. The most abundant
inclusions are idiomorphic or dropJike grains of Pt-Fe
alloy up to 15 pm across. Also common are oval, round-
ish inclusions of ruthenium, iridium, and rutheniri-
dosmine. An unusual polygonal intergrowth of osmium
and Pt-Fe alloy was observed in one grain (Fig. 5c).
Some grains also contain small euhedral inclusions of
chromite.
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FIG 4 SEM photomicrographs of PGM from Papua New Guinea. a Concentrate of PGM and gold (knobby). b. Euhedral
crystal of ruthenium, anhedral grain of osmium covered with Pt-Fe alloy, and knobby grains of gold c Euhedral grains of
iridium and osmium d Osmium with partly preserved crystal faces. e Rounded grain of Pt-Fe alloy intergrown with os-
mium. f. Pt-Fe alloy with partly preserved crystal faces

Ruthenium also is mostly homogeneous and carries
up to 5.5 wt.Vo Pt and 2.0Vo Rh. Compositions range
fiom 33. 8 to 63.2 at.Vo Ru, 9.5 to 42.3 at.Vo Os, and 1 1.9
to 33.6 at.Vo h. The only inclusions found are tabular
euhedral and parallel oriented needle- or schlieren-like
grains of Pt-Fe alloy 10 pm across (Fig. 5d). Like

osmium, ruthenium may be intergrown with Pt-Fe al-
loy at the margin of grains.

Rutheniridosmine has compositions between 16.7
and 31.8 at.% Ru, 26.4 and 41.2 at.To Os, and 35.5 and
42.7 at.To Ir, and contains up to 2.0 wLEa Pt and 7.0Vo
Rh. Long tabular grains or large parallel laths of Pt-Fe
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Frc. 5. Back-scattered electron images (BEI) of PGE alloys from Papua New Guinea. a. Composite grain of osmium (Os),
iridium (Ir), and rutheniridosmine (Ru-Ir-Os) with lamellar inclusions of Pt Fe alloy (Pt-Fe) b. Tabular grain of
rutheniddosmine (Ru-Ir-Os) with parallel laths of Pt-Fe a1loy (Pt-Fe) near the margin. c Polygonal intergrowth of osmrum
(Os) and Pt-Fe alloy (Pt-Fe) d Ruthenium (Ru) with euhedral inclusions and schlieren-like exsolution-induced domains of
Pt-Fe alloy (Pt Fe) e. Intergrowth of iridium (lr) with dropJike inclusions of Pt-Fe alloy (Pt-Fe), and Pt-Fe alloy (Pt-Fe)
with euhedral to anhedral inclusions of iridium (Ir). f. Composite grain of osmium (Os), Pt Fe zrlloy (Pt-Fe) and iridium (Ir),
with drop-like oriented exsolution-induced domains of iridum (Ir) in Pt-Fe alloy at the boundary with osmium (Os).
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Frc. 6. Back-scattered electron images of PGE alloys from Papua New Guinea. a. Composite grain of rutheniridosmine
(Ru-Ir-Os), Pt-Fe alloy (Pt-Fe), and an Os-k-Ru alloy with a composition that falls in the miscibility gap (misc) in the
temary system. b Composite grain of osmium (Os) with inclusions of Pt-Fe alloy (Pt-Fe), and Os-Ir-Ru alloy with a com-
position in the miscibility gap (misc) and with oriented exsolution-lamellae of osmium (Os). c. Pt-Fe alloy (Pt-Fe) with
oriented exsolution-lamellae ofruthenium (Ru). d. Close-up ofthe crystallographically oriented exsolution-lamellae ofruthe-
nium (Ru) in top-left portion of (c). e. Osmium (Os) covered with Pt Fe alloy (Pt-Fe) with oriented exsolution-lamellae f.
Close-up of the topJeft portion of (e) showing crystallographically oriented exsolution-lamellae of tetraferroplatinum?
(tet Pt) in Pt-Fe alloy matrix (Pt-Fe).
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alloy occur in some grains or near grain boundaries
(Figs. 5a, b). Composite grains with iridium or Pt-Fe
alloy are very common. Chromite and chalcopyrite
occur as rare inclusions.

