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Abstract. The Norilsk deposits, unique both in their geological structure and reserves of nickel and platinum,
have attracted the attention of researchers for several decades. Several hypotheses have been proposed to explain
their formation. Two of them are the most widely accepted: the model of ore formation in an intermediate
chamber from picritic melt enriched in sulphides and the formation of sulphides in situ through the assimilation
of sulphate-bearing sediments by tholeiitic magma as it rises to the surface. The main questions regarding
the genesis of these deposits are: the composition of the parental magmas that formed the ore-bearing massifs;
the relationship between intrusions and effusive rocks; and the extent and role of assimilation of host rocks
by magmas. These issues are discussed in the article using a large amount of analytical data obtained by
the author during the study of the magmatic rocks and geological structures in the Norilsk area. Based on these
data, it was concluded that none of the proposed models could fully explain all observed geological features
of the deposits as well as the appearance of the unique sulphide ores. In order to solve the problem of the
genesis of the Norilsk deposits, it is necessary to analyse the evolution of P3-T: magmatism over time in the
Siberian large igneous province, especially in its eastern part, and to determine its association with ore-forming
processes; and its investigating it is a priority task for understanding sulphide ore formation. Solving this task
should be based not only on geophysical data but also on studies of the geochemistry of igneous rocks within
the province.

Keywords: Norilsk region; Cu-Ni deposits; Siberian province; igneous rocks; geochemistry

Acknowledgment. The work was carried out with financial support from the Ministry of Education and Science of the
RF N 13.1902.21.0018 (agreement 075-15-2020-802).

Received: 31.08.2023 Accepted: 27.12.2023 Online: 23.04.2024 Published: 12.11.2024

Introduction. D.l.Mendeleev was an outstanding encyclopaedist who, along with chemistry,
also paid special attention to mineralogy and the phenomenon of isomorphism, which he dis-
cussed in his qualifying papers [1]. He was also interested in the behaviour of elements in coal
and oil formation processes [2] related to geochemistry, one of the emerging trends in geology
during the 1870s. His student at St. Petersburg University, V.l.Vernadsky, made a significant
contribution to this field. Geochemistry plays a leading role in the Earth sciences and helps solve
many geological problems in new ways. One such problem is the origin of platinum, copper, and
nickel deposits [3-5] related to large igneous provinces (LIPs), the largest of them is the Siberian
province, which has been studied by both foreign [6, 7], and Russian geologists [8-10]. The use
of modern analytical methods in the study of rocks and ores helps to gain a better understanding
of the formation process and potential for discovering new deposits.
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The most important area of anomalous concentration of strategically important metals is the northern
Eastern Siberia, i.e., the North Siberian nickel-bearing province [11], which comprises super-large
PGE-Cu-Ni deposits at Norilsk [12-14], playing a leading role in the global nickel and platinum metal
economy*. The geological structure of these deposits is characterized by a unique combination of large
sulphide orebodies (the first tens of meters) with thin (100 meters thick) mafic bodies belonging to the
Ps-T1 trap formation, attracting the ongoing interest of researchers from various countries. Other copper-
nickel deposits worldwide are associated with large ancient plutons [15, 16]. The genesis of these unique
sulphide bodies presents one of the most significant challenges in geology, linked to the formation of giant
geochemical anomalies in the Earth's crust. The International Geological Correlation Program N 354
(1995-1999), the symposia held in St. Petersburg (1996), Adelaide (2009), Beijing (2017) and other
cities were devoted to this problem. Numerous hypotheses for the formation of the Norilsk deposits
were proposed, including magmatic, metasomatic, and hydrothermal origin [3, 17, 18]. The magmatic
theory, supported by experimental works [19, 20] and the discovery of solid solutions in ores [21], is
the most widely accepted. However, within this theory, there are two fundamentally different models
within this theory: one assumes the formation of sulphides in a closed magmatic system from picritic
magma enriched in metals and volatile components, which appeared in an intermediate chamber
[3, 13, 22]; the other accounts for ore formation through the assimilation of anhydrite-bearing rocks
by magma in an open magmatic system, where the intrusions are the horizontal parts of channels
through which magma erupts onto the surface [23]. Thus, the most common models differ in sulphides
origin: they can be brought into the crystallization chamber by silicate magma or formed in situ.
The latter model has also become widespread due to the presumed accumulation of a large amount
of sulphides [24-26]. Each of these models has its own advantages and disadvantages, but there are
some issues that are controversial and require further study, such as the composition of the parental
magmas in ore-bearing intrusions; relationship between ore-bearing intrusions and basalts, and the
extent of assimilation of host rock by magmas.

At the first stage of research, the models were tested. The analysis revealed that none of them
completely matched to geological data we had collected. Therefore, we decided to develop a new
approach to modeling for the formation of deposits in the Arctic region, taking into account the
evolution of magmatism and the location of deposits within it [27, 28].

Basic information about geological structure of the area. The problem of formation of large
igneous provinces is one of the main challenges in in geology, because their appearance plays
a significant role in the history of the Earth's evolution [29]. These provinces also include continental
trap provinces, with the largest Siberian province [30]. Recently, all igneous rocks with similar ages
(251 million years) [29] and geographical locations (Western Siberia, the Kuznetsk Basin, the Altai
Mountains, and the Urals) have been assigned to this province without considering their geological
characteristics [31, 32]. Whereas, the term “traps” refers only to basalts covering vast areas of ancient
platforms (“flood basalts”), which only a few provinces are associated with: Deccan, Parana-
Etendeka, Emeishan, and Colombia. According to the accepted terminology [33], this term considers
the geological structure of the flows (covers), their tectonic position and chemical composition.
Typical traps have a consistent thickness and rock composition (mainly tholeiitic) over wide areas.

These volcanic formations are common in Eastern Siberia and the southern Taimyr that are parts
of the ancient Siberian Platform, which has an Archean basement and PR-T platform cover. Typical
traps include tholeiitic basalts from the Tuklonsky — Samoedsky formations in the Norilsk region, as
well as their analogues in Putorana, such as the Ayansky and Khonnamakitsky formations, and in the
Tunguska Syncline, such as the Kochechumsky, Nidymsky, Yambukansky formations, and the
Betlingsky Formation in Taimyr. These formations have very similar geochemical characteristics:

*Nornickel reports 1H 2023 interim consolidated IFRS financial results, 2023, p. 21. URL: https://nornickel.com/news-and-
media/press-releases-and-news/nornickel-reports-1h-2023-interim-consolidated-ifrs-financial-results/ (accessed 26.08.2023).
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MgO 6-7 wt.%; TiO2 0.9-1.7 wt.% [30]; Gd/Yb = 1.48-1.58 and La/Sm = 2.14-2.81; 87Sr/8¢Sr =
= 0.70466-70653; eng from +0.14 to +1.90; 2%Pp/?%Ph = 18.231-18.844 [5-7]. They correspond to
gabbro-dolerite sills with a normal alkalinity, which are mainly combined in the Katangsky and
Norilsk ore-bearing complexes, among others [8, 9].

