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ABSTRACT

Two new occurrences of anduoite, (Ru,0s)As,, a rare platinum-group mineral (PGM), are reported from chromitites, one
from the Kapitanov deposit, Ukrainian Shield, Ukraine, and the other from the Maja e Sukés deposit, Tropoja ophiolitic massif,
Albania. At Kapitanov, anduoite occurs as discrete, homogeneous, euhedral crystals (6-9 and 1-2 pm) enclosed in two chromian
spinel grains devoid of fractures. At Maja e Sukés, one crystal of anduoite (3 wm in diameter) belongs to a complex polyphase
assemblage of PGM comprising sperrylite, hollingworthite and an unnamed sulfarsenide of Rh, Ir, Pd and Ni. The chemical
COI’T’IpOSiti on of anduoite is comparable in both deposits: (RUO_79_0,goo&)_10_0,11| ro_ol03Rho.03_0.04Pt0_0.01Pd0.014)_02Ni0_0.04)20.9&
1.01(AS1.98-2.01S0.01-0.02)31.99-2.03- These examples of anduoite have alower content of Ru than that described from the type locality
in Tibet. A magmatic origin is proposed.

Keywords: anduoite, platinum-group mineral, arsenides, chromitite, chromian spinel, ophiolites, Albania, Ukraine.
SOMMAIRE

Deux nouveaux exemples d'anduoite, (Ru,0s)As,, minéral rare du groupe du platine (MGP), sont signalés dans des
chromitites, I’ une dans e gisement de Kapitanov, situé dans|e bouclier ukrainien en Ukraine, et I" autre dansle gisement de Maja
e Sukés, appartenant au massif ophioalitique de Tropoja, en Albanie. A Kapitanov, I’ anduoite se présente sous forme de cristaux
isolés, homogenes et automorphes (6-9 et 1-2 wm) inclus dans deux grains de chromite dépourvus de fractures. A Maja e Sukés,
un cristal d'anduoite (3 wm de diamétre) appartient a un assemblage complexe et polyphasé de MGP comprenant sperrylite,
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hollingworthite et un sulfoarséniure innommé de Rh, Ir, Pd et Ni. Lacomposition chimique de |’ anduoite est semblable dans les

deux gisements: (Ruo.79-0.80050.10-0.11/70-0.03RN0.03-0.04Pt0-0.00Pd0.01-0.02Ni0-0.04) 50.98-1.01(AS1.98-2.01S0.01-0.02) s 1.99-2.03- CeES
exemples d’ anduoite ont des teneurs de Ru plus faibles que I'anduoite de la localité-type au Tibet. Une origine magmatique est

privilégiée.

Mots-clés: anduoite, minéral du groupe du platine, arséniures, chromitite, spinelle chromifere, ophiolites, Albanie, Ukraine.

INTRODUCTION

Anduoite, (Ru,0s)As;, of orthorhombic symmetry,
is considered to have the marcasite structure. It is
isostructural with omeiite (Os,Ru)As, (Ren et al. 1978)
and iridarsenite (Ir,Ru)As, (Harris 1974). Anduoitewas
discovered in a chromite deposit enclosed by augite
peridotite and dunite in Anduo, Tibet, China (Yu &
Chou 1979). It occurs there as massive grains or granu-
lar aggregates (60—100 wm) in association with other
platinum-group minerals (PGM). There, anduoite and
other arsenides and sulfarsenides generally are found
near grains of Os-lr—Ru alloy; anduoitelocally replaces
irarsite. This occurrence is the only one mentioned in
the literature (e.g., Chao 1980, Cabri 1981, Anthony et
al. 1990, Daltry & Wilson 1997, Mandarino 1999).

In this paper, we present results of our investigations
of two new occurrences of anduoite. One is associated
with massive chromitite from the Kapitanov deposit,
Ukrainian Shield, Ukraine, and the other is from the
Maja e Sukés chromite deposit, Tropoja ophiolitic mas-
sif, Albania. The primary versus secondary origin of
anduoite is discussed. In our opinion, anduoite could
have precipitated as avery refractory phase from ama-
fic silicate melt with an As:Sratio higher than that nec-
essary to stabilize laurite, or precipitated directly from
an As-rich melt, as chromite was deposited.

THE KAPITANOV DEPOSIT

The Kapitanov chromite deposit ishosted by a1.96—
2.1 Ga differentiated fault-bounded massif 2500 m in
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Fic. 1. Location of the study areain the Ukrainian Shield (stippled). Major blocks of the Shield: 1 VVolyno—Podolsky (western),
2 Central, 3 Priazovsky (eastern). Simplified after Dagelaysky (1997).
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length and 260 m in width containing dunite—peridotite
(with minor pyroxenite) (Fomin 1979, Kanevskii 1981,
1991). The massif islocated in the Golovanevsk suture
zone, which separates the Western and Central blocks
of the Ukrainian Shield (Fig. 1). Thiszone hosts severa
ultramafic massifs of ophiolitic nature (Nalivkina 1977,
Gornostayev et al. 20008). In the Ukrainian Shield, eco-
nomic deposits of chromite (s.I.) are known only in this
area (Kanevskii 1981, 1991, Gornostayev et al. 2000a).
The Kapitanov deposit includeslenses and veins (Fomin
1979) of massive and disseminated varieties of chromite
ores hosted by serpentinized and carbonatized dunite,
harzburgite and, rarely, by pyroxenite. The chromitite
bodies are 2-16 m thick and 40-250 m long. Grains of
chromian spinel are of variable size (0.002-1 mm) and
composition. Other minerals observed are ilmenite
(euhedral to subhedral grains in a silicate matrix and
lamellae in chromian spinel), magnetite (ferrian
chromite rims around chromian spinel), serpentine,
forsterite (Fogp-go), Orthopyroxene and clinopyroxene.
Opaque minerals in the serpentine matrix and in some
cases within the grains of chromian spinel comprise
millerite, nickeline, gersdorffite, maucherite, pentland-
ite, violarite, As-bearing tutekite, chalcopyrite and ga-
lena (Gornostayev et al. 2000c). The ores also carry
PGM represented by anduoite, irarsite, laurite, ruarsite,
minor sperrylite and unidentified Ru—Rh-Ir-As, Ru—
Os-As, Pd—Sb and Pd-As phases (Gornostayev et al.
2000b). The PGM observed in chromitites of the
Kapitanov deposit occur as small irregular grains
(mostly 1-5 uminlongest dimension) attached to edges
of chromian spinel or within interstitial silicates and
discrete grains in fresh chromian spinel. The PGM in-
cluded in chromian spinel are represented by single-
phaseinclusions of irarsite, laurite and Os-Ir—Ru alloy
and, in one case, by atwo-phaseinclusion of Osy741t035
Rup 29 and an undefined Ru—Os-As phase (Gornostayev
et al. 2000b). The chromitites of the Kapitanov deposit
possess PGE characteristics similar to those found in
chromitites from ophiolitic mantle tectonites, including
a high ratio of Ir-group PGE to Pd-group PGE
(Gornostayev et al. 2000a).

