Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2023. V. 334. 7. 164-176
Oitseva T.A. et al. Features of formation, material composition and geological structure of rare metal and pegmatite deposits of the Kalba ...

UDC 553:52

FEATURES OF FORMATION, MATERIAL COMPOSITION AND GEOLOGICAL STRUCTURE
OF RARE METAL AND PEGMATITE DEPOSITS OF THE KALBA REGION
ON THE EXAMPLE OF THE YUBILEINOE DEPOSIT

Tatyana A. Oitseva'?,
tatiana.oitseva@gmail.com

Boris A. Dyachkov['?

Ainel Ye. Bissatoval,
bisatova.ainelya@mail.ru

Gulizat B. Orazbekova?,
orazbekova@bk.ru

Stanislav S. Zinyakin?,
s.zinyakin@yandex.ru

1 D. Serikbayev East Kazakhstan Technical university,
69, Protozanov street, Ust-Kamenogorsk, 070004, Kazakhstan.

2 LLP «Geosy,
123-197, Protozanov street, Ust-Kamenogorsk, 070004, Kazakhstan.

3 Altai Geological and Environmental Institute LLP,
21, Karl-Liebknecht street, Ust-Kamenogorsk, 070004, Kazakhstan.

4 Shakarim university Semey,
20a, Glinka street, Semey, 071400, Kazakhstan.

The relevance of the research is caused by the lack of knowledge on the behavior of rare metal in pegmatite ore formation in the Kalba
region and the need to expand the rare-metal mineral resource base of the region and to establish geological and mineragenic mapping.
The aim of the research is to identify the features of geotectonic development, geological structure and material composition of the rare-
metal deposit Yubileinoe (Kalba region).

Study area: large industrial rare metal deposit Yubileinoe and its mineral complexes.

Methods: detailed geological-geochemical and mineralogical study of the region of work, use of materials from works of previous years,
stock literature, as well as laboratory studies (mass spectrometric, microprobe, geochronological and other studies). The structural rela-
tionships of minerals with each other, as well as the geochemical interpretation of the results of laboratory studies, were taken into account
during diagnosing mineral complexes.

Results. Spatial and genetic relationship of rare-metal pegmatite deposit (Nb, Ta, Be, Cs, Li, Sn) with granites of the | phase of the Kalba com-
plex P1 (285 Ma), is distinguished. In the location of the Yubileinoe deposit, the leading ore-controlling role is given to the system of deep latitu-
dinal faults of ancient origin, renewed in the Hercynian cycle. A geological and genetic model of rhythmically pulsating rare-metal pegmatite
formation of the Yubileinoe deposit is presented, which reflects the zonal development of mineral complexes from oligoclase-microcline (barren)
fo albite, greisen, spodumene-containing and pollucite-bearing (ore) with an increasing concentration of mineralization. Information was ob-
tained on the composition of pegmatite ores with the release of typomorphic minerals (clevelandite, lepidolite, colored tourmalines, spodumene,
pollucite, ixiolite, etc.) and the main geochemical elements of rare metal ore formation (Nb, Ta, Be, Cs, Li, F, P, efc.).
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Introduction

The Kalba region is located in East Kazakhstan and,
in terms of geotectonic zoning, is included in the general
geostructure of the Great Altai (hereby GA) which is part
of the Central Asian mobile belt [1, 2]. In the north-east it
is limited by the Irtysh zone of crumpling, in the south-
west along the Terekta fault it is separated from the West
Kalba. The southeastern flank of the structure continues
to China; in the northwest it is mainly overlain by a cover
of loose deposits of the Kulunda depression. Kalba gran-
itoid belt of the northwestern direction is formed in the
Hercynian cycle in a post-collisional (orogenic) geody-
namic setting — the spatial-genetic relationship of the
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leading geological-industrial type of rare-metal pegma-
tites deposits (Nb, Ta, Be, Cs, Li, Sn) with medium-
coarse-grained biotite phase | granites of the Kalba com-
plex (P;, 285 million years) [3, 4]. The study of the min-
eralogical composition of Kalba pegmatites was greatly
contributed by A.l. Ginzburg, V.D. Nikitin, S.G. Shavlo,
N.A. Solodov, V.I. Kuznetsov, Yu.A. Sadovsky,
V.A. Filippov and others. In metallogenic terms, this is
the major rare metal structure of East Kazakhstan, the
prospects of which have not yet been exhausted. The fea-
tures of the formation, material composition and geology
of this structure will be considered on the example of the
Yubileinoe deposit, located in Central Kalba and being a
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large industrial rare metal deposit. At present, the most
important task is to forecast and search for new rare metal
objects in order to strengthen the raw material base for ra-
re metal production enterprises [5].

Materials and methods

The study included field and analytical work. Exten-
sive materials of geological-surveying, prospecting and
exploration works carried out in different years in the
study area were used [6-8].

The samples for laboratory research were taken from
ore-bearing rocks and rare-metal pegmatites of the Yu-
bileinoe deposit (more than 200 samples). As a sample,
fragments of samples, the remains of core samples were
taken, the furrows of the ditches were retested. Analytical
studies were carried out in the VERITAS laboratory of
the D. Serikbaev East Kazakhstan Technical University
(Ust-Kamenogorsk). The chemical composition of miner-
als were analyzed on the Agilent 7500cx ICP-MS mass
spectrometer from Agilent Technologies (Agilent Tech-
nologies, Santa Clara, CA, USA) and an MC-46 Cameca
microprobe (Cameca, Gennevilliers, France), which de-
termined 73 elements with high sensitivity (Cu, Pb, Zn,
Au, Ag, Cd, Pt, In, Ir, Y, YDb, TR, etc.), on Jeol-100C
scanning electron microscopes with a Kevex-Ray energy-
dispersive attachment and an ISM-6390 LV from Jeol
with an INCA Energy attachment from OXFORD, which
also studied fluid inclusions of ore and associated miner-
als, and also determined impurity elements (Au, Ag, Sb,
As, Pt, In, U, etc.) in them.

Geochronological studies were carried out using the
step heating method 40Ar/39Ar. The analyzes were per-
formed at the Institute V.S. Sobolev (Novosibirsk, Rus-
sia). In total, more than 30 datings were performed. The
isotopic composition of argon was measured on a Micro-
mass Noble Gas 5400 mass spectrometer.

Geological structure of the Yubileinoe deposit

The largest rare-metal (Ta, Nb, Be, Li, Sn, W) depos-
its of the GA are located in the Kalba-Narym metallogen-
ic zone [3, 9, 10]. The belt comprises the Shulba, North-
west Kalba, Central Kalba, and Narym ore districts. Cen-
tral Kalba is the richest district, with many large pegma-
titic rare-metal deposits (Bakennoe, Belaya Gora, Yu-
bileinoe, etc.), which were operated by the Belogorsk
Mining and Processing Combine before 1994 but have
been suspended since then (Fig. 1).

Pegmatitic rare-metal mineralization in the Central
Kalba district is spatially and genetically associated with
Early Permian (P;) postcollisional granite magmatism
(Kalba complex) [4, 11-13]. The deposits occur in the
zoned Ognev-Bakenny (Ognevskoe, Bakennoe, et.),
Asubulak (Yubileinoe, Ungursay, Karmen-Kuus, etc.),
and Belogorsk-Baimurza (Belaya Gora, Upper Baimurza,
etc.) fields controlled by systems of W-E large faults with
pinnate fractures and faults.

