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ABSTRACT

Concentrations of platinum-group elements (PGf), Se,
Te, Ag, Cd,, Zn, Ga, and Ge in approximately 180 grains
of pentlandite, chalcopyrite and pyrrhotite from the Bush-
veld Complex, Muskox intrusion (Northwest Territories),
Rottenstone (Saskatchewan), Namew Lake and Cuthben
Lake (Manitoba), Wellgreen (Yukon), and St. Stephen,
Mechanic and Goodwin Lake (New Brunswick) have been
determined by proton microprobe. Among the coexisting
pentlandite, chalcopyrire and pyrrhotite, pentlandite is rhe
only phase that accommodates detectable levels of Pd, Rh
and Ru. Concentrations attain 566 ppm Pd, 41 ppm Rh,
and 61 ppm Ru. Pentlandite with high concentrations of
the PGE appears to be restricted to PG^E-Ni-Cu deposits
and occurrences in which sulfides are disseminated in
character and where the PGE tellurides and bismuthotel-
lurides are not abundant platinum-group mineral species.
The availability of Bi and Te appears to control the extent
of PGE exsolution in sulfides. In pentlandite, there is a
negative correlation between Se and Co, and a crude pos!
tive correlation between Se and PG.E contents. Bi, Se and
Te are equally abundant in all three phases. In general, sul-
fides from PGE-ich occurrences have Se/S ratios greater
than or within the mantle range. Sulfides from PG"E-poor
Ni-Cu occurrences, such as the St. Stephen and Goodwin
Lake intrusions, in which the sulfur is mainly of crustal
origin, display lower Se/S ratios. Almost all analyzed grains
of chalcopyrite and most of pentlandite contain detecta-
ble levels of Ag; concentrations attain 279 ppm in pent-
landite and lll ppm in chalcopyrite. Zinc seems to parti-
tion exclusively into chalcopyrite. Ga seems to prefer
pentlandite, whereas chalcopyrite accommodates all avail-
able Ge.

Keywords: platinum-group elements, trace elements, ele-
ment partitioning, proton microprobe, Se/S ratio,
Bushveld, Ni-Cu sulfide deposits, ore genesis.

Sovunrru

Nous avons d6termin6 la concentration des 6l6ments du
groupe du platine (EGP) er de Se, Te, Ag, Cd, Zn, Ga et
Ge dans environ 180 grains de pentlandite, chalcopyrite et
pyrrhotite provenant du complexe du Bushveld, de I'intru-
sion du Muskox (Territoires du Nord-Ouest), et des mine-
rais des gisements de Rottenstone (Saskatchewan), Namew

lGeological Survey of Canada, contribution number 16090.
2Present address: INCO Exploration and Technical Serv-
ices Inc., Copper Cliff, Ontario POM lN0.
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Lake et Cuthbert Lake (Manitoba), Wellgreen (Yukon), et
St. Stephen, Mechanic et Goodwin Lake (Nouveau Bruns-
wick). Li oir pentlandite, chalcopyrite et pyrrhotite coexis-
tent, seule la pentlandite semble accommoder Pd, Rh et
Ru d des concentrations sup6rieures aux seuils de d6tection.
Les concentrations atteignent 566 ppm de Pd, 41 ppm de
Rh, et 61 ppm de Ru. La pentlandite e teneurs 6lev6es en
EGP semble limit6e aux gisements et indices dans lesquels
l) les sulfures sont dissemin6s, et 2) les tellurures et bis-
muthotellurures des.EGP ne sont pas repandus. La dispo-
nibilit6 du Bi et du Te exercerait un contrdle important sur
I'exsolution des EGP dans ces sulfures. Dans la pentlan-
dite, nous trouvons une corr6lation negative entre se et co,
et une faible corr6lation positive entre Se et les.AGP. Les
trois phases ont sensiblement les m6mes teneurs en Bi, Se
et Te. En g6n6ral, les sulfures des massifs enrichis en.EGP
possbdent un rapport Se/S supdrieur ou semblable e h
valeur attribu6e au manteau. Les sulfures des gisements de
Ni-Cu i faible teneur en EGP, comme ceux de St. Stephen
e1 Goodwin Lake par exemple, dans lesquels le soufre pos-
sbde une origine crustale surtout, font preuve d'un rapport
Se/S plus faible. Presque tous les grains de chalcopyrite
que nous avons analys6s, et la plupart des grains de pent-
landite, possbdent des quantitds mesurables d'argent; les
concentrations atteignent 279 ppm dans la pentlandite et
I 1l ppm dans la chalcopyrite. Le zinc semble entibrement
r6parti dans la chalcopyrite. Le Ga semble pr6f6rer la pent-
landite, tandis que la chalcopfite accommode la totalit€
du Ge.

