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The Palaeoproterozowe Ni—Cu sulphide deposits of the Pechenga
Complex, Kola Peninsula, occur in the lower parts of ferropicritic
imtrusions emplaced into the phyllitic and tuffaceous sedimentary
unit of the Pigwirot Sone. The wntruswe rocks are comagmatic
with extrusive ferropicrites of the overlying volcanic formation.
Massiwve lavas and chilled margins from layered flows and intrusions
contain <3—7 ng/g Pd and Pt and <0-02—2-0 ng/g Ir, Os and
Ru with low Pd/Ir ratios of 5—11. The abundances of platinum
group elements (PGE) correlate with each other and with chalcophile
elements such as Cu and Ni, and indicate a compatible behaviour
during crystallization of the parental magma. Compared with the
PGE-depleted central zones of differentiated flows (spinifex and
clinopyroxene cumulate zones) the oliine cumulate zones at the
base contain elevated PGE abundances up to 10 ng/g Pd and P.
A sumilar pattern s displayed in intrusive bodies, such as the
Kammakw sill and the Pilgwdrot intrusion. The olivine cumulates
at the base of these bodies contain massive and disseminated Ni—Cu-
sulphides with up to 2 pg/g Pd and Pt, but the PGE concentrations
m the overlying clinopyroxenites and gabbroic rocks are in many
cases below the detection limits. The metal distribution observed in
samples closely representing liquid compositions suggests that the
parental magma became sulphide saturated during the emplacement
and depleted in chalcophile and siderophile metals as a result
of fractional segregation of sulphide liquids. Relative sulphide
liquid—silicate melt partition coefficients decrease in the order of Ir
> Rh > Os > Ru > Pt = Pd > Cu. R-factors (silicate-sulphide
mass ratio) are high and of the order of 10"—10°, and they indicate
the segregation of only small amounts of sulphide liquid in the

*Corresponding author. E-mail: bruegman@mpch-mainz.mpg.de

parental ferropicritic magma. In differentiated flows and intrusions
the sulphide hiquids segregated and accumulated at the base of these
bodies, but because of a low silicate—sulphide mass ratio the sulphide
liquids had a low PGE tenor and Pt/Ir and Cu/Ir ratios similar
lo the parental silicate melts. During cooling the sulphide liquid
crystallized 40-50% of monosulphide solid solution (mss) and the
residual sulphide liquid became enriched in Cu, Pt and Pd and
depleted in I, Os and Ru. The Cu-rich sulphide lLiquid locally
assimalated components of the surrounding S-rich sediments as
suggested by the radiogenic Os isotopic composition of some sulphide
ores (Yo, >100). Most of the massive and breccia ores represent
mixtures of mss and residual Cu-rich sulphide liquid whereas
chalcopyrite-rich veins formed when the Cu-rich sulphide Liquids
were squeezed out into the surrounding sediments.

KEY WORDS: ferropicrite; Pechenga; magmatic Ni—Cu sulphide deposits;
platinum-group elements

INTRODUCTION

The Pechenga Complex belongs to the Russian part of
the Kola Peninsula (Fig. 1). The Kola Peninsula rep-
resents the eastern part of the Fennoscandian (Baltic)
Shield, which forms the Archaean basement of the Si-
berian Platform. The shield consists of Archaean granite—
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Fig. 1. Geological map of the Pechenga area and sample localities.

gneiss terrains and experienced several magmatic,
metamorphic and tectonic episodes that lasted until the
Caledonian—Hercynian magmatic events at 450-350 Ma.

The Kola Peninsula has six areas with Cu—-Ni min-
eralization. Some of them occur in the Archaean base-
ment, such as the Allarechka, Fast Pechenga and
Lovnoozero areas (Papunen & Gorbunov, 1985). How-
ever, most deposits are associated with the Pechenga—
Varzuga Zone, which is composed of Palaecoproterozoic
volcanic—sedimentary rocks. The Pechenga Complex
contains the most important Ni mineralization, and, of
the deposits within the boundaries of the former USSR,
is second only to the Ni-camp of Noril’sk in Siberia. The
history of the discovery and mining activities has been
described by Gorbunov et al. (19854, 19855) and Hanski
(1992).

Data for Cu, Ni and the platinum group elements
(PGE) from the Pechenga silicate and sulphide rocks are
very scanty in the literature. Statistical parameters, such
as variation coeflicients, correlations and ratios of the Ni
and Cu distribution in various ore deposits are published,
but with the exception of the data of Abzalov & Both
(1997), absolute concentrations for single deposits are not

given or coded (Zak et al, 1982; Distler et al., 1990).
Therefore, this study focuses on the discussion of the
distribution of chalcophile and siderophile metals in
typical gabbro-wehrlite intrusions and on the petro-
genesis of sulphide ores from various Ni deposits in the
Pechenga Complex. These data are complemented by a
quantitative description of the chemical behaviour of
these metals in ferropicritic lava flows.

Geology of the Pechenga Complex

The geology of the Pechenga Complex has been described
in numerous publications (e.g. Gorbunov et al., 1985¢;
Hanski & Smolkin, 1989, 1995; Hanski, 1992; Melezhik
et al., 1994a, 1994b; Smolkin, 1997; Melezhik & Sturt,
19984, 1998b; Sharkov & Smolkin, 1998). In the fol-
lowing, only salient features are summarized and aug-
mented with recent isotopic data to constrain the age
relationships.

The Pechenga Complex belongs to the Archacan do-
main of the Fennoscandian Shield, which contains several
large volcanic—sedimentary belts, such as the Onega
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Plateau, the Imandra Zone or the Pechenga Complex.
Puchtel et al. (1998) suggested that the upper parts of
these belts are part of the same large igneous province.
This formed during a single igneous event at ~2 Ga,
when the Archacan basement was flooded and intruded
by plume-derived mafic and ultramafic magmas. Thus,
the Palacoproterozoic Imandra Varzuga—Pechenga belt
(Fig. 1) probably once formed a continuous sedimentary—
volcanic basin, but is now faulted into two separate
blocks. The Pechenga Complex has been divided into
two structurally different parts, the Northern Pechenga
Zone and the Southern Pechenga Zone (Fig. 1). Geo-
logical information about the Southern Pechenga Zone
remains limited because of its poor exposure and highly
deformed nature. As a result, its stratigraphic relation to
the Northern Pechenga Zone is not well known, but
recent isotopic studies have indicated a younger age of
the Southern Pechenga Zone (Balashov, 1996; Smolkin
et al., 1996). The ferropicritic lava flows and intrusion
studied here belong to the Northern Pechenga Zone,
which is well preserved and well exposed.

The Northern Pechenga Zone forms a SE-SW-dipping
(30-60°), asymmetric synclinorium with a length of 70 km
and a maximum width of 30 km (Fig. 1). Remarkable
features of the sequence are its great thickness (>8 km),
long-lasting volcanism for almost 400 my, and the cyclic
repetition of volcanic and sedimentary rocks. The rocks
have undergone metamorphism varying from prehnite—
pumpellyite or greenschist facies in the central part of
the structure to amphibolite facies towards the peripheral
zones. The Northern Pechenga Zone is divided into
four major and conformable sedimentary—volcanic cycles,
each of which commences with metasediments and ends
with a much thicker pile of metavolcanic rocks. In the
Russian literature, these cycles have been known as the
Ahmalahti, Kuetsjirvi, Kolosjoki and Pilgujarvi suites
(Zagorodnyi et al., 1964). Melezhik et al. (1995) tried to
adjust this nomenclature to the international re-
commendations for formal lithostratigraphical clas-
sification, giving each volcanic and sedimentary part of
the suites formation status (for example, the Pilgujdrvi
Volcanic Formation) and assigning them to the North
Pechenga Group. At the same time, Smolkin et al. (1995,
1996) presented a different formation- and group-level
nomenclature. This among other disagreements on the
geology of the Pechenga area generated a lively debate
(Melezhik & Sturt 19984, 19986; Sharkov & Smolkin,
1998; Smolkin, 1998).

The ferropicrites and ore deposits occur in the youngest
cycle, the Pilgujdrvi suite. It begins with a thick sed-
imentary unit [the Pilgujirvi Sedimentary Formation
after Melezhik et al. (1995); the Zdanov and Lammas
Formations after Smolkin et al. (1993)], which forms an
arc-like zone, extending with a northwesterly trend for
>60 km and reaching its maximum thickness of ~ 1 km

FERROPICRITES OF PECHENGA COMPLEX

in the central part of the Pechenga structure (Fig. 1).
The unit is made up of sandstones, siltstones, phyllites,
and basaltic and picritic tuffs and tuffites. The fine-
grained sediments are often enriched in carbonacecous
matter and sulphides. The sedimentary unit is tra-
ditionally called ‘the productive pile’ (e.g. Gorbunov,
1968), for all the economic sulphide-bearing intrusions
are located within this tuffaceous—sedimentary pile. In
addition to nickeliferous gabbro—wehrlite intrusions, there
are sill-like gabbro—diabase intrusions, which appear to
be older than the gabbro—wehrlites (Gorbunov, 1968;
Smolkin, 1977).