THE MAJA E Sukes DeposiT,
Troroa OpHiOLITIC MASSIF

The Tropoja massif occurs in the northern part of a
double ophiolitic belt trending NW—-SE in Albania
(Fig. 2). The western and eastern ophiolitic belts show
contrasting petrological and metallogenic characteristics
(Cina et al. 1987) related to their formation in distinct
geotectonic environments during Jurassic time. The
Tropoja massif belongs to the eastern ophiolitic belt,
which hosts all the economically important deposits,
mostly of metallurgical-type (high-Cr) chromite ore.

The Tropoja massif comprises mantle rocks, 2.5-3
km thick, covered by cumulates and lavasin the south-
west. Chromite deposits are concentrated at three major
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Fic. 2. The Tropoja ophiolitic massif, Albania. A. Location
of the Tropoja ophiolitic massif along the Dinarides—
Hellenides belt. 1 Mirdita zone with Mesozoic sediments,
2 Mirdita ophiolitic zone, with adashed line separating the
western and eastern belts, 3 Vardar ophiolitic zone, 4
ophioalitic massifs. Thelocation of the Bulgizamassif (Bu),
Albania and of the Pindos and Vourinos massifs (P,V), in
Greeceisasoindicated. B. Geological map of the Tropoja
massif, simplified from Nezirgj (1992). 1 mantle sequence,
2 ultramafic cumulates, 3 mafic cumulates, 4 volcanic
rocks, 5 chromite deposits, 6 sedimentary rocks. The loca-
tion of the two types of cumulate sequences (Stoberdé and
Kam—Helshan) is shown.
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stratigraphic levels: 1) in the deep part of the mantle
sequence, 2) in the transition zone at the top of the
mantle sequence, and 3) in the cumulate sequence.
Chromitites locally contain Pt and Pd (Ohnenstetter et
al. 1991b, Nezirg] 1992, Cina et al. 1995). Two main
types are defined: Pd-rich mineralization with a low
Pt:Pd ratio (0.3) locally occurs in podiform mantle-de-
rived chromitite hosting accessory base-metal sulfide
(BMS); Pt-rich mineralization with a high Pt:Pd ratio
(>3; up to 100) is defined in dykes of chromitite cutting
basal cumulates in the Stoberdé area. The Stoberdé
sequence of cumulates comprises, from baseto top, dun-
ite, orthopyroxenite with dykes of chromitite, pyroxeni-
tes, and gabbronorite. The high Pt:Pd ratio is due to the
predominance of Pt—Fe alloys. PGM recovered in the
Bregu i Bibés deposit are composed of 88% alloys
(mostly Pt—Fe alloy and locally Ir-Os-Ru alloy), 10%
sulfides and sulfarsenides (mainly laurite and holling-
worthite), and 2% arsenides or tellurides.

The Maja e Sukés deposit, where the anduoite was
found, occurs south of the Stoberdé area, in a body of
serpentinized dunite at the transition between the
harzburgitic mantle and the Kam—Helshan sequence of
cumulates. The latter is distinct from the Stoberdé se-
guence, and consists, from base to top, of plagioclase-
bearing harzburgite, wehrlite, Iherzolite, olivine gabbro
and gabbronorite. The chromitite deposit is tabular to
lenticular (170 X 80 m); it was dismembered by late
faulting. Its thickness varies between 1.2 and 3.7 m.
Layered, disseminated and schlieren ores are recognized
in the deposit. Disseminated ore is prevalent at the rim
of the chromite deposit, in the contact zone with the host
dunite. Only one sample of disseminated chromitite
(33A) was taken from this deposit during prospecting
for platinum in chromite deposits of the Tropoja mas-
sif. A platinum-group element (PGE) anomaly was
found in this sample; it contains 540 ppb Pt and 13 ppb
Pd, and a correspondingly high Pt:Pd ratio (42), asin
the Pt-rich mineralization defined in cumulate chromi-
tites from the Bregu i Bibés area.

OCCURRENCE OF ANDUOITE

Two inclusions of anduoite were observed in mas-
sive chromitites of the Kapitanov deposit. One (sample
KAP18) is represented by a 6-9 pm euhedral crystal
enclosed in agrain of chromian spinel (Table 1, andl. 1)
that isfree of fractures and contains numerous lamellae
(10-12 pm long and 0.5-1 pm wide) of ilmenite
(Figs. 3a, b). Another crystal of anduoite is small (1-2
wm) and euhedral. It occursin agrain of chromian spinel
(Table 1, anal. 2) that is also free of cracks or other in-
clusions (Figs. 3e, f; sample 3541/369-1).

In the sample of Pt-rich chromitite from the Magjae
Sukés deposit, a grain of anduoite was found during an
investigation to determine the platinum carrier (Nezirgj
1992, Ohnenstetter et al. 1999). Anduoite belongs to a
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complex polymineralic arsenide-rich assemblage (20 X
16 m) included in a grain of chromian spinel (Fig. 4,
Table1, anal. 18). Thisassemblageis composed of sper-
rylite, which forms a wide discontinuous rim (up to 6
pm thick) around PGM of finer grain-size, filling the
space between these PGM and the host chromian spinel
(Table 2, anal. 8-12). Anduoite (3 m in diameter) oc-
curs in the fine-grained PGM assemblage with
hollingworthite, which is intergrown with a complexly
zoned sulfarsenide of Rh, Ir, Pd and Ni. These are the
only PGM found in the sample.

