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Abstract. Modern analytical methods (optical and electron microscopy, X-ray microanalysis) were used to study the
unique samples of sulfide ores from the Norilsk ore field from the Mining Museum collections of Saint Petersburg
Mining University. Samples containing rare minerals of silver and platinum-group metals (sobolevskite, urvantsevite,
sperrylite, argentopentlandite, froodite, kotulskite, and others) were studied. The chemical composition, grain sizes,
aggregates, and mineral associations of more than ten noble metal minerals have been refined. The efficiency of com-
bining various methods of electron microscopy and X-ray microanalysis for studying samples of this type is shown.
The results of the work made it possible to obtain high-quality images of rare minerals, to detail information on museum
objects, and to compile their scientific description. The conducted research showed the relevance of studying museum
objects from known deposits of complex genesis and mineral composition in order to find and describe the samples
with rare minerals.
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Introduction. The Norilsk ore field is known as a unique geological and mining object, also as
the largest palladium deposit worldwide. A number of monographs and many articles are devoted to
both the geology of this region [ 1] and the mineralogy of various types of its ores [2, 3]. Noble metal
mineralization is concentrated in sulfide copper-nickel ores. The main ore minerals in these ores are
pyrrhotite, chalcopyrite, pentlandite, cubanite, talnakhite, mooihoekite, magnetite, as well as other
sulfide minerals — bornite, chalcocite, covellite, heazlewoodite, millerite, and godlevskite [4]. Along
with palladium, Norilsk ores are rich in platinum, gold, and silver, the Ag : Au : Pd : Pt content ratio
is estimated as 20-40 : 1 : 20-50 : 5-15 [5]. Most of the noble metals in the Norilsk sulfide ores have
their minerals, a smaller part is dispersed in sulfides (Pd and Ag in pentlandite, etc.) [5, 6].

Norilsk ores containing noble metals are widely represented in the collections of the Mining
Museum, in particular, in the mineralogical collection, which currently includes more than 51,000 ex-
hibits, reflecting the diversity of natural forms of 2222 mineral species. The vast majority of these
specimens came to the Mining Museum quite a long time ago (in the second half of the 20th century)
and require modern research for critical analysis and refinement of descriptions. At the same time,
unique museum specimens cannot be destroyed or damaged in any way, which imposes significant
restrictions on the choice of analytical methods. The solution to this problem could be the use of
various electron microscopy and microanalysis techniques. With the implementation of high-preci-
sion methods of composite contrast and local microanalysis of minerals, it became possible to study
ore aggregates of complex structure and genesis [7, 8]. The technique of using different modes of
image contrast and X-ray microanalysis makes it possible to obtain express information on the com-
position, aggregates varieties, and heterogeneity of minerals [9]. Four sulfide ore samples (polished
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sections) from the Oktyabrsky and Talnakh deposits of the Norilsk ore district, which were transferred
to the Mining Museum in 1976-1983, were selected for detailed study (see Table). They represent the
following rare minerals in the Systematic Mineralogy collection of the Mining Museum: urvantsevite
(MGS 1176/1), thalfenisite (MGS 1128/1), and putoranite (MGS 1289/1), and sobolevskite (MGS
1357/1).

Information about museum objects (polished sections) of sulfide ores of the Norilsk ore region*

Inventory number D?(Eeﬂ?‘: f::z‘i:isri?n Donator Georeference
MGS 1176/1 15.01.1976 N.S.Rudashevsky Talnakh deposit, Mayak mine
MGS 1128/1 31.07.1980 N.S.Rudashevsky Oktyabrskoye deposit,
sahlbands of chalcopyrite veins
MGS 1289/1 28.10.1982 L.I.LEmelina Oktyabrskoye deposit
MGS 1357/1 05.04.1983 L.I.LEmelina Oktyabrskoye deposit

*The data are given from the Mineralogy Department's primary registration book.

Methodology. Since the samples are museum items and their destruction is highly undesirable,
research methods were limited by optical and scanning electron microscopy and X-ray microanalysis
on the existing polished surfaces of polished sections. The studies were carried out at the Saint Pe-
tersburg Mining University at the Department of Mineralogy, Crystallography, and Petrography (op-
tical microscopy) with the involvement of the laboratory facilities of the Common Use Center (elec-
tron microscopy and microanalysis).

Previously, all the polished sections were studied in detail in reflected light (Leica DM 2700
optical microscope). The study showed that the ores are composed mainly of pyrrhotite, chalcopyrite,
cubanite, pentlandite, galena, sphalerite, and magnetite, along with which there are a large number of
grains of minerals previously classified as noble metal-bearing. Many of these minerals cannot be
determined under an optical microscope due to their small size (tens to first hundreds of micrometers),
complex intergrowths, and poor contrast of optical properties. Sections of polished sections with such
minerals were selected for detailed study under an electron microscope.

