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Abstract. The findings of platinum group metal mineralization (PGM) and the distribution of platinum
group elements (PGE) in lherzolites of the Northern Kraka massif are described. The total contents of PGE
are approximately two orders of magnitude lower than those in chondrite and are close to pyrolite, relative to
which the studied lherzolites are enriched in Pd and depleted in Ru. In segregations of PGMs, the presence
of all PGEs (except rhodium) in various proportions was established. All found grains are divided into
three contrasting types: the refractory triad Os—Ir—Ru, essentially platinum with the participation of Pd, and
Cu-Pd. Almost all found PGM grains are localized either in the peripheral parts of grains of altered sulfides
(heazlewoodite, pentlandite) or in the silicate matrix in the immediate vicinity of sulfide segregations. Based
on the mineral associations and PGE distribution, a probable genesis of segregations has been suggested.
Associations of Cu—Pd and Pd—Pt(+Cu) composition most likely formed during the crystallization of sulfides
from the extracted partial melts. This is indicated by their close association with clinopyroxenes and the
presence of relatively fusible platinoids and copper. The associations of Pt—Ir and Os—Ir—Ru(+Pt) composition
are most likely restitic, formed in place of primary mantle sulfides as a result of extraction of more fusible
elements and further desulphurization. The isolation of platinoids as their own mineral phases is associated
with the influence of superimposed low-temperature processes — subsolidus redistribution during cooling
and subsequent serpentinization.
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Introduction

The Kraka ultramafic massifs are located in the
northern closure of the Zilair megasynclinorium (Fig. 1).
These are four bodies with a total area of about 900 km?,
separated by fields of Paleozoic volcanic-sedimentary
strata. From north to south there are Northern, Middle,
Uzyansky and Southern Kraka. The Northern Kraka
massif'is characterized by an isometric shape in plan and
large dimensions (20 x 15 km), slightly inferior in area
only to the southern massif of the group. At the same
time, the ultramafic rocks of the Northern Kraka massif
are characterized by the best preservation of primary
upper mantle parageneses and a fairly homogeneous
composition. Approximately 90% of the massif area is
occupied by spinel lherzolites with a small proportion
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of spinel-plagioclase varieties, the remaining 10%
are dunites, marginal serpentinites and mafic dykes
(diabases, gabbros and products of their metamorphism).
In most of the territory occupied by lherzolites, the rocks
contain no more than 40% mesh serpentine.

Interest in the massif as a promising source
of platinum group metals arose at the turn of the
1990s-2000s, when thematic programs for the search
for chromitites and noble metals mineralization began
to be actively implemented in the region (Snachev et
al., 2001; Snachev et al., 2000; Kovalev et al., 1997).
The main objects of the search were chromitites, several
occurrences of which have been known in the massif
since the end of the 19th century (Kvyatkovsky, 1931;
Farafontiev, 1937). The second most important object
was plagioclase lherzolites, in which, according to the
report of V.P. Loginov (1933), signs of platinum content
were discovered in the form of “small grains of platinum
group metals among rare and uniform dissemination
of nickel sulfides”. As a result of the analyses, it was
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found that the concentration of platinum in these rocks
was 300—-800 mg/t.

Unfortunately, during the period of thematic work on
chromitites, new deposits with promising reserves were
not identified; the significance of small ore occurrences,
even with fairly high concentrations of platinum group
elements (PGE) in them, is small. The search for
platinum-bearing plagioclase lherzolites also did not
give a positive result; the total contents of platinum
group metals in the studied samples ranged from 10 to
50 mg/t (Snachev et al., 2001).

In the meantime, the significant size of the massif
and the wide distribution of fresh ultramafic rocks make
the search for mineralized zones a very promising task,
since when areas with elevated PGE concentrations and
native platinum group metals are discovered, there is a
possibility of identifying large-volume deposits. In this
regard, the main goal of our research was to explore the
mineral forms of platinum group metals in lherzolites.

