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ABSTRACT

The Nuasahi ultramafic—mafic complex, in Orissa, India, contains high concentrations of platinum-group elements (Pt up to
9.6 ppm, Pd up to 17.9 ppm) and Ag (up to 6.6 ppm) in a chromiferous sulfide-rich breccia zone. The plutonic complex occurs
within an Archean belt of supracrustal rocks. The complex consists of an ultramafic unit in fault contact with and overlain by
gabbroswhose stratigraphic top is characterized by azone of brecciation. Lode chromite deposits occur in the ultramafic suite and
are currently being mined. Magnesiochromite compositions in the lodes are refractory and show little variation within the
ultramafic suite (Cr,03 ~60%, Al,03 ~12%, MgO ~15%). Sudburyite, (Pd,Bi)Sh, members of the michenerite-testibiopalladite
series, and irarsite-hollingworthite (IrAsS-RhAsS) are the common platinum-group minerals (PGM) in the chromite-sulfide
assemblage of the breccia zone. Sudburyite is preferentially included within coarse-grained ferrian chromite, along with numer-
ousinclusions of chalcopyrite, pyrrhotite, rutile, ilmenite and oriented lamellae of clinochlore. The distinctive noble-metal com-
position (high Pd, Pt and Ag with high Cu) and dominant Pd-Bi—Te-Sh-bearing PGM in the mineralized portion indicate its
evolved nature. Mineralization developed by magmatic processes; a hybrid magma resulting from partia incorporation of
serpentinized chromite-bearing ultramafic rocks and chromitite in the younger gabbroic magma was emplaced within the pre-
existing breccia zone. The breccia zone developed during brittle deformation along a NNW-trending shear zone.

Keywords: ultramafic complex, breccia zone, chromite, sulfides, platinum-group element mineralization, inclusions, platinum-
group minerals, Nuasahi, Orissa, India.

SOMMAIRE

L e complexe ultramafique-mafique de Nuasahi, a Orissa, en Inde, contient des concentrations élevées des é éments du groupe
du platine (juqu’'a 9.6 ppm de Pt, 17.9 ppm de Pd) et d’ argent (jusqu’a 6.6 ppm) dans une zone brécifiée enrichie en spinelle
chromifére et en sulfures. Le complexe plutonique est situé dans une ceinture de roches archéennes d’ origine supracrustae. I
contient une unité ultramafique en contact tectonique avec une unité supérieure gabbroique dont le sommet est bréchifié. Les
gisementsin situ de spinelle chromifére se trouvent danslasuite ultramafique, et sont présentement exploités. La composition de
la magnésiochromite est réfractaire et varie peu dans la suite ultramafique (Cr,O3 ~60%, Al,O3 ~12%, MgO ~15%). Parmi les
minéraux du groupe du platine, on trouve sudburyite (Pd,Bi)Sh, des membres de la série michenerite-testibiopalladite, et irarsite—
hollingworthite (IrAsS-RhASsS) associés au spinelle chromifére et aux sulfures de la zone bréchifiée. La sudburyite se présente
surtout en inclusions dans la chromite ferrique a grains grossiers, de méme que chalcopyrite, pyrrhotite, rutile, ilménite, et
clinochlore en lamelles orientées. L’ enrichissement distinctif en métaux nobles (Pd, Pd, Pt et Ag avec Cu élevé) et ladominance
de minéraux du groupe du platine enrichis en Pd-Bi—Te-Sh témoignent du degré d’ évolution de la partie minéralisée. Les proc-
essus de minéralisation se sont dévelopés au stade magmatique; un magma hybride, résultat de I'incorporation de blocs
ultramafiques chromiféres serpentinisés et de chromitite dans le magma gabbroique, a recoupé la zone bréchifiée. Celle-ci s'est
développé au cours d' un épisode de déformation cassante le long d’ une zone de cisaillement orientée nord—nord-ouest.

(Traduit par la Rédaction)

Mots-clés: complexe ultramafique, zone bréchifiée, chromite, sulfures, minéralisation en ééments du groupe du platine, inclu-
sions, minéraux du groupe du platine, Nuasahi, Orissa, Inde.
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INTRODUCTION

The Nuasahi ultramafic—mafic complex (21°16'N,
86°20'E), located in the southeastern part of the
Singhbhum craton in the eastern Indian Shield, contains
one of the largest chromite deposits in India. Earlier
investigators concentrated mainly on petrological,
chemical and genetic aspects of chromite mineraliza-
tion (e.g., Chakraborty 1958, Deb & Chakraborty 1960,
Mukherjee 1962, Haldar 1967, Varma 1964, Mohanty
& Sahoo 1989). The Nuasahi chromite deposit was de-
scribed as fissure-filling type, and the whole complex
was taken to represent a continuous series of ultramafic
and mafic rocks produced by fractional crystallization
of a mafic magma (Chakraborty 1958, Deb &
Chakraborty 1960). As an alternative hypothesis, the
chromite orebodies were attributed to hydrothermal so-
Iutions issued from an ultrabasic magma, the complex
representing a highly differentiated suite of the Alpine
type of ultramafic complex (Varma 1964). Haldar
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(1967) documented the discordant relation between ul-
tramafic and mafic suite of rocks in this complex.
Mondal & Baidya (1997) first reported the occurrence
of platinum-group minerals (PGM) in a tectonic brec-
ciazonein the eastern part of the complex and described
the petrographic as well as field aspects of the sulfide-
bearing zone. In this paper, we provide further details
of our mineralogical observations and preliminary geo-
chemical data on the sulfide-rich zone, and investigate
the origin of the mineralization.

GEoLoGICAL SETTING OF THE COMPLEX

Theoldest rocksin the areabelong to Iron Ore Group
(I0G) (Fig. 1). Sahaet al. (1988) considered the age of
sedimentation of the |OG in the eastern Indian Shield to
be between 3300 and 3100 Ma (Sm-Nd whole-rock iso-
chron). At Nuasahi, the 10G rocks are considered to
have been intruded by the ultramafic—mafic plutonic
complex at about 2200-2100 Ma (Saha 1994), but pre-
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Fic. 1. Geological map of the Nuasahi chromite belt, Orissa, India
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Fic. 2. Field photographs of Breccia Zone, Nuasahi ultramafic—mafic Complex, Orissa, India. (a) Large bands of chromitite
(crmt—band) are intruded by gabbroic material (gh). (b) Differently oriented fragments of serpentinite and chromitite (ser,
crmt) enclosed within gabbroic material (gb) in the Breccia Zone. (c) A triangular fragment of massive chromitite (crmt) of
the Shankar lode enclosed within sulfide-rich gabbroic rock (gb) in hanging-wall of the Breccia Zone. (d) Fragments of
banded ultramafic rock (um) within the gabbroic matrix (gb) of the Breccia Zone.

cise age dating has not yet been done. The plutonic com-
plex contains three magmatic suites (Fig. 1). Suite 1
consists of aninterlayered sequence of chromian-spinel-
bearing ultramafic rocks, suite 2 contains gabbroic rocks
with bands of titaniferous magnetite, and suite 3 groups
later intrusive phases of diabase, clinopyroxenite, peg-
matitic gabbro and quartz diorite. The chromian-spinel-
bearing ultramafic rocks of thefirst suite are exposed in
an area~5 km in length and ~400 m in width, having a
general NNW-SSE trend. Igneous layering in these
rocks generally dips 60-70°E. The various lithological
units of the first suite are enstatitite (>95 vol.% ensta-
tite), olivine orthopyroxenite, dunite, orthopyroxenite
and chromitite. Gabbroic rocks of suite 2 are typicaly
massive but contain aband ~1-2 m thick of titaniferous
magnetite at the eastern end of the complex. The gab-

broic rocks are present both in the western and eastern
sides of the chromian-spinel-bearing ultramafic suite,
but are more extensive in the eastern side (Fig. 1). The
gabbroic rocks of suite 2 distinctly intrude the chromian-
spinel-bearing ultramafic rocks along the eastern side
of thecomplex (Figs.1, 2). Along the northwestern mar-
gin, fragments of the 10G (quartzite) of various sizes
are included within the gabbroic mass. Dykes and sills
of diabase and clinopyroxenite of suite 3 transgress the
earlier two suites along lithological contacts and frac-
tures. Pegmatitic gabbro and quartz diorite intrude the
breccia zone in the eastern part of the ultramafic se-
quence.