Since the samples under study are non-conductive, polished sections were deposited with a thin
carbon layer (no more than 15 nm). The carbon coating was carried out using a JEE-420 Vacuum
Evaporator (Jeol, Japan). The previous experience has shown that such carbon film does not distort
the morphological features of the sample and is safe for the preservation of exhibits when examined
on scanning electron microscopes.

The samples were studied by scanning electron microscopy and X-ray microanalysis using two
microscopes (Jeol, Japan) with different sources of electron emission: a tungsten cathode (JSM-
6460LV) and a LaBs cathode (JIB-4500) with OXFORD semiconductor detectors.

Relevant is the use of SEM JSM-6460LV, which has several advantages: a five-axis motorized
samples stage; semiconductor detector from B to U, operating at low currents of the electron beam;
low vacuum mode, which allows studying dielectric or poorly deposited areas of the sample (mi-
crocracks and pores); the presence of high-contrast modes SEI, COMPO, TOPO, Shadow, providing
an express analysis of the morphology and heterogeneity of minerals in complex aggregates; simul-
taneous areal mapping and linear scanning in x-rays for any set of elements.

The JIB-4500 MultiBeam provides, in addition to these characteristics, higher resolution, since
a LaBg cathode is used, and a larger analytical working distance (18 mm) gives a more complete view
of'the sample. The use of an ion gun (Ga) makes it possible to correct the surface quality by removing
a thin layer of the oxidation film (10-15 nm).

The study of the chemical features in the range of elements from C to U of the samples at an
analytical point (3 wm) was carried out using an EDS spectrometer. Using the OXFORD software
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package for analyzing the X-ray spectrum, resolving complex X-ray line superpositions, and intro-
ducing corrections in quantitative calculations, the optimal conditions for measuring samples and
calculating their composition were selected.

Depending on the size of mineral phases, the accelerating voltage varied from 10 to 25 kV, and
the current on the sample ranged from 107! to 10® A. The best image resolution was achieved by
changing the specified parameters and using the LaB¢ cathode (in addition to the W cathode). The
working distance was standard (10 mm for JSM-6460 and 18 mm for JIB-4500) to obtain correct
X-ray microanalysis results.

Discussion. As a result of the study, more than ten noble metal-bearing minerals were identified
in the studied samples:

* palladium minerals — urvantsevite, sobolevskite, froodite, kotulskite, paolovite, sopcheite,
and cabriite;

* platinum minerals — sperrylite, moncheite;

* silver minerals — native silver, hessite, argentopentlandite, sopcheite.

The distribution of noble metal minerals in the ore is extremely uneven; their complex inter-
growths with each other and with the main sulfide minerals (primarily galena, pentlandite, and chal-
copyrite) are typical. Most of the minerals were not recorded in the current museum description as
individual items. At the same time, thalfenisite was not detected in MGS 1128/1 sample. Brief infor-
mation on each of the mineral species detected and a description of its aggregates in the samples
studied is given. The stoichiometric formulas of the minerals are given according to [10], and the
mineral abbreviations in the images are according to [11].

Native silver Ag, Au. The most common silver mineral in all studied samples. It is represented
by grains of irregular shape, often elongated, ranging in size from 30-50 to 150 um. As a rule, it is
located in galena or intergrowths with it; in association with galena and sphalerite in chalcopyrite, as
well as in complex intergrowths with hessite (Fig.1), moncheite, and kotulskite.

Significant variations of Ag and Au contents in the composition of native silver were observed
between the studied samples: Ag 52.95-100.00 wt.%, Au 0-47.05 wt.%. Pure silver (close to
100 wt.% of Ag) was found in intergrowths with galena and in galena-sphalerite veinlets in pentland-
ite ore (MGS 1357/1 sample). In association with palladium bismuthides (sobolevskite, urvantsevite,
and froodite in the MGS 1176/1 sample), the Ag content decreases to 78-88 wt.%, while Au, respec-
tively, increases to 12-22 wt.%. Hessite veins in galena from sample MGS 1128/1 contain
53-57 wt.% Ag and 43-47 wt.% Au (composition variations are visible in brightness variations in
high-contrast BSE images, e.g., Fig.1). In the latter case,
in reflected light, the mineral acquires a distinct golden
color; nevertheless, according to the existing ideas [12],
all the analyzed solid solutions belong to native silver.