The Yubileinoe deposit was discovered in 1955 by
G.l. Kazaryan, P.l. Vershkov and V.A. Filippov. Later it
was studied by many geologists (K.I. lvanova, E.P.
Pushko, M.M. Ukolov, V.K. Remez, V.V. Lopatnikov,
etc.). It is spatially located in the hanging side of the

Asubulak ore field, controlled by a sublatitudinal deep
fault (Fig. 1) [6-9].

Fig. 1. Simplified geology of the Central Kalba ore district.
Performed on the material of B.A. Dyachkov [10]:
1 — amphibolites and gneisses (PR?); 2 — greenschist
metamorphic rocks (D, ,); 3 — carbonaceous sand-
stones, siltstones, and slates (D5); 4 — carbonaceous-
calcareous-clastic flysch (Civ,3); 5 — siltstones,
sandstones, and graywacke (C;S); 6 — migmatites
and gneiss granites (C,); 7 — plagiogranites and
granodiorites, Csz; 8 — granites of phase 1 Kalba
complex (P;); 9 — gabbro, dolerites, granites, and
porphyry (P,-T1); 10 — faults that control minerali-
zation (a) and boundary of Irtysh shear zone (b);
11 — pegmatite deposits

Puc. 1. Cxema eeonoeuveckoco cmpoenusi Llenmpanbro-
Kanbunckozo pyonoeco paiiona [10]: 1 — amgpubonu-
mo-eneticosas gopmayus (PR?); 2 — memamopguso-
sannvle  «3enenocianyesviey omuodcenus  (Dip);
3 — yenepooucmo-necuanukogo-anespoIUmosas, ac-
nuonas (D3); 4 —  muwoudnas  yenepooucmo-
usgecmrosucmo-meppueerras (Ci\V 3); 5 — epaysak-
Kogas anespoiumo-necuanukogas (C1S); 6 — mue-
MaAmum-2Heticoepanumosas (Cy) Gopmayuu;
7 — nnaecuoepanum-epanoouopumosas, Cs; 8 — epa-
HUmvl nepeoli pasel kanbuncko2o komniexca (Pi);
9 — 2abbpo-ouabasz-epanum-nopghuposas gopmayus
(P~T1); 10 — pydokonmporupyrowue paziomet (a) u
epanuya Upmuiwickotl 3onvl cmamua (b); 11 — nee-
MAMUMOBbie MECMOPONCOCHUSL

The pegmatite field is confined to large troughs of the
roof of the Tastube and Priirtysh granite massifs, dissect-
ed by faults. The ore field is elongated in the sublatitudi-
nal direction for 8-10 km with a width of 2-3 km. In its
structure, hornfelsed sandstone-siltstone deposits of the
slate formation (Takyr suite, D3) and plagiogranites (Cs)
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are fragmentarily fixed, but most of the ore field is occu-
pied by granites of the Kalba complex (Py), represented
by two intrusive phases [3, 13-15]. The first phase is me-
dium-coarse-grained porphyritic biotite granites, the sec-
ond phase is medium-uniform-grained muscovitized
(two-mica granites).The ores were deposited during mul-
tiple tectonic events under compression and extension cy-
cles, which provided cyclic inputs of pegmatite-forming
fluxes and metasomatic replacement of previous mineral
assemblages in pegmatite veins [16, 17].

According to previous researchers (T.M. Nikitina,
B.A. Dyachkov, A.E. Ermolenko, etc.), thickness varia-

bility and uneven distribution of rare elements (Ta, Li, Sn,
etc.) along the strike and dip of ore deposits are revealed
with the construction of horizontal plans and the calcula-
tion of isopowers and isoconcentrations of rare elements
[4-9]. Based on this, a linear-nodal distribution of rare-
metal mineralization is determined at the Yubileinoe de-
posit with ore concentration maxima in its thickened parts
and at the intersection of ore-localizing fracture structures
with the formation of ore-bearing bands or ore bands of
northwestern strike (Fig. 2). The distance between the ore
belts is 200-300 m, their inclination in the southeast di-
rection at an angle of 20°.

vem 150

Fig. 2. Plan of distribution of mineral complexes along the pegmatite veins of the Yubileinoe deposit. Performed by
T.A. Oitseva based on materials [6]. Mineral complexes: 1 — microcline oligoclase with albite; 2 — microcline;
3 — microcline-albite; 4 — albite; 5 — spodumene-bearing; 6 — spodumene-clevelandite-quartz; 7 — quartz-albite-
muscovite (greisen). Minerals: 8 — spodumene; 9 — lepidolite in association with pollucite, petalite, colored tourma-
lines; 10 —discontinuous violations (post labor); 11 — zones of increased fracturing; 12 — ore veins and their names.
Ore belts: 13 — installed; 14 — alleged, and their numbers

Puc. 2. [Tnan pacnpeoenenuss MUHEPATbHBIX KOMNIEKCO8 NO neamamumosulm scuiam FObuneiinoco mecmopoocoenus. Boi-
noaneno T.A. Ouyesoti no mamepuanam [6]. Munepanvhvie komniexcoi: 1 — 01USOKIA3 MUKPOKIUHOSbI C ANbOUNOM,
2 — MUKpOKIUHOBLLU, 3 — MUKPOKIUH-ANb6Umosbill; 4 — anbbumossiil; 5 — cnodymen-keapyeeviil; 6 — cnooymem-
codeposcawue; 7 — K8Apy-anbOUm-mycko8umosslii (epetizenosviti). Munepanvl: 8 — cnooymer,; 9 — nenudoaum 8 acco-
yuayuy ¢ NOAIYYUMOM, NeMmanumom, ysemuvimu mypmaiunamu; 10 — paspvieuvie napywenus (nocmpyousie);
11 — 30nb1 nosviwennol mpewunosamocmu,; 12 — pyoHvie srcunvl u ux Hazeauus. Pyouvie nenmut: 13 — ycmanosnen-

nuvle; 14 — npednonazaemvie, u ux Homepa
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Results of the study of leading mineral complexes

The zonal distribution of mineral complexes in peg-
matites of Yubileinoe deposit is clearly manifested, which
was noted in the works of N.A. Solodov, V.A. Filippov,
D.Ya. Aizderzis, E.P. Pushko, A.M. Smirnov and other
researchers. The characteristics of the leading mineral
complexes are given [3, 9, 18, 19].