The uppermost and thickest volcanic unit of the North-
ern Pechenga Zone (the Pilgujdrvi Volcanic Formation)
is predominantly composed of tholeiitic basalts, which
occur as hyaloclastites and pillow lavas. Volcanic rocks
belonging to the ferropicritic rock suite make up ~4:5%
of the total volume. The age of the ferropicrites is well
constrained. Utilizing the Sm—Nd and Pb—Pb methods,
Hanski et al. (1990) obtained whole-rock-mineral isochron
ages of 1977 £+ 55 and 1988 + 39 Ma, respectively, for
ferropicritic volcanic rocks and gabbro-wehrlite in-
trusions. Mitrofanov et al. (1991) obtained an Rb—Sr
whole-rock isochron age of 1980 + 44 Ma for tholeiitic
volcanic rocks of the Pilgujarvi Volcanic Formation.

Petrography and geochemistry of the
ferropicritic rock suite

Mineralogical compositions, major and trace element
analyses and isotope studies of ferropicritic pillow lavas
and tufls, most magnesian spinifex-textured rocks, chilled
margins of intrusions and layered flows and their weighted
average compositions all attest that they formed from a
common parental magma (Hanski & Smolkin, 1989,
1995; Sharkov & Smolkin, 1989; Skufin & Fedotov,
1989). Ferropicrites are mafic—ultramafic rocks and their
MgO content often reaches 25 wt %. However, samples
that represent liquid compositions do not exceed 19 wt %
MgO (Hanski, 1992). Hanski & Smolkin (1989) em-
phasized the exceptionally high FeO content of the
ultramafic lavas—they have an abundance maximum at
15-16 wt % of FeO,, compared with a maximum at
11 wt % for most other primitive or primary magmas
(Hanski, 1992). They defined these rocks as ferropicrites
to distinguish them from komatiites. Ferropicrites have
high TiO, and low AL, O; contents resulting in a low
Al,O3/TiO, ratio of about 3—4 (Hanski, 1992). This ratio
1s a fingerprint of olivine cumulates formed by ferropicritic
magmas and can be used to distinguish them from
olivine cumulates derived from komatiitic liquids. The
ferropicrites are enriched in highly incompatible trace
elements and display strongly fractionated rare earth
element patterns with average Lay/Yby ratios of ~ 10
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(Hanski, 1992). These features are typical of alkali basalts,
but are not seen in komatiitic rocks, which commonly
possess light rare earth element concentrations <10 times
chondritic. Studies of radiogenic isotopes demonstrated
that ferropicrites and gabbro—wehrlite intrusions were
coeval and were derived from similar sources (Hanski et
al., 1990; Walker et al., 1997). The unusual composition
of the ferropicrite volcanic rocks implies that the parental
magmas were formed in an Fe-rich and incompatible-
element-rich source (Hanski & Smolkin, 1995). Even
tholeiites from the Kolasjoki and Pilgujiarvi Group appear
to be Fe rich compared with Phanerozoic volcanic rocks
(Hanski, 1992). Ferropicritic rocks have also been found
in the Imandra—Varzuga belt, which attests to the pres-
ence of a large, compositionally distinct mantle reservoir
beneath the Fennoscandian Shield at 2-0 Ga.

Ferropieritic lava flows

The ferropicritic rock suite comprises volcanic and in-
trusive gabbro—wehrlite bodies. The volcanic members
occur as massive flows, pillow lavas, tuffs and layered,
differentiated flows up to 50 m thick. Differentiated flows
often display well-developed spinifex textures and a ver-
tical zonation similar to those observed in differentiated
komatiitic flows (Smolkin e al., 1987; Hanski & Smolkin,
1989, 1991). The uppermost part of the flows consists of
a chilled margin, the spinifex zone, and a zone with fine-
grained, acicular pyroxenes and globules. Both olivine
and clinopyroxene spinifex rocks occur in the upper part
of the flows. The lower part of the flows consist of
olivine(—chromite) cumulates overlain by thin pyroxene
cumulates.

Ferropicritic intrusions

The ferropicrite magma also formed gabbro—wehrlite
intrusions, which, in general, occur conformably with
respect to the primary bedding of the enclosing sedi-
mentary rocks (Zak et al., 1982). Along strike they can
be followed from 100 m to several kilometres, and al-
though the largest one, the Pilgujdrvi intrusion, attains
a thickness of 470 m (Smolkin, 1977; Fig. 2), about half
of the intrusions are <20 m thick (Zak et al., 1982).

The magmatic cumulates underwent metamorphic and
metasomatic alterations to varying degrees, leading ul-
timately to the formation of serpentinites, soapstone,
etc. Nevertheless, the original textures are frequently
preserved and the primary cumulus and intercumulus
minerals can generally be recognized. A geological map
of the Pilgujarvi layered intrusion, and a profile of it
and the Kammikivi sill are shown in Figs 2-4. The
differentiated intrusions are composed of an olivine cu-
mulate at the bottom passing upwards through a generally
thin clinopyroxenite to a gabbroic upper part. Quartz
gabbro or potassium-feldspar-bearing essexite represent
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the last differentiates in the largest intrusions. The crys-
tallization sequence of the cumulus minerals is generally
chrome spinel, olivine, clinopyroxene, titanomagnetite
and plagioclase. In the Pilgujdrvi intrusion olivine and
titanomagnetite occurred simultancously as liquidus
phases and produced olivine-magnetite cumulates in the
middle part of the body (Fig. 2). Orthopyroxene is
typically absent in all ferropicritic rocks. Primary hydrous
minerals, kaersutite and titanian phlogopite—biotite occur
as intercumulus minerals throughout the intrusions. In
the following, the petrographic and chemical variations
observed in the Pilgujdrvi intrusion and Kammikivi sill
will be described in more detail, because they show
features typical for many intrusions of the Pechenga
Complex and are the subject of this study.

Prilgwyiirot intrusion. In the Pilgujédrvi intrusion, Smolkin
(1977) distinguished seven zones based on the texture
and the cumulate and interstitial mineralogy of the rocks.
Zones 1 and 7 represent the upper and lower chilled
margins of the intrusion (Figs 2 and 3). They are very
heterogeneous and consist of fragments of country rock,
injections of quartz diorite and pyroxenites, which often
contain variable amounts of plagioclase or olivine. The
ultramafic part near the base of the intrusion (zone 2) has
the highest mg-number of 0-72-0-75 (MgO 27-35 wt %;
Table 1), whereas the concentrations of AlL,Oj (2-2—
52 wt %) and incompatible elements, such as P,O;
(0-:04-0-15 wt %; Table 1), are low. Variable proportions
of cumulus minerals such as olivine, chromite and sulph-
ides, and interstitial phases such as clinopyroxene, am-
phibole, plagioclase and ilmenite can explain the
composition of these samples. The composition and min-
eralogy of the intermediate zone (zone 3) indicate a
transitional character between the ultramafic and mafic
parts of the intrusion. At the base it consists of pyroxenites
and olivine pyroxenites, which are overlain by rocks
defined by Smolkin (1977) as kazanskite (titanomagnetite-
rich pyroxene—olivine cumulates or wehrlites with FeO,,
>30 wt %) and kosvite (titanomagnetite-rich olivine py-
roxenite with FeO,, >20 wt %). The top of this inter-
mediate horizon comprises plagiopyroxenite, which is
rich in titanomagnetite. The next zone, zone 4, contains
gabbros with pyroxenite interlayers, and the overlying
zones 5 and 6 consist of gabbro cumulates with variable
textures (IFigs 2 and 3). From base to top the MgO
contents systematically decrease (Table 1), whereas AlOj
and P,O; increase to 14 and 0-25 wt % (Table 1),
respectively, in the upper gabbroic part.

Kammikive sill. The Kammikivi sill comprises a chilled
gabbro with devitrified glass at the top overlying a clino-
pyroxene cumulate (Fig. 4). The sill is mainly composed
of olivine(—chromite) cumulates with sulphide min-
eralization at the bottom. The sulphide-poor olivine
cumulates in the Kammikivi sill (at depths 2440 m in
Table 2) have mg-number of 0:66-0-75. The mg-number
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[ Diorite
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_---~ Fault
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Fig. 2. Geological map of the Pilgujirvi intrusion in the eastern central part of the productive pile (Fig. 1) and sample locations [modified from

Smolkin (1977)].
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of the ultramafic cumulates. The correlation of S with Cu and PGE concentrations suggests that the amount of sulphide controls the distribution

of these elements in the sill.

systematically decreases upward through the pyroxenite
into the gabbroic zone, which has mg-numbers between
0-36 and 0-40. Oxide concentrations such as Al,Os or
P,O; increase from the dunites towards the gabbro at
the top of the sill from <5 to 15, and from <0-1 to
0-4 wt %, respectively (Table 2; Hanski, 1992).

The Ni-sulphide deposits

According to Zak et al. (1982), 226 intrusions have been
found in the ore field and 25 contain Ni-Cu deposits of
economic interest. The major ore-bearing intrusions
occur in the sedimentary part of the Pilgujirvi Formation
and are concentrated in its central, thickest part (Gor-
bunov et al., 1985a, 19854; Fig. 1).

