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ABSTRACT

Proton and electron microprobes have been used to analyze all major coexisting Cu-Fe-Ni sulfide minerals in a
suite of 22 ore samples from the rich Cu-Ni-platinum-group-element deposits of the Noril'sk-Talnakh district, Russia.
-S-imultaneous analyses were obtained with the proton microprobe for 30 elements, ranging in atomic number from26Fe to 83Bi; for the suite of trace constituents ranging from 30Zn to 838i, typical minimum detection levels (MDL)
range from 4.5 to 50 ppm. Among the data are some of the first microbeam analyses for low-level, trace-element
conlents oflamellar cubanite, mooihoekite, talnakhite, mackinawite, godlevskite, and bornite, and the firsr rhal reveal
the presence of Pd in apparent solid-solution in sulfide phases other than pentlandite. Palladium concenrrarions range
from 12 to 96 ppm for 16 analyses of chalcopyrite in 7 samples, from 7 to 52 ppm for ll analyses of cubanite in 6
samples, and from 77 to2,920 ppm for 11 analyses of mackinawite in 4 samples. Platinum, Rh, and Ru are rarely
above their MDL in any Cu-Fe-Ni sulfide mineral. Thallium-bearing chalcopyrite and pentlandite are present in
several samples. The distribution of Se is remarkably uniform among coexisting sulfide minerals and, surprisingly,
only Pd, Zn, and Ga show a consistent preference for a parlicular mineral. Results of bulk analyses are presented
for 20 samples of ore from the enormous, mineralogically zoned Kharaelakhsky orebody of the Kharaelakhsky
intrusion and the Medvezhy Creek open-pit mine of the Noril'sk I inrrusion. Palladium concenrrarions in massive
sulfide ore range.from l0 to 2145 ppm, and Pt concentrations, from 1.4 to 215 ppm. Palladium concentrations in
pentlandile are related to ore type, not bulk Pd concentration in the ore, Ni/Fe ratio in pentlandite, or sulfur fugacity.
Palladium concentrations in pentlandite in massive ores from the Kharaelakhsky orebody range from 68 to 284 ppm
in pyrrhotite-bearing ore and from <5 to 14 ppm in Cu-rich, pyrrhotite-free ore; in contrast, they range from 203
to 2540 ppm in three samples of Cu-rich, pyrrhotite-free vein ore from the Medvezhy Creek open pit. The sparial
distribution of mineral assemblages, ore textures, bulk-composition data, and experimental studies of the Cu-Fe-Ni-S
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system indicate that fractional crystallization of monosulfide solid solution (Mss) and migration of resultant Cu-rich
(20-29 wt.olo Cu) sulfide liquids were important processes in the evolution of the Noril'sk-Talnakh ores. These
processes gave rise to differences in bulk composition that caused pentlandite to crystallize predominantly from Mss
in ores that ulrimately became pyrrhotite-bearing, and from trace-element-enriched, intermediate solid-solution in ores
that ultimately became pyrrhotite-free. Enrichment of the Cu-rich liquids in the suite of trace elements critical to
platinum-group-mineral (PGM) crystallization significantly lowered solidus temperatures within those ores. When large
amounts of Cu-rich liquid (e.g., parts of the Kharaelakhsky orebody) cooled relatively slowly, both high-temperature
crystallization of PGM and migration of Pd to a low-melting, dispersed liquid phase concentrated Pd that might
otherwise have entered pentlandite. When the Cu-rich liquid was injected as veins, rapid quenching precluded both
processes; minute (typically <5 pm) PGM crystallized within Cu-Fe-Ni sulfide minerals, leaving substantial
concentralions of Pd in solid solution in pentlandite. Relatively lower concentrations of Ag, Bi, Cd, Pb, Sb, and Sn
in the Cu-rich liquids that crystallized as veins at Medvezhy Creek also may have inhibited high-temperature
crystallization of PGM. Weight ratios of (Se/S) x 106 in the ores average 420 and support a predominantly
magmatic origin for the ore sulfur.

SovvnlnE

Nous avons utilis6 les microsondes protonique et 6lectronique pour analyser tous les sulfures de Fe-Ni-Cu coexistants
dans une suite de vingt-deux 6chantillons de minerai de Cu-Ni et des 6l6ments du groupe du platine, provenant des
gisements de Noril'sk-Talnakh, en Union Sovi6tique. Des analyses simultan6es ont et6 effectu6es par microsonde
protonique pour rrente 6l6ments, dans l'intervalle de nombre atomique compris entre 26Fe a 838i. Pour les 6l6ments
traces, allant de 3oZn a 838i, les seuils de d6tection sont typiquement entre 4.5 et 50 ppm. Parmi les donn6es se
lrouvent les premiers rdsultats d'analyse par microsonde des teneurs d'oligo-6l6ments de cubanite lamellaire, talnakhite,
mooihoekite, mackinawite, godlevskite, et bornite, ainsi que les premiers qui r6vilent la pr6sence de Pd apparemment
en solution solide dans les sulfures autres que la pentlandite. Les teneurs en Pd varient entre 12 et 96 ppm dans seize
analyses de chalcopyrite provenant de sept 6chantillons, entre 7 et 52 ppm dans onze analyses de cubanite (6
6chantillons), et entre 77 et 2,920 ppm dans onze analyses de mackinawile (4 dchantillons). Pour la premibre fois,
nous d6crivons la pr6sence de chalcopyrite et pentlandite thalliferes dans le minerai. Nous d6crivons aussi les
compositions globales de vingt 6chantillons de minerai provenant du vaste gite de Kharaelakhsky, min6ralogiquement
zon6, situ€ dans la complexe intrusif du mOme nom, e1 de la mine ?r ciel ouvert de Medvezhy Creek, dans le complexe
de Noril'sk l. Quoique notre 6tude ne fait qu'ajouter aux donn6es d6jir accumuldes au cours des 6tudes sovi6tiques
de la min6ralogie et de la r6partition des 6l6ments traces dans le gite de Kharaelakhsky, des donn6es comparables
n'existaient pas pour le minerai de Medvezhy Creek. Li, pentlandite et mackinawite contiennent entre 200 et 2,500
ppm de Pd, beaucoup plus que la teneur de tout 6chantillon de pentlandite analys6 du gite de Kharaelakhsky. A la
lumidre des donn6es sur la composition globale des 6chantillons de minerai et des 6tudes exp6rimentales dans le systbme
Cu-Ni-Fe-S, nous 6mettons une nouvelle hypothdse d propos du contrdle de la teneur en Pd de la pentlandite. La
dur6e de la trempe e1 du temps de recuit, ainsi que la pr6sence de Mss dans l'assemblage, exerceraient un contr6le
plus important sur I'incorporation du Pd en solution solide que le rapport Ni/Fe de la pentlandite ou la fugacit6 du
soufre. Le rapport de (SelS) x l0o dans les 6chantillons de minerai est en moyenne 420, et concorde donc avec une
origine sunout magmatique pour le soufre qui se trouve dans le minerai.

(Traduit par la R6daction)

Mots-clds: Noril'sk, Talnakh, microsonde protonique, 6l6ments du groupe du platine, 6l6ments traces, Ni, Cu, Se,
Russie.

INTRODUCTION

The opportunity to sample and study ores from
the famed Noril'sk-Talnakh deposits of Siberian
Russia arose in 1990 through a joint memorandum
of understanding between the U.S. Geological
Survey and the Ministry of Geology of the USSR.
These deposits constitute one of the singular
mineralized districts in the world; contained Cu-Ni
resources are comparable to those of the deposits
at Sudbury, Ontario (in excess of 20 million tonnes
of Cu and Ni; DeYoung et al. 1985). In addition,
the Noril'sk-Talnakh deposits are the largest
repository of platinum-group elements aside from
the Bushveld Complex, South Africa. In recent
years, platinum-group-element production from
the Soviet Union is thought to have been roughly

equivalent to output from South Africa (Coombes
l99l); nearly all of this production is from
Noril'sk-Talnakh. These deposits are also unique
in their association with a continental-flood-basalt
province, in the inordinate amount of massive
sulfide found in association with three elongate
(15-18 km) mafic-ultramafic intrusions I to 3 km
wide and less than 350 m thick, and in the
exceptionally high concentrations of platinum-
group elements (PGE), Cu, and Ni contained in the
ores (Table 1).

Although mining of Cu-Ni-PGE ores began in
the Noril'sk I intrusion in 1935. less has been
published about the mineralogy and geochemistry
of those ores than about ores from the
Kharaelakhsky and Talnakh orebodies of the
Talnakh district. which were not discovered until
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TABLE 1.. COMPOSITIONS OF REPRESENTATIVE ORE SAMPLFS FROM THE
OKTYABR'SKY, KOMSOMOISKY. AND MEDVEZHY CREEK MINES.
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90OC6B is a l-1.2-cm;thick cpy-rich Iayer against rlre footwall benearh 9OOC6A, which
represents he dominaru ore type; 
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vein 5-7 cm wide; + disseminated ore; # droplet ore,

Analysts: at the U.S. Geological Suwey, Fe, Ni, Cu, Co, Zn" Pb-Paul lamothe by ICP-AES; S-
Terry Fries by combustion with IR detection; Ca, Ag, Cd-Paul H. Briggs by ICP-AES; As, Sb-
Terry Fries by hydride generation plus AAS; Te, Bi-Sarah hibble by ion exchange plus
graphie-filmace AAS; Sn-Neil Elsheimer by solvent extraction plus graphite fumace AAS; Se-
Bi-Shia King by EDXRF; Tl-lcon A. Bradley by flame AAS; at the Univenity of Quebec at
Chicoutimi, Au, Rh, Pd, R-Sarah-Jane Bames by NiS fire assay plus INAA.

the 1960s. Perhaps that has been a function of the rich and the Cu-rich, S-poor (here defined as
exceptional zonation in mineral assemblages and containing the metal-rich phases mooihoekite and
the spectacular size of these orebodies. By the early talnakhite) ore assemblages. They knew that the
1970s, Soviet investigators had done an excellent Cu-rich ores are enriched in PGE and other trace
job of documenting most of the dramatic chemical elements and, as a result of early electron-
and mineralogical contrasts between the pyrrhotite- microprobe studies, that pentlandite is Ni- and
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Pd-rich in pyrrhotite ores and relatively Ni- and
Pd-poor in the Cu-rich ores, where Pd typically is
concentrated in platinum-group minerals (PGM).
They analyzed two or three generations of the more
common Cu-Fe-Ni sulfide minerals and carried out
experimental studies in an attempt to understand
their observations. From study of dozens of PGM
(commonly new mineral species), they learned their
associations and parageneses; a great deal of this
work is summarized by Genkin et al. (1981).
Literature searches suggest that study of these ores
has waned in recent years, and that for some reason
the trace-element characteristics of the Noril'sk ores
were never as well studied or reported.

This study was undertaken because trace-element
concentrations in sulfide minerals and the distribu-
tion of trace elements among coexisting sulfide
minerals are of great scientific and economic
interest. The extensive experimental research
reported by M. Makovicky et al. (1986, 1988) and
E. Makovicky et ql. (1990) was specifically designed
to obtain data on the distribution of PGE among
the sulfide minerals that predominate in the
Noril'sk-Talnakh ores. These ores may be viewed
as retrograde metamorphic rocks that have con-
tinued to react at temperatures below l38oC, based
on apparent pentlandite equilibration and the
maximum temperature for the pyrrhotite + troilite
assemblage (neglecting Cu and Ni in solid solution).
Thus, the Noril'sk-Talnakh ores provide a natural
laboratory for obtaining data concerning processes
of low-temperature equilibration and the distribu-
tion coefficients of trace elements, data that are
difficult to obtain by low-temperature experimen-
tation. From an economic viewpoint, it is of
considerable importance to know the concentra-
tions and mineral residency of both valuable and
deleterious elements so that ore beneficiation and
metallurgical techniques may be optimized.

In view of the stature of these orebodies, the
limitations of our sampling, and the effort that has
gone on before us, we acknowledge the limitations
of this contribution. For the North American
authors. it is based on the briefest of introductions
to the ores. Our Soviet colleagues, however, have
together devoted more than 70 years to the district.

GEOLOCICAL SETTING

The ore deposits of the Noril'sk-Talnakh district
are associated with hypabyssal intrusions related to
the Siberian flood basalt province (SFBP). The
SFBP is one of the world's largest; it is principally
exposed in the Tungusska syneclise or basin on the
northwestern edge of the Siberian platform, but
basalts considered to belong to this province are
found in the late Mesozoic fold-and-thrust belt in
the Taimyr Peninsula (Milanovskiy 1976, Zonen-

shain e/ ql. 1990, their Fig. 117) and occur in
widespread localities beneath the western Siberian
lowlands almost as far west as the Ural Mountains
(Makarenko 1976, his Fie. 2; Zonenshain et ql.
1990, their Fig. 179). Relatively continuous ex-
posures of basalt cover a minimum area of 3.4 x
105 km2; however, if one includes areas where
associated mafic intrusions cut underlying strata
beyond exposures of basaltic lava, the size of the
province increases to about 1.5 x 106 km2 (Basaltic
Volcanism Study Project l98l). Milanovskiy (1976)
estimated that rocks associated with early Mesozoic
flood basalt magmatism once covered an area of
4 x 106 km2 in the whole of north-central Siberia
and had a volume of 2-3 x 106 km3.

Using the 4oArl3eAr laser age-spectrum techni-
que, Dalrymple et sl. (1991) determined a closure
age of 249 a 0.8 Ma for biotite from an
ore-bearing vein in the Zapolyarny mine of the
Noril'sk I intrusion. Subsequently, I.H. Campbell
(written commun. 1992) used the SHRIMP ion
microprobe at the Australian National University
to determine an age of 248 I 4 Ma on zircon
in pegmatoidal taxitic gabbrodolerite from the
Medvezky Creek open pit. These $Arl3eAr and
U-Pb ages are not statistically different from one
anoiherbr from the age of 251.2 + 3.4 Ma recently
determiried for the Permo-Triassic boundary by
SHRIMP ion-microprobe analysis of zircon from
a bentonite layer in the Chinese stratotype section
at Changxing (Claou6-Long et ol. l99l).

All features of the geological evolution of
the Noril'sk area are most compatible with a
mantle plume model for the origin of the SFBP.
SFBP magmatism took place during the collision
of the Kazakhstan and Siberian continents with
East Europe, that formed the fold-and-thrust belt
of the Urals in the late Permian and early Triassic
(270-220 Ma; Zonenshain et al. 1990). Makarenko
(1976) and L.P. Zonenshain (verbal commun.'
1990) noted that rifting took place in middle to late
Triassic time. and hundreds of kilometers west of
Noril'sk. The Noril'sk-Talnakh district lies at the
extreme northwestern corner of both the Siberian
platform and the most extensive, relatively undis-
turbed exposures of the SFBP. Zonenshain et al.
(1990) emphasized that, within the Siberian plat-
form, the flood basalts were intruded in an
extensional environment, but that despite this

Frc. l. Simplified geological map of the Noril'sk-Talnakh
district, showing major structural features and subsur-
face outlines of the fully differentiated, ore-bearing
intrusions (black, true scale): (1) the Talnakh and
Kharaelakhsky intrusions; (2) intrusions of the
Noril'sk area. (3) Location of the Bolgokhtokhsky
granodioritic intrusion.
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EXPLANAllON
Trlasslc flood basalts

f'j.l.I lll Kumginsky and samoedsky suites

li{.a]] Mokulasvsky and Kharaelakhsky suites

tTTiFl lvakinsky, Syverminsky, Gudchikhinsky,
Khakanchanslq, Tuklonsky, and
Nadezhdinsky suitos

F.,Il'::l Middle carboniterous io upp€r Permian
Cfungusska s€ries) sedimentary rocks

Ordovician 10 Lower Carboniferous
sedimenlary rocks

F=':i-i] cambrian sedimentary rocks
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extension, crustal thinning (to as little as 8-10 km),
and eruption of an enormous volume of flood
basalt, there was no major subsidence"(e.g., rifting)
of the Tungusska region other than isostatic
subsidence induced by loading. Deep drilling and
reconstructions based on the presence of exposed
Precambrian sedimentary rocks 30 km to the west,
across the Dudinka-Kharaelakhsky Break (Fig. l),
suggest that Precambrian crystalline rocks lie at a
depth of 10 to 12 km in the Noril'sk area, beneath
a cover of gently folded Paleozoic and Precambrian
sedimentary rocks.

