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PREFACE

This guidebook has been prepared for the field
conference on ‘The Geology and Ore Deposits of
the Pechenga Greenstone Belt’ that will take place
in Zapolyarny, Russia in August of 1996 as an
essential component of field conference and
symposium on ‘Layered Mafic Complexes and
Related ore Deposits of Northern Fennoscandia,
Finland, Norway, Russia (Kemi, Penikat, Keivitsa,
Seiland, General’skaya, Pechenga) that will be held
in the framework of International Geological
Correlation  Program  (IGCP) Project 336
(‘Petrology and Metallogeny of Intraplate Mafic
and Ultramafic Magmatism’). The five-year-long
IGCP project was begun in 1992 to investigate the
petrology and metallurgy of various intracontinental
mafic igneous provinces with an overall goal of
establishing geological criteria for targeting mineral
deposits in such environments.

The principal goal of the 1996 meeting is to
introduce to the international scientific and
exploration communities the world-class ultramafic
hosted sulphide Ni-Cu deposits and certain
advances in our understanding of the structure,
stratigraphy, magmatic history and ore-forming
processes of the Early Proterozoic Pechenga
Greenstone Belt. The four-day-long field trip
(August 27-30) is designed to provide an overview
of the general geology of the Pechenga Belt, where
it is most exposed in the central Pechenga area; and
it will focus on the two ultramafic hosted sulphide
Ni-Cu deposits. The two active mines, the Severny
underground mine and Pilgujdrvi open pit mine,
highlight the stratigraphic and tectonic location of
those deposits which provide ca. 80% of current
mining activities in the area.

This excursion guide starts with a brief description
of the bedrock geology of the Pechenga Greenstone
Belt in the county of Murmansk, north-west Russia.
The development of geological research in this area
and current understanding and interpretation of the
geological history are presented. The main part of
the guide consists of description of 18 excursion
localities with emphasis placed on stratigraphy,
geochemistry and aspects of sedimentology,
volcanology and palaeotectonics as well as on
structural position, isotope geochemistry and origin
of ultramafic-hosted sulphide Ni-Cu ores. Some
localities are situated along or close to roads while
other are located far away from any roads and can
be accessed only by hiking as far as 5 kilometres
both ways. All localities have references to east and
north co-ordinates of the 1:50,000 topographic
maps produced by the Topography and Geodesy
Agency of the former USSR. A simplified map of
the bedrock geology is included in the guide.

Descriptions of the localities are organised
according to a fixed standard. In addition to the
references to topographic maps, each locality
includes key words referring to lithostratigraphic
units and other important geological information
which may be examined at this particular locality.
The locality numbers are also indicated on the
stratigraphic table.

We thank AK. Regningen and P. Ryghaug for
digitising the geological map and the section of the
Mt. General’skaya layered gabbro massif.

C. Kandolf reviewed the English of the manuscript.

Victor Melezhik & Morten Often
June 30, 1996



CONTENTS

GENERAL GEOLOGY AND EVOLUTIONARY HISTORY OF
THE EARLY PROTEROZOIC PECHENGA GREENSTONE BELT, V.A. Melezhik .........cccccoovmimciicicnne 6

DIFFERENTIATED GABBRO-WEHRLITE INTRUSIONS,
‘FERROPICRITIC’ LAVA FLOWS AND ASSOCIATED
SULPHIDE Ni-Cu ORES, V.A. Melezhik & St.V. SoKOIOV ...t 31

EARLY PROTEROZOIC LAYERED MAFIC-ULTRAMAFIC
MASSIF OF MT. GENERALSKAYA, V.A. Tel’nov, A.N. Bolshakov,
V.V. Distler, D.M. Tourovtsey & V.A. MEIEZhIK ..........cccoeveririiriiriierciencirtinteieeeenieseesseesesanesssssssesessessanasessssssessanenes 51

EXCURSION ITINERARY ..ottt es st as st bbb et a b b et st st n e b e s st s e s sr et e e esnenaenes 70

PLATE 1. GEOLOGICAL MAP OF THE PASVIK-PECHENGA BELT, 11:200,000. Melezhik, V. A., Sturt, B.A,,
Mokrousov, V.A., Ramsay, D.M., Nilsson, L.P. & Balashov, Yu.A. 1995: The Early Proterozoic Pasvik-Pechenga
Greenstone Belt: 1:200,000 geological map, stratigraphic correlation and revision of stratigraphic nomenclature. In: Roberts,
D. & Nordgulen, O. (eds), Geology of the eastern Finnmark-western Kola region. Norges Geol.Unders. Special Publ., 7, 81-
91.


















and should be excluded from future geodynamic
models.

The NPG, discordantly lying on Archaean
basement, is composed of four major sedimentary-
volcanic cycles (Zagorodny et al. 1964), each
separated by a nondepositional unconformity
generally marked by palacoweathering (Melezhik &
Sturt 1994), and each beginning with sedimentary
rocks and ending with a thicker pile of mainly
basaltic volcanic rocks The cumulative stratigraphic
thicknesses of the sedimentary and volcanic rocks
are 1 000-1 600 m and 10 000-12 000 m,
respectively. The NPG is divided into eight
formations (previously known as ‘subsuites’,
Zagorodny et al. 1964), which are, from oldest to
youngest, the Neverskrukk (former Lower
Ahmalahti  Subsuites), Ahmalahti  Volcanic,
Kuetsjarvi, Kolasjoki and Pilgujirvi Sedimentary
and Volcanic Formations (Table 1). The Pilgujarvi
Sedimentary (other common name is the
‘Productive’ Formation, (e.g. Gorbunov 1968),
hosts the Pechenga Ni-Cu deposits. The rocks have
undergone zonal metamorphism from prehnite-
pumpellyite to greenschist facies in the central part
of the Pechenga and Pasvik portions of the belt to
epidote-amphibolite facies towards the peripheral
zones (Belyaev et al. 1977; Petrov & Voloshina
1995).

The lower age limit of the NPG is constrained by
inclusions in the basal Neverskrukk conglomerates
of pebbles (Bakushkin & Akhmedov 1975) of the
2453142 Ma (Sm-Nd, Bakushkin et al. 1990) Mt.
General’skaya layered gabbro-norite intrusion. The
upper age limit of the NPG is younger than three
ages obtained for rocks of the lower part of the
Pilgujarvi Volcanic Formation: 1990+66 Ma old
ferropicrites (Sm-Nd, Hanski et al 1990); 197015
Ma old rhyolitic tuffs (U-Pb-zircon, Hanski et al.
1990); and 1980+44 Ma old tholeiitic basalts (Rb-
Sr, Mitrofanov et al. 1991).

4.1. North Pechenga Group

The Neverskrukk Formation is the basal formation
of the NPG, lying unconformably on a sporadic
Archaean regolith (Sturt et al. 1994) and comprising
a base of immature closely packed, poorly sorted,
framework-supported conglomerates which can be
shown to have local sources. The boulder and
pebble framework of the conglomerates generally is
composed of Archaean plagioclase granites,
plagioclase-microcline  granites, gneisses and
amphibolites. In the Mt. General'skaya area (Fig. 2)
the formation also includes gabbro-norites derived

11

from the underlying layered intrusion (Bakushkin &
Akhmedov 1975), and in Bratthi it contains round to
elliptical peblles of Archaean iron formation
(Siedlecka et al. 1985; Sturt et al. 1994).

The conglomerates become more matrix-supported
in the upper part of the formation, giving way to
grit- and sandstones These are sub-aerial, cross-
bedded to horizontally-bedded immature gritstones
and sandstones, which are in turn overlain by
tuffitic material and volcanic bombs.

The formation thickness ranges from 0 to 100 m,
but is up to 250 m in palaeotectonic valleys
(Predovsky et al. 1974) (Fig. 4). Alluvial channels
and fans, in combination with shallow water
ephemeral lakes are typical palacoenvironments of
the formation. At least two major NW-SE and NE-
SW orientated rivers were active, recorded in thick
fluviatile deposits along two palaeovalleys
Melezhik 1992) (section 4 and 10, Fig. 4).

The Ahmalahti Volcanic Formation has a
gradational contact with the underlying sedimentary
formation and is composed of sub-aerially
deposited amygdaloidal basalts, basaltic andesites
and andesitic dacites (Predovsky et al. 1974). In
eastern Pasvik, the lower part of the formation is
locally represented by basalts and basaltic andesites
with star-shaped glomerocrystic feldspar aggregates
(Lieungh 1988). The upper part comprises mainly
amygdaloidal ~ sub-alkaline  andesites  with
subordinate picritic lapilli tuff and thin lenses of
volcanoclastic graywacke sandstones. The thickness
of the formation is 50 to 1500 m (Fig. 4) and is
controlled by transverse synvolcanic tectonic
blocks, with the greatest thickness occurring in the
north-west corner of the Western Rift Graben and in
the Mt. General'skaya area within the Central Rift
Graben (Fig. 3).

The formation consists of MgO-rich basalts and
basaltic andesites (e.g. 51 wt% SiO,, 0.6 wt% TiO,,
10 wt% MgO), which were compared to komatiitic
volcanics (Fedotov 1985). REE patterns of the
volcanic rocks are characterized by weak
enrichments in LREE (Fig. 5). Andesitic dacites
located in the middle part of the formation have
been dated at 2330+38 Ma (Rb-Sr, Balashov et al.
1991). An eruption centre exposed near Zapolyarny
in the middle part of the formation contains
numerous, partially melted and assimilated,
basement-derived granite, granite-gneiss and






amphibolite fragments, suggesting the rift was
underlain by continental crust at this time.
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Fig. 5 Chondrite-normalized rare-earth element diagrams for
Ahmalahti volcanites (Meleezhik et al. 1994a).

The Akhmalahti volcanic rocks do not show any
features  suggesting  deposition in  marine
environments and are therefore considered to be a
result of eruption and deposition in sub-aerial
conditions (Predovsky et al. 1974), followed by
local weathering, particularly in the Western and
Central Rift Grabens.

The Kuetsyarvi Sedimentary Formation lies on
weathered basalts of the Ahmalahti Volcanic
Formation (Predovsky et al. 1974) and consists of
basal current-bedded quartzitic gritstones to
sandstones (Quartzite Member), overlain by red-
coloured dolostones, dololutites, doloarenites,
dolorudites, stromatolitic and oncolithic dolostones,
and subordinate amounts of sedimentary dolomite
breccia with tuff matrix (Dolomite Member). Ripple
marks, mud cracks, synsedimentary folds,
sedimentary breccias, planar and smal scale trough
cross-bedding are typical features of these
rocks.The formation thickness is 15 to 150 m (Fig.
4) and is strongly influenced by a number of
transverse syndepositional faults (Melezhik 1992),
with the greatest thicknesses observed in sections
located within the Western and Central Rift
Grabens (Fig. 3 and 4).

Kuetsjérvi terrigenous and carbonate sediments are
enriched in LREE (Fig. 6), indicating a continental
crustal source. The carbonate rocks

display unusually ‘heavy’ carbon isotopes, up to
10%0 (Karhu & Melezhik 1992; Melezhik & Fallick
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1996). The palacoenvironment of these deposits is
interpreted to include either delta plains and
lagoons (Predovsky et al. 1974) or delta plains and
evaporitic, shallow water lakes resembling present-
day East African Rift environments (Melezhik
1988).
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Fig. 6 Chondrite-normalized rare-earth element diagrams for
Kuetsjirvi sandstones (Kozlovsky 1987).

The Kuetsjarvi Volcanic Formation has a
gradational contact with underlying rocks. The
lower part of the formation (Orshoayvi Member)
comprises sub-aerial, amygdaloidal, magnetite- and
haematite-bearing hawaiites trachybasalt,
trachyandesite, mugearite and albitophyre with
subordinate picrite (Predovsky et al. 1974): Acid
volcanic rocks occur as thin flows, ignimbrites,
flow-breccias and thinly-banded tuffs. Basic

volcanic rocks occur mainly as thin flows with
occasional weathered flow-tops. Balashov et al.
(1993) reported the Rb-Sr age for the Orshoayvi
Member of 2214+54 Ma. The Orshoayvi Member is
separated from the upper part of the formation by an
irregular erosional surface and in the Western Rift
Graben by a thin, volcanoclastic conglomerate-
siltstone horizon capped with a 10 to 20 m thick
either pillowed basalt flow or basalts with columnar
joints (Conglomerate Member). The upper part
(Upper Basalt Member) is represented mainly by
sub-alkaline basalts with subordinate alkaline
basalts and mugearites. Upper Member basalts are
ubiquitously amygdaloidal and in places columnar,
with palacoweathering occurring on the surfaces of
several flows, suggesting breaks in



deposition and emergence. The formation thickness
varies from 50 m in Pasvik, to 2 000 m in the
Western Rift Graben (Fig. 3 and 4).Variations in the
thickness, facies and lithology of the volcanic rocks
are controlled by syndepositional transversal faults.
The Kuetsjdrvi volcanic rock REE patterns are
similar to those of the Ahmalahti volcanic rocks, but
some alkaline rocks are slightly enriched in HREE
(Fig. 7). The Kuetsyarvi volcanic rocks have high
TiO; (1.4-3.0 wt%), Fe,0; (12.3-18.1 wt%), Na,O
(3.0-5.4 wt%) and P,0s (0.2-0.4 wt%) contents
compared to the Ahmalahti volcanic rocks (0.7-1.0
wt% TiO,, 9.3-13.0 wt% Fe,03, 2.9-3.8 wt% Na,0,
and 0.1-0.3 wt% P,Os) (Predovsky et al. 1974,
1987).

;100—E
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Fig. 7 Chondrite-normalized rare-earth element diagrams for
Kuetsjirvi volcanites (Melezhik et al. 1994a).

Predovsky et al. (1987) described the Kuetsjérvi
Volcanic Formation as a volcanic rock assemblage
typical of intracontinental rift environments. The
volcanic rocks were formed as a result of two stages
of sub-aerial eruption and deposition, separated by a
non-depositional break and by deposition of
conglomerates and siltstones of the Conglomerate
Member in ephemeral shallow water rift lakes.

The Kolasjoki Sedimentary Formation overlies an
irregular palaeosurface which is cut by a number of
palacovalleys. At  several localities near
Luchlompolo the Kuetsjérvi vulcanites immediately
adjacent to the Kolasjoki show signs of subaerial
weathering (Predovsky et al. 1974).

The weathered rocks, represented by altered
‘patchy’, black-and pink basalts, were only
preserved in the palaeotopographic heights and
were entirely removed by pre-Kolasjoki erosion in
the palacovalleys. The lower part of the formation
comprises numerous current-bedded sand channels
and red arkosic gritstones. The middle part is
represented by coarse-grained, red, hematite-rich,
arkosic gritstones and sandstones, and by sand- and
gritstones with frameworks of quartz amygdules.
The lower and middle parts are collectively named
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the Red Bed Member. The upper part (Dolomite
Member) consists mainly of red-coloured, Ba- and
Mn-enriched (both up to 2 wt%) dolomites
intercalated with and in the eastern Pechenga,
dominated by, jasper. The uppermost part of the
formation (Black Shale Member) is represented by
organic carbon (C,,)- and sulphur (S)-bearing
siltstones and basaltic and picritic tuffs. The contact
between the Dolomite and Black Shale Members is
usually tectonic. The total formation thickness
varies from 0 to 150 m in the Western Rift Graben
(Fig. 3 and 4) and is controlled by
palaecotopography and numerous transversal,
syndepositional, regional- to small-scale faults
(Melezhik 1992).

The Kolasjoki sediments contain clastic material
derived exclusively from the underlying Kuetsyarvi
volcanic rocks. In places the Red Bed Member
contains 5 to 10 m thick sandstone to gritstone
layers, composed of 80 to 90 % well-rounded
quartz grains resembling quartz amygdules,
implying deep erosion down to the amygdaloidal
Ahmalahti volcanic rocks. Many of the Red Bed
Member sediments were deposited within a number
of narrow alluvial palaeovalleys (Predovsky et al.
1974) whose walls extended up to 50-100 m
(Melezhik 1992).

The palaeoenvironment has been interpreted both as
alluvial channels and fan delta deposits combined
with  other lagoon deposits palaeovalleys
(Predovsky et al. 1974), and as a number of
isolated, highly saline, shallow water evaporitic
lakes within an intracontinental rift valleys
(Melezhik 1987, 1992).

The Kolasjoki Volcanic Formation locally has a
tectonised contact with the underlying sediments.
The rocks are mainly tholeiitic basalts with
subordinate Fe;Oj,- and TiO,-enriched picrites
(15.2 and 1.5 wt%, respectively), occurring as
pillowed and massive basalt flows, flow breccias
and hyaloclastites (Predovsky et al. 1974, 1987). A
Rb-Sr age determination on tholeiites yielded
2114+52 Ma (Balashov et al. 1991). The volcanic
succession is intruded by numerous gabbro sills
which expose either massive or columnar
appearance. REE patterns are flat but slightly
LREE-enriched (Fig. 8). On the basis of bulk
composition and the dominance of pillow basalt, the
Kolasjoki tholeiites are considered to be
intercontinental rift, submarine volcanic deposits
(Predovsky et al. 1987).
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Fig. 8 Chondrite-normalized rare-earth element diagrams for
Kolasjoki volcanites (Kremenetsky & Ovchinnikov 1986;
Melezhik et al. 1994a).

A 50 to 150 m thick black shale horizon (Black
Shale Member), thickest in the Western Rift
Graben, divides the Kolasjoki volcanic pile into the
Lower and Upper Basalt Members. This horizon is
composed of S- and C,-bearing, thinly laminated,
fine-grained graywacke sandstones and siltstones
interbedded with basaltic tuffs, limestones and
microfossil-bearing cherts. REE patterns for
siltstones of the Black Shale Member (Fig. 9) are
the same as those of the Kuetsyarvi sediments and
thus reflect a similar type of continental crustal
source.
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Fig. 9 Chondrite-normalized rare-earth element diagrams for
Kolasjoki ‘black shales’ (Melezhik et al. 1994a).

Interpretations of the depositional environment of
the black shales range from an oceanic, deep water
trench (Negrutza 1984) or a lagoon (Predovsky et
al. 1987) to a moderately deep water lake within an
intercontinental rift (Melezhik 1992).