According to Gorbunov (1968), the Ni-Cu sulphide
ores at Pechenga generally display the following asym-
metric pattern. The lowermost part of a mineralized
zone, at the tectonic contact of the country rock with a
layered intrusion, consists of breccia and massive ores
of variable thicknesses. This is overlain by a zone of
disseminated ores, a few metres to 100 m thick. The

contacts between disseminated and massive ore, as well
as between barren and mineralized serpentinites, are
usually gradual. Most of the sulphide ore bodies are
associated with the ultramafic parts of differentiated
intrusions. In some deposits sulphides are not confined
to the intrusive parent bodies, but extend for some
distance into the enclosing tuffaceous—sedimentary rocks
as small veins and impregnations (Gorbunov, 1968).

Pyrrhotite, pentlandite and chalcopyrite are the main
ore minerals in all ore types. The average proportions
of sulphide minerals in the disseminated ore are pyrrhotite
45%, pentlandite 40% and chalcopyrite 15% (Distler et
al., 1990). Minor ore minerals include pyrite, magnetite,
violarite, sphalerite, bornite, cubanite, mackinawite and
valleriite. Distler et al. (1990) also described platinum
group minerals of the cobaltite-gersdorflite series in
several sulphide deposits.

Gorbunov et al. (1985a) reported that Ni concentrations
range from 1 wt % in low-grade disseminated ore to
10-12 wt % in massive and breccia ore. Mineralized
phyllites contain up to 2 wt % Ni. Gorbunov ¢t al. (19854)
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and Zak et al. (1982) emphasized the large Cu variation
in each ore type. In massive and breccia ores, Cu contents
range from <1 to 13 wt %. High-grade disseminated ore
has, on average, 4-6 wt % Cu, and phyllite-hosted ores
are dominated by chalcopyrite and contain up to 10 wt %
Cu (Gorbunov et al., 1985a).

SAMPLE DESCRIPTION AND
ANALYTICAL METHODS
Sample location and description

Ninety-two samples representing massive and differ-
entiated lava flows, sulphide-bearing intrusions and the
different types of sulphide ore have been taken from
outcrop and drill cores. Most drill-hole and outcrop
locations are shown in Fig. 1, except the locations of the
samples from the Pilgujdrvi intrusion, which are indicated
in Fig. 2. The samples from the massive and pillowed
flows are from drill hole S-3077 and outcrops I-1963
and I-1968. The latter samples are ferropicrites from the
Tominga suite, which is part of the Imandra—Varzuga
Zone (Fig. 1, Table 3). These samples should provide
information on the composition and evolution of the
ferropicritic liquid. In addition, such information can be
obtained from samples of chilled margins of intrusions
[from the Kaula, Kotselvaara (Table 3) and Pilgujirvi
intrusions (SA-56, Table 1)], and from samples of the
spinifex zone of differentiated lava flows [samples from
drill core S-2986 (76, 76:5 m) and 1208/2, 1208/3, S-
3R/731-4 in Tables 2 and 3]. The chemical composition
of samples taken along profiles of intrusions, such as the
Pilgujarvi intrusion (Fig. 3) and Kammikivi sill (Fig. 4),
and of differentiated lava flows from drill hole S-2986
(Table 2) and outcrop 1208 (Table 3) are used to
mvestigate the evolution of the ferropicritic magma.
Although most of these samples are cumulates, and thus
do not represent liquid compositions, together with the
samples from Ni-Cu-sulphide ore from the Pilgujdrvi
mtrusion and Kammikivi and Ortoavi sills (Tables 2 and
4) their compositions monitor the history of sulphide
saturation, the segregation of the sulphide liquid and the
formation of the sulphide deposits.

Analytical methods

The data for PGE, MgO, Al,O;, P,O;, Cu and Ni of
massive and differentiated lava flows and intrusions, and
for sulphide ores, are given in Tables 1-4.

Major element and S, Cu and Ni analyses were
performed by conventional X-ray fluorescence spec-
trometry (XRF) using Philips PW 1400 spectrometers
at the research laboratory of the Rautaruukki Co. in
Raahe, Finland, and at the Geological Survey of

FERROPICRITES OF PECHENGA COMPLEX

Finland in Espoo. Most of the major and lithophile
trace clement data have been previously published
(Hanski, 1992). PGE and Au were determined using
neutron activation analysis after preconcentrating the
PGE and Au into a sulphide bead from samples of
2040 g. Asif & Parry (1989, 1990) and Briigmann e
al. (1993) have described the method. On the basis of
22 analyses of the PGE standard SARM-7, the latter
workers reported standard deviations (SD) of <7%,
except for Au, for which SD is 34%. The results of
duplicate analyses reported in Tables 1-4 are generally
within these errors. However, near the detection limits
the error increases to as high as 50%. The detection
limits (background plus 3 SD) are 2 ng/g for Pd, 1
ng/g for Pt, 0-1 ng/g for Rh and Os, 0-5 ng/g for
Ru, and 0-04 ng/g and 0-02 ng/g for Au and Ir,
respectively.

RESULTS: DISTRIBUTION OF
SIDEROPHILE AND CHALCOPHILE
ELEMENTS IN SILICATES AND
SULPHIDES

Abundance of siderophile and chalcophile
metals in lava flows

The samples from lava flows comprise cumulates and
rocks closely reflecting liquid compositions of the
ferropicritic magma. The latter samples (filled symbols
in Fig. 5) contain 0-4-1-7 wt % S, 89-660 pg/g Cu
and 136-1700 pg/g Ni (Table 3; Fig. 5a). The highest
PGE concentrations have been found in massive flows
and pillow lavas from drill hole 3077, which contain
up to 7 ng/g Pt and Pd, 0-8 ng/g Os and Ir, 2 ng/
¢ Ru and 0-6 ng/g Rh. However, consideration of all
samples representing liquid compositions reveals that
PGE concentrations vary by at least one order of
magnitude, and many samples have PGE contents that
are below the detection limit of the analytical technique.
Gold concentrations also vary over a large range from
0-16 to 3-94 ng/g, but do not show good correlations
with any of the elements discussed here. This is
probably caused by mobilization during hydrothermal
alteration or may be due to analytical uncertainties,
and further discussion of its distribution will not be
pursued.

Samples from the chilled margin, spinifex zone or the
gabbroic upper parts of differentiated flows have PGE
variations that are similar to those of the massive flows.
Thus, the fine-grained gabbro from the Lammas flow has
PGE concentrations approaching the maximum values
observed in massive ferropicrites (Table 3), but con-
centrations in the spinifex zone of the differentiated flow
recovered in drill hole S-2986 are not detectable (Table

1729



DECEMBER 2000

NUMBER 12

VOLUME 41

JOURNAL OF PETROLOGY

*(101)84 UO paseq Jaquinu-bw paulwialap Jou “p'u

oL/8ozlL
6/80CL
8/80¢CL
£/80CL
9/80Z1L
§/80CL
£/80C1L
2/802ZL

pajenuaiayIp ‘Moj{ sewwey

GZ'0[9s103)

¥0°0/L0°018S103)|
egeLe
J¢y-1neouQ
8961-1
€961-|
S/LLOE
¥/LLOE
€/LLOE
§'CCE/LLOE
EVLE/LLOE
7'LEL/HE
Gvc-es
vve-es
€ve-es

Lr v0 G7°0 v o0zl > 70 9z9  0LL 06 9z0 456 690 L¥'0Z  G6Y a1e|nwnod |0
g0> 90 6L-0 z 160 > 10> O0vEL OL¥E OLL 910 €06 €L0 LLTT Gy 8)e|nwnd |Q
L€l 850 v v0L 7> 70 ‘pU 0S0L 09 AN T4 4 6L0 66'lE Ty a1e|nwnod |0
G0> S0 120 v €90 € €0 09GL  06€EL o0zl G0 LY 9,0 L0'9C 8¢ ale|nwnod |0
L0 10>  9L0 8 610 € z0 0SYL  0S8Y 09€ 720 G¥9 [90  G6°0T o€ a1e|nwnod |0
G0>  L0> L¥°0 € 19l > z0 0ez 08 09z  LL'0 GL'9 G0 €68l 0z  @we|nwnd xAd
oL 10> €70 € 88l 8 z0 8zz 09l 0zz  €£0 GS0L 090 S8lLL L xayluidg
L €0 G0 v oelL 9 €0 0ze 0S¢ 06L  0£0 €LL 290 6LGL 14 xajiuldg
BIBBA|9S]0)|
g0> 70>  ¥00 [ARNAR] > 10> €8  0L0S 6vc G20 66 L90  0E6L uiBiew pa||iyy uIByHoN
BI1BRA|8S10)
g0> 70>  S00 L 9Lo > 10> LS 0Sle 68 120 76 0.0 L66L uibiew pa||iyy uIByHoN
0> €0 1ZAl) € 870 € €0 pu pu pu pu pu pu pu BAR| DAISSEN|
80 G0 9z:0 € 20l € 10 G09  OLEE 08L  Gz0 cz8 850 I¥EL eAB| OAISSEN IAIROHQO
0> 70 ze0 s zzl > 20 897  0LZ 09L 820 666 190 ve7L eAe| MO||ld  eBnziep-eipuew)
G0> 70> Gl0 € TLo > 10> LSz o6l 06 L0 Te0L 870 ZP8 ene| mo||ld  ebnziep-eipuew)
G0>  ¥0 970 S LSO z 70 868  06€ vLL  TT0 169 L90 169l eAe| MO||id nefB|nys
0> G0 €0 v 6L0 € €0 pu pu pu pu pu pu pu eAe| mo|id inelBinys
gL G0 %0 v 090 4 70 pu 'pu ‘pu pu pu ‘pu pru eAe| Mo|id anelBinys
0z 80 080 9 6Ll L 90 9v0L  0g€S 00z 1zo oL8 990  LO'LL eAe| MO||id nefBjnyg
L'z 60 610 9 LeL g G0 L¥6 029 0L TT0 608 690 €09l eAB| OAISSEN nefBinys
L0 Z0 0Z:0 z 88l 7> 20 9€L  09LE 0LL 620 0L6 250 906 xajiuldg e[ney|
G0> L0 870 v ¥6°€ L 70 00LL  00ELL 099 120 LL'L L9°0 0702 uibiew Jemo e|ney|
G0> 270>  L00 z  €€0 € 10> Gl8 0688 0z S0 806 890 LG6L uibrew Jemo1 e|ney|
G0> 70>  S00 L LE0 4 L'0> /87  08SC 0Zc 820 €¥0L 690 896l uibiew Jamor e|ney|
auoz thc.\Qm \mm\,m\ \SOEQ pue aAissew :sajliold
(6/6u) (B/6u) (6/6u) (6/6u) (6/6u) (B/6u) (B/6u) (B/6M) (B/61) (6/61) % IM (% Im) (% ) (w)
ny SO a id ny pd uy IN S n)  %0d  fOUv ou-bw OB yideq adAy Yooy uoneso]

