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ABSTRACT

The 3 X 0.5 km gabbro-hosted Precambrian Baula Complex, in Orissa, India, comprises a steeply dipping pyroxenite unit in
tectonic contact to the east with a peridotite unit that contains three chromitite layers and that becomes pyroxene-rich eastward
toward the top. The ultramafic formations are intruded by the Bangur Gabbro, the top of which entered a shear zone, forming a
breccia zone. The breccia, 1 to 40 m thick and almost continuous along strike for 2000 m, shows extensive vertical and lateral
variations. It is made up of ultramafic blocks of various sizes derived from the Baula Complex within amatrix of hydrothermally
altered Bangur Gabbro. The brecciation process has affected one of the chromitite layers. Two categories of platinum-group-
element (PGE) mineralization have been observed in the Baula Complex, both associated with the Bangur Gabbro. Thefirst (type
1) occurswithin asulfide-free magmatic environment within the Bangur Gabbro near its contact with the peridotite, and isclearly
formed within a magmatic environment. The PGE-bearing rock contains relics of dunite and chromitite extracted mechanically
from the ultramafic formations by the intrusive gabbro. This mineralization is dominated by Pt (Pt/Pd in the range 8-9), is
anomalous in Rh, and the platinum-group-mineral (PGM) assemblage is dominated by isoferroplatinum, braggite and malanite,
with sperrylite and laurite, included in pyroxene and plagioclase. The second category (types 2A and 2B) is restricted to the
hydrothermally altered matrix of the breccia zone. Type 2A has PGE associated with base-metal mineralization; the PGE
assembl ages are characterized by Pd (Pt/Pd 0.5), and the PGM are mainly sudburyite, minerals of the system Pd-Bi—Te-Sb, and
sperrylite. Type 2B isnot associated with base metal's, the PGE are characterized by Pt (Pt/Pd in the range 2—-3), and PGM phases
of the Pt—Sb—As system (geversite, sperrylite) coexist with Pd antimony (mertieite-11). The PGE mineralsform discrete grains, a)
in the hydrous silicate matrix (commonly as clusters) without base-metal sulfides (BMS) or in the silicate matrix accompanying
BMS trails, where they are in some cases adjacent to disseminated BM S, b) within ferrian chromite, ¢) within BMSin silicates,
and d) within or adjacent to BMS in ferrian chromite. We present the results of electron-microprobe analyses of the PGM and
BMS phases, and propose a model in which type-1 mineralization results from an orthomagmatic episode, whereas the type-2
mineralization is aresult of hydromagmatic processes affecting the gabbroic matrix of the complex breccia zone.

Keywords: platinum-group minerals, platinum-group el ements, breccia, magmatic deposit, hydrothermal deposit, Baula Complex,
Orissa, India.

SOMMAIRE

Le complexe précambrien de Baula, dans|’ état d’ Orissa, en Inde, long de 3 km et large de 0.5 km, encaissé dans un gabbro,
comprend une unité de pyroxénite a fort pendage en contact tectonique avec, al’est, une unité de péridotite qui renferme trois
couches de chromite. Vers son sommet, I’ unité de péridotite s enrichit en pyroxene. L esformations ultramafiques sont recoupées
par le gabbro de Bangur. A son sommet, I'intrusion de gabbro se met en place dans une zone de cisaillement. Ce cisaillement
développe une zone de bréche dont le gabbro est e ciment. Cette bréche, puissante de 1 240 m, est presque continue sur 2000 m
mais montre des variations verticales et latérales importantes. Elle est constituée de blocs de différentes tailles provenant des
formations ultramafiques, dans une matrice qui correspond au gabbro de Bangur transformé par atération hydrothermale. De
plus, la bréchification a affecté une des couches de chromite. Deux types de minéralisation en ééments du groupe du platine
(EGP) ont été reconnus dans |e complexe de Baula, tous deux associés au gabbro de Bangur. Le premier (type 1) est situé dansce
gabbro prés du contact avec I unité ultramafique, dans un environnement magmatique, sans sulfure de métaux de base. Le niveau
minéralisé en EGP contient des blocs de dunite et de chromitite, extraits du niveau ultramafique lors de la mise en place du
gabbro. Cette minéralisation est a Pt dominant (Pt/Pd 8-9), avec une anomalie en Rh. Les minéraux du groupe du platine (MGP)
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sont principalement isoferroplatine, braggite et malanite, avec sperrylite and laurite, inclus dans|es pyroxenes et le plagioclase du
gabbro. Le second type (subdivisé en 2A et 2B) est exclusivement associé ala matrice de la zone de breche, montrant les effets
d'une recristallisation hydrothermale. Le type 2A est associé a une minéralisation en sulfures de métaux de base; il est a Pd
dominant (Pt/Pd 0.5), avec principal ement sudburyite, des minéraux du systéme Pd-Bi—Te-Sb, et sperrylite. Le type 2B est sans
sulfure de métaux de base, a Pt dominant (Pt/Pd 2-3) avec des minéraux du systéme Pt—Sh—As (geversite, sperrylite) qui coexistent
avec un composé de Pd—-Sb (mertieite-11). Les minéraux du groupe du platine sont sous forme de grains soit a) dans les silicates
hydratés ou hydroxylés de la matrice, généralement regroupés en essaims, sans sulfure de métaux de base, ou accompagnant
(parfois accolés) des trainées de sulfures de métaux de base, b) dans de la chromite ferrifére, c) dans des sulfures de métaux de
base dans les silicates, et d) dans ou accolés aux sulfures de métaux de base dans la chromite ferrifére. Dans cet article, nous
présentons les résultats d’ une étude des minéraux du groupe du platine et des sulfures de métaux de base, et nous présentons un
modéle ot laminéralisation de type 1 est considérée comme orthomagmatique, alors que les minéralisations de types 2A et 2B
sont considérées comme résultant d’ un processus “ hydromagmatique” qui affecte |a matrice gabbroique de la zone de bréche.

Mots-clés: minéraux du groupe du platine, € éments du groupe du platine, bréche, gisement magmatique, gisement hydrothermal,

complexe de Baula, Orissa, Inde.

INTRODUCTION

The Baula Complex (also known as the Baula—
Nuasahi or Nausahi Complex), located approximately
170 km north—northeast of Bhubaneswar, the capital of
Orissa State, India (Fig. 1), hosts severa active mines
working high-grade chromite deposits. The potential of
this complex for platinum-group elements (PGE) was
tested in the late 1980s and 1990s by the Geological
Survey of India (GSI), and the mineralized units were
identified (Thiagarajan et al. 1989, Nanda et al. 1996,
Patra & Mukherjee 1996). A later survey under ajoint
GSI-BRGM Co-operation Agreement confirmed the
PGE potentia of the Baula sector, and the PGM occur-
rences were reported by Mondal & Baidya (1997), and
Augé et al. (1999).

In this paper, we describe the platinum-group min-
erals (PGM) and base-metal sulfides (BMS) discovered
in the complex. We conclude that there are two types of
mineralization, one of magmatic origin, the other of
hydrothermal origin, both linked to the intrusion of a
gabbro into the ultramafic complex.

THE BauLAa CoMPLEX
Geological setting

The Baula Complex is an ultramafic body hosted by
a large gabbro unit, and is located in the southeastern
part of the Archean Singhbhum craton. It is one of sev-
era ultramafic intrusive bodies clustered near the cen-
tral-south margin of the craton, one of which (Sukinda)
is a major producer of chromite (Banerjee 1972).
Banerjecet al. (1987) attributed these bodiesto amantle
plume that rose below the Archean crust prior to ama-
jor thrusting event in late Proterozoic time between the
Eastern Ghats Mountains to the south and the Archean
Singhbhum nucleus to the north.

The Baula ultramafic complex, an elongate body 3
km long by 0.5 km wide, trends generally NNW in its
northern part and N-Sin its southern part (Fig. 1). Itis
hosted by alarge body of gabbro belonging to the Gab-

bro—Anorthosite Unit (Saha 1994) and is partly con-
cealed by the Tertiary cover that parallels the shoreline
of the Bay of Bengal. The gabbro of the Gabbro-An-
orthosite Unit is medium-grained, isotropic to weakly
layered, and locally contains athick layer of magnetite.
Relationships between it and the ultramafic units can-
not be clearly established because of the lack of expo-
sure. To the south, the Baula Complex is cut by the
coarse-grained Bangur gabbro.

Ultramafic formations

The Baula Complex contains the following sequence
of units, which were defined as Suite 1 by Mondal et al.
(2001) (Figs. 1, 2).

The Footwall pyroxeniteisalinear body, 2 km long
and close to 50 m thick, comprising coarse-grained
orthopyroxenite with an adcumulate texture. The con-
tact with the footwall gabbro is not exposed.

The chromitite-bearing peridotite and chromitite
lodes, with an estimated thickness of 120-150 m, con-
stitute the core of the ultramafic complex. It hosts three
layers of chromitite (lodes): Durga, the lowest and fur-
thest west, Laxmi in the center, and Ganga—Shankar, the
highest and furthest east (Mukherjee & Haldar 1975,
Mondal et al. 2001, and Figs. 1, 2). The unit is com-
posed partly of dunite (olivine adcumulate), and some
peridotite contains orthopyroxene as a cumulus phase.
Both ortho- and clinopyroxene increase in abundance
toward the top of the unit, where they locally cause a
marked mineral layering that strikes N 20°W and dips
65°E. Olivine is absent at some localities, resultingina
pyroxenite end-member; the proportion of pyroxene
generally increases toward the top of the cumulate se-
guence. The peridotite is partly (10%) to wholly
serpentinized.

The top of the ultramafic sequence is marked by a
pyroxene-rich unit that contains the Ganga—Shankar
chromitite layer, but the contact between this unit and
the hanging-wall gabbro is obscured by the injection of
Bangur Gabbro along a N—S shear and breccia zone (as
described below). In the north, beyond a major dextral
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Fic. 1. Location and geology of the Baula Complex, Orissa, India
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shear-zone in the Ganga sector, the peridotite sequence
is truncated, and the two basal layers of chromitite dis-
appear. Inthe south, in the Bangur sector, the chromitite
layers are totally dismembered by sinistral and dextral
faults (Fig. 1).

The Durga lode (average thickness 5-6 m) consists
of both massive and layered chromitite with a cumulus
texture. The massive ore, in particular, has a character-
istic texture consisting of “nodules’ (1-2 cm diameter)
of euhedral fine-grained chromite in a silicate matrix
contained within coarse-grained massive chromitite.
The Laxmi lode also has a cumulus texture, with inter-
stitial relics of olivine and clinopyroxene amongst the
chromite grains. The two lodes are separated by a mas-
sive layer of dunite 30-50 m thick; contacts between
the chromitites and the dunite vary from sharp to transi-
tional. The most massive layers of chromitite (2-3 m
thick) are worked for “lumpy” ore. The present discon-
tinuity between the Durga and Laxmi chromitite layers
results from alate tectonic event that affected the Com-
plex (A. Gennaand T. Augé, unpubl. data).

The Ganga—Shankar lodeisdismembered through-
out its length by the complex shear-zone into which the
Bangur Gabbro has been injected in the form of amag-
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matic breccia (A. Genna and T. Augé, unpubl. data).
The lode consists of chromitite blocks of variable tex-
ture, shape and sizein acomplex gabbro matrix (Fig. 3).
Thelargest blocksvary in sizefrom 50 cmto 5 m (Figs.
3A, B); overall, the textures of the chromitite are simi-
lar to those of the Ganga and Laxmi layers. Individual
blocks are extracted from the barren matrix by the min-
ers.

