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Abstract—This paper compares the geological, geophysical, and isotopic geochemical data on the Paleopro-
terozoic East Scandinavian Pd—Pt province in the Baltic Shield and the Late Paleozoic Noril’sk Pd—Pt prov-
ince in the Siberian Craton. Both provinces contain large magmatic PGE deposits: low-sulfide in the Baltic
Shield and high-sulfide in the Siberian Craton. Multidisciplinary evidence shows that the East Scandinavian
mafic large igneous province, which has a plume nature, is intracratonic and was not subjected to the crucial
effect of subduction-related and other contamination processes, whereas the Noril’sk province is pericra-
tonic with substantial crustal contamination of the intrusive processes. Low-sulfide Pd—Pt deposits dominate
in the East Scandinavian province, while high-sulfide Ni—Cu—PGE deposits play the leading role in the
Noril’sk province. The U—Pb, Sm—Nd, and Rb—Sr isotopic data indicate multistage and long-term (tens of
millions of years) geological history of mafic large igneous provinces. The plume magmatism with specific
geochemistry and metallogeny is probably related to lower mantle sources.
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INTRODUCTION

This paper gives the results of an investigation of
the large East Scandinavian and Noril’sk ore prov-
inces in comparison with published data on similar
provinces. Platinum and palladium are important
metals of new postindustrial 21st-century technolo-
gies. Only in recent years have their prices in the
world’s market increased three to four times and
reached 1700 and 700 USD per troy ounce.

The magmatic sulfide Ni—Cu—PGE and low-sul-
fide Pd—Pt deposits are the most important among
many economic types of Pd—Pt mineralization. In
Russia, the first type is well known at the Nori’sk and
Monchegorsk deposits. The second type, first charac-
terized by Sluzhenikin et al. (1994) as a special and
genetic type, is exemplified in the Noril’sk deposits
and deposits of the East Scanidinavian province,
recently discovered by Russian and Finnish geologists.
The difference between these types is the relative sig-
nificance of PGE mineralization. In the sulfide type,
PGE are accompanying components, while ferrous
metals play the lead role, whereas in low-sulfide ore of
the second type, Pd, Pt, and Rh are the major metals,
while nonferrous metals are of secondary importance.
This principle of PGE ore subdivision into sulfide and
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low-sulfide types (groups) serves as the basis for the
classification proposed by Naldrett (2003) and in
other recently published fundamental works (Dodin
et al., 2001; Likhachev, 2006, etc.). In the 20th cen-
tury, the main PGM production (up to 90%) was
related to processing of Noril’sk high-grade Ni—Cu—
PGE ore. PGE were by-products, although as early as
2000—2001, their contribution to the price structure in
the world’s market was about 50%. According to Rus-
sian and American specialists (Dodin et al., 2001), in
the 21st century, the main PGE production in Russia
will be related to mining of low-sulfide ore, the
resources of which in the Noril’sk district are esti-
mated at thousands of tons (PGE grade 3—9 gpt). As of
2010, the PGE resources of the Kola region were esti-
mated at hundreds of tons (grade 2—10 gpt). The volu-
minous literature concerns sulfide deposits. The infor-
mation contained in this paper is mainly concerned
with low-sulfide PGE ores, which remain poorly
described in the literature.

LINKS OF LARGE LOW-SULFIDE DEPOSITS
TO LARGE IGNEOUS PROVINCES
(HOT PLUME FIELDS)

Large igneous provinces (LIPs) (Campbell and
Griffiths, 1990) as derivatives of deep mantle plumes
were discussed at the International Conference on
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Continental Volcanism held in China in May 2006
(Yi-Gang Xu, 2007). In addition to alkaline and
komatiite LIPs, a special group of LIPs is made up of
mafic intraplate continental provinces (Bleeker and
Ernst, 2006) consisting of rift-related thick sedimen-
tary and volcanic sequences, dike swarms, and intru-
sions of mafic and ultramafic rocks.

Grachev (2003), Pirajno (2007), Bogatikov et al.
(2010) adduce geological, geophysical, and geochem-
ical evidence for links of LIPs to deep mantle plumes.
With allowance for experience in studying Precam-
brian regions, where many ancient geological and geo-
physical features of terrestrial structures have not been
retained, F.P. Mitrofanov proposed the following vari-
ous in ranks indicators of ancient intracontinental
mafic LIPs:

—enormous area of rocks associated with deep
gravity anomalies induced by the crustal-mantle
(granulite—mafic) layer at the base of the crust;

—a rift-related (anorogenic) assembly dishar-
monic with respect to the older basement structure,
which is expressed as multipath extensional faulting
that controls the arrangement of grabens, volcanic
belts, extended dike swarms, and radial intrusive bod-
ies;

—the long-term, multistage, and pulsatory char-
acter of tectonics and magmatism; breaks in sedimen-
tation and related erosion; early manifestations of
tholeiitic basaltic (trap), high-magnesian (boninite-
like), and alkaline magmatism in domains with the
continental crust with the formation of leucogabbro—
anorthosite complexes; possible final spreading of the
Red Sea type;

—sills, lopoliths, sheetlike intrusions, large dikes,
and dike swarms; multiphase and layered intrusions,
which differ in geochemistry from spreading and sub-
duction-related rocks (Bleeker and Ernst, 2006), with
trends of fine fractionation (layering) and restricted
development of intermediate and felsic rocks; often
with final leucogabbro and anorthosite and abundant
pegmatoid mafic varieties;

—a characteristic undepleted mantle geochemis-
try of rocks and ores with anomalously high contents
of siderophile—chalcophyle elements and LILE
marked by Nd'*3/Nd'“, Sr¥/Sr%, Os!®7/0s!88, and
He?/He* isotope ratios;

—1large orthomagmatic Cr, Ni, Cu, Co, PGE *Au,
Ti, and V deposits related to intracontinental mafic
LIPs.

The vast Paleoproterozoic East Scandinavian
mafic LIP, today covering about a million square kilo-
meters, occupies the eastern Baltic (Fennoscandian)
Shield, the basement of which is exposed in the Kola—
Lapland—Karelia Craton, was formed by mature
Archean granulite and gneiss—migmatite crust as early
as 2550 Ma ago. The main structural features of the
East Scandinavian mafic LIP and characterization of
economic Pd—Pt and Ni—Cu—PGE deposits local-
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ized therein have been described in recent publications
by Mitrofanov, E.V. Sharkov, V.E. Smolkin, A.U. Kor-
chagin, TL. Grokhovskaya, T.B. Bayanova,
S.I. Turchenko, etc. Having omitted details, we
emphasize certain geological and geophysical features
of this Paleoproterozoic ore-bearing mafic LIP.

According to geophysical data, the lower crust of
the eastern part of the shield is composed of a transi-
tional crust—mantle layer (V, = 7.1-7.7 km/s). Deep
xenoliths of granulites and garnet anorthosite ~2460 Ma
in age, which were carried up from this layer by the
Kandalaksha explosion pipes, are comparable in com-
position with the bodies exposed at the surface (data of
V.R. Vetrin cited after Verba et al., 2005). In other
words, this implies that enormous masses of deep
magmas not only ascended as volcanic rocks, dikes,
and other intrusions, but also underplated the crust
(Mitrofanov, 2005). The exposed portion of the shield
extends beneath the sedimentary cover toward the
northern Russian Platform as a vast Paleoproterozoic
Baltic—Mid-Russia wide arc—intracontinental oro-
gen (Mints, 2011). Thus, the long-term perspective of
the province for economic deposits is increasing.

The anorogenic pattern of grabens, dike swarms,
and belts (trends) of intrusive bodies independent of
the Archean gneiss—migmatite framework is clearly
seen in the Geological Map of the Fennoscandian
Shield (2005). The studied intrusions, along with
related deposits and occurrences, make up extended
paths (belts) in the northern part of the province: the
NW-trending Kola Belt and the NE-trending Kare-
lian Belt with concentration of intrusions in the
Monchegorsk ore cluster (Fig. 1), see also Bayanova
et al. (2009).