ANALYTICAL RESULTS
Analytical techniques

Analyses of anduoite and associated chromian spinel
from the Kapitanov deposit were done at the I nstitute of
Electron Optics, University of Oulu, Finland, using a
JEOL JSM—6400 scanning electron microscope (SEM)
equipped with a LINK eXL energy-dispersion spec-
trometer (EDS method, analyses of anduoite) and JEOL
JCXA-733 electron microprobe (WDS method, analy-
ses of chromian spinel). In the case of anduoite, the
analyses were performed at 15 kV, with abeam current
of 1.2 nA and 100 s counting time. The following lines
(and standards) were used: PtMa, PdLa, RuLa, RhLa,
IrMa, OsMa (pure elements), SKa (pyrite) and AsLa
(sperrylite, PtAs,). Analyses of chromian spinel were
carried out at 15 kV, with a beam current of approxi-
mately 13 nA using the following X-ray lines (and stan-
dards): NiKa, CoKa, FeKa, ZnKa, MnKa, TiKa, VKa
(pure elements), AlKa (Al,03), SiKa (wollastonite),
MgKa (MgO), KKa (orthoclase), NaKa (jadeite), CaKa
(wollastonite) and CrKa (pure element and chromite).

Quantitative electron-microprobe anayses of PGM
from Albaniawere performed with the CNRS— BRGM
— Université d' Orléans Camebax electron microprobe
equipped with wavel ength-di spersion spectrometersand
LiF, TAP, and PET analyzing crystals. The operating
conditions were: accelerating voltage 25 kV, reference
current 30nA, beam diameter 0.5 um, countingtime 6 s
(20 s for iron). Lines used were: SKa, AsLB, SblLa,
OsLB, RuLe, IrLa, RhLe, PtLa, PALB, FeKa, NiKa,
CuLa, CoKa and CrKa. Standardswere pure metalsand
pyrite for SKa, PtAs, for AsLB, and stibnite for SbLa.
Low totals are due to the small size of PGM and to the
subtraction of Cr and corresponding Fe attributed to
fluorescence of the host chromian spinel. The correc-
tion of the overlap of RuLa and RhLa was done for all
Ru-rich minerals; pure Ru gave about 2.5% Rh
(Ohnenstetter et al. 1986). Routine analyses for major
elements of the spinel were made at 15 kV, 10 nA, and
10 scounting time. All datawere corrected with the ZAF
progran MBXCOR of Henoc & Tong (1978). Back-
scattered images were obtained with a Cambridge
Stereoscan 200 scanning electron microscope at the
BRGM, Orléans, France.
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TABLE 1. ELECTRON-MICROPROBE DATA QN CHROMIAN SFINEL,
KAPITANOY AND MAJA E SUKES DEPOSITS

Sample TiO; ALO, Cr,0; Fe0, V.0, FeO MnO Mg ZaQ NO CoQ  total
1 KAPIS Q.19 3618 2657 366 (35 2234 020 972 027 022 008 100.10
2 3541/369-1 033 27.07 3644 264 012 2477 070 684 026 001 D03 9921
3 3533/148,5 040 2142 3678 995 012 2242 066 798 018 017 010 019
4 3833/178.5 021 21,56 4646 504 010 1289 030 1483 004 018 008 H.T7
5 15331820 060 22,99 3082 (322 003 2535 060 642 015 415 015 L0046
G 3533371878 028 [694 4441 654 016 2434 052 628 025 0.0% 008 9989
7 3531950 025 1864 3622 1326 014 2344 094 657 017 033 {012 t0014
¥ 3533/197 5 O3 2082 4325 £32 00R 1328 049 1380 006 021 001 9892
o 35332187 039 2380 4259 322 016 2197 044 919 000 021 013 10210
10 3533/222.4 030 23953 4248 346 021 2020 042 1028 000 018 003 10051
11 1335/274.0 016 2368 4412 226 025 1996 018 1036 004 029 000 10130
12 3F071TA0 021 2155 3619 1114 00% 1839 065 908 046 039 010 9904
) FHT/188.3 .28 21,27 3545 1322 003 2148 D44 878 019 037 011 10162
14 IS8T 2 033 1745 3708 1489 007 2302 068 73 020 010 009 10125
[ 353671940 23 2051 4397 474 009 1728 035 I133 000 004 000 9864
16 334 £/405-1 010 3541 2227 536 010 2367 047 884 018 016 008 9982
17 3536/195.0 Q15 3611 2628 330 045 2204 022 939 017 027 007 9865
18 33A 004 683 5971 387 0400 1698 035 1065 000 003 000 #9903

Cation proportions (agfi)

Sample T Al G Fe& V. Fe© Mn Mg Zn N Co YOr AMg
1 KAPig 001 127 063 QDB 001 055 001 043 001 001 000 3182 4343
2 354153691 o0 10l 091 008 000 066 002 032 001 000 QD0 4595 3263
3 3533-148.5 001 981 093 024 000 060 0O2 038 000 001 000 4697 3878
4 I533-178.5 001 o7 111 012 0003 033 GOl des 000 001 000 3530 6867
5 3533-182.0 001 087 078 03 000 068 002 03F 000 001 000 3259 3131
L] 3533-1878 001 088 116 016 000 06T 002 031 001 001 000 3859 3163
7 3333-195.0 0401 072 094 033 000 064 003 032 000 001 000 4724 3333
8 3533-197.5 0401 077 107 015 000 035 001 064 Q00 001 000 5377 6465
a 35331187 041 087 104 008 000 057 a0 042 000 001 000 3226 4242
1 3533-222.4 001 087 103 008 001 052 001 047 000 0401 000 5202 4747
Il 35352740 000 OB 107 005 001 051 001 048 000 001 000 3404 4848
e 35071790 041 OBl 091 027 000 049 002 047 001 001 000 4373 4896
13 3507-188.3 041 079 088 031 000 057 001 041 000 001 000 4444 4134
14 35072872 001 067 095 036 000 063 002 036 001 001 ODO 4798 3636
15 I5306-194.0 001 07T LIl 011 000 046 001 054 000 000 000 3578 5400
16 354 1/408-1 000 135 053 002 ooo 6% 00l 039 000 GOl 000 2650 3980
17 3536-195.0 000 128 064 008 000 CS6 DAY 043 000 001 000 3200 4343
I8 33A 000 027 LS9 010 0400 048 00 053 000 000 000 RLOT S22