The Bangur Gabbro and Breccia Zone

The Bangur Gabbro intrudes the Gabbro—An-
orthosite Unit and the southern part of the ultramafic
formation in the Baula Complex (Fig. 1). It isacoarse-
grained gabbronorite, with large euhedral cumulus pla-
gioclase and pyroxene crystals (up to 1 cm across). It
contains xenoliths of dunite and chromitite of variable
size and shape incorporated from the host ultramafic
unit. Locally, the chromitite in the gabbro takestheform
of concentrations of nodules ranging in diameter from
less than 1 cm to 10 cm. In some places, chromitite is
disseminated in the gabbro, forming a“ chromitiferous”
gabbro, and such incorporation may be accompanied by
the transformation of chromite into a magnetic mineral
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Fic. 2. Cross section through one of the northern open pits in the Baula Complex, showing the Breccia zone and the three

chromitite lodes.
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Fic.3. TheBrecciazone of the BaulaComplex. A) View of the brecciaand hanging wall
(Shankar open pit) showing large boulders of chromitite (black) and blocks of various
formscut by adyke. Thefencing on the benchisabout 2 m high. B) Detailed view of the
breccia with blocks of various nature (including layered ferrian chromite, center) in a

gabbro matrix.

that is similar to what has been called “ferritchromit”.
The term “ferritchromit” is used in the literature to
describe acomplex two-phase intergrowth (Wylieet al.
1987, Shen et al. 1988, Mitra et al. 1992, Burkhard
1993, Mohanty & Sahoo 1996) that was also known as
donathite (subsequently identified as a mixture of two
spinels by Burns et al. 1997). The use of both termsis
disapproved by the IMA, and R.F. Martin (written
commun., 2002) suggests using the term “ferrian

chromite” to describe this complex inframicrometric
assemblage of minerals. It should be noted, however,
that this magnetic assemblage does not correspond to a
chromite enriched in trivalent iron but to the destabili-
zation of a pre-existing chromite into different mineral
species, which probably include magnetite. Neverthe-
less, astheterm “ferrian chromite” was used by Mondal
et al. (2001) for this complex intergrowth (i.e., “the al-
teration product of pre-existing chromite that now con-
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tains several types of inclusions’) we shall, for the time
being, continue to use this term.

Disseminated chromite and ferrian chromite crystals
arevery often included in cumulus plagioclase, suggest-
ing that the chromite crystalswereincorporated early in
the magmatic process, before plagioclase crystal lization.
Transformation of chromite into the magnetic phase
(ferrian chromite), therefore, probably results from a
very high (liquidus) temperature reaction between
chromite and the silicate magma.

In the structurally higher part of the intrusion, the
Bangur Gabbro was emplaced along amajor shear-zone
in the form of a magmatic breccia (A. Genna and T.
Augé, unpubl. data). The brecciazoneis 1 to 40 mthick,
almost continuous over alength of 2000 m, and shows
marked vertical and lateral variations (Fig. 1). The brec-
cia cuts obliquely across the ultramafic succession, in
particular at the level of the Ganga—Shankar chromite
layer, which has been dislocated, athough not com-
pletely disturbed. The Durga and Laxmi chromitite
lodes are stratiform in the dunite, but the Ganga—
Shankar lode is cut into large parallel blocks in a gab-
bro matrix (Fig. 3). At other localities in the zone, the
breccia clasts are mainly blocks composed of host dun-
ite, pyroxenite or chromitite, depending on the unit af-
fected by shearing. The brecciamatrix is pyroxene-rich
gabbro that locally becomes pyroxenite, with ahypidio-
morphic, commonly porphyritic texture of cumulus
plagioclase and pyroxene. The chromitite was progres-
sively finely fragmented and gradually incorporated into
the gabbro matrix during the brecciation process. A de-
scription of the breccia zone has recently been given by
Mondal et al. (2001). The observed progressive incor-
poration of large blocks of dunite and chromitite into
the gabbro, the style of the breccia, and unpublished
geochemical data, al confirm that the gabbro matrix is
part of the Bangur Gabbro.

The gabbro also shows the affects of ahydrothermal
episode that was part of the late magmatic evolution.
The intensity of the alteration increases toward the top
of the magmatic system, particularly in the brecciazone.
This hydrothermal episode is marked by the develop-
ment of secondary hydrous minerals, such as amphi-
boles and micas, and also by thelocal transformation of
chromite into ferrian chromite, but the magmatic tex-
tures are preserved. It also led to the precipitation of
base-metal sulfides and platinum-group minerals.

MINERALIZATION
Analytical methods

Platinum-group minerals were sought in rock
samples shown by ICP-M S analyses to have high PGE
contents, in several samples of chromitite and in two
aluvial concentrates. The PGM are very small in size,
and a scanning electron microscope (SEM) equipped
with a back-scattered el ectron (BSE) detector was used
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to locate the particles on polished sections. The PGM
and BM S were analyzed with a Cameca SX 50 electron
microprobe.

Two programs were used for the PGM analyses. The
first, utilized for most compositions, with analytical set-
tings for 22 elements, was used at an acceleration volt-
age of 20 kV, a beam current of 20 nA, and a counting
timeof 10 s. Pure metal s standards were used, plus FeS,
for Fe and S, PbS for Pb, Cr,O3 for Cr, SnO, for Sn,
HgS for Hg, AsGa for As and Sh,S; for Sh. Ka lines
were used for Ni, Cu, Co, Cr and S, the KB linefor Fe,
La lines for Sn, Sh, Cd, Se, Te, Ir, Ru, Rh, Pt and Au,
LB linesfor Pd, Asand Os, and M« linesfor Pb, Hg and
Bi. Under these conditions, the calculated detection-
limit was <0.10 wt.% for most elements, around 0.20
wt.% for Pt, Pd, Pb and Ir, and around 0.30 wt.% for Fe,
Au and Os. These values are considered acceptable for
the mineralogical discussion that follows.

The second program included only 12 elements and
was used mainly to analyze Au- and Ag-bearing miner-
als, avoiding interference between the AgLa and PdLB
lines. Analytical settings were similar to those of the
first program, except that the Lo line was used for Pd,
and the LB line and a pure meta standard for Ag. The
detection limit was estimated at 0.25 wt.% for Ag and
0.27 wt.% for Au.

A third program was used to analyze base-metal ore
minerals and to test for traces of Pt, Pd and Rh. It in-
cluded analytical settingsfor 19 elements, and was used
at an acceleration voltage of 20 kV, a beam current of
20 nA, and a counting time of 10 sfor all the elements
except PGE (40 s). Pure metals were used as standards,
plus FeS; for Feand S, PbS for Pb, Cr,O3 for Cr, SnO,
for Sn, HgS for Hg, AsGafor As, Sh,S; for Sh and ZnS
for Zn. Ka lines were used for Ni, Cu, Co, Fe, Zn, Cr
and S, La linesfor Sh, As, Te, Rh, Pt, Pd and Ag, and
Ma lines for Pb, Hg, Bi and Au. Detection limits were
approximately 0.05 wt.% for Fe, Cu, Co and Cr, 0.10
wt.% for the other elements, and estimated to be around
0.05 wt.% for Rh and Pd, and 0.10 wt.% for Pt. The
tables of analytical results do not show values below
the detection limits.

Types of mineralization

PGE mineralization in the Baula Complex occursin
two environments, both associated with the Bangur
Gabbro.

The first type of mineralization is Pt-dominant and
restricted to the basal part of the Bangur Gabbro, where
chromitite has been incorporated into the gabbro as
nodules. 1t is sulfide-free (Table 1), and classified as
Type 1; inthis paper, we will demonstrate its magmatic
origin.

The second type is Pd-dominant and occurs in the
gabbro matrix of the breccia zone in hydrothermally
altered rock, where it is usually associated with base-
metal sulfides and ferrian chromite (Das et al. 1994,
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Nandaet al. 1996, Patra & Mukherjee 1996, Mondal &
Baidya 1997, Mukherjee et al. 1998). For purposes of
classification, it can be subdivided into Type 2A (BMS-
rich) and Type 2B (BMS-free), as shown in Tables 1
and 2. Some variants have been observed, as described
below. Inthis paper, wewill demonstrate that Types 2A
and 2B are of hydrothermal origin.

Typel

Platinum-group elements are commonly present in
the Bangur Gabbro close to the contact with the ultra-
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mafic facies, and more specifically where the gabbro
contains centimeter-sized xenoliths of chromite and
ferrian chromite. Type 1 is characterized by very high
Pt contents (up to 14 ppm) and relatively low Pd con-
tents (between 0.8 and 1 ppm), high Pt/Pd values, be-
tween 8 and 9, low Au contents and no base-metal
sulfides (Table 1). Other facies of the Bangur Gabbro,
away from the contact, are devoid of PGE.

A chondrite-normalized PGE pattern for a selected
sample of Type 1 is shown in Figure 4 (representative
PGE data are given in Table 3) and has an uncommon
shape, with apositive slope from Osto Rh, followed by
a negative slope from Rh to Au.

TABLE 1. THE MAIN CHARACTERISTICS OF THE TYPES OF PGE MINERALIZATION,
AND PGM ASSEMBLAGES, BAULA COMPLEX, INDIA

Mineralization type 1 2A 2B
ferrian chromite . ® o
chromite

sulfide [

Pt ) °

Pd ° [ ] .
Au e

Pt/Pd 8-9 0.5 2-3
PGM

isoferroplatinum PtyFe [ ]

braggite (Pt,Pd,Ni)S [ ] [ J
sperrylite PtAs, [ ® [
geversite PH(Sb,Bi), o
malanite Cu(Pt,In,S, o

prodsient AU SR

moncheite (Pt,Pd)(Te,Bi). [
mertieite-1{ PdgSb,As)3 ] [ J
sudburyite (Pd,Ni)Sb ®

merenskyite (Pd,Pt)(Te,Bi), .

laurite RuS, o [ ] [
osmium * Os,Ir

hollingworthite (Rh,Pt,Pd)AsS . L] .
unt Pd(Sb,Te,Bi) [

un2 (Pd,Ni)s(Sb,Te), ®

un3 Pd,Ag,Sb,Te,Bi (]

stiboan merenskyite un4 Pdy(Te,Sb,Bi); °

bismuthoan merenskyite un5  Pd(Te,Bi,Sb), .

bismuthoan sudburyite un7 Pd(Sb,Bi,Te) [ ]

potarite PdHg L]

argentian gold Au,Ag L

Type 1: Magmatic, gabbro with chromite and ferrian chromite nodules, no base-metal sulfides
Type 2A: Hydrothermal, base-metal sulfide present in various amounts, ferrian chromite

generally present to abundant

Type 2B: Hydrothermal, ferrian chromite present, no base-metal sulfide
Symbol size reflects the relative abundance of each mineral or element.