a|dweg

moyf svunup 2y pup sauoZ xafuurds ‘svavy moppig ‘smoy aassvuL 2uUNGosaf L UOYNGLISIP JUAWI)I IIVL], 1§ V],

1730



FERROPICRITES OF PECHENGA COMPLEX

BRUGMANN et al.

79 R4 LG zeL g6 zslL z8lL 00L22 000¥2€ 00€zL anIsse| 1ABOLQO
7€ 19 GLE 006 agy LEL 0008€ 000€91L 00€SL pejeulwsassiqg 1ABOLIO
9t 0 00z 060L LLT 6Ll 0008€ 000£91L 00€5L pajeulwassiqg 1ABOLIQ

0Z 54 66 vzeL 082 LzeL [RYA4 0085 000501 00502 peleulwsassiqg 1ABOLIO
€€ €zl zLLL 0ve GLLL 68l 00€5G 000501 00502 paleulwessiq 1ABOLIO

z€ v 98 LLY g6 095 0zl 00825 00070L 00L5z pajeulwassiq EZNESN
8'G 969 062 006 Lyl 00LLE 000€YL ooLzy pajeulwsassiqg e1eeA|9S10)

€z 14 69 8€EL 0z 6L0L L 00LLE 000€YL ooLzy pajeulwassiq eJeeA|9s1o)Y
LT L0G L6l G0€ LLg (Y44 S0 00£6€ 000Z8 00012 pejeulwsassiqg 1nelnBjig
62 G9¢g 961 ore 9y Ghy (B4 00€6€ 00028 000LZ pajeulwassiqg 1nelnBjid
g8y G9¢g 79l vzl 86 L62 LLL 00022 000ZLL oLeL pejeulwsassiqg 1nelnBjig
6:l€ 762 L8l YL G-€6€ L6l zel 00L8€ 00058 0£08 elooa.g 1nielnBjid
) 80 7L 9:0 8L AT 097l 000G€L vLY yujouax alljad 1nselnBjig

9l 0l Sl gl LL L€ 0971 000S€EL YLy yujouax alijad ntelnBiig

eve e 79l o1} 002 LS L9l 00LLE 000€YL 0L6v elooalg 1nelnBjid
6LL Ll zee olzz €92 8:0C 0000S 000ZLL 008z anIsse|\ e|ney|

L8 L9l 991 74 0012 2Lz L€ 00008 0002ZLL 008Z¥ anIsse| e|ney|
LzL 7°8Y 1-ze 12 L76 00€ 762 00£0L 000092 0066€ anIsse|\ eney|
06L L-€S €1z LSl L96 80€ 8:0¢ 00L0L 000092 0066€ anIsse|\ e|ney|

(6/6u) (6/Bu) (6/Bu) (B/Bu) (6/Bu) (6/Bu) (6/Bu) (6/61) (6/61) (6/61)

ny SO ] id ny pd uy IN S no adA 210 uoneso

6/7062-S
Zineono
ZIAlROLIO
LIAleOLO
LIAleOHO

L-|9s10Y|
Z-19s10)|
C-19810)
€/Le
€/Le
L-95¢
L-9€2
¢9LL
¢9lLl
69

8¢

8¢

9

9

a|dweg

R&%\\Q@ EMQS\QN& Y] ut Q.ﬁd&mﬁ Snouva ES&\;%@S meNN\Qw»: ur SUoYDUIIUOI O J puv n’) uN.>\. n,mx Faquy

1731



S ug/g

Ni pg/g

JOURNAL OF PETROLOGY

£10 10° 10° 10* 10
10 T T T
@ .
105, + + b ¥+ ki i
S/Cu=10
[}
10*4 on  w s Xty <
R, 0
4 a
10°4 A 1
:-8
oy
2 A4
105 T T T
10 T T T o T
¥
o v
4
1074 E
o 287 _ircu =1
v b losm
10°4 2 04?;' 2 4
NS
102— o 2, nO B Massive Ferropicrite Flow |
& O Lammas Flow
Y, Pasd < Keskitunturi Flow
I v Kammikivi Intrusion 4
A Pilgujérvi Intrusion
+ Sulphide Ore

Rh ng/g

Cu pg/g

[

Os ng/g

0.01 T
1000 |m Massive Ferropicrite Flow B
© Lammas Flow _
<& Keskitunturi Flow [
¥ Kammikivi Sill -
1004 |£ Pilgujarvi Intrusion _ i
I Sulphide Ore A PuPd=1
10 - 4
e
AL
1 T
1 10 100 1000
Pt ng/g

VOLUME 41

NUMBER 12 DECEMBER 2000
1 10 100 1000 10000
100 T T g
i (b) PURN = 10 ]
] + 7 . ]
1 + o+ oy T ]
104 WA S -
] + ~ ]
] + A ]
W Massive Ferropicrite Flow
14 A& O Lammas Flow -
3 O <& Keskitunturi Flow 3
] -7 v Kammikivi Intrusion ]
h & o A Pilgujarvi Intrusion 1
1 + Sulphide Ore 1
0,1 = T T T
10°
10" 4 E
A
10°4 . .
" 800
[of LeXA) 400
" 200 TS °
- ® o »
A w’ :o = g ° »"
o
‘ ‘00 1 2 3! 4 5
10 100 1000 10000
Pt ng/g
100
Ru/Os=2
0.1 T
100
® Massive Ferropicrite Flow =+
= Lammas Fow ki
< Keskitunturi Flow . I/0s =1
= Kammikivi Sill
104 | & Pilgujari Intrusion o E
| Sulphide Ore ES >
ulphi I :yf
Ay - +
N &
1 oK g
. m
Cm S
Ny ™ W
2Ly A
01 T
0.1 1 10 100
Ir ng/g

Fig. 5. Variation diagrams of S, Cu, Ni, and PGE. It should be noted that all elements are positively correlated regardless of the type of rock.
This indicates that their distribution is controlled by accumulation and segregation of sulphide liquids. (a) Correlation of Cu with Ni and S.
There are in general good correlations among these elements although they are partly obscured by secondary mobilization, especially of S and
Chu. (b) Correlation of Pt with Cu and Rh. There is a broad positive correlation between Pt and Cu. Pt and Rh concentrations correlate well
except at high Pt contents (>100 ppb), when Pt still increases but Rh remains rather constant. (c) Correlation of Pt with Pd and Ir. There is a
good correlation between Pd and Pt indicating similar sulphide-silicate partition coeflicients. The correlation between Pt and Ir is not well
defined, mainly because at Pt concentrations of >100 ng/g, Ir concentrations stay rather constant. (d) Correlation of Ir with Os and Ru. With
the exception of a few sulphide samples, there are very good correlations among these three elements. Although there is some scatter the Os/
Ir ratio is close to chondritic value (1-3) whereas the Ru/Os ratio tends to be greater than the chondritic value (1-7).

2). There is no systematic PGE distribution along strati-
graphic profiles of either of the differentiated flows

(Tables 2 and 3) and the PGE variation in cumulates

overlaps with that observed in the massive flows (Iig.

5b-d).

Abundance of siderophile and chalcophile
metals in intrusions and sulphide ores

There is a continuum of PGE, Ni, Cu and S abundances

as one proceeds from sulphide-poor or sulphide-free
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cumulate rocks from flows to cumulate and massive
sulphide samples from intrusions. The PGE, Ni, Cu and
S concentrations in sulphur-poor cumulates from the
Kammikivi and Pilgujarvi intrusions overlap with those
found in the ferropicritic flows (Fig. 5). Samples from
various deposits (Pilgujdarvi, Kammikivi, Kotselvaara,
Ortoaivi) containing disseminated sulphides and rep-
resenting massive sulphides have 0-2-7-1 wt % Ni and
0-04—4-3 wt % Cu (Fig. 5a; Tables 2—4). Nickel and Cu
show a good correlation despite a variable Ni/Cu ratio
varying between one and 10 (Fig. 5a). These con-
centrations lie within the range published by Zak et al.
(1982) and Gorbunov et al. (19854). The concentrations
of both elements increase with the S content (Fig. 5a).
However, there is considerable scatter at any given S
content. For example, in samples with similar S (10—
20 wt %) and Ni contents (3—6 wt %) Cu concentrations
vary by almost a factor of 100 from ~0-04 to 4 wt %
(Fig. 5a).

