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Research subject. World-class sulphide platinum-group-element (PGE)-Cu-Ni deposits occur within the Noril’sk-Talnakh
region of northern Siberia, Russia. The significance of these deposits presents opportunities to determine the most effective
approaches for the search of similar deposits using commercial PGE-Cu-Ni deposit examples. Materials and methods. Pet-
rological and geochemical analysis of the ultramafic-mafic intrusions of the Noril’sk province ranks them into three types in
terms of sulphide mineralization style and economic significance: 1) economic intrusions containing unique and large sul-
phide PGE-Cu-Ni deposits (Oktyabr’sk, Talnakh and Noril’sk-1); 2) subeconomic intrusions that contain small- to medi-
um-sized Cu-Ni sulphide deposits, and medium-sized to large PGE deposits (Chernogorsk, Zub-Marksheider, Vologochan,
etc.); 3) uneconomic intrusions that contain low-grade disseminated Cu-Ni ores with ~0.2 wt % of Cu and Ni, and low Cr
and PGE (Nizhny Talnakh, Zelyonaya Griva, etc.). Results and conclusions. Principal sources used in exploration for rich
sulphide PGE-Cu-Ni ores include structural, magmatic, stratigraphic-lithological, geochemical, mineralogical, metamor-
phic and some others. Based on an analysis of isotope-geochemical data, new indicators for locating sulphide PGE-Cu-Ni
mineralization are suggested. A restricted range of S-isotope values, and a negative trend for coupled S-Cu isotope com-
positions can be employed as useful guides to assess the economic potential of a PGE-Cu-Ni sulphide deposit. It is pro-
posed that the Chernogorsk ultramafic-mafic intrusion of the Noril’sk province is the most promising target in a search for
rich PGE-Cu-Ni ores. It is suggested that the previously known mineralogical-geochemical and novel isotope-geochemical
characteristics of sulphide and silicate minerals are important indicators in assessing the potential ore content of ultrama-
fic-mafic intrusions of the Noril’sk province.
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Ob6vexm uccredosanuti. C ynprpaMaduT-MapuTOBBIMA HHTPY3HBaMH Hopuiibckolt mpoBHHINY Ha ceBepo-3anane Cudup-
CKOM l'lJ'laT(l)OprI CBs3aHbl YHUKAJIbHBIE MECTOPOXKACHHUS TNIATUHOUI0OB, HUKEIIA U MEIU. npOMblLUJ'IeHHOG 3HAYCHUE CYJIb-
¢uaHBIX TUIATHHOUAHO-MeaAHO-HIKeNeBbIX (DI1-Cu-Ni) MecTopokaeHuil mpeaonpeaenseT He0OX0JMMOCTh BBISIBICHHS
Ha UX npuMepe HanOoliee S(GEeKTHBHBIX MPEIIOCHUIOK U IIPU3HAKOB IIPOTHO3a JJISI TONCKA MOJOOHBIX UM MECTOPOIK/Ie-
Hull. Mamepuanst u memoosi. [1eTpoaoro-reOXuMUIecKuii aHaan3 ynbTpamMapuT-mMaduToBBIX HHTPY3UBOB HopHibckoit
MIPOBUHIUH TTO3BOJMII PAHXKUPOBATh UX MO CTENCHU MEPCICKTUBHOCTH Ha IIATHHOWIHO-MEIHO-HUKEIEBBIE PYIBl B CO-
CTaBe TPEeX IeoJIOr0-3KOHOMUYECKHUX THIOB: 1) IIPOMBIIIICHHO-PYIOHOCHOTO, BMEIIAIOIIEr0 YHUKAIbHBIE ¥ KPYITHBIE Me-
cropoxkaenus (Okrsaoprckoe, Taanaxckoe n Hopunbek-1); 2) pyZoHOCHOTO, ¢ KOTOPBIM aCCOIMUPYIOT MEJKHE (pe3epB-
HBIC) MECTOPOXKACHHMS ¢ 3a0aTaHCOBBIMH 3aIlacaMy CyNb(GHUIHBIX INIATHHOWIHO-MERHO-HUKeNeBEIX py (UepHoropckoe,
3y0-Mapkieiinepckoe, Bonorodanckoe u np.); 3) ciabopynonocuoro ¢ Cu-Ni cynbduaHoi MuHepanu3aiueil 06e3 mia-
THHOUZIOB (MHTpPY3UBB HmkHeTamHaxckuii, HIKHEHOPHITECKUH, 3eIeHOTPUBCKUN 1 Ap.). Pesynvmamet u 661600u1. B cta-

Jas uutupoBanus: Manua K.H. (2021) Kpurepuun nporaosa cynb(GpHUIHBIX IIIATHHOWAHO-MEIHO-HUKEIEBBIX MECTOpOKAeHUT Hoprib-
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Forecasting criteria for sulphide PGE-copper-nickel deposits of the Noril sk province
Kpumepuu npoecrosa cynbuonsix niamuHouoHo-meOHO-HUKee8bIX MeCMOPONCOeHUl

ThE PACCMOTpPEHBI INIyOWHHBIE, MarMaTHYECKUE, MUHEPAJIOTHUECKUE, TEOXUMHYECKHUE, JINTOJIOrO-CTpaTHrpaduieckre u
MeTaMophHIecKie KPUTEPUU U MPHU3HAKHM IPOTHO3a CyIb(QUAHBIX IUIATHHOWIHO-MEIHO-HUKEIEBBIX MECTOPOXKACHHUIL.
Ha ocHoBe ananm3a M30TOIMHO-TEOXUMUYECKHX JTAHHBIX NPEATI0KCHEl HOBBIE HHIUKATOPHI MacIITaOHOCTH CYyIb(HUIHO-
ro OIII'-Cu-Ni opyeHeHus! IPU TPOTHO3UPOBAHUH O0raThIX (MAaCCHUBHBIX) Cynb(puAHBIX pya. Ha ocHOBe coueTaHus u30-
TOIHBIX COCTABOB OCMHS, CEpPHl U MEIH BIIEPBBIC BHIIBICHBI HHTPY3UBHBIE TeJa ¢ BKPAIUICHHBIMA cyabdumaemvMu OI1T -
Cu-Ni pynamu, o01aaronMy apaMeTpaMy pyAHOTO BEIECTBa, 3a CYeT KOTOPBIX ObUTH ChopMHUPOBAaHBI MACCHBHBIE PY-
JbI TIIATHHOMTHO-METHO-HUKENEBBIX MecTopoxaeHHH Hopuiabckoit npoBuHINH. BBICOKHE MEPCHEKTHBBI 0OHAPYKEHHS
OoraTeIX CyNb(OUIHBIX IUIATHHOMIHO-METHO-HUKENEBBIX Py Ui YepHOTOPCKOTO PyIOHOCHOTO MHTPY3UBa 00yCIOBIIE-
HBI cX0CTBOM S-Cu M30TOITHBIX XapaKTEPUCTHK Ul BKparuIeHHbIX cyabduanbix JIIT-Cu-Ni pyn faHHOrO HHTpY3HUBa C
TaKOBBIMH IPOMBIIUICHHO-PYAOHOCHOTO TanHaxckoro mHTpy3uBa Hopunbckoit nmpoBuHnuu. OGOCHOBEIBAETCS, 4TO pa-
Hee U3BECTHBIC MUHEPAJIOr0-Tr€0OXUMUYECKUE U BHOBB NIPEJUIaracMble H30TONHBIC XapaKTEPUCTUKHU PYAHOIO U CUIMKATHO-
IO BELIECTBA SABJIAIOTCSA KIIOYEBBIMH MHIMKATOPAMH HPH OLICHKE PYZOHOCHOCTH YIbTpaMadUT-MaUTOBBIX HHTPY3UBOB
Hopunbckoii npoBUHIMH.

KiroueBble ¢10Ba: yivmpamadum-maghumossvie uHmMpy3uesl, cyibpuoHble niamuHOUOHO-MeOHO-HUKee8ble MECHOPO’C-

661
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Hcrounuk ¢puHaHCHpOBaHUS

Hccenedosanus svinonnenvl 8 pamkax eocyoapcmeennoco 3aoanus UI'T YpO PAH (Ne AAAA-A18-118052590026-5) npu
Gunancosoii nodoepocke PODU (epanm Ne 18-05-70073-Pecypcor Apkmuku)

INTRODUCTION

The ultramafic-mafic Noril’sk-type intrusions in the
northern part of Siberia (Russia) host one of the world’s
major economic platinum-group-element (PGE)-Cu-Ni
sulphide deposits. Despite the fact that PGE-Cu-Ni ores
in the Noril’sk area have been explored since the ear-
ly 1920s (Sotnikov, 1919; Rogover, 1959; Godlevsky,
1959; Korovyakov et al., 1963), it was the discovery
of the Oktyabr’sk and Talnakh deposits within the Tal-
nakh ore junction that brought the former USSR to a
leading position in the world platinum and nickel in-
dustry in early 1960s (Egorov, Sukhanova, 1963; Vau-
lin, Sukhanova, 1970; Kravtsov, 2003). Along with
the Sudbury ore district, the Noril’sk-Talnakh depo-
sits dominate the global resource of sulphide-hosted Ni
and contain a significant proportion of the global Pd
resource. Russia was the world’s leading producer of
Pd in 2019 (www.statista.com/statistics/273647/glo-
bal-mine-production-of-palladium), with about 40%
of production coming from the Noril’sk-Talnakh depo-
sits (State report on..., 2019). According to JSC No-
rilsk Nickel, the Oktyabr’sk deposit contains balanced
reserves of 3930.4 t of platinum-group metals in cat-
egory A + B + C,, and 1537.5 t in category C,, with
a mean PGE grade in sulphide ore of 5.02 ppm, the
Talnakh deposit contains balanced reserves of 3174.2 t
of platinum-group metals in category A + B + C,, and
1156.3 t in category C,, with a mean PGE grade in sul-
phide ore of 4.8 ppm (State report on..., 2019). Accord-
ing to JSC Norilsk Nickel and PLC Russian Platinum,
the Noril’sk-1 deposit contains balanced reserves of
1283 t of platinum-group metals in category A + B +
C,,and 1170.1 t in category C,, with a mean PGE grade
in sulphide ore of 5.7 ppm (State report on..., 2019).
Five mines exploit ores of the Oktyabr’sk and Talnakh
deposits (Oktyabr’sk, Taimyr, Komsomol, Mayak and
Skalisty), whereas disseminated ore of the Noril’sk de-
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posit is mined in the Zapolyarny underground mine and
the Medvezhy Creek open pit. The Oktyabr’sk and Tal-
nakh deposits within the Talnakh ore junction have no
analogues in the world, featuring a unique combina-
tion of large scale and high-grade ores (see Table 1 in
(Barnes et al., 2020)).

