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Abstract: This paper represents the results of a study of the chemical composition of salt lakes
within the Burabay rock mass in eastern Kazakhstan. We sampled water and bottom deposits,
geochemically analyzed the composition of the salt lakes, and performed aerial photography of
the lakes to geometrize them. We studied the linkage between the rare-metal mineralization of
granites of the Burabay rock mass and the salt lakes within the territory. Based on the obtained
data, we identified the prospects of the survey area for rare metals. The surveys included 15 water
samples and 15 bottom-deposit samples. To identify the source of salt in the lake water and deposits,
the chemical composition of Burabay rocks was analyzed and seven samples of coarse-grained and
porphyritic granites were selected. It was established that the water and bottom deposits accumulated
elevated concentrations of valuable components (i.e., Sr, Rb, and U); this fact may be considered as an
argument for conducting special surveys of small lakes in the region. The results obtained can be
used for conducting further explorations and mining operations in the survey area in order to revive
the rare-metal industry in the region, which will allow the development of new high-tech production
and the creation of new jobs in this sphere.

Keywords: mineral deposit; rare metals; water; salt lakes; rock mass; the Great Altai; Kazakhstan

1. Introduction

Currently, the behavior of such rare-earth elements (REEs) as Li, Sr, Rb, Th, W, and U
in natural water is the subject of detailed studies [1,2]. The interest in REEs’ abundance in
natural water is associated with their potential use as indicators of geochemical processes;
this requires an understanding of the migration features and fractionation rules of certain
rare-earth elements [3–5]. The unambiguous interpretation of REEs’ behavior in natural
water is complicated by various processes involving the formation of water complexes,
colloid transport, ion exchange, and adsorption, leading to the fractionation of the elements
in aqueous solutions in comparison with the source rock [6–10].

Over the last years, the mineral stocks of large salt lakes have become objects of
increased interest and intense study as sources of the commercial extraction of potassium
salt, magnesium salt, soda, and sodium sulfate [11–14], as well as lithium compounds,
bromine, potassium, boron, and rare elements. Salars in South America and salt lakes in
China and Mongolia are the classic examples, since their reserves of valuable components
(i.e., lithium, boron, bromine, etc.) amount to hundreds or thousands of tons [15,16].

The attractiveness of lake water’s use as a mineral stock depends upon the following
factors: the availability of large renewable field reserves within large hydrogeological
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systems; environmental cleanliness in the context of extraction and production; the pos-
sibility of applying evaporative water concentration with the sequenced separation of
valuable components; and the low cost of the products owing to the integrated use of
hydro-mineral stocks [17].

Recently, the hydro-mineral resources of both large and smaller salt lakes, which occur
widely in Central Asia, have attracted increasing attention [18,19]. This interest results from
the gradual depletion of large lake basins on one hand and, on the other, the large number of
small salt lakes with an extended spectrum of elements for potential raw-material recovery
(i.e., uranium, lithium, and rare elements) [20,21]. Zadereev et al. [22] presented research
reviewing the status, trends, and drivers of inland saline lakes in Europe and Central
Asia, assessing the effects of direct drivers on ecosystem health and biodiversity and
highlighting the need for improved water-management and conservation measures. In [23],
the authors present a study on the extraction of lithium from salt-lake brines in China using
a membrane process. Li et al. [24] investigated the origin and enrichment mechanisms of
lithium in a lithium-rich salt lake in West Kunlun, Xinjiang, China, using hydrochemical
and lithium-isotope analyses to uncover the genesis of brine-type lithium deposits and to
contribute to a deeper understanding of lithium sources and their enrichment processes.
Xu et al. [25] investigated the effects of salinity on the composition of dissolved organic
matter in salt lakes at the molecular level. Specifically, their study focused on two salt lakes,
Qinghai Lake and Daihai Lake, which have similar geographical and climatic conditions
but differ in their salinity levels. The results showed that at higher salinity levels, the
dissolved organic matter had a larger average molecular weight, a higher oxidation degree,
and lower aromaticity. Additionally, the proportion of vulnerable dissolved organic-matter
compounds reduced, while the proportion of refractory compounds increased.

The purpose of [26] was to comprehensively utilize magnesium and lithium resources
in salt-lake brine for resource sustainability. The study reviewed the latest advances in
magnesium/lithium separation and lithium recovery from salt-lake brines, including ex-
traction, adsorption, membrane, and electrochemical methods, as well as reaction-coupled
separation technology. The review also discusses the roles of various electrode materials in
lithium recovery using electrochemical methods and the potential of reaction-coupled sepa-
ration technology for highly efficient magnesium/lithium separation and the simultaneous
preparation of high-value magnesium-based functional materials. Borzenko et al. [27]
developed a new concept to explain the diverse geochemical types of salt lakes, with a
particular focus on those in the Transbaikal region. The study uses hydrogeochemical-
field data and thermodynamic calculations to demonstrate that in addition to evaporation,
interactions with rocks play a significant role in the formation of salt-lake composition.
The study provides evidence that such processes are most common in soda lakes, which
have high pH values, carbonate-ion concentrations, and high precipitation of Ca, Mg, and
Fe carbonates. Additionally, the study highlights the role of sulphate reduction in the
formation of sulphate-type lakes and how the presence of an oxidizing environment and
sulphides in rocks can provide additional sources for sulphates. Overall, the study presents
a new understanding of how landscape–climatic and geological–geochemical conditions
shape the chemical compositions of salt lakes.

The studies described above provide further insights into the potential uses of miner-
alized waters, the factors that contribute to their mineral content, and their environmental
impact. This is why small salt lakes in Kazakhstan are of considerable interest. A significant
part of the state’s territory has a dry and almost arid climate [28]. Brackish and salt lakes
located in arheic basins are widespread within the land. The salt-clay rocks and brine from
the Aral Sea, the brine from the solonchak and drying lakes of the Caspian Depression, and
the territory of the Chu River basin and other regions of the Republic of Kazakhstan arouse
considerable interest. The Zaisan depression in eastern Kazakhstan is one of these regions.
The hydromineral resources of the objects are almost unexplored. Therefore, the purpose
of this paper is to study the macro- and microcomponent composition of small salt lakes in
eastern Kazakhstan [29–32].
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The territory of Eastern Kazakhstan is part of the Late Paleozoic Altai collision system
formed upon the collision of the Siberian and Kazakhstan continents [33]. The geological
structure was shaped in the Late Carboniferous–Early Permian; it contains sedimentary for-
mations and intrusions of granitoid composition. The largest intrusion is the Kalba–Narym
batholiths, stretching from North-West to South-East for more than 300 km (Figure 1).
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Figure 1. Geological map of the Kalba–Narym batholith in eastern Kazakhstan.

In Figure 1, the inset shows the position of batholith on a terranes map of the Late
Paleozoic Altai collision system. The granitoids are from the early Permian age; they cut
through Middle–Late Palaeozoic sedimentary and metamorphic rocks [18]. The formation
of the Kalba batholith took place in the Early Permian (in the interval of 300–276 Ma), as
follows: phase 1, biotite medium, coarse-grained porphyritic granites and, rarely, biotite
granodiorites; phase 2, sub-phase 1, medium-grained, fine- and medium-grained biotite
muscovitized granites; sub-phase 2, biotite and biotite-muscovite fine-grained granites;
and phase 2, bastard granites, aplites, granitaplite, aplite-pegmatites, pegmatites, and
quartz veins. The survey area in this paper is within the southern part of the Kalba–Narym
batholith. A significant share of the territory is occupied by the Narym pluton, which
combines several large granite-rock masses. The subject of our research is the territory of
the Burabay rock mass located south of the Kurchum River (Figure 2).