(Traduit par la R6daction)

Mots-clds:6l6ments du groupe du platine, €l6ments traces,
r6partition des 616ments, microsonde protonique,
rapport Se/S, Bushveld, gisements de sulfures de Ni-
Cu, mode de formation du minerai.

INTRoDUcTIoN

A knowledge of the concentrations of platinum-
group elements (PGE') in solid solution in base-metal
sulfide minerals is extremely important, not only for
mineral processing, but also to understand the par-
tition of the PGE between solids and sulfide melts,
and their distribution among base-metal sulfide
minerals during subsolidus events. The proton
microprobe makes ir? ,rila trace-element analy$is of
minerals possible through proton-induced X-ray
emission (PIXE) because of its lower flux of back-
ground radiation. This technique has recently
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emerged as a complementary tool to the electron
microprobe in mineralogical research (Cabri et al.
1984, 1985, Harris el al. 1984, Cousens et al. 1987,
Remond et al. 1987). As a follow-up to these initial
micro-PIXE studies, base-metal sulfide minerals

from selected Ni-Cu. Ni-Cu-PGE, atd PGE
deposits or occurrences in Canada and the Bushveld
Complex of South Africa were analyzed. In addi-
tion to the new data on the distribution of PGE and
other trace elements, we hope that the trace-element
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Ftc. 1. Sample locations with respect to the simplified Bushveld igneous stratigraphy.
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data obtained will provide a better understanding of
the petrological aspects of sulfides in magmatic
systems.
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The Bushveld Complex

The Bushveld Complex of South Africa is the lar-
gest layered mafic-ultramafic massif in the world.
The rocks of the complex crop out in three crudely
arcuate areas commonly referred to as the western
(Rustenburg), eastern, and northern (Potgietersrus)
compartments (Von Gruenewaldt 1979). The layered
rocks in the western and the nofthern compartments
have been subdivided into the Lower, Critical, Main
and Upper zones. The world's largest known reserves
of PGE occur in the Merensky Reef and ihe UG-2
chromitite of the Critical Zone. The Critical Zone
also hosts significant reserves of chromite and low-
grade Ni-Cu sulfides. The Upper Zone of the com-
plex hosts Fe-Ti-V deposits. The Lower Zone of the
northern limb also contains significant PGEminer-
alization (Hulbert & Von Gruenewaldt 1982). Thirty-
two sulfide-bearing samples collected from the
Lower, Critical, and Upper zones of the western and
the northern compartments of the Bushveld Com-
plex (Fig. l, Table l) were selected f.or micro-PIXE
studies.

The Rottenstone deposit

The Rottenstone Ni-Cu-PGE sulfide deposit
occurs in a small ultramafic sill in the Rottenstone
lithostructural domain of the Churchill Province in
northern Saskatchewan (Hulbert & Paktunc 1989).
Mineralization occurs in the form of disseminated,
interstitial, and massive sulfides in both harzburgite
and orthopyroxenite (Hulbert & Paktunc 1989). Nine
samples representing these types were studied (Table
l ) .

The Namew Lake deposit

The Namew Lake Ni-Cu-PGE sulfide deposit is
hosted by a pipe-like ultramafic body (Pickell 1988)
that intrudes the Aphebian Flin Flon greenstone belt
in central Manitoba. Eleven samples of massive sul-
fide and peridotite with interstitial sulfide were
studied (Table l).