Materials and methods

The object of the study was lherzolite samples
collected during field trips in 2018-2022. The main
office methods of study were standard petrographic
and mineralographic methods (polarizing microscope
POLAM R-311); to determine the bulk composition
of the rocks, chemical analysis was carried out for
petrogenic oxides (“wet chemistry”, X-ray fluorescence
analysis). Electron microscopic studies and the study of
the composition of minerals were carried out in polished
sections and blocks on a Tescan VEGA 4 Compact
scanning electron microscope (Tescan, Czech Republic)
with an Xplorer 15 energy-dispersive analyzer (Oxford
Instruments, UK) (IG UFRC RAS, Ufa). The spectra
were processed automatically using the AzTec One
software package using the TrueQ technique. When
shooting, the following settings were used: accelerating
voltage 20 kV, probe current in the range of 3—4 nA,
spectrum accumulation time at a point of 60 s in the
Point&ID mode. Determinations of Pt, Pd, Rh, Ru, Ir
in lherzolites of the Northern Kraka were carried out
in VSEGEI (St. Petersburg) using the method of mass
spectrometry with inductively coupled plasma (ICP MS)
in a colloidal salt solution of deionized water containing
particles of the fraction of the test sample with sizes of
1-1000 nm.

Geological setting

As noted in the introduction, the Northern Kraka
massif is a large geological body composed of fresh
ultramafic rocks (Fig. 1). The massif is characterized
by highly dissected relief and relatively good exposure.
Route studies covered most of the massif, characterized
the petrographic, petrochemical and mineral composition
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of the rocks (Savelyev et al., 2008; Savelyev, 2022),
structural studies were carried out, as a result of which
it was possible to identify patterns of internal structure,
reflected in the corresponding geological schematic
map and diagrams (Fig. 1, b—d). As follows from these
constructions, lherzolites are most characterized by
the orientation of banding and mineral schistosity in a
sublatitudinal direction with a predominant strike to the
southeast (100-150°) and a relatively gentle dip to the
southwestern point at an angle of 30—45°.

In outcrops, lherzolites look quite homogeneous
(Fig. 2); on the surface, against the background of light
brown olivine, tabular crystals of enstatite of a light
greenish-yellow color (2-5 mm), smaller bright green
grains of diopside (0.5—-1 mm) and small black grains
of accessory Cr-spinel (0.1-1 mm). Most of the studied
lherzolites are represented by the spinel facies, where
the only accessory mineral is Cr-spinel of variable
composition. Among them there are areas composed
of spinel-plagioclase varieties of lherzolites, in which
plagioclase or products of its replacement occur along
with Cr-spinel and in close association with it.

The rock-forming minerals of spinel lherzolites
are olivine, orthorhombic and monoclinic pyroxenes
(Fig. 2,c). Previously carried out petrographic and
mineralogical-geochemical studies (Savelyev, 2022)
made it possible to identify in the ultramafic rocks of the
massif various types of combinations of microstructures
and mineral composition, the formation of which is
interpreted as the result of several mantle processes -
partial melting, percolation of melts through restite,
plastic flow and deformation-induced decomposition of
pyroxenes. Accessory minerals in ultramafic rocks are
represented by Cr-spinel, iron sulfides, copper-nickel
and iron-nickel alloys, and platinum group minerals.

In the inner part of the massif, among the peridotites,
there are rare thin dykes of mafic rocks, which
composition usually corresponds to gabbro. In addition,
we have identified zones of mylonitization, within which
lherzolites are subject to intense plastic deformation with
the formation of ultrabasic mylonites —rocks consisting
of lenticular grains of ortho- and clinopyroxene,
surrounded by a fine-grained mass of the same minerals,
as well as Cr-spinel and predominant olivine.

Results

Route studies on a scale of 1:50,000 cover most
of the central and northern parts of the massif, where
significant areas are composed of weakly serpentinized
massive rocks. Spinel lherzolites predominate to a large
extent; spinel-plagioclase varieties and dunites are of
subordinate importance.

Accessory Cr-spinels of ultramafic rocks are
characterized by significant variations in aluminum
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Fig. 1. Internal structure of the Northern Kraka massif: a — overview geological scheme of the Kraka massif region, b — elements
of occurrence of mineral schistosity and banding in peridotites (according to (Moskaleva, 1974; Savelyev, 2012)) and the position
of the studied samples with platinum-metal mineralization, ¢ — distribution of normals to the plane of mineral foliation on the
upper hemisphere of an equal-area projection; d — diagram constructed based on the results of statistical processing (c) (color

scale indicates the frequency of occurrence of values)

and chromium contents and contain little ferric iron.
Lherzolites are dominated by high-alumina Cr-
spinels (picotite, chrompicotite with Cr# = 0.2-0.4),
higher-chromium varieties are found in harzburgites
(chromopicotite, aluminochromite with Cr# = 0.4-0.7),
and in dunites and chromitites they predominate high-
chromium aluminum-chromite and chromite (Cr# =
0.7-0.85). The composition of rock-forming minerals
from the rocks of the massif is described in detail in
(Savelyev, Gataullin, 2021).