However, in the same area, on shoulders of the Yenisei-Khatanga Trough and feathering struc-
tures (such as in Western Siberia), the volcanic rocks are commonly confined only to linear structures
(known as paleorift zones). These zones are characterized by a local distribution of basalts, significant
variations in thickness and composition. The composition ranges from alkaline to ultramafic rocks.
Some examples of these formations are: Syradasaisky in Taimyr, lvakinsky — Nadezhdinsky in the
Norilsk region, and Arydzhangsky — Maimechinsky in Maimecha-Kotui region. The MgO content
in these rocks varies from 3-5 to 22-24 wt.%. The TiO> content is also variable, ranging from 0.9 %
to 5 wt.%. Other important ratios include La/Sm, which ranges from 2.4 to 5.72, and Gd/YDb,
which varies between 1.6 and 7.9. 8/Sr/®#Sr = 0.70302-0.71114; eng from —11.0 to + 6.6; 2°°Pb/?%4Pb =
=17.796-19.111 [13, 30]. Intrusive rocks of similar composition present in these zones and are mainly
exposed in Taimyr (Dyumtaleysky, Bootankagsky massifs, etc.) [8, 9]. These fundamental differences
between the two types of magmatism called rift and platform (also known as typical trap) [34] are
crucial both for understanding the mechanisms of the LIP formation and the conditions under which
magmatic deposits were formed.

It is worth highlighting the Siberian large igneous province comprising both types of igneous
formations. This province can be divided into the West Siberian Igneous Province and the East Sibe-
rian Igneous province. The latter includes as its main component the Siberian Trap Province formed
by platform basalts.

The East Siberian province (Fig.1) consists of volcanic, plutonic, and pyroclastic rocks that are
predominantly of Early Triassic age [29]. On the surface, the province has a zonal structure, with
lavas dominating in the central part, followed by tuffs, and intrusive rocks are exposed along the
periphery. Within the province, there are several areas with different structures and composition of
igneous rocks. The thickness of volcanic rocks is greatest in the northern regions (up to 3.5 km),
in the Norilsk and Maimecha-Kotui areas, where rocks with high alkalinity and magnesium content
are found. Most of the rocks in the province are represented by tholeiitic basalts of normal alkalinity
ranging from 1 to 1.5 kilometers in thickness, which developed in the Tunguska Syneclise and have
been partially eroded since then. The subdivision of volcanogenic strata into formations was carried
out during geological surveys in the 1960s and 1970s, and continues during 1:1 million surveying
(the third generation). A special stratigraphic chart has been created for different areasx.

Intrusive rocks are divided into several complexes, the most common of which is the Katanga
complex represented by gabbro-dolerites of normal alkalinity (6-7 wt.% MgO). Sills of this complex
crop out at the rim of the Tunguska Syneclise. In the northern part of the province, there are also
subalkaline and alkaline massifs, as well as ultramafic rocks, where copper-nickel mineralization has
been recorded [13].

Sulphide PGE-Cu-Ni deposits are associated with high-magnesium intrusions in the Norilsk re-
gion [13]. The largest ones are concentrated within the Talnakh and Norilsk ore clusters, in periclinal
parts of the Kharaelakh and Norilsk troughs (Fig.2). The ore-bearing massifs are ribbon-shaped bodies
approximately 100 meters thick, 1-2 kilometers wide and 15-18 kilometers long. They typically occur
subconformably with the Devonian-Permian terrigenous-carbonate deposits (Kharaelakh, Talnakh,
Norilsk 1, Pyasino-Vologchansky), or less commonly break through tuffaceous-lava rocks as dyke-
or pipe-shaped bodies (Norilsk 2, Mount Bol’shaya Bar’iernaya, Northern Maslovsky and Southern
Maslovsky). Intrusions are composed of gabbro-dolerites (from bottom to top): contact, taxitic, pic-
ritic, olivine, olivine-containing, olivine-free [14]. The upper zone is composed of gabbro-diorites,
leucogabbro, ferrogabbro (gabbro-dolerites enriched in titanomagnetite), igneous breccias; and some

* Exploration maturity of the RF territory and its continental shelf based on State Geological Maps at scale 1:200,000 and
1:1,000,000. URL: https://vsegei.ru/ru/info/ggk/izuchennost (accessed 01.08.2023).

740

This is an open access article under the CC BY 4.0 license



Journal of Mining Institute. 2024. Vol. 269. P. 738-756 ~[EE#[

H-L T
© Nadezhda A. Krivolutskaya, 2024 Eis

72° 78° 84° 90° 96°  102° 108° 114° 120°

[ I Laptev Sea .7.7.7.7. Terrigenous rocks, J-K
76° Kara Sea
Taimyr folded area
yﬁrl
" s North Taimyr
_____________ Central Taimyr
=TT e :
—1Oo5_g=~|. . .".". R SO RN South Taimyr
) il I RN/ SRR
[~ : I W L A
; -\,‘(3%\. Khatanga | * . ~ / Faults
..... : 0 DA 7 LYy L
T ¥ 8 Siberian Platform

L L L | Volcanic rocks, Ps-T1
L L L

Sedimentary rocks, C-P1

68° | B —
o e 71 Riphean rocks

+ Anabar Shield

@ Ore-bearing intrusions

8 LR : Tunguskal Syneclise ) _
g ey TUa g v o « High-magnesium rocks

64°

60° f-.c.u 60°
RORIE - a

0 200 400 km

Fig.1. Scheme of tectonic structure of Eastern Siberia with location of intrusives with PGE-Cu-Ni mineralization

horizons may be absent. Ores are represented by the dissemination of sulphides in gabbro-dolerites
of the lower horizons of intrusive bodies (picritic and taxitic gabbro-dolerites), as well as in their host
rocks, and by continuous sulphides veins in lower contact with the underlying rocks. Low-sulphide
platinum mineralization was discovered in the upper parts of the ore-bearing intrusions [35].
Objects and methods of studies. The main objects of our research were the intrusions that com-
prise the main deposits of the Norilsk region, i.e., Oktyabr’sky, Talnakh, Norilsk 1, Maslovsky, Cher-
nogorsky and VVologochansky (Fig.2). These intrusions were studied during contractual work between
the GEOKHI RAS and OOO Norilskgeologiya based on boreholes drilled in different years, such as
OUG-2, TG-21, ZF-12, ZF-10, RG-2, MN-2, G-22, OV-29, OV-32, Ch-55, OM-4, OM-24, and LP-1,
etc. Sills occurring along the rim of the Tunguska Syneclise and cropping out on the surface were
also studied in bedrock exposures. This also applies to effusive rocks that occur both in the main
tectonic structures of the Norilsk region, and in key areas of the East Siberian Province. Basalts were
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rarely studied in boreholes (KhS-51, KhS-59, OM-6, OM-25, LP-5). Abundant analytical data (major,
trace elements and distribution of radiogenic isotopes; composition of ore and rock-forming minerals)
were summarized in papers [36, 37].

