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Genetic types of corundum

V. V. Shchiptsov!; 2, N. G. Barnov3

Institute of Geology, Karelian Research Centre, RAS, Petrozavodsk
2Petrozavodsk State University, Petrozavodsk; v.shchiptsov@gmail.com
3Mining Institute, National Research University «<MISIS», Moscow; barnov@inbox.ru

It is pointed out that corundum is the only natural modification with corundum Al and O packing motif, which determines the
physical and chemical features of noble corundum. Based on the authors' ideas about the genesis of noble corundum with the ap-
plication of original analytical data, which clarify the consolidated literature data, corundums of the magmatic, metamorphic and
detrital series are defined. A scheme of the location of the main deposits of noble corundums of the world is given. It is stated that
all properties of noble corundums are determined by their primary indigenous origin. The general condition of corundum formation
is protocrystallization from melts in deep magmatic centers under the condition of subsequent rapid solidification of the main mass
of the melt. The presented research methods allow determining characteristics and a wide range of application of corundums.
Precambrian corundum deposits are of the prevailing genetic type.

Keywords: noble corundum, genesis, magmatism, metamorphism, Precambrian.

l'eHeTUYecKMe TUIIBI KOpPYHI 0B

B. B. lllunmos!: 2, H. I. Bapuos3

IWucTtuTyT reonorun KapHLI PAH, ®ULL «Kapeabckuit HayuHblii iieHTp PAH», [TeTpo3aBoack
2[TeTpO3aBOICKMIT TOCYIapCTBEHHbIN YHUBEPCUTET, [leTpo3aBocK
STopubiit uHcTUTYT HUTY « MHC1C», MOoCKBa

[MokazaHo, 4To KOPYHAbI NPEACTABNAOT COOO0M eAMHCTBEHHYH MPUPOAHYH MOAMGDUKALMIO C KOPYHAOBLIM MOTMBOM ynakoBku Al
1 O 1 yTo onpenenseT GuU3nNYeCcKUe U XMMUYECKMe 0CODEHHOCTM BnaropofHbIX KOPYHA0B. Ha OCHOBaHWMM aBTOPCKMX NpeacTaBne-
HWUIM O reHesuce 61'IaFOpO,EI,HbIX KOPYHAOOB C NMPUNOXEHNEM OPUTUHANBbHbIX aHATUMTUYECKUX OAHHbIX, YTOYHAKOWMX CBOOHbIE
nuTepaTypHble AaHHble, BblAeNneHbl KOPYHAbl MarMaToreHHoM, MeTaMopdOoreHHOM M LeTPUMTOBOM cepuid. [laHa cxema pa3meLleHus
OCHOBHbIX MECTOPOXAEHMI 6AaropoaHbIX KOPYHA0B MUpa. [prBeaeHbl METOAMKM UCCIEA0BAHUIA, MO3BONSIOWME ONPefenuTb Xapak-
TEPUCTMKM U LUIMPOKMIA iMana3oH obnactei MCNONb30BaHUS KOPYHA0B. MecTopoXAeHUs KOPYHAOB AOKEMBPUS OTHOCSTCS K NpeBanu-

pytOLLEMY FEHETUYECKOMY TUIY.

KntoueBble cnoBa: 6,1a20p00HbIe KOpYHObI, 2EHE3UC, MazMamu3m, Memamopgusm, dokembpudi.

Introduction

In the introductory part of the article, the authors
give a brief overview of corundum.

Corundum is the only natural modification with co-
rundum packing motif of Al and O atoms. Its crystals are
distinguishable by their hardness, colour and shade.

All varieties of corundum, including gem varieties
(ruby and sapphire), crystallize in the ditrigonal-scaleno-
hedral form of trigonal syngony symmetry. The refractive
indices of corundum are constant with Ne values of 1.760 —
Ne 1.768. B. W.Andersen and C. J. Paune [1] proposed to
use the specific gravity of gem corundum as a reference.

The density of most gem varieties is 3.96—3.99 g/cm3,
reaching 4-4.1 for green and blue-green sapphires from
Australia. The mineral has a hardness of 9 on the Mohs
scale and is the second only to diamond.

Corundum has the chemical composition of Al,0-
typically containing trace amounts of iron, titanium, chro-
mium, and vanadium. Inclusions of rutile, hematite, ilme-
nite, garnet and spinel can be present.

The idiochromatic colouring of gemstones is caused
by transition metal ions: Fe, Co, Ni, Mn, C, Cr, V, and Ti.

They are capable of absorbing a certain wavelength in the
visible spectrum, thus determining colour. Ruby and sap-
phire contain 5 of these elements — Cr, V, Ti, Fe, Mn — as
impurities.

The goal of this paper is to present the author's view
on the genesis of noble corundums supported by the orig-
inal analytical data and data already existing in the liter-
ature.

Corundum-bearing formations of the world

Geological and petrological conditions of corundum
crystallization are diverse [2, 3, 6, 21, 23, 25-27, 29, 33, 36,
37, 40]. Deposits of noble corundums (rubies and sapphires)
have been identified in the places, where their formation
is associated with specific growth conditions of transpar-
ent crystals.

Rubies and sapphires are extracted mainly from the
placers formed on the slopes and valleys of rivers, where
the primary bedrock deposits were destroyed and corun-
dum, as a mineral extremely resistant to mechanical and
chemical attack, moved into sand/gravel river (more rare-

For citation: Shchiptsov V. V., Barnov N. G. Genetic types of corundum. Vestnik of Geosciences, 2022, 9(333), pp. 3—14, doi: 10.19110/geov.2022.9.1.
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ly lake and marine) sediments. Such deposits are econom-
ically viable owing to the possibility of mineral extraction
through simple operations of sieving or washing [7-9].

Alluvial, deluvial-alluvial placers and eluvial, eluvial-
deluvial residual deposits of ancient weathering are of pri-
mary importance in the total balance of gem corundums
production [10—-15]. The primary ruby- and sapphire-bear-
ing bodies, due to which the secondary deposits are formed,
have been insufficiently studied.

The layout below (Fig. 1) shows the main deposits of
noble corundums in the world.

Based on the international genetic classification of
world noble corundums [6], we divide corundums into types
and subtypes. The magmatic series (type I) includes alka-
line basalts (IA subtype) and kimberlites (IB subtype).
These subtypes have no industrial significance and are
considered by us as necessary taxa in the general taxono-
my. The rocks have undergone metamorphism of amphib-
olite, granulite or eclogite facies conditions.

The metamorphosed series includes two types — type
ITA metamorphic sensu stricto and type IIB metamorphic-
metasomatic. Type IIA has two subtypes: subtype IT Al

Fig. 1. Layout of the main corundum-bearing areas, deposits and large corundum occurrences of the world.
New Zealand: 1 — Westland (Hokitika); Australia: 2 — West Melbourne fields, 3 — Tumbarumba, 4 — Macquarie-Cudgegong,
Barrington Tops-Yarrowitch, 5 — New England fields (Inverell). 6 — Anakie fields-Rubyvale. 7 — Poona, 8 — Harts range, 9 —
Lava Plains; Nigeria: 10 — Kaduna; Congo: 11 — Kinshasa; South Africa: 12 — Namakvaland, 13 — Barberton; Ethiopia: 14 —
Kibre mengist, Dilla; Kenya: 15 — West Pokot, 16 — Baringo, 17 — Kitui. 18 — Mangare (Rockland-former John Saul mine; Penny
Lane; Aqua, Hard Rock; Tanzania: 19 — Umba valley, 20 — Longido, Lossogonoi, 21 — Winza, Loolera (Kibuko), 22 — Morogoro
(Mwalazi; Visakazi; Nyama, Kibuko), Mahenge (Lukande; Mayote; Kitwalo; Ipanko, 23 — Songea, 24 — Tunduru; Mozambique:
25 — Montepuez (Namahumbire/Namahaca), M'sawize, Ruambeze; Zimbabwe: 26 — O'Briens (Verdits); Democratic Republic
of Congo: 27 — Mbuji-Mayi; Madagascar: 28 — Andilamena, Ambodivoangy-Zahamena, Didy, Vatomandry, 29 — Andriba;
Ankaratra (Antsirabe-Antanifotsy region, Soamiakatra-Ambohimandroso; Ambohibary), 30 — Ambositra, Ihosy, Zazafotsy,
Ilakaka-Sakaraha; 31 — Bekily-Vohibory area (Ambatomena; Ianapera; Fotadrevo; Anavoha; Maniry; Gogogogo; Vohitany;
Ejeda); Brazil: 32 — State Santa Katerina, Byra-Velha, 33 — State Mato Grosso de Sul, 34 — State San Paulu, Itaka, 35 — State
Minas Gerais, 36 — State Goias, 37 — State Bahia; Colombia: 38 — Mercaderes-Rio Mayo; USA: 39 — North Carolina (Corundum
Hill; Cowee Valley; Buck Creek, Rock Creek), 40 — Cone Valley; Canada: 41 — Revelstoke. 42 — Baffin Island; Greenland: 43 —
South of Nuuk region (Fiskenasset district-Aappaluttoq); North of Nuuk (Stove; Kangerdluarssuk); Switzerland: 44 — Campo
Lungo; France: 45 — Brittany (Champtoceaux), 46 — French Massif Central (Haut-Allier-Chantel; Peygerolles; Lozire-Aveyron-
Marvejols), 47 — Vialat-du-Tarn, 48 — Pyrenees (Arignac); Spain: 49 — Alboran sea, 50 — Marrocos, 51 — Beni Bousera; Norway:
52 — Froland; Italy: 53 — Piedmont; Macedonia: 54 — Prilep; Greece: 55 — Gorgona-Xanthi, Paranesti-Drama; Tajikistan: 56
— Snezhnoe, Turakuloma, Badakhshan; Afghanistan: 57 — Jegdalek, Kash; Pakistan: 58 — Hunza valley; 59 — Batakundi,
Nangimali, 60 — Dir; India: 61 — Orissa, Kalahandi, 62 — Karnakata (Mysore), 63 — Andhra Pradesh (Salem district); Sri Lanka:
64 — Ratnapura, Polonnaruwa, Elahera; Nepal: 65 — Chumar, Ruyil; China: 66 — Sichuan and Yannan, 67 — Qinghai, 68 — Yuan
Jiang; Vietnam: 69 — Luc Yen-Yen Bai; 70 — Quy Chau; Myanmar: 71 — Mogok, 72 — Namya, 73 — Mong Hsu; Thailand: 74 —
Chanthaburi-Trat (BoWaen, Bo NaWong, Wat Tok Phrom, Bo Rai, Nong Bon); Cambodia: 75 — Pailin, Samlaut; Japan: 76 — Ida;
Russia: 77 — Primorie, the Pervomaiskoe occurrence, 78 — Nezametninskoe deposit, Khabarovsk Territory, 79 — Budunskoe
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deposit, Lake Baikal; 80 — Tuva, Khansungsky occurrence; 81 — Yakutia, Neryuga, Chaynytskoe deposit; 82 — Cherry Mountains;
83 — Southern Ural, Borzovsky placer; 84 — Ilmensky mountains; Middle Ural, Kornilov-Log; 85 — Makar-Ruz; 86 — Khitostrov

Puc. 1. Cxema pasMelleHMsI OCHOBHBIX KOPYHIOHOCHBIX 06/1aCTel, MECTOPOKIEHMI 11 KPYITHBIX IIPOSIBJIEHNI KOPYHIOB MUPA.
Hosas 3enangus: 1 — Westland (Hokitika); ABctpanus: 2 — West Melbourne fields, 3 — Tumbarumba, 4 — Macquarie-Cudgegong,
Barrington Tops-Yarrowitch, 5 — New England fields (Inverell), 6 — Anakie fields-Rubyvale, 7 — Poona, 8 — Harts range, 9 —
Lava Plains; Hurepus: 10 — Kaduna; Konro: 11 — Kinshasa; FO>knast Abpuka: 12 — Namakvaland, 13 — Barberton (Verdits);
dduonus: 14 — Kibre mengist, Dilla; Kenus: 15 — West Pokot, 16 — Baringo, 17 — Kitui, 18 — Mangare (Rockland-former John
Saul mine; Penny Lane; Aqua, Hard Rock; Tansauus: 19 — Umba valley; 20 — Longido, Lossogonoi, 21 — Winza; Loolera (Kibuko),
22 — Morogoro (Mwalazi; Visakazi; Nyama, Kibuko), Mahenge (Lukande; Mayote; Kitwalo; Ipanko, 23 — Songea, 24 — Tunduru;
Mosam6uk: 25 — Montepuez (Namahumbire/Namahaca), M'sawize, Ruambeze; 3um6a6se: 26 — O'Briens (Verdits); llemokpaTuueckas
Pecriybnmka Konro: 27 — Mbuji-Mayi; Mapgarackap: 28 — Andilamena, Ambodivoangy-Zahamena, Didy, Vatomandry, 29 —
Andriba; Ankaratra (Antsirabe-Antanifotsy region, Soamiakatra-Ambohimandroso; Ambohibary), 30 — Ambositra, Thosy,
Zazafotsy, Ilakaka-Sakaraha; 31 — Bekily-Vohibory area (Ambatomena; Ianapera; Fotadrevo; Anavoha; Maniry; Gogogogo;
Vohitany; Ejeda); Bpasunus: 32 — State Santa Katerina, Byra-Velha, 33 — State Mato Grosso de Sul, 34 — State San Paulu, Itaka,
35 — State Minas Gerais, 36 — State Goias, 37 — State Bahia; Komymo6musi: 38 — Mercaderes-Rio Mayo; CIIIA: 39 — North Carolina
(Corundum Hill; Cowee Valley; Buck Creek, Rock Creek), 40 — Cone Valley; Kananma: 41 — Revelstoke, 42 — Baffin Island;
I'pennanmus: 43 — South of Nuuk region (Fiskenasset district-Aappaluttoq); North of Nuuk (Stove; Kangerdluarssuk); IlIBeitiiapusi:
44 — Campo Lungo; ®panius: 45 — Brittany (Champtoceaux), 46 — French Massif Central (Haut-Allier-Chantel; Peygerolles;
Lozire-Aveyron-Marvejols), 47 — Vialat-du-Tarn, 48 — Pyrenees (Arignac); Vicrianusi: 49 — Alboran sea, 50 — Marrocos, 51 —
Beni Bousera; HopBerusi: 52 — Froland; Utanusi: 53 — Piedmont; Makemouusi: 54 — Prilep; I'penysi: 55 — Gorgona-Xanthi,
Paranesti-Drama; Tamkukucra: 56 — Snezhnoe, Turakuloma, Badakhshan; Adranucran: 57 — Jegdalek, Kash; ITakucran: 58 —
Hunza valley; 59 — Batakundi, Nangimali, 60 — Dir; Mugusi: 61 — Orissa, Kalahandi, 62 — Karnakata (Mysore), 63 — Andhra
Pradesh (Salem district); Illpu JlJanka: 64 — Ratnapura, Polonnaruwa, Elahera; Heran: 65 — Chumar, Ruyil; Kuraii: 66 — Sichuan
and Yannan, 67 — Qinghai, 68 — Yuan Jiang; BbeTHaMm: 69 — Luc Yen-Yen Bai, 70 — Quy Chau; Mbstima: 71 — Mogok, 72 —
Namya, 73 — Mong Hsu; Tannauz: 74 — Chanthaburi-Trat (BoWaen, Bo NaWong, Wat Tok Phrom, Bo Rai, Nong Bon); Kam6omska:
75 — Pailin, Samlaut; Japan: 76 — Ida; Poccus: 77 — IIpumopbe, IlepBoMaiickoe mposiBjieHue, 78 — He3aMeTHMHCKOE MeCTO-
poxkmeHne, XabapoBCKuMit Kpait, 79 — BymyHCKoe MecToposkaeHne, 03epo baiikai, 80 — Tysa, XaHCaHICKOe ITposiBieHne, 81 —
Pecrry6nuka Caxa (SIkyTtus), Heprora, YaiiHuiikoe mectoposkaeHue, 82 — BuiliHeBble ropbl; 83 — FOskHbI Ypas, Bop3oBckast
pocchinb; 84 — UnbmeHcKue ropbl, Cpenuuii Ypan, Kopauios sior, 85 — Makap-Py3b, 86 — XUTOCTpOB

and subtype II A2. Subtype II A1 is represented by metab-
asite-ultrabasites and gneisses (Winza, Longido (Tanzania);
Andriba, Anavoha, Gogogogo. lanapera; Fotadrevo, Maniry,
Vohitany (Madagascar), Kibre mengist (Ethiopia); Kitui,
Rockland-former, John Saul mine; Penny Lane (Kenya),
M'sawize; Ruambeze (Mozambique); Karnataka, Orissa
(India); Brittany (France), Froland (Norway); Hokitika
(Australia); Makar-Ruz (Russia) and others). Subtype II
A2 — marbles and calcium-silicate rocks — Jegdalek (Afgha-
nistan); Chumar; Ruyil (Nepal), Snezhnoe, Turakuloma,
Badakhshan (Tajikistan); Hunza valley, Batakundi;
Nangimali (Pakistan); Mogok; Mong Hsu (Myanmar), Luc
Yen-Yen Bai; Quy Chau (Vietnam), Morogoro, Mahenge
(Tanzania); West Pokot (Kenya); Revelstoke (Canada),
Ilmen Mountains and others).

Type IIB consists of two subtypes: subtype II B1 and
subtype II B2.

Subtype II B1 includes plumasites and metasomatites
(Transvaal, O'Breins (Zimbabwe); Aqua; Penny lane,
Rockland-John, Saul mine; Hard Rock (Kenya), Karnataka
(India), Kitwalo (Tanzania); Bekily, Anavoha, Vohitany,
Andilamena (Madagascar); Makar-Ruz, Hitostrov (Russia);
Poona, Harts Range (Australia), Aappaluttoq; Nuuk-Stove,
Kangerdluarssuk (Greenland); Corundum Hill (USA), etc.).
Subtype II B2 includes metasomatized gneisses, shales,
ultrabasite-basites of shire zones (Zazafotsy, Ambatomena,
Ambositra (Madagascar); Nangimali formation (Pakistan),
etc.). Complexes I B1 and II B2 are subjected to metamor-
phogenic-metasomatic processes of greenschist, amphib-
olite, or granulite facies conditions.

The detrital series is the most important for ruby min-
ing. Two types belong to this series — Type IIIA and Type
IIIB. Type IIIA is represented by placer deposits in the ar-
eas of alkaline basalts and kimberlites (Lava Plains, Anakie

fields, New England fields; Macquarie-Cudgegong,
Barrington Tops; Tumbarumba, Western Melbourne fields
(Australia); Chantaburi-Trat (Thailand); Pailin (Cambodia);
Ankaratra, Vatomandry (Madagascar) and others). Type
ITIB comprises placers in metamorphic complexes
(Ratnapura; Elahera, Polonnaruwa (Sri Lanka); Mogok;
Mong Hsu (Myanmar); Ilakaka, Andilamena; Didy;
Zahamena (Madagascar); Luc Yen, Yen Bai, Quy Chau
(Vietnam); Tunduru, Songea, Winza, Umba valley, Morogoro;
Mahenge (Tanzania); Montepuez; M'sawize; Ruambeze
(Mozambique); Cowee Valley (USA) and others). Complexes
IITA and IIIB are unmetamorphosed.

Thus, the magmatic, metamorphogenic and detrital
series of corundummbearing formations have been iden-
tified on the basis of previous studies [4, 6, 10, 15, 16, 17,
18, 19, 20, 23, 30] and our own data [34—-36].

The technological mineralogy of corundum deposits
is related to the geological and tectonic position, and the
specific features of regional metamorphism as applied to
specific ruby-sapphire mineralization. All properties of
noble corundums are determined by their primary origin.
In contrast to the international classification, we propose
to separate metasomatic deposits of noble corundums in-
to two groups for their genetic typification: 1) metasomat-
ic, which owe their origin to the action of postmagmatic
hydrothermal solutions, and 2) metamorphogenic-meta-
somatic, genesis of which is a logical completion in local
zones [34]. Identified genetic groups of ruby deposits in
their geological position determine the features of struc-
ture, composition and properties of minerals more accu-
rately, i. e., typomorphism [36]. Studies by N. G. Barnov
et al. [34] place less emphasis on the position that the mag-
matic series includes deposits of magmatic, pegmatitic,

skarn, metasomatic (postmagmatic) genesis.
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As a rule, processes of allochemical metasomatism,
rock desalinization and alumina enrichment of mineral-
forming solutions develop on the contact of rocks of con-
trast composition (ultramafic and granitoids or marble
and mafic), exchange of components between them, ad-
ditional inflow of substance from deep Earth zones and
frequent variations of chemical composition of mineral-
forming solutions circulating in metasomatism zones.

Not all genetic types of ruby and sapphire deposits
are equally significant for gem mining. The noble corun-
dums of pegmatite origin have little industrial importance.
They have been mined in small amounts from formations
of this genetic type in India (Tamil Nadu), Brazil (Goias),
Canada (Bancroft ore field, Ontario), Russia (Murzinskaya-
Aduyskaya strip), but have never been considered as a
promising source for industry supply.