Grains of iridium are invariably intergrown with the
Os-Ir-Ru alloys (Fig. 5a) or Pt-Fe alloy (Figs. 5e, f).
They show little variation in composition (58.6 to 61.3
at.Vo Ir,16.4 to 21.3 at.Vo Os, 19.0 to24.6 at.7o Ru) and

TABLE 1. SELECTED ELECTROI*MICROPROBE DATA ON Os-Ir.Ru-Pt ALLOYS

Analysis n0. 4197 4n6 51120 7133 7n7 7A4 6/114 3t13

THE CANADIAN MINERALOGIST

Ru

Os lr
Ftc. 7. Triangular plot showing electron-microprobe compositions of Os-Ir-Ru alloys.

The shaded area represents the miscibility gap proposed by Harris & Cabri (1 991) and
its modification bv Cabrl et al. (1996).

nd: detecled
4/97 osmium, ,tll6 ruthenjum, 5/1 20 ruihenkidosmine,7l33,7l37,7l44 alioy in the mi$i.
bility gap, 6/1 14 iridium, 3/13 iridium in the lr-Bu-Pt system

normally carry up to 9.0 wt.Vo Pt and 1.8 wt.% Rh. In
some grains, the Pt content is higher than the amount of
Os. Therefore, the compositions plot in the ternary sys-
tem Ir-Ru-Pt (Table I, no. 3/13). Iridium occasionally
contains small blocky or elongate inclusions of Pt-Fe
alloy, which mostly show a preferred orientation in the
host mineral (Fig. 5e).

Some composite grains of Os-Ir-Ru alloys and
Pt-Fe alloy show areas of different brownish colors
under reflected light after carbon-coating, as well as
different brightness in back-scattered electron images
(Figs. 6a, b). Electron-microprobe analyses of these
areas gave compositions in the miscibility gap of the
system Os-Ir-Ru (Fig. 7), in a narrow field between
52.5 and56.9 at.VoIr,22.0 and 30.6 at.VoRu, and 16.4
and21.1 at.Va Os. All compositions contain between 8
and 18 wt.Vo Pt, but only traces of Fe (Table I, no.1 /33,
7/37,7/44). Also, some grains of osmium contain drop-
or schlieren-like areas of the same composition. This
was earlier observed by one of us (TWW) on material
from the Urals and was also recently described by Krsti6
& Tarkian (1997) from Yugoslavia These mineral
grains could have been formed at higher temperatures.
On the other hand, we contend that the miscibility gap
discovered by Raub (1964) in the system Ru-Ir and by
Rudman (1967) in the system Os-Ir is only applicable
to Pt-free systems, and that the presence of Pt may sta-
bilize the phases in that part of the system Os-Ir-Ru.

Ru 255
Rh o22
Pd nd
Os 81 78
l r  1 4  8 6
Pt 036
Fe O24
Cu nd
Ni nd

Total 100 01

weighl por cent
43-93 1824 1293 1305 1575 1022 11 96

1 81 097 2.32 2 36 3 04 1 82 407
nd nd nd nd nd nd nd

2 3 4 1  3 6 2 3  1 9 2 7  1 6 5 0  1 5 9 3  2 1  3 6  1 0 3 6
2 4 0 3  4 2 _ 3 6  5 0 1 8  5 4 9 3  4 9 A 7  5 7 1 9  5 9 1 3
5 55 1 93 1464 12.5A 1327 8 69 11 7A
nd nd 0 43 0 34 0-49 0 56 220
nd nd nd nd nd nd nd
nd nd nd nd O.27 nd 0 46

9 9 1 3  9 9 7 3  9 9 7 7  9 9 7 6  9 8 6 2  9 9 & 4  9 9 9 6

alomic propodions
0295 0215 0217 0256 0173
0 015 0 038 0 039 0 048 0 030

0 3 1 2  0 1 7 0  0 1 4 6  0 1 3 7  0 1 9 3
0-361 0438 04€)0 0426 0510
0 016 0 126 0 108 0 112 0 076