Nole: 1-17: Kapitanov deposit, with detasets 16 17 from Gomostayey ef af. (2000a), | 8: Maja & Sukts deposit
(eamposition includes 0.53 wi% $i0,). apfle: atoms per formula unit. The proportion of FeO, is calculated. The

clectron-microprobe data are reported in welghe %o,

Anduoite

Anduoite in sample KAP18 from the Kapitanov de-
posit does not show any featuresindicative of composi-
tional zoning or dteration (X-ray mapping for As and
Ru; Figs. 3C, D). The chemical formula can be written
(Table 2, average of four analyses) as: (Rup.g00S0.10l0.03
Rho,03Pdo.01Pto.01)s.0.98 (AS2.0150.02)52.03-

The small size (1-2 wm) of the second euhedral
crystal from Kapitanov (sample 3541/369-1; Fig. 3)
does not allow oneto obtain agood quantitative analysis

(Table 2, anal. 5). However, its stoichiometry is closeto
that of the first crystal (sample KAP18).

In the Mgja e Sukés specimen, only one analysis
(Table 2, anal. 7) was obtained because of the small size
of the crystal, which approaches that of the diameter of
the electron beam. The chemical formula of this crystal
of anduoaite is: (Ruo.790S0.11RN0.04Ni0.04Pdo.02!10.01)s1.01
(As19850.01)51.99-

The chemical composition of the Tropoja anduoite
is quite similar to that from Kapitanov (Table 2, Fig. 5)
with respect to the proportion of the anduoite end-mem-



596 THE CANADIAN MINERALOGIST

Fic. 3.  Anduoite from the Kapitanov deposit. A and B. Euhedra crystal enclosed in chromian spinel containing lamellae of
ilmenite, sample KAP18. C and D. X-ray maps of the euhedral crystal in sample KAP18 for As and Ru. E and F. Euhedral
crystal enclosed in achromian spinel grain, sample 3541/369-1; see Table 2 for analytical data.
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TABLE 2. ELECTRON-MICROPROBE DATA ON ANDUOITE

AND ARSOCIATED PGM
1 2 3 4 5 L] 7 2 o 10 11 12
4 wt.% 032 029 027 014 026 009 012 022 1397 1367 BO3 984
Al S75% 56.65 5628 5656 5547 56465 5651 4115 2765 334 3121 3185
Sh 000 Q00 Qoo pop 000 001 000 008 005 04 014 040
O 67% R13 698 722 296 620 RB3IT U0 |44 130 [87  OF&3
Ir 220 1.62 168 196 235 208 054 065 JTL 06T 1917 499
Ru 3092 3004 3041 3007 3186 3447 3065 000 064 057 272 120
kR 1 .83 113 1.11 0.00 0.00 1.54 Q.17 2072 3264 1303 2288
Pt 083 Q87 0OBRS 074 000 000 065 5485 lA8 306 6835 398
Pd 018 071 050 068 000 Q00 061 001 000 395 1033 1326
Fe 000 000 000 000G 000 000 000 Q60 00K 018 089 094
fun 0400 900 000 0QOD 000 010 000 002 047 018 0337 010
Ni 000 Q00 e00  God 000 000 095 003 007 219 714 928
Cu 000 Q000 p0o 00 000 000 000 003 010 404 000 000
total 9377 99,14 G312 9E4% 9290 Yeed 10034 07325 0749 Y980 10212 Y9l
Formula hased oo 3 atoms Formmwla based on 7 atuims
per formula unit per formuda unil
8 apfu 0026 0024 0022 0012 002 0007 Q00 04024 1090 0980 1583 1630
As 2010 2003 2001 2011 2035 1981 1975 1951 0923 09315 2367 2258
el 0.000 Q000 Q000 QUM 000 0000 0000 0002 0001 0008 DOOT 0000
Os 0093 9113 0098 0100 0043 0085 0114 0001 0019 {00 D056 0023
Ir 0,000 0022 QU233 0027 0034 0028 0007 0012 G400 0126 0367 0138
Ru 0R00 0,787 0802 0795 (866 0.8 078 0000 0018 0.013 D153 0063
Rh 0026 0021 0030 0020 G000 0000 0039 0005 0504 0T 0720 1181
P 0011 4012 0012 00l D000 0000 0005 0939 0021 0036 0185 0.10%
Pd 0,004 ULE 003 0017 000 0000 0S5 0000 0000 0084 03552 0.662
ke 0000 BOR) 0000 0000 0000 0000 0000 0000 Q000 0007 0031 0083
Cu CGODD 0000 0000 0000 0000 0004 0000 0001 0019 0008 0030 Q008
Ni OO0 000 0000 Q000 0000 0000 (.042 0002 0003 0.0B4 0691 D859
Ci GOOD 0000 0000 0000 0000 0000 0000 0002 0004 0002 0000 0000
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Colurms 1 5: anducite, Kapitanov deposit (1—4: KAP1S, 5: 35412369-1); 6: anduaite, Tibet (average result of six
amalyses: Yu & Chou {1979), caleulated from Fleischer ef of. (19807, 7-12: Majn e Sukés depesit, 70 anduoite; §:
sperrylite: 9, 10; hollinwweorthite, 11, 12: unnamed Rh-Pd Ir Ni arsenide.

ber (79 to 80 mole %) or that of omeiite (10-11 mole %).
Anduoite from Tropoja has a higher content of Ni
(0.95%) than that from K apitanov. Minor compositional
differences also exist with respect to the contents of
minor PGE (Ir, Rh, Pt and Pd). The Ru content is sig-
nificantly lower in anduoite from Kapitanov and
Tropoja than in anduoite described from Tibet (Yu &
Chou 1979) (Table 2, andl. 6, Fig. 5), whereas that of
Os is dlightly higher. In al the examples of anduoite,
the S content invariably islow (<0.3 wt%), i.e., the ex-
tent of S-for-As substitution is insignificant.