Concentrations of major oxides in the rocks were determined using the X-ray fluorescence
method (XRF; AxiosmAX model from PANalytical — Almelo, The Netherlands) at the Institute
of Ore Geology, Petrography, Mineralogy and Geochemistry of Russian Academy of Sciences
by A.l.Yakushev. Trace elements contents were analyzed by inductively coupled plasma mass spec-
trometry of (ICP-MS) at the Institute of Applied and Theoretical Mechanics (Chernogolovka city) by
V.K.Karandashev. Additionally, the contents of both elements were determined by mass spectrome-
try with inductively coupled plasma with laser ablation of material (LA-ICP-MS) at the Max Planck
Institute for Chemistry in Mainz, Germany, by N.A.Krivolutskaya and D.V.Kuzmin under the
supervision of B.Stoll. A large amount of analytical data on the composition of rock-forming minerals
was also obtained there using a GEOL JXA 8200 microprobe in laboratory of A.V.Sobolev. Sr, Nd
and Pb isotopes were analysed in rocks at VSEGEI in St. Petersburg by B.V.Belyatsky. Isotopic
analysis of sulphur in sulphides was done at the DVGI DVO RAS in Vladivostok by analyst
T.A.Velivetskaya using the standard procedure. Experimental study of melt inclusions was conducted
by N.A.Krivolutskaya at GEOKHI RAS. These research methods were earlier described in the
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monograph [36]. Computer modelling of the composition of the Talkhan magma was performed using
the COMAGMAT software in collaboration with A.A.Ariskin [37].

Research results. Assessment of compositions of parental magmas of ore-bearing intrusions.
For magmatic deposits in which sulphides are the components of intrusive rocks, the composition of
magmas plays a significant role in the formation of ore, specifically the content of major oxides, trace
elements, and especially, fluid components. Three methods were used to assess these:

« Calculation of weighted average composition of rocks in the ore-bearing intrusions. Initially,
the composition of primary magmas was parallelized with composition of the most high-magnesium
rocks, such as picritic gabbro-dolerites and troctolites. This led to the idea that ore-bearing intrusions
formed from ultramafic magma similar to the Gudchikhinsky Formation [13, 38], and even to the
conclusion that such magma was injected independently of gabbro magma [39]. To evaluate the pa-
rental melts, the compositions of contact zones of the intrusions were used. However, these zones can
reflect the processes of assimilation of host rock by magma, and they are also subject to hydrothermal
alteration. Additionally, during the emplacement of heterogeneous magmas phenocrysts can be
“driven away” from the contact zone, so, the composition of the chilled zones most often does not
correspond to the true composition of the parental magma.

The most widely used method for estimating the composition of magmas is based on the bulk
composition of rocks, when they are slightly altered. M.N.Godlevsky [3] noted the specific features
of ore-bearing intrusions in the Norilsk region obtained from calculating of their weighted average
composition. These features include an namely their elevated magnesium content (MgO 10-12 wt.%),
a chromium content of 0.4 wt.%, and a reduced titanium content (< 1 wt.% TiO2 ), indicating a deeper
source of ore-beating magmas, approaching to picrite, compared to typical traps. A.P.Likhachev [14]
proposed a formation mechanism for such melts as a result of sequential batch melting of
the mantle. Calculations of weighted average compositions of ore-bearing intrusions were also used
to estimate the composition of magmas. In particular, the weighted average composition of the
Kharaelakh intrusion was determined for borehole KC-56 (Fig.2, Tables 1, 2) in the northeastern
Oktyabr’sky deposit.

Table 1
Rock composition in borehole KC-56, wt.%
Components

Depth, m - -
SiO, TiO, Al,O3 Fe,03 MnO MgO CaO Na,O K20 P,0s
1,380.4 51.25 1.12 26.77 12.75 0.04 2.74 0.53 0.40 4.04 0.19
1,382 57.06 1.13 24.75 9.27 0.04 2.73 0.34 0.85 4.05 0.07
1,382.9 56.46 1.15 23.43 9.98 0.09 2.87 1.05 2.30 2.87 0.22
1,385 48.38 1.08 17.74 10.96 0.20 7.25 10.60 2.77 0.83 0.14
1,387.6 49.57 1.10 16.92 10.57 0.17 7.17 11.75 2.44 0.61 0.14
1,441.9 42.44 0.69 11.43 17.69 0.18 14.50 8.02 1.21 0.28 0.10
1,516.2 49.04 0.91 17.61 9.86 0.18 8.20 11.23 2.29 0.53 0.14
1,530.7 49.07 0.91 16.74 9.90 0.20 8.20 11.92 2.33 0.54 0.07
1,536.6 42.83 0.50 6.94 14.16 0.20 29.51 4.92 0.61 0.16 0.07
1,5637.4 4047 0.61 8.02 19.59 0.23 22.45 5.13 0.70 0.17 0.06
1,540.4 42.73 0.72 11.03 16.01 0.21 17.54 7.30 1.16 0.36 0.12
1,541.6 4231 0.72 11.82 16.26 0.11 14.32 8.19 1.39 0.29 0.08
1,551.3 37.22 0.46 16.16 20.46 0.14 7.41 16.18 0.24 0.03 0.06
1,552.6 47.49 0.49 21.88 9.12 0.08 7.13 11.40 1.97 0.47 0.07
1,554.85 44,93 0.48 17.26 16.06 0.15 7.46 6.84 1.63 0.95 0.07
1,556.4 53.65 0.63 23.32 7.08 0.13 4.25 5.85 3.48 1.98 0.13
1,558.7 51.40 1.36 26.94 11.08 0.06 3.92 1.37 0.78 3.00 0.57
1,559.2 58.68 1.02 23.74 8.91 0.08 2.74 0.78 0.67 3.33 0.07
1,561.4 50.95 1.70 28.17 6.88 0.05 3.90 1.81 3.10 3.34 0.27
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The obtained results (Table 2) are in good agreement with representative weighted average com-
positions of the Norilsk intrusions calculated using a large number of analyses along different vertical
sections, which makes it possible to take into account the complex morphology of the ore-bearing
massifs, which differs significantly from the layered ones.

