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Abstract

A remarkable feature of the Noril’sk-Talnakh area is the mineralogical and compositional zonation of the
magmatic sulphide ore deposits. This zonation can be explained by fractional crystallization of sulphide
liquid. The compositions of analyzed ore samples can be identified as belonging to a continuum ranging from
evolved, residual liquids derived during the fractionation process to cumulates composed primarily of mono-
sulphide solid solution with variable proportions of trapped liquid.

Some massive-ore samples display chondrite-normalized platinum group element-gold patterns with
negative platinum anomalies. This feature indicates that the dominant control on ore composition is not
sulphide liquid-silicate liquid partitioning but is the composition of monosulphide solid solution derived from
the crystallization of sulphide liquid. Massive-sulphide ores that have compositional features typical of
sulphide cumulates are not limited to the Noril’sk-Talnakh area but occur in several districts in a range of

geological settings.

INTRODUCTION

The copper-nickel-platinum group element deposits of the
Noril’sk-Talnakh area occur in relatively small, hypabys-
sal, differentiated mafic intrusions that are temporally and
spatially related to the Mesozoic Siberian continental
flood basalt province. Resource information about these
deposits is difficult to obtain, but available data suggest that
they contain in excess of 20 million metric tons of copper
and nickel (metal), comparable to the Sudbury district in
Canada (DeYoung et al. 1985). Ninety percent of the nickel,
50% of the copper, 75% of the cobalt and virtually all of the
platinum-group elements (PGE) produced in Russia come
from these deposits (V.E. Kunilov, Norilsky GMK, personal
communication, 1992). The Noril’sk-Talnakh deposits thus
represent the largest known repository of PGE outside the
Bushveld Complex in South Africa (Naldrett 1989). In the
recent past, PGE production from the former Soviet Union
was thought to be roughly equivalent to the output from
South Africa (Coombes 1991).

Mineralogical zonation that occurs from centimetre-
sized globules to major orebodies is one of the striking
features of the sulphide accumulations. Ellipsoidal aggre-
gates of sulphide minerals from 0.5 to 3 cm in diameter,
characteristic of disseminated ores in taxitic and picritic
rocks, are sharply divided into 2 domains—1 rich in copper-
iron sulphide minerals at the top of the droplet and 1 richin

pyrrhotite and pentlandite at the bottom (see Figure 5 in
Czamanske et al. 1992). Massive orebodies are character-
ized by systematic changes in the proportions and abun-
dance of minerals that occur on the scale of hundreds of
metres to kilometres.

This mineralogical zonation corresponds to pro-
nounced compositional changes that can largely be attrib-
uted to fractionation of monosulphide solid solution (MSS)
from sulphide liquids. This paper will focus on how ore
compositions have been affected by fractional crystalliza-
tion of MSS and how the compositional affects of this
process can be recognized in deposits elsewhere.

GEOLOGICAL SETTING AND
CHARACTERISTICS OF THE ORE

The ore deposits of the Noril’sk—Talnakh area are associated
with hypabyssal intrusions associated with the Siberian
flood basalt province. Milanovskiy (1976) estimates that
rocks associated with early Mesozoic flood basalt magmat-
ism covered an area of 4 x 108 km? in the whole of middle
northern Eurasia and had a volume of 2 x 108 km3. In addi-
tion to the better known exposures on the Siberian Platform,
flood basalts and related rocks are also found in the late
Mesozoic fold and thrust belt in the Taimyr Peninsula and
occur in the basement in widespread localities beneath the
western Siberian lowlands (Zonenshain et al. 1990). Plate
tectonic reconstructions presented by Zonenshain et al.

373



Sudbury-Noril’sk; OGS Special Volume 5

(1990) indicate that the eruption of flood basalts occurred in
the hinterland of the Uralian fold-thrust belt.

The pattern of rock types in the Noril’sk—Talnakh area
(Figure 26.1) has been interpreted as depressions associated
with rift structures related to traces of deep faults (Duzhikov
et al. 1992) or as folds (Smirnov 1966). The Noril’sk—
Kharayelakh fault forms a prominent linear feature on both

-
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topographic and magnetic maps for 80 to 100 km and
is roughly coincident with the axis of the synformal struc-
tures that constitute the Noril’sk and Kharayelakh basins.
Intrusions that host the ore deposits of the Noril’sk—Talnakh
area occur near this fault.

The ore deposits are associated with a specific type of
intrusion within the sill complex that formed at the time of
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Figure 26.1. Simplified geological map of the Noril'sk-Talnakh area showing subsurface outlines of the fully differentiated, ore-bearing intrusions

(black).
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flood basalt magmatism. The so-called ore-bearing intru-
sions are “fully” differentiated, elongate, “finger-like”
domains that are part of more laterally extensive, less-
differentiated sheet-like sills that are tens of metres thick
(Smirnov 1966; Zen’ko and Czamanske, this volume). The
inflated, finger-like parts of the sills typically can be as
much as 350 m thick and 2.5 km wide and have lengths on
the order of tens of kilometres. Outlines of the ore-bearing
intrusions typically show only the extent of the fully differ-
entiated, finger-like lobes of the sills (Figure 26.2). Where
hosted by sedimentary rocks, these elongate, ore-bearing
intrusions are surrounded by metamorphic and metasomatic
aureoles that are larger than what would be expected for the
size of the intrusion (Genkin et al. 1982).

Within the finger-like parts of the sills, silicate-rich
rocks form a vertical sequence that is suggestive of in situ
differentiation by olivine accumulation near the base of the
intrusion. The rocks consist predominantly of plagioclase,
olivine and augite; much of the modal variation in the rocks
reflects changes in the proportions of olivine and plagio-
clase. Listed in order of decreasing olivine content, rock
types include mela-olivine gabbro, olivine gabbro, leuco-
olivine gabbro and leucogabbro (Streckeisen 1973); the
local terms applied to this same range of rock compositions
are picritic gabbrodolerite, picrite-like gabbrodolerite,
olivine and olivine-bearing gabbrodolerite, gabbrodolerite
or gabbrodiorite and leucogabbro (Zen’ko and Czamanske,
this volume; Czamanske et al., this volume). Chilled, sul-
phide-poor gabbrodolerite occurs along the lower margins
of the intrusions; within a few metres, these rocks grade
upwards into a fine- to coarse-grained variable-textured
olivine gabbrodolerite that contains disseminated sulphide
minerals. This variable-textured gabbrodolerite is charac-
terized by irregular variations in texture, mode and grain
size on the scale of hand specimen to outcrop; the unit often
contains abundant inclusions of earlier crystallized mafic
rocks. Russian geologists refer to this unit as taxitic gabbro-
dolerite (the adjective may be derived from taxite—a vol-
canic rock that consists of a mixture of materials of varying
texture and structure; Gary et al. 1972). These lower taxitic
rocks are overlain by fine- to medium-grained picritic
gabbrodolerites. Inclusions of the taxitic rocks are found in
the lowermost picritic units; where observed by the senior
author, these inclusions range from single crystals to poly-

crystalline aggregates a few centimetres in diameter to’

sharply defined, rounded fragments several tens of centi-
metres in diameter. Concentrations of disseminated sul-
phide minerals occur in the picritic gabbrodolerites as well.
From this point, the proportion of olivine generally
decreases upsection through olivine-biotite gabbrodolerite,
olivine gabbrodolerite and olivine-bearing gabbrodolerite.
The uppermost unit, gabbrodolerite or gabbrodiorite, con-
tains little or no olivine; the rocks near the upper contact of
the sills are characterized by variable grain size, intrusion
breccias, local domains with pegmatoidal textures and melt
segregations. Irregularly, leucogabbro is present at the
upper contacts of the intrusions.

