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Abstract

The article presents the results of research conducted on several rare metal deposits and ore
occurrences within the North-Western Kalba region (Eastern Kazakhstan). The high demand for rare
metals such as Li, Ta, Cs, Be, 5Sn, and the limited study of this region, are the driving factors behind
the interest in this area. The article provides data on the geological structure of several ore
occurrences, as well as the results of mineralogical and geochemical studies of granites, pegmatites,
and greisen. Based on the analysis of the obtained results, it is concluded that all the rare metal
deposits in North-Western Kalba formed through a unified process of differentiation of the parental
magmas of the Kalba granite complex. It is suggested that the North-Western Kalba region could be
considered promising for the discovery of new rare metal deposits.

Keywords: Li-Ta rare metal pegmatites; granites; North-Western Kalba; Eastern Kazakhstan;
perspective; forecast

1. Introduction

Rare metals are now the basis of high-tech industry and in wide demand worldwide. One of the
most popular rare metals is lithium, used in the production of power supplies for a variety of devices.
The rare metals that are in demand include tantalum, tin, beryllium, and cesium, which are used to
produce high-tech alloys with a variety of properties. These alloys are then employed in numerous
industrial sectors. Given the high demand for these rare metals, the issue of replenishing their
reserves is an urgent task, which raises interest in forecasting and searching for new rare-metal
deposits.

The ore deposits Li, Ta, Cs, Be, Sn are traditionally associated with rare metal-magmatic systems
related to the evolution of granites and associated pegmatite and hydrothermal deposits [1-5]. The
investigation of granitoids and the evolution of related late- and post-magmatic systems is a
significant step towards predicting new rare-metal deposits.

This article presents the results of mineralogical and geochemical studies of granites and related
pegmatite and hydrothermal manifestations located in the northwestern part of Kalba-Narym zone,
Eastern Kazakhstan. This area is a known rare-metal province where large deposits of rare-metal
granite pegmatites with Li-Cs-Ta mineralization have been identified [6-12]. The majority of the
discovered deposits are concentrated in the central part of the Kalba-Narym zone, while the
metallogenic potential of the northwestern part of this zone is not yet well explored.
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2. Geological Background

The geological structure of East Kazakhstan was formed in the Late Paleozoic during the
collision interaction of the Siberian and Kazakhstan continents, and the closure of the Ob-Zaisan
oceanic basin [13,14]. The formed geostructure consists of several zones from the northeast to the
southwest, each of these zones has a certain set of sedimentary and magmatic formations and
corresponding metallogenic specifics. This facilitated the indentification of metallogenic belts [15,16]
(Figure 1, a):

1) The Rudny Altai polymetallic belt is composed mainly of volcanogenic rocks formed in the
Devonian on the active margin of the Siberian continent;

2) Kalba rare-metal belt, which is a fragment of the passive Carboniferous margin of the Siberian
continent, within which many granite intrusions were formed in the early Permian;

3) West -Kalba gold ore belt, which is a fragment of the Devonian-Carboniferous island-arc
system, in which numerous gold deposits were formed during the activity of small diorite and granite
intrusions in the Late Carboniferous - Early Permian;

4) Zharma-Saur copper-molybdenum belt, which is a fragment of the Silurian-Devonian margin
of the Kazakhstan continent with a manifestation of Carboniferous-Permian granitoids.

The most interesting for Li mineralization is the Kalba-Narym rare metal belt, which extends
from northwest to southeast for 400 km at a width of approximately 50 km (Figure 1, b). The main
geological formation of this belt is the Kalba granitoid batholith, which is composed of two
associations: 1) the Kalba granodiorite-granite complex, formed at an interval of 297-287 million years
and 2) the Monastery leucogranite complex, formed at an interval of 283-276 million years [17]. The
main rare metal deposits Li, Cs, Be, Ta, Nb, Sn, and W are concentrated within the Kalba-Narym rare
metal belt; the vast majority of them are associated with granites of the Kalba complex. Four ore
districts have been identified (Figure 1, b): Shulbinsk, North-Western Kalba, Central Kalba and
Narym. The Central Kalba ore district contains the majority of large explored deposits and is the best
studied. The North-Western Kalba district (NWK) has been studied in less detail. Only one
Kvartsevoe deposit has been discovered in this area [12]. Nevertheless, several rare-metal occurrences
of pegmatite and hydrothermal origin are known, but have not been explored.
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Figure 1. Scheme of the Kalba—Narym metallogenic belt structure [12]. The main ore districts are shown: Sh—
Shulbinsk; NWK—North-Western Kalba; CK—Central Kalba; N—Narym. Rare metal deposits: 1—
Mokhnatukha; 2 —Malo-Kaindy; 3 —Kvartsevoye; 4 —Zelenoye; 5—Novo-Saryozek; 6 —Kanaika; 7—Medvedka,
8—Ognevka; 9—Bakennoye; 10—Yubileinoye; 11—Belaya Gora; 12—Karagoin; 13—Komarovskoye; 14—
Kozlovskoye; 15—Shebuntai; 16 —Komsomolskoye; 17 —Palatsy; 18 —Kasatkinskoye; 19 —Cherdoyak; 20—

Burabai; 21 —Karasu. The inset shows the position of metallogenic belts of Eastern Kazakhstan.

