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ABSTRAcT

This investigption of the PGE mineralogy of the J-M
Reef in the Stillwater layered complex of Montana is based
ou cores from several drill-holes covering 35 km of lateral
extent. In addition to the main PGE zone, we describe rhe-
nium m{neralization in pentlandite-pyrrhotite aggregates
associated with michenerite, wehrlite, hessile, chalcopyrite,
niccolite, BiNi, cobaltite, magnetite, and major graphite
in an underlying eraphite-sulfide.zone. Grains of PGM,
such as vysotskite, braggite, cooperite, moncheite, sperry-
lite, kotulskite, ferroplatinum, keithconnite, stillwaterite,
palladoarsenide, hollingworthite, electrum, and a Cu-Zn-
Sn alloy have been selected for electron-microprobe stu-
die. Results include sixty-four analyses and spectral reflec-
tance and VHN microhardness data on R-free vysotskite,
pallddoarsenide, moncheite and Pt-Fe alloys, and compre-
hensive chemical and optical data on cooperite, braggite
aud vysotskite. The discovery of rhenium mineralization
in graphite-rich coarse pyroxenites under the main PGM
zone may indicate a dearth of molybdenum in these depo-
sits. Chlorapatite from these pyroxenites, with up to 6.390
Cl, suggests a role for Cl in a volatile phase; it is this agent
that may have caused the separation of Pt from Pd in these
deposits.

Keywords; Stillwater Complex, Montana, Pd, Pt, Rh, Ir,
graphite-sulfide assemblage, Re, Re2S3, vysotskite-
braggite, cooperite, palladoarsenide, keithconnite,
hollingworthite, Pt-Fe alloys, michenerite, kotulskite,
sperrylite, stillwaterite, moncheite, electrum, CuZn-
FeSn, BiNi, chlorapatite, chlorine.
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banc a portd sur les carottes de plusieurs rous de forage
le long de son dlendue de 35 km. En plus de la zone princi-
pale enrichie en €ldments du groupe du platine, nous ddcri-
vons la min6ralisation en rhdnium dans les amas de pent-
landite et de pyrrhotine associ6s A: michenerite, wehrlite,
hessite, chalcopyrite, niccoline, BiNi, cobaltite, magnetite
et graphite majeur dans une zone sous-jacente i graphite
+ sulfures. Les min$mu( suivants ont 6t€ €tudi6s d la micro-
sonde €lectronique: vysotskite, braggite, cooperite, mon-
ch€ite, sperrylite, kotulskite, ferroplatine, keithconnite, still-
waterite, palladoarsenide, hollingworthite, dlectrum et un
alliage Cu-Zn-Sn. Nous presentons 64 compositions chi-
miques et les spectres de rdflectance et la duret6 de la
vysotskite depourvue de platine, palladoarsenide, monch€ite
et les alliages Ft-Fe. De plus, nous prdsentons des donndes
chimiques et optiques complbtes pour cooperite, braggite
et vysotskite. La d€couverte d'un enrichissement en rh6-
nium dans les pyrox€nites pegmatitiques i graphite au-
dessous 69 la 2sas min€ralis6e principale pourrait indiquer
I'absence de molybdbne dans ces gisements. La chlorapa-
tite de ces pyrox€nite, qui contient jusqu'i 6.390 de chlore,
serait un indice d'une phase volatile riche en Cl qui pour-
rait bien expliquer Ia sdparation des 6l€ments Pt e1 Pd dans
ces gisements.

Clraduit par la Redaction)

Mots-clds: complexe stratiforme de Stillwater, Montana,
Pd, Pt, Rh, Ir, assemblage i graphite + sulfures, Re,
R%S3, vysotskite-braggite, cooperite, palladoarsenide,
keithconnite, hollingworthite, alliage Pt-Fe, michenerite,
kohrlskite, sperrylite, stillwaterite, monch6ite, €lectrum,
alliage Cu-Zn-Fe-Sn, BiNi, chlorapatite, chlore.

souuxnn 
INTR.DUCTT'N

Ce travail s'adresse i la distribution des mindraux des
6l6ments du groupe du platine dans le banc J-M du massii The stratigraphy, petrology and mineralization of
sfatiforme de Stillwater (Montana). L'dchantillonage du. some of the Pd-Pt-enriched zones of the Stillwater
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Complex in Montanahave ben described byTodd
et al. (1982), McCallure et aL (1980) and Bow et a/.
(1982). These authom also gave daia on the sulfide
mineralization and the genesis of the mafur Pd-Pt
zone, called here the J-M Reef. The most recent in-
formation on the Stillwater Complex has been com-
piled in the form of a field guide by Czamanske &
Zientek (1985). Page e! ol. (1985) gave a schematic
column with locations qlf su{fide, chromite and PGE
mineralization in the Stillwater Complex. The FGE
mineralogy of a part of the J-M Reef has been
described by Cabri and co-workers hsed on concen-
trates, mainly from the West Fork adit (Cabri &
Laflamme 1974, Cabri et al. 1975,lW6, 1977, L979,
Cabri l98l). Mineralization within the J-M Reef
stretches for about 35 krn as an almost continuous,
1- to 3-m-wide band, smig:aphially situated in the
lower part of the 40@m thick Banded Series, in tlrc
middle of a l2Grn wide Troctolite-Anorthosite Zone
(todd et al. 1982). The sulfrdes occur rmainly be,tween
two somewhat discontinuous olivine$earing perido-
tite members; they are concentrated in a troetolite
layer, but occur comrnonly also in re[atively pure
anorthosite on both sides of the troctolite, as well
as in the peridotite and locally in the gabbroic rocks
below. The nature of the distribution of the sulfides
in the J-M Reef is shown by Todd et ol. {1982, Fig.
6, p. 1464). These authors show how the sutrfide
mineralization in the J-M Reef alternates within and
between anorthosite, tro$olite, peridotite, and the
underlying two-pyroxene gabbro and even the norite.
The main sulfides of the reef are pentlandite, pyr-
rhotite and chalcopyrite. The other commonsulfides
arg pyrite, millerite, cubanite and violarite. Wolf-
grarn & Evans (1980) found that an immiscible, high-
temperature, monosulfide solid-solution of Ni, Cu,
Fe and S evolved at about 250"C into the three-phase
assemblage pentlandite - pyrrhotite - chalcopyrite.
They emphasized that pentlandite occurs as quite
coarse grains and is cornrnonly concentrated in the
central part$ of the three-phase aggregates.
Widespread globules and roundish inclusions of sul-
fides in the silicates indicate, however, a high-

f€rmpsratur€ origin. These authors described a dis-
continuous rim of chalcopyrite and a complex inter-
gowth of dalcopyrite with pentlandite. The appear-
ance of milleri0e as a replacement of pyrrhotite is
attributed to the release of Ni during the widespread
serpentinization of olivine. Locally, strong oxidation
has produced magnetite replacing the sulfides. Todd
et sl. (1982) found that the sulfids tend to aggregate
into larger clots in the lower part of the reef, to form
nettexfures in the middle and to be disseminated near
its top. Page (1971,1979) has described sulfides from
the Basal Seris and the chromitite layers of the Still-
water Complex.