The highest PGE concentrations have been found in
massive sulphides containing up to 1-3 pg/g Pt and Pd,
31 ng/g Rh, 20 ng/g Ir, 50 ng/g Os and 80 ng/g Ru
(Fig. 5b—d). The concentrations of all PGE show positive
trends with the main components of the sulphides; for
example, Pt with Cu in Fig. 5b. These features indicate
that the abundances of chalcophile elements and precious
metals are controlled by the amount of sulphide present
in the rocks. This is also suggested by the PGE distribution
in the silicate part of individual intrusions that are as-
sociated with sulphide deposits, such as the Kammikivi
sill and the Pilgujdrvi intrusion (Figs 3 and 4). These
bodies have several features in common. The olivine-
rich cumulates near the bottom of the igneous bodies
have the highest concentrations of chalcophile elements
and PGE. The concentrations of these elements also tend
to increase gradually towards the lower margin. The
gabbroic zones show decreasing Cu and PGE contents,
commonly with PGE data below the detection limits. In
both intrusions the S content increases towards their
base, indicating that it is the accumulation of sulphide
that governs the abundances of the PGE in the cumulates.

DISCUSSION

PGE behaviour during the evolution of the
ferropicritic magma

To understand the compositions of the sulphide ores
and to constrain their formation, the abundances of
chalcophile and siderophile elements in the parental
ferropicritic liquid have to be estimated. The highest
PGE concentrations observed in the ferropicritic massive
flows approach those observed in other ultramafic
magmas with 15-19 wt % MgO, such as komatiites
(Briigmann et al., 1987; Lesher, 1989). Many other
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Fractional Segregation of Sulphide Liquid: m = (Dpge-1) /(D -1)

N Slope Error R (1]
m

PLPd — — — — 45000
Rh 10 0949 0.020 0.857 B1300
Os 10 0913 0.023 0.817 78200
Ru 5 0.802 0.074 0.987 68700
Ir 15 0525 0.053 0.940 85700
Cu 11 0011 011 0.164 940
10+
2
o
c
TR
Qo
a

0.14

Ir ng/g

Fig. 6. Determination of sulphide liquid-silicate melt partition co-
efficients based on the assumption that the linear correlation between
Ir and the other PGE are the result of fractional segregation of a
sulphide liquid. The error of the slope (m) is represented by 1 SD.

samples representing liquid compositions, including spi-
nifex-textured rocks and chilled margins, have sig-
nificantly lower PGE contents. Normalized to a primitive
mantle composition, the ferropicrites show distribution
patterns typical for mantle-derived melts, where Pd, Pt
and Cu are enriched relative to Ir, Os, Ru and Ni. They
have Pd/Ir and Pt/Ir ratios ranging from two to 61; that
is, values that are typical for ultramafic magmas. Although
the mantle source of the magmas had an unusually high
FeO content and enrichment of highly incompatible
elements, the PGE contents in the ferropicrites provide
no evidence for unusual absolute or relative PGE abund-
ances in the mantle source.

The correlations of Cu and Ni with S are not well
defined in massive flows, which is probably due to sec-
ondary mobilization of S. However, the Cu and Ni
contents suggest a positive trend despite some scatter
probably caused by postmagmatic disturbance of Cu. All
PGE concentrations in the massive ferropicrite lavas
indicate a positive correlation with each other (Figs 5
and 6). The coherent variation of Cu-Ni, Pt-Ir and
Pd-Ir is surprising, because it is generally observed that
Cu, Pd and Pt behave incompatibly and Ni and Ir
compatibly in ultramafic magmas. Therefore, these ele-
ment pairs should show a negative slope in variation
diagrams such as those in Figs 5c and 6.

The coherent behaviour of the PGE during the crys-
tallization of the ferropicritic magma is indicated in Fig.
7a, where the abundances of chalcophile and siderophile
elements are normalized to the concentrations of the
sample that has the highest PGE contents (sample 3077/
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322:5; Table 3). The major element composition and
the Cu and Ni contents of this sample lie within the
range of the presumed parental magma compositions.
All others show parallel distribution patterns relative to
this sample. As the PGE concentrations decrease so do
the Ni abundances. The decrease of the Ni content does
not correlate with the MgO content because a few
samples with high MgO content have low Ni contents
(Kotsel 0-01, Kaula Sa-243; Table 3). Therefore, the
variation of Ni in the ferropicritic flows cannot be ex-
plained by fractionation of olivine alone. In addition, it
appears that Cu does not behave as an incompatible
element such as, for example, P,O;. In the massive
ferropicrite lavas, the P,O; concentration increases from
~0-2 to 0-35 wt % as MgO decreases, as a result of the
removal of olivine and some clinopyroxene (Fig. 8a). In
contrast, Cu concentrations tend to decrease from ~ 250
to <100 pg/g (Fig. 8b). Combined these two observations
results in a negative correlation between P,O; and Cu.
A similar variation would be observed between Pd, Pt
and P,O;. The apparently compatible behaviour of Cu,
Pd and Pt (and the same can be recognized for the other
PGE) is best explained by the segregation of a sulphide
liquid. This implies that most of the ferropicrite flows
studied here were sulphide saturated at the time of their
emplacement. The sulphur content of the ferropicrite
flows is high, ranging from ~500 to 3000 pg/g (Table
3), although S is not a reliable monitor of sulphide
saturation in the ferropicrite magma, because it does not
exhibit systematic trends with MgO, P,O; or Cu (Tig.
5a). Some samples of chilled margins and spinifex zones
have unreasonably high S contents of up to 1-7% (Tables
2 and 3), which indicates postmagmatic S addition. Other
samples, for example, Kaula Sa-245, also have unusually
high Cu contents (Fig. 8b). As this sample has also
high S and PGE concentrations (Table 3), this pattern
probably reflects the accumulation of small amounts of
sulphide. However, a secondary redistribution of Cu may
also have contributed to this enrichment.

Determination of the sulphide liqguid—silicate melt partition
coefficients

Additional evidence for the segregation of a sulphide
liquid is the observation that chalcophile and siderophile
elements fractionate according to their sulphide liquid—
silicate melt partition coeflicients. Depending on the
amount of sulphide fractionation, the silicate liquid should
become less depleted in moderately chalcophile elements,
such as S, Cu and Ni (Dg,,, <1000), relative to highly
chalcophile elements, such as the PGE (Dg,,, >10 000).
The Cu—Pt variation (Fig. 5b) supports this presumption,
because concentrations of the moderately chalcophile
element Cu in the ferropicrites vary by less than a factor
of two, whereas concentrations of the highly chalcophile
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Fig. 7. Distribution patterns of the PGE, Cu, S and Niin (a) ferropicritic
flows and (b) different ore types. The concentrations of the samples
have been normalized to the least PGE-depleted ferropicrite sample,
which probably reflects the PGE abundances in the sulphur-under-
saturated ferropicritic magma.

metal Pt vary by a factor of six. Supporting evidence is
also seen i Iig. 9, where the ratios of metals with
different sulphide-silicate partition coefficients vary as a
function of the concentration of Ir. As the Ir concentration
decreases in the ferropicrites, that is, as a sulphide liquid
segregates from the picritic magma, metal ratios such as
Pt/Ir and Cu/Ir increase. The extent of this increase
depends on the selected metal pair, and hence on the
difference between their chalcophile affinities. For ex-
ample, the Pt/Ir ratio increases from about eight to 48,
whereas the Cu/Ir value increases by more than one
order of magnitude from 0-2 to 7 (Fig. 9). These variations
suggest that the sulphide-silicate partition coefficient
increases in the order Cu < Pt < Ir, which is consistent
with experimental data (Stone ez al., 1990; Bezmen et al.,
1994; Peach et al., 1994).

