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ABSTRACT

The mineralogy, composition and texture of magmatic silicates, alteration minerals, base-metal sulfides (BMS) and platinum-
group minerals (PGM) were determined for seven borehole samples from the J–M Reef and its footwall in the Stillwater Com-
plex, Montana. We used optical microscopy, scanning electron microscopy and electron-microprobe analysis. The BMS identi-
fied are pyrrhotite, chalcopyrite, pentlandite and minor pyrite. Thirty-six grains of PGM were found in four of six polished thin
sections. The samples record evidence of a hydrothermal event or events that have locally altered magmatic silicates, recrystallized
BMS aggregates and remobilized sulfides and platinum-group elements (PGE). The alteration assemblage consists dominantly of
chlorite, clinozoisite, serpentine, calcite, talc, white mica, and magnetite, with traces of tremolite, Cl-rich ferropargasite and
quartz. The intensity of alteration ranges from 90% altered in the footwall sample to 10% altered in the least-altered reef sample.
In the weakly altered samples of the reef, BMS occur in aggregates interstitial to essentially unaltered plagioclase and are prob-
ably of primary origin. Some of these aggregates contain inclusions of PGM from 80 to 130 �m across at the BMS–silicate
contact. In strongly altered samples, the BMS are strongly recrystallized and intergrown with hydrous minerals in aggregates;
they also replace primary silicates and appear in veinlets up to 2 mm wide. The PGM in this association occur with or without
BMS as fine grains (1–30 �m) intergrown with alteration minerals in replacements of silicates and in veinlets. The intergrowth
of secondary sulfides with chlorite, clinozoisite, and Cl-rich ferropargasite indicates an alteration assemblage that probably formed
between 230 to over 350°C. Hydrothermal alteration and mineralization are associated with thin dilational fractures that provided
channelways for hydrothermal fluids. As the assay data for the four borehole cores indicate, there is an inverse relationship
between intensity of hydrothermal alteration and PGE grade that could explain some of the variability in the grade and thickness
of the J–M Reef.

Keywords: J–M Reef, platinum, palladium, alteration, hydrothermal. Cl-rich amphibole, petrography, geochemistry, layered
intrusion, Stillwater Complex, Montana.

SOMMAIRE

Nous avons établi la minéralogie, la composition et la texture des silicates magmatiques, des minéraux d’altération, des
sulfures des métaux de base (BMS) et des minéraux du groupe du platine dans sept échantillons provenant de carottes traversant
le banc dit de J–M et les roches du socle du complexe de Stillwater, au Montana. A cette fin, nous avons utilisé la microscopie
optique, la microscopie électronique à balayage et les analyses à la microsonde électronique. Les sulfures des métaux de base
sont: pyrrhotite, chalcopyrite, pentlandite et pyrite accessoire. Trente-six grains de minéraux du groupe du platine sont présents
dans quatre des six lames minces polies. Les échantillons témoignent d’un ou des événements d’altération qui ont causé une
altération des silicates primaires, recristallisé les aggrégats de sulfures, et remobilisé les éléments du groupe du platine.
L’assemblage indicatif de l’altération contient surtout chlorite, clinozoïsite, serpentine, calcite, talc, mica blanc, et magnétite,
avec des traces de trémolite, ferropargasite riche en chlore et quartz. L’intensité de l’altération varie de 90% dans un échantillon
des roches sous-jacentes à 10% dans l’échantillon du banc J–M le plus sain. Dans les échantillons légèrement altérés du banc, les
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sulfures se trouvent en aggrégats interstitiels à des cristaux frais de plagioclase, et seraient probablement d’origine primaire.
Certains de ces aggrégats contiennent des inclusions de minéraux du groupe du platine de 80 à 130 �m de diamètre aux contacts
entre sulfures et silicates. Dans les échantillons plus altérés, les sulfures sont fortement recristallisés et en intercroissances avec
les minéraux d’altération; ils remplacent aussi les silicates primaires et forment des veinules atteignant 2 mm en largeur. Les
minéraux du groupe du platine dans cette association se présentent en grains plus fins (1–30 �m) associés ou non avec les
sulfures, en intercroissances avec les minéraux d’altération en remplacement des silicates, et dans les veinules. L’intercroissance
de sulfures secondaires avec la chlorite, clinozoïsite, et ferropargasite chlorée indiquerait une recristallisation probablement entre
230 et plus de 350°C. L’altération hydrothermale et la minéralisation sont associées à de fines fractures dilationnelles qui auraient
fourni des avenues d’accès à la phase fluide hydrothermale. Comme l’indiquent les données analytiques, il y a une corrélation
inverse entre intensité de l’activité hydrothermale et la teneur en éléments du groupe du platine, ce qui rendrait compte de la
variabilité en teneur et épaisseur du banc J–M.