Associated PGM from the Maja e Sukés deposit

The chemical composition of sperrylite is rather
close to the end member, with minor amounts of Os, Ir,
Rh, Ni and Fe (Table 2, anal. 8). Two compositions of
hollingworthite (Table 2, anal. 9, 10) show large varia-
tions of Rh and Ir, which reflect an irarsite-holling-
worthite solid-solution series (Ohnenstetter et al.
1991a). The molar proportion of hollingworthite de-

creases from 72.4 to 52.5% as the irarsite proportion
increases from 12.7 to 41.7%. The Rh-rich holling-
worthite contains significant amounts of Pd (3.95 wt.%)
and nickel (2.19 wt.%), and is richer in As than the Ir-
rich hollingworthite.

The other phase analyzed in the polyminerdic as-
semblage is a complex, mixed PGE — base metal (BM)
species with a low S:As ratio (about 0.7) and a high
PGE:BM ratio (2.3 < PGE/BM < 2.7) (Table 2, anal.
11, 12). The (S + As):(BM + PGE) ratio is greater than
1 (1.25 and 1.30, respectively), and deviates consider-
ably from the 2:1 stoichiometry of PGE sulfarsenides
such as hollingworthite. It corresponds rather to a
thiospinel-type stoichiometry. In this case, the tetrahe-
dral siteis occupied by Ni rather than by Cu or Fe (5.8
< Ni/BM < 8.6), in contrast to previous published com-
positions of “cuprorhodsite” (Johan et al. 1991). The
existence of nickeloan malanite is reported by Barkov
et al. (1997), but that mineral displays a Ni-for-PGE
type of substitution. Ir, Rh, Pd and, to alesser extent, Pt
are the predominant PGE in the two compositions ob-
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Fic. 4. Complex polymineralic inclusion of arsenides and sulfarsenides within chromian
spinel from the Maja e Sukés deposit. Symbols: Cr: chromian spinel, An: anduoite, H:
hollingworthite, Sp: sperrylite, NR: unknown sulfarsenide of Rh, Ir, Pd and Ni; see

Table 2 for analytical data

tained from the unnamed PGM. Comparison of the two
compositions indicates little variation in level of S, As
and BM, but mgjor variation in the proportion of Ir and
Rh, asin the adjacent hollingworthite. Extensive solid-
solution between PGE and BM, and between S and As,
is commonly reported in sulfarsenides of platinum-
group elements and base metals (Distler & Laputina
1979, Gervillaet al. 1997, Melcher et al. 1997).

Chromian spinel

The chemica compositions of chromian spinel host-
ing anduoite are reported in Figure 6, together with the
fields of chromite deposits from the Kapitanov and
Tropoja massifs. Contrasting compositions are shown
by the chromian spinel that hosts anduoiteinthe Majae
Sukés and Kapitanov deposits. In Mgja e Sukés, itisa
magnesiochromite, which falls in the compositional
field of ophiolitic deposits at a very high YCr ratio (81)
(YCr = 100 Cr/2R%") (Neziraj 1992), whereas in
Kapitanov, it is a chromian hercynite, which falls out-
side the fields of ophiolites and layered complexes ow-
ing to relatively low YCr and XMg (XMg = 100 Mg/
SR?) ratios (Table 1).

In the Tropoja massif, the chemical evolution of
chromian spinel is controlled by two major trends. The

Os Ir

Fic. 5. Ru-OsHr plot of anduoite compositions. 1 Tibet (Yu
& Chou 1979), 2 Kapitanov deposit, 3 Maja e Sukés de-
posit.
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FiG. 6. XMg (= 100 Mg/>R?*) versus YCr (= 100 Cr/3R®*) diagram for chromian spinel

hosting anduoite (open square: Kapitanov, open circle: Magja e Sukés). These data are
compared with compositions from chromite deposits at Kapitanov (black diamonds), a
PGE-rich chromitite from the Tropojamassif (full circle), and with fields for chromite
ore from the mantle and cumulate sequence of the Tropoja massif (Nezirgj 1992). The
two trends (1, 2) illustrate the mgjor substitutions in the mantle and cumulate deposits
(see text). The field of Cr—Ni arsenide ores is from Oen et al. (1979) and Gervilla &
Leblanc (1990). Thefield of podiform ophiolitic chromitites (OP) and that of stratiform

chromitites (ST) are taken from Gervilla & Leblanc (1990).

first trend, recorded by most mantle deposits, involves
substitution of the spinel and magnesiochromite com-
ponents. A variation in the YCr ratio of chromian spinel
accompanied by little variation in the XMg ratio is gen-
eraly related to the composition of the parental melts.
Cr-rich magnesiochromite would derive from boninitic-
type magmas produced from hydrous melting of a
severely depleted mantle. Spinel and Al-rich magne-
siochromite would derive from less depleted melts, such
as those produced in mid-oceanic ridges and back-arc

basins (Dick & Bullen 1984, Ohnenstetter 1985, Rob-
erts 1988). The second trend, shown by chromite de-
posits from cumulates and by some deposits in the
mantle, is characterized by an increase of magnetite or
hercynite components (or both) at the expense of spinel
or magnesiochromite components (or both). Decrease
of Cr and Mg with Al, Fe** and Fe?* increase is consid-
ered to result from crystal fractionation, which may oc-
cur in magma chambers in the crust. However, an
increase in the proportion of the magnetite component
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could also be achieved by metamorphism and late-stage
serpentinization (Evans & Frost 1975). Because the
Maja e Sukés deposit plots in the field of cumulate
chromite deposits from Tropoja, a high YCr and rela-
tively low XMg, such adeposit could have been derived
from a boninitic-type magma after fractionation oc-
curred to some extent.