* Present only as inclusion in chromite
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The PGE-rich rocks are unaltered or show only weak
hydrothermal alteration, and they contain chromite nod-
ulesthat represent xenoliths produced by theincorpora-
tion of chromitite layers at a high temperature. Locally,
chromitite has been dismembered within the gabbro and
forms disseminated crystals of chromite (up to 10 vol.%)

TABLE 2. EXAMPLES OF THE PARAGENETIC SEQUENCE OF BASE-METAL
ORE MINERALS IN THE HYDROTHERMAL MINERALIZATION AND HOST
GABBRO, BAULA COMPLEX, INDIA

Breccia zone Breccia zone Breccia zone Host Gabbro-

(North) {South) {vein) Anorthosite
Main suifides
chalcopyrite [ J [ ) [ .
pyrrhotite L) . ] .
pentlandite ] [} ® L]
cobaltite-gersdorffite . L ] ®
millerite L]
pyrite L4 L .
Subordinate sulfides
violarite ] [] .
mackinawite .
cubanite L4
bomite .
ullmannite . . .
Rare sulfides
heazlewoodite .
orcelite .
maucherite .
nicketine .
molybdenite .
galena L) .

Symbol size reflects the relative abundance of each mineral
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that are generally included in plagioclase. This process
has dlightly affected the chromite composition and in
places has transformed the chromite into ferrian
chromite (Augé et al., in prep).

Platinum-group minerals occur mainly asinclusions
in the magmatic silicates; only in rare cases are they
included in chromite nodules.

Type 2A

Type 2A is much more widespread than Type 1 be-
cause it occurs within the matrix of the extensive brec-
cia zone (Mondal et al. 2001). Several variants are
developed, the most common being the hydrothermally
altered matrix, which is systematically PGE-mineralized
and contains ferrian chromite with interstitial BMS
(Tables 1, 2). Typicaly, material from this facies as-
says 7.6 to 12.2 wt.% Cr, with an average of 50 vol.%
ferrian chromite and 0.2% to 4.5 wt.% S, the sulfides
forming 5to 10 vol.% of the rock. Hand specimens show
1.8-7.1 ppm Pd, 0.7-2.3 ppm Pt, a Pt/Pd ratio below 1
(between 0.22 and 0.77) and good correlation between
Pt and Pd (for some samples). Correlations involving
Cu—Pd (Fig. 5) and Pd-S indicate a close association
between the PGE and BM'S mineralization, and a simi-
lar close association between the platinum-group and
base-metal sulfide mineralsconfirmsthis. Thegold con-
tent varies between 130 ppb and 575 ppb, and increases
with increasing PGE content of the rock. Mondal et al.
(2001) aso reported high Ag values, up to 6.6 ppm.

TABLE 3. PGE, Au AND Re CONTENT OF SELECTED SAMPLES FROM THE TWO
MINERALIZED ENVIRONMENTS, BAULA COMPLEX, INDIA

ppb Os Ir Ru Rh Pt Pd Au Re
Type 1 Magmatic
OBG1 226 636 1670 2210 5240 770 15 20
OBG1R 143 485 1220 1800 1100 173 2 13
BN40 355 1250 3550 3830 9700 1720 20 32
Type 2A Hydrothermal, sulfide-bearing
FGH1 215 4 6.9 37 22 523 1790 229 2
FGH1 228 9 19.1 183 40 425 1630 130 1
FGH1 234 9 19.3 205 43 319 2270 73 1
FGH3 64 14 34 240 91 1410 2840 95 2
FGH3 79 5 10 99 16 261 1530 62 <1
FGH5 52 3 1.5 89 20 421 4170 127 <1
FGH5 75 13 245 192 49 1190 3690 224 2
FGH5 94 28 425 341 91 1210 2440 151 3
BLR96 30 113 188 1170 1650 25800 3250 28
FGH4 2 7 536 249 280 4350 3070 149 <1
FGH4 59 6 16.4 128 37 516 2300 70 <1
BLR42 22 271 161 89 1670 6080 630 8
Type 2B Hydrothermal, sulfide-free
FGH4 1 7 17.9 116 72 1300 1000 225 <1
FGH4 3 9 47 215 265 3630 2120 174 <1
FGH4 4 6 309 149 177 2880 1850 202 <1
FGH4 5 7 243 107 117 1840 1980 351 <1
FGH5 91 16 338 207 85 1000 1210 92 2
FGHS 92 30 787 429 203 2460 2200 46 4
FSH1 42 15 39.5 201 161 1230 1450 55 2
FSH1 69 29 56.5 346 212 1390 1670 84 3
FSH1 72 34 54.8 296 199 1420 1790 71 3

Detection limit 3 ppb for Os, 0.1 ppb for Ir, and 1 ppb for the other elements
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Type 2A also includes hydrothermally altered gab-
bro (breccia matrix) with disseminated base-metal sul-
fidesand no ferrian chromite, where PGE mineralization
contains 1.1-7.1 ppm Pd, 0.3-1.6 ppm Pt, and Pt/Pd
valuesof lessthan 0.5. Close correlationsfor Pt—Pd, Cu—
Pd and Pd-S suggest that the PGE and BMS mineral-
ization are related. Gold values increase with PGE
content.

The association of massive BMS with ferrian
chromite, assaying 7.4 to 9.8 wt.% Cr and 6 wt.% S,
also seems related to Type 2A. The Pd values are ex-
tremely high (up to 25.9 ppm), but Pt values are rela-
tively low (0.5-2.0 ppm) resulting in very low Pt/Pd
values (<0.1), and Au concentrations are high at 2 to
3.3 ppm. It should be noted, however, that one sample
of massive BM S without ferrian chromite gave much
lower PGE and Au values (2910 ppb Pd, 510 ppb P,
and 57 ppb Au).

A chondrite-normalized PGE pattern for selected
samples of Type 2A is presented in Figure 4 (represen-
tative PGE data are given Table 3) and shows apositive
and constant slope from Osto Pd, and a negative slope
from Pd to Au.

In Type-2A mineralization, the three main types of
BMS assemblage (Table 2) consist of varying amounts
of chalcopyrite (main sulfide), pyrrhotite, pentlandite,
violarite, millerite, pyrite, and minerals belonging to the
cobaltite—gersdorffite solid-solution series, as reported

Os Ir Ru Rh Pt Pd Au

100 ! | f | 1 i

Rock/Chondrite

- Type 1

-o—Type 2A

-O0-Type 2B

0.001

Fic. 4. Chondrite-normalized platinum-group-element
contents for the magmatic (type 1) and hydrothermal (type
2) mineralization in the Baula Complex. Chondrite values
used for normaization are Os 700, Ir 500, Ru 1000, Rh
200, Pt 1500, Pd 1200, and Au 170 ppb.

285

by Mondal et al. (2001). These minerals are associated
with less common and rare minerals that include
maucherite (Ni;1Asg), nickeline (NiAs), heazlewoodite
(Ni3S,), cubanite, bornite, mackinawite, Ag—Au alloy,
ullmannite (NiShS), galena, and orcelite (NisxASy).
They are restricted to the breccia matrix and are absent
from the Bangur Gabbro. Note, however, that traces of
base-metal sulfides are identified the host Gabbro-An-
orthosite Unit (Table 2).

The BMS minerals generally occur interstitialy to
grains of hydrothermal silicates and have disseminated
and net textures. Small inclusions commonly occur
within ferrian chromite crystals, apparently replacing
rutile—ilmenite exsol ution-induced assemblages, and, in
some cases, ferrian chromite crystals appear partly di-
gested by the sulfide assemblage. Rare millimetric BMS
veinlets cut and brecciate grains of ferrian chromite.

Type 2B

Type 2B is aso restricted to the ferrian-chromite-
enriched matrix of the brecciazone, and is distinguished
from Type 2A by alack of base-metal sulfides (Tablel)
and different Pt/Pd values. Typically, it contains 6.6 to
17.0 wt.% Cr, <0.05 wt.% S, and varies in character
from disseminated ferrian chromite in a silicate matrix
of amphiboles and chlorite (altered pyroxenes) to mas-
sive ferrian chromite. Typically, the textures are remi-
niscent of the “occluded silicates’ texture of chromitite
(where nodules of silicates are cemented by ferrian
chromite crystals). Type 2B is Pt-rich (1.2—-6.3 ppm Pt,
0.4-3.7 ppm Pd), with Pt/Pd between 2 and 3, charac-
terized by low gold values (around 50 ppb Au) and is
not systematically PGE-bearing.

100.00 —
@  Type 2A mineralization
¢ .
10.00 —| .
.
.
e
IS P L)
= 100 °®
o .
e o
[}
0.10 — °
.
0.01 —
\ \ \
100 1000 10000 100000

Fic. 5. Pd—Cu correlation diagram for the type-2A mineral-
ization.



286

A chondrite-normalized PGE pattern for a selected
sample of this type, presented in Figure 4 (representa-
tive PGE dataare given Table 3), showsapositive slope
from Os to Pt, and a shallow negative slope from Pt to
Au.

Table 1 summarizes the main characteristics of the
PGE mineralization. It shows that Pd typically domi-
nates the PGE in the sulfide-bearing rocks (type 2A),
and that the PGE in the sulfide-free rocks (types 1 and
2B) aretypically Pt-rich. Table 2 shows the main base-
metal sulfide mineral assemblages found in type-2B
mineraization and in samples of the host Gabbro-An-
orthosite Unit.

Base-metal and platinum-group minerals

Representative base-metal sulfide grains and some
300 platinum-group mineral grains from the various
types of mineralization were analyzed. In most cases,
several analyses were made on mineral grains and those
analytical compositionswith totals close to 100% and a
satisfactory structural formula were selected as repre-
sentative (Tables 4 to 11), except in cases of heteroge-
neous compositions.

Base-METAL SULFIDES

Base-metal sulfidesin the Baula Complex are char-
acteristic of Type-2A mineralization. Of the three types
of assemblage (Table 2) observed, the first is preferen-
tially located in the northern part of the Breccia zone
and the second in its southern part; the third seemsto be
restricted to veinlets in the Breccia zone. This spatial
distribution is not without exceptions, and both north-
ern and southern types may coexist in a given outcrop.
Photomicrographs of the various types of mineral as-
semblage are shown in Figure 6, and their representa-
tive compositions are given in Tables 4, 5 and 6.

Fe—Cu and Fe sulfides

Chal copyriteisby far the dominant sulfide (Fig. 6B),
and its composition is close to CuFeS, with no signifi-
cant amounts of other detectable elements(Table4). The
chalcopyrite frequently contains pyrrhotite—pentlandite
inclusions in strings that suggest exsolution. Bornite is
present in a few samples only. Cubanite (Table 4) was
observed in pentlandite-pyrrhotite-rich veinlets, to-
gether with small amounts of chalcopyrite, as well as
rare lamellae in samples of nearly massive chalcopyrite
(Fig. 6C).

Two types of pyrrhotite, characterized by high and
low reflectance, were reported by Mondal et al. (2001),
but such differences were not observed in the current
study. Pyrrhotiteis present in all the samples, although
in lower abundance than chal copyrite. It occurrs mostly
with pentlandite, which in some cases forms flame-like
exsolution-induced domains (Fig. 6A). The pyrrhotite

THE CANADIAN MINERALOGIST

isreplaced locally by pyrite or magnetite; it characteris-
tically has an Fe deficiency up to 20% of the stoichio-
metric quantity, and shows traces of Ni (<0.6 wt. %).
Itschemical compositionisrelatively constant whatever
the location of the samples (Table 4).

Pyriteis not abundant, and restricted mainly to mil-
lerite—pyrite assemblages (Figs. 6D, E). Small crystals,
between 10 and 100 pm, are present locally in pentlan-
dite and pyrrhotite. Where associated with millerite, the
pyrite crystals are euhedral, well developed (up to 300
pmin size) and commonly host micrometric inclusions
of chalcopyrite. They are characterized by 0t0 5.4 wt.%
Co, 0to 2.32 wt.% Ni and locally up to 1.65 wt.% As,
as shown in Table 4.