Hessite Ag>Te. One of the common silver tellurides
[12]. Occurs in chalcopyrite ore, associates with galena,
forming scattered inclusions 10-15 pm in size. It is repre-
sented by grains of a rounded or elongated (oval) shape
with a size of 30-50 um. In addition to galena, it associ-
ates with native silver (Fig.1), moncheite, and kotulskite.
The chemical composition of hessite, wt.%: Ag 61.46-
64.52, Te 35.48-38.54, no impurities were found.

Argentopentlandite AgFesSs. It was first identified
as a separate mineral species in the ores of the Norilsk
region in 1977 [13] and was also described in the depos-
its of the USSR, Finland [14], Canada [15], the Czech Fig.1. A vein of native silver (Ag)

: : : _ : with hessite (Hes) in galena (Gn).
Republic [16] and other countries as silver-enriched Jmage in COMPO mode
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pentlandite or a distinct mineral species. Argentopentland-
ite is represented by lamellar grains and their aggregates
100-150 pum in size in chalcopyrite ore near galena grains,
as well as irregularly shaped grains 20-30 um in size in
pentlandite (Fig.2).

Chemical compositions of argentopentlandite, wt.%:
Ag 12.14-15.42, Fe 28.72-39.01, S 32.81-37.21, Ni 15.66-
18.66, Cu (was found in single grain) — 0.71.

Palladium bismuthides. Palladium bismuthides are
represented by several mineral species: sobolevskite,
froodite, urvantsevite, and, possibly, polarite. Often, they
form complex mutual intergrowths, enclosed in galena. To
accurately distinguish palladium bismuthides from each
other, a comparison of optical and electron microscopy data

is required.
Fig.2. Argentopentlandite in chalcopyrite . . s e .
(Chp)-galena (Gn) ore with pyrrhotite (Pyr) Froodite PdBp (monocllnlc). It was first described at
and paolovite (PIv). the Sudbury deposit in Canada [17, 18] and subsequently
Image in COMPO mode found at similar deposits in Russia [4], Germany [19],

South Africa, the USA, and other countries. In the studied
samples, it occurs in intergrowths with urvantsevite, sobolevskite, and native silver enclosed within
galena. In these intergrowths, it forms the central part (Fig.3) up to 300 x 500 um in size. The chem-
ical composition of froodite, wt.%: Pd 24.26-25.57, Bi 74.43-75.74.

Urvantsevite PdBi; (tetragonal). It is much less widespread in the world than froodite and sob-
olevskite. First described in the ores of the Talnakh deposit in 1976 [20], later found in Karelia and
Irkutsk regions [21].

In the studied samples, it forms intergrowths with froodite, sobolevskite, and native silver within
galena. The grain size of urvantsevite is 50-100 um. Chemical composition, wt.%: Pd 24.30-24.36,
Bi161.27-61.85, Pb 13.85-14.37. In terms of chemical composition, urvantsevite differs from froodite
by a noticeable impurity of lead, but, despite this, differs poorly from it in compositional contrast
imaging. On the contrary, in reflected light under an optical microscope, it is quite well distinguished
from froodite by its darker color and noticeable double reflection.

Sobolevskite PdBi (hexagonal). It was first identified as a specific mineral species in the Norilsk
ores in 1975 [22]. Subsequently, the mineral was discovered in deposits and occurrences of the North-
ern Baikal region [23], Karelia [24], the Kola Peninsula [25], as well as in Canada [26], Greece [27],
and a number of other countries (over 30 founds worldwide).

Fig.3. A typical intergrowth of palladium bismuthides in chalcopyrite-galena-pentlandite ore.
Left — reflected light, right - COMPO mode
Ag — native silver, Urv — uravantsevite, Fro — froodite, Sov — sobolevskite, Chp — chalcopyrite,
Pln — pentlandite, Gn — galena. Image width 1 mm
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100 pm 20
Fig.4. Sobolevskite (Sov) grain with sperrylite Fig.5. Intergrowths of kotulskite (Ktu),
(Spt) inclusions and a rim of altaite (Alt) moncheite (Mnti), hessite (Hes), and native silver
and, presumably, polarite (Plr). (Ag) in chalcopyrite-galena ore.
Image in COMPO mode Image in COMPO mode

The studied samples contain sobolevskite grains of various shapes and sizes. In sample 1176/1,
sobolevskite was found in the above-described intergrowths with froodite and urvantsevite, where it
is confined to the boundaries with galena. The size of sobolevskite aggregates is 50-100 pm. In con-
trast to urvantsevite, sobolevskite differs little from froodite in reflected light but contrasts with it in
BSE images due to the lower average atomic number.