Noble corundums are formed in the favorable envi-
ronment for growth of transparent crystals, but such con-
ditions are extremely rare in nature. For example, corun-
dums of alkaline basic lamprophyres are crystallized from
aluminum-rich magmas at deep (mantle) levels [4]. Ruby-
bearing marbles and associated ruby placers are spread
over a vast area of the Mogok mining district in Northern
Myanmar and in several areas of Thailand. Large sapphire
placers are developed in eastern Australia, Sri Lanka,
Thailand and Cambodia, where their primary sources —
sapphire-bearing basalts — occupy a large area.

Megacrystals of corundum in situ are rare; they are
known only in basaltoids, which break through the conti-
nental crust, and confine to the areas of extensive conti-
nental uplift.

Corundum formation is a protocrystallization from
melts in deep magmatic sources under the condition of
subsequent rapid solidification of the main mass of the
melt. Typical corundum-bearing rocks are corundum sy-
enites and syenite-pegmatites, which form dikes and veins
among alkaline syenites or granite-gneisses and gneisses
near their contacts with massifs of alkaline or nepheline
syenites. Examples of such include deposits of the Ilmensky
and Cherry Mountains in Russia, the provinces of Ontario
and Quebec in Canada, Madras and Kashmir in India, the
island of Sri Lanka and others.

Corundum is formed in magmatic melt from exces-
sive alumina, and its crystallization occurs at great depth
under the condition of rapid magma ascent to the surface
[12]. The features of geochemical composition of clinopy-
roxene and garnet megacrystals from the alluvial sapphire
deposit Dac Nong (Vietnam) and model calculations showed
that they were formed as a result of crystallization of al-
kaline basalts in a deep intermediate chamber (pressure
14-15 kbar), which is close to MOX boundary (50 km) for
this part of South-East Asia [13].

The excess of alumina required for corundum crys-
tallization, is usually fixed at the contacts of hyperbasites
with dikes of acidic or basic feldspathic rocks. In such con-
ditions, metasomatic processes play a great role. These
processes develop during the desilification of aluminosil-
icate rocks, which contact with ultramafic rocks; at this
moment, the formation of fine-, medium- and coarse-
grained rocks, containing corundum, occurs. In kyshtymites,
for example, the corundum content reaches 90%
(Borzovskoye corundum deposit in the Urals). Corundum-
containing alkaline lamprophyres are crystallized from
aluminum-rich magmas at deep (mantle) levels (Yogo

Gulch deposit in Montana, USA) and Cenozoic olivine and
feldspathoid alkaline basalts (Anakie deposit in Australia,
Pailin in Cambodia and others); sapphire accumulations
are noted in the latter.

Gem extraction from dense bedrock basalts, marble
and gneisses is only possible with drilling, crushing and
other technological methods, which sharply increase the
cost of mining; the mining becomes unprofitable, and the
extracted raw materials become defective because of the
formation of numerous technogenic cracks in the crystals.
Therefore, placers are generally the most important source
of rubies and sapphires; gem extraction from primary, rel-
atively soft marbles (in comparison to other rocks) is do-
ne manually and in limited quantities in Afghanistan,
Pakistan, India, Myanmar, and some other countries.

Corundum is a polygenic mineral; it is widespread
and found among rocks of varied composition and origin.
As a rock-forming mineral, it is present in some crystal-
line schists and hornblendes of high degree of metamor-
phism, in scarny marble, in secondary quartzites, in co-
rundum syenite-pegmatites and in plagioclasites (pluma-
sites, kyshtymites, marundites). In the form of single oc-
currences, corundum is found in peridotites, alkaline and
nepheline syenites, granites, granite pegmatites, basalts,
andesites, trachytes and other igneous rocks.

As a resistant mineral, corundum is practically un-
changed in placer deposits, except for a common weak abra-
sion due to corundum high hardness. For this reason, all
properties of noble corundums are determined by their pri-
mary origin; the physical and chemical features of rubies
and sapphires and the characteristics of their main depos-
it types become the basis for understanding their genesis.

Research method

High-precision trace elemental analysis of original
corundum samples was carried out by a quadrupole mass
spectrometer X-SERIES 2 Terhmo in IGEM RAS. The re-
sults of the analysis are illustrated with the spider diagram
(Fig. 2).

Electron-microscopic analysis of corundum crystals
was carried out by a scanning electron microscope Carl
Zeiss EVO-LS-10 equipped with energy dispersive spec-
trometer Oxford MAX 50. As a a result, qualitative EMF
spectra were obtained for a number of samples and map-
ping of separate areas by chemical composition was car-
ried out.

The research was carried out with Nicolet 380 FT-IR
spectrometer using a THERMO Scientific Centaurus mi-
croscope. The special feature of this equipment is the use
of special OMNIC computer program necessary for auto-
mated acquisition of spectra, their quality control, as well
as data analysis and processing. The sample preparation
is not necessary when working with an infrared micro-
scope. The size of the sample for analysis can be limited.
The optimal particle thickness ranges from 0.005 to
0.015 mm. Centaurus infrared microscope equipped with
a highly sensitive MST-A detector allows to analyse par-
ticles as small as 40 microns in the range of 600-4000 cm
in transmission and reflection mode. Interpretation of the
obtained spectra was carried out using the database and
the methodology developed at CNIGRI [39].

The mineral chemical compositions were studied by
an electron-probe microanalyzer JXA-8100 by JEOL in the
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laboratory of mineral matter analysis of IGEM RAS. The
analysis was carried out at accelerating voltage 20 kV, cur-
rent on the Faraday cylinder 20 nA, probe diameter 3-5
microns. Exposure time to the main elements was 10 sec.
The corrections were calculated using the ZAF correction
method using JEOL software.

The surface of studied samples was polished and
sprayed with a thin layer of carbon to ensure electrical
conductivity.

For visual observation of fluid inclusions (FI), as well
as for thermometric and cryometric studies, double-sid-
ed transparent-polished plates with 0.25-0.3 mm thick-
ness were made from corundum samples. The area of the
plates was several square centimetres.

Using Olympus BX-51 optical microscope, the shape
and dimensions of PVs were determined. Microthermo-
metric studies of PV were carried out in the sector of min-
eralogy of IGEM RAS by a measuring complex based on
THMSG-600 microthermometer of Linkam (England).

To obtain reliable microthermometric data, a research
was conducted on groups of at least two fluid inclusions
with the same phase relations and close temperatures of
phase transitions to ensure the initial homogeneity of the
trapped fluid. The temperature measurement accuracy
was *0.2 °C for the temperature range from -60 to +60 °C
and 1.5 °C out of range.

Results were interpreted by standard methods [3,
24]. The composition of the main salt components of the
solutions was determined by the eutectic melting point
(Tevt).
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100.000 —
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Characteristics of world noble corundums

Results of high-precision trace elemental analysis (of
impurities and trace elements) are shown for several se-
lected examples of world deposits and occurrences of no-
ble corundums from the authors' collection (fig. 2).

Table 1 shows representative analyses of corundum
by genetic type from several sources.

The infrared spectra of individual micrograins in the
same sample vary (Fig. 3), indicating heterogeneous com-
position of corundum. The spectra of transparent and
translucent grains differ significantly from each other.
Most of the samples show IR absorption in three spectral
intervals 4000-2500 cm~1, 2200-1900 cm~1 and 1500—
700 cm~!. The last interval corresponds to natural vibra-
tions of the crystal lattice of corundum. This conforms
with the fact that only lines in the interval 1500-700 cm~!
can be traced in colourless transparent corundum, con-
taining no visible impurities (Fig. 4).

In area 4000-2500 cm~! show valence vibrations of
OH- and NH-groups (Fig. 5)

In this case, hydroxyl groups are most likely to be in-
cluded in adsorbed water (gas-liquid inclusions, intergran-
ular water) as well as structural hydroxyl groups very typ-
ical for corundum. It can be assumed that clear lines near
3310, 3292 3080 cm and some others (Fig. 5) refer exactly
to valent vibrations of structural OH-groups. These groups
can be considered as typomorphic properties of corundum
from different deposits. Narrow lines 2120 and 1990 cm-1
seem to be related to strain vibrations of structural OH-

groups.

0.010 T T T T T T

La Ce Pr

Nd Sm Eu Gd Tbh Dy Ho Er

T T T T T T T 1
Tm Yb Lu

Fig. 2. Multielement spider diagram for corundum. The REE contents of corundum (ppm) are normalised to chondrite [37].

1 — ruby in gneiss, Madagascar, subtype II B2 (assay 60); 2 — blue corundum, Olkhon island, Lake Baikal, Russia II B1 (assay

32); 3 — sapphire, Ambositra, Madagascar, subtype II B1 (assay. 34); 4 — pink corundum, Morogoro, Tanzania, subtype 11 A2

(assay 40); 5 — corundum, Jegdalek, Afghanistan, subtype Il A2 (assay 41); 6 — ruby, Karnataka, India, subtype II B1 (assay 55);
7 — corundum, India, subtype II B1 (assay 2)

Puc. 2. MynpTuanemeHTHas Cniaii-nuarpamMmma i KOpyHIoB. Hopmann3oBaHHbIe IO XOHIPUTY [36]. ComepskaHne 57eMeHTOB-

nipumeceii u P33 B KopyHzIax, ppm: 1 — pybuH B rHelice, Mamarackap, mogtun II B2 (rpo6a 60); 2 — cuHMIT KOPYH, OCTPOB

OnbxoH, 03. baiikain, Poccus II B1 (rpo6a 32); 3 — candwup, AM6ocutpa, Magarackap, moaTut II B1 (rmpo6a. 34); 4 — po30BbIit

KopyH[, Moporopo, Tau3anwust, mogrut II A2 (pob6a 40); 5 — xopyHpg, [Ixernanek, Agranucras, mogtut II A2 (mpo6a 41); 6 —
pybun, Kapuaraka, Uanus, mogtum 11 B1 (ipoba 55); 7 — kopyHz, Uaaust, mogrut 11 B1 (mpo6a 2)

1
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Table 1. Representative oxide analyses (wt %) of EMPA rubies originating from deposits of different geological
types according to the new improved geological classification for ruby

Ta6nauita 1. PeripeseHTaTMBHbIE aHAIM3bI OKCHUIOB (Mac. %) EMPA pyOuHOB, TPOUCXOISIINX M3 MECTOPOXKIEHM
PasIMYHBIX T€0IOTMYECKUX TUTIOB, B COOTBETCTBUM C HOBOJI, YCOBEPILIEHCTBOBAHHOM
reoJIoTMUeCcKoi Knaccudukaiiueit ajis pybruHa

Type Deposit Colour
of deposit MecTo- corundum | Country ALO5 | MgO | TiO, | V,05 | Cr,05 | FeO |Ga,0s Total |References
Tun mecro- Liser Crpana Bcero | Ccpuiku
poXkIeHue
POKIEHMSI KOpyH/Ia
. deep red 98.16 | na | 0.03 |0.060|0.858|0.52| 0.01 | 99.64
TypelA | Somiakatra =" = Madagascar "0t 10 0170 000 [ 0.243 [0.26 | 0.01 | 99.28 | 2
MbuijiMayi | fushsia RDC 93.76 | 0/01 | 0.01 | 0.029 | 5.641 | 0.47| 0.01 | 99.94 9
Type IB Paranesti red Greece 97.58 | bdl | 0.01 [0.010 | 2.650{0.39| 0.07 |100.71 32
Montepuez red Mosambique | 99.38 | bdl | 0.01 | na |[0.080[0.45| bdl | 99.92 5
Vohitany red Madagascar | 99.06 | 0.01 | 0.01 | 0.010|0.219|0.59| 0.01 | 99.90 6
Tvpe IIA LucYen red to pink| Vietnam 99.42 | 0.02 | 0.02 | 0.10 {0.370 |0.02| 0.01 | 99.90 20
P ! Nanggimali pink Pakistan | 99.85| 0.01 | 0.02 | 0.050 | 0.055 |0.00| 0.01 | 99.88 6
Anovoha pink Madagascar | 98.76 | 0.00 | 0.00 | 0.020 | 0.023 [ 0.45| 0.00 | 99.85 6
Zazafotsy red Madagascar | 98.63 | 0/01 | 0.03 | 0.005 | 0.188 {0.30| 0.01 | 99.17 6
red 90.65 | na | bdl |0.050|9.050|0.18| na | 99.93 11
Hokitik New Zeland
Type 1B, oxtika red ewceland 7o 4310.02 | 0.04 | 0.040|0.761|0.52] 0.02 | 99.83 | 28
Vatomandry | red brown | Madagascar | 99.50 | 0.03 | 0.02 | 0.012 | 0.127 |0.21| 0.01 | 99.91 7
Macquarie red Australia | 99.07 | 0.09 | bdl | na |0.450{0.22| na | 99.83 29
[IIB Quy Chau |red to pink Viet 99.28 | 0.00 | 0.03 | 0.020|0.580 |0.06| 0.01 | 99.98 20
ietnam
Type LucYen |redtopink| " [99.76 [0.00|0.01 |0.0700.540 [0.01] 0.01 [100.40] 20
Note: na — not analyzed, bdl — below detection limit.
Ipumeuarue: na — He MpoaHaIM3UPOBaHO, bdl — HIKe TIpeena 06HaPYKEHMSI.
<
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Fig. 3. Infrared spectrum of leucosapphire (sample 34 — Ambositra, Madagascar, subtype II B2)

Puc. 3. VK-crexTp seiikocarndupa (06p. 34 — Am6ocuTpa, Magarackap, moarut 11 B2)

A number of examples are illustrated in Figs. 6, 7, 8, 9.
Minerals were studied by an electron-probe micro-
analyser in the Mineral Analysis Laboratory of IGEM RAS.
Corundum and silicate phases were analysed using the fol-
lowing standards:
Si — sanidine, Na — jadeite, Fe — almandine, K —
sanidine, Ni — NiO, Al — corundum, Mg — olivine, Mn —

spessartine, Ca — anorthite, Cr — chromite, Ti — titanite.
During the analysis of ore inclusions the standards: Ti —
ilmenite, Mg — chromite, Fe — magnetite, Ca — sphene,
Ni — Ni, Si — almandine, Mn — spessartine, Nb —
Rb,Nb,O{;, V-V, Cr — chromite, Al — chromite were
used. For single zircon inclusions the following referenc-
es were used: Si — zircon, P — apatite, Zr — zircon, U —
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Fig. 4. Infrared spectrum of ruby (sample 2, deposit Snezhnoe, Tajikistan, subtype II A2)

Puc. 4. VIK-ciextp py6uHa (06p. 2, Mectoposknenne CHeskHoe, TamkukuctaH, moatur I A2)
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Fig. 5. IR spectrum of light corundum (sample 26/15 — Hunza, Pakistan, Il A2)
Puc. 5. VK-criekTp cBeTa0ro KOopyHza (06p.26/15 — XyH3a, [TakucraH, 11 A2)

UO,, Hf — HfO,, Y-Y,03, Th- ThPO,, S — BaSO,, Nb —
RbyNb,O;.

Mineral inclusions are represented by magnetite, zir-
con, amphibole, mica, chlorite, apatite, rutile, ilmenite and
rare earth minerals. Study materials by electron-probe mi-
croanalyzer JXA-8100 from company JEOL are shown on
Figs. 10,11, 12,13, 14.

In some samples the impurities of elements-chromo-
phores, iron, chromium and titanium, were noted.

Indexes: Crn — corundum, Dsp — diaspore, Rt — ru-
tile, Grt — garnet, Pl — plagioclase, Ap — apatite, Mc — mi-
crocline, Zrn — zircon, Chl — chlorite, Pcl — pyrochlore,
Ms — muscovite, KIn — kaolinite, Mag — magnetite,

Among the FS, the following are highlighted: the first
group — FS, which occur singly or form chaotic irregular
clusters in the central parts and sometimes at the edges
of the grains. Sometimes these fluid inclusions are con-
fined to crystal growth zones; the second group — FS form-
ing chains and planes, confined to cracks crossing sever-
al grains.

According to the criteria of E. Roedder [22], the first
group of inclusions is referred to the primary, trapped dur-
ing the crystal growth, the second group is referred to the
secondary, which contain the fluid penetrated through
cracks after crystallization of the mineral. The size of pri-
mary inclusions is from 2 to 50 microns; inclusions have
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Fig. 6. IR spectrum of ruby (sample 1 — Longido, Tanzania, IT A1)

Puc. 6. VIK-criektp pyouna (06p.1 — Jlourumo, Tauzanust, [1 A1)
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Fig. 7. IR spectrum of pink corundum (sample 40 — Morogoro Circle 40, Tanzania, I A2)
Puc. 7. IK-criekTp po30BOro KopyHza (06p. 40 — Moporopo, Tausanusi, I1 A2)

rounded elongated or irregular shape or shape of negative
crystals with elements of crystallographic cut. The size of
secondary inclusions does not exceed 10 pym. Primary flu-
id inclusions with sizes from 5 um and, in some cases, large
secondary inclusions (from 5 ym) have been selected for
the study.

According to the phase composition at room temper-
ature all inclusions are single-phase. On cooling and heat-
ing it was found that all PVs contain liquid carbonic acid
List of the main samples analysed (No. 3 Musse, Kashmir,
India (blue No. 29, Zapskor, Kashmir; No. 47 ruby, Mysore,

10

Karnataka State, India; No. 4 Mura-Bora, Tanzania, No. 5
Thosy, No. 40 pink corundum, Morogoro; No. 48 ruby in
muscovite, Moro Goro, Tanzania; Madagascar (pegmatite);
No. 7 Olkhon Island, Baikal, Russia; No. 10, Rai-Iz, Polar
Urals, Russia; No. 19 [lmensky Nature Reserve, Urals,
Russia; No. 20 Budun on Olkhon, Baikal; No. 32 blue co-
rundum, Olkhon Island, Baikal, Russia; No. 23 Thosy; No.
30 Vatondradi, No. 34 leucosapphire, Ambusitra,
Madagascar; No. 36 Sandnessien, Norway; No. 38 blue co-
rundum, Koltashi village, Middle Urals, Russia; No. 39 co-
rundum, Muzor, India.
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Fig. 8. IR spectrum of corundum (sample 44, Luc Yen-Yen Bai province, Vietnam, IT A2)
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Fig. 9. IR spectrum of ruby (sample 53, Khitostrov, Karelia, Russia, II B1)
Puc. 9. UK-criekTp pyouna (06p. 53, Xuroctpos, Kapennsi, Poccus, 11 B1

Two-phase PVs — gas + liquid — have been found in
some corundums. According to the ratio of phases in them
2 types can be distinguished: 1 — with the gas phase oc-
cupying not more than 30 % of PV volume; 2 — with the
gas phase occupying up to 50 % of PV volume. Fluid inclu-
sions of the first type contain water-salt fluid. Fluid inclu-
sions of the second type contain carbon dioxide-methane
fluid.

The crystallization of all corundums was likely to oc-
cur in a heterogeneous medium consisting of immiscible

low-salinity water-salt and high-density carbonic acid flu-
ids. The inclusions of the first type occur in chains and
planes next to chains of inclusions of the second type (car-
bonic acid), which suggests their syngenesis, i.e., simul-
taneous trapping.

High-density carbonic acid with small amounts of
other gases was the predominant component of the min-
eral-forming system during corundum crystallization. The
amount of impurities (methane) in the inclusions varies
from 12 to >1 % [7].

1
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Fig. 10. Back-scattered electron (BSE) images. Mineral inclusions in corundum (sample 14 — corundum, Jegdalek, Afghanistan)

Puc. 10. Back-scattered electron (BSE) images. MuHepaibHble BKIHOUEHNUS B KOpyH e (06p. N2 14 — kopyHz, Jegdalek, Adranmcran)

(sample 6 Karnataka, Mysore district, India)

Puc. 11. Back-scattered electron (BSE) images. MuHepasibHble BKJIIOUEHMS B KOPYH/IE
(06p. N2 6 Karnataka, Mysore district, IHmust)

/Dsp
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Fig. 12. Back-scattered electron (BSE) images.Mineral inclusions in leucosapphire (sample 34 Ambositra, Madagascar)

Puc. 12. Back-scattered electron (BSE) images. MuHepaibHbIe BK/IIOUeHMs B jieiikocarndupe (06p. N2 34, Ambositra, Magarackap)

JEOL COMP 20.8kY x40 mﬂpmﬁ[illmm i JEOL COMP 2@.0kV %48 1808pm W1 lmm

Fig.13. Back-scattered electron (BSE) images. Mineral inclusions in sapphire (sample 23 Thosy, Madagascar)

Puc. 13. Back-scattered electron (BSE) images. MuHepasibHbIe BKIIoueHus B cardupe (06p. N2 23, Thosy, Magarackap)

12
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Fig. 14. Back-scattered electron (BSE) images Mineral inclusions in corundum

] m I

(sample 44, Luc Yen-Yen Bai province, Vietnam)

Puc. 14. Back-scattered electron (BSE) images. MuHepasibHble BK/IIOUEHMS B KOPYH/Ie
(06p. N2 44, mpoBuHuys JIyk Ven-len6aii, BeTHam)

Main applications for corundum,
rubies and sapphires

« for grinding precious stones, metals and optical
glasses

» manufacturing of grinding machine wheels from ce-
mented ground corundum sandpaper

« rubies are used as bearings and backstones in watch
movements, ensuring high precision and prolonging their
life. Up to 16 of these can be fitted in a single watch move-
ment.