Ni-bearing phases

Pentlandite, millerite and violarite are the main Ni-
bearing phases, with heazlewoodite and associated
orcelite and ullmannite present in afew samples as ac-
cessory minerals. Pentlandite is dominant in a few
samples, but generally is much less plentiful. It occurs
as euhedral crystals attached to pyrrhotite or, more
rarely, asflamesin pyrrhotite (Fig. 6A). Theatomicratio
Ni/Fe ranges between 0.87 to 1.60, and the Co content
islower than 1 at.% except in chal copyrite — cubanite —
pentlandite— pyrrhotite assemblages, in which the pent-
landite has a higher Ni/Fe value and Co content (<2.5
wt.%, Table 5).

Violariteispresent in nearly all samples, partially or
totally replacing pentlandite crystals (Fig. 6F). Differ-
ent stages of replacement can be recognized, ranging
from micrometric specks of violarite developed
throughout the pentlandite grains, to violarite wires dis-
posed along the octahedral cleavage planes, and finally
to ailmost complete replacement of pentlandite grains
that remain visible asrelicsin violarite masses. Violarite
also appears as fine lamellar intergrowths with pentlan-
dite and millerite, and replaces pyrrhotite rims on pent-
landite. The atomic ratio Ni/Fe of violarite ranges
between 0.91 and 1.70 and, in most cases, is similar to
that of pentlandite from which it is derived. The Co
content is a so conserved during replacement, except in
afew cases where high values (<6.1 at.%) are recorded
(Table 5).

Millerite (NiS) was observed only in samples where
chalcopyriteisassociated with bornite. It occursaslarge
anhedral crystals commonly associated with euhedral
crystalsof pyrite or aslamellar crystalsintimately asso-
ciated with violarite and pentlandite (Fig. 6D). It con-
tains significant Fe (<3.4 wt.%) and Co (<1.4 wt.%)
(Table 6).

Rare assemblagesinclude aheazlewoodite— orcelite
— chalcopyrite — cobaltite — gersdorffite veinlet, and
common ullmannite (NiSbS) crystalsisolated in silicates
and included in chalcopyrite. Representative composi-
tionsare givenin Table 6.
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As-(Sb-)bearing phases gersdorffite crystalsare present in nearly all the samples
except those in which pentlandite is dominant. Cobal-

Arsenide phases of the cobaltite-gersdorffite series  tite-gersdorffite appearsmainly aseuhedrd crystals 10—
are commonly found within sulfides, whereas mau- 300 wm across within chalcopyrite and pyrrhotite or
cherite, nickeline and orcelite are rare. Cobaltite— interstitial to silicate minerals (Fig. 6A). In one sample,

Fic. 6. Base-metal-sulfide images (non-polarized reflected light). A. Cobaltite—gersdorffite crystals included in pyrrhotite and
chalcopyrite. The gangue minerals are represented by hydrothermal biotite (sample BLR45). B. Pentlandite in chal copyrite
moulding hydrothermal amphibole (sample BLR41). C. Cubanite exsol ution-induced blebsin chal copyrite (sample BLR 95).
D. Millerite associated with chal copyrite and euhedral crystals of pyrite (sample BLR88). E. Large euhedral crystalsof pyrite
included in chalcopyrite (sample BLR82). F. Pentlandite partly replaced by violarite with chal copyrite and pyrrhotite (sample
BLR42). Symbols: cpy: chalcopyrite; py: pyrite; po: pyrrhotite; pn: pentlandite; c—g: cobaltite—gersdorffite; vl: violarite; ml:
millerite; fe—cr: ferrian chromite; bt: biotite; am: amphibole.
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TABLE 5. SELECTED RESULTS OF ELECTRON-MICROPROBE ANALYSES OF PENTLANDITE AND VIOLARITE, BAULA COMPLEX, INDIA

violarite

pentlandite
Analysis 19 49 66 84 98 5 17 37 179
Sample n BLR45 BLR50C BLR80 BLR33 BN83 BLRO5 BLROS5 BLR44 FGH3

Weight per cent
Cu 017 027 - 012 - - - - -
S 33.37 3320 3348 3382 33.94 3308 3397 32085 3342
Fe 28.26 2651 26.42 30.56 27.03 31.60 31.76 2843 2521
Sb - - - - - - - - -
As - - - - - - - - -
Ni 36.20 38.86 39.02 3348 36.00 32.34 3200 36.77 40.04
Pb 0.21 - 0.00 - - - 018 022 004
Co 110 017 031 189 139 115 109 0861 064
Pt - - - - - - - -
Pd - - - - - - - - 0.09
Cr - - 006 - - - - 0.05 -
Ag - - 019 - - - - - nd
Rh - - - - - - - 0.04
TOTAL 99.41 99.01 9947 99.87 9835 0907 9899 09.02 099.48

Atomic concentration
Cu 0.122 0.194 0.084
s 47:656 47.602 47.735 47.839 48. 566 48. 253 48. 312 47. 229 47, 600
Fe 23171 21, 823 21.624 24. 826 22. 206 25. 762 25. 937 23. 400 20.620
Sb - - 0.000
As 0.000
Ni 28.319 30. 441 30. 397 25. 878 28. 146 25. 097 24 868 28. 801 31. 150
Pb 0.046 0.038 0.048 0.010
Co 0. 855 0. 134 0. 244 1. 458 1. 082 0. 889 0. 844 0.477 0.490
Pt - -
Pd - - - - - - - 0.040
Cr - - 0.048 - - - - 0.045 -
a - - 0.078 - - - - -

75
BN43

76
BN43

89
BN85

93

47 48 64 61 3
BLRS0 BLR50 BLR80 BLR80 BLR95 BN8S

0.16
42.70
2427

0.28
42.55
23.89

- 0.20
42.46 39.19
20.67 28.78

0.08 - 043
34.45 4670 27.57

261 013 114

0A17 - -
- - - 0.17 013 065
- 020 020 - -

X - : N ,
97.48 10027 96.83 100.13

0.23 - - - -
4257 4045 4216 41.76
18. 23 1476 18.27 20.69

12 - -

.70 0.03
38.65 30.46
1. 75

4147
921

3191
3.70

3055
0.21

31.79
0.23

36. 56

1. 00 8.30

[
[
]

99.15 97.82 97.58 99.06 98.08

0.111 0.196 0.13¢ 0.154
57.597 58.229 56. 940 67. 379 54.892 57.875 56. 732 56. 815 57. 127 57. 940
18. 797 18.773 15.914 7.317 23.143 14.229 11.889 14.136 16.257 15.150

0.044
0.046 0. 002 0. 078 0. 000 0.418 0. 014 0. 000 30
23. 437 22, 845 25.241 35.304 21. 829 27.153 29.627 22.420 23.858 23 670
0

0.049 0.0685 0.062 0.058 .04
0. 170 0. 153 1. 905 0. 097 0.867 0. 743 1. 334 6.084 2. 758 2.830
- - - 0130
- - - -0 072 - 0.060
- - - - - 0.1 39 0.1 09 0.536 - 0.020
- - - 8,082 0.082 - - - - -

-. below detection limit nd: not determined.

they are partialy replaced by a pentlandite—pyrrhotite
assemblage. Inclusions of laurite, sudburyite and sper-
rylite are commonly observed in the core of cobaltite—
gersdorffite crystals. For most of the arsenide crystals,
Ni values are between 0 and 10 wt.%, but two samples
show values between 10 and 25 wt.%. Significant Pd
values (<2.5 wt. %) were recorded in some crystals, but
the analyses could not be related optically to PGM in-
clusions (Table 6). Most of the compositions plot in the
300°-500°C region of immiscibility in the system
CoASsS-NiAsS-FeAsS (Klemm 1965), except those
obtained on Ni-rich crystals, which are restricted to the
400-500°C immiscibility region (Fig. 7).

Maucherite and nickelinewereidentified in only one
sample; both phases are associated with traces of cobal-
tite—gersdorffite and violarite (Table 6).

PLATINUM-GROUP MINERALS
Mineral descriptions

Platinum-group mineralsin the Baulamineralization
are dominated by Pd and Pt phases that reflect the high
whole-rock content of platinum-group elements. The
PGM are characterized by asmall grain-size, averaging
5-10 pm. Grains smaller than 2 um are common, al-
though larger grains can be up to 70 X 35 um. A few
very large grains (260 X 150 wm) were observed in
aluvial concentrates. Various morphol ogies of the PGM
and anumber of different mineral associationsareillus-
trated in Figures 8 and 9.

The main types of mineralization are characterized
by specific assemblages of PGM and modes of occur-
rence. In Type-1 mineralization, the PGM are included
in magmatic silicates, such as plagioclase or pyroxene
and their dltered equivalents. In rare cases, they are also
found in chromitite nodules. In both cases, they tend to
form euhedral to subhedral crystals. Although it lacks
base-metal sulfides, Type 1 contains abundant PGE sul-
fides that include laurite, braggite, malanite and its Ni-
rich equivalent. It also containsisoferroplatinum; infact,
isoferroplatinum, malanite and its Ni-rich equivalent are
restricted to Type 1, whereas sperrylite and holling-
worthite occursin al three types. The only Pd minerals
in Type 1 are rare mertieite-1l and potarite (Table 1).

Type-2A PGM have more complex modes of occur-
rence, with discrete grains occurring @) as clusters in
hydrous silicates (Fig. 8B), accompanying BMS trails
(Figs. 8E, F), or adjacent to disseminated BMS (Fig.
9A), b) within ferrian chromite (Figs. 8C, D), ¢) within
BMS in silicates, and d) within or adjacent to BMSin
ferrian chromite.

The crystals may be euhedral (Fig. 8A) or, more
commonly, roundish, as where found in silicates. In
some instances where they are enclosed within ferrian
chromite, their habit suggests exsolution or the infilling
of negative crystals (Figs. 8C, D). In silicates, they are
invariably in hydrous silicates or in late fractures (Figs.
8F, 9B), and there are no instances in which the PGM
are associated with magmatic minerals. The PGM com-
monly form composite grains (two or more PGM), or
one or more PGM associated with BMS (Figs. 9C, D).
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They can also form concretion-like textures with BMS
(Fig. 9F). The textural relationships between the PGM
and the BM Sindicate that both were introduced during
the same event.

Type-2A assemblages contain the greatest variety of
PGM, dominated by Pd antimonide and phases of the
system Pd-Te-Sh-Bi (Table 1). Sudburyite is the most
abundant Pd mineral, coexisting with mertieite-11
Pdg(Sh,As); and merenskyite PdTe, (which isrestricted
to type 2A). Five other Pd minerals were identified, all
of which belong to the system Pd—Ag-Te-Bi—Sbh. They
are either new minerals or uncommon end-members of
known species. Laurite and hollingworthite arerare, and
sperryliteisthe only Pt-mineral in type 2A. Gold-silver
aloy is present, either as rare and small inclusions
(2—4 pm) in pyrrhotite or aslarger inclusions (<35 p.m)
in ferrian chromite.

The PGM in type-2B assemblages show textural
characteristics similar to those in type-1 assemblages,
except that there are no base-metal sulfides. The assem-
blage of PGM is different, with geversite restricted to
type-2B assemblages, where it commonly forms com-
posite grains with sperrylite. Both type-2A and type-1
assembl ages contain braggite (Table 1).