However, the ore-bearing intrusions most probably do
not form by simple in situ differentiation of a single batch of
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Figure 26.2. Plan showing subsurface extent of the ore-bearing
branches of the Talnakh and Kharayelakh intrusions, Talnakh district,
with locations of massive orebodies, drill hole sites and mine
designations.

magma, but by emplacement of multiple pulses of magma
of differing composition (Czamanske et al., this volume).
The transitions between rock types typically do not reflect a
gradational change in the proportion of olivine but, rather,
are characterized by abrupt changes in mode, grain size and
texture. Multiple modally graded sequences may occurin a
section, and significant lateral changes in the proportion of
rock types are common. An abrupt change in initial stron-
tium isotope ratios across a lithologic transition from
picritic gabbrodolerite to olivine gabbrodolerite in drill hole
KZ1879 through the Kharayelakh intrusion is the most di-
rect evidence that some of these lithologic changes may re-
sult from the repeated influx of magma.

Sulphide Mineralization

Depending on the amount of sulphide present and the
spatial-temporal relation to intrusive rocks, sulphide miner-
alization has been subdivided into: 1) disseminated ores in
intrusive rocks, 2) massive ores and 3) veinlet-disseminated
ores and breccioid ores in country rocks adjacent to the
mineralized intrusions (Genkin et al. 1982; Duzhikov et al.
1992). Our sampling has primarily focussed on the first 2
ore types.
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Disseminated-sulphide mineralization within the
ore-bearing intrusions is typically concentrated in the
middle and lower parts of the picritic units and the upper and
middle parts of the taxitic units near the lower margin of the
intrusions. Away from this interval, the amount of sulphide
minerals gradually decreases to the lower contact of the
intrusion and decreases in rocks overlying the picritic unit.
Morphological types of disseminated sulphide aggregates
include ovoid-drop-like forms, which occur principally in
the picritic units, and interstitial grains that form irregular
shapes moulded against silicate minerals or form thin inter-
granular films along silicate grain boundaries.

Massive ores vary in their setting, size and distribution.
They range from thin veinlets to sheet-like orebodies that
can extend for several kilometres with thickness ranging up
to 50 m. Although massive ores are spatially associated
with the ore-bearing intrusions, they are not a typical
end-member of a textural continuum that would include
matrix ore and disseminated ore. Massive-sulphide
orebodies show sharp and sometimes transgressive contacts
with the ore-bearing intrusions; this temporal relation is also
supported by a lack of matrix ore in most intrusions and the
virtual absence of entrained igneous silicate minerals in
massive ores. In the Talnakh district, massive ores are local-
ized in rocks underlying the intrusions and, to a lesser
extent, in the lower contact zone of the intrusions. Massive
ores in the metamorphosed sedimentary rocks typically
have no direct contact with the ore-bearing intrusions. The
largest deposits are localized along the axis defining the
thickest part of the elongate, ore-bearing intrusions (see
Figure 26.2). In the Noril’sk district, massive-sulphide
veins form an anastomosing zone of sheet-like orebodies
that occur in rocks adjacent to the Noril’sk I intrusion, as

well as in the lower part of the intrusion near the transition
from picritic to taxitic rocks (Smirnov 1966).

Veinlet-disseminated ores form in the contact-
metamorphic aureoles of the ore-bearing intrusions and
are commonly concentrated in envelopes surrounding
massive-sulphide orebodies. Sulphides occur in veins and
as metasomatic replacements; textures are complex and
reflect the structural fabric of the rock. For example,
sulphide minerals can occur along bedding planes in fissile
rocks, in amygdule sites in basalts and at porphyroblast sites
in some hornfels.

SAMPLING AND METHODS

The opportunity to visit the district and collect samples in
1990 was part of a broader memorandum of understanding
on scientific exchange between the United States (U.S.)
Geological Survey and the Ministry of Geology of the
USSR. Two weeks were devoted to investigating the mag-
matic copper-nickel-PGE ore deposits of the Noril’sk—
Talnakh area. Material collected from drill holes in the
Noril’sk and Talnakh districts was supplemented by
samples collected from the Medvezhy Creek open pit,
underground workings of the Oktyabr’sky Mine and ore
stockpiles for the Oktyabr’sky and Komsomolsky mines.

Most analyses were carried out in laboratories of the
U.S. Geological Survey (Tables 26.1, 26.2,26.3 and 26.4).
Analytical methods are as follows: iron, nickel, copper,
silver, cobalt, lead and zinc by inductively coupled plasma
atomic emission spectrometry (ICP-AES) (Lichte et al.
1987); sulphur by combustion with infrared (IR) detection
(Jackson et al. 1987); arsenic and antimony by hydride-
generation atomic absorption spectrometry (AAS); tellu-
rium and bismuth by ion-exchange plus graphite-furnace

Table 26.1. Representative analytical data for massive-sulphide ores, Oktyabr’sk Mine area, western branch of Kharayelakh intrusion; mineral

assemblages are listed in decreasing order of abundance.

Sample Mineral Fe, Cu, Ni, S, Ir, Ru, Rh, Pt, Pd, Au,

Number assemblage wt. % wt. % wt. % wt. % ppb  ppb ppb ppb ppb ppm
KZ868 892.4 po—cp-pn 45.0 1.80 2.75 278 7.8 14 120 630 3570 0.10
900MZS2-3* po-cp-pn 54.7 4.05 3.48 30.5 20 57 240 1,600 10 800 0.05
900C4* cp-po—pn 473 12.30 3.03 324 6. 18 85 4,190 21300 0.93
900MZS1-4 cp-po—pn 512 10.30 2.88 29.0 44 89 450 6,150 20 000 0.70
900MZS1-3* cp-po—cb-pn  39.8 22.80 2.13 329 44 96 290 7,500 29 100 1.40
900C13* cp—po—cb—pn  41.1 20.80 1.80 329 4.1 15 33 2,600 37 000 1.10
900MZS1-1* mh-tk-pn 35.6 28.30 248 313 1.4 <5 26 23,000 77 000 5.30
900C9* mh-tk—-pn 37.0 2720 2.61 30.1 <0.5 <5 10 21,000 119 000 3.97
900C14* mh—tk—-pn 34.5 28.00 3.49 335 0.9 <5 14 20,500 140 000 1.05
900C8 cp-pn 353 29.30 1.87 317 <5 <5 9.0 4,500 39 000 2.35
900MZ67-5-1* cp-pn 30.6 31.10 2.56 331 0.6 <5 36 1,900 28 000 0.28

Mineral abbreviations: po-pyrrhotite, cp—chalcopyrite, cb—cubanite, mh-mooihoekite, tk—talnakhite, and pn—pentlandite. Minerals in assemblage

name are listed in decreasing order of abundance.

Fe, Cu, and Ni by ICP-AES (P.H. Briggs, U.S. Geological Survey, Denver), S by combustion and IR detection (T L. Fries, U.S. Geological Survey,
Menlo Park); Au by graphite furnace AA (B.M. Adrian, U.S. Geological Survey, Denver). See text for additional information. Notes apply to

Tables 2, 3, and 4.

Values reported for Fe, Cu, Ni and S are the mean of replicate analyses. PGE and Au concentrations are the median value.
*PGE by NiS fire assay and ICP-MS and INAA (A.L. Meier and R.R Carlson, U.S. Geological Survey, Denver and S.-J. Barnes, University of

Quebec, Chicoutimi).
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Table 26.2. Analytical data for drill hole KZ868, Oktyabr’sky Mine area, western branch of Kharayelakh intrusion.

