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ABSTRACT

The Pechenga Ni-sulfide deposits, in the Kola Peninsula of Russia, are associated with ferropicrite flows and intrusions. The
sulfides are divided into five types: 1) disseminated sulfides within the olivine cumulate portions of the ferropicrites, 2) massive
sulfides, which occur at the contact between the ferropicrites and the country-rock black schists, 3) breccia-matrix sulfides, which
occur at the contact between the ferropicrites and the schists, and in some cases continue for hundreds of meters subparallél to the
contact but within the footwall, 4) chalcopyrite vein or stringer sulfides, which occur in the footwall, and 5) pyrite-rich layers,
concretions and lenses in the sedimentary rocks. The disseminated sulfides have similarly shaped mantle-normalized patterns of
chalcophile metal abundances to those of the ferropicrites, and could have formed in equilibrium with the ferropicritic magma at
moderate R factors (250). The rocks are depleted in platinum-group elements (PGE), suggesting that the magma reached sulfide
saturation prior to the formation of the ores. Sulfur isotope dataindicate that the S was derived from the sediments onto and into
which the ferropicrites were emplaced. The high As and Sb concentrations in the sulfides may have been derived from the
sediments. The massive sulfides show awider variety of composition than the disseminated sulfides; some sulfides are enriched
in Os, Ir, Ru, Rh and depleted Pt, Pd, Ag, Au, Cu, Sb, As, Se. This pattern is attributed to the accumul ation of monosulfide solid-
solution during crystallization of a sulfide liquid. The sedimentary sulfides are richer in As and Sb than the disseminated and
massive sulfides, but poorer in all the other chalcophile elements. The breccia-matrix sulfides consist of sedimentary and
ultramafic fragments in a sulfide matrix. Compared with vein sulfides from other deposits, those from Pechenga have a very
unusua composition. They are not only rich in Cu and Ag, but alsoin Os, Ir, Ru and Rh, and they are depleted in Pt, Pd, Au, As,
Sband Se.

Keywords: nickel sulfide deposits, platinum-group elements, arsenic, antimony, gold, selenium, silver, rare-earth elements,
ferropicrites, sulfur isotopes, Pechenga, Russia.

SOMMAIRE

Lesgisements de nickel de Pechenga, danslapéninsule deKola, en Russie, sont associés ades coul ées et des massifsintrusifs
deferropicrite. Les sulfures de nickel se présentent en cing associations: 1) sulfures disséminés dans les parties cumulatives des
ferropicrites, 2) sulfures massifs au contact entre les ferropicrites et les schistes noirs encaissants, 3) sulfures formant la matrice
de bréches de ferropicrite et de schiste, dans certains cas se prolongeant des centaines de metres le long du contact mais
invariablement situés au dessus de la paroi inférieure, 4) veines de chalcopyrite ou sulfures en veinules, danslaparoi inférieure,
et 5) accumulations de pyrite formant concrétions et lentilles dans I’ encaissant sédimentaire. Les sulfures disséminés possedent
des tracés de concentrations en métaux chal cophiles normalisées par rapport au manteau semblables a ceux des ferropicrites, et
pourraient s étre formés en équilibre avec le magma ferropicritique a un facteur R moyen (250). Les roches sont appauvries en
éléments du groupe du platine, ce qui indiquerait une saturation du magmaen sulfures avant laformation du minerai. L es données
isotopiques indiquent que le soufre a été dérivé apartir des sédiments sur et dans lesquelsle magmaferropicritique s’ est épanché.
Lesconcentrations élevéesd’ arsenic et d’ antimoine pourraient avoir une origine dansles sédiments. L es sulfures massifs montrent
un intervalle de composition plus éendu que les sulfures disséminés. Dans certains cas, |es sulfures montrent une enrichi ssement
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en Os, Ir, Ru et Rh, et un appauvrissement en Pt, Pd, Ag, Au, Cu, Sh, As et Se. Ces caractéristiques seraient attribuables a une
accumul ation de sol ution solide monosulfurée au cours de lacristallisation du liquide sulfuré. Les sulfures d’ origine sédimentaire
sont plus riches en arsenic et antimoine que les sulfures disséminés et massifs, mais les autres ééments chalcophiles y sont
appauvris. Les sulfures formant lamatrice des bréches renferment des fragments sédimentaires et ultramafiques. En comparaison
dessulfuresen veinesd' autres gisements, ceux de Pechenga ont une composition trésinhabituelle. 11ssont enrichis non seulement
en Cu et Ag, maisaussi en Os, Ir, Ru et Rh, et appauvrisen Pt, Pd, Au, As, Sb et Se.

(Traduit par la Rédaction)

Mots-clés: gisements de sulfures de nickel, éléments du groupe du platine, arsenic, antimoine, or, sélénium, argent, terres rares,

ferropicrite, isotopes de soufre, Pechenga, Russie.

INTRODUCTION

Thenickel deposits of the Pechenga Greenstone Belt
are located in the Kola Peninsula of northwestern Rus-
sia (Fig. 1). The overall size and grade of the deposits
have been estimated to be 150 Mt at approximately 1%
Ni (Chadwick 1992), making them an orefield of inter-
mediate size on the world scale. Nickel isfound in sul-
fides associated with ultramafic to mafic bodiesthat are
enclosed in pyrite-rich graphitic sedimentary units. The
sulfides have been divided into four types (Gorbunov et
al. 1985): 1) disseminated sulfides (both interstitial and
globular), which occur toward the base of, but within,
the ultramafic to mafic bodies (Fig. 2a), 2) massive sul-
fides(Fig. 2b), which occur at the lower contact between
the ultramafic to mafic bodies and the sedimentary
rocks, 3) breccia-matrix sulfides, which occur at the
lower contact and for up to akilometer along strike into
the sediments, consisting of a matrix of sulfides show-
ing tectonic flow fabric, and which contain fragments
of ultramafic and sedimentary rocks (Fig. 2c), and 4)
vein or stringer sulfides (Fig. 2d), which are chalcopy-
rite-rich veins in the country rocks. The graphitic py-
rite-rich sedimentary rocks, collectively known as
“black schists’ , which host the ore-bearing flows, con-
tain sedimentary sulfides that make up a fifth type of
sulfide ore (Fig. 2e).

In thisinvestigation, we report analytical results for
major oxides, rare-earth elements (REE), lithophiletrace
elements, PGE (platinum-group elements), Au, Ni, Cu,
As, Sh, Se, Sand Sisotopes for 65 samples and 24 sul-
fide separates collected from al of the various deposits
(Fig. 3, Tables 1, 2 and 3). The aims of the work are: a)
to establish the composition of the different types of
sulfides, b) to determine whether thereisany difference
in composition between the depositsin the western and
eastern ends of the belt, and ¢) to model the composi-
tion of each ore type.

GEOLOGICAL SETTING

The Pechenga Greenstone Belt isapart of thelarger,
discontinuously developed Paleoproterozoic North
Transfennoscandian Greenstone Belt, which stretches
over adistance of 1000 km (Fig. 1a). The PechengaBelt

is composed of two groups, namely the older North
Pechenga Group, which contains the Ni deposits, and
the younger South Pechenga Group (Fig. 1b). Thelower
limit of the North Pechenga Group is defined by the
emplacement age of the Mt. General’ skaya intrusion
(2505 + 1.6 MaU—Pb onbaddeleyite: Amelinet al. 1995).
The upper age limit is defined by ultramafic flows and
intrusions of Pilgujérvi Formation (1977 £ 52 Ma, Sm—
Nd and Pb/Pb on mineral separates: Hanski 1992).

The North Pechenga Group consists of four sedimen-
tary—volcanic cycles. Each cycle beginswith athin pile
of sedimentary rocks and ends with a thick pile of
mainly basaltic volcanic rocks (Melezhik & Sturt 1994).
The first cycle consists of locally derived conglomer-
ates (Neverskrukk Formation) and is overlain by conti-
nental rift volcanic rocks (Ahmalakhti Formation). The
Neverskrukk conglomerates lie discordantly with afirst-
order unconformity and well-developed regolith on
Archean basement. The next sedimentary-volcanic
cycle (Kuetgarvi Formation) begins with shallow-wa-
ter sediments (quartzites, dolomites) and ends with al-
kali basalt. The third sedimentary-volcanic cycle
(Kolasjoki Formation) begins with red sandstone and
ends with tholeiitic basalt. The fourth cycle, the
Pilgujérvi Formation, contains the Ni ore deposits. The
sedimentary rocks consist of greywackes and shales,
which contain abundant pyrite and graphite and are col-
lectively referred to as black schists. The overlying
Pilgujarvi volcanic rocks are predominately pillow
basalts, interpreted to represent mid-ocean-ridge basalts
(MORB). The ore deposits are associated with picrites
emplaced onto and into the black schists. Each cycle of
the North Pechenga Group is separated by a non-depo-
sitional unconformity generally marked by
paleoweathering. The maximum cumulative strati-
graphic thickness of the sedimentary and volcanic for-
mations of the North Pechenga Group are 1,600 m and
12,000 m, respectively. Therocks have undergone meta-
morphism from prehnite—pumpellyite to greenschist fa-
ciesin the central part of the Pechenga Belt, and to the
amphibolitefaciestoward its peripheral zones (Belyaev
et al. 1977).