Chromian spinel from the Kapitanov massif plots
within the fields of magnesiochromite, chromite and
chromian hercynite. Because a low YCr ratio coupled
with a low XMg ratio is observed, the Kapitanov de-
posit may have been derived from melts richer in Al
and Fe than those parental to the Tropoja deposits. On
the other hand, considerable variation in the XMg ratio
in the Kapitanov samplesindicatesthat significant frac-
tionation of magmaoccurred, which involved adecrease
in concentration of Cr and Mg and an increasein that of
Al and Fe**. Magma fractionation probably occurred
under low f(O5), as deduced from the low Fe** content
and the high Fe?*:Fe* ratio, even in crystalswith alow
XMg ratio. A low XMg coupled with low Ti and Fe**,
as shown by the chromian hercynite from Kapitanov, is
unusual in ophialitic chromite deposits. For example, a
PGE-rich chromite deposit from Tropoja, which plots
closeto the chromian hercynite from Kapitanov, is com-
posed of chromian magnetite with ahigh Ti content (up
to 4.2 wt.%).

Characteristics similar to those from the Kapitanov
deposit (high Al:Cr ratio, low XMg ratio and Fe;O3 con-
tents), are shared by chromian spinel at the Malaga de-
posits (Spain) despite their different setting. At
Kapitanov, arsenides are accessory phases, whereas at
Malaga, chromite is locally associated with Ni—Co—
PGE-rich arsenide ores located in interstices between
chromite grains (Oen et al. 1979, Gervilla & Leblanc
1990). In addition, trace-element contents are distinct
in chromian hercynite from Kapitanov and Malaga.
Chromian spinel from the chromite — Ni arsenide ores
of Malagaismuchricherin Ti (upto 0.8 wt.% TiOy), V
(upto 2.7 wt.% V,03) and in Zn (up to 1.5 wt.% ZnO)
than that reported from Kapitanov. Inthelatter case, the
concentrations of TiO,, V,03; and ZnO, which are re-
spectively 0.19-0.33, 0.12-0.55 and 0.26-0.27 wt.%,
areintherange of chromian spinel from ophiolitic com-
plexes (Paktunc & Cabri 1995). The content of Zn is
especially important because its abundance in chromian
spinel is considered to be related to the precipitation of
this mineral from silicate melt coexisting with S- and
As-rich melt (Gervilla & Leblanc 1990) or to metaso-
matism related to the formation of large amounts of Cu—
Co—Zn-Au ore (Liipo et al. 1995) or, more generally,
to sulfide ores (Paktunc & Cabri 1995).

DiscussioNn AND CONCLUSIONS
In podiform chromitites from ophiolites, two differ-

ent modes of occurrence of PGM are defined, relative
to chromian spinel: 1) inclusions in chromian spinel of
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Os-r—Ru aloys or sulfides (or both) with accessory
PGE sulfarsenides and base-metal sulfides; a particular
case exists for the alloy type of Pt mineralization with
Pt—Fe aloysincluded in chromite (Ohnenstetter 1996);
2) interstitial PGM found between chromite grains;
these PGM comprise diverse mineral species, mostly Pt,
Rh and Pd sulfarsenides and arsenides, antimonides,
bismuthides and tellurides (Talkington & Watkinson
1986, Prichard & Tarkian 1988), one or two of these
mineral species being predominant in each deposit.
Those PGM included in chromite precipitate before or
contemporaneously with chromite, whereastheintersti-
tial PGM crystallized later. A purely magmatic origin,
based on the similarity with PGM occurrences in lay-
ered complexes (Takington et al. 1984), would indi-
cate early entrapment of the more refractory PGE (Ir,
Os and Ru), which precipitated from silicate melts or
sulfide melts (or both) during the growth of chromite
(Stockman & Hlava 1984), and late-stage intercumulus
deposition of the more incompatible PGE (Rh, Pt and
Pd) (Prichard et al. 1986). An other point of view would
suggest that the two distinct groups of PGM might have
adifferent origin, and those included in chromite could
be genetically related to chromite deposition, whereas
PGM in altered interstitial silicates would be the prod-
ucts of hydrothermal processes that accompanied
serpentinization (Tarkian et al. 1991, Prichard et al.
1994). In addition, where the PGM are located in the
ferrian rim of a homogeneous chromian spinel grain, it
is generally admitted that the PGM assemblage is sec-
ondary, as well as those occurring in cracks (Thal-
hammer et al. 1990).

The secondary origin of theinterstitial PGM, which
are composed mainly of the Pd group (Pd, Pt, Rh) of
PGE (PPGE), raises not only the question of the origin
of enrichment in Asand Sb, Bi, and Te, but a so that of
the mobility of the most incompatible PGE. Explora-
tion studies on rocks and soils (Prichard & Lord 1993),
and careful examination of PGE distribution in bulk-
rock and PGM assemblages (Garuti et al. 1999a), gen-
eraly indicate only small-scale mobility of the PGE,
such that PGE distribution in moderately serpentinized
bulk-rocks may be considered to be primary (Economou
1986). In such a case, the extraction of PGE from
primary sulfides or aloys by hydrousfluidsis|ater fol-
lowed by redeposition of low-temperature PGM assem-
blages in proximity.