« sapphire is used to produce a superstrong glass
known as sapphire crystal.

« sapphire crystal is popular for mobile phones

« rubies and sapphires are used in optical quantum
generators (lasers)

« sapphire does not react with any acids and alkalis,
resists high pressures and temperatures, harsh radioac-
tive radiation

« sapphire windows in devices and apparatuses where
vacuum, high temperatures and pressures reign, bathy-
scaphes etc.

« sapphire as a differential pressure sensor is used to
detect emergency sections of gas pipelines

« a millimeter-long layer of corundum insulators re-
places a five-centimeter-long layer of ordinary mineral
wool

« corundum is a unique type of fibre-reinforced high-
performance cement composite, which fulfils the highest
requirements for new roads.

Conclusion

The systematisation and synthesis of available ma-
terial and our own data on noble corundum deposits around
the world provide an opportunity to assess the role of in-
digenous corundum-bearing objects in the geological his-
tory of their formation.

The first group includes primary deposits of magmat-
ic, pegmatitic and metasomatic (postmagmatic) origin,
and the second — includes polychronous and polyfacial
primary metamorphic and metamorphogenic-metasomat-
ic deposits.

Deposits of metamorphogenic type are generally old-
er than deposits of other types. Their age is defined as
Archean in Greenland, Neo-Archean-Paleoproterozoic in
Russia (Karelia, etc.), South Asia (India, Sri Lanka, Myanmar,

Tajikistan, etc.) and East Africa (South Africa, Madagascar),
Proterozoic in the USA (North Carolina) and Upper
Paleozoic, and sometimes even older in Southern Russia,
Africa, Asia and Australia (Ural, Kenya, Tanzania,
Mozambique, etc.).

The analysis of the geological position and genesis of
noble corundum deposits allows us to interpret the prop-
erties of rubies and sapphires and to recommend their use
in traditional and special, including fundamental diagnos-
tics.

The work was supported by the R&D project 210 IG
KarSC RAS 121040600173-1
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This article discusses the results of lithological and geochemical studies of the Artinskian deposits and organic matter, which
is a part of the petroleum source rocks of the northern part of the Pre-Ural Foredeep of the Timan-Pechora Province. The rocks are
very diverse in composition (clastolites, pelitolites, carbonatolites and mixtolites) and structural and textural features. Mixtoliths are
widespread in shallow-marine environments (Lower molasse deposits), which are associated with mixed terrestrial and marine or-
ganic matter. We recorded the predominance of poor and fair petroleum source rocks due to increasing terrigenous component.
Mixtoliths of the Kochmes area (HI of 240 mg HC/g TOC) are characterized by the best generation potential. Organic petrography
studies indicate the predominance of bituminite (sapropel base) in the composition of organic matter, the terrigenous components
dominates in the eastern regions adjacent to the Urals.

Keywords: Pre-Ural foredeep, artinskian deposits, mixtoliths, petroleum source rocks, organic matter, bituminite, generation potential.

OpraHnmnueckoe BelleCTBO, ero reHepauoOHHbIN IIOTeHLMAJl U COCTaB
apTUMHCKUX OT/IOKeHMI ceBepa IIpenypasbCKoro KpaeBoro mpormoa
(Tumano-Ileyopckast IpOBUHIIVIA)

0. C. Kotuk, B. A. Cangux
WuctutyT reomorum @ULL Komu HII YpO PAH, ChIKThIBKap

[poBeneHO NUTONOr0-reOXMMMYECcKoe MCCNefoBaHne apTUHCKUX OTIOXKEHWUIA M OPraHMYeCcKoro BeLLecTBa, BXOAALLEro B COCTaB
HedTerasoMaTepMHCKMX NOPOA CeBepHOW YacTu Mpedypanbckoro kKpaesoro npornba TumaHo-lNevopckoi NnpoBuHUMK. [Topoabl 04eHb
pa3Ho06pa3Hbl MO cocTaBy (KNACTONMUTDI, NEAUTONNTbI, KAPOOHATONUTLI U MUKCTONMTBI) U CTPYKTYPHO-TEKCTYPHBIM 0COBEHHOCTAM. B
MeNKOBOAHO-MOPCKMX 06CTaHOBKAX (HMXXHEMOMACCOBbIE OTIOXKEHUS) LIMPOKO PaCcnpoCTpaHeHbl MUKCTONNTBI, C KOTOPbIMK CBSI3aHO
CMeLLaHHOe ryMyCcoBO-CanporneneBoe opraHuyeckoe Beluectso. OTMeuaeTcs npeobnaganune 6eaHbIX U CpefHnX HedTerasoMaTepuHCKMX
NOPOL 3a CYET yBENMYEHUS T'yMYCOBOM COCTaBnstoLei. Haunyylwmmm reHepaLMoHHbIMM MOKa3aTeNsIMM XapakKTepu3yTCcs MUKCTONUTDI
Koumecckoii nnowaan (HI — 240 mr YB/r Copr).aneneTporpanMHeCKMe MccnefoBaHMs YKa3blBAOT Ha NpeobnagaHne GUTYMUHMTA
(canponeneBas 0CHOBA) B COCTaBe OPraHMYeCKOro BELLEeCTBa, NyMyCOBas COCTaBASIOLAA AOMUHUPYET B BOCTOUHbIX paiOHaX, NPUMbIKAOLLMX
K Ypany.

Kntouesbie cnoBa: [Ipedypansckuli Kpaesol npoeub, apmuHcKue 0maoXEHUSs, MUKCMOAUMbI, HegpmeMamepuHcKue nopodsl, 0p2aHuyeckoe

8eLyecmeao, buMyMUHUM, 2eHEPAUUOHHbIG NOMeHYUa.

Introduction

Currently, the problems of oil and gas bearing poten-
tial of foredeeps are relevant all over the world [1, 4, 5].
The studies of petroleum source rocks, assessment of their
generation potential, transformation of organic matter
(OM), characteristics of the lithological-facies features of
petroleum source rocks and enclosing strata are carried
out. Trough zones of fold-thrust areas in various regions
of the world (Zagros fold system (Iran, Iraq), basins of
Maturin (Venezuela), Chaco (Bolivia, Argentina), Llanos
(Colombia), Tarim (China)) are among the largest areas in
terms of oil and gas production [1, 3, 4].

The northern part of the Pre-Ural Foredeep and the
adjacent areas of the western slope of the Urals are among
the promising areas for prospecting and exploration for
oil and gas in the Timan-Pechora province [9, 13]. Geological

exploration surveys carried out here in recent years have
discovered new oil deposits (Nersetinskoe), gas deposits
(Levogrubeyuskoe) and new hydrocarbon deposits at known
oilfields (Intinskoe) [9]. Limited knowledge of deep drill-
ing and a complex tectonic structure are the main factors
that restrain the active involvement of the territory in the
exploration process. These negative factors also include
poorly developed models of the structure and formation
of promising sedimentary formations. The issues of dep-
ositional settings and facies modeling for this area are cov-
ered mainly in large generalizations for the Pechora Basin
[8, 15]. Results of a comprehensive study of oil and gas
content issues (source rock and enclosing strata estimates)
of the Pre-Ural Foredeep are published [6, 7, 15]. One of
the promising oil and gas bearing strata are Artinskian
terrigenous deposits, which are part of the Permian (Upper

For citation: Kotik O. S., Saldin V.A. Organic matter, its generation potential and the composition of the Artinskian deposits of the north of the Pre-Ural
Foredeep (Timan-Pechora Province). Vestnik of Geosciences, 2022, 9(333), pp. 15—20, doi: 10.19110/geov.2022.9.2.
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Paleozoic) oil and gas complex. They are widespread in
the north of the Pre-Ural Foredeep and are quite thick.
This paper deals with the composition and structure of
the Artinskian rocks, the hydrocarbon potential as well as
considers the type OM of the petroleum source rocks.

Objects and research methods

The study area is located within the Pre-Ural Foredeep:
the Chernyshev Ridge, Kosyu-Rogovaya and Korotaikha
Depressions. In total, the following nine well sections were
studied: South-Stepkovozhskaya-1, Khosedayu-Neruyus-
kaya-6, Povarnitskaya-21, Bergantymylkskaya-1,3,
Kochmesskaya-1,3, Middle-Kochmesskaya-2, Palnikshor-
skaya-1, and 2 outcrops along the Kozhim and Silovayaha
rivers. The lithological and geochemical studies included
the optical-microscopic method, complete chemical sili-
cate analysis (wet), silicate X-ray fluorescence analysis
and diffractometric analysis of clays. Petroleum source
rocks were investigated by organic petrography as well as
by organic geochemistry methods: organic carbon deter-
mination — C,, %; chloroform bitumoid — A-CBA, %;
gas-liquid chromatography of the aliphatic fraction — GLC
(Syktyvkar); Rock-Eval pyrolysis (Moscow, VNIGNI).

Results and discussion
Material composition of the rocks

The Artinskian rocks are represented by clastolites,
pelitolites, carbonatolites and mixtolites (rocks of mixed
composition), formed in deep-water and shallow-water
marine environments [6, 14]. In the east of the study area
in the north of the Pre-Ural Foredeep, a deep-sea depres-
sion filled with terrigenous flysch sediments was formed
in the Artinskian age. During the Artinskian stage, car-
bonate sedimentation continued in shallow-water shelf
environment along the strike in a westerly direction, with-
in the Kochmes area [8]. In the Late Artinskian — Early
Kungurian time, terrigenous and terrigenous-carbonate
deposits of the lower molasse accumulated everywhere in
shallow-sea environments. The investigated well sections
are represented mainly by coastal-marine sediments of
the lower molasse; terrigenous flysch sediments were stud-
ied along the outcrops of the Kozhim and Silovayaha riv-
ers. Artinskian molasse deposits are represented by a thin
alternation of layers of predominantly mixed siliceous-
terrigenous and carbonate compositions. The total thick-
ness of the Artinskian deposits is greatest in the central
parts of the Kosyu-Rogov Depression. The maximum thick-
ness of flysch sediments is 1.5 km (increasing eastward),
and the maximum thickness of gray-colored marine mo-
lasse is up to 3 km [6]. Assessment of the distribution of
source rocks in the Artinskian complex, according to the
data of average gamma-activity (well logging), showed
that their greatest thickness is confined to the southern
and southeastern parts of the Kosyu-Rogov Depression.

Artinskian rocks are diverse in composition as well as
in structural and textural features. Table 1 shows brief
characteristics of some types of rocks in the studied sec-
tions (Bergantymylkskaya, Padimeyskaya, Kochmesskaya,
Povarnitskaya, Khosedayu-Neruyuskaya areas), which on
the modular diagram [16] GM (hydrolyzate module) —
Na,0 + K,O (sum of alkalis) (Fig. 1, f) form 5 clusters (clus-
ters No. [, IL, ITI, IV, V). Outside the clusters, there are rel-

atively clean carbonatolites (Povarnitskaya and Khosedayu-
Neruyuskaya areas).

Organic matter composition
and its hydrocarbon potential

Contemporary C,,, (TOC) contents in clayey rocks of
flysch deposits vary from 0.7% (Silovayaha River) to 3.7 %
(Kozhim River), and has the range of 0.5-3.8 % in mud-
stones of terrigenous and terrigenous-carbonate molas-
ses. According to organic petrography and geochemical
studies, the OM contains producers of terrestrial and ma-
rine material (Fig. 2, a—c). In general, a zone with a simi-
lar mixed composition of OM (terrestrial and marine),
which differs in the proportion of terrigenous components,
is recognized in the Artinskian deposits. The lateral change
in geochemical parameters occurs due to the catagenetic
transformations of OM from the southern part of the Kosyu-
Rogovaya depression to the northeast of the Korotaikha
Depression.

Rock-eval data indicate a change in the values of the
hydrogen index (HI, mg HC/g TOC) in a wide range from
the first tens to 240 (Fig. 2, h). The decrease in the gener-
ation rate is due to a large proportion of terrigenous de-
trite. Higher HI values — 215-240 mg HC/g TOC were found
in shallow-water shelf mixtoliths and carbonatolites of
the Kochmes area (clusters I — III), where the proportion
of terrigenous components in OM is reduced and prevails
the bituminite, a structureless marine type substance
(Fig. 2).

In comparison with the entire Permian terrigenous
complex on the studied territory, the Artinskian deposits,
which contain predominantly marine OM, have an initial-
ly higher hydrocarbon (oil) potential. The Kungurian coal-
bearing strata generally have a low hydrocarbon potential
[11, 12]. Increased values are only noted in local areas of
the northern regions (Vorkutsky), where the proportion of
liptinite components in the OM increases [10—12]. The to-
tal assessment of the possible hydrocarbon generation of
an oil character will be significantly higher in the Artinskian
complex than in the coal-bearing one due to the predom-
inance of type I-II of the initial OM and catagenetic trans-
formation sufficient for fluid generation.

According to the published data, the catagenetic trans-
formation of the OM of the Artinskian deposits increases
towards the Ural folded structure. The maturity of OM var-
ies from gradations of MC;-MC, on the western side of
the Kosyu-Rogov Depression to gradations AC;_, on its
eastern side and in the Korotaikha Depression [6]. The or-
ganic petrography and Rock-eval data carried out indicate
the unfinished generation of hydrocarbons in the Artinskian
deposits of the Kochmesskaya, Khosedayu-Neruyuskaya,
Bergantymylkskaya, Padimeyskaya and South-Stepkovozh-
skaya areas, where these deposits have not yet left the oil
window zone (catagenesis gradation, MC,).

In the indicated areas, in various types of rocks the
active release of bitumen (Bit) from bituminite (Ly;,) is
very clearly visible (Fig. 2, d, ). In the zone of higher ma-
turity (Ro > 0.85 %, MC5 gradation) in the Kozhimskaya
and Middle-Kochmesskaya areas, bituminous smears and
excretions from OM are not observed, bituminite has a re-
sidual appearance, and the bulk of the rock is represent-
ed by terrigenous detrite (vitrinite and inertinite Fig. 2, d,
f, g). The main generation of hydrocarbons from the
Artinskian formations source rocks within the eastern part
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Table 1. The main types of Artinskian rocks in the north of the Pre-Ural Foredeep

Ta6nuita 1. OCHOBHbIE TUITHI APTUHCKUX TIOPOJ, ceBepa [TpeaypaibCKOTo KpaeBoro mporuba

Composition of lithological

Cluster (Fig. 1,f) / area rock types Composition of rock-forming components
Knacrep / miomaap CocTaB IMTONOTMYECKUX CocTaB OpoA006pasyoNMX KOMIIOHEHTOB
TUIIOB TTOPO
Carbonate component (11-55 %): calcite bioclastic (up to 70 %) —
. . . . sponge spicules (60-90 %), crinoids, bryozoans, ostracods, brachio-
Bioclastic (spicular) lime- TR - . h .
A : pods, foraminifera; micro-grained and pelitomorphic calcite (rare-
I stones, silicified, with : . T . : .
. ly dolomite?). Traces of the vital activity of organisms (bioturbation)
Kochmesskaya, abundant silty-sandy ad- o - : - .
; . . are 10-25 %, composed of pelitomorphic calcite and dolomite (?).
Povarnitskaya, mixture, bioturbated (car- - . . 5 .
s .| The terrigenous fine-grained component (15-40 %) consists of frag-
Khosedayu- bonate-siliceous-clayey in : . . .
. < ments of quartz, albite, and potassium feldspar; glauconite, mus-
Neruyuskaya various ratios), ite. 1 di hvdroxid d pvri 1
Fig. 1, a—c covite, leucoxene, and iron hydroxides and pyrite are less common.
’ The siliceous component (10-35 %) is newly formed quartz (usually
in the form of chalcedony).
The predominant part of the rock (about 55-60 %) is of micro-
grained-pelitomorphic texture of clay, siliceous and carbonate
compositions. Clay material with characteristic aggregate extinc-
Carbonate silty sand tion. The clastic component estimated at 40-45 % of the total rock
II mudstone with sli dir? is represented by quartz and silty-sandy feldspars (from 0.02 mm
Kochmesskaya ) g to 0.10 mm). The silty sandy material is distributed over the thin
micro-folds T . :
section in lenticular interlayers. There can be found remnants of
sponge spicules of siliceous and calcareous compositions as well as
rare fragments of ostracod valves. Abundant formations of diagenet-
ic pyrite are observed in some areas of the thin section.
Finely interbedded silty
sandstones and silty mud- | The rocks have a fine-cyclite (3—10 mm) structure, a sharp bottom,
stones with a clay-si- sometimes with subsidence microstructure. The clastic part (up to
111 liceous binding mass 40-60 %) is represented by quartz, feldspars (acidic) and single rock
Kochmesskaya, (Padimey), with a car- fragments, with an abundance of terrestrial OM in bedding. The ce-
Padimeyskaya bonate admixture and menting matrix (40-60 %) is of quartz-feldspar or clay-chlorite com-
traces of bioturbation position with micro-grained quartz or carbonate admixture (frag-
(Kochmesskaya), ments of sponge spicules, ostracods).
Fig.1,d,e
Graywacke sandstone, The structure is massive, the texture is from silty to sandy (medi-
fine-grained, poorly sort- | um-grained), with a predominance of a fine-grained (0.10-0.25 mm)
I\Y ed, with varying degrees component. The roundness of the clastic part is predominantly 1-2
Berghantymylkskaya, | of roundness and film- points. Clastic part (70-90 %) — quartz, potassium feldspar, plagio-
Padimeyskaya porous (carbonate (up to clase, chlorite, biotite, muscovite, iron oxides and hydroxides; rock
30 %) and clayey-silty ma- | fragments - silicites, effusive rocks of different composition, granit-
trix (10 %). oids, indeterminate chloritized rocks.
The structure is thin-layered. The clastic part is fine-grained (0.03-
Slichtly sandv siltstones 0.1 mm) - quartz, feldspar, and there also can be found lenticular
1gntly Y - formations of cryptocrystalline quartz (neoplasms?). Carbonate
with a carbonate-sili- o I . P
v . . component (40-65 %): calcite bioclastic (up to 60 %) — ostracods,
ceous-clayey matrix, thin- e . L L
. . foraminifera, brachiopods, bryozoans, crinoids and spherulites;
Povarnitskaya layered, with an abun- - ’ - : - ;

A . pelitomorphic calcite. Cement is carbonate-siliceous-clayey. Detrite
dance of detrite terrestrial f mixed : d . . ith incl
and marine OM of mixed terrigenous and marine composition with separate inclu-

sions of macrospores (transferred) is well diagnosed among the OM
components.
Carbonate component (40-65 %): calcite bioclastic (up to 60 %) —
Limestones (floutstones crinoids, bryozoans, sponge spicules, ostracods, brachiopods, fu-
. according to Dunham [2]) | sulinides; pelitomorphic calcite (rarely dolomite?) up to 40 %.
Outside the cluster 9 C - .

. with terrigenous silty- Terrigenous component (17 %) — fragments of feldspar and quartz

Povarnitskaya, d admi thsi th domi fthel Sili =210 %
Khosedayu- sand admixture, with si- with a predominance of the latter. Siliceous matter (5-10 %) — new-
Neruyuskaya licification and rarely do- | ly formed cryptocrystalline quartz replaces the shells and cavities of

lomitization (rhombohe-
drons)

bryozoans and fusulinids. There are also crinoid segments replaced
by glauconite; pyrite is ubiquitous, it is framboidal and forms large
crystals (up to 1.2 mm).
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Fig. 1. Some rock types from the Artin-
skian sequences of the Kosyu-Rogovaya
Depression; a—c — Kochmesskaya-3 well,
depth 1522.4 m, sample 9/1; a — silici-
fied spicular limestone with clay-silty-
sandy admixture (scanned thin section);
b — detail (a), thin section without ana-
lyzer; c — with an analyzer; d—e — Padi-
meyskaya-1 well , depth 1415.5 m, sam-
ple 4/2; d — thin cyclites of siltstones and
mudstones with gradational bedding
(scanned thin section); e — detail (d),

thin section without analyzer; f — mod-
ular diagram: hydrolyzate module (GM) —
sum of alkalis (Na,O + K,0) according
to [16]

Puc. 1. HexkoTtopsle TUIIBI TOPOA, 13
apTMHCKYX [ToCTIenoBarenbHocTelt Kocolo-

PoroBckoii BmagyHbl: a—¢ — CKB. Koumec-
ckasi-3, 1. 1522.4 m, 06p. 9/1; a — cniu-
KYJIOBBIN M3BECTHSIK OKPEMHEJIbI C TN~

HVCTO-aJIeBPO-TIeCYaHOI NIPUMECHIO (CKa-
HMPOBaHHbBIN mnd), b — merans (a),
g 6e3 aHanMM3aTOpa; C — C aHAIM3a-
TopoM; d, e — cKkB. [Tagumerickas-1,

1. 1415.5 M, 06p. 4/2; d— ToHKUE
LVIKJIVTBI 2JIEBPOJIATOB M apTUJUINTOB C
rpaganOHHON CJIOUCTOCTBIO (CKAaHUPO-

0.50
0.40
=
0.30 4
© [ ]
o428
0.20 |
7 L)
31 %18
0.10 | 14 270°% 2
L ]
0.00 0.00 2.00

Na20+K20, %

GM — (TiO,+Al,0,+Fe,0,+FeO+MnO)/SiO,

of the Kosyu-Rogov Depression has been completed. The
latter is confirmed by the level of OM maturity and the
earlier estimate of the generation time by petroleum source
rocks of the Pre-Ural Foredeep [6].