291

Chromite from the chromitite layer in the peridotite
unit contains very small osmium inclusions (Table 1)
that, in some cases, are adjacent to silicate inclusions.
This mode of PGM occurrence is common in chromi-
tites of whatever origin (stratiform or ophiolite com-
plexes).

Mondal & Baidya (1997), and Mondal et al. (2001)
reported the additional presence of palladian—bismu-
thian melonite (Ni,Pd)(Te,Bi),, michenerite and
sudburyite in sulfide-rich samples and Rh-rich irarsite
within cobaltite—gersdorffite grains from the Baula
Complex.

I soferroplatinum

I soferroplatinum isrestricted to type-1 assemblages,
where it forms abundant euhedral to subhedra crystals
(up to 25 X 30 wm) included in pyroxene and plagio-
clase. It is essentially homogeneous in composition,
close to the ideal PtzFe end-member, although some
grains contain <1.8 wt.% Cu, <2.1 wt.% Pd, and re-
stricted substitution of Pt for Fe (Table 7). The average
structural formuladerived from results of 30 analysesis
(Pt2.83CUo.10RNo,05Nig.03Pdo.02)3:3.03F€0.97-

CoAsS

50 NiAsS

Fic. 7. Plot of cobaltite-gersdorffite (atomic concentration). Solvuslinesat 300°, 400°, 500° and 600°C are taken from Klemm
(1965). Open squares correspond to the values obtained on one sample (BLR45), black diamonds to values obtained on 11

samples of the mineralization.
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FeCr

BN37-26 ' 19Mn WD17 : 1,080 18pm WO

16Fm WD11

%58 18P 4017

Fic. 8. Scanning electron microscope images of PGM. A. Euhedral crystal of sperrylite (white) at the grain boundary between
apatite (Ap) and amphibole (Am). Bottom |eft: ferrian chromite (FeCr). B. Cluster of several grains of sudburyite (white) in
asilicate matrix (albite and mica, occurring as needles). C. “ Exsolution” of sudburyite (grey) in ferrian chromite (FeCr) with
chalcopyrite (Cp). D. “Exsolution” of sudburyite (grey) in ferrian chromite. E. Several PGM (mertieite, geversite: white) in
asilicate matrix (black) of ferrian chromite (FeCr). F. PGM (geversite and two-phase geversite-sperrylite grain) in afractured
crystal of chromite (Cr); silicate matrix (black) contains trail of chalcopyrite (Cp).
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Fic.9. Scanning electron microscopeimages of PGM. A. Image showing the rel ationships between PGM (geversite, white) and
secondary chalcopyrite (Cp) in silicates (black). B. PGM (white) in fractured ferrian chromite (FeCr) with a silicate matrix
(black). C. Large crystal of malanite containing inclusions of an undetermined PGM (dark grey) and an undetermined silicate
(black laths). D. Complex three-phase PGM composed of Un3 (Ag-rich phase), sudburyite (Su) and Un2. E. Uncommon
“concretion” with a center of pentlandite (Pn) and cobaltite-gersdorffite (Gl) and arim of sperrylite with aweathered aspect
(Sp) and sudburyite (Su). F. Uncommon “concretion” with a center of pentlandite (Pn) and ullmannite (Ul) and a rim of
sperrylite (Sp) and sudburyite (Su).
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Braggite

Braggite occurs both in type-1 and type-2B BMS-
free assemblages, whereit forms relatively large grains
(up to 70 X 30 wm). Analyses show broad composi-
tional variations, with Pt ranging from 44.18 to 80.32
wt.%, and Pd, from 1.05 to 25.93 wt.% and commonly
increasing toward the crystal rim (Fig. 10, Table 7).

There are two populations of braggite (Fig. 10), one
Pt-rich and restricted to type-1 mineralization, with the
formula  (Pto.se—0.89Nio0.03-0.23Pdo.02-0.24F€0-0.03
Cro-0.02) S1.00-1.04, @d the other Pd-rich and restricted to
Type-2B assemblages, with the formula (Pto.35-0.60
Nio.16-0.25P00.13-0.43F€0-0.09Cr0-0.04) S1.01-1.04. Although,
according to IMA nomenclature, compositionsinwhich
Pd exceeds Pt correspond to vysotskite, the few compo-
sitions obtained here plot at the vysotskite—braggite limit
(Fig. 10).

In most instances, the Ni contents of the two braggite
populations are almost constant (around 6-7 wt.%), and
this differs from trends recorded for braggite from the
Bushveld Complex (Fig. 10), where Ni increases with
proportion of Pd (indicating coupled substitutions of
Pd+Ni for Pt). Verryn & Merkle (1994) concluded that
the Ni content of braggite depends on the temperature
of formation, braggite with a lower Ni content reflect-
ing alower temperature in S-rich environments. On the
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other hand, similar compositions, rich in both PtS and
NiS, and poor in PdS, have been reported by Cabri et al.
(1978) and Barkov et al. (1995).

The braggite from the Baula Complex has low Fe,
Pb and Cr and Rh contents. The presence of Pb is par-
ticularly interesting because it does not appear to have
been recorded previoudly in braggite. The Cr cannot be
attributed to nearby chromite because the braggite grains
are not associated with chromite. Thusit must, together
with Fe, bein solid solution in the braggite, as has been
described for laurite by Merkle & Gréser (1998).

Soerrylite—geversite

Sperrylite is a ubiquitous PGM in all three types of
assemblages, and occursin almost al samples, but it is
most abundant in type-2B assemblages, where it coex-
istswith geversite, commonly astwo- phasegrains. Itis
also the only free PGM found in alluvial concentrates.
The sperrylite shows minor variations in composition
(Table 7) that mainly reflect coupled substitutions of Sb
+ S for As and the incorporation of Pd (<1.97 wt.%),
Rh (3.53 wt.%), Ir (0.53 wt.%), Fe (2.00 wt.%), Ni (0.26
wt.%), Pb (0.74 wt.%) and Cu (0.76 wt.%). These data
pertain to one-phase grains, for which the following
structural formula applies: (Pto.g>-1.05Rho-0.11Pdo-0.00
Fen0.00) (AS1.75-2.0250-0.16500-0.09) -

Braggite
[ ] Type 1 mineralization
4+ Type 2B mineralization
O Data from Verryn & Merkle (1994)

Pd

Ni

Fic. 10. Pt—Pd-Ni diagram (atomic concentration) for braggite. Filled circles: type-1
assemblage, crosses: type-2B assemblage. Open circles: data from Verryn & Merkle

(1994).
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Geversite was found both as isolated grains and as
two-phase (geversite — sperrylite or geversite —
mertieite-11) grains. It shows substitution of S+ Asfor
Sb and incorporation of the same minor elements as for
sperrylite (Table 7), but Snisalso present in significant
amounts (0.19-1.04 wt.%, average 0.39 wt.%). The
structural formula corresponds to (Pto.ge—0.909F€0.01-0.10
Pdo_0.05Ni0-0.07SN0-0.05) (Sh1.69-1.95A 50.02-0.1050-0.09) -

In terms of the phase diagram for the system Pt—-As—
Sb (Fig. 11), there seems to be a broad miscibility-gap
between sperrylite and geversite. The PtAs, content of
geversite reaches amaximum of 7.6 mol.%, whereasthe
PtSh, component does not exceed 4.5 mol.% in sper-
rylite. Furuseth et al. (1967) reported a miscibility gap
between 10 and 65 mol.% PtSh, in the system PtAs,—
PtSh;, at 1000°C, but Johan et al. (1989) reported a sper-
rylite—geversite solid solution within this gap (Fig. 11).
Cabri & Laflamme (1976) also mentioned Sb replacing
Asto a very small extent in sperrylite from Sudbury,
although only to a maximum of 0.98 wt.% Sb for sper-
rylite not coexisting with geversite.

Feather (1976) described an association of sperrylite
and geversite from the Witwatersrand reefs, where
geversite occurs either as inclusions in PGE aloys or
“intermixed” with sperrylite, both forming a late coat-

Pt

sperrylite
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ing on weathered PGM. Tarkian & Stumpfl (1975) de-
scribed geversite from the Bushveld Complex (in min-
eralization associated with a dunite pipe at the Driekop
mine) as being both isolated and intergrown with sper-
rylite (i.e., a similar paragenesis to the association ob-
served in the Baula Complex), but they did not report
compositions.

Malanite and Ni-dominant analogue of cuprorhodsite

Thiospinel was identified only in type-1 assem-
blages, whereit formsrelatively large crystals up to 140
X 90 pm. Electron-microprobe analyses reveal two
main compositions (Fig. 12, Table 7). The first compo-
sition plots at the limit between malanite and cupro-
rhodsite, and is Cu-rich (9.94 to 12.91 wt.%) and
Ni-poor (0 to 0.33 wt.%). The compositional range can
be expressed as (Rho.53-1.23Pto.64-0.991 "0-0.30) (ClUo.70-
0.98F€0-0.25Ni00,03)S3.96-4.07. The second composition
plotsin the cuprorhodsite field, but is Ni-rich (13.40 to
21.09 wt.%), Cu-poor (6.71 to 8.22 wt.%), and relatively
rich in Rh. The compositional range can be expressed
as (Rho.70-1.12Pt0.05-0.23110-0.31) (Ni0.91-1.38CU0 43-0.53
Fen.30-0.64)S3.90-3.93.

Sperrylite-Geversite

@  Type 2B mineralization
-+ Data from Johan et al. (1989)

geversite

As

Sb

Fic. 11. Pt—As-Sb diagram (atomic concentration) for sperrylite and geversite. Crosses:
data from Johan et al. (1989); filled circles: this study.
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Moncheite

Two grains of moncheite were found in a single
sample enriched in ferrian chromite from atype-2B as-
semblage, and both grains occur within tremolitic am-
phibole. Their composition is close to theideal formula
(Pt,Pd)(Te,Bi), with, however, avery low amount of Pd
and Bi (Table 7). The average composition, obtained
from four analyses on the two grains, is (Pty.92Cuo 04
Pdo.03Ni0.01)(T€r.91Bi0.05500.03)-

Laurite

Laurite (Table 8) wasidentified in all three types of
mineralization. In type-1 assemblages, it occurs within
silicates or chromite nodules; in type-2A assemblages,
it is found as composite grains associated with BMS
(chalcopyrite and cobaltite—gersdorffite), sperrylite or
hollingworthite. In type-2B assemblages, it occurs as
relatively large crystals (up to 100 X 100 p.m) associ-
ated with silicates.

Rh
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Figure 13 shows that laurite in type-1 assemblages
hasawide compositional range, with almost no As(<0.2
wt.%), as opposed to types-2A and -2B assemblages, in
which the laurite is systematically enriched in As
(1.01% to 5.97 wt.%, with As substituting for S). The
latter also contain, on average, more Pt and less Ir than
laurite in type-1 assemblages.

The presence of Cr in laurite in both assemblages
(maximum of 0.81 wt.%) cannot be an artifact, as the
laurite forms large crystals. This finding confirms the
observations of Merkle & Gréser (1998) regarding the
presence of Cr in solid solution in laurite (the same ob-
servation is made for malanite).