(Traduit par la Rédaction)

Mots-clés: banc J–M, platine, palladium, altération, hydrothermale, amphibole riche en chlore, pétrographie, géochimie, intru-
sion stratiforme, complexe de Stillwater, Montana.

the primary silicate, oxide and sulfide mineralogy and
speculated on the orthomagmatic or hydromagmatic
origin of the deposit, but little attention has been paid to
the postmagmatic hydrothermal alteration and what in-
fluence it may have had on this important ore deposit.
The reef is commonly described as being “serpentinized”
or “metamorphosed” in the literature (e.g., Bow et al.
1982, Mann & Lin 1985, Volborth et al. 1986), but the
alteration mineralogy and geochemical modification of
the ore deposit have not been previously described. This

INTRODUCTION

The Stillwater Complex in south-central Montana is
the host of the palladium and platinum ore deposit
known as the J–M Reef (Fig. 1). This magmatic ore
deposit has been widely affected by a postmagmatic
hydrothermal event (or events) that has altered the host
rocks and recrystallized and remobilized the base-metal
sulfides (BMS) and platinum-group minerals (PGM).
Previous investigators of the J–M Reef have described

FIG. 1. Simplified geological map of the Stillwater Complex showing the location of the J–M Reef, and the mines and adits
referred to in the text. Modified from McCallum (1996).
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is thus the first published study of the mineral chemis-
try and textural relationships of the hydrothermal alter-
ation in the J–M Reef and the first identification of
Cl-rich ferropargasite in the alteration assemblage.

In this paper, “hydrothermal” is defined as a process
involving a hot (>30°C), predominantly aqueous fluid
regardless of origin (e.g., magmatic, metamorphic, or
meteoric; deuteric or external). In prior petrographic and
scanning electron microscope (SEM) studies, we de-
scribed the textural relationships among alteration min-
erals, base-metal sulfides (BMS) and the PGM, and
presented geochemical evidence that hydrothermal
event(s) locally reduced the platinum-group element
(PGE) grade of the J–M Reef (Polovina & Hudson 2001,
2002). In this paper, we augment our earlier research
with electron-microprobe analyses of the alteration as-
semblage, primary silicates and palladian pentlandite,
and provide further textural and geochemical evidence
of the degrading affect of hydrothermal alteration on the
ore deposit. We discuss our results in the context of prior
trace-element studies of the reef in which other authors
did not consider postmagmatic processes in their inter-
pretations, and propose that future geochemical studies
be done in conjunction with petrographic studies in or-
der to gain a better understanding of the origin and
modification of the PGE deposit.

GEOLOGICAL SETTING

The geology and PGE deposits of the Stillwater
Complex have been reviewed by Czamanske & Zientek
(1985), McCallum (1996), and Zientek et al. (2002).
Briefly, the 2.7 Ga mafic to ultramafic layered intrusion
is located on the northern flank of the Beartooth Moun-
tains in south-central Montana (Fig. 1). The layered
rocks of the complex have an approximate thickness of
6 km and a strike length of 42 km, as exposed in a tilted,
moderately northeasterly dipping fault-bounded block.
The layered cumulates that form the complex have been
subdivided into five series (Basal. Ultramafic, and
Lower, Middle and Upper Banded) and 14 to 18 zones,
largely on the basis of the presence or absence of cumu-
lus minerals (McCallum 1996, Zientek et al. 2002).

The complex was affected by several post-emplace-
ment magmatic and deformational episodes. Archean
quartz monzonite plutons were intruded near the base
of the complex approximately 60 m.y. after crystalliza-
tion of Stillwater magmas (Nunes & Tilton 1971).
Archean and Proterozoic mafic dikes and sills are found
throughout the complex, and they have yielded ages of
2.6 Ga (Sm–Nd; Longhi et al. 1983) and 2.4 and 1.6 Ga
(K–Ar; Baadsgaard & Mueller 1973). During the late
Cretaceous to early Tertiary Laramide orogeny, the
complex was intruded by magmas of felsic to interme-
diate composition, forming dikes and sills, and was in-
volved in fold–thrust foreland deformation during the
formation of the Beartooth uplift.

PREVIOUS INVESTIGATIONS

Widespread evidence in the Stillwater Complex for
post-emplacement alteration of primary silicates has
been attributed to either metamorphic or hydrothermal
processes. Most of the evidence is based on field obser-
vations by Page (1977) and some geochemical data from
Marcantonio et al. (1993) and Czamanske & Loferski
(1996), but there is little published information on the
petrography or geochemistry of the secondary silicates
(e.g., Page 1976). Re–Os isotopic systematics on a mo-
lybdenite veinlet in a chromitite sample from the Ultra-
mafic series documents the mobiliztion of rhenium, and
probably osmium, by deuteric hydrothermal fluids that
permeated the intrusion shortly after its crystallization
at 2.7 Ga (Marcantonio et al. 1993). Chlorite and epi-
dote alteration is widely developed in the mafic dikes,
the quartz monzonites and the anorthosites and gabbros
of the Banded series (Page 1977). McCallum et al.
(1999) noted that this low-temperature alteration is typi-
cally restricted to faults or fracture zones, where water
infiltrated the complex; elsewhere, the primary mag-
matic minerals are preserved. Page (1977) described a
localized foliation involving metamorphic minerals that
strikes east–west and dips northward and is defined by
epidote and parallel chlorite and mica minerals in the
quartz monzonites and by serpentine–magnetite veins
and flattened, parallel orthopyroxene oikocrysts in rocks
of the Ultramafic series. Page interpreted the localized
foliation and the widespread occurrence of secondary
chlorite and epidote in the complex as evidence that the
complex was subjected to a regional greenschist facies
metamorphic event that has a U–Pb age, determined on
four separates of apatite, at between 1.7 and 1.6 Ga
(Nunes & Tilton 1971). Further evidence of widespread
alteration is presented by Czamanske & Loferski (1996)
in their analyses of anorthosites of the Middle Banded
Series. They found that the contents of K, Ba, and the
light-rare-earth elements (LREE) in the samples had
been significantly modified by a post-cumulus hydro-
thermal fluid. The plagioclase in the samples was found
to contain numerous fractures hosting a fine-grained, K-
rich phase, presumed to be white mica. Their study was
not definitive as to the temperature or timing of this
hydrothermal event or the source of the fluids.