Tns BAss-MsrAL SULFTDES AND THEIR Texrunes

According to our observations, the sulfides occur
in different generations, mainly interstitially between
the cumulus crystals. In addition, they form com-
plex, irregularly shaped aggregates, mostly between
I and 5 mm across, but may attain several centi-
metres in diameter. They also tend to form net-like
structures that engulf some cumulus crystals com-
pletely, as well 45 dissemin4led, shall, interstitially
located and variably shaped, mostly complex grains.
These primary, disseminated sulfides are not to be
confused with the secondary disseminated sulfides,
which occur in minute, mostly monomineralic angu-
lar grains with biotite intergrowths in serpentinized,
bastitized and "amphibolized" grains of pyroxene
and olivine, and also in epidotized plagioclase. The
main sulfide mineral replacing the silicates is chal-
copyrite. However, this replacement occurs mainly
as a rim on aggregates of primary sulfides. Clear pre-
ference in such replacement for intercumulus and
oikocrystic plroxene is observed. Serpentinized
olivine (olivine is the most completely decomposed
mineral in these rocks) is also the preferred host for
such microscopic disseminations of sulfides. There
are areas where the dominant secondary sulfides con-
sist ofpyrrhotite and pentlandile, as well as pyrite,
which appears in most cases as the latest sulfide,
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FIc. l. Lateral distribution of drill cores along the J-M Reef, with location of polished sections studied.
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generally forming dendrite-like stringers and chains
that seem to criss-cross locally and replace the other
sulfides. This pyrite is idiomorphic and has a ten-
dency to replace even fresh plagioclase crystals in
cumulaXes, and it occasionally rims these early grains
and penetrates into their centres. Another typical
phenomenon of replacement, especially common in
exceptionally high-grade ore, is the appearance of
laminar replacement-textures in pyrrhotite; thin
parallel lamellae of magnetite are intercalated with
fine aggregates of pyrite and marcasite with occa-
sional euhedral crystals of nickeloan pyrite. Such a
pattern of replacement has been described by Genkin
et al. (1981) from Noril'sk. Ibnenite and hematite
lamellae oour in this mixture. In the vicinity of pent-
landite, in these aggregates, a considerable amount
of violarite quite comrnonly forms in the sulfide
lamellae surrounded by pyrite and marcasite. This
replacement generally extends into the pentlandite,
in which case violarite can be quite abundant. Bor-
nite may become abundant in pyroxene-rich regions.

Flakes and minute grains of mackinawite are
widespread, mainly in serpentinized olivine but also
in altered pyroxene. In strongly serpentinized
regions, fine-grained graphite may be found in vein-
lets. Where intermixed with fine marcasite and mac-
kinawite in such veinlets, the recognition of indivi-
dual mineral grains of these minerals is very difficult.
In altered regions, in addition to millerite, we also
find heazlewoodite.

Volborth & Housley (1983, 1984) and Volborth
(1984, 1985) have recently described pegmatoid,
graphile-rich pyroxenites that occur about lC0 to 200
metres below the J-M Reef in a yet poorly defined
zone; the pyroxenites carry similar sulfide minerali
zation, but much lower amounts of the PGE and
infrequent PGM. These pegmatoid pyroxenites are
characterized by a much higher PtlPd ratio (l: I ver-
szs l:4 in the reef) and carry unusual concentrations
of Re and a Re-sulfide. They probably represent an
important late-stage development of Pd-Pt minera-
lization within the Stillwater Complex. In the
graphite-rich pegmatoid pyroxenites, in addition to
the other typical ore-minerals, nickeline and other
Ni and Co arsenides are common, whereas in the reef
they are quite rare. Of importance are the occurrence
of significant chlorine in most of the graphite and
the presence of almost end-member chlorapatite
detected by us. Chlorine data on the apatite and the
graphite are given below following the account on
michenerite.

THr Pr-anrr.ruM-GRoup Mnpnam

The distribution of the PGM in relation to the
main sulfides and the development of the sulfide-
silicate textural relationships have been described by

Bow et al. (1982, p. 1490-1491). According to these
authors, the early sulfide liquids were originally
trapped interstitially in olivine cumulates and as
droplets in the olivine. Progressive resorption of oli-
vine, increased dominance of bronzite and a more
complex mineralogy caused further grofih of the en-
trapped sulfide aggregates; there was a tendency for
some small PGM grains, such as vysotskite, to form.
Further crystallization tended to segregate the chal-
copyrite outward, so that it commonly forms a rim
around tle sulfide aggregates. Late-stage sulfur satu-
ration seems to be indicated by the appearance of
pyritg replacing the pentlandite and pyrrhotite. Bow
et ol) (1982), as well as Todd et ol. (1982, p.
1472)1473), emphasized the small grain-size of the
PGM and their close association with sulfide
aggr, ates, especially along their rims and in the
chalc pyrite veinlets emanating from these rims. A
some' hat erratic and clustered distribution of the
PG seems to be the rule, especially in the pegma-
toid ortions. Morphology and composition of the
PG appear to reflect the composition of the host
rock

of
o some degree.
interest are the findings by Boudreau &

McC um (1984) of nine other Pd-Pt-poor sulfide
zones in the Banded series, of which the richest, the
Picket Pin Pt-Pd zone; carries lower concentrations
of the PGE, by two orders of magnitude, than the
J-M Reef.

The dominant PGM, according to Cabri (1981)
and the above authors, are braggite-Wsotskite, mon-
cheite, cooperite, sperrylite, kotulskite and Pt-Fe
alloys (see also Conn 1979). The frequency of a par-
ticular PGM seems to vary depending on location
(Todd et ol. 1982). Cabri and coworkers, as well as
Todd et al. (1982), have published results of
numerous electron-microprobe analyses of the Still-
water PGM. Presently, 3l noble-metal minerals are
known.
Metallic phases: platinum, Ft; Pt-Fe alloys, PtrFe;
rhodian platinum, (PtRh); platinian rhodium, (Rh,
Pt); rhodium, Rh; palladian gold (Au,Pd); gold, Au;
electrum, (Au,Ag); silver, Ag. Suffides: braggite,
(Pt,Pd)S; cooperite, PtS; Wsotskite, PdS; laurite,
RuS2. Tellurides: moncheite, PtTer; kotulskite,
PdTe; merenskyite, PdTe2; telluropalladinite,
PdrTer; keithconnite, Pd3_rTe; michenerite,
PdBiTe; temagamite, PdrHgTer; hessite, AgrTe.
Arsenides: sperrylite, PtAsr; stillwaterite, Pd6Asr;
palladoarsenide, PdrAs; palladobismutharsenide,
PdroAsoBi; hollingworthite, RhAsS; arsenopal-
ladinite, Pd6As2.5Sbs.5. Antimonides: mertieite II,
PdBSb3. Stannides and plumbites: rustenburgite,
(Pt,Pd)3Sn; plumbopalladinite, PdrPb2; zvyagintsev-
ite, PdrPb. In addition, about 17 analyzed noble-
metal minerals have been detected, including new
minerals. Of these, most are palladium minerals, and
many may be varieties.
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There are few previous ore-misroscope studies of centrates from the West Fork adit (Cabri &
- the PGM in the Stillwater Reef that are supported Laflamme 1974,Cabietal. 1975,1976,1977,1979,

by electron-microprobe @MP) and scanning-electron Cabri l98l), and on two cores from the Dead Tree
microscope analyses. These are mainly based on con- area west of Frog Pond adit (Todd er al. 1982, who
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reported 12 new compositions of PGM), as well as
otr the cores from the pegmatoid pyroxenite ofthe
Janet-50 claims (Volborrh & Housley 1983, 1984).
To our knowledge, no comprehensive ore-
microscope study supported by EMp and SEM of
the whole length of the mineralized zone exists. We
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attempt therefore to give an overview of the 35 km
of the J-M Reef.