The long Early Paleoproterozoic (2530—2200 Ma)
geological history of the East Scandinavian mafic LIP
(ESMLIP) consists of several stages separated by
breaks in sedimentation and magmatic activity
marked by conglomerates. The Sumian stage (2550—
2400 Ma) crucial in the metallogeny of Pd—Pt ores
was related to emplacement of high-Mg and high-Si
boninite-like and anorthosite magmas (Mitrofanov,
2005; Sharkov, 2006). The ore-bearing intrusions were
first emplaced in the Kola Belt (Fedorov Pana and
other intrusions, 2530—2450 Ma) and later on in the
Fenno-Karelian Belt (2450—2400 Ma) (Bayanova
et al., 2009). The subsequent stages (Sariolian, Jatu-
lian, Ludicovian) are also distinguished by specific
cycles of sedimentation, volcanism, and intrusive
magmatism.

The Paleozoic—Early Mesozoic Noril’sk mafic
province is commonly regarded as a special part of the
giant Siberian trap superplume (Dobretsov, 1997;
Pirajno, 2007; Bogatikov et al., 2010), although
genetic links of the ore-bearing Noril’sk intrusions
with traps are not as evident to other specialists. The
rift system in the northwestern corner of the Siberian
Platform is related in its evolution to the intersection
of the Arctic Belt with the Yenisei—Khatanga belts
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Fig. 1. Rift belts and known Paleoproterozoic mafic complexes in northern ESMLIP. KB, Kola Belt; FKB, Fenno-Karelian Belt.
Main layered complexes (numerals in figure): 1, Fedorov Pana; 2, Monchepluton; 3, Monchetundra, Volchetundra, gabbro of the
Main Range; 4, Mt. General’skaya; 5, Kandalaksha and Kolvitsa intrusions; 6, Lukkulaisvaara; 7, Kondozero massif; 8, Tolstik;
9, Ondomozero; 10, Pesochny; 11, Pyalochny; 12, Keivitsa; 13, Portimo Complex (Kontijarvi, Siikakama, Ahmavaara); 14,
Penikat; 15, Kemi; 16, Tornio; 17, Koillismaa Complex; 18, Akanvaara. Hundreds of intrusive bodies are out of scale.

(Dodin et al., 2001) and rifts in the basement of the
West Siberian Plate. The Noril’sk mining district is situ-
ated in the uplifted part of this triple junction (Fig. 2).
According to Dyuzhikov et al. (1988), this district
occurs at the western end of the Yenisei—Olenek ore
belt 300 km in width and more than 1000 km in extent.
Therefore, a size of the entire volcanic—plutonic mafic
structure may be enormous.

The deep structure of the Noril’sk province (Fig. 3)
allows us to relate the formation of related Ni—Cu—
PGE deposits with paleorift systems of the lithosphere
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to geological and geophysical parameters typical of
such structures. These systems are characterized by
high-gradient troughs of the basement, numerous gra-
bens and horsts in the crust, high- density ruptures in
the crust, large bodies of mantle matter, the occur-
rence of waveguides with inversion of seismic wave veloc-
ities, and appearance of a transitional seismic layer
between the crust and the mantle with V,=7.3 km/s. The
specificity of such structures is an important tectonic
criterion for regional forecasting. The deep structure
of the Igarka—Noril’sk district corresponds to the
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Fig. 2. Deep structure of Noril’sk district, after Dyuzikov et al. (1988). (1) Region of low-density upper mantle; (2) inferred
regional aeromagnetic anomaly; (3) regional acromagnetic anomaly; (4) Paleozoic sedimentary rocks; (5) volcanic rocks in trap
basins; (6) mafic—ultramafic intrusions; (7) ore occurrences, ordinary and unique sulfide Ni—Cu—PGE deposits, low-sulfide
PGE deposits; (8) faults; (9) Noril’sk—Kharaelakh deep fault; (10) axial zones of Khaitan—Rybnino and Dudinka swells; (11)
triple junction of rifts (in inset). Trap basins (numerals in figure): I, Kharaelakh; II, Noril’sk; III, Vologochan; IV, Syverma; ore
deposits (numerals in figure): 1, Talnakh; 2, Oktyabr’sky; 3, Noril’sk-1; 4, East Noril’sk.

nonplatform blocks of the lithosphere with the differ-
entiated crust of the transitional (suboceanic) crust,
which retained elevated mobility throughout its evolu-
tion from the Riphean and Vendian to the Late Paleo-
zoic (Dyuzhikov et al., 1988). This block is separated
by deep faults from the adjacent Taimyr and Tunguska
geoblocks, which are regarded as a rigid framework
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with characteristic deep structure (Fig. 3). The long-
term discontinuous history with repeated resumptions
is recorded in the sedimentary and volcanic sequences
of the Igarka—Noril’sk district (Tuganova, 2000). The
first Riphean (probably Paleoproterozoic) phase of
this process was expressed in accumulation of a thick
sequence of coarse clastic sediments along with tholei-
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Fig. 3. Seismogeological section along Dikson—Khilok profile, after Egorkin et al. (1984). (1—7) Shells of Earth’s crust: (1) Juras-
sic—Lower Cretaceous complex, (2) Vendian—Triassic sedimentary—volcanic complex with Ni-bearing intrusions, (3) Paleopro-

terozoic sedimentary—volcanic complex, (4) granitic layer (G),

(5) basaltic layer (B), (6) transitional crust—mantle layer, (7)

mantle; (8) low-density lenses; (9) high-density lenses in consolidated crust; (10) Moho surface (M); (11) mantle faults that
bound rift system as whole and separate blocks of rift system; (12) crustal blocks: (a) proved and (b) inferred; (13) low-density
conduit of magmas and fluids; (14) seismic boundaries in Earth’s crust: (a) proven and (b) inferred.

itic, picritoid, and trachybasaltic volcanic rocks. The
Vendian marine molassoid red beds underlie the
Lower Paleozoic marine terrigenous carbonate rocks
often with sulfates, which are especially characteristic
together with rock salt beds of the Devonian stage of
rifting. The deposition of the Carboniferous coal-
bearing sequence gave way to the vigorous Late Paleo-
zoic—Early Mesozoic reactivation of the rift system
with volcanism, emplacement of intrusions, ore for-
mation, and development of the vast trap province.

The Noril’sk province differs from the Paleoprot-
erozoic ESMLIP not only in the time of origin but also
in the special geodynamic setting. The ESMLIP is a
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true intracatonic rift structure, whereas the Noril’sk
province was situated in the Paleozoic at the margin of
the Early Precambrian Siberian Craton in the zone of
its conjugation with the Hercynian West Siberian
paleoocean. This statement coincides with the global
review published by Groves et al. (2005), where the
Noril’sk province (Dodin et al., 2001) is characterized
as a craton margin or an intercratonic rift zone. It is
important that the Pechenga Ni—Cu sulfide province
that formed after the development of the ESMLIP
about 2 Ga ago also was located at the active margin of
the Paleoproterozoic Svecofennian paleoocean, and
its narrow rift—spreading structure of the Red Sea
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type, as well as gabbro—wehrlite magmatism, com-
pletely fits such a disposition. The localization of
mafic LIPs within cratons (1) or at their margins (2)
explains their metallogenic specialization with low-
sulfide Pd—Pt deposits (1) and important role of sul-
fide Ni—Cu—PGE deposits that owe their origin to
contamination with crustal sulfur (2) (Dodin et al.,
2001; Starostin and Sorokhtin, 2010).