The J–M Reef, a stratigraphic interval of dissemi-
nated sulfides (0.5–3 vol.%) that are enriched in PGE,
is located near the base of the Lower Banded series,
about 400 m above the top of the Ultramafic series
(Fig. 1). The J–M Reef has been traced for 42 km along
strike and at least 1 km down dip. The reef is broadly
continuous across the entire complex, but remarkably
variable if viewed in detail. It typically ranges from 1 to
3 m thick (averages 1.8 m), but may be absent or more
than 12 m thick in locally developed zones that mine
geologists refer to as “ballrooms”. The dominant PGM
are braggite, cooperite, isoferroplatinum, vysotskite and
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moncheite. Approximately 80% of Pd occurs in solid
solution in pentlandite (Heyse 1983). The average grade
is 18.8 ppm Pd + Pt with a Pd to Pt ratio of 3.4:1 (Zientek
et al. 2002). However, the grade and thickness are so
variable that the deposit is exploited by selectively min-
ing the higher-grade areas, such that less than 40% of
the reef is mined (Stillwater Mining Co., 2002,
Stillwater information sheet). There are currently two
producing mines: the Stillwater mine and the East Boul-
der mine (Fig. 1).

Two models have been proposed for the origin of
the J–M Reef. The orthomagmatic model holds that
immiscible sulfide droplets “scavenged” PGE from a
large volume of silicate melt during a magma-mixing
event, as they settled to the floor of the magma chamber
to form the reef (Campbell et al. 1983). In the alterna-
tive hydromagmatic model, Boudreau & McCallum
(1989) proposed that Cl-rich hydrous fluids exsolved
during the late stages of intercumulus crystallization,
and leached and transported PGE and other trace ele-
ments as they migrated upward through the pile of cu-
mulates. These fluids reacted with sulfides formed
during an earlier magmatic episode to form the PGE-
rich reef. The presence of Cl-rich apatite throughout the
Ultramafic series and in the J–M Reef (Boudreau et al.
1986) supports the importance of migrating Cl-rich flu-
ids.

The PGE mineralogy of part of the J–M Reef was
described by Cabri and coworkers on the basis of stud-
ies of sulfide concentrates, mainly from the West Fork
adit (Fig. 1) (Cabri & Laflamme 1974, Cabri et al. 1975,
1976, 1979, 1984). In a petrographic and ore-micros-
copy study, Todd et al. (1982) identified some of the
alteration minerals and the BMS and PGM from two
drill cores from the Dead Tree area west of the Frog
Pond adit (Fig. 1). However, they did not describe the
textural relationships between the opaque minerals and
the alteration minerals. Bow et al. (1982) described the
J–M Reef exposed in the Minneapolis adit (Fig. 1) as
sheared and serpentinized, a result of complex faulting.
The most thorough description of hydrothermal alter-
ation and ore mineralogy in the J–M Reef is in an un-
published petrographic and SEM study by Heyse
(1983). His report is based on polished thin sections of
sulfide concentrate and several core and hand samples
from the Frog Pond and Minneapolis adits. In that tex-
tural study, Heyse (1983) found both primary and sec-
ondary base-metal sulfides occurring as mineral
aggregates interstitial to silicates, as replacements of
silicates and as veinlets, all associated with extensive
alteration of silicates in fractured and sheared rocks of
the reef. The PGM identified were found to be closely
associated with BMS in the mineral aggregates but also
as abundant fine grains in veinlets and fractures. The
strong hydrothermal alteration of the J–M Reef and
cross-cutting mafic dikes exposed in the West Fork adit
is described as pervasive metamorphism by Mann & Lin
(1985). Zientek & Oscarson (1986) identified 160 PGM

grains in one sample from the Minneapolis adit, and
found that 70% of them occur in fractures or veinlets
with or without BMS. Hydrothermal alteration and sec-
ondary BMS and PGM were found over a 35 km strike-
length of the J–M Reef by Volborth et al. (1986) in an
examination of 140 polished sections from 70 core
samples. McCallum et al. (1999) found textures and Pb
isotopic ratios in sulfide minerals from the J–M Reef
(Stillwater mine) suggestive of a post-emplacement
hydrothermal event in which radiogenic lead derived
from sources outside the complex was added to the sul-
fides during recrystallization at low temperature. They
attributed their results to a mixing event associated with
regional greenschist-facies metamorphism dated be-
tween 1.7 and 1.6 Ga (Nunes & Tilton 1971). The oxy-
gen isotope analyses of Lechler et al. (2002) on rock
samples from the East Boulder mine show a striking
depletion of �18O values from +6‰ in the footwall and
hanging-wall rocks to values of +2 to 3‰ in the J–M
Reef. The depletion of values in the reef is interpreted
to indicate involvement of non-magmatic water, prob-
ably during the alteration of the silicates. A preliminary
structural analysis of the J–M Reef in the East Boulder
mine found evidence of intense alteration of silicates
associated with west–northwest-striking faults that are
subparallel to the reef and in the wall rocks to mafic
dikes that cross-cut the reef (Childs et al. 2002). An
assemblage of serpentine, chlorite, epidote and carbon-
ate characterizes the alteration zones associated with the
west–northwest faults, and there are commonly de-
creased PGE grades relative to adjacent unaltered por-
tions of the reef (Childs et al. 2002).