For this work, out of some 3@ available drill
holes, about 70 cores with the highest assay-values
were selected. A total of 140 polished sections were
made a:rd examined in reflected light at magnifica-
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F.PD, RH,AU
I'U NERALS
SEI'IIOI,ANT, VYSOTS(IIE INCOPLETE
+ MICRCS@PE BRAGGI]E

h-PD. R!,Au
l'lIt'tERALs vysorsKr]E
ANALTZED BRAGGITE

h m
PENTLANDIIE

$rrrx pENrL,, pyRM, eENTL,
TIINERALS CP,, PYR, PYWI
DETEfiED IIILLERI]E CP
ETC. I'IAGNETITE

Re*ecrelcr vysors(r'rE

llenocss r'rEas. vysorsKtrE

PENTL.
PYRRH,
cP,

PENIL,,PYRRH.
@ , .  P Y R ,
SPHALERI'IE
ILIGNIIE

P€NIL.
PYRRII,
PYR.
cP,

Abbreviot lons used ln Table l :  pc plagloclase @1ate, poc plagloclase ol lv lne c@late, pboc plagloclase brcnztte ol lv ine c@late, pabc plagto-
clase augite brcnz{te cu@late, pbc pl tgioclase umnztt i  i :miatE, pouc plagloctase ottvtne orcnit t i  c@late, obc ol lvtne broEite;ml iui" ' ,  of i " .serp. ol lv lne onlv ls serpent lnlzed'  serp. whole recl  ls serpeni i i t iuo, lp idoi .  io i t - i i  e i iooi i ie i , -pJi i i .  pyntrott te,  cp chatcopyrt te,  pyr.-pyrtrei
sph sphaler l te,  pent l .  pent landlte.
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TABLE 24. COI4POSITION OF PG U1NEMLS ALOtrG THE J-il MEF

MINEN No. Pt Pd Fe 1e Bi A6 SUM REUAR(S FORUULA

l l o n c h e l t e  2 3 / 8 4  4 2 , 7  0 . 0  O . 2  5 7 . 2  1 0 0 . 9  0 . 7 3 N i  { p t O . g a N i O . O O F " O . 0 t ) T " t . 9 :
l { o n c h e i t e  2 3 / 8 4 - 1  4 2 . I  0 . 0  0 . 0 4  5 1 . 2  0 . 8  1 0 0 . 1  ( p t O . 9 t F e . O . O t ) I T " Z . O O B i O . O z )

t r o n c h e i t e  2 3 / 8 4 - 4  4 2 . L  0 . 0  0 . 3  5 7 . 0  1 . 6  1 0 1 . 1  ( P t O . 9 O F " O . O Z ) ( T . : . . g g B i O . O + )

u o n c t l e i t e  2 8 / 8 4 - 3  4 2 . I  0 . 0  5 6 . 1  I . 2  1 0 0 . 0  p t O . g l ( T " : . O O B i O . O 3 )

H o t r c h e i t e  3 0 / a 4 - 4  4 2 . L  0 . 0  0 . 1  5 6 . 7  1 . 1  1 0 0 . 1  ( p t o . 9 r F " . o . o : . ) ( l . z . o o B l o . o z )

i l o n c h e l t e  3 0 / A 4 - 6  4 3 . 4  0 . 0 6  0 . 3  5 5 . 9  9 9 . 8  0 . 1 8 N j .  ( p t t . O O p d . O . O t F e O . O 2 N I O . O t ) I u t . 9 l

u o n c b e i t e  3 2 / 8 4 - 3  4 2 . 2  0 . 0  0 . 0 4  5 7 . 5  0 . 3  1 0 0 . 0  ( p t o . g l F u . o . o t ) ( T " z . o z B i . o . o t )

l l o n c h e l t €  3 2 / A 4 - 6  4 2 . 0  0 . 0  5 7 . 6  0 . 7  1 0 0 . 3  p t O . g e ( t u Z . O Z B i O . O : )

u o n c t r e L t e  3 3 1 8 4 - 2  4 3 . 0  0 . 0  5 7 . 7  0 . 3  1 0 0 . 9  p t O . g O ( T . 2 . O t B 1 . O . O t )

M o n c h e l t e  3 4 / 4 4 - 3  4 1 . 3  0 . 0 r  s 3 . 3  s , 8  1 0 0 . 7  0 , 2 8 s b  p t O . 9 6 ( T " t . 9 O B t O . r : S b . O . O r )

u o n c h e l t e  3 4 / 8 4 - 6  4 1 . 5  0 . 3  5 7 . 2  0 . 8  1 0 0 . 1  0 . 3 E s b  ( p t O . g S p d . O . O r ) { T " Z . O t B i O . O Z s b . O . O t )

u o n c h e l t e  3 4 / A 4 - 6  4 2 . 5  0 . 1  0 . 3  5 6 . 8  9 9 . 8  0 . l C N i  ( P t 0 . 9 8 F " 0 . O z F d . O . O t N i . O . O r ) T e r . g g

u o n c h e i t e  3 5 1 4 4 - 2  4 J - . 6  0 . 2  5 6 . 4  1 . 4  9 9 . 9  0 . 3 C S b  ( p t O . g O p d O , O r ) ( T " t . 9 9 B ! O . o : s b O . O t )

u o n c h e L t e  3 5 / 4 4 - 1  4 2 . 5  0 . 0  5 5 . 0  1 . 9  1 0 0 . 7  0 . 3 8 S b  p ! 0 . 9 8 ( T . t . g t B l O . O l S b . O . O : . )

M o n c h e l i e  6 9 / 4 4 - 1 2 a  4 2 . 5  0 . 7  5 s . 0  9 8 . 2  ( P i O . 9 9 F . O . O 6 ) T " : . . 9 S

u o n c h e l t e  1 7 1 4 4 - 6  4 2 . 8  0 . 3  s 4 . 8  0 . 9  9 9 . 1  0 . 4 t s b  { P I O . 9 9 F . O . O Z ) l T . t . g S B l O . O Z S b O . O Z )
M o n c h e i t e  7 1 / 8 4 - a  4 1 . 9  0 . 3  5 5 . 0  0 . 8  9 8 . 3  0 . 4 t s b  ( p t O . g g F . O . O U )  { T . r . g l B i O . O : S b O . O r )
u o l c h € i t e  I I 1 l 8 4 - L 6 a  4 t . 6  5 6 , 3  0 . 4  9 8 . 5  0 . 3 g g b  p t O . 9 l ( T . Z . O t S b O . O r B 1 O . O r )

s p e r r y l l t e  6 1 8 4 - 1  5 7 . 4  0 . 1  4 3 . 3  1 0 1 . 5  0 . ? 8 s  ( p t 0 . 9 9 F "  
O . O t )  

( A " t . g q S O . O 6 )

S p e r l y l l t e  I S I A 4 - A - A L  5 7 - 4  0 . 1  4 r . 1  9 9 . 1  l p t t . O : p d . O . O t ) A e 1 . 9 e
s p e r r y l L l e  1 3 / 4 4 - 3  5 8 . 3  A I . a  1 0 0 . 1  p t 1 . O 5 A r 1 . 9 5

S p e r r y l l t e  1 5 / 8 4 - 1 A  5 ? . 5  4 2 . A  1 0 0 . 3  p t t . O 2 A " 1 . g 8

s p e l x y l , L t e  1 5 / 8 4 - 3  5 7 . 1  0 . 1  0 . 4  4 1 . 0  1 0 0 . 1  0 . 8 r N l  ( p r 0 . 9 9 N 1 0 . 0 4 F . 0 . O Z P d . O . O t ) ( A " t . g e s O . O g )

s p e l l y t l t e  9 1 , / 8 4 - 3 b  5 5 . 7  1 . 3  0 . 9  4 2 . 4  r o o . :  u ' o o o  t p r o . g 8 p d O . O 4 F " O . o s ) A . t , g :
s t i l h a t e r l t e  1 5 / 8 4 - 3 A  7 9 . 0  2 0 . A  9 9 . 8  p d 8 . 0 o A " 3 . 0 o

K o t u l a k l t e  I 6 / A 4 - 2 y  4 3 . 6  2 . 1  4 6 . 3  6 . 0  1 0 0 . 0  1 . 4 3 N j .  ( p d o . g 4 F u o . r t N i o . 0 5 )  ( 1 e 0 . 8 3 8 1 0 . 0 7 )

K € i t h c o M i t e  1 3 / 8 4 - 3  6 7 . 3  2 9 . 9  0 . 8  9 8 . 0  p d Z . 6 5 ( 1 . 0 . 9 g B 1 0 . 0 2 )

P a l l a a l o a r s e n l d e  1 5 / 8 4 - 4 - A 2  0 . 0  7 5 . 2  2 5 . 3  1 0 0 . 5  p d Z . O : A " O . 9 l