According to the geological-mapping data [18], the Burabay rock mass has a concentric
zonal structure. It is shape by rocks of the following three intrusive phases:

(1) biotite medium- and coarse-grained granites and granodiorites;
(2) biotite medium-grained granites; and
(3) biotite-muscovite fine-grained granites of granite-porphyry, aplite, and pegmatite veins.
Regarding the sedimentary rocks, the geological structure of the territory involves

stratified Carboniferous stages. The rocks form an alternation of gray, medium- and fine-
grained, quartz-feldspathic, polymictic, sometimes initially low-in-lime sandstones, and
black carbonaceous–argillaceous siltstones.
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The region relief is complex, spanning low-mountain and high-mountain terrain. The
absolute elevation varies from 700–800 up to 1500 m. The planation surfaces within the relief
are developed on granitoid intrusions. The true altitude falls in the range of 600–900 m; the
relative altitude is 50–60 m (rarely achieving 100 m) [34]. Morphologically, the relief type is
a more or less oriented system of slightly elongated, highly deplanated hills; less commonly,
it is represented by ridges with smooth (5–80) bare slopes and degradations, with bottoms
that are either occupied by lakes or covered with a layer of gruss–sand material. As a
rule, the relative hill elevations are 20–30 m. Due to weathering, various bizarre forms
are present on the hills, as well as niches and depressions of various sizes [35]. A satellite
image of the research area is shown in Figure 2a; the layout of the drainless lakes on the
geological map is shown in Figure 2b.

The area features a unique climate and relief, as well as a significant number of
small lakes with various mineralization degrees, all of which make it an attractive loca-
tion in which to study the processes of the formation of macro- and microcomponent
compositions [36]. The conditions for the formation of the chemical compositions of water
bodies depend on many natural factors (i.e., climate patterns, relief features, water-exchange
intensity, the nature of the geochemical environment, etc.).

The region within the Burabay rock mass is characterized by a good and uniformly
developed hydrographic system with numerous lakes and marshes. During field studies
in 2020, the hydrochemical state of the water bodies was assessed. In the course of the
research, 15 lakes were identified in the survey area. They were taken as the basis to analyze
both the content and changes in the key parameters and components determining the
geochemical outlook of the survey area. The formation of the hydrochemical composition
of the surface water took place in the survey area under the influence of natural and
climatic conditions [37].

A number of the features of the region’s hydrography should be mentioned. Wa-
tershed swampiness contributes to the accumulation of a wide range of organic sub-
stances in surface water, which are the products of the incomplete decomposition of
plant litter. Therefore, the presence of intermediate decomposition products of plant
biomass in the natural water determines a weak acid reaction of the environment, which
bodes well for an increase in the mobility of a range of metals in the composition of
organo-mineral complexes.
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Our research purpose is to study the chemical composition of lake water and bottom
deposits to identify the mineralization of rare metals, as well as other types of mineral. For
this purpose, we carried out field studies to geometrize the lakes and obtained samples
of the water and bottom deposits; we then performed a chemical analysis using high-
resolution and supersensitive methods (inductively coupled plasma mass spectrometry).
Finally, we tried to evaluate the possibility of using water and salt-brine development for
the exploration of rare metals.

2. Materials and Methods

This paper is based on the results of hydrogeochemical sampling of small lakes in the
area of Burabay rock mass (Figure 2a) conducted in 2020–2022. The sampling was carried
out during the driest summer period, which helped exclude influence of dilution processes
through atmospheric precipitation. The studies included selection of 15 water samples
(1–15) and 15 bottom-deposit samples (B1–B15). To identify the source of salt in lake water
and deposits, the chemical compositions of the rocks of Burabay rock mass were analyzed
in similar ways. Figure 2b demonstrates position of the sampling points. Seven samples of
coarse-grained and porphyritic granites were collected.

During the field studies, geographical reference of the sampling points was made by
means of special software, FieldMove Clino.

To geometrize lakes and determine water-surface area, the field studies involved aerial
photography [38]. Unmanned aerial vehicle DJI Mavic was used for the purpose. The DJI
Mavic quadcopter is a small but high-tech unmanned aerial vehicle with 24 high-capacity
computing cores, state-of-the-art system of signal transmission for a distance of up to 7 km,
five video transmitters, and 4K camera stabilized by a 3-axis mechanical gimbal. This made
it possible to obtain geo-referenced high-quality aerial photographs. The georeferenced
aerial photographs were taken using the Agisoft PhotoScan program.

The water was sampled according to the standard method [39]. Clean-polymer,
single-use 1.5-L bottles were applied. Walls of the containers were previously moistened
with a solution of nitric acid (10%) and left for 2 h, thoroughly washed with clean water,
neutralized with a solution of sodium bicarbonate (2%) and, finally, washed with distilled
water. Water for chemical analysis was sampled at depths of 30–50 cm at a distance from
the lakeside with the help of a sterile 200-milliliter sampler. To prepare the selected sample
for storage, we conserved water and loaded it into a cooling box to transport the samples.
Water samples were delivered to the laboratory within 24 h [40,41].

The set of bottom-deposit samples obtained with a MPK G01 N 1/02 sampler contained
a water-uptake tank, a load, and a cable. Bottom deposits were sampled at depths of
10–15 cm and weighed up to 2.0 kg; they involved the destructed soil composition. Excess
water was drained; the samples were packed into plastic buckets and transported to
the laboratory. After drying at a 23–25 ◦C temperature, the samples were quartered by
standard methods.

The granite samples were prepared in the sample-preparation sector of the regional
university’s engineering laboratory, ‘IRGETAS’, by means of a fine crushing area. The
procedure featured two stages: a ShD 6 jaw-breaker crushed samples to 1-mm fractions,
after which they were bucked down to 0.07 mm using vibratory pulverator IV-4.

Tests with water and bottom-deposit samples were carried out in the laboratory of
the Engineering Center for Advanced Development, ‘VERITAS’, at D. Serikbayev East
Kazakhstan Technical University. The ICP-MS spectrometry methods were applied. The
samples were dried in a draft chamber and the sediment was ground. A 200-mg sub-sample
was taken and dissolved in concentrated hydrofluoric, nitric, and hydrochloric acids. The
resulting solution was analyzed by means of a mass spectrometer for following elements:
Ag, As, Ba, Be, Bi, Cd, Co, Cr, Cu, Ga, Ge, In, La, Li, Mn, Mo, Nb, Ni, P, Pb, Sb, Sc, Sn, Sr,
Ta, Te, Ti, Tl, V, W, Zn, Zr. The minimum detectable concentration of elements was up to
10−9 g/dm3 in liquid objects and up to 1 ppb in solids.
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3. Results
3.1. Digital Relief Model

In order to obtain the most detailed information about the relief of the survey area,
a digital relief model was needed. Based on the georeferenced aerial photographs, a
digital relief model was developed and an altitude map was constructed using the Agisoft
Metashape Professional software product. Georeferenced dense clouds of points, textured
polygonal and tile models, digital relief models, and orthophotomaps were created based
on overlapping digital images and information about geographic coordinates. Based on the
calculated image positions, a depth map was compiled. Using the developed 3D polygonal
model, we managed to obtain a color reproduction of the graphic properties of objects in
the form of a raster with a set resolution. From a dense cloud of points, depth maps and
a polygonal model, a digital relief model was constructed. This was a surface model in
the form of a regular grid of height values. Table 1 shows the data from the wells of the
Burabay granitoid-rock mass.