The Muskox intrusion

The Muskox intrusion is a large body of layered
mafic-ultramafic rocks, located in the Bear struc-
tural province of the Canadian Shield, in the North-
west Territories. In addition to minor disseminated
sulfides in the layered rocks, there are massive to
semimassive concentrations of sulfide along the foot-
wall contacts of the intrusion (Hulbert et al, 1988).
Five samples of massive sulfide, containing cubanite,
chalcopyrite and pyrrhotite, were selected for this
study from a trench near the southern end of Mac-
Gregor Lake.
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The St. Stephen intrusion

The St. Stephen intrusion, located in southwestern
New Brunswick, is composed of tholeiitic mafic-
ultramafic rocks of Devonian age. The intrusion con-
tains numerous zones of significant Ni-Cu sulfide
mineralization (Paktunc I 989a). Three semimassive
to massive sulfide samples were studied (Table 1).

The Goodwin Lake intrusion

The Goodwin Lake intrusion. located in northern

New Brunswick, is a small body of mafic-ultramafic
rocks (Paktunc 1988). The intrusion and associated
Ni-Cu sulfide mineralization are somewhat similar
to those in the St. Stephen occurrence (Paktunc
1990). Five samples of semimassive, massive zmd
interstitial sulfides were studied (Table l).

The Mechanic intrusion

The Mechanic intrusion is a lenticular, layered
mafic-ultramafic body that occurs in a late Precam-
brian terrane in southern New Brunswick (Paktunc
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1989b). O6g .inglalization occurs in several dis-
seminated sulfide zone$ at different stratigraphic
levels. Only one sample from the lowermost PG,E-
mineralized zone was studied (Table l).

The Wellgreen deposit

The Wellgreen Ni-Cu-PGE deposit occurs in a
mafic-ultramafic sill of Triassic age in southwestern
Yukon (Hulbert et ol. 1988). Massive and dissemi-
nated sulfides occur both within the sill and foot-
wall sediments. Three massive sulfide samples were
studied (Table l).

The Cuthbert Lake dikes

The Cuthbert Lake dikes form part of the Mol-

son dike swarm that intrudes rocks of the Superior
Province in north-central Manitoba (Paktunc 1987).
Minor amounts of magmatic sulfides ile present in
the dikes. Although no known Ni-Cu-PGE miner-
alization exists in association with the dikes, several
platinum-group minerals (PGM), such as meren-
skyite and irarsite, have been identified in a mafic
dike (Paktunc, unpubl. data). One gabbroic sample
containing blebby sulfides that host the PGM was
studied (Table 1).

ANarvrrcal TECHNIeUES

The analyses were carried out with the Guelph
University proton microprobe. Analytical conditions
were: benm current, 7.6to 17.3 nA at 3 MeV; beam
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size, 15 /rm. X rays emitted from samples were
detected with an Ortec Si(Li) detector. Counting
times varied from 4 to 22 minutes. The aluminum
absorber used for the analysis of pyrrhotite was249
pm thick, whereas that used for the analysis of pent-
landite and chalcopyrite was 365 pm thick. A syn-
thetic pyrrhotite standard containing 60.93 wt.9o Fe,
38.87 wt.9o S, 0.09 wt.9o Se and 0.11 wt.9o Pd was
used for calibration. Data reduction was carried out
using the computer program GUPIX developed at
the University of Guelph (Maxwell et al. 1989).
Details of calibration and data reduction are given
in Campbell et al. (1987) and Campbell et al. (1990).

Detection limits are matrix-dependent and vary as
a function of counting time. Minimum detection-
limits (MDL) are expressed as:

MDL (ppm) : (3*s)/(4*r'r'H'rYt{'e{'T),

where s is the standard deviation of the background
area in one fwhm (full-width, half-maximum) chan-
nel range, H is the standardization value used in con-
version of area to concentration, Yt is the theoreti-
cal thick-target yield of Ko or Zo X rays per
micro-coulomb of proton charge per unit concen-
tration of the element per steradian in one fwhm
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channel range centered about the principal peak of
the element, e is relative detector efficiency, and T
is transmission of X rays through the aluminum
absorber. Only the concentration levels that are
above the MDL are given in Tables 2, 3, and 4; there-
fore, instead of providing individual MDL values for
each analysis, statistical errors that are related to the
square root of the number of counts in one fwhm
region of the peak are given. This provides an
independent assessment of the results.