As depicted in Figure 1, the presenr geological
map pattern of the Noril'sk-Talnakh area is
dominated by three basalt-filled basins (the
Noril'sk, Kharaelakhsky, and Vologochansky
depressions). Although it appears that these basins
largely represent folds superimposed on once
continuous volcanic exposures, deep drilling reveals
that the lower suites of the basalt sequence are
thickest in these basins, suggesting that they were
morphological depressions that developed contem-
poraneously with volcanism (Fedorenko 1981,
Dyuzhikov et ql. 1988). In contrasr to other
continental-flood-basalt provinces, SFBP activity
in the Noril'sk area was characterized by initial and
continuing explosive volcanism. Basaltic tuff units
(as much as 45 m thick) constitute about 6.590 of
the total basalt sequence in the Noril'sk area
(Fedorenko 1981, Fedorenko & Dyuzhikov l98l).
Two additional features of the basaltic volcanism
are specific to the Noril'sk area and must be
considered of great significance with respect to
origin of the ore-bearing intrusions and to
prospection for such targets in other flood-basalt
provinces. First, the lower five basalt suites. best
developed in the Noril'sk area, show a broader
range of composition (2.7-16.8 wt.0/o MgO; 24
samples) than can be found in any other region of
the SFBP. In contrast, 54 samples of tholeiitic
basalt representing the upper 2900 m (six suites) of
the flood-basalt sequence have MgO contents
within the limited range 6.0-7.6 wt.9o. According
to 

'Fedorenko 
(1981), Fedorenko & Dyuzhikov

(1981), and Genkin et ol. (1981), a distinctive
feature of early SFBP volcanism in the Noril'sk
region was the outpouring of trachybasalts and
picritic basalts with tholeiitic basalts. In the axial.
deepest parts of the depressions, as much as
150-200 m of picritic basalt may be found. Second,
maximal thicknesses of flood basalt, exceeding
3,500 m, are reached in the Noril'sk area, where
all eleven suites of the flood-basalt sequence are
represented (Fedorenko 1981). Dyuzhikov et al.
(1988) stated that eruption started earlier and
continued for a longer period in the Noril'sk area.

The ore-bearing intrusions of the Noril'sk
district lie at the northern margin of the Noril'sk

depression, whereas those of the Talnakh district
lie at the southern margin of the Kharaelakhsky
depression (Fig. l). The ore-bearing intrusions were
typically emplaced near the contact between the
base of the SFBP and underlying terrigenous
sedimentary rocks; they are cut by the present
erosional surface and plunge down-dip, roughly
conformably with this contact, toward the deeper,
central parts of each depression. Presently, mining
is concentrated in the Noril'sk I intrusion, which
lies west of the Noril'sk-Kharaelakhsky fault in the
Noril'sk district (Fig. l), and in the Talnakh and
Kharaelakhsky intrusions of the Talnakh district,
which lie principally east and west of this fault (Fig.
2). The Talnakh intrusion lies in Tungusska series
(upper Permian) sedimentary rocks, and the
Kharaelakhsky intrusion, in Devonian sedimentary
rocks. The Noril'sk I intrusion is partly intrusive
into the lower two suites of the basalt seque[ce.

EXPLANATION

Talnakh Intruslon (emplaced
In upper Permlan
s€dlmenlary rocks)

Kharaelakhsky lnlruslon
(emplaced In mlddle Devonlan
sedlmentary rocks)

Masslvs orsbodles

t--------l-r---------t-J
4 KllomelsE

Ftc. 2. Cartoon showing subsurface outlines of the fully
differenriated, ore-bearing Talnakh and
Kharaelakhsky intrusions, locations of massive
orebodies at, or beneath, their lower contacts, and
mine designations. The Kharaelakhsky orebody is
indicated.
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MINERALASSEMBLAGES IN MASSIVE ORE
[All ore typ€s carry pentlandito]

N
ffi
milffi

Frc. 3. Verrical S-N section through parts of the Kharaelakhsky intrusion and Kharaelaksky orebody, showing
mineral-assemblage zoning in the Oktyabr'sky mine. The stippled pattern for disseminated and breccia sulfide ores
indicates zones of enrichment within sulfide-bearing intrusive rocks. Note the discontinuity of these zones of
enrichmen! and the occurrence of massive pyrrhotite-rich ore lenses within the intrusion. Equal vertical and
horizontal scales.

(1966) estimated the proportions of their
length:breadth:thickness as 120 12':1. In contrast
to the myriad of unmineralized, predominantly
sill-like intrusions in the district, known through
outcrop and drill core, they are also distinguished
as being "fully differentiated", 1.e., containing a
variety of rock types ranging from picrite, through

Matic and ultramatic rocks ol tho fully-
ditferonliated Kharaelakhsky intrusion.

Middle Devonian sedimentary rocks.

Disseminalod and breccia ores in
homtels and skam.

Disseminated and breccia oros in
intrusive rocks (not ditferentiated as
to grade, or rolative proportions of
pyrrhotite and chalcopyrite).

and some basalts beneath the intrusion are
mineralized.

The ore-bearing intrusions are a special class of
nearly a dozen, more abundantly represented
groups of intrusions recognized in the Noril'sk area
(Fedorenko et al. 1984); they form narrow, thin,
and elongate, finger-like intrusions. Smirnov
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gabbrodolerites containing varying amounts of
olivine, to leucogabbro. Indeed, intrusion outlines
as typically drawn (e.9., Fig. 2) represent the limits
of these fingerJike, fully differentiated, in-
trusions; weakly mineralized, less differentiated
sheet-like sills may extend well beyond those limits
from lower levels of the fully differentiated
ore-bearing intrusions. Petrological and geochemi-
cal evidence suggests that the ore-bearing intrusions
formed by emplacement of multiple pulses of
magma of differing composition, crystallinity, and
content of immiscible sulfide liquid. Where hosted
in sedimentary strata, the ore-bearing intrusions of
the Noril'sk-Talnakh district have produced
metamorphic aureoles of seemingly dispropor-
tionate thickness.

Disseminated and droplet Cu-Ni-PGE ore is
found in contact, taxitic, and picritic gab-
brodolerite over nearly the entire areal extent of
these rocks in the Noril'sk I, Talnakh, and
Kharaelakhsky intrusions. Thus, the stippled pat-
tern of Figure 3, indicating disseminated and
breccia ores in intrusive rocks, merely represents
zones of relative enrichment in sulfide. In addition,
veinlet and breccia ores can be found at the upper
and lower contacts of the intrusions. The Noril'sk
I intrusion is characterized by almost continuous,
relatively flat-lying large veins of massive, pyr-
rhotite-bearing ore near its lower contact: the veins
may occur as sets where depressions cause the
intrusion to be thickened. The Talnakh and
Kharaelakhsky intrusions are characterized by an
abundance of large massive-sulfide orebodies (Fig.
2) that typically occupy depressions along the floor
of the intrusion, but in some cases lie below it and
are separated from it by a screen of metamorphosed
sedimentary rocks.

Exceptional quantities of Cu, Ni, and PGE are
contained in the Noril'sk-Talnakh ores. As noted
by Genkin et al. (1981), even if assimilation of
crustal S has significance for these intrusions, the
abundance of ore metals within them demands
explanation. Based on experimental data for the
solubilities of S and PGE in mafic melrs. Naldretr
(oral commun. 1991) estimated that the amount of
sulfide in the Talnakh and Kharaelakhsky in-
trusions is about 50 times that which can be
dissolved in a mafic silicate melt of the volume of
the intrusions and that the PGE contents of the
ores must have been derived from 300 to 1,800
times more mafic magma than is represented in the
intrusions. There seems little question that the
richness of Noril'sk deposits is directly related to
the availability of vast amounts of basaltic melt
from which metals were scavenged in staging
chambers in the mantle or in the crust. However,
the reasons for the effective concentration of ore
metals in the Noril'sk-Talnakh district. and not ar

other centers of extensive mafic magmatism, are
far from obvious, a challenge to understand, and
not an appropriate focus for this report. Based on
nearly four times as many analyses of mineralized
samples, as well as extensive data-sets for the flood
basalts and ore-bearing intrusions, these and other
issues will be pursued in future contributions.

The fully differentiated, ore-bearing intrusions
are represented by Soviet investigators as being
"blind" (i.e., having definite boundaries with no
exiting channelways), and there appears to be little
evidence within the intrusions of large-scale, in situ
accumulation of sulfides. On the basis of our
observations, we believe that the intrusions repre-
sent contemporaneous injection of mafic silicate
magma laden with immiscible sulfide liquid, and
large volumes of nearly pure sulfide liquid. The
mechanism for lifting large volumes of sulfide
liquid is not readily envisioned, but its operation
clearly is not commonplace, and the problem no
greater than that of lifting the more dense
iron-oxide liquids that form rare, eruptive mag-
netite flows (e.9., Grez et al. l99l). Alternatively,
if the intrusions were, in fact, not blind, one might
envision the accumulation of dense immiscible
sulfide droplets from vast amounts of mafic magma
that rose vertically, slowed to traverse the finger-
like intrusions, and then rose again to erupt at the
surface.

SnvpI-INc AND METHODOLOGY

This study encompasses only a sampling of the
varied ore types of the district. None of the breccia
ores or irregular disseminated-ore lenses of the
Talnakh and Kharaelakhsky intrusions were
sampled. Moreover, the massive orebodies as-
sociated with these intrusions do not all show
zoning comparable to that of the Kharaelakhsky
orebody; some massive orebodies contain mainly
pyrrhotite with nonuniform distribution of chal-
copyrite, whereas others show partial zoning to
cubanite-rich assemblages. Our sampling even falls
short of a complete transect through the mineral
assemblages of the Kharaelakhsky orebody (Figs.
3, 4); only a few hours were spent underground in
the Oktyabr'sky mine, which takes ore from the
western part of of this orebody (Fig. 2), and
samples from mine stockpiles are only generally
located. (Because of inevitable loss of core through
assay and spillage, drillcore transects of the
orebody are no longer available.) Our sampling of
ore types associated with the Noril'sk I intrusion is
quite limited, as cenkin (1959) and Smirnov (1966)
described many pyrrhotite-bearing ore types from
the Noril'sk intrusion and noted that the large veins
along the lower part of the intrusion are pyrrhotite-
rich. Smirnov estimated the overall proportion of
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500 meters

MINERAL-ASSEMBLAGE ZONING - OKTVABR'SKY OREBODY

[All ore Upes carry pentlandite]

fftTl Moolhoeklte [l---il Pyrrhotlte *
Chalcopyrlte
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I cubanlte + Moolhoeklte nilniiil Chalcopyrlte + Pyrrhotlte

Frc. 4. Plan map of mineral-assemblage zoning in the western part (compare with Fig. 2) of the Kharaelakhsky
orebody. Note line of section of Figure 3.

pyrrhotite: chalcopyrite: pentlandite in impregnation
ores of the lower difierentiates of the intrusion as
5:3:2. Genkin et al. (1981) noted that mooihoekite-
and talnakhite-bearing assemblages also are found
in Noril'sk I ores.

The Medvezhy Creek open-pit mine is elongated
N-S and located in the southeastern corner of the
northern tip of the Noril'sk I intrusion. Samples
(90MC prefixes) were collected from the lower
benches and floor of the pit; both droplet ore and
massive-sulfide vein fillings (typical widths .< 30
cm) are represented. Among the vein ores, three
samples (90MC5, 90MCl5, 90QMZCI; 24.3-28.0
wt.9o Cu) are sometimes specifically classified as

"Cu-rich", whereas the fourth (90MCl6; l l .6
wt.qo Cu) is considered to represent a transitional
ore type. Most samples are from the remarkable
Kharaelakhsky orebody of the Kharaelakhsky
intrusion; this orebody occupies an area of
approximately 2.5 km2. The samples are broadly
representative of the mineralogical and composi-
tional zoning within this orebody, as depicted in
the vertical section of Figure 3 and the plan view
of Figure 4; Cu-rich, S-poor assemblages lie above,
as well as inward from, pyrrhotite-rich as-
semblages. Samples from the Oktyabr'sky mine
(90O prefixes) were obtained from both under-
ground workings and ore stockpiles. The stockpile
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at the No. I shaft is composed of mooihoekite- and
talnakhite-bearing ore lrom the Cu-rich, S-poor,
upper and central portion of the western part of
the mine, whereas that at the No. 2 shaft contains
pyrrhotite-chalcopyrite ore from a more easterly
part of the mine. Selection of Oktyabr'sky mine
samples for proton-microprobe analyses was
guided by ore-microscopic examination and bulk-
composition data, as reported in Table l. Thus,
distinctive ore assemblages have multiple repre-
sentation, and confidence in conclusions is en-
hanced. The Komsomolsky mine works massive
orebodies both east and west of the Noril'sk-
Kharaelakhsky fault (Fig. 2). Coarse-grained,
pyrrhotite-chalcopyrite ore sample 90KMZ5 is
from an orebody in Tungusska series sedimentary
rocks beneath the Talnakh intrusion on the easr
side of the fault. Our study also includes three
samples obtained from the reference collections of
Noril'sk Expedition through the courtesy of
Evgenii Sereda; one is of a bornite - chalcopyrite
- pentlandite vein and two are of extremely
PGE-rich ore that in part consist of a eutectoid-type
intergrowth of chalcopyrite and galena. According
to Genkin et al. (1981), these samples represent the
two classic associations of the final stages of ore
formation. Because of marked heterogeneity,
including the presence of PGM measuring up to 4
mm across, no bulk analyses of these samples were
made.

Results of chemical analyses for the sample suile
are presented in Table l, and their essential
mineralogy is reported in Appendices I and II.
Portions of the samples crushed for splitting and
analysis ranged in size from 0.42 to 2.36 kE.
Ordering of samples is consistent throughout this
report; it is based upon increasing Cu content for
massive and vein ores from the Oktyabr,sky and
Medvezky Creek mines, with unusual samples
placed somewhat arbitrarily, but consistently, in all
Tables and Appendices. Studied samples are briefly
described in Appendix II; lists of accessory minerals
carried in the descriptions are surely incomplete,
and in numerous cases stoichiometry is uncertain,
as most of the information is based on semiquan-
titative SEM examination. Extensive Soviet studies
of PGM in these ores indicate that full charac-
terization of the PGM in our samples would be
Iaborious and in part peripheral to the central issue
of trace-element concentrations in, and distribution
among, the major sulfide phases.

Analyses for major and minor elements in
pentlandite (pn), pyrrhotite (po), mooihoekire
(mh), talnakhite (tk), mackinawite (mk), and
godlevskite (ed) (Table 2 and Appendix I) were
obtained by electron microprobe at a selection of
the same points analyzed by proton microprobe
(beam contamination marks were typically visible).

TABLA 2. SGCTRON-MIROFROBB DATA AND ATOMIC PROFORTIOI{S FOR
:|,i@IIIOKITE" TALNATHITE, MACKINAVITE CODI,BVS(IIE

AND M.RIOI PEX{TUNDNB

Fc Ni Co S Ii4,A" Cu/Fe' Ni/FeN

"M@lnekibn C:am)"
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goonzsr-l (2) 36.6
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t.$6
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:

90MC15 (3) 
:

mMC:zCI (t) 
-

90oc2r (, 
:

Godlevsklt! (13 stoms)

90oc2s (2)

Potlsndite (17 ahs)

90oc5 (8)

30.9 0.53
t.764 0.143

3t.2 0.66
t.1u 0.t76

30.5 0.44
t.548 0.117

29.6 0.57
E.r37 0.149

29.7 1.04
8.43 0.269

29.0 0.66
1.9t7 0,t11

53.9 8.40 0.42
0.859 0.127 0.006

54.6 8.16 0.46
0,866 0.124 o.ffI,

53.8 7.63 0.50
0.869 0.117 0.008

55.1 6.69 0.73
0.tt2 0.102 0.011

3.00 64.3 0.46
0.321 6.563 0.047

t.E
16.171

16.45t

34.t
16.9tt

33.6
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33.5
159m

33.9
t6.M7

36.4
l.@/

36.4
r.003

35.E
l.@i

36.0
1.005

32.5
6.070

t.103 r.018

r.oc o.6r

r.6r o.ie

r.6!r r.dm

r.mo r.&s

r.d:o r.ie

n.0 44.5
2.834 5.992

0.985 - 0.148

r.mo I o.iar

o.iez I o.i:s

o.6o I o.irr

r.142 - m,4

1.114 - 2.114
2.64 3r.7
0,354 7.82r

' mc dcl " ronbe otffi asd in fomulq + nun$o of snalB @Mbd bv &h.
No!c: I 2 Enlys of chalcoryite in rtE shdand md ed @ri$inr wirir "rotihckik" aid

"laiEkhite'avqed: [4ls-0.996udCu/Fe-0.996. Idsldio;ot9/8sdt9n6.tiil6.dd1t6
@. rcsp€tively 1.125, 1.0625, and 1.1667.

Natural chalcopyrite (cpy) and a series of synthetic
Ni- and Co-bearing iron-sulfide phases prepared by
G.K.C. were used as standards for the electron-
microprobe analyses. Because previous com-
parisons of electron- and proton-microprobe data
for trace elements show that the techniques produce
comparable data (e.g., Cabri et al. 1984, 1985,
Paktunc et al, 1990), they are not carefully
compared here. Qualitatively, determinations of Ni
in pyrrhotite with the proton and electron
microprobes are comparable, as reported in
Appendix I.