METHODS

Eighteen (18) underground borehole cores drilled
from the 6455 foot (1968 m) level footwall lateral be-
tween 68000 W (20732 m) and 68600 W (20915 m) in
the East Boulder mine were logged for lithology, alter-
ation and BMS (Fig. 2). All boreholes intersected the J–
M Reef, and its footwall and hanging-wall lithologies.
Seven core samples that showed a visual range of alter-
ation and, in some cases, evidence of secondary sulfides
in the form of veinlets and fine-grained replacements of
silicates, were selected from four of the boreholes
(Fig. 2). Six polished thin sections and one thin section
were prepared and were examined by transmitted and
reflected light microscopy, and with a scanning elec-
tron microscope at Stanford University. An energy-dis-
persion spectrometer (EDS) using a JEOL model 5600
SEM with an EDAX–EDS system was used to perform
“standardless” analysis of the PGM in order to identify
them. Errors typically associated with standardless
analyses are in the 10% range.

Major-element data on the silicates were obtained
using a JEOL model 733 electron microprobe, operated
at 15 kV and 15 nA, at Stanford University. Natural
mineral standards from the Stanford collection were
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used, and corrections were applied to the data using the
CIT–ZAF scheme. Twenty-second count times were
used throughout the analysis. This assured 1% precision
for standards and major components of the unknowns.
Analysis of the standards for the major elements assured
accuracy of 2% or better. Precision and accuracy de-
crease as component concentrations decrease, as ex-
pected. For the amphibole, the analysis was a special
case, as the microprobe was not set up to do quantita-
tive analyses for the halogens. On the basis of an esti-
mate of the EDS peak for Cl, the Cl content of the
Cl-rich amphibole was arbitrarily set at 4 wt.%. The
fluorine content was not determined. Time constraints
dictated an abbreviated procedure for the analysis of
pentlandite. The three major elements were arbitrarily
given stoichiometric values, and the concentratoin of Pd
was established using a Pd metal standard and full CIT–
ZAF corrections, because of the very low concentrations
of Pd. The accuracy of the Pd analysis is in the 5–10%
range, and the slightly high totals were considered of no
consequence.

ALTERATION

The host rock for the J–M Reef, as identified in six
thin sections from three borehole cores over a 150 m
strike-length (Fig. 2), is a troctolite with 70 to 90 modal
% randomly oriented anhedral plagioclase. Olivine,
orthopyroxene and lesser augite form irregular
oikocrystic grains interstitial to the plagioclase. In addi-
tion, there are traces of small interstitial grains of phlo-
gopite and irregularly shaped aggregates of sulfide
grains. In the J–M Reef, weak to moderate levels of al-
teration, fine fracturing, and secondary BMS as fracture
fillings and fine replacements of mafic silicates were
commonly noted during core logging. The rocks imme-
diately below the J–M Reef are gabbro and norite with
lesser anorthosite, peridotite, and dunite. Moderate to
strong chlorite–carbonate alteration and fracturing, ex-
tending from 7 to 15 m below the base of the reef, was
commonly observed during core logging. The rocks
immediately above the J–M Reef are anorthosite,
troctolite, and lesser dunite. Carbonate and serpentine

FIG. 2. Longitudinal vertical projection of underground borehole intercepts in the plane of the J–M Reef, East Boulder mine,
looking northeast and showing the location of the boreholes sampled in this study. Westing lines refer to the mine coordinate
system.
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are the only significant alteration-induced minerals
logged in the hanging wall, and they are invariably as-
sociated with shearing in the thin dunite unit. Mafic
dikes and sills (up to 24 m wide) were logged; they typi-
cally cut the footwall rocks, and chlorite–carbonate al-
teration was commonly observed extending 3 to 10 m
into the wallrock.

The alteration assemblage consists dominantly of
chlorite, clinozoisite, serpentine, calcite, talc, white
mica, and magnetite, with traces of tremolite, Cl-rich
amphibole and quartz. The primary and secondary min-
erals identified in thin sections and their textural rela-
tionships are summarized in Table 1. Results of
electron-microprobe analyses of selected silicate min-
erals are recorded in Table 2. Alteration intensity, as es-

timated from thin sections, decreases from 90 modal %
in footwall sample 68–1 (Fig. 3A) to 10 modal % in
sample 148–1 (Fig. 4E). Samples 71–1 (Figs. 3B–D,
4D), 71–2 (Figs. 3E, F, 4A–C), 71–3, 71–4, and 85–1
display decreasing intensity of alteration in the order
listed between end members (68–1 and 148–1).