Owing to overlap between the peaks of PtZo and
ZnKP,PILP and SeKa, and PtlT and SeK0, and sig-
nificant concentrations of Se in all of the main sul-
fide phases and Zn in chalcopyrite, Pt determina-
tions could not be made with confidence. Detection
of Ir and Os in pyrrhotite and chalcopyrite was not
possible because of interference caused by the Cu/(B
peak.

Inclusion-free areas selected with an optical micro-
scope were further examined by SEM to assess the
presence of concealed inclusions of PGM. The results
presented in the following sections are based on a
total of 70 analyses of pentlandite, 52 of chal-
copyrite, and 52 of pyrrhotite.

Electron-microprobe analyses were obtained using
Cameca-CAMEBAX and Cameca-SX50
microprobes equipped with four wavelength-
dispersion spectrometers. The samples were analyzed
for Ni, Fe, Co, and S at 20 kV and 30 nA, with a
l0-second counting time. Analytical conditions for
Pd, Ag and Se analysis were 25 kV and 40 nA, with
a 40-second counting time. Minimum detection-limits
for Pd, Ag, and Se under these conditions were 200,
150, and 300 ppm, respectively. Comparable results
for Pd were obtained by proton- and electron-
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microprobe analysis (Table 5). Because of the high
detection-limit of 300 ppm using SeKcu, and Ni inter-
ference on the SeZo peak, assessment of the Se deter-
minations obtained by proton microprobe cannot be
made.

PpNTI-eNtttE

Concentrations of the PGE, Co, Ag, Ga, Bi, Sn,
Sb, Se and Te were measured in pentlandite. Pd con-
centrations that exceed the MDL of about 8 ppm
were found in the Bushveld, Cuthbert, Namew Lake,
Rottenstone and Wellgreen samples (Fig. 2). As
much as 566 ppm Pd was detected. Values greater
than 200 ppm (MDL for the electron microprobe)
are comparable with the electron-microprobe data
(Table 5). Pd values from the Merensky Reef pent-
landite are consistent with the electron-microprobe
data of Cabri & Laflamme (1981). Only pentlandite
from Bushveld contains measurable quantities of Rh
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Frc. 2. Box-and-whisker plot illusrrating a sratistical comparison of the Pd variation in pentlandite. The box covers
the middle 5090 of the data values, between the lower and upper quartiles, whereas the "whiskers" extend out to
the minimum and maximum values. The central line shows tle median. Separate points indicate unusual values that
occur far from the bulk of the data.
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and Ru (12-41 ppm Rh, 9-61 ppm Ru) (Table 2).
Rh and Ru may be present in quantities near the
MDL of about 5 ppm in the Namew Lake, Good-
win Lake and Rottenstone samples. Ir concentrations
of 69 and 73 ppm, obtained from a Bushveld pent-
landite, are near the MDL of 60 ppm; therefore, the
determinations should be treated with caution. All
pentlandite samples analyzed contain measurable
quantities of Se (Fig. 3). The highest concentrations

were detected in the Namew Lake pentlandite. Pent-
landite from Goodwin Lake and St. Stephen, and
some from the Bushveld. contains low levels of Se
(i.e., <40 ppm). Se rarely shows significant varia-
tion within single grains of pentlandite or among
pentlandite grains from the same polished section;
with a few exceptions, the variation is within l59o
of the concentration. Levels of Co content in pent-
landite vary from 0.1 to 9 fi.70. These concentra-
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tions seem slightly higher than values obtained by
electron microprobe (Table 5) because of the over-
lap between the peaks of Co and Fe. Lower Co con-
tents are found in Namew Lake pentlandite, whereas
the highest concentrations characterize pentlandite
from the Sl. Stephen and Goodwin Lake intrusions
and the Upper Zone of the Bushveld Complex.
Approximately one half of the pentlandite grains
contain Ag at detectable levels; Namew Lake pent-
landite has the highest concentrations (as much as
90 ppm; Fig. a). Upton ppm Ga is present in Bush-
veld, Namew Lake, and Rottenstole pentlandite.
Within-grain and within-sample distributions of Ga
do not seem to be uniform. One Bushveld and five
Namew Lake pentlandite grains contain Bi; concen-
trations range from 28 to 188 ppm. Sn, Sb, and Te
attain levels of 20, 33, and 100 ppm, respectively
(Table 2).