Use of the proton microprobe for analysis of
sulfide minerals is now well established (e.g., Cabri
et al. 1984, 1985, Harris et al. 1984, Cabri 1988,
Paktunc et al. 1990), and the technique so amply
described in the literature (e.g., Cabri et al. 1984,
Campbell & Cookson 1984, Campbell et al. 1990\
that only the specific operating parameters for the
proton microprobe at the University of Guelph will
be noted. These were: proton energy, 3 meV;
charge, 10 pC; average current, 12-17 nA; counting
times, 550-830 s; beam size, 5 x 10 to 6 x 12 pm.
A synthetic pyrrhotite standard (in wt.9o: Fe 60.93,
S 38.87, Se 0.09, Pd 0.11) was used for calibration.
Aluminum absorbers 249 and 352 um thick were
used, the former for analyses of pyrrhotite, and
the Iatter for analyses of pentlandite, mackinawite,
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and the Cu-Fe sulfide minerals. Data reduction,
performed with the GUPIX program developed at
Guelph (Maxwell et al. 1989), was so rapid as to
permit examination of results of an analysis before
completion of the next analysis.

Comporison of microprobe techniques

Because major-element composilions of Cu-Fe-
Ni sulfide minerals in ores and experimental
products are also of interest to students of phase
assemblages, we report two measures of the ability
of the proton microprobe to provide useful data
for major elements during the accumulation of
trace-element data. The compositions of low-
temperature chalcopyrite and cubanite (cb) are
stoichiometric at 30.42 wt.9o Fe, 34.64 wt.0/o Cu,
and 41.15 wt.9o Fe, 23.42 wt.tlo Cu, respectively.
For 53 analyses of chalcopyrite by proton
microprobe, Fe content was found to range from
30.27 to 31.81 wt.%o (average 30.73 wt.Vo), and Cu
content, to range from 33.78 to 35.55 wt.Vo
(average 34.84 wt.9o). Similarly, for 50 analyses of
massive and lamellar cubanite, Fe was found to
range from 40.22 to 41.95 wt.Vo (average 41.29
wt.9o), and cu, to range from 23.05 to 24.51 wt.Vo
(average 23.74 wt.r/o). Whereas these results are,
respectively, 0.31 and 0.14 wt.9o high for Fe and
0.20 and 0.32 wt.u/o high for Cu, they compare
favorably with what one might expect from a
comparable suite of electron-microprobe analyses,
and are surely capable of revealing significantly
anomalous compositions as, indeed, was the case
for "lamellar cubanite" in sample 90OMZSI-1.
Comparable analyses were oblained by the electron
and proton microprobes for this "cubanite" (Cu,
25.4-25.9: Fe, 39.5-39.9 wt.9o), but back-scattered
electron images show that its apparent Cu-rich
composition is caused by a uniform distribution of
irregular elongate bodies (< I pm wide) of Cu-rich
composition (>42 wt.9o Cu).

Evaluation of the Fe and Ni data for pentlandite
and plrrhotite is less simple because these minerals
are of variable composition, but comparison of
proton-micioprobe and electron-microprobe data
for the same grains is useful. For pentlandite,
proton-microprobe values for Ni range from 1.2
wt.9o higher to 1.4 wt .t/0 lower than those obtained
by electron microprobe, and average just 0.1 wt.9o
higher; values for Fe range from 0.7 to 2.7 wt.olo
higher and average 1.6 wt.9o higher. For pyr-
rhotite, the comparison is further complicated by
the fact that for four of eleven pyrrhotite-bearing
samples, we were able to resolve coexisting troilite
and hexagonal pyrrhotite with the electron
microprobe but not the proton microprobe. (Note
that for this study, we have named pyrrhotite types
on the basis of atomic metal,/sulfur [M/Sl ratios

calculated from the electron-microprobe data:
monoclinic, 0. 858-0. 883 ; hexagonal, 0.909 -0.923 ;
and troilite, 0.980-1.003.) Study of the electron-
and proton-microprobe data shows that in each of
these four samples, the bulk of the pyrrhotite
analyzed by proton microprobe is hexagonal
pyrrhotite; Fe by proton microprobe averages 1.2
wt.9o low (range, 0.67-1.7 wt.7o low) compared to
the composition determined for hexagonal pyr-
rhotite in the sample by electron microprobe. ln
the seven cases where only hexagonal or monoclinic
pyrrhotite was identified, proton-microprobe
values for Fe range from 0.9 to 1.9 wt.9o low and
average 1.4 wt.tlo lower than values obtained by
electron microProbe.

Resulrs

In the tradition of Soviet studies, we have
paragenetically and chemically characterized the
major Cu-Fe-Ni sulfide minerals that were
analyzed for trace elements. This information is
summarized in Appendices I and II and Table 2.
In addition to the electron-microprobe data, the
presence of mackinawite, godlevskite, and valleriite
was confirmed by X-ray diffraction. Pentlandite
was analyzed in all samples except 90OMZSl-l;
with two exceptions, the analyzed pentlandite is
that termed Pn1 by Soviet investigators (e.9., Distler
et al. 1977). This pentlandite is relatively coarse-
grained (0.2-2.5 cm across) and equant, albeit in
some cases partially replaced by chalcopyrite,
cubanite, or bornite (bn). In disseminated ore
specimen 90OCl, pentlandite is finer grained, but
nonetheless a coherent, major phase. The classic
Pn,, of Soviet investigators, pentlandite that
exsolved as fine lamellae in pyrrhotite at a low
temperature, was analyzed only in sample 90KMZ5
(Pn6 of Appendix I). Sample 90KMZ5 also contains
equant, well-formed pentlandite that forms nearly
continuous replacement rims as much as 60 pm
thick on chalcopyrite (Pnp of Appendix I). As
shown by the data of Appendix I, the compositions
of these two generations of pentlandite are slightly
different. Co content distinguishes two pentlandite
compositions in sample 90MCl5 (Appendix I). The
pentlandite grain containitg0.44 + 0.01 fi.Vo Co
is I cm across and partially altered to mackinawite
(Fig. 5), whereas only 0.25 wt.9o Co is present in
a thin (60 x 1000 pm) lens of pentlandite lying
between chalcopyrite and a cubanite lamella. Ni
contents of pentlandite correspond both in overall
range (26.9-44.5 wt.9o) and mineral association
with data reported by Genkin et al. (1981).

Pyrrhotite was analyzed in all eleven samples in
which it is present; in four samples, troilite and
hexagonal pyrrhotite in an exsolution relation were
analyzed by electron microprobe. All pyrrhotite
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Flc. 5. Reflected-light photomicrographs of droplet-ore sample 90MC10. (A) Typical pattern of droplet distribution.
For six droplets, contact representing base of principal mass of former Cu-rich liquid is enhanced by dots. Note
anhedral grains of magnetite (dark gray) at margin of each droplet. Bar = I cm. (B) Large droplet in upper right
of Fig. 5,{, again with dot enhancement. Above dots, irregular pyrrhotite (dark) in chalcopyrite host; below dots,
intergrown, subequal pyrrhotite (darker) and pentlandite (lighter and fractured). Bar = 2 mm.

analyses except one pertains to relatively coarse
pyrrhotite, termed Po, by Soviet workers, that
crystallized from ll,liss. Only the pyrrhotite analyzed
in the quenched intermediate solid-solution (Iss)
component of droplet-ore sample 90MCl0 from
Medvezhy Creek is Po,,, fitting precisely the
designation by Genkin et al. (1981) as "...
fine-grained masses occurring in chalcopyrite in the
form of veinlets". Po,, is also well developed in
sample 90OCl3 and the Cu-rich part of sample
90OC6 that crystallized against the footwall,
suggesting that the annealing of these samples was
incomplete.

Our distinction in Appendix I of lamellar
cubanite (cb) and massive cubanite (cb1,a) cor-
responds to the designation cb1 and cbrr of Genkin
et ql. (1981), who noted that cbl represents
unmixing from .lss, and cbpl replaces pyrrhotite,
pentlandite, and chalcopyrite-group minerals. All
cubanite analyzed is stoichiometric. Electron-
microprobe data on "mooihoekite" and "talnak-
hite" are presented in Table 2. Designation as to
one or another of the chalcopyrite-group minerals
was based solely on the subjective criterion of
near-equal or unequal contents of Fe and Cu;
subsequently, formulas were recalculated according
to the ideal number of total ions, 34 for
"mooihoekite" and 33 for "talnakhite". The

credibility of these analytical results may be judged
from data reported in the footnote to Table 2 for
concurrent analyses of chalcopyrite. (We acknow-
ledge the existence of putoranite and Nienriched
putoranite in the Noril'sk-Talnakh areas, but
elected not to pursue these complex compositional
issues.) Fine intergrowths of mooihoekite and
talnakhite have been described by Genkin et a/.
(1981) in mooihoekite-rich ores and are charac-
teristic of sample 90OMZS1-1. Low-temperature
phase relations in the Cu-rich portion of the
Cu-Fe-Ni-S system are extremely complex (e.9.,
Cabri 1973\. Whereas the compositional ranges
reported for "mooihoekite" and "talnakhite" in
Table 2 are somewhat broader than those reported
by Genkin et al. (1981), the work of Cabri (1973)
suggests that compositional variability in these
phases might well be anticipated.

Mackinawite, first reported at Noril'sk by
Cenkin & Vyal'sov (1967\, was analyzed in four
samples, in which it replaces pentlandite (Fig. 5).
Although not a matter of great consequence, we
note that in most respects the determined composi-
tions of mackinawite fall outside the limits cited by
Genkin et al. (1981), as follows (our ranges follow
theirs): Ni, 4.84-6.6 versus 6.69-8.40 wt.Vo; Co,
0.08-0.36 versus 0.42-0.73 wt.Vo: Cu, 0.39-0.96
versus0.02-0.1 wt.9o; and M,zS (atomic), 0.99-1.11
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TABIJ 3. ST'MMARY OF PROTON-MICROPROBE DATA ACCORDING TO MASSIVE ORE TYPE (PPM)
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<13-19 <74
(r, 1)

<1G30 43-295
(3,3) (5, 13)

<15-35 43-t78
(1 ,  1 )  O ,5 )

<15:77 4t-686
(4, 15) (3,13)

<20-30 306-596
o,  1)  o,3)
77?-72 4740'
(4, 15) (3, 14)

25-96 43-139
(4, 14) (4, 13)

3U52 43-l5r
(2-s) (3, e)

85-128 4-66
(1,6)  (2,5)

<6<6

MEDVEZHY CREEK; Ctl' ll.8-28.0 wLTo (4)

<35 114-345 203-2540 <6-112
(4, r7) (4, r7) (4, 15)

<20 t24-132 <5 <5
(1 ,3 )

<33-61 126-356 <6-35 E-108
(3,7)  (4, ls)  (4,9)  (4,  15)

42-36 117-rU <5 39-58
o, r) (r,2) (r,2)

<31-40 tt4362 d-50 13-159
(3,3) (3, 10) (3,5) (3, 10)

<20 209-383 3r0-292A 8-206
(3, e) (3, e) (3, e)

<8-16 <t2-28
(1 ,2 )  Q ,3 )

<6 <7

4-t3 <9-t7
(3, 6) (3,4)

8?-9? <9

<8-35 77-ll
Q ,7 )  ( 3 ,4 )

6?-11 <12-28
(2-3) (2,2)

<10 <10-380 42-70
(4, 16) Q,3)

<8 <t2-t5 <t4
(1,  l )

<10-12 <15-360 4l
( 1 ,1 )  ( 4 ,13 )

<9 <15 <A

<10-19 <14-360 <23
(1 ,2 )  ( 3 ,8 )

<8-14 32-3U 4,1-88
(1,2)  (3,  e)  Q-3)

* 
Cu concentratrons in pn, po, anrl mk, and Ni conc€ntrations in cpy, cb, &, and mh; ** ore type; range in Cu content and number of

sarnples included; *** number of samples in which mineral was analyzed; + all analyses below indicated MDL; +r in (t. t). 
""rcplisents the mrmber of samples in which 'y" determinations were-iudged to be leEtimately abve fu

Note: Samples 90OCl, 90Kt\,125, 90MCl0, 839, 90OC21 and 90OC25 of Appendix I are not included in this summarization.

versrs 0.985-1.000. The cluster of godlevskite
grains identified in bornite-rich sample 90OC25 fits
perfectly the type description of the mineral in
Noril'sk-Talnakh ores (Kulagov et al. 1969) i\
terms of mineral association, paragenesis, and
Co-rich composition; as large as 15 x 40 pm, the
godlevskite grains are also of typical size (Genkin
et al. 1981). Genkin et al. indicated that godlevskite

from the Noril'sk-Talnakh district is Co-bearing
and that all godlevskite contains somewhat less
metal than required by 7/6 stoichiometry. The
godlevskite in sample 90OC25 contains 3.0 wt.9o
Co, as compared to values of 0.56 and 1.69 wt.Vo
reported by Genkin et ol., and shows a slight
deficiency in metal.

On the belief that no summary or statistical
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treatmenl could well represent our data set,
involving analyses of l0 minerals for 30 elements
in 22 samples, we have presented virtually all of
our analltical data as Appendix I. Results are
discussed largely by mineral type in this section of
the paper. To facilitate this discussion, summary
Table 3 has been prepared according to three ore
types, pyrrhotite-bearing and pyrrhotite-free mas-
sive ore from the Kharaelakhsky orebody, and
Medvezhy Creek vein ore (note that six samples for
which data are reported in Appendix I do not fall
within these categories.) This choice of ore types is
unique to this contribution; the mineral-assemblage
classification of Figures 3 and 4 is used by Soviet
geologists. The simplistic breakdown of
Kharaelakhsky ore types into "plrrhotite-bearing"
and "pyrrhotite-free" arose directly from the
distinction between the two ore types with respect
to the Pd content of pentlandite, which is
considered to reflect a fundamental difference in
the crystallization history of pentlandite from
sulfide liquids of distinct bulk composition. Mini-
mum levels of detection (MDL) for the trace
elements sought are presented in Table 4. Table 3

TABI.E 4. TYPICAL MINIMUM I,EVELS OF DETECIION
(MDL) FOR TRACE E,EIIIEITS tN Nl-Fe-Cu SULFIDE

MINBRAI.S BY PROTC'N-MCR,OPR,OBE
ANALYSIS (Irpn)

Pmdadito l4tndre Chalcopyriter Cubmits

shows not only the number of samples analyzed,
from the three main ore types and the number of
these that contain each sulfide mineral. but also a
quickly assimilated indication of how often a trace
element is found in each mineral. Because Se is
ubiquitous, the second number below the range of
Se concentration values for a given mineral is equal
to the total number of spot analyses of that mineral
for the given ore type; because the second number
under the range of concentration values for each
other trace element indicates the number of times
the trace element was detected in the given mineral
in the ore type, one can compare these two numbers
and quickly determine the percentage of measure-
ments in which the trace element was detected (see
also Table 3 footnote).

In distilling the data of Appendix I, we have
attempted to carefully constrain summary Table 3
to include only measurements that appear to
represent true structural incorporation (solid solu-
tion) of the trace elements of concern into each
mineral; all uniquely anomalous values and all
values where coupled high concentrations seem
apparent have been excluded from the table.
Whether the data of Table 3 are acceptable as
measures of solid solution may be judged by the
reader, and may vary from case to case. Whether
it is important that they be so accepted will clearly
depend on the use to be made of the data.

Pentlondite (Ni, Fe)eS,

Pentlandite is nearly ubiquitous in the Noril'sk-
Talnakh ores and was analyzed for major and trace
elements in every sample but one (in which it is
also present). As documented in numerous Soviet
reports, the Ni content of pentlandite in the district
is highly variable; in our samples Ni,/Fe ratios range
from 0.66 to 2.11. Distler et al. (1977) suggested
that the Pd content of pentlandite is related to its
Ni,/Fe ratio, but we show later that this relation
may be largely an artifact of mixed sample
populations. As shown by Table 3, the Pd content
of pentlandite is strongly controlled by ore type.
Pentlandite in only one sample of pyrrhotite-free
Oktyabr'sky ore has minimal Pd content (14 ppm),
whereas pentlandite in the pyrrhotite-bearing ore
always contains from 68 to 284 ppm Pd. Similarly,
only pentlandite in sample 90OCl2 from the
Oktyabr'sky mine contains as much Pd as is
contained in every analyzed sample from Medvezhy
Creek. Selenium is a ubiquitous trace element in
all analyzed sulfide minerals and is uniformly
distributed among them at concentration levels that
vary from sample to sample (Table l); concentra-
tions are lowest in pentlandite in pyrrhotite-bearing
ores of the Oktyabr'sky and Komsomolsky mines
and highest in ores from Medvezhy Creek. Copper

co" 2,ff i 2,ff i
Ni 135-210 21,s
C! 73{0 13-34
7i 4245 25
ca Y:36 n
G e 9 5
As 8-10 4
S e 6 4
N b 5 3

I\4o 4 4
R u s 4
R h s 4
P d s { 5
A C 6 t 6
cd G7 6{
In 7-10 7
Sa 8-11 8-9
sb 1ul2 lGll
Te 1Gl7 t1-13
Re 38-40 22-23
Pr 36 18
Au 30 17
Hg 26 16
"n 25 t8
Pb 2t-23 14
B i m 1 4

2,2N 2JW2,EN
28 l7Gr80
130 5tt50

50-54 4(.4.9
3140 32-35

9 9
7-13 &13

6 6
5 5
5 5
5 5

5 4
5 { 6
6 7 6
7-3 5J
8-10 8-9
9-ll 9-lt
t2  12

9-16 15-17
4243 3941

4 5 4 0

35 32
30 26
26 26

21-31 23
22 2n

* ircludd "mmih€kite" md "hhakhite."
*i 

fihedng oot optimiz€d for lowJdel Co deteminatioru.
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is a significant trace constituent in Noril'sk-Tal-
nakh pentlandite, with 30 determinations between
200 and 720 ppm and 7 values of 900-5,400 ppm;
it is below the MDL in pentlandite only in samples
of Cu-rich, pyrrhotite-bearing ore from the
Oktyabr'sky mine. The data reflect extensive loss
of Cu during low-temperature re-equilibration, as
it has been shown experimentally that pentlandite
in ores of this bulk composition would contain
about 2 at.Vo Cu at 600'C (Hill 1984).

