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Analytics

NAS RK is pleased to announce that News of NAS RK. Series of geology and technical
sciences scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by Clarivate
Analytics to be accepted in the Science Citation Index Expanded, the Social Sciences Citation
Index, and the Arts & Humanities Citation Index. The quality and depth of content Web of
Science offers to researchers, authors, publishers, and institutions sets it apart from other
research databases. The inclusion of News of NAS RK. Series of geology and technical
sciences in the Emerging Sources Citation Index demonstrates our dedication to providing the
most relevant and influential content of geology and engineering sciences to our community.

KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOMmpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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THE STATE AND COMPOUND OF THE PLATINOIDS AND
RARE EARTH METALS WITHIN THE PICRITES SULFIDES
OF THE KARA-TURGAI ASSEMBLAGE OF THE NORTHERN ULYTAU

Abstract. Violarite, siegenite, platinum telluride (moncheite), silver telluride, lead telluride (altaite), lead sele-
nide, solid solutions of iridium group metals (Ir, Os, Ru), rare earth metals (Dy, Er, Y, Ce) have been discovered for
the first time in picrites of the Kara-Turgai assemblage alongside previously known sulfides of copper, nickel and
cobalt (copper pyrite, pentlandite, cobaltite, nickeline, gersdorffite). The sulfides constitute three mineral formations.
The first two mineral formations form segregation "droplets", having a round and elongate elliptical shape, while the
third one is represented by exudations of irregular acute-angled shapes. The platinoids in sulfides are established to
exist only in the segregation droplets of the first formation, which accumulated of pyrrhotite, copper pyrite, pentlan-
dite, violarite, and sphalerite. The sulfides of the second formation do not contain platinoids and are represented by
pyrrhotite, copper pyrite, and sphalerite. The sulfides of the third formation are represented by pyrrhotite, copper
pyrite, sphalerite, and pyrite. The whole of three mineral formations contain magnetite and are commonly confined
to the most graded picrites horizons and apopicritic olivinites. Single sulfides inclusions were detected within the
picritic diabases, represented by pentlandite, siegenite, millerite, pyrite, and galenite. Cu-Ni - ore formation
(platinum group minerals [PGM]) — (rare earth elements [REE]) of Kara-Turgai ores was presumed to occur in an
open magmatic system, which was favorable for accumulation of commercial bulk of sulfide.

Key words: Ulytau, copper-nickel ores, platinoids, rare earth metals.

Introduction. A diabase-picritic Kara-Turgai assemblage that is dimensionally and genetically linked
with the copper and nickel sulfides [1] is long ago well-known in the west of Central Kazakhstan, in the
Kara-Turgai River basin (Figure 1). The platinum group metals (PGM) [2, 3] availability in the sulfides
arose the keeping interest for their study [3-13].

The copper, nickel and iron sulfide clusters are in the picrites and apopycritic serpentinites, which
constitute the inclusions of three mineral formations. The first two formations constitute a segregation
"droplets", of a rounded and ellipsoid-elongated shape, the third formation is irregular acute-angled
shapes.

0O.B. Bejseyev and his joint authors [6] have studied the mineral compound of mineralization in detail
and distinguished pyrrhotite, pentlandite, copper pyrite, magnetite, nickeline, cobaltite, sperrylite, titano-
magnetite, titano-ferrite and chromite in descending order. K.Sh. Dyusembayeva [8] has enlarged this ore
formation with gersdorffite, covellite, bravoite, arsenic pyrite.

Currently, the platinum group metals are well-known in the sulfides of the Kara-Turgai and Akzhal
occurrences, which are concentrated in the intrusive sheet compound underlying among the Proterozoic
formations (figure 1). Pursuant to O.B. Bejseyev’s data [6] the sulfide copper-nickel-cobalt ores of the
Kara-Turgai occurrence contain Pt-5 g/t, Pd-16 g/t, whereas S.S. Chudin [7] states of the total platinoids
content reaches only 10 g/t in the copper-nickel concentrate of these ores.

An extremely low Pt + Pd concentrations (up to 0.2-0.4 g/t), as to S.S. Chudin’s data [7], are pointed
out in apopycritic serpentinites of the Akzhal massif. The state and compound of the platinoids in sulfides
were not previously established.

— 223 ——
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Figure 1 —

A. A geological sketch map of the middle stream area of Kara-Turgai River by L.I. Vishnevskaya and L.F. Trusova [4],
S.S. Chudin [7], amended and supplemented by the authors: 1 — Cainozoic sediments; 2-3 — Karsakpai group (Mesozoic-Protero-
zoic): 2 — metabasalts stratum, less commonly andesites with the tributary levels of muscovite-quartzite and quartzite shales, 3 — va-
riegated tuffs strata of quartz albitophyres and ash banded tuffs of the average compound, 4 — muscovite-albite and graphite
shales, albite gneisses and micro-gneisses of the Aralbai group (PR;ar); 5 — the Kara-Turgai diabase-picritic assemblage (PR3k);
6 — geological boundaries; 7 — tectonic faultings; 8 — topographical contour lines; 9 — the Kara-Turgai River and its Koitas and
Maike inflows; 10 — trigonometric heights. 11, 12 —genetic types of minerals; 11— magmatic group (segregation type), sulfide
copper-nickel ores with platinoids and rare-earth elements (Dy, Er, Y, Ce) in the picrites, 12 — carbonatite group (fluid-magmatic
type), carbonatites of quartz-carbonate-albite compound with copper sulfides and platinoids. The ore manifestations: 1 — Kara-
Turgai, 2 — North Akzhal, 3 — Eastern Akzhal.

A geological sketch map of the Kara-Turgai massif (B) and the SN section (C) through the central part of the massif. The
source of data is by N.P. Mikhailov, Yu.L. Semenov[1], I.I. Vishnevskaya and L.F. Trusova [4], O.B. Bejseyev [6] amended and
supplemented by the authors: 1 — Cainozoic sediments; 2-4 — Karsakpai group (PR,kr): 2 — tuffs of quartz albitophyres, 3 — ban-
ded tuffs of average compound; 4 — tuffs of main compound; 5 — graphite-albite shales of the Aralbai group (PR;ar); 6-7 — Kara-
Turgai diabasepicritic assemblage: 6 — quartz diabases, diabases, 7 - picritic diabases, picrites, apopicritic serpentinites, primary
spherical, porphyraceous; 8— geological boundaries; 9 — faultings and thrusts.

Research Methods. Platinoids microinclusions within the copper and nickel sulfides from the
picrites of the Kara-Turgai assemblage were studied in the mineralogy department of the IGS LLP named
after K.I. Satpayev (Almaty) by means of the energy dispersive spectrometer by INCA ENERGY,
OXFORD INSTRUMENTS, England, installed on an electron probe micro-analyzer Superprobe 733 by
JEOL, Japan (accelerating voltage is 25 kV, probe current is 25 nA, probe diameter is 1-2 um). When
analyzing minerals as a comparison samples used the following: pure metals for the PGM; the artificial
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compounds (A) PO, for REE; CuFeS, for Fe, Cu, S; PbS for Pb, ZnS for Zn, the pure metals for the rest of
metals. The analysis results rate was 100%. All the photos were taken in the back-scattered electron mode,

the image contrast of which depends on the effective atomic number of the Z phase. The bigger Z is, i.e.
the more heavy elements are in the phase being studied, and the lighter it is on the image.