P a l l a d o a r s e o l d e  9 L 1 8 4 - 3 a  0 . 0 3  ? 5 . 0  0 . 3  2 4 . 1  1 0 0 . 0  ( P d Z . O : S F " O . O 1 S ) A g O . 9 S

u L c h e n e l i t e  C - 3 2 I A V  2 4 . 6  I . 5  2 a . 4  4 8 . 1  1 0 2 . 6  J a n e t - s o  { P d r . O a F . O . r z }  { B l r . O : T u r . O O )

TABLE 28. COMPOSITION OF' PG MINERA],S ALONG TIIE .]-M REEF

MlNERAL

Cooperj-te

Cooperite

CooperLte

cooperite

Cooperite

Cooperite

Cooperite

Braggite

Braggite

Braggite

Braggite

Braggite

Braqgite

Braggj-te

Bragg i te

Vysotskite

Vysotskite

vysotskite

Vysotsklte

Vysotskite

Vysotskite

Pt-Fe

Pt-Fe

Pt-Fe

Pt-Fe

Pt-Fe

Pt-Fe

Pt-Fe

Pt-F e

No.  P t

2 8 / 8 4 - 1 0  7 7 . 3

3 0 1 8 4 - 2 8  8 5 . 4

1 0 t 8 4 - 6  8 2 . 7

3 2 /  8 4 - 7  7 6 . 6

s 0 / 8 4 - 3  8 r . ' 7

rL7 /84-L5 82 .4

L L 9 / 8 4 - I x  7 2 . 8

3 2 / 8 4 - 9  5 4 . 0

50 /  84-5  L7  . '1

s 4 / 8 4 - 8  3 9 . 2

0 . 8  L . 2

8 .  0  0 . ' 7

2 . 4  1 . 5

1- . i ,

2 , 3  7 . L

2 0 . 7  5 . 2

4 8 . 7  1 , I . 4

3 2 . 6  8 . 8

3 8 . 8  7 . 2

4 8 .  0  l - 0 .  6

3 0 . 2  5 . 0

L 4 . 1  5 . 4

2 5 . 7  1 , 0 . 3

5 6 .  L  1 2 . 3

6 4 . 7  1 1 . 1

5 8 . 5  L 0 . 6

6 1 .  0  1 " 3 . 2

6 7 . 4  7 . 3

6 2 . 8  9 . 8

2 . 8  0 . 4

l / 8 i - - 3  1 , 8 . 3

L l S L - 4  4 6 . 6

1 / 8 1 - 8  6 4 . 9

\ r g / 8 4 - r  4 4 . 0

5 4 1 8 4 - 7 b  7 . 7

L / g L - L  0 . 3

1" /  8L-2  8 .  3

L L 1  / 8 4 - 6  0 . 0

L 2 6  / 8 4 - L  0 . 0

L 2 6 / 8 4 - 7 b  0 . 1

2 3 / 8 4 - 3  8 5 . 5

2 8 1  8 4 - 2  8 8 . 8

2 e / 8 4 - r O  a 7 . 7

3 0 / 8 4 - 3  8 s . 4

3 0 / 8 4 - 2 A  8 8 . 2

3 0 / 8 4 - 6  8 5 . 9

3 2 / 8 4 - 2  9 3 . 0

3 3 1 8 4 - 3  9 L . 2

3 3 / 8 4 - 2  8 7 . 4

3 3 / 8 4 - 1  8 6 . 6

Fe S SUM

0 . 5  r . 4 . 8  9 8 . 3

0 . 4  t 2 . 8  L 0 0 . 1 -

0 . 8  1 3 . 6  9 9 . r -

0 .  8  1 3 .  9  r - 0 0 .  0

0 . 0 s  1 4 . 4  r " 0 0 . 1

L 4 . 3  9 7 . 8

0 . 3  L 6 . 4  9 8 . 8

0 . 5  t 9 . 4  9 9 . 8

2 4 . L  1 0 1 . 9

2 L . 4  1 0 2 . 0

0 . s  2 1 . 7  1 0 1 . 4

2 3 . 6  r . 0 0 .  6

r - 9  .  9  L 0 2 . 6

r - 8 . 0  1 0 3 . 0

0 . 1  2 0 . 3  r - 0 0 . 4

2 4 . 7 .  L 0 0 - 8

2 5 . 2  1 0 1 . 3

2 4 . 6  r - 0 2 . 0

2 4 . 6  9 8 . 8

0 . 6  2 4 . 7  1 0 0 . 0

0 . 4  2 4 . 4  9 7 . 5

1 0 . 9  1 0 0 . 6

9  - 9  1 , 0 L . 3

1 " 0 . 7

l - 0 1 , . 4

i , 0 0 . 9

r , 0 . 5  1 0 r . 9

FORMUI,A
(P to .  

t u l ao .  t 11 i o .  o :Feo .  oz )  s t :  oo
(P t t .  

o tPdo .  ozN io .  ozFuo .  oz )  so .  g :
(P to  .  gsN io .  osPdo .  o rF to .  o3  )  so .  96
(P to .  gsPdo . t oN io .ozF to .  o3 )  s0 .  94
(P to .  g tN io .  osPdo .  o5F "o .  o r )  so .  9B
( P t o . g s N i o . o a l s t . o t
(P to .  z :N io .  z3Pdo  t o5F to  .  o1 )  s0 .  99
(P to .a lPdo .  g lN io .  r sFuo .  oz )  s t . og
(Pdo .  

e : -N io .  z6P to .  t z )  s t .  o r
(Pdo .aeP to .  : oN io .  z : )  s t .  o r
(Pdo .  

ssP to .eEN io .  t gFuo .  o t )  s t .  o t
(Pdo .  6zN io . zsP to . t l )  s r .  oo
(Pdo .q6P to .  aoN io .  t a )  s t .  oo
(P to .  

sgPdo .  zaN io .  r 6 )  s r .  o .
(Pdo .  : gP to .  : sN io .  z lF to .  o t )  s r . oo
(Pdo .6BN io .  2zP to .  os  )  s r .  oo
(Pdo .  l eN io .  z4P to .  o t )  so .  9g
(Pdo .  7 tN io .  z3P to .  os  )  s t .  o r
( P d o . ; : N i o . z g ) 9 o . g e

(Pdo .  ezN io .  r  oF "o  .  o t  )  s t .  o r
(Pdo .  z lN io .  z zFuo .  o1 )  s t .  oo
(P to .  

ooPdo .  oaF to .  z9N1o .  t )
( P t o . e g P d o . o a F t o . z z )
(P to .  

e lPdo  .  oaF "o .  z8N io .  o  1 )
(P to  

.  osPdo .  oeF to .  zaN io .  o t  )
(P to .  

6zPdo .  oaF to .  2aN io ,  o1 )
(P to .  

ooPdo .  oaF to .  2gN io .  o t )
(P to .  z3Pdo .  o rF to .  26N io .  o t '
(Pto 

.  zrPdo. otF"o.  zg )
(P to .  z tPdo .  o tF "o .  zg  )
(P to .  6sPdo .  o5Feo .  30 )

Pd
4 . 7
0 . 8

Ni
n o

0 . 7

5 5 t  A 4

2 . 6
2 , 8
4 . 8
3 . 0

3 . 0

0 . 1
0 . 4
1 . 0

4 . O

0 . 1

0 . 3

0 . 6

0 . 2

L 0 .  8

l o . 2

I A . J

L O O . 2

1 0 2 . 8

1 0 1 . 7
o q  ?

1 0 1 .  8
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tions of up to 500 x in oil immersion, and about 40
sections with optically suspected Pd-Pt minerals were
picked out. From these, interesting grains ofbetween
5 to 200 micrometres in diameter were selected for
EMP analyses, which were performed with three
instruments: the 1984-85 Model Camebax
Microbeam CD by Cameca and the ARL-EMX-
SM in Hamburg, and the ARL-SEMQ in Leoben.
The measurements of Yickers hardness (VHN) were
performed on the analyzed grains with a Leitz Duri-
met with an accuracy t 30 kg,/mm2. The measure-
ments of spectral reflectance were done using the
Zeiss microphotometer MPM and a WTiC standard,
as described by Tarkian & Bernhardt (1984). The
accuracy of measurements is within t 1.590 (rela-
tive). A single filter for 16 wavelengths between 4fi)
and 700 nm, with a half-width of + 6 nm, has been
used as monochromator.