The albite complex is widely developed. It is com-
posed mainly of albite (95 %) with an insignificant ad-
mixture of quartz (up to 5 %), muscovite, tourmaline,
garnet and other minerals. Outwardly, it is a rock of mas-
sive appearance, white, composed mainly of fine-grained
and sugary albite (Fig. 3, a). They contain tantalite-
columbite in the form of fine dissemination (up to
0,5mm in size), prismatic crystals of dark brown and
black color. Less commonly, cassiterite crystals of a di-
pyramidal-prismatic appearance of various colors from
reddish-brown and pale green to colorless are observed.
A distinctive feature of the complex is its enrichment

MU aumus U mapeanya

In albitized pegmatites with spodumene, the concen-
trations of Li (3664) and Sn (up to 110 grams per ton) are
increased. BSE images in pegmatites with lithium and
manganese phosphates are dominated by albite; inclu-
sions of fluorapatite containing scheelite impregnation
(WO;3 -59,85 %) are characteristic. Quartz, muscovite,
tourmaline and sphalerite are also noted (Zn -50,27 %).
Among the lithium-bearing manganese minerals of the
triphilite-lithiophyllite  group —  Li(Fe+Mny)[PO,],
syclerite (LiMny+PQO,4) was first discovered. New for-
mations of sodium and calcium-containing manganese
phosphates were determined: firefeldite Ca,Mn(PQO,),,
natrophyllite (P,0s — 40,88; MnO — 29,27 u Na,0 -
10,16 %) and beusite (Ca — 34,47; P — 13, 48 %) associat-
ed with albite, pyrolusite, and quartz.

Ore minerals are represented by microinclusions of
tantalite (ferrotantalite), in which Ta,Os prevails over
Nb,Os (4,59 times), and the FeO content (13,64 %) is
significantly higher than MnO (1,58 9%). Beryl forms
crystals (more than 300 microns in size), which are inter-
sected by quartz and contain inclusions of pyrolusite and
muscovite. In general, the albite complex is geochemical-
ly specialized in Nb, Ta, Be, Sn, Li, in practical terms it is
accompanied by ordinary ores (Ta,Os of about 100 grams
per ton), accounting for about 12 % of the total reserves
of rare metals in the Yubileinoe deposits.

with phosphates of Li, Mn, Fe, forming nests, lenses and
black spots (Fig. 3, b).

The varieties of this complex are found in the central
parts, hanging and recumbent sides of pegmatite veins. In
crusts, they contain (in grams per ton): tantalite-columbite
(263), cassiterite (452,8), minerals of the samarskite-
fergusonite group (33,7). Apatite, garnet, tourmaline
(scherl and verdelite) and phosphates of Li, Mn, Fe are
also characteristic. Spodumene, zircon, sphalerite, corun-
dum, fluorite and biotite are also noted. In lithium phos-
phates, the contents of P, Li, Mn (more than 1 %) and ra-
re elements (wt. %) are increased: Ta (0,08-0,1), Sn
(0,01-0,3), Be (up to 0,01), significant contents of Mo,
As, Sh, Zn are noted. According to the results of mass
spectrometric analysis, albite is slightly enriched in rare
elements (in grams per ton): Ta (26,33), Sn (22,88), Nb
(67,43). The content of rare alkalis reaches: Li (112,3),
Rb (381,4) and Cs (19,6).

Fig. 3. Typomorphic minerals of the albite complex: a) massive sugar albite; b) with phosphates of lithium and manganese
Puc. 3. Tunomoppuvie munepanvl arboumo8o20 KOMIIEKCA: @) CaxaposuoHblil anbOUm Maccuerno2o ooauka; 6) ¢ pocpama-

The quartz-albite-muscovite (greisen) complex occurs
locally in different parts of the veins. In the inner zones, it
is associated with the albite-spodumene complex. Out-
wardly, it is a coarse-grained greisen of greenish color,
consisting mainly of muscovite (more than 50 %), quartz
and albite (Fig. 4).

Typomorphic indicator minerals are green muscovite,
fluorapatite, apatite, and green tourmaline (verdelite).
Spodumene is rare. Ore minerals are represented by dis-
semination of tantalite, ixiolite (Ta, Nb, Sn, Fe, Mn),Os,
uranium-bearing microlite (Ta — 31,33; U — 4,46-6,57),
cassiterite, zincite and others. Tantalite-columbite forms
lamellar and tabular black crystals. Apatite in crushes is
noted in the form of fragments of prismatic crystals of
various colors (2458 grams per ton), fine-crystalline apa-
tite with an impurity of Li,O — 0,54 %. A distinctive fea-
ture of the greisen complex is its enrichment in tantalum
(the average Ta,Os content is more than 0,3 %). Accord-
ing to spectral analyzes, the Ta content reaches 0,5-1 %,
and in tantalite crushes — 4460 grams per ton. In the grei-
sens of the vein, the single concentration of tantalite is
2564,3 grams per ton. Abnormal contents of tantalum in
greisens have been established at other pegmatite objects:
Ungursai (Ta;0s — 1500 grams per ton, Nb,Os —
125 grams per ton) and Kvartsevo in North-West Kalba
(Ta;Os up to 0,225 %).
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Fig. 4. Typical samples of quartz-albite-muscovite (greisen) complex in the Yubileinoe deposits: a) greisen of greenish-gray
color; b) greisen with muscovite and impregnated tantalite

Puc. 4. Tunuunvie 0bpa3sysi K6apy-anrbOUM-MyCKOBUMOBO20 (2petizeH068020) Komniekca Ha FObunetinom mecmopooicoenuu: a)
2petizeH 3ej1eHO8amo-cepoll OKpacku, 6) epelisen ¢ MyCKO8UMOM U 6KPANIEHHOCHIbIO MAHMATUMA

Spodumene-bearing complexes are the main concentrators
of rare-metal mineralization. New research results show that
the most productive are quartz-clevelandite-spodumene-
lepidolite (colored) and quartz-clevelandite-lepidolite-pollucite
complexes and their varieties [10, 20, 21]. Similar pegmatites
are widespread in other rare-metal provinces [22-27]. The
main feature is the complexity of the composition of pegma-
tites containing unique minerals of several generations (cleve-
landite, lepidolite, spodumene, petalite, amblygonite, pollucite,
colored tourmalines, cassiterite, tantalite-columbite, mangan-
otantalite, microlite, etc) and rich complex ores
(Sn+Ta+Cs+Li). The following minerals are among the most
leading indicators of rare metal pegmatite formation.

Micas are widespread in all mineral complexes of the
Yubileinoe deposit and other rare-metal objects of Kalba.
An increased lithium content of micas was found not only
in lepidolite, but also in transparent muscovites. They are
also enriched in Ta, Nb, Be, Rb, Cs, Sn, W and are pro-
specting indicators of rare-metal mineralization.

Greenish lithium-bearing muscovites (in association
with fluorapatite and verdelite) indicate the enrichment of
the quartz-albite-muscovite (greisen) complex with tanta-
lum at the level of hurricane values (up to 0,3 % and
more). On a scanning microscope in muscovites, fluid
microinclusions of tantalite, cassiterite, fluorapatite, il-
menite and galena (in the first units and tens of microns)
are observed. Cryptocrystalline varieties of muscovite
(gilbertite) of the Karmen-Kuus ore occurrence are en-
riched in rare alkalis (Li+Rb+Cs=12576 grams per ton)
with the content of Sn (149 grams per ton) and Ta
(18,5 grams per ton).

Lepidolite is the main indicator of a productive quartz-
clevelandite-lepidolite (colored) complex (Fig. 5, ). It is
represented by two varieties: 1) large- and medium-scaled,
forming large aggregates in association with clevelandite
and quartz; 2) fine-hidden scaly, fixed in the form of met-
asomatic quartz-lepidolite nests among other minerals.