The metal variation in the ferropicritic melt can be
described quantitatively if one assumes that the frac-
tionation of sulphide liquid and silicate—oxide minerals
can be modelled by a non-equilibrium process such as
fractional crystallization:

C], = C(;FD_I) (1)
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Fig. 8. Relationship of lithophile and chalcophile elements in S-poor
samples from massive ferropicritic flows and cumulates of differentiated
flows and intrusions. (a) MgO vs P,Oj; concentrations. In the ferropicrite
flows P,O; behaves like an incompatible element, becoming more
enriched as the liquids crystallizes. (b) In contrast, Cu behaves like a
compatible element, as its concentration decreases with decreasing
MgO content. This suggests that most of the picrite samples are S
saturated.

where (¢ and (, are the concentrations in the parental
and residual liquids, respectively, [ is the melt fraction
and D represents the bulk partition coeflicient. Given
this case, two elements (A and B) should define a linear
relationship in a log A vs log B diagram. The slope (m)
of this line is a measure of the relative bulk partition
coeflicients (D,, D) of the two elements, because it can
be shown that

m = (Dy—1)/Dy—1). (2)

Such a diagram is shown in Fig. 6, where the con-
centrations of Pt, Pd, Rh, Os and Ru are plotted against
Ir. The slopes of the different element pairs indicate that
the bulk partition coeflicients decrease in the order Ir >
Rh > Os > Ru > Pt = Pd > Cu. This succession
reflects the sequence of sulphide-silicate liquid partition
coefficients determined in experiments (Stone ¢t al., 1990;
Bezmen et al., 1994; Peach et al., 1994) and suggests that
the calculated relative bulk partition coeflicients actually
represent sulphide—silicate partition coefficients. The vari-
ation of the PGE concentrations in the lava flows is thus
mainly determined by the segregation of a sulphide liquid
and not significantly modified by the crystallization of
silicate and oxide phases such as olivine or chromite.
This can be demonstrated by calculating the relative
partition coeflicients for two extreme endmember models
(Table 5). One model assumes that the metal variation
can be explained by fractional segregation of pure sul-
phide liquid. In this case, the relative sulphide-silicate
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Fig. 9. Observed and predicted Pt/Ir and Cu/Ir ratios as a function
of the Ir content in massive and differentiated ferropicritic flows,
intrusions and sulphide ores. The Ir content of the sulphide samples
has been recalculated to 100% sulphide. The trend defined by crosses
represents the calculated evolution of the parental ferropicritic melt
(P); 10°% of sulphide liquid segregate at each step. The trend defined
by filled squares reflects the composition of a sulphide liquid in
equilibrium with the parental ferropicritic melt as a function of the
silicate—sulphide mass ratio (R = 1-1000). The trend defined by filled
circles represents the calculated evolution of the parental sulphide
liquid; 10% of monosulphide solid solution crystallizes at each step.
(For details of the calculations see text and Table 5.)

partition coeflicient for Ir and Pt (Dy,/Dy) 1s 1:904 (see
Fig. 6 and Table 5). The second model assumes the
joint fractionation of silicate—oxide minerals (99%) and
sulphide liquid (1%). Given that Pd is incompatible
(D% = 0-01) whereas Ir is compatible (D}, = 10) in
silicate and oxide phases, Dy/Dyp is 1-927 (Table 5).
Despite the different behaviour of Ir and Pt with regard
to silicate—oxide phases, their crystallization together with
a sulphide liquid would increase the relative partition
coeflicient of these elements by just 1-1%. Considering
the uncertainties in the slope (10-20% for the PGE; I'ig.
6), the calculated relative bulk partition coefficients indeed
represent relative sulphide—silicate partition coefficients.
To estimate the absolute partition coefficients for all the
PGE, a value of 45 000 for Pd was used in Fig. 6 (Bezmen
et al., 1994; Peach et al., 1994). The resulting estimates
for the other metals lie within the range of experimentally
determined partition coeflicients (Stone et al, 1990;
Bezmen et al., 1994; Peach et al., 1994).

The sulphide-silicate partition coefficients estimated
above provide an internally consistent database, which
can be used to describe the observed PGE and Cu
variation in the ferropicrite flows. Assuming fractional
segregation and that the ferropicrite with the highest
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Table 5: Models describing the PGE distribution in the ferropicrite melt and sulphide liquid

Parameters Ir (ng/g) Pt (ng/g) Cu (ng/g) Pt/Ir Cu/lr x 1000
G’ 0-8 6 200 75 0-25
C.° 100 750 23000 75 0-23
Djitongsit 10 0-01 01
Dquysi 85700 45000 940
Dqui sitox 867 450 9:5
Dies/sul 5 0-25 0-2
Models of fractional segregation of sulphide liquid
Model 1 Model 2
Segregation of pure sulphide liquid Fractionation of silicate/oxide + sulphide
Ir (ng/g) Pt/Ir Cu/lr x 1000 Ir (ng/g) Pt/Ir Cu/lr x 1000
R1:2 F1 C’\s'\l1 Csil1 Cs\l1 FZ Csilz Csi\z Cs'\lz
1 0-80 7-50 0-25 1 0-80 7-50 0-25
99999 0-99999 0-34 11.27 0-58 0-9990 0-34 11.38 0-59
49999 0-99998 0-14 16-93 1-36 0-9980 0-14 17-28 1-39
33332 0-99997 0-06 25.43 3.18 0-9970 0-06 26-24 329
24999 0-99996 0-03 3820 7-42 0-9960 0-02 39.88 777
19999 0-9995 0-01 57-39 17-32 0-9950 0-01 60-62 18-38
Model concentration in sulphide liquid (C,,°) Model of sulphide crystallization (C,,")
R Ir (ng/g) Pt/Ir Cu/Ir x 1000 FS Ir (ng/g) Pt/Ir Cu/lr x 1000
1 1.6 7-50 0-25 1 100 75 0-2
5 4.8 750 0-25 09 65-6 12.4 0-4
10 88 750 0-25 0-8 41.0 216 0.7
50 40-8 7-50 0-24 0-7 24.0 40-8 1-3
100 80-7 7-49 0-23 0-6 13.0 84.9 2.7
500 398 7-46 0-16 0-5 6-3 202 6-4
1000 792 7-42 0-12 0-4 2.6 582 187

C..°, concentration in parental silicate magma; C,,°, concentration in parental sulphide magma; Dy, Silicate/oxide-silicate
liquid partition coefficient; D;, s, sulphide-silicate liquid partition coefficient; D, . qiox, bulk partition coefficient of Model 2:
99% silicate/oxide + 1% sulphide; D,.ssu, monosulphide solid solution-sulphide liquid partition coefficient; F1, F2, fraction
of residual silicate liquid in models 1 and 2; FS, fraction of residual sulphide liquid; R1,2, mass ratio silicate to sulphide

liquid in models 1 and 2.

PGE concentration has suffered insignificant sulphide
fractionation the model predicts an increase of ratios
such as Pt/Ir and Cu/Ir, as variable amounts of sulphide
liquid segregate (Fig. 9). The calculated fractionation
trends agree well with the observed PGE variation in the
ferropicrites in terms of absolute abundances and metal
ratios. These calculations also indicate that only very
small amounts of sulphide had to segregate, because the
mass ratio of silicate to sulphide liquid is high, ranging
from 10* to 10° (Table 5).

Petrogenesis of the sulphide ores

The first investigators of the Pechenga Complex, geo-
logists of the Geological Commission of Finland, favoured
the magmatic concept, in which sulphide liquids form
by sulphide immiscibility in mafic and ultramafic magmas
and scttle to the base of the magma body (Viyrynen,
1938). This idea was based on the close association of
the sulphide ores with the ultramafic part of intrusions,
as well as on the chemical composition of the sulphides
(Viayrynen, 1938). Geochemical evidence presented
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recently and in this study substantiates this view. Hanski
& Smolkin (1989) and Hanski et al. (1990) showed with
the aid of major, trace element and isotope data that
ferropicrite lavas and Ni-bearing gabbro—wehrlite in-
trusions are cogenctic. The isotopic compositions of Pb
in sulphide ores and ferropicritic rocks form a linear
array in the *Pb/?*Pb—""Pb/**Pb space, implying a
common origin (Pushkarev et al, 1988; Hanski et al.,
1990). The PGE concentrations of many cumulate rocks
from the differentiated flows and intrusions overlap with
those observed in the massive flows. Furthermore, the
concentrations of chalcophile elements and precious
metals of the gabbroic cumulates of several intrusions
and layered flows (Figs 3 and 4) are low or even below the
detection limit of the analytical method. This observation
suggests that segregation and accumulation of sulphides
were important processes during the formation of these
rocks. The normalized concentrations of Ni, Cu and
PGE in the disseminated sulphide ores are parallel to
those of the ferropicrite flows (Fig. 7). This indicates that
the sulphide liquid was derived from an ultramafic magma
and hence links the formation of the disseminated sul-
phides to the evolution of the ferropicritic magma.

The formation of the massive and breccia ores is a
point of debate. In their review on the Pechenga ore
field, Zak et al. (1982) suggested that the massive, breccia
and vein ores were produced during regional meta-
morphism. However, the gradual increase in the amount
of sulphide from disseminated ore to massive ore in many
intrusions (Figs 3 and 4) and the good correlation among
all ore components (Fig. 5) favour the pooling of the
sulphide liquids at the base of the intrusion during the
magmatic stage. Nevertheless, the PGE patterns of the
massive and breccia ores appear to define two types.
One, as described above, has relatively low Pt/Ir ratios
(<25) and a flat PGE distribution pattern that parallels
the pattern of the parental magma (filled symbols in Fig.
7b). The other type (open symbols in Fig. 7b) has much
lower Ir, Os and Ru, but higher Pt and Pd concentrations,
resulting in high Pt/Ir ratios (>25). These two types are
not randomly distributed. Samples from the Pilgujédrvi
and Kaula intrusions have low Pt/Ir ratios whereas
those from the Kotselvaara, Kammikivi and Ortoaivi
sills belong to the type having low Ir, Os and Ru
concentrations and high Pt/Ir ratios.