The 600- to 1000-m-thick Pilgujarvi Sedimentary
Formation (also referred to as the Productive Forma-
tion) hosts al of the ultramafic bodies that contain Ni
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PHOTOSCALE EPCES
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Fic. 2. Photographs of the varioustypes of sulfide ore: a) disseminated sulfide, both globular and interstitial, b) massive sulfide,
¢) breccia-matrix sulfide, d) vein sulfides, €) thinly bedded organic-carbon-rich mudstone with diagenetic pyritein layers and
catagenic pyrite along the S2 cleavage, and f) black schist (scale: 45 cm).
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deposits. It is the thickest sedimentary formation in the
Group and consists of sulfide-rich black schists (Mem-
ber A and B, Méelezhik et al. 1995) and ultramafic tuffs
(Lammas Member or Member C). Basaltic tuffsare spo-
radically developed throughout the sequence. The for-
mation was deposited in a non-euxinic basin formed
during the transition from an intercontinental to an oce-
anic rift setting.

Numerous ultramafic bodies of both intrusive and
effusive origins have been described in the Pechenga
Belt (e.g., Zak et al. 1982, Skuf’in & Fedotov 1989,
Hanski & Smol’kin 1989, Smol’kin 1992). The intru-
sionsarereferred to as gabbro—wehrlites (e.g., Smol’kin
1977); the flows have been termed “ferropicrites’
(Hanski & Smol’kin 1989). The ferropicrite flows are
weakly differentiated, and the intrusions are well-dif-
ferentiated gabbro—wehrlite bodies; both occur discor-
dantly and subconcordantly in the sediments of the
Pilgujérvi Formation (Fig. 3). Theferropicriteflowsare
observed intercalated with the Pilgujarvi sedimentary
and volcanic rocks. More than 226 differentiated ultra-
mafic—mafic bodies have been counted within the
Pilgujérvi sediments; 25 of these contain Ni—Cu depos-
its of economic interest, and 68 are classified as “Ni—
Cu-bearing”. The remaining 113 were described as
“barren” (Zak et al. 1982), although several are now
known host to Ni—Cu sulfides. Thicknesses of the ultra-
mafic bodiesrange from 5 to 250 m, except for the 466-
m-thick Pilgujérvi intrusion, and strike lengths range
from 100 m to 6.5 km (Zak et al. 1982).

The ultramafic bodies containing economic ores are
confined within the structure identified as the Western
Rift Graben (Fig. 1b) and bounded by long-lived
syndepositional faults (Melezhik et al. 1994). The re-
striction of the ores to the graben indicates that ore-
forming processes were controlled by paleotectonic
setting. Two ferropicritic eruptive centers developed
within the Pilgujarvi Formation sediments (Fig. 3), one
on the western side of the graben (Kaula), and one on
the eastern side (Kierdzhipori). Numerous ferropicritic
flows occur in the overlying volcanic units. The ultra-
mafic bodies may aso be divided into an eastern and
western group. The eastern group consists of Onki,
Pilgujarvi, Kierdzhipori, Mirona, Raisogjvi and Souker
bodies, and the western group consists of Kaula, Kot-
sel’ vaara, Kammikivi and Semiletka (Fig. 3). The east-
ern group islocated at alower stratigraphic level of the
Pilgujérvi sedimentary sequence than the western group.

SYNTHESIS OF EXISTING IDEAS AND DEVELOPMENT
oF AN OVERALL MODEL

There has been extensive work on the geol ogy of the
deposits. Thefindings have been compiled by Gorbunov
et al. (1985) and Green & Melezhik (1999). A summary
of the ideas developed to date follows. Most authors
interpret the disseminated and massive sulfides as hav-
ing segregated from an ultramafic magma, and the brec-
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ciamatrix sulfides and vein ores, as having formed by
the remobilization of the massive ore during deforma-
tion (Gorbunov et al. 1985, Brugmann et al. 2000,
Melezhik et al. 1994, Abzalov & Both 1997). Hanski
(1992) showed, on the basis of the silicate geochemis-
try of the sulfide-bearing rocks, that these could have
formed from a magma similar in composition to the
ferropicritic flows. He concluded that the closest mod-
ern equivaent to the ferropicrites, in terms of incom-
patible elements, are ocean-island basalts, and suggested
that the ferropicrites were derived from Fe-rich lower
mantle, possibly generated from a mantle plume.

The question of whether sulfide saturation was pro-
voked by assimilation of the country rock has caused
much controversy; see Green & Melezhik (1999) for a
full discussion. Sulfur isotopes from the eastern ultra-
mafic bodies have positive 84S val ues, suggesting that
the S was derived from the country rocks (Grinenko &
Smol’kin 1991, Hanski 1992, Abzalov & Both 1997).
However, the S-isotope composition of sulfidesfromthe
western deposits are close to mantle values, and have
been interpreted to indicate that most of the S is of
mantle origin (Hanski 1992, Abzalov & Both 1997).
Rhenium—osmium isotopic data from Pilgujarvi and
Kammikivi are interpreted to indicate that contamina-
tion by crust occurred (Walker et al. 1997). Melezhik et
al. (1994, 1998) noted the apparent contradictory evi-
dence for the source of S, but showed that the §34S of
the sediments evolves from —1.2%o (i.€., closeto mantle
values) in the synsedimentary stage of formation of the
sulfidesto +9%e. in the late stages of diagenesis (Fig. 4).
Melezhik et al. (1998) suggested that the western de-
posits assimilated mainly unconsolidated sediments
with synsedimentary and early diagenetic sulfides, and
thus their S isotopic signature is around 0. In contrast,
the high 84S values of the eastern deposits are consis-
tent with an emplacement into already consolidated and
diagenetically modified sediments, and consequently the
magma assimilated S with strongly positive 534S.

Historically, al of the ore-bearing bodieswereinter-
preted as intrusions and referred to as gabbro—wehrlite
(Gorbunov et al. 1985). However, a number of features
suggest that the western bodies are flows, or possibly
one continuous flow, with the feeder zone near the erup-
tive center at Kaulaand an eastward direction of flow to
include the Kotsel’vaara, Kammikivi and Semiletka
deposits (Green & Melezhik 1999). a) The western bod-
ies occur high in the sedimentary sequence, closeto the
upper sedimentary—volcanic boundary, and are interca-
lated with ferropicrite tuffs and flows. b) The western
bodies are thin (<100 m), consisting mainly of peridot-
ite and pyroxenite with minor gabbro (Fig. 3), implying
relatively rapid cooling. ¢) The S isotopic signature of
the western deposits is close to a mantle value and, as
discussed above, impliesthat the magma has assimilated
unconsolidated sediments, which would be more likely
to occur if the bodies represent flows. In contrast, the
Pilgujérvi body, which hosts the three Ni deposits of
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the eastern end of the ore field (Zhdanovskoe,
Zapolyarninskoe and Eastern), is close to the base of
the sedimentary sequence (Fig. 3). It is thick (~500 m)
and well differentiated, with alarge component of gab-
bro (Fig. 3), implying slow cooling. The S isotopes
imply that it was emplaced into, or onto, consolidated
sediments. These features are consistent with an intru-
sive emplacement, although they do not rule out the
possihility of emplacement asavery thick, ponded flow.

The abundances of noble metals in mineralized
samples have been reported for 14 samples from
Kotsel’ vaaraand Pilgujarvi by Abzalov & Both (1997),
who concluded that 1) the PGE were collected by the
sulfides during segregation, 2) theratio of Ni and Cu to
PGE is much higher than amantle value, and 3) Au has
been redistributed in deformed samples. Brugmann et

Sulfur isotopes of the sediments. Source: Melezhik et al. (1998).

al. (2000) showed graphs of resultsfor approximately a
dozen mineralized samples. They also concluded that
the PGE have been collected by magmatic sulfides and
that the low Pd/Ir values of the sulfide-bearing samples
are consistent with segregation of the sulfides from an
ultramafic magma, such as a ferropicritic magma.

All of the above information suggests a model in
which the Pechenga ferropicrites, derived from aplume
stem, were emplaced into the failed arm of an aulacogen,
with the western bodies erupted onto sediments and the
eastern bodies intruded into the sediments (Fig. 5). Sul-
fur was introduced into the magma by contamination
and formed igneous sulfides, which then collected the
metals. Where these sulfides became sufficiently con-
centrated, the orebodies formed.
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SAMPLING

Sixty-nine samples have been collected from the
underground operations and the open pits. Samplesfrom
the eastern part of the ore field are derived from two
different settings. Four samples represent the most com-
mon, low-grade, disseminated sulfides in the Pilgujarvi
intrusion peridotites from the Eastern deposit. Six
samples were collected from the Zapolyarninskoe de-
posit, which is located in a tectonic zone within the
black-schist country rock beneath the central part of the
Pilgujarvi intrusion (Fig. 3).