The compositional range is (Rup.44-0.910%0.01-0.49
I70-0.08RN0.02-0.12) (S1.88-2.01A S00.15). Detailed point
analyses showed that the large crystals of lauritein type-
1 assemblages are not zoned, unlike laurite from the
Bird River Sill, Manitoba (Ohnenstetter et al. 1986). An
Os-rich core was, however, observed in alarge crystal
of laurite from sample BN40.

cuprorhodsite

cuproiridsite

— Ni

malanite

PGE Thiospinels

@®  Malanite
+ Ni-dominant analogue of cuprorhodsite
Fe
Frrt?
+ o+

Cu

Ir

Pt

Fic.12. Composition of the PGE thiospinels (atomic concentration) A) in terms of the diagram Rh—Ir—Pt, and B) in terms of the
diagram Cu—Fe-Ni. Closed circles: malanite, crosses: “Ni-dominant analogue of cuprorhodsite”.
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TABLE 8. SELECTED RESULTS OF ELECTRON-MICROPROBE ANALYSES
OF THE Ru, Rh AND Os MINERALS, BAULA COMPLEX, INDIA

laurite hollingworthite osmium *
Analysisno 1 2 3 4 5 6 7 8 9 10
Sampleno. BN37 BN4 FSH1 OBG FSH1 FSH1 FGH4 BN4 BLR25 F2-1

Weight per cent
Pt 057 - 244 016 387 244 521 1487 468 203
) 3550 31.85 3571 3535 3414 3571 1524 13.93 - -
Fe 176 380 177 022 1140 177 129 133 191 466
Pd - - - 020 - - 052 161 - -
As 074 597 322 - 485 322 3136 3520 0.70 -
Ni 019 113 009 006 008 009 038 245 - -
Pb - - - - - - 021 - - -
Cu - - 03 - 039 03 0.15 - 063 027
Sb 008 - - - - - - 017 0.23 -
Co 032 304 - - 018 - - 089 - -
Au 0.32 - - - - - - - - -
Te - - 009 - - 009 - - - -
Os 683 2061 097 1676 228 097 - - 3671 3438
Ru 49.08 2938 5247 4462 4957 5247 038 1059 1062 1312
Ir 276 029 - 242 - - 277 - 3050 2976
Bi 0.19 - - - 013 - - - - -
Hg - - 010 - - 010 - - - -
Cr 081 020 - 007 - - 049 022 794 967
Rh 111 215 324 111 395 324 4192 1905 055 058
TOTAL 100.26 98.43 100.42 100.97 100.53 100.42 99.92 100.31 9447 9446

Atomic concentration
Pt 0174 - 0724 0048 1166 0724 Pt 1966 5677 Pt 4831 2137
S 66.082 63.452 64.326 66523 62604 64326 S 35019 32359 Cu 2008 0878
As 0594 5.093 2484 - 3803 2484 Pd 0361 1128 Os 38907 37.219
Ni 0193 1233 0085 0.066 0082 0085 As 30833 35002 Ru 21.183 26.730
Cu - - 0280 - 0362 0280 Ni 0482 3114 |Ir 31.987 31.878
Co 0.330 3.300 - - 0181 - Co - 1126 Rh 1083 1.159
Os 2143 6923 0295 5317 0704 0295 Ru 0274 7.805
Ru 28.983 18.568 29.987 26.639 28.840 29987 Ir 1.060 -
I 0.857 0.096 - 0758 - - Rh 30.005 13.787
Rh 0645 1336 1820 0649 2259 1.820

- below detection limit

* jow analytical total due to the small size of the grains. Atomic concentration calculated without Cr.

Hollingworthite

Hollingworthite occursin all three types of mineral-
ization. It formsdiscrete crystalsin type-1 assemblages,
and both discrete and complex associations in assem-
blages of Types 2A and 2B. The discrete crystals con-
tain a variable amount of Pt (0 to 6.13 wt.%), Ir (0 to
22.69 wt.%) and Ru (0 to 13.10 wt.%), corresponding
to the general formulae (Rh,Pt,Ir,Ru)AsS. Minor
amounts of Pd, Ni, Sb and Ir are recorded in composite
grainsin types-2A and -2B assemblages (Table 8).

Osmium

Osmium was not found in the breccia-type PGE
mineralization, but it does occur as inclusions in
chromite crystals from the chromitite layers of the peri-
dotite unit. Thisis a common mode of occurrence for

osmium (commonly with laurite) in chromitites, espe-
cialy fromophiolites (Augé & Legendre 1994, Augé &
Maurizot 1995). Osmium was also identified in a
chromite crystal from an alluvial concentrate. The
chromite in this case was probably derived from a
chromitite layer in the peridotites. The compositions,
with Os glightly dominant over Ir and Ru (Fig. 13,
Table 8) are strongly affected by excitation of the host
chromite, and this also explains the low analytica to-
talsin Table 8.

S-Te-Bi—Pt—Pd compounds

Three minerals belonging to this system were clearly
identified (sudburyite PdSh, mertieite-Il PdgShs and
merenskyite PdTey). In addition, several phases are ei-
ther new species or uncommon solid-solutions. Com-
positions of Sb-Te-Bi minerals were plotted on both
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Ru sulfides and Os alloys

-+  Chromitite lode
(O Type 1 mineralization
[ ] Type 2 (A & B) mineralization

Os

Ir

Fic.13. Composition of Ru—Os-Ir sulfide (laurite) and alloy (osmium) found in chromite
lodes and in type-1 and -2 assemblages (atomic concentration).

triangular (Fig. 14) and binary (Fig. 15) diagrams. Apart
from merenskyite containing 5-10 wt.% P, they are all
Pd minerals and close to the system Te-Sh, with lim-
ited incorporation of Bi. Figure 15 shows that except
for one composition (Un7), the “unidentified” Sbh-Te—
Bi compounds are all characterized by a metal:semi-
metal ratio between 1:1 and 1:2. Itisunlikely, therefore,
that they belong to the PdSb (sudburyite) — PdBi
(sobolevskite) — PdTe (kotulskite) system, in which
solid solutionsare poorly defined. Hoffman & MacL ean
(1976) experimentally demonstrated substantial substi-
tution of Pd for both Bi and Te in merenskyite at high
temperature, and al so the existence of a complete solid-
solution between merenskyite and kotulskite from 575°
to 710°C. An extension of this solid solution to the more
complex Pd(Sh, Te,Bi), and Pd(Sb,Te,Bi) systems could
explain some of the compositions obtained here.

Sudburyite and related compositions

Sudburyite, with a formula corresponding to the
range (Pdo.91-1.02Ni0-0.08CUo-0.03) (Sbo.84-0.98 T €0-0.10
Big_o04), Was identified only in the sulfur-bearing fa-
cies (type 2A), where it occurs either isolated in sili-
cates, associated with BMS, or in ferrian chromite. Its

compositionisclosetoideal PdSb (Table9), with traces
of Pt (1.76 wt.%), Ni (1.94 wt.%), Cu (0.64 wt.%), As
(1.50 wt.%), Sn (0.34 wt.%) and Hg (0.72 wt.%), these
being the maximum values recorded for single-phase
grains. Cr and Fe attributed to excitation of the host
ferrian chromite. Te (<5.31 wt.%) and, to a lesser ex-
tent, Bi (<3.46 wt.%) substitute for Sb (Figs. 14, 15). In
thefirst paper to describe sudburyite, Cabri & Laflamme
(1974) mentioned the presence of nickeloan varieties
(<9.2wt.% Ni) and theincorporation of Bi (<5.4 wt.%),
Te (3.9 wt.%) and As (2.04 wt.%).

A second composition (Un7) belonging to the sys-
tem Pd—Sb-Bi, and with a metal:semimetal ratio close
to 1, wasfound in one sample of atype-2A assemblage;
it occursin fracturesin ferrian chromite filled with sec-
ondary silicates. This mineral was recorded only in a
single sample, but is characterized by significant sub-
stitution of Sb for Bi with a Pd atomic concentration
around 0.50 (Figs. 14, 15, Table 10). This substitution
trend is not seen in sudburyite, in which Sh tends to be
replaced by Teand not by Bi. Theformulais (Pdyg7-1.02
Pto_0.01)(Sbo.33-0.88Bi0.11-0.49T€0-0.20), With the more Bi-
rich composition corresponding to Pd(Sho soBios0). This
isfar from the ideal composition of sobolevskite, PdBi,
but there seems to be no data on PdSh—PdBi solid
solution.
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PdSb sudburyite

Pd8Sb3 mertieite-ll
Pd5Sb2 stibiopalladinite

Sb
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Pd minerals

merenskyite

mertieite 1l

sudburyite

Un1

Un2
"Sb-merenskyite” Und

"Bi-merenskyite" Un5

DeseXeO+ @

"Bi-sudburyite" Un7

Pd3SbTe4 borovskite

Bi
PdBi2 froodite
PdBi sobolevskite

Pd(Te,Bi) kotulskite
PdBiTe michenerite

Te

PdTe2 merenskyite
Pd3-xTe keithconnite
Pd9Te4 tellurcpalladinite

Fic. 14. Sb-Bi-Te diagram (atomic concentration) for the Pd minerals.

Mertieite-11

Another Sb—Pd compound, mertieite-1l1 (PdgShs),
was identified on the basis of its composition (Table 9),
which gives a better agreement with the stoichiometry
of mertieite-11 than of stibiopalladinite (PdsShy)
athough, strictly speaking, mertieite-1l and stibiopal-
ladinite can only been distinguished by X-ray diffrac-
tion. The mineral is fairly common and was identified
in four samples from assemblages of types 2A and 2B
(more common) where it occurs @) asisolated grainsin
silicate, b) as two-phase grains with sperrylite in sili-
cates (common), ¢) within ferrian chromite, and (d) in
fractures in ferrian chromite. Unlike sudburyite,
mertieite-11 does not contain Bi or Te, and its composi-
tion is close to the idea PdgShs. The formula obtained
for non-composite grains is (Pd.g7Pto.0sCUo.04)s7.99
(szlgg)gzlgg (Flg 14) Minor Pt (0—094 Wt.%), Cu (0—
0.60 wt.%) and Au (0-1.06 wt.%) were recorded.

Merenskyite and related compositions

Merenskyite was found in only one sample (type-
2A assemblage), where it occursin silicates adjacent to
trails of BMS. Its composition (Table 9, Figs. 14, 15)
differsfromtheideal PdTe, by containing large amounts
of Pt (<9.0 wt.%) and Bi (<23.27 wt.%), plus minor
proportions of Fe, Ni, and Sb; the formula is close to
(Pdo.ssPto.13)s 1.01(T€1.53Bi0.47)s:2.00-

A second phase (Un4) was identified in the same
sample, occurring in silicates and also included in chal -
copyrite. The phase could correspond to an Sbh-rich
merenskyite with up to 14.39 wt.% Sb [Cabri &
Laflamme (1976) give a maximum of 0.7 wt.% Sb for
merenskyite], but its metal:semimetal ratio is close to
0.385:0.615 (Fig. 15, Table 10), and itsformulais best
calculated on the basis of five atoms: (Pd;.7gNig 10
Cuo.03)31.91(T€2.10S00 58Bi0.30)s:3.07. Compared to the co-
existing merenskyite, the phase contains no Pt, has
higher Pd and Sb, less Bi, and a similar amount of Te.
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Pd minerals
merenskyite
mertieite I}
sudburyite
Un1
Un2

"Sb-merenskyite" Un4

"Bi-merenskyite” Un5

60

O®eXeO+ @

"Bi-sudburyite" Un7

80

Te + Bi

Fic. 15. (Te + Bi) — Sbh correlation diagram (atomic
concentration) for the Pd minerals. Line A corresponds to
the 1:1 metal:semimetal ratio; whereas line B corresponds
toal:2ratio.