It is evident that characterization of the Early Pale-
oproterozoic geological situation at the Baltic Shield
recently defined as the PGE-bearing ESMLIP of
plume nature (Bayanova et al., 2009), or the Baltic
LIP with high-Mg and high-Si igneous rocks (Boga-
tikov et al., 2010) and the Kola—Lapland—Karelian
plume province (Smolkin et al., 2009), fills a substan-
tial gap in the understanding of geological events and
Pd—Pt and Ni—Cu metallogeny of the most important
Late Neoarchean—Early Paleoproterozoic transi-
tional period in the Earth’s evolution (2.7—2.2 Ga
ago). In classic metallogenic summaries (Naldrett,
2003; Groves et al., 2005), this period is characterized
by the unique Stillwater, Great Dike of Zibabwe,
Bushveld, and Sudbury ore-bearing complexes.
Meanwhile, the geological setting and nature of these
world’s unique objects are so complex and unusual
that they cannot be coordinated in space and time with
regional geological frameworks. That is why the mech-
anisms and sources directly unrelated to endogenic
activity of the Earth are often involved in their inter-
pretation, e.g., astrobleme for the Sudbury or a relict
mantle cluster anomalously enriched in metals. Such
an exotic explanation in combination with insufficient
isotopic data does not answer the question whether
there are any spatiotemporal links for these objects to
the evolution of their immediate geological frame-
work. Correspondingly, the forecast of such objects in
the Earth’s crust is currently hampered or even impos-
sible.

The situation with Scandinavian and Noril’sk ore-
bearing objects has been better ascertained. The avail-
able data allow us to consider these mafic and ultrama-
fic intrusions as cogenetic constituents of vast mafic
LIPs along with thick volcanic sequences, dikes, and
sedimentary rocks. On the basis of certain criteria, the
plume nature of these global structures has been
accepted (Bayanova et al., 2009).

PERIODICITY (METALLOGENIC EPOCHS)
OF THE FORMATION OF Pd—Pt DEPOSITS
AND RELATIONS OF THEM TO THE HISTORY
OF SUPERCONTINENTS

Groves et al. (2005), Robb (2008), Rundqvist et al.
(2006) discussed nonuiform distribution of large ore
deposits in time and space. As concerns large orth-
omagmatic sulfide Ni—Cu—(PGE) and low-sulfide
Pd—Pt—(Ni, Cu) deposits, it was shown that the most
favorable conditions of their formation and retention
are directly related to the especially high temperature
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in the mantle, giving rise to melting of high-Mg mag-
mas enriched in ore elements, and to the large thick-
ness and buoyancy of the subcontinental lithospheric
mantle. Such conditions in Earth’s evolution are sim-
ulated primarily for Neoarchean komatiite provinces
and for provinces of mafic and ultramafic rocks in
supercontinents, i.e., for continental lithospheric
plates with the mature Precambrian and less frequent
Phanerozoic crust.

The main world resources of Pd—Pt ores hosted in
layered intrusions (~60 kt) are contained in the
Neoarchean and Paleoproterozoic deposits (2.7—2.5
and 2.0—1.9 Ga), while Ni ores are hosted in the
Neoarchean komatiites, Mesoproterozoic and Late
Paleozoic deposits (Groves et al., 2005). These epochs
coincide in time with the existence of the thick (250—
150 km) continental lithosphere all over the world,
completion of collision and subsequent ascent of
superplumes, which developed over more than 200 Ma
(Condie, 2004). The structures that host low-sulfide
Pd—Pt deposits were typically within-plate (Groves
et al., 2005), whereas the high-grade sulfide Ni—Cu
deposits were formed at the active margins of conti-
nental plates (Pechenga, Jinchuan, Noril’sk), where
mantle melts were contaminated with crustal materi-
als, primarily with crustal sulfur.

The authors of recent publications on global geo-
dynamics and metallogeny emphasize important
implications of the transitional period in Earth’s evo-
lution 2.7—2.2 Ga ago, when Archean plume tectonics
gave way to plate tectonics. This is especially evident
for the Kaapvaal and East European cratons. Some
geological characteristics of this period were consid-
ered by Groves et al. (2005) and Bogatikov et al.
(2010). In addition to everything else, a promising
model that assumes substitution of shallow subduction
of the young oceanic lithosphere for deep subduction
of the cold ancient oceanic lithosphere enriched in
crustal slabs is discussed in these publications; in addi-
tion, isometric, thick, light, and buoyant Archean
continental plates and the deposits incorporated
therein could be retained after subsequent global
catastrophes more readily than the newly formed lin-
ear orogenic structure. It is also suggested that enrich-
ment in PGE and Ni of Early Precambrian mantle-
derived magmas might be related to active ancient cos-
mic bombardment of the Earth. The Sudbury deposit
is one proven example of this.

Thus, according to the currently accepted con-
cepts, many metals are characterized by nonuniform
chronological distribution caused by variable ore-
forming and ore-retentive processes. The orthomag-
matic low-sulfide Pg—Pt deposits are directly related
to the early history of the Earth, in particular, to the
high temperature and fertile composition of mantle
sources. The retention of these deposits in the Early
Precambrian crystalline shields is maintained by the
large thickness and buoyancy of the early continental
lithosphere.
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PROVINCES OF ORTHOMAGMATIC Pd—Pt
AND SULFIDE Ni—Cu DEPOSITS
AND ORE-BEARING MASSIFS: DURATION
OF THEIR FORMATION

Time is a key parameter for understanding many
geological processes. The timing of Early Precambrian
geological processes can be based only on correct iso-
topic dating of geologically documented reference
objects. The long multistage formation history of the
ESMLIP has been ascertained to date on the basis of
more than 100 U—Pb, Sm—Nd, and Rb—Sr age deter-
minations (Bayanova, 2004; Bayanova et al., 2009).

The results substantially change the notions assum-
ing short-living mantle plumes and short-term ore for-
mation, which were suggested on the basis of sporadic
age determinations of rocks and minerals belonging to
complexly built rock associations (Grachev, 2003;
Piranjo, 2007; Yi-Gang Xu, 2007). It has been shown,
for example, that the Kola domain of the ESMLIP
consists of pulsatorily formed Paleoproterozoic (Sum-
ian, Sariolian, Jatualian, Ludicovian) volcanic groups
and comagmatic plutonic rocks and dikes of the Pech-
enga—Imandra—Varzuga Rift Zone conjugated with
the Lapland—Kolvitsa Granulite Belt. This complex
system formed 2530—2200 Ma ago. Such a duration
(>300 Ma) of plume activity is consistent with the evi-
dence for a superplume that existed in the Paleoprot-
erozoic Laurentia—Baltica (Sunderland) superconti-
nent (time interval of 2505—2110 Ma) with several
events and radial magmatic centers dated at 25035,
2450, 2200, and 2100 Ma (Bleeker and Ernst, 2006).

Using isochron U—Pb and Sm—Nd isotopic geo-
chronological methods, long multiphase formation
was established for the large Fedorov Pana intrusion
bearing economic Pd—Pt mineralization: the main gab-
bronorite phases are dated at 2526 + 6—2507 £+ 11 and
2493 + 8—2485 = 9 Ma, and supplementary leucogab-
bro—anorthosite phases are dated at 2470 + 9 and 2447 +
12 Ma (Bayanova, 2004; Groshev, Nitkina, and Mitro-
fanov, 2009). Similar magmatic pulses were estab-
lished in many other ore-bearing and prospective
intrusions of the Kola region: Monchegorsk,
Monchetundra, Mt. General’skaya, Imandra, etc.
The ore-bearing layered mafic intrusions of the
Fenno-Karelian Belt (Penikat, Burakovka massifs,
etc.) similar in all characteristics to the Kola counter-
parts are younger (Iljina, Hanski, 2005). The onset of
their formation is estimated at 2460 Ma (2530 Ma for
the Kola intrusions).

On the basis of the above data, two main paths
(belts) of mafic intrusions bearing economic Pd—Pt
and, to a lesser extent, Ni—Cu mineralization differing
in age were established in Kola Peninsula, Laplandia,
and North Karelia (Fig. 1). Smolkin et al. (2009)
assume that two vast plume fields different in age are
contoured in the northeastern Baltic Shield (Fig. 4).
Numerous similar mafic—ultramafic intrusions dated
at 2500—2300 Ma are known in this vast territory,

GEOLOGY OF ORE DEPOSITS Vol. 55

No.5 2013

311

including their metamorphosed counterparts, which
were transformed into coronite (drusite) rocks in the
Belomorian Domain (Bogatikov et al., 2010) and the
Lapland—Kolvitsa Granulite Belt (Mitrofanov and
Nerovich, 2003).