The area of North-Western Kalba is characterized by a slightly dissected relief and good outcrop.
The geological structure is shown in Figure 2. A significant part of the territory is covered by a layer
of loose Quaternary deposits, which, nevertheless, has a small thickness, which made it possible to
determine the contours of granitoid intrusions during geological surveys [18-21]. Most of the granite
intrusions of the area belong to the Kalba complex (Figure 2). Biotite granites of the first phase of the
Kalba complex are the most widespread, while biotite-muscovite granites of the second phase of the
Kalba complex are less common. Biotite-muscovite leucogranites of the Dungaly intrusion of the
Monastery complex are also located in the south-east of the district.
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Figure 2. Schematic geological map of North-Western Kalba based on materials from [19]. Mineral deposits: 1z I
- Izmailovskoe I; 1z II - Izmailovskoe II; Be - Belokamenskoye; Gr - Greisen; Al - Alypkel; Na - Nakhodka; Kv -
Kvartsevoye; Ko - Kovalevskoe; T3 - Point No. 3; Au - Aktube; Ch - Chudskoe; Zh - Zhamantas; Se - Severnoye;
Ak - Aktobe; Ka - Kaindy; MK - Malo-Kaindy, KvI - Kvartsevoye I, KvII - Kvartsevoye II, Nd - Nadezhda, NK -
Novo-Kaindy, Pr - Promezhutochnoye, NtK - North-Kaindy, T2 - Point No. 2.

All identified mineralization points are associated with the granites of the Kalba complex. They
are represented by manifestations of pegmatites and greisens with Li-Cs-Ta-Be mineralization, as
well as hydrothermal veins with Sn-W mineralization. All mineralization manifestations are located
in the near-contact or apical parts of granite intrusions, both within granites and among the host
siltstones and shales of the Takyr formation. During the geological exploration carried out in the
1970s [19,22,23], rare metal occurrences of the area were classified according to genetic types (Table
1).

Table 1. Mineral assemblages in the North Western Kalba.

Genetic type Pegmatite Hydrothermal

Ore formation Microcline with beryllium, albite
with tantalite and beryl,
microcline-albite with

spodumene

Wolframite-cassiterite-

quartz, Wolframite-quartz,

cassiterite-quartz and

quartz
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Mineralization Ta, Nb, Cs, Li, Be, Sn W, Sn
Example Aktobe, Sozchigiz, Berezovka, Kaindy ore field,
Zhamantas, Alypkel, Severnoye, Bekkuduk,
Kovalevskoye, Kvartsevoye, Chudskoye, Novo-Kaindy,
Aktube, Point No 3 Bekkuduk-II, Izmailovskoe
I, Greisen

3. Materials and Methods

The scientific study included field and analytical work. Samples from granites, rare-metal
pegmatites and greisens (more than 50 samples) were taken for laboratory research. Samples were
taken directly from rock outcrops. Analytical studies were performed in the VERITAS laboratory of
the D. Serikbayev East-Kazakhstan Technical University (EKTU) (Ust-Kamenogorsk, Kazakhstan)
and the V.S. Sobolev Institute of Geology and Mineralogy (IGM) of the Siberian Branch of the Russian
Academy of Sciences (Novosibirsk, Russia). Petrographic studies on transparent thin sections were
performed at IGM using a Carl Zeiss AxioScope.Al polarizing light micro-scope equipped with a
Canon EOS 650D camera. The images of minerals in backscattered electrons were obtained using a
scanning electron microscope (JEOL 100C) with an energy-dispersive attachment (Kevex Ray). For
analyses, the beam current was 1 nA, the beam diameter was 10 nm, and the analysis was carried out
by scanning an area of 5*5 um. The live spectrum acquisition time was 60 s. The stability of the survey
parameters was con-trolled by periodically measuring the intensity of the K-line of pure cobalt. The
correctness of the obtained results was controlled via periodic measurement of the standards used in
the calibration.