Since the discovery of economic sulphide PGE-
Cu-Ni deposits within the Noril’sk province (as in oth-
er ore districts globally), there has been a continuous
search for reliable criteria and indicators for forecas-
ting these deposits (Map of prospective evaluation...,
1976, 1979; Lyakhnitskaya, Tuganova, 1977; Explora-
tion criteria..., 1978; Malitch et al., 1987; Likhachev,
1986; Metallogenic map..., 1984, 1987; Principles and
methods..., 1987; Stepanov, 1989; Dyuzhikov et al.,
1988; Tuganova, 2000; Naldrett, 2004; Rad’ko, 2016,
Malitch et al., 2018b, among others). These criteria in-
clude a wide range of structural, deep-seated, magma-
tic, geochemical, mineralogical, metamorphic, strati-
graphic and hydrogeochemical indicators. Recent ra-
diogenic and stable isotope studies of variously mine-
ralized Noril’sk-type ultramafic-mafic intrusions used
new approaches and expanded our knowledge for pre-
dicting sulphide PGE-Cu-Ni ores (Malitch et al., 2014,
2018a, b, 2020; Sluzhenikin et al., 2014, 2018, 2020a,
b; etc.). In this article I attempt to review earlier known
prediction criteria together with a novel set of key iso-
topic-geochemical indicators that can be used in explo-
ration for sulphide PGE-Cu-Ni rich ores.

GEOLOGICAL BACKGROUND

Sulphide PGE-Cu-Ni deposits related to the
Noril’sk-1, Talhakh and Kharaelakh (also known as
Oktyabr'skoe deposit) mafic-ultramafic intrusions are
located in the northwestern part of the Siberian Craton
(Russia). The intrusions are controlled by a long-lived
intracontinental paleorift (Tuganova, 2000) and have a
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Malitch
Manuy

P,iv 80-140 m Lavas and tuffs
EEm——— Nofil’sk-1
C)'P\ Aty S
2 - ——e— 780-330 m iltstones, sandstones,coals,
e conglomerates
Talnakh = :
= Dolomites, limestones,
Chernogorsk = 140-480 m dolomitic marls
D.kl
Nizhny Talnakh
D.nk == 2-80 m Dolomitic marls, anhydrites
D.jk = 12-40 m Dolomites
110210 m Dolomitic marls, dolomites,
; anhydrites, marls, lenses of salt (NaCl)
Dzmt = 1
Zub-Marksheider
Kharaelakh - Vologochan
110- Argillites, layers and lenses of
D,z 150 m limestones, siltstones, sandstones
62-
Dk
r 85 m Marls
Dzb i Dolomitic marls, anhydrites
— = 110-140 m
= = Dolomitic marls, anhydrites,
Dihr = = 0-90m dolomites
Djm 50-100 m Dolomites with layers of anhydrite
S.ps 96-105 m Dolomitic marls, dolomites, anhydrites

Fig. 1. Stratigraphic section showing the positions of economic, subeconomic and non-economic ultramafic—mafic in-
trusions (modified after Dyuzhikov et al., 1992; Czamanske et al., 1995).

Puc. 1. Crparurpaduyeckuii pa3pes, HOKa3bIBAIOIINIT TOJ0XKEHUE ITPOMBIIUICHHO-PYIOHOCHBIX, PYIOHOCHBIX U He-
PYZOHOCHBIX yJIbTPAOCHOBHBIX-OCHOBHBIX MHTPY3MBOB, 110 (Dyuzhikov et al., 1992; Czamanske et al., 1995), ¢ u3-

MCHCHHUAMH.

thickness of up to 360 m and length of up to 25 km. The
geologic setting (Fig. 1) and the morphological, litho-
logic, petrographic, and isotopic-geochemical features
of ultramafic-mafic intrusions and closely linked PGE-
Cu-Ni deposits have been described in detail among
others by Godlevsky (1959), Dodin and Batuev (1971),
Zolotukhin et al. (1975), Distler et al. (1988, 1999),
Likhachev (1994), Lyul’ko et al. (1994, 2002), Walker
et al. (1994), Czamanske et al. (1992, 1995), Tuganova
(2000), Komarova et al. (2002), Latypov (2002, 2007),
Turovtsev (2002), Arndt et al. (2003), Cabri et al.
(2003); Ripley et al. (2003), Naldrett (2004), Yakub-
chuk and Nikishin (2004), Petrov et al. (2009), Arndt
(2011), Malitch and Latypov (2011), Malitch et al.
(2014, 2018a, b, 2020), Ryabov et al. (2014), Sluzheni-

kin et al. (2014, 2018, 2020a, b), Krivolutskaya (2016),
Barnes et al. (2019, 2020), Krivolutskaya et al. (2019),
Tolstykh et al. (2020), Yao and Mungall (2021). A cor-
relation scheme of ore-bearing intrusive formations in
the north-western part of the Siberian Craton with re-
spect to its geotectonic setting, as well as mineralo-
gical, petrological, and geochemical features and ore
content is given in Table 1.

Ultramafic-mafic intrusions of the Noril’sk area
were subdivided (Petrov et al., 2009) into three types
in terms of sulphide mineralization style and economic
significance.

1. Economic ultramafic-mafic intrusions that host
commercial reserves (Noril’sk-1, Talnakh and Kha-
raelakh intrusions) contain well-defined horizons of

JIMTOCDEPA Tom 21 Ne5 2021
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Table 1. Correlation scheme of ore-bearing PGE-Cu-Ni intrusive formations of the Siberian Craton with respect to its geo-
tectonic setting, petrological features and ore content (modified after (Tuganova, 2000))

Taémuua 1. KopessiponHast cxema pyI0HOCHBIX TIaTHHONIHO-MEIHO-HUKEIICBBIX HHTPY3UBHBIX (hopmaruiit CHOMPCKOit muiatgop-
MBI C YYETOM I'€0TEKTOHIMYECKOH IO3HILIMH, ETPOJIOTMUECKUX 0COOEHHOCTEH 1 pynorenesa, 1o (TyraHosa, 2000), ¢ 10HOIHEHUSAMI

Intrusive formations

Olivinite-gabbroic

Gabbro-melanotroctolitic

Troctolite-doleritic

Rock series composing the
formation

Ore plagioclase-bearing dunites
(olivinites) and wehrlites, mela-
notroctolites, troctolites, olivine,
olivine-bearing and olivine-free
gabbro, gabbro-diorites (hybrid),
leucogabbro

Melanotroctolites, troctolitic, olivi-
ne, olivine-free gabbro-(dolerites),
gabbro-diorites; rare discontinuous
horizons and lenses of plagioclase-
bearing peridotites

Troctolitic, olivine and olivine-
free dolerites, rare melanotroc-
tolites, quartz dolerites, ferro-
dolerites

Intrusion thickness

100-360 m (200 m in average)

10—400 m, more often 20—100 m

20-260, rare up to 400 m

Olivine-rich vs olivine-poor
rocks ratio

25-30 (up to 50): 50-75

50M70: 30-50

5-10: 90-95

Inner structure of intrusions

Discrete rock series

Discrete rock series

Continuous rock series

Intrusion shape

Chonolith, complex gently (rare
steeply) cross-cutting bodies

Complex and sheet-like bodies

Sills, rare gently cross-cutting
intrusions and dykes

Petrological |Geochemical

features

Olivine-rich rocks exhibit a high
content of MgO (up to 29), low
content of TiO, (<0.7) and Na,O +
+ K,0 (less than 1.5) (all in wt %).
Increased contents of chromium (up
to 0.8 wt %), nickel, copper, cobalt,
PGE. Increased content of Ni in
olivine (0.2-0.3 wt %), increased
content of chromium in clinopyro-
xene (up to 1.05 wt % Cr,05), cro-
mite (32-44 wt % Cr,0;). Olivine-
bearing and olivine-free gabbro ex-
hibit average contents, as follows
(wt %): MgO - 7.5, TiO, — 1.5—
3.0, Na,O + K,O — more than 2.5.
The amount of Cr, Ni, Cu, PGE is
2 orders lower

Melanotroctolites exhibit increased
contents of MgO (14-16 wt %), in
ultramafic rocks (up to 27 wt %),
low contents of TiO,; and P,05
(0.5 and 0.06 wt % in average re-
spectively), low contents of Cr,0Os,
CaO and Al,O;, as well as Na,O +
+ K,O (=1 wt %). Elevated con-
tents of iron (up to 18 wt %) ow-
ing to sulphides (of troilite, pyr-
rhotite), magnetite and ilmenite,
as well as increased contents of ni-
ckel, copper and cobalt (owing to
chalcopyrite and pentlandite). The
petrogeochemical composition of
gabbroic rocks is similar to that of
common intrusive dolerites

Typically, high contents of
MgO in melanotroctolites and
troctolitic dolerites (wt %):
(up to 12-16), TiO, (>1.0) and
Na,0 + K,0 (2.5-3.0). The
content of MgO in olivine and
olivine-free dolerites is ~6—
7wt %