Argentopentlandite [Ag(Fe,Ni)8S8] was not ob-
served in our study; Ag contents of l0 to 80 ppm
are rather erratically found in pentlandite in all ore
types. Tellurium contents of pentlandite are
comparable to those of associated sulfide minerals
and vary appreciably among samples, e.g., from
below the MDL in most samples of pyrrhotite-bear-
ing Oktyabr'sky ore to an average of more than
300 ppm in sample 90MCZCI. Lead appears to be
an erratic trace constituent of pentlandite in a
variety of Oktyabr'sky ore types; it is most
abundant in disseminated-ore sample 90OC1 and
vein sample 90OC2, but also present in pyrrhotite-
bearing sample 90OC29, pyrrhotite-free sample
90OC5, and the PGE-rich samples that contain
chalcopyrite-galena intergrowths (839, 90OC2l).
Among all phases analyzed, Pt was found to be
above the MDL only for two analyses of
pentlandite replacing chalcopyrite in sample
90KMZ5 ilrom the Komsomolsky mine; this
pentlandite also contains as much as l0 ppm Rh.
This sample is unique to our sample set in the
occurrence of pentlandite as replacement borders
on chalcopyrite and in containing well-formed,
cubic pyrite in thin, gangue-filled fractures. We
have no explanation for the detected Pt and Rh in
this pentlandite, but consideration must be given
to the possible influence of atlpically high sulfur
fugacity and the fact that this pentlandite may have
formed concurrently with pyrite at temperatures
below 212" t l3'C (Vaughan & Craig 1978).
Rhodium and Ru are also present at levels of 20-30
and 7-14 ppm, respectively, in pentlandite in
droplet-ore sample 90MCl0 from Medvezhy Creek.
Thallium, reported here for one of the first times
as a trace constituent in Cu-Fe-Ni sulfide minerals"
is present in pentlandite in PGE-rich samples 839
and 90OC2l . Zinc, Ga, Cd, In, and Sn are
infrequent trace constituents of pentlandite.

Pyrrhotite (Fe,Ni);*S

In notable contrast to pentlandite, minor Pd (5-6
ppm) was found in only 2 of 39 pyrrhotite grains
analyzed. Where they coexist, pyrrhotite and
pentlandite always have comparable Se contents.
Pyrrhotite commonly carries 50 to 250 ppm Cu in
solid solution, and the Cu contents of coexisting

pyrrhotite and pentlandite commonly are similar.
However, in the most Cu-poor sample of massive
Oktyabr'sky ore (90OMZS2-3), the Cu content of
pyrrhotite is below the MDL, and that of
pentlandite near 100 ppm, whereas in the most
Cu-rich samples of pyrrhotite-bearing ore, pyr-
rhotite may contain Cu but pentlandite does not.
In droplet-ore sample 90MC10 from Medvezhy
Creek, the pyrrhotite that has exsolved from the
/ss and is complexly intergrown with chalcopyrite
in the upper part of each droplet has a consistently
high Cu content in comparison to the more typical
Cu content of the coherent, large grains of
pyrrhotite that exsolved from the Mss (Fig. 5; later
we discuss this unusual ore texture more fully). ln
general, our data for Ni, Co, and Cu concentra-
tions in pyrrhotite (Appendix I) agree with the
findings of Shishkin et ol. (1974). Intergrown
hexagonal pyrrhotite and troilite contain com-
parable amounts of Co. The remaining trace
elements are all below their MDL in pyrrhotite,
except in the sample of Medvezhy Creek droplet
ore (90MCl0) and in PGE-rich specimen 839. Zinc,
Ag, Cd, and Te are notably enriched in the
chalcopyrite-hosted pyrrhotite of sample 90MCl0;
they, like Cu, apparently were residually con-
centrated, first in the Iss and then in pyrrhotite,
after rejection by early-crystallized Mss. A late
stage of ore deposition may be responsible for the
incorporation of notably elevated amounts of Ag,
Sn, Te, and Pb in the pyrrhotite of sample 839,
taken from a cross-cutting vein (see Appendix II).
Note that this sample also contains Tl-bearing
pentlandite and chalcopyrite, and is the only sample
studied in which pyrrhotite and Pd-free pentlandite
coexist. Rhodium is present just above the MDL
(4 ppm) in pyrrhotite in samples 90OC29 and
90MCl6 and at the I l-12 ppm level in the coarsely
crystalline nvrrhotite after Mss in sample 90MCl0.
This is less than half the average Rh content of
pentlandite in this sample of droplet ore. This result
is at variance with the conclusion of Distler el a/.
(1974) that Rh concentrations in pyrrhotite and
pentlandite are equal. Ruthenium is at the MDL in
sample 9OOMZSl-3, blt 14-21ppm Ru are present
in pyrrhotite in sample 90OC29.

Chalcopyrite CuFeS2

In all samples from the Oktyabr'sky mine (except
sample 90OCl, of disseminated ore in contact
gabbrodolerite) and the three samples of Cu-rich
Medvezhy Creek vein ore, chalcopyrite contains
less than 220 ppm Ni (the MDL). Nickel contents
range from 250-370 ppm in chalcopyrite in sample
90OCl, and are comparable in the chalcopyrite of
sample 839 and bornite-rich sample 90OC25.
Unusually high contents of Ni (2,750-26,100 ppm)
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were measured in chalcopyrite in samples 90MCl0
and 90MCl6 from Medvezhy Creek. For sample
90MCl0, the relatively rapid quenching evidenced
by the inability of the 1ss to clear itself of
pyrrhotite, appears also to have left Ni either in
chalcopyrite or in submicroscopic pentlandite
grains scattered in chalcopyrite. An entirely op-
posite proposal may be appropriate for sample
90MC16, insofar as textures in this sample strongly
suggest extensive replacement of pentlandite by
chalcopyrite. During this process, chalcopyrite may
be unable to quantitatively exclude Ni or, perhaps,
submicroscopic residual domains of pentlandite.
This study demonstrates the solubility of as much
as 800 ppm Zn in chalcopyrite, with the highest
contents found in the pyrrhotite-bearing
Oktyabr'sky ores and in the intergrown chal-
copyrite of sample 90MCl0. As highlighted by a
portion of the bold italicized data of Appendix I,
unusually elevated Zn and Cd contents appear to
be correlated. In no case did follow-up SEM study
reveal the presence of a discrete phase; either
micro-inclusions of (Zn,Cd)S lay beneath the
polished surface, or we have detected a concentra-
tion stage prior to crystallization of (Zn,Cd)S
inclusions. Although concentrations are low, it
appears that at Medvezhy Creek, Cd is likely to be
more concentrated in chalcopyrite than massive
cubanite; the highest concentrations are found in
lamellar cubanite. Palladium contents of chal-
copyrite are generally at the MDL, except in
Medvezhy Creek vein ore and in disseminated-ore
sample 90OCl, PGE-rich sample 90OC2l, and
bornite-rich sample 90OC25 from the Oktyabr'sky
mine. For four samples of Medvezhy Creek ore,
nine determinations of Pd in chalcopyrite range
from 12 to 43 ppm, with no apparent relation to
content of another trace element. Similarly, 18, 22,
and 23 ppm Pd were detected in chalcopyrite in
samples 90OC2l and 90OC25, and 12,30, 34, and
96 ppm Pd in chalcopyrite in sample 90OCl.
Gallium is commonly present at detectable levels in
chalcopyrite in pyrrhotite-bearing Oktyabr'sky ore,
in Medvezhy Creek vein ore, and in samples
90OC2l and 90OC25. Typically, Ag is below or
near the MDL (6-7 ppm) in chalcopyrite; however,
in samples 839 and 90OC2l, as well as all Medvezhy
Creek samples, chalcopyrite may contain 23-108
ppm Ag. There is no particular pattern for In and
Sn concentrations, which are below or near the
MDL in chalcopyrite except for disseminated-ore
sample 90OCl (Sn 9, 25, 43 ppm) and sample 839
(Sn 308, 431 ppm). Tellurium is below or near the
MDL in chalcopyrite, except i! Medvezhy Creek
ore and atypical samples 839, 90OC2l, and
90OC25. In these samples, its concentration is
comparable to that in coexisting pentlandite,
pyrrhotite, cubanite, and mackinawite, ranging

from 30 to more than 300 ppm. Lead contents in
chalcopyrite are below the MDL in all Medvezhy
Creek vein ore, but are appreciable in sample
90OC2l and several samples from the Oktyabr'sky
mine. Galena is a major phase in samples 839 and
90OC2l, and has been identified as a trace
constituent in most Oktyabr'sky ore samples. There
is no apparent pattern to the erratic and somelimes
high (average 150-400 ppm) Pb contents of some
Oktyabr'sky chalcopyrite. As much as 45 ppm Tl
was found in chalcopyrite in samples 839 and
90oc2t.

Cubanite CuFe2S3

Where present, cubanite ranges in significance
from a minor to a major phase. It is always found
in association with pentlandite, and found in
association with pyrrhotite in only four of the
samples studied. Although cubanite and chal-
copyrite are commonly associated in the Noril'sk-
Talnakh ores, this association is only found in the
Medvezhy Creek ores of our sample suite. Al-
though it has not been possible in every case to
characterize analyzed cubanite as lamellar or
"so-called" massive, we attempted to do so, based
on early indications of trace-element distinctions
between the two forms in some samples from the
Oktyabr'sky mine. Where coexisting with more
massive cubanite, lamellar cubanite may contain
higher concentrations of Ni, Zn, Ag, Cd, and Sn.
This pattern, best evidenced in samples 90OC5,
90OC9, and 90OCl4, must relate (for all but Ni)
to a greater acceptance of these elements in the
cubanite structure than in the structures of
"mooihoekite" or "talnakhite" from which the
cubanite lamellae exsolved.

The Ni contents of cubanite are generally
comparable to those of coexisting chalcopyrite, but
may be Iesser or greater. Whereas a single value of
5,240 ppm Ni, obtained for lamellar cubanite in
sample 90MCl6, might be ascribed to a pentlandite
inclusion, it is less easy to dismiss the values of
2465 ppm in sample 90OC5, and 3,000, 9,800, and
16,400 ppm found in sample 90OC9. The
"mooihoekite" and "talnakhite" from which
cubanite has exsolved in samples 90OC5, 90OC9,
90OC74, and 90OMZSl-l contain 5,000 to 10,000
ppm Ni as a minor constituent (Table 2, Appendix
I). As particular care was taken in locating spots
for analysis on cubanite lamellae, the erratic, high
Ni contents of the lamellar cubanite exsolved from
"mooihoekite" and "talnakhite" would appear to
reflect the fact that Ni was relatively inert during
the exsolution process. Zinc contents of cubanite
are generally less than 200 ppm, and Cd contents
less than 12 ppm. Where higher values were
obtained, these elements appear coupled; the best
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example is the regular increase in both Cd and Zn
contents in massive cubanite in sample 90OCl4.
We suspect the presence of submicroscopic con-
centrations of (Zn,Cd)S similar to larger, but still
microscopic, Cd-rich sphalerite grains and stars
identified in the ores with the SEM. Cubanite
commonly contains Ga in the 35-50 ppm range
typical for the other Cu-Fe sulfide minerals.
Selenium contents are in all cases commensurate
with those of coexisting minerals. Massive cubanite
in sample 90OC5 contains 6-27 ppm Pd that does
not appear coupled with another trace element;
cubanite in Medvezhy Creek ore may contain as
much as 50 ppm Pd, as does lamellar cubanite in
sample 90OC21. Abnormal concentrations of Pd
in lamellar cubanite of sample 90OC5 clearly relate
to a submicroscopic association of Pd with Sn. As
evidenced in Table 3, cubanite is an important
carrier of Ag in Noril'sk and Talnakh ores;
invariably, Ag contents are higher in the lamellar
variety, where concentrations may reach 150 ppm.
Indium is erratically above the MDL in cubanite,
as is Sn in Medvezhy Creek ore. In all of the
Oktyabr'sky ores in which cubanite was analyzed,
Sn is present at the level of 15-18 ppm. Lamellar
cubanite may contain 17-37 ppm Sn in Oktyabr'sky
ores, and cubanite contains 124 and 231 ppm Sn
in sample 839. Concentrations of Te in cubanite
are typically comparable to those in associated
sulfides, but notably lower for cubanite in samples
90OCl0 and 839 and for massive cubanite in
sample 90MC16, Lead is below the MDL in
Medvezhy Creek cubanite, but typically present in
cubanite from the Oktyabr'sky mine; sample
90OC2l contains the most Pb, 542 and 880 ppm.
In contrast to other elements, Pb appears to be less
concentrated in lamellar cubanite than in massive
cubanite in samples 90OC5 and 90OCl4. Although
cubanite in sample 90OMZS1-3 typically contains
70-200 ppm Pb, Pb is below the MDL in coexisting
chalcopyrite. In samples 839 and 90OC2l, chal-
copyrite contains as much as 45 ppm Tl, whereas
Tl is below the MDL of 25-28 ppm in cubanite. In
sample 90OMZS1-1, cubanite may contain 14-25
ppm Sb.

" Mooihoek i te " CueFeeS 6

Based on electron-microprobe data (Table 2),
three pyrrhotite-free samples from the Oktyabr'sky
mine are considered to contain "mooihoekite". In
contrast to chalcopyrite and cubanite,
"mooihoekite" and "talnakhite" contain Ni as a
minor rather than a trace constituent (Table 2,
Appendix I). Trace-element contents are com-
parable for "mooihoekite" in samples 90OC5 and
90OC9, but somewhat lower in sample 90OMZS1-
f . in which "mooihoekite" and "talnakhite" are

finely intergrown. In the latter sample, trace-ele-
ment concentrations in "mooihoekite", "talnakh-
ite". and lamellar and massive cubanite are
generally comparable. Perhaps the only noteworthy
differences are the fact that Sn is present in the two
types of cubanite, but not in "mooihoekite" and
"talnakhite", and only lamellar cubanite contains
Zn. Antimony is present (14, 26 ppm) in
"mooihoekite" and lamellar cubanite in sample
9OOMZSl-1. "Mooihoekite" does not appear to
carry Pd, whereas cubanite does in sample 90OC5.
Zinc is present in the "mooihoekite" of samples
90OC5 and 90OC9 at levels (60-114 ppm) com-
parable to those found in associated cubanite,
except that lamellar cubanite in sample 90OC5 may
contain 300-400 ppmZn. From 38 to 53 ppm Ga
is present in the "mooihoekite" of these two
samples, concentrations comparable to those in
cubanite in sample 90OC5. Cadmium is somewhat
less abundant, and In more abundant, in
"mooihoekite" than in coexisting cubanite. The Ag
content of "mooihoekite" is comparable to that of
cubanite in sample 90OC5, but notably less than
that of lamellar cubanite in sample 90OC9.
Contents of Se, Sn, Te, and Pb are comparable (at
different concentration levels) for "mooihoekite"
and cubanite in these two samples.

"Talnakhite" CueFesSrc

"Talnakhite" was analyzed by electron
microprobe in three samples, lwo of which were
studied by proton microprobe (1201 is a reference
sample from the collection of Noril'sk Expedition).
As a coarse-grained, dominant phase, the "tal-
nakhite" of sample 90OC14 contains much higher
concentrations of trace elements than the exsolved
"talnakhite" of sample 9OOMZSl-1. In sample
90OCl4, Zn concentrations in "talnakhite" are
comparable to those in lamellar cubanite and less
than those in massive cubanite. whereas the
opposite is true for Cd. Gallium, Se, and Pb appear
to be equally distributed among the three phases.
Palladium exceeds the MDL of 6-8 ppm only where
an association with Sn is apparent. Silver and Sn
are as abundant in "talnakhite" as in lamellar
cubanite; both phases carry more Ag and Sn than
massive cubanite. Indium (ll-17 ppm) and Te
(85-128 ppm) appear to prefer the "talnakhite"
structure.