Sample Rock Ore Fe, Cu, Ni, S, Ir, Ru, Rh, Pt, Pd, Au,

Number Type Type wt. % wt. % wt.% wt.% ppb ppb ppb ppb pPpb ppm

KZ868 8427 picritic disseminated  7.10 0.10 0.06 0.63 1.5 4.7 79 76 200 —
gabbrodolerite

KZ868 858.1 taxitic disseminated 10.0 0.47 0.23 2.66 39 11 28 220 910 —
gabbrodolerite

KZ868 860.2 taxitic disseminated  9.70 0.31 0.17 1.79 22 72 18 140 540 —
gabbrodolerite

KZ868 863.8 taxitic matrix 13.0 1.60 0.46 5.26 6.2 21 47 790 2 800 —
gabbrodolerite

KZ868 868.3 taxitic disseminated 10.0 0.55 0.25 3.11 438 15, 34 310 1 000 —
gabbrodolerite

KZ868 879.5 taxitic matrix 15.0 2.00 0.49 6.23 38 12 35 1100 3400 —
gabbrodolerite

KZ868 883.8 taxitic matrix 15.0 1.90 0.67 6.22 78 19 64 1270 4070 0.30
gabbrodolerite

KZ868 890 taxitic disseminated 11.0 0.40 0.18 1.96 27 8.7 22 150 940 —
gabbrodolerite

KZ868 890* taxitic disseminated 11.0 0.40 0.18 2.00 27 8.8 22 170 880 —
gabbrodolerite

KZ868 892.4 massive massive 45.0 1.80 275 278 78 14 120 630 3570 0.10
sulphide

KZ868 898* massive massive 493 2.67 354 344 73 11 130 790 4250 0.10
sulphide

KZ868 898.4*  Cu-rich matrix 13.0 4.00 0.84 7.40 03 <05 43 2300 9100 0.50
sulphide
segregations
in hornfels

KZ868 899.1 massive massive 49.7 290 315 308 35 47 87 1 800 6 400 0.13
sulphide '

KZ868 901.5 massive massive 46.0 2.70 297 305 8.1 21 130 810 4270 0.05
sulphide

KZ868 903.1 massive massive 49.0 257 3.01 29.2° 71 14 110 870 4600 <005
sulphide

KZ868 907.5 massive massive ~ 52.0 4.50 374 352 42 95 400 2170 8 830 0.20
sulphide

KZ868 908.5 massive massive 50.7 3.60 339 311 27 57 330 1 800 8370 0.18
sulphide .

KZ868 911.4 massive massive 49.0 427 3.39 314 22 29 310 1470 7670 0.12
sulphide

KZ868 912.6 massive massive 40.0 397 221 20.8 12 20 167 1100 5230 0.15
sulphide

KZ868 914 massive massive 51.7 523 4.01 36.6 41 110 410 2130 10300 0.20
sulphide

KZ868 914.9*  massive massive 51.7 5.30 375 355 42 120 410 1950 10000 0.15
sulphide

KZ868 918 massive massive 53.0 4.70 373 344 38 100 430 1830 10000 0.10
sulphide

KZ868 919 massive massive 437 427 208 211 14 17 187 1700 6370 0.10
sulphide i

KZ868 920.8* massive massive 50.0 537 366 337 14 22 190 2550 11 000 0.20
sulphide

KZ868 923 massive massive 50.0 5.00 264 245 14 28 140 2100 9330 022
sulphide

Mineral abbreviations are: po-pyrrhotite, cp—chalcopyrite, cb—cubanite, mh-mooihoekite, tk—talnakhite, and pn—pentlandite. Minerals in
assemblage name are listed in decreasing order of abundance.

Fe, Cu, and Ni by ICP-AES (PH. Briggs, U.S. Geological Survey, Denver), S by combustion and IR detection (T.L. Fries, U.S. Geological Survey,
Menlo Park); Au by graphite furnace AA (B.M. Adrian, U.S. Geological Survey, Denver). See text for additional information. Notes apply to
Tables 2, 3, and 4.

Values reported for Fe, Cu, Ni and S are the mean of replicate analyses. PGE and Au concentrations are the median value.

*PGE by NiS fire assay and ICP-MS and INAA (A.L. Meier and R.R Carlson, U.S. Geological Survey, Denver and S.—J. Barnes, University of
Quebec, Chicoutimi).
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Table 26.3. Analytical data for drill hole KZ1879, Glubokij Mine area, northern branch of Kharayelakh intrusion.

Sample Rock Ore Fe, Cu, Ni, S, Ir, Ru, Rh, Pt, Pd, Au,

Number Type Type wt. % wt. % wt.% wt.% ppb ppb ppb ppb ppb ppm

KZ1879 1752.5 picritic disseminated 13.0 0.96 0.53 2.90 12 36 100 810 2 900 0.20
gabbrodolerite

KZ1879 1757 picritic disseminated 12.0 0.50 0.36 1.59 6.5 19 58 410 1 500 0.10
gabbrodolerite

KZ1879 1761.0  picritic disseminated 12.0 0.48 033 1.32 6.5 21 68 550 1900 0.15
gabbrodolerite

KZ1879 1763.1 picritic disseminated 11.0 0.41 0.30 122 45 14 48 430 1 600 0.10
gabbrodolerite

KZ1879 17679 picritic disseminated 11.0 033 0.24 0.95 3.7 11 37 280 1 100 0.15
gabbrodolerite

KZ1879 1768.5B picritic disseminated 10.0 0.66 0.33 2.08 53 19 55 380 1700 —
gabbrodolerite

KZ1879 1773.0  picrtic disseminated  9.10 0.45 0.20 133 2.1 8.4 40 220 890 —
gabbrodolerite

KZ1879 1777.4  picritic disseminated 11.0 043 0.23 1.12 43 14 39 250 1100 —
gabbrodolerite

KZ1879 1785.5 taxitic disseminated 11.0 0.64 027 2.19 48 18 48 310 1300 —
gabbrodolerite

KZ1879 1791.6  taxitic matrix 11.0 1.20 0.75 4.49 13 33 140 1200 3300 0.15
gabbrodolerite

KZ1879 1800.2* massive massive 49.7 6.67 4.59 354 210 700 1610 2200 11 500 0.15
sulphide

KZ1879 1802.5 massive massive 52.0 4.57 447 31.5 61 130 740 2 600 12 000 0.10
sulphide

KZ1879 1805 massive massive 50.0 6.70 47 35.4 170 490 1300 2670 12 000 0.17
sulphide

KZ1879 1807.7* massive massive 52.7 4.00 474 32.6 27 92 330 1600 9 450 0.07
sulphide

KZ1879 1808 massive massive 520 327 5.13 343 28 74 350 2130 11 700 0.05
sulphide

Mineral abbreviations are: po-pyrrhotite, cp—chalcopyrite, cb—cubanite, mh-mooihoekite, tk—talnakhite, and pn—pentlandite. Minerals in

assemblage name are listed in decreasing order of abundance.

Fe, Cu, and Ni by ICP-AES (P.H. Briggs, U.S. Geological Survey, Denver),

S by combustion and IR detection (T.L. Fries, U.S. Geological Survey,

Menlo Park); Au by graphite furnace AA (B.M. Adrian, U.S. Geological Survey, Denver). See text for additional information. Notes apply to

Tables 2, 3, and 4.