Mineralogical

There are two mineral generations:
deep-seated and shallow. The for-
mer contains high-pressure mine-
rals: chromite, chrome-bearing au-
gite and orthopyroxene, magne-
sian olivine (Fa 5-8 and 18-25),
anorthite. Ores contain djerfishe-
rite, Si and Wo carbides, sulphides
with refractory PGE (Ir, Os, Ru);
the latter generation contains com-
mon doleritic minerals: titanium-
bearing augite (TiO, up to 0.9 wt
%), more Fe-rich olivine (Fa 30—
55), less mafic plagioclase (An
60-78)

Clinopyroxene of a slightly varied
composition occurs all over the
section. The iron content in it in-
creases up- and downwards (along
the section) from melanotroctolites
and plagioperidotites. The compo-
sition of olivine in ultramafic rocks
is more magnesian (Fa 20-25) than
in gabbroic rock (Fa > 30); in the
former it is replaced by serpentine,
in the latter it is replaced by bow-
lingite. In the former plagioclase is
represented by anorthite (An 90—
100), in the latter it is represen-
ted by labrador-bytownite (An 60—
80). In upper gabbro and contact
dolerites plagioclase is albitized,
pelitized; olivine is replaced by
bowlingite, clinopyroxene is re-
placed by amphibole and chlorite

The content of chromium in
clinopyroxenes and the con-
tent of nickel in olivines
(0.04-0.08 wt %) is close to
their amount in a shallow as-
sociation of rocks in gabbro
in the upper parts of the olivi-
nite-gabbroic formation. Ty-
pically, high contents of co-
balt in sulphides (in particular,
up to 11 wt % in pentlan-
dite), low contents of nickel
and PGE

Morphological types of
rocks associated with intru-
sive formations

Disseminated (interstitial, spheroi-
dal, palmate) and disseminated-
veined sulphide ores confined to
the bottom of intrusions (to ultra-
mafic and taxitic-textured basic
rocks that replace them). Deposits
and veins of massive ores in lower
(rarely upper) endo- and exocon-
tact intrusions. Brecciated ores oc-
cur in the upper exocontact. Mas-
sive ores are accompanied by an
areole of disseminated-veined cop-
per-rich ores. Disseminated low-
sulphide PGE mineralization con-

fined to upper “taxites”

Disseminated mineralization (inter-
stitial, rare spheroidal dissemina-
tion) is mainly confined to olivine-
rich rocks

Scattered dissemination of sul-
phides over the whole section
of intrusions, rare sulphide-
rich horizons (and schlierens)
as hanging ore bodies

LITHOSPHERE (RUSSIA) volume 21 No.5 2021
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Table 1. Ending

Ta6auna 1. OxkoHuanue

Malitch
Manuu

Intrusive formations Olivinite-gabbroic

Gabbro-melanotroctolitic Troctolite-doleritic

Sheet-like bodies of dissemina-
ted sulphide nickel-copper ores as
long as first tens of km and up to
90 m thick; deposits of massive
ores are up to first km with the
thickness of up to 45 m, more of-

Ore body parameters

Sheet-like bodies of dissemina-

Discontinuous horizons and
lens-like bodies are rich in dis-
seminated (up to 15-20%,
commonly 1-5%) sulphides
(pyrrhotite mainly) up to 0.5—
1.5 m thick and several km

ted mineralization with the thick-
ness of up to 50—70 m, first tens of
km long

ten 19-20 m long
Ore content |Main ore Nickel-copper (with cobalt, PGE  |Copper-nickel (with cobalt) Cobalt-copper (with nickel)
content and gold)
Major Cu, Ni, Higher than clark Ko = |Ni, Co, |Ko for Niis up to 8, Cuis|Cu, Co, S |Close to clark, Ko is
elements Co, S, =50-200. Koisupto | Cu, S up to 4, Coisupto 3 up to 2—8
Pt, Pd. 2000 in massive ores
Secondary Rh, Ry, Ir, Pd, Pt, Ni, Pt, Pd,
elements Os, Se, etc. etc.
Fe, Ag,
Au, As,
Zn, Pb,
etc.

Major minerals|Pyrrhotite, troilite, chalcopyrite,
pentlandite, cubanite, magnetite,
platinum group mineral (PGM)

Troilite, pyrrhotite, chalcopyrite, cu- [Pyrrhotite, chalcopyrite, magne-

banite, cobalt pentlandite (Co is up| tite, ilmenite

to 3.7 wt %)

Ilmenite, millerite, talnakhite, moo-
ihoekite, pyrite, sphalerite, gale-
nite, etc. (>100 ore minerals

Secondary
minerals

Mooihoekite, talnakhite, PGM, etc.

in total)

Pyrite, rare cobalt pentlandite
(Coisup to 11 wt %); cuba-
nite, PGM and other are rare

Retrospective geotectonic
setting
mer ones

Within rift systems. Associated with mantle faults and their intersection
with major regional and local faults that often associated with the for-

In the framework of rift sys-
tems. Along zones of trans-
verse faults (or tectonic su-
tures) above the junction of
major structures of the plat-
form cover and associated mi-
nor fractures

Deep structure

tudinal waves (Vp = 7.3 km/s)

Typically, high-gradient downfolds in the basement; the crust is satura-
ted with horst-graben structures, dense fault systems, including mantle
faults; large amount of erupted masses of the mantle matter (including
deep seated at >200 km and shallow); increased thickness of the “ba-
saltic” layer, presence of the intermediate layer between the Earth crust
and the mantle with an increased (regarding the crust) velocity of longi-

Typical structure of stabilized
blocks of the platform with
similar (=20 km) thicknesses
of granitic and basaltic layers,
gentle downfolds and minor
fragmentation of the crust. No
intermediate layer between the
Earth’s crust and the mantle

Primary magma composition |Peridotite-komatiitic + tholeiite-
basaltic

Tholeiite-basaltic + probably, peri-

Mainly tholeiite-basaltic
dotite-komatiitic

Talnakh-Noril’sk (Noril’sk)*, Mt.
Zub*; Oktyabr’skoye, Talnakh,
Noril’sk-1, Chernogorsk, Mt. Zub,
Noril’sk-2, etc.

Intrusion types and deposits

Nizhny Noril’sk** (Nizhny

Kureika*** Degensk***, etc.
Talnakh**), Morongo***, etc.

*Intrusive formations are associated with unique and major sulphide PGE-copper-nickel and low-sulphide PGE deposits.
** Associated with copper-nickel occurrences disseminated over sections of intrusions.

***Qccurrences and mineralization.

*C HUHTPY3UBHBIMH (1)opMaumnvm ACCOLUMUPYIOT YHUKAJIIbHBIC U KPYITHBIC CyJ'IL(i)H}lHBIC TUIATHHOUTHO-METHO-HHUKECJICBBIC U Manocyanmm-me TJIaATHHOU T~

HBIE MECTOPOXKACHHUA.

**ACCOHI/Ipr}OT CyJ'IL(i)PIZ[HBIe MEIHO-HUKEIIEBBIC PYAOIIPOABIICHUS, PACCEAHHBIC 110 Pa3pe3y UHTPY3UBOB.

***PynONPOSIBICHHS H MUHEPATIH3ALHSL.

plagioclase-bearing peridotites (plagiodunite and pla-
giowehrlite) with elevated contents of chromium and
taxitic textured rock assemblage. The disseminated,
vein-disseminated, and massive ores forming large and
unique PGE-Cu-Ni deposits (with cobalt, gold, silver,
etc.) are associated with these rock lithologies. In the
upper part of these intrusions a PGE-rich low sulphide
horizon is hosted by leucogabbro with lenses of ultra-

mafic rocks. According to Sr-Nd isotope systematics,
lithologies show a distinct heterogeneity in the radio-
genic strontium component (¥’Sr/*¢Sr=0.7055-0.7075)
at rather constant initial isotope composition of neo-
dymium (eNd values of about +1).

2. Subeconomic intrusions with disseminated PGE-
Cu-Ni ores that form uncommercial reserves are repre-
sented by ultramafic-mafic intrusions of Chernogorsk
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(Chernogorsk intrusion) and Zubovsky (Zub-Mark-
sheider and Vologochan intrusions) types. The mine-
ralogy, geochemistry, Nd-Sr isotope systematics and
rock lithologies are closely match those of the econo-
mic intrusions. Subeconomic intrusions have dissemi-
nated, or more rarely vein-disseminated, sulphide ores
and may contain small to medium size Cu-Ni sulphide
deposits, and medium to large size PGE deposits.

3. Weakly mineralized uneconomic mafic-ultrama-
fic intrusions of “Lower Talnakh type” are represen-
ted by the Nizhny Talnakh, Nizhny Noril’sk and Ze-
lyonaya Griva intrusions. They contain low-grade dis-
seminated Cu-Ni mineralization (up to 0.2 wt % of
Cu and Ni). In contrast to the above-mentioned in-
trusions, lithologies of the uneconomic intrusions
show low contents of chromium and PGE (=0.005
ppm, rarely up to 0.02 ppm). Rocks of the unecono-
mic intrusions have more radiogenic initial Sr values
®7Sr/*Sr = 0.7076-0.7086) together with negative
eNd values of about —5.

Sulphide ores associated with economic intrusions
occur as (1) massive or vein-like ores at the lower con-
tacts, (2) vein-like and disseminated ores in host rocks,
and (3) disseminated ores in ultramafic and taxitic-tex-
tured rocks in the lower parts of the intrusions. Each
type contributes differently to the total resources of
base metals and PGE (Table 2), and each has distinct
PGE concentrations and modes of occurrence of plati-
num-group minerals (PGM).