The content of trace elements and rare metals was determined in EKTU. The samples were dried
at a temperature of 105 °C and then ground to a fraction of less than 71 mkm. Before geochemical
measurements, the samples were transferred into a solution using polyacid decomposition. During
acid decomposition, standard samples of the composition of aqueous solutions of elements were used
as calibration solutions. Calibration solutions were prepared by diluting standard samples with a
solution of nitric acid with a molar concentration of 1 mol/dm3, a mass concentration of 2% or 5%;
hydrochloric acid solution with a mass concentration of 10% or water. A solution of nitric acid with
a mass concentration of 5% was used as a background solution. The analyses were performed at the
VERITAS Laboratory of the EKTU. The compositions of rocks and minerals were determined,
respectively, by mass spectrometry with inductively coupled plasma (ICP-MS) on an Agilent 7500cx
(Agilent Technologies, Santa Clara, CA, USA), which determines 73 elements with high sensitivity.

4. Rare Metal Mineralization of North-Western Kalba

4.1. Granites of North-Western Kalba

The granites of the Kalba complex are represented by three varieties within the studied area. The
granite of the first phase of the Kalba complex is predominant. They are represented by medium- and
fine-grained biotite granites. (Figure 3, a). They contain about 40-50 vol.% plagioclase and potassium
feldspar forming subidiomorphic grains. Potassium feldspar is usually predominant compared to
plagioclase. Quartz occupies from 35 to 45 vol.%, forming xenomorphic grains. Biotite forms
subidiomorphic flake grains (amount reaches 10-12 vol.%). Muscovite occurs rarely, in interstitials
between early minerals (amount does not exceed 2 vol.%). The sequence of mineral formation has
been established: PI + Kfs + Bt — Otz — Ms.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.0871.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 November 2025 d0i:10.20944/preprints202511.0871.v1

6 of 20

Figure 3. Petrography of Kalba complex granites from NWK district: (a) medium-grained biotite granites of 1st
phase; (b) medium-grained biotite-muscovite granite of 2nd phase; (c) fine-grained muscovite granite of 3rd
phase; (d) fined grained muscovite granite with garnet of 3rd phase. Mineral abbreviations: Bt — biotite, Grt —
garnet, Ms — muscovite, Kfs — K-feldspar, P1 — plagioclase, Q — quartz.

The second phase of the Kalba complex is represented by biotite-muscovite medium-grained
granites (Figure 3, b), which form small intrusive bodies among the granites of the first phase.
Plagioclase and potassium feldspar predominate in these rocks, occupying a total of about 50 vol.%.
Quartz occupies up to 40 vol.% and is represented by xenomorphic grains. Biotite forms small
subidiomorphic flaky grains, its amount does not exceed 5 vol.%. Muscovite is found everywhere,
and forms large flaky grains in interstices between early minerals; its amount can reach 15 vol.%. The
sequence of mineral formation has been established: P1 + Kfs + Bt — Otz + Ms.

Granite veins, which belong to the third phase, break through the granites of both the first and
second phases. They are represented mainly by fine-grained muscovite granites (Figure 3, c).
Plagioclase is the predominant mineral; its idiomorphic grains occupy up to 60 vol. %. Potassium
feldspar occupies no more than 15 vol. %, and forms weakly idiomorphic grains. Quartz forms
xenomorphic grains, its amount does not exceed 20 vol. %. Muscovite is present everywhere in the
interstices as a late magmatic mineral, its amount varies from 1-2 vol. % to 10-12 vol. %. Biotite has
not been found in any type of rocks of the third phase. Dark-colored minerals in some muscovite
granite samples are represented by idiomorphic garnet grains Figure 3, d), in addition, single
idiomorphic tourmaline grains are occasionally found. The sequence of mineral formation is
established: (Turm) + Grt — P1 — Kfs + Otz — Ms.

The composition of the studied granite samples is given in Table 2. All studied granites are
characterized by the predominance of LREE over HREE, this difference is best expressed in biotite
granites of the 1st phase (Figure 4, a). Biotite-muscovite granites of the second phase show reduced
REE contents relative to the rocks of the first phase. Muscovite granites of the third phase have wide
variations in REE contents, but for most samples they are lower than in granites of the first phase. On

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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the spider diagram (Figure 4, c) granites of all phases show increased concentrations of LILE (Cs, Rb)
and HFSE (Hf, Zr), minima in Ba and Yb contents, and maxima in U, Ta, and Nb contents. For
muscovite granites of the 3rd phase, the maximum in Ta content is clearly distinguished (Figure 4, b,
c). A comparison of the concentration of rare metals shows that in general there are no fundamental
differences between granites of different phases, however, nevertheless, some samples of muscovite
granites of the 3rd phase differ from granites of the 1st and 2nd phases with increased concentrations
of Ta, Nb, Mo, and reduced concentrations of Li (Figure 4, b).

Table 2. Composition of Kalba complex granites from NWK district.