Values reported for Fe, Cu, Ni and S are the mean of replicate analyses. PGE and Au concentrations are the median value.
*PGE by NiS fire assay and ICP-MS and INAA (A.L. Meier and R.R Carlson, U.S. Geological Survey, Denver and S.~J. Barnes, University of

Quebec, Chicoutimi).

AAS; and tin by solvent extraction plus graphite-furnace
AAS (Wilson et al. 1987; Zientek et al. 1990; Aruscavage
and Crock 1987). Platinum group elements were deter-
mined by NiS fire assay and inductively coupled plasma
mass spectrometry (ICP-MS) in 10 g samples at limits of
0.5 ppb or lower (Meier et al. 1991). The method used is
similar to the procedures described by Robert et al. (1971)
and Jackson et al. (1990). Without modification, the useful
range of the method is from the detection limit to about
5 ppm; for samples of PGE-enriched copper-rich ore, the
sample size was reduced to 2 g or less. Accuracy is
improved by isotope dilution using enriched 19'Ir to track
recovery through the collection and separation procedure.
Analytical results were referenced against SARM-7; the
precision obtained for 60 replicate analyses of 1 g samples
of SARM-7 analyzed with routine samples over a 6 month
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period is as follows (expressed as relative standard
deviation): ruthenium, 8.34%; rhodium, 5.41%; palladium,
6.29%; iridium, 8.90%; and platinum, 6.60%. Replicate
analyses were performed for all ore samples: at least 2 for
disseminated-ore samples; 3 or more for massive ore
samples. Because there was some question about the
necessity and affect of corrections in the determinations of
rhodium and ruthenium, 30 samples that span the composi-
tional range of the massive-sulphide ores were selected and
analyzed by NiS fire assay and instrumental neutron activa-
tion (INAA) at the University of Quebec at Chicoutimi.
Results for rhodium, platinum and gold generally agree (the
average of differences is less than 2%). Although there can
be substantial differences in the concentrations of these
elements among samples, there is no systematic bias
between laboratories. Results for iridium were also in
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Table 26.4. Analytical data for drill holes KZ1713 and KZ1799, Skalisty Mine area, Talnakh intrusion.

Sample Rock Ore Fe, Cu, Ni, S, Ir, Ru, Rh, Pt, Pd, Au,

Number Type Type wt.% wt.% wt.% wt.% ppb ppb  ppb ppb ppb ppm

KZ1713 862.8  olivine- disseminated  6.80 0.03 0.03 0.13 0.6 20 10 59 190 —
gabbrodolerite

KZ1713 883.8  olivine- disseminated 16.0 0.57 0.40 1.88 15 40 110 790 2200 0.10
gabbrodolerite

KZ1713 886.5 olivine— disseminated  7:60 0.15 0.09 0.56 3.0 9.2 28 190 510 —
gabbrodolerite

KZ1713 902.8  olivine- matrix 14.0 1.40 0.83 5.60 21 63 190 1100 3500 0.20
gabbrodolerite

KZ1713 910.5  picritic matrix 14.0 0.87 0.68 4.09 18 54 160 750 2 800 0.10
gabbrodolerite

KZ1713 9229 taxitic matrix 13.0 1.70 0.65 4.66 11 36 120 670 5200 0.35
gabbrodolerite

KZ1713 928.1  massive massive 48.0 1.93 379 226 180 430 1800 940 5170 0.10
sulphide

KZ1713 931.3* massive massive 52.0 2.50 553 370 780 3250 5050 1240 6550 0.10
sulphide

KZ1713 9346  massive massive 50.7 497 489 365 670 3100 4500 1170 6 100 0.15
sulphide

KZ1799 1321.55 picritic disseminated  9.50 0.52 0.28 1.22 6.7 19 46 370 1200 0.10
olivine—
gabbrodolerite

KZ1799 1338.5 taxitic matrix 14.0 1.97 1.06 6.88 25 68 220 1530 6 400 03s
gabbrodolerite

KZ1799 1343 hormnfels massive 26.7 2.00 254 178 240 800 1570 740 4030 0.10

KZ1799 1347.9 massive massive 45.0 2.50 4.12 284 25 25 600 950 5300 0.07
sulphide

KZ1799 1351 massive massive 37.0 2.50 325 220 100 230 1100 1 600 6200 0.10
sulphide

Mineral abbreviations are: po-pyrrhotite, cp—chalcopyrite, cb—cubanite, mh—-mooihoekite, tk—talnakhite, and pn-pentlandite. Minerals in

assemblage name are listed in decreasing order of abundance.

Fe, Cu, and Ni by ICP-AES (P.H. Briggs, U.S. Geological Survey, Denver), S by combustion and IR detection (T.L. Fries, U.S. Geological Survey,
Menlo Park); Au by graphite furnace AA (B.M. Adrian, U.S. Geological Survey, Denver). See text for additional information. Notes apply to

Tables 2, 3, and 4.

Values reported for Fe, Cu, Ni and S are the mean of replicate analyses. PGE and Au concentrations are the median value.
*PGE by NiS fire assay and ICP-MS and INAA (A.L. Meier and R.R Carlson, U.S. Geological Survey, Denver and S.-J. Barnes, University of

Quebec, Chicoutimi).

agreement except for very copper-rich samples where the
results of the ICP-MS analyses were higher. The reason for
the difference is not known; there are no obvious
interferences that should affect the ICP-MS or the INAA
results. However, because sample weights had to be reduced
for these high copper samples, the results reported by
ICP-MS were close to the determination limit and are more
likely to be in error. Determinations of palladium by
ICP-MS were consistently lower than the results obtained
by INAA (by an average difference of 14%}). Both laborato-
ries reference their analyses to the same standard, SARM-7,
but the concentration of palladium in the ore samples was in
almost all cases greater than the standard (by as much 2
orders of magnitude). The differéence has not been
reconciled largely due to the lack of appropriate standard

material with high concentrations of PGE. Because of inter-
ference problems in the INAA method, the ICP-MS method
gave a better indication of the ruthenium contents of ore
samples with high concentrations of gold and copper.

RESULTS

Mineralogical and Compositional
Zonation of Massive
Ores—Oktyabr’sky Mine

Genkin et al. (1982) distinguish 2 patterns of zonation in
massive ores of the Noril’sk-Talnakh area, simple and
complex. Simple zonation refers to a change from
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pyrrhotite-dominant ores to chalcopyrite-dominant ores by
gradual changes in proportions of pyrrhotite and chalcopy-
rite. Ores enriched in chalcopyrite are typically concen-
trated at the margins of orebodies. Complex zonation refers
to the succession of numerous mineral varieties of ore that
include zones enriched in cubanite or mooihoekite (talnak-
hite), as well as pyrrhotite and chalcopyrite.

The massive-sulphide ores of the Oktyabr’sky
Mines area display a concentric arrangement of ore
types with various proportions of sulphide minerals typical
of complex zonation (Figure 26.3). Mineral assemblages
atthe outer, lateral edges and lower margins of
the orebody are pyrrhotite-rich with lesser amounts of
chalcopyrite and pentlandite. Inwards, successive zones
of chalcopyrite-dominant and cubanite-dominant assem-
blages surround a core of mooihoekite-cubanite or talnak-
hite-cubanite assemblages in the central and upper parts of
the deposit. All assemblages carry pentlandite.
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Genkin et al. (1982) and Stekhin (1992) both note that
the complexly zoned massive ores of the Oktyabr’sky Mine
occur at the western end of the main Kharayelakh orebody,
which extends from the Oktyabr’sky Mine into the Taimyr
Mine area and is likely continuous with the massive orebody
at the southern margin of the Taimyr Mine area (see
Figure 26.2). Throughout most of their length, the main
Kharayelakh orebody and the adjacent orebody in the
Taimry Mine are made up of pyrrhotite-dominant mas-
sive-sulphide ores characterized by simple zoning. These
orebodies are localized along an axial zone of the finger-like
intrusion that composes the southern margin of the western
branch of the Kharayelakh intrusion (Duzhikov etal. 1992).