Lens-like massive orebodies can extend for several
kilometers with thickness up to 30 m; they also pene-
trate the host rocks as thin apophyses and veins. Mas-
sive ores vary in composition spanning from a pyr-
rhotite-rich variety containing 2 to 3 wt % of Cu with
subordinate chalcopyrite, pentlandite, and PGM to a
Cu-rich variety (27-32 wt % of Cu) with dominant
chalcopyrite, cubanite, and mooihoekite over other
sulphides and PGM (Sluzhenikin et al., 2014). Sub-
ordinate chalcopyrite-rich ores usually have a zoned
structure from pyrrhotite, through chalcopyrite and
cubanite, to mooihoekite. Chalcopyrite-rich ores are

more enriched in Pt and Pd than pyrrhotite-rich ores
(Tuganova, Malich, 1990). Vein-like and dissemi-
nated ores occur as haloes around massive ores with
thicknesses ranging from 1 to 16 m. Disseminated ore
bodies are the main repository of PGE (Lyul’ko et al.,
2002); they occur in taxitic-textured and ultramafic
horizons and are 30 to 90 m thick.

The “low-sulphide” horizon in the upper part of the
intrusions is a relatively new economic ore variety in
the Noril’sk-type deposits (Sluzhenikin et al., 1994).
The low-sulphide horizon is 0.1-30 m thick, and oc-
curs exclusively in the taxitic-textured rocks, with
lenses of chromitite and chromite-olivine segregations
(e.g., dunite) within leucogabbro in the upper parts of
parts of the intrusions. The low-sulphide horizon con-
tains up to 3 vol. % of sulphides with Cu and Ni ran-
ging from 0.2 to 0.3 wt %, and PGE concentrations (up
to 60 ppm) comparable with or sometimes higher than
for PGE-Cu-Ni disseminated ores (Table 2).

The most promising targets for the PGE-Cu-Ni
prospecting within the Taimyr Province (Fig. 2) are
linked to the Dyumtaley and Binyuda mafic-ultrama-
fic intrusions located in the Binyuda-Tarey and Luk-
takh ore districts, respectively (Dyuzhikov et al., 1995;
Komarova et al., 1999; Geology and mineral resour-
ces..., 2002; Romanov et al., 2011). The prospective
Dyumtaley intrusion consists mostly of ferrogabbro
(i.e., gabbro abnormally high in Fe) with titanomag-
netite ores in the upper part and troctolitic ferrogabbro
with PGE-Cu-Ni sulphide mineralization in the lower
part (Komarova et al., 1999; Geology and mineral re-
sources..., 2002). The prospective Binyuda intrusion
is composed of dunite, plagioclase-bearing dunite, and
plagioclase-bearing wehrlite in the upper and middle
parts and of melanocratic troctolite in the lower part
of intrusion (Geology and mineral resources..., 2002;
Malitch et al., 2016). The rocks from both intrusions
have distinct initial Nd-Sr signatures (eNd = 4.2 = 0.7
and ¥Sr/%Sr = 0.70474 + 0.00020 at Dyumtaley and
eNd = 3.8 £ 0.4 and *Sr/*Sr = 0.70588 + 0.00013 at
Binyuda (Malitch et al., 2016)).

Table 2. Proportions of total reserves of various ore types in the Noril’sk area

Tadauua 2. KagecTBo 1 cTpyKTypa 3a1acoB pa3NUIHBIX THIIOB Pyl SKCIDTyaTHPyEeMBIX MecTopokaeHnit Hoprbckoro paiiona

Ore type Reserves, % Average metal contents in ores
Total ore Ni Cu PGE Ni, % Cu, % PGE, ppm
Massive 10.3 41.7 31.8 20.6 32 4.6 10.8
Vein/disseminated 7.4 8.1 16.4 13.3 0.9 33 9.8
Cu-dominant, Disseminated 82.3 50.2 50.2 66.1 0.5 0.9 43
PGE-dominant, Low sulphide 0.3 0.2 3-6
horizon

Note. Data compiled from (Lyul’ko et al., 2002); ore from the low sulphide horizon has not been adequately evaluated to include in re-
serves but 2700 and 3600 metric tons of PGE may occur in this setting at Noril’sk-1 and Talnakh-Oktyabr’sk (combined), respectively.

[Ipumeuanwue. [Jannsie u3 pabotsl (JIrompko u np., 2002); pyasl Manocyab(QUIHOTO TOPH30HTA HE OBLUTH OLICHEHBI U BKIIIOYCHBI B TIOACYET
3a1acoB, TeM He MEHee 110 MPeABAPUTEILHBIM OLIGHKaM B HUX MoxkeT Haxoautbes 2700 u 3600 T OI1I' B mectopoxknenusx Hopuibck-1 u

Tannaxckoe-OKT0pbCcKOe (00BEIMHEHHO), COOTBETCTBEHHO.
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4

Fig. 2. Geological sketch map of the Taimyr Peninsula (modified after Vernikovsky, Vernikovskaya, 2001; Proskurnin

et al., 2014). NP — Neoproterozoic.

Puc. 2. 'eonornueckas cxema m-Ba Taiimeip, o (Vernikovsky, Vernikovskaya, 2001; Proskurnin et al., 2014), ¢ u3-

MeHeHusMU. NP — HeonpoTepo30ii.

FORECASTING CRITERIA FOR DISCOVERY
OF ECONOMIC INTRUSIONS WITH RICH
SULPHIDE ORES

Comparative analysis of sulphide PGE-Cu-Ni de-
posits, including those in Polar Siberia, suggests iden-
tical criteria for their regional (and partially local) pros-
pecting, regardless of their location and time of em-
placement. Structural, magmatic and lithological-
stratigraphic criteria are considered to be the main fea-
tures, whereas geochemical, mineralogical, isotope-
geochemical, metamorphic, lithogeochemical and
other signatures are also important (Map of prospec-
tive evaluation..., 1976, 1979; Lyakhnitskaya, Tu-
ganova, 1977; Exploration criteria..., 1978; Metallo-
genic map..., 1984, 1987; Likhachev, 1986; Malitch
et al.,, 1987; Principles and methods..., 1987; Stepa-
nov, 1989; Tuganova, 2000; Naldrett, 2004; Petrov et
al., 2009; Rad’ko, 2016, Malitch et al., 2018, b, among
others). The study of various ore-bearing intrusions
and sulphide PGE-Cu-Ni ores in Polar Siberia allows
us to refine already known prediction criteria and spe-

cify additional indicators useful for prospecting simi-
larly rich ores.

Structural criteria. Structural criteria include data
from regional and local levels. The analysis of the deep
structure of the Noril sk area suggests a connection bet-
ween the formation of PGE-Cu-Ni deposits in paleorift
structures (Malitch et al., 1988) and particular geologi-
cal and geophysical parameters (Fig. 3). These include:
(1) high-gradient downfolds in the basement represented
by thick (12—15 km) sequences of sedimentary and vol-
canogenic rocks, (ii) a high abundance of horst-graben
structures in the crust, (iii) increased density of faults
in the Earth’s crust, and (iv) large volumes of intruded
mantle-derived material between the crust and man-
tle, in agreement with gravitational anomalies (Vaulin
et al., 1978). Using seismic data (Egorkin et al., 1984;
Malitch et al., 1989), a transition zone has been identi-
fied at the base of the crust in the Noril’sk region, with
higher velocities of longitudinal waves (Vp; 7.3 km/s)
compared to those typical of the crust (Fig. 3). This
zone has been considered as a manifestation of ultra-
mafic material injected in the subcrustal levels of the
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Fig. 3. Geoseismic section along the northern part of the profile Dikson—Khilok, illustrating a three-stage evolution
model for the PGE-Cu-Ni sulphide deposits (modified after (Malitch et al., 2020)).

Puc. 3. TeoceiicMudecknii pa3pe3 BIOIb CeBEPHOH dacTu mpodmis JnkcoH—XWIIOK, WLTIOCTPUPYIOIIUH TPEXCTY-
MIEHYATY0 MOJIEIb ABOMIOLHUH CylbhuaHbix Mectopoxkaenuii PGE-Cu-Ni o (Malitch et al., 2020 ¢ uamenenusimu).

lithosphere. The thickness of this zone is 5-10 km, with
a spatial extent of about 500 km at depths of 32—43 km.
Most likely, a large volume of sulphide-rich ultrama-
fic-mafic material preceded the tholeiite-basaltic vol-
canism, which contributed to the removal of these bo-
dies to form relatively small hybrid layered intrusions.
It was proposed (Malitch et al., 2020) that the sulphide
ores had a prehistory responsible for the concentration
of sulphides from the large volume of ultramafic-mafic
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magmas (Fig. 3, stage 1). This was followed by partial
assimilation of crustal material and isolation of signi-
ficant amounts of sulphide liquid in staging chambers
(Fig. 3, stage 2), resulting in its capture by a later mag-
ma that served as the vehicle facilitating their passage to
the surface (stage 3). It is noteworthy that economic in-
trusions are restricted to the region above this transition
zone, which is considered as a typical feature of the ba-
sal part of the crust in oceanic and continental paleorifts
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(e.g., Krylov, 1976; Belousov, 1982; Ramberg, Mor-
gan, 1984; Malitch et al., 1987). In general, the deep
structure of the Noril’sk area shows non-cratonic fea-
tures of a transitional type differentiated crust (Malitch
et al., 1989). Therefore, identification of deep structures
as exemplified at Noril’sk is an important criterion for
regional tectonic forecasting.

An important indicator of increased mobility of the
Noril’sk region in the Precambrian is a linear down-
fold, which is clearly observed on the Dikson-Khilok
seismic profile (Fig. 3). Judging by the velocity of lon-
gitudinal waves, the downfold is composed of 5—8 km
thick sedimentary and volcanogenic rocks. Tholeii-
tic, trachybasaltic and picritoid formations of the Ear-
ly Proterozoic age exposed in the Igarka Swell, located
south-eastwards from the downfold, also implies rif-
ting settings in the Igarka-Noril’sk region in the ear-
ly Proterozoic (Tuganova, 1992). The factual basis for
in-depth criteria is provided by petrological research
confirming the association of magmatic and ore forma-
tions with the Earth’s deep-seated horizons (Deep con-
ditions..., 1986; Metallogenic map..., 1987; Tugano-
va, 1992; etc.) and indicating interaction of the man-
tle material at different levels during evolution of pa-
leorift systems.