Aggregates, less than 0.5 mm across, of magmatic
sulfide mineral grains are the loci of hydrothermal al-
teration effects in surrounding magmatic plagioclase and
pyroxene. The sulfide aggregates seem to have under-
gone recrystallization. Alteration-induced silicate min-
erals are incorporated within the sulfide aggregates
(Figs. 3B, C, E, F, 4A–D). Secondary clinozoisite or
Fe-rich chlorite (chamosite?) (Tables 1, 2), typically
with disseminated chalcopyrite grains less than 50 �m
across, forms a halo around sulfide aggregates as an al-
teration product of plagioclase and pyroxene (Figs. 3E,
F, 4A, D). More intensely altered rocks have a thicker
aureole of clinozoisite formed at the expense of plagio-
clase around sulfide aggregates. Clinozoisite is Fe-poor,
whereas the intergrown chlorite is Fe-rich (cluster 2, 5,
Table 2). Cl-rich ferropargasite (Table 2) locally forms
a rind around recrystallized sulfide aggregates (Fig. 4A).
The classification of this calcic amphibole conforms to
that proposed by Leake et al. (1997). Intergrown with
and surrounding the blue to green pleochroic Cl-rich
ferropargasite is chlorite and usually a thick rind of
clinozoisite, all formed as alteration of plagioclase and
pyroxene (Fig. 4A). Ferropargasite appears to be earlier
than the clinozoisite and indicates early alkali metaso-
matism, with the sulfide aggregates apparently acting
as loci for the metasomatism. Alteration of plagioclase
grains is mostly confined to the region immediately
adjoining sulfide aggregates and olivine grains, in
weakly to moderately altered rocks, with minor alter-
ation along through-going fractures.

Olivine shows a progressive alteration, initially as
magnetite with traces of pentlandite occurring along
fractures, then with increasing intensity of alteration to
the widening of fractures with selvages of talc, serpen-
tine and in some cases, chlorite (Tables 1, 2). Mg-rich
chlorite (clinochlore?) (clusters 1, 3, Table 2) may be
intergrown with serpentine or form in a separate area of
the same altered grain of olivine. Further alteration in-
volved the areas between fractures being hydrated to Fe-
rich “iddingsite” (clusters 6, 9, Table 2). The olivine or
“iddingsite” then became altered to talc, commonly with
calcite. Where olivine has been completely altered to
talc, tremolite locally occurs, typically with inclusions
of sulfides (Figs. 4B, C). Plagioclase is partially to com-
pletely altered to chlorite wherever it is adjacent to oli-
vine (Fig. 4B). In the most intensely altered rock (68–1),
all of the primary minerals are altered to chlorite, cal-
cite, white mica, and quartz, with much of the primary
texture obscured (Fig. 3A).

Fine white fractures less than 1 mm wide were com-
monly observed in borehole cores in the J–M Reef and
locally in its footwall. The fractures are commonly
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FIG. 3. Transmitted- and reflected-light photomicrographs and an SEM image of textural relationships among alteration miner-
als, BMS and PGM. A. Plagioclase (pl) grains in footwall gabbro are largely replaced by calcite (cal) and white mica (wm)
with a rind of chlorite (chl), in crossed-polarized light (XPL). Sample 68–1. B. Aggregates of recrystallized sulfides (black)
intergrown with chlorite (chl) laths, and much calcite (cal), all altered from plagioclase (pl). Insets delimit the areas of Figures
3C and 3D (XPL). Sample 71–1. C. Aggregate of chalcopyrite (cp), pentlandite (pn), and pyrrhotite (po) intergrown with laths
of chlorite in reflected light. Note sperrylite (spt) grain in upper right corner. Inset delimits the area of Figure 3D. Sample 71–1.
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FIG. 3. (cont’d) D. Secondary electron image of a detail of C showing sperrylite (PtAs2) grain intergrown with chlorite (chl),
plagioclase (pl) and amphibole (am). Sample 71–1. E. Two sulfide aggregates (black) showing a rim of clinozoisite (czo) and
traces of chlorite (chl) and Cl-rich ferropargasite (cfp) formed from plagioclase (XPL). Note fractures in plagioclase. Inset
delimits the area of Figure 3F. Sample 71–2. F. Two sulfide aggregates of chalcopyrite (cp), pentlandite (pn) and pyrrhotite
(po) in reflected light. Note haloes of fine-grained chalcopyrite. Sample 71–2.
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oblique to the stratigraphy, but have a range of orienta-
tions from subparallel to nearly normal to the stratigra-
phy. Petrographic examination revealed that the amount
of alteration along fractures increases with increasing
alteration of the rock. Chlorite is usually dominant, but
some carbonate, talc and, rarely, Cl-rich ferropargasite
occur in the fractures. In the least-altered rocks, minor
chalcopyrite may occur in the fractures. With increas-
ing alteration, the amount of chalcopyrite increases in
the fractures, along with some pyrrhotite, pentlandite,
and rare PGM. The fractures do not show a component
of slip parallel to the fracture walls, and therefore may
be dilational (Fig. 4D). They may have formed as the
result of hydration-induced expansion during alteration

of olivine (Page 1976, A.E. Boudreau, pers. commun.,
2002) or as late-magmatic cooling-induced fractures or
hydraulic fractures related to the hydrothermal event(s).
On the basis of the dilational nature and hydrous assem-
blage in these fractures, they probably provided
channelways for hydrothermal fluids.