As concerns the Noril’sk ore-bearing systems, a
model of evolution of the Taimyr—Noril’sk province
(six stages) was elaborated by Dodin et al. (2001) based
on correlation of geological events (table). Note that
the high-sulfide (Ni, Cu) and low-sulfide (PGE)
stages of ore formation are separated in time; however,
this has not yet been proved or refuted by isotopic
methods.

Dobretsov et al. (2008) noted that trap magmatism
at the Siberian Platform developed from the Protero-
zoic to Mesozoic with a maximum at the Permian—
Triassic boundary. New Ar*’/Ar? estimates have spec-
ified the upper chronological boundary of the trap
magmatism at 265—255 = 6 Ma (Vasil’ev et al., 2010).

Recent geological and petrological data (Krivo-
lutskaya and Rudakova, 2009) show that intrusive
rocks of the Noril’sk Complex are not comagmatic
with any of the tholeiitic basalts in the region and rep-
resent an independent line of magmatic evolution that
differs from traps, as was suggested by Godlevsky
(1959), Tuganova (2000), Dodin et al. (2001), and
Likhachev (2006). It is commonly accepted that intru-
sions especially enriched in sulfide ore require diverse
multistage preparation in the course of magma
emplacement (contamination, magma mixing, sepa-
ration of immiscibile liquids, etc.) and during crystal-
lization (immiscibility in the magma chamber, frac-
tionation, etc.) (Naldrett, 2003).

The Noril’sk province, although Russia’s richest
source of Ni, Cu and Pd, Pt, remains insufficiently
studied in many respects. A systematic isotopic study
of the complete set of rocks still awaits implementa-
tion. Only selected rocks from a limited number of
ore-bearing and barren intrusions different in compo-
sition and geological setting have been involved in
research. Such important questions as a chronological
relationship between high-sulfide Ni—Cu and low-
sulfide Pd—Pt mineral assemblages remain ambiguous
(Sluzhenikin and Distler, 2010).

About 200 U—Pb SHRIMP-II age determinations
of single zircon grains were performed at the Center of
Isotopic Research, VSEGEI (Malitch et al., 2009,
2010a, 2010b). In all localities of the ore-bearing Tal-
nakh intrusion, including the upper gabbrodiorite with
low-sulfide Pd—Pt mineralization, most of the 99 zircon
grains belong to clusters with a crystallization age of 280
and 260 Ma; the youngest cluster is dated at 230 Ma.
Among 14 zircon grains from the Vologochan intru-
sion with subeconomic Ni—Cu—PGE mineralization,
two groups of zircons fell into the 265—220 Ma interval
and one grain was dated at 331.6 £ 4.1 Ma. In the
rocks of Kharaelakh intrusion with economic miner-
alization, four groups of zircons with different mor-
phology, geochemistry, and U—Pb and Hf isotopic
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Fig. 4. Manifestation of Early Paleozoic superplume in eastern Baltic Shield with two plume fields differing in age (dashed lines),
after Smolkin et al. (2009). The minor and major plumes started to evolve 2.53 and ~2.46 Ga ago, respectively.
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Formation stages of unique PGE deposits in Taimyr—Noril'sk province, after Dodin et al. (2001)

Stage

Process and event

I. Premagmatic and preore

heavy), and halogenides

1. Collision of Taimyr—Severnaya Zemlya Domain and Siberian Platform
2. Underthrusting of oceanic crust and enrichment of fluid flows in H,O, S (including

3. Melting of contrasting magmas
4. Separation of immiscible ultramafic, mafic, high-S, and low-S anorthositic melts

II. Six-phase volcanic

5. Rifting and supply of magmas enriched in Cu, PGE, and fluids by means of decompres-
sion in open system of deep fault zones as satellite rifts

6. Formation of magma chambers, in regions with black shale sequences too

II1. Main intrusive and ore

7. Emplacement of layered ultramafic—mafic magma enriched in PGM, Cu, and fluids in-
to discrete rift troughs on shoulders of main rift

IV. Main ore and intra-intru-
sive

8. Emplacement of sulfide-bearing melt (ore intrusion)
9. Separation of immiscible melts in magma chamber

V. Final intrusive and intra-ore

10. Formation of rhythmic layering

11. Intra-ore alkaline metasomatism, formation of zonal ore lodes unique in reserves and
PGM content (Noril'sk—Talnakh type)

VI. Postintrusive and final ore

occasionally in PGM grade

12. Supply of low-S melt and formation of low-sulfide PGM ore unique in resources and

parameters make up four age clusters: 347 £ 16,
265.7+ 11, 253.8 £ 1.7, and 235.9 &+ 6.1 Ma (Malitch
et al., 2010b). In the Noril’sk-1 intrusion, zircons are
also characterized by a significant interval of crystalli-
zation: 261.3 £ 1.6, 245.7 = 1.1, 236.5 £ 1.2, and
226.7 £ 0.9 Ma, whereas the age of baddeleyite from
olivine gabbro was estimated at 290 + 2 Ma (Malitch
etal., 2009). Similar results have been obtained for five
other massifs of the Noril’sk province.

In contrast to the interpretation given by Petrov
etal. (2010), most zircons, including cores of
polyphase grains, are magmatic and contain melt
inclusions with a homogenization temperature above
900°C. This is also supported by Th and U contents,
Th/U ratios, and REE patterns. The zircons
entrapped from the framework are either absent or
they are minimal in number. A single zircon grain with
a concordant age of 1914 = 92 Ma has been found in
hybrid gabbrodiorite from the upper part of the
Noril’sk-1 intrusion. In addition, some groups of zir-
con contain carbon dioxide and water—salt fluid
inclusions. It is assumed that these zircons crystallized
after infilling of the intrusive chamber with melt.

The data published by K.N. Malitch give good rea-
son to suppose that clusters of magmatic baddeleyites
and zircons 350 to 220 Ma in age correspond to long-
term pulsatory crystallization of the initial melt in var-
ious transitional magma chambers and/or to magma
mixing. In any case, this time interval confirms the
long evolution of the Noril’sk ore-magmatic system.
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SPATIOTEMPORAL RELATIONSHIPS
OF ROCK ASSOCIATIONS SPECIALIZED
FOR LOW-SULFIDE Pd—Pt AND SULFIDE
Ni—Cu—PGE MINERALIZATION

According to Sluzhenikin and Distler (2010), low-
sulfide Pd—Pt ores contain no more than (i) 0.20—
0.25% Cu + Ni, (ii) 0.3—2.0, 3—12, and (iii) up to 20—
60 gpt PGE in subeconomic, ordinary, and bonanza
ores, respectively. The PGE (gpt) to S (wt %) ratio is
always >5, occasionally reaching 40—70 and even 300.
In contrast, in sulfide Ni—Cu—PGE ore, PGE/S ratio
is <5, commonly 1.5—3.5. The mining companies in
their exploration and technological practice strive to
separate ore provinces, districts, and ore-bearing
intrusions into Ni—Cu with additional PGE and Pd—
Pt with additional Ni—Cu types. This principle also
forms the basis of deposit classification elaborated by
Naldrett (2003) and of other basic concepts (Dodin
et al., 2001; Likhachev et al., 2006, etc.).

The largest low-sulfide PGE deposits are related to
the Neoarchean—Paleoproterozoic layered mafic
intrusions. Their unique examples are well known: the
Windimurra Mine, Australia (2.8 Ga); Stillwater, United
States (2.7 Ga); Great Dike, Zimbabwe (2.58 Ga);
Bushveld, South Africa (2.06 Ga). These are very large
solitary deposits, which do not reveal obvious links to
LIPs. The geodynamics of their formation and tempo-
ral relationships between various types of mineraliza-
tion remain ambiguous. The ore-bearing intrusions of
the East Scandinavian and Noril’sk mafic LIPs, where
both types of PGE mineralization occur, occupy a
special place in this series of large deposits. These Rus-
sian examples of superlarge PGE and base-metal
provinces should be supplemented by the Voronezh
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and Eastern Sayan provinces, as well as by the ore-
bearing Dovyren, Chinei, and other layered intrusions
in southern Siberia (Tolstykh et al., 2008).