The Os-isotopic composition of the ore samples also
distinguishes these two types (Walker et al., 1997): samples
from the Pilgujdrvi intrusion have Yo, values of <50,
whereas those of the Kammikivi, Ortoaivi and Kot-
selvaara sills have significantly higher o, values, generally
>100 [Yo, defines the percent deviation of the 'Os/
'"®Os ratio of a sample from that of the chondritic
reservoir (Shirey & Walker, 1998)]. The large variation
of the Os isotopic composition in the ferropicritic rocks
has been explained by assimilation of variable amounts
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of radiogenic pelitic sediments (Yo, >300) during the
emplacement of the intrusions (Walker et al., 1997).

One possible explanation for the differences in the
PGE patterns is that the sulphide liquids formed in
different parental magmas. As ultramafic magmas frac-
tionate (without sulphide liquid) they become more Pd
and Pt rich but depleted in Ir, Os and Ru. Thus, the
pattern of the group of sulphides with high Pt/Ir and
Yo, values could be explained if they were derived from
a parental magma more fractionated than that forming
the sulphides with relatively low Pt/Ir and 7o, values.
The high 7o, values in sulphide ores of the Kammikivi
sill, compared with the Pilgujdrvi samples, can be ex-
plained by its higher susceptibility to the effects of con-
tamination as a result of the lower Os content of its
parental magma.

Although variations in the composition of the parental
magma certainly have occurred, some observations in-
dicate the involvement of an additional process, namely
fractional crystallization of the sulphide liquid during its
accumulation at the bottom of the host intrusion. In
some intrusions the Os-isotopic composition of the barren
cumulates is different from that of the sulphide ores
beneath. For example, in the drill hole Pet] sampling the
Kammikivi sill, olivine cumulates and chromite separates
have 7yo, values of ~20, but the sulphide-rich rocks
beneath have values of ~250 (Walker et al., 1997).
Furthermore, sulphide-poor samples in the same drill
hole have low Pt/Ir ratios (<25) similar to those of the
massive ferropicrite flows. But in the sulphide-rich rocks
beneath, the Pt/Ir ratio is higher and tends to increase
with stratigraphic depth from 289 to 79-4 (Table 2).
These observations indicate that high Pt/Ir ratios and
Yo, values are specific features of the sulphide-rich samples
and are not directly related to the parental silicate magma.
Another interesting observation is that there is no good
correlation among many of the chalcophile and
siderophile metals in sulphide-rich rocks (>10 wt % S).
For example, the Cu content in these samples varies by
a factor of 30, but Ni contents are fairly constant ranging
only from 2 to 7 wt % (Fig. 5a). Similarly, Pd and Pt
concentrations in sulphide-rich rocks vary by more than
one order of magnitude and they are correlated, whereas
Rh, Ir, Ru and Os concentrations vary less and are not
well correlated with Pd or Pt (Fig. 5). Thus, in the ore
samples, concentrations of Ni, Ir, Os, Ru and Rh are
buffered or even decrease as the Cu, Pd and Pt con-
centrations increase (Fig. 9). This behaviour of the PGE,
Cu and Ni has also been observed in massive ores
from the Sudbury and Noril’sk deposits, and has been
explained by fractional crystallization of the sulphide
liquid (Naldrett et al., 1994a, 19945). These studies found
that Cu, Pd and Pt become concentrated in the residual
sulphide liquid, and Ni, Ir and Rh in the monosulphide
solid solution as the parental sulphide liquids crystallizes.
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These observations have been confirmed by experimental
studies (e.g. Barnes et al, 1997; Ebel & Naldrett, 1997)
where the partition coefficients between monosulphide
solid solution (Mss) and sulphide liquid (D, for Pd,
Pt and Cu are <0-4, whereas those of Ir, Rh and Ni
tend to be >1. These results are broadly consistent with
the PGE patterns observed in Fig. 7b, if one assumes
that the ore type with flat patterns represents the parental
sulphide liquid (filled symbols), whereas those patterns
showing relative deletion of Ir, Os and Ru and enrichment
of Pd and Pt represent the residual sulphide liquid (open
symbols).

Quantitative description of the formation and crystallization
of the sulphide lLiquid

The observations described above are consistent with a
simple model that assumes that the parental ferropicrite
magma became sulphur saturated during its em-
placement. This triggered sulphide immiscibility and the
segregation and accumulation of a sulphide liquid at the
bottom of the intrusions. Upon cooling, this parental
sulphide liquid crystallized forming an Fe-rich mono-
sulphide solid solution and a Cu—Pd-Pt-rich sulphide
liquid. The composition of the parental sulphide liquid
and its crystallization can be modelled by using the
sulphide-silicate partition coefficients estimated in this
study. The partition coefficient between monosulphide
solution and sulphide liquid have been determined by
Barnes et al. (1997) and Ebel & Naldrett (1997). Those
workers have shown that the partition coefficients in the
sulphide system strongly depend on the composition (S
content), temperature and fO,/fS, of the sulphide liquid.
As these factors are not known for the Pechenga sulphide
liquids, average values have been chosen for the model
calculations. The parameters and model calculations are
given in Table 5 and the results are shown i Fig. 9,
where the Ir concentrations in the sulphide liquid are
plotted against the Pt/Ir and Cu/Ir ratios. For example,
using the samples with the highest S contents (>10%)
and normalizing their PGE contents to 100% sulphide,
it 1s calculated that the Ir content of the sulphide liquids
ranged from 2 to 520 ng/g (Fig. 9).

The model calculations assume that sulphide saturation
occurred in the least PGE-depleted ferropicritic magma
and the metal concentration in the parental sulphide
liquid has been calculated by applying the equation of
Campbell & Naldrett (1979):

qu — Dsul/sil(R + 1)0811 (3)
. R + Dsul/sil

where D, represents the sulphide-silicate partition
coefficient, R the silicate/sulphide mass ratio, CJ, the
element concentration in the parental sulphide liquid
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and CY the element concentration in the parental silicate
liquid.

The model calculation shows that the parental sulphide
liquid should originally have had Pt/Ir and Cu/Ir ratios
that are similar to or slightly lower than those of the
parental silicate magma (Table 5; Fig. 9). This inference
is the result of the low R-factors (<1000) that are necessary
to explain the low Ir (PGE) tenor in the sulphide samples.
Such low R-factors are typical for sulphides derived from
ultramafic magmas, such as the deposits of Kambalda in
Australia (Duke, 1990). Only a few samples with about
100 ng/g Ir (recalculated to 100% sulphide) straddle the
trend defined by the calculated compositions of parental
sulphide liquids in equilibrium with the least PGE de-
pleted ferropicrites (Fig. 9). Some samples appear to
follow a parallel trend with lower Ir concentrations and
higher, but relatively constant Pt/Ir (10-30) and Cu/Ir
ratios. These sulphide liquids are probably derived from
silicate melts that had a lower Ir concentration and higher
Pt/Ir and Cu/Ir ratios than the presumed parental
ferropicrite composition as a result of previous events of
sulphide segregation.

However, most of the sulphide samples follow a trend of
increasing Pt/Ir and Cu/Ir ratios as the Ir concentrations
decrease from ~100 to 10 ng/g. This trend can be
explained by 40-50% of fractional crystallization of
monosulphide solid solution (Table 5; Fig. 9). Similar
calculations can be made using Pd and Rh, assuming
D,/su values of 0-2 and >1-0, respectively. These values
are within the range of values determined experimentally.
For Os and Ru there are no experimental data available.
A close look at Iig. 7b indicates that the residual sulphide
liquid is more depleted in these metals relative to Ir. This
implies that the D,/ values of these metals are greater
than that of Ir.

In principle, the D,/ of the different metals can be
estimated from the dataset by applying the same reas-
oning and technique as used before to determine the
sulphide-silicate partition coeflicients. However, as dis-
cussed above, the compositions of the parental sulphide
liquids were not uniform, because the liquid segregated
from silicate melts with variable initial PGE con-
centrations and because the sulphide-silicate mass ratio
probably was different in each intrusion. In addition,
many of the ore samples probably do not represent
pure liquid compositions but are cumulates consisting of
variable proportions of Mss and residual sulphide liquid.

Nevertheless, the calculations confirm our suggestion
that the two ore types defined by the different PGE
patterns in Fig. 7b are related by the crystallization of
monosulphide solid solution from a number of parental
sulphide liquids. The Cu-Pt-Pd-rich but Ir-, Os- and
Ru-poor samples reflect the residual sulphide liquid.
Unfortunately, the present dataset does not include many
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samples representing the Os-, Ir- and Ru-rich mono-
sulphide solid solution. Sulphides having Ir contents of
35-520 ng/g Ir and low Pt/Ir (<6) and Cu/Ir ratios
(<0-1) appear to be the closest representatives (Fig. 9).

The model explains additional features, such as the
occurrence of chalcopyrite-rich shale-hosted veins and
the extremely high o, values (>100) of some of the ores
(Walker et al., 1997). After the crystallization of Mss, the
residual sulphide liquid is highly mobile and reactive as
a result of its low viscosity and strong wetting properties
(Ebel & Naldrett, 1997). Hence, during cooling and
compaction the residual liquid can be easily squeezed
out from the sulphide pool at the bottom of an intrusion
into the underlying sediments, forming sulphide veins
and impregnations. These features also allow the liquid
to react with or even partly assimilate sediments. As-
similation of Re and radiogenic Os from the sediments
by the sulphide liquid would explain the highly radiogenic
nature of Os in sulphides from the Petl drill core com-
pared with that of the overlying silicate cumulates (Walker
et al., 1997).