-  0 0 1 3  0 0 1 0  0 0 1 4  0 0 1 7

-  0 0 0 7

0 795 0 171
0 - 1 4 3  0 1 7 1
0-003 0 039
0 008

Ru
Rh
Pd
Os
lr
Pt
Fe
UU
Ni

o M 7  0 5 9 5
0_004 0024

0 189
0 063

0 087
0 490
0 096
0 063

o 012

Ruthenium

tJo

oo ,b

Osmium
^ O  o

o
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Pt-Fe alloy

Individual grains ofPt-Fe alloy are generally smaller
than the Os-Ir-Ru alloy grains, ranging between 0.5 m
and 1 mm in size; they are mostly well rounded, and
show, in a few cases only, partly preserved crystal faces
(Fig. afl. Very common also is an intergrowth with
grains of Os-Ir-Ru alloy (Fig. 4e). Grains of the Pt-Fe
alloy are homogeneous, but variation is observed among
grains. They invariably cary traces of Ru (<0.8 wt.7o)
and Os (<0.6 wt.Vo),but in isolated cases, low amounts
of Pd (<0.4 wt.%o).The content of Rh reaches up to 4.0
wt.Vo, whereas the Ir content varies between 0.3 and 9.0
wt.%. Besides Fe (6.8-10.8 wt.Vo), Cl (up to 2.2Vo) and
Ni (up to 3.7Vo) areinvaiably present. Total (Fe,Cu,Ni)
contents of the Pt-Fe alloy range from 25 to 35 at.%,
with a peak at 30 at.Va (Fig. 8); (Fe,Cu,Ni) contenrs
are therefore much higher than the maxima at 16 or at
25 at.Vo observed at other localities worldwide (Cabri et
al.1996).

One 120 X 50 pm homogeneous tabular grain of
Pt-Fe alloy with lamellae of osmium (Fig. 9a) contains
lI.3 wt.Va Fe, 5.8 wt.Va Cu, and 4.3 wLVo Ni (Table 2,
no. 15/23). This composition corresponds to 47 .5 at.Va
(Fe,Cu,Ni) and could be tetraferroplatinum. According
to the nomenclature of platinum-iron alloys (Cabri &
Feather 1975), this identification is uncertain because
the crystal structure would have to be determined by
X-ray-diffraction (XRD). The grain also contains 2.4
wLVo lr, 0.4Vo Rh, 0.3Vo Os, but no Ru and Pd. The
contents of Ru, Rh, Pd, Os and Ir match well the com-
position of all other measured grains of Pt-Fe alloy.

Grains of Pt-Fe alloy are also often combined with
the different variants of Os-Ir-Ru alloys. In some cases,
drop-like inclusions of Ir occur in the Pt-Fe alloy near
the boundary with osmium (Fig. 5f). Ir is generally the

TABLE 2. SELECTED ELECTROI'I-MICROPBOBE DATA ON
R.Fe ALLOY AND TULAMEENITE

Analysis no 4/89 15t43 3/11 3t107 3t120 3/117 15t23 4t130

Ru nd nd
Rh 0 31 334
Pd o 42 021
Os 0 51 0.36
k  1 5 8  5 5 6
Pr 8847 77 01
Fe 8.36 I 62
Cu 0 30 231
N i  n d  l 9 S

Total 99 95 10O 02

weight per cent
O21 nd nd nd
2 7 5  2 5 5  1 8 3  0 7 5

nd nd nd nd
0 _ 2 8  0 2 4  0 3 1  0 1 9
8 5 9  8 4 2  1 0 6 0  7 6 0

7621 7625 72 49 72.12
1 0 0 6  9 9 6  1 0 6 9  1 2 9 4
0 5 7  0 6 7  0 2 4  0 8 8
1 47 1.44 3 67 624

100 1 4 99 93 99-83 1 00 68

alomic proporlions

no no
0 37 020

no no
032 044
2 3 7  2 4 3

75 96 73 93
1 1 2 8  8 9 4
5 7 8  1 3 5 8
4.34 0 50

100 42 100.02

RU
Bh
Pd
Os
lr
ft
Fe
Cu
Ni

0 003
0 005 0.046 0 039 0 037 0.025 0 019 0 009 0 010
0 006 0 003
0 004 0-003 0 002 0 002 0 002 0 003 0 004 0012
0.013 0041 0066 0068 0078 0-103 0032 0065
0 725 0 562 0 575 0 578 0 528 0 962 1.006 1 94a
0 239 0245 0.265 026r'- 0272 0 601 0 522 0.823
0 0 0 8  0 0 5 2  0 0 1 3  0 0 1 6  0 0 0 5  0 0 3 6  0 2 3 5  1 0 9 9

- 0044 0037 0.036 0089 0277 0191 0044

nd: not detected

most abundant inclusion and commonly shows a crys-
tallographic orientation relative to the host mineral
(Fig. 5e). Osmium forms broad laths in grains of Pt-Fe
alloy (Fig. 9a), whereas Ru occurs as fine parallel lamel-
lae that show, in some cases, a clear crystallographic
orientation (Figs. 6c, d).