The study of polished sections of lherzolites showed
a wide distribution of rare dissemination of base metal
sulfides (BMS), among which the most widespread
are heazlewoodite Ni,S,, pyrrhotite Fe S, pentlandite
(Fe,Ni),S, and its cobalt-containing variety (Fe,Ni,Co),S,,
less common are chalcopyrite (CuFeS,), millerite (NiS).
In addition to sulfides, minerals of native elements were
also discovered —awaruite Ni,Fe, wairauite CoFe, native
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copper Cu and arsenides (nickeline NiAs). Typically, the
BMS content in peridotites is hundredths to tenths of a
percent, reaching 0.5—1 vol. in some cases. %.

The bulk PGE contents were determined in several
lherzolites samples (Table 1). In all studied samples, the
concentrations of platinum group elements are lower
than in chondrite by one or two orders of magnitude,
but are comparable to the expected concentrations of
PGE in pyrolite.

The studied lherzolites are characterized by depletion
in ruthenium compared to the original pyrolite material
and enrichment in palladium. The concentrations of
rhodium, iridium, and platinum differ little from those
for pyrolite (Fig. 3). The average content of platinum
group metals is 0.028 g/t, which differs significantly
from the content of the found own platinum group
minerals in lherzolites.
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Fig. 2. General view of outcrops, samples and preparations of lherzolites in reflected light and back-scattered electrons: a —
general view of the outcrop, b, ¢ — samples of lherzolite with a naturally prepared surface, Cr-spinels and pyroxenes protrude
above the main mass of olivine; c, right — enlarged fragment highlighting minerals; d — image of a thin section in crossed
nicols, an orthopyroxene grain contains lamellae of minerals with high interference colors, surrounded by small grains of
olivine and clinopyroxene; d — the same image in parallel nicols; e — lamellas and rounded inclusions of monoclinic pyroxene in
orthorhombic pyroxene; g — SEM image of one of the characteristic xenomorphic forms of Cr-spinel segregations in lherzolites;
h — clinopyroxene segregations on the periphery of large orthopyroxene grains. Designations: amp — amphibole, ol — olivine,
opx — orthopyroxene, cpx — clinopyroxene, spl — Cr-spinel, serp — serpentine

No. Sample Ru Rh Pd Ir Pt ¥ PGE (without Os)
1 Sek - 1771 2.3 <2 20 2.1 12.0 36.4
2 Sek - 2153 35 <2 13 4.0 5.8 26.3
3 Sek - 2180 32 <2 7.3 2.8 3.0 16.3
4 Sek - 2183 2.8 3.5 18 33 6.3 33.9

Table 1. Gross contents of platinum group elements in lherzolites of Northern Kraka (mg/t)

Among the 20 polished sections we studied,
isolations of platinum group minerals were found in
four samples: Sek-1771, Sek-2153, Sek-2180, Sek-
2183, which are represented by fairly fresh lherzolites
with good preservation of primary mantle minerals —
olivine, orthorhombic and monoclinic pyroxenes, Cr-
spinel (Fig. 4, 5). Isolations of platinum group minerals

(PGMs) are always spatially associated with BMS —
pyrrhotite (Fig. 4, a, b), pentlandite (Fig. 4, c, e, f) and
heazlewoodite (Fig. 5). Due to the very small sizes of
PGMs (a few micrometers), it is rarely possible to obtain
quantitative data on their composition, but mineral
phases can be identified quite reliably from qualitative
spectra (Fig. 4, d, g).
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Fig. 3. Chondrite-normalized contents of platinum group
elements in lherzolites of the Northern Kraka massif in
comparison with their concentrations in pyrolite. Data

on the composition of chondrite and pyrolite according to
(McDonough, Sun, 1995)