Table 1. Summary on the wells of Burabay granitoid-rock mass.

Lake Number Coordinates Altitude, m Water-Surface Area, km2

1 48◦34′1.03′′ 84◦1′36.61′′ 488 0.37

2 48◦34′48.32′′ 84◦2′42.98′′ 498 0.6

3 48◦34′12.76′′ 84◦6′56.38′′ 519 0.36

4 48◦34′5.53′′ 84◦12′31.52′′ 641 1.83

5 48◦32′9.19′′ 84◦13′22.77′′ 657 0.26

6 48◦32′1.54′′ 84◦14′21.84′′ 659 0.12

7 48◦32′0.39′′ 84◦17′35.76′′ 660 1.05

8 48◦31′1.67′′ 84◦18′40.04′′ 679 0.43

9 48◦32′48.29′′ 84◦17′58.01′′ 688 0.05

10 48◦32′24.49′′ 84◦22′12.29′′ 686 0.17

11 48◦36′5.56′′ 84◦ 4′40.95′′ 534 1.5

12 48◦36′24.53′′ 84◦27′39.28′′ 851 2.07

13 48◦37′50.81′′ 84◦24′2.92′′ 914 0.25

14 48◦37′31.03′′ 84◦28′39.29′′ 867 0.26

15 48◦37′47.23′′ 84◦29′7.39′′ 869 0.46

For the photofixation and determination of the survey-site location with the use of the
aforementioned Agisoft PhotoScan program and the application of georeferenced point
clouds from the photographs obtained through the UAV, digital relief models of the lakes in
Burabay District were developed. It was possible to obtain a relief profile using the features
of the Agisoft PhotoScan program (Figure 3).

The study objects within Burabay District were classified, with small lakes being
the most numerous forms of negative surface relief. The digital model and the obtained
lake relief profile helped to study the redistribution and allocation of the bottom-forming
material. The model analysis helped us to establish that the maximum concentration of
bottom-forming material was at the lowest levels of the water collection. However, it is
not possible to suggest regular patterns of the element-concentration distribution due to
the insufficient study of the seasonal changes in chemical composition of the water while
considering the changes in the levels of the water collection.
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The study of the distribution and deposition of bottom-forming materials in small
lakes can have a range of practical applications. For example, understanding how sediments
are distributed within lakes can help manage water quality or restore degraded ecosystems.
Additionally, understanding the formation and characteristics of small lakes in a region can
provide valuable information for land-use planning and management. At the same time, it
is important to understand the distribution of bottom-forming material in water bodies, as
it can affect water quality and ecosystem health. In this specific case, the study suggests
that the maximum concentration of such materials was found at the lowest water-collection
levels. However, the lack of studies on seasonal changes in water-chemical composition and
water-collection levels made it difficult to determine regular patterns in the distribution of
this material. Further research in this area may be required to gain a more comprehensive
understanding of how these factors influence the bottom-forming-material distribution.

3.2. Geochemical Characteristics of Burabay Granites

The Burabay rock mass is located in the southern part of the Kalba–Narum batholiths
(see Figure 1). In the course of field works in the Burabay rock mass, seven samples of
medium-grained porphyric granites from the first phase of the Kalba complex (Figure 4)
were selected. Table 2 demonstrates data on the composition of the granites.
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Table 2. Summary of the wells of Burabay granitoid-rock mass (wt%).

Sample 1 2 3 4 5 6 7

SiO2 69.54 67.32 70.80 65.18 62.29 74.74 68.15

TiO2 0.50 0.83 0.25 0.68 0.93 0.10 0.48

Al2O3 15.22 14.84 15.28 16.52 16.71 13.88 13.79

Fe2O3 3.26 5.59 2.68 5.53 6.46 1.93 3.01

MnO 0.04 0.08 0.03 0.07 0.10 0.07 0.05

MgO 0.68 1.50 0.69 1.56 1.87 0.21 0.75

CaO 1.19 1.84 2.34 2.75 3.07 0.58 2.37

Na2O 3.24 3.55 4.50 3.43 3.57 3.63 3.24

K2O 4.62 3.17 1.39 3.33 3.48 4.37 4.25

P2O5 0.21 0.17 0.09 0.18 0.23 0.22 0.35

Rb 149 101 43 96 136 165 93

Sr 137 348 445 263 214 72 264

Y 17.1 31 5.3 56 44 14.7 32

Zr 239 417 105 318 389 41 197

Nb 14.1 10.9 2.1 12.6 16.6 10.2 13.2

Cs 4.3 3.7 1.38 7.1 13.9 14.2 8.4

Ba 535 900 233 655 469 219 216

La 44 44 9.7 28 49 7.0 36

Ce 90 90 18.7 58 96 14.7 87

Pr 12.2 11.8 2.5 7.6 12.6 1.85 11.8

Nd 44 42 8.3 28 46 6.6 24

Sm 8.3 7.2 1.44 6.0 8.9 1.70 2.56

Eu 1.09 1.76 0.49 1.25 1.09 0.33 0.25

Gd 6.3 6.4 1.27 6.8 8.4 1.69 7.32

Tb 0.86 0.95 0.18 1.27 1.30 0.35 1.34

Dy 3.4 4.8 0.84 7.9 7.1 2.2 6.58

Ho 0.48 0.97 0.14 1.72 1.37 0.43 1.12

Er 1.20 2.6 0.42 4.9 3.9 1.20 4.2

Tm 0.16 0.42 0.060 0.77 0.62 0.19 0.57

Yb 1.02 2.6 0.39 4.6 3.9 1.18 3.38

Lu 0.16 0.40 0.058 0.70 0.58 0.18 0.49

Hf 6.7 10.0 2.9 8.4 10.6 1.51 9.78

Ta 1.07 0.75 0.21 0.87 1.38 1.73 1.32

Th 16.3 9.8 2.3 8.9 21 3.2 11.2

U 3.9 2.6 1.00 2.5 2.6 1.84 1.95

Phase 1 is represented by medium-grained porphyric granites (Figure 4). There are
gradations among them. With some minor exceptions, the granitoids always contained
xenoliths from the granitized sedimentary rocks, varying from a millionth of a centimeter
up to 10 × 15 cm, with rare examples measuring up to 30 × 50 cm. The xenoliths were of
a discoid–ellipsoid shape. In terms of their composition, they were composed of 20–40%
plagioclase; 15–37% opotash feldspar; 30–35% quartz; 7–11 (up to 12–15)% biotite; and
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1–1.9% accessory minerals. The plagioclase included three generations: zonal, knotty and
zonal, and polysynthetically twinned nonzonal one. The quartz took the form of isometric
xenomorphic grains or, sometimes, idiomorphic crystals. The biotite is distributed evenly
within the rock; occasionally, it formed clusters. The muscovite, clinkstone, and epidote
were accessory minerals.

The obtained data on the chemical composition helped to draw the conclusion that
he formations of phase 1 of the Kalbinsk complex belonged to potassium–sodium granite
series, i.e., rather highly aluminous acid plutonic rocks, normally of an alkaline suborder.
The conclusion was made on the basis of determining the specific types and characteristics
of the studied rocks in terms of their chemical composition.

The hydrochemical water composition was determined in terms of more than 20 key
indicators, including: pH; mineralization; the content of potassium, sodium, magnesium,
ammonium ions, nitrites, nitrates, phosphates, silicon, aluminum, copper, iron, lead, zinc,
nickel, cadmium, and manganese; and rare metals [42]. Relying upon data from [42],
relevant indicators were selected to identify the hydrogeochemical water composition.
Table 3 represents the results.