The Kolasjoki Volcanic Formation is absent in the
eastern part of the Pechenga Zone, but attains a
thickness of 2 000 m in the Western Rift Graben
(Fig. 3 and 4). This implies that the two faults
bounding the Western Rift Graben remained active
during Kolasjoki deposition, causing the graben to
deepen significantly. If a deep water trench
(Negrutza 1984) existed at this time, it likely
occurred within the Western Rift Graben. However,
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the presence of photosynthesizing blue-green algae
within the Black Shale Member (Melezhik et al.
1992), reflected by the microfossil-bearing cherts,
precludes such a deep water environment (unless
Proterozoic deep-water cyanobacteria have not yet
been recognised).

The Pilgujirvi Sedimentary Formation, also
known as the 'Productive Formation', is the
thickest sedimentary unit of the Pechenga Group.
The total thickness generally is 600 to 800 m, but
decreases to zero near the Russian-Norwegian and
Norwegian-Finnish borders and rises to 1 000 m in
the Western and Eastern Rift Grabens (Melezhik et
al. 1988, Fig. 3 and 4). The sedimentary and
sedimentary-volcanic rocks of the 'Productive’
Formation are the host rocks for all the ultramafic
intrusions and flows with economically interesting
sulphide Ni-Cu deposits. This gives the 'Productive’
Formation rocks a key position for the
understanding of the ore-forming processes. The
sedimentary succession is intruded by numerous
gabbro sills.

The formation consists of three members: A, B and
the 'Upper' or Lammas Members. Member A
consists of C,,- and S-bearing, horizontally
laminated, arkosic and graywacke sandstones and
siltstones with subordinate polymicitic
conglomerate lenses. Member B is dominated by
black, highly carbonaceous and sulphidic
graywacke and Bouma cycle rhythmites (Akhmedov
& Krupenik 1990) interbedded with basaltic tuffs.
Typical features of Member B are finely laminated
rhythmites with pyritic layers and concretions,
current-bedded sediments and synsedimentary
folded and eroded layers. Also characteristic are
sedimentary breccias and dikes, and abundant
diagenetic carbonate layers and lenses (Melezhik &
Abzalov 1989). These lithologies have been
interpreted in many ways: a shallow water marine
environment (Predovsky et al. 1974); a moderately
deep- and fresh-water lake environment within a
seismically active intercontinental rift system
(Melezhik 1987; Melezhik et al. 1988) with short-
lived embryonic 'black smokers' (Melezhik 1992);
an oceanic, deep-water (3 000 to 5 000 m) trench
(Negrutza 1984); and a deep-water oceanic
continental slope environment (Akhmedov &
Krupenik 1990). REE patterns for Member B of the
Productive Formation (Fig. 10) are similar to those
of the Kuetsjdrvi and Kolasjoki sediments (Fig. 6,
9), suggesting that sediment was still continentally
derived during the deposition of the Productive
Formation.

The Lammas Member is represented by ferropicritic
tuffs and tuffites with pyrite and
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Fig. 10 Chondrite-normalized rare-earth element diagrams for
Pilgujirvi‘black shales’ (Melezhik et al. 1994a).

carbonate nodules. The thickest section occurs in
the Eastern Rift Graben, where it consists of mainly
ferropicritic tuffites and occupies about 75 percent
of the thickness of the Productive Formation
Predovsky et al. 1974). Two alluvial fan systems are
developed near Kierdzhipori in the Western Rift
Graben (Fig. 4, section 8) and Lammas in the
Eastern Rift Graben (Fig. 4, section 12). The
Kierdzhipori system comprises phosphorous-
bearing (up to 5 wt% P,0s), polymictic, current-
bedded, fine-grained arkosic conglomerates,
gritstones and sandstones. The Lammas fan is
dominated by matrix-supported conglomerates.
Pebbles and some large (up to 2 m) granite boulders
of probable Archaean provenance lie in the
graywacke and Productive Formation ferropicritic
tuffitic matrix. Both fan systems are interpreted
either as long-lived palaeoalluvial fans (Melezhik et
al. 1988) or submarine slope slides (Akhmedov &
Krupenik 1990).

The Pilgujirvi Volcanic Formation has a
gradational contact with the Productive Formation.
The volcanic formation is dominated by tholeiitic
basalts occurring as pillowed and massive flows,
flow breccias and tuffs, with subordinate amounts of
ferropicritic and acidic volcanic rocks (Zagorodny
et al. 1964; Predovsky et al. 1974). The formation
can be informally divided into six members
(Melezhik et al. 1995).The succesion starts with the
Basalt-Pycrite Member,a 750 m thick unit of
massive tholeiitic basalts interbedded with a number
of ferropicritic flows. The Lower Basalt Member is
a 600 m thick pile of tholeiitic basalts both massive
and pillowed. It is overlain by the Rhyolite Member
which is ca. 500 m thick horizon of rhyolite, dacite
and andesite tuffs and flows alternating with
tholeiitic lavas. This rock assemblage is developed
in the Western and Central Rift Grabens (Fig. 3).
The Middle Basalt Member is 500 m thick and is
dominated by massive and pillowed tholeiitic
basalts with a subordinate amount of basic tuffs.

The Upper Basalt Member, also 800 m thick,
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consists of massive and pillowed tholeiitic basalts
intercalated with basaltic tuff and volcanoclastic
sediments. The formation ends with the Suppavaara
Member consists of predominantly tholeiitic
pillowed lavas. The proportions of different
volcanic rocks in each member are indicated in
Table 2. The total formation thickness exceeds 3
000 m in the Western Rift Block, decreasing to 1
000 m to the east and west (Fig. 4).

Table 2. Volume percantafes of various volcanic rocks in
different members of the Pilgujarvi Volcanic Formation
(Rusanov1981).

Member* 1 2 3 4 5 6
Massive and layered ferro-
picritic lavas 7 - 2 - 3 -
Ferropicritic pillowlavas 3 - 1 - 2 -
Ferropicritic tuffs 1 - 1 - 1 -

60 47 50 57 45 28
5 50 30 40 40 70
20 3 3 3 2 2

Massive tholeiitic lavas
Tholeiitic pillow lavas
Fine-grained basic tuffs
Medium- to coarse-grained
basic and andesite tuffs 5 -5 - 8 -
Dacite and dacite-liparite

porphyrites - -5 - - -
Felsic tufs - - 3 - - -

The members are named according to Melezhik et
al. (1995): 1-Basalt-Pycrite Member, 2-Lower Ba-
salt Member, 3-Rhyolite Member, 4-Middle

Basalt Member, 5-Upper Basalt Member, 5-Suppa-
vaara Member.

Gabbro and gabbro-dolerite sills are most
voluminous  within the Pilgujdrvi Volcanic
Formations. Major volume of gabbro and gabbro-
dolerite sills are observed within both the Western
Rift Block and Central Rift Block.

All mafic volcanic rocks of the Pilgujéarvi Volcanic
Formation are enriched in TiO, (1.8-2.2 wt%) and
Fe O3 (14.1-18.7 wt%) and are classified as
intercontinental rift volcanic rocks (Predovsky et al.
1987). REE patterns of the Basalt-Picrite Member
are close to NMORB (La/Yb)x=1.0, Fig. 11a. The
Lower Member basalts are characterized by a weak
enrichment in LREE (La/Yb)y=1.2, Fig. 11b, while
those of the Suppavaara Member are enriched in
LREE (La/Yb)x=1.8, Fig. 11c. These data suggest
that the Pilgujdrvi volcanic magma source was
continually evolving, culminating in the production



of Upper Basalts with distinct continental

characteristics.

REE patterns of the ferropicrites (Fig. 12a, b, c),
gabbro-wehrlite bodies (Fig. 12b) and acidic
volcanic rocks (Fig. 12d) are similar to each other,
but are significantly different from those of the
tholeiites (Fig. 11a, b, c).
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Fig. 11 Chondrite-normalized rare-carth element diagrams for
Pilgujdrvi basalts (a-Kremenetsky & Ovchinnikov 1986; b, c-
Melezhik et al. 1994a).
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Fig. 12 Chondrite-normalized rare-earth element diagrams for
Pilgujirvi ferropicrites and gabbro-wehrlites (a, b-Hanski &
Smol’kin 1989; Melezhik et al. 1994a; c-Hanski & Smol’kin
1989; d-Melezhik et al. 1994a).

4.2. South Pechenga Group

The South Pechenga Group (SPG) has an
approximate tectonostratigraphic thickness of 6000
m (Predovsky et al. 1974) and occurs entirely
within the Southern (structural) Zone of the
Pechenga-Pasvik Belt. The SPG generally is in fault
contact with the NPG in the north, and is
overthrusted by an Archaean complex containing a
number of the early Proterozoic granodiorite
intrusions (Plate 1). According to the geotectonic
model presented in Melezhik & Sturt (1994), the
succession of the SPG is tectonostratigraphy rather
than stratigraphy. From north to south, the SPG is
composed of the following major formations ore
lithological units: the Kallojavr, Bragino, Mennel’,
Kaplya, Kasesjoki, Tal’ya and Lake Pestchanoe
Formations (Ansemjoki tholeiitic basalts). Contact
relationships between the formations are not well
understood.  The  rocks are  generally



metamorphosed under greenschist facies conditions,
with the degree of metamorphism reaching
amphibolite facies along the southern thrust contact
and in the eastern flank of the Southern Zone
(Belyaev et al. 1977; Petrov & Voloshina 1995).
The five SPG formations, which we adapted from
the previous study (Zagorodny et al. 1964;
Predovsky et al. 1974) are as follows: the Kallojavr,
Bragino, Mennel’, Kaplya and Kasesjoki
formations. We added three extra formations to the
SPG for the same reasons as in Melezhik et al.
(1994a). These are the Fagermo, Tal’ya and the
Lake Pestchanoe formations (Ansemjoki basalts).

Apart from the dubious stratigraphy of the SPG, the
relationship between the latter and NPG is not fully
resolved (Zagorodny et al. 1964). Predovsky et al.
(1974) considered the SPG to be younger than the
NPG, although the SPG ‘black shales’ (Kallojavr
Formation) (Plate 1) and the Productive Formation
‘black shales’ were thought to have formed
synchronously though in different tectonic
environments and from essentially different sources
(Golubev et al. 1984; Melezhik et al. 1988). In
other words, it was considered that the ‘black
shales’ of the SPG are the stratigraphic equivalent
of the rocks of the Productive Formation. Galdobina
& Melezhik (1986), however, considered that the
Ansemyoki tholeiitic basalts (Lake Pestchanoe
Formation) (Plate 1) could be the stratigraphic
equivalents of the Pilgujirvi tholeiites. The latter
interpretation implies tectonic imbrication of the
SPG (Melezhik & Sturt 1994).

The stratigraphic equivalent of the SPG of the
Pechenga Belt at Pasvik is the Langvannet Group.
This group is poorly exposed and little studied.
Although all the lithology of the South Pechenga
Group from the Pechenga Belt has been identified
among the rocks of the Langvannet Group, their
geological boundaries can not be yet drawn on the
map. Therefore, all the lithologies are included in
the undivided Langevannet Group. At this stage
only the Fagermo Formation of the Langevannet
Group can be separetely shown on the map as its
content and boundaries are well studied.

The radiometric age of the SPG has not been fully
constrained. Balashov et al. (1991) obtained a Rb-
Sr isochron age of 1855+54 Ma (Rb-Sr) on
andesites of the Kaplya Formation and 1865+58 Ma
(Rb-Sr) on picrites of the Bragino Formation. The
youngest, but probably not reliable, reported SPG
age is 1729+35 Ma (Rb-Sr, Balashov et al. 1991)
for subvolcanic bodies of andesitic composition
which are intruded along the Poritash Fault (Fig. 1,
Plate. 1). The Litza-Araguba granites, considered to
represent the latest magmatic event associated with
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the Pechenga-Pasvik Belt, have been dated at
1810+50 Ma (U-Pb-zircon, Pushkarev et al 1978).

For the full lithological and geochemical
description of all seven formations of SPG we refer
to Predovsky et al. (1974), Melezhik et al. (1994a)
and Mitrofanov & Smol’kin et al. (1995)

The seven SPG formations are described below,
from oldest to youngest.

The Kollajavr Formation is generally separated
from the Pilgujarvi Volcanic Formation by the
Poritash Fault (Fig. 2) but the contact has not been
fully investigated. The Formation comprises quartz-
sericite-plagioclase  siltstone and  carbonate
rhythmites, collectively named 'black shales', which
are often highly enriched in S and C,, (up to 15
wt%). These rocks carry abundant, thin lenses of
Corg- and S-rich’chert. The Kollayavr black shales
are entirely different from those of the NPG
Productive Formation in that they are derived from
andesites (Melezhik et al. 1988). The formational
thickness is ca. 400-1,200 m (Predovsky et al.
1974).

The Bragino Formation, up to 2,300 m thick,
consists of tuffs and lava flows of andesites, high-
Mg andesites, basalts, picrobasalts and picrites. The
formation is poorly defined and apparently
represents the rocks of different formations which
are arranged as a number of small-scale plates
overthrusted one above other.

The Mennel' Formations, up to 1,300 m thick,
consists of picritic pillowed flows, flow-breccias
and lapilli tuffs with subordinate picritic
volcanoclastic rocks. Near Lake Bragino, the
eastern flank of the South Zone, the picrites form a
palaecovolcano where they occur as a complex
assemblage of pillowed and massive picritic flows
and flow-breccias with interbedded picritic
conglomerates and gritstones. This palaeovolcano
was probably coeval with the Porojarvi andesites,
producing laterally interfingering andesitic and
picritic volcanites (Melezhik et al. 1994a).

The high Ti contents (average 1.5 wt%) of the
picrites (Predovsky et al. 1974, 1987) have been
attributed to magmatism in an extensional
environment (Predovsky et al. 1974, 1987; Hanski
& Smol’kin 1989) such as a continental rift system,
craton or collisional zone, but not an oceanic or
plate margin setting (Condie 1989). REE patterns in
the Mennel' Formation (Fig. 13a and 13b) are both
flatter and less LREE-enriched than those of the
Bragino andesites, suggesting that the coeval
andesites and picrites have significantly different



sources. One explanation could be that the two rock
types were tectonically emplaced, suggesting the
overlap of an intercontinental rift with an arc
system.
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Fig. 13 Chondrite-normalized rare-earth element diagrams for
Mennel’ picrites (Melezhik et al. 1994a).

The Fagermo Formation consists of a complex
assemblage of pillowed and massive picritic flows
and flow-breccias with interbedded picritic
conglomerate, graded, C,,-bearing sandstones,
siltstones and mudstones and minor basaltic flows
with a total thicknees of 500 m. The picritic lavas
are represented by Ti-rich ultramafic rocks
consisting of serpentine, talc, tremolite and
clinopyroxene. This picritic rock assemblage
alternates and interfingers with  andesitic
volcanoclastic sediments and subordinate basalts.
The Fagermo Formation 1is a stratigraphic
equivalent of the Mennel’ Formation of the
Pechenga Belt. The reason that they are named
differently is that both represent a local
development and are separated by a 20 km gap
(Plate 1).

The Kaplya Formation forms a volcanic pile with a
thickness ranging from ca. 300 to 2 300 m. The
formation is characterised by massive andesitic
flows and banded tuffs with subordinate amounts of
andesitic volcanoclastic sediments (Predovsky et al.
1974) and porphyritic syenites (Melezhik et al.
1994a). Near Lake Poroyarvi, the andesites form a
palacovolcano where they occur as andesitic flow
breccias, volcanic agglomerates and tuffs, and rock
assemblages that are typical of hot and cold lahars.

The rocks range in composition from Mg-rich
andesites (53.1 wt% SiO,, 8.5 wi% MgO) to Mg-
rich basaltic andesites (50.0 wt% SiO;, 12.4 wt%
MgO, Skufin et al. 1988), reminiscent of the
modern boninitic volcanic series (Hickey & Frey
1982). However, some of the andesites are Al-rich
(up to 17.3 wt% Al,O3) and their REE patterns are
significantly different from those of real boninites
(Fig. 14a, b, ¢ and d). Boninites usually have a
'dish'-shaped  (upward  concave)  chondrite-
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normalised REE pattern with overall REE
abundances around 2 to 10 times those of average
chondrite (Hickey & Frey 1982). In this case, this
characteristic pattern is not present.

7 a
;100?
-3 O
a N
= ]
o
=
L 10 -
£ 3
S 3 High-Mg basalt,
. 4 Kaplya Formation
1 T T T T T T T T T T T T T T 1
La Ce Nd Sm Eu Tb Er Yb Lu
b
;100 =
-3 pai
a :
= I
=]
=
2 10 4
] =
S 7 High-Mg andesite,
= 4 Kaplya Formation
1 T T T T T T T T T T T T T T 1
La Ce Nd Sm Eu Tb Er Yb Lu
c
;100?
-3 i
= 1
z
=
=
2 10 -
bed ]
8 f Andesite,
= Kaplya Formation
1 T T T T T T T T ¥ T T T T T 1
La Ce Nd Sm Eu Tb Er Yb Lu
(continueg)
d
;100 =
o2 E
= 3
= ]
o .
=
e 10
b B
4 1 Andesite,
= - Kaplya Formation, Porojarvi Palacovolcano
1 ¥ T T T T T T T T T T T T T 1

La Ce Nd Sm Eu Tb Er Yb Lu
Fig. 14 Chondrite-normalized rare-earth element diagrams for
high-Mg basalts (a), high-Mg andesites (b) and andesites (c) of
the Kaplya Formation; and for andesites of the Porojarvi
Palaeovolcano (d) (Melezhik et al. 1994a).

Porphyritic syenites, with distinctly different REE
patterns (Fig. 15) from those of the andesites (Fig.
14d), also are sporadically developed. '
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Fig. 15 Chondrite-normalized rare-earth element diagrams for
porphyritic andesites of the Kaplya (Melezhik et al. 1994a).

The Kaplya andesites are described as typical
orogenic association rocks (Predovsky et al. 1974,
1987; Skuf’in et al. 1988).

The Kasesjoki Formation is 1 000 to 3 000 m thick
and is represented by andesitic volcanoclastic
sediments with sporadic, 10 to 50 m thick
conglomerate layers at the base and rhythmic-
bedded sandstones and siltstones with subordinate
basalts in the middle and upper parts. The
conglomerates contain iron-quartzite pebbles and
numerous andesite pebbles which bear pre-pebble
tectono-metamorphic fabrics, implying that the
Kaplya andesites were subjected to deformation and
metamorphism probably related to a compressional
orogenic event (Melezhik et al. 1991) prior to uplift
and erosion.