In sample 1357/1, a small (30 pm) Sobolevskite grain with sperrylite inclusions in the central
part was found at the magnetite-cubanite boundary (Fig.4). The shape of the grain is close to oval
with uneven edges. The grain is surrounded by a thin (3-5 pm) rim consisting of altaite (PbTe) and,
presumably, taimyrite and polarite.

The chemical composition of sobolevskite, wt.%: Pd 35.89-40.31, B1 59.69-61.66; in grain from
sample 1357/1, an impurity of Te is noted at the level of 3.76 wt.%.

Polarite PdBi (orthorhombic). It was first described in the ores of the Oktyabrskoye deposit in
Norilsk in 1969 [28], by now it is known in about ten deposits and occurrences all over the world. It
is noted in the marginal parts of the sobolevskite grain described above, in the form of a rim up to
5 um thick. Because of the small thickness of the rim, accurate diagnosis by chemical composition is
difficult. In composition, polarite differs from sobolevskite in a noticeable lead impurity level.

The chemical composition of the polarite, wt.%: Pd 35.80, Bi 49.28, Pb 14.92, Pd 36.55,
Bi44.59, Pb 18.87; Pd 36.49, Bi 56.48.

Sperrylite PTAs;. One of the most common platinum minerals. It is found in the central part of
the described sobolevskite grain as two euhedral (close to octahedral?) grains about 3-5 pm each (Fig.4).

Chemical compositions of sperrylite grains, wt.%: Pt 57.60, As 42.40 and Pt 56.36, As 42.55,
Fe 1.09.

Moncheite PtTe; and kotulskite PdTe. Both minerals were first described in the ores of the
Monchegorsk deposit in 1963 [29]. Subsequently, they were found in many platinum-metal deposits
and occurrences in Russia, Brazil [30, 31], Canada [18, 32], Japan [33], and India [34].

In the studied samples, both minerals show irregularly shaped isometric grains 10-20 pm in size
in intergrowths with hessite and native silver, and moncheite occasionally forming overgrowth rims
on kotulskite grains (Fig.5). Kotulskite is also found in association with galena, paolovite, and sop-
cheite (Fig.6).

The chemical composition of moncheite, wt.%: Pt 42.54, Te 42.61, Bi 14.85 and Pt 42.50,
Te 50.58, Bi1 6.91. The chemical composition of kotulskite, wt.%: Pd 37.70-43.58, Te 27.53-29.70,
Bi125.37-30.81, Pt was noted in one grain — 7.23 wt.%.
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Paolovit Pd,Sn. It was first described in the ores of the
Oktyabrskoe deposit in Norilsk in 1974 [35]. Currently found
in a number of deposits in Russia, Canada, South Africa, and
some other countries. It is found in chalcopyrite-galena ore,
where it associates with hessite, sopcheite, pyrrhotite, and ar-
gentopentlandite, forming polymineral intergrowths and in-
dividual grains (see Fig.2, 6). The sizes of aggregates are
from 5 to 30 pm.

The chemical composition of paolovite, wt.%: Pd 66.72-
67.95, Sn 29.61-33.28; in one grain, an admixture of Pt was
noted —2.44 wt.%.

Sopcheite Ag4sPdsTes. Discovered in copper-nickel ores
ofthe Monchegorsk deposit in 1982 [36]. To date, it is known
in several deposits in Russia [25, 37], South Africa [38], Tan-

Fig.6. Intergrowth of sopcheite (Sop), paolovite

(Plv), kotulskite (Ktu), and galena (Gn) zania [39], and some other countries. It has associations with
in chalcopyrite (Chp). paolovite, kotulskite, and hessite in galena-chalcopyrite ore
Image in COMPO mode. . . . . e
Tmage width 50 pm (Fig.6). The grains are isometric and vary within 10-40 um
in size.

The chemical composition of sopcheite, wt.%:
Ag 27.96-34.12, Pd 31.81-38.87, Te 27.22-31.92, Sn was
noted in two grains — 5.27 and 6.85 wt.% (possibly due to
the presence of paolovite nearby).

Cabriite Pd2SnCu. It was first described in the ores of
the Norilsk region in 1983 [40], later found in several depos-
its in Russia, Canada, the USA, and South Africa [21, 41]. In
the studied samples, it was found in a single grain of irregular
shape 250-300 pm in size (Fig.7), intergrown with high-

P grade native silver, galena, and bastnésite-Ce in chalcopyrite.
The chemical composition of cabriite, wt.%: Pd 52.20,

Fig.7. An intergrowth of cabriite (Cbr) Sn29.17, Cu 13.92, Pt 4.71.