About 20 economic PGE base-metal deposits are
known to date in the ESMLIP. The low-sulfide Pd—Pt
deposits are predominant in the Early Paleoprotero-
zoic (2530—2400 Ma) Kola and Fenno-Karelian
intrusive belts. In Russia, these are explored deposits
hosted in the Western and Eastern Pana, Vuruchua-
ivench, and Lukkulaisvaara layered intrusions and
incompletely explored Burakovka, Mt. General’skaya,
and other deposits. The sulfide Ni—Cu—PGE deposits
are also known (Monchegorsk, Fedorov Tundra in
Russia).

Deposits of both types have been explored in the
best studied Fedorov Pana intrusion (Mitrofanov,
2005; Korchagin et al., 2009; Bayanova et al., 2009).
The low-sulfide PGE mineralization hosted in this
intrusion is controlled by stratiform lodes (reefs)
within the roughly layered gabbronorite series with
pyroxenite and anorthosite as end members. Two dif-
ferent types of mineralized reefs are distinguished: (1)
finely and rhythmically differentiated (layered) units
with low-grade (<1 gpt) PGE mineralization, which
are syngenetic to the general rough layering, and (2)
thick (up to 100 m) economic composite PGE reefs
(5—7 gpt PGE), where anorthosites are mostly late
magmatic injections enriched in volatile components.
The subeconomic C- and H-reefs (Groshev, Nitkina,
and Mitrofanov, 2009) composed of leucocratic gab-
bronorite and troctolite (2526 + 6 to 2507 £ 11 Ma)
are coeval with gabbronorite and serve as illustration of
the first type. The second type is illustrated by the eco-
nomic northern (lower) and southern (upper) reefs of
the Kievei Pd—Pt deposit hosted in the Western Pana
layered intrusion (Mitrofanov, 2005; Korchagin et al.,
2009) composed of pyroxenite, norite, gabbro,
anorthosite (northern reef) and gabbronorite, trocto-
lite, anorthosite (southern reef). The age of host rocks
is estimated at 2500—2490 Ma, whereas supplemen-
tary ore-forming anorthosite injections are dated at
2470 + 9 and 2447 *+ 12 Ma (Bayanova, 2004).

The Fedorov Tundra sulfide Ni—Cu—PGE deposit
is localized at the lower contact of the sheetlike
roughly layered mafic body (Fig. 5). Nevertheless, it
was established that this is a later (2493 £ 8 to 2485 £
9 Ma) ore-bearing gabbronorite intrusion emplaced
into the older layered pluton formed 2526 + 6—2507 &
11 Ma ago (Groshev, Nitkina, and Mitrofanov, 2009)
rather than a basal bottom layer. This phenomenon
may be called local underplating (Mitrofanov, 2010).

Thus, the Fedorov Pana ore-bearing intrusion
shows that economic low-sulfide and sulfide deposits
may occur in the same mafic intrusions but are related
to different intrusive phases being combined in the
frames of common deep-seated ore-bearing system.

In the Noril’sk province, all intrusions are cur-
rently regarded as single-phase, although this is not
evident to some researchers. Occurrences of low-sul-
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fide PGE mineralization of the Upper Talnakh type
(Sluzhenikin et al., 1994; Dodin et al., 2001) were
established not only in the known intrusions bearing
economic mineralization (Noril’sk-1, Talnakh,
Kharaelakh) but also in the intrusions with sulfide
deposits, which were regarded as subeconomic
(Noril’sk-2, Chernogorsky), as well as in intrusions
pertaining to the Zubov leucocratic type (Zub-Mark-
sheidersky, Pyasino—Vologochan). Despite some dif-
ferences, all occurrences of low-sulfide PGE mineral-
ization have much in common. The low-sulfide PGE-
bearing lodes occupy a special position with respect to
the main orebodies. They are localized near the upper
contacts of intrusions (the so-called upper gabbroic
zone) and separated from sulfide ore lodes by barren
rocks more than 50 m in thickness. The upper contact
zone is composed of various rocks: eruptive breccia,
olivine-free and olivine-bearing gabbrodolerite, gab-
brodiorite, leucogabbro, and taxitic Cr-bearing gab-
bro. Leucogabbro and especially taxitic Cr-bearing
gabbro are the main host rocks for low-sulfide PGE.
Leucogabbro does not form a continuous layer at the
roof of the intrusion but occurs as lenses a few meters
to hundreds of meters long. Their thickness is also
variable and attains 25 m. As seen in the section, they
contact with country rocks or are separated from them
by marginal gabbrodolerite, gabbrodiorite, or eruptive
breccia. Taxitic gabbro frequently occurs at several
levels close to the bottom of leucogabbro layers. These
rocks are separated by a transitional zone a few centi-
meters in thickness rather than by a sharp boundary.

These geological relationships between the lower
picritic and troctolitic gabbrodolerites with high-grade
sulfide mineralization, on the one hand, and the upper
leucocratic rocks with low-sulfide PGE mineraliza-
tion, on the other, along with the occurrence of erup-
tive breccia leave, in our opinion, hope that these
intrusive bodies are multiphase. So far, the rock asso-
ciations of the upper gabbroic zone are considered
products of intrachamber fractionation of fluid-satu-
rated magmatic melt (Sluzhenikin and Distler, 2010).

It should be noted in this regard that the idea of
repeated mixing of various magmatic injections into
the crystallization chamber currently dominates in the
world literature (Robb, 2008). For example, in the
Bushveld massif consisting of five chambers (limbs, or
laccolith-like basins), the composite Platreef reveals
indications of magma mixing (high-Mg and high-Cr
U-type and high-Al and Cr-depleted T-type). An
additional crosscutting injection of primitive magma
of the Merensky reef was established in the earlier lay-
ered rocks (Yudovskaya and Distler, 2010). It is evident
that correct genetic interpretation of a complex ore-
magmatic system of the Noril’sk type needs isotopic
dating of reference processes and their geochemical
characterization.

In conclusion, note that in the superplume process
protractedly evolving in the eastern Baltic Shield, the
early (2530—2400 Ma) extensive within-plate mafic
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magmatism with polymetallic (Cr, Ni, Cu, PGE, Fe,
Ti, V) metallogeny gave way 2000—1980 Ma ago to
local linear rift- and spreading-related magmatism of
the Red Sea type, which formed sulfide Ni—Cu depos-
its of the Pechenga ore field, as well as separate alka-
line plutons with carbonatites, and Ti—V and apatite
mineralization (Gremykha-Vyrmes massif. etc.)
(Mitrofanov, 2010). The evolution of the Noril’sk
province was closely related in time (~250 Ma ago)
and space to ore-bearing alkaline magmatism in the
north of the Siberian Platform, including carbonatites
and kimberlites typical of superplumes (Bogatikov
et al., 2010).

NATURE OF MAGMA AND METAL SOURCES,
EFFECT OF MANTLE AND CRUSTAL
PROCESSES, MAGMATISM, AND FLUID-
HYDROTHERMAL PHENOMENA

The isotopic geochemical data are largely con-
cerned with mantle sources of initial melts and ore
matter, subsequent processes in transitional chambers,
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which predate magma crystallization, and postmag-
matic processes in the Earth’s crust.

The crystallization of mafic magmas in crustal
chambers and subsequent alteration of rocks were
described in petrological terms by Wager and Brown
(1968), Irvine (1977), Campbell and Barnes (1984),
Dubrovsky (1998), Naldrett (2003), Likhachev
(2006), Sharkov (2006), Robb (2008), etc. It should be
noted that in genetic models of even classic world-
class objects (Bushveld, etc.), the duration of pro-
cesses was not taken into account due to the lack of the
necessary measurements. Meanwhile, multiple supply
of new batches of melt in the magma chamber is
assumed a necessary condition in many genetic mod-
els. For example, the Merensky reef as the major world
reservoir of PGE ore is related to one of the supple-
mentary portions of magma enriched in Sr¥7/Sr® up to
0.709 against the background of Sr¥”/Sr® = 0.703 inher-
ent to the early mafic layered section. Anorthosite pot-
holes with higher PGE contents locally crosscut the
Merensky reef. As mentioned above, the Platreefin the
Bushveld massif was formed as a product of magma
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mixing as well (Yudovskaya and Distler, 2010). A sim-
ilar situation with repeated supply of ore-forming
matter was noted in the lower PGE reef at the Kievei
deposit in the Fedorov Pana intrusion, where cross-
cutting anorthosite (Latypov et al., 1999) crystallized
later than the layered mafic series, by at least ten mil-
lion years: 2470 = 9 and 2491 £ 6 Ma, respectively
(Bayanova, 2004). It seems that late ore-forming
anorthosites enriched in Ca and Al and depleted in Cr,
and the early gabbroic rocks enriched in Mg and Cr,
correspond to the T- and U-type magmas of the Pla-
treef.