Bt granites. 1st ph. Bt-Ms granites. 2st ph. Ms granites. 3st ph.
Sa | NA KV KV NK | MK KV KV AK
mp | - - - AL- | K- K- K- - - K- - - AL- AL- AL- AL- -
le | 23/0 23/0 23/0 23/ | 23/ 23/ 23/ 23/0| 230 23 23/0 23/0 23 23/ 23/ 23/ 23/0
1 7 8 08 02 04 10 3 5 07 1 2 04 05 06 07 6
27 10 19 11
Li 141 243 171 196 147 20 150 28 38 149 41 55 19
7 5 4 6
Be 53 101 3.2 19 | 83 41 55 136 | 24 48 656 8.6 7.6 9.3 7.7 74  36.3
32 10 31 47
Rb | 266 167 89 76 0 B 6 184 85 5 205 37 169 224 10 327 54
Cs 9 82 11 6 22 9 26 21 5 13 25 6 10 10 3 19 12
12 12
Ba 29 505 496 544 5 57 1 51 24 37 19 375 63 76 77 45 32
14 15 16
Sr | 193 328 517 288 ; 54 p 221 | 96 1 170 91 109 264 330 212 98

Y 114 55 6.3 85 | 71 30 6.1 1.6 0.6 79 151 1.0 3.1 91 160 373 12
Zr | 136 159 205 46 96 75 79 111 27 79 89 14 28 96 151 83 42

44 30 34 62 13.6 12.1

Hf | 856 442 594 2.00 4.06 | 2.14 197 149 625 549 5098
4 6 5 5 2 3
49 39 27 16. 459 383 132 219

Ta | 296 534 380 145 3.42 | 0.60 294 753 119
6 2 4 73 8 9 6 4
14. 13. 13. 33.

Nb | 259 78 7.8 6.3 3 4 3 173 | 23 3 752 465 72 284 13 116 426
20.  18.  20. 40.

Ga | 2561 181 232 174 4 4 g 234 | 9.0 p 262 179 132 325 182 227 158

Mo | 1.3 9.3 7.6 43 |72 19 13 61 1.7 51 70 7.5 76 149 133 24 581
1.1 02 04 0.4

Ag [ 039 028 0.60 0.16 3 1 4 0.27 1 0.23 . 034 162 025 031 084 072 017
20 05 04 1.6

Cd | 143 044 058 0.29 5 1 0 0.68 | 0.38 1 050 035 078 143 494 310 0.55
07 02 01 0.5

In | 038 017 022 0.09 7 6 5 0.27 | 0.04 5 013 013 013 019 167 124 0.11
48.  31. 19. 51.

Sn | 100 327 263 6.3 : 1 9 424 | 81 1 385 258 365 442 90 199 252
08 03 04 22

Sb | 1.14 050 050 0.42 7 8 8 0.45 | 041 3 034 037 130 042 061 144 031
00 00 0.0 0.0

Te | 0.09 005 005 0.09 9 5 5 0.05 | 0.09 5 0.05 014 023 0.05 009 005 0.05
63 53 22 17. 15.7

W | 354 235 178 0.68 538 | 0.79 1.60 1.35 312 262 155 453
7 8 0 94 0
01 00 00 0.2

Au | 0.07 0.09 0.03 0.03 8 9 3 0.14 | 0.02 0 040 032 005 031 011 066 035
01 04 00 0.1