Within the western part of the orefield, sampleshave
mainly been obtained from underground mines through
a series of traverses across the contact ore from foot-
wall to hanging wall. Thetraverses are spaced 60 to 780
m apart and are 300 m in length on average (Fig. 3).
The aims of these traverses were to study a) the chemi-
cal differences among major types of ore (i.e., massive,
breccia-matrix and disseminated) and b) chemical varia-
tions in orebodies along strike, away from the inferred
eruptive center.

THE SULFIDES

The largest deposits at Pechenga (Zapolyarninskoe
and Zhdanovskoe) occur in the eastern part of the belt,
within the Pilgujérvi intrusion, near the Kierdzhipori
Eruptive Center (Fig. 3). These deposits contain largely
disseminated sulfides. The Kaula, Kotselvaara,
Kammikivi, and Semiletka depositsin the west contain
mainly massive and breccia-matrix sulfides, but are
much smaller in tonnage than those associated with the
Pilgujarvi intrusion.

The disseminated sulfides occur toward the base of
theintrusions and flows, and in some casesthey overlie

massive or breccia-matrix sulfides. They grade upward
into weakly mineralized peridotite or serpentinite and
further upward into non-mineralized ultramafic and ma-
fic rocks. The zones containing the sulfides are up to
100 minthickness. In the undeformed rocks, the host to
the disseminated sulfides is an olivine cumulate. The
disseminated sulfides (Fig. 2a) occur asglobules 1-5 cm
in diameter or intergtitially to polyhedral olivine (1-3
mm), which is replaced by serpentine, chlorite and, in
some cases, talc and dolomite (Lagueux 1999). Small
grains of euhedral chromite are present between the oli-
vine grains in some samples. The sulfides consist of
intergrowths of pyrrhotite, pentlandite and chal copyrite,
and contain 5 to 10% magnetite (Lagueux 1999). In the
deformed rocks, the cumulate texture has been lost, and
the host rock to the disseminated sulfidesis an ultrama-
fic schist or serpentinite. The sulfides there occur as
streaks in the rock. The whole-rock grade of these ores
is1-1.5 wt% Ni (Gorbunov et al. 1985; Table 2 of this
paper).

The massive and breccia-matrix sulfides form lay-
ers0.5to 11 mthick at the bases of the flows and intru-
sions. These layers continue subparalléel to the contact
but enclosed within the country rock for up to a kilo-
meter (Fig. 3). The massive sulfides (Fig. 2b) are com-
posed of 60-70% pyrrhotite, 20-30% pentlandite,
3-10% chalcopyrite, and 5-10% magnetite (Lagueux
1999). Digtler et al. (1990) reported the presence of mi-
nor pyrite, violarite, sphalerite, bornite, cubanite, macki-
nawite, valleriite and platinum-group minerals (PGM).
The whole-rock grade of these oresis 10 to 12 wt% Ni
and 1 to 13 wt% Cu (Gorbunov et al. 1985; Table 2).

Breccia-matrix sulfides (Fig. 2¢) occur both in the
footwall and the hanging wall of massive orebodies. The
breccia matrix sulfides are composed of rounded frag-
ments of serpentinite, black schist, chert and carbonate
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TABLE 1. LITHOPHILE FLEMENT CONCENTRALIONS I, THE PECHENGA ROCKS
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Cs 0.7 a8 096 058 146 in 0.8 L98 1.7 046 <02 =01
Hf 424 219 112 088 364 190 140 101 =02 066 02 <fs
[4:] 39 13 & 3 43 20 21 28 15 14 % =3
Sc E) ) 26 12 11 17 18 4 7 4 & K 3
Ta 1.49 11 N33 0.33 073 0.64 -] 022 =01 020 <0l <0.1
Th 252 1.7 07e .81 363 2,60 09 135 13 0.42 L2 0.4
v 0ep 03 023 020 508 308 24 138 01 031 <2 <0l
W sz 296 164 121 407 296 i) 197 126 116 Lo 73
TW/Th .36 .20 0249 0.33 138 1.18 .70 0,91 .11 074 <017 <025
ThTa 1.62 1.61 243 180 .01 410 =83 F00 =13 214 =2 =4
E/%5m 648 | 231 120 92 2758 1196 2179 1034 91 118 1493 1163
YhiSm 022 .20 0.21 023 0.35 034 0.93 038 =61 024 =034 0.26
Scilau 144 153 178 196 i 104 n 7 =TR 164 >G5l =60

M1 Fa was originally reported as Fe b, 1t has been recaiculated to allow for e in sulfides | Fels)],
FeO* = [Fe,0,%0.6994 — Fe(s)[*1.286. Fe(s) concentrations are shown in Table 2, ¥ (Geowean, Cop: chalcopyrite,
Sedim. Fx: sedimentary rock fragment; 01, Cumul. Fx: olivine sumulate rock fragments. Conglom.: conglomerate.

The complete datasct is available upon reguest.

inasulfide matrix identical to the massive ore (Lagueux
1999). Whole-rock grades average 3 to 9 wt% Ni and 4
to 6 wt% Cu (Zak et al. 1982, Gorbunov et al. 1985;
Table 2).

The black-schist-hosted Cu stringer- or vein-type
sulfide ore (Fig. 2d) is subordinate in volume and pre-
dominantly developed close to the footwall of massive
or breccia-matrix sulfides, and locally has been found
further away, in tectonized zones. The ores are domi-
nated by chalcopyrite; whole-rock Ni and Cu values
vary from 0.1 to 2 wt% Ni and contain up to 10 wt% Cu
(Gorbunov et al. 1985; Table 2).

In many cases, the black schist in contact with the
ultramafic bodiesis bleached. The bleached zonesrange
from afew tens of centimetersto afew metersin width
(field observations of VM) and are characterized by the
complete loss of organic matter and a substantial loss of
sulfides. The black schist contain 2 to 20% pyrite. This

pyrite has a number of forms: there are layers and con-
cretions of fine-grained synsedimentary and early dia-
genetic pyrite; there are also coarse-grained, late-
diagenetic concretions and catagenetic pyrite (Fig. 2€).

All of the orebodies contain the four types of Ni-
sulfide mineralization. The average nickel and copper
concentrations gradually increase from the eastern group
of deposits toward the western ones, because the west-
ern bodies contain more massive sulfides. But as can be
seen from the Ni/Svaluesin Table 1, the grade in 100%
sulfide does not change systematically.

GEOCHEMISTRY
Methods

In Table 1, the values for the major oxides (except
Na0) and the elements Ni and V' (X-ray fluorescence),
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Cu (atomic absorption) and S (Leco titration) were de-
termined at the Geological Survey of Norway. Concen-
trations of all other elements, except for the PGE, were
determined by instrumental neutron activation (INAA)
on 2 g of rock powder at the Université du Québec a
Chicoutimi (UQAC), using the method outlined in
Bédard & Barnes (1990). The concentration of some
elements (Fe, Na, Cr, Co, Ni) was determined both by
XRF and INAA. Comparison between the two sets of
results generally indicates|essthan 10% difference. The
proportions of MnO and P,Os were not determined in
these rocks, but have been determined in similar rocks
(Melezhik et al. 1994) and are generally present at less
than 0.5%. Loss on ignition (LOI) could not be reliably
determined in these rocks because FeSis partially con-
verted to Fe,Os in the process, and thus the determined
LOI does not represent H,O and CO; loss. An estimate
of the true LOI may be made if it is assumed that con-
centrations of all the elements of significance have been
determined. Then LOI is 100 minus the sum of the ma-
jor oxides, S, Ni and Cu. By thisestimation, LOI in these
rocks varies from close to zero in many of the minera
separates to 20% in the carbonate-rich samples.

Concentrations of the PGE were determined by
INAA at Chicoutimi after a fire assay using a Ni-sul-
fide bead collection on 50 g of sample. The precision
based on the relative standard deviation is estimated to
be 5-10% for Ir, Rh, Pt and Pd, and 10-20% for Os and
Ru. For the mineral separates, only 5 g of material was
available, and as the PGE are only present at the ppb
level, these results may be influenced by the nugget
effect. Gold values from the fire assay were systemati-
cally an order of magnitude lower than those obtained
by INAA on the rock powder. This is attributed to Au
lost in the dissolution step of the fire-assay procedure;
thus the Au values reported here are those from the de-
terminations on the whole-rock powder and not the fire
assay. Agreement between Ir values from the fire assay
and whole-rock determinations on powder was within
90% for samples with greater than 5 ppb Ir, indicating
good recovery for this element.