Figure 6e is a back-scattered electron image of a
rounded grain of osmium with a cap of Pt-Fe alloy. At
higher magnification (Fig. 6t), fine lamellae aligned
along crystallographic axes in the Pt-Fe alloy are
observed. Electron-microprobe analyses gave the
typical composition of Pt-Fe alloy, with 10.7 wt.Vo Fe,
0.27o Cu and 3.'7Va Ni, corresponding to an (Fe,Cu,Ni)
content of 36.6 at.Va for the matrix (Table 2, no. 3ll2o).
The lamellae, however, contain 12.9 wt.%oFe,0.9Vo Cn
and 6.2Vo Ni, corresponding to 45.6 at.7o (Fe,Cu,Ni)

27 2S 31
at.% (Fe,Gu,Ni)

6
to
c E'E -
o)
5a
k
- 6s
E=
z 2

0
39373533252321

Frc. 8. Frequency plot showing the variation of(Fe,Cu,Ni) content ofPt-Fe alloy.
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(Table 2, no. 3/117). This grain of al loy could be
tetraferroplatinum. PGE concentrations differ only
slightly, except for the Ir contents, which are 70.6 w|Vo
in the groundmass and 

'7.6 
wt.Va in the lamellae

The lamellar inclusions of Pt-Fe al loy in
rutheniridosmine (Fig. 5b), the euhedral or schlieren-
like inclusions in ruthenium (Fig. 5d), as well as the
blocky or dropJike inclusions in iridium (Fig. 5e) have
the same composition as the single grains of Pt-Fe al-
loy or the grains that are intergrown with the Os-Ir-Ru
alloys.

Tulameenite

Two irregular single grains of tulameenite 50 pm in
diameter and narow rims replacing Pt-Fe alloy were
identified. Figure 9b shows an intergrowth between
laths of osmium and Pt-Fe alloy where the latter is
nearly completely replaced by tulameenite. Tulameenite
always carries Ir (up to 2.4 wt.Va), and traces (<0.5
wt %) of Os and Rh (Table 2,no.4/l3O). The composi-
tions differ slightly among individual grains, the rims
around the Pt-Fe alloy, and the grain of tulameenite

Frc 9 Back-scattered electron images of various PGM. a. Grain of tetraferroplatinum? (tet Pt) with laths of osmium (Os) b.
Composite grain of laths of osmium (Os) and Pt-Fe a1loy (Pt-Fe) predominantly replaced by tulameenite (tul). c. Composite
grain of osmium (Os) and Pt-Fe alloy (Pt-Fe) with tabular, parily oriented inclusions of undefined "(Rh,Ni)uAs+" d. Unde-
fined (Ru,Os,Ir) oxides as inclusions and at the boundary of osmium (Os).
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intergrown with osmium. The total PGE content (2 05
at.Vo) rs constant in the three different types of occur-
rences. The Fe + Ni content, however, increases from
0.85 at.Vo in the single grains to over 1.05 at.Vo inthe
marginal zones and up to 1.17 at.Vo in the tulameenite
grain, whereas the content of Cu decreases in the same
direction from 1.1 I over 0.90 to 0.76 at.%o.

Laurite

Laurite is the only PGE sulfide in the samples from
the Aikora River area. It mainly occurs as irregular or
dropJike inclusions near the margin of grains of the
Os-Ir-Ru alloys, in some cases intergrown with or
replacing irarsite; also, it fills cracks in the alloy grains
or forms a nalrow rim along them. In rarer instances, it
forms euhedral inclusions up to 30 pm across in Pt-Fe
alloy but not in the Os-Ir-Ru alloys. Electron-micro-
probe analyses show that in most grains, the content of
Os varies between 1.4 and,39.3 at.Vo, andthe Ir content,
between 4.4 and 14.8 at.Vo (Fig. 10, Table 3). This com-
position corresponds to laurite and confirms the obser-
vation concerning the Ir content made on worldwide

Ru52

'TABLE 3. SELECTED ELECTRON.MICROPROBE DATA ON LAURITE

51 89
0.41
nd
1 4 1
4 7 5
1 0 2

34 44

97 39

Analys s no 3/155 4/150 5152 6/95

weighl per cent
5211 5647 3258 21 65
4 0 r  0 8 9  0 2 7  0 2 2
nd nd nd nd
n d  0 3 1  1 8 1 0  3 3 1 6
3-34 1 54 1397 10 60
0 1 6  1 5 0  0 1 4  n d

34 11 37 19 29 14 27 89
3 43 nd 3.74 260

97 16 97 90 97 98 96 12

atomic proportions
0 s19 0-961 0 666 0 476
0 . 0 7 0  0 0 1 5  0 0 0 5  0 0 0 5

-  0 0 0 3  0 1 9 7  0 3 8 7
0 . 0 3 1  0 0 1 4  0 1 5 0  0 1 2 2
0 001 0 013 0 001
1-897 1 995 1 877 1.932
0 082 - 0 104 0077

nd: not det4ted.