Fig. 5. Microinclusions of minerals from the greisen complex of the Yubileinoe deposit. Analyst 1.V. Aborneva. a) replace-
ment of lamellar clevelandite by lepidolite; b) larger micrograins of vein-shaped cassiterite in lepidolite; c) relict
grain of apatite corroded by albite and lepidolite; d) inclusion of cassiterite in lepidolite; e) micrograin apatite in the

rim of lepidolite; €) lepidolite plate

Puc. 5. Mukxpoekmiouenuss Munepanog epeizenoso2o komniekca FObunetinoco mecmopoocoenus. Ananumux U.B. Abopresa.
a) 3ameujerue 1enuo0IUMOM NAACIUHYAMO20 Kilegeianouma; 6) 6oiee KpynHvle MUKpPO3EpHA KACCUMEPUMA RPOANCUTL-
KOBOIUL (hopmbl 6 lenudoiume; 8) peiuKmosoe 3epHO Anamumad, pazbeddemoe albOUmoM u J1enuO0IUMOM, 2) 6KII0YeHUe
Kaccumepuma 6 aenuooaume; 0) MUKPO3EPHO anamuma 6 OmopouKe J1enuo0Iuma; e) NIACMuHKa 1enuooIuma
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Lepidolite is characterized by a high Li content (up to
16240 grams per ton); at the micro level, inclusions of
cassiterite, fluorapatite, apatite and scheelite are noted in
it (Fig. 5, b-f). In this complex, according to the results of
mass spectrometry, anomalous contents (grams per ton)
were determined: Nb (1940), Ta (248,7), Rb (4746), Li
(7160), P (3357), Sn (80,54), at low values of W (2,44)
and Mo (1,2). Significant contents of Ag (0,51), Sb (2,9),
Au (0,30), Pd (0,12), Bi (0,34), Tl (7,82), In (0,24). Ac-
cording to the BSE microanalysis, the complex consists
(%) mainly of SiO, (49-52), Al,O3 (24-28), K,0 (10,9),
F (5,6-6,4), impurity WO; (1,35-3,25) and other compo-
nents.

Spodumene from the pyroxene group (Li, Al[Si,Og])
is one of the major indicator minerals of rare metal peg-
matite formation. It forms prismatic crystals of a plank
appearance (up to 0,5 m in size) of yellowish-white and
beige color, glassy luster, with secondary changes acquir-
ing a pinkish color. Aggregate clusters with an oriented
distribution of spodumene crystals associated with quartz,
clevelandite, and amblygonite are noted (Fig. 6). The

main crystallographic faces of the spodumene prism m
{110} and the pinacoid a {110}.

At the microlevel, it contains inclusions of cassiterite
(Sn — 34,51 wt. %), scheelite with tantalum impurity
(W - 45,67; Ta - 10,27) and native iron (with Zn impuri-
ty — 13,38; Pb — 7,53) (Fig. 7).

According to the ICP-MS results, rare earths in spodu-
mene are represented mainly by the lanthanide group of el-
ements (12 grams per ton). The content of chalcophilic el-
ements reaches (grams per ton): Cu (107,3), Zn (116,4), Pb
(410,6), Sb (40,3), Ag (17,5), Au (0,35), Pd (0,31). Above-
high values of B, Ga, Ge, Tl were determined. Among the
alkaline elements, Na (10722 grams per ton) is sharply
prevalent. Content of Li (up to 16240 grams per ton), Sn
(up to 448.87) with an uneven distribution of Ta, Nb, Be.
In terms of high concentration, Li approaches the Koktogai
deposit (China). The noble metal group of elements is rep-
resented by Ag (17,52), Au (0,22), Sb (40,30). Studies
have shown that spodumene contains a wide range of rare
elements (Li, Ta, Nb, Sn, W) and is one of the main indica-
tor minerals of rare metal pegmatite formation.

Fig. 6. Typomorphic samples of the spodumene lepidolite-spodumene-clevelandite complex: a) prismatic crystal of spodu-
mene with glass luster; b) metasomatic replacement of spodumene with quartz-albite-mica vein

Puc. 6. Tunomopghuvie o6pasyvi cnodymena JLenudoIUm-cnoOyMeH-K1eeeiaHOUno8020 KOMMIEKCA: @) NpUIMamudecKkuil
KpUCManl CROOYMeHad CO CMEKIAHHbIM Oneckom, 6) memacomamuyeckoe 3ameujerue cnooymMeHa Keapy-anboum-

cmoouUCmvLM NPOHCUTIKOM

10 mkmy
—

Fig. 7. Micro-inclusions in the spodumene of the Yubileinoe deposit. Analyst A.V. Rusakova. a) micrograin lumpy cassiterite;
b) inclusion of scheelite; c) native iron with zinc admixture; d) native teardrop-shaped iron

Puc. 7. Muxposxnouenus 6 cnooymene FObuneiinozo mecmoposicoenus. Ananumuk A.B. Pycakosa. a) Mukpozepno xaccume-
puma KOMKo8UOHou hopmul, 0) GKAIOUEHUE WeeTUmd, 8) CaMOPOOHOe JHCene30 ¢ NPUMECHIO YUHKA, 2) camopooHoe

JKcene’0 KaniesuoHoll (hopmol
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Ambigonite LiAI[PO,4] F is noted in the form of large
prismatic crystals (up to 10-15 cm in size) with well-defined
pinacoid faces. It is a typical lithium mineral of the colored

complex, associated with clevelandite, lepidolite, spodumene,
pollucite and quartz, forms idiomorphic aggregates. When
weathered, it becomes brownish-pink in color (Fig. 8).

Fig. 8. Typical samples of amblygonite and pollucite of the colored complex: a) relict amblygonite crystal corroded by
quartz and fine-flaked lepidolite; b) nest of white pollucite

Puc. 8. Tunuunvie 06pa3ubz ambauconuma u noanryyuma yeemHno2o0 Komnjiekca.: a) peﬂukmoebn? Kpucmaii aM6ﬂu20Huma,
KOpPOOUpyemblil KAPYeM U MeIKOUeULyiuamolm 1enuooaumom; 6) cne300 noiryyuma 6eioi oKpacKku

Colored tourmalines are also informative minerals,
differing in color, morphological characteristics and
chemical composition. Black tourmalines (sherl) with a
low content of trace elements reflect pegmatites of simple
composition. The colored mineral complex contains ag-

gregates of dark green tourmalines of variable color, blue
indigolite crystals, polychrome tourmalines, and pink ru-
bellites (Fig. 9). Colored tourmalines are associated with
clevelandite, lepidolite, pollucite and are indicators of
rich rare metal ores (Ta, Nb, Be, Sn, Li, Cs).

Fig. 9. Rubellite crystals in pegmatites of the Yubileinoe deposit: a) radiant accumulations of rubellite; b) crystals of rub-

belite in quartz

Puc. 9. Kpucmanner pybeniuma ¢ neemamumax FHbOuneiinozo mecmopodicoenus: a) ayuucmovie CKONLEHUs pyoeriuma,

6) kpucmanivl pyoberuma 6 Keapye

Clevelandite forms curved large-lamellar crystals of
bluish-gray color, associated with quartz, lepidolite,
spodumene, petalite, and other minerals (Fig. 10).