Calculation of the composition of PGM mineral
phases for constructing triangular diagrams was carried
out using normalization to 100% after excluding the
matrix material. As a result, three contrasting types of
platinum-metal mineralization were established: 1) high-
melting alloys (Os—Ir-Ru), 2) with a predominance of
platinum and 3) palladium type (Fig. 6). It should be
noted that the identified types are often combined in the
same samples. Minerals are represented by alloys of Os—
Ir—Ru composition with a predominance of ruthenium,

Fe_Ru_Os_Ir

Srp 5um
N Cek-2153 e
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less commonly laurite, and alloys of Pt—Ir, Cu—Pt-Ni—Pd
and Cu—Pd composition.

Discussion

Elevated average PGE contents in ultramafic rocks is
a well-known fact, but most of the research on platinum
content and mineralogy of platinum group metals is
associated with the study of chromitites, where PGMs
occur as rare accessory minerals, while the ultramafic
host rocks themselves rarely become the object of
research.

Nevertheless, in the last 20 years, many works have
appeared on the mineralogy of PGE in peridotites from
xenoliths and massifs of the so-called “subcontinental
mantle”, for example (Ferraris, Lorand, 2015; Lorand
etal.,2010; Luguet et al., 2007). One of the latest major
reviews on this issue indicates that studying the features
of PGE mineralogy in peridotites is of great importance
for understanding the geochemical behavior of highly
siderophile elements in the upper mantle (Gonzalez-
Jiménez et al., 2020).

Previous studies of PGMs in peridotites derived
from the upper mantle showed that most of the PGEs
are mainly concentrated in accessory polymetallic
sulfides of the Ni-Fe—Cu system (BMS), rather than in
alloys (Luguet and Reisberg, 2016), as was suggested
by based on experimental data showing very high PGE
distribution coefficients (105—108) in the metal — silicate
melt system (Brenan et al., 2016; Mann et al., 2012).
In addition, in the Earth’s upper mantle, PGE can also

Fig. 4. Submicron segregations of platinum group minerals in lherzolites of Northern Kraka and EDS spectra of their compositions.
Designations: Cpx — clinopyroxene, Ol — olivine, Opx — orthopyroxene, Pn — pentlandite, Po — pyrrhotite, Srp — serpentine
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Fig. 5. Heazlewoodite in association with clinopyroxene and submicron formation of palladium copper at its periphery (sample
Sec-2180). Designations. Cpx — clinopyroxene, Hzl — heazlewoodite, Ol — olivine, Opx — orthopyroxene, Srp — serpentine

Pt Ru

:OSSORU.SO

IrsoRuso

V.

Pd+Cu Os+Ru+Ir

Fig. 6. Diagrams of platinoid compositions from the studied
lherzolites of the Northern Kraka massif

form their own minerals, including alloys, sulfides,
arsenides, sulfarsenides, tellurides, bismuthides or
stannides (O’Driscoll, Gonzalez-Jiménez, 2016).

Our studies indicate that almost all PGM finds were
made in the marginal parts of BMS grains or in the
serpentine shell near the boundary of these grains. In
this case, the BMS grains were in spatial association
with either olivine (Fig. 4) or clinopyroxene (Fig. 5), and
these differences were reflected in the composition of the
PGM: 1) in the case when the sulfide grain was located
on the periphery of the diopside, a mineral of Cu—Pd
composition was precipitated in it, 2) in a grain located
inside the olivine, an alloy of Pt—Ir composition with a
small proportion of copper was formed, 3) in the grain
at the contact of olivine and orthorhombic pyroxene, the

release of high-melting Os—Ir—Ru association occurred.

Most likely, PGE were originally part of iron and
nickel sulfides, which, in turn, were formed from a
monosulfide solid solution. However, the processes
that led to the formation of the discharges in question
could be different. The observed mineral associations
and PGM composition indicate the following probable
mechanisms for the formation of PGE-enriched sulfides.
Associations of Cu—Pd and Pd-Pt(+Cu) composition
most likely formed during the crystallization of sulfides
from extracted partial melts, as evidenced by their close
association with clinopyroxenes and the presence of
relatively low-T PGE (Pd, Pt) and copper. Associations
of Pt—Ir- and Os—Ir—Ru(+Pt) composition are probably
restite, formed in place of primary mantle sulfides as
a result of extraction of more fusible elements and
further desulfurization. This is confirmed by the data
that refractory PGE (Os, Ir, Ru) can easily enter the
crystal structure of pentlandite (Godel et al., 2007;
Luguet et al., 2001, 2004), in association with which
their precipitations were observed.