CHALCoPYRITE

Elements that are present in measurable quanti-
ties in chalcopyrite include Ni, Zn, Ag, Cd, In, Sn,
Ge, Se, and Te (Table 3). In general, measurable
levels of PG,Ewere not detected in chalcopyrite; one
chalcopyrite grain from the Namew Lake deposit
contains Pd near the MDL of 4 ppm. With the excep-
tion of the Goodwin Lake, St. Stephen, and Cuth-
bert chalcopyrite, all contain significant concenffa-
tions of Ni. Concentrations greater than 1 wt.9o Ni
were encountered in Bushveld and Namew Lake
chalcoplrite. Almost all samples analyzed contain
Zn and, to a certain extent, Ag. Chalcopyrite from
Mechanic was found to contain as much as I I I ppm
Ag. Se is present in all samples (Fig. 3). Consistently
high concentrations were found in Muskox chal-
copyrite. Within-grain and within-sample variations
of Se appear to be small. As much as 6l ppm Ge
is present in some samples.

PvnnnorrrE

Measurable concentrations of Ni, Cd, In, Sb, Bi,
Se and Te were found in pyrrhotite (Table 4). Os and
Ir concentrations near the detection limits of 35 and
27 ppm, respectively, were observed in two pyrrho-
tite grains from the Bushveld Complex. Other PGE
were not detected in any analyzed pyrrhotite. As with
pentlandite and chalcopyrite, all pyrrhotite contains
detectable concentrations of Se (Fig. 3). Low levels
of Te are present in some grains. Only the Bushveld
and Goodwin Lake pyrrhotite contains detectable
levels of Sb.

DISCUSSION

Pentlandire and chalcopyrile can accommodate a
wide variety of elements in their structure, whereas

300

FIc. 4. Box-and-whisker plot illustrating the Ag variation
in pentlandite. See Fig. 2 for the explanation ofthe plot.

the pyrrhotite structure seems to accommodate only
a limited number of the trace elements considered.

Platinum-group elements

Among coexisting minerals, pentlandite is the only
mineral that accommodates appreciable levels of Pd,
Rh and Ru. This is in general agreement with the
fi ndings of Cabi et al. (l 984). Crocket's (1 98 I ) data
on mineral separates and experimental data of
Makovicky et al. (1986) also indicate higher concen-
trations of PGE in pentlandite. PGE-bearing pent-
landite is found in samples from the PGE-rich occur-
rences, such as Bushveld Complex, Namew Lake,
Rottenstone and Wellgreen deposits, and the Cuth-
bert Lake dikes. In the western Bushveld, pentland-
ite from known platiniferous horizons such as the
UG-2 and the Merensky Reef were found to con-
tain higher levels of PGE than that of the non-
platiniferous rocks from the same complex.
Although PGE-bearing pentlandite is restricted to
specific stratigraphic horizons in the western Bush-
veld, occurrences of PGE-bearing pentlandite are
more widespread in the northern compartment.
There, pentlandite from the basal portion of the
Lower Zone, in the basal and upper portions ofthe
Critical Zone, and in the basal portion of the Upper
Zone contains Pd in excess of 100 ppm. Among
these, pentlandite occurring in a magnetite-rich gab-
bro near the lower magnetite horizon of the Upper
Zone is especially interesting because rocks in this
zone are known to be virtually PGE-free. The low
PGEassays for whole-rock samples can be explained
by the low modal abundance of pentlandite, which
occurs in the form of exsolution blebs.