WltharglzlT)zztglg;)t;f‘cazv(%:;}_vcez)(Ag)’ Conclusions. The data obtained have both fundamental

Image in COMPO mode and applied significance. The collections of the Mining Mu-

seum currently lack samples with rare minerals of the follow-

ing mineral species: taimyrite, paolovite, sopcheite, froodite, sperrylite, and cabriite. These minerals

are not singled out in the Systematic Mineralogy collection as independent units; they are an integral

part of complex polymineral formations, being present in grains of small size. Many of the above

minerals (palladium bismuthides, palladium and platinum tellurides, gold-silver intermetallics), being

close to each other in chemical composition and/or optical properties, are not always detectable in

routine studies with an optical or electron microscope. Various approaches have been proposed to

study such objects [42]. A detailed study of complex ore aggregates using high-precision composite

contrast and local microanalysis methods allows us to solve this problem and expand our knowledge

of the mineral composition of both already known [43, 44] and newly discovered noble metal deposits
[45, 46].

As a result of the study, qualitative images of rare minerals were obtained, allowing us to detail
information on the museum objects and compile their scientific description. This will make it possible
to use these polished sections with rare minerals and other items from the collections of the Mining
Museum as educational and practical material to improve the quality of education for university stu-
dents. The results of the study can be used to improve methods for extracting precious metals from
copper-nickel ores [47, 48], including using the latest beneficiation technologies [49, 50].

20 kV x300 100

498
This is an open access article under the CC BY 4.0 license



DOI: 10.31897/PMI.2022.42 Journal of Mining Institute. 2022. Vol. 255. P. 493-500 migzgm
© Dmitry A. Petrov, Svetlana O. Ryzhkova, lrina M. Gembitskaya, 2022 %

REFERENCES

1. Geology of the Norilsk metallogenic province: to the 65th anniversary of Norilsk Geology. PAO “GMK “Noril'skiy nikel”.
Moscow: MAKS Press, 2020, p. 524 (in Russian).

2. Spiridonov E.M. Overview of gold mineralogy in leading types of Au mineralization. Zoloto Kol'skogo poluostrova i sopre-
del'nykh regionov: Trudy Vserossiyskoy (s mezhdunarodnym uchastiem) nauchnoy konferentsii, posvyashchennoy 80-letiyu Kol'-
skogo NTs RAN, 26-29 sentyabrya 2010. Apatity: Izd-vo K & M, 2010, p. 143-171 (in Russian).

3. Barkov A.Y., Nikulin LI, Nikiforov A.A. et al. Atypical Mineralization Involving Pd-Pt, Au-Ag, REE, Y, Zr, Th, U,
and CI-F in the Oktyabrsky Deposit, Norilsk Complex, Russia. Minerals. 2021. Vol. 11. Iss. 11. N 1193. DOI: 10.3390/min11111193

4. Spiridonov E.M., Kulagov E.A., Serova A.A. et al. Genetic Pd, Pt, Au, Ag, and Rh mineralogy in Norilsk sulfide ores. Geology
of Ore Deposits. 2015. Vol. 57. Iss. 5, p. 402-432. DOI: 10.1134/S1075701515050062

5. Godlevskiy M.N. Razin L.V., Konkina O.M. Gold content of differentiated intrusions of the Norilsk type. Trudy TsNIGRI.
1970. Iss. 87, p. 42-57 (in Russian).

6. Sluzhenikin S.F., Mokhov A.V. Gold and silver in PGE-Cu-Ni and PGE ores of the Norilsk deposits, Russia. Mineralium
Deposita. 2015. Vol. 50, p. 465-492. DOI: 10.1007/s00126-014-0543-2

7. Alekseev V.I., Marin Y.B. Structural and Chemical Heterogeneity of Natural Crystals and Microgeochemical Line of Research
in Ontogeny of Minerals. Geology of Ore Deposits. 2012. Vol. 54. N §, p. 589-601. DOI: 10.1134/S1075701512080028

8. Marin Yu.B. Mineralogical Studies and the Use of Mineralogical Information when Solving Problems of Petro- And Ore-
Genesis. Zapiski RMO. 2020. Vol. 149. N 4, p. 1-15 (in Russian). DOI: 10.31857/S086960552004004

9. Gembitskaya .M., Gvozdetskaya M.V. Transformation of grains of technological raw materials in the process of obtaining
fine powders. Journal of Mining Institute. 2021. Vol. 249, p. 401-407. DOI: 10.31897/PM1.2021.3.9

10. Krivovichev V.G. Mineral species. Saint Petersburg: Izd-vo Sankt-Peterburgskogo gosudarstvennogo universiteta, 2021, p. 600
(in Russian).