Conclusions

The Artinskian rocks of the north of the Pre-Ural
Foredeep are very diverse in composition and structural
and textural features. A wide distribution of shallow-ma-

6.00 BaHHbIN D), e — netains (d), g
’ 6e3 ananmsaropa; f — momyapHast qua-
rpamMMa: r’uaponn3aTHeIi Mogynb (GM) —

cymma 1esnouveii (Na,0 + K,0) o [16]

rine mixtoliths was revealed in the lower molasse, in
which a mixed terrestrial and marine OM predominates.
It was established the presence of poor and fair petro-
leum source rocks, the hydrogen index varies from a few
tens to 240 mg HC/g TOC. A decrease in the generation
rate occurs due to a large proportion of terrigenous de-
trite in the OM. The highest HI values, 240 mg HC/g TOC,
were found in the mixtoliths of the Kochmesskaya area,
where bituminite (marine components) predominates in
the OM.
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M.Kochmes-2, 3710 m <121 Kozim river, out. 5, 24/2 \eig Kochmes-3 1486.5m

0 124 A £10- TOC —0.53%, | £14 7 \ TOC — 0.4 %,
5107 N TOC —1.33%, | Eg | CBA—0.004%, | &, CBA — 0.027 %,
% 8 - CBA —0.08%, | |5 “ HI— 62 mgHC/gTOC || 5, | | HI—242mgHC/gTOC
36 N\ HI — 71 mgHC/gTOC | |£6 - - Y
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Fig. 2. Histograms of normal and isoprenoid alkanes (a—c) distribution, examples of organic matter inclusions (d—g) and changes
in the hydrogen index (h — HI) in P;ar rocks (d -Bergantymylkskaya-1 well, depth of 2000.1 m, sample 5-1a; e — Padimeyskaya-1 well,
depth 1402.1 m, sample 2-2; f — Padimeyskaya-1 well, depth 1415.2 m, sample 4-4; g — Padimeyskaya-1 well, depth 1414.9 m,
sample 4-1; polished sections, reflected light, oil immersion, x50. Ly, _ bituminite (liptinite group); Vt, — telinite, Vt — vitro-
detrinite (vitrinite group); I4; — inertodetrinite (inertinite group); Bit — bitumen. Compiled with additions for [6]

Puc. 2. TucrorpaMMebl pacripesiesieHy s HOpMaabHbIX M M30IIPEHOUIHBIX aKaHOB (& — C), IPMMepPbl BKIIIOUeHMIT OpraHnuecKoro

BelecTBa (d—-g) 1 n3MmeHeHue BofopogHoro uugekca (h — HI) B moponax Pqar (d — ckB. BepranTeiMbuibkeKasi-1, 1. 2000.1 m,

06p. 5-1a; e — ckB. [Tagumeriickas-1, 1. 1402.1 m, 06p. 2-2; f — ckB. [Tagumeiickas-1, 1. 1415.2 m, 06p. 4-4; g — ckB. [Tagumerickas-1,

1. 1414.9 M, 06p. 4-1; aHuundsl, Genblii CBET, MacIsHast UMMepcus, YB. x50. Ly;; — OUTYMUHUT (TpyTIIa IUIITUHATA); Vi, —

TeJINHUT, Ve — BUTPOLETPUHUT (TPYTINIA BUTPUHUTA); [jor — MHEPTOAETPUHUT (IPYIIIIA MHEPTUHUTA); Bit — 6uTyM. CocTaBieH
C IOTIOJIHEHMEM I10 [6]
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30/10TO U3 a/UTIOBUAJIbHBIX OT/IOKeHu [IyiiBMHCKOro paoHa
(IIpunonsapHei Ypai)

C. K. Ky3Henos, K. I'. [IapxaueBa, B. H. ®uaunmnos

Nuctutyt reonornm OUI Komu HIT YpO PAH, CeIKTbIBKap
kuznetsov@geo.komisc.ru

B MyiBMHCKOM palioHe, HaX0ASALWEeMCS B IOro-BOCTOUHOM YacTu [punonspHoro Ypana, n3BecTHO HECKOIbKO 30/T0TOHOCHBIX pOCChINew
M pOCCbINENpPOsABNEHUIA, OAHAKO CBEAEHNS O CAMOM 30/10Te SBNISIOTCS HEAOCTATOYHO MOJHBIMU, YTO 0BYCNOBAMBAET aKTyaNbHOCTb
nccnenoBaHuii. B pesynbrate M3yyeHus WAMXOBOIO 3010Ta U3 aN/IKOBUANbHbIX OTNOXEHUIA yuacTkoB XapTec, CepTbiHbs, O¥ika, LLopOXHbIi,
BopoBoit ycTaHOBNEHO, YTO OHO NMPENMYLLECTBEHHO Mefikoe, PopMa YaCTUL, NIACTUHYATAS, YTONLLEHHO-KOMKOBUAHAS, COXKHAS.
OKaTaHHOCTb YaCTUL, 3010Ta CPEAHAS, C HE3HAUMTENbHOM J0Nei HeOKaTaHHbIX M XOPOLLO OKaTaHHbIX 4acTul,. B coctaBe 30n10Ta NoyTH
BCeraa NpucyTcTByeT cepebpo, pexke oTMevaeTcs Medpb. B eanHUUHbIX ciyyasx B npobax Hapsay C 30/10TOM BCTPEYAETCS SNEKTPYM,
OT/IMYAIOLLMIACS NOBbILEHHBIM COep)aHueM cepebpa. Y oTAeNbHbIX YacTUL, 30/10Ta HAbKAAKTCS Y3KMEe NPepbIBUCTbIE BbICOKONPODOHbIE
KaiiMbl, 0ByCNIOBNEHHbIE BLIHOCOM cepebpa B 3K30reHHbIX YCI0BUAX. KOpeHHble MCTOYHMKM NpeacTaBieHbl, BEPOSTHEE BCErO, 30HaMM
pa3BUTMS 30/1I0TOHOCHOM BKPANJIEHHON M MPOXMIKOBO-BKPANIEHHOM Cynb@UAHON MUHEPANU3aLMK, 3010TOCYNbGUAHO-KBAPLEBLIMUI
XXMNAMU, NOKANM30BAHHLIMM B MOPOAAX PA3HOro COCTaBa M BO3pacTa.

KnioueBble cnoBa: 3010mo, annosud, [ylisuHckull patioH, MpunonspHeill Ypan.

Gold from alluvium of the Puyva region (the Subpolar Urals)

S. K. Kuznetsov, K. G. Parkhacheva, V. N. Filippov
Institute of Geology FRC Komi SC UB RAS, Syktyvkar

In the Puyva region, located in the southeastern part of the Subpolar Urals, several gold-bearing placers and placer occur-
rences are known; however, information on gold itself is not complete enough, which makes the research relevant. The study of
stream gold from the alluvium of the Khartes, Sertynya, Oika, Dorozhny, and Borovoy areas, has revealed that the gold is pre-
dominantly small; the particle shape is lamellar, thickened-lumpy, and complex. Gold roundness is medium; the portion of un-
rounded and well-rounded particles is insignificant. Silver is almost always present in gold, copper is less often noted. In some
samples, electrum of a high silver content is found along with gold. Single gold particles have narrow, discontinuous high-fine-
ness rims due to the removal of silver under exogenous conditions. Placer gold is gold of close wash-down; its original sourc-
es are probably represented by hydrothermal gold-sulfide-quartz veins localized in rocks of different composition and age.

Keywords: gold, alluvium, the Puyva region, the Subpolar Urals.

BeeneHue

Ha IpunonspHom Ypaise 30710TO AOBOJIBHO IINMPOKO
pacIpoCTpaHeHO B aJUTIOBUA/IbHBIX OT/IOKeHUSIX. B Koxkum-
CcKoM, X00eMHCKOM, MaHbMHCKOM paiioHaX MMeeTCs s
MIPOMBIIIJIEHHBIX POCCHIITHBIX MECTOPOKAEHMUIA, B TOM UMC-
Jie pa3pabaThIBaBIINXCSI. B X0/l reomoro-chbeMOYHbIX U
TTOMCKOBBIX PabOT BBISIBJIEHBI KOPEHHbBIE 30JI0TOCYIbMU/I -
HbIE ¥ 30/I0TOCY/Tb(GUIHO-KBAPIEBbIE PYAOIPOSIBIEHNS —
KapasanHoe, Cunuibra, JlariuaBox, Pageiita u menkue
mectopoxkaenusi — CocHoBoe, Tanmans, BopraBox, a Tak-
Ke TIpOosIBJIeHMe, CBSI3aHHOe C KOpaMy BbIBeTpUBAHMS, HA-
JIO’KeHHBIMU Ha 30HbI Pa3BUTHUSI 30JI0TOCYAbOUITHON MU-
Hepanm3saium, — Katanamonuackoe. Kpome toro, B Koskum-
CKOM paiioHe, B BOLOpa3sae/bHo yacTu xpe6Ta Maiabl-
HBIPJ, OTKPBITO 30/I0TOPYIHOE MecTopokaeHne UynHoe,
XapaKTepu3ylolleecs: accolualyeii 3010Ta ¢ GykKCUTOM
Y MUHepaJlaMy Majuiafus Py IMOYTH MOTTHOM OTCYTCTBUM
cynbduaoB. CBeIeHNs O POCCHIITHOM ¥ KOPEHHOI 30JI0TO-
HOCHOCTM permoHa, MyUHepaJIoruu 3010Ta U3JI0XKeHbI B pa-
6orax B. IT. Bomona3sckoii, H. M. PunpasioHckoii, JI. B. Aku-
MoBa, A. U. JlanpirvHa, H. M. MakoBa, A. A. Maitoruxa,

M. B. Tap6aeBa, A. ®. Kapuesckoro, JI. 1. EdbaHOBOJA,
C. A. OnuieHko, I'. . BoitueBckoro, H. B. [ToBoHCKOI 1
JIPYTUX T€0TI0TOB.

Bonbiioii nHTEpec NpeacTaBiIsieT BbISIBIEHME PEru-
OHAJIBHBIX PYAHO-MUHEPAIOTNYECKMX 3aKOHOMEPHOCTEA,
Kacaroumxcsi, B YaCTHOCTU, POCCHIITHOTO 30710Ta. Dopma
¥ BeJIMYMHA YaCTUI] 30JI0Ta, CTEIIeHb OKATaHHOCTM, COCTaB
¥ copepyKaHye 3JileMeHTOB-TIpUMeceli HeCyT BayKHYIO Ire-
HEeTMYeCKy0 MHGOPMAIMIO U CIIOCOOCTBYIOT peIIeHUI0
IIPOTrHO3HO-TIOMCKOBBIX 3a1a4. HecMOTpsl Ha 3HAUUTEIb-
HbIii 00beM paHee IPOBeAEHHbIX MICCIeIOBAHNI, U3YUeH-
HOCTBb POCCBIITHOTO 30710Ta Psifia PaliOHOB OCTAeTCsl He-
TIOJTHOVA.

[TyiBMHCKMIT pajiOH PacIONIOXKeH B I0r0-BOCTOUYHOI
yactu [IpumnonsipHoro Ypasa, Ha ero BOCTOYHOM CKJIOHE,
¥ OXBaThIBaeT OOIIMPHYIO TEPPUTOPUIO BEPXOBBEB U CPel-
Hero TeyeHus pek MaHbs, Haprato, [Tyiisa, lllekypbs, B
npenenax KOTOPOI MMEIOTCS 30JI0TOHOCHBIE POCCHIIIN.
B 2011-2013 rr. reonoramu ITaTokckoi maptun OO0 «Kpa-
ToH» C. V. Kupminunseim, B. H. iBanoBbIM, U. 10. Kyp3a-
HOBBIM, I. §I. KazaH1eBoii, . A. Bacuap4eHKO C yyacTuem

[Lna umtuposanua: KysHeuos C. K., Mapxayesa K. I., ®unmnnos B. H. 301010 13 annoBranbHbix oTnoxeHuit NyiiBuHCKoro paitona (MpunonspHblid Ypan)

// BectHuk reonayk. 2022.9(333). C. 21—-30.DOI: 10.19110/geov.2022.9.3.

For citation: Kuznetsov S. K., Parkhacheva K. G., Filippov V. N. Gold from alluvium of the Puyva region (The Subpolar Urals). Vestnik of Geosciences,

2022,9(333), pp. 21—30, doi: 10.19110/geov.2022.9.3.
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K.T. ITapxaueBoit 1 IpyruX COTPYAHUKOB IIPOBELEHO Ieo-
JIoTMYecKoe JoM3yueHye paiioHa, BKJIIouasi ero 30J10TO-
HOCHOCTb. B Xofe 3Tux paboT 6bLaM pacCMOTPEHbI LI -
XOBbI€ TTPOOBI A/UTIOBUAIBHBIX OTIOKEHMIT Psiia BOJOTO-
KOB. Llesb uccnenoBaHmii 3aKI0Yanach B MOTYYEHNUN CBe-
IeHMit 0 MOPHOIOTUUECKMUX OCOOEHHOCTSIX U COCTaBe
30JI0Ta B CBSI3Y C OLIEHKO¥ JaJIbHOCTY [TepeHOoca, yCTaHOB-
JleHVeM reHeTUYeCKUX TUIIOB KOPEHHBIX MCTOUYHNUKOB.

leonoruyeckoe cTpoeHue paioHa

B reonornueckom crpoenun [IyiiBMHCKOTO pajioHa
NIPMHMMAIOT y4acTye ITOPOJbI Pa3HOIO COCTaBa ¥ BO3pac-
Ta (puc. 1). 3anmagHas 4acTb paiioHa, OTHOCSIIASICS K
LleHTpanbHO-YPaIbCKOMY HNOSHSITUIO, COCTaBI€HA OTJIO-
KeHUsIMU pudes — BeH/a. BbIensioTcss HIPTUHCKAS, MaHb-
X00eMHCKasl, MOKyPbUHCKASI, MyIiBMHCKAsT, MOPOMHCKAS
CBUTBI, ITPEJICTaB/IeHHbIE B OCHOBHOM I'PaHAT-OMOTUT-MY-
CKOBUTOBBIMU THEICaMU, KPUCTA/UIMYECKUMMU CJIAHLIAMH,
KBapLEBbIMMU TPABEIUTAMU U KOHIJIOMEpaTaMu, KBapll-
XJIOPUT-CEPULIMTOBBIMMU CJIaHLIAMM C TIPOCJIOSIMU U JIUH-
3aMM KBapLMTOB, JOJIOMUTOB, 3BECTHSIKOB, BYJIKAHOTE€H-
HBIMM OTJIO)KEHUSIMM OCHOBHOI'O COCTaBa. B BOCTOUHOI
YyacTy paitoHa pudeiicko-BeH ICKIe TTOPO/IbI TepeKphIBa-
I0TCS OTVIOKEHUSIMM OPIOBUKA, IeBOHA, CUITypa: KBaple-
BbIMM KOHIJIOMepaTaMy, I'paBeInTaMy U NecuaHUKaMu,
(GUMIMTOBUIHBIMU CTIAHIIAMMY, AJIEBPOCIAHIIAMMU, KPEM-
HUCTO-TIMHUCTBIMU, U3BECTHIKOBO-IJIMHUCTBIMU CJIaH-
aMu.

VHTpy3uBHbBIe 06pa30BaHMsl IIPeCTaBIeHbl PA3HO-
06pa3HbIMM TTOPOIAMM, COCTAB KOTOPBIX BAPbUPYET OT
YJIBTPAOCHOBHOTO [0 KMCIOro. ITo Bo3pacTy OHU IIpeAIio-
JIOXKUTEJIBHO JeJISITCS Ha paHHeBeH CKMe, [I03HEeBEeH] I -
CKO-paHHeKeMOpuiicKye, IIo3gHeKeMOpIiicKie, OPaOBUK-
CKUe U CUITypUiicKye, chopMIUPOBABINMECs B GaiiKambCKUi
U KaJIefOHO-TePLMHCKMIT TEKTOHOMarMaTu4eCcKye 3Tarmbl.
K Hambosee KpymmHBIM OTHOCSITCSI MACCUBBI TPAHUTOB U
IPaHOAVIOPUTOB CabHEPO-MaHbXaMOOBCKOIO U IMapHYK-
COTO KOMIUIEKCOB To3nHero pudest — kem6pusi. OTme-
YaIOTCS MHOTOUMCIIEHHBIE [alikKyl OCHOBHOT'O COCTaBa, IPo-
phIBatoInye pudeiickue CIaHIeBbIe TOIIMN.

Becbma xapakTepHbI CKJIag4aThie CTPYKTYPbI Pa3HO-
r'O MOpsIIKa, PA3HOBO3PACTHBIE 1 PA3HOPAHTOBBIE PA3PbIB-
Hble HapyLIeHMs], CpeAy KOTOPBIX BbIAESIIOTCSI PErMOHab-
Hble HAJBUTU ¥ Pa3JIOMbl IITYOMHHOTO 3aJIOKEHUS, Me-
0L Me CeBepO-BOCTOYHOE IIPOCTHUPaHMe. B BOCTOUHOI ya-
CTU pajioHa npociexuBaeTcs [71aBHbIN YpasibCKMil HAABUT.
Bronb pa3peIBHBIX HapyLIeHUI ITIOPOIbI HEPEKO CUIIbHO
KaTakJIa3MPOBaHbI, pacCIaHILOBaHbl, MUJIOHUTU3UPOBA-
HbI. Bce ropoipl pernoHa mpereprienu Mmetamopdusm 3e-
JIEHOCTAHIIeBO (aryiu, TPOSIBUBIINIACS B TIOCIEOPIOBUK-
ckoe Bpems. [Ipu 3TOM paHHEepUdeiicKue ITOPoabl paHee
y3ke 6bUTM MeTaMopd130BaHbl B YCIOBUSIX SITUAOT-aMbu-
60MTOBOJ (haryu.

[[I1poxo pasBUTbI TUAPOTEPMabHbIE U IUIPOTEPMalb-
HO-MeTacoMaTuueckye o6pa3oBaHusl, IpeACTaBIeHHbIe
XPYCTaJIEHOCHBIMY KBapIIEBbIMU XKWJIAMM, CYIbGOUIHO-KBAP-
LeBbIMM kuaMy. OTMevaroTCsl 30Hbl BKpAIJIEHHOIA, TTPO-
SKMJTKOBO-BKPAIUIEHHOM CY/TbOUAHO MUHEPATU3aLINA.
V3BeCcTHBI KBapLeBO-KWIbHO-XPYCTaI€HOCHBIE TTPOsIBIIE-
HUA U MectopoxkaeHnsd (Jono, ITyiiBa, 3eiika, Hyskamit
Kedranbik, CTeKIsSTHHBIE TIONS U Ip.), PYAOIIPOSIBIEHNS U
MTYHKTBI MUHEPaIM3alMM Me, CBUHIIA, IIMHKA, MOIMoe-
Ha, Bosibpama, 0JI0Ba, BUCMYTA, PEIKMX METaIoB. B He-

KOTOPBIX CY/Tb(PUIHO-KBaPIIEBBIX XKMUIaX OTMEUaoTCsI Mo-
BbIllIeHHbIE cofiepskaHus Au U Ag, XOTS1 30JI0TO B CAMOPO/I -
HOM BU/JIe He yCTaHOBJIeHO. BmMecTe ¢ TeM 30710TO JOBOJb-
HO YaCTO BCTPEYAETCS B a/UIIOBUU PA3TUIHBIX BOLOTOKOB,
B CeBEPHOI 4aCTy palioHa MMeeTCsI HECKOIbKO 30JI0TO-
HOCHBIX POCCHITIETIPOSIBIEHU ¥ HEGOMbIINUX TTPOMBIIII-
JIeHHBIX poccaineii: Hapraro, SIporaiiop, 3010TOWOp U Ap.
30710TO COCPeAOTOYEHO B OCHOBHOM B OTVIOXKEHUSIX TTOT -
MeHHOI 1 HaJIIOIMeHHOI Teppac YeTBePTUUHOTO BO3-
pacra, MpeJicTaBJeHHbIX ITeCYaHO-ITMHUCTBIM, ITeCYaHO-
IpaBUIHBIM, TAJIEYHO-BATYHHBIM MaTepuaaoMm. B nuimxo-
BBIX IIPO6GAX OTHOTO 13 YYaCTKOB MpaBobepeskbs p. Haposl
Oo6GHapy>kKeHbl eAVHMYHBIE YaCTUI[bI CAMOPOHOI TIaTU-
HBI.