We have analyzed 64 of the larger grains of pGM
and noble-metal-alloy grains and have recorded the
results in the west-to-east sequence with other miner-
alogical data (Table l). The location of the polished
sections and the drjll cores is shown in Figure l. Fur-
ther, we have tabulated the chemical composition of
the minerals in Tables 2A and 28 in the same
sequence. In Table l, mineralogical and other data
are compiled on 32 drill cores, starting with the
westernmost drill-hole and proceeding toward the
east. The position of polished core segments is given
in feet with a precision of about t 0.1 feet, to facili-
tate exact location of the material studied. To enable
later additions as future work progresses, even
incomplete data on the cumulate rock-type and
minsmlsgical association are given. The small size
of rnost samples commonly has made it impossible
to use the terminology of cumulates used by Todd
et al. (1982) with certainty. Where a value of tle ratio
PtlPd could be calculated, it is given. This part is
very incomplete and is being presently extended. It
is important to note that PtlPd varies considerably
and increases to l: I in the graphite-pyroxenite zone
below the J-M Reef. The optically detected and, in
most cases, qualitatively (SEM, EMP) analyzed Pt,
Pd, Rh and Au minerals are listed. In a separate row,
the quantitatively analyzed noble-metal minerals are
listed again. The latter compositions appear in Tables
2A and 28. The data on Pd in pentlandite are quite
incomplete, but because of their importance, they
are listed where available. Sulfide and other ore
minerals, mainly of base meta.ls and identified mostly
in reflected light, with EMP qualitative checks, are
listed further down the columns. Noble-metal
minerals on which optical, reflectance and hardness
measurements were performed are listed again in the
last two rows under t'reflectance" and ,.hardness
meas." We attempt to list the minerals in sequence
of abundance.

Mineral assemblages in the immedlate vicinity of

the analyzed grains and related textural features were
noted. An attempt was made to evaluate the degree
of alteration, because the nature e1 nfpglalization
appears to be influenced more by processes of alter-
ation than by rock type. We were able to distinguish
several grades of alteration or replacement:
l. Fresh, relatively unaltered rock with remnants
ofunaltered olivine, fresh unaltered pyroxenes, and
clear plagioclase. No sienificant serpentine, sec-
ondary nmphiboles, or epidote.
2. Rock with olivine completely serpentinized,
pyroxenes unaltered or only somewhat altered, and
clear plagioclase.
3. Rock with both olivine and the pyroxenes com-
pletely to strongly altered, with magnetite mesh in
olivine remnants and in altered pyroxenes, with
plagioclase usually displaying a milky appearance.
4. Rock with all major minerals serpentinized,
bastitized, and plagioclase strongly epidotized; much
magnetite.
5. Completely serpentinized rock, translucent, with
euhedral late magnetite and pyrite, and no magnet-
ite mesh, with only ghosts or palimpsests of the
cumulus minerals.

Dera oN INDTvIDUAL,PLATTNT.JM-GRoup MTNSRALs

Moncheite PtTq is the most commonly found
mineral in the drill cores studied. Most of the grains
are 5 to 20 pm in diameter, but grains of 100 pm are
not rare. In alrnost all cases this mineral occurs in
chalcopyrite on the border with silicates and has a
roundish habit, wilh larger grains commonly display-
ing a typical cleavage, as shown in Figures 2 and,3,
Moncheite is more cornmon in monomineralic chal-

Ftc. 2. Moncheite, composition 23/M and.23/84-l,Frog
Pond (Blakely Creek); mo moncheile with cleavage,
white; m magnetite, dark grey; cp chalcopyrite, grey;
p pentlandite, lieht gey. Oil immersion, reflected light.
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Frc. 3. Moncheite,30/8+3, Frog Pond (Blakely Creek);
mo moncheite, white; cp chalcopyrite, ercy. Note tpical
parting in moncheite. Oil immersion, reflected light.

copyrite grains and veinlet-like aggregates in the
immediate vicinity of larger aggregates of sulfide thal
display a rim of chalcopyrite. Where moncheite is
seen in pentlandite and, occasionally, pyrrhotite, it
is usually only a few micrometres in diameter, but
also roundish. The moncheite at Stillwater is gener-
ally pure PtTg; howwer, some compositions show
insignificant Bi and Sb (Iable 2A). With the excep-
tion of moncheite from Lac des Iles, Ontario (Cabri
& Laflamme 1979, cited in Cabri l98l), moncheite
from other localities is usually high in Pd and Bi.

Optical data are grven in Figure 4. Microhardness
VHN15 is 135-142, 168-178. The spectral reflec-
tance was measured on six grains; the curves show
good agrecment, as expected in view of the constant
chemistry. The R1 and R, curves obtained are based
on a )r of 546 nm: Rl : 54.8, Rz:62.390. These
values correspond well with published data of Tar-
kian & Bernhardt (1984). Somewhat different curves
by Cabri (1981) probably reflect a different compo-
sition. Owing to its reflectivity, moncheite appears
aknost metallic white against the sulfides of Cu, Fe
and Ni.

Sperrylite PtAsr is probably the second most
abundant mineral. It occurs mostly in silicates, and
in relatively smdU, often clustered anhedral grains,
usually varying between 3 to 15 pm, and occasion-
ally up to 40 pm in diameter. Larger gains seem to
occur preferentially inside sulfide ag€regates as well
as in the vicinity of such "blebs". Sperrylite also
tends to form stringers of anhedral grains in a vein-
like formation in silicates. The composition is
remarkably stable (Table 2A). Sperrylite appears
white where surrounded by silicates, greyish white
to grey where bordering on base-mefal sulfides, and
commonly shows a peculiar dull surface.

Cooperite, braggite and vysotskite, if considered
collectively as representatives of the system PtS-
PdS-NiS (in spite of the fact that cooperite is not
polymorphous with braggite-Wsotskite: Cabi et al.
198) would represent the most common minerals
at Stillwater. A cgmprehensive study of these
minerals has recently been presented by Criddle &

410 480 520 560 600 640

l (nm1
nc. 4. Reflectance spectra for moncheite.

Moncha i te
No.32l84-6

680
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PtS

Pds NiS
l0 30 50 70 90

Frc. 5. New compositions of cooperite, braggite and vysotskite from the J-M Reef,
plotted in the FtS-PdS-NiS composition triangle.

5

\  (nml

@ U?s' :['l' Pt- r ree I @RIg,g El-,,. 
( P t sr Pd zr I [@l $":$?,".'-',T ( Ptss Pd 1 |

Ftc. 6. Reflectance spectra for Pd-poor cooperite, braggite (54 wt.9o Pt,2l vfi.tlo Pd) and Ft-free vysotskite.
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Stanley (1985). It appears to us that the abundance
of braggite-vysotskite and the palladium content of
pentlandite increase somewhat toward the east when
one considers also the mineralogy of the West Fork
and the Minneapolis adits, not included here because
of ongoing studies by A.J. Criddle, C.J. Stanley and
C. Bow et al. We have so far made preliminary
studies of over lCI polished sections from these adits,
and are basing the above statement also on our own
observations. Twenty-one grains of cooperite and the
solid solution vysotskite-braggite were analyzed
Clable 2B). The cooperite is Ni-poor and shows from
0 to 8q0 Pd. The composition of analyzed members
of the vysotskite-braggite series varies between
Pt5Pd6ENi27 and PtrrPdroNiru (P : 100). Four grains
ofvysotskite are practically Pt-free and fall on the
line PdS-NiS (Fig. 5). For reflectance measurernents,

Ftc, 7. Cooperite, c, grey; pentlandite, p, white; chal-
copyrite, cp, gxey; 50/W3, Frog Pond. Oil immersion'
reflected lighu

Ftc. 8. Round ferroplatinum grain rimmed by cooperite,
which is rimmed by chalcopyrite; composition 30/8+3,
Frog Pond (Blakely Creek); ferroplatinum, Pt, white;
c cooperite rim, light grey; cp chalcopyrite, grey. Oil
immersion, reflected light.

a grain of Pd-free cooperite, one of Pt-free vysot-
skite and one of braggite of intermediate composi-
tion (54 wt.qo Pt, 2lslo Pd) were chosen (Fig. O.
Accordingly, we obtain different reflectance curves
for these minerals.