11. Warr LN. IMA-CNMNC approved mineral symbols. Mineralogical Magazine. 2021. Vol. 85. Iss. 3, p.291-320.
DOI: 10.1180/mgm.2021.43

12. Palyanova G.A. Gold and Silver Minerals in Sulfide Ore. Geology of Ore Deposits. 2020. Vol. 62. N 5, p. 383-406.
DOI: 10.1134/S1075701520050050

13. Rudashevskiy N.S., Mitenkov G.A., Karpenkov A.M., Shishkin N.I. Silver—bearing pentlandite Ag(Fe, Ni)s S s is an inde-
pendent mineral species — argentopentlandite. Zapiski Vsesoyuznogo mineralogicheskogo obshchestva. 1977. N 6, p. 688-691 (in Rus-
sian).

14. Kalinin A.A. Tellurium and Selenium Mineralogy of Gold Deposits in Northern Fennoscandia. Minerals. 2021. Vol. 11.
Iss. 6, p. 574. DOIL: 10.3390/min11060574

15. Barkov A.Y., Laflamme J.H.G., Cabri L.J., Martin R.F. Platinum-group minerals from the Wellgreen Cu-Ni-PGE deposit,
Yukon, Canada. Canadian Mineralogist. 2002. Vol. 40. N 2, p. 651-669. DOI: 10.2113/gscanmin.40.2.651

16. Sejkora J., Litochleb J., Novak M. et al. Nickel-(Bi, Ag) sulphide mineralization from NYF Vepice pegmatite, Milevsko
pluton, southern Bohemia (Czech Republic)-a reflection of the parental granite chemistry. Journal of Geosciences. 2020. Vol. 65.
Iss. 3, p. 187-199. DOI: 10.3190/jgeosci.310

17. Hawley J.E., Berry L.G. Michenerite and froodite, palladium bismuth minerals. The Canadian Mineralogist. 1958. Vol. 6.
N 2, p. 200-209.

18. Good D.J., Cabri L.J., Ames D.E. PGM facies variations for Cu-PGE deposits in the Coldwell Alkaline Complex, Ontario,
Canada. Ore Geology Reviews. 2017. Vol. 90, p. 748-771. DOI: 10.1016/j.oregeorev.2017.04.028

19. Sandmann D., Gutzmer J. Nature and distribution of PGE mineralisation in gabbroic rocks of the Lusatian Block, Saxony, Ger-
many. Zeitschrift der Deutschen Gesellschaft fiir Geowissenschafien. 2015. Vol. 166. Iss. 1, p. 35-53. DOI: 10.1127/1860-1804/2014/0083

20. Rudashevskiy N.S., Makarov V.N., Medvedeva E.M. et al. Urvantsevite, Pd(Bi,Pb)2, is a new mineral in the Pd-Bi-Pb system.
Zapiski Vsesoyuznogo mineralogicheskogo obshchestva. 1976. N 6, p. 704-709 (in Russian).

21. Shvedov G.I, Barkov A.Y. Primary and alteration assemblages of platinum-group minerals from the Ognit complex,
Irkutskaya oblast, Eastern Sayans, Russia. Neues Jahrbuch fiir Mineralogie-Abhandlungen: Journal of Mineralogy and Geochemistry.
2017. Vol. 194. N 1, p. 35-48. DOIL: 10.1127/njma/2016/0038

22. Evstigneeva T.L., Genkin A.D., Kovalenker V.A. New palladium bismuthide - sobolevskite - and the nomenclature of min-
erals of the PdBi-PdTe-PdSb system. Zapiski Vsesoyuznogo mineralogicheskogo obshchestva. 1975. N 5, p. 568-579 (in Russian).

23. Kislov E.V., Khudyakova L.I. Yoko-Dovyren Layered Massif: Composition, Mineralization, Overburden and Dump Rock
Utilization. Minerals. 2020. Vol. 10. Iss. 8. N 682. DOI: 10.3390/min10080682

24. Lavrov O.B., Kuleshevich L.V. Platinoids in the Kaalamo Differentiated Massif in the Northern Ladoga Region, Karelia,
Russia. Geology of Ore Deposits. 2017. Vol. 59. Iss. 7, p. 632-641. DOI: 10.1134/S1075701517070066

25. Groshev N.Y., Rundkvist T.V., Karykowski B.T. et al. Low-Sulfide Platinum-Palladium Deposits of the Paleoproterozoic
Fedorova — Pana Layered Complex, Kola Region, Russia. Minerals. 2019. Vol. 9. Iss. 12. N 764. DOI: 10.3390/min9120764

26. Campos-Alvarez N.O., Samson .M., Fryer B.J. The roles of magmatic and hydrothermal processes in PGE mineralization,
Ferguson Lake deposit, Nunavut, Canada. Mineralium Deposita. 2012. Vol. 47. Iss. 4, p. 441-465. DOI: 10.1007/s00126-011-0385-0