The Tal'ya Formation is probably the youngest
formation of the SPG. In the north, the formation
has a normal stratigraphic contact with the
Kasesyoki Formation. In the south, the formation is
overthrusted by an Archaean granite-gneiss
complex that is penetrated by a number of granite,
granodiorite and diorite intrusions, including the
1810£50 Ma (Pushkarev et al. 1978) Litza-Araguba
granites (Plate 1). The 100 to 1 000-1 500 m thick
Tal'ya Formation is represented mainly by highly
metamorphosed, horizontally bedded, andesitic
volcanoclastic sandstones. REE patterns (Fig. 16)
are similar to those of the Kaplya andesites (Fig.
14b, ¢ and d).
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Fig. 16 Chondrite-normalized rare-earth element diagrams for
andesitic volcanoclastic sediments of the Tal'ya Formation
(Melezhik et al. 1994a)

The Lake Pestchanoe (Ansemjoki) Formation,
mapped as pillow basalts of the South Pechenga
Group (Plate 1), comprises pillow and amygdaloidal
tholeiitic basalts and has a problematic stratigraphic
position. The formation comprises an 800 m pile of
pillow basalts occurring in the eastern flank of the
South Zone at Lake Pestchanoe. On the basis of
similar bulk compositions and REE patterns (Fig.
17), the Lake Pestchanoe Formation basalts can
probably be correlated with the Pilgujdrvi Volcanic
Formation tholeiites (Fig. 11a, b, ¢).
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Fig. 17 Chondrite-normalized rare-earth element diagrams for
basalts of the Lake Pestchanoe Formation (Melezhik et al.
1994a).

3. Position of intrusive rocks in the stratigraphic
subdivisions of the Petsamo Supergroup

In the last few decades a substantial amount of
different intrusive rocks types were recognised and
mapped in the Pechenga-Pasvik Greenstone Belt.
Although numerous sills and intrusions are shown
on the map (Plate 1), only gabbro-wehrlite
intrusions and ferropicritic sills were studied in
detail (e.g. Predovsky et al. 1971; Zak et al. 1982;
Hanski 1992; Smol’kin 1992). Table 3 intends to
systematise all early Proterozoic intrusive rocks in a
time scale showing the stratigraphic subdivisions of
the Petsamo Supergroup. Positions of the gabbro-
wehrlite intrusions and the Poritash sub-volcanic
bodies as well as the undivided gabbro sills coeval
with the Ahmalahti, Kuetsjirvi, Kolasjoki and
Pilgujdrvi formations, are indicated on the attached
geological map (Plate 1). The Shuonijavr and
Kaskeljavr granodiorites can be also seen on the
map as the large sub-circular bodies south of the
Pechenga Greenstone Belt. The western intrusion is
called Shuonijavr, and the eastern one is
Kaskeljavr. A considerable outcropping of the
Litza-Araguba granites commences ca. 6 km east of
the south-eastern flank of the Pechenga Greenstone
Belt. It is represented by a small spot in the
southeastern corner of the map. The main



development is further to the east, off the map, as
the largest Early Proterozoic granite intrusions in
the Kola region. The gabbro and gabbro-
pyroxenites, sub-volcanic porphyritic picrites and
andesitic dacites are not shown on the map as they
developed as a number of very small bodies within
the South Pechenga Group. The sub-volcanic
porphyritic picrites intrude the Mennel’ Formation,
whilst sub-volcanic andesitic dacites were placed
among the rocks of the Bragino Formation. The
gabbro and gabbro-pyroxenites are less well
developed and can be found within different
formations of the South Pechenga Group. The
Nyasyukka gabbro-pyroxenites developed as a dyke
swarm ca. 8-10 km northeast of the northeast flank
of the Pechenga Greenstone Belt. The largest dyke
from this swarm is approximately 28 km long and
200 m wide. The Nyasyukka dykes are considered
coeval at 2.00 Ga and comagmatic with the gabbro-
wehrlites and ferropicrites of the Pechenga
Greenstone Belt. Gabbro and gabbro-dolerite sills
are most voluminous within the WRG when they
occur in the Kolasjoki Volcanic and Pilgujirvi
Sedimentary Formations. The Pilgujarvi Volcanic
Formations contain major volume of gabbro and
gabbro-dolerite sills within both the WRG and
CRG.

Thus, the Early Proterozoic magmatic activity
resulted in a series of intrusions which were placed
within the Pasvik-Pechenga Belt. Their relationship
with lithostratigraphical subdivision of the Petsamo
Supergroup is shown in Table 3.

4. Palaeoenvironment and history of
development

The palaeotectonic evolution of the Pechenga-
Pasvik Rift Zone has been the subject of many
scientific discussions. Many authors (Barbey et al.
1984; Hanski & Smol’kin 1989; Melezhik 1988;
Negrutza 1984; Predovsky et al. 1987; Sharkov
1984) favour an intercontinental rift model.
Berthelsen and Marker (1986) have suggested a
model involving continental rifting, subsequent
ocean-floor subduction and arc-continent collision.
Pharaoh et al. (1987) have proposed that the
Pechenga-Pasvik Zone was developed in a mature
continental volcanic arc. Smol’kin et al. (1995) has
developed a model involving a complex cycle of
evolution: arc formation-rifting-orogeny.

Based on the reviewed literature and the results of
the international research in the Pechenga area (eg.
Marker 1985; Hanski 1992; Melezhik et al. 1994a,
1994b; Sturt et al. 1994; Brewer & Daly 1994) we
propose below a five-stage rift model for the
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Pasvik-Pechenga Belt as based on Melezhik et al.
(1994a) and Melezhik & Sturt (1994). The five
stages of development are (Table 4): (i) an
intracontinental rift stage (2450-2330 Ma),
comparable with the present-day Afar Triangle and
East African rifts; (i{) a rift inversion and a
transitional stage from an intracontinental to an
intercontinental rift environments (2330-2000 Ma);
(iii) an intercontinental rift-aborted oceanic rift
stage (2000-1970 Ma), comparable with the
present-day Red Sea Rift System; (iv) a subduction
related rift stage (ca. 1970-1870 Ma); (v) a collision
related rift (1870 -1800? Ma).

Intracontinental Rift Stage (2450-2330 Ma).

The main evidence of the initial stages of Early
Proterozoic rifting on the Kola Peninsula is the
chain of 2450 Ma-old layered gabbro-norite
intrusions developed along the northern margin of
the eastern part of the Polmak-Opukasjarvi-Pasvik-
Pechenga-Imandra/Varzuga-UstPonoy Greenstone
Belt (Melezhik & Sturt 1994). After 2450 Ma, the
Pechenga-Pasvik area was affected by continuous
uplift, recorded by inclusions of Mt. General'skaya
gabbro-norite pebbles in the basal North Pechenga
Group Neverskrukk conglomerates (Fig. 18).

A combination of longitudinal and transverse fault
systems controlled the development of the
Pechenga-Pasvik rift and produced a half-graben
configuration. The main Pechenga half-graben was
separated by a number of long-lived, transverse,
syndepositional faults into three main sub-grabens:
the Western, Central and [Eastern Rift
Grabens.These grabens controlled the lithology,
facies and thicknesses of sedimentary and volcanic
rocks deposited within their respective basins.

The first rift sediments (Neverskrukk) were
fluviatile conglomerates and lacustrine grit- to
sandstones in the Western and Central Graben. The
first volcanic processes occurred earlier than 2330
Ma ago, and eventually produced Ahmalahti sub-
aerial basaltic to dacitic volcanic rocks with crustal
signatures. This sedimentary-volcanic cycle was
subjected to surface weathering prior to the next
phase of deposition.

The sedimentary-volcanic cyclic nature of
deposition became an essential feature of the
evolving Pechenga-Pasvik rift. Each cycle records a
temporal change from alluvial through shallow to
relatively deep water lacustrine conditions,
interrupted by violent volcanism which caused
cessation of sedimentation, except when surface
weathering and erosion continued. The cyclic






repetition may have been caused by a correlation
between high rates of crustal extension and graben

Table 4. Evolutionary scheme of Pechenga-Pasvik Greenstone
Belt - continental rift model (modified from Melezhik et al.
1994a).

Intracontinental Rift Stage (2450-2330 Ma), East
African Type
Rifting, 2450-2100 Ma

Layered gabbro emplacement.

Sub-aerial immature basal polymict conglomerate;
Sub-aerial basaltic andesites with komatiitic
affinities.

Transitional Intra- and Intercontinental Rift Stage
and Rift Inversion (2330-2000 Ma), Afar Triangle
Type

Rifting, 2100-2000 Ma

‘Red beds’, lacustrine evaporitic series 1;

Sub-aerial alkaline volcanic association.

‘Red beds’, lacustrine evaporitic series 2;

Submarine tholeiitic basalts, transitional to NMORB;

Deep-water lake ‘black shales’ 1;

Submarine tholetitic basalts, transitional to NMORB.
Intercontinental Rift-Aborted Oceanic Rift Stage
(2000-1970 Ma), Red Sea Type
Rifting and short tern spreading, 2000-1970 Ma

Moderately deep-water lake ‘black shales’ 2;
Moderately deep-water lake fossil ‘black smokers’;
Submarine tholeiitic basalts, approximately

NMORB;

Ferropicritic lavas and co-magmatic shallow-seated
differentiated ultramafic intrusions (Ni-type);
Sub-aerial or shallow-water rhyolitic and dacitic tuffs
and lavas;

Submarine tholeiitic basalts.

Subduction-Related Rift Stage (1970-1870 Ma)

Andesites, boninites, high-Ti picrites.

Collision-Related Rift Stage (1870-1800? Ma)

Postorogenic andesitic conglomerates;
Postorogenic shallow- to deep-water andesitic
volcanoclastic rhythmites;

Postorogenic granites.

Orogeny
Rift inversion
Non-depositional break
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collapse related to low continental crust thickness
(Melezhik 1988).

The second sedimentary-volcanic (Kuetsjérvi)
cycle, comprised of lacustrine evaporites and
alkaline volcanic rocks, represents the climax of
sub-aerial continental volcanism and sedimentation
within the Pechenga-Pasvik rift (Fig. c).

Rift Inversion and Transitional Intra- and
Intercontinental Rift Stage (2330-2000 Ma).
Prior to the deposition of Kolasjoki sediments, the
previously formed volcanic-sedimentary
successions were uplifted and eroded to depths of
more than 100 m by well-developed internal rift
river systems, implying that surface uplift on the
order of several hundreds of metres occurred (Fig.
19a). The rift appears to have been initiated as an
intracontinental rift structure (2450-2100 Ma) that
went through a stage of inversion prior to renewed
rifting and deposition of huge volumes of NMORB-
affinity tholeiites with minor black shales of the
Kolasjoki Volcanic Formation (Fig.19b).

Intercontinental Rift - Aborted Oceanic Rift
Stage (2000-1970 Ma).

The Pechenga sequence that was formed at the
earlier stages, between 2450 and 1990 Ma, may be
interpreted as the product of Palacoproterozoic
rifting with a progressive reduction of crustal
influence over time (Brewer & Daly 1994). The
Pechenga-Pasvik Rift Zone is thought to have been

constantly floored by continental crust since its
early development (Hanski 1992; Melezhik et al.
1994b), apart from a short period (Melezhik et al.
1994a) between the Pilgujarvi Lower Basalt
Member formation (1990+66 Ma) and the
occurrence of felsic tuffs and flows (19705 Ma).
Oceanic conditions may have dominated during this
short interval, as evidenced by NMORB basalts and
mantle-like 8*'S signatures of sulphides from the
Pilgujarvi Formation (Fig. 20, Melezhik et al.
1994b). It is possible that this rift stage was caused
by a rising mantle plume, like those described by
Campbell and Griffiths (1990) and Davies and
Richard (1992). This proposal has been also
discussed in Melezhik et al. (1994b).

This stage resulted in the eruption of extensive
volume

of NMORB-like tholeiites and a subordinate
volume of ‘ferropicritic’ magma with crustal
geochemical signatures. Abundante shallow-seated,
differentiated, sulphide Ni-Cu-bearing mafic-
ultramafic (gabbro-wehrlite), comagmatic with
‘ferropicrites’ intrusions were placed synchronously
with tholeiites and ‘ferropicrites’
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3. Rocks Related to the Ore-Forming Processes

The economically viable Ni-Cu deposits are hosted
by gabbro-wehrlite bodies and by ‘ferropicrite’
ultramafic flows lying within the Pilgujérvi
Sedimentary, or Productive’ Formation. These host
rocks are genetically and spatially related to other
volcanic rocks including 'ferropicrite’ tuffs, and acidic
tuffs and lesser flows, described below.

3.1. Gabbro-Webhrlites

Two different sets of gabbro-wehrlite intrusions can
presently be distinguished in the Pechenga Belt. The
first set of intrusions is weakly differentiated gabbro-
wehrlite bodies, which occur subconcordantly in the
Kolasjoki Volcanic Formation along the NW-SE
trending Kolasyoki Fault (Fig. 2). The second set is
weakly differentiated ultramafic flows and well
differentiated gabbro-wehrlite bodies. The latter
occur both discordantly and subconcordantly in the
Productive Formation. The ultramafic flows are
observed both in the Pilgujdrvi Sedimentary and
Volcanic formations. More than 226 differentiated
ultramafic-mafic bodies lie within the Productive
Formation. Twenty-five of these contain Ni-Cu
deposits of economic interest, 68 are classified as
'Ni-Cu-bearing’, and the remaining 113 are
described as 'barren' (Zak 1982), though several are
host to Ni-Cu ores (Fig. 3). Thicknesses of the bodies
generally range 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 1982).

The ultramafic rocks have been partially
metamorphosed under  prehnite-pumpellyite  to
greenschist facies conditions, resulting in the
formation of serpentinites and dolomite-magnesite-
serpentinite-talc rocks where original textures and
some primary minerals are preserved. Textural
features reflecting rapid cooling in the upper part of
ultramafic bodies (Eliseev et al. 1961; Hanski &
Smol’kin 1990) and the widespread occurrence of
devitrified glass (Akhmedov & Krupenik 1990)
indicates that the bodies were placed at very shallow
depths as both sills and flows. The presence of two
different developments of ultramafic bodies is
particularly evident in the western group of intrusions
near Kaula (see below). A comprehensive description
of ultramafic rocks in English is available in Hanski
(1992), who gave the description for two extreme
examples, namely for the voluminous Pilgujirvi
intrusions and thin Kamikivi sill.

Gabbro-wehrlites show differentiation from peridotite
through pyroxenite to gabbro, with most ultramafic
cumulates not exceeding 39 wt% MgO, and the
maximum gabbro SiO, content reaching 54 wt%
(Table 1). REE patterns generally are straight,
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negatively sloped and LREE-enriched (Fig. 12b,
Melezhik 1996, this volume). Average sulphur
concentrations for barren and ore-bearing bodies
have been reported both as 0.2-0.4 wt% (Grinenko &
Smol’kin 1991) and 0.31-0.37 wt% (Papushis 1952;
Predovsky et al. 1974).

3.2. Ferropicritic Volcanism

Ultramafic volcanic rocks at Pechenga with skeletal
pyroxene structures were described by Zagorodny et
al. (1964), and were subsequently named spinifex
komatiites by Suslova (1979) and Rusanov (1981).
Predovsky et al. (1971) showed, on the basis of bulk
composition, that these ultramafic volcanic rocks had
a different source from that of spatially associated
tholeiites of the Pilgujédrvi Volcanic Formation, and
that the ultramafic volcanic rocks were co-magmatic
with the Ni-Cu-bearing, differentiated gabbro-
wehrlites. This was later supported by other analyses
of bulk composition (Table 1, as weel as data cited in
Hanski & Smol’kin 1989, and Hanski 1992) and by
REE patterns (Fig. 11, 12, Melezhik 1996, this
volume). The ultramafic volcanic rocks and gabbro-
wehrlites were also shown to be coeval (2001+77
Ma, Sm-Nd, Pb-Pb) within radiometric analytical
error (Hanski et al. 1990).

Hanski and Smolkin (1989) and Hanski (1992)
classified the ultramafic volcanic rocks chemically as
‘ferropicrites', as they are characterised by high MgO
contents (generally >14 wt% anhydrous), anhydrous
iron contents above 14 wt% FeO, high TiO,
(approximately 2.0 wt%), and high abundances of
first-series transition metals (for >15 wt% MgO,
Ni>500 ppm, Cr>600 ppm, Co>60 ppm and Sc>40
ppm). They also are distinguished by relatively high
incompatible element concentrations such as Ta (0.8-
4 ppm), Th (1-5 ppm), V (200-400 ppm), Zr (96-250
ppm) and LREE (La 10-35 ppm) and strongly
negatively sloped chondrite-normalised REE patterns
(Hanski & Smol’kin 1989, Fig. 11, 12 (Melezhik
1996, this volume). Their average sulphur content is
0.21 wt% and their 8*'S values (Fig. 4(g) and (p))
range from -0.2%o to +7.1%0 Grinenko & Smol’kin
1991).

Ferropicritic volcanism occurs at several stratigraphic
levels and in several forms at Pechenga. The oldest
level, a 30 m thick sequence, was penetrated at the
base of the Kolasjoki Volcanic Formation.
Ferropicritic volcanites are most voluminous in the
Productive and Pilgujarvi formations. The Lammas
Member of the Productive Formation is represented
by ferropicritic tuffs and tuffites with subordinate
flows and 'ferropicritic black shales' (8-11 wt% MgO;
650-1600 ppm Cr; 270-850 ppm Ni) containing
sulphide concretions and abundant calcite nodules
(Melezhik












Fig. 4 (facing page) Isotope compositions of different genetic types of sulphides in the Productive Formation together with those
of sulphur in; ultramafic-hosted Ni-Cu ores and disseminated sulphides of gabbro-wehrlite intrusions and ferropicritic flows,
Pechenga (Melezhik et al. 1994b).

Key to numbered boxes with omament: 1, sulphides of the Productive Formation; 2, synsedimentary and early diagenetic
sulphides (Akhmedov & Krupenik 1990); 3, synsedimentary and early diagenetic sulphides from black shales associated with
ferropicritic flows in the Pilgujarvi Volcanic Formation; 4, syngenetic disseminated sulphides in gabbro-wehrlite intrusions and
ferropicritic flows and sulphides in disseminated, massive and brecciated ultramafic-hosted Ni-Cu ores; 5, metamorphic-
metasomatic Ni-Cu ores hosted by the Productive Formation; 6, disseminated sulphides from low marginal zones of gabbro-
wehrlite intrusions and ferropicritic flows; 7, disseminated sulphides from upper marginal zones of ferropicritic flows.