Research Results. The sulfides of three mineral formations were thoroughly studied by us as a part
of the Kara-Turgai assemblage picrites. The first is represented by the segregational globules containing:
pyrrhotite, pentlandite, copper pyrite, sphalerite, magnetite. The second formation forming globules as
well consists of: pyrrhotite, copper pyrite, sphalerite, magnetite. The third formation is represented by
irregular shape inclusions, containing: pyrrhotite, copper pyrite, sphalerite, pyrite, magnetite.

The globules of the first formation included platinum telluride (moncheite), silver telluride, lead
telluride, lead selenide, polymetallic solid solutions of platinum group metals (Ir, Os, Ru ), rare earth
metals (Dy, Er, Y, Ce) were discovered for the first time along with the previously known copper and
nickel sulfides (pentlandite and copper pyrite). The microinclusions of silver telluride, platinoids and the
rare earth elements were not discovered in the sulfides globules of the second formation. The sulfides of
the third formation, such as pyrrhotite, copper pyrite and sphalerite do not contain inclusions of platinum
group minerals detected in the back scattered electron mode (compound) and the rare earth elements, and
just very small inclusions containing Ce and Os were found in the FeOS; phase.

Segregation Group Minerals.

The first mineral formation. The ore-forming sulfides of the first picrites formation are represented
by pyrrhotite, pentlandite, violarite, copper pyrite, sphalerite.

Pyrrhotite (FeS) has a fine sulfur excess. Chemically it is close to the troilite formula in theory (see
table 1). The states of the solid solutions decay are clearly observed in the pyrrhotite (figure 2 (B)). It
contains microinclusions of platinum telluride (PtTe,), silver telluride (Ag,Te), altaite (PbTe). When
arsenic occurs in pyrrhotite (As to 3.44%) at performing an analysis of the small heavy microinclusions in
pyrrhotite, then Os (up to 29.77%), Ir (up to 6.89%), Ru (up to 15.27%) is certainly found, and also a high
content of Y (11.41%). Once arsenic concentration increases (up to 10.83%), then Ir content grows (up to
16.41%), and Pt (> 4.62%) appears, as well as Te admixture (> 0.62%). It makes consider dealing with the
polymetallic solid solutions of platinoids.

100 pm

Figure 2 — Back-scattered electron image of the parts of polished sections made from ore samples containing pyrrhotite (Pyr),
copper pyrite (Chp), pentlandite (PIn) violarite (Vi), sphalerite (Spl), magnetite (Mt) with the platinum (Pt) microinclusions.
Figures A, B show a structure of a sulfide drop and the minerals interaction. Figure C demonstrates the nature of copper pyrite ratio
to pyrrhotite (with the solid solution decay structure), and Figure D shows the slaty structure of the pentlandite-violarite decay
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The pyrrhotite crystals form a two-phase area (figure 2 (C)), where the lighter areas are represented
by a phase of greater Fe,O; (61.85%, see Table 1, 9-12) content than in the dark phase.

Pentlandite ((Fe,Ni)¢Sg) contains cobalt (1.04-1.31%) admixture and is specified by sulfur
deficiency, and the lack of cobalt leads to a sulfur excess. The pentlandite is undersaturated by sulfur, as a
rule, contains platinum telluride (PtTe,) microinclusions with Pd, Bi admixtures and contains Rh (1.99%),
Ir (1.84%) extremely rarely. There are also sometimes Dy (1.65%), Er (1.6%), and Y (0.08%) admixtures.
The slaty structure of the solid solutions decay is established in the pentlandite (Fig. 2 (D)), where the dark
decay phase is depleted in Fe (<26.11%). Chemically this phase is similar to violarite (table 1).

Violarite ((Fe,Ni);S,) pseudomorphic in pentlandite is less common. It similar to pentlandite has a
lack of sulfur. Violarite contains rare small microinclusions providing Er up to 1.76% and Os up to
15.43% in the analysis, which indicates the availability of an independent mineral state of osmium.

A

ey e

Sum um

Figure 3 — Back-scattered electron image of the parts of polished sections made from ore samples containing pentlandite,
copper pyrite with the platinoids and platinum telluride II (PtTe,) microinclusions

Copper pyrite (CuFeS;) displays a constant sulfur excess (see Table 1). Platinum telluride (PtTe;,)
with Pd, Bi admixtures; silver telluride (Ag,Te); altaite (PbTe) microinclusions are rarely contained, but
lead selenide (PbSe) is predominant, and Os (11.31%), Ir (1.60%) and Rh 11.17%) form polymetallic solid
solutions. Ce (11.27%) and F inclusions which, apparently, jointly form a CeF; phase appear in the copper
pyrite exceedingly rare.
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Table 1 — The sulfides compound of the first mineral formation with the magnetite,
together with PGM, REE picrites of the Kara-Turgai assemblage (wt. %, 100% total)

Sr. No Mineral ‘ S | Fe | Cu ‘ Co ‘ Ni | Zn ‘ Pb | Er | Os ‘ Te
The first ore mineral formation with magnetite, together with PGM, REE.
1 Cooper pyrite 36.61 30.00 33.39
2 Cooper pyrite 36.44 30.19 33.37
3 Cooper pyrite 36.46 29.97 33.57
4 Cooper pyrite 33.50 30.05 33.45
5 Cooper pyrite 37.28 29.43 33.19 0.10
6 Cooper pyrite 34.99 30.52 34.50
7 Cooper pyrite 35.53 30.04 34.43
8 Cooper pyrite 35.39 30.44 34.17
9" Cooper pyrite 35.23 28.89 32.43 3.44
10 Sphalerite 35.09 9.05 1.02 54.83
11 Sphalerite 34.98 8.88 0.32 55.82
12 Sphalerite 35.29 10.31 0.80 53.60
13 Sphalerite 35.12 9.41 0.71 54.75
14 Sphalerite 33.65 10.19 0.54 1.17 54.45
15 Sphalerite 33.83 9.44 1.19 0.16 55.38
16° Pyrrhotite 41.20 49.35 0.59 0.50 8.36
17 Pyrrhotite 38.15 61.85
18 Pyrrhotite 38.16 61.84
19 Pyrrhotite 38.15 61.85
20 Pyrrhotite 38.15 61.85
21 Pyrrhotite 40.37 59.63
22 Pyrrhotite 40.29 59.71
23 Pyrrhotite 40.52 59.48
24 Pyrrhotite 40.39 59.61
25 Pyrrhotite 38.93 61.07
26 Pyrrhotite 38.82 61.18
27% Pyrrhotite 39,73 59.03 1.24
28%* Pyrrhotite 33.50 52.60 4.74
29% Pyrrhotite 31.54 61.98 6.47
30 Pentlandite 35.04 33.24 1.18 30.54
31 Pentlandite 35.28 33.56 1.04 30.13
32 Pentlandite 35.75 32.78 1.31 30.16
33 Pentlandite 35.28 33.56 1.04 30.13
34 Pentlandite 35.75 31.78 1.31 30.16
35 Pentlandite 34.01 32.82 31.60 1.57
36 Pentlandite 34.00 33.60 31.55 0.85
37 Pentlandite 34.13 33.54 31.46 0.88
38 Pentlandite 34.37 33.55 30.55 1.24
39 Pentlandite 33.91 33.59 30.90 1.60
40 Violarite 40.66 24.81 32.86 1.68
41 Violarite 40.27 26.11 31.86 1.76
42 Violarite 40.70 22.95 35.19 1.16
43" Violarite 39.84 25.49 31.36 1.42 15.43
44 Violarite 41.58 24.20 34.22