The present anduoite-hosting assemblage contrasts
with the common association of PGM found within
chromite grainsin podiform chromitites (Takington et
al. 1984) in the significant development of As-bearing
minerals formed with the Ir group of PGE (IPGE), Ni
and also Pt, instead of alloysand sulfides. Itisgeneraly
assumed that laurite or Os-r aloys (or both) represent
70 to 80% of the PGM observed (Legendre & Augé
1986, Tarkian et al. 1991). The occurrence of sulfar-
senidesand arsenideswithin chromiteisnot exceptional,
but their origin is highly controversial, considering ei-
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ther their setting or their composition. Discrete inclu-
sions of PGM in chromian spinel, either alloys or sul-
fides and arsenides, may be considered as evidence for
primary mineralization (e.g., Garuti et al. 1999b, and
references therein). For example, all the IPGE miner-
als, aloys, sulfides and sulfarsenides are considered to
be primary in the V ourinos complex (Augé 1985). Simi-
larly, irarsite, ruarsite and osarsite found in Bulgarian
ophiolitic chromitites also are considered primary, be-
cause of their similar occurrence as the associated Ru—
Os-r alloys and laurite within homogeneous chromian
spinel grains (Tarkian et al. 1991). In contrast, because
of the presence of As in sulfarsenides, notably irarsite
and hollingworthite, these minerals are considered to be
secondary in podiform chromitites (Thalhammer &
Stumpfl 1988, Thalhammer et al. 1990, McElduff &
Stumpfl 1990, Nilsson 1990, Prichard & Lord 1993,
Prichard et al. 1994, Melcher et al. 1997). Similar rea
soning holds for sperrylite. According to Stockman &
Hlava (1984), the small anhedral Pt—Asgrain partly rim-
ming laurite in a polyphase inclusion is considered to
belong to the primary PGM assemblage. The presence
of significant amounts of sperrylite in PPGE-mineral-
ized chromitites is notably reported from Cliff,
Shetlands (Prichard et al. 1986) and from Hochgréssen,
Austria (Thalhammer & Stumpfl 1988, Thalhammer et
al. 1990), but their origin is controversial. The sper-
rylite-bearing PGM assemblage, which islocated either
within or between chromite grainsin the two massifs, is
interpreted to be original in the former case and second-
ary in the latter case.

Considering the setting of the discrete and polyphase
inclusions of anduoite observed within chromite in our
study, this Ru—As mineral could be considered as pri-
mary. In addition, no evidencefor late-stage recrystalli-
zation, i.e., annealing and sintering in the presence of
fluid, was found in grains of chromian spinel near the
inclusions. At Kapitanov, anduoite occurs as euhedral
discrete grains randomly distributed within homoge-
neous chromian spinel devoid of cracks, providing good
evidencefor itsearly entrapment. Consequently, anduoite
is considered to have the same origin as the other dis-
crete single-phaseinclusions of irarsite, laurite and Os—
Ir-Ru alloy and, in one case, a two-phase inclusion of
Os-Ir—Ru alloy and undefined Ru—Os-As phase
(Gornostayev et al. 2000b).

At Mgja e Sukés, the zoned PGM assemblage with
diarsenides (sperrylite + anduoite) rimming sulfar-
senides, forming the polyphase inclusion, aswell asthe
presence of cracks, ending in the inclusion bordered by
irregular walls, may be interpreted in terms of progres-
sive replacement of early alloys or sulfides (or both),
which have reacted with As-rich fluids during serpen-
tinization. Because of the low content of Pd in the bulk
rock, corroborated by the absence of Pd minerals, one
may ask if the arsenide-bearing inclusion results from
the alteration of Pt-rich chromitite related to the Pt-al-
loy type of PGE mineralization, which islocated to the
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north in the Bregu i Bibés area. In such acase, the Maja
e Sukés assemblage would have been derived from the
alteration of the sparse chromitites hosting polyphase
inclusions with Pt—Fe and Os-lr—Ru alloys and laurite.
However, reaction between this primary assemblage and
As-rich fluidswould have involved considerable change
intheinter-element ratio of PGE and base metalswithin
theinclusion, as Fe waslost, and Ni together with most
of Ir and Rh were gained from the fluids. This process
contrasts with the results of Tolstykh et al. (1997), who
showed that the proportions of Ir, Os and Ru minerals
in secondary assemblages (in this case arsenotellurides
and telluroarsenides) are inherited from the composi-
tion of primary aloys (Os-r-Ru and Pt—Fe aloys). In
addition, two types of secondary assemblages do exist
at Bregu i Bibés. The more common type comprises di-
verse complex Fe-Ni—Cu—Pt—Pd-bearing alloys, which
may have formed during serpentinization. Such a pro-
cess involves reduction and locally desulfidation of
early-formed PGE-bearing sulfides, as in Oregon
(Stockman & Hlava 1984) and Greece (Garuti &
Zaccarini 1997), in amanner similar to that producing
Fe—Ni aloy (awaruite) and low-S sulfide (Chamberlain
1966). The second type of assemblage comprises
sulfarsenides (mostly hollingworthite) locally associated
with the primary aloys and occasionally with the sec-
ondary complex alloys. Sperrylite, which is related to
this second type of assemblage, was only observed once
in interstices among chromite grains (47 PGM grains
were analyzed in the Bregu i Bibés deposit) (Nezirgj
1992). Late-stage As-bearing phases may have crystal-
lized during serpentinization with the complex base-
metal and PGE aloys as in the Pt-mineralized rocks in
Quebec (Gauthier et al. 1990). However, we cannot rule
out the possibility that these As-bearing phases repre-
sent relict magmatic minerals rimming the early aloys
or forming discrete phases in interstices, which were
later involved in low-temperature alteration.

Characteristic PGE and Au hydrothermal deposits
exist in ophiolites. They occur along basal thrust planes
and shear zones leading to the formation of talc—car-
bonate-silica-bearing serpentinites (e.g., review by
Leblanc 1991). In these deposits, noble metals occur as
sulfides and arsenides, but the distribution of PGE and
Au (high contents of Au and, to some extent, Pd, low
contents of Ir-group PGE and Pt) contrast with that de-
duced from the mineral assemblage observed in the
chromite deposits studied, characterized by high con-
tents of Ir-group PGE and Pt, and rather low contents of
Auand Pd.