Table 3. Content of macrocomponents and mineralization (M) of lakes within Burabay rock mass.

Sample 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

pH 9.08 8.17 8.14 8.93 8.93 9.09 8.14 9.24 9.24 9.23 8.21 9.1 9.23 9.25 8.74

HCO3

mg-equ/L 4.1 6.2 6.4 14.7 12.7 20.6 6.4 10.6 11 9.9 6.4 19.4 9.3 11.1 1.9

% equ 63 79 79 84 79 41 94 48 49 45 93 40 31 35 2

mg/L 250.1 378.2 390.4 896.7 774.7 1256.6 390.4 646.6 671 603.9 390.4 1183.4 567.3 677.1 115.9

CO3
−

mg-equ/L 0.6 0.12 0.12 0.49 1.24 2.86 0.12 2.49 2.24 2.87 0.12 3.36 2.24 2.41 0.99

% equ 7 1 1 2 6 5 1 9 8 10 1 5 6 6 1

mg/L 29 6 6 23.95 59.8 137.9 6 120 108 138 6 162 108 116 47.6

SO4
2−

mg-equ/L 2.11 1.77 1.79 1.94 1.86 24.55 0.24 9.55 9.57 9.62 0.31 24.48 20.61 20.64 99.79

% equ 26 18 17 9 9 39 3 34 34 35 4 40 55 51 92

mg/L 101.8 85.3 86.1 93.5 89.5 1180.5 11.6 459.5 460.5 462.6 15.1 1177.3 990.9 992.4 4797.9

Cl
−

mg-equ/L 4 3.38 3.72 15.9 15.14 128.56 1.74 35.1 34.88 35.08 2.31 128.16 42.49 42.52 65.87

% equ 4 2 3 5 5 15 1 9 9 9 2 15 8 8 4

mg/L 14.2 12 13.2 56.4 53.7 455.9 6.2 124.5 123.7 124.4 8.2 454.5 150.7 150.8 233.6

Ca2
+

mg-equ/L 0.99 2.09 2.34 1.09 1.04 1.04 2.87 1.5 1.74 1.74 2.24 1.04 1.24 1.24 9.49

% equ 13 26 30 4 4 1 28 3 4 15 24 1 2 2 5

mg/L 20.04 42.08 47.09 22.04 21.04 21.04 57.62 30.1 35.07 35.07 45.09 21.04 25.05 25.05 190.38

Mg2
+

mg-equ/L 3.69 3.19 2.99 2.74 3.14 3.59 2.74 10.73 10.11 9.98 2.74 3.64 4.99 5.24 24.96

% equ 30 24 23 7 8 2 16 14 12 51 18 1 5 5 8

mg/L 44.96 38.88 36.45 33.41 38.27 43.74 33.41 130.61 123.02 121.5 33.41 44.35 60.75 63.79 303.75

Na+

mg-equ/L 3.26 3.27 2.94 16.8 16.87 86.76 3.74 27.54 31.23 3.09 3.32 117.91 41.9 45.14 139.53

% equ 50 47 43 79 78 92 42 70 72 30 41 90 82 83 83

mg/L 75.14 75.22 67.6 386.4 387.98 1994.66 86.19 633.12 718.08 71.21 76.37 2710.62 963.32 1037.71 3207.61

K+

mg-equ/L 0.28 0.14 0.14 1.26 1.29 2.53 0.72 2.92 2.95 0.24 0.77 6.43 3.04 3.1 4.445696

% equ 7 3 4 10 10 5 14 13 12 4 16 8 10 10 4

mg/L 11.1 5.5 5.55 49.39 50.44 99.16 28.31 114.23 115.37 9.63 30.12 251.45 119.04 121.1 173.66

M mg/L 529 639 733 1896 1420 5059 616 2.147 2253 1548 601 5849 2881 3074 9023

According to the classification in [43], there were four water groups:
(1) fresh water with total dissolved solids (TDSs) < 1 g/L;
(2) 1–10 g/L brackish water;
(3) 10–50 g/L saline water;
(4) >50 g/L brine water.
Accordingly, according to the total dissolved solids, the studied lakes can be divided

into two groups: fresh-water lakes (## 1–3, 7, 11) and brackish-water lakes (## 4–6, 8–10,
12–15) (Table 3). The lakes are located in an arid zone, where, due to the prevalence of
evaporation over precipitation, Ca is deposited in the form of minerals in the bottom
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sediment, while Mg remains in solution (calcite, dolomite, gypsum), similar to the Khakassi
salt lakes [44].

In terms of the pH level, the water can be divided into several types, depending upon
acid-base conditions [45]. The water in lakes 2, 3, 7, and 11 was weakly alkaline; and the
water in lakes 1, 4–6, 10, and 12–15 was alkaline. The minimum pH level was 8.14, in
lake 3, and the maximum pH level was 9.24, in lake 14. Table 4 a, b explains the chemical
composition of the water and bottom deposits from the lakes within the Burabay rock mass.

Table 4. (a). Chemical composition of lake water within Burabay Rock mass (ppm). (b) Chemical
composition of bottom deposits from the lakes within Burabay Rock mass (ppm).

(a)

Sample 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Ag 0.228 0.168 0.313 0.108 0.138 0.096 0.12 0.525 0.944 0.649 0.09 0.313 0.144 0.307 0.162

As 0.56 0.99 1.23 1.45 2.11 0.69 0.78 0.95 0.92 0.96 0.94 1.02 1.36 1.25 1.11

Ba 162.2 158.5 170 165 145.3 149.5 170.3 133.9 145.5 153.2 191.5 174.1 163.5 179.4 183.6

Be 1.26 1.26 2.51 1.26 1.26 1.89 1.89 2.51 2.51 5.03 0.63 0.63 2.51 1.89 1.66

Bi 1.52 1.49 0.69 0.15 0.46 0.3 0.5 0.42 0.76 7.43 1.41 0.34 1.72 0.19 0.95

Cd 0.113 0.072 0.105 0.064 0.048 0.024 0.024 0.056 0.032 0.346 0.1 0.056 0.201 0.53 0.297

Co 9.06 10.5 11.58 6.96 6.18 4.86 7.14 5.28 7.14 17.58 4.14 16.56 11.52 23.88 22.32

Cr 89.23 65.43 65.96 63.06 52.66 58.91 176.6 48.38 54.16 71.5 57.21 67.23 66.74 96.72 134.8

Cu 256.8 174.6 204.7 173.4 220.3 120 140.3 146.6 122.9 259.3 97.85 276.4 767.8 1172 3668

Ga 20.95 25.35 29.76 23.08 21.61 20.81 28.96 12.4 15.34 30.56 26.56 24.42 25.35 28.56 32.31

Ge 0.27 0.3 0.55 0.45 0.2 0.08 0.4 0.18 0.18 0.2 0.28 0.53 0.3 0.53 0.65

In 0.08 0.11 0.04 0.01 0.01 0 0.02 0.01 0.01 0.83 0.01 0.02 0.01 0.01 0.01

La 29.38 34.12 37.26 18.7 24.98 19.13 30.14 16.98 27.46 21.08 16.83 24.02 22.3 27.08 33.81

Li 6.84 12.68 15.7 9.26 14.49 11.47 10.87 8.45 11.07 19.32 9.06 13.28 10.87 15.4 16.1