The key structural elements that contributed to the
transfer of sulphide-rich ore from the abyssal mantle
are regional deep-seated units (paleorift systems, man-
tle faults). Meanwhile, local disjunctive and plicative
units (crustal faults, troughs, saddles, domes) contri-
buted to emplacement of ore areas, fields, ore-bearing
intrusions and ores at the near-surface levels of the
Earth’s crust. Regional units predetermine the content
and scale of the ore genesis, while local units define on-
ly the shape of ore-bearing intrusions and to a lesser ex-
tent the content of rocks and ores (during assimilation).

Major regional long-lived transcrustal faults are
typical of all Ni-bearing provinces (Staritsky et al.,
1960; Lyakhnitskaya, Tuganova, 1977; Condie, 1983;
Metallogenic map..., 1987; Naldrett, 1984; Principles
and methods..., 1987; Geology of copper-nickel...,
1990; Chernyshev, 1991; etc.). In the Noril’sk province,
economic PGE-Cu-Ni deposits are confined to the ex-
tended Noril’sk-Kharaelakh and Lamsko-Letninsky
faults controlling the metallogenic zones of the same
name associated with the even larger Enisei and Eni-
sei-Kotui faults. The long-lived Noril’sk-Kharaelakh
fault striking north-east inherits the main direction of
Precambrian units. The fault is located at the junction
of a narrow (=60 km), long (>200 km) downfold of
the same name (complicated by the Noril’sk, Vologo-
chan, Kharaelakh, and Icon troughs and transverse up-
lifts and saddles separating them) with the Khantai-
Rybninsk uplift (Staritsky et al., 1960). Ore accumu-
lations are constrained by the intersection of regional
and minor (local) faults. They are confined to plicative
units such as transverse uplifts, saddles, folds, and gra-
bens that complicate larger plicative units (depressions,

Malitch
Manuu

troughs). These areas have cavities and zones of frac-
tured and crushed rocks increasing permeability favo-
rable for localization of ore-bearing intrusions (Metal-
logenic map..., 1987). Another feature of economic in-
trusions is their occurrence along subhorizontal shear
zones, lying on interformational surfaces (Lyakhnits-
kaya, Tuganova, 1977). In particular, the intrusions of
Noril’sk-1 and in part the Talnakh intrusions were em-
placed between Late Paleozoic continental sediments
and Early Mesozoic volcanogenic formations. Major
sulphide deposits and veins of sulphide ores are located
along shear fractures in the lower (less often in the up-
per) contacts of economic intrusions, in bottom down-
folds of the latter, as well as in contract cracks (Tara-
sov, 1983).

Magmatic criteria. An important indicator is the
presence of significant volumes of mantle material
in the form of (i) volcanogenic and intrusive forma-
tions of ultramafic-mafic composition (volcanogen-
ic-intrusive belts) or (ii) thick (up to 5—6 km) plutons
and dykes (intrusive dyke belts), equivalent in scale
to erupted volcanics (Polferov, 1979), which are often
found by large gravitational anomalies. Economic in-
trusions in the Noril’sk region are an integral part of
magmatic formations represented by the trachybasal-
tic, tholeiitic, picritic and compositionally similar in-
trusions. The presence of such formations is an impor-
tant search criterion (Urvantsev et al., 1973; Petrologi-
cal features..., 1983; and others).

One of the main magmatic criteria is the close as-
sociation of PGE-Cu-Ni deposits with ultramafic mag-
matic rocks (Geology of copper-nickel..., 1990). For
example, sulphide-bearing peridotites are found on-
ly in economic intrusions associated with massive (up
to 20—40 m thick) sulphide PGE-Cu-Ni ores that form
world-class deposits. Therefore, the presence of such
rocks is another main search criterion for the discovery
of rich PGE-Cu-Ni ores.

Economic intrusions are commonly composed of
two main units: gabbroic rocks (gabbro-diorite, gab-
bro, olivine-bearing and olivine gabbro) at the top and
ultramafic (the so-called “picrite”, composed of plagio-
clase-bearing dunite and wehrlite, and partially mela-
notroctolite) and recrystallized taxitic-textured rocks
(so called “taxites”) of predominantly mafic composi-
tion at the bottom. The layering of the upper unit is due
to the characteristic differentiation of intrusions that
are derivatives of basaltic magma. Gabbroic rocks are
characterized by a coarse- or irregular-grained gabbro-
ophytic, gabbroic or prismatic-grained structure. Com-
positionally, gabbroic rocks are saturated with SiO,,
enriched with ALLO,, CaO, TiO, and alkalis, and con-
tain the paragenesis of rocks and ore minerals charac-
teristic of tholeiites (plagioclase Ans.s, clinopyroxene
with increased TiO,, olivine containing 30—50% of the
fayalite component, usually replaced by iddingsite;
among the ore minerals are titanomagnetite, ilmenite,
pyrite, rarely pyrrhotite). The contents of copper, ni-
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ckel, and cobalt in the rocks are negligible, and PGE
are nearly absent.

The lower unit differs from the upper unit in chemi-
cal, mineralogical, and geochemical composition (Tu-
ganova, 1988, 1991, 2000; etc.). The rocks are com-
posed of olivine, up to 70-80% (Fa,s.,s), clinopyroxene
and orthopyroxene (up to 15-20%), and an insignifi-
cant amount of xenomorphic plagioclase (Ang_q) fil-
ling the gaps between olivine, less often clinopyroxene.
The presence of chromite (up to 7%) forms accumula-
tions and discontinuous chains making these ultramafic
rocks similar to dunite. A distinctive feature of ultra-
mafic rocks is their structure — panidiomorphic-grained,
poikilite, sideronite, cataclastic. The latter is the result

10 10

@D w

Fig. 4. Vector diagram by A.N. Zavaritsky for com-
position of rocks from economic ultramafic-mafic
intrusions of the Noril’sk (1) and Kola (2) regions
(modified after (Malitch et al., 2018a)).

I — ultramafic rocks; II — upper gabbroic rocks; III — lower
gabbroic rocks, pyroxenites of the Pechenga ore area; [V —
leucogabbro.

Puc. 4. Bexropnas auarpamma A.H. 3aBapurikoro,
WITIOCTPUPYIONIas COCTaB IIOPOJ IPOMBIILIEHHO-
PYAOHOCHBIX ynbTpaMaduT-MaUTOBBIX HHTPY3H-
BoB Hopumnsckoro (1) u Koabsckoro (2) pernoHos, 1mo
(Manuy u ap., 2018a), ¢ U3MEHEHUSIMHU.

I — ynerpaocnoBHbIe mopoasr; II — BepxHue rabopounpr;
III — HwxHUEe TabOpOHMIBI, MHUPOKCEHHTHI lledeHrckoro
pyaHoro paiioHa; IV — nelikora66po.
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of strong pressure, that probably took place during the
movement of ultramafic rocks in the solid-plastic state
from considerable depths. Strong fracturing of ultra-
mafic rocks was previously noted by V.V. Zolotukhin
(1964) and M K. Ivanov et al. (1971). The lower unit
is associated with disseminated sulphide PGE-Cu-Ni
mineralization, and whose rocks always have high H,O
content (3.5-5.6 wt %) and undersaturated in SiO, (40—
44 wt %). The lower part of the ultramafic unit under-
went uneven metasomatism (“debasification”) with the
formation of taxitic-textured rocks, characterized by a
wide variation of chemical and mineralogical compo-
sitions. A close relationship to ultramafic rocks is indi-
cated by SiO, undersaturation (40—44%), an increase
in chromium (up to 0.58 wt %), and relics of plagio-
clase-bearing peridotite. The rocks also contain a sig-
nificant amount of disseminated PGE-Cu-Ni sulphide
mineralization.

Petrochemically, the discrete pattern of rocks in
the Noril’sk-type intrusions is shown in a vector dia-
gram by A.N. Zavaritsky (Fig. 4) and a triple plot AFM
(Fig. 5), which fix the separated fields for ultramafic
and gabbroic rocks. Notably, the field of taxitic-tex-

FeO

100 80 60 40 20 0
Na,0+K,0 MgO

Fig. 5. Triple diagram MgO-FeO—(Na,O + K,0) in
rocks of economic intrusions of the Noril’sk region
(modified after (Malitch et al., 2018a)).

I — ultramafic rocks (plagioclase-bearing peridotite, mela-
notroctolite); II — upper gabbroic layered sequence rocks;
III — lower taxite-textured gabbroic rocks.

Puc. 5. Tpoitras muarpamma MgO-FeO—(Na,0O +
+ K,0) B mopogax mpOMBINIIEHHO-PYIOHOCHBIX WH-
Tpy3uBoB Hopunbsckoro peruona, no (Mamuu u ap.,
2018a), ¢ I3MEHEHUSIMU.

I — yabpTpaocHOBHBIC (ILTATMOKIIA3COACPIKAILIMI TTepHIO-
THUT, MEJIaHOTPOKTONIUT) Topobl; 11 — rabbponasr paccio-
eHHoM cepun (BepxHue); 111 — rabOpomn sl TAKCUTOBOTO TO-
pH30HTa (HIKHHE).
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tured gabbroic rocks lies in a gap between them, though
the latter underlie ultramafic rocks. The unique petro-
chemical features of ultramafic and gabbroic rocks of
the Noril’sk type intrusions are illustrated by the A—S
diagram (Fig. 6), which clearly shows that plagioclase-
bearing ultramafic rocks are compositionally close to
peridotitic komatiites, whereas the gabbroic rocks are
located at a significant distance, partly overlapping the
field of clinopyroxenite.