MaTepuan u metoabl nccienoBaHus

M CXOJHBIM MaTepUaIOM CTYSKMIIN IIJTMXOBbBIE MPOOBI
AJUTIOBUAIbHBIX OTJIOKEHMIA, OTOGPAHHbIE HA yYacTKaxX
Xaprec, HoposxHblii, Otika, BopoBoii, CepTbIHbSI. AHAIN-
TUYEeCKMe UCCIeA0BaHNS BbITIOTHEHBI B IHCTUTYTe Teo-
snoruy ®UL Komu HII YpO PAH (LIKIT «[eoHayka»).
[TpoBoawmiICs MMUHEpaTOTUUeCKMIi aHAIN3 TsKemoii hpak-
1[MM TIPOG, BBIAEJISINCH MOHOGMPAKIIMHU 30/10Ta. YacTUIIbI
30JI0Ta U3Y4aJIUCh C TOBEPXHOCTU U B ITOMPOBAHHBIX Cpe-
3ax IMOJ ONTUYECKUM MUKPOCKOTIOM U CKaHUPYIOMIUM
3JIEKTPOHHBIM MUKpockoroM JSM-6400. O1ieHnBanach Be-
JIMYMHA YaCTUII 30710Ta, MOpdoornyeckie 0cO6eHHOCTH,
OKaTaHHOCTb, MMHepaabHble BKIOUeHMs1. ComepskaHue
3JIeMEHTOB-TIpMMeceli B 30/10Te OIpenesijioch B ITOIUPO-
BaHHBIX CPe3ax C UCT0Ib30BaHNEM SHEPTeTUUECKOTO PEHT-
TeHOBCKOTO0 criekTpoMeTpa dhupmbl Link.

Pe3ynbTaThl M 06CYyKAEHME

Yuacmok /lopoxcHuolli pacIiososkeH B BOCTOUHOJ 4acTu
paiioHa B nonuHe p. bonbias ITonbs. V3ydyeHbl LIIMXOBbIE
MMpoObI, OTOOPAHHbBIE U3 PYCJIOBOTO AJITIOBUS U MOIMEH -
HBIX OT/IOKeHMt. Tskemnast hpakiys ITMXOBBIX TPO6 Mpef -
CTaBJieHa B OCHOBHOM MarHeTMUTOM, MJIbMeHUTOM, aMpu-
60/10M, TPAHATOM, STIMIOTOM, TUTAHUTOM, allaTUTOM. B He-
6OJIBIIIOM KOJIMYECTBE BCTPEYAIOTCS IMPKOH, PYTWIL, TYP-
MaJIVH, B eIMHUYHBIX 3HAKaX — MUPUT, 30/10TO (11 3HAKOB).
30/10TO 3TOTO Y4aCTKa OTHOCUTCSI K OUeHb METKOMY U MeJi-
KoMy — 110 0.5 Mmm. @opma yacTull cTepskHeBUIHAS, /1A -
CTUHYATAas M KOMKOBUAHAS (puc. 2). [IoBepxHOCTB 1arpe-
HeBasi, MeJKosiMyaTas 1 sMuato-6yropyaras. Berpeuatorcst
YaCTULI C POBHOV TTOBEPXHOCTHIO U OTIIeYaTKaMM OT I'pa-
Heilt, MPeINoN0KUTeTbHO KPUCTAIOB Muputa. OKaTaHHOCTh
cabast wim cpefHsist. B cpe3ax 30J0TVH OTMEUaroTCst BKITIO-
YeHUSI TUTAaHUTA, TYPMaJIMHA, STIUA0TA, XJIOPUTA.

ComepskaHue Ag B 30J10Te KosiebieTcst ot 0 10
17.9 mac. %, Cu He o6HapykMuBaeTtcs (Tabs. 1). Bcrpeuarorest
YaCTUILBI C comepykanueM Ag o 48.5 mac. %, 4To COOTBeT-
CTBYET 371eKTpyMy. IHTepeCcHO, UTO B TAKMX YacTUIIaX 06-
Hapy>XUBaIOTCSI Mebuaiillie efMHUYHbIe BKJIIOUeHMUS], TIO
cocTaBy 61M3KMe K apreHTUTy — Ag,S. Horma Habmopa-
I0TCSI KaliMbI, B KOTOPBIX Ag IPUCYTCTBYET B HE3HAUUTENb-
HOM KOJIMUECTBE, NGO BOBCE HE YCTAHABIMBAETCS (PUC. 3).
ITpo6HOCTH 30/10Ta Konebaercs ot 813 go 1000 %o. Ipe-
06/1a7aeT BecbMa BbICOKOITPOOHOE 30JI0TO.

Yuacmok Xapmec pacronoxeH B 10ro-3arnagHol ua-
CTM paiioHa U BKJIIOUaeT BEePXOBbs P. XapTec € MPUTOKa-
mu — p. Cpeguuii Xaprec, [IpaBbiit XapTec 1 KepacbIHIbs.
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Puc. 1. Cxema reonoruvyeckoro crpoenusi [lyiiBuHckoro parioHa [Ipunonsipuoro Ypana (cocTaBieHa o MaTepuanzaM oTyeTa
«CocraBiieHMe 1 MOArOTOBKA K n3AaHuio KoMmieKToB ['ocreokaptei-200 nctoB Q-40-XXXVI (Jlopuemmnest) Q-41-XXXI (Ilexypbsi)»
3A0 MUPEKO ITK, 2015 r. KomureondoHz, ¢ ynpoieHusiMmmu): 1 — TypuHCKast CBUTa: 6a3abThl, TPaXMaH1e3M0a3aabThl U UX
TydbI, TPOCION U3BECTHIKOB; 2 — IIeMypPCKasi, TaBIMHCKAsl M UMEHHOBCKasI CBUTHI: 6a3ajIbThl, aHe310a3a/IbThl, aHJE3UThI,
PUOMUTBI U UX TY(bI, Ty(HOATEBPOIUTDI, U3BECTHSIKY; 3 — 06€eM3cKast, cayiefickast, rpyberneHIUIIopCKast, MOJbMHCKAST CBUTHI:
KBapIMTONeCUaHUKH, CIAHIIbI, TPABEINThI M KOHTJIOMePaThl, aIeBPOIUTHI; 4 — capaHXaIlTHepcKas M XOMaCbMHCKasl CBUTHI: Tlec-
YaHUKU, IPABEJIUTbI, KOHIJIOMEPAThI, aJIEBPOJIUTHI, AIEBPOC/IAHIIbI, CJIAHIIbI; 5 — cabieropckast cBUTa: 6a3aabThl, aHIe3Mba-
3aJIbThI, PUOJIUTHI; 6 — MaHbX0OEMHCKasI, IMOKYPbUHCKAsI, MyIBUHCKAsT, X0OeMHCKast CBUTHI: KOHIJIOMEPAThI, TPABEIUThI, Mpa-
MODBI, CJTaHILIbI, U3BECTHSIKM, OPTOCTAHIIbl OCHOBHOTO-CpeHEero COCTaBa, M3BECTHSIKY, KBAPIUTOMEeCYaHUKI; 7 — HIPTUHCKAS
CBUTA: KPUCTA/UTMUECKIME CJIaHIIbI, THeiChl, aM(bUOGOIUThI; 8 — BOIKApCKO-KeMITMPCaiiCKIii TEKTOHOTeHHbI KoMIuiekc; 9, 10
— CeBepOPYAHNYHbIN ra66pO-AMOPUT-TIIarOTPAHUTHBIN TUTYTOHWYECKUI KOMIUIEKC; 11 — Tarumo-KbeIT/IBIMCKMIT rab6po-HOpHU-
TOBBII KOMIUIEKC; 12 — calaTUMCKUIi JyHUT-TaplOyPrUTOBbINA ¥ KaUKaHAPCKUIT TYHUT-KIMHOIMPOKCEHUT-Ta66POBbI KOM-
TIJIEKCBI; 13 — calbHEPCKO-MaHbXaMOOBCKIUIT IPaHUT-/IEKOTPAHUTOBBI KOMIUIEKC; 14 — MapHYKCKMIT JUOPUT-TabOpOBBIi
KOMILIEKC; 15 — pa3pbIBHbIE HApyIIeHMs ; 16 — y4acTKU IJIMXOBOTO OMPOOOBAHMS

Fig. 1. Scheme of the geological structure of the Puyva region of the Subpolar Urals: 1 — Turinskaya suite: basalts, trachyandesite
basalts and their tuffs, limestone interlayers; (2) Shemurskaya, Pavdinskaya, and Imenovskaya suites: basalts, basaltic andesites,
andesites, rhyolites and their tuffs, tuff siltstones, limestones; 3 — Obeizskaya, Saledskaya, Grubependishorskaya, Pol'inskaya
suites: quartzite sandstones, shales, gravelstones and conglomerates, siltstones; (4) Sarankhapnerskaya and Khomasyinskaya
suites: sandstones, gravelstones, conglomerates, siltstones, silty schists, shales; 5 — Sablegorskaya suite: basalts, basaltic
andesites, rhyolites; 6 — Mankhobeinskaya, Shchokur’inskaya, Puivinskaya, Khobeinskaya suites: conglomerates, gravelstones,
marbles, shales, limestones, orthoschists of basic-intermediate composition, limestones, quartzite sandstones; 7 — Nyartinskaya
suite: crystalline schists, gneisses, amphibolites; 8 — Voikar-Kempirsaysky tectonic complex; 9, 10 — northern mine gabbro-
diorite-plagiogranite plutonic complex; 11 — Tagil-Kytlymsky gabbro-norite complex; 12 — Salatimsky dunite-harzburgite and
Kachkanarsky dunite-clinopyroxenite-gabbro complexes; 13 — Salner-Mankhambovsky granite-leucogranite complex; 14 —
Parnuk diorite-gabbro complex; 15 — dislocations; 16 — areas of schlich sampling
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Ta6auna 1. XumMudeckuit cocTaB 30/10Ta yuyacTKa JOpOsKHBII
Table 1. Chemical composition of gold from the Dorozhny area

(o)
N2 mpo6sI Mecto aHanmsa Kgomrﬁggﬁg;?;’ Iﬁ?%/) Cymma, mac. % ITpo6HOCTB, %o
Sample No. Location of analysis ’ Total, wt. % Fineness, %o
Au Ag Cu

LIeHTp / center 86.49 13.25 - 99.74 867

70601 Kpait / rim 86.03 12.12 - 98.15 877
Karima / edge 96.76 - - 96.76 1000

70401 (2) LIeHTp / center 98.05 2.61 - 100.66 974
LIeHTp / center 97.94 1.44 - 99.38 986

70401(H) Kpait / rim 97.3 - - 97.3 1000
LIeHTp / center 78.65 17.7 - 96.35 816

319 Kajima / edge 96.39 2.31 - 98.7 977
Kpait / rim 84.69 16.81 - 101.5 834

LIeHTp / center 94.3 3.46 - 97.76 965
317(2) Kpait / rim 98.11 - - 98.11 1000
LIeHTp / center 96.68 3.11 - 99.79 969

317 (1) LeHTp / Ce.nter 88.84 10.27 - 99.11 896
Kpaii / rim 88.01 8.84 - 96.85 909

LIeHTp / center 51.23 43.44 - 94.67 541

311(2) Kpait / rim 51.78 48.47 - 100.25 517
KajiMa / edge 92.79 1.75 - 94.54 981

311 (1) Kpaii / rim 93.97 4.39 - 98.36 955
LIeHTp / center 90.57 7.53 - 98.1 923

LIeHTp / center 89.68 8.41 - 98.09 914

305 Kpait / rim 94.03 4.09 - 98.12 958
Kpait / rim 93.41 6.87 - 100.28 931

Ipumeuarue. IIpouepK — 37eMEHT He 0OHapPYsKeH.
Note. Dash — the element is not detected.

10 pm

10 pm

100 um
Puc. 2. Mopdomorust 3o/0Ta yuactka JJoposkHbIN: cpelHeOKaTaHHAs YacTUIla KOMKOBUIHO GOpMBI (a), ctlabooKaTaHHbIE
YaCcTULIBI YIJMHEHHO cinoykHoi1 (b) 1 mmactuHyaToi (c) hopm. CbeMKa B peskuMe BTOPUUHBIX 3JIEKTPOHOB

Fig. 2. Morphology of gold from the Dorozhny area: a medium-rounded lumpy particle (a), weakly rounded particles of elon-
gated complex (b) and plate (c) shape

3mech U3 TIOIMEHHBIX OTJIOKEeHMIT 0TOOPAHBbI IIIJIMXOBbIE
MTPOOBI, 3 KOTOPBIX BbIIENIEHO 34 yacTuIlbl 30/10Ta. Tsskenast
bpakuys nuIMXoBbIX P06 MpecTaBieHa MarHETUTOM,
UIbMEHUTOM, STIUI0TOM, FPaHaTaMM, allaTUTOM, TUTAHU-
TOM, POTOBOJ 06MaHKO#. B eqMHMYHBIX 3HAKAaX OTMeYa-
I0TCSI TYPMaJIMH, TeMaTUT, IMPKOH, MOHALIUT, aHATa3.
30/10TO B OCHOBHOM Mejikoe — 1o 0.25 M, BcTpeya-
I0TCS YaCTULIbI, BEIMUMHA KOTOPBIX focTuraet 1 mm. @opma
YaCTHUII 30JI0Ta TOBOJIbHO pa3HOOOpa3Ha, G0bIIMHCTBO U3
HMX 00J1alaeT KOMKOBATOM U TJIaCTUHYATON GopMaMu.
[TpuCyTCTBYIOT YaCTUIIbI CTEP>)KHEBUIHOM U CJIOKHOI (ame-
60006pa3HOii, yTOJIIEHHO ¢ OTBeTBaeHusIMM) hopM. Ha
OT/IETbHBIX YACTUIAX HAGMIOMAIOTCS XOPOIIIO COXPAHWBIIN-

ecst rpaHHbIe GOPMBI. [TOBEPXHOCTD 30JI0TMH B OCHOBHOM
ImarpeHeBast, MeJIKOSTUeCTast 1 sMyaTo-6yropyarasi. Hepemko
OTMeYaroTcs ceApl qedopmaryii B Bue iaparnH, 130-
THYTOCTH, CMSITUSI. OKATaHHOCTb YaCTUIL 30JI0Ta ITpeuMy-
LIEeCTBEHHO cj1abast 1 cpemHsisl. B He60/IbIIIOM KOIMYecTBe
BCTpEYAIOTCS HeOKaTaHHbIe YaCTHUIIbI. IMUaThie yrayoie-
HMS HepeaKO BBITIOTHEHbI TUAPOKCUIAMM JKejie3a U Map-
raHIia. B cpesax OTOe/bHbIX YaCTUIL 30J10Ta OOHAPYKMBaA-
I0TCSI BKITIOUEH NS XaTbKOIIMPUTA, MYCKOBUTA, STIUA0TA.
V3 npuMecHbIX 3JIeMEHTOB B 30JI0Te IMOUTH BCeTAa
MIPUCYTCTBYET Ag, comepykaHue KOTOPOro KojedeTcs ot
0 mo 26.4 mac. % (tabi1. 2). B emMHMYHBIX YaCTUIAX OTMe-
YaroTCs y3KMe MPepbIBUCTbIE KaliMbl, XapaKTepU3YIOII-
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Ta6auna 2. XuMuueckuit coctaB 30710Ta yuacTka XapTec
Table 2. Chemical composition of gold from the Khartes area

N2 mpo6sI Me§To aHam3a KgoMrgggrel}el;rl?; I‘\f]ic%% Cymma, mac. % Hpo6HOCTb, %o
Sample No. Location of analysis Total, wt. % Fineness, %o
Au Ag Cu
LIeHTp / center 96.67 1.97 1.93 100.57 961
LIeHTp / center 98.37 2.46 1.64 102.47 960
90301(5) Kpaii / fim 99.63 - - 99.63 1000
Kpait / rim 100.74 - - 100.74 1000
LIeHTp / center 98.24 1.44 0.91 100.59 977
LIeHTp / center 96.08 - 0.85 96.93 991
90301 (4) LIeHTp / center 99.3 - 1.11 100.41 989
Kpait / rim 100.11 - - 100.11 1000
Kpait / rim 98.05 1.72 0.64 100.41 976
LIeHTp / center 96.23 2.84 - 99.07 971
90301 (3) LIeHTp / center 98.86 3.44 - 102.3 966
Kpaii / rim 100.16 1.51 - 101.67 985
LIeHTp / center 73.37 26.38 - 99.75 736
LIeHTp / center 73.08 24.48 - 97.56 749
90301 (2) Kpait / rim 9.1 2.58 - 98.68 974
Kpait / rim 99.5 0.06 - 99.56 999
LIeHTp / center 98.09 - 2.8 100.89 972
LIeHTp / center 96.4 - 2.95 99.35 970
90301 (1)
LIeHTp / center 96.01 - 2.37 98.38 976
Kpait / rim 100.35 - - 100.35 1000
LIeHTp / center 91.94 5.99 - 97.93 939
90401 Kpait / rim 97.89 1.56 - 99.45 984
Kpait / rim 96.39 2.51 - 98.90 975
LIeHTp / center 84.77 13.42 - 98.19 863
90501 LIeHTp / center 86.57 11.9 - 98.47 879
LIeHTp / center 84.69 14.34 - 99.03 855
Kpaii / rim 87.12 14.75 - 101.87 855
LIeHTp / center 98.82 0.92 1.32 101.06 978
90601 (2) LIeHTp / center 96.02 1.2 1.29 98.51 975
Kpait / rim 99.67 - - 99.67 1000
LIeHTp / center 99.12 - - 99.12 1000
90601 (1) LIeHTp / center 98.96 - - 98.96 1000
Kpait / rim 97.5 - - 97.50 1000
LIeHTp / center 97.35 2.08 1.42 100.85 965
90801 LIeHTp / center 95.75 2.09 14 99.24 965
Kpaii / rim 96.89 2.1 0.94 99.93 970
LIeHTp / center 91.27 5.53 - 96.8 943
91001 (2) LIeHTp / center 92.11 5.45 - 97.56 944
Kpait / rim 91.87 54 - 97.27 944
LIeHTp / center 91.01 6.72 - 97.73 931
LIeHTp / center 92.93 743 - 100.36 926
91001 (1)-2 Kpait / Tim 92.18 4.48 - 96.66 954
Kpait / rim 95.27 1.73 - 97.00 982
LIeHTp / center 93.98 1.63 3.71 99.32 946
LIeHTp / center 91.49 1.27 8.18 100.94 906
91001 (1)-1 LeHTp / center 88.8 - 7.85 96.65 919
Kpait / rim 90.19 2.07 3.84 96.10 939

Ipumeuarue. IIpoyepK — 3JIEMEHT He OOHAPYKEH.
Note. Dash — the element is not detected.
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Puc. 3. ®parMeHT IpepbIiBUCTON BICOKOIIPOOHOI KaiiMbl
(cBeTnoe). CheMKa B peXXuMe YIIPYrOOTPaskeHHbIX J/IEKTPOHOB

Fig. 3. Fragment of a discontinuous high-fineness gold rim
(light area)

ecsi OTHOCUTENIbHO HU3KUM cofepkaHueM Ag %. Hepenko
B 30s10Te ycTaHaBmmBaetcst Cu — 1o 2.9 mac. %. O6HapykeHa
YyacTulia 30710Ta ¢ copepkanmuem Cu, BapbUPYIOIIUM OT 3.7
1o 8.2 mac. %. CTOoJib BBICOKOE COAepyKaHVe U HepaBHO-
MepHoe pacnpepenene Cu, BO3MOXKHO, CBSI3aHO CO CJ1a-
60 BbIpasKkeHHbIMY M HAMM He HaOTI0AaBITVIMUCS TIIACTUH-
YaTo-peleTyaTbiMy CTPYKTYPaMU paciaza TBepLoro pac-
TBOpa Au-Ag-Cu. Kak rmokasaHo B pa6ore [11], o6pa3oBa-
HIEe TaKMX CTPYKTYP MPOUCXOAUT IPU CONEp>KaHUN B
3omote Cu 60oee 2.5 mac. %, Ipy MEeHbIIIEM COeP>KaHUN
MeIy 30JI0TO OCTAeTCsl TOMOTeHHBIM.IIpOGHOCTD 30/I0Ta
BapbupyeT OT 736 1o 1000 %o 1 coCcTaB/IsIET B CPeIHEM
965 %o. [TpeobmafaeT MpakTUUECKM YMCTOE, BeCbMa BbI-
COKOITPOGHOE 30J10TO.