Table 2

Weighted average compositions of the intrusions of the Norilsk complex, wt.%

Norilsk 1 Talnakh NE swW Chernogorsky
Components Kharaelakh Kharaelakh
1 2 3 4 5

SiO2 48.3 46.1 46.15 50.26 47.2
TiO2 0.85 0.74 0.83 0.91 0.61
Al203 15.33 155 15.08 17.32 16.7
FeO 12.3 134 13.56 10.89 9.91
MnO 0.19 0.15 0.17 0.18 0.16
MgO 10 11.3 10.81 7.93 11.64
CaO 104 10.3 9.52 9.49 114
Na20 1.86 1.32 1.76 2.01 1.85
K20 0.57 0.69 0.56 0.84 0.46
P20s 0.2 0.25 0.12 0.18 0.07

Cr 1,000 1,900 — 1,058 1,800

Notes. Data on borehole numbers: 1 — 54 boreholes [3]; 2 — 29 boreholes [40];
3 - KC-56 (Table 1); 4 — TG-21; 5 — Ch-55 [36]. A dash — the element was not determined.

* Calculation methods. The geochemical thermometry method [41] allowed, using the
COMAGMAT computer program, to estimate the composition of the melt, its crystallization tem-
perature and the number of intratelluric phenocrysts for the Talnakh intrusion, when when it was
introduced into a modern chamber [37]. It was calculated that the Talnakh magma contained 7 vol.%
olivine and 4 vol.% plagioclase, which means that the proportion of crystals in the magma was
11 vol.%. The composition of the melt containing these minerals was close to that of basalts from the
Morongovskaya — Mokulaevskaya formations, which are typical platform basalts. The composition
of this melt was as follows: wt.%: 49.44 SiO,, 1.20 TiO, 15.44 Al>0s33, 11.43 FeO, 0.22 MnO,
8.06 MgO, 11.53 Ca0, 1.82 Na0, 0.69 K20, and 0.19 P,0s.

» Composition of melt inclusions in rock-forming minerals is an important aspect of studying the
composition of parental magmas. The first and the second methods help to assess the compositions
of solid and liquid phases of parental magmas, but do not allow determining the content of volatile
components in them, which many researchers believe play a crucial role in ore formation. These
components, such as water and chlorine, can transfer sulphides through magma to the upper zones of
massifs and even to the surface [42, 43]. The idea of elevated content levels of volatile components
in magmas, especially water and chlorine, is based on the discovery of thick metasomatic aureoles
around the ore-bearing intrusions within the Talnakh ore cluster [44]. However, recent research indi-
cates that these aureoles have formed due to the circulation of meteoric water around the contacts of
igneous rocks and host rocks, which are characterized by increased fracturing and permeability [45].

To study the contents of volatile components in magmas, we analysed melt and fluid inclusions
in olivines and pyroxenes from several ore-bearing massifs, such as Talnakh, Norilsk 1, Northern
Maslovsky and Southern Maslovsky (Fig. 3) as well as from barren intrusions, like the Low Talnakh
and Zelenogrivsky [28, 31]. The composition of the melt was found to be similar to tholeiitic basalts
with a slightly higher magnesium content (MgO 8-10 wt.%) (Table 3). The concentrations of volatile
components are equally low in both ore-bearing and barren intrusions, with H2O ranging from 0.4 to
1.1 wt.% ; Cl from 0.02 to 0.2 wt.%, and F averaging 315 ppm, which corresponds to their formation
in platform conditions near the surface [46].
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Table 3

Composition of phases in crystallized inclusion and experimentally quenched melt, wt.%

nErcr):gér, SiO, | TiO, | Al,O; | FeO | MnO | MgO | CaO | Na,O | KO | P,Os | V,05 | Cr,O; [ NiO | ZnO | S Cl | HO | Total
phase

1.Cpx2 |51.69| 09 | 3.17 |12.68| 0.33 |13.45[19.39| 0.3 - - 0.08 - - - - - — ]101.99

2.Cpx1 |5253| 052 | 224 | 9.46 | 0.23 | 15.75|20.47 | 0.26 — — 0.14 — - - - - - | 101.6

3. USp 0.33 | 20.8 {10.89|67.49| 05 | 0.39 | 0.15 - - - 029 | 0.08 |0.09| 0.1 | — - - [101.11

6. Gl 66.5 | 0.14 |20.69| 1.73 | 0.13 0 345 | 6.66 | 1.98 | 0.49 0 - - - - - — [101.78
Melt 492 | 1.73 |10.82| 149 | 0.26 | 7.15 |1151| 2.68 | 0.54 | 0.17 - - - — 10.11(0.15|0.44|99.87

Notes. Numbers of points and the area (shown by a square) on which glass composition was determined are shown in Fig.4, b.
Melt — composition of a homogenized inclusion at T = 1,190 °C in clinopyroxene (Mg#75) from sample OM-24/676.8. A dash —
the element was not determined.

Completely homogenized inclusions are represented by quenched melts. The concentrations of
trace elements in them were determined using secondary ion mass spectrometry (SIMS) at the
Valiev IPT RAS, Yaroslavl Branch by analysts S.G.Simakin and E.V.Potapov. The results are pre-
sented in Table 1, where the concentrations of trace elements are as follows, ppm: 33 Rb, 187 Sr, 135
Zr, 188 Ba, 25 Ce, 5.30 Sm, 5.91 Gd, 5.41 Er, 9.0 Yb, 0.37 Ta, 1.04 Th, 0.40 U, 3.96 Pb,
3.55 Hf, 0.66 Lu, 7.00 Dy, 3.3 Eu, 18 Nd, 3.5 Pr, 11 La, 0.55 Cs, 6.0 Nb, 42 Y, 4.4 Yb, 4.4 Er.
The distribution spectrum of these trace elements in the inclusion normalized to the primitive mantle
is shown in Fig.4, c (inclusion). This figure also demonstrates the distribution of the trace elements
in a rock (sample OM-24/676.7) and in the basalts of the Mokulaevsky Formation with which the
ore-bearing intrusions are compared [23]. The last two spectra are practically the same, while the
inclusion spectrum is characterized by higher contents of all elements, which is due to their accumu-
lation in the fractionated melt from which the host mineral, pyroxene, crystallized. This also accounts
for a minor negative anomaly of strontium reflecting a slightly earlier crystallization of plagioclase.
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Fig.4. Morphology and composition of melt inclusions in clinopyroxene of the Southern Maslovsky deposit
(borehole OM-24, depth 589 m, see Fig.3): a — general view; b — inclusion with points of measurements
(see Table 3); c —distribution spectra of trace elements: basalts of the Mokulaevskaya Formation (1),
host rocks (2) and inclusions (3) (normalized to primitive mantle [47]);