Mackinawite (Fe, Ni) t-,5

The presence of mackinawite as an alteration
product in pentlandite (Fig. 6) has been confirmed
by electron-microprobe and X-ray analysis in three
samples of Medvezhy Creek vein ore and in sample
90OC2l; nickel contents range from 6.69 to 8.40
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Ftc. 6. Representative back-scallered elecrron image of replacement of Pd-bearing
pentlandite by Pd-bearing mackinawire (sample 90MCl5).

wt.9o (Table 2). The Pd contents of mackinawire
are extremely high, exceeding those measured in
coexisting pentlandite in two of the four samples.
This result suggests that Pd is relatively immobile
or even concentrated during the alteration process.
Copper is consistently present in mackinawite,
often at concentrations greater than 400 ppm,
whereas Zn concentrations are negligible. Copper
concentrations in mackinawite may be greater than
those in the host pentlandite, suggesting that Cu,
like Pd, may become more concentrated in this
alteration mineral. In all samples, Se, Te, and pb
contents in mackinawite are comparable to those
in coexisting sulfide minerals. Silver contents are
generally comparable to those in pentlandite, bur
greater than those found in pentlandite for one
analysis of mackinawite in sample 90MC5 and all
three analyses of mackinawite in sample 90OC2l.
Mackinawite in sample 90MC5 contains a trace
amount of Sn, and that in sample 90OC21 is
enriched in Sn (72-205 ppm) compared to coexist-
ing pentlandite. Gallium and Cd concentrations are
at or below their MDL. Mackinawite in sample
90OC2l contains more Tl (105-235 ppm) than any
coexisting mineral other than pentlandite.

Bornite Cu5FeSa

Bornite, found only in sample 90OC25, was
found to be extremely unstable under the proton

beam at the high currents employed, and this
required rastering of the sample. Its apparent
contents of Se (75 ppm), Pd (19 ppm), In (16 ppm),
and Te (26 ppm) are comparable to those in
coexisting chalcopyrite. Only Ag (65 ppm) appears
to be preferentially concentrated in bornite.

Godlevsk i te (Ni,Fe)156

Godlevskite was identified by electron-
microprobe and X-ray analysis in the association
of its initial discovery (Kulagov et al. 1969), a
late-stage bornite-chalcopyrite-pentlandite vein
above the Kharaelakhsky orebody. Most trace
elements are below their MDL in godlevskite, but
it contains a significant amount of Cu (944-1,746
ppm) and has a Se contenl comparable to that of
coexisting sulfide minerals. One spot analysis gave
high contents of Pd (19 ppm), Ag (11 ppm), and
In (13 ppm).

Magnetite FqO4

Early crystallization of magnetite is to be
expected from magmatic sulfide liquids (Craig &
Kullerud 1969, Naldrett 1969). Magnetite is abun-
dant in pyrrhotite-rich ores, abundant to sparse in
Cu-rich Kharaelakhsky ores, and rare in the
Medvezhy Creek vein ores, although subhedral
grains <2 mm across may be found along vein
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margins. Complex and intriguing textures, noted
by Genkin et al. (1981) and only hinted at in the
descriptions of Appendix II, suggest that a study
of magnetite would be of interest. Owing to time
limitations, only four grains of magnetite were
analyzed in two samples of pyrrhotite-bearing
Oktyabr'sky ore, with the following, comparable
results (ppm): sample 90OCl2: Ni 916, Zn 127, Zr
26, Sn ll; sample 90OC29: Ni 1058, 1107, 1110,
Zn 165, 152, 170, Zr 22, 12, 22, Sn 36,48, 38.

Atypical samples

Sample 90OCl, consisting of disseminated ore
in contact gabbrodolerite from the upper contact
of the Kharaelakhsky orebody, merits separate
consideration on several counts. Perhaps the most
striking is that the Pd content of chalcopyrite in
this specimen is the highest measured (12-96 ppm),
whereas that in pentlandite is below the MDL of
5-6 ppm, as is typical of pyrrhotite-free ore.
Chalcoplrite in this specimen and in the quite
dissimilar specimen 839 is the only chalcopyrite
from the Oktyabr'sky mine that contains Ni well
above the MDL of -220 ppm; it also contains, on
average, more Sn (16?-43 ppm) than any sample
other than sample 839. Finally, the Te contents of
the coexisting pentlandite (29-35 ppm) and chal-
copyrite (<15 ppm) are unusually different. We
can only suggest that these distinctions result from
quenching and isolation of the sulfide component
in this disseminated-ore sample, as no comparable
sample of this ore type was studied.

The trace-element geochemistry of the major
sulfide phases in samples 839 and 90OC2l is
unusual. Sample 839 represents a sulfide vein
cutting massive sulfide ore in the upper part of the
Kharaelahksky orebody, and sample 90OC2l may
be comparable. Both samples are enriched in Ag,
Au, and PGE, and both contain galena (galy of
Soviet geologists) in complex intergrowth with
chalcopyrite. The samples contain Tl well above
the MDL (-26 ppm) in pentlandite, chalcopyrite,
and mackinawite. In ores of this type, djerfisherite
[K,6(Cu,Fe,Ni)zsSzeCl] and thalcusite [Tl2(Cu,Fe)aSa;
Kovalenker et al. l9761are not uncommon (Genkin
et al. l98l), and the phase PdaBirCl3 has been
described (Karpenkov et al. l98l). The presence of
Tl, K, and Cl, and unexpected irregularities in
trace-element concentrations in major sulfide
minerals, may relate to the origin of this late-stage
ore type as a liquid in equilibrium with solid .Iss
(see Discussion), and possible involvement of
hydrothermal solutions. Unusually high concentra-
tions of Ag in the pyrrhotite (222, 367 ppm) of
sample 839 and the mackinawite (539, 643, 984
ppm) of 90OC2l are notable, as are uniquely high
Sn contents in all analyzed phases of both samples,

except for pentlandite in sample 839. The most
striking features relate to sample 839; the Pd
content of pentlandite in this pyrrhotite-bearing ore
is less than the MDL, and the average Se content
of cubanite in the sbmple is only 25 ppm in
comparison to an average concentration of 268
ppm Se for 6 analyses of coexisting sulfide
minerals. The Te content of this cubanite is also
much lower than that of the coexisting phases. We
have found no comparable divergences in any other
sample. Other notable differences between the two
samples are: (l) in addition to Pd, the concentra-
tions of Cu, Zn, Ga, and Sn are below their MDL
in the pentlandite of sample 839; (2) chalcopyrite
in sample 839 contains at least twice as much Ni
as that in sample 90OC2l, and contains 4-5 times
as much Ag and 3-30 times as much Sn, but only
one tenth as much Pb; (3) the lamellar cubanite of
sample 90OC2l contains less Zn than any other
analyzed lamellar cubanite, remarkably more Pd
and Pb. and much less Sn than the cubanite of
sample 839.

Other trqce elements

Of the other elements sought during our study,
only Nb, Mo, Hg, and Bi were never detected near
or below their MDL, or if so, as a rare value 2-3
times the MDL, which could be readily ascribed to
an inclusion. The following is an inventory of the
less commonly detected elements (with their overall
MDL) and the fraction of times they were reported
as constituents of the major Cu-Fe-Ni sulfide
minerals by the Guelph deconvolution program: As
(MDL, 4-13 ppm): chalcopyrite (ll/52), cubanite
(lll53), pyrrhotite (2/39), pentlandite (2/90),
"mooihoekite" (2 / | l), "talnakhite" (2/8), bornite
(l/ l); Au (17-35 ppm): pyrrhotite (3/39), chal-
copyrite (2 / 52), cubanite (2 / 53), pentlandite (l / 90),
"mooihoekite" (l/ll); Ge (5-9 ppm): pentlandite
(4/90), "mooihoekite" (2/|l), cubanite (l/53); Pt
(18-45 ppm): pyrrhotite (5/39), pentlandite (3/90);
Re (22-43 ppm): pentlandite (5/90), cubanite
(3 / 5 3\, chalcopyrite (2 / 52), "mooihoekite " (2 / | l).
Rare Au and Pt values 2-3 times their MDL
presumably record the presence of inclusions of the
Pt minerals and electrum present in these ores.

DISCUSSIoN

Distribution coefficien ts

Bethke & Barton (1971) raised the hope that if
clean mineral separates of contemporaneous phases
could be accurately analyzed, the distribution of
minor elements among the phases could allow
estimation of temperatures of ore formation.
Unavailable at that time, the proton microprobe is
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ideally suited to provide the quality of analysis
required, even for complex growth-zoning in
sulfide minerals. Surprisingly, for most trace
elements sought, our data reveal little preference
among the structures of pyrrhotite, pentlandite,
mackinawite, cubanite, and the chalcopyrite-group
minerals.

Bethke & Barton (1971) studied the distribution
of Cd, Mn, and Se between galena and sphalerite
and of Se between galena and chalcopyrite. It seems
possible that the strong functions of distribution
coefficients with temperature found for these trace
elements were largely a function of the galena
structure. In fact. Bethke & Barton used their data
to calculate.distribution coefficients for Se between
sphalerite and chalcopyrite (which share the
zinc-blende structure), and found that the distribu-
tion coefficient decreases with temperature at a rate
so slight as to preclude use in geothermometry.

We believe the samples studied from the Noril'sk
deposits typically represent equilibration at quite
low temperatures. If the most useful distribution
coefficients for geothermometry will be those that
increase with decreasing temperature, our data
eliminate numerous mineral pairs from potential
use as geothermometers in the sense proposed by
Bethke & Barton. For most substituting trace
elements, there appears to be little difference in sire
preference among the mineral hosts. Of all the
elements studied, only Pd, Zn, and Ga show a
consistent preference for a particular host; Pd
prefers pentlandite and mackinawite, whereas Zn
and Ga prefer cubanite and the chalcopyrite-group
minerals. High Zn content in the pyrrhotite hosted
by chalcopyrite in the droplets of sample 90MC10
is corroborating evidence of arrested equilibration
in the droplets. The remarkable uniformity of Se
distribution among coexisting minerals has been
noted; where distinctly above its MDL, Te is almost
as uniformly distributed, whether it be at the 30-80
ppm level (sample 90MCl5) or the 260-380 ppm
level (sample 9OMCZCI). The distribution of Ag
is quite erratic, perhaps owing to the fact that it is
monovalent and enters into coupled substitutions
with trivalent elements; in any given sample, it may
be detectable in one or another mineral. Notable
are its relatively high concentration in mackinawite
in sample 90OC2l (540-980 ppm) and in pyrrhotite
in sample 839 (220-36A ppm), as well as its typically
low concentration (<60 ppm) in pentlandite,
considering the fact that one structural site can be
filled with Ag in argentopentlandite [Ag(Fe,Ni)rSr].
Always near its MDL, In is uniformly distributed
in sample 90MCZC1, but appears to favor the
pentlandite structure in pyrrhotite-bearing ores and
the chalcopyrite-group minerals in pyrrhotite-free
ores. Where near its MDL, Sn seems to have no
favorite site, as is the case at higher concentrations

in sample 90OC2l. In other samples, higher
concentrations of Sn are commonly found in
cubanite and chalcopyrite-group minerals. Con-
centrations of Pb appear to follow a somewhat
consistent, but capricious pattern. Lead is present
in pyrrhotite only in galena-bearing sample 839, in
which far more Pb was detected in pyrrhotite than
in coexisting sulfide minerals. In the pyrrhotite-
bearing ores from the Oktyabr'sky mine, Pb is
generally more abundant in cubanite or chal-
copyrite-group minerals than in pentlandite.
Though typically near its MDL, Pb is most
commonly detected in pentlandite or mackinawite
in the Cu-rich vein ores of Medvezhy Creek.
Finally, in disseminated ore sample 90OCl, in
sample 90OC2l, and in several samples of
pyrrhotite-free ore from the Oktyabr'sky mine, Pb
is at high levels of concentration in most sulfide
phases.

Crystallization paths for sulfide liquid

The spatial distribution of mineral assemblages
(Figs. 3,4), bulk-composition data, and experimen-
tal studies of the Cu-Fe-Ni-S system (e,9., Crai9
& Kullerud 1969) indicate that the Kharaelakhsky
orebody represents an enormous pool of sulfide
liquid that fractionated by high-temperature crys-
tallization of Mss to produce a Cu-rich residual
liquid and, ultimately, Cu-rich, pyrrhotite-free ore
assemblages complementary to pyrrhotite - chal-
copyrite - pentlandite ores. The Cu-rich Medvezhy
Creek vein ores are interpreted as injections of
comparable Cu-rich differentiates.

On a vastly different scale, ore textures in
specimen 90MCl0 (Fig. 5), consisting of classic
droplet ore in picritic-taxitic gabbrodolerite from
the Medvezhy Creek open-pit mine, provide insight
into this process and reflect intermediate stages in
the crystallization of the immiscible sulfide liquid.
Trace-element concentrations and distributions in
this ore type are interpreted as antecedent to those
represented in the mineral assemblages of the
Kharaelakhsky orebody and the Cu-rich veins at
Medvezhy Creek. The gabbrodoleritic units of the
intrusions that host droplet ore also commonly
contain abundant biotite, suggesting that the
ore-bearing magmas were relatively volatile-rich
and may have had relatively low solidus tempera-
tures for their mafic compositions; Mss undoub-
tedly was crystallizing concurrently with the
silicates of the host intrusion. Margins to the
solidified droplets are highly irregular, with inter-
fingering sulfide and subhedral silicate crystals, and
droplets were commonly deformed. A chalcopyrite-
rich assemblage typically occupies the part of each
droplet that was uppermost as the rock solidified.
The monoclinic pyrrhotite (Po* of Appendix I) and
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pentlandite that lie in the lowermost part of each
droplet are coarse-grained relative to the chal-
copyrite-rich assemblage; contacts between these
two minerals range from smooth to complexly
interdigitating. (Relative proportions of pyrrhotite
and pentlandite and of these minerals relative to
the chalcopyrite-rich assemblage vary with the
plane of the section.) The coarse-grained pyrrhotite
contains both simple and complex exsolution
lamellae of pentlandite, and the pentlandite may
contain sparse, irregular residues(?) of pyrrhotite.
lrregular to well-crystallized pentlandite and pyr-
rhotite may form a thin rim on one another along
contacts with the chalcopyrite-rich assemblage.
This latter assemblage constitutes an extremely
irregular intergrowth of monoclinic pyrrhotite in
chalcopyrite (Po, and Cpy, of Appendix I) that also
may contain fine exsolution-lamellae of cubanite.
A small part of each droplet may consist of
pyrrhotite-free chalcopyrite (Cpyr of Appendix I).
Anhedral magnetite grains, as much as several
millimeters across, are typically found along an
edge of each droplet (Fig. 5).

The findings of Craig et ul. (1968), Craig &
Kullerud (1969), Kullerud et al. (1969), and Hill
(1984) provide a basis for discussion of the
observed mineral relationships in the quenched
droplets. With cooling, Ni-bearing Mss began to
crystallize at a temperature of about 1000'C and
sank; the remaining, displaced liquid became
increasingly Cu-rich until a temperature of about
850'C was reached. 1ss may have begun to
crystallize from this liquid at about 900'C
(Dutrizac 1976), and it is likely that the droplets
were solid at 800oC. Data in Table I for Cu-rich
massive and vein ore suggest that the Cu-rich liquid
contained 2.5 to 7.1 wt.Vo Ni and was enriched in
most trace elements. At temperatures below 6l0oc,
pentlandite began to nucleate against and within
the crystalline, solidified Mss. As the system cooled
further, chalcopyrite crystallized from the.Iss, and
Ni released by this reaction migrated along with Ni
being released from the Mss to augment pentland-
ite. Traces of Ni not released at higher temperatures
formed pentlandite exsolution lamellae in the
monoclinic pyrrhotite produced by the breakdown
of Mss. Sulfur released by crystallization of
pentlandite from .ll,lirs in the droplets may have
stabilized this relatively S-rich monoclinic pyr-
rhotite. The lower-density, Cu-rich liquid that rose
to the upper part of the droplets and crystallized
as .Iss is now represented by an extremely intricate
intergrowth of irregular fine pyrrhotite veinlets in
chalcopyrite. This assemblage and texture contrast
notably with those in Cu-rich massive and vein
ores, which crystallized from liquids that were
removed from Mss-rich assemblages; in those ores,
pyrrhotite is absent, and pentlandite and chal-

copyrite-group minerals resulting from breakdown
of.Iss have segregated to form homogeneous coarse
grains.