Yuacmok Ortika pacrookeH BOCTOUHee yJyacTKa
CeptbiHbs. OH BK/IIOYaeT He6OIbIIOi yUacTOK p. CepThIHbS
u ee miputoka Orika, a Takke BepX0oBbs p. CoMMIUIOp.
OTOGpaHbI NIJIMXOBbIE MTPOObI M3 MTOMEHHBIX OTIOKEHMIA.
B cocTaB TsKeoM Gpakiuu MUIMXOB BXOISIT B OCHOBHOM
MAarHeTHUT, SNUIO0T, aMpub0s 1 uabMeHUT. B He6ombIIOM
KOJMYeCTBe IPUCYTCTBYIOT MMUMPOKCEHBI, IMPKOH, PYTUII,
XpPOMIITIHENUABL. B e AMHMYHBIX 3HaKaX BCTPeUaroTCs
MOHAIIUT, aHaTa3, 30J10TO (7 4acTuir). 30JI0TO OTHOCUTCS
K OU€Hb MEJIKOMY, BeJTMUMHA OOJTbITMHCTBA YaCTUII HE TIpe-
Boimaet 0.25 Mmm. ®opma 9acTuIL IIaCTUMHYATAS, CJIOSKHAS
¥ KOMKOBM/THAsI, TOBEPXHOCTb IMUYATO-0yropuaTas ¢ poB-
HbIMMU yuacTKamu (puc. 4). OTMeuarTcs IJIeHKU U SIMYa-
Thle CKOIJIEHUS TMAPOKCUIOB Keje3a M MapraHiia.
Hab6momatoTcst cienpl nedopmanyii B Buae CKpy4YeHHO-

10 um

CTU, UBOTHYTOCTH, CMSITHS. OKaTaHHOCTb 30JI0Ta CPeHSIS,
MPUCYTCTBYIOT CJTaboOKaTaHHbIe YacTuilbl. ComepskaHme
Ag B 30510Te koje6ietcs ot 0 mo 22.8 mac. %, Cu He ycra-
HaBMBaetcs (Tabs. 3). [[po6HOCTb BapbUpyeT OT 765 1o
1000 %o. [TpeobaagaeT BHICOKOIIPOGHOE 30/10TO.

Yuacmok CepmuiHbsl pacIiONoOKeH B I0TO-BOCTOYHOM
YacTy palioHa B Bepx0oBbsX p. CepThiHbs. Ha 3TOM yuacT-
Ke 0TOOpaHbI IUIMXOBbIe MPOObI 13 TIOVMEHHBIX OT/IOKe-
HUiA. B TSDKRe0 pakimy NUINXOB IIpeobiasaloT MarHe-
TUT, STIUAOT, WIbMEHUT, pOTOBasi 0OMaHKa, TPaHaThI, M-
DOKCEH, anaTuT, TUTAHUT. B He6OIbIIIOM KOJIMUECTBE U B
eIVHMYHBIX 3HaKaX OTMEeYalTCs PYTUI U LVPKOH, Typ-
MaJIMH U IUPUT, 30;10TO (15 yacTuir). 30710TO OTHOCUTCS K
MeJIKOMY ¥ 04eHb MenkoMy (mo 0.25 mm). @opma yacTuis
B OCHOBHOM IIJTaCTMHYATasl. BCTpeyarTcst YaCTULIbI CTEPIK-
HEeBUOHOV, KOMKOBUIHOV U 4delryiiuatoi gopm.
[ToBepXHOCTD SIMUATO-Oyropyatasi, rarpeHeBast u poBHasl.
OxaTaHHOCTb cy1abast 1 cpenHsiss. OTMeUaloTCs BKIOYe-
HUs MyckoBuTa. Comepskanue Ag B 30J10Te BapbUpyeT OT
0 mo 9.5 mac. % (ta6i. 4). Menb ycTaHaBIMBAETCS HE BCET-
Ia, ee comepskaHue He mpesbiiiaeT 1.1 mac. %. [Ipo6HOCTD
kosebsetcst ot 908 o 1000 %o 1 B cpeiHEeM COCTaBJISIET
950 %o. Hanbosee xapaKTepHbBIM SIBJISIETCS BECbMa BbICO-
KOITPOGHOE 30710TO.

Yuacmox Bopoeoti pacroioskeH B CeBepO-BOCTOUHOM
yactu paiioHa. OH BK/IIOUaeT IJIoIaay Jo/IuH p. Jlemityaio,
Jlonria, BepxoBbe p. CapaHbyCbIHbS. VI3y4eHbI IIJIMXOBbIE
MPOOBI AJLTIOBMATBHBIX OTVIOKEHMIA p. Jlemrtyato. Tsoremnast
(bpakuys NTMXOBBIX TPOO COCTOUT B OCHOBHOM M3 Mar-
HeTUTa, TpaHaToB, aM(b1OOIOB, IIbMEHUTA, STTUA0TA, TU-
TaHWUTA, araTuTa. B He6OMIbIIOM KOTMUECTBe BCTPeUaloT-
Cs1 UMPKOH, PYTUJI, B eIMHUYUHBIX 3HaKaxX — XpPOMIIT/HEe-
JIAIBL, TYPMAJIMH, 30JI0TO (6 YaCTUIL). 30JI0TO OTHOCUTCSI
K O4eHb MeJIKOMY ¥ Mekomy (10 0.5 Mm). Dopma gyacTuiy
IUIaCTUHYATAasl, KOMKOBUIHAS, CTEP>)KHEBUAHAS U YelTyii-
yarast (puc. 5). [IoBepXHOCTD IIarpeHeBast, MeJIKOSIMUAaTast
U IMUaTO-0yropyaTasi, MHOTAA poBHast. OKaTaHHOCTb CJ1a-
6ast, HEKOTOpPbI€ YaCTUIIbI BOBCE HE OKaTaHbl. OTMEeUaroTCs
BKJIIOUEHMSI KBap1ia, KajueBoro nonesoro mmnara. Cogep-
>kaHue Ag B 3o510Te Kosebercst ot 0 1o 16.3 mac. %, B enu-
HUYHBIX CTydasx ycraHasamBaeTcs Cu — 1o 0.9 mac. %
(Tabm. 5). [Tpo6HOCTD 30710Ta Bapbupyet oT 844 1o 1000 %o.
B 0CHOBHOM 30JI0TO BeCbMa BbICOKOITPOGHOE.

Pe3ynbTaThbl IPOBEAEHHBIX UCCIENOBAHNI CBUIETENb-
CTBYIOT O JOCTATOYHO BBICOKOM CXOZCTBE 30/I0Ta Pa3inyd-
HBIX yUaCTKOB 110 popMe, BeJIMUMHe, CTeTIeHM OKaTaHHO-
ctu. IIpeobamaeT 30/I10TO cpeHeli 1 c1aboil OKaTaHHO-

10 pm ' 10 pm

Puc. 4. Mopdosnorus 3omota yuactka Oiika: oKaTaHHas 4aCTHIA CTIOKHOT GopMbI (a), ytlabooKaTaHHast M HeOKaTaHHAs YaCTHI[bI
macTuHuaToi Gopmbl (b, ¢). ChbeMKa B peskiMe BTOPMUHBIX 9IEKTPOHOB

Fig. 4. Morphology of gold from the Oika area: a rounded particle of complex shape (a), weakly rounded and non-rounded par-
ticles of lamellar shape (b, c)
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Ta6nuua 3. XuMuueckuii coctaB 30y0Ta yuactka Oiika

Table 3. Chemical composition of gold from the Oika area

KomrioHneHTsI, Mac. %

N2 r1po6bI MecTo aHanm3a Components, wt. % Cymma, mac. % [Tpo6HOCTH, %0
Sample No. Location of analysis > Total, wt. % Fineness, %o
Au Ag Cu

LIeHTp / center 96.24 2.14 - 98.38 978
22202 (2) LIeHTp / center 98.8 2.18 - 100.98 978
Kpaii / rim 101.81 - - 101.81 1000
22202 (1) LIeHTp / center 95.14 4.31 - 99.45 957
LIeHTp / center 94.51 4.51 - 99.02 954
22202 (2) LIeHTp / center 75.54 23.24 - 98.78 765
LIeHTp / center 76.12 22.85 - 98.97 769
Kpait / rim 75.44 22.53 - 97.97 770

IIpumeuarue. TIpouepKk — IeMEHT He O6HapYKEH.

Note. Dash — the element is not detected.

Ta6smiia 4. XuMuueckuii cocTaB 30/10Ta yuacTka CepThIHbS

Table 4. Chemical composition of gold from the Sertynya area

KomrtoneHTs1, Mac. %

N2 11po6bI MecTo aHanmM3a 9% Cymma, mac. % ITpo6HOCTH, %o
Sample No. Location of analysis Components, wt. % Total, wt. % Fineness, %o
Au Ag Cu
LIeHTp / center 95.71 3.83 0.52 100.06 957
91508 (4) LIeHTp / center 95.55 3.85 0.51 99.91 956
Kpaii / rim 94.37 4.14 - 98.51 958
LIeHTp / center 90.73 7.56 - 98.29 923
. . - 7. 1
1508 (3) LIeHTp / center 89.6 8.3 97.90 915
LIeHTDp / center 93.14 9.45 - 102.59 908
Kpaii / rim 99.62 2.74 - 102.36 973
LIeHTp / center 94.02 1.38 0.67 96.07 979
91508 (2) LleHTpv/ ce.nter 99.83 1.99 0.91 102.73 972
Kpait / rim 98.25 1.32 - 99.57 987
Kpaii / rim 99.38 1.56 1.07 102.01 974

Ipumeuarue. TTpouepk — 371eMeHT He OOHAPYKEH.

Note. Dash — the element is not detected.

Ta6smma 5. Xumuueckuii cocTaB 30/10Ta yuacTka bopoBoii

Table 5. Chemical composition of gold from the Borovoy area

KomrioHeHTsI, Mac. %

o o, o)
Moot | oseeromanee | Componemsiwy | Opvonct | Hpsocnie
Au Ag Cu
LIeHTp / center 99.58 - - 99.58 1000
7017k (3) Kkpait / rim 99.6 - 0.86 100.46 991
LIeHTp / center 86.23 12.42 - 98.65 874
7017xK (2) LIeHTp / center 84.36 14.02 - 98.38 857
Kpait / rim 88.29 13.2 - 101.49 870
LIeHTp / center 86.28 15.06 - 101.34 851
7015kk (5) LIeHTp / center 83.48 15.47 - 98.95 844
Kpavi / rim 84.66 12.93 - 97.59 868
LIeHTp / center 100.2 1.54 - 101.74 985
7015kk (1) LIeHTp / center 99.41 1.47 - 100.88 985
Kpavi / rim 97.45 14 - 98.85 986
LIeHTp / center 98.32 1.12 - 99.44 989
7014-01kk Kpaii / rim 95.32 1.68 - 97.00 983
Kpaii / rim 97.23 1.51 - 98.74 985

Ipumeuarue. IIpoyepK — 3JIEMEHT He OOHAPYKEH.

Note. Dash — the element is not detected.
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10 pm

10 pm

Puc. 5. Mopdomnorust 30510ta yuactka BopoBoii: OkaTaHHbIE YaCTUI[bI KOMKOBV/IHOI U CIIOKHOM YIIMHEHHOI dhopM (a, b), Heo-
KaTaHHAs YaCTUIIA YelryituyaToit Gopmsl (¢). CbeMKa B peskriMe BTOPUIHBIX 3IEKTPOHOB

Fig. 5. Morphology of gold from the Borovoy area: rounded particles of lumpy and complex elongated shape (a, b), an unrounded
particle of scaly shape (c)

CTU, BMECTe C 3TUM OTMEeUaroTCs HeoOKaTaHHbIe U — U3-
penKa — CUIbHO OKaTaHHbIe YacTUIIbl. BeposiTHee Bcero,
30JI0TO MIOCTYNAJIO B a/UTIOBUATIbHBIE OTVIOKEHUS U3 KO-
PEHHBIX UCTOYHMKOB, YAAJ€HHbIX Ha pa3HOE PACCTOSIHUE
OT YYaCTKOB IIPOBEIEHHOTO HaMM IIVIXOBOTO OTTPO60Ba-
HMSL.

VHTepeceH cOCTaB 3/IeMeHTOB-TIpMMeceli B 30/10Te,
TTO3BOJISIIONINIA CYIUTh O HEKOTOPBIX OCOOGEHHOCTSIX €TI0
reHesuca [3, 7, 10, 13]. B u3yueHHOM HaMu 30/I0Te B 6OJTb-
HIIMHCTBe cayuaeB pukcupyeTcst muiib Ag. ComepskaHue
€ro 3aMeTHO BapbUpyeT, HO HauboJjiee yacTo BCTpeyaeT-
Cs1 BBICOKOITPOOHOE 30710TO € comiepkanmem Ag no 6—8 mac. %
(puc. 6). Takoe 30/10TO LIMPOKO paCIPOCTPAHEHO U XapaK-
TepHO, B YACTHOCTH, [IJIS1 30JI0TOCY/Ib(MUIHBIX MECTOPO3K-
IeHUiA.

O6paiaer Ha ce6st BHMMaHMe mpucyTcTeue Cu B 30-
JioTe yuacTkoB Xaprec, CepTbiHbsl, BopoBoii. ITpu aTom Cu
OTMeEYaeTCs JIMIIb B 30JI0Te C HU3KUM COAepskaHueM Ag
(pnc. 7). Kak oTmMeuanoch paHee MHOTMMM aBTOPaMu, MeJib-
cozepskaliee 30JI0TO CBSI3aHO IIPeUMYyIeCTBEHHO C ITOPO-
JaMy OCHOBHOTO WMJIM YJIbTPAOCHOBHOIO CcoCTasa [9, 12,
15]. B cBs131 ¢ 9TMM ellle pa3 OTMETUM, YTO B pacCMaTpu-
BaeMOM pajioHe JOCTaTOYHO MIMPOKO Pa3BUTHI AaliKM OC-
HOBHOTO COCTaBa, a B 30He [J1aBHOrO YpaabCKOro pasio-
Ma, B YaCTHOCTH B TIpefie/iaX yuacTKOB IIJTMXOBOTO OIPO-
60BaHMSI, UMEIOTCSI HEGOJTbIIINE TeJIa OCHOBHOTO-Y/IbTPA-
OCHOBHOTO COCTaBa, BEPOSITHO BIAMSBIINE HA COCTaB
PyZI000pa3yIoIMX PACTBOPOB MPU MX (PUIIBTPALIVM I10 Tpe-
LI HaM.
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Puc. 6. PacripefiesieHue MpoOGHOCTHM 30/710Ta YIaCTKOB XapTec,
Ceptbinbs, Otika, JoposkHbIit, BopoBoii (n = 130)

Fig. 6. Distribution of fineness of gold from the Khartes,
Sertynya, Oyka, Dorozhny, and Borovoy areas (n = 130)

BbICOKOIIPOGHDIE KaiiMbl Y YaCTUII 30JI0Ta SIBJISIIOTCS
pe3y/bTaTOM TOTO, UTO B 3K30T€HHBIX YCIOBUSIX MTPOUCXO-
IUT BBIHOC Ag 13 GIM3IIOBEPXHOCTHBIX YUaCTKOB.
OTcyTCTBME MM BecbMa ¢/1a6oe pa3BUTHE BbICOKOIIPOO-
HBIX Ka€M Y M3yUeHHbIX YaCTUI] 30JI0Ta CBUIETETbCTBYET
006 1x BechbMa ¢J1iabom 1mpeo6pa3oBaHmM, OTCYTCTBUM B KO-
pax BbIBETPUBAHMUS U, BEPOSITHO, O T€OJIOTUYECKM OTHO-
CUTeTbHO HeMPOAODKUTENIbHO 9K30TeHHOM UCTOPUN.

30J10TO paccMaTpMUBaeMOro palioHa OXOXe Ha 30710~
TO IPYTUX MPUTOISIPHOYPATIbCKUX POCChITeli, MOpdosio-
rMYeckyie 0COOEHHOCTH M COCTaB MOCTEIHErO OMCAHbI B
psime pa6or [1, 5, 6, 8, 14]. OHO TakKe MOXOKe Ha 30JI0TO
KeiBBOXKCKOTO parioHa CpepgHero TumaHa, XOTS B 3TOM
paiioHe yalie BCTPevaroTCsl YaCTULIBI C XOPOLIO BbIPasKeH-
HBIMM BBICOKOTIPOOHBIMY 3K30T€HHBIMM Kalimamu [4].

[TosyueHHbIe HAMM JaHHbIE IMOATBEPKIAIOT paHee
Y>Ke BbICKa3bIBaBILIMeCS TTPe/ICTaBIeHMsI, COTJIACHO KOTO-
PBIM POCCBHIITHOE 30/10TO [TyiIBMHCKOTO paiioHa CBSI3aHO B
OCHOBHOM C 30HaMM BKPAIJIEHHO ¥ MPOKMUIKOBO-BKpa-
TIIEHHOV Cy/bMUIHO MUHEpaNTU3aIni, CyTbPUIHO-KBap-
LIeBBIMM JXKUJIAMM. DTO MOTYT ObITh HEGOIbILIME PYLOIIPO-
SIBJIEHMUSI, TIO0OHBIE TAKUM M3BECTHBIM B PETMOHE IPOo-
siBieHusiM, Kak Panerita (ToproBckuit paiioH), KapaBaHHoe,
JlarmyaBox, Jle6enyuoe (KoXXMMCKMiA paitoH) v ApyTuMm [5].
st HUX XapakTepHa ciaabast 30JI0TOHOCHOCTD, CYAbGUIbI
MpeACTaB/ieHbl B OCHOBHOM MTUPUTOM, TAJIEHUTOM, XaJIb-
KOIIMPUTOM, ChaIepUTOM.

OnHMM U3 KITI0YEBBIX SIBJISIETCS] BOIIPOC BO3PACTa CyJlb-
bumHO U cynbduaHO-KBapLEeBO MUHEpaIU3alun
[TyiiBMHCKOrO palioHa, KaK U APYTrMX 30JI0TOHOCHBIX payi-
oHOB [Ipumnonspuoro Ypana. MoxkHO JOTYCTUTD UX O3] -
Hepudelicko-BeHACKM (M1 paHHeKeMOPUIiCKIii) BO3-
pacT, YTO COTJIACYeTCSI C MHTEHCUBHBIM TPOSIBJIEHNEM B
3TO BpeMsI MarMaTM4ecKuX MpoIeccoB. BmecTe ¢ TeM 06-
paiaet Ha ce6st BHMMaHMe TOT (aKT, UTO CyabbUIHAST M-
Hepalu3anys KOHTPOIMPYeTCs 30HaMU paccaaHIleBaHus
(K1MBaskOM) CEBEPHOT0 UJIM CEBEPO-BOCTOYHOTO MMPOCTU-
paHus, IPOCIEKUBAIOIIMMMUCS KakK B pudeicKux, Tak 1
OPIOBMKCKUX ITopogax. Ha Hamr B3risia, popMupoBaHme
30JI0TOPYIHOV MUHepanu3alyin, BeposiTHee BCero, Mmpo-
MCXOAWIIO B [TO3[HEIane030liCKO-TPMaCcoBOe BpeMsl. JTOMY
BpPEMEHM OTBEUaeT LIMPOKOE MPOSIBIEHNE TTPOL[ECCOB pe-
IMOHAJIBHOTO MeTaMopdu3Ma 3eeHocIaHIeBoi daunn
Y TUOPOTEPMAIbHBIX MTPOIIECCOB, 0OYCIOBMUBILMX, B 4ACT-
HOCTM, 06pa3oBaHe XPyCTaTeHOCHBIX KBAPIEBbIX KT U
MeTacoOMaTUTOB, YTO TIOATBEPKIAETCsI M30TOITHO-Te0XPOo-
Hosiorn4yeckumMu gaHHeiMu [2]. Cnenyert, oqHaKo, 3aMe-
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Puc. 7. CooTHolieHue comepskanuii Cu u Ag B 30510Te yuacTkoB XapTec, CepTbiHbs, Oiika, [JopoxkHblIit, BopoBoit

Fig. 7. Content ratio of Cu and Ag in gold from the Khartes, Sertynya, Oika, Dorozhny, and Borovoy areas

TUTb, YTO 30JIOTOPYAHbBIE IIPOSIBIIEHMST B OPAOBUKCKIX II0-
pojfiax He OOHAPY)KEHbI, XOTS M3BECTHBI €MHNYHbIE Ha-
XOJIKY 30JI0Ta B XPYCTaJIEHOCHBIX KBAPIIEBBIX SKIJIax. B omm-
rOLIEH-YeTBEPTUYHOE BPEMS 3a CUET SPO3UM KOPEHHBIX
30JIOTOPYIHBIX 0ObEKTOB MPOM30IILIO0 (HOPMUPOBAHNE 30-
JIOTOHOCHBIX POCCBITIEIA.