The mineralogical zonation corresponds to composi-
tional zonation (see Table 26.1). In Figure 26.4, data for
samples collected from pyrrhotite-chalcopyrite and chalco-
pyrite-pyrrhotite assemblages (pyrrhotite-rich ores; Cu/S
less than 0.4) from the outer parts of the zonation sequence

S oA
O, X
RIS

Figure 26.3. Plan map of mineral-assemblage zonation in massive-sulphide ores in the Oktyabr’sky Mine area, western branch of the Kharayelakh

intrusion.
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ment concentrations in massive-sulphide ores of the Oktyabr’sky Mine
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in the Oktyabr’sky Mine area are compared to samples from
the mooihoekite- and talnakhite-bearing assemblages
(copper-rich ores; Cu/S greater than 0.6) in the core of
the deposit. Compositional differences between the
2 groups of samples are entirely consistent with what is
known experimentally about the partitioning behavior
of elements between sulphide liquid and MSS (Craig
and Kullerud 1969; Distler et al. 1977; Fleet et al. 1992;
M.E. Fleet, University of Western Ontario, personal
communication, 1992). Samples rich in copper are enriched
in elements known to behave incompatibly during
MSS crystallization: copper, platinum, palladium and
gold (see Figure 26.4a). Pyrrhotite-rich samples are
enriched in elements known to behave compatibly: iron,
nickel, cobalt, iridium, ruthenium and rhodium (see
Figures 26.4b and 26.4c). By analogy, the data presented in
Figure 26.4b suggest that antimony, arsenic, bismuth,
tellurium, tin, silver, lead and zinc behave incompatibly
during MSS fractionation. Chondrite-normalized coppér-
nickel-PGE-gold plots for samples representative of partic-
ular assemblages are shown in Figure 26.5. As expected,
ratios of incompatible to compatible elements increase from
pyrrhotite-bearing to the copper-rich assemblages. Con-
centrations of platinum, palladium and gold decrease, and
copper contents increase slightly between mooihoekite-
talnakhite-cubanite-pentlandite assemblages, typical of
the core of the mineralogically zoned massive-sulphide
orebody, and chalcopyrite-pentlandite assemblages that
occur as discordant segregations of massive sulphide that
cut the intrusion immediately above the copper-rich mas-
sive sulphides. Chalcopyrite-pentlandite ores also contain
lower concentrations of antimony, arsenic, bismuth, silver
and tellurium, relative to mooihoekite-talnakhite-cuba-
nite-pentlandite ores. If the chalcopyrite-pentlandite ore
samples are related to and derived from the underlying mas-
sive-sulphide orebody, their compositional characteristics
cannot result from MSS fractionation alone; crystallization
of other phases such as intermediate solid solution or plati-
num group minerals from the copper-rich residual liquid
must be considered in order to explain the depletion of
selected incompatible elements.

Previous reports with data on the composition of ores
from Noril’sk-Talnakh area gave no information about the
copper-rich ores at Oktyabr’sky. Strishkov (1984) reported
that the Oktyabr’sky reserves were 130 million tons of ore
containing 3.9 weight % copper (comparable to the copper
concentrations in the pyrrhotite-bearing ore assemblages)
and gave no indication of the very high copper concentra-
tions in the copper-rich ore (greater than 20 weight %).
Previously estimates of the total PGE contents of massive
ores were as high as 11 ppm (Hulbert et al. 1988; Wyllie
1987); we know now that PGE concentrations in
copper-rich ore are more typically on the order of hundreds
of ppm.

Comparison of Disseminated- and
Massive-Ore Compositions

During the course of our investigations, we had the opportu-
nity to sample core from drill holes in the Talnakh district
that contained both disseminated ore in picritic and taxitic
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units and massive-sulphide ore. The holes included KZ868
in the Oktyabr’sky Mine area in the western branch of the
Kharayelakh intrusion (see Table 26.2), KZ1879 in the area
of the proposed Glubokij Mine in the northern branch of
the Kharayelakh intrusion (see Table 26.3) and KZ1713
and KZ1799 in the area of the proposed Skalisty Mine
in the Talnakh intrusion (see Table 26.4). The lithologic
sequence and relations illustrated for KZ868 in Figure 26.6
are typical for the other drill holes. Disseminated ores
occur in picritic and taxitic units at the base of the ore-
bearing intrusions. Sulphide-mineral aggregates occur as
coarse-grained elliptical droplets in picritic rocks and
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as coarse-grained irregularly shaped, interstitial mineral
aggregates in the taxitic rocks. Interstitial-sulphide miner-
als also occur as thin films along grain boundaries in both
rock types. There is no increase in sulphide proportion
downward, nor is there any suggestion that the coarse
sulphide aggregates were settling or aggregating. The
taxitic unit grades downward into a sulphide-poor, fine-
grained chill zone. Massive-sulphide accumulations occur
below the chilled base of the intrusion, overlain either by
chilled rocks at the base of the intrusion or by a thin septum
of contact-metamorphosed sedimentary rocks that sepa-
rates the massive ore from the intrusion.

10000
mh-tk-cb-pn

1000
100

10

0.1

0.01

0.001 T

10000

cp-pn
1000

0.1

0.01

0.001 —te——
Ni Co Os iIr Ru Rh Pt Pd Au Cu

Figure 26.5. Chondrite-normalized nickel-cobalt-platinum group
element-gold-copper diagrams illustrating change in pattern for.
different mineral assemblages in massive-sulphide ores of the
Oktyabr’sky Mine area. For each plot, the highlighted patterns represent
the indicated assemblage. Mineral abbreviations are: po—pyrrhotite;
cp, chalcopyrite; cb, cubanite; mh, mooihoekite; tk, talnakhite; and
pn, pentlandite. Minerals in assemblage name are listed in decreasing
order of abundance. Values are normalized to C1 chondrite.



The compositions of spatially associated massive and
disseminated ores recalculated to 100% sulphide for these
drill holes are illustrated in Figures 26.7 and 26.8. Massive
ores have lower platinum, palladium and gold concentra-
tions than spatially associated disseminated ores. Less con-
sistent relations are seen for iridium, ruthenium and
rhodium; concentrations in massive ores can be higher,
comparable, or lower than those in associated disseminated
ore. These relations lead to characteristic shapes for the
chondrite-normalized patterns; disseminated ores have
patterns that have relatively smooth, positive slopes for the
PGE (and low Pd/Ptratios), whereas, the massive ores have
high Pd/Pt ratios and patterns characterized by smooth posi-
tive slope from osmium to rhodium, a negative slope from
rhodium to platinum and a positive slope from palladium to
platinum. For descriptive purposes, the patterns typical of
the massive ores are said to be characterized by negative
platinum anomalies.