Because of the isolation and more rapid
quenching(?) of the droplets, as well as the presence
of pyrrhotite in the assemblage, elemental partition-
ing in sample 90MCl0 contrasts with that measured
in the Cu-rich Medvezhy Creek vein ores. Com-
pared to pentlandite in these vein ores, pentlandite
in sample 90OCl0 is poorer in Ni and richer in Co;
it is the only analyzed pentlandite that contains Rh
and Ru well above their MDL (<5, 17, 21, 27, 28
and <5, 5, 7, 7, 14 ppm, respectively). Similarly,
only the coarse-grained monoclinic pyrrhotite that
exsolved from the Mss contains detectable Rh (l I,
12, 12 ppm). Experimental studies by Distler e/ a/.
(1977) showed that both Rh and Ru are strongly
concentrated in the early-formed Mss, but the
studies of Makovicky et al. (1986) showed that at
900oC, the solubility of Rh in pyrrhotite is far
greater than that of Ru. The data of Makovicky el
al. (1986) for 500'C show marked decreases in the
solubilities of both Rh and Ru in pyrrhotite, and
our data suggest that Rh and Ru leave the Mss and
remain concentrated in pentlandite relative to
pyrrhotite at intermediate stages of annealing. The
coarse-grained pyrrhotite in sample 90MCl0 is
markedly richer in Ni and poorer in Cu, Zn, Ag,
and Cd than the irregular exsolution pyrrhotite
produced by breakdown of the .Iss. Rare, pyr-
rhotite-free chalcopyrite in sample 90MCl0 con-
lains more Zn and Cd than that in the Medvezhy
Creek vein ores. Its composition differs notably
from that of the chalcopyrite host to the inter-
growth, which appears to have a high Ni content,
as well as relatively high Ga, Pd, and Ag contents.
Within the chalcopyrite host to the intergrowth,
measured Ni and Pd concentrations may be partly
due to invisible, exsolved inclusions of pentlandite,
as the Ni'contents of I and2.6 wt.qo are high and
erratic.

Based on the data of Smirnov (1966), sample
90MCl0 is typical of sulfide-rich, picritic-taxitic
gabbrodolerite. From several tens of analyses of
borehole samples, Smirnov calculated average
Cu,/Ni ratios for various ore types in the Noril'sk
I intrusion as follows: picritic gabbrodolerite,
overall 1.29, high-grade 1.50; taxitic gab-
brodolerite, overall 1.58, high-grade 1.74. Data
from Table I can be used to calculate the
composition of the sulfide component in sample
90MCl0. and the data of Czamanske & Moore
(1977) provide a basis for evaluation of the degree
of evolution of this composition in terms of CulNi
ratio. By using a broad electron-microprobe beam
and integration procedures, Czamanske & Moore
determined bulk compositions for immiscible
sulfide globules (ll-223 pm across) in glassy,
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quenched rinds on samples of primitive and
differentiated basalt from the Mid-Atlantic Ridge.
The average composition (wt.Vo) for l3 globules in
1l samples of primitive olivine and picritic basalt
is Fe 42.3, Ni 13.2, Cu 9.4, S 34.3, Cu/Ni 0.71:
for 27 globules in 12 samples of plagioclase-bearing
basalt, the average composition is Fe 49.1, Ni 6.9,
Cu 9.2, S 33.9, CulNi 1.34. Taking a value for S
of 34.2 wt.9o, and assuming that all of the Ni and
Cu is sulfide-bound, the composition of the sulfide
component in sample 90MCl0 can be calculated as
Fe 45,4 (by difference), Ni 7.7, Cu 12,7, S 34.2,
CulNi 1.65. Consideration of these Cu,/Ni ratios
indicates that the sulfide component of sample
90MCl0 is far too evolved to be compatible with
the relatively mafic rocks that host this ore type.
Development of the physical, chemical, and
isotopic attributes of this prevalent ore type in an
upper-crustal environment is difficult to envision.

Pent londite composition

Pentlandite in the Noril'sk-Talnakh ores varies
widely in composition, particularly in Ni,/Fe ratio
and Co, Cu, and Pd contents. Shishkin er a/.
(l 97 I ), Distler et ql. (197 7), and Genkin et ol. (197 3,
l98l) discussed the composition of Noril,sk-Tal-
nakh pentlandite in some detail, mostly with
reference to the significant differences in Ni,/Fe
ratio and Pd content that characterize distinct types
of massive ore associated with the Kharaelakhskv
and Talnakh intrusions.

Pentlandite forms as a result of subsolidus
reactions at temperatures at or below 610.C (Craig
& Kullerud 1969, Kullerud et ol. 1969, Hill 1984)
and changes composition as it continues ro
equilibrate to low temperatures. The Ni/Fe ratio in
pentlandite is determined by the coexisting sulfide-
mineral assemblage (which reflects the bulk com-
position of the ore) and temperature of equilibra-
tion; this compositional dependence of Ni,/Fe ratio
in pentlandite can also be expressed in terms of
sulfur fugacity (Harris & Nickel 1972, Misra & Fleet
1973, Kaneda et al. 1986), as schematically shown
by the equation,

9FeS + (Fee.33Ni6.6)eS6 :
2@e6.66Ni6.33)es8 + l,/2 52.

The Ni,/Fe ratios (atomic) of pentlandite in the
samples studied are appropriate for the as-
semblages, as documented by Harris & Nickel
(1972), who suggested that in most cases the
composition of pentlandite indicates re-equilibra-
tion below 135'C. Over the range of Ni,/Fe ratios
from 0.66 to 1.78, the atomic metal:sulfur (M,/S)
ratio in pentlandite varies irregularly between I . I l0
and I .1 35, with the exception that the ratio is 1.097
in the exsolution pentlandite of sample 9AKMZS;
a range of M,/S ratios is typical of each of the ore

types of Table 3. Ni,/Fe ratios in pentlandite are
lowest (0.66-0.82) in samples of cupriferous,
pyrrhotite-free massive ore (combinations of
mooihoekite, talnakhite, pentlandite, cubanite, and
magnetite) from the Oktyabr'sky mine. Ni/Fe
ratios in pentlandite vary from 0.84 to 1.00 in
samples of massive sulfide from the Oktyabr'sky
mine that contain the assemblage pyrrhotite -
chalcopyrite - pentlandite - magnetite, and show a
weak inverse correlation with the Cu content of
these samples (4.02-22.5 wt.9o). Pentlandite in
Medvezhy Creek vein ore (assemblages dominated
by chalcopyrite and cubanite) is characterized by
significantly higher Ni/Fe ratios (1.06-1.13); these
vein samples vary widely in bulk composition
(11.6-28.0 wt.9o Cu) and sulfide mineral propor-
tions. These results are generally consistent with
data presented by Genkin et al. (1973) and Distler
et al. (1977). Pentlandite in samples 90OCl and
90OC25 contains as much Ni (42.9, 44.5 wt.Vo,
respectively) as any pentlandite analyzed by Harris
& Nickel (1972); as one might anticipate from their
report, the pentlandite containing 44.5 wt.9o Ni is
associated with godlevskite (plus bornite and
chalcopyrite). Genkin et al. (1981) reporred 44.6,
46.1, and 46.6 wt.Vo Ni in pentlandite in three
samples of ore containing chalcopyrite and bornite,
but we are not aware of any compositional data
for pentlandite specified to be in association with
godlevskite in the Noril'sk-Talnakh district.

Pentlandite containing 42.9 wt.Vo Ni occurs near
the upper contact of the Kharaelakhsky orebody in
disseminated chalcopyrite-pentlandite ore in con-
tact gabbrodolerite (sample 90OCl). This pentland-
ite composition is of interest because it
demonstrates that significant differences in Ni,zFe
ratio in pentlandite occur in spatially associated
samples. The gabbrodolerite is cut by chalcopyrire
- pentlandite - magnetite veins (sample 90OC2) in
which the Ni content of pentlandite is 33.7 wt.9o,
and sample 90OCl was taken only a few tens of
meters from massive talnakhite-bearing samples
90OC5 and 90OCl4, in which the Ni conrenrs of
pentlandite are 30.5 and 28.4 wt.9o, respectively.
If one can safely extrapolate the experimental work
of Kaneda et ol. (1986) to low temperatures, the
difference in sulfur fugacity corresponding to these
compositional differences is about l0a, with higher
sulfur fugacity corresponding to greater Ni,/Fe
ratio. Genkin et al. (1981) reported that in the
Noril'sk-Talnakh ores, it is not unusual to find
that sulfide-mineral assemblages differ notably
between adjacent matrix and droplet ores, or
between a picritic gabbrodolerite host and
leucogabbro inclusions within it. We believe that
this juxtapostion of mineral assemblages and
mineral compositions occurs because the ore-bear-
ing intrusions are products not only of multiple
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intrusive events and complex patterns of re-equi-
libration, but of continued differential movement
during the emplacement process.

Genkin et al. (1981) stated that the pentlandite
associated with mooihoekite and talnakhite con-
tains Cu. On the basis of the data of Shishkin el
al. (1971), it might be more correct to have said
that it typically contains more Cu than pentlandite
in pyrrhotite-bearing ore. Our data support this
conclusion, but measured cu contents of large
(l-2.5 cm across) porphyroblastic grains of
pentlandite in Cu-rich ore are 0.12 to 0.41 wt.Vo,
lower than the contents of 0.49 to 0.61 wt.Vo
reported by Shishkin et al. Similar Cu contents
characterize coarse porphyroblastic pentlandite
(Pn,) in association with. chalcopyrite and cubanite
in Cu-rich Medvezhy Creek vein ores.

There is poor correlation between the Ni and Co
contents of analyzed pentlandite, and no overlap
between the Co contents of pentlandite in samples
of the three ore types of Table 3. Nickel contents
of pentlandite range from 30.7 to 33.8 wt.9o in
massive pyrrhotite-bearing ores and from 26.9 to
30.5 wt.9o in massive, pyrrhotite-free cupriferous
ores of the Otyabr'sky mine, and from 34.7 to 36.0
wt.9o in the Cu-rich Medvezhy Creek vein ores;
respective Co contents are l.0l to 1.88, 0.72 to
0.96, and 0.25 to 0.48 wt.9o. Distinctly higher Co
contents of pentlandite in pyrrhotite-bearing ore
apparently reflect preference of Co for the Mss
(resulting in higher bulk Co contents in ores
enriched by settling of Mss), and subsequently for
the pentlandite structure. For both pyrrhotite-bear-
ing and pyrrhotite-free ores, there is a strong
positive correlation between the Co content of
pentlandite and the bulk ColNi ratio of the ore.
Kaneda et al. (1986) suggested that the Co content
of pentlandite exsolved from pyrrhotite correlates

with the ColNi ratio of the high-temperature,
homogeneous pyrrhotite. Co contents of pentland-
ite from our sample suite correlate strongly with
bulk ColNi ratio, suggesting that the compositional
control noted by Kaneda et al. (1986) extends to
all varieties of pentlandite regardless of their
ultimate derivation (see below). In ores from the
Oktyabr'sky mine, there is a decrease in Ni/Fe ratio
in pentlandite with increasing Cu content of the
ore, apparently reflecting a concomitant decrease
in sulfur fugacity (Kaneda et al. 1986).

Palladium concentrations in pentlandite do not
correlate well with Ni./Fe ratio in pentlandite or
with bulk Pd concentration in the sample. Based
on knowledge ofthe Talnakh ores and experimental
studies, Distler et ol. (1977, their Figs. 4 and 6)
suggested that Pd concentration in pentlandite is
related both to its Ni/Fe ratio and to total Pd
content in the ore. (Because our data on Pd
concentration are not normally distributed, they
were transformed into logarithms to allow proper
testing of the significance of these correlations.)
Figure 7A shows that for our suite of samples, the
overall correlation between Pd concentration and
Ni/Fe ratio in pentlandite is an artifact of mixed
populations of samples. (The apparent trend for
pyrrhotite-free Oktyabr'sky ores is meaningless, as
Pd contents in these ores are at the MDL.) There
is also no overall correlation between the bulk Pd
content of the samples studied and Ni/Fe ratio in
the contained pentlandite (Fig. 7B). Figures 7A and
7B do suggest that for the more rapidly quenched
Medvezhy Creek vein ores, there is a good
correlation between the bulk Pd content of the
sample and Pd concentration in pentlandite; for
these samples alone there is support for the
contention of Distler et al. (197'7, their Fig. 6) that
correlations may exist between total Pd content of
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the ore, Pd concentration in pentlandite, and Ni,/Fe
ratio in pentlandite.

We do not believe that Ni/Fe ratio in pentlandite
commonly controls Pd concentration in pentland-
ite. Because the empirical observations of Harris &
Nickel (1972) and the experimental studies of
Kaneda et al. (1986) demonstrate than pentlandite
composition (i.e., Ni/Fe ratio) is a function of
sulfur fugacity, we also maintain that sulfur
fugacity, per se, does not control the solubility of
Pd in pentlandite. We suggest that bulk composi-
tion and the sequence of crystallization from
high-temperature sulfide liquids most directly
control the amount of Pd ultimatelv held in solid
solution in pentlandite.

Pentlandite petro genesis

The range of Pd concentrations in pentlandite is
significant (<5-2540 ppm) within our sample suite,
but comparable to concentrations measured by
proton microprobe from other magmatic Cu-Ni
sulfide deposits (Table 5). The diverse compositions
and assemblages represented by the sample suite
have allowed examination of causes for this
variation and development of an explanation for
it. Aside from three texturally unusual samples
(90MC10, 90OCl, 90OC2l), our suite of samples

TA T& 5, RANGES OF Pd COIITET{TS (T'pn) OF PEMI,ANDITB DEIERMINED
BY PROTON MIEOPROBB FOR MAGMATIC ORES FROM TIIE

NORIL'SK-TALNAKII AND OTHER DEPOSNA

Noril'sk
Medvs-by Cree& mire

can be divided into four groups, only one of which
is typically pyrrhotite-bearing. (1) Massive pyr-
rhotite - chalcopyrite - pentlandite ore; Pd
concentrations in pentlandite range from 68 to 284
ppm. (2) Cu- and PGE-enriched massive ore from
the Oktyabr'sky mine, in which pentlandite forms
large, porphyroblastic crystals in intergrowths of
chalcopyrite-group minerals; Pd concentrations in
pentlandite range from <5 to 8 ppm. (3) Cu- and
PGE-enriched ore that forms veinlets or segrega-
tions in massive ore or adjacent country rock in
upper parts of the Oktyabr'sky mine; pentlandite
forms large, porphyroblastic grains and contains
from <5 to 14 ppm. (4) Cu- and PGE-enriched
sulfide veins that cut picritic gabbrodolerite in the
Medvezhy Creek open pit; pentlandite forms large
porphyroblastic grains or chains of grains at the
margins of large grains of chalcopyrite and contains
from 203 to 2540 ppm Pd. In order to focus
comparison of these ore types, bulk compositional
data are summarized in Table 6 for samples that
are comparable in Cu content. As implied by this
table, contents of Fe, Ni, S, Co, and Zn are
considered no more important to the issue than Cu
content. Other elements have been listed either
because some role in this issue has been ascribed
to them (As, Sn, Sb, Te, Pb, Bi) or to emphasize
how dramatically their concentrations vary in the
three ore types (Se, Ag, Cd, Au, Pd, Pt). Silver,
Cd, Sn, Sb, Bi, and especially Pb are far more
enriched in the Cu-rich ores of the Oktvabr'skv
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mine, whereas Se, Te, Pd, and Pt are more enriched
in the Cu-rich Medvezhy Creek vein ores.