3aKnr4veHue

30/10TO 13 OITPOGOBAHHBIX A/UTIOBUATBHBIX OTJIOXKE-
Hui1 [Tyl iBMHCKOTO palioHa MpeuMYIeCTBEHHO MeJIKOe,
dbopma vacTul rtacTUHYATAS, YTOJIIEHHO-TIaCTMHYA-
Tast, KOMKOBU/IHAsI, CJIOKHasi. OKaTaHHOCTb YaCTHUIIL CPefi-
HSISI C He3HAUUTETbHOI HoJeli HeOKaTaHHbIX M XOPOIIIO0
OKaTaHHBIX. B cocTaBe 30/10Ta TOYTH BCErIa MPUCYTCTBY-
eT cepebpo, peske oTMeuaeTcst Meb. Menp Hanbosee xa-
paKkTepHa I 30JI0Ta C HU3KMUM COllepsKaHueM cepebpa. B
eIVHUYHBIX CTyYastx B Mpo6ax Hapsimy ¢ 30JI0TOM BCTpe-
YyaeTcst 9JeKTPyM. B Buie MesTbuaiimx MUMHEPaTbHbIX
BK/TIOUEHMIT OTMEUAIOTCST XaJIbKOMMPUT, MyCKOBUT, Typ-
MaJIiH, STIMIO0T, TUTAHUT, STIUIOT, XJIOPUT, APreHTUT. Y OT-
JeJTbHBIX YaCTULL 30JI0TA HAOTIOAAI0TCS Y3K1e BBICOKO-
MPOOHbIe KaiiMbl, 00yCIOBIEHHbIE BHIHOCOM cepebpa B 9K-
30TeHHbIX YCI0BUSIX. [To Mopdoaornuyeckum 0cob6eHHO-
CTSIM, COCTaBY U COJIEPKAHUIO DJIEMEHTOB-IIPUMeceit
30710TO [TyiIBMHCKOTO paiioHa oJ06HO Haubosee mMupo-
KO PacrpoCTpaHEHHOMY B a/UTIOBMAIbHBIX OTIOKEHUSIX
30JI0TY APYTUX paitoHoB [IpunonspHoro Ypana u CpemgHero
Tumana. KopeHHbIe MCTOYHMKY JITIOBMAIBHOTO 30710Ta
TpefCcTaB/ieHbl, BepOSITHEE BCErO, 30HAMM Pa3BUTHS 30-
JIOTOHOCHO¥ BKPaIIeHHOM 1 ITPOXMUITKOBO-BKPAIIeHHO
cynbGUIHON MUHEpaIU3aLuy, 30JI0TOCYIbMUIHO-KBap-
LIEBBIMY KMJIAMU, JIOKQJIM30BAaHHBIMM B TIOPOJIaX Pa3HO-
rO COCTaBa 1 BO3pacTa.

Asmoput 6nazodapHst 3. I1. [[8otiHuKosoli 3a nposede-
HUe MUHepan02uuecko20 aHaluda wiuxos. Hccnedosanus
8binosiHeHsl 8 pamkax ITocydapcmeerHozo 3adarus I OUL]
Komu HL] YpO PAH (TP N° 1021062211108-5-1.5.2).
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Regional carbon isotope curve and biotic events in the Silurian
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We present a new regional event scale based on a generalized analysis of results of determination of event-stratigraphic bound-
aries of biotic events of various levels and §!3C isotope anomalies in studied reference sections of the Subpolar Urals and the Chernov
Uplift.

The combined regional curve of carbon isotopic composition allows finding out several isotopic events in the Silurian.

Keywords: carbon isotope record, event stratigraphy, Silurian, Chernov Uplift, Subpolar Urals.

PernoHajibHasi KpUBasi U30TOIOB YIJIEPOJa Y OMOTUYECKIME COOBITUS
B CMJIype 3anagHoro ckioHa IIpunosnspHoro Ypana v nogusatusa YepHosa

T. M. Be3nocoBa, B. A. MaTBeeB
Nuctutyt reonornm OUI Komu HII YpO PAH, CeIKTBIBKap

B cTaTbe NpUBOAATCA pe3ynbTaThl M3y4eHNs CNeA0B FOBanbHbIX 6MOTUHECKMX M 30TOMHBIX (313C,5n6) COBBITHIA, COXPaHMBLUMXCS
B OMOPHbIX pa3pesax cunypa Ha lNpunonspHoM Ypane v nogHaTMm YepHoBa. AKTyanbHOCTb MPOBOAMMbIX PErMOHaNbHbIX MCCIef0BaHUM
onpeaenseTcs Heo6Xo0AMMOCTbI0 MOHMMAHWUS UCTOPUM pa3BUTUS TumaHo-CeBepoypanbCKOro MOPCKOro naneobacceliHa B cunype
C Lenbio ee PeKOHCTPYKLIMK, @ TaKXKe LN MeXPErMoHanbHOW M rnobanbHoi Koppensuuu. M30TonHas KpuBas COCTaBieHa NyTeM
0606LLeHMS HOBBIX M paHee NOMYYEHHbIX aBTOPCKMX AaHHbIX (6onee 500 aHanM30B) MO M30TOMHOMY COCTABY YrepoAa B KapboHaTax,
BurocTpaTrpadmyecky NpuBA3aHHbIX K COBBITUIAHBIM MHTEPBANAM B M3Y4YeHHbIX Pa3pe3ax U perMoHabHbIM rOpU30oHTaM. MIHTerpMpoBaHHas
pernoHanbHas cobbITMIMHAA LWKaNa OCHOBAHA HA aHanM3e pe3ynbTaToB onpeaeneHns cobbITUiiHO-cTpaTUrpaduyeckux pybexen
pasnuyHoro paHra u C-M30ToNHbIX aHoManui. Chefbl perMoHanbHbIX COObITMI PaCCMOTPEHbI B TECHOM KOHTEKCTEe C OCHOBHbIMU
rno6anbHbIMU U30TOMHbLIMU, IBCTATUYECKUMU U BUOTUYECKUMU COBLITUAMM.

[poBeneHHble UCCIef0BaHMS NMO3BONMUAN NEPECMOTPETb HEKOTOPbIE CIIOXKMBLLUMECS NPELCTaBNEHNUS O CTDOEHUM pa3pesa cuiypa,
NPOBECTU KOPPENsLMIo C O4HOBO3PACTHbIMMU OTIOXKEHUSMU ICTOHUM, B KOTOPbIX YCTAHOB/EHbI COOTHOLLEHUS KAaPHOHATHBIX U CNaHLLEBbIX
NOpPOA, 0XapaKTePU30BAHHbIX rPanToNuTOBOM dayHoM. [lonyyeHHble pe3ynbTaTbl NOCAYXMAN 06OCHOBAHWEM YCTAHOBIEHHbIX aBTOPaMM
nepepbIBOB B OCAAKOHAKOMAEHUM B CPEHEM NNAHA0BEPU (Ha pybexe aspoHUs U Tennyus), Mexay N1NaHA0BEPU U BEHIOKOM U B
nosgHeMm nyano.e. TakKe BHECEHbI CYLLECTBEHHbIE YTOUHEHMS, LOMONHEHUS U U3MEHEHUS B CTPATUTPAdUUECKYH0 U KOPPENSLMOHHYIO
CXeMbl U3yYeHHOW TeppUTOPUMN.

KnioueBble cnoBa: uzomonel y2nepoda, cobeimuliHas cmpamuepagus, cunyp, nooHamue HYepHosa, MpunonspHeili Ypan.

Introduction al and global biospheric events coincide in time. The pro-

This article presents the results of study of traces of
global biotic and isotopic (513C,;,) events preserved in
the reference sections of the Silurian in the Subpolar Urals
and the Chernov Uplift (Fig. 1).

The relevance of the ongoing regional studies is con-
ditioned by the need to understand the history of the de-
velopment of the Timan-Northern Ural marine paleoba-
sin in the Silurian time with the aim of its reconstruction,
as well as for interregional and global correlation.

The isotopic (§13C.,,;,) anomalies and biotic events
established in the Silurian succession suggest that region-

posed composite regional curve of carbon isotopic com-
position of carbonates was compiled by summarizing the
data obtained by the authors from the main of the refer-
ence sections. Carbon isotopic analyzes (more than 500
analyzes) were performed at the Center for Collective Use
«Geonauka» of the Institute of geology FRC Komi SC UB
RAS (1. V. Smoleva)

Each event is confined to the section in which it was
found and to the regional horizon. The proposed region-
al carbon isotope curve will be further refined and supple-
mented as new material is studied.

For citation: Beznosova T. M., Matveev V. A. Regional carbon isotope curve and biotic events in the Silurian of the Western slope of the Subpolar Urals
and Chernov Uplift. Vestnik of Geosciences, 2022, 9(333), pp. 31—36, doi: 10.19110/geov.2022.9.4.

[Ona uutuposanus: besHocosa T. M., MaTeeeB B. A. PernoHanbHas KpuMBas M30TOMOB yrnepoaa U buotuyeckne cobbiTus B CMype 3anafHoro CKnoHa
MpunonsapHoro Ypana v nogHatvs YepHosa // BectHuk reoHayk. 2022.9(333). C. 31—-36.DOI: 10.19110/geov.2022.9.4.

31



a/!l' Beciinak 2eokayk, CEHTAOPb, 2022, Ne 9
60° 66°
0] N
outcrop
68° | the Bezymyanny
= brook

Vorkuta g

&
&
Q
%.
0&9 &
]
.I nta .QQ
& >
N PR c’
" \ 3
& .
N A 0__ 50km

o0y

N ey

Fig. 1. Scheme of the location of the studied sections: a — western slope of the Subpolar Urals: the Kozhym River (outcrops 74,
109, 212, 196, 217, 236); b — outcrop along the Bezymyanny brook (Chernov Uplift)

Puc. 1. Cxema MecCTOpacIionoXKeHMsI M3y4eHHbIX pa3pe30B CUaypa: a — 3amaAHbll CkiaoH [IpunonsipHoro Ypana: p. Koxkbim
(obHaskeHms1 74, 109, 212, 196, 217, 236); b — o6HakeHMe Ha pyd. Be3bIMSIHHDIN (TOmHSITIE YepHOBA)

The presented integrated regional event-stratigraphic
scale of the Silurian and established event intervals in the
studied sections in the Subpolar Urals and the Chernov Uplift
are substantiated by changes in the biota composition, sed-
imentation conditions and data on 513C. The sections with
traces of the most serious events are typical for the unified
Silurian subdivisions of the Western Ural subregion [32]. The
intervals with traces of global events are tied to the horizons
of the regional stratigraphic scale (Fig. 2, 3).

The traces of regional events that we have established
are considered in close context with main global isotope,
eustatic, and biotic events in the Silurian — Late Aeronian/
Sandvika Event, Ireviken Event, Mulde Event, Lau Event,
and Early Pridolian/Klev Event [2, 14, 17].

The event intervals of the sections, established by us,
are characterized by distinct sedimentation features of ba-
sin shallowing accompanied by the disappearance of al-
most all major groups of benthic fauna and the develop-
ment of stromatolite-forming biota, sedimentation gaps,
and 513C anomalies.

The isotope curve for the entire Silurian was compiled
by summarizing new and previously obtained data on the
carbon isotope composition in carbonates, biostratigraph-
ically attached to the intervals of the reference sections
of the Subpolar Urals and the Chernov Uplift [6, 7, 8, 27].

Dating of the considered event intervals in the Silurian
deposits is difficult since these deposits often do not con-
tain common fossil remains of fauna (for example, grap-
tolites). In the sections without graptolites, the event in-
terval is determined by conodonts, brachiopods and data
on carbon isotopes. The results of our studies of Silurian

deposits showed the synchronism of biotic, eustatic and
isotope events traced in the Northern Ural sections.

Regional Event Stratigraphic scale,
isotopic and biotic events in the Silurian

This paper summarizes results of our study of traces
of regional events, which are considered in close context
with main global events of extinction in the Silurian (Fig. 3).
The characteristics of the studied sections, in which event
intervals and an updated stratigraphic scheme of the
Timan-Northern Ural region of the Silurian were identified,
are given in publications [6, 7, 8, 27]. Changes in the Silurian
global carbon cycle were closely related to major crises in
marine ecosystems, as well as to paleoclimatic changes
[12, 23, 30].

The Late Aeronian/Sandvika Event was first de-
scribed in Norway as a major biotic extinction event of
graptolites of the zonal species Lituigraptus convolutus and
Stimulograptus sedgwickii. In sections where graptolites
are absent, this interval is characterized by extinction of
conodonts Pranognathus tenuis (Aldridge) and brachio-
pods of the genus Pentamerus. The chemostratigraphic
data allowed comparing the Sandvik bioevent with the
Late Aeronian isotope Event [8].

Traces of the Late Aeronian/Sandvika Event were es-
tablished in the biostratigraphically well-studied section
of the Lolashor Regional Stage (Aeronian) on the western
slope of the Subpolar Urals. The assumption about the
possible presence of traces of the Sandvika Event at the
base of the Lolashor Regional Stage in outcrop 217 in the
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Fig. 2. Stratigraphic and correlation scheme of the West Ural subregion with clarifications and changes

Puc. 2. Crpaturpaduyeckas 1 KOppesiyoHHas cxeMa 3ara Ho-YPaabCKOTO CYOPermoHa ¢ yTOUHeHUSIMA U M3MeHEeHUSIMMU

Subpolar Urals was first made by S. V. Melnikov because
of finds of conodonts Pranognathus tenuis (Aldridge) [28].
The results of our study of the deposits of the Lolashor
Regional Stage in outcrops 109, 196, and 217 (Fig. 1) showed
that traces of the global Late Aeronian Sandvika Event
contained deposits of not the lower, but the upper part of
the Lolashor stage [8]. In the sections, the event was char-
acterized by extinction of brachiopods of genus Pentamerus
and conodonts Pr. tenuis that emerged from the base of
the Lolashor Regional Stage. Sedimentation signs of shal-
lowing of the sea basin observed in the upper part of the
section of the Lolashor Regional Stage, as well as a posi-
tive 813C, 4, anomaly up to +1.2 %o (Fig. 3), correlated with
the Sandvika biotic Event and the Late Aeronian positive
carbon isotope event. Small values of 513C,;, are proba-
bly due to a sedimentation gap [8].

A gap at the boundary of Aeronian and Telychian is
also present in sections of other regions of the planet.
A significant negative excursion of §13C_,, with a value
of —=7.7 %o in the Ural section marks the boundary of
Aeronian and Telychian [9, 16, 20] (Fig. 3).

Ireviken Event (Early Wenlock). It is known that
the Early Wenlock positive excursion 813C,;, correspond-
ing to the Ireviken Event and the interval directly above
it, is global [19].

The study of the reference section of the Lower Silurian
in the Subpolar Urals in outcrop 212, 217 (Fig. 1) showed
no signs of Early Wenlock positive excursion of 513C,,
and a significant, yet biostratigraphically unconfirmed
gap, which falls on the Llandovery-Wenlock boundary in-
terval [3, 4, 24] (Fig. 2). The obtained results are in good
agreement with the biostratigraphic conclusions about
the structure of the Severnaya Zemlya section, where the
Lower Wenlock deposits are also absent [26].

Mulde Event (Wenlock) is one of the three largest
events in the Silurian [15, 18, 19, 23]. This event is charac-
terized by the extinction of the graptolite and conodont
fauna, as well as by the double positive excursion of $13C,,,
which can be traced in many sections of the world [13, 19, 31].

Traces of the Mulde Event are preserved in outcrop
along the Bezymyannyj brook in the Chernov Uplift in
the basin of the Padimeityvis River (see Fig. 1). The event
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Puc. 3. CytypuiicKue permoHaabHbIe COOBITYS M 0600IIeHHAS M30TOITHAS KPUBAst IJIs1 CUTypa (3aTagHblii CKJIOH [IpUITONSpHOTO
Vpana u nogHsATHe YepHoBa): 1 — o6Hakenust 109, 196, 217; 2 — o6HaxkeHus 212, 217; 3 — oOHaskeHMe 10 Py4ubio Be3bIMSIHHBII;
4 — obHaskeHus 236, 74; 5 — obHakeHMe 236

interval is characterized by bioclastic, microstratified,
clayey limestones with interbeds of unsorted detrital
limestones, biomorphic limestones with ostracods, stro-
matolitic limestones with interbeds of flat pebble con-
glomerates (tempestites?) and signs of wave ripples [4,
27]. The Wenlock age of the event interval is determined
by the brachiopods Spirinella nordensis (Ljash) and the
ostracods Herrmannina insignis Abush [4]. This interval
is characterized by the extinction of the Wenlock bra-
chiopods, ostracods and conodonts. Out of 18 species of
conodonts, 14 species were extinct (P. Mannik’s defini-
tions). The carbonates of the event interval are charac-
terized by a positive excursion of §!3C_,y, from —6.3 to
+1 %o (Fig. 3). This isotopic shift is correlated with the
beginning of time interval of Mulde Event in this section
[27]. The absence of a double positive excursion is prob-
ably due to a sedimentation gap in this interval of the
section (Fig. 2).

Lau Event (Late Ludlow) is characterized by a glob-
al drop in world sea level, the death of Ludlow reef ecosys-
tem, and the global extinction of brachiopods Pentamerida
(Bioevent Pentamerida) [34], and conodonts Polygnathoides
siluricus Branson et Mehl at the end of the Ludlow [2, 10,
11]. This event is associated with one of the largest positive
excursions of 8!3C,y, in the Phanerozoic [19, 22].

Traces of the Lau event were found in the upper Ludlow
section in outcrops 236 and 74 in the Subpolar Urals [5, 6]
(Fig. 1). The event interval in this section begins above the
layers with Polygnathoides siluricus and is characterized by
a distinct sedimentation signs of shallowing — appearance
of oolitic limestones, increase in layers with stromatolites,
with flat pebble conglomerates, with drying cracks and
surfaces of the breaks. The limestones contain brachio-
pods Didymothyris didyma (Dalman), vertebrates Phlebolepis
elegans Pander, small ostracods, gastropods, pelecypods
and crinoid fragments.
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The strengthening of regressive tendencies, wide de-
velopment of stromatolite structures, cessation of Silurian
reef formation, and extinction of the Uralian brachiopods
of the order Pentamerida (outcrop 74) testify to a major
ecosystem rearrangement in the Late Ludlow. The region-
al Late Ludlow event correlates with the global Lau Event.
The biostratigraphically dated §13C_,y, curve in this sec-
tion demonstrates carbon isotopic anomalies with nega-
tive 813C,y, values of —7.4%o (Fig. 3). The absence of a sig-
nificant positive global Ludford excursion of §13C in this
Ural section is associated with a sedimentation gap at the
end of the Ludlow [6]. It is possible that the amplitude of
this gap correlates with the Ozarkodina snajdri and
Ozarkodina crispa zones in the Upper Ludlow conodont
sequence [3, 4]. Gaps in sedimentation at the end of the
Ludlow are known in sections on Gotland Island, in Sweden,
Estonia and Great Britain [30, 31, 34].

Our obtained evidence of the sedimentation gap, as
well as the isotopic and biostratigraphic characteristics of
the event interval [6], do not agree with the previously
published results of studies by other researchers of the
same reference section of the Upper Silurian in the Subpolar
Urals [29].

Early Pridolian/Klev Event was established in the
sections of Gotland Island, Lithuania, Czech Republic and
other sections. The event coincided with the beginning of
the Early Pridolian transgression. The event was preced-
ed by the disappearance of conodonts Ozarkodina crispa
Walliser [25, 35].

Traces of the Early Pridolian Event were found in out-
crop 236 at the base of the Belushya stage in the Subpolar
Urals (Fig. 1). The event interval coincides with the begin-
ning of the transgression and is associated with a major
ecosystem rearrangement [6, 7]. The event interval in this
section is characterized by calcareous dolomites with large
lithoclasts, limestones with interlayers of black carbona-
ceous mudstones and greenish-gray, as well as limestones
with brachiopods, which form distinct marking layers that
can be traced in numerous sections and wells in the Timan-
Pechora oil and gas province [6, 7]. This interval is char-
acterized by a sharp shift of the isotopic curve from neg-
ative values of 813C_,4, of —-3.6%o to positive values of
-0.6%o (Fig. 3).

Conclusion

The presented regional event scale of the Silurian is
based on the results of study of the distribution of carbon
isotopic composition in carbonates of the biostratigraph-
ically well-studied reference sections of the Silurian on
the western slope of the Subpolar Urals and the Chernov
Uplift. The event intervals are characterized by the grad-
ual extinction of fauna (brachiopods, conodonts, ostra-
cods) and development of stromatolite formations. Regional
manifestations of Late Aeronian/Sandvika Event, Ireviken
Event, Mulde Event and Lau Event are associated with
large-scale eustatic regressions. The Early Pridolian/Klev
Event coincided with the transgression at the beginning
of the Pridolian.

Thus, the results of our studies indicate the global
nature of biotic and isotopic events, traces of which are
preserved in the studied sections. The use of event-strati-
graphic correlation levels allows compensating for the
shortcomings of the biostratigraphic method associated

with the ecological control of the distribution of organ-
isms.

It should be noted that the correlation of regional and
global events is preliminary. As additional data becomes
available, the isotope curve will be refined in the course
of further research in this direction.