According to the BSE image data, clevelandite consists
(in %) of Na,O (11,48), Al,O; (20,1), SiO; (67,28), P,Os
(0,37), K,0 (0,16), CaO (0,18). It is characterized by a
patchy openwork and veinlet dissemination of fluorapatite

(F - 5,33; P05 — 34,33; CaO — 47,47 %). According to the
results of mass spectrometry, increased contents (grams per
ton) were found in clevelandite: Li (348,15), Sn (353,3), Ta
(17,59). The amount of rare earths is low (5,46 grams per
ton) with a maximum Dy value (3,07 grams per ton). Other
elements are represented (in grams per ton) mainly Fe
(5573), Mn (110), Ti (87) and Cr (66).

Fig. 10. Klevelandite varieties in quartz-spodumene-lepidolite (colored) complex: a) aggregates of bluish-gray clovelandite;
b) clevelandite in association with quartz, large-lamellar lepidolite, and spotted petalite

Puc. 10. Pasznosuonocmu knegenaHouma 8 Keapy-cnoOyMeH-1enu0oIumosom (Y8emHom) KoMHIeKce: a) dazpezamvl
Knesenanouma 20ﬂy6oeam0-cep020 yeema, 6) Knesenanoum 6 accoyuayuu ¢ kKeapyem, KpPYnHONJIACMUHYAMbIM

AEeNUOOTUMOM U NEMATUNOM NAMHUCTOU OKpacku
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Pollucite Cs[AISi,Og] belongs to the latest pegmatite
minerals, closely associated with lithium-bearing micas,
amblygonite, petalite, colored tourmalines, fluorapatite,
cassiterite, and quartz. It is observed in the form of solid
masses of milky white, fine and fine-grained structure, of-

100 mkm
]

60 mkm |

ten of a sugar-like appearance. It is the main mineral of
cesium ores, which were mined at the Yubileinoe deposit.
The SEM image shows relatively large grains of pollucite
(up to 100 um in size), which are intersected by microlite
and late generation cassiterite (Fig. 11).

Fig. 11. Microinclusion of rare-metal minerals in pegmatites of the non-ferrous complex: a) micrograins of pollucite; b) in-

tergrowth of tantalum-bearing microlite and pollucite; c) nested and vein accumulations of cassiterite in pollucite;

d) cassiterite crystal in a Q-Al matrix

Puc. 11. MquOGI{'ﬂIO'—l@HM@ pet)KOMemd/Zﬂbelx MUHepanNos 6 neemamumax YeenHnocoOKomniekca: a) MUKpO3epHa noyyuma,

6) cpocmox MaHMAIOHOCHO20 MUKPOAUMA U  ROIYYUmMd,;

8) 2HEe3006UOHble U NPONCUTKOGHIE CKONJIEHUS

Kaccumepuma 6 nouryyume, 2) Kpucmann kaccumepuma 6 Q-Al mampuye

Tantalite is the main ore mineral, represented by large
black crystals and forms a fine dissemination (5-8 mm) in
quartz, clovelandite, lepidolite, spodumene and other min-
erals. It is also noted in the form of irregular grains or

Fig. 12. Tantalum-bearing minerals of rare metal pegmatites: a) tantalite crystals; b) nested cluster of tantalite crystals in
granular bud-shaped quartz

short-prismatic and tabular crystals of brownish-black col-
or (Fig. 12). Several morphological varieties have been
identified, differing in the appearance of crystals, chemical
composition and distribution of impurity elements.

Puc. 12. Tanmanonochnvie munepanvl peOKOMeMAiIbHbIX NE2MAMUMOG: a) KpUCmaniel maumanuma; 6) eHe3008uU0HOe
cKonaenue KpUcmaiios manmaiuma 6 3epHUCoM HOYKOBUOHOM K8apye

Based on the results of analyzes at the Yubileinoe de-
posit, the following types of tantalites were identified: 1)
manganotantalites — Mn(Ta,Nb),Os, enriched in manga-
nese (Mn/Fe ratio=10,3-16,9); 2) tapiolites of increased
iron content — Fe(Ta, Nb),Os; 3) ixiolites with increased
Sn content (more than 10 %) and 4) fluorine-containing
microliths (Ta, Nb, Li, Sn, Fe, Mn),Og. Tantalites are
characterized by sodium alkalinity (Na/K=1,5-11,3),
which in association with the composition of clevelandite
and spodumene reflects the alkaline environment of ore
deposition. The increased manganese content of tanta-
lum-bearing minerals is confirmed by the results of BSE

analyzes, the average MnO content (16,33 %) sharply
prevails over FeO — 0,71 % (23 times).

The varieties of tantalum-bearing minerals at the mi-
cro level are shown in Fig. 13. Columbite is represented
by columnar crystals (Nb/Ta>2,2 times). In the microlite,
the Ta content is 52,23 wt. %, the W impurity content is
5,80; Ca — 4,07; F — 0,04 (Fig. 14, b). Uranium-bearing
tantalite (Ta — 55,76; Nb — 3,18 wt. %), revealed Pb im-
purities — 8,09; U — 9,37), nanodispersed dissemination of
Ta, W, U, Pb, Hf, Ca, Au are recorded, uranium rings are
clearly manifested (Fig. 14, c). In a lumpy grain of man-
ganotantalite (Fig. 14, d), the ratio of Mn, Nb and Ta is
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1:2:3,2. In ixiolite, the weight contents of Ta (39,50), Sn
(27,02), and Au (1,17 wt. %) were determined.

According to mass spectrometry data, the Ta/Nb coef-
ficient in tantalum-bearing minerals varies from 0,36 to
5,92. The content of rare earths is low (REE up to
30 grams per ton) with a predominance of the light group
of elements over the heavy (1,9-6,4 times). In microlites,
characteristic impurity elements (grams per ton): Zr (up
to 28140) and Hf (up to 8887), B (up to 320), Hg (11,03),
U (up to 895) and In (up to 266,2) (for account of the ad-
mixture of cassiterite). For the first time, according to the
results of electron microscopy in tantalites, the weight
contents of noble metal elements (Au, Ag, Pt, Ir, Cd, Sh),
in particular Au, more than 50 grams per ton, were de-
termined. Thus, in the course of the evolution of the peg-
matite process, there was a change in the composition and
an increase in the varieties of tantalum-bearing minerals
from columbite and ferritantantalite to tantalite-columbite,
manganotantalite, ixiolite and microlite with an increased
concentration of tantalum in later mineral complexes.

Fig. 13. Microinclusions of tantalum-bearing minerals in
rare metal pegmatites: a) columbite crystal; b) mi-
crograin microlite; c¢) uranium-bearing tantalite;
d) submicroscopic inclusion of manganotantalite

Puc. 13. Muxposxmiouenusi manmanoHOCHbIX MUHEPANO8 8
PEOKOMEMATIbHBIX NeSMAMUmax: a) Kpucmaul Ko-
aymbuma; 6) MUKPO3EPHO MUKPOIUMA, 8) YPAHOHOC-
Hblll Maumanum, 2) cyOMuKpoCKOnu4ecKoe 6Koue-
HUe MAH2AHOMAHMAUMA

Conclusion

New data have been obtained on the formation pat-
terns, features of the material composition of ores of Yu-
bileinoe rare-metal pegmatite deposit and its geological
structure. Based on geological, geochemical and miner-

REFERENCES

1. Buslov M.M. Tectonics and geodynamics of the Central Asian
fold belt: the role of Late Paleozoic large-amplitude strike-slip
faults. Russian Geology and Geophysics, 2011, vol. 52, no.l,
pp. 66-90. In Rus.