Cooperite PtS occurs in roundish grains, usually
10 to 50 pm in diameter (Fig. 7), near chalcopyrite-
silicate boundaries in larger, or near larger aggregates
of sulfide, but also in pyrrhotite and between chal-
copyrite and pyrrhotite grains and rarely between
pentlandite and chalcopyrite grains. Next to pent-
landite and pynhotite, cooperite appeaxs grey,
almost resembling magFetite; at chalcopyrite-silicate
boundaries it looks quite white and reflectant and
could be mistaken for moncheite. The much greater
hardness of cooperite and braggite helps to optically
distinguish both minerals from moncheite. The
reflectance curves for cooperite were measured on
several grains; they are similar to those grven by
Cabri (1981) and Criddle & Stanley (1985). The
somewhat different bireflectance is due to difference
in orientation of grains chosen for measurement.
Reflectance and microhardness data are given in
Table 3. The seven compositions of cooperite deter-
mined are plotted in the PtS-PdS-NiS composition
triangle (Fig. 5) (see also Cabriet al,1978, p. 835).

Cooperite seems to associate closely with the Pt-
Fe alloy in Stillwater, forming occasionally a com-
plex rim of single crystals around the metal (Fig. 8),
with braggite forming somewhat further toward sur-
rounding chalcopyrite and pyrrhotite and other sul-
fides. As Cabi et al. (1978) pointed out, the assem-
blage cooperite + isoferroplatinum + pyrrhotite is
important, because it is stable at 1000"C, based on
the work of Skinner et al. (1976).

TABLE 3, OPTICAT OITA.TON COOPENTTE, BRAGGITE AI{D IYSOTSKITE

cool€llte. braggite
sanp le  No.  30 /s4-28  . :  .  32 /44-9

vyaotsklte
126 / 84-r

R z_ 1

4 0 0
420
4 4 0
4 6 0
4 8 0
5 0 0
520
5 4 0
5 6 0
5 8 0
6 0 0
620
6 4 0
6 d o
6 8 0
7 0 0

3 7 . 4  3 8 . 3
3 9 . 4  3 9 . 5
4 0 . 5  4 0 . 6
4 1 . 0  4 1 . 6
4 L . 2  4 2 . 2
4 0 . 8  4 2 . 5
4 0 . 0  4 2 . 0
3 9 . 5  4 1 . 3
3 9 . 3  4 0 . 7
3 9 . 2  4 0 . 1
3 9 . 0  3 9 . 4
3 8 . 8  3 8 . 9
3 8 . 3  3 8 . 0
3  7 . 8  3 7  . 2
3 1 . 4  3 6 . 6
3 7 . 4  3 6 . 4

3 9 . 4  3 9 . 6
3 9 . 6  4 0 . 6
4 0 . 7  4 1 . 0
4 0 . 7  4 1 . 6
40.9 42.0
4 1 . 3  4 2 . 2
4 1 . 5  4 2 . 5
4 L . 7  4 2 . 7
4 1 . 8  4 2 . 8
4 1 . 8  4 3 . 0
4 1 . 8  4 3 . 3
4 t . 7  4 3 . 3
4 L . 4  4 3 . 3
4 1 . 1  4 3 . 6
4 0 . 9  4 3 . 1
4 1 . 0  4 4 . O

4 1 . 3  4 1 . 3
4 1 . . 6  4 2 , O
4 2 . O  4 2 . 4
4 2 . 2  4 2 . 9
4 2 . 5  4 3 . 0
4 2 . 6  4 3 . 5
4 2 . 6  4  3 . 5
42.9 43.1
4 3 . 1  4 4 . 0
4 3 . 3  4 4 . 3
4 3 . 5  4 4 . 6
4 3 . 7  4 4 . 7
4 3 . 8  4 5 . 0
4 4 . 0  4 5 . 3
{ 4 . 0  4 5 . 3
4 4 . r  4 5 . 3

color valuealc)
a  0 . 3 0 5 7  0 . 3 0 4 5
y  0 . 3 1 3 2  0 . 3 1 6 9
Y S  . 3 9 . 5  4 0 . 7
P e g  I . 9  2 . 0
rd 482 492

0 . 3 1 2 4  0 . 3 1 3 9  0 . 3 1 3 1  0 . 3 1 4 1
0 . 3 2 0 0  0 . 3 2 0 5  0 . 3 1 8 6  0 . 3 1 9 5

4 1 . 6  4 2 . 8  4 3 . 1  4 4 . 0
1 . 6  2 . 2  1 . 4  1 , 9

5 7 1  5 1 6  5 8 0  5 8 0

uicto-indentatLon haldDeaa
v i l ^ - 7 3 0 - 7 9 0 5  8 2 - 6 3 0



Pd-Pt MINERALIZATION, STILLWATER COMPLEX, MONTANA 339

Frc. 9. Braggite, polysynthetically twinned, l5l84, Frog
Pond (Blakely Creek); partly crossed nicols, The whole
area is braggite; only in one corner is there a little pent-
landite, pd. Oil immersion, reflected light.

Frc. 10. Palladium distribution in a heterogeneous
vysotskite-braggite crystal, compositions l/81-L,
l/81-2, Iron Mountain. X-ray scan. Location of spot-
analyses marked with crosses.

The curves shown in Figure 6 can be considered
representative for Pt-free vysotskite and are com-
parable to those measured by Criddle & Stanley
(1985). The calculated values of color are given in
Table 3. Vysotskite is anisotropic. Before the recent
work by Criddle & Stanley (1985), only a single
middle-reflectance curve by Vyal'sov (1973), used by
Cabri (1981), existed. These early data differ con-
siderably from our measurements. Yyal'sov does not
give a chemisall semposition. Our measurements
(Table 3) show that the microhardness of Pt-free
vysotskite is lower than that of cooperite and some-
what lower than that reported by Criddle & Stanley
(1985) for Pt-bearing vysotskite.

Braggite @t,Pd)S is more common than cooperite
or vysotskite in the polished sections studied. Of all
the PGM it forms the largest grains, up to 200 pm,
but they are seldom homogeneous. The composition
and optical orientation vary greatly in aggregates of
polysynthetically twinned braggite @ig. 9). These
tend to occur in larger pentlandite-pyrrhotite-
chalcopyrite aggregates near the interface with
silicates, but are mostly surrounded by tle other sul-
fides. They appear to have formed later than the
pentlandite and pyrrhotite, and commonly have
inclusions of chalcopyrite andn locally, pyrite. Owing
to very similar qualitative reflectivity and hardness,
braggite can be distinguished from cooperite opti-
cally only with difficulty; however, it does not seem
to occur in the round shapes that the cooperite
shows, and tends to be almost interstitial within the
sulfide aggregates and quite anhedral in shape. We
have not seen the very large idiomorphic, homogene-
ous grains of braggite decribed by Criddle & Stanley
(1985). Braggite seems to be associated with millerire
and sperrylite. Sperrylite commonly is found in the
silicates near a larger aggregate of braggite grains,
even in the Fe-Ni-Cu sulfides of the host sulfide
aggregates. The eight compositions of braggite in
Table 28 reflecl the variable composition of this
mineral in Stillwater. Owing to the inhomogeneity
of braggite grains, accurate mensurements of reflec-
tance and hardness are difficult. Therefore, reflec-
tance of only one intermediate homogeneous grain
was mea$ured (Frg. 6). The braggite compositions
along the reef are plotted in the PtS-pdS-NiS
triangle with cooperite and vysotskite (Fig. 5).