Mn 690 546 742 455.3 501.5 262.1 411.85 439.1 706 334.05 196 758 455.05 836 814

Mo 4.47 5.14 4.26 4.45 3.76 5.14 3.97 4.72 4.93 4 5.55 4.77 4.22 3.65 5.07

Nb 9.88 11.19 25.36 5.93 9.31 7.02 9.13 4.24 6.46 6.65 4.06 8.78 6.53 11.38 16.97

Ni 60.03 71.69 71.57 69.63 55.55 65.94 54.68 59.87 66.38 56.38 71.37 71.61 64.67 57.05 77.6

P 1121 1398 1351 1070 1046 813 884 881 823 867 759 870 644 1212 1121

Pb 259.2 64.85 62.63 65.54 82 60.95 83.92 108.4 80.96 78.01 52.87 60.76 128.88 82.16 149.36

Sb 1.33 0.03 0.1 0.13 0.28 0.13 0.35 0.64 0.23 0.1 0.07 0.09 0.42 0.03 0.63

Sc 2.6 3.04 2.14 3.97 3.16 4.8 4.01 1.7 1.83 4.66 4.5 3.85 5 3.45 8.67

Sn 1.63 1.28 1.08 0.61 1.01 0.81 0.69 0.79 0.87 0.92 1.03 0.74 1.01 0.61 0.99

Sr 135.6 82.93 93.03 68.29 95.02 51.36 63.6 145.4 215.9 69.86 57.23 100.7 81.49 208.7 96.11

Ta 1.33 1.26 1.15 0.58 0.71 1.09 1.08 0.67 1.02 0.66 0.63 0.47 0.63 0.43 0.77

Te 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18

Ti 1230 1069 2096.7 969 1230 1189 3112.9 2031 1410 1326 1269 3402 1256 2115.4 3809.6

Tl 0.112 0.23 0.132 0.072 0.066 0.099 0.145 0.053 0.092 1.257 0.171 0.046 0.099 0.059 0.092

V 26.94 22.57 27.76 16.38 18.32 7.27 21.62 15.53 23.29 20.31 4.92 64.17 16.38 53.97 48.06

W 0.83 2.99 1.36 0.68 0.98 0.61 0.98 0.57 0.68 0.76 0.64 1.02 0.91 0.57 0.95

Zn 81.17 41.44 48.57 42.39 61 32.42 45.8 63.77 60.27 50.8 35.21 47.91 277.9 368.4 344.3

Zr 91.34 44.24 57.3 22.98 41.68 47.04 24.94 47.08 77.1 39.8 28.18 69.5 41 62.16 63.14

(b)

Sample B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13 B14 B15

Ag 0.253 0.234 0.168 0.138 0.168 0.661 0.152 0.141 0.159 0.248 0.257 0.129 0.137 0.158 0.449

As 0.98 0.68 0.99 0.87 0.58 0.96 0.89 0.65 0.89 0.74 0.48 0.94 0.45 0.95 0.82

Ba 182.9 201.5 178.8 217.8 198.4 169.6 126.8 154.3 169.3 211.7 154.8 179.2 158.5 164.2 172.6

Be 41671 29281 28157 14642 25263 42767 45232 31837 24139 12451 19784 45232 42401 19025 44958

Bi 0.38 0.08 0.53 43101 0.38 0.38 0.65 0.05 0.45 45261 0.35 0.35 0.45 0.04 0.42
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Table 4. Cont.

(b)

Sample B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13 B14 B15

Cd 0.330 0.225 0.330 0.193 0.305 0.088 0.195 0.224 0.336 0.159 0.325 0.332 0.336 0.551 0.225

Co 27.9 15.48 34.32 17.34 25.08 28.74 23.35 12.61 35.26 15.89 15.62 25.64 35.68 15.48 11.38

Cr 103 99.7 112.7 113.3 97.4 119.8 94.62 95.23 110.25 100.4 96.12 100.13 114.5 100.3 92.13

Cu 1015 374.7 533.1 387.6 413.6 278.1 378.1 375 433 387 513.6 915 387.6 513.9 285.3

Ga 23.90 28.30 28.44 30.78 30.91 45042 24.65 25.62 27.45 29.98 28.75 22.92 21.35 28.87 27.58

Ge 0.60 0.75 0.82 0.48 0.69 0.94 0.65 0.74 0.81 0.75 0.35 0.62 0.89 0.54 0.98

In 0.00 0.00 0.02 0.01 0.01 0.02 0.02 0.02 0.02 0.01 0.01 0.00 0.01 0.01 0.01

La 26.39 25.47 38.25 30.83 46.90 47.43 45.26 24.56 32.56 29.85 42.38 22.36 41.23 21.35 30.21

Li 17.21 16.81 45134 18.52 21.33 22.74 21.36 15.26 25.36 15.17 20.36 16.25 21.58 15.64 21520

Mn 790.5 443.2 1277.5 950 1753.5 1574 1468.2 445.2 112.6 875.9 1654.3 769.3 1462.1 658.2 652.1

Mo 4.81 3.77 4.78 4.53 4.08 4.23 4.28 3.75 4.75 4.67 4 4.85 2.16 3.85 4.69

Nb 19664 31229 18.27 45093 20.78 20.69 21.34 35947 17.25 45153 21.31 13119 12724 7059.00 16.57

Ni 69.1 55 70.1 59.1 58 67.95 59.48 45.85 62.35 54.68 59.54 68.2 65.28 62.13 61.25

P 1117 1155 1249 931 1100 1496 1501 1152 1325 936 1101 1116 1214 1154 1025

Pb 97.36 68.34 97.12 93.52 68.79 101.76 95.3 89.3 69.2 75.9 98.65 65.4 65.8 102.3 98.55

Sb 0.20 0.23 0.38 0.42 0.22 0.58 0.54 0.26 0.32 0.45 0.21 0.21 0.12 0.48 0.49

Sc 19176 30042 28369 45209 12145 46174 23498 32568 29068 42248 16497 19876 46143 36192 31229

Sn 0.81 0.86 0.82 0.82 44927 0.94 0.99 0.85 0.82 0.79 0.98 0.75 0.78 0.74 0.65

Sr 203.9 76.46 186.1 95.11 90.42 129.8 132.5 74.65 168.12 84.6 96.5 195.6 187.2 89.2 97.6

Ta 0.43 0.29 0.51 0.67 0.90 0.57 0.48 0.28 0.52 0.59 0.85 0.45 0.39 0.12 0.48

Te 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Ti 3553.4 1205 3975.6 7380.1 2759 4230 3568.7 1126.5 3598.7 2351.2 1596.4 3659.1 4597.3 3698.4 1158.5

Tl 0.086 0.086 0.086 0.151 0.125 0.033 0.034 0.085 75.000 0.148 0.112 0.087 0.087 0.082 0.025

V 74.01 53.61 122.82 74.01 78 117.18 110.2 54.06 120.4 75.2 79.5 75.02 78.6 114.7 69.2

W 1.13 0.98 1.48 1.06 1.29 0.72 1.28 0.95 1.45 1.03 1.05 1.12 0.75 0.28 0.58

Zn 287.8 153.7 155.1 118.5 153.5 104.9 98.96 154.2 146.3 110.4 147.3 259.14 95.87 114.2 239.58

Zr 89.3 57.76 110.48 82.18 87.48 103.68 99.87 56.68 111.98 83.25 85.69 84.2 81.29 85.46 95.23

The ion composition of the studied lakes varied greatly. Lakes 1–5, 7, and 11 were
of the hydrocarbonate type. Lakes 6 and 8–10 were of the hydrocarbonate-sulfate type;
however, they differed in their cationic composition, in which sodium prevailed. The
sulfate type included lakes 12–15. They were also notable for their increased water
mineralization (Table 5).