*The analysis point contains a small inclusion.
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Crystallo-chemical formulas.

1. Cu 999 Fe 011 S.149; 16.Fe 100 S 1.075; 31. (Fe 478 Ni 403Co 0.14)29.0 S 5755
2. Cu g.996 Fe1014S2.133; 17.Fe 100 S 1.075; 32. (Fe 470 Ni4 2 Co 0.18)29.0 S 5043
3. Cu g.992 Fey.008 S2.1365 18. Fe 100 S 1.075; 33. (Fe 478 Ni 403 Co.14)59.0 S 8755
4. Cu 989 Fe 1011S 2085 19. Fe 100 S1.179; 34. (Fe 463 Ni 4,19 Co ¢.18)59.0 So.08;
5.Cugg9 Fe 19S 2215 20. Fe 100 S 1.175; 35. (Fe 4.66Ni 427 Er 0.07)29.0 Ss.045
6. CujgFe 101S20; 21.Fe 100 S 1.187; 36. (Fe 4.73Ni 423 Er 0.04)29.0 Sg.343
7. CuroFe 101S 204 22.Fe1o8 118 37. (Fe 473Ni 423 Er 0.04)29.0 Sg.305
8. CujoFe 1018 204 23.Fe 091S 1095 38. (Fe 479Ni 4,5 Er 0.06)29.0 Sg.555
9. Cugo7Fe 9.08T€0.05 S 1.99; 24.Fe 902 S 108 39. (Fe 476Ni 4,17 Er 0.07)29.0 Sg.37;
10. Zng 833 Fe ¢.161 S1.030; 25.Fe 905 S 1055 40. (Fe 1 33Ni | 37Er 0.03)23.03 S3.705
11. Zng 843 Fe ¢.157 S1.0805 26. Fe 995 1055 41. (Fe 1 30Ni | 6Er 0,03)y3.03 S3.73;
12. Zn o816 Fe 184 S1.0965 27.Fe 099S 1.165 42. (Fe 1 30Ni | 6Er 0,03)y3.03 S3.73;
13. Zn 83, Fe 0.167 S1.0895 28. Fe 9.96 T€.04S 1.07; 43. Fe ; 3sNi | o Er 0.03)23.03 S3.76;
15. Fe 100 S 1075 29. Fe .95 Teo.05S 0855 44. (Fe  »Ni 1.72)23.053

30. (Fe 4.72Ni 412 C0 0.16)59.0 S 3665

Sphalerite (ZnS) is a relatively uncommon mineral that is oversaturated with sulfur and contains up
to 10.31% Fe and Cu up to 1.02% (see table 1). Chemically, it matches marmatite ((Zngss,F€0.16) s1.00
S1.08).- A high level of Fe and S excess is presumably determined by a pyrrhotite in formation as a product
of solid solution decay. Considering the iron entering into the sphalerite structure greatly increases the
total system storage, then the iron amount in the solid solution decreases at a high pressure, and
consequently, as the pressure releases, the iron amount in the sphalerite structure increases.

The mineral of oxides group. Magnetite (Fe;OQ4), combined with the first formation sulfides,
contains (wt.%): Fe (73.92 -74.66). A fine grain is detected in, which produced Os (6.44), Ru (2.01), and
Rh (0.22) in the general review. A Y (2.15) admixture is also detected in this grain. These data indicate a
solid solution of platinoids and yttrium is established.

Precious and rare minerals microinclusions in the first formation sulfides are represented both as
the intermetallic compounds (intermetallides) that form independent round, ellipsoidal, less irregular
shapes of exudations of not more than 3 pm diameter (figure 3), and in the form of tellurides, selenides
and arsenides .

The most common is platinum telluride with Pd, Bi admixtures, which chemically is close to the
stoichiometric formula of moncheite PtTe, (see table 2, No. 1-3). Silver telluride generates a perfectly
rounded grain (figure 3). Chemical compositions of the inclusions in copper pyrite correspond to Ag,Te
(see table 2, No. 4). Occasional altaite (PbTe) inclusions in pyrrhotite and copper pyrite (see table 3)

The (Ru, Ir) Os entity was found in the pentlandite (see table 3), its empirical formula can be
represented as (Rug e Iroi17 Aso08)50.86081.14 With the chemical compound (wt%) (without matrix elements):
Os (29.77), Ru (8.60), Ir (4.39), As (0.87).

A grain of no more than 1.0 pm was detected in copper pyrite (see Table 3), which contains (wt. %):
Ru (11.17), Os (11.31), Ir (1.60), Bi (0.11) along with iron, copper and sulfur in the analysis. The empiri-
cal formula of such a high-temperature solid solution can be represented as (Irois3Ruoi.841)52.004050.996,
which perfectly corresponds to the osmiridium (Ru, Ir),Os formula. Also an ellipsoidal grain of up to

Table 2 — Microinclusions analysis in the sulfides of the first picrites formation of the Kara-Turgai assemblage (wt. %)
without matrix elements

Sr.No. Mineral Pt Pd Rh Ru Te Bi Ag Pb Se >
1 PtTe,(pln) 35.66 2.37 1.27 47.94 7.99 95.23
2 PtTe, (pln) 32.03 1.65 1.99 42.66 8.83 87.16
3 PtTe,chp) 32.73 2.10 0.02 42.48 8.58 85.91
4 Ag,Te (chp) 30.89 51.46 82.35
5 PbSe(chp) 62.38 | 20.41 82.79
6 Pb;Se (chp) 83.51 | 11.01 | 94.52

Crystallo-chemical formulas.