Regardless of how sulfides with increased
concentrations of platinum group metals were formed,
the release of the latter in the form of their own mineral
phases was apparently influenced by superimposed low-
temperature processes - subsolidus redistribution during
cooling and subsequent serpentinization. A number of
studies have established that during serpentinization,
PGE are redistributed into discrete ultrafine phases
(from micro- to nanoscale) at the boundaries of partially
destabilized associations of sulfide minerals in the
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mantle (Abrajano et al., 1988; Edwards, 1990; Lorand,
1987; Lorand, Luguet, 2016; Luguet et al., 2004, 2001;
Ohnenstetter, 1992; Peregoedova et al., 2004; Prichard
et al., 1994, etc.). This conclusion is fully confirmed
by our research. The close association in peridotites
between Ni—Fe sulfides and PGMs suggests that PGE
remobilization is largely limited to the microscale
(Lorand et al., 2010; O’Driscoll and Gonzalez-Jiménez,
2016; Prichard et al., 1994; Lawley et al. , 2020).
Nevertheless, the experience of studying peridotites
of the Kraka massifs indicates that the number of
PGM finds shows a clear negative dependence on the
degree of manifestation of serpentinization processes.
Fully serpentinized ultramafic rocks usually contain
only heazlewoodite and awaruite without inclusions of
platinum group minerals. Thus, we can conclude that
the mobility of PGE increases simultaneously with an
increase in the degree of serpentinization of rocks.

Acknowledgements

The study was supported by the Russian Science
Foundation grant No. 22—-17-00019.

The authors express their gratitude to the reviewers
for the careful analysis of the article and comments that
improved the article.

References

Abrajano T.A., Sturchio N.C., Bohlke J.K., Lyon G.L., Poreda R.J.,
Stevens C.M. (1988). Methane-hydrogen gas seeps, Zambales ophiolite,
Philippines: Deep or shallow origin. Chemical Geology, 71(1-3), pp. 211-222.
https://doi.org/10.1016/0009-2541(88)90116-7

Brenan J.M., Bennett N.R., Zajacz Z. (2016). Experimental results on
fractionation of the highly siderophile elements (HSE) at variable pressures
and temperatures during planetary and magmatic differentiation. Reviews
in Mineralogy and Geochemistry, 81(1), pp. 1-87. https://doi.org/10.2138/
rmg.2016.81.1

Edwards S.J. (1990). Harzburgites and refractory melts in the Lewis Hills
Massif, Bay of Islands ophiolite complex: the base-metals and precious-metals
story. The Canadian Mineralogist, 28(3), pp. 537-552.

Farafontiev P.G. (1937). Geology and Chromite Deposits of the Kraka
Peridotite Massifs in the South Urals. Ufa, Rosgeolfond (In Russ.)

Ferraris C., Lorand J.P. (2015). Novodneprite (AuPb,), anyuiite [Au(Pb,
Sb),] and gold micro- and nano-inclusions within plastically deformed
mantle-derived olivine from the Lherz peridotite (Pyrenees, France): a
HRTEM-AEM-EELS study. Physics and Chemistry of Minerals, 42, pp.
143-150. https://doi.org/10.1007/s00269-014-0706-9

Godel B., Barnes S.-J., Maier W.D. (2007). Platinum-group elements in
sulphide minerals, platinum-group minerals, and whole-rocks of the Merensky
Reef (Bushveld Complex, South Africa): implications for the formation of
the reef. Journal of Petrology, 48(8), pp. 1569—1604. https://doi.org/10.1093/
petrology/egm030

Gonzalez-Jiménez J.M., Tassara S., Schettino E., Roqué-Rosell J.,
Farré-de-Pablo J., Saunders J.E., Deditius A.P., Colas V., Rovira-Medina
J.J., Davalos M.G., Schilling M., Jimenez-Franco A., Marchesi C., Nieto F.,
Proenza J.A., Gervilla F. (2020). Mineralogy of the HSE in the subcontinental
lithospheric mantle — An interpretive review. Lithos, 372373, 105681. https:/
doi.org/10.1016/j.1ithos.2020.10568 1

Kovalev S.G., Snachev V.I., Saveliev D.E. (1997). Prospects for
platinum-bearing ore formations of the Bashkir part of the Southern Urals.
Minerals and Mining Engineering = Izvestiya vysshikh uchebnykh zavedenii.
Gornyi zhurna, (5-6), pp. 34—40. (In Russ.)