A third phase (Un5), comparable to merenskyite,
was found in two samples containing type-2A assem-
blages, within silicates adjacent to BMS and within
BMS in ferrian chromite crystals. On the basis of three
atoms, its formula corresponds to (Pdg ggNig.03CUo.02
Pto.02)s1.03(T€1.04Bi0.48Sb0.43S0.01)31.96. The phase is
probably Sh-Bi-enriched merenskyite (Figs. 14, 15,
Table 10). Again, no similar composition appears to
have been described in the literature.

Cabri & Laflamme (1976) described three varieties
of merenskyite at Sudbury: bismuthian merenskyite
(4.8 wt.% Bi), nickel oan bismuthian merenskyite (14.2
wt.% Bi and 6.1 wt.% Ni) and platinian bismuthian
merenskyite (18.8 wt.% Pt and 36.4 wt.% Bi). Only the
last composition was examined by X-ray diffraction and
gave parameters comparableto those of synthetic PdTe,.
Those authors also suggested a partial solid-solution
between merenskyite and michenerite PdTeBi.

Gervilla et al. (1997) described extensive substitu-
tion of Bi for Teand of Ni for Pd in merenskyite of the
Las Aguilas deposit (where it is the most abundant tel-
luride), but in most cases Pt was not detected and Sb

THE CANADIAN MINERALOGIST

was not mentioned, in contrast to the merenskyitein the
Baula Complex.

Phase Unl

Phase Unl (Table 10) was identified in seven
samples containing atype-2A assemblage, in which the
PGM occur adjacent to BMS, in silicates associated with
BMStrails (or not), within ferrian chromite, and asin-
clusionsinBMS. Mineral phase UnlisaPd, Te, Sb, Bi
compound with a metal:semimetal ratio of 0.465:0.535
(i.e., significantly different from the 1:1 ratio for
sudburyite) and a complex substitution of Sb for Tein
which Bi is also involved (Fig. 15). The following
ranges of elementswererecorded; Pt (0-0.77 wt.%), Fe
(0-2.79 wt.%), Ni (0—-2.58 wt.%) and Cu (0-2.17 wt.%).
Thereis alarge compositional gap between sudburyite
and Unl, and the simplified structural formula can be
written Pds(Sbh,Te,Bi)g, which is broadly similar to the
Pds(Bi,Sb),Te, given by McCalum et al. (1976).

Cabri & Laflamme (1976) described an unnamed
Pd(Te,Sh,Bi) mineral that they interpreted as apossible
phase in the PdSb (sudburyite) — PdBi (sobolevskite) —
PdTe (kotulskite) system. Evstigneevaet al. (1976) sug-
gested the existence of intermediate phases between
sudburyite, sobolevskite and kotulskite, and a continu-
ous solid-solution between PdBi and PdTe. Figure 15,
however, shows a clear deficit of metals versus semi-
metals; the average composition obtained for material
from the Baula Complex gives Pd(Sb,Te,Bi)1 15, which
istoo far removed from the above-mentioned system. If
the existence of a solid-solution series between the
Pd(Sh,Te,Bi), and Pd(Sh,Te,Bi) systems is eventually
demonstrated, then the Unl composition could belong
to this series.

Phase Un2

The composition of Un2 occurs only within BMS
inclusions in type-2A ferrian chromite. It is a Ni—Pd
antimonotelluride, characterized by a metal:semimetal
ratio of 0.43:0.57 (Fig. 15), and differsfrom any known
species. The simplified structural formulaof Un2 can be
written (Pd,Ni)3(Sh,Te)4, which correspondsto between
18.0 and 20.6 wt.% Pd and between 11.3 and 13.4 wt.%
Ni (Table 10). Beaudoin et al. (1990) described a min-
era with the formula (Pd,Ni)(Sh,Te,Bi), but this phase
contains much less Ni than Un2 and much more Bi.

S-Te-Bi—-Ag—Pd compounds

An Ag-rich composition (Un3) from a three-phase
grain (Fig. 9D) was detected in one sample from atype-
2A assemblage. The minera forms small (<3 um) in-
clusions within the sudburyite-Un2 assemblage. The
analysis with the highest Ag values (16.17 wt.% Ag)
also showed 23.87 wt.% Pd, 21.03% Sb, 24.52% Te and
12.81% Bi (Table 10). Un3 seemsto have ametal :semi-
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TABLE 11. SELECTED RESULTS OF ELECTRON-MICROPROBE ANALYSES OF COLORADOITE AND
GOLD-SILVER ALLOY, BAULA COMPLEX, INDIA

coloradoite argentian gold
Analysis no. 5 1 2 3 4 91 92 93 94
Sample no. BLRS6 BLR96 BLR96 BLR96 BLR96 BN 83 BN 83 BN 83 BN 83
Weight per cent
Pt 1.10 Ag 2191 2440 2576 2397 940 923 892 905
Ag - Cu - 005 006 010 000 000 000
Pd 3.84 Te 0.10 - - - - - - -
Bi 0.78 Hg 763 874 924 929 nd nd nd nd
Cu 234 Au 7118 6597 6496 6651 8937 9041 9124 9060
Sb 445 TOTAL 10082 99.16 100.02 99.77 98.87 99.64 100.16 99.65
Ni 0.22
Te 36.90
Hg 50.42
Au -
TOTAL 100.05
Atomic concentration
Pt 0.85 Ag 3366 3737 3879 3665 16.08 1573 1517 1544
Pd 5.44 Cu 012 0.16 - 029 - - -
Ni 057 Te 0.13 - - - -
Cu 5.55 Hg 631 719 748 764 - -
Sb 5.51 Au 5980 56.32 5357 5570 83.63 84.27 8483 8456
Te 43.61
Hg 37.90
Bi 0.56

-: below detection limit; nd: not determined

metal ratio close to 1, and a possible formula of
(Pdo.s5A00.37Ni0.04Pto.01)s.0.97(T€0.47S00.42Bi0.15)31.04, UL
these data must be considered with caution because of
the small size of the analyzed particle. It isworth noting
that Ag was not detected in any other PGM composition.

Gold-silver alloy and silver minerals

Several grains of gold-silver aloy were identified
in type-2A assemblages, occurring as small inclusions
(24 m) in pyrrhatite, and as larger grains (<35 pwm)
within ferrian chromite crystals. Their chemical com-
position (see selected datain Table 11) varies from one
grain to another and among samples. One sample of
massive sulfide (BLR96) contains gold with high Hg
(Au 46.8-60.2, Ag 33.2-43.5 and Hg 6.3-8.3 at.%),
associated with coloradoite (HgTe) and hessite (Ag.Te,
Table 11). In another sample (BLR83), gold grains are
free of Hg, and the atomic proportions are Aug; o-g35
Agi49-159.

Discussion

Two different styles of PGE mineralization can be
identified in the Baula Complex. Type 1 is magmatic,
and type 2 (variants A and B) is hydrothermal. Both are
associated with the Bangur gabbro, which has a zircon
age of 3121 + 3 Ma (mean weighted age, Augé et al.,
unpubl. data).

Magmatic mineralization

Type-1 mineralization in the Bangur Gabbro occurs
in asulfide-free magmatic environment. The PGE-bear-
ing facies contains dunite and chromitite blocks ex-
tracted mechanically from the ultramafic formation by
theintrusive gabbro. Chromite, in theform of chromitite
nodules, can constitute up to 50% of the rock, giving
the PGE-bearing facies a brecciated appearance. This
type of mineralization is dominated by Pt (Pt/Pd in the
range 8-9), with anomalous Rh, and aPGM assemblage
dominated by isoferroplatinum, braggite and malanite.
PGM are found as inclusions in pyroxene and plagio-
clase, which suggests that they crystallized early in the
evolution of the magma. PGM are also associated with
chromite nodules, but only as Ru-Os sulfides. This de-
scription consists of acommon mode of occurrence for
laurite in any chromitite. It should be noted that Page et
al. (1985) reported compositions of “Baula chromitite”
for PGE and concluded, on the basis of very low PGE
content and a chondrite-normalized PGE pattern pre-
senting a negative slope, that the “chromitites from
Baula developed from a magmawith very similar PGE
contents to those that produced ophiolitic chromitite”.

The Pt-rich zone has not yet been traced in the field
because of the lack of outcrop. The zone appears to be
discontinuous, its actual thickness varying between 50
cmand 1 m, anditislocated at a maximum distance of
50 m from the gabbro—peridotite contact. In spite of a
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detailed study, no PGE anomaly was detected in the
ultramafic part of the complex, or in the chromitite
layers (except for afew hundred ppb Ru and Osin the
latter).

At this stage of the study, there can be only specula-
tion concerning the origin of the PGE mineralization.
Available evidence indicates that the ultramafic rocks
and chromititeswereincorporated into the mafic magma
at very high temperatures (before plagioclase crys-
tallization because the chromite composition has re-
equilibrated with the magma). There is also a close
relationship between the PGE mineralization and
chromitite nodules, and PGM areincluded in pyroxenes.

There are two main possibilities to explain these
observations: 1) the source of the PGE was the ultrama-
fic suite incorporated into the gabbro, or 2) the source
of the PGE was the gabbro itself, with massive and lo-
cal precipitation of PGM being provoked by sudden
changes in physicochemical conditions due to the in-
corporation and partial digestion of ultramafic material.

Considering the absence of any detectable Pt
anomaly in the peridotite, the second possibility appears
more favorable. The PGM mineralogy is characteristic
of high-temperature, magmatic sulfide-free PGE min-
eralization, and shows striking similarities to some
Bushveld Complex occurrences (UG2, Platreef), with
braggite, laurite and sperrylite. There is also a similar-
ity to the orthomagmatic stage in the Great Dyke, Zim-
babwe, as described by Coghill & Wilson (1993).

Hydrothermal mineralization

Type-2 mineralization can be subdivided into 1)
Type-2A, in which the PGE are associated with BMS
mineraization, and dominated by Pd (Pt/Pd 0.5), and
the PGM are mainly sudburyite and minerals from the
system Pd-Bi—-Te-Sh, and 2) Type 2B, where BMS are
absent, the PGE are dominated by Pt (Pt/Pd inthe range
2-3), and PGM from the system Pt—Sb—As coexist with
Pd antimonides.

This second category of assemblage (types 2A and
2B) isrestricted to the hydrothermally altered matrix of
the breccia zone. The two subtypes occur together in
the field (both can be found in the same outcrop) and
can be distinguished only at the hand-specimen scale.

Thereisplentiful evidence that this second category
of mineraizationisrelated genetically to the hydrother-
mal event that affected the matrix of the breccia zone.
The PGM and BMS are systematically associated with
hydrous silicates, such as amphiboles, micas, and chlo-
rites, and with ferrian chromite, and textural investiga-
tions show that all the ore phases, base metals, gold and
PGM are contemporaneous and related to the same hy-
drothermal mineralizing event.

Lerouge et al. (2000) and Augé et al. (unpubl. data)
have shown that the hydrous minerals were formed dur-
ing the late magmatic evolution of the Baula gabbro,
without theintroduction of external fluids. The only flu-
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ids involved were deuteric, and the abundance of hy-
drous silicates indicates that the residual phase was
dominated by fluid. This conclusion is based on O and
H isotope studies, which indicate that the hydrous min-
eralsare closeto the magmatic water box (Taylor 1987).
Similarly, the 84S of the sulfides (chalcopyrite and a
few data for pentlandite and pyrrhotite) are homoge-
neous, ranging from —0.8 to +1.4%.. This range of val-
ues, quite close to 0%o, is consistent with a magmatic
originfor sulfur inthefluids (Taylor 1987), without any
contribution from the country rocks. There is no evi-
dence that the BMS assemblage could be magmatic in
the sense of resulting from sulfide immiscibility in sili-
cate mafic magma. On the contrary, the data presented
indicate that the BM S are related to afluid-rich, hydro-
thermal stage, with crystallization temperatures (indi-
cated by cobaltite—gersdorffite compositions) in the
range 300°-500°C.