Vysotskite (Pd,Ni,Pt)S is less common than brag-
gite and cooperite. It occurs in relatively small elon-
gate grains, 10-30 pm in diameter, mainly in sulfides
near the rim of sulfide aggregates, or in silicates still
attached to a sulfide, mainly pentlandite or pyrrho-
tite. The Ni contents (Iable 28) are higher than those
reported by Criddle & Stanley (1985) for pt-bearing
vysotskite. Specifically, it seems to be common in
the vicinity of millerite, ald where the latter replaces
pentlandite, then vysotskite is commonly surrounded
by millerite. Heazlewoodite also appears in these
aggregates. Oxidation of primary sulfides and
replacement by magnetite are frequently the typical
assemblages for vysotskite. In addition to relatively
homogeneous grains carrying little or no platinurr,
vysotskite compositions were encountered in a large
inhomogeneous aggregate of braggite-vysotskite,
surrounded by millerite (Fig. l0). This grain shows
a much wider compositional variation than revealed
in the two compositions given here. More details are
gven in Volborth (1985). Six vysotskite compositions
are given in Table 28. The spectral reflectans€
curves, as well as microhardness, were measured for
selected analyzed spots in this grain as well as in a
couple of small homogeneous grains (Iable 3).
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A Pt-Fe alloy is relatively common; it generally
occurs in very small grains approximately 5 pm
across, usually in clusters, or worm-like aggregates,
rarely as larger, 10-50 pm, rounded or irregular
grains, then occasionally surrounded by cooperite-
braggite and chalcopyrite (Fig. 8) (see cooperite). The
Pt-Fe alloy seems to appear mainly in strongly ser-
pentinized parts ofthe deposits. Two spectral reflec-
tance curves are given in Figure I l. Measured micro-
hardness VHN30 on analyzed Pt-Fe is 310-321 (for
composition see Table 2B). Note that the Pd-bearing
grains show 2-390 higher reflectance at the same Fe-
content. Ten compositions with formulae are given
in Table 2B. Most show a few percent palladium,
but the composition remains remarkably consistent
along the reef. Ni is present only in traces, Cabri &
Laflamme (1974) also emphasized the consistency in
composition of the three Pt-Fe grains from concen-
trates that they studied.

Palladoarsenide PdrAs is rare; it occurs in two
small elongate grains 10-30 pm across, near larger
aggxegates of sulfide rich in pentlandite and pyrrho-
tite rimmed by chalcopyrite. Sperrylite is then usually
abundant in the sulfide aggregates as well as in sili-
cates in the immediate vicinity. Compositions in
Table 2A correspond to stoichiometric palladoar-
senide. Unlike the two grains of palladoarsenide
described by Cabri et al. (L975), the grain found was
suitable for measurement of reflectance (Fig. 12) and
microhardness (VHNro 289-331), thus permitting us
to obtain dala complementary to those compiled by
Tarkian & Bernhardt (1984). To our knowledge, the
only other published optical data on this mineral are
provided by Begizov et al. (1974), and the color
values are grven by us for the first time (Table 4).

TABtr 4. OPIICAL DATA FOi ([II}|CONTI'E I}ID PAIAMARSENIDE

pa1 ladoar3en lde
t5 l  84-4-A2Sahp le  No,  L3 lA4-3

rnn  R1 R2 *1 Rz

4 0 0
420
4 4 0
4 6 0
4 8 0
5 0 0
5 2 0
5 4 0
5 6 0
5 8 0
6 0 0
620
6 4 0
6 6 0
6 8 0
7 0 0

4 0 . 8
4 I . 6
4 1 . 8
4 2 . 0
4 2 . 3
4 2 . 9
4  3 . 5
4 4 . 4
4 5 . 3
4 6 . 0
4 6 . 8
4 8 . 0
4 9 . 3

5 2 . 0
5 3 . 5

4 0 . 6
4 L . 1
4 1 .  5
42.0
4 2 . 6
41.4
4 4 . r
4 4 . 9
4 5 . 8
4 6  . 6
4 1  . 5
4 8 . 8
4 9 . 9
5 0 . 9

5 3 . 4

4 4 . 2
4 6 . 8
4 8 . 4
4 9  . 4
5 0 . 2

5 3 . 9
5 4 . 6
5 5 . 4
5  6 . 0
5 6 . 6
5 1 . L
5 1  . 8

4 6 . 8
4 8 . 8
5 0 . 3

5 4 .  r
5 4 . 8
5 5 . 4
5 5 . 8
5 6 . 1

5 1 . 6
5 8 . 1
5 8 . 6

Color values(C)
x  0 .  3 2 1 5
y  0 . 3 2 3 5
Y $  4 5 . 2
P e g  5 . 0
r d  5 8 4

0 .  3 2 0 0  0 .  3 2 0 8
0 , 3 2 s 4  0 . 3 2 8 4

5 3 . 1  5 5 . 1
5 . 1  6 .  I

579 516

0 . 3 2 2 1
0 . 3 2 5 3

4 5 . 8
5 , 8

542

uic!o- indentat ion hardness
wNr. o

Stillwaterite PdsAs3 in its type locality (Cabri et
al. 1975) occurs as a single anhedral grain, near pent-
landite and pynhotite with palladoarsenide, along
with sperrylite grains and a large grain of braggite
(>200 pm), in a sulfide aggregate rimmed by chal-
copyrite. The analytical data reveal a remarkably
stoichiometric composition (Table 2A) compared to
the 13 grains of stillwaterite analyzed by Cabri et al.
(1975), Our first EMP data indicated a composition
closer to guanglinite, PdrAs.

Keithconnite Pdr-,Te in its type locality (Cabi et
al. 1979) occurs a$ two small grains 15 pm across in
silicates near disseminated grains of chalcopyrite in
association with moncheite, vysotskite, gold and pal'
ladian pentlandite. Despite the small grain-size, it was

480 520 s60 500 640

\ ( nm l
Ftc. 13. Reflectance spectra of keithconnite.

400 4lr0 680 720
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possible to obtain a useful analysis (Table 2A), as
well as spectral reflectance data (Fig. 13, Table 4).
Keithconnite shows a weak anisotropy and low
bireflectance.

Kotulskite PdTe occurs in one polished section,
not yet sufficiently described, from western Frog
Pond, in association with sperrylite, pentlandite, pyr-
rhotite, chalcopyrite and late pyrite. Its composition
is given in Table 24.

Four grains of hollingworthile RhAsS are found
closely associated with cobaltite, (Au,Ag), pyrrho-
tite, pentlandite, pyrite and chalcopyrite @gs. 14,

Frc. 14. Hollingworthite, h, Blakely Creek, cluster of crys-
tals in cobaltite, co, with three (Au,Ag) erains, white,
in a sulfide aggregate with pyrrhotite po, pentlandite
pd, pyrite py and chalcopyrite cp. Oil irnmersion,
reflected light. See Figures 15 and 16 for distribution
of Rh and Ir.

Frc. 15. Electron back-reflection scan showing the distri-
bution of iridium in the hollingworthite crystals shown
in Figure 14, h, grey; (Au,Ag)" white, and the cobal-
tite cluster, co. Note the lighter lr-rich plume in centre
of the three crystals of hollingworthite.
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15, lO. Composition (no.l4/WQ: Rh 35.2, Pt 10.6,
Pd 7.1, Ir 0.1, As 35.0, S L2.7,Dl00.7Vo. Formula:
(Rho.i7Pd0. l5Pts. 12lrq.e1)p r.$As t.osSo.s0.

The grains are too small and too inhomogeneous,
for reflectance and hardness measurements. This is
the flrst published composition of this mineral at
Stillwater; Cabri only mentions this mineral as occur-
ring in the Stillwater complex (1981 , p. 239). Tarkian
& Stumpfl (1975) described hollingworthite fhst from
the Driekop mine in Transvaal. In North America,
it is mentioned as occurring at Werner Lake, Ontario
@ucklidge 1969). The other locality known is Hitura,
Finland (Hiikli et ol. 1976).It appears that holling-
worthite occurs quite commonly at Stillwater with
gold, braggite and sperrylite, as a thin crust around
other Pt-Pd minerals and as minute inclusions in
these. Of interest are iridium-rich flame-like inclu-
sions in the thee crystals of hollingworthite pictued
in Figures 15 and 16. Cabri et al. (1984) reported
between 60 and 112 ppm Rh in the pentlandite from
Stillwater.