Hg | 035 026 026 0.26 P 1 5 0.15 | 0.16 . 021 010 047 025 026 013 036
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Bt granites. 1st ph. Bt-Ms granites. 2st ph. Ms granites. 3st ph.
Sa | NA KV KV NK | MK KV KV AK
mp | - - - AL-| K- K- K- - - K- - - AL- AL- AL- AL -
le | 23/0 23/0 23/0 23/ | 23/ 23/ 23/ 23/0| 230 23 23/0 23/0 23 23/ 23/ 23/ 23/0
1 7 8 08 02 04 10 3 5 07 1 2 04 05 06 07 6
19 07 14 1.3
Tl | 143 1.02 052 030 3 8 4 1.50 | 0.75 6 088 011 055 075 199 268 036
13.  27. 15 17.
Pb | 127 253 276 246 6 9 9 16.7 | 25.4 8 177 263 381 169 143 298 261
20 04 04 24 11.8
Bi | 126 334 084 0.62 0.38 | 0.20 051 0.40 074 431 325 231
0 7 8 5 5
19.  23. 27 31.
B 20.7 304 345 248 3 9 0 27.6 | 23.0 ’ 273 283 333 383 309 277 255
1.0 08 09 1.9
Ge [ 081 099 115 122 5 5 3 0.97 | 0.60 s 114 110 092 156 179 132 1.02
65 26 36 14.
As | 248 282 381 282 539 | 3.04 252 210 359 265 471 886 184
0 5 4 51
10 13 15 13
Se | 092 160 210 124 ; 3 1 127 | 118 1 133 152 149 136 126 133 1.6l
129 194 42 16 37 29 118 18.0
La | 530 9.92 0.55 | 0.45 149 223 229 3.66 1.05
2 7 2 1 2 3 7 7
109 214 321 22086 46 71 48 164 70.5
Ce 111 | 0.83 271 412 505 845 1.49
8 8 0 3 8 9 4 7 9 6
1.1 06 038 0.7
Pr | 1.37 268 370 250 1 0 9 0.19 | 0.10 1 362 030 056 084 130 796 024
135 187 152 | 70 34 49 45 177 46.3
Nd | 9.00 0.96 | 0.81 198 273 489 974 1.46
0 8 1 8 0 7 0 4 6
11 06 09 1.3
Sm | 137 201 251 250 9 ; p 0.25 | 0.10 5 272 015 043 096 180 771 025
01 00 01 0.1
Eu | 0.07 039 051 0.51 6 g - 0.03 | 0.01 5 037 0.09 007 018 033 118 0.02
06 03 06 0.6
Gd | 1.02 1.04 117 127 8 3 0 0.09 | 0.09 1 182 0.08 029 058 123 536 0.14
01 00 01 0.1
Tb | 018 012 015 018 5 - 1 0.02 | 0.01 6 027 0.02 004 015 022 088 0.03
12 05 09 1.0
Dy | 191 081 086 144 p 9 0 020 | 0.12 ) 253 016 040 130 232 646 017
02 00 02 0.2
Ho | 042 016 0.18 031 9 9 0 0.04 | 0.03 1 051 0.03 008 027 053 137 0.03
07 04 05 0.6
Er | 120 050 041 0.72 5 9 1 0.19 | 0.03 3 129 010 022 071 141 343 0.07
00 00 0.0 0.0
Tm | 012 0.03 0.04 0.07 . 3 p 0.02 | 0.01 s 009 000 0.2 006 013 024 0.00
05 01 04 0.5
Yb | 071 019 017 044 ’ 8 4 0.11 | 0.04 . 062 0.03 020 042 095 123 0.02
01 00 0.1 0.1
Lu [ 019 0.04 005 0.05 0 5 0 0.03 | 0.01 ) 012 001 0.03 008 018 028 0.01
42 10 23 4.0
Th | 656 258 410 241 0 0 . 0.87 ] 0.25 8 419 055 071 095 147 1.03 1.07
43 19 19 2.1
U |28 143 183 136 . ) ) 126 | 1.15 7 208 054 139 207 405 286 116
11. 11.
Sc | 156 53 85 58 6 18 70 22| 04 6 13 03 38 102 139 157 02
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Bt granites. 1st ph. Bt-Ms granites. 2st ph. Ms granites. 3st ph.
Sa [ NA KV KV NK | MK KV KV AK
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Note: Results of ICP-MS analyses for trace elements (ppm).
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Figure 4. REE, RE and RM spectra for Kalba complex granites from NWK district. REE spectra are normalized

on chondrite [24], RE spectra are normalized on primitive mantle [24].
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4.2. Rare Metal Pegmatite Deposits

The greatest interest in the area is attracted by the veins of rare-metal pegmatites [16,19], which,
according to the prevailing mineral assemblages, can be divided into the following types: microcline
with beryl, albite with tantalite and beryl, microcline-

albite with spodumene (Table 1). Veins can often have the zonal structure. Different
associations can be gathered in one large vein. Here and further, we mean that pegmatites can be
found within the same veins, as sections of veins composed mainly of an association of feldspar and
quartz; and greisens can also be found, as sections of veins composed of a mineral association with a
predominance of mica (muscovite).

The Kvartsevoye deposit is the most studied and explored. It is located in the endocontact of a
granite intrusion composed of biotite granites of the 1st phase of the Kalba complex. The deposit
consists of a series of pegmatite veins break through granites; the main mineralization is represented
by spodumene, tantalite and accessory cassiterite, concentrated in the largest Main vein. The results
of a study of the mineral assemblages and rock composition of the Kvartsevoye deposit have recently
been published in [12]. The following section will provide detailed description of other ore
occurrences in the NWK area.

The Alypkel ore occurrence is located northwest from the Kvartsevoye deposit and located near
the western edge of the Alypkel granite intrusion. Pegmatite veins break through both the granites
of the 1st phase of the Kalba complex and the host siltstones of the Takyr formation (Figure 5). The
veins have a NW or NE strike, and are oriented almost vertically. The thickness of the largest
pegmatite veins is several meters, the largest is up to 15 m. Most of the veins are composed by
oligoclase-microcline and microcline—albite pegmatites. Rare-metal pegmatites are represented by
microcline-albite types, in which beryl mineralization occurs. Exploration wells within the Alypkel
ore occurrence have uncovered veins of quartz-albite-spodumene pegmatites, which contain up to
25-30% spodumene, and are characterized by elevated concentrations of Li, Be, and Sn. In addition
to beryl and cassiterite, accessory galena and sphalerite are found in granites and pegmatites (Figure
6).