Pentlandite from PG,E-rich samples contains less
Co than that in PGE-poor samples. PGE-rich pent-
landite from the magnetite-rich gabbro in the basal
portion of the Bushveld Upper Zone is an exception.
Pentlandite seems to demonstrate a crude positive
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Frc. 5. Relation between Co and Se concentrations in pent-
landite.

correlation between Se and PGE contents, and a
negative correlation between Se and Co contents
(Fig. 5). This is in accord with the conclusions of
Merkle & Von Gruenewaldt (1986), in that enrich-
ment of cobalt in pentlandite may result from an
earlier segregation event involving olivine and an
immiscible sulfide melt. According to the experimen-
tal results of Distler el al. (1977), Pd content of pent-
landite increases with an increase in Ni content of
pentlandite. Cabri et al. (1984) reported no correla-
tion between these elements in samples from the Still-
water Complex. Our data seem to suggest that a
crude negative correlation may exist between the Pd
content and the Ni,/Fe ratio of pentlandite; however,
the variation in terms of Ni,/Fe ratio is very limited;
therefore, this relationship is not conclusive.

All pentlandite enriched in PGE is from dissemi-
nated sulfide samples. Pentlandite in samples with
abundant sulfides contains somewhat lower concen-
trations of the PGE. Pentlandite grains in a massive
sulfide sample from the UG-2 that has high whole-
rock PGE levels contain low PGE levels (1.e., Pd
< 13 ppm, Ru and Rh below detection limits),
whereas a pentlandite grain in a sample of massive
sulfide from the UG-2 with a low whole-rock PGE
level has high PGE contents (i.e., 264 ppm Pd, 12
ppm Rh, and 8 ppm Ru). Pentlandite from other
PGE deposits, such as those from the J-M Reef of
the Stillwater Complex and the Lac-des-Iles Com-
plex, in which the sulfides are minor in abundance,
also contains PGE (Cabri & Laflamme 1981, Todd
et al. 1982, Cabri et al. 1984). Pentlandite from Ni-
Cu sulfide deposits and occurrences does not seem
to contain appreciable PGE. In addition to the exam-
ples provided in this study, pentlandite from the Sud-
bury Ni-Cu sulfide deposits does not contun PGE
at the MDL levels of the proton microprobe (Cabri
et ql. 1984). Although PGE values ranging from 23

to 123 ppm were reported in pentlandite from the
Talnakh Ni-Cu sulfide deposit by Genkh et al.
(1973), their accuracy is questionable in view ofthe
MDL of electron-microprobe analysis. In summary,
Ni-Cu sulfide deposits in which PGE are recovered
as by-products from the Ni-Cu sulfide ore do not
seem to contain appreciable amounts of PGE in pent-
landite, whereas pentlandite grains from the PGE-
Ni-Cu deposits with disseminated sulfides contain
PGE at significant levels. The reason for this circum-
stance is not well understood at presenq however,
a simple explanation would be the dilution of PGE
in a larger amount of sulfide matrix in the case of
Ni-Cu sulfide deposits. This requires that the initial
distribution of PGE among immiscible sulfide
droplets at liquidus temperatures and during subse-
quent exsolution of phases from the nss be
homogeneous. The latter is supported by the
experimental studies of Distler et ol. (1977), which
indicate that the partitioning of Pd, Rh and Ru
between pentlandite and pyrrhotite is about equal.