The increased mineralization in the analyzed lakes changed the share of the basic
ions. If mineralization was low, then hydrocarbonate ions predominated over anions.
Along with the increase in mineralization, the sulfate-ion fraction increased. It should be
mentioned that in the majority of the lakes, Na+ was the prevailing cation, except for in lake
10. The lowest mineralization level was in lake 1 (0.51 g/L); the highest level was in lake 15
(9.0 g/L). The fresh water was in the fresh lakes (#1–3, 7, and 11); the water-mineralization
range was 0.5–0.7 g/L. The brackish lakes demonstrated 1.4–9.0 g/L of mineralization, and
the pH value was 8.14 up to 9.08.

On a logarithmic scale, the graphs of microcomponent-content distribution within the
water and bottom deposits of the studied lakes clearly displayed maximal Cu, Pb, Zn, Ba,
Sr, Mn, Ti, and P, and minimal Ag, As, W, Cd, Tl, and In (Figure 5a,b).



Water 2023, 15, 1386 12 of 24

Table 5. Hydrochemical classes of lakes of Burabay District.

Sample Ion Composition of Lake, g/L Hydrochemical Class of Lake

1 M 0.5 Hydrocarbonate class of sodium–magnesium group

2 M 0.6 Hydrocarbonate class of sodium–calcium group

3 M 0.7 Hydrocarbonate class of sodium–calcium group

4 M 1.9 Hydrocarbonate class of sodium group

5 M 1.4 Hydrocarbonate class of sodium group

6 M 5.0 Hydrocarbonate-sulfate class of sodium group

7 M 0.6 Hydrocarbonate class of sodium–calcium group

8 M 2.1 Hydrocarbonate-sulfate class of sodium group

9 M 2.3 Hydrocarbonate-sulfate class of sodium group

10 M 1.5 Hydrocarbonate-sulfate class of magnesium–sodium
group

11 M 0.6 Hydrocarbonate class of sodium–calcium group

12 M 5.8 Hydrocarbonate-sulfate class of sodium group

13 M 2.9 Sulfate class of sodium group

14 M 3.1 Sulfate class of sodium group

15 M 9.0 Sulfate class of sodium group

Higher levels of some microcomponents in the lake water and bottom deposits
were noted. These included Cu (97.85–3668.00 ppm; 278–1015.0 ppm); Pb (52.87–259.2;
65.4–102.3 ppm); Zn (35.21–368.4; 95.87–287.8 ppm); Ba (133.9–191.5; 164.2–217.8 ppm);
Sr (51.36–215.9; 76.46–203.9 ppm); Mn (196.0–836.0; 112.6–1574.0 ppm); Ti (969.0–3809.6;
1126.5–7380 ppm); P (644.0–1398.0; 931.0–1496 ppm); and Li (8.5–16.1; 12.6–21.5).

The graph of the distribution of elements in the granitoids in the Burabay rock mass
(Figure 5c) demonstrate the following microcomponent contents (ppm): Cu (4.0–4.6); Pb
(2.8–5.6); Zn (4.0–8.5); Ba (18.0–30.0); Sr (18.0–20.0); Mn (10.0–49.5); Ti (25.0–260.0); P
(50.0–60.0); and Li (0.98).

Recently, increased interest has been expressed in the analysis of the behavior of
rare-earth elements in lake water. Due to their significantly reduced migration abilities and
coordinated chemical behavior, REEs are widely used while studying geological processes
(the study of the genesis of igneous rocks and evolution of the Earth’s crust and magma).
The interest in the behavior of the elements in natural surface water results from their
potential use as indicators of geochemical processes, as well as from the determination of
the migration features and fractionation laws of certain rare-earth elements.

The amount of REEs in lake water ranged from 79.16 to 197.92 ppm; the average value
was 128.18 ppm (Table 6). The maximum amounts of REEs in lakes 2, 3, and 15 were 168.4
and 197.92 ppm, respectively. At the same time, the concentration of light REEs was several
times higher than the concentration of heavy REEs, which is coherent with the nature of
their distribution in the geosphere in general. The hydrospheric comparison of the REE
content with the Clarke content in the lakes showed that the former were slightly higher
than the sea- and fresh-water Clarke number. Nevertheless, the geochemical-environment
standard for lake water (i.e., alkaline pH value and high mineralization) is unfavorable for
REE accumulation and migration in water [46–51].
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Figure 5. Distribution of microcomponents within Burabay rock mass: (a)—in water (15 samples,
lakes); (b)—in the bottom sediments (15 samples, B1–B15); (c)—in granites (7 samples).
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Table 6. Contents of rare-earth elements in lake water of Burabay District.

№ Type of REE 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

La

Light
rare-earth
elements
(µg/L)

29.38 34.12 37.26 18.7 24.98 19.13 30.14 16.98 27.46 21.08 16.83 24.02 22.3 27.08 33.81

Ce 46.71 59.91 74.76 31.96 48.1 32.27 48.65 29.56 49.98 38.1 29.4 47.3 41.44 45.07 60.51

Pr 7.9 9.09 11.92 4.77 7.97 5.75 8.34 4.36 7.49 6.13 4.32 7.29 5.89 6.57 9.95

Nd 29.04 34.6 40.52 16.46 25.16 20.16 27.2 15.53 27.94 20.91 13.32 28.67 20.72 22.19 35.33

Sm 6.6 8.59 7.13 4.62 5.72 3.52 3.96 2.86 8.81 2.86 3.74 7.93 4.4 4.62 5.06

Eu

Heavy rare
earth

elements
(µg/L)

1.59 1.64 1.95 1.43 0.82 0.87 2 0.61 1.23 1.85 11.74 2.15 1.85 1.9 2.66

Gd 8.49 8.86 7.18 5.91 6.27 6.46 7.2 4.24 4.06 7.38 3.51 5.72 6.83 8.86 9.78

Tb 0.71 1.38 1.51 0.77 1.06 0.55 1.03 0.42 0.71 0.55 0.51 0.77 1.03 0.68 0.84

Dy 6.66 6.52 8.52 3.46 6.39 3.73 3.73 2 2.53 3.06 2.26 3.33 3.33 3.06 3.86

Ho 1.21 1.38 0.37 1.01 0.61 0.87 0.84 0.5 0.64 0.81 1.04 0.74 0 0.74 0.81

Er 2.83 2.54 3.61 1.66 1.85 2.15 2.44 1.17 1.85 2.05 1.17 2.64 1.46 1.85 2.83

Tm 0.61 0.61 0.43 0.36 0.36 0.18 0.29 0.36 0.25 0.5 0.18 0.36 0.36 0.36 0.46

Yb 2.84 1.42 2.42 1.28 1.28 1.14 1.99 0.43 2.13 2.42 1.57 1.14 1.71 1.85 2.13

Lu 0.66 0.26 0.35 0.13 0.22 0.18 0.18 0.13 0.31 0.18 0.4 0.57 0.35 0.44 0.35

∑REE µg/L 145.23 170.92 197.92 92.52 130.78 96.96 137.99 79.16 135.38 107.86 89.99 132.62 111.66 125.28 168.4

Figures 6–8 show the distribution graphs of the REEs in the lake water within the
Burabay District (the chondrite is normalized according to [52]), the distribution profile of
the rare-earth elements in the lake water within the Burabay rock mass (the river-water
Clarke is normalized according to [53]), and the distribution profile of the rare-earth
elements in the lake water within the Burabay rock mass.