Sedimentary rocks, Takyr Fm

il

Biotite granites, Kalba komplex
Rare-metal granite pegmatites
, Albitized and greisenized aplites
Aplite-pegmatites

Aplites and aplite-like granites

Oligoclase-microcline pegmatites,
microcline-albite pegmatites

< NNNN

R Strike and dip of veins, layers

Figure 5. Geological structure of the Alypkel ore occurrence. Based on report of [19].
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Figure 6. Microinclusions of accessory minerals in Alypkel rocks (BSE images): (a) monazite in granite; (b)
monazite in pegmatite; (c) xenotime in garnet; (d) galena in garnet-muscovite granite; (e) sphalerite and zircon

grains in granite; (f) garnet and zircon grains in fine-grained granite.

The Kovalevskoye ore occurrence is located northeast from the Kvartsevoye deposit and is
situated in the super-intrusive zone of the northwestern part of the South-Kovalevskoye intrusion. It
is represented by several subvertical veins of the northwestern strike associated with the fault (Figure
7). Rare metal veins are composed of microcline-albite and albite-spodumene assemblages.
Albitization is observed in the veins, which is expressed in the formation of clusters of fine-crystalline
albite and greisenization, which is expressed in the formation of clusters of greenish muscovite. The
spodumene content in the veins reaches up to 60-70% in thickest sections and up to 3-5% where the
vein thickness decreases. Columbite is present as an accessory ore mineral (Figure 8).
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Figure 7. Geological structure of the Kovalevskoye ore occurrence. Based on report of [19].

) monazite
columbite

p

albite

albite

Figure 8. Microinclusions of accessory minerals in Kovalevskoye rocks (BSE images): (a) columbite grain in

pegmatite; (b) monazite grain in granite; (c) zircon micrograin.

The Aktobe ore occurrence is located 5 km southwest from the Kvartsevoye deposit and consists
of a series of pegmatite veins break through shales of the Takyr formation between the Nikolaevsky
and Central granite intrusions (Figure 9). The veins exhibit a predominantly submeridional or north-
western strike. A wide variety of pegmatite mineral assemblages have been identified here: 1) simple
microcline pegmatites; 2) microcline-albite pegmatites without spodumene; 3) microcline-albite
pegmatites with spodumene; 4) albite pegmatites without spodumene; 5) albite pegmatites with
spodumene.

Quaternary deposits

Phase |, Kalba komplex

Phase Il, Kalba komplex

Sedimentary rocks, Takyr Fm

Quartz vein
Rare-metal granite pegmatites

Aplite, aplite-pegmatite

W VEENE

Oligoclase-microcline, microcline-albite

Albite
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\

&

Albite-spodumene
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Strike and dip of veins, layers

i

! 02040 6|0m

Figure 9. Geological structure of the Aktube ore occurrence. Based on report of [19].

The veins of rare-metal pegmatites do not exhibit pronounced zonation, and their structure is
more consistent with aplite-pegmatites. With increasing thickness, coarser-grained rock structures
appear in the veins, and the amount of spodumene and fine-flake muscovite also increases in the
more powerful sections of the veins.

Albite-type pegmatites are of the greatest interest, in which spodumene is present in all areas.
In the largest Moschnaya vein, the amount of spodumene can reach 50-60%, and the albite-
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spodumene mineral association is manifested here. The Powerful vein also contains iron-manganese
phosphates in the form of 5-6 mm nests. The average content of Ta205 in the Moschnaya vein is
0.0035%, Be — 0.053%, Li — 0.005%. The second largest vein is the Vetvistaya, which is composed of
albite-microcline pegmatite without spodumene with non-uniform albitization and greisenization.
The weighted average content of Ta205 in it is 0.0049%; BeO is 0.036%. Sphalerite, columbite, and
chalcopyrite have been identified in the form of microinclusions in the veins of Aktobe (Figure 10).

(c)

-y columbite ‘ :
' e T )
ﬁﬁ‘ By 5 : sphalerite zircon
49

l albite

(a)

zircon \
albite

™ o A& ALY
S 2 albite

3 : 1 :
‘ chalcopyrite 173;7

- i1 & »
N 4 > . . &
rF.o ¥ ‘ R RS :
% . L]
g " g |
v

tantalite-columbite

Figure 10. Microinclusions of accessory minerals in Aktube rocks (BSE images): (a) zircon in coarse-grained
pegmatite; (b) zircon in greisen; (c) micrograins of sphalerite and zircon in fine-grained granite; (d) chalcopyrite

in greisen; (e) columbite in greisen; (f) tantalite-columbite in greisen.