1. (Pto.g9Pdg.11Rhg g6) 21A06(T91A77B%OA18) 31955 3. (Pto.84Pdg.10) 20.94(Tel.873Bio.191) 3206 5. Pby.54S€0 46
2. (Pty.g6Pdo.0sRhg 10) 21A04(T91A74BIOA22) 31.965 4. Agy 02 Tegos; 6. Pb, ¢7Se; 3.
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Table 3 — The chemical compound of the mineral phases in the sulfides of the picrites first formation
of the Kara-Turgai assemblage (wt. %, amount 100%)

Mineral pyr pyr pyr pyr pyr pyr pyr pyr pyr pyr
Sr.No. of element 1 2 3 4 5 6 7 8 9 10
S 34.32 39.35 33.66 32.12 36.62 | 37.89 | 36.54 | 33.50 | 31.54 | 39.10
Fe 19.70 49.34 39.95 35.39 37.71 43.59 | 51.55 | 52.60 | 61.98 | 50.20
Cu 0.54
Ni 1.71
Co
As 2.15 3.44 7.49 10.83 1.29 0.99 3.06
Os 15.43 0.99 14.03 12.20 1.09
Ir 6.89 14.21 16.41 2.15 6.55
Ru 15.27 0,21 6.25 4.51
Pt 4.24 4.62 1.94
Ag 7.89 9.16
Te 0.24 0.62 4.01 4.74 6.47
Bi
Y 11.41
Pb 0.28
Table 3. Extension 1
Mineral pyr pyr chp chp chp chp chp chp chp chp
Sr.No. of element 11 12 13 14 15 16 17 18 19 20
S 27.79 23.42 26.24 22.55 19.63 14.38 1555 | 31.22 30.00 31.22
Fe 40.97 31.06 27.85 18.59 15.24 12.10 8.87 25.89 24.65 25.89
Cu 14.91 12.90 13.96 11.39 2.78 28.16 2599 | 28.16
Pt 18.05 9.08
Pd 0.95 1.05
Ag 1.43 39.32 9.73 9.73
Te 10.14 21.12 11.30 22.81 5.01 9.23 5.01
Bi 5.41
Pb 21.09 18.27 45.96 44.96 72.16 6.08
Se 2.03 0.64
o 4.17
Table 3. Extension 2
Mineral chp chp chp pln pln pln gm
Sr.No. of element 22 23 24 25 26 27 28
S 37.16 22.62 17.66 31.65 33.33 30.18
Fe 19.59 19.41 13.13 13.78 30.31 27.14 19.45
Cu 18.83 7.01 7.03
Ni 4.15 10.93 28.53 24.01
Co 0.61 0.72
As 0.87
Os 11.31 29.77
Ir 1.60 4.39 1.84
Ru 11.17 8.60
Pt 2.23 7.17 25.50
Te 7.48 25.71
Bi 0.11 3.30 10.93
Dy 1.62
Pb 47.84 45.30 1.52
Ce
Se 1.87 3.44
Zn 1.25
Si 0.95
Mg 0.57 1.21
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Table 3. Extension 3

Mineral chp chp mg chp mg mg
Sr.No. of element 29 30 31 32 33 34 35

S 22.55 19,63 4,38 23.52 9,62 3.27 13,71
Fe 18.59 15,24 53,35 18.99 33,72 53.74 16,18
Cu 12.90 13.96 20.26

As 1,59

Os 6,44

Ir 1,74

Ru 2,01

Rh 0.22

Y 2,15

Pb 45.96 44.96 22.43 11.53 53.61
Ce 11.27

Se 2.03 3.14 1.25 6.82
Si 2.05 4.13 2.81
Mg 3,72 2.33 2.27

Al 0,68

F 0.55

(0] 28,11 18,96 24.64 25.13 9,68

3 pum is found in copper pyrite, which has a complex chemical compound (wt. %): Pt (11.87), Pd (1.11),
Te (13.69), Mo (10.42), Bi (3.42), Ag (0.71). Supposing molybdenum is not associated with copper pyrite,
then, in terms of 8 units, the Crystallo-chemical formula (Ptl'624Bi0'437)2'061(Tez‘364Ag0_176)23'O4M02'9 is
obtained, the formula of this solid solution is perfectly represented as - (Pt,Bi), (Te,Ag); Mos;

Arsenides. High-temperature metals of the IPGM (Ir, Os, Ru) platinum group and As generate
platinoid arsenides, which are found in pyrrhotite and less often in iron sulfide (see Table 3). They all are
represented by extremely fine grains of irregular shape (figure 3), which makes it difficult to obtain an
authentic grains consistence, since when analyzing characteristic X-ray radiation is recorded not only from
the elements composing inclusion but also from the matrix elements.

If the iron and sulfur amount is subtracted out of these analyses, the two types of entities may be
conditionally distinguished. The first entity with the chemical compound (wt. %): As (3.44), Ir (6.89), Os
(1.09) in terms of 100% recalculation has the following empirical formula: (IrggsOso.13)50.98AS1.02, then its
formula perfectly corresponds to arsenide of iridium (Os, Ir) As. The second entity (wt. %): As (10.83), Ir
(16.41), Pt (4.62), Te (0.62) in terms of 100% recalculation has the following empirical formula
(Iro.63Pto.18)50.86(T€0.04AS1.1)51.14, Which corresponds to the ultimate formula (Ir, Pt) As.

Lead selenide (II) (PbSe) is enclosed in copper pyrite (see table 2, No. 5). Also, the Pb;Se phase was
detected (see table 2, No. 6), which forms rectangular crystal of a regular shape, 8 x 4 pm (figure 3). It has
straight-line boundaries with iron sulfide, while copper pyrite absorbs it, which indicates the lead selenide
phase appeared earlier than copper pyrite.

Altaite (PbTe) is extremely rare. It forms isometric microinclusions in pyrrhotite and copper pyrite
grains (see table 3).

The second mineral formation. Chemically, the sulfides of the second formation (pyrrhotite, copper
pyrite, sphalerite) has no difference from those of the first formation (see table 4), but pentlandite is absent
nevertheless. A moncheite is found in none of the sulfides (pyrrhotite, copper pyrite and sphalerite) of this
formation, which is widely present in the sulfides of the first formation.

Copper pyrite is compositionally close to the stoichiometric formula (CuFeS;). In pyrrhotite
(figure 4 (B)), the structure of the solid solutions decay is clearly observed, where the pyrrhotite’s light
part corresponds to the theoretical formula of troilite (FeS) by composition, and the pyrrhotite’s dark part
is oversaturated with sulfur (FeS; ;3). Sphalerite by chemical compound is close to the theoretical formula
of marmatite ((Zngs,Feo2)y10S10). When Fe (17.97%) significance grows, the Cu (9.03%) concentration
increases and its crystallo-chemical formula modifies ((ZngsFeo3Cuo.1) x1.00S1.00)-
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Figure 4 — Back-scattered electron image of the parts of polished sections made from sulfides of the picrites second formation
of the Kara-Turgai assemblage. A. The figure shows the nature of sulfides interrelations with the silicate minerals.
Figure B demonstrates the structure of the pyrrhotite solid solutions decay

Group of oxides mineral. Magnetite (Fe;O,), combined with the second sulfides formation,
contains Fe (72.06 -72.36%), which is lower than in those of the first formation.