2. Safonova I. The Russian-Kazakh Altai orogen: an overview and main
datatable issues. Geoscience Frontiers, 2014, no. 5, pp. 537-552.

3. Shcherba G.N., Stuchevsky N.I., Nakhtigal G.P., Antonenko A.N.,
Lyubetsky V.N. Bolshoy Altay (geologiya i metallogeniya). Geo-
logicheskoe stroenie [Greater Altai (geology and metallogeny).
Geological structure]. Almaty, Gylym, 1998. 304 p.

172

alogical studies, information was obtained on the compo-
sition of pegmatite ores with the release of typomorphic
minerals (clevelandite, lepidolite, colored tourmalines,
spodumene, pollucite, ixiolite, etc.) and main geochemi-
cal elements of rare metal ore formation (Nb, Ta, Be, Cs,
Li, F, P, etc.).

New studies of the material composition of pegma-
tites were carried out by the authors using modern labora-
tory methods to study typomorphic minerals and geo-
chemical elements of a rare-metal pegmatite formation of
the Yubileinoe deposit as an example. Rare metal pegma-
tites were formed as a result of the multistage develop-
ment of metasomatic processes: microclinisation, accom-
panied by the formation of block microcline pegmatites
and mineral paragenesis (block quartz and microcline,
large-lamellar muscovite, columbite and beryl); albitisa-
tion, which is associated with the formation of albite-
microcline and albite mineral complexes, which are the
matrix of rare-metal pegmatite veins with ordinary beryl-
lium-tin-tantalum ores; greisenisation, fixed by a quartz-
albite-muscovite complex, in the inner parts of pegmatite
veins; typomorphic minerals — green lithium-bearing
muscovite, fluorapatite, verdelite, tantalite-columbite, and
cassiterite; spodumenisation, manifested by new for-
mation of the most productive mineral complexes (quartz-
spodumene, quartz-spodumene-clevelandite, quartz- cleve-
landite-spodumene-lepidolite, etc.).

The general evolution of pegmatite formation was ac-
companied by a more complex shape and increase in the
thickness of pegmatite veins, increase in the amount of
ore and accompanying minerals, concentration of rare
metal mineralization (Ta, Li, Sn) and increase in the con-
tents of Zr, Hf, U, TR.

The study was supported by Geology Committee of the Min-
istry of Ecology, Geology and Natural Resources of the Repub-
lic of Kazakhstan (grants BR10264558).

The authors express their sincere gratitude to Dr. Sc., profes-
sor of the Russian Academy of Sciences Alexander G. Vladimirov,
Dr. Sc., professor Boris A. Dyachkov, Dr. Sc., Sergey Z. Smirnov,
Cand. Sc. Marina A. Mizernaya, Cand. Sc. Nikolai N. Kruk for con-
sultations on the structural position of the area of work, as well as
for participation in joint geological and geochronological research
of Ph.D. Oksana N. Kuzmina., Dr. Sc. Sergey V. Khromykh, Dr. Sc.
Irina Yu. Annikova, Dr. Sc. Pavel D. Kotler, Dr. Sc. Evgeny |. Mi-
kheev. Special thanks should be paid to the specialists of the la-
boratory of engineering profile « VERITAS» and the Institute of
Geology and Mineralogy SB RAS named after V.S. Sobolev for
help in carrying out analytical work, namely to Aidar
B. Sadibekov, Alena V. Rusakova, Stanislav N. Polezhaev, Nikolai
S. Karmanov, Irina Vladimirovna Aborneva.

4. Kotler P.D., Khromykh S.V., Kruk N.N., Min Sun, Pengfei Li,
Khubanov V., Semenova D., Vladimirov A.G. Granitoids of the
Kalba batholith, Eastern Kazakhstan: U-Pb zircon age, petrogene-
sis and tectonic implications. Lithos, 2021, vol. 388-389, 106056.

5. Dyachkov B.A, Oitseva T.A., Kuzmina O.N., Bisatova A.E. Prospect
for expansion and replenishment of rare metal resources and reserves in
eastern Kazakhstan. Gornyi Zhurnal, 2021, no. 8, pp. 90-95. In Rus.

6. Nikitina T.I., Ermolenko A.E. Geologicheskoe stroenie i otsenka
perspektiv Yubileynogo pegmatitovogo mestorozhdeniya Tsentral-
noy Kalby [Geological structure and assessment of the prospects of
the Yubileiny pegmatite deposit of Central Kalba]. Ust-
Kamenogorsk, Funds of MD «Vostkaznedra» Publ., 1987. 262 p.



Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2023. V. 334. 7. 164-176
Oitseva T.A. et al. Features of formation, material composition and geological structure of rare metal and pegmatite deposits of the Kalba ...

10.

11.

12.

13.

14,

15.

16.

Aitaliev Zh.A., Brach P.A., Bryushkov V.., Ergaliev A.E., Shavlo S.G.,
Shcherba G.N. Perspektivnye ploshchadi na olovo i redkie metally
v Kalba-Narymskom rudnom rayone. Obyasnitelnaya zapiska k
karte prognozov masshtaba 1:200000 [Promising areas for tin and
rare metals in the Kalba-Narym ore district. Explanatory note to
the map of forecasts at a scale of 1:200000]. Alma-Ata, Academy
of Sciences of the Kazakh SSR, Funds of MD «Vostkaznedray,
1954. 232 p.

Melentiev G.B., Aizderdzis D.Ya. Informatsionnaya zapiska «No-
vye dannye o perspektivakh rayona Asu-Bulakskogo i Baymur-
zinsko-Belogorskogo pegmatitovykh poley (V. Kazakhstan) na tan-
talovoe i tsezievoe orudenenie s rekomendatsiyami po napravleni-
yu poiskovo-razvedochnykh raboty [Information note «New data
on the prospects of the Asu-Bulak and Baimurzinsko-Belogorsk
pegmatite fields (V. Kazakhstan) for tantalum and cesium mineral-
ization with recommendations for the direction of prospecting and
exploration»]. Moscow, Academy of Sciences of the USSR, Funds
of MD «Vostkaznedray publ., 1973. 27 p.

Lopatnikov V.V., 1zokh E.P., Ermolov P.V., Ponomareva A.P.,
Stepanov A.S. Magmatizm i rudonosnost Kalba-Narymskoy zony
Vostochnogo Kazakhstana [Magmatism and ore content of the
Kalba-Narym zone of East Kazakhstan]. Moscow, Nauka Publ.,
1982. 248 p.

Dyachkov B., Oitseva T., Frolova O., Mataibaeva ., Kusmina O.
Geotectonic position, and ore potential of intrusive-dyke belts in East
Kazakhstan. Proceeding of 17th International multidisciplinary sci-
entific geoconference. Bulgaria, SGEM, 2017. pp. 239-246.

Wang H., Gao H., Zhang X.-Y., Yan Q., Xu Yi., Kailin Zh., Rui D.,
Pei Li Geology and geochronology of the super-large Bailongshan
Li-Rb—(Be) rare-metal pegmatite deposit, West Kunlun orogenic
belt, NW China. Lithos, 2020, vol. 360-361, 105449.