* Data from Grinenko and Smolkin (1991); **, Data from Grinenko et al. (1967). The Kotselvaara and Kaula intrusions are
considered in this study as ferropicritic flows.
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Table 1. Bulk composition of differentiated ultramafic intrusions and of ferropicrites (from Melezhik et al. 1994b).

Differentiated intrusions Ferropicrites

1 I 2 l 3 | 4 I 5 6 | 7 | 8 | 9 l 10 I 11
SiO, 41.88 41.14 43.03 45.13 38.53 43.86 43.71 45.97 44.96 46.29 43.11
TiO; 299 181 2.07 2.07 1.76 1.99 1.83 2.57 2.31 1.99 2.0t
AlO3 6.81 6.22 6.37 7.21 3.61 6.97 8.12 7.68 6.39 7.18 773
Fe;05 333 733 nd nd. 18.26 3.09 302 nd nd. nd. 17.63
FeO 12.83  9.96 17.85 16.77 nd. 11.83 12.24 14.99 15.73 1523 nd.
MnO 0.18 0.1 0.219 0.22 0.21 0.17 0.18 0.21 0.21 0.23 0.21
MgO 15.61 19.33 22.61 18.66 23.07 14.79 15.28 17.39 19.92 18.67 15.04
CaO 10.68  6.53 5.95 8.96 4.09 11.35 9.06 10.51 9.47 9.16 6.17
Na,O 0.77 093 0.91 0.27 0.02 0.29 0.39 0.17 0.41 0.32 0.72
K,O 065 043 0.33 0.09 0.03 0.11 0.19 0.07 0.07 0.18 0.19
H20* n.d. 509 nd n.d. n.d. 4.69 476 nd. n.d. n.d. n.d.
P20Os n.d. n.d. 0.11 0.19 0.16 nd 0.31 0.24 0.22 0.32 0.17
Stat 037 031 nd nd. 0.04 0.04 0.11 nd. nd. n.d. 0.11
CO. nd. 036 nd. n.d. nd. 0.52 0.39 nd. n.d. nd. n.d.
Cr(Cry03) nd. nd. (0.36) (0.28) (0.22) nd. 0.094 0.10) (0.20) (0.15) 0.36)
Ni(NiO) 0.06) 0.15 0.21) 0.15) 0.16 0.11 0.064 0.10) 0.11) 0.27) 0.11
Cu(Cu0O) n.d. 0.03 nd nd. 0.01 0.02 nd. n.d. n.d. n.d. 0.02
Co(Co) n.d. 0.01 nd n.d. 0.01 001 nd nd. nd. nd. 0.01
LOI 402 nd nd nd. 9.24 nd. n.d. n.d. nd. 6.31 5.68

1 - Average of Ni-bearing intrusions, Pechenga (Papushis 1952); 2 - weighted average of Ni bearing intrusions (n=88), Pechenga (Predovsky

etal. 1971); 3 - weighted average of Ni-bearing intrusions (n=163), Pechenga (Brugmann et al. 1991); 4 - average of lower chilled margins

of Ni-bearing intrusions, Pechenga (Brugmann et al., 1991); 5 - average of differentiated intrusions, Pasvik (n=33); 6 - average of Pechenga

picrites (n=7) (Predovsky et al. 1971); 7 - average of Pechenga picrites (n=10) (Predovsky et al., 1987); 8 - average of lower chilled margin

of picritic flow (n=4), Pechenga (Brugmann et al. 1991); 9 - weighted average of picritic flow (n=16), Pechenga (Brugmann et al. 1991); 10

- average of Pechenga picrites (n=68) (Brugmann et al. 1991); 11 - average of Pasvik ferropicrites (n=3).

LOI, loss of ignition.

n.d., not determined.

et al. 1988, 1994a). The total thickness of this
member varies from zero near the Russian-
Norwegian border zone, up to 50-250 m in the
Western Rift Graben, to 600 m in the eastern flank
(Eastern Rift Graben, Lammas area) where the rocks
are mainly tuffites.

Younger ferropicrites of the Pilgujdrvi Volcanic
Formation (Fig. 2) are developed as massive,
pillowed and lesser globular and spinifex-textured
(Fig. 5, section 4 and 5) volcanic rocks (Zagorodny et
al. 1964; Suslova 1979; Skuf’in & Fedotov 1989;
Hanski & Smol’kin 1989; Hanski 1992) that occur as
three to four, 20 to 50 m thick, flows in the three
lowermost members of the Pilgujarvi Volcanic
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Formation. The distribution of these flows is
controlled by the main syndepositional faults (Fig. 2).
Some of the flows display well-developed vertical
zonation similar to that observed in komatiitic
differentiated flows (Fig. S5, section 4). The
uppermost ferropicritic flow is spatially associated
with an acidic tuff horizon (Fig. 2), discussed below.

Two ferropicritic explosion centres, the Kaula and
Kierdzhipori, are located in the Western Rift Graben
(Fig. 2 and 6) near its major, bounding,
syndepositional faults. The Kaula Centre (Fig. 6,
section B) crops out in the quarry at Kotselvaara, and
occurs within the Lammas Member of the Productive
Formation. It is a 100 m thick body comprising basal
fragment-supported explosion breccia with a
ferropicritic lapilli tuff matrix (Table 2), which passes



gradually stratigraphically upwards through graded
lapilli tuff into ferropicritic black shales. The basal
explosion breccia is composed of angular fragments
of black shales and diagenetic carbonate concretions
of the Productive Formation, basalts, phosphorous-
bearing limestone and partially melted and
recrystallised cherts, which are chemically similar to
rocks of the underlying Kuetsjarvi and Kolasjoki
Sedimentary Formations of the NPG (Table 2).

The Kierdzhipori Centre (Fig. 6, section E) does not
crop out and was discovered by drilling. It is a 600 m
thick pile of eruptive ferropicrites (Table 2) which
occupies the middle and upper parts of the Productive
Formation (Skuf’in & Fedotov 1989, Fig. 2 and 6)
and is interpreted to be a palacovolcano.

3.3. Acidic Volcanism

Acidic volcanism occurs as a 5 to 40 m horizon of
tuffs and local flows occurring as doublets and
triplets separated by tholeiites, located ca. 800-1000
m above the upper contact of the Productive
Formation (Fig. 2, 5). The sequences are
distinguished by erosional surfaces between cycles,
very intensive syndepositional folding, sedimentary
dikes and well-developed current bedding (Melezhik
1992). Most tuff sequences show cyclic coarsening-
or fining-upward development (Fig. 5, sections 1 and
2), with bases of massive lapilli tuff and lesser
subaerial welded tuff with volcanic bombs. These
gradually pass upwards through medium-grained
crystalloclastic tuffs to either a thinly bedded and
laminated or massive,microcrystalline tuff. Rhyolitic
flow-breccia occurs rarely.

The acidic flows contain plentiful microgranophyre
fragments, euhedral and corroded quartz crystals
surrounded by devitrified glass and abundant small,
partially melted fragments of granite (Predovsky et al.
1987; Zagorodny et al. 1964) and gneiss.

These volcanic rocks have unusual compositions
(Zagorodny et al. 1964; Predovsky et al 1974; Hanski
1992; Melezhik 1992). They are Zr-enriched (up to
895 ppm) ferrodacites to ferrorhyolites (Table 3) with

highly variable Na,O/K,0 ratios (0.01-7.0),
attributable to magma contamination  and
heterogeneity.

A remnant of a dacite-rhyolite eruption centre at
Luotn, ca. 6 km southeast of Pil'guyarvi (Fig. 2), is
spatially associated with the eastern syndepositional
bounding fault of the Western Rift Graben (Fig. 2).
The Luotn Centre is represented by a hot- and cold-
lahar rock assemblage (Fig. 5, section 3) containing 1
cm to 1 m diameter fragments of limestone,
calcareous sandstone, basaltic ferropicrite,
ferrobasalt, ferroandesite, tholeiitic basalt and SiO,-
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rich rock (Table 4), as well as 1 to 10 m blocks of
flow-folded rhyolite and soft-sedimentary deformed,
thinly bedded rhyolitic tuff.

3.4. Productive Formation

More than 90 percent of the gabbro-wehrlite
intrusions and all the economic Ni-Cu deposits occur
within the Productive Formation (Fig. 3). The density
of intrusions is directly proportional to the thickness
of the host sedimentary rocks (Gorbunov et al. 1985),
with the highest density occurring within the thick
Productive Formation sequence in the Western Rift
Graben (Melezhik et al. 1994b). The bodies lie in the
uppermost Lammas Member of the Productive
Formation in the western part of this graben (Kaula,
Kotselvaara, Kammikivi, West Ortoaivi - western
group, Fig. 2), but transgress down through the
stratigraphy towards the east where they lie in
Productive Formation Members A and B (East
Ortoaivi, Souker, North Souker;
Sputnik/Kierdzhipori, Severny and Zhdanov in the
Pilgujirvi intrusions; Onki - eastern group).

The Productive Formation consists of different types
of sedimentary and sedimentary-volcanic rocks, all of
which carry C,, and iron sulphides and are









Table 2. Whole-rock analyses of ferropicrites and fragments from ferropicritic explosion breccia, Kaula and Kierdzhipori

Eruptive Centres, Pechenga (Melezhik et al. 1994b).

Kaula Eruptive Centre Kierdzhipori Eruptive Centre
Breccia Phosphorus Ferropicritic lava-breccia,
matrix limestones Limestones SiO2-rich rocks pillowed and massive lava
PS-144 | P-0093A | P-0093| P-0093B | P-0095L | P-0088 I P-0089| P-0090A |2728/757 I 2728/734 lz7zs/750|

Si0; 38.96 5794 39.23 38.26 2267 8942 88.14 87.31 43.81 40.61 44.02
TiO, 231 0.25 2.15 1.06 0.68 0.01 0.08 0.05 1.91 205 235
AlLO; 6.64 2.12 7.18 4385 2.89 0.52 0.68 0.77 6.33 6.61 836
Fe 03 17.28 476  3.86 5.69 294 255 084 0.07 3.66 381 3.07
FeO n.d. 5.25 8.84 5.92 5.04 1.84 2.88 2.11 12.51 1049 1299
MnO 0.16 0.18 0.17 0.29 0.32 0.02 0.03 0.04 0.21 022 0.16
MgO 14.24 42.93 9.02 7.19 5.06 0.05 0.46 0.58 15.17 11.62 13.78
CaO 7.98 13.03 13.06 18.44 33.08 2.38 2.56 4.44 8.87 1202  6.39
Na;O - 0.16 0.07 0.19 0.14 0.02 0.02 0.03 0.16 0.15 0.13
KO 051 0.33 0.12 0.45 0.28 0.02 0.02 0.05 0.23 012 0.14
H2O nd. 0.31 0.48 0.75 0.36 0.09 0.12 0.17 nd. n.d. n.d.
H20* n.d. 231 6.28 3.65 365 023 1.22 0.75 5.81 597 632
P,0s 0.23 4.28 2.61 0.13 0.09 0.49 0.07 - 0.21 0.18 0.25
Stot 0.22 2.21 0.98 0.19 0.07 1.49 0.83 0.14 0.62 542 094
CO, nd. 498 6.32 13.2 24.16 1.46 2.14 334 0.24 0.28 041
LO1 9.63 nd. n.d. n.d. n.d. n.d. n.d. nd. nd. n.d. n.d.
Total 98.21 99.96 99.67 100.13 99.75 9995 99.62 99.73 100.11 99.55 99.31
LOI, loss of ignition.; n.d., not determined, dashes, below detection limit.
characterised by sulphur contents ranging from 0.04 4. Ore Deposits

to 19.5 wt%. Average sulphur concentrations are
highest within the Western Rift Graben (4.5 wt%),
decreasing eastwards to 0.5 wt% Melezhik et al.
1988).

The sedimentary rocks contain four temporal
generations of pyrite (py) and two generations of
pyrrhotite (po): py1-py>-poi-pys-po-pys (Balabonin
1984; Melezhik et al. 1988), which can be
distinguished on the basis of 8*S composition
(Melezhik & Grinenko 1993; Melezhik et al. 1994b,
Fig. 4a, b, ¢ and d). Synsedimentary py; and early
diagenetic py, (Fig. 4a) show very tight 'S patterns,
with two 8*S maxima between -2%o0 and 0% and
+2%o and +4%o. The 8™S values for py; and po, of
the middle stage of diagenesis (Fig. 4b) range from -
8%o to +14%c with a maximum between -2%o0 and -
6%oc. Late diagenetic (Fig. 3c) and catagenetic (Fig.
4d) stages produced pys and po, with similar §*'S
values ranging from 0%o to +28%o with maxima
between +8%0 and +10%c and +6%. and +10%.,
respectively.
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All economically interesting ultramafite-hosted Ni-Cu
deposits are located at Pechenga within the Western
Rift Graben (Fig. 2) between the two main
syndepositional faults near Kaula in the west and
Pilgujarvi in the east (Fig. 2). In the west (Kaula,
Kotselvaara, Kammikivi, Semiletka/West Ortoaivi,
Fig. 2) the ores occur in one inter-stratal tectonic
level within the ferropicritic tuffs of the Lammas
Member of the Productive Formation. The deposits
near the Kaula Eruptive Centre are the richest,
characterised by mainly massive ores, but are also the
smallest of the whole ore field. In the central and
eastern areas, the ore-bearing massifs and deposits
are distributed in two levels: within Member A of the
Productive Formation (East Ortoaivi, North Souker
and Mirona deposits), Member B of the Productive
Formation (Raisoajvi, Souker deposits, intrusion 171)
and both Members A and B (Sputnik/Kierdzhipori,
Severny



Table 3. Whole-rock analyses of acidic tuffs, Pechenga and Pasvik (from Melezhik et al. 1994a).

Dacite Rhyolites

MZ-274 |P-0063/04 |s7/34. |P-0063A4. |87/82-v- |Mz-294. |MZ-25+ IMZ-26-|. |PS-000* NW00126*
Si0; 65.21 73.13 7436 76.87 78.35 78.64 81.06 85.25 76.19 73.6
TiO, 0.41 0.34 0.19 0.89 0.28 0.26 0.33 0.21 0.54 0.6
Al,03 13.68 10.48 11.17 6.31 8.68 8.01 6.71 5.39 10.88 10.9
Fe,0; 2.72 096 0.21 2.15 0.52 1.21 2.85 0.66 - 6.42
FeO 4.88 465 4.21 5.49 3.11 291 2.23 2.25 2.29 n.d.
MnO 0.11 0.09 0.03 0.11 0.03 0.05 0.05 0.03 0.02 0.09
MgO 1.22 095 142 0.97 0.56 0.21 0.23 0.15 0.47 0.85
Ca0 0.62 0.81 0.61 1.01 0.38 232 0.59 3.33 1.51 1.2
Na,O 2.46 2.56 4.29 0.19 0.09 0.91 1.95 0.05 3.03 2.41
K,O 597 394 1.69 3.08 6.59 3.52 2.54 1.58 1.51 2.24
H,O" 0.12 0.23 nd. 0.29 0.04 0.12 0.03 0.14 n.d.
H,0" 2.09 147 nd. 1.97 0.09 1.13 0.75 0.95 0.46 n.d.
P,0s 0.09 0.05 0.02 0.04 0.49 0.05 0.07 0.02 0.03 0.04
Stot - 0.0 0.11 0.23 0.09 - 0.23 - 0.72 n.d.
CO; 0.05 0.18 045 0.04 0.49 0.36 0.19 0.27 0.17 n.d.
LO1 n.d. nd. n.d. n.d. n.d. nd. n.d. n.d. n.d. 1.39
Total 99.63 99.93 100.09 99.65 100.63 99.65 99.81 100.17 99.43 100
& Pechenga samples.
*Pasvik samples.
LOI, loss of ignition.
n.d., not determined; dashes, below detection limit.
and Zhdanovskoe in the Pilgujérvi intrusions, Onki). subjected to metamorphic and metasomatic

The largest Pechenga deposits (Sputnik/Kierdzhipori,
Severny and Zhdanovskoe) occur within the
Pilgujdrvi intrusion near the Kierdzhipori Eruptive
Centre, and contain the bulk of the district's
disseminated ores.

All commercial ores are associated with mafic-
ultramafic bodies and located in their lowermost
portion. Ore bodies are characterised by very
uniform morphology. They are either lenses or
beds. The ore bodies strike from 400 to 2000 m and
dip from 300 to 3000 m although in the Zdanovskoe
deposit commercial ores have been intersected at
the depth of 3500 m and apparently continue to dip.
The thickness of ore bodies ranges from 100 to 120
m.

The main ore-forming minerals are monoclinal and
hexagonal pirrhotite (60-70 wt. %), pentlandite,
chalcopyrite and magnetite. The minor minerals are
pyrite  violarite, sphalerite, bornite, cubanite,
mackinawite, valleriite and platinum group minerals
(Distler et al. 1990). All the Pechenga ores were
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alterations which led to the development of 3 to 4
generations of the main ore minerals.

Gorbunov (1968) described four types of Ni-Cu ore:
ultramafic-hosted massive, brecciated massive and
disseminated sulphide Ni-Cu ores and ‘black shale’-
hosted stringer predominantly sulphide Cu ores.
Disseminated syngenetic ores are the most
voluminous, 70-80% in volume. They associate with
peridotite portion of the differentiated ultramafic
bodies and differ in sulphide content and grain-size
of sulphide minerals. The sulphide content
gradually increase towards the lower contact of
ultramafic bodies. Low-grade disseminated ores
contain 6-15% of sulphides and 0.3-0.8 wt % Ni.
Sulphide and Ni concentrations in densely
disseminated ores range from 15 to 45% and from
1.5 to 3.8 wt. % respectively. The grain sizes of
sulphides vary from 0.0n to 15 mm. The unaltered
disseminated ores are characterised by the
sideronitic texture.



Table 4. Whole-rock analyses of fragments from acidic tuffs, Pechenga (from Melezhik et al. 1994a).