The Nuasahi complex has been affected by later
faulting, shearing and open folding. ENE-trending faults
and shear zones are more prevalent than NNW-trending
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faults. The ultramafic rocks are extensively atered to
serpentinite, talc — serpentine schist and talc — serpen-
tine— chlorite schist. Carbonate (mostly aggregates and
veins of magnesite) is commonly present in these al-
tered rocks. A hydrated carbonate of chromium,
stichtite, is present in highly altered portions of the ul-
tramafic suite (Mondal & Baidya 1996). The gabbroic
rocks now have greenschist-facies assemblages.

CHROMIAN SPINEL MINERALIZATION

Chromian spinel occursin al of the rocksin the ul-
tramafic suite either as (a) cumulate layers, (b) acces-
sory chromian spinel in enstatitite, olivine orthopyroxe-
nite, dunite, serpentinite and orthopyroxenite units (both
as cumulus and intercumulus phases), or (c) dissemi-
nated chromian spinel in the sulfide-mineralized zone.
Four major magnesiochromite-bearing horizons are
present in Suite 1, in stratiform layers interbanded with
dunite and orthopyroxenite (Fig. 1). The Durga, Laxmi
(Laxmi 2 and Laxmi 1) and Shankar lodes (from west
to east in Suite 1) are currently being mined for chro-
mium ore by the Ferro-Alloy Corp. Ltd. (FACOR), In-
dian Metal & Ferro-Alloy Corp. Ltd. (IMFA) and the
Orissa Mining Corp. (OMC). To the personnel of
FACOR Ltd., the faulted counterpart of the Shankar
lode at the eastern hill is the Ganga lode. The dunite
unit, which is nearly 130-150 m thick, hosts the first
three lodes. At the footwall part of the Durga lode, the
exposed dunite unit is 5-10 m thick and more or less
unaltered. The dunite unit in between the Durga and
Laxmi 2 lodes is nearly 80 m thick and has been af-
fected by later faulting and shearing, with different de-
grees of ateration to serpentinite. The Laxmi 2 and
Laxmi 1 chromite lodes are separated by a highly
serpentinized dunite unit ~5-6 m thick. In the hanging-
wall portion of the Laxmi 1 1ode, the dunite unit is~40—
60 m thick and extensively serpentinized. It isin sharp
contact with the hanging-wall orthopyroxenite unit,
~80-120 m thick. The orthopyroxenite unit is highly
brecciated in its hanging-wall portion, and is part of the
prominent NNW-trending breccia zone (discussed be-
low). The contacts between the chromite lodes and their
host dunite units are commonly gradational. The
westernmost chromite lode is ~3-4 m thick; the Laxmi
2 is 2-3 mthick, and Laxmi 1 is 1.6-1.7 m thick. The
Shankar lodeis highly disrupted and occursin the brec-
cia zone on the eastern margin of the Suite 1 rocks. In
the footwall of Laxmi 1 and Laxmi 2 lodes, there is a
zone of disseminated chromian spinel ore 2-4 m wide
running parallel to the main lodes. Each ore-bearing lode
commonly contains, from base to top, (a) schlieren
bands, (b) clot-textured bands, (c) massive bands and
(d) spotted chromitite bands. Both schlieren and spot-
ted layers grade to massive chromitite bands and show
rhythmic banding. In the clot-textured chromitite band,
the clots consist of fine-grained chromitethat is embed-
ded in aserpentinized matrix. In the more serpentinized
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part, ferrian chromite occurs as arim around chromian
spinel, and itself islocally rimmed by magnetite. Trails
of dusty minute grains of magnetite — ferrian chromite
are commonly present in serpentinized parts of the ul-
tramafic unit.

BRrReEcciA ZoNE: PETROGRAPHY AND MINERALOGY

Inthe eastern part of the ultramafic belt, on the hang-
ing-wall side of the orthopyroxenite unit, a prominent
NNW-SSE-trending breccia zone (~10-15 m thick) is
developed (Fig. 1). This zone contains heterogeneous
assemblages of differently oriented angular to
subrounded fragments of massive, spotted and banded
chromitite of Shankar lode and its host ultramafic rocks
(mainly serpentinite) (Fig. 2). The matrix of the breccia
zoneisacomplex assemblage of chromite, magnetite —
ferrian chromite, orthopyroxene, amphibole, biotite,
white mica, plagioclase, talc, serpentine-group miner-
als, clinochlore, carbonate and sulfides. The proportion
of these minerals varies along and across the strike of
the breccia zone. Asbestos veins are commonly present
at theinterface or contact part of the adjacent fragments.
Pegmatitic gabbro and quartz diorite infill fracturesin
the breccia zone. The shape and size of the fragments
vary from footwall to hanging-wall in the breccia zone.
In the footwall, the fragments are rounded to elliptical
and smaller, whereas in hanging-wall, they are more
angular and larger. The fragments are generally 5-15m
long and 3-5 m wide near the hanging-wall, 2-3mlong
and 0.5-1.5 m wide in the middle of the breccia zone,
and 5-10 cm long and 2-4 cm wide near thefootwall. A
prominent magnetite + ferrian chromite rim (~10 cm
wide) is commonly developed around the fragments.

Sulfide mineralization occurs in the matrix of the
breccia zone, and in the margins of chromitite frag-
ments, where the sulfide content gradually decreases
toward the gabbroic matrix. Locally, sulfides occur as
vein, stringer and irregular pocketsin the matrix part of
the breccia zone. The gabbroic rocks in the hanging-
wall portion of the breccia zone contain disseminated
sulfidesin theinterstitial space among silicates. Ferrian
chromite grains are also distributed in this gabbroic
rock, the concentration of which is higher near the con-
tact with the chromitite fragments. A zone of the east-
ern gabbro hill and another in the northern part of the
chromiferous ultramafic belt contain disseminated sul-
fides in the interstices of silicates. Chalcopyrite, pyr-
rhotite and pyrite are the common sulfide minerals in
the matrix of the breccia zone and also in the gabbroic
rock of the hanging-wall portion of breccia zone. Pent-
landite, millerite and pyrite occur as major phasesin the
veins, stringers and pockets, along with chalcopyriteand
pyrrhotite. The highest concentration of sulfidesiscom-
monly found in the chromite—sulfide assemblage in the
breccia zone (up to 50%). In general, the occurrence of
sulfidesishighly variable along and across the strike of
the breccia zone, and the concentration isvery minor in
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the southern part of the belt. The concentration of sul-
fide minerals is also highly variable with depth in the
breccia zone.

In the chromite—sulfide assemblage of the breccia
zone, two size-populations of chromite grains are rec-
ognized: coarse grained (>800 pm) and fine grained
(<600 pwm) (Fig. 3). The content of coarse-grained
chromiteismuch greater than the finer-grained chromite
in this assemblage. Finer-grained crystals of chromite
are typically subhedral and subrounded, and show
higher reflectivity than the coarser-grained chromite
(Figs. 3b, ). An dtered rim of clinochlore with consid-
erable content of Cr (4.71-6.04 wt% Cr,03) occurs
around the chromite grains (Figs. 3a, b, c, 4a, b, c).
Clinochlore is aso present in the matrix of this assem-
blage as concentrated pockets. Chal copyrite, pyrrhotite
(both high-reflectance and |ow-reflectance varieties)
and pyrite are most abundant sulfide minerals in the
matrix of this assemblage, with lesser amounts of pent-
landite, millerite and bornite. The two varieties of pyr-
rhotite are opticaly distinguished in this assemblage.
The high-reflectance variety is replaced by chalcopy-
rite along the cleavages; it occurs as idiomorphic to
subidiomorphic grains in agroundmass of chalcopyrite
and low-reflectance pyrrhotite. The boundaries between
the high-reflectance variety and chalcopyrite were un-
stable, and now are occupied by younger silicatesor iron
hydroxides. The low-reflectance pyrrhotite pervades
high-reflectance pyrrhotite along the cleavages and oc-
casionally fills fractures in chal copyrite.