In massive ore samples that contain the as-
semblage pyrrhotite - chalcopyrite - pentlandite,
the pentlandite forms small grains ( < 5 mm across)
along the margins of large pyrrhotite grains or
occurs as thin lamellae in pyrrhotite. Bulk composi-
tions of these samples fall within the solid-solution
field of Mss at high temperature, as determined by
experimental studies in the Fe-Ni-S and Cu-Fe-
Ni-S systems (Kullerud el a/. 1969, Craig &
Kullerud 1969, Hill 1984), and these ores probably
solidified between 850' and 800"C. Consistent with
textures in these ores, we conclude that pentlandite
formed by exsolution from Mss below 610"C.
Makovicky et al. (1986) experimentally
demonstrated that the solubilities of Pd, Pt, Ru,
and Rh in pyrrhotite decrease sharply between
900oC and 500oC, depending on bulk composition.
With decreasing temperature, Pd will be rejected
from the high-temperature pyrrhotite structure and
probably enters pentlandite, which can hold at least
twenty times as much Pd, Rh, and Ru as coexisting
pyrrhotite at 500'C (Makovicky et al. 1986). The
Pd content of pentlandite in this assemblage will
depend upon the Pd content of the Mss at the time
of pentlandite formation, the distribution coeffi-
cient between the two phases, and possible
low-lemperature migration of Pd to inter- or
intragranular PGM (e.g., Makovicky et al. 1988,
their Fig. 5 and our Medvezhy Creek vein samples).
In turn, the Pd content of the Mss will have been
determined by the Pd content of the sulfide liquid
and the distribution coefficient between sulfide
liquid and M.i.i, as well as possible diffusion of Pd
from Mss prior to pentlandite exsolution.

ln Cu-rich massive ores such those of the
Kharaelakhsky orebody or that occur as veins in
the Oktyabr'sky or Medvezhy Creek mines,
pentlandite must have had a different origin. In
these ores, pentlandite typically forms large (l-2.5
cm), subhedral porphyroblastic grains that are
associated with chalcopyrite-group minerals; pyr-
rhotite is absent. Bulk compositions of these ores
typically fall within or near intermediate-tempera-
ture, solid-solution limits of the .Iss, which expand
significantly down to about 600oC (e.9., Cabri
1973) to encompass the bulk compositions of the
mooihoekite- and talnakhite-rich massive ores.
Experimental studies of the Cu-Fe-S and Cu-Fe-
Ni-S systems (Kullerud et al. 7969, Craig &
Kullerud 1969, Dutrizac 1976, Hill 1984) provide
some constraints on crystallization sequences.
However, despite these and numerous other
experimental studies, one can outline only generally
the intermediate and end stages of crystallization
from the chemically complex Noril'sk-Talnakh
ores. Bulk compositions corresponding to the

Cu-rich ores may begin to crystallize Mss on the
liquidus below l000oC and will crystallize /ss on
the liquidus at about 900'C (Dutrizac 1976). Tie
lines may be established between Iss and Mss, and
a quaternary Cu-Fe-Ni-S liquid may coexist with
Mss and /ss at 850'C (Craig & Kullerud 1969, their
Fie. 3). Segregations of this more S-rich, late
fractionate may be represented by samples 839,
90OC2l, and 90OC25, in which mooihoekite and
talnakhite are absent. According to Kullerud el a/.
(1969), liquid fields disappear in the ternary systems
at 813'C (Cu-Fe-S), 635"C (Fe-Ni-S), and 572'C
(Cu-Ni-S). It is not at all straightforward to predict
solidus temperatures for the Cu-rich ore compos!
tions at Noril'sk-Talnakh (c/. Makovicky et al.
1988); it is likely that the ores were largely solid at
800'C. but that small amounts of liquid persisted
to quite a low temperature, partly owing to
concentration of trace elements. Craig & Kullerud
(1969) noted that .Iss coexisting with Mss may
contain as much as l5 wt.9o Ni at 600'C;
pentlandite was not found in their experiments.
However, Hill (1984) noted the presence of
pentlandite in his investigations of part of the
Cu-Fe-Ni-S system at 600'C; where bulk composi
tions produced the pentlandite-Mss-,lss as-
semblage, the /ss was found to contain 1.4 Lo 2.63
wt.9o Ni. Bulk Ni contents of 2.5, 2.6,3.5, and
3.8 wt.Vo characterize the mooihoekite- and
talnakhite-rich massive ores of the Kharaelahksky
orebody, whereas 6.0, 6.5, and 7.1 wt.9o Ni are
found in the three Cu-rich Medvezhy Creek vein
samples of Table 6 (data for sample 90MCl6 are
not included here or in Table 6, as geochemical and
mineralogical characteristics show that this sample
is distinct from, and possibly transitional into, the
Cu-rich ore represented by the other three Med-
vezhy Creek vein samples); both ore types may
represent .Iss compositions constrained in different
ways.

We believe that in the Cu-rich ores, pentlandite
formed large, porphyroblastic grains by exsolution
from Ni-bearing /ss, which eventually unmixed to
form chalcopyrite-group minerals. We suggest the
possibility that only ores that now contain pyr-
rhotite ever contained Mss in excess of that which
was later absorbed by .Iss; in other words, all
pyrrhotite-free ores may be products of liquid
fractionation in which the Fe content was low
enough to be entirely consumed in formation of
pentlandite and chalcopyrite-group minerals. This
proposal is in keeping with the Fe-poor composi-
tion of pentlandite in the pyrrhotite-free ores. It
raises the further intriguing possibility that the
crystallization of pentlandite may drive the as-
sociated Cu-Fe-S phases toward, or away from,
mooihoekite and talnakhite compositions, depend-
ing on the bulk composition of the Iss. This would
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be comparable to the effect of pentlandite crystal-
lization from Mss, which is to leave the remainder
of the system more S-rich. Finally, we cannot
preclude the possibility that pentlandite may have
been able to crystallize directly from the Cu-rich
ores. Clearly, the Noril'sk-Talnakh ores merit a
comprehensive, state-of-the-art experimental study
of crystallization sequences and low-temperature
phase relations in the Cu-Fe-Ni-S system!

As shown in Table 5, the Pd concentrations in
pentlandite in Cu- and PGE-enriched ores lie at the
extremes of the measured range of concentration.
Pentlandite from the Cu-rich veins at Medvezhy
Creek contains 203 to 2540 ppm Pd, as compared
to Pd concentrations of <5 to 14 ppm for
pentlandite in Cu-rich massive ores and veins from
the Oktyabr'sky mine. Bulk compositions and
sulfide-mineral assemblages differ only slightly,
and Pd concentrations are only 2 to 3 times higher
for the Medvezhy Creek vein ores; these differences
are too slight to account for the several orders of
magnitude difference in the Pd concentrations in
pentlandite in pyrrhotite-free ore from the two
mines.

A detailed study of PGM paragenesis has nor
been made for our samples, but observations with
the SEM suggest that PGM formed over a wide
range of temperatures and that different sequences
of crystallization may characterize different types
of ore. The timing of PGM crystallization is a
controversial subject, with emphasis commonly
placed on extremes, rather than acknowledging that
PGM form over a broad temperature range in
response to diverse conditions. Certain PGM may
crystallize directly from sulfide liquids ar high
temperatures and subsequently undergo phase
transformations and reactions at lower tempera-
tures; other PGM likely form by exsolution from
high-temperature sulfide phases (Makovicky et al.
1986); whereas yet other PGM are only stable at
low temperatures, are associated with low-tempera-
ture mineral phases enriched in incompatible or
volatile components, and occur in veins or show
other textural evidence for late crystallization.
Makovicky et al. (1990) suggested that (Pd,Pt)S
containing from 5 to 13.1 at.9o Ni may have
formed at temperatures ranging from 900"C down
to 470'C. Distler e/ al. (1977) noted that the
paragenesis of the Pt-Pd minerals changes with
sulfur activity. They, as well as Genkin et a/. (1973),
Razin el al. (1973), and Genkin & Evstigneeva
(1986), established that in the Talnakh deposit Pd
occurs principally in solid solution in pentlandite
in pyrrhotite-bearing ores; as Pd-sulfide minerals
(e.g., cooperite, braggite, vysotskite) in chal-
copyrite-rich, veinlet, and breccia ores; and as
intermetallic compounds with Te, Bi, and Sb in
talnakhite-bearing ores.

We suggest that two processes may be respon-
sible for the minimal Pd concentrations typical of
pentlandite in the Cu-rich massive ores of the
Kharaelakhsky orebody and, further, that relatively
rapid crystallization of the Cu-rich Medvezhy
Creek vein ores may have inhibited both of these
processes; (l) Pd-bearing PGM may have crystal-
lized from /ss as early high-temperature phases, and
(2) Pd may have preferentially accumulated with
other trace elements in residual low-temperature
liquids. The Pd content of pentlandite derived by
crystallization from /ss should be controlled by the
concentration of Pd in the .Iss and the distribution
coefficient of Pd between 1ss and pentlandite.
Makovicky et al. (1986) concluded that Pt, Pd, Rh,
and Ru are generally insoluble in 1ss because
concentrations of Pt, Rh, and Ru in Iss at 500"C
and 900'C and of Pd in .Iss at 500'C were found
to be below their electron-microprobe detection
limit of -500 ppm. As this level of concentration
is well above the bulk concentration of Pd in
Noril'sk-Talnakh ores, significant solubility of Pd
in 1ss cannot be precluded. If Pd-bearing PGM
formed prior to crystallization of pentlandite in the
massive, Cu-rich Kharaelakhsky ores, Pd con-
centrations in the 1ss may have been several orders
of magnitude lower when pentlandite crystallized
in those ores than when it crystallized in the Cu-rich
vein ores at Medvezhy Creek.

There is evidence for high-temperature PGM
crystallization in the massive Cu-rich ores of the
Kharaelakhsky orebody. Some intergrowths of
Pd-Sn minerals observed in samples of this ore
obviously formed by exsolution from a primary
Pd-Pt-Sn phase; this primary phase had an
idiomorphic habit and now occurs as isolated
grains, or associated with skeletal magnetite in
chalcopyrite-group minerals. Our cursory observa-
tions of PGM (Appendix I) indicate a distinction
between the two Cu-rich ores; Pd- and Pt-bearing,
Sn and Bi minerals predominate in the Oktyabr'sky
mine samples, and Pd- and Pt-bearing alloys,
arsenides, tellurides, and bismuthotellurides
predominate in Medvezhy Creek vein samples.
Razin et al. (1913), Genkin et al. (1981), and
Genkin & Evstigneeva (1986) noted that coarse-
grained Sn- and Pb-bearing Pt and Pd minerals are
common in massive Cu-rich ore. These minerals.
which often exhibit euhedral and skeletal forms and
occur as inclusions in Cu-Fe-Ni sulfide minerals,
are termed "metacrystals" (i. e. , porphyroblasts) by
Genkin & Evstigneeva, but the textures also are
compatible with high-temperature crystallization.
Platinum-group minerals that are binary com-
pounds of Pd with Sn or Pb commonly have
melting points of more than 1000'C (Berlincourt
et al. l98l), which may allow crystallization of
these minerals at temperatures well above the
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stability limit of pentlandite, even in chemically
complex systems.

On the other hand, there is ample reason to
believe that a low-melting liquid, enriched in trace
elements, may have been present well below
temperatures of ,Iss solidification and pentlandite
exsolution. Multiphase aggregates of PGM in the
Cu-rich Oktyabr'sky ores typically occur at grain
boundaries and are commonly measured in frac-
tions of a millimeter. Within these aggregates,
textural relations among three or four combina-
tions of coexisting Pd, Pt, Bi, and Sn minerals, as
well as such phases as PbTe and electrum, suggest
late-stage crystallization. The data of Table 6
substantiate enrichment of trace, intermetallic
elements in the pyrrhotite-free ores that one would
expect in a low-melting, late-stage Cu-rich liquid;
if these trace elements preferentially resided in
dispersed droplets of liquid in solidified Iss, their
concentrations within the droplets would have been
much higher. By the time pentlandite became stable
below 610'C, it is probable thar there existed
dispersed droplets of liquid enriched in critical trace
elements, such that Pd preferentially entered the
droplets (to ultimately form a variety of PGM),
rather than the pentlandite structure. As the
annealing time for the ore mass must have been
protracted, the observations of Genkin & Evstig-
neeva (1 986) regarding sequences of transformation
of early to later PGM suggest that if Pd entered
pentlandite at a high temperature, it may have
diffused and migrated to enrich PGM aggregates
during cooling.

Genkin & Evstigneeva (1986) believed that in the
Noril'sk-Talnakh ores Pt, Pd, Sn, Te, Pb, As, Sb,
and Bi were concentrated initially into a Cu-rich
liquid and subsequently into a low-melting, residual
liquid that was dispersed among crystalline sulfides.
They based this conclusion on a number of
observations: (l) in mooihoekite- and talnakhite-
bearing ores, PGM are most generally found in
interstices between grains and along microfissures,
not uncommonly associated with a volatile-en-
riched phase, such as the Cl-bearing sulfide mineral
djerfisherite; (2) the relatively large PGM in these
sites almost invariably form complex polymineralic
aggregates, which may have variable bulk composi
tion, even where in close proximity; (3) large,
skeletal PGM are interpreted to be "metacrystals"
and contain inclusions of pyrrhotite, chalcopyrite,
cubanite, and talnakhite; (4) PGM are often
concentrated in pockets along the upper contacts
of massive orebodies; and (5) veinlets containing
euhedral PGM crystals cut base-metal sulfides.

Several studies suggest that some intermetallic,
Pd-bearing PCM cannot have formed early;
Hoffman & Maclean (1976) showed that
michenerite (PdBiTe; one of the most common

PGM in the our samples of the Cu-rich veins at
Medvezhy Creek) melts at about 500oC, Skinner e/
al. (1976) found that the liquid in the Fe-Pd-S
system becomes increasingly Pd-rich until it crys-
tallizes at 570"C, and Makovicky et al. (1990)
reported that inadvertent addition of Ni to this
system lowered the field of stability of the melt to
at least 500'C. Berlincourt el a/. (1981) summarized
experimental studies, which show that many of the
intermetallic, Pd-bearing PGM, particularly those
containing As, Bi, and Te, have low melting points,
consistent with low-temperature crystallization.
Because of the common occurrence of
polymineralic aggregates in the Sudbury ores and
the low melting or breakdown temperatures of
many PGM, Cabri & Laflamme (1976) suggested
that PGE were concentrated in dispersed droplets
of residual liquid in .Iss. They noted that the
crystallization of chalcopyrite from /ss at -550"C
may liberate PGE to form PGM.

We believe that the Cu-rich Medvezhy Creek vein
ores were emplaced as high-temperature sulfide
liquids of comparable origin to the Cu-rich liquid
of the Kharaelakhsky orebody, and may be
regarded as complementary to the massive pyr-
rhotite veins that predominate in the lower parts
of the Noril'sk I intrusion. We suggest that Pd
concentrations in pentlandite in the pyrrhotite-free,
Cu-rich veins at Medvezhy Creek are several orders
of magnitude higher than Pd concentrations in
pentlandite in pyrrhotite-free ores from the
Oktyabr'sky mine because more rapid quenching
did not permit either a prolonged early period of
PGM crystallization or segregation of droplets of
low-melting residual liquid. Significantly lower
concentrations of Ag, Bi, Cd, Sb, Sn, and,
especially, Pb (Table 6) may have had a role in
inhibiting these processes during crystallization of
these veins. PGM in our samples of Cu-rich
Medvezhy Creek vein ore typically measure only a
few pm across and occur within Cu-Fe-Ni sulfide
grains, commonly pentlandite. [Note that this mode
of occurence is not typical of all ore types of the
Noril'sk I intrusion, as Genkin (1959) described
ores containing PGM > I mm across.l These PGM
are most commonly monomineralic, but not
uncommonly two-phase (e.9., PtAs2+PdNiAs or
PtAs2+ PdBiTe). With the exception of one
irregular, large (150 x 200 pm) grain of Pt-Fe alloy
in sample 90MCZC|, PGM in these PGE-rich ores
commonly measure less than 5 pm across. Thus,
some Pd locally combined with critical trace
elements within sulfide mineral grains, but high
concentrations of Pd were left in solid solution in
the pentlandite structure. The distribution of PGM
in pentlandite, though less dense, nonetheless is
thought to reflect the type of exsolution process
illustrated by Makovicky et al. (1988, their Fig. 5).
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It is possible that the primary sulfide liquid
associated with the Medvezhy Creek ores differed
in composition from that of the Kharaelakhsky
orebody. However, the relatively modest enrich-
ment of the Cu-rich Medvezhy Creek vein ores in
the suite of most volatile trace elements (Table 6)
is precisely what might be predicted for early
separation of a Cu-rich liquid from an Mss-rich
assemblage. We propose that elemental migration
upward through the cumulus pile of Mss and
interstitial liquid in the Kharaelakhsky orebody
may have further enriched that large pool of
Cu-rich sulfide liquid in Ag, Cd, Sn, Sb, Bi, and
Pb. On a grand scale, comparable to observations
based on the droplet ore of sample 90MCl0, one
can envision that this less dense, Cu-rich liquid
fraction accumulated in the upper, central part of
the crystallizing sulfide mass and remained relative-
ly isolated between the solidified intrusion above
and a largely crystalline mass of Mss and interstitial
sulfide liquid below. Between the liquidus and
solidus temperatures of this entire Kharaelakhsky
ore mass, there would have been a protracted
period of time during which preferential migration
of trace elements into the Cu-rich liquid could take
place by diffusion. We also suggest that during this
interval of crystallization, the S-deficient character
of the abundant mooihoekite-talnakhite ores and
the unusual presence of troilite in ores of
intermediate "stratigraphic" position (Figs. 3, 4)
developed as a result of extended crystallization of
Mss (a relatively S-rich phase) and possible loss of
S to the overlying intrusion if H, was available for
formation of H2S.

Selenium and sulfur

In the dominant Cu-Fe-Ni sulfide minerals of
the Noril'sk-Talnakh district, Se is more uniformly
distributed among the coexisting phases than S. The
data of Kovalenker et al. (1974) suggest this to be
the case and show, as do our data, that Se is
enriched in the upper part of the Kharaelakhsky
orebody. Paktunc et al. (1990) concluded from
their study of other Cu-Ni sulfide occurrences that
Bi, Se, and Te are equally abundant in pyrrhotite,
chalcopyrite, and pentlandite. Bismuth concentra-
tions are below the MDL in the samples we
analyzed, and the distribution of Te is relatively
uniform among coexisting sulfide minerals. For
massive ore, Se concentrations in coexisting sulfide
phases are remarkably uniform; statistical coeffi
cients of variation for Se concentrations range from
0.023 to 0.198, with six values less than 0.05. (The
single value of l0 ppm for pyrrhotite in sample
90OCl2 was excluded.) The data are presented in
the box and whisker plot of Figure 8. This result
is so compelling as to cause one to search for

Frc. 8. Box and whisker diagram for Se concentrations
in all Cu-Fe-Ni sulfide minerals in a given sample.
Top of box represents 75th percentile, bottom of box
25th percentile; top tick represents 90th percentile,
bottom tick 1Oth percentile. Median is line through
box; circles represent values below and above lOth and
90th percentiles, respectively. Total number of
analyses for each sample shown inside figure.

explanations in cases were Se concentrations in
coexisting phases are not comparable, e.g., the
atypically low Se content of lamellar cubanite in
sample 839. Our ranges of Se concentrations in
chalcopyrite, pyrrhotite, and pentlandite are com-
pared to proton-microprobe data for other well-
known Cu-Ni sulfide deposits in Figure 9. (Note
that although the ranges for Noril'sk-Talnakh are
comparable to one another, they might be even
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the ores was derived from a source that had a Se/S
ratio similar to that of the analyzed anhydrite.
Based on Se/S ratios, crustal assimilation of S
cannot have been an important process unless it
involved an unproven, Se-enriched source such as
black shale.