Basaltic ferropicrites |Basalt Ferrobasalts Ferroandesites SiO;-rich rocks(?)
871 |SK-1 |87/1A SK-2 [87/41 |87/66 |87/78 SK-3 |73/6-7 |1204/1 SK-1 | SK-2

Si0; 4021 4069 41.01 4883 4901 4926 50.97 5858 5862 6023 8475  90.42
TiO; 011 019 027 318 161 156 131 1.8 077 172 0.45 0.25
ALO; 1588 1552 1511 1345 1277 998 1282 1219 887 13.19 3.39 1.71
Fe:03 501 58 616 362 309 241 152 191 285 291 1.45 0.85
FeO 1776 1697 1618 755 1191 11.13 11.16 868 637 1.77 2.33 2.77
MnO 021 021 021 021 021 016 021 011 012 0.08 0.04 0.04
MgO 831 834 838 212 601 612 605 371 45 261 1.01 0.97
Ca0 034 039 045 691 7.88 828 777 291 921 3.02 2.14 0.89
Na,0 0.82 065 047 251 275 034 406 252 035 166 1.22 0.11
K:0 193 211 227 414 021 059 049 212 007 282 0.57 0.02
H,0- 057 042 031 043 015 024 019 031 012 021 0.11 0.14
H,0+ - 831 848 344 367 424 221 392 381 334 1.31 1.21
P,0s 001 003 004 048 021 041 013 007 - 0.16 0.11 -
Sit 0.06 004 002 023 003 011 014 016 - 0.19 0.02 0.21
CO; 031 022 015 293 - 321 035 095 421 014 111 0.43
Total 10003 9997 99.61 100.03 10047 99.34 9931 9996 9993 100.01 10001  100.02

Dashes, below detection limit.

The richest Ni ores are the syngenetic massive ores.
They together with brecciated massive ores do not
exceed 5-30% in volume. Ultramafite-hosted breccia
ores are spatially related to the massive ores, and
together they form 0.5 to 11 m thick bodies occurring
at the bases of the differentiated gabbro-wehrlite
bodies. In some cases the massive and brecciated
massive ores may be implaced in strike-slipe zone
within ‘black shales’. Ore bodies are contiguous
with, and extend up to 1000 m along strike from,
ultramafic-hosted massive and breccia sulphide ore
bodies.

Massive and brecciated massive ores contain 45-
98% of sulphides. The Ni concentrations range
from 2.5 to 12 wt. %. The breccia ores are composed
of rounded fragments of serpentinite, densely
disseminated ores and ‘black shales’in a sulphide
matrix identical to the massive ore.

In some places ‘black shales’ bordering on
ultramafic bodies may be also mineralised This
represents the fourth major ore type: the Productive
Formation black shale-hosted, stringer, remobilised
metasomatic-metamorphic  ore. Ore bodies are
contiguous with, and extend up to 400 m along strike
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from, massive and breccia sulphide ore bodies. The
shale-hosted ores are dominated by chalcopyrite, with
grades up to 10 wt% Cu (Gorbunov et al. 1985).

All ore bodies contain all four ore types, although
there are deposits which are only represented by the
massive and/or massive brecciated ore types. The
average nickel and copper concentrations gradually
increase from the eastern group of deposits towards
the western ones as indicated in Table 5.

Table 5. Westwards increase in the average nickel
concentrations in ultramafic-hosted sulphide Ni-Cu ores.

Deposit Ni, wt %
Sputnik-Kierdzhipori-Severny- 0.65
Zdanovskoe

Semiletka 0.99
Kotselvaara-Kammikivi 1.23
Kaula 3.25

The average ratio of nickel, copper and cobalt in
ultramafic-hosted  sulphide Ni-Cu ores is



1:0.5:0.038. This entirely differs from that of ‘black
shale’-hosted ore which is 1:1.0:0.02.

8*'S values of ores and their host intrusion/flows are
comparable (Fig. 4e and f, 4k and /, 4m and n, 40 and
40 and p). The western group of deposits and their
hosts are characterised by near chondritic §*'S values
ranging from -3%o to +6%o with maxima between 0%
and +2%o (Fig. 4i, j, k, I, m and n, Grinenko &
Smol’kin 1991). All of the eastern deposits and their
hosts (Fig. 4e, f, g and k) are marked by heavier §*'S
values (+1%c to +8.5%o, Grinenko et al. 1967) and
maxima between +2%c and +6%e¢. There are no
differences in 8**S composition between ore-bearing
(Fig. 4e¢, k and m) and barren (Fig. 4g, h and j)
intrusions of both groups.

There are no essential differences in 'S values
between ultramafite-hosted disseminated, massive
and brecciated ores (Fig. 4, Grinenko et al 1967).
They display narrow 8*S ranges: -4%o to +4%o in the
western group (Fig. 4j, k and m), and 0%o to +8%o in
the eastern group bodies (Fig. 4e, g and h, Grinenko
& Smol’kin 1991). All ores in footwall sediments
show a wider 8*'S range from -6%o to +10%.

Until recently, Pechenga sulphide ore was thought to
be associated only with the ultramafic part of
differentiated gabbro-wehrlite intrusions (Gorbunov
1968; Zak et al. 1982). However, Korchagin
(Gorbunov et al. 1989) discovered a 3.2 m thick,
differentiated basaltic ferropicrite flow within the
Lammas Member south of Kierdzhipori (Table 6),
hosting 0.45 m of massive ore (2.14-4.87 wt% Ni,
0.96-2.04 wt% Cu, 0.05-0.11 wt% Co, 32.1-324
wt% S) overlain by 1 m of disseminated ore (0.57
wt% Ni, 0.25 wt% Cu, 0.025 wt% Co, 0.02 wt% Zn,
4.4 wt% S) (Fig. 7). Disseminated Ni-Cu ore at the
base of a 40 m thick, differentiated ferropicritic flow
or sill was also discovered at Kammikivi (Fig. 7,
Hanski 1992). Both the Kierdzhipori and Kammikivi
bodies are located within ferropicritic tuffs of the
Lammas Member near the Kierdzhipori and Kaula
ferropicritic explosion centres, respectively (Fig. 2).
These ferropicritic flow-hosted ores (Fig. 40) have
similar 8*'S signatures to the gabbro-wehrlite-hosted
western group ores (Fig. 4/, I) and n), and to
unmineralised Productive Formation and Pilgujérvi
Formation-hosted ferropicrite flows (Fig. 4g, p and q)
and gabbro-wehrlites (Fig. 4, k and m).

5. Discussion
5.1. Host and associated rocks

Pechenga Ni-Cu ores are located mainly within the
ultramafic portions of differentiated gabbro-wehrlite
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intrusions, and less so at the bases of ferropicrite
ultramafic volcanic flows. Strongly negatively-sloped
chondrite-normalised REE patterns of these host
rocks are identical to those of spatially-related
rhyolitic tuffs, their ferrobasaltic fragments, and of
other ferropicrites occurring at different stratigraphic
levels in the Pilgudrvi Sedimentary and Volcanic
Formations (Fig. 12, Melezhik 1996, this volume),
suggesting that all of these rocks originated from the
same parental magma (eg. Hanski 1992).

Table 6. Whole-rock analyses of Ni-Cu-bearing
ferropicritic
flow, Kierdzhipori (Gorbunov et al. 1989).

1 2 3
310, 3365 7831 7773
TiO, 2.74 3.03 2.15
ALO; 7.01 13.88 6.41
Fe,0, 6.31 4.73 4.29
FeO 5.88 13.71 12.59
MnO 0.11 0.14 0.09
MgO 7.89 14.97 8.08
Ca0 6.22 6.67 5.98
Na,0 0.01 0.01 0.04
o) 0.01 0.01 0.03
P,05 0.16 0.26 0.19
Sict 1.42 0.77 4.43
Co, 3.19 3.15 321
Cr 0.06 0.05 0.29
Ni 0.02 0.02 0.57
Cu 0.01 0.02 0.25
Co 0.004 0.004 0.025
\% ; - 0.05
LOI 6.03 1041 5.23
Total 100.02 99.95 99.42

1, Globules of gloular ferropicrites; 2, matrix of globular
ferropicrites; 3, massive part of flow.

LOI, loss on ignition.

Dashes, below detection limit.

The ultramafic volcanic rocks have been classified
chemically as ‘ferropicrites’ (Hanski & Smol’kin
1989; Hanski 1992), and have been shown to have
similar geochemical characteristics as the gabbro-
wehrlite bodies (Table 1). Ferropicrites, like
komatiites, have high MgO contents, but unlike
komatiites, they have high FeO, and TiO,, first-series
transition metal and incompatible element






subducted lithosphere rather than OIB. Hanski (1992)
attempted to apply the plume model of Campbell and
Griffiths 1990) to the Pechenga ferropicrites but
noted a number of inconsistencies in the available
data and left the application to future research.

Barley and Groves (1992) showed that the major
classes of metallic mineral deposits can be related to
the timing of cyclic formation and breakup of the
continents, as far back as at least 2700 Ma. The
Pechenga ferropicrites, gabbro-wehrlites and related
Ni ores formed during the 2000 Ma supercontinental
rifting period (Barley & Groves 1992). Their
enriched nature suggests that they may represent the
earliest evidence of lithosphere subduction and
recycling. However, depleted MORB-like komatiitic
sources were still present at 2000 Ma, reflected in the
Cape Smith and Thompson nickeliferous host rocks.

Campbell and Griffiths (1990, 1992) interpreted the
absence of enriched or OIB-type plumes in the
Archaean to reflect the length of time required for
oceanic crust to be recycled through the mantle and
provide source material for future plumes. In the
Early Proterozoic, depleted komatiites such as those
in the Manitoba and Cape Smith Belts were still
forming, but in the Phanerozoic only one rare
exception (Gorgona Island of Tertiary age) is known.
Pechenga thus represents the oldest known example
of the enriched OIB plume type.

5.2. Sulphur source

Although the mode of formation of the Ni-Cu ores of
the gabbro-wehrlite intrusions has been ascribed to a
magmatic immiscibility model (Gorbunov 1968;
Viyrynen 1938) like the ‘'billiard ball' model
proposed by Naldrett (1973), the sulphur source
remains enigmatic. Grinenko et al. (1967) and
Pushkarev et al. (1988) suggested, on the basis of
sulphur and lead isotopic studies, a predominantly
mantle sulphur source for the Ni-Cu sulphide ores,
except for the deposits hosted by the Pil'guyarvi
intrusion which may have incorporated a component
of crustal sulphur. Grinenko and Smol'kin (1991)
considered that the ultramafic magmas were
subjected to sulphur contamination in magma
chambers located somewhere beneath the Pechenga
rift. According to their model, sulphides in
economically interesting deposits were the result of
contamination by Archaean crustal material
containing chondritic sulphur, whereas sulphides in
barren intrusions, the Kierdzhipori and Pilgujérvi ore-
bearing intrusions and ferropicritic flows were
produced by contamination by sulphur derived from
non-Pechenga Proterozoic rocks. Hanski (1992)
concluded that the Kaula, Kotselvaara and
Kammikivi ores were juvenile in origin, but the
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Pilgujdrvi intrusion and its ores were a product of
assimilation of country rocks by the magma.

These models did not take into account the temporal
&S evolution of sulphides in the Productive
Formation (Fig. 4a, b, ¢ and d) and cannot explain the
widely varying published 5*S values of 'syngenetic’
ore sulphides: +1%o to +3%o (Akhmedov & Krupenik
1990), +11%o to +15%0 (Hanski 1992), -4%e to +10%.
(Grinenko & Smol’kin 1991) and -8%o to +28%o
(Melezhik & Grinenko 1993).

Background sulphur isotope compositions and
sulphur contents for all species of ultramafic rock are
-0.5+1.5%0 and 0.05 to 0.15 wt% (Al’mukhamedov
& Medvedev 1982). The widely varying &S
compositions listed above, and above-background
average sulphur contents of both ferropicritic flows
(0.20 wt%) and intrusions (0.20 to 0.37 wt%) suggest
that the ferropicritic magmas were subjected to
sulphur contamination in amounts corresponding to
25 wt% (flows) and 25 to 60 wt% (intrusions), not
taking into account the ore sulphur.

All economic deposits in the Western Rift Graben are
hosted by the most sulphur-rich (4.5 wt%) Productive
Formation sedimentary rocks, suggesting that
Productive Formation sulphur may have been the ore
sulphur source. If true, then the initial juvenile
ultramafic magma sulphur (-0.5+1.5%o &**S) would
be affected by assimilation of Productive Formation
sulphides. These could be synsedimentary to early
diagenetic (-4 to +4%o, Fig. 4a), middle diagenetic (-8
to +14%., Fig. 4b), and/or late diagenetic/catagenetic
(0 to +28%e, Fig. 4¢ and d) sulphides.

The ferropicritic flows (Fig. 4p and gq) and their ores
(Fig. 40) show 8*'S ranges similar to synsedimentary
and early diagenetic Productive Formation sulphides,
which can be explained by the physical extrusion
mechanism of the flows onto relatively
unconsolidated  sediments.  Pilgujarvi  Volcanic
Formation-hosted ferropicritic flows (Fig. 4g) and
spatially associated black shales (Fig. 4r) show
similar features.

The placement of the intrusions into the consolidated
sediments implies that if they assimilated sedimentary
sulphur, they would have §*S contents reflecting an
average between all of the Productive Formation
sulphide diagenetic stages (ie., between ca. +2 and
+8%0). &S contents of the eastern group of
intrusions and ores (Fig. 4e, f, g and h) show this
range, but the western intrusions and ores (Fig. 4i, j,
k, I, m and n) have s ranges (-3 to +6%o) similar to
the synsedimentary and early diagenetic sulphides
only (Fig. 4a).



The high sulphide concentrations in the western
deposits cannot be explained by sulphide liquid
segregation from a single intrusive body and thus
require either an independent injection of sulphide
liquid derived from a greater volume of magma
(Gorbunov 1968), or a dynamic flow regime such as
that described for Australian Kambalda-type Ni-Cu
deposits (Barnes et al. 1988a, 1988b, 1988c; Groves
& Lesher 1981; Lesher et al. 1984). The latter
mechanism involves voluminous eruption of
ultramafic magmas into rift-phase greenstone belts,
forming large and channelised flows that assimilate
varying amounts of sulphidic footwall rocks during
emplacement. The  Kierdzhipori  ore-bearing,
differentiated ferropicritic flow (Fig. 7) provides
evidence to support such a model at Pechenga, and
the model can be applied to all the western
differentiated ‘intrusions, which generally are
difficult to distinguish from differentiated flows.
Even though evidence of thermal erosion by
ferropicritic flows has not yet been described at
Pechenga, the dynamic flow regime model answers
several questions regarding orebody origins: (1) the
location of the 'intrusions' in the uppermost part of
Productive Formation, (2) the temporal and spatial
association of the 'intrusions’ with major ferropicritic
explosion events; (3) the most massive and richest
ores occurring in these 'intrusions' and (4) the
similarity of 8*'S composition between the 'intrusions’
and their ores and true ferropicritic flows and their
ores.

Grinenko and Smol'kin (1991) noted increases in 8°*S
near the lower contacts of the Northern Kotselvaara
ultramafic body (Fig. 4j), of the Pilgujérvi intrusion
(Fig. 4e) and of the ferropicritic flows in the
Pilgujarvi Volcanic Formation (Fig. 4¢q), and
attributed these to contamination by the underlying
sediments during extrusion or intrusion. They also
documented increases in 8>S near the upper contacts
of ferropicritic flows (Fig. 4g). These features cannot
be explained only by contamination by the underlying
sediments, as shown by black shales (0 to +2%o. 8%,
Fig. 4r) associated with™ the Pilgujirvi Volcanic
Formation ferropicritic flows (lower margins +4 to
+6%ec, Fig. 4q). Hanski (1992) suggested that the
elevated 8*'S contents in the marginal zones were
formed during metamorphism. There is substantial
evidence to support this: (1) the great 8**S range and
isotopically heavy sulphur of the metamorphic-
metasomatic Ni-Cu ores (Fig. 4e) and n); (2) the
similarity of ferropicritic flow and intrusion marginal
sulphides to those of (1), above; and (3) the variation
in &S of the late diagenetic to catagenetic
Productive Formation sulphides.

The sulphide characteristics of the Pechenga ore
deposits and their hosts can thus be attributed to (1)
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local contamination by different diagenetic
Productive Formation sulphides, through assimilation
both during intrusion and during dynamic volcanic
flow and thermal erosion, and (2) metamorphism in
the marginal zones of the host and barren bodies.

6. Ore Deposit Model

A model for the formation of the Pechenga Ni-Cu ore
bodies is presented in Fig. 9. Four thick sedimentary-
volcanic cycles were deposited from 2400 to 1970
Ma ago on consolidated Archaean basement in the
intercontinental Western Rift (Fig. 2) of the Pechenga
Rift Zone. The last magmatic event controlled by and
occurring within this graben was the intrusion and
violent extrusion of ferropicritic magmas from 1990
to 1970 Ma. These magmas migrated upwards
through continental crust along deep-seated, graben-
bounding, syn-sedimentary faults, and on
emplacement or extrusion, assimilated more than 25
to 60 percent of their sulphur from C.,- and S-
bearing Productive Formation black shales.
Ferropicritic ~ flows were contaminated by
synsedimentary to early diagenetic sulphur from
unconsolidated  sediments of the Productive
Formation with mean values between 0%o and +2%o,
and intrusions were contaminated by sulphides from
consolidated black shales with average 8'S values
between +4%o and +6%o. Upon reaching the surface
or near-surface, the magmas cooled and crystallised,
with massive Ni-Cu sulphide ores coalescing at the
bases of ultramafic bodies hosted within black shales
and ferropicritic tuffs of the Productive Formation,
and within the Kolasjoki Volcanic Formation along
the Kolasjoki Fault, and disseminated ores forming
stratigraphically above the massive ores. The ores are
located both in the basal ultramafic portions of
differentiated gabbro-wehrlite intrusions (eastern
group) and in the basal portions of differentiated
ferropicritic flows (western group).

The highest grade ores are located within the Western
Rift Graben near the major transversal syn-
sedimentary faults and two ferropicritic explosion
centres at Kaula and Pilgujarvi. Ferropicritic
magmatic activity also produced ferropicritic
explosion material (Lammas Member), which
overlies the Member A and B sediments of the
Productive Formation, and which is most voluminous
nearest the major syn-sedimentary faults and the
economic Ni-Cu deposits at Kaula-Kotselvaara and
Pilgujérvi (Fig. 2).