occuffences by Cabri et al. (1996). It is conspicuous,
however, that no erlichmanite is present in the samples.
Laurite with a nearly stoichiometric composition in
which Os is replaced by 1.5-6.8 at.Vo Rh occurs in a
few grains of ruthenium (Table 3, no. 4/150). Similar
observations on material from Yugoslavia were pub-
lished by Krstid & Tarkian (1997)

PGE sulfarsenides

PGE sulfarsenides occur only as irregular inclusions
near the margin of grains of Os-Ir-Ru alloys or Pt-Fe
alloy, filling fractures or as a replacement-induced rim

TABLE 4. SELECTED ELECTRON-MICROPROBE DATA ON
PiGE SULFARSENIDES

0 919
0 007

0 013
0 044
0_009
1 924
0 083

HU
R h
Pd
O s
l r
ft

I olal

Ru
Rh
Pd

us
l r
Pt
S

Anal 3/153 5/60 3y156 5/99 5157 61125 U151 4l'151

l fS"  Ru 0 .99
4 Rh 049

P d  n d
O s  n d .
Ir 57 76
Pt  369
As 26 69
s  995
Total 99 57

wsight percent
5,'17 1 97 10 88 377 0 33 14 01 3404

1 1 69 0 76 0 70 36.96 4 44 2.35 '14 22
n - d  n d  n d  n . d .  n d  n d  n d
n . d ,  9 1 6  2 2 7 3  n d  O 2 O  0 8 7  n d

32A3 4860 2AA7 588 2488 1364 A78
1020 43't 1N 567 30.06 2704 026
2 7 3 7  2 5 4 4  1 5 1 9  3 3 7 2  3 4 1 6  2 8 9 3  1 3 6 4
11 93  967 1870 1430 5 ,79  1 '1  99  26 .03
9899 9991 9847 10030 9996 98E3 96.97

Ru
Rh
Pd
Os
lr
Pt
As
s

atomic proportions
0029 0136 0059 0274 0-063 0010 0366
0014 0303 0022 0_017 0797 0134 0060

0146  0305  -  0030  0012
0 901 0 453 0 765 0 3E3 0 068 0 401 0 147
0 057 0 140 0 067 0 018 0 065 0 478 0 366
1 068 0 975 1 026 0 5'17 0 999 1 414 1 020
0 931 0.993 0 913 1 486 0 990 0 560 0 988

0 666
o 274

0 900
0 003
0 360
I 607

Rhs2

FIc i0. The elecffon-microprobe-derived compositions of
laurite in terms of the components RuS2, OsS2, IrS2 and
Rhs2

nd:notdetecl€d
3/153 iErsite in the lr-Pi-Ru system, 5/60 iEBile in the lr-Rh-R system, ?156
iraBiie in the lr-OFPt system,5/99 iEBite in th€ lr-Ru-Os syst€m,5/57
hollingrcrlhite in lhe Rh-lr-Ru syslsm, 6/125 plstaEile in the Pt-Rhlr system,
3/151 plataFite/ruaFite in the Pt-Rrlr system, 4/151 ruaEite in lhe RrRh-lr
$3tem

OsS2

Erlichmanite

J ^

ddo" Laurile
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a RhAsS

RuAsS lrAsS

Frc. 11 The electron-microprobe compositions of PGE sulfarsenides in terms of the components IrAsS-PtAsS-RuAsS-RhAsS
(a) and IrAsS-RhAsS-PtAsS-OsAsS (b)