The studies were carried out in accordance with the
theme N2 1021062311460-9-1.5.3 of the State Assignment
of the IG Federal Research Center of the Komi Scientific
Center of the Ural Branch of the Russian Academy of
Sciences.

Authors express their deep gratitude to I. V. Smoleva, an
engineer at the «Geoscience», Institute of Geology Komi SC
UB RAS for determining the isotope carbon, K. V. Ordin, the
editor of the Institute of Geology of Komi Science Centre, for
translation and anonymous reviewers for valuable comments.
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Kpatkoe coobLieHne nocssLeHo KOMBUMHaTOPHOMY pa3Ho0bpasnto dynnepeHos Cgy—Cy5g, MONYYEHHOMY M OXapaKTePU30BaHHOMY
TOYEYHbIMM FPyNNamMmM CUMMETPUM C NMOMOLLbHD OPUTMHANBHBIX KOMMbIOTEPHbIX arOPUTMOB. YCTaHOBMIEHO, YTO 28 AONYCTUMbIX ANS
(bynnepeHoB TOYEYUHbBIX FPyNn CUMMETPUM peanusytoTcs yxe B ananasoHe Cyo—Cq4o. lpennoxeHbl KpUTepUM BHYTPEHHEW NPOBepKU

pe3ynLTaToB.

KnioueBble cnoBa: gysiiepeH, KOMOUHAMOPHOE pazHoo6pasue, nopsAoK 2pynnsl AsmoMophu3mMos, moyeyHas epynna cumMMmempuul.

Combinatorial diversity of C¢, to C; 5, fullerenes

Yu. L. Voytekhovsky, D. G. Stepenshchikov
Geological Institute of FRC KSC RAS, Apatity

We shortly report on the combinatorial variety of C¢, to Cysq fullerenes, obtained and characterized by symmetry point
groups using original computer algorithms. It is established that all 28 symmetry point groups allowed for fullerenes are
already realized in the range C, to Cy4. The criteria of internal verification of the results are proposed.

Keywords: fullerene, combinatorial diversity, automorphism group order, symmetry point group.

BeepeHue

[Mocie oTKpBITHUSA BY/IEpeHOB KaK CTabMIbHBIX T10-
MUBAPUYECKUX MOJIeKys [11] 6pICTPO BBISICHUIIOCH, UTO
CTaGMIIBHOCTD MM 06€CIeunBalOT IJIaBHBIM 06pa3oM Kpu-
Tepuu I. KpoTo: OTCYTCTBUE B CTPYKTYPE KOHTAKTUPYIO-
UIMX IEHTAarOHOB U BbIcOKas cummeTpus [9, 10]. imeHHO
3TuM hopmMaM MOCBSIIeHa OCHOBHASI Macca CTaTeil 1o
npo6sneme. VckimovyeHne — atiaac [7], B KOTOPOM JaHbI
Bce ¢ymiepeHbl Cyy—Csy 1 HOpPMBI C M30MMPOBAHHBIMU
neHraroHaMu Cgy—Cjo. KpoMe TOro, CTpyKTypbI TOTO Xe
TUTIA TAaBHO HabGII0manuCh B 61onorum (6eIKoBbie Kar-
CUJIBI UKOCAIPUUECKUX BUPYCOB, CKeIeThI PaAVOJISIpUii
¥ MH. 7p.). I B 9TUX 06/1aCTSIX MHTEPECHBI BCe KOMOMHA-
TOPHBIE TUITBI QY/JIEPEHOB. DTO MOGYAMIO aBTOPOB 3a-
HSTBCS UX CUCTeMaTUYeCKUM IepeuncieHneM. B kaTa-
norax [2, 3] naHbl Bce Qynepensl Cyg — Cgq (5770), Cgy
— Cq0 (1236) 6€3 TpoeK KOHTaKTUPYIOIINX IIeHTarOHOB
u Cq5 — Cyoo (1265) ¢ M301MpOBaHHBIMY IIEHTarOHAMMA.
Bce dymiepensl n3o6paxkeHsl B poekimsx [nerens Ha
onHy 13 rpaHeii. 0co06eHHOCTb aBTOPCKOTO MOAX0a — B
xapakTepu3sanumu Bcex Gopm He TOJNbKO MOPSIAKAMU TPYTIT
aBToMOop(duU3MOB (II. I. a.) pedepHoro rpada, HO ¥ Toueu-
HBIMU TPYNIIIaMU CUMMeTpPUH (T. T. C.) COOTBETCTBYIOIIe-
r'O BBINTYKJIOTO MONU3APA, FTAPaHTUPOBAHHOTO TEOPEMOIA
Mauu [12].

Vi3BecTHO, UTO 17151 Qy/yiepeHOB BO3MOXKHBI JTUIIb
28 T.T. C. [6, 14]. B paniazoHe C,y — Cyo aBTOpamm JaH-
HOJi cTaTby paHee 3a(pUKCUPOBAHBI 23 T. I. C. B IIOPSIIKE

renepupoBaus [2, 3]: 35m! — Cyg; 12m2 — Cypy; 6m2 —
Cog; 222, 43m — Cyg; mm2, I0m2 — Csp; 2, 32, 3m — Csy; m,
3m — Csy; 1, 42m, 6/mmm — Csg; 3, mmm, 5m — Cyg; 4, 23
— Cyq3 2/m — Cyg; I — Cy¢; 52 — Cyp. BeTaeT Bompoc o pe-
anM3alusIX OCTABIINXCS 5 T. T. C., KOTOPBIii OB pellieH B
JIAHHOJA CTaTbe.

MeToauKa u pesynbraTthbl

MeTtonuka rnepeuncyieHns KOMOMHATOPHBIX TUIIOB
(yniepeHOB B 11€JI0M CBOIMUTCSI K TIOCTPOEHUIO, CPaBHe-
HUIO U SIMMUHUPOBAHUIO TTOBTOPSIIOIINXCS TTONU3IpUYe-
CKUX rpadoB, y KOTOPBIX Pa3penieHbl TOIbKO 5- ¥ 6-yTOJTb-
HbIe I'PaHU, CXOASIIMeECS M0 3 B KaXA0l BepuinHe [2]. B
OeTansiX aJTOPUTMBI SIBJISSIOTCSI know how aBTOPOB.
Pe3ynbTaThl JaHbI B Ta6I. 1 U JAIOT OTBET HA MTOCTABJIEH-
HbI71 BbIIIe BOTPOC: 6 — Cyy; 3 — Ceg; 622 — Cqq; m3 — Coy;
235 — Cyy49. Takum ob6pasom, Bce 28 T. T. C. peanmn3yoTcst
yxe B guamnasone Cyy — Cyyo. VI3 HUX 6 HeRpucTasiorpa-
buueckux: 52, I0m2, 5m, 12m2, 235, 35m. U3 32 xpucran-
norpaduueckux T.T. C. B py/uiepeHax He peanusytorcst 10:
TeTparoHajabHble — 4, 422, 4/m, 4mm, 4/mmm, rekcaro-
HaJIbHBIE — 6, 6/m, 6mm u Kybuueckue 432, n3m.

1 Tak kak 5Ta T. T. C. HeKpUCTaUIorpapuueckas, MexayHa-
POAHBINA COIO3 KpHCTAIOrpadoB JOMyCKaeT JJs Hee pas3HbIC
0003Ha4YEHUS.

Lnsa umtnposanus: Boitexosckuii 10. /1., CreneHwwkos [1. . Kom6uHaTopHOe pasHoobpasue dynnepeHos Cqy—Cys5o // BecTHuk reoHayk. 2022. 9(333).

C.37-40.D0I:10.19110/geov.2022.9.5.

For citation: Voytekhovsky Yu. L., Stepenshchikov D. G. Combinatorial diversity of Cg, to Cy5q fullerenes. Vestnik of Geosciences, 2022, 9(333), pp. 37—

40, doi: 10.19110/geo0v.2022.9.5.
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Ta6mmua 1. Yncna dymnepeHoB Cgy—Cis5o B pa3pelieHHbIX T. I. C.
Table 1. The numbers of Cg, to Cysq fullerenes in allowed s. p. g.’s

mra.| 1 2 3 4 6 8 10 12 20 [20] 24| 24 24 [24 [ 60 [120]
T'fic' 1 2 | m | 1|3 |mm2|2/m|222|4|32]|3m mmm | 42m| 52 |3m|6m2| 622 | 23 | T0m2|5m|43m| 6/mmm | 122m | m3 | 235 | 35m| Sum
62 | 2135 | 142 | 80 4| 16 4] 1 2 2385
64 | 2990 |316|118 |2 |8 4 | 4|17 4 1 |1 3465
66 | 4134 | 211 | 112 18 2] 1 4478
68 | 5714 | 411 | 122 5021 | 7 |28]2]10 2 | 2 301 1 1 6332
70 | 7634 | 300 | 186 8 | 14 5 2 8149
72 | 10304 | 619 | 190 | 3| 1| 26| 7 | 24 301 5 | 4 1 2 11190
74 | 13557 | 414 | 237 9 | 18 6| 1 3 14246
76 | 18005 | 800 | 246 | 2 | 14| 14 | 11| 45 | 4 5 3 1 1 19151
78 | 23197 | 557 | 312 2 | 35 3 3 24109
80 | 30280 |1146| 371 | 5 15| 28 |16 |39 |1 |12] 2 2| 2 2 |2 1| 31924
82 | 38548 | 742 | 380 15| 28 5 39718
84 | 49590 |1436| 434 | 9| 1|29 | 4 |59 |3 |6 | 1 6 | 9 1] 1 1 2 51592
86 | 62212 | 976 | 505 15| 36 95 3 63761
88 | 79033 |1945| 596 | 10|24 | 43 | 16 | 52 | 1 8 5 | 4 1 81738
90 | 97936 |1266| 655 3| 50 4 1 1 2 99918
92 | 123141 |2412| 646 |12[20] 38 | 13| 80 | 5|19/ 2 4 | 4 513 1 1 1 126409
94 | 150939 |1603| 879 26 | 42 4 153493
96 | 187505 |3200| 972 |20| 4 | 28 | 16 | 70 9 | 2 3 | 3 1] 1 2 3 191839
98 | 227934 |2029| 952 27| 58 13 1 2 231017
100 | 280730 | 3801|1093 | 14|40 | 66 | 28 |114] 9 5 2 | 5|2 2 2|1 285914
102 | 337808 | 2542 | 1228 3 | 67 6| 4 341658
104 | 412339 | 4954 | 1413|2937 | 82 | 23 | 89 | 1 |24 2 7 |7 4|1 1 419013
106 | 492768 |3126| 1541 38 | 48 8 497529
108 | 596532 | 5872|1501 (26| 5 | 65 | 29 |145]|9 | 10| 1 3 |10 213 |1 2 604217
110 | 707441 | 3846 | 1874 42| 90 14| 5 1 4 2 713319
112 | 850295 | 7403|2147 | 41|59 | 54 | 28 |116] 1 8 6 | 2 1 860161
114 | 1001569 | 4684 | 2079 7| 88 91| 5 1008444
116 | 1195728 | 8713|2238 | 44 |49 | 76 | 22 |169| 7 | 34| 2 10 | 12 5 2 1 1207119
118 | 1400184 | 5610 | 2609 54| 84 12 1408553
120 | 1660007 [10787| 2921 | 52| 10 | 139 | 51 |157 |3 |11 5 8 | 8|2 2 1 |41 2 1674171
122 | 1932981 | 6765 | 3008 59| 90 21 1 3 1942929
124 | 2279671 |12436| 3119 |59 | 80 | 63 | 30 |221 |11 10 6 | 12 2 1 2295721
126 | 2638922 | 8067 | 3729 10 | 125 11 1 2650866
128 | 3094318 |15346| 4065 | 83 | 78 | 69 | 42 |178| 1 |38 2 3 | 3 4| 4 3114236
130 | 3566798 | 9491 | 4131 79 | 124 11 1 2 3580637
132 | 4159762 |17505| 4164 | 74 | 13 | 148 | 54 279 [15]20| 4 7 |13 50411 2 4182071
134 | 4771426 |11219] 4818 77 | 134 25 | 10 5 4787715
136 | 5539717 |21034| 5515 |106]108| 154 | 49 | 226 | 4 16 1 |7 1 1 5566949
138 | 6325855 13174 5482 16 | 157 12 2 6344698
140 | 7310743 |24046| 5545 | 98 [100| 163 | 74 | 336 | 22|46 | 7 206 6 3 2 1 7341204
142 | 8316868 |15241| 6668 106 142 8 8339033
144 | 9567654 |28779| 7318 |144| 20 | 122 | 54 [269| 1 | 18] 2 12 | 8 1] 212 1 4 9604411
146 |10842497|17769| 7050 108] 168 31| 2 4 10867631
148 |12428537|32165| 7470 |137|146| 138 | 53 | 387 |15 8 12 | 21 3 12469092
150 |14029812|20597| 8493 24 | 216 16| 7 2 3 4 14059174
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O6cyxaeHune

Vs13BMMOEe MeCTO KOMITbIOTepPHOTO FreHepUPOBaHUS —
HEeBO3MOXXHOCTh BHYTpPEeHHe TIPOBePKU Pe3yIbTaTOB.
[To3TOMY BaskKHbI JIIOOBIE TECTDI, OMMPAIONIVECS Ha TOKa-
3aHHbIE TEOpeMbI. ABTOpaM M3BECTHbBI Ba TAKUX TECTA.

B paborax [5, 8] He3aBMCMMO (M 1O OTKPBITHS dysiie-
peHOB) MoyyeHa popmysia IJIsl UMCIa BEPUIMH BBITYKIIO-
TO MOMM3Pa C MKOCA3APUIECKO T. T. C.: KaK pellleHue CIie-
LMaJIbHOM MaTeMaTH4eCcKoii 3agaunt [8] U B CBSI3U C CUCTe-
MaTMKOJ KarCUI0B MKOCA3IPUIECKUX BUPYCOB [5]. Yncio
Bepumd paBHo 20 T,tme T=h2+ht+t2 h>t=0,1,2...2
Ta6nmuiia uncen T nmpuBeaeHa panee [1, ta6mn. 1]. TIput =0
nt=hmnonyumm T=h2uT=3h2 h=1,2,3...— gBe cepun
(byIIepeHoB ¢ T. T. . 33m (BepXHSsl CTPOKA U AMATOHATb
[1, Ta6m. 1]). [Ipu aTOM BTOpAst MosyyaeTcsl U3 1epBoii Ie-
pexosioM K AyasibHbIM (hopMam 1 o6pe3aHneM Bcex Bep-
muH. [lepseie npencrasuteny cepuii Cqq, Cgo U Cqp TTONTY-
YyeHbl IPU TeHepupoBaHuu paHee. Cienyoniye 3a HUMU
C1g0 1 Cyyo BBIXOIST 32 M3YUEHHBII AyanasoH. Cepus dyi-
JIEpeHOB C T. I. €. 235 momydaetcs mpu h > k > 1. TlepBsie
npeacraBuTenn: Ciyg, Cogo. Pymnepen Cqyg MOMTyYeH Npu
TreHepUPOBAaHUY B 3TOM MccaenoBaHuy, Cyqn BBIXOAUT 3a
M3yUEeHHBIN 11anasoH.

IyanbHblii Iepexop, ¢ o6pe3aHueM BepIlH, yTpan-
BAIOMUINIA UX YMCIIO Y COXPAHSIIOMINIA T. T. C., MOYKHO IIPU-
MeHUTb K Tr060My dymiepeny. OTcioma caemyeT uiesi: Ha-
yaB ¢ guana3oHa Cyy—Cs [2], meperitit K C4y—C50. B kiac-
cax C, BTOpOro nmuamnasoHa (n JO/DKHO JeNUTbCs Ha 2 U 3,
T. €. Ha 6) T. T. C. IEPBOTO JO/IKHBI [IOBTOPUTHCS C HEMEHb-
M 4yncioM (ysiiepeHoB (HOBBIE T. T. €. M GOPMBI BO3-
MOKHBI). I 9TOT KpuTepuii B TabJ. 1 BHIMOTHEH.

ScHo, mouemy 10 u3 32 KpucTautorpapmuIeckux T. T. C.
HECOBMECTUMBI CO CTPYKTypaMu QyJiepeHoB. 3aMeTuM,
YTO OCU CUMMETPUYM MOTYT IIPOH3ATh JII060¥ MOIUIIP
(B HameMm ciayvyae — Qy/uiepeH) JUIIb B IeHTPax rpaHei
(y Hac 5- mim 6-yronbHbIX), cCepeanHax pebep miu Bepiu-
Hax (Y Hac 3-BaJIeHTHBIX). DTO MCKI04aeT s dynnepe-
HOB IIPOCTbIe OCU 4-T0 MOpsiAKa (MMeHHO ITPOCThIe, TOT-
Jla Kak MHBEePCUMOHHBIE 4-T0 MOpsifKa pa3pelleHsl) 1, ciie-
J0BaTe/IbHO, TeTparoHayibHble 4, 422, 4/m, 4mm, 4/mmm
U Kybudeckue 432, m3m. T.T. C.

HeB03MOXXHOCTb reKCaroHaJbHbIX T. T. C. 6, 6/m, 6mm
BBISICHSIETCS MHayve. [IpuBeaem cxemy NOKa3aTe/lbCTBa.
SlcHo, uTO B Qy/IIEpeHax MPOCTbIe OCY 6-TO MOPSIIKA MO-
TYyT IPOXOOUTH IUIIb Yepe3 LIEHTPHI ABYX 6-YyTOIbHBIX I'Pa-
Heli. HauHeM CTpouTh IVIOCKYI0 npoekuuio Llnerens, ro-
CJlefoBaTeIbHO OOK/IAAbIBASI OJHY U3 HUX «ITOSICAMM» U3
IIeCTy (TeHepUPyeMbIX OChI0 6-T'0 TIOPSAIKA) 5- MU 6-YTONb-
HMKOB. Borpoc B ToM, Korzma 6yayT NpuUcoeaMHEeHbI IBa
Tosica 5-yroJbHUKOB (Ha J1060M dysuiepeHe ux 12, T. e.
IBa nosica). [IepBblii MOXKXHO MPUCOEOMHUTD ITOC/IE YETHO-
ro (Tui 1) ¥ He4eTHOTO (TUM 2) YMCIa N TOSICOB 6-yTOJIb-
HMKOB. Te 5ke BO3MOKHOCTM JJ151 BTOPOTO Mosica JaloT ye-
ThIpe noxTuma: 14, 1,, 2, u 2,. IlocTpoeHuem nposepsier-
cs1, uTo B roaTumax 1; (n = 0 Ha nmepsom mare, 0, 2, 4... Ha
BTOpOM) 1 2¢ (n = 1 Ha nepBoMm 1are, 0, 2, 4... Ha BTOPOM)
HO/Ty4aroTCs QyJIepeHsl C T. T. €. 1 2m2 u (n = 2 Ha IepBOM
mare, 0, 2, 4... Ha BTOpoM) 622, B moaTHUIe 19 — C T. T. C.
6/mmm (n = 0 Ha mepBoM Irare, n = 1, 3, 5... Ha BTOPOM).

23neck h ¥ t COOTBETCTBYIOT KOOp/AMHATAM KOHIIA pedpa
TPEYTOJIbHOM TpaHU HKOCadApa Ha TEKCAarOHAIbHOM CETKe C
yriiom 60°. JIpyroii koner pedbpa — B Hauase koopauHar [1].

Hpyrue T. I. C. HeBO3MOXXHBI. TUII 29 He IPUBOAUT K 3aMbl-
KaHMio npoekiun Llnerens.

3ak/vyeHue

[TonHblii TepeueHb QymaepeHoB auanasoHa Cqyp—Cys,
0XapaKTepU30BaHHBIX T. I. C. U TOCTYITHBIX B MPOEKIINSIX
[lInerenst Ha OOHY U3 TpaHeli, MMeeT MPUKIagHOe 3HaYe-
HJe B MOJIeKYJISIDHOM U MHKeHepHOM Ju3aliHe (He CTy-
YaliHO OHM HOCAT uMs apxutekropa P. b. ®ymiepa), npu
KJIaccu@uUKAIMM KarcuaoB MKOCA3IPUUECKUX BUPYCOB,
CKeJIeTOB PafMosIpuii U IPYTMX MYHEPAIbHBIX 1 Opra-
HUYEeCKMX MUKPOCTPYKTYP. OH BakeH NPU aHaA/IM3e aK-
TUBHO M3y4aeMbIX TpaHchopmatiuii dpymieperos (G- C —
Tonn6epra — Kokcerepa, S — W — CroyHa — Yonseca [13],
S -V — aBTOpOB 3TOI1 cTaThy [4], C BHELPEHVEM U U3DbSI-
tueM C, ¥ Ip.) B [IOTIBITKE CBSI3aTh UX B €IMHOEe MHOT000-
pasue.

Asmopul 61az00apam peyeH3eHmos 3a K8aaupuyupo-
8aHHble 3aMeuaHus, chocobcmaosasuiue 6onee CMpozomy
U3JI0HCEHUI0 Pe3yNbmamos.
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