Euhedral crystals of cobaltite-gersdorffite (cb—gd)
(Fig. 5) arefound in the chalcopyrite-rich matrix of this
chromite—sulfide assemblage. These crystals are
poikilitically included within the chalcopyrite. Chal-
copyrite occasionally infills the fractures within cobal -
tite—gersdorffite; in places, tongues of chal copyritefrom
the surrounding matrix have encroached within the co-
baltite—gersdorffite euhedra. Cobaltite—gersdorffite
crystals are commonly white, but in some cases shows
yellow or light pinkish patches, which may be due to
compositional variation. Very minute grains of high-
reflectance whitish phases (with ayellow tinge) arein-
cluded in the cobaltite—gersdorffite euhedra. Analytical
datafor seven cobaltite—gersdorffite grains are listed in
Table 1. Composition no.1 isof agersdorffite grain with
4.88 wt% Co and it includes awhite phase with yellow-
ish tint (anal. 2). The white phase has a Ni:Co ratio of
nearly 1 and is an intermediate member of cobaltite—
gersdorffite series. The rest of the compositions of co-
baltite—gersdorffite of Table 1 show contents of Co that
are higher than Ni. Theratio of Ni:Co ranges from 0.35
t0 0.6. The Ascontent is higher than Sin these analyzed
grains. The Fe content ranges between 1.76 and 10.63
wt% and in two grains, the content is higher than that of
Ni. The iron-rich cobaltite reported by Cabri &
Laflamme (1976) from the Sudbury ore has Fe contents
up to 8.9 wt%. The Cu content in cobaltite-gersdorffite
grains from the Nuasahi suite ranges between 0.99 and
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2.19 wt%, with one grain containing nearly 8.18 wt%.
A singlegrain of cobaltite-gersdorffite from thisassem-
blage (and. 6, 7) shows compositional variation from
core to rim; the core is Fe-enriched, but the content of
both Co and Ni is higher in the rim. One Cd-bearing
mineral wasfound inthe SEM study. Itisavery minute
grain and attached to a coarser grain of chromitein the
chromite—sulfide assemblage. The semiquantitative
analysisby EDSrevealsits chemical composition to be
(inwt%) Cd 82.91, Pb 8.02, Se 2.10, Fe 1.24, Cu 0.56,
Zn 0.71, oxygen 4.47.

Platinum-group minerals (PGM)

Species of platinum-group minerals have been re-
ported from the chromite—sulfide assemblage of the
breccia zone (Mondal & Baidya 1997). Sudburyite is
the most common, and preferentially occurs within
coarsegrains of chromite (Figs. 3g, f). Michenerite (Fig.
4c) occurs with palladian melonite and an Ag-, Bi-, Te-
bearing phase in the matrix sulfides. Irarsite—
hollingworthite solid solution forms inclusions in
cobaltite-gersdorffite grains occurring within chal copy-
rite. Elongate, high-reflectance PGM, the compositions
of which have yet to be established, are recognized in
sulfide veins within fractured chromite grains. Augé et
al. (1999) reported eighteen PGM speciesfrom the brec-
cia zone and also from alluvial concentrates, of which
10 are known species and 8 are unidentified minerals or
uncommon end-members of known species. The PGM
grains are characterized by small grain-size, on average
5-10 wm, but larger grains, 200 X 150 wm, have been
identified in aluvia concentrates (Augé et al. 1999).

TABLE 1. COMPOSITION OF COBALTITE-GERSDORFFITE,
BRECCIA ZONE OF THE NUASAHI COMPLEX, ORISSA, INDIA

Cs1 CS1 FCS/1 FCS/1 FCS8/1 FCS/1 FCS/1 FCS/9
C/5-3 C/5-5 Ci2-6 C/3-7 C/4-8 C/3-la C/3-1b C4-9
core rim

Cowt% 488 1708 2099 2302 2335 2402 2620 2046
Ni 3070 1747 1262 9.89 9.63 853 1548 1203
As 40.22 3977 41.88 4217 4195 3866 3125 2552
S 2240 2274 2051 2075 2060 1633 2042 2239
Fe 1.76 1.99 378 3.88 427 1063 446 1044
Cu 120 0.99 1.28 1.62 1.96 1.79 2.19 818
Ir 0.99
total 101.17 100.04 101.06 101,32 10L75 100.00 100.00 100.00
Coat% 438 1543 1917 2095 2118 2272 2369 1816
Ni 2764 1584 1157 9.03 8.77 808 14.05 1071
As 2838 2825 30.09 3020 2994 2871 2223 17.82
S 3694 3775 3442 3472 3436 2833 3393 3653
Fe 1.66 1.89 3.64 3.73 409 1059 426 9.77
Cu 1.01 0.83 1.09 1.37 1.65 1.57 183 6.73
Ir 027

Columns 2-6; the analyses were done with a JEOL-JXA 8600M Superprobe.
Columns 7-9: the analyses were done with a Leo-Leica Stereoscan 440 scanning
electron microscope equipped with energy-dispersion spectroscopy.
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Fic.4. SEM photomicrographs of chromite-sulfide assemblage, BrecciaZone. (a) Inclusionsin coarser-grained chromite (ccmt).
Matrix material consists of pyrrhotite (po), chalcopyrite (chp) and clinochlore (black). (b) Inclusions in coarser-grained
chromite (ccmt). Chromiteisreplaced by sulfides along the boundary. Matrix material consistsof pyrrhotite (po), chal copyrite
(chp) and clinochlore (black). (c) Euhedra crystal of michenerite (mic) in pyrrhotite (po). Chromite crystals (ccmt) are
replaced by sulfides and silicates along the boundaries. (d) Coarser-grained chromite shows inclusions of chalcopyrite (chp),
clinochlore (black) and Ti-bearing oxide phase. Exsolved lamellaein included oxide phase are visible at the middle part of the

photomicrograph.

Fic. 3. Photomicrographs of chromite—sulfide assemblage,
BrecciaZone. () Coarser-grained chromite (ccmt) with nu-
merous inclusions (po pyrrhotite). (b) Coarser-grained
chromite (ccmt) showing “fused” texture with inclusions.
One finer-grained chromite (fcmt) is present to the left of
the coarser-grained chromite. Matrix material consists of
pyrrhotite (po). (c) Finer-grained chromite (fcmt) in
sulfide-rich matrix containing chalopyrite (chp) and
pyrrhotite (po). Black material isclinochlore. (d) Chromite
(cmt) extensively replaced by sulfides (po) in the chromite—
sulfide assemblage. (e) Coarser-grained chromite (ccmt)
with numerous inclusions of chal copyrite with sudburyite
(s). Matrix materia consists of pyrrhotite. (f) Coarser-
grained chromite (ccmt) shows inclusions of chalcopyrite,
sudburyite and Ti-bearing oxide phases (T).