ORE MINERALOGY

The BMS identified are pyrrhotite, chalcopyrite,
pentlandite and minor pyrite. Thirty-six (36) grains of
PGM were found in four of six polished thin sections
and fifteen of these grains were analyzed with SEM–
EDS (Table 3). Seven different PGM were identified,
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with moncheite (PtTe2) and Pd tellurides being the most
common. Sperrylite (PtAs2), isoferroplatinum (Pt3Fe),
native platinum and an unknown Pd–Au–Bi telluride
were also found (Table 3). Gold (~Au80Ag20) and Au
telluride were also identified. The grain sizes range from
130 �m, as represented by one moncheite grain, down
to 1 to 5 �m, as represented by the Pd tellurides and
moncheite grains (Table 3). Pyrite texturally appears to
have crystallized first and was partly to completely re-
placed by pyrrhotite, pentlandite and chalcopyrite
(Fig. 4D). The aggregates of magmatic sulfide minerals
in sample 148–1 contain round inclusions of calcite

(Fig. 4E), indicating that some of the calcite is of mag-
matic origin.

The BMS and PGM were found to have two distinct
textural associations related to the degree of hydrother-
mal alteration. The first association occurs in sample
148–1 and locally in sample 85–1, where BMS mineral
aggregates occur interstitial to essentially unaltered pla-
gioclase (Fig. 4E). These are interpreted as primary
magmatic sulfides. Some of these sulfide clots contain
inclusions of native platinum and moncheite ranging
from 80 to 130 �m at the BMS–gangue contact
(Table 3, Fig. 4E). These are the largest PGM grains
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FIG. 4. Transmitted- and reflected-light photomicrographs and SEM images of textural relationships among alteration minerals,
BMS and PGM. A. Aggregate of recrystallized sulfides (black) in plane-polarized light intergrown with blue to green pleo-
chroic Cl-rich ferropargasite (cfp), chlorite (chl) and clinozoisite (czo), all formed as an alteration of plagioclase (pl) and
clinopyroxene (cpx). Disseminated opaque grains are all chalcopyrite. Sample 71–2. B. Sulfide aggregate (inset) in crossed
nicols showing intergrowth of chlorite (chl) surrounded by talc (tlc) with large grains of tremolite (tr) and a grain of clinozoisite
(czo), all after olivine. Reaction rim of fibrous chlorite on plagioclase above and below, with inner rim of gray, very fine-
grained chlorite. Inset delimits the area of Figure 4C. Sample 71–2. C. Back-scattered electron (BSE) image of pentlandite
(pn) with minor intergrown pyrrhotite (po) intergrown with laths of chlorite (chl), talc (tlc) and tremolite (tr) (black back-
ground). Small grains of keithconnite (ke; Pd3Te) and several fine grains of moncheite (PtTe2) and telluropalladinite (Pd9Te4;
pgm) are intergrown with alteration minerals. Sample 71–2.
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identified. This textural association was commonly ob-
served in previous studies of the J–M Reef (Todd et al.
1982, Heyse 1983, Volborth et al. 1986, Zientek &
Oscarson 1986).

The second textural association was observed in all
of the samples from borehole 71 and locally in those
from hole 85–1. In these thin sections, the BMS aggre-

gates are strongly recrystallized and intergrown with
hydrous alteration-induced minerals (Figs. 3B, C, E, F,
4A–D). These intergrowths occur with alteration min-
erals in veinlets and as fine-grained sulfides intergrown
with alteration minerals in replacements of primary sili-
cates. The PGM found in these altered samples are typi-
cally fine-grained (1–30 �m), located near recrystallized

FIG. 4. (cont’d) D. Sulfide aggregate probably recrystallized from a magmatic clot, shown
in reflected light. Highly corroded pyrite (py) replaced by pyrrhotite (po) and pentlandite
(pn) with chalcopyrite (cp). Note fine-grained chalcopyrite with minor pyrrhotite and
pentlandite in surrounding aureole intergrown with chlorite (chl), white mica (wm) and
calcite (cal), altered from plagioclase (pl). Aggregate is cut by calcite-filled fracture.
Sample 71–1. E. Large clot of magmatic sulfides containing pyrrhotite (po), and
intergrown chalcopyrite (cp) and pentlandite (pn), and moncheite PtTe2 (mo), located
interstitially to plagioclase grains (pl), with minor extent of alteration (BSE image).
Note round inclusion of calcite (cal) in pentlandite. Sample 148–1.
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aggregates of sulfide minerals, and intergrown with al-
teration minerals in veinlets and as replacements of pri-
mary silicates (Figs. 3B–D, 4B, C). This textural
association applies to 90% of the PGM grains identi-
fied, including sperrylite, isoferroplatinum, and all the
Pt- and Pd-bearing tellurides, as well as the Au-bearing
minerals (Table 3). They occur within 350 �m of the
large aggregates of sulfides. Other authors identified
fine-grained PGM with or without BMS as inclusions
in silicate minerals or in veinlets and fractures, within 1
mm of the large aggregates of BMS (Todd et al. 1982,
Heyse 1983, Cabri et al. 1984, Volborth et al. 1986,
Zientek & Oscarson 1986).