The mineralogical criterion to be used in explo-
ration for sulphide PGE-Cu-Ni rich ores is the pre-
sence of shallow and abyssal mineral parageneses in
the Noril’sk-type intrusions (Distler et al., 1988; Tu-
ganova, 1991). The abyssal paragenesis includes mag-
nesian olivine (Fa,s ,5), chrome spinel (Cr,O; — 3244
wt %), chrome-bearing augite (Cr,O; — =1 wt %) and
orthopyroxene (Cr,0; — 0.2 wt %) associated with the
plagioclase-bearing peridotite. The listed minerals are
similar in composition to the minerals of ultramafic in-
clusions in kimberlites, and probably formed in simi-
lar deep physical and chemical conditions. A less deep-
seated mineral association occurs in gabbroic rocks
containing plagioclase (Ansg 73), olivine — hyalosiderite
(Faszy_4), clinopyroxene — titanium-bearing augite (TiO,
0.7-0.9 wt %) with a high FeO content (FeO =8 wt %),
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and no orthopyroxene and chromite. Minerals of shal-
low association are confined to gabbroic rocks above
and below the plagioclase-bearing peridotite; they are
like minerals from common ore-free dolerites wide-
spread in the Siberian Platform. Two types of melt in-
clusions (MI) differing in composition, homogenization
temperature, degree of crystallization and correlation
of phases were found in chrome- and titanium-bearing
augites of the Noril’sk-type intrusions (Ore formation
and genetic..., 1988; among others). Chrome-bearing
clinopyroxene display a constant ratio between phas-
es, which is not observed in titanium-bearing clinopy-
roxene. This suggests that the former was crystallized
from a homogenous melt, while the latter originated
from a heterogeneous melt. Different homogenization
temperatures and fluid saturation of MI in these clino-
pyroxenes testify to an independent nature of magmas
from which they crystallized.

The geochemical criterion for prospecting the
Noril’sk-type deposits is the discrete pattern of trace
elements distribution in ultramafic and gabbroic rocks,
as emphasized by M.N. Godlevsky, G.V. Nesternko,
A.l. A'mukhamedov, A.I. Arkhipova and many others.
The ultramafic rocks have high contents of chromium,
nickel, cobalt, copper, silver, gold, bismuth, platinum,

Fig. 6. Chemical composition of rocks in the coordinates A = A1,0; + CaO + Na,O + K,O and S = SiO,—(Fe,0; +
+ FeO + MgO + MnO + Ti0,), wt % (modified after (Malitch et al., 2018a)).

1 — different picritic rocks; 2 — meimechites; 3 — picrites; 4 — peridotite komatiites; 5, 6 — rocks of the Noril’sk-type intrusions: 5 —
plagioclase-bearing peridotites, melanotroctolites, 6 — gabbroic rocks.

Puc. 6. XuMuieckuii coctaB ropHbIX MOpoA B koopauHaTax A = A1,0; + CaO + Na,O + K,O u S = SiO,—(Fe,O; +
+ FeO + MgO + MnO + Ti0,), mac. %, mo (Manu4 u np., 2018a), ¢ uU3MCHEHUAMU.

1 — paznuyHble TUKPUTOBBIC OPOABL; 2 — MEHMEUUTHI; 3 — MUKPUTHL; 4 — IEPUIOTUTOBBIE KOMATUUTHI; 5, 6 — IOPOJIbI UHTPY3UBOB
HOPUIIBCKOTO THIIA: 5 — MIArHOKIIa3-CoAep KaIie TEPUAOTUTEI, METAHOTPOKTOINTHI; 6 — rabOpOUIBL.
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etc., and are depleted in titanium, vanadium, strontium,
barium, zirconium, and lithium. Gabbroic rocks have
an order of magnitude lower content of elements of the
first group and higher of the second. Cr/Ti and Cr/V ra-
tios are especially indicative, which sharply increase in
ultramafic rocks. At the same time, in gabbroic rocks,
these ratios are equal to those in conventional sulphide-
free dolerites.

One of the important ore and geochemical signa-
tures is the combination of a wide range of elements
such as nickel, cobalt, platinum, palladium, rhodium,
iridium, ruthenium, osmium, gold, silver, copper, sele-
nium, titanium, sulphur extracted during the processing
of ores, with tin, antimony, bismuth, lead, arsenic, etc.,
forming intermetallic compounds with PGE in complex
sulphide ores of the Noril’sk type (Ore formation and
genetic..., 1988; Geology of copper-nickel..., 1990).
Such a wide range of elements in the Noril sk type sul-
phide PGE-Cu-Ni ores suggests that the ore-bearing
magmas separated at different levels of the Earth’s tec-
tonosphere. A particularly important geochemical cri-
terion for the detection of Noril’sk-type deposits is an
increased amount of IPGE (Iridium-group PGE: ruthe-
nium, iridium, osmium) in sulphide ores, which is com-
parable to (and even higher than) the content of these
PGE in dunites and chromitites of the clinopyroxe-
nite-dunite massifs (Tuganova, Malich, 1990; Malitch,
1999). The presence of IPGE indicates a deep-seated
source underlying continents at depths of up to 500 km
(Shcheglov, Govorov, 1985).

A typical feature of the Noril’sk deposits is the sig-
nificant amount of Cu, which is uncommon for other
copper-nickel deposits in the world. The source of Cu
is one of unresolved questions of the Noril’sk-type de-
posits. The upper mantle, judging by inclusions of ul-
tramafic rocks in kimberlites (Distler et al., 1987; Ga-
ranin et al., 1988; and others), is rich in nickel sul-
phides, whereas copper sulphides occur in subordinate
amounts. It is very likely that there was an intermediate
“reservoir” of copper, which may be associated with
stratiform Proterozoic copper deposits found in the
Igarka uplift (Rzhevskii et al., 1980; Gablina, 1986).

Based on these lines of evidence, the economic in-
trusions are considered to have distinct sources, both
for the silicate and ore components. It has been sug-
gested that high-magnesium fluid-saturated ore-bear-
ing melts of a peridotite-komatiitic composition, sepa-
rated at significant depths, interacted with basaltic
magmas formed at shallower depths (Tuganova, 1991;
etc.). All the above data point to a significant role of
hybrid-metasomatic processes in formation of ore-bea-
ring intrusions and ores, presumably as a result of both
(i) mixing of magmas with participation of intratelluric
fluids, and (ii) assimilation of the host rocks.

Lithological-stratigraphic criteria for prospecting
the Noril’sk-type deposits are related to an injection of
the ore-bearing magma in weakly lithified deposits or
in subhorizontal and gently inclined interformational
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(rarely intraformational) sutures and displacements,
constraining different environments. In the Noril’sk
region, intrusions are found in sediments of the Mid-
dle Paleozoic evaporite clayey limestone anhydrite for-
mation or Upper Paleozoic carbonaceous sandy clay-
ey rocks, shielded by Early Triassic lava (Metallogenic
map..., 1987; and others).

Direct prediction criteria involve the presence of
the sulphide mineralization and detection of prima-
ry dispersion halos with anomalously elevated con-
centrations of nickel, copper, cobalt, chromium, sil-
ver, zinc, etc. Deeply eroded ore horizons with ex-
posed plagioclase-bearing peridotite and taxitic-tex-
tured gabbroic rocks (e.g., Noril’sk-1 intrusion) or
massive ore deposits in tectonic shifts are promising
indicators to locate rich mineralization. Primary geo-
chemical dispersion halos in rocks that host PGE-Cu-
Ni mineralization have anomalously high concentra-
tions of nickel, cobalt, copper, chromium, silver, sul-
phur and trace elements such as lead, zinc, arsenic, flu-
orine, boron, selenium, and tellurium. The dispersion
halos are characterized by a distinct zonation, indica-
ting the distance to the ore body (Lyakhnitskaya, Tu-
ganova, 1977; etc.). Elements such as nickel, cobalt,
copper, zinc, lead, sulphur, and chromium are posi-
tive indicators of economic intrusions and ores in the
Noril’sk region. Arsenic, scandium, tellurium, fluorine
and uranium are classified as indirect indicators, while
titanium, vanadium, and niobium are considered to be
negative indicators.

Indirect prediction criteria are secondary disper-
sion halos, ore boulder trails, as well as metamorphic
and other indicators. For example, secondary disper-
sion halos with elevated contents of copper, nickel, co-
balt, chromium, zinc, barium and molybdenum indi-
cate ore-bearing bodies within widespread eluvial-de-
luvial sediments, as well as in soils and plants above
mineralization as “blind” shallow deposits (15-20 m).
The halos may be dispersed along slopes away from
the source, and are considerably larger in size com-
pared to ore bodies (Samoylov, 1983; etc.). One of the
indirect signs in the search for these deposits are trails
of ore boulders, which, according to V.G. Chuvardin-
sky (1990), were associated with neotectonic move-
ments. It is considered that the tectonic breccia formed
along faults under compressive stress and later migra-
ted from depths of up to several hundred meters and fi-
nally transferred laterally to a distance of several kilo-
meters. The direction of movement is determined by
the extent of faults, grooves, sliding planes, ridges or
a pattern of a boulder trail. It should be taken into ac-
count that in the Noril’sk region boulders could have
been rearranged due to solifluction.

Metamorphic criteria are valued prospecting in-
dicators for the contact and regional metamorphism.
The Noril’sk-type intrusions are surrounded by zonal
halos of contact-metamorphic and metasomatic rocks
studied in detail by D.M. Turovtsev (1970, 1986; etc.),



672

V.V. Yudina (1973), B.N. Batuev (1972) and others.
The most reliable indicator of the ore content in the
Noril’sk-type intrusions is the presence of magnesian
skarns and alkaline (K-Na) metasomatites in the halos.
In contrast to uneconomic and subeconomic intrusions,
halos in economic intrusions show a prominent thick-
ness comparable with that of the intrusions (Turovtsev,
1970; Dodin, Batuev, 1971; Batuev, 1972; Lyakhnits-
kaya, Tuganova, 1977; etc.).