Table 4 — The minerals compound of the second picrites formation of the Kara-Turgai assemblage (wt. %)

Sr. No Mineral S Fe Cu Zn o
1 Copper pyrite 35.64 30.47 33.88
2 Copper pyrite 35.35 30.45 34.21
3 Copper pyrite 35.33 29.98 34.69
4 Sphalerite 33.59 11.69 1.55 53.17
5 Sphalerite 33.64 17.94 9.03 39.40
6 Pyrrhotite 37.62 62.38
7 Pyrrhotite 37.02 62.98
8 Pyrrhotite 36.87 63.13
9 Pyrrhotite 39.42 60.58
10 Pyrrhotite 39.34 60.66
11 Pyrrhotite 39.24 60.76
12 Magnetite 72.06 27.94
13 Magnetite 72.36 27.64
14 Magnetite 72.18 27.82

Crystallo-chemical formulas.

1. CuggoFe.01S2.06; S. (Zn0.57Feo431C110415)21‘03sl.00;

2. Cugg9oFer 152,045 6. Fe9sS1.02; 9. Fe.04S1 065

3. Cuy01Fe0.9952.045 7. Feo0S1015 10. Feg.04S1 065
4. (ZHOJBFeOAZOC“O‘OZ)Zl‘OS1‘00; 8. Feg.09S1.015 11. Feg04S1 06

The third mineral formation. The sulfides of the third formation are represented by pyrrhotite,
copper pyrite, pyrite, sphalerite, which differ from those of the first and second formations by chemical
compound (see table 5) and have a number of structural and texture features. The pentlandite is not
peculiar to this formation, however, pyrite and the FeOS, phase occurs. The availability of lead selenide
and magnetite, as well as Os solid solution and the Ce admixture are the conspicuity factor that aggregates
them with the minerals of the segregation category.
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600 pm 100 pm

Figure 5 — Back-scattered electron image of the parts of polished sections made from sulfides of the third picrites formation
of the Kara-Turgai assemblage. The figure demonstrates the nature of interrelations between sulfides and silicate minerals.
The substitution feature of pyrrhotite by a mineral with the typical undulated colloidal gel texture is displayed in figures C, D.

Table 5 — The minerals compound of the third picrites formation of the Kara-Turgai assemblage (wt. %)

Sr.No Mineral S Fe Cu Zn Ni Ce Os Si (¢
1 Pyrrhotite 39.59 60.41
2 Pyrrhotite 39.49 60.51
3 Pyrrhotite 39.56 60.44
4 Pyrrhotite 39.19 60.81
5 FeOS, 41.79 47.08 0.69 10.44
6 FeOS, 41.87 47.64 0.76 9.73
7 FeOS, 42.36 47.96 0.67 9.01
8 FeOS; spectrum 42.73 47.36 0.12 0.11 9.68
9 FeOS, 37.96 46.67 1.08 0.43 13.86
10 FeOS, 36.99 46.44 0.92 0.40 15.25
11 FeOS, 40.18 48.26 0.72 10.85
12 Fe,0;S, 17.38 54.97 0.48 27.17
13 Iupur 51.95 48.05
14 Copper pyrite 35,25 30.18 34.57
15 Copper pyrite 35.48 30.50 34.02
16 Copper pyrite 35.38 30.55 34.06
17 Copper pyrite 35.33 30.68 33.99
18 Sphalerite 34.16 9.61 56.23
19 Sphalerite 34.10 9.72 56.19
20 Sphalerite 34.42 9.47 56.11
21 Sphalerite 34.36 9.53 56.11
22 Magnetite 72.62 27.38
23 Magnetite 71.47 28.11
24 Magnetite 72.56 27.44
25 Magnetite 72.45 27.55
26 Magnetite 72.23 27.77
27 Magnetite 72.61 27.39
*The analysis point contains a small inclusion.
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Crystallo-chemical formulas.

1. Feo.04S1 065 10. (F31A2501A43)zz.683173; 19. (ZH0A81F90‘16)20A97S1‘00;
2. Fep.04S1.065 11. (Fel.2100.95)zz.1651.75; 20. (Zno.soFeo.lé)zo.%S1.00;
3. Fep.04S1.065 12. Fey.010330 S1.0s; 21. (Zno.oneo.16)20.9651.00;
4. Feo94S1.065 13. Fe104S1.965 22. Fe39904.015
5. Fey.1700.90S1 805 14. CuFeS; ; 23. Fe29204.08;
6. (Fel.1600.84)22.osl480; 15. CuggoFe;.01S2.05; 24. Fey.9904.015
7. (Fel.1700.77)21.94sl.805 16. CuggoFe) 0152045 25. Fey.9304.02;
8. (FelA16OO.83)Zl.99SL83; 17. Cug.g99Fe | 01S2.03; 26.Fe; 9604.04
9. (Fe1230128)y2.5281.755 18. (Zngg1Fe.16)50.9751.005 27. Fe2 990401,

The deficiency of solid-solution decay structures, which is typical for the first-formation platinum-
containing pyrrhotite (figures 2 and 3) is a peculiarity of, for example, pyrrhotite (FeS, ;) (figure 5 (C)).
Copper pyrite is close to the stoichiometric formula by consistency and does not have a sulfur excess
(CuFeS,) with respect to platinum-containing copper pyrite. Sphalerite (ZngsiFeoi6) v097S does not
contain Cu, which is typical for the sphalerite of the first formation too (see table 5). One of the pecu-
liarities of this formation is the pyrite (FeS,) and formations with a colloidal-gel texture. The presence of
Ce (1.08%) as part of this formation does not except its accomplishment due to pyrrhotite, in the process
of oxidation of the latter, the FeOS, phase originates. Its ultimate formula in the Hille system, per total
number of atoms equal to 4, can be introduced as FeOS, with 11.77% O, 41.07% Fe and 47.16% S.
Magnetite and copper pyrite contain lead selenide inclusions (PbSe) (see table 2).
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Figure 6 — A — An image of the colloidal-gel texture Figure 7 —
of pyrite (white iron pyrite) Back-scattered electron image of the parts
with overlaid log of concentration curves of polished sections made of picrite diabase
of the separate elements along the white line. containing chromium spinel (Crs), siegenite (Sig),
B — Independent logging of the concentration curves pentlandite (Pln), pyrite (Py)
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Oxides Category Mineral. Magnetite (Fe;O,), connected with the third sulfides formation, contains
Fe (<72.62%), which is lower than in the first magnetite formation.

The single inclusions of sulfides in picritic diabases are represented by sulfide category minerals:
pentlandite, pyrite, siegenite (newly discovered mineral), millerite, galenite.

Pentlandite (Fe, Ni)ySg) generates fine, rare grains in the bulk (figure 7 (B)). Chemically, it is close
to the stoichiometric formula of pentlandite (see Table 6). It is supersaturated with S (38.23%), does not
contain Co, and is poorly enriched by Cr (0.16%) with respect to the picrites pentlandite.