Sulfide minerals were acquired for isotope analyses
by heavy-liquid separation followed by magnetic and
€electromagnetic techniques. Hand-picking of grainswas
also used where necessary. The 8%*S was measured on
89 sulfide sampleson VG ISOGAS SIRA 11 mass spec-
trometer at the Scottish Universities Environmental
Research Center. The precision of $3*S measurements
was +0.2%o (10')

Lithophile elements

Hanski (1992) has shown that both theintrusionsand
flows that host the disseminated sulfides were derived
from amagma of similar composition, which he called
ferropicritic, but much richer in FeO than a normal
picritic magma. In our study, two tuffs from the
Kotsel’vaara mine and the lower marginal chill from
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Pilgujérvi are the closest approximation we haveto lig-
uid compositions. These samples contain 17-20% MgO,
and arerich in Cr, Ni, and Co (Table 1). The tuff and
chilled margin are unusually enriched in Fe, large-ion
lithophile elements (LILE), light rare-earth elements
(LREE) and high field-strength elements (HFSE) (Table
1; Fig. 6a), and therefore show the same characteristics
as documented by Hanski in the ferropicritic flows. An
exception to the enrichment of LILE is K, which shows
a negative anomaly on the mantle-normalized plot
(Fig. 6a). Compared with the Cape Smith picrites of
northern Quebec (which are similar in age, host similar
Ni-sulfide deposits and occur in a similar tectonic set-
ting: Barnes et al. 1992), the Pechenga ferropicrites
contain similar levels of MgO, Cr, Ni, Co, Zn, Cu, Au,
Sc and the heavy rare-earth elements (HREE), but con-
tain 10 times as much LILE, LREE, HFSE, As and Sb
(Table 3 of Barnes et al. 1992). The Pechenga suite
shows adepletion in Al relative to the HREE, Sc and V
on a mantle-normalized plot (Fig. 6a). As noted by
Hanski (1992), the abundances of incompatible ele-
ments in the ferropicrite resemble those of an ocean
island basalt (OIB on Fig. 6a), but the Pechenga
ferropicritesare much richer in compatible elementsand
Fe than OIB. Hanski (1992) attributed the unusual
geochemistry of the Pechenga ferropicrites to melting
of an Fe-, LILE-, and LREE-enriched mantle by aplume.

Contamination of the ferropicritic magma by black
schists of the Pilgujarvi Formationis considered to have
induced sulfide saturation; thusiit isimportant to exam-
ine the differences in composition between the schists
and theferropicrites. These differences can then be used
in order to examine the sulfide-bearing rocks for signs
of contamination. A remarkable feature of the schistsis
their close similarity inincompatibl e trace-element con-
centrations with the tuffs and chilled margin. The
mantle-normalized trace-element patterns are similar
both in shape and level for most elements (Fig. 6b). This
islesssurprisingif itisremembered that these sediments
may have been unconsolidated at the time the ferro-
picrite was emplaced and that alarge component of the
schist may in fact have been eroded by the ferropicritic
magma. Important differences are the positive U and K
anomaliesin the schists. The positive U anomaliesarea
feature of black shales worldwide (McKelvey et al.
1955). The schistsareasoricher in LILE, Al,O3, V and
the HREE (Table 1, Fig. 6b).

Fic. 6. Plots of mantle-normalized concentration of incom-
patible elements (normalization values from McDonough
& Sun 1995): a) tuff, lower chilled zone and rocks that host
disseminated sulfides. Note the similarity between the
shape of the OIB pattern and the Pechengaferropicrites. b)
Sedimentary units; note the positive U and K anomalies
and general LILE enrichment compared to the ferropicrite.
c) Breccia-matrix sulfides; note the positive U and K
anomalies.
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The sulfide-bearing rocks are the olivine cumulates
with disseminated sulfides and the breccia. The olivine
cumulates have mantle-normalized incompatible ele-
ment patterns that are slightly lower than, but parallel
to, the tuff and lower chilled margin sample (Fig. 6a),
and do not appear to show any U or K anomalies. Thus
the mantle-normalized trace-element patterns suggest
that contamination was not significant for the lithophile
elements. The breccia-matrix sulfideis considered to be
tectonically remaobilized massive ore. Several samples
contain fragments of black schist and carbonate. In the
other samples, the fragments are mainly ultramafic rocks
and carbonate. Thus the breccia has been divided into
those samples containing visible fragments of sedimen-
tary rocks and those with ultramafic fragments (Table
1). The breccia with fragments of sedimentary rock is
richer in LILE, Al, U and K (Table 1), and has positive
U and K anomalies on the mantle-normalized plots (Fig.
6¢). But asthisis amechanical mixture of fragments of
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sedimentary rock and sulfides, it could not have led to
the segregation of sulfideliquid at thetimethe oreswere
formed.

It is possible that simply examining the fields of the
different rock-types on mantle-normalized diagrams is
not asufficiently sensitive techniqueto show the effects
of contamination. The schists contain more LILE,
HREE, Al and V, but less Sc, than the olivine cumu-
lates (Table1). ThusU/Th, K,O/Sm, Th/Ta, HREE/Sm,
Al,O4/TiO,, and HREE/Sc values should be higher in
contaminated rocks than in uncomtaminated rocks. A
plot of U/Th versus K,O/Sm shows this, in broad terms
(Fig. 7a8). Thefield of sedimentary rocks liesin the up-
per right-hand corner, and the ferropicrites and the oli-
vine cumulates that contain the disseminated sulfides
plot in the bottom left. The breccia-matrix sulfides plot
between the olivine cumulates and the sedimentary
rocks. The olivine cumulate with disseminated sulfides
does not appear to have significantly higher U/Th and

TABLE 2, CHALCOPHILE ELEMENT CONCENTRATIONS LN ROCKS AND SULFIDE SEPARATES,

PECHLENGA, RUSSLA

Rock type Ferropicrite Olnine Cumulates Black Schists Pyrite scparates Pyrite-rich

Tulfs Lower  with Disseminated with from Black Schist Catagenic

Chill Sulfides Pyrite Early Earfly Late Conglomerate
laver  con. con,

WR WR WwR WER Sep. WR WER Sep.  Sep. Sep. Sep. WR.
localivy West Tast West East West West Bast FEast FEast FBasr  East  East
n 24 1 1 3t 1 4% 1 1 28 1 1 1
Fe() witi T 7.1 T. 1 T.1 662 T 1 TED 4730 064 383 529 T.1
Fe{%) 1os 252 788 690 5039 243 (626 4432 4617 4380 4408 1.73
s 080 230 608 536 3563 263 IR 5079 5291 S031 5051 1.938
Cu 0024 158 (64  O6d 1.3 005 002 0083 0033 0046 0078 0012
Ni 0110 080 1.54 1.98 386 004 004 0022 0043 0038 0007 0.006
Ag ppm =1 10 68 40 4 12 52 1 7 7 1 <1
As 10 12 107 x4 3 6.8 1539 468 120 364 33 17
Cas 128 19 387 430 1532 62 43 6% 103 23 ] %

Cr T.1 T. | T.1 .1 431 T.1 1 23 120 33 17 T 1
5h 1.18 042 1.14 168 124 0% 2834 989 [R23 1348 775 411
Se 1 10 1553 15,90 149 2 10 28 30 55 7 2
Zn 146 112 209 193 <30 275 206 044 99 10ty 102 3
Os ppb 05 2 591 853 29 0.57 3 wd. <10 <10 <3 <
Ir 0,20 1351 434 535 219 030 048 =5 027 <0z 011 108
Ru =1 =5 13.73 288 & <2 <Z0 ad. 1 < <10 <%
Bh G452 58 3580 26 <05 2 nd <1 <1 <] 1
I3 4 66 142 127 196 4 12 nd <2¢ <20 <20 2
Pd 4 o8 145 182 240 4 7 nd <10 <10 <10 <3
Au 2 111 23 44 188 4.8 13 fild] 52 232 42 1
med.  med. med, med,
5%8 %o m3 4% -03 54 nd 80 31 45 05 %% 158 86
Nifs 014 03 023 033 0ds 002 0002 00004 0001 0001 00000 0003
Pd/Ir WO [z M3 M 109 124 4. nd =37
WCu 458 056 238 308 373 08T 105 024 131 083 0oe 030
5/5e 8OO0 2621 3820 3309 2395 ASEIR 18360 18223 17627 BAS0 67559 10933

Fe(S) in the ultramafic rocks = 1.527*S - 0.6592%(Cu 0.02) — 0.52853%(Ni - 0.1), which assumes that the sulfides
consist of Po, Pn and Cep. and that the silivates contain £.1% Ni and 0,02 % Cu. % Geomean.