Inclusions in chromite

Ferrian chromite crystals in gabbroic rock in the
hanging-wall of breccia zone, from the matrix of the
breccia zone, and aso the coarser-grained chromite in
chromite—sulfide assemblage contain numerous inclu-
sions of silicates, base-metal sulfides (BMS) and oxide
phases (Figs. 3, 4). The finer-grained chromite crystals
of the chromite—sulfide assemblage contain tiny inclu-
sionsof rutileand, rarely, sulfides. Locally, subrounded
inclusions of silicate assemblages containing bioctite,
plagioclase, ferroan tremolite and sulfides are present
in the chromite crystals of gabbroic rock from the hang-
ing-wall of the brecciazone. Three sets of oriented chlo-
ritelamellae and tiny inclusions of rutile a so are present
within some chromite grains of this assemblage and also
from the matrix portion of the brecciazone. Tiny grains
of rutile are absent in magnesiochromite from the inte-
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Fic. 5. SEM photomicrographs showing cobaltite—gersdorffite (cb—gd) euhedrain chalcopyrite-rich matrix in the chromite—
sulfide assemblage of the breccia zone. Width of crystals: 30 umin a, 20 pminb.

rior part of the chromitite fragments, but abundant in
the chromite crystals from the boundary portion of the
fragments. The coarser grains of chromite of the
chromite—sulfide assembl age contain profuse inclusions
of BMS (chalcopyrite, pyrrhotite and pentlandite), sili-
cates (clinochlore, serpentine), oxides (rutile, ilmenite
and Cr—Ti-bearing oxides) and PGM (Figs. 3a, b, e, f,
4a, b, c, d). Chalcopyriteisthe principal BMSpresent as
inclusions. Rutile and ilmenite are the common oxide
minerals included within coarser-grained chromite.
Some included phases contain exsolved lamellae
(Fig. 4d), of unknown composition. Theincluded phases
are highly irregular in shape (mostly dendritic) and lo-
caly display worm-liketextures (Fig. 4a). In places, two
or more chromite grains became “fused” together
(Fig. 3b) and developed acomposite chromite grain with
variable amounts of inclusions concentrated in differ-
ent portions of the grain. The size, shape and relative
abundance of theinclusion mineralsare highly variable,
even within a single grain. The included sulfides and
silicates, aswell asthe matrix sulfidesand silicates (Fig.
3d, 4b, c), extensively replace chromite crystalsin this
assemblage.

ComPOsITIONS OF CHROMIAN SPINEL

The chromian spinel compositions for few represen-
tative samples are listed in Table 2; they are recalcu-
lated to cation proportions using the Fe3* calculation
scheme of Droop (1987). The unaltered magnesio-
chromite of four massive chromitite bands (lode
chromite) show minor variation in chemical composi-

tion, with ~60 wt% Cr,O3, and Mg# ranges between
0.71 and 0.80 (and. 1-8; Fig. 6). The FeO and Fe,O3
content are significantly higher for the chromian spinel
in the sulfide-rich assemblagesin the breccia zone, with
concomitant low contents of MgO and Cr,Os, with Mg#
in the range between 0.01 and 0.17 (anal. 9-15; Fig. 6).
The Al,O3 content remains fairly constant in chromian
spinel from all assemblages with the exception of afew
grainsin the gabbroic rock from the hanging-wall of the
breccia zone (andl. 9, 10; Fig. 6). The finer-grained
chromite of the chromite-sulfide assemblage (anal. 14,
15) of the brecciazone hasasimilar composition to that
of chromite from gabbroic rock (anal. 9, 10) in the hang-
ing-wall of breccia zone. The presence of rutile and
Cr-Ti-bearing minera inclusions in chromite from the
mineralized breccia zone has been confirmed by elec-
tron-mircoprobe analyses (anal. 16-20).

GEOCHEMISTRY OF THE BRECCIA ZONE AND
DistriBUTION OF PGE AND OTHER TRACE ELEMENTS

Whole-rock geochemistry

Table 3 showsthewhole-rock analytical datafor six
rock samples. Samples B/S/11 and B/S/16 are sulfide-
bearing assemblages from the matrix of the breccia
zone. The sample of serpentinite (OC/S/2), an alteration
product of dunite, contains considerable carbonate. The
samples of breccia zone (B/S/9, B/S/11, B/S/16) have
high Al, K, Ti, Caand Na, and extremely variable Fe
and Cr contents (presumably a function of physically
included chromite). Some of these fragments must be
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TABLE 2. COMPOSITION OF CHROMIAN SPINEL FROM THE NUASAHI ULTRAMAFIC-MAFIC COMPLEX, ORISSA, INDIA

Sample  O/1 O/1 ©O2 O/2 03 O3 B/S B/S B/S B/S NF/I2NF12NF/12 FCS FCS NF/12 NF/12 NF/12 NF/12 NF/12
/A5 /15 /16 /16 /SNK /SNK /SNK /7 /7 /SNK /SNK /SNK /SNK /SNK
c K K £ cococoK©
1 2 3 4 5 6 7 8 9 16 11 12 13 14 15 16 17 18 19 20
SiO,Wt% - - - - = - - - . ..o . ... . 006 -
TiO, 013 015 017 017 020 017 019 021 195 137 047 418 007 1.51 204 9550 97.72 87.87 55.89 61.97
ALO, 982 1020 10.84 11.13 10.62 11.14 10.87 1084 628 6.02 11.19 1125 1320 921 966 001 - 110 436 278
Cr,0, 6210 6329 60.12 60.19 60.08 60.30 59.16 60.14 33.97 35.50 43.19 41.05 45.04 31.96 30.51 0.51 0.67 589 20.93 16.46
Fe,0, 312 279 346 3.86 401 332 392 405 27.61 2556 1270 7.88 623 2618 2125 - - - - -
FeO 756 9.04 959 929 947 9.64 10.71 10.63 28.51 29.88 28.72 31.00 29.40 27.78 3033 291 148 435 1516 11.90
MnO 039 0.17 033 027 020 019 029 044 085 099 033 021 035 027 033 - 002 005 011 0.11
MgO 1675 16.44 15.66 16.09 15.78 1587 14.85 1522 025 0.13 323 353 208 252 207 024 002 012 082 064
Ca0 001 - 002 001 003 003 005 001 - - - - 001 - - 005 004 033 065 291
Na,0 113 063 - 012 - 058 - - - 02 - -
K0 - - - . e e e
Zn0 010 024 004 024 006 004 - - - 008 004 009
V;0, 001 001 001 001 001 001 00l 001 003 003 003 004 003 003 003 037 042 048 032 036
Ba0 001 002 006 - - 003 004 054 060 039 030 024
NiO 009 019 005 008 022 - 022 011 - 003 002 - - 011 009 - 010 001 005 -
Total 99.98 102.37 100.28 101.09 100.62 100.67 100.27 101.65 100.69 100.40 9998 99.50 96.47 100.22 96.35 100.13 101.07 100.89 98.69 97.46
Siapfe - - - - - - = - ... ..o ... . 0002 -
Al 0.366 0.376 0.404 0.411 0.395 0.413 0.408 0.401 0.265 0.257 0.457 0.459 0.556 0.381 0.417 0.001 -  0.035 0.156 0.099
Ti 0.003 0.003 0.004 0.004 0.005 0.004 0.005 0.005 0.052 0.037 0.012 0.109 0.002 0.039 0.056 1.944 1.961 1.806 1.274 1409
Fe* 0.074 0.065 0.082 0.091 0.095 0.079 0.094 0.096 0.744 0.696 0332 0.206 0.167 0.691 0.586 - - - - .
Fe* 0.199 0.234 3.456 0.243 0.250 0.254 0.285 0.279 0.854 0.905 0.833 0.898 0.878 0.815 0.929 0.066 0.033 0.099 0.384 0.301
Cr 1.553 1.552 1.505 1.490 1.500 1.500 1489 1492 0.962 1.016 1.185 1.124 1.272 0.887 0.884 0.011 0.014 0.127 0.501 0.393
Zn 0.003 0.006 0,001 0.006 0.001 0.001 - - - 0002 0.001 0.002
Mn 0.010 0.004 0.009 0.007 0.005 0.005 0.008 0.012 0.026 0.030 0.009 0.006 0.011 0.008 0.010 -  0.001 0.001 0.003 0.003
Mg 0.790 0.760 0.739 0.751 0.743 0.744 0.705 0.712 0.013 0.007 0.167 0.182 0.111 0.132 0.113 0.009 0.001 0.005 0.037 0.029
Ca 0001 - 0001 0.001 0.001 0.001 0.002 0.001 - - - - 0001 - - 0001 0.001 0.009 0.021 0.094
Na 0078 0044 - 0008 - 0039 - - - 0012 - -
X - - - - - - - - - - - -
Ba 0.001 0.001 0001 - - -  0.001 0.006 0.006 0.004 0.003 0.003
v 0.001 - 0001 0.001 0.001 0001 -  0.001 0.001 0.002 0.001 0.001 0.001 0.001 0.001 0.007 0.008 0.010 0.007 0.009
Ni 0,002 0.005 0.001 0.002 0.005 - 0006 0.003 - 0001 0004 - - 0003 0.003 -  0.002 0.001 0.001 -
Tcations 3.00 3.00 300 3.00 300 300 300 300 300 300 300 300 300 3.00 3.00 2.046 2.027 2.112 2391 2341
Cr# 081 080 079 078 079 078 078 079 078 080 072 071 070 070 068
Mg# 080 076 074 076 075 075 071 072 002 001 017 0.17 011 014 011