A primary origin for the inclusions of anduoite

At Kapitanov, the euhedral shape of the anduoite
grains suggests that they grew in amelt-rich milieu and
were trapped in chromian spinel as solid, well-formed
crystals. Anduoite could have precipitated directly from
a mafic silicate magma under relatively high fugacity
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of As, as suggested, for example, by Merkle (1992) and
Torres-Ruiz et al. (1996). According to Merkle (1992),
arsenide saturation in the silicate melt during crystalli-
zation of the UG2 Pt- and Pd-rich chromitites could have
taken place before sulfide saturation, leading to the crys-
tallization of refractory arsenides. This hypothesis is
compatible with the formation of PGE- and As-rich
clusterswithin asilicate magma, which may lead to sig-
nificant concentration of the PGE (Tredoux et al. 1995).
Nevertheless, taking into account that Ru is the most
chalcophile PGE (Fleet et al. 1999), it could be that this
element has a very high affinity for As as well (there
are no experimental data). Consequently, the origin of
anduoite from Kapitanov could be similar to that of
laurite: avery refractory phase segregated from amafic
silicate melt with an As:S ratio higher than that neces-
sary to stabilize laurite. The other plausible alternative
isthat As-bearing minerals precipitated froman As-rich
melt available as chromitite was deposited in veins cut-
ting a lherzolitic mantle massif (Oen 1973). A mantle
origin for arsenic is also accepted for the disseminated
Ni arsenides associated with Fe-Ni—Cu sulfidesin gar-
net peridotites from the Beni—Bousera Iherzolitic body
(Lorand 1987). In such conditions, enrichment in S as
well as As would derive from partial melting of
Iherzolitic mantle massifs, such as those occurring in
Spain and Morocco, before being redeposited. Satura-
tion of the resulting silicate melt in arsenides and sul-
fides after significant crystallization of chromite is a
well-known process (Buchanan & Nolan 1979) that fi-
nally leadsto the formation of animmiscible As- and S-
rich melt gathering PGE, which coexisted with the
chromite-producing silicate melt. During cooling, PGE
arsenides could beformed from this S- and As-rich melt,
which may have been trapped within chromian spinel
asit crystallized from the coexisting silicate magma, or
among grains of chromian spinel. The existence of an
As-rich melt carrying PGE was demonstrated experi-
mentally (Skinner et al. 1976) and alsoin nature, in view
of the presence of As-rich globules trapped in alloys
(Johan et al. 1990) and in sulfides (Gervillaet al. 1996).
In fact, an As-rich melt could be an important collector
of noble metals, even in the presence of an immiscible
sulfide melt. In the As-rich portion of the experimental
system Pd—Pt—As-S, Makovicky et al. (1990) found
evidence of two melts at 850°C, a Pd-As-enriched melt
that dissolves between 0.2 and 33 at.% Pt, and aPt-As-
enriched melt that can dissolve no more than 10% Pd.
A sulfur-free Pt—As-enriched melt was also found in the
As-rich part of the system Pt—-Fe-As-S at 850°C
(Makovicky et al. 1992).

At Maja e Sukés, the resulting bulk composition of
the polymineralic assemblage is characterized by high
As(38.7 wt.%) and PGE (54.2 wt.%) contents, and low
S (4.4 wt.%) and base-metal (2.6 wt.%) contents, nota-
bly Fe. The high Pt:Pd ratio (10) of the polyphase as-
semblage may be original, and may correspond to that
of aPd-poor Pt—As-enriched melt trapped during crys-
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tallization of the chromian spinel. The scarcity of S
bearing phases in the PGM assemblage and the low S
content of sperrylite are also indicative of the existence
of a S-poor melt (Makovicky et al. 1990). Despite the
lack of similar experiments involving the Ir-group of
PGE, we contend that these compatible PGE, notably
Ru, could form their own discrete phases from a PGE-
and As-rich melt.

The zoned assemblages observed in Mgja e Sukés
and Tibet could be explained in terms of crystal growth
from a fractionating S- and As-rich melt during cool-
ing. The sequence of crystallization deduced from the
different styles of zonation [i.e., 1) Ru—Os-Ir aloy or
laurite, 2) sulfarsenide, 3) monoarsenide, 4) diarsenide],
indicates that from the early to the late stage, the pro-
portion of Aswasincreasing in the successively formed
minerals. Theresidual S- and As-rich magma may thus
have become progressively enriched in As as early al-
loys and sulfides were deposited with cooling. As an
alternative, reaction of these early-formed PGM with a
trapped As-rich melt could aso take place as crystalli-
zation was proceeding.

Concluding remarks

Anduoite, (Ru,0s)As,, wasfound in chromitite from
two distinct massifs, where it occurs either as discrete
grainsor as polyphase inclusion within chromian spinel.
Thesetwo new occurrences, following the discovery site
in Tibet, permit an interpretation of the origin of this
mineral, primary versus secondary, considering its set-
ting and the mineral assemblage closely associated with
anduoite or found within the deposit. A magmatic ori-
gin is preferred, whether anduoite crystallized directly
from asilicate melt, locally saturated in As, or from an
immiscible As-rich melt formed as chromite was crys-
tallizing.

The fact that As forms compounds with IPGE in-
stead of Sis relevant to the existence of a S-poor sys-
tem in ophiolites that underwent at an early stage of
accumulation of chromitites. According to Hamlyn &
Keays (1986), progressive depletion of the residual peri-
dotite during partial melting will lead to successive
batches of magmamore and more S-poor and PGE-rich.
Consequently, PGE mineralization poorest in S is ex-
pected to be found in mantle rocks and crustal sequences
associated with a boninitic type of magma.

TheTropojamassif illustratesthe fact that aboninitic-
type liquid could lead to S-poor mineralization charac-
terized either by the presence of alloys (Bregu i Bibés)
or arsenides (Maja e Sukés). However, the chemical
composition of the chromian spinel hosting anduoitein
the two deposits studied (Kapitanov and Maja e Sukés)
indicates that S-poor, As-rich magma could be derived
from various types of silicate melts, from MORB to
boninitic-type parental melts. PGE mineralization in
Kapitanov, considered to be formed from aM ORB-type
magma, is compatible with the fact that arsenide ore
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from Malaga (Oen 1973, Gervilla & Leblanc 1990) is
hosted by dlightly depleted mantle peridotites and asso-
ciated crustal complexes possibly related to a rifting
event.
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