Tor the pyrite-bearing scdimenits, Lhe Fe in sulfides was caloulated as Fe(s) = 0.87%%, and no Ni or Cu was subtracted
for the silicate component. Con.: concretion, n.d.: not determined, med.: median, WR: whole rock, Sep.: scparate,

T. 1: Table 1.
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K>0/Sm values than the tuff and chilled margin, which
suggeststhat contamination has not occurred. However,
K is mobile, and both U and Th are present at close to
detection level in the olivine cumulates, such that other
sets of inter-element ratios should be considered. Ana-
Iytical precision for Sc, Sm and the HREE is good; fur-
thermore, these elements are fairly immobile. The
sedimentary rocks have higher Lu/Scy and Y b/Smy
values than the ferropicrite and the olivine cumulates
that host the disseminated sulfide (Fig. 7b). The olivine
cumulates, the tuffsand the chilled margin plot in atight
cluster separate from the sedimentary rocks. The brec-
cia containing visible fragments of sedimentary rock
plots with the sedimentary rocks, but the breccia con-
taining fragments of ultramafic rock plots with the oli-
vine cumulates. Thus heretoo it seemsthat the lithophile
elements do not indicate evidence for contamination of
the ferropicritic magma by the sedimentary material.
Magnesium and Cr are generally higher in the oliv-
ine cumulates containing disseminated sulfides than in
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the tuffs and chilled margin. These observations are in
agreement with petrographic findings, which indicate
that the disseminated sulfides are hosted by olivine cu-
mulates that contain minor chromite. On plots of con-
centrations of incompatible elements versusMgO (e.g.,
Sm, Fig. 7c), the disseminated sulfide-bearing samples
(o) and the breccia-matrix sulfides with ultramafic frag-
ments lie along atrend between the estimated composi-
tion of the liquid and the composition of the olivine.
The breccia samples with sedimentary rock fragments
plot toward the field of the sedimentary rocks. (Note
that to avoid the effects of variable sulfide content in
therocks, the data shown in the figures have been recal -
culated to 100% silicate and oxides). The Cr versus Sm
plot shows a similar trend (Fig. 7d). The average oliv-
ine cumulate with disseminate sulfides seems to be a
mixture of approximately 30% ferropicritic liquid, 50%
cumulate olivine, 0.075% chromite and 20% sulfidelig-
uid (Tables 1, 2).

TABLE 2. CHALCOPHILE ELEMENT CONCENTRATIONS IN ROCKS AND SULFIDE SEPARATES,
PLCHENGA, RUSSIA (continued)

Ruock Type  Massive Sultides Breccia-Matrix Sultide Brecoia-Matrix Sulfids  Chaleo-
with Sedimentary with Olivine pytite
Fragmenis Cutnnlate Fragments Yein
WR WR  Sep. Sep. WR WR Sep. Sep. WHR WR  Sep. WR  Sep.
focality West East West Last West East West East West FHast Tast  East  East
n 13 4 # & 1 1 1 108 1 | 1 1
Feld wils 6.59 1272 723 13 T.0 T.1 29% 727 OT.1 1.1 <001 T.1 3562
Fe{®) 4068 3877 4678 4679 30.02 2751 5239 4447 2161 31.22 5497 1675 2698
5 2990 3144 3450 3637 2109 2223 3703 34.16 1601 2279 3844 2043 32249
Cu L17 433 131 441 022 178 1.9 18 114 124 150 1990 32.11
i 676 957 7RG 969 363 995 S49 1222 326 521 469 249 280
Ag ppm 16 1T 11 7 12 2 4 & g 20 3 42 25
As 37 7 44 Tz 21 [t 15 280 336 12 7
Co I385 2232 16BE 1500 82T 1335 1595 JERT 737 1605 3074 345 3AZ
Cr 141 12 366 ¥ Sl T.1 228 140 T.7 T.1 123 T. | 171
Sh 098 031 099 031 047 038 03B 016 069 09 085 017 023
Sc 62 T 73 7 31 &1 =7 39 34 &7 105 40 &3
Zn I3 28T 126 544 <60 TTOl46 <65 253 323 g2 1019 1314
Oz ppb 41 138 41 158 33 168 A 3 a4 64 231 417
Ir ki 43 30 87 22 g1 G 50 16 57 34 132 0%
Ru 137 9% 188 34 16?1700 120 16 59 /173 483
Bh 44 62 44 66 il T2 87 43 35] 48 28 G 113
Pt T 131 S04 185 154 30 60 178 281 408 407 156 21
Pd 421 219 475 135 132 405 57 M5 43 4% 185 78 48
An a7 il 134 34 9 30 17 18 281 878 578 7 3%
wmed. med. med med. med med.
678% ] 4405 D45 42 02 ERN] a1 41 D2 36 35 440 4.3
Ni‘& 023 030 021 027 G647 045 018 036 020 (023 842 (012 6469
Pdilr 139 24 161 16 5.9 4.5 ng 49 a1 6.1 84 0.6 02
Ny 379 220 389 220 lesT 557 596 G357 286 419 248 013 009
Si5e 4838 4470 §148 4731 6834 3622 6531 3849 4TI 3408 3674 5131 5124

Fe{5) in the ultramafic racks = 1.527*8  0.6592%(Cy - 0.027 - 0. 5285%(Ni — 0.1}, which assumes Lhat the sulfides
consist of Po, Pn and Cep, and that the silicates contain 0.1% Niand G.02 % Cu. ¥ Geomean,

For the prite-bearing sediments, the Fe in sulfides was valculated as Fe(z) = 0.57%8, and no Ni or Oy was sublracted
for the silicate component. Can.: concretion, med.: median, WE: whale rock, Sep.: separate. T. I: Tuble 1
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Fic. 7. a Plot of U/Th versus K,O/Sm; note that the breccia-matrix sulfides plot between the olivine cumulates with dissemi-
nated sulfides and the sedimentary rocks. b. Plot of Y b/Smy versus Lu/Scy; note that the olivine cumulates and tuffs plot in
atight cluster, whereas the samples of breccia-matrix sulfide plot along amixing line with sedimentary rocks. c. Plot of MgO
versus Sm; note that the olivine cumulates with disseminated sulfides plot along the olivine-control line, whereas the breccia-
matrix sulfides plot toward the sediments. d. Plot of Cr versus Sm concentrations.

Chalcophile elements

In considering the chalcophile elements, only the
composition of tuffs can be used as an estimate of the
initial liquid composition because the lower chilled
margin contains 7% sulfides, so the chal cophile element
contents of the chilled margin do not represent values
typical of the melt. Compared with picritesfrom around
the world, the Pechenga ferropicrite tuff is depleted in
PGE, with only 0.1 ppb Ir and 2 ppb Pd. For example,
inthe Karaskjok belt, the picrites contain approximately
1 ppb Ir and 10 ppb Pd (Barnes & Often 1990). The
Cape Smith picrites contain 0.4 ppb Ir and 10 ppb Pd
(Barnes & Picard, unpubl. data). Ocean-island basalts
with 10% MgO aso contain more PGE, e.g., 0.2-0.5
ppb Ir and 3-16 ppb Pd (Crocket 2000, Greenough &
Fryer 1991, Rehkamper et al. 1999). This point may be

illustrated on the Cu/lr versus Ni/Pd plot (Fig. 8), in
which the tuff (*) falls well above the field of high-Mg
basalts and is depleted in PGE relative to Cu and Ni.
On a mantle-normalized chalcophile element plot,
the tuffs show a similar abundance of Zn, Co, Ni and
Cu, but are strongly enriched in As, Sb and very de-
pleted in PGE relative to the Cape Smith picrites
(Fig. 98). The degree of fractionation of the PGE as
measured by the Pd/Ir values is similar, 30 versus 20,
but the absolute concentrations of the PGE are an order
of magnitude lower than in the Cape Smith picrites.
Brugmann et al. (2000) showed resultsfor alarger num-
ber of flows and also found that the Pechenga
ferropicrites have low concentrations of PGE. Because
the partition coefficients of PGE into sulfides are much
higher than those of Ni and Cu, segregation of sulfides
from the magma, possibly as it rose to surface, or their
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Fic. 8. Plotsof Ni/Pd versus Cu/lr (fields from Barnes et al.
1993). Symbols: *: tuff, o: disseminated sulfides, squares:
massive sulfides, triangles: breccia-matrix sulfides, dia-
monds: sedimentary material, X: vein sulfides, C: Cape
Smith spinifex. Note that most of the sampleslie above the
field of primitive mantle-derived partial melts, possibly
owing to sulfide segregation.

retention in the mantle during partial melting, depletes
themagmain PGE far morethanin Ni and Cu. We sug-
gest that the Pechenga magma was depleted by sulfide
segregation as the magma rose to the surface and prior
to the formation of the ore sulfides for the following
reasons. a) The Karaskjok komatiitesin Norway are not
PGE-depleted (Barnes & Often 1990); since they have
similar trace-element characteristics to the Pechenga
picrites and were possibly produced in a similar man-
ner, depletion in the PGE would not seem to be a char-
acterigtic of the source. b) The few modern OIB suites
known with >10% MgO that have been analyzed for
PGE are not PGE-depleted (Crocket 2000, Greenough
& Fryer 1991, Rehkamper et al. 1999). Thus if the
Pechenga picriteswere formed in the same manner, they
should not be PGE-depleted either. The composition of
the Pechengatuff can be modeled by removing approxi-
mately 0.01% sulfidesfrom the composition of the Cape
Smith spinifex rocks. The dashed line on Figure 8 be-
tween the composition of the Cape Smith spinifex
sample (C) and the tuff (*) shows the evolution of the
liquid composition as sulfides are removed.