The structural formula, expressed atoms per formula unit, apfu, is based on four atoms of oxygen. Samples: columns 1--8: seam magnesiochromite; O/1 Durga
lode, O/2 Laxmi-2 lode, O/3 Laxmi-1 lode, B/S/15 Shankar lode. Columns 9, 10: chromite from sulfide-rich gabbroic rock (hanging-wall of the breccia zone).
Columns 11-15: chromite from chromite — sulfide assemblage of the breccia zone; 11-13: coarser-grained chromite, 14, 15: finer-grained chromite. Columns
16-20: included Ti-bearing oxide phases in coarser chromite. The FeO value reported is total FeO. Cr#: Cr/(Cr + Al); Mg#: Mg/(Mg + Fe?"). Blank space:

not determined. The data are derived from electron-microprobe analyses.

orthopyroxenite, as they have high Si and Mg and low
Ca and Al. The one sample of quartz diorite (B/S/9)
shows higher concentration of Cr, Ni, V and Ti (1316,
220, 124 ppm, 0.54 wt% TiO, respectively) than the
typical gabbro (S/17; 463, 160, 110 ppm, 0.31wt% TiO,
respectively). The high Ni and Co content in the two
samples of breccia zone (B/S/11 and B/S16) is due to
presence of base-metal sulfide in the assemblage. The
Zn content is also higher (85, 232 ppm, respectively) in
these two samples. The chondrite-normalized rare-earth-
element (REE) patterns for these samples are shown in
Figure 7. All of the samples show extreme enrichment
inthelight REE (LREE). There arethree distinct trends,

one for the gabbroic rocks (S/17 and B/S/9), onefor the
sulfide-bearing matrix samples of the breccia zone (B/
S/11 and B/S/16), and one for the ultramafic rocks (OC/
S/2 and PX/22). There may be a problem with both La
and Sm data; both seem to have unusually low contents
with respect to adjacent LREE, but this may be due to
the unusual composition of the samples.

Distribution of PGE and other trace elements
Table 4 showsthe noble- and trace-element contents

of the various samples. The sulfide-bearing rocks of the
breccia zone contain high PGE tenors, with variable
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Fic. 6. Plot of compositions of chromian spinel from the
Nuasahi Complex in terms of Cr/(Cr + Al) versus Fe?*/
(Fe?* + Mg). Open squares: magnesiochromite in massive
chromitite bands of four lodes, open circles: ferrian
chromite from the sulfide-rich assemblage of the breccia
zone. Field |: compositions of chromian spinel associated
with magnesian olivine in primitive basaltic rocks, mantle
peridotite and chromitite. Field |1: compositionsof chromian
spinel (magnetite) from metamorphic rocks. Field I11: com-
positions of chromian spinel (magnetite) from fresh igne-
ous rocks (after Roeder 1994).

Pd:Pt ratios and Au, base metal and Ag tenors. Itisevi-
dent that the chromite—sulfide assemblage of the brec-
ciazone (samples NF/12/SNK/C, NS/1, NS/3, NS/4, B/
O/4, FCSI7; Fig. 8) contains a high tenor of Pt (up to
9.59 ppm), Pd (up to 17.9 ppm) and Ag (up to 6.63
ppm). The Pd- and Pt-bearing PGM are the common
phases found in this assemblage. The base-meta (Ni,
Cu, Co) content is also high for this chromite-sulfide
assemblage of the breccia zone (Table 4). The samples
of the sulfide-rich gabbroic rock from the hanging-wall
portion of the breccia zone also contain a high tenor of
Pt, Pd and Ag (samples NF/13/SNK, FCS/14, NS/2;

THE CANADIAN MINERALOGIST

TABLE 3. WHOLE-ROCK MAJOR- AND TRACE-ELEMENT DATA FOR
SELECTED SAMPLES, BRECCIA ZONE, NUASAHI COMPLEX

PX/22 OC/S2  SN7 B/S/9  B/S/11  B/S/16
SiO,wt%  54.89 4437 5284 6171 54.97 5271
TiO, 0.09 0.14 031 0.54 0.44 0.72
ALO, 0.95 1.00 17.97 17.72 4.06 6.86
FeOftotal)  6.09 498 7.42 6.33 9.07 19.52
MnO 0.13 0.09 0.14 0.07 0.15 021
MgO 27.48 32.73 6.47 428 2096 13.58
Ca0 0.69 031 8.9 0.48 6.23 3.39
Nz,0 0.03 0.03 2.86 6.01 0.08 0.95
K,0 031 023 <039 0.72 034 117
H,0 5.84 3.23 272 332 371 1.68
co, - 15.69 - - tr. -
total 9648 10279 10000 10118 100,00  100.78
Sc ppm 10.98 492 18.93 17.18 1389 25.00
v 48.1 452 110.0 1240 2944 786.7
Cr 7871 16706 463 1316 15042 50533
Co 77.13 8315 4699 2890 7711 19468
Ni 443 1358 160 220 360 1834
Zn 518 189 65.0 406 846 232
Rb <5.1 <54 <52 316 <6.0 276
St <70 <64 233 204 <83 157
Zr <54 <47 <64 131 <64 110
Cs <018 <016 0285 2930 022 5.04
Ba <71 <71 <142 544 <87 <172
Hf <010 <010 1.76 392 032 038
Ta <0.07 <008 0.26 114 <009 <020
Th <012 <014 1.91 10.26 025 <030
U <057 <081 0.82 221 078 <152
As <0.5 2638 219 265 136 387
b <0.08 16.93 3.63 1.98 339 427
La 0.50 045 908 3324 242 3.51
Ce 1912 3515 16.75 6398 4381 13436
Nd <660 <832 5.61 2139 <855 <1585
Sm 0.04 0.04 1.64 476 0.65 0.68
Eu <0.02 0.06 0.60 1.02 0.17 0.21
T <011 <011 037 071 019 <025
Dy <0.70 <045 1.53 378 0.52 0.63
Yb 015 <016 1.33 1.92 0.66 0.92
Lu <0.03 <004 0.15 026 0.08 0.13

Fig. 8). The sample from the disseminated sulfide-bear-
ing zone in the eastern gabbro hill (H/48) with ~1-2%
(vol.) sulfides contains an anomal ously high abundance
of Pd (0.73 ppm) and Ag (0.14 ppm), but only trace
amounts of Pt (0.02 ppm) and Au (0.01 ppm). The
sample of a fragment of massive chromitite from the
Shankar lode (NF/14/SNK) and one each from the
Durga lode (massive chromitite band: O/1) and Laxmi
2 lode (massive chromitite band: O/2) contain traces of
noble metals (Table 4, Fig. 8). The two samples from
the orthopyroxenite unit at the footwall of the breccia
zone also contain traces of noble metals. Nickel, Co,
and Cu show their maximum concentration (1% Ni,
2.5% Cu, Table 4) in the chromite—sulfide assemblage
of the breccia zone (NF/12/SNK/C), whereas the high-
est concentration of V and Zn are found in the gabbroic
rock (sample NF/13/SNK). The samples of gabbroic
rock also contain high concentrations of Ni and Cu (up
to 0.2% and 1.3%, respectively).
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Fic. 7. Chondrite-normalized REE pattern for various rocks
of the Breccia Zone and the adjacent area, Nuasahi
chromite belt, Orissa, India. Samples: PX/22:
orthopyroxenite, footwall of breccia zone, OC/S/2:
serpentinite, breccia zone; S/17: eastern gabbro; B/S/9:
quartz diorite, breccia zone; B/S/11: sulfide-rich assem-
blage, breccia zone; B/S/16: sulfide-rich gabbroic assem-
blage, hanging wall of the breccia zone.