The crystallization of orthomagmatic ore-bearing
mafic rocks in magma chambers comprises various
combinations of such processes as magma separation
by density, including the effect of immiscibility of sili-
cate and ore liquids; crystal fractionation; supplemen-
tary injections of melts and fluids mixed with minerals
and/or the preceding residual melt; a shift of the cote-
ctics under variable conditions; interaction with fluid;
contamination; etc. The physicochemical principles
of these processes were discussed in the summaries
published by Marakushev (1992), Dubrovsky (1998),
Naldrett (2003), Chernyshov (2004), Likhachev
(2006), and Robb (2008). The genesis of PGE deposits
in the Baltic Shield was discussed by Sharkov (2006),
Bogatikov et al. (2010), Grokhovskaya et al. (2000,
2003), and Dubrovsky and Rundqvist (2009).

What remains unclear in the source(s) of magma
and ore matter that transformed into low-sulfide PGE
lodes in the vast East Scandinavian mafic province and
its counterparts. Over the extensive territory of this
province, the average composition of layered intru-
sions differing in age and geological setting corre-
sponds to leucocratic gabbronorite with constant iso-
topic parameters: eng = —1 to —3 and I, = 0.702—
0.704 (Bayanova et al., 2009). The constancy of these
parameters, the low sulfide content in rocks and ores,
and within-plate setting of the province do not allow
us to assume subduction-related contamination and
secondary enrichment of primary magma in ore ele-
ments and sulfur as proposed by Dodin et al. (2001)
and Starostin and Sorokhtin (2010) for the Noril’sk
intrusions and related high-grade sulfide lodes.

Meanwhile, the low-sulfide deposits are character-
ized by an anomalously high PGE concentration in
the sulfide phase, which is much higher than in sul-
fides at Ni—Cu—PGE deposits (Naldrett, 2003). This
difference causes an apparent deficiency in the mass of
parental magma calculated from the commonly
accepted global mean concentration in the crust with
regards to the real amount of PGE in ore and rocks of
layered complexes. To explain this discrepancy as
applied to the main epoch of ore formation in the Late
Neoarchean—Early Paleoproterozoic, a number of
hypotheses have been proposed.

The first group of hypotheses assumes a special
composition of the mantle geospheres at the early
stage of Earth’s evolution. These geospheres produced
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magma initially enriched in PGE. A hypothesis of het-
erogencous composition of large mantle clusters
retained from the early stage of Earth accretion prior
to complete homogenization explains the dispropor-
tionate enrichment of particular terrestrial regions in
PGE and Au, e.g., in South Africa (Robb, 2008). The
hypothesis of abundant bombardment by meteorites
and asteroids enriched in siderophile and noble metals
suggested for the Sudbury deposit supplements this
group.

In our opinion, the hypothesis of undepleted pri-
mary magmas derived from lower mantle sources is the
most suitable for interpreting within-plate plume-
related LIPs of the ESMLIP type. These magmas are
distinguished from the upper mantle asthenospheric
melts by enrichment (fertility) in both siderophile—
chalcophile (PGE, Au, Ni, Cr) elements and LILE.
Models of such magma formation by partial melting of
protolherzolite with the active role of through-mantle
metasomatism have been proposed. For high Pand 7,
inert noble metals migrate in the form of atomic gas of
intermetallides, tellurides, selenides, and hydrides. It
cannot be ruled out that PGE-nanoclusters were
formed with ligands in the form of complex com-
pounds with OH-, CI-, Br-, S—, HS—, NO?*, NO*,
and CN~. These clusters could have been incorporated
into olivine and chromite in a low-S medium and into
sulfides in a high-S medium (Boudreau, 2009;
Sluzhenikin, 2010).

Accumulation and retention of significant PGE
concentrations require long-term and stable condi-
tions before the formation of a mantle magma source.
During subsequent melting, which, on the contrary,
must be short-term in order to avoid dilution of the
unstable system, the metals concentrate in melts at the
chemical and thermodynamic barriers, including the
silica-enriched chambers in the crust—mantle layer.
Such a layer >10 km thick is supposed beneath many
areas in the ESMLIP (Verba et al., 2005). Note also
that plume streams must be characterized by a high
He3/He* ratio, as is suggested in several intrusions of
the Kola region (Tolstikhin et al., 1992; Bayanova
et al., 2009). It should be added that the Early Pale-
oproterozoic belts of mafic rocks enriched in PGE
inherit Archean komatiite belts, and this may explain
the secondary crustal enrichment of magmas in PGE
and Au (Mitrofanov, 2010).

Magmatic crystallization in intrusive chambers
under closed system conditions, e.g., the Skaergaard
pluton in Greenland, can be described in terms of the
known models (Dubrovsky, 1998). The simulation of
PGE distribution developed by Naldrett (2003) takes
into account liquid immiscibility and additional con-
centration at liquid/solid interfaces. This model is
helpful for interpreting complex multiphase and con-
taminated magmas. Sluzhenikin et al. (1994) called
attention to the role of fluid components (OH-, CI-,
F~) in the PGE concentration of leucocratic gabbroic
rocks localized in the upper parts of Noril’sk intru-
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sions. These rocks as a product of crystallization of
residual melt accumulate volatile components facili-
tating fractionation and enrichment of low-sulfide
lodes in PGE.

CONCLUSIONS

This paper presents the results of a multidisci-
plinary study performed by a group of specialists in
various fields of geology. These results allowed us to
assert that the East Scandinavian and Noril’sk ore
provinces belong to the mafic large igneous provinces.

The East Scandinavian mafic large igneous prov-
ince (ESMLIP) was formed in the Early Paleoprotero-
zoic (2530—2200 Ma ago) on the continental crust of
the Archean Kola—Lapland—Karelian Craton in an
intracratonic geodynamic setting and under conditions
of passive rifting before initial ophiolitic plutonism of the
Svecofennian paleoocean (2200—2000 Ma ago). In con-
trast, the Noril’sk mafic large igneous province
(NMLIP) was formed primarily in the Late Paleo-
zoic—Early Mesozoic 350(?)—220 Ma ago at the active
margin of the Siberian Craton during the closure of the
Central Asian paleoocean.

In the ESMLIP, plume-related magmatic ore for-
mation developed without substantial crustal contam-
ination and with predominance of low-sulfide Pd—Pt
mineralization. In the NMLIP, mantle magmas were
enriched in the crustal matter (mainly sulfur) with for-
mation of sulfide Ni—Cu ore.

From a comparison of the age and localization of
the world’s largest Pd—Pt and Ni—Cu—PGE ore
reserves with the epochs of the major collisional and
plume-related geodynamic processes, which involved
enormous areas and volumes in the continental litho-
sphere, and consideration of the terrestrial geodynam-
ics at different stages of its evolution, a conclusion was
drawn that the main Pd—Pt and Ni—Cu—PGE ore
provinces were formed mainly at the late stages of the
existence of supercontinents and at the onset of their
breakdown 2.2—2.5 and 1.8—1.7 Ga ago, less fre-
quently in the Late Precambrian, and as a unique phe-
nomenon in the Late Paleozoic (Noril’sk).