Levashova E.V., Skublov S.G., Oitseva T.A., Dyachkov B.A.,
Li X.-H., Li Q.-L., Shatova N.V., Shatov V.V. First age and geo-
chemical data on zircon from riebeckite granites of the Verkhnee
Espe rare earth-rare metal deposit, East Kazakhstan. Geochemistry
International, 2022, vol. 60, no. 1, pp. 1-15. In Rus.

Zagorskiy V.E., Makagon V.M., Shmakin B.M., Makrygna V.A.,
Kuznetsova L.G. Redkometallnye pegmatity. Granitnye pegmatity
[Rare Earth Pegmatites. Granitic Pegmatites]. Novosibirsk, Nauka
Publ., 1997. Vol. 2, 285 p.

London D. Ore-forming processes within granitic pegmatite. Ore
Geology Reviews, 2018, vol. 101, pp. 349-383.

Yarmolyuk V.V., Lykhin D.A., Kozlovsky A.M., Nikiforov A.V.,
Travin A.V. Age, composition of rocks, and geological setting of
the Snezhnoe beryllium deposit: substantiation of the Late Paleo-
zoic East Sayan rare-metal zone (on the example of Ulan-Tologai
massif). Petrology, 2016, vol. 24, no. 5, pp. 515-536. In Rus.
Oitseva T.A., D'yachkov B.A., Kuzmina O.N., Bissatova A.Y.,
Ageyeva O.V. LI-bearing pegmatites of the Kalba-Narym metal-
logenic zone (East Kazakhstan): mineral potential and exploration
criteria. News of the Academy of sciences of the Republic of Ka-
zakhstan, 2022, vol. 1, no. 451, pp. 83-90.

Information about the authors

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

21.

Dyachkov B.A., Mizerny A.l., Mizernaya M.A., Kuzmina O.N.,
Oitseva T.A. Main types of gold deposits of the Eastern Kazakh-
stan. International Multidisciplinary Scientific GeoConference
Surveying Geology and Mining Ecology Management. Bulgarya,
SGEM, 2017. Vol. 7 (11), pp. 299-306.

Dittrich T., Seifert T., Schulz B., Hagemann S., Gerdes A., Pfin-
der J. Archean rare metal pegmatites in Zimbabwe and Western
Australia — geology and metallogeny of pollucite mineralisations.
Switzerland, Springer Cham, 2019. 125 p.

Tramm F., Wirth R., Budzyn B., Slama J., Schreiber A. LA-ICP-
MS and TEM constraints on the magmatic and post-magmatic
processes recorded by the zircon-xenotime intergrowth in pegma-
tite (Pitawa Gorna, Gory Sowie Block, SW Poland). Lithos, 2021,
vol. 404-405, 106480.

Kuznetsova L.G. Interaction of crustal and mantle materials,
sources of trace elements during the formation and evolution of
Early Paleozoic Li-rich granite-pegmatite systems in southeastern
Tuva. Russian Geology and Geophysics, 2018, vol. 59, Iss. 12,
pp. 1660-1678.

Smirnov S.Z. Flyuidny rezhim magmaticheskogo etapa razvitiya
redkometallnykh granitno-pegmatitovykh sistem: petrologicheskie
sledstviya. Avtorefereat Dis. Dokt. nauk [The fluid regime of crys-
tallization of water-saturated granitic and pegmatitic magmas: a
physicochemical analysis. Doc. Diss. Abstract]. Novosibirsk, 2015.
42 p.

Guangchun Fei, Julian F Menuge, Changsheng Chen, Yulong
Yang, Yun Deng, Youguo Li, Luo Zheng. Evolution of pegmatite
ore-forming fluid: the Lijiagou spodumene pegmatites in the
Songpan-Garze Fold Belt, southwestern Sichuan province, China.
Ore Geology Reviews, 2021, vol. 139, P. A, 104441.

Tkachev A. Evolution of metallogeny of granitic pegmatites asso-
ciated with orogens throughout geological time. Geological Socie-
ty London Special Publications, 2011, no. 350 (1), pp. 7-23.

Yong T., Hong W., Hui Zh., Lv Z.-H. K-feldspar composition as
an exploration tool for pegmatite-type rare metal deposits in Altay,
NW China. Journal of Geochemical Exploration, 2018, no. 185,
pp. 130-138.

Tkachev A.V., Rundgvist D.V., Vishnevskaya N.A. Metallogeny
of lithium through geological time. Russian Journal of Earth Sci-
ences, 2018, vol. 18, no. 6, pp. 1-13.

Morozova L.N. Rare-metal pegmatites of the Soldat-MyI'k pegma-
tite field: geology, geochemistry of rare elements. IOP Conference
Series: Earth and Environmental Science, 2020, 539, 012162.
Gongalves A.O., Melgarejo J.C., Alfonso P., Amores S., Paniagua A.,
Buta Neto A., Alves Morais E., Camprubi A. The distribution of
rare metals in the LCT pegmatites from the Giraul field, Angola.
Minerals, 2019, 9 (10), 580.

Received: 24 December 2022.
Reviewed: 10 February 2023.

Tatyana A. Oitseva, Ph.D., D. Serikbayev East Kazakhstan Technical university; leading geologist, LLP «Geos».

Boris A. Dyachkov}, advanced doctorate, professor, D. Serikbayev East Kazakhstan Technical university; Academician of

the National Academy of Sciences of the Republic of Kazakhstan, Altai Geological and Environmental Institute LLP.
Ainel Ye. Bissatova, Ph.D., researcher, D. Serikbayev East Kazakhstan Technical university.

Gulizat B. Orazbekova, Ph.D., senior lecturer, Shakarim university Semey

Stanislav S. Zinyakin, doctoral student, D. Serikbayev East Kazakhstan Technical university.

173



Oiuesa T.A. v gp. / UsBecTnst TOMCKOro NonuTEXHUYECKoro yHusepeuteta. HKMHupUHT reopecypcos. 2023. T. 334. Ne 7. 164-176

Y[IK 553:52

OCOBEHHOCTW ®OPMUPOBAHUA, BELLECTBEHHOIO COCTABA U 'EONOrM4ECKOIo
CTPOEHMWA PEAKOMETANNbHbIX NErMATUTOBLIX MECTOPOXAEHUW KAJIBUHCKOIO
PErMOHA HA NMPUMEPE IOBUITEMHOIO MECTOPOXAEHUA

OviueBa TaTbsAiHa AHaTONbeBHA'?2,
tatiana.oitseva@gmail.com

\Obsukos Gopuc Anekcanaposuy'3

BucaroBa AitHenb EpxxaHoBHa',
bisatova.ainelya@mail.ru

OpasbekoBa lN'ynusat bargaroBHa?,
orazbekova@bk.ru

3uHsakuH CtaHucnas CepreeBuy’,
s.zinyakin@yandex.ru

1 BocTouHo-KasaxcTaHckui TexHudeckuin yHusepeuteT um. [1. Cepukbaea,
Pecnybnuka Kasaxcran, 070004, r. YcTb-KameHoropck, yn. uM. A. Mpoto3aHoea, 69.