Siegenite ((Co,Ni);S4) generates fine grains totally in the rock (figure 6 (A)). It is composed of iron
admixture (5.01-7.91%, see table 6), and a constant excess of sulfur is in the siegenite formula and nickel
prevails over cobalt.

Millerite (NiS) occurs in the clinopyroxene interstices, where the small crystals form. Iron in its
compound was found as an admixture (see table 6).

Galenite (PbS) is available in the form of fine grains in formation with millerite. Fe and Ni admixtu-
res in its compound, the Pb content reaches 83.18%, and S is up to 12.37%.

Pyrite (FeS,) contains S = 56.31% and Fe = 43.69%.

Oxides Category Minerals. Titanium-hematite and mangano-titano-ferrite form the solid
solutions decay, and chromium spinel — grains of isometric shape.

Table 6 — The sulfides compound of picritic diabases of the Kara-Turgai assemblage (wt. %)

Sr. No Mineral S Fe Co Ni Cr Pb Total
1 Pentlandite 36.36 33.05 30.59 100.0
2 Pentlandite 38.23 33.87 27.75 0.15 100.0
3 Siegenite 44.29 5.01 9.72 40.47 0.51 100.0
4 Pyrite 56.31 43.69 100.0
5 Siegenite 44.51 791 15.25 32.33 100.0
6 Siegenite 44.32 7.97 15.60 32.11 100..0
7 Siegenite 45.30 10.79 12.53 31.38 100.0
8 Millerite 37.58 1.83 60.58 100.0
9 Millerite 37.89 1.70 60.41 100.0
10 Millerite 37.89 1.70 60.41 100.0
11 Galenite 12.37 1.68 2.77 83.18 100.0

Crystallo-chemical formulas.

1. (Fe4.786N%4.214)Z9.OS9.171; 4. Feq,924sz,076; 7. (N?l,705C00,679FeO.616)Z3,Os4,507;
2. (F§5.045N13.933cr0,022)z9.os9.920; 5. (N¥1.737C00.816F60A447) Z3,OS4,378; 8. (N¥0A97Feo.03)zmsl‘1;
3. (NIZ.1GSCOO.S19FeOA28lcr0,093)z3.062s4.345; 6. (Nl1.719C00.832F60A449)23.054.345; 9. (N10A97Feo.03)21051‘11;

10. (Nio.97Feo.03)zl.051.11~

Results and discussion. The siegenite, platinum telluride (moncheite), silver telluride, lead telluride
(altaite), lead selenide, solid solutions of metals of the iridium group (Ir, Os, Ru), rare-earth elements (Dy,
Er, Y, Ce) are established to be discovered for the first time in the picrites of Kara-Turgai assemblage
alongside with the previously known sulfides (pyrrhotite, pentlandite, and copper pyrite) consequently of
our investigations. The sulfides constitute three mineral formations. The first two constitute segregation
"droplets", of a rounded and elliptical-elongated shape, and the third mineral formation is irregularly
sharply angular (figure 8). The platinoids in copper and nickel sulfides are established to appear only in
the first-formation segregation droplets, which are composed of pyrrhotite, copper pyrite, pentlandite,
sphalerite. The sulfides of the second formation do not contain platinoids and are represented by pyrrho-
tite, copper pyrite, sphalerite. The sulfides of the third formation are represented by pyrrhotite, copper
pyrite, sphalerite, pyrite. Each formation of minerals contains magnetite and as a rule is confined to the
most differentiated picrites horizons and apopycritic olivinites. The consistency in the platinoids distri-
bution as a part of the segregation sulfides revealed by us provides explanation to the fact of ore impo-
verishment has occurred [7].
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The picrite sulfides globules of the Kara-Turgai assemblage do not have perfectly even boundaries, as
well as the metasomatic halo (figure 8), which is typical for the most sulfide globules of copper-nickel
ores of ultrabasite-basitic intrusive assemblages [14]. The flexuous boundary, as the frequent penetration
of sulfides into the silicate groundmass, indicates that the process of globules formation was accompanied
by simultaneous compression. The traditional globules design which is typical for intrusive assemblages,
where the lower part is formed of pyrrhotite, the upper one — copper pyrite, and pentlandite is in the mid is
not established either.

The sulfide globules of the Kara-Turgai type are the most similar with the sulfide globules in the
picrites of the Norilsk-Talnakh type, where copper pyrite is above, pyrrhotite and pentlandite are in the
bottom, and magnetite is located along the edge of the sulfide droplets in the picritic horizon ores. [15].
Although, globules of the first formation have a significant difference regarding magnetite distribution, as
a rule, it is located in the central parts of the ore platinum-containing globules (figure 8.1A), whereas the
magnetite of the second formation of the Kara-Turgai type is located at the edges of sulfide droplets
(figure 8.2A).

The rare grains of the FeOS, phase with a colloidal-gel structure is one of the peculiarities of the third
mineral formation, which formed as a result of pyrrhotite and oxygen interaction, which was accompanied
by a decrease in sulfur rate, an increase in oxygen and iron oxide generation that forms a dark fines in the
front of moving waves (figure 8.3C). This can serve as an evidence of such a mineralogical formation
generation under hypabyssal factors, where an essential role is assigned to oxidative processes.

The set of minerals of sulphide droplets is generally identical to the segregation ores; except, some
differences in their compound. Say, the ores pyrrhotite of the Kara-Turgai type do not contain nickel and
cobalt, which is typical for the ores pyrrhotite of Norilsk-Talnakh type. If the latter ore have palladium,

600 m " 100}1111 s

Figure 8 — Background about sulfides compound and aging of the Kara-Turgai assemblage.
See "Results and Discussion" for clarification
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sperrylite, gold, silver and selenium, then the picrite ores of the Kara-Turai type have no sperrylite, palla-
dium and selenium are extremely rare, yet rare-earth elements are widely represented. Platinum telluride
in the Kara-Turgai type ores is found in all main ore minerals (pentlandite, copper pyrite and pyrrhotite) of
the first formation, however gold has not been detected, but a lot of silver telluride. One of the specifics of
the Kara-Turgai type ores are lead selenide, arsenides of the iridium group and a high rate of rare-earth
elements of the yttrium subclass (Y, Dy).

The siegenite and millerite were first discovered being a part of picritic diabase, along with pen-
tlandite, pyrite and galenite which were not previously described in the rocks of the Kara-Turgai assem-
blage. The pentlandite is peculiar to be oversaturated with S, does not contain Co, and is poorly enriched
by Cr with respect to the pentlandite of Kara-Turai picrits.