The long-term (tens of millions of years) function-
ing and pulsatory evolution of plume-related ore-
magmatic systems has been proved for the ESMLIP
and is suggested for the NMLIP. The PGE concentra-
tion in economic low-sulfide lodes (reefs) hosted in
mafic intrusions is related not only to intrachamber
fractionation, but also to diverse deep processes in the
lower mantle. We are inclined to use the hypothesis of
the lower mantle fertile (undepleted) magmas to
explain the geochemistry and metallogeny of intrusive
rocks in mafic LIPs.

The complex of geological, geophysical, geochro-
nological and geochemical isotopic indicators (U—
Pb, Sm—Nd, Rb—Sr, He/He isotopic systems; exq(7),
T(DM), I, He3/He* parameters) can be helpful to
forecast prospectivity of mafic intrusions for low-sul-
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fide PGE and sulfide Ni—Cu—PGE mineralization.
These indicators are used by prospecting companies
working in Kola Peninsula and Lapland Finland. The
same technology can be applied to Karelia, Voronezh,
Eastern Sayan, and other mafic large igneous prov-
inces.

ACKNOWLEDGMENTS

We thank anonymous reviewers for critical com-
ments. This study was supported by the Russian Foun-
dation for Basic Research (project nos. 09-05-12028,
11-05-12012, 13-05-00671), 13-05-12055.

REFERENCES

Bayanova, T.B., Vozrast repernykh geologicheskikh komple-
ksov Kol’skogo regiona i dlitel’nost’ protsessov magmatizma
(Age of reference geological complexes of the Kola region
and duration of magmatic processes), Moscow: Nauka,
2004.

Bayanova, T., Ludden, J., and Mitrofanov, F., Timing and
duration of Palacoproterozoic events producing ore-bear-
ing layered intrusions of the Baltic Shield : metallogenic,
petrological, and geodynamic implications, Geol. Soc. Spec.
Publ., 2009, no. 323, pp. 165—198.

Bleeker, W. and Ernst, R., Short-lived mantle generated
magmatic events and their dyke swarms: the key unlocking
Earth’s paleogeographic record back to 2.6 Ga, in Dyke
swarms-time marker of crustal evolution, Rotterdam:
Balkema Publ., 2006, pp. 1—20.

Bogatikov, O.A., Kovalenko, V.I., and Sharkov, E.V., Mag-
matizm, tektonika, geodinamika Zemli (Magmatism, tecton-
ics, and geodynamics), Moscow: Nauka, 2010.

Boudreau, A.E., Transport of the platinum-group elements
by igneous fluids in layered intrusions, in Magmatic Ni—Cu
and PGE Deposits, 2009, pp. 229—290.

Campbell, I. and Barnes, S., Partition coefficients for plat-
inum and palladium between immiscible sulfide and silicate
liquids, Can. Mineral., 1984, vol. 22, pp. 151—160.
Campbell, 1. and Griffiths, R., Implications of mantle
plume structure for the evolution of flood basalts, Earth
Planet. Sci. Lett., 1990, vol. 99, pp. 79—93.

Chernyshov, N.M., Platinonosnye formatsii Kursko-Voron-
ezhskogo regiona (Platinum-Bearing Associations of the
Kursk—Voronezh Region), Voronezh, 2004.

Condie, K., Supercontinents and superplume events: dis-
tinguishing signals in the geologie record, Phys. Earth and
Planet. Inter., 2004, vol. 146, pp. 319—332.

Dobretsov, N.L., Permian—Triassic magmatism and sedi-
mentation in Eurasia as a result of a superplume, Dokl
Earth Sci., 1997, vol. 354, no. 4, pp. 497—500.

Dobretsov, N.L., Geological implications of thermochemi-
cal models of plumes, Geol. Geofiz., 2008, vol. 49, no. 7,
pp. 587—604.

Dodin, D.A., Chernyshov, N.M., and Cherednikova, O.1.,
Metallogeniya platinoidov krupnykh regionov Rossii (Metal-
logeny of platinoids in large Russian regions), Moscow:
Geoinformmark, 2001.

Dubrovsky, M.1., Trendy differentsiatsii olivin-normativnykh
magm normal’noi shchelochnosti i sootvetstvuyushchie im



318

porodnye serii (Differentiation trends of olivine-normative
magmas of normal alkalinity and corresponding rock
series), Apatity: Kola Since Center, Russian Acad. Sci.,
1998.

Dubrovsky, M.I. and Rundqvist, T.V., Petrology of the Early
Proterozoic platinum-bearing massif of Fedorov Tundra,
Kola Peninsula, Geol. Ore Deposits, 2009, vol. 51, spec.
issue 7 (Zapiski Russian Mineral. Soc.), pp.577—587.

Dyuzhikov, O.A., Distler, V.V.,, Strunin, B.M., et al.,
Geologiya i rudonosnost Noril’skogo raiona (Geology and
resource ore potential of the Noril’sk district), Moscow:
Nauka, 1988.

Egorkin, A.V., Zyuganov, S.K., and Chernyshov, N.M.,
Upper mantle of Siberia, in 27-i MGK. Geofizika (27th IGC
Session. Geophysics), Moscow: Nauka, 1984.

Godlevsky, M.N., Trappy i rudonosnye intruzii Noril’skogo
raiona (Traps and ore-bearing intusions of the Noril’sk dis-
trict), Moscow: Gosgeoltekhizdat, 1959.

Grachev, A.F, Identification of mantle plumes based on
studying the composition of volcanic rocks and their isoto-
pic—geochemical characteristics, Petrology, 2003, vol. 11,
no. 6, pp. 562—596.

Grokhovskaya, T.L., Bakaev, G.E, Shelepina, E.P, et al.,
PGE mineralization in the Vuruchuaivench gabbronorite
massif, Monchegorsk pluton (Kola Peninsula, Russia),
Geol. Ore Deposits, 2000, vol. 42, no. 2, pp. 133—146.

Grokhovskaya, T.L., Bakaev, G.E, Sholokhnev, V.V, et al.,
The PGE ore mineralization in the Monchegorsk mag-
matic layered complex (Kola Peninsula, Russia), Geol. Ore
Deposits, 2003, vol. 45, no. 4, pp. 287—308.

Groshev, N.Yu., Nitkina, E.A., and Mitrofanov, EP., Two-
phase mechanism of the formation of platinum-metal basic
rocks of the Fedorov Tundra intrusion on the Kola Penin-

sula: New data on geology and isotope geochronology,
Dokl. Earth Sci., 2009, vol. 427A, no. 6, pp. 1012—1016.

Groves, D., Vielreicher, R., Goldfarb, R., et al., Controls
on the heterogeneous distribution of mineral deposits
through time, Geol. Soc. Spec. Publ., 2005, vol. 248, pp. 71—
101.

Iljina, M. and Hanski, E., Layered mafic intrusions of the
Tornio—Narankavaara Belt, in Precambrian geology of Fin-
land, Amsterdam, 2005, pp. 101—138.

Irvine, T., Origin of chromite layers in the Muskox intrusion
and other stratiform intrusions: a new interpretation, Geol-
ogy, 1977, vol. 5, pp. 273-277.

Korchagin, A.U., Subbotin, V.V., Mitrofanov, EP,, et al.,
The Kievei PGM deposit in the Western Pana layered intru-
sion, in Strategicheskie mineral’nye resursy Laplandii (Stra-
tegic mineral resources of Laplandia), Apatity: Kola Sci.
Center, Russian Acad. Sci., 2009, pp. 12—32.

Krivolutskaya, N.A. and Rudakova, A.V., Structure and
geochemical characteristics of trap rocks from the Noril’sk

Trough, northwestern Siberian Craton, Geochem. Int.,
2009, vol. 47, no. 7, pp. 635—656.

Latypov, R.M., Mitrofanov, EP., Alapieti, T.T., and Khalko-
akho, A.A., Petrology of the lower layered horizon of the
Western Pansky Tundra intrusion, Kola Peninsula, Petrol-
ogy, 1999, vol. 7, no. 5, pp. 482—508.

Likhachev, A.P., Platino-medno-nikelevye i platinovye
mestorozhdeniya (Ni—Cu—PGE and PGE deposits), Mos-
cow: Nauka, 2006.

GEOLOGY OF ORE DEPOSITS VWl. 55 No. 5

MITROFANOV et al.