Kvyatkovskii R.E. (1929). Geological description of the area between
the Belaya river and the eastern slope of the Irendyk ridge. Ufa, Rosgeolfond
(In Russ.)

Lawley C.J.M., Petts D.C., Jackson S.E., Zagorevski A., Pearson D.G.,
Kjarsgaard B.A., Savard D., Tschirhart V. (2020). Precious metal mobility

'SCIENTIFIC AND TECHNICAL JOURNAL

amd [EORESURSY

WWW.geors.ru

gr//M

2023. V. 25. Is. 3. Pp. 208215

during serpentinization and breakdown of base metal sulphide. Lithos,
354-355, 105278. https://doi.org/10.1016/j.1ith0s.2019.105278

Loginov V.P. (1933). Report on geological investigations in the area of
peridotite massifs in 1932 (geological survey M 1:50 000). Ufa, Rosgeolfond
(In Russ.)

Lorand J.P. (1987). Cu-Fe-Ni-S mineral assemblages in upper-mantle
peridotites from the Table Mountain and Blow-Me-Down Mountain
ophiolite massifs (Bay of Islands area, Newfoundland): Their relationships
with fluids and silicate melts. Lithos, 20(1), pp. 59-76. https://doi.
org/10.1016/0024-4937(87)90024-7

Lorand J.-P., Alard O., Luguet A. (2010). Platinum-group element
micronuggets and refertilization process in Lherz orogenic peridotite
(northeastern Pyrenees, France). Earth and Planetary Science Letters,
289(1-2), pp. 298-310. https://doi.org/10.1016/j.epsl.2009.11.017

Lorand J.-P., Luguet A. (2016). Chalcophile and siderophile elements
in mantle rocks: trace elements controlled by trace minerals. Reviews in
Mineralogy and Geochemistry, 81(1), pp. 441-488. https://doi.org/10.2138/
rmg.2016.81.08

Luguet A., Alard O., Lorand J.P., Pearson N.J., Ryan C., O’Reilly
S.Y. (2001). Laser-ablation microprobe (LAM)-ICPMS unravels the
highly siderophile element geochemistry of the oceanic mantle. Earth and
Planetary Science Letters, 189(3—4), pp. 285-294. https://doi.org/10.1016/
S0012-821X(01)00357-0

Luguet A., Lorand J., Alard O., Cottin J. (2004). A multi-technique
study of platinum group element systematic in some Ligurian ophiolitic
peridotites, Italy. Chem. Geol., 208, pp. 175-194. https://doi.org/10.1016/}.
chemgeo.2004.04.011

Luguet A., Reisberg L. (2016). Highly Siderophile Element and 1870s
Signatures in Noncratonic Basalt-hosted Peridotite Xenoliths: Unravelling the
Origin and Evolution of the Post-Archean Lithospheric Mantle. Reviews in
Mineralogy and Geochemistry, 81(1), pp. 305-367. https://doi.org/10.2138/
rmg.2016.81.06

Luguet A., Shirey S.B., Lorand J.-P., Horan M.F., Carlson R.W. (2007).
Residual platinum group minerals from highly depleted harzburgites of the
Lherz massif (France) and their role in HSE fractionation of the mantle.
Geochimica et Cosmochimica Acta, 71(12), pp. 3082-3097. https://doi.
org/10.1016/j.gca.2007.04.011

Mann U., Frost D.J., Rubie D.C., Becker H., Audétat A. (2012).
Partitioning of Ru, Rh, Pd, Re, Ir and Pt between liquid metal and silicate
at high pressures and high temperatures — Implications for the origin of
highly siderophile element concentrations in the Earth’s mantle. Geochimica
et Cosmochimica Acta, 84, pp. 593—613. https://doi.org/10.1016/j.
gca.2012.01.026

McDonough W.F., Sun S.-s. (1995). Composition of the Earth. Chemical
Geology, 120(3-4), pp. 223-253. https://doi.org/10.1016/0009-2541(94)00140-4

Moskaleva S.V. (1974). Hyperbasites and their chromite-bearingness.
Leningrad: Nedra, 279 p. (In Russ.)