For ancient (AR, PR) copper and nickel deposits that
experienced regional metamorphism, the prospects for
the discovery of rich ores depend on the type of meta-
morphism and redox conditions. Metamorphism of the
green schist facies (partially amphibolite facies) con-
tributes to the re-deposition, recrystallization and con-
centration of primary mantle sulphides (Allarechensk
and Pechenga districts in Russia, Thompson and Un-
gava belts in Canada, etc.), whereas regional metamor-
phism of the granulite facies commonly destroys and
disperses nickel sulphides (Lyakhnitskaya, Tuganova,
1977; and others).

Isotope-geochemical criteria. Based on compara-
tive isotope-geochemical data for the economic, sub-
economic, uneconomic, prospective intrusions, and as-
sociated PGE-Cu-Ni sulphide ores and accumulations

Malitch
Manuu

(Table 3), the key isotope-geochemical indicators to
be used in exploration for PGE-Cu-Ni deposits can be
suggested. These comprise (i) isotope signatures of sul-
phur (i.e., 8**S = 8-13 along with a dispersion value
of 3**S < 1) and osmium ("*¥’Os/'®0s = 0.131-0.144,
Re/Os = 1.0-8.8 and yOs = 4-14) in Cu-Ni sulphides;
(il) a radiogenic Hf-isotope composition of zircon
(eHf > 5 along with a significant range in ¢Hf values
from +5 to +16), and (iii) initial isotopic compositions
of neodymium (eNd =+1 + 0.5) and strontium (*’Sr/3Sr
from 0.7055 to 0.7080) in rocks.

In the Sr-Nd isotopic systematics, lithological units
of economic and subeconomic intrusions manifest a
clear increase in initial *Sr/*’Sr value, which varies
from 0.7055 to 0.7080, at rather constant subchondri-
tic Nd isotope values (eNd about +1). In contrast, the
Nd-Sr isotope compositions of uneconomic intrusions
show the least radiogenic eNd values (eNd = —5) and
most radiogenic initial ’Sr/*Sr, in the range of 0.7076—
0.7086 (Table 3). We suggested that a radiogenic Hf-
isotope composition of zircon along with a significant
range in initial "*Hf/'”’Hf values can be employed as
an effective fingerprint for identifying prospective in-
trusive host rocks (Malitch et al., 2010, 2013, 2018a,
b). Consequently, Nd-Sr-Hf isotope signatures are use-

Table 3. Summary of isotopic-geochemical parameters for variously mineralized ultramafic-mafic intrusions from the

Noril’sk and Taimyr Provinces (after (Malitch et al., 2018a))

Tadauna 3. CpaBHUTENIBHAS XapaKTEPHCTHKA H30TOMHO-TEOXUMUYECKHX JaHHBIX JJIsI PA3IMYHO PYAOHOCHBIX YIIbTpaMadur-
MaduToBbIX HHTPY3uBOB [lomnspuoit Cubupu, no (Manuy u jap., 2018a)

Intrusion eHf eNd 87Sr/%6Sr, 8%Cu &*S vOs
Noril’sk-1 6.0+2.1 0.7+0.2 |[0.70591 £0.00005| 0.23+0.28 8.6+£0.6
—2.9...+155 | -1.9...42.0 | 0.70552-0.70625 | —0.10...+0.61 7.5-9.4
Talnakh 49+34 03+03 |[0.70638 +£0.00010 | —0.55=+0.41 10.9+£0.6 6.6+0.3
—4.3...+12.0 | -3.3...+1.2 | 0.70584-0.70709 -1.1...40.0 7.8-12.1 5.3-8.2
Kharaelakh 9.7+0.7 1.0+£0.1 |0.70666 +0.00026 | —1.56+0.27 12.7+£0.5 75+1.1
2.3-16.3 0.8-1.4 0.70555-0.70798 -2.3...-09 11.5-13.6 -5.7..+5.8
Chernogorsk 44+29 1.4+03 |[0.70711 £0.00033 | —0.03 +0.06 109+04 9.6+0.1
-1.2...+10.9 0.9-2.6 0.70640-0.70898 -0.1...+0.0 10.4-11.2 9.5-9.6
Zub-Marksheider 1.0£5.1 1.24+0.1 |0.70685 £ 0.00037 -0.1+0.0 04+1.6 20.7+11.0
—6.7...+13.4 0.4-2.1 0.70570-0.70908 —0.1...-0.1 -0.7...43.9 9.7-31.6
Vologochan 55+7.0 1.2+0.2 |0.70634 +0.00015| -0.72+0.29 69+1.2 62+19
-3.0...421.0 | -1.7...42.4 | 0.70560-0.70808 -1.1...-04 5.1-8.5 43-9.9
Binyuda 34+13 -3.8+0.4 |0.70588 +0.00013 —0.4+0.1 1.5£04 8.8+0.7
-1.9...4.6 | -4.4..-3.2 | 0.70566-0.70609 -0.5...-0.3 0.7-2.0 8.1-9.5
Dyumtaley 95+2.5 42+0.7 [0.70474£0.00020 | —0.66 +0.42 11.4+0.6
6.0-12.4 2.7-4.7 0.70451-0.70504 | —1.24...-0.25 9.9-12.9
Nizhny Talnakh -1.3+£27 —4.6+0.2 |0.70824 + 0.00007 | —0.60 = 0.42 6.4+12 65.0+14.9
—74..+456 | -5.5...-1.2 | 0.70765-0.70863 -1.0...0.0 1.8-8.0 35.6-117.8
Zelyonaya Griva -14+2.1 -52+0.1 |0.70836+0.00008 | 0.28 +£0.47 8.44+0.6 54.5
—3.8...+1.3 —5.9...-4.6 | 0.70800-0.70867 | —0.26...+1.21 6.8-9.7

Note. Average values of ¢Hf, éNd,*’Sr/*Sr, 3*Cu, **S and yOs parameters are followed by their respective range value. The Binyuda and
Dyumtaley intrusions as the most prospective targets of the Taimyr province are given for comparison.

[Ipumeuanue. B BepxHell cTpouke siueek yKa3aHbl CPEJHUE 3HAYCHUS IIapaMEeTPOB, B HIKHEH — COOTBETCTBYIOLINE 3HAUCHUS JMAIa30Ha.
Buntonunckuii u Jromraneiickuii HOTeHIHAIEHO-PYIOHOCHBIE HHHTPY3HBHI — HAnOoJIee MepCeKTBHBIE 00BeKTh TaiMBIPCKOM TPOBHHITHH.
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ful indicators in exploration for sulphide-rich ores as-
sociated with “Noril’sk-type” intrusions.

A more detailed description of the revealed features
exemplified by isotope compositions of Os, S and Cu
are provided below. One of the most effective indica-
tors of the economic scale of a deposit is the initial iso-
topic composition of osmium. This is primarily because
the massive Ni-Cu-PGE sulphide deposits are charac-
terized by Os-isotope values corresponding to a mixture
of mantle and crustal material with a predominance of
the mantle component. In the disseminated ores of the
same deposits, the mantle signature is somewhat dilu-
ted by the crustal component and the proportion of the
mantle component is minimal in the uneconomic Nizh-
ny Talnakh and Nizhny Noril’sk intrusions (Walker et
al., 1994; Arndt et al., 2003; Petrov et al., 2009). Re-
Os isotope-geochemical indicators to estimate the scale
of sulphide PGE-Cu-Ni mineralization are character-
ized by three signatures (i.e., '®’Os/'%80s, Re/Os and
vOs values, Table 3). '¥70Os/'%0s; values in the range of
0.1283-0.1375 are typical of sulphides from dissemi-
nated ores from economic or subeconomic intrusions,

while the '®"Os/'®0s; value over 0.195 is typical for un-
economic intrusions. High Re/Os values of dissemina-
ted sulphides (Re/Os between 13.7 and 71.6) are typi-
cal for uneconomic intrusions, low Re/Os values (0.6—
3.5) for subeconomic intrusions and intermediate
Re/Os values (1.0-8.8) for economic intrusions. High
vOs values of disseminated sulphides (yOs from 36 to
118) are typical for uneconomic intrusions, low yOs
values (—6...+8) for economic intrusions and intermedi-
ate yOs values (4-32) for subeconomic intrusions.

The S isotope compositions of disseminated sul-
phide ores and ore occurrences in different intrusions
of the Noril’sk and Taimyr provinces are highly vari-
able. S isotopic values (8**S) vary in economic intru-
sions from 7.5 to 13.6%o, subeconomic intrusions from
—0.7 to 11.2%o, uneconomic intrusions from 1.8 to
11.4%o and prospective intrusions from 0.7 to 12.9%o
(Fig. 7). Listed according to increasingly high &S,
disseminated ores from ultramafic-mafic intrusions of
Polar Siberia fall into the following sequence (Fig. 7):
Zub-Marksheider (-0.7...43.9%o, average 0.4 £ 1.6%o),
Binyuda (0.7-2.0%o, average 1.5 + 0.4%o), Nizhny

51 Zub-Marksheider 204
(n=8)
Talnakh
oSN N — 151 (n=48)
59 Binyuda
=, N
0-r T ¥ l T ¥ T T
5-
5.-. Niznhy Talnakh 04
(n=19) 51
3’ Chernogorsk
= 0-r T 1 g T v T T (n=4) %
E 0-
G‘ 5_ L] L) L ]
g Vologochan 10+
= (n=12)
< Dyumtaley
0 . . s T . 5- n=15)
5-
Kruglogorsk 04 T T T T
(n=2) 10+
0- T d T T [l T [ T
5 Kharaelakh
Noril'sk-1 > (n=20)
1 (n=12)
0-- T T T T 0-r T T T T T
0 5 10 15 1] 5 10 15
5"S, %o

Fig. 7. Variations in the sulfur isotope composition in disseminated ores from economic (black), subeconomic (dashed
in black), prospective (dashed in gray) and uneconomic (white) intrusions of Polar Siberia.