on them. Zoned crystals are very common. All PGE
except Pd were found in the sulfarsenides, so that miner-
als in the systems IrAsS-PtAsS-RuAsS, IrAsS-RhAsS-
RuAsS, IrAsS-RhAsS-PtAsS, IrAsS-OsAsS-PtAsS
and IrAsS-RuAsS-OsAsS exist. Irarsite is by far the
most common sulfarsenide (88Vo\. It carries variable
amounts, mainly of Pt and Rh and some Ru or Os (Table
4). Therefore, most compositions fall in the quaternary
diagram IrAsS-PtAsS-RhAsS-RuAsS (Fig. 11a). The
Pt content of irarsite varies between 5.7 and 39.5 at.Vo,
the Rh content, between 2.3 and 32.0 at.Vo, and that of
Ru, between 2.4 and 22.9 at.Va in the system IrAsS-
PtAsS-RuAsS, and between 3.8 and 8.3 at.Vo in the sys-
tem IrAsS-RhAsS-RuAsS, respectively. Owing to the
high Pt and Rh contents of irarsite, many compositions
plot in the system IrAsS-RhAsS-PtAsS, and only few
in the system IrAsS-OsAsS-PtAsS (Fig. l1b). The
irarsite grains in these two plots contain between 1.7
and 21.8 at.Vo Pt,7.0 and 33.8 at.Va Rh, and 2.0 and
14.9 at.Va Os. Only a few grains occur in which the con-
tent of Ru (8.7 to 28.5 at.Vo) and of Os (13.6 to 33.9
at.Va) is higher than the content of Pt and Rh, whose
compositions fall in the system IrAsS-RuAsS-OsAsS
(Table 4, no. 5/99).

The remaining PGE sulfarsenides are hollingwor-
rhite (Table 4, no. 5157), platarsite (Table 4, no. 6/125)
and ruarsite (Table 4, no. 4ll5l). Analysis no. 3/151

gave a composition that falls right at the boundary
between platarsite and ruarsite (Table 4). All these
mineral grains are mostly intergrown with irarsite in
rhythmically zoned crystals.

Sperrylite

Sperrylite occurs in two samples only. The irregular
grains are up to 50 pm in size and surround grains of
Os-Ir-Ru alloys or are intergrown with irarsite.
Sperrylite carries up to I wt.Vo k, 2.9 wt.Vo Sb and
traces of Ru, Rh, Os and S. The general formula is
(Pto qolro ozRho orRuo or)>r ee(As1 e6Sbs s6S0 oa):2 00.

Moncheite

Moncheite was identified as a small anhedral inclu-
sion 25 pm across in Pt-Fe alloy. Besides traces of Os
and Sb, an Ir content of 2.9 wt.Vo, and an Rh content of
9.2wL7o are remarkable and corresponds to the formula
(Pto szRho :zlro oo):r oo(Ter sesb6 0l)>2 00' As far as we
know, this is the highest content of Rh in moncheite ever
reported.

U ndefine d I r-N i-F e-Cu s ulfi de

One grain of osmium contains small triangular in-
clusions (<15 pm) and is attached to a 40 pm grain of

c Ruarsite

RhAsS

HollingMiorthite

.o lrarsite
o Platarsite

OsAsS
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the same composition. The optical properties are simi-
lar to laurite. The mineral is a sulfide; it contains Ir as
the main PGE, and traces of Rh and Pt besides Ni, Fe
and Cu. The idealized calculated formula corresponds
to Ir(Ni,Fe,Cu)zS: (Table 5, no. 5/7 4).

Undefined Rh-Ni arsenides

The arsenide minerals ruthenarsenite and iridarsenite
were first described from Papua New Guinea by Harris
(1974), but were not found in our samples. However,
two other PGE arsenides occur in the samples from the
Aikora River area.

Large lamellae of Pt-Fe alloy intergrown with os-
mium contain many tabular, partly oriented inclusions
up to 25 pm long (Fig. 9c). The small size of the grains
did not allow deterrnination of the optical properties.
Electron-microprobe analyses show that the grains
mainly consist of Rh (55.4 wt.%) and As (31.2 wt.%);
they contain up to 2.3 wtVa h,4.7Vo Pt, l .0vo Pd,0.2Vo
Ru and 0.4Va Sb, and also 6.7Vo Ni and 0.7Vo Fe
(Table 5, no. 5179). The formula was calculated as
( R h s  z + P t o  2 s I r s  1 2 P d s  s e R u 6  6 2 N i 1  r  t F e o  r z ) > o  c 0
(Asa e6Sb6 s3)1+ oq or (Rh,Ni)rAs+.

Other grains of Pt-Fe alloy contain very small
(<10 pm) needles, which are dark in back-scattered im-
ages (BEI). An exact analysis of these needles was not
possible because of their small size. The main elements
are Rh (58.6 wt.Vo) and As (31.0 wt.Vo). The other ele-
ments amount to O.2Va Ru, l.2vo Pd,0.4/o h,4.4Va Pt,
O.4Vo Fe, O.4Vo Cu, 4.2Vo Nr and O.3Vo Sb. The Pt, Ir, Fe
and Cu reported here could be due to contamination from
the host mineral, the Pt-Fe alloy. On the other hand, the
contents ofRu and, above all, Pd are signifrcantly higher,
and Os is absent in the needles, in contrast to the sur-
rounding mineral phase. The Ni content (4.2 wt.Va) of the
inclusions also is higher than in the host mineral (1.2
wt.Vo). The following formula can thus be proposed:
(Rht s+ Pt6.66Pd6 03Nie 1eFe6 ozCuo oz)>r se (Ast rz
Sboor):r 13 or, ideally, (Rh,Ni)2As (Table 5, no. 10/48).