O’Driscoll, B., Gonzalez-Jiménez, J.M. (2016). Petrogenesis of the
Platinum-Group Minerals. Reviews in Mineralogy and Geochemistry, 81(1),
pp- 489-578. https://doi.org/10.1515/9781501502095-011

Ohnenstetter M. (1992). Platinum group element enrichment in the
upper mantle peridotites of the Monte Maggiore ophiolitic massif (Corsica,
France): Mineralogical evidence for ore-fluid metasomatism. Mineralogy and
Petrology, 46, pp. 85-107. https://doi.org/10.1007/BF01160704

Peregoedova A., Barnes S.-J., Baker D.R. (2004). The formation of
Pt—Ir alloys and Cu—Pd-rich sulfide melts by partial desulfurization of
Fe-Ni—Cu sulfides: Results of experiments and implications for natural
systems. Chemical Geology,208(1-4), pp. 247-264. https://doi.org/10.1016/j.
chemgeo0.2004.04.015

Prichard H.M., Ixer R.A., Lord R.A., Maynard J., Williams N. (1994).
Assemblages of platinum-group minerals and sulfides in silicate lithologies
and chromite-rich rocks within the Shetland ophiolite. Canadian Mineralogist,
32(2), pp. 271-294.

Saveliev D.E. (2012). Chromite-bearing of ultrabasitical massifs of the
Southern Urals. Dr. geol. and mineral. sci. diss. Ufa: University of Perm,
410 p. (In Russ.)

Saveliev D.E. (2022). Composition and microstructure of the Kraka
lherzolites as a reflection of processes in the upper mantle of the Ural
mobile belt. Geologiya. Izvestiya Akademii nauk Respubliki Bashkortostan
= Geology. Proceedings of the Academy of Sciences of the Republic of
Bashkortostan, (29), pp. 38—45. (In Russ.)

Saveliev D.E., Gataullin R.A. (2022) Lherzolites of Aznagulovo area:
composition and P-T-fO, formation condition. Vestnik Akademii nauk
Respubliki Bashkortostan = Herald of the Academy of Sciences of the Republic
of Bashkortostan, 40, 3(103), pp. 15-25. (In Russ.)



Accessory mineralisations in lherzolites of Northern Kraka massif (South Urals)

Saveliev D.E., Snachev V.I., Savelieva E.N., Bazhin E.A. (2008).
Geology, petrogeochemistry, and chromium content of gabbro-hyperbasite
massifs in the Southern Urals. Ufa: Dizayn-PoligrafServis, 320 p. (In Russ.)

Snachev V.I., Kovalev S.G., Saveliev D.E. (2000). Prognostic assessment
of'the chromitiferousness of the Kraka massifs. Ufa: UNTs IG RAN. (In Russ.)

Snachev V.I., Saveliev D.E., Rykus M.V. (2001). Petrogeochemical
features of rocks and ores of the gabbro-hyperbasite Kraka massifs. Ufa: IG
UNC RAN, 212 p. (In Russ.)

Manuscript received 22 February 2023;
Accepted 20 July 2023,
Published 30 September 2023

gr//\«

D.E. Saveliev, R.A.Gataullin

About the Authors

Dmitry E. Saveliev — Dr. Sci. (Geology and Mineralogy),
Chief Researcher, Institute of Geology of the Ufa Federal
Research Centre of Russian Academy of Sciences

16/2, K.Marks st., Ufa, 450077, Russian Federation

Ruslan A. Gataullin — Junior Researcher, Institute of
Geology of the Ufa Federal Research Centre of Russian
Academy of Sciences

16/2, K.Marks st., Ufa, 450077, Russian Federation

s IN RUSSIAN

AKIecCOpHasi IJIATHHOUIHAS MUHePAIU3alus B jJepuojnuTax maccuBa CeBepHblIi

Kpaka (FO:xub1i1 Ypain)