27. McFall K.A., Naden J., Roberts S. Platinum-group minerals in the Skouries Cu-Au (Pd, Pt, Te) porphyry deposit. Ore Geol-
ogy Reviews. 2018. Vol. 99, p. 344-364. DOI: 10.1016/j.oregeorev.2018.06.014

28. Genkin A.D., Evstigneeva T.L., Troneva N.V., Vyal'sov L.N. Polarite, Pd(Pb, Bi) — a new mineral from copper-nickel sulfide
ores. Zapiski Vsesoyuznogo mineralogicheskogo obshchestva. 1969. N 6, p. 704-709 (in Russian).

29. Genkin A.D., Zhuravlev N.N., Smirnova E.M. Moncheite and kotulskite — new minerals and composition of michenerite.
Zapiski Vsesoyuznogo mineralogicheskogo obshchestva. 1963. N 1, p. 33-50 (in Russian).

30. Garuti G., Zaccarini F., Proenza J.A. et al. Platinum-group minerals in chromitites of the Niquelandia layered intrusion
(Central Goias, Brazil): Their magmatic origin and low-temperature reworking during serpentinization and lateritic weathering.
Minerals. 2012. Vol. 2. Iss. 4, p. 365-384. DOI: 10.3390/min2040365

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



[ Journal of Mining Institute. 2022. Vol. 255. P. 493-500 DOI: 10.31897/PMI.2022.42
% © Dmitry A. Petrov, Svetlana O. Ryzhkova, Irina M. Gembitskaya, 2022

31. Mota-e-Silva J., Prichard H.M., Suarez S. et al. Supergene alteration of platinum-group minerals and formation of Pd-Cu-O
and Pd-I-O compounds in the Limoeiro Ni-Cu-(PGE) deposit, Brazil. The Canadian Mineralogist. 2016. Vol. 54. N 3. p. 755-778.
DOI: 10.3749/canmin. 1500049

32. Ford F.D., Wecholaz C.R., Lee A. Predicting process outcomes for Sudbury platinum-group minerals using grade-recovery
modeling from mineral liberation analyzer (MLA) data. The Canadian Mineralogist. 2011. Vol.49. N6, p.1627-1642.
DOI: 10.3749/canmin.49.6.1627

33. Nishio-Hamane D., Tanaka T., Shinmachi T. Minakawaite and platinum—group minerals in the placer from the clinopyrox-
enite area in serpentinite mélange of Kurosegawa belt, Kumamoto Prefecture, Japan. Journal of Mineralogical and Petrological
Sciences. 2019. Vol. 114. N 5, p. 252-262. DOI: 10.2465/jmps.190717

34. Dora M., Singh H., Kundu A. et al. Tsumoite (BiTe) and associated Ni-PGE mineralization from Gondpipri mafic-ultramafic
complex, Bastar Craton, Central India: mineralogy and genetic significance. Open Geosciences. 2014. Vol. 6. Iss. 4, p. 506-517.
DOI: 10.2478/s13533-012-0185-9

35. Genkin A.D., Evstigneeva T.L., Vyalsov L.N. et al. Paolovit Pd2Sn is a new mineral from copper-nickel sulfide ores. Ge-
ologiya rudnykh mestorozhdeniy. 1974. Vol. 16, p. 98-103 (in Russian).

36. Orsoev D.A., Rezhenova S.A., Bogdanova A.N. Sopcheite Ag4Pd3;Te 4 is a new mineral from the copper-nickel ores of the
Monchegorsk pluton. Zapiski Vsesoyuznogo mineralogicheskogo obshchestva. 1982. N 1, p. 114-117 (in Russian).

37. Plotinskaya O.Y., Azovskova O.B., Abramov S.S. et al. Precious metals assemblages at the Mikheevskoe porphyry copper
deposit (South Urals, Russia) as proxies of epithermal overprinting. Ore Geology Reviews. 2018. Vol. 94, p.239-260.
DOI: 10.1016/j.oregeorev.2018.01.025

38. McCreesh M.J., Yudovskaya M.A., Kinnaird J.A., Reinke C. Platinum-group minerals of the F and T zones, Waterberg
Project, far northern Bushveld Complex: implication for the formation of the PGE mineralization. Mineralogical Magazine. 2018.
Vol. 82. N 3, p. 539-575. DOI: 10.1180/mgm.2018.83

39. Wilhelmij H.R., Cabri L.J. Platinum mineralization in the Kapalagulu Intrusion, western Tanzania. Mineralium Deposita.
2016. Vol. 51. N 3, p. 343-367. DOIL: 10.1007/s00126-015-0603-2

40. Estigneeva T.L., Genkin A.D. Cabriite, Pd2SnCu, a new mineral species in the mineral group of palladium, tin and copper
compounds. The Canadian Mineralogist. 1983. Vol. 21, p. 481-487.