The final stage of ferropicritic volcanism was
spatially and temporally associated with a short-term
rhyolitic explosive event, which brought fragments of
partially melted Archaean crustal material and
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number of differnt zones have been defined in this drill
hole. The zones are the largest units of the layering
(Table 1). As based on cumulus mineralogy all zones
are divided into series which in

Table 1. Stratification of the Mt. Generalskaya massif.

turn are divided into cyclic rhythms. The latter consist
of a number of horizons that are made up of different
rock types.

Zone and it index Series

Principal
cumulus
association

Index

Upper gabbro, UgZ
Gabbro

Marginal amphibole gabbro

Rhythmic anorhosite-gabbro-norite gabbro

UgZ, pC
UgZ, pC
aC
p(pig?)C
UgZ;

A

b

&

Rhythmic peridotite-
norite, NZ

‘Critical’ zone

Rhythmic norite-norite gabbro

Rhythmic peridotite-olivine-norite olivine

=
Y

Nz,

TE|
ey

Cz
NZ,

(235!

)
-3
@]

b
=3
]

Lower gabbro, LgZ

&

pbC

Basal zone, BZ

bC
pC

Cumulus associations: pC, plagioclase; aC, augite; p(pig?)C, plagioclase-pigeonite (7); pbC, plagioclase-orthopyroxene;
bC, orthopyroxene; bpC, orthopyroxene-plagioclase; poC, plagioclase-olivine; oC, olivine.

The upper gabbro zone (UgZ) is identified in an
upper section of the massif. Its maximum thickness is
550 m in drill hole 3462. A cross-section of the zone
reveals three series (top to bottom): marginal
amphibole gabbro (thickness 50-100 m), gabbro
series (100-120 m), and anorthosite-gabbro-norite
rhythmic series (up to 350-370 m).

The marginal amphibole gabbro series composes a
top endocontact zone of the massif. It is a medium-
grained rock with a massive texture and
gabbroic/gabbroic-ophitic structure. Rock-forming
principal minerals include plagioclase (40-70%),
amphibole (35-50%), and subordinate phlogopite,
quartz, sphene and apatite. The plagioclase (Angy.gs)
is severely saussuritized and prehnitized. The
amphiboles show a dual origin: they are primarily
magmatic and pseudomorphous after clinopyroxene.

The gabbro series comprises coarse-to-medium-
grained mesocratic gabbros which have gabbroic
and gabbroic-ophitic textures, showing in places
poikilitic-ophitic features. The rocks form a
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plagioclase cumulate with the intercumulus
clinopyroxene; where there is a gabbroic texture,
however, the clinopyroxene-plagioclase relation
changes to cotectic. The plagioclase (Ang;.¢9) makes
up that rock cumulus which is in the form of
prismatic and tabular crystals displaying an obvious
marginal zonation. The clinopyroxene is totally
amphibolized. The rocks contain a small amount of
orthopyroxene (under 5%) and secondary minerals
(serpentine, talc). Secondary intercumulus minerals
are phlogopite, quartz and apatite. In the gabbros,
some spaces are composed of the clinopyroxenites
that are supposed to mark the basement of particular
rhythms in the gabbro series section.

The rhythmic anorthosite-gabbro-norite gabbro
series. These rocks form a major portion of the top
gabbro zone. The series’ top edge boundary is
identified by a thick (5-10 m) layer of anorthosites
and leucogabbroids that come into view and which
are clearly visible in the top sections. Each rhythm
features a regular compositon: its top portion
comprises anorthosite, leucogabbro and



leucogabbro-norite; the middle portion contains
gabbro and norite-gabbro; at the bottom of the
rhythms, melanogabbro-norite is recorded.

The anorthosites (bytownitites) make up a
plagioclase adcumulus. They are characterized by
panidiomorphic-granular  texture and taxitic
structure, and comprise a cumulus plagioclase (over
90%) and intercumulus ortho- and clinopyroxene,
phlogopite, sphene and sulphides. In cores of zoned
crystals, the plagioclase corresponds to bytownite
Angg.7; and its marginal zone is by 5-6 numbers
more acid. The leucogabbro and leucogabbro-norite
contain more mafic minerals (up to 35%), but the
structural relations of the rock-forming minerals
remain the same.

The gabbro-norites and gabbros are remarkable for
the poikilitic and poikilitic-ophitic structure and
ataxic fabric in connection with segregated
microareas of anorthosites (bytownite Angg.gg).
Close to the bottom of some rhythms, at the
boundary with the melanogabbro-norites,
idiomorphic cumulus bronzite appears and the rock
becomes porphyraceous.

The melanogabbro-norites are characterised by a
relatively low plagioclase content (under 35%) and
contain largely cumulus bronzite.

Peridotite-norite zone (NZ) has a thickness of from
330-390 m which drastically decreases in the
marginal segments of the massif. The zone
comprises three series: the upper (rhythmic norite-
gabbro-norite) and the lower series (rhythmic
peridotite-olivine-norite), while a critical zone runs
in between them.

The gabbro consists of medium-grained rocks with
ophitic and poikilitic-ophitic structures. These rocks
are made of cumulus plagioclase (40-50%) and
intercumulus clinopyroxene (35-45%), as well as
orthopyroxene (under 5%), phlogopite and oxides.
The gabbro-norites and norites are the most
abundant rocks of the upper series. They are coarse-
to medium-grained, with gabbroic-ophitic, poikilitic
and gabbroic structure variations. The bytownite
(40-55%) fills the cumulus of the rocks, where it
forms up prismatic and tabular crystals with
polysynthetic and regular twins and fringe zones
that make up at least 30% of the crystals’ area. The
diopside-augite of the intercumulus appears in the
form of the grains and poikilocrysts which are
xenomorphous in respect to the plagioclase. The
diopside-augite is distinguished by exsolution
texture, with the orthopyroxene plates coming out,
makes the diopside-augite quite different from the
pyroxenes. The bronzite is represented by
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idiomorphic short-prismatic or isometric crystals 1-
3 mm in size occasionally containing minute
poikilitic ingrowths of plagioclase. Findings of
light-brown hornblende (less than 1%), phlogopite,
oxides and apatite have been recorded in the
intercumulus.

The olivine norites and olivine gabbro-norites vary
in thickness from few to about 20 meters, and their
maximum thickness of 20-22 m is pinpointed at the
bottom of NZ-zone. The rocks are equigranular,

coarse- and medium-grained. Their mode
demonstrates  widely  variable amounts of
plagioclase (20-70%), olivine (5-45%),

orthopyroxene (10-40%) and clinopyroxene (0-
15%), as well as minor concentrations of accessory
hornblende (under 5%), phlogopite (under 1%),
secondary minerals (under 10%), oxides and
sulphides. The poikilitic structure prevails, but there
are also poikilitic-ophitic, ophitic, hypidiomorphic-
granular, coronitic and porphyraceous structures.
The olivine clearly stands out in the rock cumulus,
for it appears as ruggedly isomorphic grains (1-2
mm, occasionally up to 3 mm). The cumulus olivine
possesses a persistant composition, Foqo7. The
plagioclase is identified in the form of
subidiomorphic prismatic zoned crystals (0.8-1.2
mm). A central portion of the cumulus plagioclase
grains is azonal or slightly zonal, forming some 50-
60% of the crystal surface area. Its composition
makes it similar to bytownite (Angy.74) and changes
little through the NZ-zone section. The fringe zones
of the crystals betray a very distinct zonation and
they are more acidic in composition, Ansg. Even
more acidic are large (2-4 mm) isometric-tabular
crystals of the nonzoned intercumulus plagioclase
which induced the porphyraceous structure of the
rock. The pyroxenes represent intercumulus stages.
The bronzite with a mode comprising Ca;sMgy.
78Fey 725 forms xenomorphic oikocrysts (up to 5-7
mm) with poikilitic inclusions of olivine and
plagioclase. Unlike the orthopyroxene, the diopside-
augite with a mode of Caj;4sMgys.s1Feg 12 is more
variable through the NZ-zone section and is in
equilibrium with the former. The diopside-augite is
encountered as roughly xenomorphic grains and
oikocrysts (0.5-4 mm) that contain plagioclase and
olivine.

The peridotites are recorded at the bottom of a few
rhythms, within the rhythmic peridotite-olivine-
norite series. Their layers are up to 4-6 m thick. In
terms of their mode, these rocks correspond to
harzburgites. They consist of olivine (40-60%),
orthopyroxene (35-50%), clinopyroxene (under
10%), hornblende (2--4%), phlogopite and
plagioclase (under 5%). Poikilitic structure is most
commonly found in the hartzburgites. The olivine in



the peridotite is remarkable for its most high
magnesium content, Foq7.7s.

The plagioclase (Angs.70) is spotted as zoned
prismatic grains in the cumulus. The hornblende
produces separate bodies or discontinuous coronitic
reaction rims around the olivine and at its boundary
with the plagioclase. The secondary minerals
comprise the products which resulted from
transformations of the mafic minerals. The olivine
is replaced by antigorite, chrysotile, and magnetite,
as well as by the talc, carbonate and brucite that
originated later. The orthopyroxene is serpentinized
and amphibolized, while the clinopyroxene and
hornblende are replaced by chlorite. Saussurite and
hydrogarnet appear instead of plagioclase.

The critical zone (CZ) of the intrusive is about 10
meters thick and is traced at a more or less same
stratigraphic level in several drill holes. A peculiar
thing about this critical zone is its taxitic look which
is due to irregular combination of course- and
micro-grained rocks. The =zone comprises
plagioclase adcumulate, coarse-to-medium-grained
cotectic orthopyroxene-plagioclase growths, and
micro-grained plagioclase segregations with a flow
texture.

The anorthosite (plagioclase adcumulate) makes up
isolated areas and microsegregations of the cumulus
plagioclase. The plagioclase is notable for the
variability of its forms (long- and short-prismatic,
tabular) and size (from hundred fractions of one
millimeter to 2-4 mm). Its texture is
panidiomorphic-granular, its composition
corresponds to a bytownite (Ang.;s). A central
portion of the zoned crystals and their periphery
were found to have the composition of Angg.75 and
Ang; 6 respectively.

The leucogabbro-norites and leuconorites possess a
considerable amount (65-90%) of cumulus
plagioclase in the form of microanorthosite
segregations and also intercumulus clino- and
orthopyroxene.

The melanogabbro-norites compose individual
areas amidst the gabbroids, and they are
characterized by a presence of large poikilitic
crystals of the intercumulus bronzite which
comprises cumulus olivine and plagioclase. The
primary minerals are not observed in these rocks.

The lower gabbro zone (LgZ) is easily identififed
when the olivine cumulus disappears and is
replaced by bronzite, plagioclase-bronzite and
plagioclase cumulus associations. Rocks of this
zone are a maximum of 190 m thick.
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The lower gabbro zone is made up of chiefly
mesocratic gabbro-norites and gabbros which
alternate with gabbro-norites or quartz-bearing and
micropegmatic gabbros and anorthosites. A certain
regularity is observed in the way these rocks are
distributed in a section of the lower gabbro zone,
some of the rhythms being 20 to 30 meters thick.
The top of the rhythms in most cases consists of
leucogabbro or mesocratic gabbros, occasionally
with anorhosites that contain cumulus plagiocalse
but lack orthopyroxene. Towards a basement of
such rhythms more and more of the cumulus
bronzite appears in the form of porphyraceous
gabbro-norites, which percentage in melanogabbro-
norites and orthopyroxenites may be as much as 70-
90%.

Basal zone (LBZ) is discriminated in the lower
marginal portion of the massif. Its thickness is about
65 m and it comprises gabbro-norites and gabbros
with a fine-grained fabric on the one hand, and
porphyraceous and trachytoid structure on the other.

A lower subzone of the basal zone, which is about
10 to 15 meters thick, directly touches the Archaean
gneisses. The subzone’s section includes trachytoid
microdolerites and hornblende microgabbros. The
rocks consist of plagioclase (40-60%), amphibole
(30-50%), phlogopite (up to 5%), sphene (up to
1%), and quartz. The cumulus plagioclase Anss.se,
which shows a partial marginal zonation, is
remarkable for its very obvious orientation of fine
(0.2-0.8 mm) long-prismatic crystals. Light-brown
cumulus hornblende produces porphyraceous
segregations (1.5-2 mm). Clinopyroxene is replaced
in these rocks by yellowish-green actinolite,
phlogopite  and titanite. An intercumulus
occasionally contains quartz as well.

Above this, a section of trachytoid gabbroids is
gradually replaced by marginal porphyraceous
gabbro-norites and gabbros of a top subzone. The
trachytood structure of these rocks disappears. The
thickness of the horizon varies from 40 to 50
meters. The porphyraceous gabbro-norites and
gabbros have cumulus bronzite as a component (0-
10%) in the form of large (2-3 mm) short-tabular
insets, and also sporadic prisms of augite (0-5%)
with noticeable ordinary twins. Both sorts of
pyroxene are seen against a fine-grained ground
mass of plagioclase and augite that make up a
cumulus.

Rocks of the basal zone also contain xenoliths of
country rocks including quartz-biotite schists,
microquartzites, biotite-plagioclase-actinolite
schists and gneisses.



Whole-rock chemistry

29 samples from drill hole 3463 were analysed for
major and trace elements by conventional wet-
chemistry methods, and 98 samples from drill hole
3461 were analysed by ICPMS for 66 elements.
Analyses of main rock types from drill hole 3463
are shown in Table 2 and Fig.4 .The contents of Fe,
Mn, Mg, Cr, Ti, V, Ni, Cu, Ag and Pd versus depth
of drill hole 3461 are shown on Fig. 5. The whole-
rock geochemistry reflects that the cryptic
mineralogical variations are only moderately
pronounced. Generally, there is a decrease in Fe,
Mg, Cr, Ti and Mn from the bottom to the top, and
Ni, Cu, Ag and Pd irregularly increase downwards
through the intrusion (Fig.5 ) The fine-grained
marginal gabbro (samples 22, 23, Table 2) is
characterised by low TiO, (=.56-0.63) and K,O
(0.44-0.55) and relatively high MgO (10.6-10.8).
All rock types are characterised by the same REE-
patterns (Fig.6). The rocks are slightly enriched in
LREE, indicating some contamination by a
continental crustal source. The rocks are marked by
a slightly deacreased (negative) eNd(T) value of
2.320.4 (Balashov et al. 1990), which is
distinguished by only relatively small differences
from mean mantle value.

Table 2 shows the chemical composition of rocks
from the Mt. General’skaya massif.

5. Chemical composition of rock-forming
minerals

The Mt. Generalskaya massif is remarkable for a
few petrological features that prove it to be a
specific type of rhythmically layered intrusive. One
of its most important peculiarities is that the largest
portion is made of rocks containing a cumulus
plagioclase. An exception to this are peridotite
horizons and those bronzite-rich rocks where
plagioclase represents a typical intercumulus stage.

The second peculiar thing about the massif is that
while it demonstrates a complete pattern of
stratification throughout its cross-section, i.e. from
anorthosite to peridotite, the rock-forming minerals
vary opnly slightly in their chemical composition
(Table 3). This means that a complete layering of
the massif, in terms of stages, is accompanied by
less developed cryptic layering.

Finally, there is one more essential petrological
feature in the massif’s appearance, and this is an
obvious discontinuity in the way the minerals tend
to vary in their composition within the zones and
cyclic rthythms (Fig. 7). These peculiarities with
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respect to each of the rock-forming minerals are
described below.

Plagioclase. Variations in composition of the
cumulus plagioclase range, on the whole, within
52%-75% An (Fig. 7). Judging by the tendencies in
the plagioclase composition’s alterations one can
distinguish at least 4 large discontinuous areas that
correspond to the major zones of the intrusive. In
the upper gabbro zone (UgZ,3) the mode of the
central portion of zonal plagioclases covers a span
of 66%-72% An and 66%-52% An within the
confines of those zones where an adcumulus
growing-up of the crystals takes place. The second
macrorhythm (NZ,.,), which is accompanied by a
presence of monomineral bronzite cumulate, is
characterized by a sudden change in a basification
of a plagioclase cumulus 68%-75% An and by a
62%-68% An mode recorded in the crystal’s fringe
zones.

The critical zone turns out to be a particular area in
the plagioclase’s mode. Within this zone, the
mineral’s mode, in fact, runs the gamut of variations
in composition of the plagioclase 66%-75% An, as
is the case throughout this section of the intrusive.
At the critical horizon, the plagioclase’s mode
jumps to the more silicic area, and basification
gradually increases up to the NZ; - LgZ boundary.

The third microrhythm corresponds to the lower
gabbro zone where the plagioclase’s mode also
changes to the more silicic area of 62%-70% An in
the centers of crystals and to 52% An in the zones
of adcumulus growing.

Finally, in the 4th discontinuous zone, that is
marked as BZ, the mineral’s mode ranges as much
as 47%-519% An, and there are cases when
oligoclase of 20% An is encountered in the
intercumulus.

Olivine. When cumulus olivine appears, it is a clear
sign of a UgZ - NZ petrological boundary. The total
variation range for the olivine in NZ-zone is
estimated at Fogs-Foys. Several cyclic rhythms are
identified, showing



Table 2. Chemical composition of rocks from the Mt. General’skaya massif, drill hole 3463.