DiscussioN AND SIGNIFICANCE OF OBSERVATIONS

Intense mining activity in the Nuasahi complex has
taken place during thelast four decades and has resulted
in significant new exposures of the lithological units,
their contacts, disposition and other characters, al of
which contribute to a greater geological understanding
of the area. Theidea of vein-type and shear-zonefilling
chromite mineralization in the area (Chakraborty 1958)
isno longer viable, nor isthe concept of ahydrothermal
origin of chromite mineralization (Varma 1964). We
have found that faulting and shearing are post-kinematic
with respect to chromite mineralization, and that the ore
bands were later folded, sheared and faulted. Mondal
(2000) applied whole-rock and mineral compositionsto
show that the Nuasahi complex resembles an Archean
greenstone-belt-hosted ultramafic—mafic complex.
Available field observations suggest that the
chromiferous ultramafic suite (Suite 1) formed a highly
tectonized interlayered sequence prior to emplacement
of the Suite 2 gabbro and formation of the brecciazone
at its eastern part. We suggest that the emplacement of
gabbro occurred in a late synkinematic phase of the
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Fic. 8. Noble metal concentration in various rocks of the
Nuasahi Complex. Filled circles: orthopyroxenite, footwall
of breccia zone; open circles: massive chromitite bands;
filled squares: chromite—sulfide assemblage of the breccia
zone; open squares: sulfide-rich gabbroic rocks, hanging-
wall of the breccia zone.

Chromian spinel

The chemical compositions of magnesiochromite
from the four chromite lodes display limited variation

deformation that produced the breccia zone within a  and are highly refractory in composition (0.78 < Cr# <

shear zone.

0.81, 0.71 < Mg# < 0.80; Fig. 6), indicating a similar
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TABLE 4. PGE AND TRACE-ELEMENT CONTENT OF VARIOUS ROCKS, NUASAHI ULTRAMAFIC-MAFIC COMPLEX, ORISSA, INDIA

Sample Rock type Technique Pt Pd Ir Au Ag Cu Ni Co Pb Zn V Te Sb Bi As Mo Cd
57 Orthopyroxenite 1 0.01 002 - <001<0.01 169 640 71 14 54 106 - - - - - -
(serpentinized)
hanging wall
NF/15/ Orthopyroxenite 1 002 008 - 001 <0.01 110 540 104 2 39 114 1 1 0.07 33 0.29<0.01
SNK (serpentinized)
hanging wall
NF/14/ Shankar chromite 1 0.03 006 - <001 005 45 835 17 16 75 98 021 172 0.19 62 0.55<0.01
SNK lode, Breccia Zone
NF/12/ Chromite-sulfide 1 137 881 - 031 663 25% 1% 335 22 120 356 3 6 1 31 1 S
SNK/C assemblage
(~40% sulfide)
Breccia Zone
NF/13/ Gabbroic rock i 1.55 251 - 005 1.54 05% 02% 168 5 247 491 2 4 052 170 042 078
SNK (~5% sulfide)
hanging wall,
Breccia Zone
FCS/14 Gabbroic rock 1 040 406 - 018 6 13%0.13% 87 7 4 120 3 2 074 35 076 2
(~3% sulfide)
hanging wall
Breccia Zone
H/48 Hill Gabbro 1 002 073 - 001 014 192 251 50 8 104 208 1 058 009 42 075 0.08
with disseminated
sulfides
SARM South African 1 398 150 - 045 053 - - - - - - - - - - - -
7 Bureau of Standards (3.74)(1.53) (0.31)(0.42)
(SABS), Platinum Ore
PTM Matte produced from 1 579 1283 - 177 65.53 - - - - - - - - - - -
1 Sudbury ore (58) 81) - (1.8) (66)
CH1 Cu-Ag-Au-bearing 1 - 009 - 021 1631 - - - - - - - - - - - -
sulfide ore (0.24)
N$/1 Chromite—sulfide 2 ND 11.82 035 185 5384 - - - - - - - - - - - -
assemblage ppb ppb ppb
Breccia Zone
NS/2 Sulfide-rich gabbroic 2 1.56 552 0.07 451 039 - - - - - - - - - - - -
rock, hanging wall, ppb ppb ppb
Breccia Zone
NS/3 Same as NS/t 2 ND 624 - - - - - - - - - - - - - - -
NS/4 Chromite-sulfide 2 9.59 946 2.77 110 959 - - - - - - - - - - - -
assemblage, ppb ppb ppb
Breccia Zone
B/0O/4 same as NS/4 3 - 12 005 02 - - - - - - - - - - - - -
NF/12/ same as NS/4 3 - 6.1 - 061 - - - - - - - - - - - - -
SNK/C
ECS/7 same as NS/4 3 - 179 007 122 - - - - - - - - - - - - -
0O/1 Durga chromite fode, 3 - ND 011 010 - - - - - - - - - - - - -
massive chromitite band
072 Laxmi-2 chromite lode, 3 - ND 0.04 002 - - - - - - - - - - - - -

massive chromitite band

ND: not detected; (-): not determined. Samples CHI, PTM1 and SARM?7 are standard samples. Recommended values are given in parentheses (95%
confidence interval). Analytical techniques: 1 inductively coupled plasma — mass spectrometry, 2 Pb-button fire assay followed by atomic absorption
spectrometry for Pt and Pd, and instrumental neutron-activation analysis for Ir, Ag and Au, 3 RNNA. Results are expressed in parts per million except where

noted.

parental magma to each lode. Extensive ateration dur-
ing serpentinization accompanied by CO, activity pro-
duced the rims of ferrian chromite and magnetite around
the chromian spinel, as well as dusty trails of these
phasesin the serpentinized matrix. The chromian spinel
in sulfide-mineralized areas is dominantly of ferrian
chromite type (Fig. 6) and interpreted to be the alter-
ation product of pre-existing chromitethat now contains
several types of inclusions. The low-temperature ater-