41. Kiseleva O.N., Zhmodik S.M., Damdinov B.B. et al. Composition and evolution of PGE mineralization in chromite ores
from the II’chir ophiolite complex (Ospa—Kitoi and Khara-Nur areas, East Sayan). Russian Geology and Geophysics. 2014. Vol. 55.
Iss. 2, p. 259-272. DOI: 10.1016/j.rgg.2014.01.010

42. Tolkunova A.V., Duryagina A.M., Talovina L.V. Application of Thixomet software and computed X-ray microtomography
in the study of sulfide copper-nickel ores. Metallogeniya drevnikh i sovremennykh okeanov — 2020. Materialy 26-y nauchnoy mo-
lodezhnoy shkoly im. professora V.V.Zaytseva. Miass: Yuzhno-Ural'skiy federal'nyy nauchnyy tsentr mineralogii i geoekologii UrO
RAN, 2020, p. 257-260 (in Russian).

43. Stepanov S.Y., Palamarchuk R.S., Kozlov A.V. et al. Morphology, Composition, and Ontogenesis of Platinum-Group Min-
erals in Chromitites of Zoned Clinopyroxenite-Dunite Massifs of the Middle Urals. Russian Geology and Geophysics. 2020. Vol. 61.
N 1, p. 47-67. DOI: 10.15372/RGG2019089

44. Kozlov A.V., Mikhaylov V.V., Stepanov S.Yu. Genetic interpretation of intergrowths of ore minerals in amphibole gabbro
of Serebryansky Kamen, Northern Urals. Metallogeniya drevnikh i sovremennykh okeanov — 2020. Materialy 26-y nauchnoy mo-
lodezhnoy shkoly im. professora V.V.Zaytseva. Miass: Yuzhno-Ural'skiy federal'nyy nauchnyy tsentr mineralogii i geoekologii UrO
RAN, 2020, p. 187-191 (in Russian).

45. Palamarchuk R.S., Stepanov S.Y., Zolotarev A.A. Platinum-group minerals from the Malaya Kamenushka River placer,
Middle Urals, Russia. Mineralogical Magazine. 2020. Vol. 84. Iss 6, p. 900-912. DOI: 10.1180/mgm.2020.87

46. Mikhailov V.V., Stepanov S.Y., Kozlov A.V. et al. New Copper-Precious Metal Occurrence in Gabbro of the Serebryansky Ka-
men Massif, Ural Platinum Belt, Northern Urals. Geology of Ore Deposits. 2021. Vol. 63, p. 528-555. DOI: 10.1134/S1075701521060040

47. Aleksandrova T.N., Orlova A.V., Taranov V.A. Current Status in the Copper Ore Processing (Review). Izvestiya. Non-Fer-
rous Metallurgy. 2021. Vol. 27. N 3, p. 4-14 (in Russian).

48. Aleksandrova T. N., O’Connor P. Processing of platinum group metal ores in Russia and South Africa: current state and
prospects. Journal of Mining Institute. 2020. Vol. 244, p. 462-473. DOI: 10.31897/PM1.2020.4.9

49. Aleksandrova T., Nikolaeva N., Afanasova A. et al. Selective disintegration justification based on the mineralogical and
technological features of the polymetallic ores. Minerals. 2021. Vol. 11. Iss. 8. N 851. DOI: 10.3390/min11080851

50. Khainasova T.S. Factors Affecting Bacterial and Chemical Processes of Sulphide Ores Processing. Journal of Mining Insti-
tute. 2019. Vol. 235, p. 47-54. DOI: 10.31897/PM1.2019.1.47

Authors: Dmitry A. Petrov, Candidate of Geological and Mineralogical Sciences, Associate Professor, Pe-
trov_DA@pers.spmi.ru , https://orcid.org/0000-0002-1577-6413 (Saint Petersburg Mining University, Saint Petersburg, Russia),
Svetlana O. Ryzhkova, Candidate of Geological and Mineralogical Sciences, Deputy Director of the Mining Museum, https://or-
cid.org / 0000-0002-0589-5515 (Saint Petersburg Mining University, Saint Petersburg, Russia), Irina M. Gembitskaya, Candidate
of Geological and Mineralogical Sciences, Leading Researcher, https://orcid.org/0000-0002-0996-4098 (Saint Petersburg Mining
University, Saint Petersburg, Russia).

The authors declare no conflict of interests.

500

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