The olivine cumulates containing disseminated sul-
fidesfrom the western and eastern deposits contain simi-
lar amounts of most chalcophile elements, e.g., 1.5%
Ni versus 2%, and 0.6% Cu in both sectors (Table 2).
The interelement ratios, such as Ni/Cu, Pd/Ir and S/Se,
also seem similar. Thusthere seemsto be no significant
difference in composition of the sulfides between the
eastern and western deposits.

Assuming that the disseminated sulfides segregated
from a ferropicritic magma similar in composition to
the tuffs, it is possible to model the composition of the
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olivine cumulates with disseminated sulfides. Figure 10
shows a plot of Cu/Pd versus Pd for the tuffs and the
disseminated sulfides. The rocks containing dissemi-
nated sulfides can be modeled as a mixture of ferro-
picrite containing approximately 20% sulfides, which
formed at R factors (proportion of silicate magma to
sulfideliquid: Campbell & Naldrett 1979) between 100
and 2500. Most of the samples suggest anarrower range
in R (250 to 1000). Thisrange of R factorsis similar to
those calculated for the Cape Smith suite (Barnes et al.
1992).

It is customary to recalculate concentrations of
chalcophile elementsto 100% sulfidesin order to elimi-
nate the dilution effects of the silicate and oxide phases.
This approach is only justified if the chalcophile ele-
ments are mainly in the sulfide phase. This hypothesis
can be tested in the case of the Pechenga sulfides, be-
cause in many cases compositions of both whole-rock
and sulfide separates are available for the same sample.
The mantle-normalized distribution of chalcophile
elements in plots of the separates and the recal culated
sulfidesare normally very close. Examples of thisagree-
ment are shown for disseminated sulfides, breccia-
matrix sulfides and vein sulfides (Fig. 11). In all cases,
there is a close match for al the elements with the ex-
ception of Asin the disseminated ore. Given the close
similarity between the chal cophile element patterns for
separates and whole rocks, we consider it justified to
recal cul ate them to 100% sulfides. The geomeans of the
recal culated values are shown in Table 3.

Mantle-normalized chal cophile-element patternsfor
the disseminated sulfides show an overall increase from
10times mantle at Zn to 30 times mantle at Ni (Fig. 9a).
Like the picrite, the disseminated sulfides are depleted
in PGE relativeto Ni, Cuand Ag. The patternsfall from
30 at Ni to 3 at Ir. From Ru to Cu, there is an overall
increase to 2000, then the pattern flattens between Cu
and Se. Arsenic and Sb values are extremely variable,
but overall they decrease to around 100 times mantle.
Most patterns show a negative Au anomaly.

The metal patterns of the Pechenga disseminated
sulfides are subparallel to the presumed liquid (the tuff)
(Fig. 9a), suggesting that the sulfides could be modeled
by sulfide segregation from a liquid similar to the tuff
in composition. If we assume that the composition of
the silicate liquid was close to that of the tuff, the com-
position of average disseminated sulfide can be mod-
eled using an R factor of ~250 (Table 3).

The average of the disseminated sulfides can be com-
pared to disseminated sulfides from Cape Smith,
Talnakh, Muskox and Dunka Road at Duluth (Fig. 12).
For Ni and Co, the metal contents are similar for all of
the deposits, except for Dunka Road, which contains
very low Ni. Between Os and Au, Pechenga closely
followsthe Dunka Road disseminated sulfides, mimick-
ing its depleted nature. The Dunka Road sulfides have
experienced considerabl e contamination from the black
shales of the Virgina Formation, and this can be seenin
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Fic. 9. Plots of mantle-normalized concentrations of chalcophile elements (normalization values from McDonough & Sun
1995). a. Pechenga tuff with Cape Smith spinifex for comparison, and field of disseminated sulfides at Pechenga; note the
general depletion of PGE relative to other elements. b. Massive sulfides with Pd/Ir >10; note the similarity with disseminated
sulfides. c. Massive sulfides with Pd/Ir < 10; note the enrichment in Os, Ir, Ru and Rh, and the depletionin Pt, Pd, Au, Ag and
Cu relativeto disseminated sulfides. d. Breccia-matrix sulfideswith Pd/Ir > 10; note the similarity with disseminated sulfides,
except that some breccia-matrix sulfides are enriched in As. e. Breccia-matrix sulfide with Pd/Ir < 10; note the similarity with

massive sulfides with Pd/Ir < 10. f. Black schists.

the enrichment of Asand Sb in these samples. Interest-
ingly, the Pechenga, Cape Smith and Muskox sulfides
asoarerichin Asand Sh, whereasthe Talnakh sulfides
are poor in these elements. Sulfide-bearing clastic sedi-
mentary rocks are present at Pechenga, Cape Smith and
Muskox, and these could have contributed the As and

Sb. In contrast, the sedimentary rocks at Talnakh are
evaporites, which contain very little As or Sh.

On the Ni/Pd versus Cu/lr plot (Fig. 8), the rocks
hosting disseminated sulfides (0) plot along the sulfide-
removal curve drawn between the Cape Smith (C) and
Pechenga picrites (*). These samples contain sulfides
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PECHENGA DISSEMINATED SULFIDES

1000000
Depleted
Ferropicrite 1% 2000 O _— R=100
100000 = Oo
O /——)R=250
=—> R=1000
£ 20% O .
e ? O R=2500
S 10000 O e
O o 1% 20%
1000
Enriched
100
0.1 1 10 100 1000 10000 100000
Pd (ppb)

Fic. 10. Cu/Pd versus Pd concentration for the disseminated sulfides. All of the samples have Cu/Pd valuesin excess of mantle
values, indicating that they are depleted in Pd relative to Cu, possibly owing to sulfide segregation at depth. The sampleslie
along tie-lines between the ferropicrite and sulfides that could have formed in equilbrium with the ferropicrite at R factors of
100 to 2500. The position of the samples along the tie-lines indicates that they contain around 20% sulfides. More details on
how to use this type diagram can be found in Barnes et al. (1993).

in equilibrium with aferropicritic melt depleted in PGE
owing to sulfide removal. However, some of the dis-
seminated sulfide samples plot below this curve, with
high Cu/lr values. There are two possible reasons for
this: @) during metamorphism and deformation, Cu
could have been added to the samples, or b) Cu was
preferentially added to the magma from which these
samplesformed (i.e., contamination of the magma). The
samples that have the high Cu/lr values do not seem to
be more altered than those with normal values; thus the
addition of Cu during metamorphism does not seem to
be the cause. Anoxic black shales are known to concen-
trate Cu over Ni (Calvert 1976), and the Pechenga black
schists and sulfide separates are enriched in Cu over Ni
(Table 2). Thusthe Cu may have been derived from the
shale.

Massive sulfides and the separates from the western
and eastern deposits contain similar amounts of Ni, 6

and 8%, respectively (Table 2). But the eastern deposits
have higher Os, Ir, Ru and Rh values, and lower con-
centrations of aimost all other elements. Similar features
are observed in many massive ore deposits (Barnes et
al. 1997, and references therein) and are possibly ex-
plained if some of the massive sulfide is actually a sul-
fide cumulate that contains monosulfide solid-solution
(Mss).

On the Cu/Ir versus Ni/Pd plot, some massive sul-
fides (Fig. 8, squares) plot along the curve for sulfide
removal and presumably represent compositions of fro-
zen sulfide liquid in eguilibrium with the ferropicritic
magma. But many massive sulfides have much higher
Ni/Pd and lower Cu/Ir values, resulting in extension of
the massive sulfide field into the upper right portion of
the diagram along the “ accumul ation of Mss” vector. In
order to investigate this idea further, the massive sul-
fides have been divided into two groups, those that have
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Fic. 11. Separates (solid line) and recalculated composition (dashed line) of sulfides. Note that the shape of the patterns is
similar, indicating that most of the chal cophile elements are present in the sulfides.

Pd/Ir values similar to the disseminated ores (Pd/Ir >10)
and that presumably represent close-to-liquid composi-
tions, and those with Pd/Ir < 10, which presumably rep-
resent Mss cumulate (Table 3).

The accumulation of Mss at other deposits, e.g.,
Duluth (Thériault & Barnes 1998) tends to enrich the
rocks in Os, Ir, Ru and Rh and, to a lesser extent, Ni,
whereas most other elements are excluded. The same
effect can be seen at Pechenga on the mantle-normal-
ized chalcophile-element patterns (Fig. 9b). The mas-
sive oreswith Pd/Ir values greater than 10 resemble the
disseminated ores both in shape and level. The massive
sulfidewith Pd/Ir greater than 10 appearsto have formed
in much the same way as the disseminated sulfide. The
massive sulfides with Pd/Ir less than 10 have very flat
chalcophile-element patterns from Co to Au (Fig. 9c).
The Zn, Ni and Co concentrations are similar to the dis-
seminated ore, but they are enriched in Os, Ir, Ru and
Rh, and depleted in Pt, Pd, Au, Ag, Sb and As.

The composition of the massive sulfides with Pd/Ir
lessthan 10 can be numerically modeled using partition
coefficients similar to those estimated by Thériault &
Barnes (1998) by assuming that it is an Mss cumulate
with approximately 30% trapped liquid (Table 3).