Cause of sulphide saturation: assimilation of S-rich
sediments

One question that has not been addressed so far is the
cause of sulphide saturation and the source of sulphur
in the ores. The high PGE concentrations in several
ferropicrite lavas may indicate that they could have
reached the surface S undersaturated. But most flows
are depleted in PGE and were S saturated as discussed
above. Crustal contamination has been invoked as a
process triggering sulphide saturation in mafic and ultra-
mafic magmas (Irvine, 1975). The existence of breccias
and inclusions of sedimentary country rocks in some
Ni-bearing intrusions suggests that the assimilation of
sulphur-rich sediments during the intrusion of the ferro-
picrite magma caused sulphide saturation. However,
large amounts of assimilation of continental crust by the
ferropicritic magma is unlikely because of the high &y
value of +1:6 of ferropicritic volcanic rocks and cu-
mulates from the Pilgujirvi intrusion (Hanski ez al., 1990).
Nevertheless, little variation of the ey has to be expected,
because the Nd concentration in the ferropicrite magma
was relatively high and the sediments did not have very
radiogenic Nd isotopic compositions [an S-rich phyllite
from the Kotselvaara quarry yielded an initial eyy value
of —0-3 (H. Huhma, unpublished data, 1999)]. Therefore
contamination with sedimentary material is not easily
recognized with the Nd isotopic composition of the
ferropicrites.

Pushkarev et al. (1988) have published Pb-isotope data
of ore-bearing intrusions and related Ni-Cu ores, ferro-
picritic volcanic rocks as well as iron sulphides from
phyllites. These data, and additional analyses by Hanski
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et al. (1990), show that on a **Pb/*™Ph vs **Ph/*'Pb
diagram, the ferropicritic volcanic rocks and the cu-
mulates of gabbro—wehrlite intrusions plot along a line
passing through the field of Ni—Cu sulphides and do
not provide evidence for large differences between ore-
bearing and barren ferropicrites. This again precludes
the assimilation of large amounts (>10%) of sediments
by Ni-bearing intrusions. However, careful calculations
of the slopes of the Pb-isotope variations reveal that the
Pilgujérvi intrusion has a slightly lower Th/U ratio (Th/
U = 3-2) than the ferropicrite volcanic rocks (Th/U =
3-9). This decrease in the Th/U ratio can be explained
by bulk contamination of a ferropicrite magma with
2-6% of sediments.

The 1sotopic composition of Os determined by Walker
et al. (1997) provides the most convincing evidence for
crustal contamination. The ferropicritic lavas and in-
trusion display a large Yo, range from ~6 to >200 and
that of the sediments can be even as high as 600. As
discussed above, the most radiogenic signature in some
sulphide ores is probably the result of assimilation of
sediment by the sulphide liquid. However, even sulphide-
poor or barren rocks and mineral separates have Yo,
values of up to 80. Walker et al. (1997) explained this
variation by assimilation of up to 10% of sediments by
the ferropicritic magma.

Grinenko et al. (1967) and Pushkarev et al. (1988)
published sulphur isotope determinations on many
Ni-Cu sulphide deposits from the Kola Peninsula. They
did not observe differences in the isotopic composition
of S between disseminated and massive and breccia ores
from Pechenga and therefore inferred a common and
predominantly mantle source of sulphur for the main
ore types.

Grinenko & Smolkin (1991) provided S-isotope data
for sediments and sulphide-poor ferropicrite lavas. The
&S values for sediments range from —7 to + 12%o but
the data display two abundance maxima, the first in the
interval —4 to +2%o, the second between +4 and
+6%o, suggesting two different sulphur sources. The
ferropicrite lavas and gabbro—wehrlite intrusions display
variable S-isotope compositions with 8*'S ranging from
—3 to 8%o (Grinenko & Smolkin, 1991; Melezhik et al.,
19944) but consistently the margins of the layered bodies
show higher 8*'S than their interiors. Grinenko & Smolkin
(1991) suggested that local assimilation of country-rock
sulphur during emplacement of the flow caused the high
&*S at the margin.

Similarly, Melezhik et al. (19944) emphasized the large
variation of 8**S in the ferropicritic rocks. They suggested
that the S isotopic composition of the parental magmas
was initially mantle-like (8*S = —0-5-1-5%0) but has
been modified by sediment assimilation during the
magma emplacement. Those workers also proposed that
the average S contents of the ferropicritic flows and
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intrusions are too high to be of pure mantle origin. They
calculated that ~25-65% of the sulphur is derived from
the sediments.

In summary, sulphur and radiogenic isotope data are
consistent with the hypotheses that during eruption and
intrusion into the productive pile the ferropicrite magma
locally assimilated sediments. However, trace element
and isotope data constrain the amount of contamination
to <10%. Unfortunately, the S content and the S solubility
of the ferropicrite melt are not well constrained. It is,
therefore, not apparent whether this amount of as-
similation was sufficient to trigger sulphide saturation in
the ferropicrite melt.

CONCLUSIONS

Very important Ni-Cu sulphide resources are found in
the intracontinental environment and are associated with
ultramafic volcanic rocks, such as komatiites, and with
basalt provinces derived from mantle plumes. The de-
posits of the Pechenga Complex are also associated with
ultramafic ferropicritic volcanic and intrusive bodies that
are part of a thick volcanic—sedimentary sequence.

Trace element and isotope data have shown that
gabbro—wehrlite intrusions hosting the mineralization
and ferropicritic lava flows are comagmatic. Intrusive
and volcanic rocks were derived from a parental magma
that had MgO contents of 15-19 wt % and was unusually
rich in FeO, averaging 15-16 wt % (e.g. Hanski, 1992).
These features have been acquired during the partial
melting process and assert the unusual mantle com-
position from which the ferropicrites have been derived.

The radiogenic initial Os isotopic composition (Yo,
~ 6) obtained for the ferropicritic parental magma is also
unusual because the Pechenga ferropicrites are the oldest
rocks showing evidence for the presence of a mantle
source with a long-term Re enrichment (Walker et al.,
1997). However, the PGE concentrations do not indicate
unusually high abundances in the source region, as the
maximum concentration of ~7 ng/g Pt and Pd, 2 ng/g
Ir, Os and Ru, and low Pd/Ir ratios (~10) are typical
features of ultramafic magmas.

Segregation and accumulation of sulphide liquids
mainly controlled the distribution of the PGE in the lava
flows and intrusive bodies. In several differentiated flows
and layered intrusion the PGE concentrations together
with S and Cu contents systematically increase towards
the base of the magma bodies. The highest concentrations
of chalcophile and siderophile elements occur in massive
sulphides at the contact of intrusion and host rock,
reaching ~4 wt % Cu, 7 wt % Ni, 1 pg/g Pt and Pd
and <90 ng/g Ir, Os, Rh or Ru. In volcanic rocks closely
representing the liquid composition of the ferropicrite
melt all PGE correlate well with each other and behave
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compatibly. This PGE distribution can be described by
the fractional segregation of a sulphide liquid. This model
predicts that the relative sulphide-silicate partition co-
efficients vary by a factor of 19 and decrease in the
sequence of Ir, Rh, Os, Ru, Pt, Pd. Assuming that the
partition coeflicients are of the order of 45 000-85 700
(Fig. 6) only very small amounts of sulphide, which imply
large R-factors of 10*-10°, are necessary to describe the
PGE variation in the ferropicritic flows. The significantly
different sulphide—silicate partition coefficients for Pd and
Ir and the high R-factor cause the fractionation of Pt
and Pd from Ir as sulphides are segregating, thus Pt/Ir
or Pd/Ir ratios increase with decreasing Ir concentrations
(Fig. 9).

Sulphide immiscibility was probably triggered by the
assimilation of S-rich sediments hosting the ore-bearing
intrusions. The sulphide liquids segregated and pooled
at the base of the intrusions. Then, during fractional
crystallization of Mss, massive sulphide ores formed at
the interface of intrusion and underlying sediments. In
some cases the residual sulphide liquid has been squeezed
out and filled open faults and cavities in the country
rock.

The low PGE tenor in massive sulphides implies low
R-factors of <1000. As a consequence, the parental
sulphide liquids must have had PGE ratios, such as Pt/
Ir, that were similar to that of the silicate liquid from
which they were derived. However, many of the sulphides
have higher Pt/Ir ratios. This observation can partly be
explained if the parental sulphide liquid equilibrated with
ferropicritic melts of varying composition as a result of
the fractionation of silicates, oxides or sulphide liquids.
In addition, ratios such Pt/Ir, Pd/Ir, Pt/Os or Pt/Ru
have been increased during the fractionation of the
parental sulphide liquid as Mss crystallized. During this
process Pd and Pt become enriched whereas Ir, Os and
Ru become depleted in the residual sulphide liquid. Its
chemo-physical properties suggest that the sulphide liquid
1s highly mobile and is able to partly assimilate sedi-
mentary country rocks.
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