Cpx — clinopyroxene; Pl — plagioclase; Ti-Mag — titanomagnetite; Inc — inclusion; Gl — glass;

USp — ulvospinel; Po — pyrrhotite

Relationship between ore-bearing intrusions and basalts. The question of relationship between
ore-bearing massifs and lavas naturally arises when analyzing the geological structure of a region and
has been actively discussed since the late 1950s [3, 13, 23]. The difficulty lies in the fact that ore-
bearing intrusions stratigraphically occur beneath the tuff-lava sequence and rarely come into contact
with basalts. An exception t0 this is the case in the Norilsk Trough, where several massifs cut through
effusive rocks of the Ivakinsky — Gudchikhinsky formations (Norilsk 1, Norilsk 2) and the Ivakinsky —
Nadezhdinsky formations (Southern Maslovsky intrusion) [36]. However, the Morongovsky and
Mokulaevsky basalts [23], which occur much at a higher elevation than these formations, are believed
to be comagmatic with them, though there are no known contacts between them and ore-bearing
massifs as well. The similarity in trace element and isotope compositions [6, 43] of these two groups
of rocks (Fig.5) suggests that they may be related in some way, despite their apparent lack of contact.
In recent years, a significant amount of geochemical data on ore-bearing intrusions has been collected
[7-9]. This data indicates a similarity between many of the parameters of these intrusions and typical
traps, including data on Sr and Nd isotopes. However, despite the similarity of isotopic characteristics,
such as end (Fig.5, b), Yu.A.Kostitsyn and co-authors [10] found that ore-bearing intrusions have
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Fig.5. Diagrams of MgO —TiO2 (a); 87Sr/8Sr — eng (b); 87Sr/8Sr — §34S (c) for intrusive rocks
and platform basalts [8, 36, 48-50].
Formations: tk — Tuklonskaya; mr — Morongovskaya; mk — Mokulaevskaya; hr — Kharaelakhskaya; km — Kumginskaya;
sm — Samoedskaya; nd — Nadezhdinskaya; gd — Gudchikhinskaya

a very narrow range of variation in this parameter, compared to volcanic rocks. Even a complete identity
in geochemical indicators, both isotopic and trace element, cannot serve as proof of a connection
between intrusions and basalts, since they may crystallize from different portions of the same magma,
but arriving either to the surface, or crystallizing at depth, even at the same time. This phenomenon
is illustrated in Fig.6, a (left part). The connection between these formations (Fig.6, a, right part),
which can occur either in the immediate vicinity of different intrusions or at a significant distance
from them (as indicated by the vertical line separating these areas in the Fig.6), can only be confirmed
through geological research.

The lack of association between intrusions and lavas is primarily determined by their different
contents of major oxides (see Fig.5, a), specifically, elevated concentrations of magnesium and chro-
mium in the intrusive rocks, containing sulphide ore, and decreased concentrations of titanium, which
is often ignored.

The association of the ore-bearing massifs with basalts of all formations is contradicted by the
almost complete absence of sulphides (< 0.1 wt.%) in the latter. If the rocks are part of a single system,
basalts should contain some sulfide minerals, as it is unlikely that sulfide melt would completely
precipitate in only one feeder channel over a large area covered by basalt in Eastern Siberia. An
important factor of the lack of direct association between basalts and intrusions is the difference in
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the isotopic composition of sulphur: all ore-bearing massifs have a heavier composition (Fig.5, c).
The isotopic composition of the disseminated sulphide ores from the picritic gabbro-dolerites (sample
numbers corresponds to borehole numbers and depth, m) in the Oktyabr’sky deposit is as follows:
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Fig.6. Scheme (a) of closed (left) and open (right) magmatic systems and structure (b) of the western part
of Oktyabr’sky deposit (compiled by the author using the materials of OOO Norilskgeologiya). Arrows show
the direction of magma movement

1-2 — Triassic system, formations (1 — Gudchikhinsky; 2 — Syverminsky); 3 — Permian system, undivided Ivakinsky Formation;
4 — Carboniferous system, undivided Tunguska Series; 5-11 — Devonian system, formations (5 — Kalargonsky; 6 — Nakokhozsky;
7 — Yuktinsky; 8 — Manturovsky; 9 — Razvedochninsky; 10 — Kureisky; 11 — Zubovsky); 12-16 — intrusive complexes
(12 — Oganersky; 13 — Norilsk; 14 — Kruglogorsky; 15 — Low Talnakh; 16 — Ergalakh); 17 — geological boundaries (a) and faults (b);
18 — orebodies: a — massive ores (X-O — main Kharaelak orerbody), b — cupriferous ores; 19 — intrusive rocks: a — picritic, troctolitic,
taxitic and contact gabbro-dolerites; b — olivine-free, olivine-bearing, olivine gabbro-dolerites; ¢ — olivine and picritic gabbro-dolerites
of the Low Talnakh intrusion; 20 — boreholes and their numbers
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88, %o: +10.1 — RT-30/1,532.2; +9.4 — RT-30/1,540.5; +9.4 — RT-101/1,668.9; +10.1 — RT-101/1,709.2;
+10.4 - RT-101/1,715.9; +10.1 — RT-7/1,473.8; +11.2 — RT-7/1,625.

Numerous attempts to use U-Pb data on zircons and baddeleyites [8, 9] to resolve the problem
of the age relationships between different intrusions their selves and intrusions and lavas failed not
only due to the insufficient accuracy of the method (which can have a small error of up to 10 million
years and overlaps with the range of rock formation), but presence in rocks of a large number of these
minerals that vary in composition. For example, in samples from the Kharaelakh massif, the age of
zircons varies in the range from 347+16 to 235+6.1 Ma [39]. This variation is apparently not related
to the accuracy of dating, but rather to the presence in rocks of really different-aged minerals that do
not reflect the time of crystallization of the rocks.