3.2. Hydrothermal deposits

Hydrothermal deposits are widespread in the northern and eastern parts of the studied area
(Figure 2). They are mostly located away from pegmatite deposits, but they are also associated with
granite intrusions. The most promising of these is the Kaindy group of deposits, which are associated
with the granites of the Kaindy intrusion.

Several large quartz veins have been identified in the Kaindy ore field, breaking through the
shales of the Takyr formation in the exocontact of the granite intrusion (Figure 11). Quartz veins have
a north-west strike, stretch for hundreds of meters and have a thickness of up to 2-3 meters. The
largest quartz veins contain tungsten and tin-tungsten mineralization. The ore mineralization is
represented by wolframite, less often cassiterite and scheelite (Figure 12).
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Figure 11. Geological structure of the Kaindy ore occurrence. Based on report of [19].
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Figure 12. Microinclusions of accessory minerals in Kaindy rocks (BSE images): (a-b) cassiterite micrograins in

greisen; (c-d) cassiterite microinclusions in greisenized granite; (e-f) wolframite in medium-grained granite.

The largest is the Novo-Kaindy ore occurrence with concentrations of WOs3 - 0.7%, Sn-0.3% and
an average ore body thickness of 1 m. They contain Li (0.001 - 0.002%), Sn (0.001 — 0.004%), and WOs
—up to 0.36%. According to the results of the preliminary geological exploration assessment [23], the
projected resources of the Kaindy ore field may amount to 30.8 tons of WOs.

6. Discussion

Based on the patterns of deposit and ore occurrence in the North-Western Kalba region, as well
as the relationship between different rock types within their boundaries, it can be suggested that rare
metal deposits and occurrences are genetically linked to the granites of the Kalba complex. This
hypothesis is supported by the following evidence.

Firstly, geological observations indicate that nowhere in North-Western Kalba have swarms of
pegmatite veins been found without granite manifestations nearby. Conversely, veins of rare-metal
pegmatites are always located near Kalba granites, in endocontact or exocontact zones of intrusions.

The second piece of evidence is geochronological data. Although we did not perform any special
geochronological studies in this paper, we have data on the age of rare-metal pegmatites from the
Kvartsevoye deposit (285-288 Ma, [12]) and rare-metal deposits from the Asubulak ore region in
Central Kalba (295-286 Ma, [7]). These age values are congruent with, or only slightly younger than
the age values of the granite of the Kalba complex (297-287 Ma, [17]). This suggests that the formation
of granites and rare metal mineralization was the result of a single endogenous event.

The third piece of evidence for the connection between Kalba granites and rare-metal pegmatites
is mineralogical and geochemical. Based on the samples we studied, Kalba granites are represented
by three intrusive phases: biotite granites of the first phase, which occupy the largest volume, biotite-
muscovite granites of the second phase, which occupy a smaller volume, and muscovite granites of
the third phase, represented by vein bodies; the volume of granites of the third phase is comparable
to the volume of pegmatite veins.

Petrographic observations indicate that the proportion of muscovite increases from early to late
granites, and the predominance of plagioclase over feldspar increases. This is evidence of the
accumulation of sodium, alumina, and volatile components during magmatic differentiation in the
melt. Geochemical data on the main components also indicate a decrease in the content of mafic
components and potassium and an increase in the proportion of silica in granites of the 3rd phase
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compared with granites of the 1st and 2nd phases. Such an evolution of granite magmas leads to the
replacement of potassium feldspar with albite and the appearance of garnet as an aluminum-
concentrating phase, in addition, such an evolution of granite melts facilitates the transport of
elements such as Sn, Ta, Nb, and Be [25].

The concentration of rare earth elements in most samples of muscovite granites of the 3rd phase
is lower than in granites of the 1st and 2nd phases (Figure 4, a). This indicates the fractionation of
REE concentrating minerals, including biotite and accessory apatite, monazite, zircon, and xenotime
during the evolution of the parental granite magma.

Concurrently, muscovite granites of the 3rd phase exhibit elevated concentrations of Ta, Nb, and
Mo in comparison with granites of the 1st and 2nd phases (Figure 4, b), suggesting the accumulation
of these elements in a residual melt rich in volatile components. Futhermore, the results of
geochemical studies of granites show that the Nb/Ta and Zr/Hf ratios are a key indicator of magmatic
fractionation [26]. The Nb/Ta value <5 is an indicator of the interaction of magma with late magmatic
fluids [27]. For the studied Kalba granites, the Nb/Ta ratio is 1.45 — 8.75 in Bt granites of the 1st phase,
2.88 — 5.05 in Bt-Ms granites of the 2nd phase, and 0.87 — 3.77 in Ms granites of the 3rd phase. The
Nb/Ta vs Zr/Hf diagram shows that the granites of northwestern Kalba demonstrate the process of
fractional crystallization, and the muscovite granites of the 3rd phase correspond to rare metal related
granites with the Ta-Cs-Li-Nb-Be-Sn-W mineralization (Figure 13).