A similar phase but with a higher content of Ni was
described by Hagen et al. (1990) from PGM placer
deposits in Burma and by Corrivaux & Laflamme
(1990) from the Thetford Mines area, Quebec.

In conclusion, rhodium arsenides possibly also occur
in the samples from Papua New Guinea besides the Ru
and Ir arsenides described by Hanis (1974). It is remark-
able that both undefined phases contain tp to 1.2 wt.Vo
Pd, whereas all other analyzed PGM from the Aikora
River area are nearly free of Pd.

Undefined Ru-O s-Ir oxide

The existence of natural PGE oxides has been a sub-
ject of controversy for a long time. The possibility of
measuring the concentration of light elements increased
with the development of a new type of analyzing crys-
tals for the electron microprobe. Cabri et al. (1981)

TABLE 5. ELECTRON.MICROPROBE DATA ON UNDEFINED PGE SULFIOES'
ARSENIDES AND ?OXIDES

Analysis no. 5174 sng 10148 6/149 6/153

Ru
Rh
Pd
Os
lr
PI
tse
Cu
Ni

As
Sb
o

nd 0.23
1 06 55-36
n d  1 0 1
nd nd

45.18 2 30
1 . 2 0  4  1 0
a.7a 0 70
584 nd

1 3  1 8  6 7 1
23 59 nd

nd 31 22
nd no

98-83 101 63

- 0,023
0042 5254

- 0093
0.996
0 025 0 117
0 646 0 205
0378 0123
0922
3 0 2 1  1 . 1 1 6

- 4.069

2947 1672
nd 025
no no

34 01 27.81
2376 26.94
0,81 6.13
3 29 4A5
nd nd
0.39 0 45
nd nd
nd nd
n0 no
827 17 25

r00 00 100,00

0.494 0 300
- 0004

0303 0266
0 209 0 255
0 007 0.057
0 100 0.155

0-011 0014

0 876 1 959

' qlelet€d by difisFn€; nd: not doiecl€d.
5t74 lr-Ni-fe-Cu sufide, l(Ni,Fe,Cu)2q ?, S79 Rh-Ni amnids, (Rh,NitAs. ?,
1O/48 Ril{i aenide, (Rh,Ni)rAs ?, 6/149 Rso+lr oxide, (Ru,Os,lr) ?,
6/153 Ru-o$lr oxide, (Ru,o8,h)O, ?

assumed the occurrence of Pt oxide in samples from
Ethiopia, as did Nixon et al. (1990) in material from
Tulameen, British Columbia. However, the first quantr-
tative electron-microprobe analyses of PGE oxides were
carried out by Weiser (1991) on samples from Burma
and Colombia. In the meantime, PGE oxides were
reporled from numerous different localities around the
world (e.g., Aug6 & Legendre 1994, Jedwab 1995, Cabri
et al. 1996, Gmtti et al. 1997, Krsti6 &Tarktan 1997).

One grain of osmium from the Aikora area contains
an unknown mineral in fractures and at the grain bound-
ary (Fig. 9d). The phase looks grey with a brownish
tinge, is weakly anisotropic, and shows undulatory
extinction under reflected light in oil immersion. Elec-
tron-microprobe analyses gave the composition of an
Ru-Os-Ir mineral with a low sum: 91.73 and 82.75
wt.Vo. A wavelength-dispersion scan in both grains
clearly showed the presence of oxygen. The calculated
formula corresponds to (Ru,Os,h)O (Table 5 ,no.61149)
for the grain within the Os-Ir-Ru al loy, and
(Ru,Os,Ir)Oz Qable 5, no. 6/153) for the grain at the
boundary of the alloy. Garili et al. (1997) described a
similar, but much more Fe-rich phase as inclusions in
chromitites from Urals, whereas Krsti6 & Tarkian
(1997) found nearly pure Ru oxide in placers from the
Velu6e ophiolite complex, Yugoslavia.