The differences between disseminated- and massive-
ore compositions cannot be modelled by varying
parameters in the equation that expresses partitioning of
elements between sulphide and silicate liquids (Campbell
and Naldrett 1979):

R+ 1

o= X PwED)

where Y, is the final concentration of element i in the
sulphide liquid; X{° is the initial concentration of element i
in the silicate liquid; D; is the distribution coefficient
of element i between sulphide liquid and silicate liquid;

M.L. Zientek et al.

and R is the mass ratio of silicate liquid to sulphide
liquid. The most obvious parameter to change is R;
lower concentrations of PGE in massive ores relative to
disseminated ores are generally thought to reflect lower
values of R for the massive ores. If disseminated and
massive ores are constrained to be derived from silicate
magmas of similar composition (X;°), the higher Pd/Pt
ratios observed in the massive ores cannot be obtained by
varying R because, in order to do so, Dp; would have to be
greater than Dpy because:

Yoo _ _DﬂX;d(R + Dp)
Yp Dp, X3, (R + Dpy)

For Ypg/Yp, to increase with decreasing R, Dp; must be
greater than Dpy. Studies of offset PGE patterns on the Great
Dyke (Naldrett and Wilson 1990) and the Munni Munni
Complex (Barnes et al. 1990) have demonstrated that Dpy
must be greater than Dgy. In addition, the Pd/Pt ratio of the
silicate magma would have to be unreasonably high (greater
than 7) to achieve the observed concentrations of PGE in
the sulphide ores.

The compositions of the massive-sulphide ores cannot
be modelled using liquid-liquid partitioning because some
of the massive-sulphide ores do not represent liquid compo-
sitions. As illustrated in Figure 26.9, the composition of the
massive ores in drill hole KZ1713 are nearly identical to the
composition of MSS that would crystallize from a parental
sulphide liquid that is approximated by the composition of
the disseminated sulphides in the overlying taxitic and
picritic units. These massive ores do not represent liquid
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Figure 26.6. Lithologic column and stratigraphic variation of Pd/Pt, Cw/S, S, PUS, It/S and PVIr for part of hole KZ868, Oktyabr’sky Mine area,
Kharayelakh intrusion. Lithologic abbreviations are: p w/ tx—picrite with inclusions of taxitic rock; tx—taxitic gabbrodolerite; ms—massive
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Waestern branch of Kharaelakh intrusion - KZ868
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compositions but are cumulates—some mixture of early
precipitating MSS and trapped sulphide liquid. Partition
coefficients (DMSS/sulphide liquid) ysed to calculate MSS com-
position are the experimental values presented by Fleet et al.
(1992) and reported orally in 1992: osmium, 5.3; iridium,
2.1; ruthenium, 3.2; rhodium, 3.1; platinum, 0.17; palla-
dium, 0.14 and gold, 0.09.

The partition coefficients (DMSS/sulphide liquid) for
osmium, iridium, ruthenium and rhodium are all greater
than 1 and for platinum, palladium and gold are less than 1;
accordingly, one might anticipate that the osmium, iridium,
ruthenium and rhodium contents in MSS cumulates would
be greater than those in the parental-sulphide liquid and the
platinum, palladium and gold contents would be less. The
negative platinum anomaly that is typical of pyrrhotite-rich
massive ores is not due to the depletion of platinum relative
to the other PGE but reflects the difference in the distribu-
tion coefficients from osmium to rhodium and platinum to
gold.

The massive ores in drill hole KZ1713 appear to repre-
sent a simple situation, where the cumulate is composed
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Northern branch of Kharaelakh intrusion - KZ1879
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Figure 26.7. Chondrite-normalized platinum group element-gold
diagrams for disseminated (a) and massive ores (b and c) in drill hole
KZ868, Oktyabr’sky Mine area, Kharayelakh intrusion and for dis-
seminated (d) and massive (e) ores in drill hole KZ1879, Glubokij
Mine area, northern branch, Kharayelakh intrusion. Sample numbers
refer to depth (m) in drill hole. Samples recalculated to 100% sul-
phide. Shaded area in diagrams for massive ore illustrates the compo-
sitional range for disseminated ores in the same drill hole.

entirely of a cumulus phase of a composition that would
crystallize from a parental liquid that is comparable to dis-
seminated sulphides in the overlying intrusion. Although
massive ores from KZ1799, KZ1879 and KZ868 have
PGE patterns indicating that they are MSS cumulates,
the compositions of disseminated ores associated with
the massive-sulphide ores are not reasonable models
for parental-sulphide-liquid compositions because the
massive-sulphide ores have iridium, ruthenium and
rhodium contents that are less than those in the associated
disseminated ores. If osmium, iridium, ruthenium and
rhodium are enriched in MSS relative to the liquids from
which it crystallizes, the parental liquids for the massive-
sulphide ores must be more fractionated (have lower con-
centrations of osmium, iridium, ruthenium and rhodium)
than the sulphide liquids that crystallized to form the dis-
seminated ores in the taxitic and picritic units. This points to
a problem that is endemic in the study of cumulate pro-
cesses: the difficulty in clearly identifying parental liquids
from which cumulates are derived. The disseminated and
massive ores are associated only by proximity; they are not
physically interrelated. If the parental liquids for the
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disseminated and massive ores are related, as suggested by
lead isotope analyses (Wooden et al. 1992), either: 1) liquid
parental to the massive ores previously fractionated MSS;
or 2) it equilibrated under different conditions; or 3) there
is acumulate aspect to the disseminated ores as well (note
the subtle negative platinum anomaly for the disseminated-
ore compositions).

From studies of cumulate silicate rocks in layered
mafic intrusions, it is well known that there are many pro-
cesses that can affect the formation and development of
cumulates; many of these are listed by Irvine (1987). More
detailed analysis of the data from KZ868 indicate that many
of the problems inherent with understanding the petro-
genesis of silicate cumulates are also applicable to these
sulphide cumulates.

Compositional trends for incompatible versus com-
patible elements in the massive-sulphide accumulation in
KZ868 are inconsistent with in situ fractional crystalliza-
tion of MSS from a single batch of sulphide liquid. Concen-
tration of copper, platinum and palladium increases system-
atically toward the bottom of the massive-sulphide unit (see
Figure 26.6). Although not illustrated in Figure 26.6, the
concentration of iron shows a progressive decrease from the
top to the bottom of the massive-sulphide unit. Assuming
thatiron is behaving in a compatible fashion by partitioning
into MSS and copper, platinum and palladium are behaving
as incompatible elements, the systematic compositional
trends simply appear to indicate an increase in the trapped
liquid component towards the base of the massive-sulphide
unit. However, compositional trends for other elements that
behave compatibly during MSS fractionation (iridium,
ruthenium, rhodium) are not consistent with simply mixing
MSS and trapped liquid. The compositional trends for
iridium, ruthenium and rhodium do not vary antithetically
with the incompatible elements but show a complex down-
hole distribution. The pattern appears to indicate that the
progressive change in trapped liquid content is superim-
posed on several discrete intervals in which the original
MSS appears to have had very different trace element com-
positions. These intervals may be separated by abrupt com-
positional discontinuities. This difference in behavior is
also illustrated in Figure 26.10, where variation diagrams
for platinum and palladium versus copper display positive
linear trends, and data for rhodium and ruthenium versus
copper appear to be scattered but actually consist of clusters
of samples that may show positive correlations of iridium,
ruthenium and rhodium with copper. This complexity indi-
cated by the compostional trends for iridium, ruthenium and
rhodium is also apparent in the chondrite-normalized
PGE-gold diagrams for the massive ores (see Figure 26.7).
The interval from 914 to 918 (group 2) is characterized by
discretely lower PGE concentrations than overlying sam-
ples (group 1). Samples 899.1,919, 920.8 and 923 (group 3)
clearly show the affect of the addition of incompatible-
enriched sulphide liquids (analogous to sample 898.4, a
copper-rich sulphide segregation in a hornfels xenolith) to
MSS cumulate; the patterns show only subtle negative
platinum anomalies.
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The complex relations suggested by inspection of the
chondrite-normalized plots and covariation plots can be
further investigated by constructing a simple model based
upon the Rayleigh-distillation law. This relation can be
used to model the distribution of trace elements between
a liquid and solid during perfect (simple) fractional crystal-
lization; the bulk-partition coefficients of elements between
crystallizing minerals and liquid are assumed to be constant.
Li et al. (1993) and Naldrett et al. (this volume) have used
this relation to model the compositional affects of the
fractional crystallization of sulphide liquids. This relation
can be expressed as: C| = C, f (D' — 1) where D' is
the bulk-partition coefficient (in this case the partition
coefficient of element i between Mss and sulphide liquid);
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Figure 26.10. Variation diagrams for Pt/S and Pd/S versus Cw/S and
RIS and Rw/S versus Cu/S for disseminated- and massive-ore types in
drill hole KZ868, Oktyabr’sky Mine area, Kharayelakh intrusion.