An important and controversial aspect of the
ores of the Noril'sk-Talnakh district is that their
S-isotopic compositions are heavier than would be
expected for uncontaminated magmatic Cu-Ni
sulfide deposits. However, S-isotopic compositions
are quite uniform for individual ore-bearing
intrusions. For ores associated with the Noril'sk
and Talnakh intrusions, 63aS averages about 9.3%0,
whereas in the Kharaelakhsky orebody of the
Kharaelakhsky intrusion, 63aS averages about
ll.6/s. (Kovalenker el ol. 1974). Kovalenker el a/.
have established that these distinctions in isotopic
composition are valid for all Cu-Fe-Ni sulfide
minerals in the Talnakh and Kharaelakhsky ores.
As the Talnakh orebody lies above the
Kharaelakhsky orebody (40-400 m versus 400-
1,500 m depth), these authors proposed that the
difference in average S-isotopic composition be-
tween the two deposits relates to preferential upward
mobility of 32S. To account for the relatively
uniform and heavy values of 6345 that characterize
ores of the Noril'sk-Talnakh district, Kovalenker
et al. (1974'), Gorbachev & Grinenko (1973)' and
numerous other authors have called upon assimila-
tion of as much as 30-4090 of isotopically heavy,
crustal sulfur, with subsequent homogenization
with mantle-derived sulfur in an intermediate
chamber. Grinenko (1984), perhaps accepting the
problems attendant on bulk assimilation of
material containing such a large quantity of sulfur,
later proposed that the mafic magmas were
sulfurized by gases rich in hydrogen sulfide and,
presumably, of heavy S-isotopic composition. With
either of these models, lifting of sulfide liquid
remains a problem, as the homogeneous isotopic
composition of sulfur in the ores would seem to
require that sulfur was added to the magmas in a
staging chamber well beneath the level of emplace-
ment of the ore-bearing intrusions. As noted
earlier, the metal concentrations associated with the
Noril'sk-Talnakh intrusions pose a problem per-
haps even more difficult to explain than the
isotopically heavy sulfur that characterizes the ores.
On the basis of many considerations, including
study of the Pb-isotopic compositions of the ores
(Wooden et ol. 1991, Czamanske et al. 1992)' we
too believe that staging chambers played an
important role in the evolution of the Noril'sk-Tal-
nakh deposits, and envision that they served
primarily as reservoirs in which immiscible sulfide
liquid of mantle derivation was concentrated from
enormous volumes of basaltic liquid, prior to

0-o 
50 ioo 1so 2oo 2& 3@ 3so 4oo

"Average" Se content (ppm) by proton mlcroprobe

Frc. 10. Comparison ol "average" (see text) Se
concentrations for each sample as delermined by
proton microprobe, with bulk Se concentrations
determined by high-precision EDXRF.

more similar, but for the fact that some samples
lack one or another mineral.) Selenium concentra-
tions obtained by duplicate EDXRF analyses of
bulk ore powders are compared in Figure l0 with
concentrations obtained by simply averaging all
proton-microprobe determinations for Se in a given
sample. Considering the fact that this averaging
procedure takes no account of the modal propor-
tions of minerals, the result is another indication
of the uniformity of Se distribution among the
minerals. Also clearly indicated in Figure 10 is the
fact that virtually all of the Se in the ores is carried
in the major sulfide minerals.

Cabri et al. (1984) noted that despite ambiquities
that cloud early promise that Se/S ratios can
resolve contributions of magmatic and sedimentary
S, the accuracy of Se determinations for individual
minerals by proton microprobe renews interest in
this genetic and geochemical problem. Paktunc el
ql. (1990, their Table 6) summarized much of the
available data for Se,/S ratios in the dominant
minerals of Cu-Fe-Ni sulfide deposits and noted
that the mantle range for (Se/S) x 106 is 230-350.
Bulk weight ratios of (Se/S) x 106 for our samples
range from 130 to 990 (mean 330; average 390).
These relatively high Se/S ratios appear to exclude
local derivation of S from Permian anhydrite, as a
sample of marly Permian anhydrite in association
with ore was analyzed and found to contain <5
ppm Se. The overall Se/S ratios that characterize
the ores (Kovalenker et al. 1974 and this study)
would require an anomalously high magmatic value
of (Se/S) x- 106 if 30-40V0 of the S contained in
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emplacement with the special class of fullv
differentiated, ore-bearing intrusions.

Kyser (1990), in a recent review of data relating
to variation in stable isotope composition in the
lithospheric mantle, concluded that all stable
isotope ratios are more variable in the continental
Iithospheric mantle than in the modern oceanic
mantle. This seems to be especially true for S, for
which the commonly perceived, limited range
typical of the mantle, 0 a 2/ss is actually only
characteristic of the modern oceanic mantle; a
number of spinel peridotites have been analyzed
for which 63aS ranges from 4 to 250/oo (e.g., Chaus-
sidon et al. I 987, Kyser I gg0). Eldridg e et al. (lggl)
used the ion microprobe to determine that 6345
ranges from 8 to l4/oo in sulfide inclusions in
diamond from Sierra Leone. We believe that the
uniformly heavy 63aS in the Noril'sk-Talnakh ores
reflects an extreme of mantle heterogeneity, relating
either to unhomogenized primordial accretion and
early convection or to subduction of crustal material;
the heterogeneity may have been lithospheric or
asthenospheric.
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APPENDIX II
SauplE LocartoNs RNo DgscnlprroNs

90OMZS2-3: Oktyabr'sky mine, Shaft 2; massive
po-cpy-pn-mt ore. Cpy occurs as thin lenses in po
and as clear areas as much as 4 mm across. Pn is
present as selvages (commonly 0.5-l mm wide)
along cpy-po contacts. Po shows broad twin
lamellae (as Fe and Co contents of contrasting
bands are uniform). Abundant mt grains average
0.5 mm across. Also identified: ZnS.

90OCl2:. Oktyabr'sky mine, Shaft 2; massive
po-cpy-pn-mt ore. Irregular areas of po (from 2
x 2 mm to 2 x 4 cm) are surrounded by cpy (2-8
mm wide). Pn occurs along cpy-po contacts.
Amoeboid mt grains may be 1.5 mm long. Also
identified: PtAsr, PbS.

90OC4: Oktyabr'sky mine, Bend 59, Part 2;
collected 1.5 m above the lower contact of the
Kharaelakhsky orebody; massive cpy-po-pn-mt
ore. Areas of unmixed po are highly irregular (as
large as 4 x 8 mm); associated areas of pn reach
3 x 4 mm. Mt is sparsely present as grains
averaging I mm2. Also identified: PtBiTe ,
(PdPt)BiTe, PdBi, PdrSn, AgTe, PbSe, PbS.

90OCl3: Oktyabr'sky mine, Shaft 2; massive
cpy-po-pn-mt ore. Areas of unmixed po show
extremely irregular boundaries with cpy, and po
occurs as a myriad of tiny wisps and irregular,
crystallographically controlled lamellae in cpy.
Patches of pn may reach 3 mm across, and mt
grains, I mm. Also identified ZnS, PbS.

90OC29: Oktyabr'sky mine, Shaft 2; massive
cpy-po-pn-mt ore. Cpy shows twin lamellae more
than 6 x 22 mm. Rather regular areas of un mixed
po range from I to 4 mm across, pn grains to 3
mm, and mt grains to I mm. Also identified: PtAsr,
PbS.

90OC6: Oktyabr'sky mine, Bend 59, Part 2;
collected at lower contact of Kharaelakhsky
orebody. Cpy-rich layer (l-1.2 cm thick) against
footwall (90OC6A) is in sharp cortact with po-rich
ore above (90OC6B). Irregular wisps of po in the
cpy-rich band resemble those in 90OCl3. Areas of
cpy in the po-rich ore are more free of inclusions.
Areas of pn interstitial to cpy and unmixed po may
reach 5 mm across, and mt grains, 1.5 mm. No
trace phases seen.

90OMZSI-3: Oktyabr'sky mine, Shaft l; massive
cpy-po-cb-pn-mt ore. Mt and pn (as much as 2
mm across) are preferentially associated with
irregular masses of po (as large as 4 x 8 mm). Mt

grains may be long and thin (0.5 x 2 mm) and
commonly appear to contour po masses. Cb
lamellae are rather poorly defined in cpy, and more
massive cb is associated with po. Also identified:
Pt PdSn, (Pt,Pd)Sn, (Pd,Pt)2Sn, PbS.

90OC2: Oktyabr'sky mine, Bend 67,Part 3; sample
prepared from 4-6-cm-wide cpy-pn-mt vein cutting
gabbrodolerite in Kharaelakhsky orebody. Vein
contacts are irregular and gradational over 2 mm.
Pn grains may be twinned, and as large as 0.8 x
2.5 cm; they are fractured and traversed (replaced?)
by cpy veinlets from 0.01 to 0.1 mm wide.
Cuneiform mt (<0.5 m across) occurs in pn and
in relatively inclusion-free cpy. Also identified:
Pd2Sn, Ag.

90OC5: Oktyabr'sky mine, Bend 67, Part 5i
collected near upper contact of the Kharaelakhsky
orebody; massive mh-cb-pn-mt ore. Mh hosts pn
grains as large as 1.2 x 1.8 cm and cb exsolution
lamellae larger than 2 x 15 mm. Sparse resorbed
mt grains may be 2 mm across. Also identified:
PtAs2, PdBi, Pd2Sn, electrum, Ag, PbTe, PbS,
valleriite.

90OC9: Oktyabr'sky mine; Shaft 1; massive
mh-cb-pn ore. Mh hosts fractured pn grains as
large as I x 1,7 cm and shows twin lamellae from
0.5 10 3 mm wide and more than 2.5 cm long.
Massive cb irregularly surrounds pn and thin
(0.2-0.5 mm) cb lamellae cut mh. Mt (<l mm
across) is sparse. Also identified: PdzSn, (Zn,Cd)S,
PbS. valleriite.

90OCl4: Oktyabr'sky mine, Bend 67, Part 5i
collected near upper contact of the Oktyabr'sky
orebody; massive tk-cb-pn-mt ore. Mh hosts pn
grains as large as 1.5 x 2.5 cm and cb exsolution
lamellae larger than 1.5 x 15 mm. Irregular areas
of cb several mm across may in part represent
replacement of pn and are commonly associated
with clusters of mt grains as much as 4 mm across.
These mt grains may show several sraight sides,
but more typically show extremely irregular,
rounded forms. Also identified: PtSn. PdBi.
PdrSn, Ag, PbTe, PbS.

9OOMZSl-1: Oktyabr'sky mine, Shaft 1; massive
tk-mh-cb-pn-mt ore. Tk and mh coexist in a fine
exsolution texture, that in turn hosts cb exsolution
lamellae smaller than 0.5 x 5 mm. Pn grains as
large as 2 cm are veined by cb, which also forms
irregular patches as much as 7 mm across. Mt
occurs as partly euhedral, partly intricate grains as
much as 8 mm across. Also identified: Pd2Bi,
Pd3Sn, Ag, (Zn,Cd)S, PbS, valleriite.
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90OCl: Oktyabr'sky mine, Bend 67, Part 5;
collected near upper contact of the Kharaelakhsky
orebody; disseminated cpy-pn ore in contact
gabbrodolerite. Sulfide occurs as interstitial com-
ponent (less than 5 mm across) into which euhedral
plagioclase grains commonly project. Also iden-
tified: ZnS stars in cpy, PbSe, PbS.

90KMZ5: Komsomolosky mine, east orebody;
nearly massive po-cpy-pn-mt ore. Cpy and gangue
are interstitial to po lenses as much as I cm across.
Pn occurs as two generations of exsolution lamellae
in po and as irregular replacement borders as much
as 0.08 mm thick'around cpy in contact with po.
Pn lamellae may broaden and extend from po host
into gangue. Py, occasionally with euhedral cube
faces as much as 0.2 mm across, is a component
of the gangue.

90MCl0: Medvezhy Creek open pit, classic po-
cpy-pn droplet ore in picritic-taxitic gabbrodolerite
(Fig. 5). Sulfide concentrations range from dissemi-
nations to droplets as large as 2 x 3.5 cm. Masses
of po and pn (to I cm across) are concentrated in
the lower part of each droplet, with areas of po
relatively free of inclusions but containing sparse
pn exsolution lamellae; areas of fractured pn
contain sparse irregular residues(?) of po. Upper
part of each droplet consists of a highly irregular
intergrowth of po (<0.2 mm across) in cpy, which
may contain fine cb lamellae (as thin as 0.01 mm,
in bundles as much as I mm long). See figure and
text for further discussion. No trace phases seen.

90MCl6: Medvezhy Creek open piq from massive
cpy-cb-po-pn vein >20 cm wide. Irregular areas
of po are less than 0.5 cm across. Textures among
cpy, ptr, and cb are complex. Cpy appears to be
extensively replacing pn and in turn may contain a
crystallographically controlled latticework of Fe-
oxide lamellae. Massive and lamellar cb are also
intergrown with cpy. Also identified: PtAs2, PtTe,
PdBiTe, PdNiAs, electrum.

90MCl5: Medvezhy Creek open pit; from massive
cpy-cb-pn vein. Cpy hosts subhedral pn grains
(2-12 mm across) and herring-bone cb lamellae as
large as 2 x 15 mm. Irregular patches of mk are
abundant in pn (Fig. 6). Also identified: Pd-Pt
alloy, PtPdSn, PdBi, PdBiTe, Pd2As, Pd2Pb,
electrum.

9IMCZCI: Medvezhy Creek open pit; from
massive cpy-cb-pn vein )15 cm wide. Chains of
pn grains (2-5 mm across, rarely 1 cm) surround

€neas as large as 2 x 6 cm composed predominantly
of cpy hosting cb lamellae (typically < I mm wide
and 1.5 cm long). Mk occurs as abundant irregular
patches in pn. Also identified: Pt-Fe alloy' PdBiTe'
PdTe, electrum.

90MC5: Medvezhy Creek open pit; from massive
cpy-pn vein. Cpy hosts pn grains as large as 1.5
cm across, that show minor (<0.1 mm across)
alteration to mk. Pn also occurs as elongate crystals
and lenses -0.2 mm wide. Subhedral mt grains
0.5-2 mm across) lie within the vein against
wallrock. Also identified: PdBiTe' PdAgTe'
Pd2Pb, (Zn,Cd)S stars in cPY.

839: High-grade reference-collection sample from
5-7 m below upper contact of the Kharaelakhsky
orebody, near Shaft 2 of the Oktyabr'sky mine;
massive cpy-pn-po-gal-cb ore from vein cutting
primary pn-cpy ore. Cpy hosts pn grains as large
as 4 x l0 mm, irregular elongated rounded patches
of gal (as large as I x 10 mm), sparse cb in the
form of irregular lamellae as wide as 0.5 mm but
no longer than 2 mm, and elongate irregular
stringers of po that may measure I mm across, but
also may be 2 cm long and never more than 0.3
mm wide. Cpy, cb, and po are crowded with
micrometric inclusions of PbS and PbTe. Sparse
amoeboid mt grains may be 1.5 mm across. Also
identified: PtBiTe, (Pt,Pd)BiTe, PtBiSb, PdBiTe'
PdBi, PdzSn, Bi, BiTe, AgTe, electrum.

90OC2l: High-grade reference-collection sample
from Oktyabr'sky mine, Shaft 2. Half of specimen
is composed of silicates, corroded mt, and cpy in
roughly equal proportions: portion 2 cm wide
consists of complex cpy-gal intergrowth, which in
part can be likened to a fingerprint in intricacy and
scale. Subhedral PtAs2 crystals 5 mm across occur
3 cm apart in this intergrowth. Sparse pn grains
and areas of cb are smaller than I mm; pn shows
patchy alteration to mk. Cpy and cb are crowded
with micrometric grains of gal. Also identified:
PdBiz, (PdPt)BiTe.

90OC25: Reference-collection sample lrom
Oktyabr'sky mine; bn vein 2 cm wide contains
angular masses of cpy as much as l'5 cm across
and areas of Ni-rich pn as much as I cm across.
In some areas, pn appears to be merely fractured
and cut by bn veins, in others only small irregular
residues of pn remain. Sparse grains of gd (<0.4
mm across) appear to have grown contem-
poraneously with bn against cpy. Also identified:
ZnS stars in cpy.