A rapid development of geochemical methods, including local ones, over the past three decades
has led to the situation where their results were are often not related to the geological basis. The only
reliable criterion for the existence of an open magmatic system, in which the intrusions are part of the
feeder channels for lavas to the surface, is geological data that confirm such a structure. Currently,
there is no such evidence for the intrusions of the Norilsk complex. The independence of ore-bearing
intrusions from basalts is most clearly demonstrated by the example of the Kharaelakh massif, which
contains the largest deposit in the Norilsk region Oktyabr’sky deposit. An important fact about this
is its complete preservation throughout the geological history, specifically, the absence of signs of
erosion in any part of it. This allows us to reconstruct its relationships with host rocks as revealed
during detailed prospecting and exploration (Fig.6, b). The structure of the western part of the deposit,
which is crucial for understanding its origin, has been discussed in several papers [5, 51]. The section
clearly shows that the intrusive rocks wedge out to the west and are not associated with basalts. If
there were connecting channels between these formations, they would be exposed on the day surface
above the intrusion, since the supposed effusives comagmatic rocks to the massifs are eroded in this
area. The ribbon-like morphology of most of ore-bearing intrusions also, although indirectly, con-
firms the absence of a direct association with lavas, which can be seen in the southern Siberian Plat-
form, where sills with a staircase structure are widespread.

Thus, the question of relationships between the intrusions and lavas (in any area) cannot be re-
solved only through geochemistry. While there is no doubt that the similarity of their geochemical
characteristics indicates a genetic connection between rocks of different facies, it cannot be the evi-
dence of a direct link between them, such as comagmatism, formation from the same portion of
magma. Effusive and intrusive rocks that have the same composition (in the absence of additional
processes, such as assimilation, mixing, etc.) can crystallize simultaneously or at different times. The
difficulty in obtaining geological evidence of their connection and lack of direct observation due to
poor rock exposure has led to the use of geochemical features as evidence for a single magma system.

Assimilation processes during intrusion of ore-bearing magmas. Occurrence of huge volumes
of sulphide ores associated with thin bodies of silicate rocks led to the question about the source of
sulphur in the deposits in the Norilsk region. M.N.Godlevsky [3] suggested that the required amount
of sulphur in ores could be obtained by the assimilation of anhydrite from the host rocks. To test this
hypothesis, he and L.I.Grinenko [49], began the studies of the isotopic composition of sulphur in
sulphides. The first results showed its heavy composition (§%S = +12 %o on average) compared to
other copper-nickel deposits worldwide where §**S was close to 0 %o and corresponded to its content
in meteorites. These results have been reproduced for many years [9, 26, 52] and are considered as
evidence for the assimilation of anhydrite-containing rocks by ore-bearing magmas. However, there
are also arguments against this idea:

« Rapid cooling of the intrusions not only presumes the long-term assimilation of host rocks [15],
but also prevents a large-scale interaction between magma and surrounding rocks. This is evidenced
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by the subvolcanic nature of the intrusive bodies, which are composed of gabbro-dolerites with char-
acteristic ophitic structures, zoned rock-forming minerals and glassy inclusions characteristic of such
bodies [22, 28].

» Geochemistry of contact zones. Geochemical features of the contact rocks also indicate rapid
crystallization of magmas and cooling of massifs. We have previously considered this using the
example of the Southern Maslovsky intrusion [36], which is located in effusive rocks. The lower contact
lies in trachybasalts of the Ivakinsky Formation, while the upper contact occurs in the basalts of the
Nadezhdinsky Formation (in its lower sub-formation). The host rocks differ from gabbro-dolerites in
terms of concentrations and ratios of trace elements, particularly the increased La/Sm ratio, which
indicates the assimilation of the host rocks by the magma. The value of (La/Sm)n either decreases
in gabbro-dolerites at a distance of 1-2 m from the upper contact within the intrusion (borehole
OM-25), or it does not change at all (borehole OM-24), indicating a complete absence of assimilation
in the zone of contact zone. Similar studies were carried out for the Kharaelakh intrusion.

» Weighted average compositions of massifs occurring in rocks of different lithologies and genesis.
Presumed large-scale assimilation of host rocks should be reflected in the weighted average
composition of intrusions occurring in deposits with different compositions and the volume of ores
contained therein. Often, as evidence of extensive assimilation processes, attention is drawn to the
different deposits with varying volume of mineralization and associated with the main intrusive bodies,
such as the Kharaelakh, Talnakh and Norilsk 1 massifs. They occur entirely within the Devonian
rocks (partly containing anhydrite), the Devonian — terrigenous Tunguska Series (C2-P2) and the Tun-
guska Series and the tuff-lava sequence, respectively. However, consideration of a larger number of
arrays does not confirm this pattern. First and foremost, the author of this article studied the Pyasino-
Vologochansky intrusion. Its geological location is similar to that of the Kharaelakh intrusion, but it
does not contain large amounts of ores, and its metal reserves significantly lower than those in the
Oktyabr’sky deposit. Although the Chernogorsky and Norilsk 1 massifs are located close to each
other in terms of stratigraphy, their ore contents differ significantly.

* The problem of sulphur source. Anhydrite. Anhydrite, which is most often found in rocks sur-
rounding ore-bearing massifs, is considered a potential source for obtaining sulphur during ore for-
mation. However, its direct melting is impossible, as the melting point of the mineral is higher than
the temperature of magma (1,450 °C compared to 1,200 °C of the melt). This can be seen from rare
anhydrite xenoliths found in igneous rocks [14, 15]. It is often assumed that anhydrite decomposes
(at temperature below 1,100 °C) releasing gases that could dissolve in the mafic magma. However,
the volume of sulphur produced is not known. The solubility of sulphur oxides (SOz and SOy) is low,
with a maximum of 1 wt.%, and, thus, the amount of sulphur in a melt does not exceed 0.5 wt.%. The
igneous origin of anhydrite found in the picritic gabbro-dolerites [53] has not been confirmed, as
morphological characteristics alone are insufficient to determine magmatic genesis. In addition, the
assessment of redox conditions during the crystallization of ore-bearing rocks made using the olivine-
spinel equilibrium [36] indicates that reduction conditions exist in which anhydrite could not crystal-
lize. Since hydrothermal and metasomatic anhydrite are often present in these rocks, it is necessary
to establish clear criteria for classifying different types of anhydrite, with isotopic data playing the
most important role in this process. However, the author has not conducted such studies, and therefore
the magmatic origin of anhydrite described in the article remains uncertain.

An important characteristic of anhydrite as a source of sulphur in ores is the isotopic composition
of the sulphur it contains. The isotopic composition of sulphur in sedimentary anhydrite which is
considered as a contaminant differs significantly from that in sulphides ores from the Norilsk deposits.
The 5%S value of anhydrite from the Devonian deposits ranges from +22 to + 24 %o, while the most
typical 5%*S value for sulphides is +12, 8 %o [52]. Initially, in sulphide ores from the western part of
the Oktyabr’sky deposit, the values %S in sulphides and anhydrites from enclosing rocks were
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similar (534S =12-13 %o). This may be due the fact that the the analyzed anhydrites in this part of the
deposit have a metasomatic origin, as metasomatic processes are common in this area [44]. The re-
sulting variations in anhydrites are characteristic of rocks altered by the late hydrothermal processes.
Away from intrusions, anhydrite from the Devonian rocks has a heavier sulphur composition, which
that differs from the ores [52].