The concentrations of commercial microelements (i.e., Li, Sr, Rb, B, U) in the lake
water and bottom deposits were analyzed (Table 7). Higher B and U contents in the lake
bottom deposit (2.2–12.7·10-3 and 0.2–0.5·10-3) were also noted in comparison to the Clarke
numbers of the elements in the sea water (0.4–0.46·10-3 and 0.2–0.3·10-6).
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Figure 8. Distribution profile of rare-earth elements in lake water within Burabay rock mass (sea
water Clarke is normalized).

Table 7. Results of study of the composition of lake water and bottom deposits in Burabay rock mass,
depending upon the content of commercial microelements (mg/kg).

Rare Elements Lake Waters Bottom Deposit Clarkes of Elements
in Sea Waters

Clarkes of Elements in
Sedimentary Rocks

Clarkes of Elements
in Granites

Li 0.6–1.9·10−3 1.7–2.7·10−3 1.5–2·10−3 7.8–7.4·10−3 3.7·10−3

Sr 13.56·10−3 7.6–20.3·10−3 0.8·10−3 2–4·10−3 15·10−3

Rb 19.6·10−3 15.7–22.4·10−3 0.012·10−3 5–15·10−3 18·10−3

B 0.5–0.9·10−3 9.2–12.7·10−3 46·10−3 10–25·10−3 -

U 0.1–0.3·10−3 0.2–0.48·10−3 0.0003·10−3 0.13–0.37·10−3 0.39·10−3

Th 0.4–0.9·10−3 0.3–0.7·10−3 0.7·10−7 1.2·10−3 1.8·10−3
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4. Discussion

Over the past decades, Kalba–Narym batholith granites were studied by many
researchers [54–61]. Their interest was mainly caused by the availability of large granite-
pegmatite deposits with Li, Ta, Cs, Nb, and Be mineralization in the northern and central
parts of the batholith [62,63]. In the southern part of the batholiths, Cherdoyak deposits
associated with granitoids from the Narym Sn-W rock mass are present [64–68].

The Kalba–Narym batholith is mainly composed of Kalba-complex granites. Accord-
ing to the data from previous geochemical studies [60,61], the granitoids in the Kalba
complex contain 63–77% wt of SiO and 2–7% wt of K2O; in addition, they belong to high-
potassium calcium–alkali series. Furthermore, LREEs prevail over HREEs; in the majority
of the analyzed samples, there was a negative Eu anomaly (Eu/Eu* from 0.7 to 0.3). The
multielement diagrams showed negative Ba, Sr, Eu, and Ti anomalies, as well as positive
Th and P anomalies with multidirectional U and Ta behavior. The set of petrogeochemical
data allows the suggestion that Kalba-complex granitoids are similar to S-granites.

The geochemical characteristics of the Burabay rock-mass granites corresponded to
those of the Kalba-complex granites. The behavior of the rare-earth and rare elements was
also similar to that of Kalyubin granites. The four analyses of the granites in terms of the
behavior of the rare-earth elements showed that these were fully consistent with those of
Kalba granites. Two analyses of granites (#3 and #6 in Table 2) showed reduced concentrations
of LREEs. In analysis #3, the HREE concentrations were also reduced. This phenomenon can
be explained by local manifestations of the post-magmatic alteration of granites.

Compared to Central Kalba, the granitoid mass within the Narym ore district was
formed under Quarternary tectonic conditions, which resulted in the lesser development
of intra-intrusive fractures, fault structures, and vein fields, a weaker manifestation of
metasomatic processes, pegmatite veins with simpler compositions, and lower ore contents.
Separate ore manifestations of block microcline and quartz–albite–muscovite pegmatites
with no practical significance were established in the study area [69–72].

A geological survey within Burabay rock mass identified rare-metal specialization,
including three complex halos. The largest of these, with an area of about 20 km2 [61], is
located in the central part of the rock mass. The rocks are characterized by lithium content
of 0.3–0.9 ppm. Two other complex halos, with 0.5 ppm of tin content, 4 ppm of copper
content, less than 0.5 ppm of molybdenum content, and 0.1 ppm of silver content, of smaller
sizes (up to 1 km2), are located in the eastern part of the studied area.

According to the data from another geological survey [1], two complex rare-metal
anomalies were found in the territory of the Burabay rock mass: one northern (about 12 km2)
and one southern (about 5 km2). The former is characterized by 0.0008–0.002% niobium
content, 0.0002–0.0005% bismuth content, 0.0005–0.0008% beryllium content, 0.0015–0.002%
lithium content, and 0.001–0.0015% tin content. The latter consists of three local halos,
containing 0.0005% beryllium, 0.001–0.0012% tin, and 0.002–0.008% lithium; they are united
by a 0.0003–0.0004% beryllium halo [73].

Considering the findings of previous studies [1], which include the rather significant
saturation of the area with small (but low-in-contrast) halos, as well as its localization
within a field with several points of tantalite–columbite, tin ore, and beryl (Pridorozhny
section) mineralization, in addition to the proximity of Cherdoyak tin–tungsten deposits,
the study of the chemical lake composition is of practical interest [74].

A comparison of the graphs concerning the distribution of the microcomponents in the
lake water and bottom deposits within the bedrock of the Burabay rock mass (Tables 2–4;
Figures 5–8) showed that the general tendency is preserved in their content by the main
maxima and minima. Along with this similar general tendency in the content according
to the graphs, there were certain differences in the nature of the microcomponents. For
example, the following were higher in the bottom deposits (bottom deposits; water, ppm):
V (up to 120.4; up to 64.17); Ti (up to 4597.3; 3800.6); Ge (up to 0.82; up to 0.6); Ta (up to
0.90; up to 1.3); Cd (0.551); and Co (35.68 23. 88). However, the following substances were
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significantly (i.e., up to the first tens) reduced (bottom deposit; water, ppm): In (0.02; 0.8)
and Sb (0.54; 1.3).

It can be concluded from the analysis of the graphs in Figure 5a–c that the contents
of the microcomponents in the lake water and bottom deposits were tens and hundreds
of times higher than those in the bedrock (except for Ti and P, which were almost equal).
On the other hand, the aqueous solutions and bottom deposits have sharply reduced Ta,
Cd, Sn, and In contents. This can be explained by the different solubility levels of the
microcomponents in different types of water, as well as by the different sedimentation rates
in the lakes.

The elevated REE concentrations in the lake waters may have resulted from the
presence of erosion and the passage of the migration flow in the zone of influence of the
geochemical anomalies established by [72]. This scientific source proposes many possible
reasons for the occurrence of anomalies in various rare-earth elements.

To study the behavior of the rare-earth elements, distribution graphs of rare-earth
elements in the analyzed water were constructed, with chondrite-content specification in
terms of the rock standards (Figure 6). To take into consideration behavioral features of the
elements in the solutions, the REE content in the fresh water was specified for lakes 1, 2, 3,
7, and 11 (river-water Clarke) (Figure 7). In the salt water (lakes 4–6, 8–10, and 12–15), the
sea-water Clarke was used as the gauge (Figure 8) [53].