In terms of whole-rock concentrations, the breccia-
matrix sulfides contain lower concentrations of most

chal cophile elements than massive sulfides from which
they are considered to have formed. For example, Ni
concentrations in rocks containing breccia-matrix sul-
fideisnormally 3-5% compared with 6.5 to 8.5%in the
massive-sulfide-bearing rocks (Table 2). An exception
to thisis As, which tends to be present in higher con-
centrations in the breccia-matrix-sulfide-bearing rocks.
The lower concentration of chalcophile elementsin the
breccia-matrix sulfides could in part be due to the dilu-
tion effect of rock fragments that contain very sparse
amounts of the chal cophile elements. However, even if
the elements are recal cul ated to 100% sulfides, the brec-
ciamatrix sulfide appears to have lower chalcophile-
element concentrations than the massive sulfides, except
for As, Sb and Zn (Table 3). This observation may re-
flect the presence of fragments of sedimentary rocksin
many of the breccia-matrix sulfides. The sedimentary
rocks contain 3 to 40% pyrite. The sedimentary sulfide
would contribute S, As, Sb and Zn to the rock, but add
very little of the other chalcophile elements. Thus the
concentration of most chalcophile elements would ap-
pear to decrease, whereas that of As, Sb and Zn should
increase. The composition of the breccia-matrix sulfides
can be approximated if they are considered to be amix-
ture of approximately 80% massive sulfide and 20%
sedimentary sulfide (Table 3).
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TABLE 3. ESTIMATED COMPOSITION OF THE SULFIDES AND MODELS FOR THEIR FORMATION, PECHENGA SUITE

#n TFe% & Cu DNiAgppmAs Co Sb Se ZnOsppb Ir Ru Rh Pt P4 Au
Disseminated 20 48.26 3707 359 BB 27 31 2540 40 VS 5Ty 26 26 57 36 810 8467 144
Massive 31 4976 3735 194 889 12 2B 2024 046 80 179 64 45 112 55 359 386 £3
Breccia Matrix 21 5175 3776 135 TF41 12 55 1820 09 T4 261 44 37 68 48 308 3V 100
Vein 2 2859 3443 3402 295 90 7405 02 67 1392 442 221 511 122 223 51 42
Sedimentary 10 4475 5342 013 D08 2 138 92 113 20 281 =§ 047 <5 2 <10 13 65
Massive Pd/lr < 10 20 5026 3748 173 82 7 15 2097 03 71 187 118 67 173 65 216 193 49
Massive PdTr>> 10 11 4886 37,12 241 1015 29 76 1905 13 100 165 22 231 56 41 866 1279 214
Breccla PdfTr< 10 13 5269 3791 097 729 B 63 1776 05 73 180 74 50 113 56 287 200 69
Breccia PdIr> 10 8 5026 3753 234 741 25 43 1894 20 76 438 19 23 33 39 623 913 18]
Cu% Ni% Agppm As Co Sb Se Zn Osopb W Ru Rh ™M Pd Au
Model 1: Disseminated sulfide formed by segregation from the ferropicrite tuff’
R=250 335 905 20 35 2412 39 34 512 40 40 60 40 7Y 799 170
Lo 602 009 012 900 60 1.0 45 130 020 020 030 020 4 4 2
I 1000 200 100G 4 30 4.0 1000 4 30000 30000 30000 30000 30000 30000 150
Model 2: Massive sulfide Pd/Ir <10 as Adss cumulate with 30% trapped liquid after 70% fractionation
cumulate 123 RBB2 -] 9 2172 i 86 96 a3 192 73 250 267 36
D 0.2 1 a1l 001 090 0.8 04 5 5 5 3 010 010 010
Model 3: Breccia-mateix sulfide as & mixture of 80% massive sulfides and 20% sedimentary sulfide
.58 713 10 500 1637 3 68 199 51 35 a0 44 287 3N 20
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On the plots of ratios (Fig. 8), the breccia-matrix
sulfides plot with the massive ore, and thus the Cu/Ir
and Ni/Pd seem undisturbed by the process of breccia-
tion. The wide range in ratios suggests that the breccia-

= = matrix sulfides, like the massive sulfides, have
3 ks experienced Mss fractionation. For the plots of the
< 100 / T~Muskox \ chalcophile elements, the sulfides were divided into
Z ’ \ / those with Pd/Ir greater than 10 and those with Pd/Ir
= 5 7 Pochenga Y lessthan 10. The sampleswith Pd/Ir greater than 10 have
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Fic. 12.  Comparison of the composition of the disseminated
sulfides with that of disseminated sulfides from Cape
Smith, Duluth, Muskox and Noril’ sk (Talnakh).

plots of chalcophile element concentrations (Fig. 9d)
that resemble those of the disseminated sulfides, al-
though some are richer in As, presumably owing to the
presence of the sedimentary component. Just as in the
case of the massive sulfides, the samples with breccia-
matrix sulfide with Pd/Ir values less than 10 (Fig. 9¢)
are richer in Os, Ir, Ru and Rh, and depleted in most
other elements, probably owing to the presence of Mss
as a cumulate phase.
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A number of samples seem to contain stringers of
sulfides in the country rock, but these have composi-
tions close to those of the massive sulfides and are in-
cluded with them. Only one sample (#5) was taken from
a chalcopyrite-rich vein. Both the whole rock and the
sulfide separate were analyzed. Chal copyriteisthemain
sulfide present and, consequently, the sulfide is ex-
tremely rich in Cu (Tables 2, 3). It isaso rich in Ag.
Most Cu-rich veins associated with magmatic ore de-
positsare depleted in Os, Ir, Ru and Rh, and enriched in
most other chal cophile elements. The vein material nor-
mally is considered to represent a fractionated sulfide
liquid that was injected into the country rock. However,
in this case, the vein sulfides have a very unusual com-
position. In addition to being enriched in Cu and Ag,
they are enriched in Os, Ir, Ru and Rh, and depleted in
most other chalcophile elements (Tables 2, 3, Fig. 11d).
The reasons for this are not understood at this time.

Compositional variations along traverses and
between the eastern and western deposits

Some samples were taken along ten short traverses
from the country rock into the intrusion to determine
whether there is any change in composition of the sul-
fides, as is observed at Dunka Road and Muskox
(Thériault & Barnes 1998, Barnes & Thériault 1998,
Thériault et al. 2000). There, sulfides closest to the
country rock show the greatest degree of contamination.
Moreover, Walker et al. (1997) attributed avariation in
the Re/Os isotopes at Pilgujérvi to an increase in the
degree of contamination close to the margins of the
flow. We aso wished to compare the composition of
sulfides from the presumed flows erupted onto uncon-
solidated sediments (western deposits) with those
emplaced into consolidated sediments (eastern depos-
its). No clear pattern emerged. In part, this is because
most Pechenga traverses contain at least three different
types of sulfides (disseminated, massive and breccia-
matrix sulfide), unlike the Muskox and Dunka Road
traverses, which contain predominantly disseminated
sulfides. The variations in composition among the dif-
ferent types of sulfides obscure any variation that could
be attributed to the effects of variable degrees of con-
tamination or to differences in the composition of con-
solidated and unconsolidated sediments.

As will be outlined in the model section, the con-
tamination process did not necessarily take placein situ.
It is possible that S and other volatile elements were
transferred to the magmaby devolatilization of the sedi-
mentary rocksto bring about sulfide saturation, and that,
asinthe case of komatiite flows, the magma could have
transported the sulfide dropl ets some distance before the
sulfides settled out. In this case, a strong correlation
between distance from the margins of theflow, or intru-
sion, and the degree of contamination might not be evi-
dent.

THE CANADIAN MINERALOGIST

Sulfur isotopes

The 3%S values of disseminated sulfides, massive
sulfides and breccia-matrix sulfides from the western
depositsareall closeto zero (Table 2, Fig. 13), and there
is no difference in 8%*S among types of sulfide ores.
Similarly, thereis no differencein 83*S among dissemi-
nated, massive and breccia-matrix sulfides from the
eastern deposits. But the sulfides from the eastern de-
posits have higher 33*S than those from the western
deposits (Table 2, Fig. 13). Our data confirm previously
reached conclusions (Grinenko et al. 1967, Abzalov &
Both 1997) that the eastern group of deposits can be
clearly distinguished from the western by their higher
534S values of ore sulfides. Further, the sulfur isotope
values of ores and their host ultramafic bodies are com-
parable, aswas also observed by Grinenko & Smol’kin
(1991).

The sulfur isotope values obtained in this study for
the pyrite from sediments confirm the results of Melezhik
et al. (1998). The layers and concretions of syngenetic
and early diagenetic pyrite havelow 83*S (—4.5t0 +2%o),
whereas those from the cataclastic and coarse-grained
pyrite are high (+8 to +20.9%o).