(A) S (B) S

850°C

mss+Pln{h}+L,

Fe Ni Fe VoL +mss Ni
(C) (D)
600°C S S

bn+iss+5(l)

bn+S(L)

Figure 9 — Isothermal sections of Fe-Ni-S condensed systems [16] at 1000°C (A), 850°C (B), 250°C (D) and Cu-Fe-S [17]
at 600°C (C) for pyrrhotite (red colored rhomb), pentlandite (black circle), copper pyrite (black cross), siegenite (black colored
rhomb) and millerite (red spot) from picrites and picrite-diabases of the Kara-Turgai assemblage; mss — monosulfide solid
solution; iss — intermediate solid solution; copper pyrite (Chp); pentlandite (Pln); vaseat (Vs); pyrrhotite (Pyr); pyrite (Py);
violarite (Viol); millerite (Mill); the liquid (L)

The representative points of pentlandite in the Fe-Ni-S system (figure 9 (A, B)), proposed by A.
Naldrett [16] are located below the barrier S-enriched isolating phase, from the phases plentiful with
metals, and attracted to the monosulfide solid solution (mss) field. The pyrrhotite in this system is located
on the Fe-S side, apart from that its representative points lie within mss barrier, [IPGM, PtTe, and Ag,Te
minerals availability in pyrrhotite, and in pentlandite may be probably explained by. In the Cu-Fe-S
system (figure 9 (C)), copper pyrite is located in the iss + Py + S (L) field, taking into account the sulfur
excess, which, apparently, conforms to the freezing temperature decrease in copper pyrite.

Considering the sequence of mineral phases separation and isothermal sections analysis of the Fe-Ni-S
condensed system [16], the genesis of the sulfide copper-nickel mineralization of the Kara-Turgai type
seems to subordinate to the following scheme.
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In view of the present temperature version and the mss formation, Fe (.S (troilite) may be assumed
to appear at 1190°C, on the Fe-S line, which spreads to the inner part of the system at the 1100°C, forming
the mss field (figure 9 ( A)). At this stage mss is enriched in Fe and depleted of Ni in relation to the liquid
it is in balance with as suggested by A. Naldrett [16]. Afterwards, mss, formed from a fractionated liquid
in the proceeding process of fractional freezing, according to D. Ibel and A. Naldrett [18], becomes
enriched by Ni. By A. Sugaki and A. Kitakatse view [19] as a result of the reaction between mss and the
liquid, a high-temperature polymorphic pentlandite is formed at 865°C (Figure 9 (B)). Following the A.A.
Fedorov and A.V. Sinyakov materials [20], siegenite was instead of vaseat (Ni3 & xS2) in our system it can
be assumed, then the temperature descended below 806°C in the magmatic chamber. The liquid equals to
mss at 850°C may be inferred to be enriched with Cu, but depleted by Ni with regard to mss taking into
account the compound of the studied sulfides and accept the conclusions of J. Craig and G. Kullerud [21].
Considering the isothermal sections of the Cu-Fe-S system (Fig. 9 (C)), then the intermediate solid solu-
tion (iss) is submitted to be separated from the Cu-containing mss. Iss is presumably dissolved into copper
pyrite-pyrrhotite mineral phases with the temperature decrease (up to 400°C or less). The millerite in the
Fe-Ni-S system (figure 9 (D)) allows us to assume, in accordance with J. Craig [22], that mss was divided
into mss; and mss,+ millerite phases at 250° C. This also corresponds with the K. Misra and M. Fleet con-
clusions [23] that millerite and, unidentified Heazlewoodite mineral, are sustained at low temperatures.

Conclusions. The abovementioned states that the mineral inclusions formation of copper-nickel ores
containing platinum-mineral mineralization was proceeded with a temperature decrease, which varied
from 1200°C to 100-135°C. Apparently, such a rapid temperature decrease of the magmatic liquid has
contributed to the minerals retention of the platinum group and rare earth elements during its fractionation
and could proceed under hypabyssal conditions. Titano-haematite in picrites fairly corresponds with this
assumption. Titano-haematite is known to be formed at a high oxidation potential of oxygen, which is a
direct evidence of the rocks formation containing it under hypabyssal conditions. This is justified by iron
in the sphalerite, since an increase in the amount of iron in the sphalerite structure occurs when the
pressure decreases; as well as the altaite formed in the conditions of the hydrothermal mid-temperature
mineral formation process as a late mineral. The lead selenide and altaite availability, as well as a high
content of lead in other sulfides, indicates that igneous, including ore processes occurred in the continental
crust. The rare-earth elements Ce, Dy, Er, Y discovered by us, in the sulfides compound, against the
platinoids, substantially increase the industrial interest in the potential ores of the picrite-diabase of Kara-
Turgai assemblage. The platinoids and rare earth elements within the segregation droplets only,
represented by pyrrhotite, copper pyrite, pentlandite and sphalerite, allows conducting technological
testing of Kara-Turgai type ores more properly.

The above facts totally indicate the ore formation of Cu-Ni- (PGM) - (REE) ores of the Kara-Turgai
type occurred within the open magmatic system. Recent studies [24] have demonstrated that open mag-
matic systems are favorable for the concentration of a large number of sulfides. Additionally was specified
[24] sulfur input from enclosing rocks is not required for the Cu-Ni- (PGM) - (REE) ores formation in
open magmatic systems. This also inspires that large masses of Cu-Ni- (PGE) - (REE) ores can be placed
in the benthic and root zones of the picrite-diabase of the Kara-Turgai assemblage.

The rocks formation of the Kara-Turgai assemblage is apparently associated with repeated impulses
of the magma chamber against compression processes during the formation of the Rodinia supercontinent
should be specially emphasized [25].
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2K. . CarnaeB atbinAarsl [ €0J0THSIIBIK FRUIBIMIAP HHCTUTYTHI, AnMatsl, KazakcraH,
*KaparaH il MEMIIEKETTIK TEXHHKAIBIK YHUBEpCHTeTI, Kasakcran

COTYCTIK YJIBITAY/bIH KAPATOPFAN KEIIEHIHIH IUKPUT CYJIb®UJbIHIAFBI CUPEK
KE3JECETIH 2JIEMEHTTEP/IIH KOHE IINITATUHOUATAP/AbBIH K¥PAMBI )KOHE ®OPMACHI