Puc. 7. Bapuanuu u30TOIHOTO COCTaBa CEPbl BO BKPAIUICHHBIX PYJIaX MPOMBIIIEHHO-PYIOHOCHBIX (YepHOE), pyI0-
HOCHBIX (YepHasi ITPUXOBKA), MOTCHIIUAIFHO PyIOHOCHBIX (Cepas IITPUXOBKA) U CIIA00PYAOHOCHBIX (0enoe) HHTPY-

3uBoB [lonstproit Cubnpn
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Talnakh (1.8-8.0%o, average 6.4 = 1.9%.), Vologo-
chan (5.1-8.5%0, average 6.9 £ 1.2%o), Noril’sk-1
(7.5-9.4%o, average 8.6 £ 0.6%0), Kruglogorsky (8—
11.4%0, average 9.7 + 1.7%o), Talnakh (9.9-12.0%e,
average 11.0 £ 0.4%o), Chernogorsk (10.4—11.2%o,
average 10.9 = 0.4%o), Dyumtaley (9.9-12.9%o, ave-
rage 11.4 £ 0.6%o), Kharaelakh (11.5-13.3%o, average
12.6 = 0.5%0). The crustal (sulphate) isotopic compo-
sition of S frequently postulated as evidence of high
economic potential of a mafic-ultramafic intrusion is
contradicted by mantle-like S isotopic compositions of
disseminated PGE-Cu-Ni sulphide mineralization from
the subeconomic Zub-Marksheider intrusion. The field
evidence for latter intrusion also suggests that it has
experienced significant assimilation of sulphate-rich
Devonian sediments. Following (Kuz’min, Tugano-
va, 1977), we questioned the validity of isotopically-
heavy sulphur as a feature indicative of economic sul-
phide PGE-Cu-Ni ore (Malitch et al., 2014). It has been
noted (Malitch et al., 2009) that an increase in the range
of S-isotope values correlates negatively with ore-de-
posit reserves. I suggest using the relationship between
mean 6*S and 6*S dispersion values (Fig. 8) as an in-
dicator of the scale of mineralization. Fig. 8 shows that
sulphide ores from economic intrusions are restricted

14 -

Malitch
Manuu

to the field of mean &*S values > 8 and &*S disper-
sion values of 6*S < 1. Notably, the larger the scale of
economic deposit, the quantity of most abundant &**S
values increases, whereas the variation range of these
values decreases (Kharaelakh—Talnakh—Noril’sk-1, see
Figs. 7 and 8).

Another promising isotopic indicator that can be
used in exploration for sulphide PGE-Cu-Ni rich ores
refers to a combined S-Os isotope study, which allows
identifying intrusions with disseminated ores identical
in isotopic parameters to those of economic deposits
(Fig. 9). Based on this approach, the studied intrusions
are divided into three groups.

(1) The first group comprises the Chernogorsk in-
trusion and, with a certain degree of uncertainty, the
Vologochan intrusion, in which disseminated sul-
phide ores are similar in S- and Os-isotope compo-
sitions to those in the Talnakh deposit. Notably, S-
and Os-isotope compositions of sulphide mineraliza-
tion from the Vologochan intrusion (our data) corre-
spond to those from the Noril’sk-1 intrusion (Arndt et
al., 2003). Hence, the Chernogorsk and likely Vologo-
chan intrusions may also contain rich sulphide ores,
and as such are the most promising for prospecting
and exploration.

: < Noril’sk-1 m Chernogorsk
] © | < Talnakh, @ Zub-Marksheider
12 4 I disseminated ores M Vologochan
& 1 ¢ Talnakh, A Binyuda
1 WO massive ores A Dyumtaley
2 10 4 ! < Kharaelakh, @ Nizhny Talnakh
= /] disseminated ores
BN o) + Kharaelakh,
"o ¢ 1 - masive ores
g
S -
6 ° o
4 4
2 A
i |
0 T T T T T T T T T T T |
0 2 4 6 8 10 12

Dispersion & S, %o

Fig. 8. Plot of 3*S mean versus &**S dispersion in massive and disseminated ores from economic (Noril’sk-1, Tal-
nakh, Kharaelakh), subeconomic (Chernogorsk, Zub-Marksheider, Vologochan), prospective (Binyuda, Dyumtaley)
and uneconomic (Nizhny Talnakh) intrusions of Polar Siberia.

Puc. 8. bunapuas auarpamma cpensee 6**S — qucrnepcus 6**S I MACCHBHBIX M BKPAIUICHHBIX PY IPOMBIILICHHO-
pynoHocHbix (Hopumisck-1, Tannaxckom, Xapaenaxckom), pynoHocHbIX (UepHoropckoMm, 3y0-Mapkiieliaepckom,
Booroganckom), moTeHIIMaNsHO pyAoHOcHBIX (buHiogmackoM, [JromTaneiickom) u crabopynoHocHbIX (HrkaeTan-

HaxCcKoM) uHTpy3uBax Ilomsproit Cubupwu.
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Fig. 9. Plot of 6*S versus yOs values in sulphide PGE-Cu-Ni ores of economic (Talnakh, Kharaelakh), subeconomic
(Chernogorsk, Zub-Marksheider, Vologochan) and uneconomic (Nizhny Talnakh) ultramafic-mafic intrusions of the
Noril’sk province (modified after (Malitch et al., 2018a)).

Puc. 9. I'paduk 3aBucumoctr 8>S ot yOs B cynbpumabix DII-Cu-Ni pymax B mpoMBIIIIEHHO-PYAOHOCHBIX (Tai-
HaXCKOM, XapaellaxckoM), pynoHocHbIX (HYepHoropckom, 3y6-MapkuielinepckoM, Bonorouanckom) u ciabopyno-
HocHBIX (HmkHeramHaxckoMm) ynsTpamMadur-MauTOBBIX HHTpY3uBax Hopmibckoit nmpoBuHINy, mo (Manwmg u ap.,
2018a), c I3MEHEHUAMH.

@ Noril’sk-1
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disseminated ores
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massive ores
# Kharaelakh,
disseminated ores
< Kharaelakh,
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8**S, %o
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B Zub-Marksheider
B Vologochan

A Nizhny Talnakh
M Binyuda

@ Dyumtaley
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Fig. 10. 3**S—3%Cu systematics of sulphide PGE-Cu-Ni ores and accumulations from economic (Noril’sk-1, Talnakh,
Kharaelakh), subeconomic (Chernogorsk, Zub-Marksheider, Vologochan), prospective (Binyuda, Dyumtaley) and
uneconomic (Nizhny Talnakh) intrusions of Polar Siberia (modified after (Malitch et al., 2016)).

Puc. 10. Bapuanuu H30TOITHOTO cOCTaBa cepbl ¥ Meau B koopauHartax 6°*S—3%Cu B DIIT-Cu-Ni pynax u cynbhumaHoi
MUHEpAIA3alii U3 TPOMBIIUIEHHO-pyHoHOCHBIX (Hoprnbck-1, TaaraxckoMm, XapaeraxckoM), pyaoHocHBIX (UepHo-
ropckoM, 3y6-MapkieiinepckoM, Bonoroyanckom), noTeHuaibHo py1oHocHbIX (BuHIOAMHCKOM, [{fomMTaneiickom)
u cinabopynonocHsix (Hmxnerannaxckom) narpysusax [lonsipHoi, no (Malitch et al., 2014; Manuy u np., 2016).
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(i) The Zub-Marksheider intrusion is partially si-
milar in Os-isotope composition to economic deposits,
but significantly differs from them in S-isotope compo-
sition. Notably, isotope composition of sulphides pre-
served features of a juvenile ore source, which was not
affected by crustal contamination.

(iii) Uneconomic intrusions (Nizhny Talnakh
and Zelyonaya Griva, see Table 3, Fig. 9) that host
disseminated sulphides have significantly different Os
isotope signatures from those of economic PGE-Cu-Ni
deposits. This implies that there is no potential to find
commercial ore reserves in uneconomic intrusions.

Another isotopic indicator for assessing the econo-
mic potential of a PGE-Cu-Ni sulphide deposit is as-
sociated with a negative correlation between 6**S and
8%Cu for sulphide ores of economic intrusions (trend
EI-EI, Fig. 10). There is a gradual progression from
lighter isotope compositions for the sulphides of the
Kharaelakh (2.3 to —0.9%o) and Talnakh (1.1 to
0.0%o0) intrusions to heavier compositions for those of
the Noril’sk-1 intrusion (—0.1 to +1.0%eo). Samples from
the other intrusions show a decoupling of S and Cu iso-
topes (Fig. 10), with §°°Cu ranging mainly from 0 to
—1%o, but 3**S between 0 and 13%o. The dissemina-
ted ores of the subeconomic Chernogorsk and prospec-
tive Dyumtaley intrusions have 6*S and 3%Cu values
overlapping the trend EI-EI for the economic intrusions
(Fig. 10); they therefore can be the next prospective tar-
gets for discovering massive ores. The other intrusions,
in which stable isotope compositions do not correspond
to those in economic deposits, show low potential for
revealing of massive PGE-Cu-Ni sulphide ores.

CONCLUDING REMARKS

This article outlines previously known prediction
criteria and several new isotope-geochemical indica-
tors to be used for predicting the potential ore content
of poorly studied mafic-ultramafic intrusions of Po-
lar Siberia. The main forecasting criteria for sulphide
PGE-copper-nickel deposits include structural, mag-
matic, stratigraphic-lithological, geochemical, mine-
ralogical, isotope-geochemical, metamorphic and some
others. A combined study of the isotopic composition
of osmium, sulphur and copper revealed intrusive bo-
dies with disseminated sulphide ores that have simi-
lar signatures to those from economic sulphide PGE-
Cu-Ni deposits. It is suggested that the Chernogorsk
intrusion of the Noril’sk province and the Dyumtaley
intrusion of the Taimyr province are the most promi-
sing targets in search for rich PGE-Cu-Ni ores, whereas
other studied intrusions are unlikely to be considered
prospective targets for discovery of rich sulphide ores.
It is proposed that the previously known forecast crite-
ria supplemented by a set of novel isotope-geochemical
indicators can be employed as useful guides for pros-
pecting the Noril’sk-type deposits containing rich sul-
phide ores.
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