f is the weight proportion of residual liquid; Ciy is the
concentration of element { in the parental liquid; and Cj is
the concentration of element i/ in the liquid (Allegre
and Minster 1978). The concentration of trace elements
in the instantaneous solid (in this case MSS) is:
Cy, = DC, f(D' = 1.

The pyrrhotite-rich massive-sulphide ores below the
base of the intrusion were assumed to be derived from
parental liquids with elemental concentrations similar
to samples of disseminated ores in taxitic rocks when recal-
culated to concentrations in 100% sulphide: copper,
7.0 weight %, platinum, 3500 ppb, palladium, 15 000 ppb,
rhodium, 400 ppb and ruthenium, 160 ppb. Given this
assumption and using the partition coefficients
experimentally determined by Fleet et al. (1992 and listed
above), the model calculated from the Rayleigh fractiona-
tion equations was not consistent with the data. However,
qualitative constraints on the relative partition coefficients
among elements, based on the slope of lines on
element-element plots (which are dependent on the ratios of
the partition coefficients), suggest that the D values should
be modified. Slopes on element-element plots indicate that
DMSS#iquid for copper is greater than for palladium which is
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greater than for platinum and that DMSS$/iquid for ruthenium is
greater than for rhodium. Values of DMSS/iquid yged for the
model are: copper, 0.1; palladium, 0.075; platinum, 0.05;
ruthenium, 5.0 and rhodium, 3.0.

As deduced by inspection of the chondrite-normalized
PGE patterns, comparison of model results and the data for
KZ868 indicate that the pyrrhotite-rich massive-sulphide
ores are not cumulates derived from parental liquids similar
in composition to the disseminated ores in the taxitic
gabbrodolerites (Figure 26.11). Massive ore compositions
can only be modelled by MSS crystallization from liquids
that are fractionated relative to the assumed, parental-liquid
compositions; some samples from groups 1 and 3 require
parental liquids that correspond to fractionated liquids with
f values as low as 0.3 to 0.4. The amount of trapped liquid
varies from samples of groups 1 and 3 (close to the line
defining Cyss) with low amounts of trapped liquid (15 to
25%) to samples from group 2 (close to the Ciiquiq line) with
large amounts of trapped liquid (approximately 80%). On
the ruthenium-copper diagram of Figure 26.11, the compo-
sitional data for sample groups 2 and 3 form discrete linear
arrays that cross tie lines and suggest mixing of cumulus
MSS crystallized from compositionally distinct batches of
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Figure 26.11. Variation diagrams for Pd, Pt, Rh and Ru versus
Cu (normalized to 100% sulphide) for disseminated- and massive-ore
types in drill hole KZ868, Oktyabr’sky Mine area, Kharayelakh intru-
sion, showing the results of a model based on simple fractional crystal-
lization utilizing the Rayleigh-distillation law. Values used for Cg  are:
C, 7.0 weight %; Pt, 3500 ppb; Pd, 15 000 ppb; Rh, 400 ppb; and Ru,
160 ppb. Values of DMSSMNQuid ysed for the model are: Cu, 0.1; Pd,
0.075; Pt, 0.05; Ru, 5.0 and Rh, 3.0. Heavy lines show the trajectory of
evolving liquid compositions (Cjiquig) and MSS compositions (Cumss);
dashed lines connect Ciiquig and Cpmss compositions for values of
f ranging from 0.1 to 1.0 (at 0.1 increments). Massive-ore samples are
identified by groups that are evident on chondrite-normalized PGE
diagrams (see Figure 26.7). See text for additional description of model
parameters and assumptions.
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fractionated parental liquid with less fractionated intercu-
mulus liquid of perhaps 2 different compositions. Note also
that the composition of the copper-rich segregation in horn-
fels plots near the Ciiqig line at an f value close t0 0.2. Model
results for platinum, palladium and copper are also illus-
trated in Figure 26.11; the data are generally consistent with
the model calculations with most samples falling within the
parallelogram defined by the lines illustrating the composi-
tion of Ciquig and Cpuss and the tie lines for f equal to 1.0 and
0.1. Samples of disseminated ore and the copper-rich segre-
gation in hornfels plot near the liquid evolution line;
massive-sulphide ores plot within the parallelogram. The
similarity of partition coefficients do not allow a more
quantitative discussion.

The data obtained for drill hole KZ868 suggest that
MSS in the sampled, mineralized intercept has crystallized
from a range of sulphide liquid compositions, that many
samples represent a mixture of cumulus MSS and trapped
liquid and that the interstitial melts may not be the liquids
from which the MSS crystallized. As noted earlier, drill hole
KZ868 is situated on the southern margin of the main
Kharayelakh orebody and an adjacent orebody in the Tamyr
Mine, which together consist of pyrrhotite-dominant ores
characterized by simple zoning that grades westward into
the complexly zoned ores of the Oktyabr’sky Mine area (see
Figures 26.2 and 26.3). This zonation appears to record the
lateral migration of copper-rich fractionated liquids during
solidification of the orebody. The pyrrhotite-rich, sulphide
cumulates in drill hole KZ868 record MSS crystallization
from related but compositionally distinct sulphide liquids
and suggest that lateral migration of liquids was episodic
and complex. At least some of the cumulates could be
derived from liquids that are only slightly fractionated rela-
tive to the composition of disseminated ores. The fraction-
ated liquid compositions suggested by cumulates in groups
1 and 3 are similar to the compositions determined for
chalcopyrite-pyrrhotite massive ores to the north of drill
hole KZ868 (sample OC4 in Table 26.1). The systematic
changes in copper content with depth in the hole and the
apparent mixing trends in Figure 26.11 indicate that migra-
tion of interstitial melts through the MSS cumulates also
plays an important role in determining the final composition
of the ores.