There seems to be a relationship between the PGE
content of pentlandite and the mineralogy of the
PGE.ln the UG-2, the most abundant PGMphases
are vysotskite, laurite, braggite and cooperite (Peyerl
1982, Mclaren & de Villiers 1982, Paktunc et ql,
1989). The principal PGM in the Merensky Reef are
braggite, cooperite, Pt-Fe alloys, laurite and sper-
rylite (Vermaak & Hendriks 1976). In the Platreef,
cooperite and braggite dominate the PGM assem-
blage (Gain & Mostert 1982). A similar situation
seems to exist at the J-M Reef, in which pentlandite
is found to contain high levels of Pd in solid solu-
tion (Todd et al, 1982, Cabri et ol. 1984), and the
dominant PGM include PGE sulfides and Pt
bismuth-telluride (Todd et ol. 1982). The Namew
Lake deposit is characterized by abundant
michenerite and other Pd bismuthotellurides @ak-
tunc, unpubl. data). The Rottenstone deposit con-
tains michenerite, kotulskite, sperrylite, froodite,
hollingworthite, and irarsite (Hulbert & Paktunc
1989, in prep.) The most abundant phases in the
Wellgreen deposit are sperrylite, michenerite, mon-
cheite, merenskyite, sudburyite, temagamite and tes-
tibiopalladite (Cabri & Laflamme 1989, Paktunc,
unpubl. data). The Cuthbert Lake occurrence
includes merenskyite, irarsite, and an unnamed Rh-
Pt arsenide (Paktunc, unpubl. data). It is interest-
ing to note that the PGE sulfides are the most abun-
dant PGM species in the occurrences containing
pentlandite with high Pd such as UG-2, Merensky
Reef, and Platreef. In contrast, pentlandite from the
Sudbury (Cabri & Laflamme 1976, Cabi et ql. 1984),
Namew Lake, Rottenstone and Wellgreen deposits,
in which the dominanl PGM are tellurides, bis-
muthotellurides, and arsenides or sulfarsenides, has
somewhat lower concentrations of Pd. It seems that
the Te and Bi concentrations in the base-metal sul-
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fides play an important role in controlling the exso-
lution of PG,6 from the base-metal sulfides. In Rot-
tenstone and Namew Lake deposits, for example, the
occasional occurrence of Pd-bismuthotellurides
along with Ag-tellurides and Bi-tellurides localized
near the grain boundaries of the base-metal sulfides
and in secondary phases suggests a late magmatic
exsolution of PGEfrom the base-metal sulfides (Hul-
bert & Paktunc, in prep., Paktunc, unpubl. data).
Textural studies on the Merensky and Noril'sk ores
have led Vermaak & Hendriks (1976) and Genkin &
Evstigneeva (1986) to propose that the PGE sulfides
and alloys are earlier than the PGE tellurides, bis-
muthotellurides and arsenides in the sequence of
crystallization. Experimental studies of Distler e/ a/.
(1977) indicate the importance of S activity in deter-
mining whether the PGE form discrete PGM or
remain in solid solution. In summary, the PGEthat
remain in solid solution because of high S activity
may exsolve to form PGEbismuthotellurides and tel-
lurides at later stages. The availability of Bi and Te
in the system would control the extent of the exso-
lution process and, therefore, the amount of PGE
remaining in solid solution.

Selenium

Se seems to partition equally among coexisting
pentlandite, pyrrhotite and chalcopyrite. On the basis
ofthirty pairs ofpentlandite and pyrrhotite grains,
the (Se)po,/(Se)oo ratio is calculated to be 1.0+0.3
(Fig. 6), the (Se)srrl(Se)pn ratio, 1.0+0.7 (Fig. 7),
and the (Se)srrl(Se)po ratio, 1.1+0,5 (22 pairs).
This result is significant, especially as it bears on the
use of the Se/S ratio of bulk-rock samples in
petrogenetic studies (e.9., Eckstrand et ol. 1989).
Remobilization of magmatic sulfides, a commonly
observed feature of deformed and metamorphosed
Ni-Cu sulfide deposits, involves preferential mobili-
zation of chalcopyrite and typically alters the mag-
matic chemistry of the sulfide assemblage (e.9.,
Ni/Cu and PtlPd ratios). In such cases, Se will be
the only element unaffected because of its equal par-
titioning among the three phases. Bulk Se analysis
of remobilized sulfides, therefore, can be used with
confidence in petrogenetic studies. In general, sul-
fides from PGE-rich occurrences have a Se/S ratio
greater than or within the mantle range (Table 6).
Sulfides from ihe PGE-poor Ni-Cu occurrences,
such as at St. Stephen and Goodwin Lake, where the
sulfur is considered to be mainly of crustal origin
(Paktunc 1989a, 1990), display a lower Se,/S ratio.
Se/S ratios of pentlandite, chalcopyrite and pyrrho-
tite from the J-M Reef of the Stillwater Complex
(Cabri et ol. 1984) are consistently higher than the
mantle range (Table 6). This is also the case for our
data on the Merensky Reef sulfides. Sulfides from
Sudbury (Cabri et ol. 1984) display a wide range in
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and pyrrhotite.