JLE. Casenves®, P.A. 'amaynnun
HUnemumym eeonoeuu YOUL] PAH, Ypa, Poccus

“Omeemcmeennviii asmop: [Imumpuii Eszenvesuu Casenves, e-mail: savl71@mail.ru

OrnncaHbl HAXO/IKH ITATHHOMETAILHOM MUHEpaIT3ay 1
pacrnpeziesieHue IeMEHTOB IUIaTHHOBOM IPYIITBI B JIEPLOIMTAX
maccuBa CeBepHblii Kpaka. BanoBsie cofepkanus oIeMEHTOB
ruiatuHoBOM rpyrmsl (JI117) nprbnM3nTeNbHO Ha JABa MOPsIIKa
HYDKE TAaKOBBIX B XOHJPUTE U OJIN3KHU K IUPOIMTOBBIM, OTHO-
CHUTEJIFHO KOTOPOT'0 HCCIIEJOBAaHHbBIE JISPIIOJIUTHI 000TaIeHBI
Pd u obentHens! Ru. B BeIeneHnsIX MUHEPaIOB TIIATHHOBOM
rpynmnsl (MIII') yeranosieno npucyrcrsue Beex DIII (kpome
pozaus) B pa3IMYHBIX COOTHOIIEHHsIX. Bee BbIeneHus moa-
Ppa3IessioTCs Ha TPY KOHTPACTHBIX THIIA: TYTOIUIaBKasi TPHa/Ia
Os—Ir—Ru, cymiecTBeHHO IIIATHHOBBIN C Y4aCTHEM IaJljia Hst
1 najutaineBo-MeHbIi. [IpakTriyeckn Bce HaiileHHbIE 3epHa
MIIT" noxanu3oBaHbl 1100 B Iepr(EepUIECKUX YacTsIX 3epeH
W3MEHEHHBIX CYIb(QUIO0B (XWU3JIEBYIUT, NEHTIAHANT), JINOO
B CHJIMKaTHOM MaTpPUKCE B HEIIOCPEACTBEHHOW OJIM30CTH
oT cynb(puIHBIX BbIJENIeHUH. Ha OcCHOBE yCTaHOBIIEHHBIX
MUHEpaJIbHBIX accoluanuii u pacnpeaeneHus B Hux OIIT
TIPE/IIIONIOXKEH BEPOSITHBIN T€HE3NC BBIICICHUI. ACCOIMANT
Cu—Pd- u Pd—Pt(+Cu)-cocrasa, ckopee Bcero, 00pa3oBainch
IIPU KPUCTAJUIM3AINHU CYIb(DUIOB M3 IKCTPArupOBaBIINXCS

YaCTHYHBIX PACIIaBOB, HA YTO YKa3bIBAIOT MX TECHAs acco-
LUALHS C KIIMHOITUPOKCEHAMH U IPUCYTCTBHE OTHOCHTEIILHO
JIETKOIUIABKHX TUIATHHOMIOB M Meau. Accounannu Pt-Ir- u
Os—Ir-Ru(+Pt)-cocraBa, BeposiTHEE BCETO, ABIAIOTCS PECTH-
TOBBIMH, 00Pa30BaHHBIMH Ha MECTE MEPBUYHBIX MAaHTUHHBIX
CyIb(QHIOB B pe3yJbTare IKCTPAKLIUK OoJiee JerKOIIaBKUX
9JIEMEHTOB W JanbHelen aecynbdypuszanuu. Beinenenne
TUIATHHOM/IOB B BUJIE COOCTBEHHBIX MUHEPAJIbHBIX (ha3 cBs3a-
HO C BIIMSTHUEM HaJIOKEHHBIX HU3KOTEMIIEPaTyPHBIX ITpOIiec-
COB — CYOCOJIMIyCHOTO IIepepaclpeiesICHUs IIPU OCTHIBAHUU
U TIOCIIeIYIOIIEH CepIICHTUHN3AIHH.

KuaroueBsie ci1oBa: ynsTpamMauThl, 0QUOIUTSL, JIEPLIOIH-
TBI, MUHEPAJIbI TUNIATHHOBOH TPYIIIIBL, 3IEMEHTHI INIATHHOBOM

TPYIIIBI
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