Lubnina, N.V., East European Craton from Neoarchean to
Paleozoic: paleomagnetic data, Docfor Sci. (Geol.-Miner.)
Dissertation, Moscow, 2009.

Malitch, K.N., Badanina, I.Yu., and Belousova, E.A. et al.,
U-Pb age constraints on temporal evolution of the ore-
bearing Noril’sk-1 intrusion: evidence from zircon and
baddeleyite, in Proceedings of the 3rd Intern. Conference on
mafic—ultramafic complexes of folded regions and related
deposits, Yekaterinburg, 2009, pp. 24—27.

Malitch, K.N., Badanina, I.Yu., and Tuganova, E.V., Mag-
matic evolution of mafic—ultramafic intrusions of the
Noril’sk province: compositional and geochronological
data, Litosfera, 2010a, vol. 10, no. 5, pp. 37—63.

Malitch, K.N., Belousova, E.A., Griffin, W.L., et al., Mag-
matic evolution of the ultramafic—mafic Kharaelakh intru-
sion (Siberian Craton, Russia): insights from trace-ele-
ment, U-Pb and Hf-isotope data on zircon, Contrib. Min-
eral. Petrol., 2010b, vol. 159, no. 6, pp. 753—768.

Marakushev, A.A. and Bezmen, N.l., Mineralogo-petro-
graficheskie kriterii rudonosnosti izverzhennykh porod (Min-
eralogical and petrographic criteria of ore potential of igne-
ous rocks), Moscow, Nedra, 1992.

Mints, M.V., 3D Model of deep structure of the Early Pre-
cambrian crust in the East European Craton and paleogeo-
dynamic implications, Geotectonics, 2011, vol. 45, no. 4,
pp. 267—290.

Mitrofanov, EP., New kinds of mineral commodities in the
Kola province: discoveries and perspective, in Mater. konf.
“Nauchnoe nasledie akad. V.N.Smirnova” (Proceedings of
conference on scientific heritage of Academician V.I.
Smirnov), Moscow, 2005, pp. 39—53.

Mitrofanov, EP., Metallogeny of the Kola—Karelian region
of the Baltic (Fennoscandian) Shield, in Fundamental’nye
problemy geologii mestorozhdenii poleznykh iskopaemykh i
metallogenii (Basic problems of geology of mineral
resources and metallogeny), Moscow: MGU, 2010.

Mitrofanov, EP. and Nerovich, L.I., Timing of magmatic
crystallization and metamorphic transformations in the
Pyrshin and Abvar autonomous anorthosite massifs, Lap-
land Granulite Belt, Petrology, 2003, vol. 11, no. 4,
pp. 343-351.

Naldrett, A.J., Magmaticheskie sul'fidnye mestorozhdeniya
medno-nikelevykh i platinometall’nykh rud (Magmatic sul-
fide deposits of Ni—Cu—PGM ores), St. Petersburg: St.
Petersburg State Univ., 2003.

Petrov, O.V,, Sergeev, S. A., Prasolov E. M., Khaleney, V. O.,
and Lokhov, K. 1., Geochronological and isotope geochem-
ical characteristics of mafic intrusions of the Noril’sk
region, Dokl. Earth Sci., 2010, vol. 434, no.1, pp. 1272—
1274.

Pirajno, E, Mantle plumes, associated intraplate tectono-
magmatic processes and ore systems, Episodes, 2007,
vol. 30, no. 1, pp. 6—19.

Robb, L., Introduction to ore-forming processes, Oxford:
Blackwell Publ., 2008.

Rundqvist, D.V., Tkachev, A.V., Cherkasov, S.V., et al.,
Krupnye i superkrupnye mestorozhdeniya rudnykh
poleznykh iskopaemykh. Tom 1. Global’nye zakonomernosti
raspredeleniya (Large and superlarge ore deposits, Vol.1:
Global trends of localization), Moscow: IGEM RAN,
2006.

2013



EAST SCANDINAVIAN AND NORIL’SK PLUME MAFIC LARGE IGNEOUS PROVINCES

Sharkov, E.V., Formirovanie rassloennykh intruzivov i svyaz-
annogo s nimi orudeneniya (Formation of layered intrusions
and related mineralization), Moscow: Nauchnyi mir, 2006.
Sluzhenikin, S.F, Ni—Cu—PGE and PGE ores of the
Noril’sk district and their ore minerals, Ross. Khim. Zh.,
2010, vol. 54, no. 2, pp. 38—49.

Sluzhenikin, S.F. and Distler, V.V., Petrology of low-sulfide
PGE ores of the Noril’sk district, in Novye gorizonty v
izuchenii protsessov magmo- [ rudoobrazovaniya. Mat.
nauchn. konf. (Proceeding of Sci. Conference: New hori-
zons in studying magma and ore formation), Moscow:
IGEM RAN, 2010, pp. 305—306.

Sluzhenikin, S.E, Distler, V.V., Dyuzhikov, O.A., et al.,
Low-sulfide PGE mineralization in the Noril’sk differenti-
ated intrusions, Geol. Rudn. Mestorozhd., 1994, vol. 36,
no. 3, pp. 195-217.

Smolkin, V.E, Kremenetsky, A.A., and Wetrin, V.R.,
Geoogical and geochemical model of the formation of
Paleoproterozoic ore-magmatic systems in Baltic Shield,
Otech. Geol., 2009, no. 3, pp. 54—62.

Starostin, V.I. and Sorokhtin, O.G., Recycling model of the
origin of the Ni—Cu—PGE deposits of the Noril’sk type,
Izv. Sektsii Nauk o Zemle RAEN, 2010, no. 19, pp. 5—10.
Tolstikhin, I.N., Dokuchaeva, V.S., Kamensky, I.L., et al.,
Juvenile helium in ancient rocks, Geochim. Cosmochim.
Acta, 1992, vol. 56, pp. 987—999.

Tolstykh, N.D., Orsoev, D.A., Krivenko, A.P,, and Izokh, A.E.,
Blagorodnometall’naya mineralizatsiya v rassloennykh
ul’trabazit-bazitovykh massivakh yuga Sibirskoi platformy
(Noble-metal mineralizationin the mafic—ultramafic lay-

GEOLOGY OF ORE DEPOSITS Vol. 55 No. 5

2013

319

ered massifs in the south of Siberian Platform), Novosi-
birsk: Parallel, 2008.

Tuganova, E.V., Formatsionnye tipy, genezis i zakonomernosti
razmeshcheniya sul’fidnykh platinoidno-medno-nikelevykh
mestorozhdenii (Typification, genesis, and localization of
the Ni—Cu—PGE deposits), St. Petersburg: VSEGEI, 2000.

Vasil’ev, Yu.R., Mazurov, M.P., Prusskaya, S.N., et al., The
first “°Ar/3°Ar age data for trap intrusions of the western part
of the Siberian Platform, Dokl. Earth Sci., 2010, vol. 432,
no. 2, pp. 750—753.

Verba, M.L., Vinogradov, A.N., and Mitrofanov, EP., Evo-
lution of the Earth’s crust and mineragenic potential of the
Barents Sea region, in Stroenie litosfery rossiiskoi chasti Bar-
ents regiona (Lithosphere structure in the Russian part of
the Barents region), Petrozavodsk, 2005, pp. 256—311.

Wager, L. and Braun, G., Layered igneous rocks, Edinburgh,
Oliver & Boyd, 1968; Moscow: Mir, 1970.

Yi-gang, Xu., Mantle plume, large igneous provinces, and
lithospheric evolution, Episodes, 2007, vol. 30, no. 1, p. 5.

Yudovskaya, M.A. and Distler, V.V., Formation mechanism
of Pt-bearing chromitites in layered intrusions in the light of
new evidence for Platreef: northern limb of the Bushveld
Complex, South Africa, in Novye gorizonty v izuchenii prot-
sessov magmo- i rudoobrazovaniya. Mat. nauchn. konf. (Pro-
ceeding of Sci. Conference: New horizons in studying
magma and ore formation), Moscow: IGEM RAN, 2010,
pp. 321-322.

Translated by V. Popov