Thirty grains of pentlandite were randomly selected
and analyzed with the electron microprobe for Pd con-
tent. The pentlandite grains were determined to have
more than an order of magnitude range in Pd content
from the approximate detection-limit of 0.06 wt.% Pd
up to 0.75 wt.% Pd (Fig. 5). An additional eighteen
grains of pentlandite were analyzed semi-quantitatively
by SEM–EDS and only one (sample 85–1, 3.8 wt.% Pd)
had Pd above the detection limit (0.2 to 0.4 wt.% Pd).
Sixteen of the eighteen grains analyzed were from hole
71. An effort was made to analyze both primary mag-
matic pentlandite and secondary recrystallized grains
that are intergrown with alteration minerals. Although
there is considerable scatter in the quantitative data, the
pentlandite grains with the highest Pd content (>0.5
wt.%) are primary and occur in the least-altered sample
(148–1) (Fig. 5). In the most altered sample (71–1), only
secondary pentlandite was identified, and all grains have
low Pd contents (<0.1 wt.%) (Fig. 5). The hydrothermal

FIG. 5. Results of electron-microprobe analyses showing Pd
content in primary and secondary pentlandite in five
borehole core samples from the J–M Reef, in relation to the
intensity of hydrothermal alteration as observed in thin
section.
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event that caused the sulfide aggregates to recrystallize
may have caused the Pd to exsolve from the pentlandite
and to form the nearby Pd tellurides (Fig. 4C), or be
transported even further. Some of the grains of primary
pentlandite in four of the samples have low Pd contents
(<0.3 wt.%) (Fig. 5). They could be the result of hydro-
thermal leaching that did not cause a recrystallization
of the sulfides, or reflect primary variability in the mag-
matic pentlandite. Quantitative analysis of pentlandite
from other locations on the J–M Reef has revealed an
extreme range of Pd content, from 0.1 to 3.4 wt.% Pd
(Todd et al. 1982, Cabri et al. 1984, Volborth et al.
1986). Zientek & Oscarson (1986) reported 3.5 to 8.7
wt.% Pd from semiquantitative analyses of pentlandite
in veinlets in a sample from the Minneapolis adit. The
extreme variability of Pd content in solid solution in
pentlandite may have been the result of varying intensi-
ties of postmagmatic hydrothermal recrystallization and
redistribution of the element.

Chalcopyrite commonly occurs as a halo of fine (<50
�m) grains rimming BMS aggregates, and in veinlets
extending away from the BMS aggregates (Figs. 3E, F,
4A, D). Chalcopyrite thus was the BMS that was most
commonly dissolved and reprecipitated during the hy-
drothermal event(s). The presence of magnetite as a
common alteration-induced mineral with pyrrhotite im-
plies that the hydrothermal fluids had relatively low
activities of S2 and O2 and were both reducing and alka-
line (Barton & Skinner 1979). The intergrowth of chlo-
rite and clinozoisite with secondary sulfides indicates a
moderately low-temperature assemblage that probably
formed between 230 and 320°C, on the basis of studies
of modern geothermal systems (Reyes 1990). The pres-
ence of secondary Cl-rich amphibole in several of the
samples suggests that the temperature of alteration may
have exceeded 350°C, based on studies of the Salton
Sea geothermal system by Enami et al. (1992). In re-

cent experimental studies, Gammons & Bloom (1993),
Pan & Wood (1994), and Gammons (1996) have dem-
onstrated that Pt and Pd can be dissolved as bisulfide or
chloride complexes at temperatures below 350°C.

GEOCHEMICAL DATA RELEVANT

TO BOREHOLE SAMPLES

A comparison of the assay data and petrography for
the four borehole cores reveals that there is an increase
in PGE grade with decreasing intensity of hydrother-
mal alteration as observed in thin section (Table 4).
Borehole core 148 shows the least intense alteration and
has the highest grade (35.24 ppm Pt + Pd over 2.04 m).
In borehole cores 85 and 71, the grades decrease to
23.02 ppm Pt + Pd over 1.89 m and 16.90 ppm Pt + Pd
over 1.92 m, respectively. Borehole core 68 has the low-
est grade at 6.82 ppm Pt + Pd over 2.71 m. The most
altered sample comes from hole 68, in the footwall of
the reef. Although in this borehole core the J–M Reef
was not examined in thin section, alteration minerals,
i.e., fine fractures and secondary sulfides, are visible in
hand specimen. Our results indicate that the hydrother-
mal event was destructive and leached Pd and Pt. This
is supported by values of the ratios Pd/Pt, Cu/Pt and Cu/
Pd in the four borehole cores. The ratios were calcu-
lated for each sample interval and then averaged over
the ore thickness. The Pd/Pt value decreases slightly in
the altered core intersections. Both Cu/Pt and Cu/Pd
show a dramatic increase with increasing intensity of
alteration, indicating that Cu was added or leached less
strongly during depletion of Pd and Pt in the hydrother-
mal event. The relative increase in Cu with increasing
alteration is consistent with the petrographic evidence
that chalcopyrite was the BMS that was most commonly
dissolved and reprecipitated during the hydrothermal
event(s).