The graphs of the REE distribution standardized by the chondrite (Figure 6), as well as
by the sea-water Clarkes (Figure 8), demonstrate clearly that the content of the light REEs
prevailed over that of the heavy REEs. For the fresh water, the distribution of HREE and
LREE was roughly the same. In the salt-lake water, prominent Ce maxima were seen; in the
fresh water, prominent positive La, Ce, and Pr anomalies were seen. At the same time, the
content value of the elements in the fresh water was dozens of times lower. In the graphs
of the REE content in the salt water, slightly positive Sm anomalies were shown. There was
a clear positive europium anomaly in both the fresh and the salt water; this was especially
apparent in the fresh alkaline water from lake 11.

The study of the chemical compositions of the samples showed that the Li contents
in the lake-bottom deposits were 1.7–2.7 10−3 wt%, and they were 0.6 to 1.9 10−3 wt%
in the lake water. The obtained values are comparable to the Li content the in sea water
(1.5–2.0 10−3), or slightly higher; nevertheless, they were lower than the Li Clarke in the
sedimentary rocks (7.0–7.4 10−3). The proportions of Sr and Rb in the bottom deposits were
−7.7–20.6 10−3 and 15.7–22.4 10−3 wt%, respectively, exceeding the Clarkes of the elements
in the sedimentary rocks (7.5–15.3 10−3) and sea water (0.7–8.4 10−3). Similar shares were
seen in the lake water for the Sr (10.7–13.6 10−3) and Rb (9.5–19.6 10−3 wt%).

The comparison of the REE contents in the lakes with the Clarke contents in the
hydrosphere (Figure 6) demonstrated that they were slightly higher than the Clarkes of
the sea and fresh water, although the geochemical-environment standard for lake water
(alkaline pH value, and high mineralization) is unfavorable for REE accumulation and
migration in water [46,47,49,51,75–78].

It should be noted that interpretation of the REE behavior in natural water is com-
plicated by such processes as the generation conditions and the hydrodynamic regime
of water complexes, the prevailing form of element migration in water, ion exchange,
and adsorption by host-rock complexes which, apparently, leads to the fractionation of
these elements in aqueous solutions compared to source rocks. However, the data in this
study are very important for identifying the direction of migration flows and determining
the areas of microelement subtraction. The possibility of using the lake water within the
Burabay rock mass as a source of hydromineral resources has been defined (Table 7). The Sr,
Rb, Th, and U contents are tens or even hundreds times higher (Th, U) than their respective
Clarke contents in seawater and sedimentary rocks.

The results of the comparative analysis of the mineralization and macro-component
composition of the lake water of the Burabay rock mass for fresh and salty water showed
different correlations between the mineralization indicators and the levels of Na, Mg, Ca,



Water 2023, 15, 1386 18 of 24

and Cl accumulation. There was practically no correlation with fresh water (Figure 9a).
As expected, the Na content increased for the salty water, along with an increase in the
mineralization indicator (Figure 9b).
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Figure 9. Correlation between mineralization (M) and concentration of macrocomponents (Na, Mg,
Ca, and Cl) in lake water of Burabay rock mass: (a)—fresh water; and (b)—salty water.

The Cl content showed a weak correlation with the mineralization; in turn, the Ca
and Mg demonstrated no correlation. The fact that the correlation was high for the Na and
medium for the Cl supports the idea that the Na originated from the surface-water runoff.
The Na also potentially originated from the alkaline granites of the Burabay granitic rock
mass, as their most soluble component.

A positive correlation was also established between the water mineralization and
the contents of some of the rare elements. In the fresh lakes of the Burabay rock mass,
the Li shows a high correlation (R2 = 0.957), the Th showed a moderate correlation
(R2 = 0.543), and the Rb showed a rather poor positive correlation (R2 = 0.337). There
was a negative content correlation for U (R2 = 0.607), and there was no correlation for Sr
(R2 = 0.12) (Figure 10a). These correlations were not expressed in the salty lakes (Figure 10b).
It is quite possible that the Li and Na were leached from the same mineral within the sur-
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rounding granitic rocks. The area is also of interest owing to the demonstrated correlation
between the parent rocks of the enclosing formation and the lake-water composition.
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Figure 10. Graphs with relationship between mineralization (M) and concentration (C) of microcomponents
(Li, Sr, Rb, Th, and U) in lake water of Burabay rock mass: (a)—fresh water; and (b)—salty water.

The interpretation of the analytical data from within the area helped to establish the
relationship between the water mineralization and the weathering products of the parent
rock mass; moreover, the influence on the ultimate composition of the studied lake water
was observed. This may have resulted from areal losses.

It was identified that the lake water accumulated elevated concentrations of commer-
cial components (Sr, Rb, and U), which may become the basis for specific studies of the
small lakes within the area. It is possible to apply the findings of this study for future
geological prospecting activities and operations within the promising sites identified.

The main sources of rare-alkaline elements are rare-metal and rare-earth-mineral oc-
currences, which are associated with Permian granites in the eastern Kazakhstan region.
During the orogenic (post-collisional) stage of the Hercynian cycle, the survey area expe-
rienced extremely high mobility, which is reflected in the occurrence of powerful granite
magmatism. In this regard, the following promising survey areas are distinguished, In
these areas, we plan to conduct further research on the chemical composition of the lake
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waters, salt brines, and bittern and bottom sediments to identify the mineralization of rare
metals and other types of mineral:

(1) Delbegeteysky area (the lakes in the north-west of the Delbegeteysky massif);
(2) Shagan–Charyn area (between the Shagan and Charyn rivers);
(3) Kaskabulak area (near the Maksut field), where there is a fault zone in which an

intrusion and a Suurly tungsten deposit are known to the south of the lakes.
Large-scale granite outcrops on the daylight surface of the Kalba complex (P1) were

noted in the identified survey areas. These are genetically related to the rare-metal type of
mineralization. Quartz-veined-greisen and quartz-veined tin, tin–tungsten, and tungsten
formations are also widely evident. Given the intense geochemical migration ability of
rare-alkaline elements in the thickness of loose deposits as a result of intense geodynamic
processes in the eastern Kazakhstan region, we can assume the possibility of their migration
to the upper horizons and their accumulation in salt lakes localized within the area of the
development of Permian granite intrusions and associated deep tectonic faults.

The planned scientific research makes a certain scientific contribution to the problem
of modeling rare-metal ore-forming systems and improving prediction methods in order to
create a modern scientific base for the further development of the mineral and raw-materials
sector in the world economy.

5. Conclusions

The results of the study of the granitoid rocks, bottom sediments, and water in small
lakes within the Burabay granitoid-rock mass showed a specific relationship between the
concentrations of macro- and microcomponents, as well as rare elements in the water and
bottom sediments of 15 lakes at the Burabay site, and the composition of the granitoids in
the Burabay rock mass.

The study of the macro- and microcomponent composition of the water and bottom
sediment of the lakes at the Burabay site showed that the sharply continental arid climate of
the territory, the hydrodynamic regime of permanent and temporary surface watercourses,
the terrain, and the presence of drainage basins all played leading roles in their formation.
The source of the substances entering these lakes as a result of the flushing of the products
of physical and chemical weathering are granitoids in the Burabay rock mass from the
Permian age, as well as soils with elevated contents of a number of elements within the
identified geochemical anomalies in the area of the Burabay granitoid-rock mass.

It was established that high concentrations of useful components (Sr, Rb, U, and Th)
accumulate in the water and bottom sediments of the lakes, and that the U and Th contents
are hundreds of times higher than their Clarke values in the sea water and comparable to
their contents in the igneous rocks. This may be considered as the basis for the specialized
study of the small lakes in the region. The use of modern technologies to extract radioactive
elements from water sources, as well as from a large number of lakes, significantly increase
the region’s prospects for hydromineral-raw-material extraction.
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