Electrum (Au,Ag) is quite abundant and tends to
occur surrounded by silicates or in close association

: with cobaltite (Figs. 14, 15) and FeNi- and Ni-sulfides
, where magnetite is present. It appears to evolve in
; serpentinized regions as a secondary mineral. Com-
i position: Au 84.5, Ag 14.6$/0, formula:
' Aoo.rAgo.rn.

A CuZnFeSn alloy occurs ln veinlets and numer-
ous minute grains, 5 pm across, as a secondary
mineral with marcasite, pyrite, graphite, epidote and
serpentine in one polished section. Composition: Cu
85.0, Zn 5.5, Sn 2.7, Fe 2.9i/0.

Frc. 16. Rhodium X-ray scan of the largest crystal of hol-
lingworthite, h, in Figures 14 and 15. Iridium is con-
centrated in a plume-like dark zone diagonally across
the crystal. Compare with Figure 15, where iridium elec-
tron backscatter i3 strongest within each of the three
crystals of hollingrvorthite, owing to an iridium-rich
zone in the centre.
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Michenedte PdBiTe occurs in the Janet-50
graphite-rich zone under the reef (Volborth & Ilous-
ley 1984). Here it is in association with hessite AgTe,
wehrlite BiTe (see Hoffman & Maclean 1976, who
described a very similar experimental paragenesis for
a temperature range of 380o to 490"C), sphalerite,
magnetite, pentlandite, chalcopyrite, pyrrhotite, nic-
colite, cobaltite, major graphite, and an alloy, BiNi,
not previously described as a mineral but known in
metallurgy (Hansen 1958). We have not seen
michenerite in the main PGE zone. Results of a
scanning-electron-microscope (SEM) analysis of this
michenerite are given in Table 2A.

Of interest is the occurrence in these graphite-rich
pyroxenite pegmatoids of originally euhedral, partly
resorbed chlorapatite, of which two grains gave by
nondispersive SEM analysis: Ca 40.0, P 17.5, Cl 5.4
and Fe 1.890, and Ca39.9, P 17.5, Cl 6.3 and Fe
1.990. The massive graphite of this pegmatoid also
contains in most ca$es at least a few tenths of one
percent chlorine (>0.190). The presence of major
Cl could explain the separation of Pt complexed with
chlorine from Pd in these and similar deposits. We
have here in mind the separate occurrence of the
main Pt minerals moncheite, cooperite and sperry-
lite in the vicinity of palladian pentlandite, vysotskite,
and ttre rarer palladium tellurides and arsenides. We
believe that Pt could have separated from palladium
in early stages in the form of chloride complexes,
later reacting with sulfur and arsenic. Tapani Muta-
nen, of the Finnish Geological Survey, has recently
also discovered cumulus chlorapatite at Koitelainen,
in Finnish Lapland (priv. comm., 1985). Chlorapa-
tite has been previously reported by Volborth &
Housley (1984) from the Janet claims and by
Boudreau & McCallum (1985) from the pegmatoid
J-M Reef near Picket Pin in Stillwater. Boudreau
& McCalh'm emphasized that whereas the chlorine
content of apatite from the Anorthosite II zone is
similar to that of other layered intrusive complexes,
the chlorine content ofthe reefls apatite is unusually
hieb. The importance of the Cl has been also empha-
sized for the Bushveld Complex by Schiffries (1982)
and Kinloch (1982).

In addition, the unusual assemblage described
includes small grains of rare-earth minerals, a Th
mineral, Sc- and Y-rich minerals, calcite, quartz and
chromian phlogopite mica rich in Cl (see Boudreau
& McCallum 1985).

Of exceptional interest in the above association
with graphite is the occurrence of four grains of a
rhenium suffide Re2S, in a pentlandite-pyrrhotite
aggregate in graphite-rich coarse pyroxenite. This
assemblage is to be described in more detail in a
separate paper. In none ofthe hundreds ofpolished

sections exanined have we seen rnolybdenite. This,
and the appa,rance of a Re nnineral, should indicate
the deart& of Mo in these Stillwater PGE ores.

DrscussloN eNn CoNcr-usloNs

In this work, we attempt to present a description
of the PGE minsmlegy and to relate the composi-
tional changes along the whole strikeJength of the
J-M Reef. New data on tle pyroxenite pegmatoid
graphitic layers sorne 2@ m below the J-M Reef give
this work some three-dimensional scope. The infor-
mation here given represents less than l07o of the
material studied in polished section. The amount of
information is so overwhelming th31 snly the most
important data are compiled. We had to abandon
many original concepts as materials accumulated (see
Open-File Report, Volborth 1985) and we do real-
ue tbat this work is only a very preliminary pilot
study of the core material available to us. Therefore,
at this stage we have avoided comparisons with
recent, and already classic, mineralogical studies of
the Merensky Reef and the UG-2 chromitite by Ver-
maak & Hendriks (1976), Mclaren & DeVilliers
(1982), Kingston & El-Dosuky (1982), Mostert et al.
(1982), Kinloch (1982) and Peyerl (1982), and wirh
that of the Noril'sk Cu-Ni deposits by Ger.krn et al.
(1981). Without doubt these studies have significantly
influenced our planning, our thinking, and thus the
overall structure and nature of this work, but it is
too early to enter into protracted discussion of the
genesis of these deposits. Nevertheless, our findings
seem to warrant a statement that the abundance of
Cl in apatite and graphite may explain the separa-
tion of Pd and Pt in the Stillwater and other deposits.

The widespread occurrence ofgraphite below the
J-M Reef points to carbon as an integral constituent
of the fluid system that played a significant role in
the formatiou of the Stillwater Reef, and of pegma-
tites at lower stratigraphic levels. The physicochem-
ical parameters of graphite formation in the Upper
Critical Zone of the Bushveld Complex have recently
been evaluated by Ballhaus & Stumpfl (1985).
Graphite deposition and release of HrO are linked
viathe reaction CO2 + CH4 : 2C + 2 HrO, and
this explains the common association of graphite
with hydrous silicates. Chlorine is an important
minor constituent in graphite, which thus joins
hydrous silicates and apatite as major repositories
of chlorine.

The occurrence of rhodium minerals means that
not all the Rh in Stillwater is in solid solution in pent-
landite, as seems to be the case in the Merensky Reef
(Kinloch 1982). The concentration of Pt-Fe alloys
in serpentinized rock speaks for their late, secondary
nature. There seems to be an increase in frequency
of Pd minerals compared to Pt minerals toward the
east, when one takes the mineralogy of the West Fork
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and the Minneapolis adits (not described here) into
accounl. The remarkable consistency in composition
of the Pt minerals moncheite, sperrylite, cooperite
and the Pt-Fe alloys seems to speak for efficient
separation of Pt from Pd at an early stage into differ-
ent phases owing to the early presence of Cl and S.
Replacement phenomena are more advanced in the
east of the deposit, as manifested by alteration and
increased Pd-mineralization, leading to extremely
Pd-rich pentlandile found at the Minneapolis adit.
We have studied pbout 100 polished sections from
1[s \dinneapslis adit; the preliminary data of this
study are not pubtshed here, because a major study
of Minneapolis mineralogy by others may be in
progress. Also, because minerals from the West Fork
adit have been extensively described by Cabri and
coworkers, we have left that segment of the Stillwater
mineralogy virtually untouched. The frequency of
our data is biased toward the Frog Pond section;
nevertheless our knowledge of the mineralogy of the
Minneapolis and West Fork adits tends to support
our contention that palladium mineralization may
be more pronounced toward the east.
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