Difference in isotopic composition of host rocks and ores is often explained by the supply of
sulphur into magma from two sources: the mantle and the crustal. Although there are no calculations
of this mixing, it is assumed that they contribute equal portions in the formation of sulphides. How-
ever, in this case, the amount of mantle sulphur that should be present in the melt greatly exceeds its
solubility in mafic magmas, so it cannot be obtained in situ.

Another possible mechanism for the enrichment of mafic magmas with sulphur is its supply from
fluids circulating in the host rocks during the formation of the ore-bearing rocks [9]. Specific details
of this process, such as the composition of the fluid (meteoric water?), the amount of sulphur dis-
solved in it, the modes of sulphur transfer, and isotope effects are not fully characterized in this work.
It is important to note that sulphur in anhydrite exists in an oxide form (S®*), while in the melt it
presences in a reduced form (S%°). Therefore, it is necessary to determine at what stage this transition
occurs. Since the solubility of water in platform magmas under near-surface conditions does not ex-
ceed 1wt.%, and the amount of sulphur present in the magma is also limited (the author of research
[9] does not give its possible content), even if some water does enter the melt, the amount of resulting
sulphides will be negligible compared to the amount found in the deposits [23].

In addition, fluid must be supplied during the stage of magma formation when sulphur is con-
verted into sulphides. The movement mechanism of how cold fluid moves into hot magma in a ther-
mal gradient field is not considered in this work. It has been observed that when mafic magmas em-
placement into sedimentary rocks, gases and fluid components from the host rocks “forced out” from
the area where intrusion become localized [54]. The model under consideration does not address the
composition of the rocks from which the anhydrite was removed and distribution of its aureole. Based
on the estimated volume of removed sulphur, the rocks would be sterile with regard to anhydrite over
a large area. However, anhydrite-bearing rocks are found in the immediate vicinity of the ore-bearing
intrusions. In particular, it is well known that in the rocks of the Manturovskaya Formation on the
western flank of the Kharaelakh massif, there are nodules of red sedimentary anhydrite with no signs
of hydrothermal reworking. V.V.Reverdatto and colleagues [55] estimated the possible extent of ther-
mal impact on the host rocks, which in near-surface conditions (2 km) does not exceed 500 m for
gabbro. It is in this area closest to the contact where one should expect to find formations remaining
after the dissolution and removal of anhydrite by fluids. However, the rocks occurring in this area do
not show any signs of its dissolution or removal of sulphates. In addition to the Talnakh ore cluster,
there are deposits associated with massifs that occur not in sedimentary rocks, but in basalts (Maslovsky).
It is difficult to imagine the transfer of sulphur from the host rocks through fluids in these cases.

The problem of sulphur origin in the Norilsk ores turned out to to be much more complex than
previously thought, due to the use of new geochemical research methods. In particular, the study of
radiogenic isotopes has revealed some unexpected findings. Firstly, strontium isotopes not always
correlate with sulphur isotopes in ore-bearing intrusions. For example, the ratios of strontium and
sulphur in the Talnakh and Low Talnakh intrusions show opposite relationships compared to what
would be expected based on the degree of assimilation. The Talnakh massif, which contains ores with
high metal reserves (5*S = +10.9), should have a more radiogenic strontium composition due
to significant assimilation of the host rocks. However, the barren Low Talnakh massif (6%S +6.6)
[9, Table 22] has a different composition, with a higher ratio of 8 Sr/2°Sr (0.709-0.710) [9, Table 56]
compared to the Talnakh (0.706). These findings suggest that further research is needed to better
understand the complex interactions between sulphur and strontium during ore formation in the
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Norilsk region. Secondly, the author of the book [9] did not explain the appearance of heavy sulphur
(8%*S = +10.9) [9, Table 22] in the rocks of mantle origin. For these rocks, 8’Sr/®Sr ratios are typically
between 0.704 and 0.705 [9, Table 43], and eng values are +4.5 [9, Table 32]. Data on radiogenic
isotopes in sedimentary anhydrite, particularly Pb [36], also indicate that they cannot be considered
as a contaminant for magmas during ore formation.

Heterogeneity of isotopic composition of sulphides from different deposits in the Norilsk region
IS interpreted as evidence of the existence of an open magmatic system, in which host anhydrite rocks
assimilated by magmas [26]. However, it is important to note that the duration of high-temperature
exposure cannot explain the observed heterogeneity, as there is little or no fractionation under these
conditions. Instead, the heterogeneity is likely due to the lack of equilibrium during the crystallization
of sulphides. The fact that sulphides are heterogeneous in 84S also cannot be evidence of a crustal
source of sulphur rather than a mantle source, as explained in the article, since the nature of heavy
sulphur in the mantle [56] had not yet found an adequate explanation. Radiogenic isotopes (Pb, Sr)
in anhydrites indicate that their ratios are quite different from those in ore-bearing intrusions [36],
which does not allow considering a specific mineral and the rocks containing it as a source of sulphur.

There are presumptions that the melt has been enriched with sulphides due to the interaction
between magmas and host rocks in deeper conditions than those recorded in the Norilsk region [57].
However, within the Siberian Platform, all possible stratigraphic occurrence levels of mafic-ultra-
mafic massifs are exposed from the Cambrian rocks to the tuff-lava sequence, especially in its southern
part. Nevertheless, nowhere were sulphides formed at their contact with the host rocks. The water
content in the host rocks is also important, as in dry conditions, high-temperature metamorphic rocks
of the spurrite-merwinite facies are formed [58]. In case of water-bearing rocks, metasomatites
of various composition are formed, such as within the Talnakh ore cluster. If any process, such
as assimilation or fluid supply, had led to local enrichment of sulphur from anhydrite, it would
have manifested in different regions of Eastern Siberia where evaporites and mafic intrusions are
widespread, recording the formation of sulphide ores. However, the deposits are located only in
certain tectonic zones.

Other sources of sulphur. The assumption about the supply of sulphur not from anhydrite (or
not only from anhydrite), but from hydrogen sulphide deposits or bitumen in the Paleozoic strata
of Eastern Siberia was made by L.1.Grinenko [49]. Even without considering the exact mechanism
of how it might have been supplied into the magma, it is clear that this source cannot be the main
factor in ore formation. This is because there are no known Paleozoic hydrocarbon deposits in the
Norilsk area, and more importantly, all the oils and bitumen from Eastern Siberia are characterized
by low levels of sulphur (< 1 wt.%). Therefore, it is unlikely that they could have supplied the required
amount of sulphur needed for ore formation, taking into account their volume.