Samplenn S§i0; TiO: ALO; Fe;03 FeO MnO CaO MgO KO Na0O SO; P,0s NiO CuO CoO Cr:05 V0s LOI Total H,O
27 5299 030 1710 1.14 637 0.3 101 671 053 275 023 011 0025 0016 0.005 0008 0019 147 100.6.0 0.1
28 51.80 028 17.23 1.00 553 013 1152 868 036 217 <005 006 0028 0007 0005 001 0019 1.16 9999 0.23
1 4976 031 17.18 1.14 561 015 1210 802 045 247 <005 005 0028 0.011 0005 0.008 0.017 241 9972 0.2l
2 5292 121 1385 368 841 021 806 423 354 256 022 013 0.0!3 0012 0.005 0.0 0.029 078 99.87 0.3
29 56.11 065 15.16 1.33  6.18 010 427 777 276 289 0.08 0.5 0018 0004 <0.005 0.0l 0.02 2.49 100,00 041
24 50.52  0.27 15.1 1.83 545 016 832 1064 040 185 0.13 005 0034 <0.004 0.006 0.011 0.02 200 10002 034
25 5139 025 15.25 1.23  6.08 0.15 1053 1069 048 1.87 <0.05 004 0.035 0004 0006 001 0.023 8.00 100.04 025
26 5075 027 1402 291 457 015 11.18 1081 053 1.87 1.04 005 0.038 0006 0006 0013 0006 19 10012 033
3 51.35 033 1621 095 575 014 1159 9.02 070 224 <005 006 003 0007 0005 001 0.019 151 9992 0.17
4 50.82 024 1487 094 587 014 1058 1132 060 197 024 006 0035 0005 0006 00l 0018 208 998 0.I18
5 5021 023 1792 065 528 012 11,52 954 032 210 <005 006 003 0006 0.005 0016 0.014 1.81 9983 0.28
6 46.14  0.21 162 112 675 014 878 1407 040 167 <005 0.05 0073 <0.004 0009 0.009 0.007 4.14 9977 045
7 4393 022 1242 213 849 016 670 1991 036 119 013 005 012 0007 0.008 0007 0.006 385 99.7.0 046
8 47.11 026 1746 113 665 012 9.4 11.84 036 205 <005 007 0.077 0006 0015 <0.005 0.005 334 9963 033
9 4833 027 1592 075 651 014 932 1345 035 1.79 <0.05 007 0.084 0014 0008 0011 0.008 260 99.63 021
10 48.09 021 2127 082 475 010 1145 735 055 251 051 005 0.013 014 0007 00! 001 192 99.76 0.18
11 4494 021 1730 180 6.67 0.12 885 1229 038 1.81 149  0.07 03 027 0.014 0014 001 370 10024 0.25
12 47.17 017 2377 1.23 438 008 1228 551 036 230 108 006 021 024 0.007 0.007 0.031 145 100.34 0.2
13 47.890 026 14.22 1.05 793 016 799 1501 031 1.47 <005 005 0.086 0008 0009 0.013 0013 306 9953 038
14 42.87 020 11.21 340 772 0.18 504 2105 036 069 08 006 027 015 0015 0014 0017 597 100.08 0.6
15 42.51 023 704 506 776 019 353 2670 009 022 034 006 021 005 0018 0.013 0014 58 99.84 037
16 4588 029 1463 264 651 015 799 1592 030 169 039 007 0.14 0.08 0009 0022 0016 2.85 99.64 0.3
17 4827 028 1576 243 651 015 929 1392 048 1.66 <0.05 0.08 0.098 0.007 0009 0014 0.075 072 99.75 0.19
18 47.53 027 707 469 3.87 038 1577 1507 046 082 073 013 0.2 0014 0008 0.075 0023 276 99.79 0.3
19 5094 042 16.06 1.82 646 0.5 1087 882 048 217 038 0.1 0.067 005 0007 0024 0.026 0.87 9971 0.17
20 4895 037 1695 132 538 014 1044 992 052 209 027 0.09 0087 0027 0007 005 0024 208 9972 026
21 5076 047 154 393 494 0.6 1087 893 062 212 015 009 0039 0019 0006 0042 0031 141 9999 0.19
22 5253 063 1537 247 658 016 1080 776 055 212 005 0.1 0.029 0012 0.006 0.029 0.039 090 100.14 0.18
23 5211 056 1500 331 553 016 1063 844 044 255 0.08 0.1 0.033 0015 0006 0033 0.034 1.00 10003 023

LOI, loss of ignition.
Analyses were performed in the Chemical-Technological Laboratory of the Kola Inform-Laboratory Centre, Muransk region, Russia.
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Fig. 5 Stratigraphic geochemical sections of the General’skaya layered gabbro massif based on drill hole 3461.

1, Quaternary deposits; 2, amphibole gabbro; 3, gabbro; 4, interbebbed anorthosite, leuco- meso and melanogabbro; 5, alternate rhythms of norite, gabbro-norite, olivine norite and gabbro; 6,
‘critical’ zone consisting of anorthosite and leucogabbro; 7, interbedded olivine gabbro-norite, gabbro-norite, gabbro, norite and peridotite; 8, interbedded gabbro-norite-dolerite and porphyritic
fine- to coarse-grained gabbro; 9, porphyritic gabbro-norite-dolerite; 10, trachytic microdolerite.




Table 3. Chemical composition of rock-forming minerals
from the Mt. General’skaya massif.

1 2
Ol Pl Ol I PI | Opx l Cpx
S10, 37735221 37.99 5053 55.61  53.86

TiO, 002 007 002 nd. 012 052
ALO3 0.09 29.77 - 31.04 1.57 238
Cr03 001 003 0.03 nd. 0.15 0.1
FeO 199 041 2466 044 1356 6.38
MnO 031 0.01 03 nd. 036 0.19
MgO 4065 032 3639 027 26.06 1582
CaO 0.11 13.64 0.17 1412 255 2135
Na;O nd. 379 nd. 355 013 053
KO nd. 0.08 nd. 006 001 001

Total 98.82 10033 99.84 100.01 100.12 101.14

2 3 4
Phl Opx IPI ICpx IPhl Opx

510, 40.06 5298 49.95 5257 3722 558l

TiO2 2.69  0.17 nd. 033 415 005

Al20  17.05 149 3076 206 16.14 144

3

Cr05  0.19 - nd. 0.01 - -

FeO 1059 1573 064 735 1333 1413

MnO 006  0.34 nd. 022 004 0.5

MgO 1685 2623 012 165 1572 253

CaO 0.81 227 13.84 2142 043 245
Na;O 047 0.2 372 036 069 008
KO 9.01 0.1 005 0.01 795 0.02

Total 97.78 99.34 99.08 100.83 95.67 99.43
4 5
Pl Cxp [Pl IOpx ICpx
S10;  50.63  52.89 5119 5753 5147

TiO2 007 031 007 0.07 0.6

ALO;  30.05 1.69 28.61 .02 274
Cr0;5  0.0! 0.01 0.06 0.06 0.1
FeO 08 6.11 048 15.61 8.7
MnO 0.04 02 - 045 027
MgO 0.28 15.82 02 2259 1355
CaO 1409 21.81 1465 085 20.58

NaO 345 038 386 015 053
K0 0.07 0.01 0.01 0.02 0.01
Total 99.49 99.23 99.13 98.35 9855

*, including 0.22 wt. % NiO in olivine; **, including 0.28 wt. %
NiO in olivine.

n.d., not determined; dashes, below detection limit.

1, harzburgite (sample 3463/1291); 2, olivine norite (sample
3462/1237.5); 3, norite (sample 3463/1223.9); 4, gabbro-norite
(sample 3463/1017.5); 5, porphyritic gabbro-norite from lower
gabbro zone (sample 3463/1480.7).
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regular variations in the amount of magnesian
olivine. The general regular feature is such that the
highest magnesium content, which corresponds to
Foy; values, is common in the horizons most rich in
olivine, whereas the minimum of Foge corresponds
to leucocratic norites. As for other transitional
varieties of olivine norites, complementing the
anorthosite-norite-peridotite or anorthosite-olivine-
norite cyclic rhythms,
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Fig. 6 Chodrite-normalised rare-earth element diagram for rocks
of the Mt. General’skaya massif.

magnesium content in olivine does not change that
much (Fos,.75), but it always increases in areas with
more olivine. Nickel, olivine’s typical component,
betrays the variations of concentrations in the range
of 0.22-0.36 wt. %, which is normal for olivine with
such magnesium content.

Orthopyroxene. A high-grade  amphibolite
metamorphism of the massif’s endogenic contact
zones prevents a close look into peculiarities of
orthopyroxene mode variations. The . most
comprehensive data gives an idea of the peridotite-
norite zone. Basic variations of the mineral’s
composition within this zone are observed in a
proportion of enstatite (En) and ferrosilite (Fs)
minals, while wollastonite (Wo) minal’s
proportional share being constant (1-6 mole
percent). An overall variation range of the enstatite
end member spans Enq;g;, whereas for ferrosilite,
Fs)7.25, the magnitude of Xy, varies from 69 to 82
mole percent. Likewise, for olivine, orthopyro-
xene’s mineral modes are stratified both within and
between the cyclic thythms, the general tendency
being that the magnesium content increases in
proportion to an enlargement of the total






mineral substance. Within a cyclic rhythm, the
orthopyroxene shows the minimum magnesium
content in leucocratic norites, while the highest
magnesium content is in the horizon most lavishly
enriched with orthopyroxene. Transition to the next
macrorhythm is accompanied by a remarkable
reduction in magnesium content. As in the case of
olivine, the modes of orthopyroxene behave most
typically within the critical zone, as it is their
particular petrological horizon.

Thus, it is in this zone that the least magnesian
modes of the common minerals appear. A high
upper bound to alumina content is also typical of
orthopyroxene.

In the lower gabbro zone, the iron content of the
mineral rises dramatically to Fsjgsg, and this
tendency to become more and more ferriferrous
marks a transition to the basal zone.

Clinopyroxene. An intercumulus origin of the
clinopyroxene gave rise to other regularities in its
mode variations, different than those of typical
cumulus stages. No cyclic variation of the
clinopyroxene’s modes was recorded within or
between the cyclic thythms, Within the confines of
NZ-zone, a gradual change in the mineral’s mode
was marked not only by concentrations of iron and
magnesium, but also by variations in calcium
content. With ferrosilite (Fs) and enstatite (En)
minals within the confines of the peridotite-norite
zone 1anging from 8 to 12 and from 45 to 51 mole
percent respectively, wollastonite (Wo) varies from
Wos; to Woys, while total iron content (f) is 14% to
20% and it quite clearly tends to increase towards
the basement of NZ-zone. That the clinopyroxene
becomes strongly ferriferrous is a noteworthy
specific feature of the lower gabbro zone (f = 27%-
28% for Fs;s.17), and there is a general tendency of
the iron content still to increase within the basal
zone. Like in orthopyroxene, alumina concentration
in clinopyroxene hardly correlates with a large-scale
range of iron enrichment (Fig. 8).

Phlogopite. This represents an intercumulus stage
and is not common in the rocks of the massif. Its
magnesium content in the peridotite-norite zone
varies in a range of 66-86 mole percent. The rocks
of the lower gabbro and basal zones become more
ferriferrous and here a biotite with 55-63 molecular
proportion of magnesium is more common.

An  intercumulus  paragenetic  equilibrium
association of biotite and clinopyroxene, which is
widespread in the massif’s rocks and is most
common within an interval including the peridotite-
norite,
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Fig. 8 Composition of ortho- and clinopyroxens.

lower gabbro and basal zones, enables us to
estimate, to a certain extent, the temperature
conditions of the rock-forming process, using a
biotite-clinopyroxene geothermometer conceptually
based on a distribution of magnesium and iron in
coexisting biotite and pyroxene, with distribution
dependent on PT-conditions. As shown in the
XMgBi-XMng" diagram (Fig. 9), the rocks of the
peridotite-norite zone undergo crystallization at the
highest temperature (850°-900°) conditions, and at
the same time the melt crystallization temperature
towards the marginal zones drops slightly.
Generally speaking, this data represents the actual
values of the ultramafic magma crystallization
temperatures fairly well, and it correlates well with
the available data on PhI-Cpx equilibrium
proportions for other massifs (e.g. Talnakhsky).

Sulphide mineralisation

Sulphide mineralization is encountered in rocks
throughout the whole cross-section of the Mt.
Generalskaya massif. The percentage of chalcophile
metals is under 0.5% of the rocks’ volume and it is
only in few horizons that nickel concentration range
is 0.65%-2.0% Ni and that of copper is 0.60%-
1.5%. Nickel prevails over copper, and the nickel to
copper proportion is usually 1:2, seldom less than
0.8 or greater than 3. When concentrations of
nonferrous metals are low, the sulphides produce
fine (1-2 mm) angular or lentiform elongated
isolated bodies, or segregations, with a nearly
parallel trend. Such orientation is influenced by
sulpphide elongation along the grains of non-
metallic minerals that substitute primary silicates.
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and biotite (phlogopite) from ultramafic rocks of the Mt.
General’skaya massif.

As soon as the concentrations of nonferrous metals
go up, in addition to the isolated particles of
sulphides mentioned above, fairly large (up to 2
mm) phenocrysts and schlieren of irregular shape
appear. More often than not in peripheral parts, the
large sulphide phenocrysts, or insets, are
accompanied by fine angular segregations with
higher chalcopyrite concentrations than in the
master insets, What is typical of the Mt
Generalskaya mineralization pattern is that these
insets show persistent mineral composition both
vertically and laterally. Basically, the mineralization
comprises a pyrrhotite +pentlandite+chalcopyrite
association, occasionally there is
pentlandite+chalcopyrite, whereas a
millerite+chalcopyrite+pyrite paragenesis is found
at a wedge-out of ore bodies (drill hole 3460).

When it comes to a predominantly pyrrhotite
mineralization, then the chalcopyrite normally
forms either a rim around the sulphide insets or
single fine grains. The pyrrhotite, on the other hand,
forms large outstanding grains, usually with regular
and smooth edges. The pyrrhotite comes in two
modifications, i.e. monoclinal and hexagonal.
Nickel content in pyrrhotite ranges from 0.18 to
0.61 mass percent (Table 4). The monoclinal
pyrrhotite in pyrrhotite twins is usually more rich in
nickel. The pentlandite findings are recorded most
commonly as large (up to 3 mm) isometric
porphyraceous single bodies. Flame-like and
tabular, or bladed, pentlandites are encountered in a
far lower amount and their fine segregations are
localized either in cracks or at the edges of
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pyrrhotite grains. The pentlandite is classified as a
nickel-enriched variety, with nickel concentration
varying from 36 to38 wt. %, which is the highest
concentration of nickel in the pentlandite with a
pyrrhotite+pentlandite paragenesis and rather high
iron content in pyrrhotite. It should be noted that the
segregations of the flame-like pentlandite in
pyrrhotite is not infrequently more rich in iron than
that of the porphyraceous pentlandite (Table 4).
Cobalt concentration in pentlandite is estimated at
0.30-2.40 mass percent (Table 4). When the
pentlandite appears in the essentially chalcopyrite
stringers it is represented by a cobalt-bearing
variety (sample 3463/1554.9). In the mineralization
of this kind, pyrrhotite and even sphalerite are both
loaded with a higher concentration of cobalt (Table
4).

The pyrite is considered to be a persistent mineral,
its amount sometimes coming up to 20% of all the
sulphides’ volume. In these sulphides, it yields
irregular grains, myrmekitic aggregates and fine
(microns) hair-like veinlets. The pyrite in the
silicates forms sieve-like monocrystals and rims,
enclosing the silicate grains. The pyrite in the
sulphides always contains some cobalt (1 to 3.8
mass percent) and an insignificant amount of nickel
(0.19 wt. % at most, see Table 4). In low sections of
the intrusive, the nickel concentrations are as high
as 6.3 wt. % (Table 4). The pyrite segregations in
silicates have practically no cobalt or nickel.

Within the wedge-out interval, the mineralized
Horizons are represented by a
millerite+chalcopyrite+pyrite  association.  The
millerite forms contact segregations sizing up to 0.3
mm. The pyrite, again, is contaminated with cobalt
(Table 4). These three principal sulphides are
accompanied by thiospinels containing nickel, iron
and cobalt.

Common accessory minerals comprise sphalerite,
mackinawite and argentopentlandite, their
concentrations increasing in the chalcopyrite
paragenesis. Iron concentration in sphalerite is
something around 7 wt. %, cadmium is 0.9-1. wt.
%. Manganese admixture is in insignificant amount
of 0.02-0.05 wt. % (Table 4).

Structural and textural features of the ore minerals
indicate that the sulphides formed during the late
magmatic stage of the massif- forming process. The
fact that the pentlandite of the prophyraceous
segregations contains much nickel, when there is a
high iron content in the accompanying pyrrhotite,
and that the flame-like pentlandite is also rich in
iron, leads us to assume that the mineralization



Table 4. Chemical composition of sulphides from the Mt. General’skay massif.