If the massive sulphides indrill holes KZ1713, KZ1799
and KZ1879 are also cumulates, where are the copper- and
PGE-enriched residual liquids? For KZ868, the residual
liquid is obviously represented by the copper-rich ores to the
north of the drill hole. The massive-sulphide intercepts in
drill holes KZ1713 and KZ 1799 are within one of a string of
economic massive-sulphide orebodies that lie along the axis
of the Talnakh intrusion. These massive-sulphide bodies
probably form a single, large, interconnected ore system.
The extent of the massive sulphides shown in Figure 26.2
are determined by economic considerations; in reality, they
are connected by thin, but uneconomic, massive-sulphide
units. Ores rich in copper from the Komsomolsky Mine
area, east of the Noril’sk—-Kharayelakh fault, may be residua
from the cumulates we analyzed from the Skalisty Mine
area. Our knowledge of the geometry of intrusions and dis-
tribution of ore in the northern branch of the Kharayelakh
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intrusion 1is limited; however, there are a number of
copper-rich orebodies on the west side of the Noril’sk—
Kharayelakh fault that could be part of the compositionally
zoned ore system that would include the massive sulphide in
drill hole KZ1879.

DISCUSSION

Fractional crystallization of sulphide liquids is not a new
concept. It was initially proposed by Hawley (1962, 1965)
to explain the mineralogical and compositional zonation of
magmatic ore deposits at Sudbury. Subsequent exper-
imental investigations of sulphide systems have supported
the hypothesis that copper-rich residual liquids could be
derived by fractional crystallization (Craig and Kullerud
1969; Hill 1984; Makovicky et al. 1986). Compositional
zonation or differentiation resulting from fractional crystal-
lization and progressive removal of copper-rich liquids
from early crystallizing MSS have been suggested for ores
of the Sudbury district (Keays and Crocket 1970; Chyi and
Crocket 1976; Cabri and LaFlamme 1976; Naldrett et al.
1982; and Li et al. 1992), as well as ores associated with the
Insizwa Complex (Lightfoot et al. 1984), the Talnakh intru-
sion (Genkin et al. 1982) and komatiite-hosted nickel
deposits (Barnes and Naldrett 1987). Emphasis has been
placed on the residua resulting from the fractionation
process in order to explain the presence of paragenetically
late copper-rich ores commonly associated with magmatic
sulphide deposits. The concentration of PGE into the
residua was a principal area of interest because the residua
are enriched in precious metals and the qualitative behavior
of PGE during sulphide-liquid fractionation can be deter-
mined (limitations of instrumental analysis prohibited the
experimental determination of partitioning behavior). The
summary data for samples of the compositionally zoned
orebody of the Oktyabr’sky Mine are consistent with the
experimental determinations for MSS fractionation from a
sulphide liquid and provide qualitative information for the
partitioning behavior for a large suite of elements associated
with magmatic sulphide systems.

Compositional differences between massive, matrix
and disseminated ores within individual deposits have also
been attributed to fractional crystallization. Lightfoot et al.
(1984) noted that differences in rhodium, ruthenium,
iridium, osmium, nickel and copper between disseminated
and massive ores in the Insizwa Complex are consistent
with MSS fractionation, but that platinum and palladium
were not as enriched in certain massive ore types as might be
expected. In considering compositional variation in ore
types at Alexo, Barnes and Naldrett (1986) showed that the
iridium-rich massive sulphides and the palladium-rich
matrix sulphides could be derived by crystal fractionation
of MSS from a sulphide liquid with a composition
similar to that of the disseminated sulphides. The iridium-
enriched sulphides represent MSS cumulates, and the palla-
dium-enriched sulphides represent fractionated liquids
(Figure 26.12).

Barnes et al. (1988) observed compositional differ-
ences between massive and matrix ores at Agnew similar to
those observed at Alexo by Barnes and Naldrett (1986).
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Figure 26.12. Chondrite-normalized platinum group element-gold
diagrams for disseminated, matrix and massive ores from the Alexo
main pit (Barnes and Naldrett 1987). Samples are recalculated to 100%
sulphide.

They rejected in situ differentiation of sulphide liquids as a
possible explanation for the difference in composition
because massive ores overlie the flow which hosts the
matrix ore. The ores are spatially associated but not
physically related, much like the ores at Noril’sk—Talnakh.
The compositional differences could not simply be attrib-
uted to variations in R (mass ratio of silicate to sulphide
liquid) because osmium, iridium, ruthenium and rhodium
are enriched in the massive ores, whereas platinum, palla-
dium and gold are depleted. Variations in R would have
affected all the PGE in a similar manner because they have
similar D(sulphide/silicate) A strong negative platinum anomaly
is also characteristic of the normalized PGE patterns.
Barnes et al. (1988) suggested that different ore types
formed from different batches of sulphide liquid, which
separated under different temperatures or fugacities (f) of
sulfur and/or oxygen. They note that the partition coeffi-
cient for any PGE into sulphide liquid becomes strongly
dependent on fs; below its sulfidation curve. They propose
that massive-ore sulphides segregated at conditions above
the osmium and iridium sulfidation curves; whereas, matrix
ores segregated below the sulfidation curves for these
elements. The matrix ores would contain less osmium and
iridium because these elements are partitioned less effi-
ciently into the sulphide-liquid phase because of the
presence of coexisting PGE alloys. They suggested that the
negative platinum anomalies characteristic of the massive
ores may result from a similar process (partitioning being
affected by platinum alloy coexisting with sulphide liquid).
The lower platinum, palladium and nickel contents of
the massive ores were thought to reflect batch equilibration
in a local sulphide-rich environment giving rise to a low
magma-sulphide ratio.

Compositional differences between massive and
matrix ores has also been attributed to hydrothermal or
metamorphic redistribution. For deposits in Western
Australia, Ross and Keays (1979), Keays et al. (1981) and
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Cowden et al. (1986) suggested that lower palladium con-
centrations in massive-sulphide ores can be attributed
to loss of palladium to copper-rich veins that form during
metamorphism. Barnes et al. (1985) noted negative
platinum anomalies in ores associated with komatiites in
Western Australia and the Abitibi belt in Canada and sug-
gested that both gold and platinum were remobilized from
these ores by metamorphism and later talc-carbonate
alteration.

Massive-sulphide ores associated with many mag-
matic-sulphide deposits share common compositional
features regardless of the environment of formation and the
subsequent metamorphic or alteration history. Chondrite-
or mantle-normalized PGE patterns of massive ores com-
monly are characterized by negative platinum anomalies
(Figure 26.13). Massive ores can contain higher proportions
of pyrrhotite than disseminated- or matrix-sulphide ores.
Only in some examples do the massive-sulphide ores con-
tain more osmium, iridium, ruthenium and rhodium and less
platinum, palladium and gold relative to disseminated and
matrix ores. As illustrated earlier, any number of ad hoc
hypotheses can be proposed to explain the peculiarities of a
given deposit; however, the recurrence of similar com-
positional features indicate that there must be a common,
fundamental geological process involved.

Our analysis of the field relations and compositional
data for the Noril’sk-Talnakh area suggests that the
compositional similarities result from cumulus processes.
As indicated earlier, many previous studies of fractional-
crystallization processes have focussed on the residua gen-
erated by the process; little emphasis has been placed on the
complementary sulphide cumulates. Sulphide cumulates
can be recognized by their distinct compositional character-
istics. The complexity of cumulus processes implies that
sulphide cumulates can occur in a multitude of geological
situations. Difficulties in relating spatially associated
massive and disseminated ores do not negate the role of
cumulate processes in determining the composition of the
massive ores but reflect our assumption that dissemi-
nated-ore compositions can be used as a model for the
parental-sulphide liquids.
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Figure 26.13. Chondrite-normalized platinum group element-gold diagrams for magmatic sulphide deposits in which massive ores are
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b) Komatiite- associated disseminated and massive ores from Agnew and Rocky’s Reward, Western Australia (Barnes et al. 1988). ¢) and d) Koma-
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Patterns represent averages of reported analyses; samples were recalculated to 100% sulphide.
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