-----1-

++
t+

T

t  t++-+

t'1
t

+

0 100 200 300 400 500
Se(ppm) in pentlandite

Frc. 7. Distribution of Se between coexisting pentlandite
and chalcopyrite.

terms of Se/S value (Table 6), spanning the mantle
range. Pentlandite and pyrrhotite in a pyt'oxenite unit
at the MG-3 chromitite layer and in the Vlakfon-
tein pipe of the Bushveld Complex contain very low
levels of Se and, consequently, have Se/S ratios much
lower than the range of mantle sulfides. These two
occurrences are in close proximity to each other; on
the basis of their low Se/S ratio and the sulfur iso-
topic data (Hulbert, unpubl. data), the formation
of sulfides in these zones has been attributed to
assimilation of sedimentary sulfur from rocks of the
Transvaal Basin. Chalcopyrite in the Upper Zone of
the northern Bushveld, in general, has a higher Se/S
ratio than the mantle range and that in the Critical
Zone. Se/S values are generally comparable with
those obtained from whole-rock analyses; therefore,
all Se reported in whole-rock assays from these
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TABU 6- sels mTlos IN PmNDIm, WcoPnIar,ND PlmOTIn (e.g., Hawley & Nichol 1961, Thorpe 1967);
however, this has not been confirmed by in situ anal-
ysis until very recently. Harris et al. (1984)
documented Ag concentrations ranging from 350 to
2630 ppm in chalcopyrite from the Izok Lake mas-
sive sulfide deposit, in the Northwest Territories, and
from the Hilton Ag-Pb-Zn mine in northwestern
Queensland, Australia. In the northern Bushveld,
Upper Zone chalcopyrite is enriched in Ag compared
to that from the Critical Zone. This enrichment may
be due to the evolved nature of the liquid from which
the sulfide melt presumably formed, a normal con-
sequence of fractional crystallization. Pentlandite
also is known to contain Ag. Argentopentlandite,
which occurs in the form of exsolution products in
chalcopyrite in a variety of deposits (Scott & Gaspar-
rini 1973, Mandziuk & Scott 1977) may contain as
much as 15 wt.9o Ag. Most of Namew Lake
pentlandite contains Ag. In the Bushveld Complex,
only PGE-rich pentlandite contains detectable Ag.
The distribution of Ag between coexisting pentland-
ite and chalcopyrite seems to be irregular; Ag may
be contained only in pentlandite in some cases, and
in others, only in chalcopyrite.

Other elements

Zn appears to partition exclusively into chal-
copyrite over pyrrhotite and pentlandite. Variable
concentrations above 200 ppm are present in most
ofthe studied chalcopyrite, and as much as 4283 ppm
was detected in chalcopyrite from the Cuthbert Lake
dikes (Fig. 8). Cabri et ol. (1984) also reported that
Zn is present in variable quantities, from less than
35 ppm (MDL) to 805 ppm in chalcopyrite from Sud-
bury. Bi and Te do not appear to be preferentially
concentrated in any of the three phases. Ge occurs
only in chalcopyrite, and Ga seems to prefer the pent-
landite structure. Concentrations of Ge and Zn seem
correlated in chalcopyrite.
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occrurences can be attributed to solid solution within
pentlandite, chalcopyrite and pyrrhotite.

Silver

Ag concentrations as high as l1l ppm in chal-
copyrite and 279 ppm in pentlandite have been meas-
ured. Almost all chalcopyrite in the Bushveld Com-
plex contains detectable Ag. The presence of Ag in
solid solution in chalcopyrite has long been suspected
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FIc. 8. Box-and-whisker plot for Zn in chalcopytite. See
Fig. 2 for the explanation of the plot.
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