ation and metamorphism seem to be amore or less con-
tinuous process of re-equilibration and replacement of
chromite by magnetite (Barnes 2000). The Cr fixed in
chromian spinel by early magmatic processes may be
remobilized by subsolidus rock—fluid interaction (e.g.,
Pan & Fleet 1989), and ferrian chromite is a common
intermediate product of ateration. The ferrian chromite
in sulfide-rich assemblages of the breccia zone in
Nuasahi was already atered owing to serpentinization
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of the ultramafic suite and again chemically modified
during crystallization of the sulfide mineralization. Itis
possiblethat such chromite was completely transformed
to ferrian chromite as a result of subsolidus re-equili-
bration between base-metal sulfides and silicates (both
included and interstitial varieties) with chromite, as de-
scribed by Naldrett & Lehmann (1987). Among the
BMSinclusions in ferrian chromite, chalcopyrite is the
dominant phase. This may be due to the above process,
i.e, BMSlost its Fe and became relatively enriched in
Cu. Exsolved lamellae in some oxide mineral inclusions
(Fig. 4d) in coarser-grained ferrian chromiteindicate the
multistage unmixing of these phases. It has been ob-
served that the most magnesian compositions of
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Fic.9. Plot showing compositiona fieldsof chromian spinels
from boninitic basalts, ocean-island basalts (OIB) and mid-
ocean-ridge basalts (MORB) interm of Cr/(Cr + Al) versus
Fe?*/(Fe** + Mg). Open squares represent compositions of
chromian spinel from massive chromitite bands of the
Nuasahi Complex. Open circles represent ferrian chromite
compositions of chromite-sulfide assemblage in the
breccia zone (after Roeder 1994).
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chromian spinel are usually associated with magnesian
olivine in primitive basaltic rocks, mantle peridotites
and chromitites (Roeder 1994) (Fig. 6, Field ). Inaplot
of Cr/(Cr + Al) versus Fe?*/(Fe?* + Mg) of the chromian
spinel compositions, the concentration at the upper right
of Figure 6 (Field I1) is due to magnetite from metamor-
phic rocks. Those compositions that fall in the lower
right corner of Figure 6 (Field I11) are due to magnetite
found in fresh igneousrocks (Roeder 1994). Aluminous
spindl, i.e, low Cr/(Cr + Al), and igneous magnetite,
i.e., aluminates and ferrites, show limited solid-solution
at the temperatures found in nature (Sack & Ghiorso
1991) and it becomes quite limited under metamorphic
conditions. The chromian spinel compositions from the
sulfide-rich portion of the breccia zone concentrate at
the upper right part of the Cr/(Cr + Al) versus Fe?*/
(F&#* + Mg) plot (Fig. 6), and correspond to reworked
chromite, now represented by ferrian chromite. The
magnesi ochromite in massive chromitite band with low
Fe?* values may represent the liquidus composition of
chromian spinel because of thelarge amount of chromite
relative to the amount of silicate. The limited chance
for subsolidus re-equilibration makesit auseful indica-
tor of magmatic conditions at the time of initial crystal-
lization (Roeder 1994). It has been shown that chromian
spinel from boninites has the highest Cr# value (Roeder
1994). The magnesiochromite in massive chromitite
bands from the Nuasahi complex concentrates in the
boninite field (Fig. 9). In aplot of the trivalent cations
Cr—Al-Fe¥, the chromite compositions in the massive
chromitite bands at Nuasahi concentrate in the residual
peridotite/ophiolite field (Fig. 10). The oriented lamel-
lae of chlorite in ferrian chromite of the sulfide miner-
alized zones of the Nuasahi complex favor the hypothesis
of the dlteration of chromite in this setting.

Platinum-group minerals and base-metal sulfides

Silicate mineral inclusionsin chromian spinel are of
interest because of their possible linkage to the primary
or early magmatic origin of the Ni—Cu sulfides and plati-
num-group minerals associated with chromian spinel
(e.g., Lorand & Cottin 1987, Lorand & Ceuleneer 1989,
MCcElduff & Stumpfl 1990, Fleet et al. 1993). PGM in-
clusions reported in chromian spinel are typically Ir-,
Os-, Ru-bearing aloys, sulfidesand Pt-alloys, which are
commonly subhedral to euhedral. In the present occur-
rence, PGM are mostly Pd-bearing (sudburyite mainly)
and are possibly thefirst report asinclusionsin chromian
spinel. Pd-bearing PGM inclusions in chromian spinel
are only reported from afew locations (e.g., Talkington
& Lipin 1986). Merkle (1992) reported a Pt—Pd-As-Sb
phasein chromian spinel along with idiomorphic laurite
from the MG-IB chromitite layer of the Middle group
from the Bushveld complex. He described other Ru—Os—
Ni—As-S phases and aNi—Ru—Os-S-As phase and pos-
tulated the existence of Pt—Pd—Ru—Os-As-Sb-S melt
(or high-temperature phase) with some Ir and Fe. In
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FiG. 10. Cr—Al-Fe® plot of chromian spinel form the Nuasahi Complex. Open circles:
compositions of chromian spinel from massive chromitite bands, open triangles:
coarser-grained ferrian chromite from the sulfide-rich breccia zone, and filled circles:
finer-grained ferrian chromite in sulfide-rich assemblages of the breccia zone (both
chromite-sulfide assemblage and gabbroic rocks at the hanging-wall portion of the
breccia zone). The various fields are after Jan & Windley (1990).

some cases, the PGM are included in ferrian chromite
(e.g., McElIduff & Stumpfl 1990) and believed to be
secondary in origin. Orthomagmatic models for PGE
deposits suggest that Ru-, Ir- and Os-bearing minerals
inparticular, laurite and Pt-alloys are precipitated at high
temperature and are commonly found as inclusions in
chromian spinel or olivine (Barnes et al. 1985). In con-
trast, lower-temperature PGE-mineralization is usually
Pd- and Pt-rich and occursin association with dissemi-
nated sulfides. Platinum-group minerals in chromite—
sulfide assemblages of the breccia zone in the Nuasahi
complex arein general associated with BMSand, there-
fore, they are genetically related to asulfideliquid. The
close association between the PGE and BMS mineral-
ization in this areais also depicted by the Cu—Pd corre-
lationin Figure 11 and also shown by Augéet al. (1999;
Fig. 2). Among the sulfide minerals, the high-reflectance
variety of pyrrhotite has crystallized earlier than the
other BMS. Petrographic and mineralogical studies of
the sulfide-mineralized zone shows that cobaltite—
gersdorffite (with included irarsite-hollingworthite) and
several Pd-Sh-—Bi—Te phases have crystallized prior to
interstitial chalcopyrite, pyrrhotite and pyrite. Thisin-

dicates that the sulfide melt was initialy enriched with
Ni, Co, Sb, Bi, Te, and PGE, and that the concentra-
tions of these metals gradually decreased with falling
temperature, giving rise to the crystallization of Fe-Cu-
rich sulfides. Palladium antimonides and tellurides are
found in mineral assemblages of early crystallization as
well asin late-stage hydrothermal environments, and the
system covers atemperature range of 600-1000°C (Kim
& Chao 1991). The phase chemistry of platinum
bismuthinides, bismutotellurides and tellurides (Cabri
1981) suggeststhat they should decompose at relatively
low temperatures and thus be available for transport,
even at conditions of moderately low-grade metamor-
phism. Their genesis has been attributed either to late
magmatic fractionation of the PGE (Cabri & Laflamme
1976, Skinner et al. 1976) or to remobilization of the
PGE during a later hydrothermal stage (e.g., Ballhaus
& Stumpf| 1986).

PGE and sulfide mineralization: genetic model

The limited analytical data for noble metals show
high tenorsfor the PGE and Ag (Fig. 8) for sulfide-rich
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Fic.11. Cu—Pd correlation diagram to show the relationships
between the noble metal and base-metal sulfides minerali-
zation in the Nuasahi Complex.

samples of the breccia zone, with variable Pd:Pt values
and Au content, which has significance from the eco-
nomic point of view. This high noble-metal tenor is
comparable to that in the well-known PGE deposits of
world. We observe that high PGE tenor is correlated
with high BMS content of the rocks of the breccia zone.
Moreover, ferrian chromite constitutes a significant
phasein these sulfide-rich assemblages where the noble
metal tenor is high. The most significant difference be-
tween the typical PGE-bearing layered complexes or
ophiolitic complexes and the Nuasahi occurrence isthe
lack of continuity between ultramafic and gabbroic
suites. Gabbro is distinctly discordant to the ultramafic
suite, and intruded the latter. The sulfide mineralization
in the breccia zone is irregularly distributed, and the
concentrations vary laterally, longitudinally and also
with depth. The REE patterns (Fig. 7) also reflect the
heterogeneous lithological makeup of the breccia zone
and support the argument that the mafic and ultramafic
rocks are not necessarily genetically related by frac-
tional crystallization. The structural relations between
ultramafic and mafic units are such that a genetic rela-
tionship by fractional crystallization cannot necessarily
be assumed. Hence, the sulfide-rich character of the
gabbro units cannot be attributed to the formation of
ultramafic rocks.