AnHoranus. Bi3niH 3epTTeynep HOTIKECIHIAE KapaTOpFail KeIIeHIHIH NMHKPUTHIHAA epTeAeH OENTilli MBIC
cyibduai, HUKeNb, KOOANbT ( XaJIBKOMHUIIUT, MEHTIAHUT, KOOAIBTUTHUKEINH, repcaopduT) Oacka airamn peT BHUO-
JapuT, chalepuT, 3UreHNT, TUIATHHA TeJUTYPHUTI (MOYCHT), KYMIC TEJUTypHIli, KOPFACBIH TEIUTYpHUI (aITauT), KOpFa-
CBIH CeJICHH/II, UpUJ TOOBIHBIH MeTaIapbiHbiH KaTThl epitinaiiepi (Ir, Os, Ru), cupek ke3znecerin anementrep (Dy,
Er, Y, Ce). Cynpdunrep yiur MUHEPaIAbl accoluaIys Kypanpl. BipiHIm eki accoruainus J0MayiaK *KoHE DJUIHICTI
co3buTFal opmackl 6ap JIMKBALMSUIBIK «TaMILbDy Kypai/ibl, YIIIHIIICI MHUHEAPI/Ibl aCCOLMAIMS — JYPbIC EMeC OTKip-
OypbimThl Gopmaibl wbIFbICTap. HakpITnanraH, erep NEppOTHH, XaJlbKOIUPUT, MEHTIaHANUT, BHOJIAPUT XKoHE cda-
JUTTEP KYpasiFaH OipiHIN acCONMAIVSHBIH JIMKBAIUUIBIK TaMINbUIAPBIHAA FaHa Cynb(UATIH KypaMbIHIA IUIATH-
HomaTap Oomanpl. EKiHII accomuanus CyiabGUATAphl KYpaMbIHAA TUIATHHOUATAD JKOK, OJIap MHPPOTHH, XaJIbKO-
MUPUT, CPATICPUTIICH YCHIHBUTFAH. Y IIIHIII aCCOIUANUS CYJIb(OUTTEPl TUPPOTHH, XATBKOIUPHT, CHATCPHUT KOHE ITH-
PHUTIICH YCHIHBUIFAH. BapiblK MHHEPAIOrHSJIBIK acCOLMALMIAP KYpaMbIHIa MarHeTuT Oap, onap epeieii Typiae
MUKPUTTEP KOHE ANIONUKPHUTTI OJMBUHUTTEP FOPU3OHTTAPbIHA TycTanraH. [IMKpUTTi Auada3 KypambiHIa Cyiabdua-
TepIiH KipicTepi aHBIKTaIFaH: MEHTIAANT, 3UTCHAT, MIUUIEPHUT, MUPUT, TajdeHuT.Cu- Ni- (IIaTrHa TONTapBIHEIH MH-
Hepainapsl (ITTM)) — (cupek ke3necerin anementTepi CKD) xapaToprail KeH TYpiHiH, CyIbQUITAPABIH OHIIPICTIK
MaccallapbIHbIH IOFBIPJIaHYbIHBIHA KOJIAWIIbI, alllbIK MArMaTHKAJIBIK JKYHe HIeriHe naiaa 00aybl HAKThLIAHFaH.

Tyiiin ce3aepi: ¥nsiTay, MBIC-HUKENb/I KEHIIITEp, ITTATHHOUATAP, CUPEK KE3ECETiH dJIEMEHTTEP.

B.TI. Crenanen', B. JI. Jleeun?, E. C. JIn®

'RCMIR_COM. Germany — Russian-community-mir. Company, Germany,
’TOO «MHcTutyT reonornyeckux Hayk um. K. U. CarnaeBay», Kazaxcran,
*KaparaHIMHCKHil rOCY1apCTBEHHBIH TEXHOIOTHUEeCKHH yHuBepcuTeT, Kasaxcran

COCTABBI 1 ®OPMbI HAXOXJAEHUA IIVIATUHOUAOB U PEJAKO3EMEJIBHBIX 9JIEMEHTOB
B CYJIb®UJIAX INKPUTOB KAPATYPTAHCKOI'O KOMILJIEKCA CEBEPHOI'O VJIBITAY

AHHOTanusl. B pe3ynpTare Halmmx MCCIIENOBAHUN, HAPSILy C paHEEe U3BECTHBIMU CYIb(OUAAMH MEIH, HUKENIA U
KoOaJibTa (XaJIbKONUPUTOM, MEHTIAHANTOM, KOOAIBTHHOM, HUKEINHOM, IrepcloppHUTOM), B MUKPUTAX KapaTyprai-
CKOTO KOMIUIEKCa ObLIM BIEpBble 0OHApY)KEHbI BUOJAPUT, 3UT'CHUT, TEJUTypHJl TUIATHHBI (MOHYEHT), TEIUTypH] Ce-
peOpa, TeTypua cBUHIA (aJTauT), CeJIeHH | CBUHIA, TBEPAbIe PaCTBOPHI MeTauioB upuaueso rpynmns (Ir, Os, Ru),
penkozemensHble aneMeHTH (Dy, Er, Y, Ce). Cynbdunst GopMHUPYIOT TpH MUHEpaJIbHBIX acconuaryu. Ilepsoie aBe
00pasyroT JMKBALMOHHBIE «KallJIn», UMEIOLINE OKPYIIIYI0 M SJUIMIICOBUIHO-YNIMHEHHYIO (OPMY, @ TPETbsS MUHE-
paiibHasi acCOLMAIMs — BBIICJICHHUST HEIPABHIbHBIX OCTPOYTOJBHBIX (DOPM. Y CTaHOBJIEHO, YTO IUIATHHOUABI B CYJIb-
(mmax MpHUCYTCTBYIOT TOJBKO B JIMKBALIMOHHBIX KAaIUIAX ITEPBOM acCOIMAINH, KOTOPBIE CIIOKEHBI MUPPOTHHOM,
XaIIbKOMUPUTOM, TIEHTIAHIWTOM, BHOJapuToM M cdanepuroM. Cynbhuabl BTOpPOH acconuanuyd HE COAEpXKaT
IUIATHHOUAOB M MPEACTAaBICHBl MHPPOTHHOM, XaJdbKONHPHUTOM, cdanepuroM. Cynbduasl TpeTbel acconuaiyn
IPENCTaBIeHBl THPPOTUHOM, XaJbKOIUPUTOM, chajlepuToM, IHPUTOM. Bee Tpu MHHepanormyeckue acColyanuy
colep)KaT MAarHeTUT M, KaK MpaBHIIO, MPUYPOUYEHBI K Hambonee nuddepeHIIMPOBAHHEIM [OPHU30HTAM ITUKPUTOB H
aTrlONMKPHUTOBBIX OJMBUHHUTOB. B cocTaBe MMKPHUTOBBIX Ma0a30B OOHAPYKEHBI €IMHUYHBIC BKIIOUSHHUS CYIb(QUI0B:
NEHTJIAHIUT, 3UT€HUT, MHUJUIEPUT, NHUPHUT, raneHut. [loctymupyercs, uto pynoodOpazoBanue Cu-Ni-(MUHEpaIOB
mwiatuHoBoi rpymnmsl [MIII']) — (penko3emensHbIX 31eMeHTOB [P33]) pyn kaparypraiickoro Tuma MpoHCXOIWIO B
npezenax OTKPHITOH MarMaTuuecKoi CUCTEMBbI, OJIaronpusTHON JUIsI HAKOIUICHHUS! TPOMBIIUIEHHBIX Macc CyJIb(UI0B.

KiioueBble ciioBa: YibiTay, MEHO-HUKEIEBBIE PY/Ibl, INIATHHOU/BI, PEAKO3EMENBHBIE JIEMEHTHL.
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