16 1 Nb/Ta pr L L T_L ¥,
W - Bt granites, 1% ph. ZI/Hf = 26 - 46 £\
14 - M - Bt-Ms granites, 2" ph. l |
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Figure 13. Kalba granites at the Nb/Ta vs Zr/Hf diagram differentiating barren and ore-bearing peraluminous

granites [27].

Table 3. Contents of rare metals in greisens and pegmatites of North-Western Kalba (ppm).

Sample Ta Nb Be Li Rb Cs Sn W Mo
1 KV-23/06 87.6 152.4 21.3 707.9 1591.5 2099 4218 8.3 4.8
2 AL-23/01 8.4 7.5 15.6 38.9 34.7 2.8 33.3 4.7 349
3 AL-23/02 4.6 6.3 8.8 121.4 92.6 7.9 64.5 3.6 16.2
4 KO-23/01 104 249 241 53.0 41.5 55 27.4 55 43.0
5 AK-23/01 64.9 98.4 427 68.4 200.6 12.9 38.4 1.8 11.2
6 AK-23/02 19.1 31.6 35.9 66.5 173.8 11.9 43.3 1.3 2.1
7 AK-23/03 48.4 61.3 37.1 103.3 406.0 25.5 93.4 2.1 3.0
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8 AK-23/04 141.9 174.9 449 136.7 351.8 26.2 101.4 14.5 11.9
9 AK-23/07 4.3 13.1 11.6 333.8 253.1 44.1 27.6 1.1 3.9
10 NK-23/02 754 13.9 6.8 186.7 369.4 20.9 47.0 9.8 2.6
11 KV-23/03 28.2 47.3 37.1 274.8 487.9 68.8 117.0 2.9 26.7
12 KV-23/04 8.3 10.0 41.7 12079.8 53.5 12.6 79.5 1.1 16.7
13 AL-23/03 4.7 13.8 17.3 50.0 100.5 6.5 78.0 4.2 11.7
14 AK-23/05 11.8 20.0 32.1 56.6 183.0 12.6 50.0 1.5 3.1

Note: Results of ICP-MS analyses (ppm): 1-9 — greisens; 10-14 - pegmatites.

The content of rare metals in the studied samples of pegmatites and greisens is shown in Table
3. As shown in Figure 14, a comparison has been made of the contents of rare metals in granites and
pegmatites. Most samples of pegmatites and greisens are characterized by high concentrations of Ta,
Nb, Be, and Mo, which are the same as or higher than in some samples of muscovite granites of the
3rd phase. Sn concentrations in most samples of pegmatites and greisens are higher than in granites.
Li concentrations are high only in spodumene-containing varieties. At the same time, the
concentrations of Rb, Cs, and W are almost identical to those in granites.

- Bt granites, 17 ph.

10000+ - Bt-Ms granites, 2° ph.
- Ms granites, 3" ph.
. -greisens
. - pegmatites
1000 -

10 -

0,1

Ta Nb Be Li Rb Cs Sn w Mo
Figure 14. Rare metal contents (ppm) in Kalba granites and rare-metal pegmatites from NWK.

The data demonstrate a gradual evolution of the parental granitic magma from biotite granites
to biotite-muscovite and muscovite granites, and then to pegmatites. At the initial stages of evolution,
Na, Al, and volatile components accumulated in the residual melts, which contributed to the
concentration of rare metals. At the later stages of evolution, albite and spodumene crystallized,
which allowed the formation of albite-spodumene pegmatites, and the accumulation of volatiles in
the remaining mobile phase led to the crystallization of greisen associations enriched in Ta, Nb, Be,
Sn, Mo. Pegmatites and greisen did not concentrate W, it can be assumed that W was mainly
concentrated in the residual hydrous fluid. This fluid subsequently crystallized in the form of
hydrothermal quartz W-bearing veins during the final stages of evolution.
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6. Conclusions

It can be argued that all the rare metal deposits of North-Western Kalba were formed during a
single process of differentiation of the parental magmas of Kalba granites — from pegmatites to
greisen and to hydrothermal deposits. Similar models have been proposed previously for the Central
Kalba ore region [6,10] as well as for rare metal pegmatite deposits in Thailand [28], Vietnam [29] and
China [4,30].

This allows us to consider the North-Western Kalba region as promising for the discovery of
new rare metal deposits. During exploration, special attention should be paid to exocontact zones of
non-exposed granite intrusions, as well as zones of development of W-bearing quartz veins, under
which rare-metal pegmatites may be located at depth.
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