Discussion

The ferropicrites of the Pechenga area are not the
only examplesto show such strong enrichment in LILE,
LREE and HFSE. It is important to note that rocks of
similar age are found throughout the northern Baltic
Shield, extending from the Norwegian Karasjok
komatiites in the west (Barnes & Often 1990) to the
Russian Imandra-Varzuga Belt in the east. Puchtel et
al. (1999) have suggested that the geology of the whole
area could be explained as the result of plume activity,
and that the ferropicrites have a small component of
outer core material in them. Whether it is necessary to
invoke the presence of outer core material could be
questioned; Franciset al. (1999) argued that the Archean
and Proterozoic picrites are 30% richer in Fe than mod-
ern OIB, and that this enrichment is due to the greater
amount of Fe in the mantle during the Archean and the
Proterozoic. Using these observations and the model of
Melezhik & Sturt (1994), the tectonic setting at thetime
of the ferropicrite emplacement (Fig. 5) would have
consisted of rifted Archean basement onto which shal-
low-water clastic sediments had been deposited and
tholelitic and alkali basalts were erupted (Ahmalahti,
Kuetsjarvi and Kolasjoki formations). In turn, these
were overlain by the black schists of the Pilgujarvi For-
mation. Theferropicritic magma, which by analogy with
OIB would be derived from the plume stem, was
emplaced into and onto the sediments.

In order to form an ore deposit, the magma had to
become saturated in sulfides. A common model of pro-
moting saturation in a sulfide fraction isto contaminate
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the magma with S-rich sediments (Lesher & Campbell
1993). At Pechenga, the physical evidence for contami-
nation is compelling. The orebodies are only found
within the S-rich black schists. The bleached zones in
the schists in contact with flows and intrusions are de-
pleted in sulfides, suggesting that sulfides and carbon
have been extracted from the schists. Furthermore, the
S isotopes from the eastern bodies and the Re/Os iso-
topes suggest that contamination by sedimentary mate-
rial was an important factor in forming these bodies.
These observations must somehow be reconciled with
the following observations: a) the lithophile elements
of the tuff and the olivine cumul ates containing dissemi-
nated sulfide do not show classic signs of contamina-
tion, and b) the Sisotopes of thewestern bodies are close
to mantle values, suggesting that contamination has not
occurred.

Contamination of the picrite could have occurred in
three possible ways: a) the country rocks could have
been completedly melted, with the melt mixed into the
picritic magma (i.e., bulk assimilation), b) the country
rock could have been partially melted, and only the melt
mixed into the picritic magma, or c) the country rock
could have been devolatilized by heat from the picritic
magma, and those elements that easily enter the vapor
phase could have been transferred to the picritic magma.

Bulk assimilation of the sediments into the picritic
magma can be modeled by a simple mixing process; in
fact, the breccia-matrix sulfide with fragments of sedi-
mentary rock, which is the result of simple mechanical
mixing, illustrates how the trace elements would be af-
fected: U, LILE, K, HREE, Al,0O3, Asand Sb (Figs. 6, 7
and 9) are enriched, and the other elements are depl eted.
However, the lithophile elements suggest that bulk as-
similation has not occurred in the case of the olivine
cumulates with disseminated sulfides or theferropicrite.

A second possibility isthat the sulfide in the country
rocks melted and only the sulfide was absorbed by the
ferropicritic magma. The sedimentary sulfides contain
more S, Cu, Ag, As, Au Sb and Se than the ferropicrite,
and similar concentrations of Ni, Co and the PGE (Table
3, Fig. 9). Thus, we might expect contamination of the
ferropicrite by the sedimentary sulfide to raise the S,
Cu, Ag, As, Au, Sb and Se concentrations of the
ferropicrite. The ferropicritic magma can only dissolve
3000 ppm S, and this limits the amount of sedimentary
sulfide that could be absorbed by simple bulk mixing to
0.5%, which is too small an amount to effect the con-
centrations of As, Sb and Cu in the magma, and thus

Fic. 13.  Sulfur isotope compositions for this suite. The east-
ern sulfides have higher 33S values than the western
sulfides, and syngenetic and early diagenetic sulfides have
low 534S, but the late diagenetic and catagenetic sulfides
have high 8%S.
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will not account for the observed enrichment in As, Sb
and Cu. For example, in order to raise the Cu/lr values
to 108 as observed in some samples, the Cu concentra-
tions in the magma would have to rise from the 100 to
200 ppm found in the tuffs to 1000 ppm. The sedimen-
tary sulfide contains 1000 ppm. Thus simple bulk mix-
ing of the sedimentary sulfide into the picritic magma
would not raise the Cu concentrations sufficiently.

An aternative possibility is that some metals could
have been transferred to the magma by devolatilization
of the sedimentary host. Thistype of contamination has
been suggested at other deposits (Duluth: Ripley 1981,
Thériault & Barnes 1998; Vammala: Peltonen 1995).
Contamination caused by devolatilization of unconsoli-
dated or consolidated sediments containing carbonates,
organic matter, sulfates and sulfidesis a more complex
hypothesis to evaluate. Conductive transfer of heat
would generate mobile gaseous compounds. The
bleached zones around some xenoliths at Pechenga
could be the remains of such a process. We envisage
the picrite creating a cloud of steam and disaggregated
sediments asit passed over the seafloor. The gastrans-
ferred S, Sb, As, C and possibly Cu from the sedimen-
tary materia to the magma (Fig. 14a).

The sudden increase in sulfur concentration and de-
crease in f(O,) provoked sulfide saturation in the
magma. Sulfide droplets (possibly represented by the
globular sulfides) formed, and these collected most
chalcophile elements (Fig. 14b). The ratio of silicate
magmato sulfideliquid appearsto have varied from 100
to 2500. Provided that the magma was flowing suffi-
ciently rapidly, the sulfide dropletswould be transported
by the magma. When the magma flow-rate slowed, such
aswhen the magma passed over an uneven surface (Fig.
14c), the sulfide droplets could be expected to settle out
of the magma. After the magma passed over the uneven
topography, it would be PGE-depleted. If it continued
to flow over the sedimentary material, it might absorb
more sulfur and create new droplets of sulfide. These
sulfides would be very PGE-depleted.

If sulfide droplets settled out of the magma along
with olivine crystals, a pile of olivine with interstitial
sulfide liquid would have formed, to solidify into the
olivine cumulates with disseminated sulfides. In some
cases, very little olivine accumulated, and a pool of sul-
fide liquid formed. Monosulfide solid-solution crystal-
lized from the liquid, and an Mss cumulate formed,
enriched in Os, Ir, Ru and Rh, leaving a fractionated
liquid rich in Pt, Pd, Au, Ag, As, Sb, Se and Cu. Thus
the massive sulfides devel oped their wide range of com-
positions (Fig. 14d).

During deformation, movement occurred both along
the upper and lower margins of the massive sulfides,
and these appear to have been mixed with fragments of
both the ultramafic rocks and the sedimentary material
to produce the breccia-matrix sulfide (Fig. 14e). This
mechanical mixing lowered the concentration of most
metals in the rocks, but raised the Sb and As content.
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The process also raised the LILE, U, Al and V contents
of the rocks bearing the breccia-matrix sulfides.

CONCLUSIONS

There is a difference in composition between the
disseminated sulfides and the massive and breccia-
matrix sulfides in that the disseminated sulfides are
poorer in Os, Ir, Ru and Rh, and richer in Pt, Pd, Au,
Cu, Ag, Se, Sb and As. Elements such as Ni and Co
have similar concentrationsin all three types of sulfides.
The difference between the disseminated sulfides and
the massive and breccia-matrix sulfides may be attrib-
uted to the presence of cumulus Mssin the massive and
breccia-matrix sulfides, which enriched these sulfides
in compatible chalcophile elements. There is a differ-
ence in composition between the massive and breccia-
meatrix sulfides: the latter are richer in As and Sh, and
aredlightly poorer in most other metals. This difference
may be attributed to the presence of sedimentary sul-
fides in the brecciamatrix sulfides. The sedimentary
sulfides are poor in al metals except As and Sh. Only
one sample of Cu-rich vein material was analyzed. This
sample has a very unusual composition, having been
enriched in Cu, Ag and the immobile chalcophile ele-
ments. It is not possible at this time to say whether al
the vein material has these characteristics.

The samples from the western bodies and eastern
bodies appear to be similar. However, there are insuffi-
cient samples of each type to study this question in
depth. The possibility that thereis a difference between
the two areas cannot be eliminated.

The Sisotopes suggest that sulfur was derived from
the country rocks. Physical evidence suggests that this
transfer was achieved by devolatilization of the partially
consolidated organic-matter-rich and S-rich sediments.
Arsenic and Sb may have been transferred along with
sulfur into the magma. The disseminated sulfides can
be modeled as having segregated from the ferropicritic
magma using R factors of 100 to 2500. The noble met-
as are depleted relative to Ni and Cu, suggesting that a
small quantity of sulfides segregated from the magma
on itsway to the site of emplacement. The massive sul-
fides can be modeled as Mss cumulates. The breccia-
matrix sulfides appear to consist of a mixture of the
massive sulfides and the sedimentary sulfides.
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