+ Mass balance calculations of calcium. Mass balance calculations of calcium are most important
for understanding the role of assimilation in ore formations. A significant amount of sulphur is con-
centrated in the Norilsk deposits [23], which, if it originates from anhydrite, requires the release of
an almost equal amount of calcium that must be present in minerals from either the surrounding rocks
or the gabbro-dolerite. Since there is no recorded calcium enrichment in the host rocks, some re-
searchers [26, 52] assume its concentration in leucogabbro within ore-bearing bodies. Despite this,
the weighted average composition of the ore-bearing intrusions with varying ore reserves is not dif-
ferent (see Table 2), which would be expected if the ore-bearing massifs were enriched with this
element. Since such calculations were made for a large number of boreholes in the Norilsk 1 and
Talnakh massifs, the expected enrichment would have been identified and could serve as one of the
prospecting criteria for ore-bearing intrusions. The composition of the ore-bearing massifs corre-
sponds to the typical gabbro with concentrations of CaO varying between 9 and 10 wt.%. Thick leu-
cogabbro horizons are also found in many non-ore-bearing plutons around the world.
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Thus, the data presented indicate that the deposits formed in a closed system; the composition of
parental melts did not differ significantly from the compositions of melts that formed barren massifs
and volcanics during the platform stage of the Siberian province. However, there were slight increases
in magnesium and chromium contents. The processes of host rock in situ assimilation by magmas
were localized and did not significantly affect ore formation. Therefore, sulphides were supplied to
the crystallization chamber by the parental magma. The composition of the ores can help to under-
stand only the evolution of the sulphide melt within the chamber (or approaching it) but it does not
explain its origin. There remains a question about the mechanism of sulphide formation in magmas.
This can be only solved by understanding the evolution of the Permo-Triassic magmatism in Eastern
Siberia and its role in ore formation. Therefore, it is essential to consider the structural features and
composition of igneous rocks in the Norilsk ore region compared to other areas.

A new approach to the genesis of deposits. The study of P-T-igneous rocks in Eastern Siberia
continued for almost a century [29, 58]. The difficulty in constructing a general scheme of their evo-
lution both in space and time, which is basis for creating an adequate model of formation, is due to
the immense size of the region, in which these formations occur as well as the inaccessibility of many
areas that have been investigated by various organizations. This has led to the emergence of numerous
individual schemes for subdividing both effusive and intrusive rocks, which are reflected in the legends
of maps on a 1:200,000 scale and on 1:1,000,000. Their correlation using modern geochemical methods
is one of the most important tasks of modern geology.

A specific position of the Norilsk region within the structure of the Siberian igneous province
has been noted in publications from the 1950s [3, 12]. This area has been identified as an unusual
petrographic province [3] characterized by a greater diversity of igneous rocks compared to other
parts of the platform. Based on our representative set of analytical data (XRF + ICP + Sr, Nd and Pb
isotopes) from the key areas in Eastern Siberia (see Fig.1), we have also demonstrated that this area
represents a specific geochemical province [27].

Analysis of the obtained analytical data made it possible to compare the igneous rocks of the key
areas [27] and draw several conclusions. The most significant one is the determination of a diverse
range of rocks in the Arctic zone of Eastern Siberia, including the Taimyr, Norilsk and Maimecha-
Kotui regions, in comparison to the Tunguska Syneclise and its surrounding area. In the northern part
of the region, rocks characterized by typical crustal features are common, they have negative Ta-Nb
anomalies, positive Pb anomalies, high La/Sm ratios, low
Gd/Yb ratios (3’Sr/®Sr = 0.705-0.710), and eng values 84° 108°
ranging from —7 to +1. Simultaneously, here were found [ T
products of mantle magmas without Ta-Nb and Pb anoma- ‘
lies with a high Gd/Yb ratio (87Sr/28Sr = 0.703, eng = 5) Norilsk -

indicating the occurrence of garnet in the source and great lgarka Ag, mGal
depths of magma generation. This situation is explained '

by the complex tectonic structure of the northern part of the 120
area, which is determined by the formation and develop- -

ment of the Yenisei-Khatanga Trough and smaller paleorift
zones feathering it (including the Norilsk-lgarka rift).
Along with typical traps (thick covers of tholeiitic basalts

: ) -60
that overlay the ancient platform) rift rocks are also present - :

. . =\ ’~‘ } G \
and are confined only to narrow local grabens. These rocks - Krasnoyarsk - -120
have large variations in structure and composition. They are - .

especially common in the north-west part of the area where  52° ™=
major Ilnear_magnetlt_: and graVI_ty anomalies are Io_cated Fig.7. Map of gravity isoanomalies in Bouguer
and the unique Norilsk deposits were found (Fig.7). reduction for Eastern Siberia [59]
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Within these rift zones, both inside and at their edges, active long-term magmatic activity took place,
manifesting itself in the intrusion of different types of magma at different depths within the lith-
osphere and Earth's crust. Therefore, it can be assumed that the specific geological conditions in
this area played a role in the accumulation of sulphides, which led to the formation of the large
deposits.

Conclusion. Formation history of ore deposits in Eastern Siberia can be divided into two stages:
the formation of sulphide-bearing magmas and their intrusion into the upper crust and the crystalli-
zation of these magmas and evolution of sulphide matter in modern chambers. Most studies on
the Norilsk ore deposits focus on the final stage of formation, which involves a detailed analysis of
minerals using local methods [22, 43, 60]. These studies provide information about the processes
of crystallization of silicate and sulphide melts, as well as their subsequent transformations in situ.
This information can be used to improve mining techniques [61, 62]. Based on these works, conclu-
sions are drawn about the whole ore formation process. However, less attention has been paid to the
conditions of the origin and evolution of ore-bearing magmas. There is no doubt that the location of
the unique deposits within the Norilsk-lgarka paleorift zone plays a crucial role in the genesis of the
deposits. Magmas similar to those that formed the ore deposits in geochemistry have also intruded
other areas of the region, but they do not contain large industrial accumulations of sulfides [30].
Further development of the theory of magmatic ore formation in northern Eastern Siberia should be
based on an understanding of the evolution of tectonics and magmatic activity during the Late Per-
mian and the Early Triassic periods on the Siberian Platform, in particular, it is important the evolu-
tion of the Yenisei-Khatanga Trough which plays a key role in the generation of magma and ores in
the north of the province.
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