2 ToBapULLECTBO C OrpaHU4EHHON OTBETCTBEHHOCTLIO «['eocy
Pecnybnuka KasaxcraH, 070004, r. Yctb-KameHoropcek, yn. um. A. MpotosaHosa, 123-197.

3 AnTanckuin reomnoro-3konormyecknin UHCTUTYT,
Pecnybnuka Kasaxctan, 070004, r. Yctb-KameHoropek, yn. Kapna-Jiubkrexra, 21.

4 TocynapcTBeHHbIit yHuBepcuTeT uM. LLlakapuma,
Pecnybnuka Kasaxcran, 071400, r. Cemen, yn. Inunku, 20a.

AxkmyanbHocmb uccredosaHusi 0bycrnosneHa HedocmamoyHoU U3y4eHHOCMbI0 nosedeHust pedkux Memarios 8 npoyecce obpasosaHus
neamamumosbix pyd 8 KanbuHckom pezuoHe, a makxe Heobxo0UMOCMbI0 PacliUpeHUs MUHepanbHO-Cbipbesoll basbi pedkoMemarnsib-
HbIX MECMOPOXAEHULl pe2uoHa ¢ NOCMaHOBKOU 2€0/102U4ECKO20 U MUHEPaZEHUYECKO20 KapMUPOBAHUSI.

Lenb: sbisgneHue ocobeHHOCMeU 2e0MEKMOHUYECK020 Pa3suUMUs], 260/102U4ECK020 CMPOEHUS U 8EWECMBEHHO20 cocmasa pedkome-
marnnbHo20 mecmopoxdeHust KObunelHoe (KanbuHckuli peauoH).

06BeKkmbI: KpynHoe NPOMbILLIEHHOE pedkoMmemarnibHoe MecmopoxdeHue FObunelHoe U e20 MUHEPaTbHbIE KOMNIEKCH!.

Memodbi: demarnbHoe 2e0noeo-2eoxXuUMUYECKoe U MUHepanosudeckoe uccredosaHue pesuoHa pabom, UCNOMb308aHUe Mamepuanos
pabom npowinbix nem, ¢hoHA08OU umepamypbl, @ makxe nposedeHue nabopamopHbix uccrnedosaHull (Macc-cnekmpoMempu4ecKue,
MUKPO30HO08bIE, 280XPOHOM02UYECKUe U Opyaue uccredosaHus). [pu OuaeHoCMuKe MUHeparbHbIX KOMNIEKCO8 y4UmbIBanuch CmpyK-
MypHbIe 83aUMOOMHOWEHUS MUHepanos mexdy coboll, a makxe 2eoXuMuyeckasi UHmepnpemauyus pesynbmamog 1abopamopHbIX uc-
cnedogaHul.

Pesynbmambl. Bbidensemcs npocmpaHCmeEeHHO-2eHemuYeckas c8a3b pedkomemanisHo neamamumogozo mecmopoxoeHusi (Nb, Ta,
Be, Cs, Li, Sn) ¢ epaHumamu | cpasbl kanbuHckozo komnnexca P1 (285 mnH nem). B pasmewenuu KObuneliHo2o mecmopoxdeHus eedy-
was pydoKoHmponupytowasi posib npudaemces cucmeme 2my6UHHbIX WUPOMHbIX Pa3ioMog OpegHEe20 3aoXeHus!, NOOHOBEHHBIX 8 2ep-
yuHekul yukn. Mpusodumcsi 2e0no20-eeHemuyeckass MoOeslb PUMMUYHO-NY/bCAUUOHHO20 peOKoMemarnibHo20 neaMamumoobpasosa-
Husi KObuneliHo20 MeCmOpOXOeHUs, ompaxarwas 30HalbHoe pa3sumue MUHepasbHbIX KOMNIEKCO8 OM OfIU2OK1a3-MUKPOKIIUHOBbIX
(6e3py0OHbix) 0o anbbumossix, epelizeHosbIX, cnodyMeHcodepxalux U NomIyyUMOHOCHbIX (PyOHbIX) ¢ 8o3pacmatowel KOHUeHmpayuel
opydeHeHus. [MonyyeHa uHgopmayusi 0 cocmage neamamumosbIx pyd ¢ 8bideneHueM munoMopehHbIX MUHEpPanos (kneeenaHoum, nenu-
0onum, yeemHble mMypMainuHbl, CNOOYMeH, NOMYYUM, UKCUoIum u Op.) U 2/1agHbIX 260XUMUYECKUX 311EMEHMO8 PeOKOMEeMarnisHo20 py-
0oobpasosaHus (Nb, Ta, Be, Cs, Li, F, P u dp.).

Knioyeeble cnosa:
KanbuHckuti peauoH, epaHumoudsl, KObunelHoe mecmopoxdeHue, pedkue memanib! (Nb, Ta, Be, Cs, Li, u dp.), modenuposaHue, npo-
2HO3UPOBaHUE.

Paboma evinoanena npu noodepacxe Komumema zeonocuu Munucmepcmea sxon02uu, 2eoio2u U npupoousix pecypcos Pec-
nyonuku Kazaxcman (epanm BR10264558).

Asmopul gvipadicarom UCKpenuion 01az00apHochb QOKMOpY 2e01020-Munepanoeuyeckux nayk, npogeccopy PAH Anexcanopy
Tennaodvesuyy Braoumuposy, doxkmopy eeonoco-munepanocuieckux Hayk, npogeccopy Bopucy Anexcanoposuuy [Josukosy, dokmo-
py 2eonozo-munepanocudeckux nayk Cepeeio 3axaposuyy CMupHogy, Kanouoamy 2eono2o-munepaiouyeckux nayk Mapune Anex-
canopogre MusepHoti, kKanoudamy zeonozo-munepanouieckux Hayk Huxonaro Huxonaesuuy Kpyk 3a Koncynomayuu o cmpykmyp-
HOM HOOJCEHUY Paiiona pabom, a maxdice 01a200apsAm 3a YUacmue 8 COBMECIHBIX 2e0N0UYECKUX U 2e0XPOHOT02UYECKUX UCCIe-
0osanusx ookmopa PhD Oxcany Huxonaesny Kysemumny, kanouoama ceonozo-munepanoeuveckux nayx Cepees Braoumuposuya
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Xpomeix, kanouoama 2eonozo-munepanouueckux nayk Upuny FKpvesny Annuxogy, kanouoama 2e01020-MUHEPAnoUYECKUX HAyK
Ilasna [Jumumpuesuya Komaepa, kanouoama eeono2o-munepanocueckux Hayx Eeeenus Heopesuua Muxeega. Ocobyio 6aazooap-
HOCMb He00X00UMO 8bICKA3AMb Cheyuanucmam rabopamopuu undxcereproeo npoguns « VERITASY u Uncmumyma eeonoeuu u mu-
nepanozuu CO PAH um. B.C. Co6onesa 3a nomows 8 nposedenuu anaiumuyeckux pabom, a umenno Audapy Bexaounosuuy Caou-
bekosy, Anene Bnaoumuposne Pycaxosoui, Cmanucnagy Huxonaesuuy Ilonescaesy, Hukonaio Cemenosuuy Kapmanogy, Upune
Baaoumuposne Abopnesoi.
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