DISCUSSION

Our results suggest that hydrothermal fluids locally
recrystallized BMS aggregates in the J–M Reef and re-
mobilized the sulfides and dispersed the platinum-group
elements (PGE). The hydrothermal fluids may have
modified the J–M Reef by leaching Pd and Pt and add-
ing Cu or leaching it less strongly. Our electron-micro-
probe data on pentlandite suggest that Pd may have been
released during recrystallization or hydrothermal leach-
ing. That Pd-bearing pentlandite would exsolve Pd dur-
ing alteration seems logical as it is a well-known process
for Au-bearing sulfides during metamorphism (e.g.,
Larocque et al. 1995). The present mineralogy of the
BMS and PGM may thus record a prolonged and com-
plex process of postmagmatic recrystallization,
exsolution and redistribution. The recent observation
from the East Boulder mine that there is a decrease in
PGE content in the J–M Reef within zones of strong
hydrothermal alteration associated with west–north-
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west-striking faults is further evidence that hydrother-
mal fluids have degraded the ore (Childs et al. 2002). If
the hydrothermal fluids can potentially deplete the ore
zone in one part of the reef, there is a possibility for
enrichment in another area. If PGE have been apprecia-
bly transported hydrothermally, then there is explora-
tion potential for PGE deposits on structures discordant
to the reef. However, the distances across which the
PGE were mobilized are unknown, as are the overall
effects on the grade of the deposit. The mass balance of
PGE within the J–M Reef as well as the entire Stillwater
Complex also is unknown. Our knowledge regarding the
extent of the hydrothermal event, geometry of possible
conduits of the fluid phase, nature of heat sources, and
timing of events remains incomplete. Our observation
and that of other researchers that alteration is common
in the mafic dikes and their wallrocks (e.g., Page 1977,
Mann & Lin 1985, Childs et al. 2002) may indicate that
the hydrothermal event significantly postdates the em-
placement of the Stillwater Complex. We do not have
data on the iridium subgroup of the PGE (Ir, Os, Ru)
and Rh, but future studies should focus on ratios be-
tween these elements and the other metals in the reef to
determine how they vary with the degree of hydrother-
mal alteration and to what extent the alteration event(s)
may have modified the reef. Additional work along
these lines should lead to a predictive model for use in
exploration and mining.

The identification of Cl-rich ferropargasite as a mi-
nor component of the alteration assemblage indicates
that a Cl-rich fluid was present during some stage of
postmagmatic hydrothermal alteration, and fluid tem-
perature may have exceeded 350°C, based on studies of
the Salton Sea geothermal system by Enami et al.
(1992). Barkov et al. (2001) have identified Cl-rich
ferropargasite (up to 4.5 wt.% Cl) intergrown with PGM
in the Lukkulaisvaara layered intrusion, Russia, and in-
terpreted it as evidence that PGM precipitated from (or
were remobilized by) a relatively low-temperature
(~560 to 670°C) Cl-enriched deuteric fluid. The alter-
ation assemblage in our samples, consisting of chlorite,
clinozoisite, and Cl-rich ferropargasite intergrown with
pyrrhotite and magnetite, implies that the hydrothermal
fluids were of moderate temperature (230 to >350°C)
and both reducing and alkaline. Such a fluid would be
able to transport many orders of magnitude more Pt and
Pd as a bisulfide complex than as a chloride complex
(Pan & Wood 1994). The presence of Cl-rich apatite
throughout the ultramafic series and in the J–M Reef is
the basis for the hydromagmatic model of Boudreau &
McCallum (1989), in which they propose that high-tem-
perature Cl-rich deuteric fluids leached and transported
PGE to form the J–M Reef. The alteration assemblage
we describe and its association with late Archean to
middle Proterozoic mafic dikes implies that the hydro-
thermal alteration occurred after the crystallization of
the complex and likely resulted from an external fluid
at a moderate temperature.

Several investigators have presented results from
whole-rock geochemical analyses of the J–M Reef and
have used the data to draw conclusions about the mag-
matic processes that were involved in the formation of
the ore deposit without taking into account the possible
effect of postmagmatic hydrothermal alteration on the
deposit. The trace-element geochemical studies of rock
and borehole core from the Minneapolis adit and
Stillwater mine by Barnes & Naldrett (1985) and
Zientek et al. (1990) both show more than an order-of-
magnitude variability in Cu/Pd, Cu/Pt, and other metal
ratios, between PGE-rich and PGE-poor rocks within
and adjacent to the J–M Reef. The extreme variability
in metal ratios is not what would be expected in a strictly
magmatic ore deposit, yet in both studies the research-
ers attempted to explain their results in the context of a
magmatic model, and ignored postmagmatic processes.
In our results, we have observed nearly an order-of-
magnitude variability in Cu/Pd and Cu/Pt between PGE-
rich and PGE-poor samples of the reef. We attribute this
variability to postmagmatic hydrothermal alteration in
the PGE-poor samples. The only published data on the
lateral distribution of PGE grade within the plane of
layering of the J–M Reef are the grade (Pt + Pd) and
thickness maps of Raedeke & Vian (1986), based on
drilling at 15 m centers over 1 km of strike length in the
Minneapolis adit. Their maps illustrate how variable and
erratic the PGE grade and reef thickness are when
viewed in detail, not what would be expected in a strictly
magmatic ore deposit. They attributed the variability of
PGE grade in the plane of layering to sulfide accumula-
tion in a magma chamber associated with ordered con-
vection cells; they failed to consider that some of the
variability may be due to a complex postmagmatic his-
tory of faulting, intrusion of mafic dikes and associated
hydrothermal activity that may have modified and lo-
cally degraded the ore deposit. In this study, we empha-
size the importance of petrographic studies, in
conjunction with geochemical studies, in gaining a bet-
ter understanding of the origin and modification of the
PGE ore deposit.
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