Type 2A versus Type 2B

There is no marked difference in terms of silicate
and oxide assemblages between mineralization of types
2A and 2B, and both show evidence of the same hydro-
thermal processes. Differencesin BMS — PGM assem-
blagesareimportant (Table 1), but thereisno real spatial
separation between the two. This can be interpreted as
indicating their crystallization from fluids of different
compositions (at least in terms of minor and trace ele-
ments), or aternatively as marking an evolution in the
composition of thefluid. One possible scenarioisafirst
stage with crystallization of Pt-dominant PGM, fol-
lowed by a later stage with the formation of BMS and
PGM in the system Pd—Sh-Te-Bi. This possible evolu-
tion in the nature of the fluid may also partly explain
the different base-metal sulfide assemblages observed
in the Breccia zone.

PGE and PGM in the hydrothermal system

Many occurrences of hydrothermal PGE deposits, or
deposits showing hydrothermal overprinting, are de-
scribed in the literature, and various physicochemical
conditions have been envisaged that, in many cases,
correspond to specific PGM-BMS assemblages. The
common point in the minerals deriving from hydrother-
mal processes (Whatever the temperatures of formation
and origins of the fluid) seems to be the association of
Pd (and to alesser extent Pt) with elements such as Te,
Sh, Bi, As, Hg, Sn, etc. It isreasonable to envisage that
these elements are concentrated in hydrothermal solu-
tions (Evstigneeva & Tarkian 1996) and that they pre-
Cipitate as complex platinum-group minerals. One of the
favored forms of PGE transport in such solutionsischlo-
ride, and the solubility sequence for PGE at 25°C is Pd
> Pt > Os > Ir (Mountain & Wood 1988). At higher
temperatures, Pt and Pd only become highly solublein
very acidic and oxidizing Cl-rich aqueous fluids (Wood
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1987, Gammonset al. 1992, Gammons 1996). The com-
mon association of Cu with Pd is due to the fact that
Cu*, Pt?* and Pd?* have the same affinity for common
ligands.

Several of the PGM found in the BaulaComplex are
also recorded from the Bushveld Complex, where Pt—
Pd bismuthotellurides are abundant in parts of the Criti-
cal Zone, but Pt—Pd antimonides are extremely rare
(Kinloch 1982, McLaren & DeVilliers 1982). Kingston
& El-Dosuky (1982) described a single occurrence of
mertieite-11 in the Merensky Reef. The only placeinthe
Bushveld Complex where Pt—Pd antimonides (geversite,
stibiopalladinite and undetermined minerals) are abun-
dant isin dunite pipes, where high activity of avolatile
phase is inferred (Tarkian & Stumpfl 1975, Peyerl
1982). This assemblage is comparable with type-2B
(sulfide-free) assemblages in the Baula Complex.

Pd—Pt tellurides and bismuthotel lurides are abundant
in the Noril’sk Cu-Ni sulfide ores. In the opinion of
Genkin & Evstigneeva (1986), differentiation of the
magmatic sulfide melt during the formation of massive
ores can lead to the separation of alarge volume of Cu-
rich melt in which Pt, Pd, and other elements such as
Sn, Pb, As, Sb and Bi become concentrated, together
with volatile elements such as Cl. Crystallization of this
melt will then produce bodies of massive chalcopyrite
followed by alate episode of PGE mineralization con-
taining Pt—Pd tellurides and bismuthotellurides. In the
veinlet-disseminated and breccia ores, PGM (particu-
larly Pd—Pt tellurides and bismuthotellurides) are
formed under hydrothermal conditions. Such a process,
where volatile elements become enriched in late hydro-
thermal fluids, is similarly envisaged at Baulafor type-
2A (BMS—Cu-rich) and -2B (BM S-free) mineralization.

The mineralogy of the PGE in the Sudbury Com-
plex shows many similarities to the PGM in type-2A
mineralization at Baula. Sudbury is the complex where
sudburyite, which isthe most common mineral observed
at Baula, was first described by Cabri & Laflamme
(1974). These authors also reported that the majority of
the PGM at Sudbury occur as tellurides, bismuth tellu-
rides, bismuthides and antimonides. They noted a close
relationship between Bi, Te, Sb and Pd, Pt, Ag. A simi-
lar association is noted in the Baula Complex, although
here Bi, Te and Sb show a much stronger relationship
with Pd than with Pt and Ag. Despite these similarities
between Sudbury and Baula in terms of PGE mineral-
ogy, there are significant differences. In particular, the
proportions of PGM are different; for example,
michenerite (PdBiTe) and moncheite [Pt(Te,Bi),],
which together with sperrylite are the most abundant
PGM at Sudbury, arelacking or extremely rarein Baula,
whereas geversite, mertieite-Il and merenskyite are
abundant at Baula, but rare at Sudbury.

Sudbury is one of the complexes where hydrother-
mal remobilization of Cu-Ni—PGE has been studied in
detail. Farrow & Watkinson (1997) described the pre-
cious-metal mineralization in footwall deposits from
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Sudbury and showed that the PGM are dominantly Pt-
and Pd-rich bismuthides, selenides and bismuth tellu-
rides. Compositional variationswithin grains of agiven
PGM provide evidence that there were fluctuations in
the fluid composition, temperature and pul ses of hydro-
thermal activity. Tellurides occur as discrete minerals
in BMS, silicates and oxides. The sulfides locally ap-
pear to overgrow the ateration-induced silicates, sug-
gesting that hydrothermal fluids existed in the system
and formed an assemblage of alteration minerals domi-
nated by silicates before the separation of asulfide-rich
hydrothermal fluid during the final stages of fluid evo-
Iution. Farrow & Watkinson (1997) suggested that the
fluids were derived from country rocks and that late
magmatic fluids may have played a minor role, which
is the opposite of conclusions developed in this paper
for Baula

Many of the processes and mineralsin the PGM as-
semblages described from the Baula Complex are
present in both the high-temperature hydrothermal oc-
currences mentioned above and in low-temperature hy-
drothermal deposits. For example, stibiopalladinite,
sudburyite and complex palladium—antimony selenides,
palladium—bismuth selenides and bismuthian stibiopal -
ladinite occur in the low-temperature Coronation Hill
mineraization (Mernagh et al. 1994). Similarly, a pal-
ladium telluride, a palladium—bismuth telluride and
rhodium sulfarsenides are described in pitchblende-rich
veins in Northwest Territories, Canada (Gandhi &
Paktunc 1989).

Synthesis

Most of the “hydrothermal” deposits described
above are the result of “remobilization” of primary
BMS—-PGE-rich assemblages or of “redistribution” af-
ter alteration and metamorphism. Platinum—palladium
minerals, as part of the complex system Pt—Pd—Sb-Te—
Bi—As, can form in awide range of conditions and en-
vironments.

There is evidence of orthomagmatic PGE mineral-
ization in the Baula Gabbro (Type 1), but no evidence
that the products of this mineralization were remaobi-
lized. Similarly, the BMS mineralization is hydrother-
mal, but there is no evidence of sulfide remobilization.
On the contrary, type-2 assemblages of BM S and PGM
have crystallized from a fluid—rich phase during a late
(postmagmatic) stage. This fluid phase was generated
by the crystallization of silicates at amagmatic stagein
the gabbro and became concentrated in the brecciazone
at the top of the magmatic system (Genna and Auge,
unpubl. data). The exsolved fluid phase became progres-
sively enriched involatiles, Cu, S, semimetals and PGE,
and “autohydrothermally” atered the mineral assem-
blagesin the gabbro, thereby transforming the chromite
crystals into ferrian chromite, a complex micrometric
assemblage of different oxides. Type-2 BMS and PGM
crystallized from this fluid phase and are thus locally
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intimately associated with ferrian chromite. A very simi-
lar process was proposed by Coghill & Wilson (1993)
for the Great Dyke (but they invoked “microscale”
remobilization of PGM, not observed in the BaulaCom-
plex), and by Pirrie et al. (2000), where a combined
orthomagmati c—hydromagmatic origin is proposed for
the Mull Complex in Scotland.

Evidence from the Baula Complex supports the ex-
istence of both an orthomagmetic stage of PGE miner-
alization and a postmagmatic hydrothermal stage of
mineralization, but there is no evidence that the second
stage isthe result of remobilization of thefirst. We con-
clude, therefore, that there were two separate mineraliz-
ing events in a single, but complex, evolution of the
magma.

Thismodel issignificantly different from the model
recently proposed by Mondal et al. (2001), who envis-
aged that the type-2A mineralization (hydrothermal ac-
cording to our model), was developed by “magmatic
processes’ in a hydrid magma, resulting from partial
incorporation of serpentinized chromite-bearing ultra-
mafic blocks in ayounger gabbroic magma. Mondal et
al. also suggested that the gabbroic magma was
emplaced within a pre-existing breccia zone. Data pre-
sented here (also Genna and Augé, unpubl. data) show
clearly that the emplacement of the gabbroic magma
(the Bangur Gabbro) is contemporaneous with the for-
meation of the breccia zone.

CoNCLUSION

Two very distinct types of mineralization have been
identified in the Baula Complex, both related to a gab-
bro body that partly intruded the ultramafic complex.
The first is characterized by a high Pt/Pd ratio and oc-
curs close to the contact between gabbro and the ultra-
mafic rocks, where chromitite xenoliths are found in the
gabbro. The PGM (isoferroplatinum, braggite, sper-
rylite, laurite, malanite) occur asinclusionsin magmatic
cumulus silicates (plagioclase and pyroxene). Thistype
of mineralization is considered orthomagmatic. The
ubiquitous presence of chromitite xenolithsin the PGE-
rich gabbroic facies suggests that PGM crystallization
was associ ated with interactions between the gabbro and
the host ultramafic unit, but the source of the PGE was
the gabbroic magma.

At thetop of the intrusion, the gabbro was emplaced
along a shear zone, causing magmatic brecciation of the
host ultramafic rock, and resulting in a breccia zone
composed of dunite, pyroxenite and chromitite blocks
from the surrounding rocks in a gabbro matrix. The
matrix was subjected to strong hydrothermal alteration,
and the second type of PGE mineraization resulted from
this hydrothermal event. The fluids involved were
deuteric and, depending on their composition, produced
two different types (2A and 2B) of PGE mineralization
associated with hydrous silicates. Type-2A minerdiza-
tion is characterized by low Pt/Pd values, the PGM be-
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longing to the complex system Pd-As-Sb-Bi-Te, and
by the presence of complex assemblages of base-metal
sulfides. Textural observations show that the PGM and
BMS were produced during the same mineralizing
event. Type-2B mineralization occurs in sulfide-free
rock, shows Pt/Pd val ues between 2 and 3, and the PGM
are dominated by phasesin the system Pt—(Pd)-As-Sb.

There is no evidence that type-2 mineralization is
the result of remobilization of pre-existing mineraliza-
tion. It is more likely that the hydrothermal fluid be-
came progressively enriched in PGE and volatile
elementsduring its evol ution, and the source of the PGE
and other metals was the gabbro itself.
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