' DrscussroN AND CoNcLusroNs

The PGM concentrates from the Aikora River area
consist almost exclusively of grains of Os-Ir-Ru alloys

RU
Rh
PO
Os
lr
ft
Fe

Ni

As
sb
o"

Total

weight per cenl

58.58
1 2 1
nd

0.35
4 3 9
0.43
o 4 1
4 . 1 8
nd

30.96
0.26

100-93

atomic proportitrs
0.004
1.542
0.031

0.005
0.06t
0 021
9-O17
0 . 1 9 3

1.120
0.006
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and Pt-Fe alloy as primary phases. The other observed
minerals, sulfides, arsenides, sulfarsenides, tellurides
and undefined phases ofplatinum-group elements, are
rare and either occur as inclusions or, more commonly,
as alteration products in fractures or as a rim on the
alloys. This relatively monotonous composition is some-
what in contrast to other PGM placer deposits , e.g.,from
British Columbia (Raicevic & Cabri 7976,Nixon et al.
1990), Burma (Hagen et al. l99O), Colombia (Cabri et
al. 1996) or the Urals, Russia (Cabri et al. 1996), which
show a far more varied array of minerals.

Most single grains in the system Os-Ir-Ru show
only limited variation in their compositions. They
mostly plot close to the "triple point" of the triangular
diagram, overlapping the boundary between osmium
and rutheniridosmine. The coexistence of various min-
erals of the system Os-Ir-Ru and their crystallographi-
cally oriented intergrowth in many composite grains
prove a high-temperature origin. The compositions of
inclusions of osmium, ruthenium or iridium in the dif-
ferent types of Os-Ir-Ru alloy or in Pt-Fe alloy are
similar to the compositions of the single grains. This
statement applies both for the major and trace elements.
Whereas Pd is absent in both single grains and in inclu-
sions of Os-Ir-Ru alloys, Rh and Pt are invariably
present in both types in the same proportions. This find-
ing contrasts with observations of Krsti6 & Tarkian
(1997), who found higher contents of Pr in Os-Ir-Ru
alloys coexisting with Pt-Fe alloy than in single grains.
All compositions that plot in the miscibility gap of the
system Os-Ir-Ru are characterized by high contents of
platinum. These grains probably crystallized at higher
temperatures.

No significant differences were observed between
the compositions of discrete grains and inclusions of
ft-Fe alloy in Os-Ir-Ru alloys. They all carry traces of
Rh, Ru and Os and contain significant amounts of Ir.
The total (Fe,Cu,Ni) contents lie between 25 and 35
at.Vo,with the peak of the frequency at30 at.Vo forboth
habits of Pt-Fe alloy. The higher maxima compared
with other PGM placer deposits worldwide (Cabri et al.
1996) probably implies higher contents of Fe, Cu and
Ni in the primary ore-forming system.

Composite grains of Os-Ir-Ru alloys and Pt-Fe
alloy are very common, as is a lamellar or symplectitic
intergrowth between the two phases, dropJike inclu-
sions in one another, or polycrystalline aggregates of
the two types of al loys. Exsolut ion lamellae of
tetraferroplatinum or ruthenium in Pt-Fe alloy also were
observed. All these features are consistent with a high
temperature of formation.

It is remarkable that there is a nearly complete
absence of sulfides. Rare Rh-enriched and Os-deoleted
laurite occurs as primary inclusions in the alloyi. The
tabular or needlelike inclusions of undefrned Rh-Ni
arsenides and their orientation in Pt-Fe alloy suggest a
magmatic stage of formation. On the other hand, the
greatest part of laurite, arsenides, sulfarsenides and

probably PGE oxides mainly occur as alteration prod-
ucts in fractures or as a rim on the alloys.

The composition of the grains of Os-k-Ru alloys
and the Pt-Fe alloy in the single grains and in the
inclusions, as well as the features of intergrowth and
the scarcity of sulfides, indicate a complex Os-lr-
Ru-Rh-Pt-Fe solid-solution system depleted in sulfur,
from which the different alloys crystallized at high
temperature.

The dominance of Os-Ir-Ru alloys and other Ru-
bearing PGM is described from ophiolite complexes
worldwide, e.9., Cyprus (Constantinides et al. 1980),
Oregon (Stockman & Hlava 1984) or Shetland (Tarkian
& Prichard 1987), and from placer deposits related to
ophiolites, e.g., in Tasmania (Ford 1981) and Burma
(Hagen et al. 1990). The similarity in the mineral as-
semblages described leads to the inference that the PGM
of the placer deposits of the Aikora River area originate
from primary deposits in the ophiolites of the Papuan
Ultramafic Belt, whose nature and location are still
unknown.
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