Sample nn Mineral Ni Fe Cu Co S Total
3460/308.4 Millerite 6461 1.02 0.03 - 3538 1019
Violarite 42.11 2358 041 0.04 32.09 9823

Pyrite - 4531 - 171 53.57 100.59

Chalcopyrite - 3012 349 - 35.14 100.16

Pentlandite 3750 28.73 001 030 33.94 10048

3460/457.7 Pyrite 003 44.41 - 255 5360 255
Chalcopyrite 0.02 3044 35.14 - 3452 100.12

Pentlandite 24.00 3879 0.07 0.02 3544 98.32

Pyrrhotite (hexagonal) 0.18 6123 0.02 - 39.50 100.93

Pyrrhotite (monoclinal) 043 61.35 - - 39.05 100.83

3460/540.4 Pentlandite I 38.04 2706 002 176 33.75 100.63
Pentlandite II 3488 29.89 003 132 34.14 100.26

Pyrrhotite 0.50 62.16 - 0.03 3993 101.62

3460/541.9 Pentlandite 1 35.84 27.80 002 239 34.62 100.67
Pentlandite II 29.54 3463 004 035 3537 1003

Pyrrhotite 042 6142 - - 38.79 100.65

3461/887.7 Pentlandite 1 36.32 29.64 0.07 0.62 33.62 100.27
Pyrrhotite 022 6174 0.01 - 39.09 101.06

Pyrite - 4296 001 3.81 53.65 10043

Pentlandite 3595 319 0.17 0.21 3296 101.19

Pentlandite 19.51 34.66 0.23 - 31.53 100.13

3462/821.2 Pentlandite 35.14 30.11 - 1.12 33.95 10032
Sphalerite 8.00 53.05 0.27 - 37.12 98.44

Sphalerite 020 7.5 0.13 0.05 33.67 100.55

3463/1146.3  Pentlandite I 34.16 28.93 007 1.17 334 99.71
Pyrrhotite 0.43 58.80 - - 38.94 98.17

Pyrite inclusions in silicates 0.04 4490 - - 5336 98.30

Pyrite inclusions in sulphides ~ 0.15 44.48 - 2.03 5345 100.11

3463/1148.5a Pentlandite I 36.38 28.69 0.05 0.77 34.75 100.63
Pyrrhotite 040 5893 0.02 - 4045 99.85

3463/1148.5b Pentlandite 37.15 2890 0.07 0.6 3295 99.67
Pyrrhotite 055 61.29 001 - 39.80 101.66

Pyrite 0.03 45.95 - 111 5492 102.01

3463/1159.2  Pentlandite I 36.50 2959 0.04 044 34.24 100.81
Pentlandite II 36.50 29.10 0.05 049 3322 9945

Pyrrhotite 0.30 60.11 - - 39.16 99.57

Pyrite 0.19 4638 005 098 54.15 101.75

3463/1154.4  Pentlandite 1 37.35 27.80 003 1.10 34.58 100.86
Pentlandite II 37.28 27.89 006 1.05 3497 101.25

Pyrrhotite 072 61.34 0.02 - 39.24 101.35

3463/1244.5  Pentlandite I 3622 29.29 005 1.03 33.33 99.92
Pyrrhotite 0.19 60.39 0.03 - 39.72 100.34

Chalcopyrite 0.04 29.89 34.75 - 3443 99.11

3463/1249.5  Pentlandite 36.60 29.01 005 0.83 3336 99.85
Pyrrhotite 0.30 60.18 - 002 39.50 102.00

3463/1250.5  Pentlandite 3695 29.24 0.07 0.71 34.15 101.12
Pyrrhotite 042 60.40 - - 3870 99.52

Chalcopyrite - 3113 3422 - 3490 100.25

3463/1292 Pentlandite I 36.66 29.85 0.07 047 3341 100.46
Pentlandite I 36.02 2895 005 070 33.46 99.18

65



3463/1292 Pyrrhotite 0.24
Pyrite -
3463/1420 Pentlandite 1 34.98
Pyrrhotite 0.04
3463/1421.2  Pentlandite 1 36.16
Pentlandite 11 29.35
Pyrrhotite 043
3463/1431.8  Pentlandite I 36.85
Pentlandite 11 37.26
Pyrrhotite 043
Pyrite 0.01
3463/1449.3  Pentlandite I 36.41
Pentlandite 11 25.2
Pyrrhotite 0.47
3463/1482.9  Pentlandite I 36.14
Pentlandite 11 35.75
Pyrrhotite 0.44
Pyrite -
3463/1493.5  Pentlandite 36.24
Pyrrhotite 0.61
3463/1509.6  Pentlandite I 36.09
Pentlandite I1 36.46
Pyrrhotite 0.44
3463/1514.9  Pentlandite 1 36.63
Pyrrhotite 0.51
Chalcopyrite 0.05
3463/1554.9  Co-pentlandite 30.99
Co-pentlandite 32.05
Pyrrhotite 0.33
Pyrrhotite 0.83
Chalcopyrite 0.04
Sphalerite 0.01
3463/1564.7  Pentlandite 36.21
Chalcopyrite -
Pyrite 6.33

6097 0.03 - 38.93 100.17
4372 002 250 5337 99.61
30.17 0.09 1.02 33.17 9943
61.52  0.05 - 38.16 99.77
2941 004 1.14 33.27 100.02
3563 0.05 053 34.63 100.20
61.07 - - 39.08 100.58
28.65 005 076 33.69 100
28.75 001 0.06 3390 99.98
59.97 - - 38.63 99.03
44.75 - 2.09 5347 100.32
29.59 010 152 33.33 100.95
39.15 0.04 078 35.68 100.85
60.33 - - 3851 9931
29.10 0.03 041 3431 99.99
29.22 0.05 022 3441 99.65
60.71 - - 39.18 100.33
45.44 - 149 53.44 10037
27.87 004 220 339 10025
60.50 - 0.01 3949 100.61
2853 0.04 145 34.06 100.17
28.15 0.06 148 3337 99.52
60.23 - - 38.73 99.40
2858 0.04 1 3274 98.99
61.40 - - 39.10 101.90
30.97 3494 - 34.17 100.09
2376 003 1238 33.15 100.31
2340 012 11.12 33.51 100.20
62.06 - 012 38.33 100.84
60.02 0.05 0.19 39.14 100.28
31.06 3493 - 343 100.33
6.83 0.08 0.17 33.32 99.56
28.27 011 139 34.09 100.07
31.27 34.25 - 35.06 100.68
3996 0.06 022 54.05 100.62

Dashes, below detection limit

process developed over a long period. During this
process, as much nickel as possible localized in the
porphyraceous pentlandite while peritectic point
reactions were going between a crystallizing
sulphide melt and residual sulphide liquid.

Platinum mineralisation

A low-sulphide platinum mineralization, a
particular type of platinum ore type that is
characteristic of rhythmically layered intrusives, has
not been encountered in the Mt. General’skaya
massif so far. The platinum mineralization
associates with magmatic sulphides only. The way
these sulphides are distributed, and the amount in
which they have accumulated, influenced a
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distribution pattern and concentration of platinum
group elements (PGE).

Correlation coefficients for concentrations of
sulphur, nickel and copper on the one hand, and
PGE total on the other, are estimated at no less than
0.8 for some drill holes and as 0.89 for the whole
set of analytical data.

In compliance with the aforementioned regularities
in a sulphide distribution pattern, the platinum
mineralization is localized within several horizons
ranging in thickness from one to ten meters. The
highest concentrations of total metals in particular
samples come to 3.5 ppm, yet in most of the
samples PGE,, is not greater than 1 ppm. Of all the
platinum metals it is palladium that prevails, while
the palladium to platinum ratio is close to 10:1. A



remarkable feature of the massif is its relatively
high concentration of rare platinoids in PGE,,.
Thus, in single samples, the concentrations of
rhodium, iridium and osmium in amounts of up to
0.1 ppm are recorded, whereas platinum content in
the same samples ranges from 0.05 to 0.10 ppm.

The principal holders of platinoids are the
sulphoarsenites of nickel, cobalt and iron, and the
platinoid minerals themselves. And the contribution
of PGE’s solid solutions in the sulphides, when
compared with an overall balance of these elements.
is rather insignificant.

The sulphoarsenites form fine (2-100 microns)
numerous isometric grains with crystallographic
limits. The sulphoarsenites contain the xenoliths of
the enclosing sulphides. The sulphoarsenites are

represented largely by nickel-enriched cobalt, far
less by cobalt gersdorffite, with a wide range of
nickel and cobalt concentrations and less variable
iron concentrations (Table 5). The mineral-forming
metal concentrations vary within single grains.
There are cases when nickeline grains are
encountered in a central portion of the
sulhpoarsenite segregations.

The sulphoarsenites always contain quite noticeable
concentrations of PGEs, especially rhodium and
palladium (Table 6). The iridium and ruthenium
concentrations therein do not exceed 0.19 wt. %,
and that of osmium comes to 1.50 wt. %. Palladium,
too, produces its own minerals of a merenskyite-
melonite series, and there palladium and nickel
concentrations are estimated at 14-28 and 0- wt. %
respectively (Table 5). Atomic ratio numbers of

Table 5. Chemical composition of Pd-Pt-Bi minerals from the Mt. General’skay massif.

Sample nn| Mineral Pd | Pt | Ni | Te | Bi | Sb |Total
3466/888.10  Merenskyite 2656  0.38 - 5407 1820 020 99.40

" " 27.06 0.14 - 5473 1861 0.19 100.80
3463/1249.6 " 2676  0.42 - 5055 2260 0.33 100.66
3463/1493.5 " 26.17 075 0.07 5040 2231 024 99.94
3463/1292.0 " 26.83 0.05 0.08 5933 1253 020 99.02
3461/887.6 " 25,57 051 054 579 1420 042 99.14
3462/987.0 " 2504 0.16 117 6279 9.18 0.65 98.99

" b 26.15 054 120 6284 899 0.66 100.38
3461/787.2 " 2458 0.12 147 5846 1551 048 100.62
3461/887.7 " 2466 047 1.83 5836 14.86 0.44 100.01
3463/1430.0 " 2484 033 191 6578 7.79 034 100.95
3463/1425.4 Ni-merenskyite 2097 040 4.18 6634 851 0.25 100.65
3463/1449.3 " 17.42 - 656 6876 635 040 9949
3463/1431.8  Pd-melonite 1464 032 8.66 7168 503 035 100.68
3463/1244.0 " 1458 057 877 6971 642 0.46 100.51
3461/887.7  Kotulskite 41.86 0.17 - 3784 19.89 030 100.06

Dashes, below detection limit.

Analyses were performed at ZNIGRI using a microprobe ‘Camebax’ by M. Botova

nickel and palladium are in a 0-1.1 range interval.
Bismuth turns out to be a champion (up to 22.6 wt.
% concentration in these minerals), and there is
always some mix of platinum (up to 0.75 wt. %) and
antimonium (0.19-0.66 wt. %). The minerals give
shape to fine (5-200 microns), rounded, ellipsoid,
occasionally irregular bodies which are observed in
pyrrhotite, pentlandite, chalcopyrite, and the
contacts of sulphide and silicate grains. More often
than not, palladium-bearing minerals are found in
intergrowths together with the sulphoarsenites of
cobalt, nickel and iron. A kotulskyite is spotted very
seldom, occurring in fine (few microns)
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segregations where it is intergrown with the
abovedescribed minerals.

A speryllite is a main reservoir for a platinum: it is
in the form of elongated metacrysts, no larger than
100 microns in size, and it is always contaminated
with rhodium (up to 1 wt. %).

The PGE’s distribution in the sulphides (pentlandite
and pyrite} is most irregular. Both analyzed
minerals contain platinum, palladium, osmium, and
iridium, each element in amount of maximum 0.2
wt. %.



Table 6. Chemical composition of As-Sb-S minerals from the Mt. General’skay massif.

Sample nn | Mineral | Co | Ni | Fe l Pt | Pd | Rhl Jr | Ru | Os | As | Sb | [ ITotal
3463/1554.9 Cobaltine 2543 7.00 365 -  03- - - - 434 - 21.05 100.83
3461/887.7 " 2123 582 916 0.14 029 125 - - - 3974 - 2247 100.15
3463/1249.6 " 1934 1034 641 017 012 - - - 020 4399 001 19.43 100.01
3463/1153.2 " 1896 1091 575 - 025 - - - - 4311 -  2L17 10015
3461/887.7 " 1855 998 483 021 055 - - - - 4504 - 2073 10021
3463/1435.6 " 1808 10.18 589 030 039 236 0.5 0.1 1.50 41.59 001 1878 99.34
3463/1154.4 " 1758 1277 423 010 146 - - - - 4445 - 1860 99.19
3463/1449.3 " 17.81 1058 559 027 057 134 - - - 4344 - 1956 99.16
3463/1154.4 " 1733 1229 582 015 071- - - - 4297 002 19.40 9867
3462/987.0 " 1559 13.01 521 037 1.55- 0.13 - 068 44.27 - 28.02 100.85
3461/887 Gersdorffite  7.41 16.84 472 0.15 256 343 0.19 - 0.11 49.02 001 19.54 9898
3463/1153.2  Nickeline 0.14 44.16 020 001 0.13 003 004- - 55.51 - 0.08 100.30

Dashes, below detection limit.

Analyses were performed at ZNIGRI using a microprobe ‘Camebax’ by M. Botova
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The peridotite-norite zone has a thickness of 305 m
and comprises three units: the upper rhythmic
norite-gabbro-norite and lower peridotite—olivine-
norite series with a critical zone between them.

The gabbro consists of medium-grained rocks with
ophitic and poikilitic-ophitic structures. These rocks
are made of cumulus plagioclase (40-50%) and
intercumulus clinopyroxene (35-45%), as well as of
orthopyroxene (under 5%), phlogopite and oxides.

The gabbro-norites and norites are the most
abundant rocks of the upper series. They are coarse-
to medium-grained, with gabbroic-ophitic, poikilitic
and gabbroic structure variations. The bytownite
(40-55%) fills the cumulus of the rocks. The
diopside-augite of the intercumulus appears in the
form of grains and poikilocrysts which are
xenomorphous with respect to the plagioclase. The
bronzite is represented by idiomorphic short-
prismatic or isometric crystals sizing 1-3 mm. The
intercumulus minerals are light-brown hornblende
(less than 1%), phlogopite, oxides and apatite.

The coarse- and medium-grained, poikilitic and
ophitic olivine norites and olivine gabbro-norites
vary in thickness from a few to about 20 meters, and
their maximum thickness of 20-22 m is at the
bottom of the zone. The rocks consists of widely
variable amounts of plagioclase (20-70%), olivine
(5-45%), orthopyroxene (10-40%) and
clinopyroxene (0-15%), as well as minor
hornblende (under 5%), phlogopite (under 1%),
oxides and sulphides. The cumulus olivine has a
persistent composition, Foq7. The cumulus
plagioclase is bytownite (Angg.5) which is identified
in the form of subidiomorphic prismatic crystals
(0.8-1.2 mm). The pyroxenes represent
intercumulus stages. The bronzite, Cas.sMgy;.73Fe;.
25, forms xenomorphic oikocrysts (up to 5-7 mm.
The diopside-augite, Casz.qsMgys.s;Fes. 1z, is more
variable through the zone section

The poikilitic peridotites (harzburgites), in 4 to 6 m
thick layers, are developed at the bottom of a few
rhythms, within the rhythmic peridotite-olivine-
norite series. The harzburgites consist of olivine
(40-60%), orthopyroxene (35-50%), clinopyroxene
(under 10%), hornblende (2-4%), phlogopite and
plagioclase (under 5%). The is remarkable for its
most high magnesium content, Fo;7.75.

The plagioclase (Angs7) developed as zoned
prismatic grains in the cumulus. The hornblende
produces separate grains or discontinuous coronitic
reaction rims around the olivine and at its contact
with the plagioclase.
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The critical zone of the intrusive is a 25 m thick
unit of taxitic rocks with irregular combination of
coarse- and fine-grained anorthosite, leuco- and
melanogabbro-norites.  The rocks comprises
plagioclase adcumulate, coarse-to-medium-grained
cotectic orthopyroxene-plagioclase growths, and
micro-grained plagioclase segregations with a flow
texture.

The upper gabbro zone, a 250 m thick unit, is
identified in an upper section of the massif. A cross-
section of the zone reveals three series (top to
bottom): marginal amphibole gabbro (50 m),
gabbro series (100 m), and anorthosite-gabbro-
norite rhythmic series (250 m).

The marginal amphibole gabbro series rocks,
medium-grained, massive, ophitic gabbros make up
the top endocontact zone of the massif. Principle
rock-forming minerals include plagioclase (40-
70%) and amphibole (35-50%) with subordinate
phlogopite, quartz, sphene and apatite. The
plagioclase (Ang7.s) is severely saussuritized and
prehnitized. The amphiboles are represented by
both primarily magmatic and pseudomorphous after
clinopyroxene.

The gabbro series comprises coarse-to-medium-
grained, mesocratic, ophitic and gabbros. which
have gabbroic and poikilitic gabbros. The rocks
consist of prismatic and tabular crystals of
plagioclase (Ang;.¢9) cumulate with the intercumulus
amphibolized clinopyroxene.

The rhythmic anorthosite-gabbro-norite gabbro
series forms a major portion of the upper gabbro
zone. The top edge boundary is marked by a 5 to 10
m thick layer of anorthosites and leucogabbroids.
Each rhythm has a regular composition: its top
portion comprises anorthosite, leucogabbro and
leucogabbro-norite; a middle portion contains
gabbro and norite-gabbro; at the bottom of the
rhythms we find melanogabbro-norite.













































base upwards: (I) the lower marginal zone, (II) the
wehrlite-olivinite zone, (III) the intermediate zone,
(IV) the gabbro-pyroxenite zone, (V) the gabbro
zone, (VI) the essexitic gabbro zone, (VII) the upper
marginal zone (Fig. 25). Boundaries between these
zones are gradational. Primary flow structures such
as banding, cross-bedding, preferred orientation of
primary minerals are developed in mafic rocks.
Country rock xenoliths have been found in the
gabbroic part of the intrusion, mostly at the contacts
between different zones.

All type of ores known in the Pechenga ore field
are present in the Pilgujdrvi intrusion. Participants
will get a chance to examine Ni-rich massive ores,
brecciated massive ores, high-grade disseminated
ores (named locally a ‘grey ore’), as well as lower-
grade disseminated ores.

Locality 17. The Severny
underground Ni-Cu mine at
39°45’00”E 69°24’00"N (Fig. 1,
2).

Massive Ni-Cu ores located in a tectonic
in the country rock ‘black shales’ of the
Productive Formation beneath the
central part of the Pilgujirvi intrusion.

The final and most exiting target of the Pechenga
excursion is the Severny (Northern) underground Ni-
Cu mine. This mine is located on the northern
margin of the Central Zhdanovsky quarry and
exploits rich sulphide Ni-Cu ores of the
Zapolyarninskoe (Trans-Arctic) deposit. The deposit
is located in a tectonic zone which separates the
Productive formation ‘black shales’ from the
Kolasjoki Volcanic Formation. It is located at the
foot of the Productive Formation beneath the central
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part of the Pilgujérvi intrusion and the Central ore
body of the Zdanovsky deposit. The
Zapolyarninskoe (Trans-Arctic) deposit is a sheet-
like body, 1,000 m in length along strike, dipping
50° south down to 2,000 m with a thickness from 2
to 50 m (Fig. 26).

The ore body is composed of highly tectonised and
altered ultramafic rocks (serpentine-chlorite-talc
rocks and talcites) containing ores. The latter are
represented by two main types, namely (i)
serpentinite-hosted  disseminated and  vein-
disseminated ores, and (if) ore breccias. The ore
breccia consist of ‘black shale’ and serpentenite
fragments of different size which are cemented by
sulphide ground-mass. The size of fragments varies
from 0.1 cm up to 2-3 m. A multiphase deformation
led to a complex structural development of the ore
body, resulting in the formation of at least three
generations of ore breccias and three populations of
sulphide minerals. The latter are pyrrhotite,
pentlandite, chalcopyrite and magnetite. An
enhanced content of As and platinum group elements
distinguishes the Zapolyarninskoe (Trans-Arctic)
deposit from others in the Pechenga Ore Field. The
Ni content ranges from 1 to 12 wt. % with the
average value of 2.12 wt. %. The ore proportion is
very high; in places ultramafic rocks are not present
at all and the ore-mass is located at the foot of the
Productive Formation.

It is believed that the Zapolyarninskoe (Trans-
Arctic) ore body was formed as result of the
intrusion of a silicate-sulphide melt into the tectonic
zone during the extentional tectonics. Later
deformations followed by metamorphic-
hydrothermal events led to the formation of a
complex textural and mineralogical development of
the ore body.
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