Our hypothesis involves specific temporal relation-
ships between crystallization of the complex, breccia-
tion and deformation of the ultramafic units and
intrusion of the gabbroic suite. We consider that the
gabbroic suite is not the product of fractional crystalli-
zation of a magma that produced the ultramafic rocks
asinitial cumulates. We observe that the sulfide miner-
alization is present in the gabbroic rocks adjacent to the
hanging-wall of the breccia zone and also in the middle
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portion of the gabbroic suite on the eastern side. The
gabbro thusis possibly the main contributor of sulfides
in this mineralized complex. Platinum-group minerals
in the chromite—sulfide assemblage of the breccia zone
are not compositionally like the PGM normally associ-
ated with chromite. The proportion of the PGE is dis-
tinctive and highly evolved in nature. Such a PGE
pattern is usually attributed to fractional crystallization
of asulfide-rich melt at magmatic temperatures accom-
panied by the removal of iron sulfides and separationin
a Cu-rich sulfide liquid (Skinner et al. 1976, Cabri &
Laflamme 1976). Unless the earlier assemblage assimi-
lated by the gabbroic magma included PGE of this
highly evolved nature, the gabbro itself should be rather
evolved. We conclude that the ultramafic portion was
already serpentinized and may have contained some
PGM (Ir-group PGM mainly) and sulfides, which were
incorporated by the gabbroic magma. The only sugges-
tion that the chromite-bearing ultramafic rocks are the
source of any of the mineralization is the presence of
irarsite-hollingworthite. In general, the gabbro—breccia-
hosted PGE mineralization in the Nuasahi complex is
not dominated by Ir, Osor Ru mineralization, but rather
by Pd-Pt mineralization. The mineralized rocks of the
breccia zone have an intermediate chemical composi-
tion, asisevident from chemical data(Table 3) and REE
patterns (Fig. 7), which support the assimilation and pro-
duction of a hybrid liquid. The variable but locally el-
evated Ag contentsin the mineralized rocksindicate the
contamination of this liquid by country rock. Ferrian
chromite in the chromite—sulfide assemblage of the
breccia zone shows an increase of Fe, Ti, V, Mn and a
decrease of Cr, Mg and Al content. Merkle (1987)
showed that metasomatism of chromite from the UG1
chromitite layer of the Bushveld complex caused the
spinel composition to becomeenrichedin Fe, Ti, V, and
Mn, and depleted in Mg, Al and Cr. Of perhaps greater
relevance here is the observed metasomatism of upper
mantle peridotites by younger gabbroic magma in the
Zambales ophiolite (Evans 1985). The metasomatism
produced large relative enrichment in lithophile ele-
ments (Na, Ca, Al, Ti, and K) in the contact zone. The
concentration of these elements (particularly Na, K, Ti,
Al, Caand Fe) is aso enriched in both matrix of the
mineralized breccia zone and the gabbro at the hang-
ing-wall part. Furthermore, ferrian chromite at the mar-
gins of chromitite fragments in the gabbroic matrix
containsinclusions of rutile, and ferrian chromitein the
matrix part of the sulfide-rich portion of the brecciazone
is extensively replaced by sulfides. We conclude that
metasomatism of pre-existing chromite (and ultramafic
rocks) was caused by injection of gabbroic magmainto
the breccia zone, concomitant with development of the
PGE and sulfide mineralization. Inclusions in coarser-
grained chromite were probably formed during coales-
cence and subsequent fusion together of fragmented and
granulated chromite (al so altered) within the sulfide-rich
magma at arelatively high temperature.
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APPENDIX: METHODOLOGY

Intense mining activities (both underground and
open cut) by the three mining authorities during the last
four decades have exposed almost al the rocks of the
chromiferous ultramafic suite (Suite 1). For reconnais-
sance study, samples of the different rocks were col-
lected from all three mine-areas and also from the
gabbroic suite (Suite 2). Thin sections, polished thin
sections and polished sections were prepared and stud-
ied under the microscope both in transmitted light and
reflected light. Samples selected for the present study
were mainly from the breccia zone and its adjacent
rocks. Chromite grains and someincluded oxide phases
were analyzed with a JEOL JXA-8600 superprobe at
the University Science Instrumentation Center, Univer-
sity of Roorkee, India, under the following analytical
conditions. acceleration voltage 15 kV, probe current
20 nA, beam diameter 2 pm with SPI multi-standards,
Canada. A few cobaltite—gersdorffite (cb—gd) grains
from the chromite—sulfide assemblage of the breccia
zone have been analyzed using the above-mentioned
analytical conditions. Some of the cobaltite-gersdorffite
grains have been analyzed by a Cambridge Leica
Stereoscan 440 model Scanning Electron Microscope
equipped with energy-dispersion spectrometry (EDS)
with a SiLi detector. Resolution of the detector was
63eV, and ZAF online data-corrections were used.
These SEM—EDS data have been normalized to 100%;
these semiquantitative data permit the minerals to be
identified.

The fresh samples of sulfide-bearing rocks from the
breccia zone and its adjacent rocks, and also a few
samples of chromitelodes, were pulverized to 300 mesh
with a contamination-free RIGAKU mill in the Depart-
ment of Geological Sciences, Jadavpur University,
Calcutta. Six selected rock samples, mainly from the
breccia zone and its adjacent footwall orthopyroxenite
and hanging-wall gabbroic rock, have been analyzed by
Instrumental Neutron activation Analysis (INAA) from
the Research Reactor Center, University of Missouri,
Columbia. The SiO, content was determined by wet
chemistry from the laboratory of M/S B.P. Gupta and
Sons, Calcutta. Standard samples for INAA have been
prepared from well-known standard reference materi-
as, e.g., SRM-1633a Fly Ash, SRM—688 Basalt, and

SRM-278 obsidian rock. Some of the SRM materials
were used as standards, and others were used for qual-
ity control.

Seven samples of sulfide-mineralized breccia zone
and its adjacent rocks have been analyzed for noble
metals and few other trace elements by the ICP-MS
techniquein the laboratory of the National Geophysical
Research Institute, Hyderabad, India. No pre-concen-
tration was carried out for this analysis. The sample
preparation and | CP-M S technique were after Balaram
et al. (1997). The powdered samples and the matching
geo-standards (GSJ}-Japan, CCRM P-Canada) weredis-
solved by HF, HNO3; and HCIOg in different steps and
through repeated heating until clear solutions were ob-
tained. Special digestion was used for chromite-rich
samples. The instrument used was a Plasma Quad PQ—
1 (Fisson Instruments, U.K.) controlled by an IBM PC—
XT microcomputer and associated software. The
ion-detection and data-acquisition systems consist of a
Channeltron Electron Multiplier (CEM) and a multi-
channel analyzer (Tracor Northern). Rhodium wastaken
as the internal standard for noble-metal analysis,
whereas both Rh and Bi were used asinternal standards
for other trace-element analyses. For noble metals, the
international standards used are SARM—7, which is a
platinum ore (South African Bureau of Standards,
SABs), CH1 copper—silver—gold-bearing sulfide ore
typical of the Campbell-Chibougamau mine of
Chibougamau, Quebec, and Matte PTM 1 produced from
the Sudbury ore. Four sulfide-bearing samples of the
breccia zone were analyzed by INAA and AAS for
noble metals after a Pb-button fire assay. The Pb-button
fire assay was adopted following the standard method
of Hafty et al. (1977). Another five samples have been
analyzed for noble metals by RNAA in the Analytica
Chemistry Laboratory of the Bhabha Atomic Research
Center (BARC), Trombay, India. Among these, three
samples are sulfide-rich and selected from the breccia
zone, and the other two were taken from the massive
chromitite band of Durga and Laxmi 2 lode. An ion-
exchange method was the pre-concentration technique
for RNAA, and the procedure followed that of Kumar
et al. (1993).



