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Abstract. This paper summarizes the main applications and property requirements of biochar in iron and steel produc-
tion as a renewable alternative to fossil carbon materials. It discusses its application in cokemaking, iron ore sintering,
blast furnace (BF) injection, basic oxygen furnace (BOF), and electric arc furnace (EAF). For each process, the functions
of biochar and the requirements for its main properties, reactivity, porosity, density, and mechanical strength are system-
atized. It is shown that in cokemaking, the biochar share is typically limited to about 10 wt% because it deteriorates coke
strength and reactivity. In iron ore sintering, 40-60 wt% of coke breeze can be replaced by biochar, and in BF injection,
the substitution level depends on combustion conditions and the need to maintain a stable temperature in the tuyere zone.
Biochar has the greatest potential in BOF and EAF, where it can be used as a supplementary energy source, carburizer,
and slag foaming agent. The main limitations of industrial biochar application include instability of properties, low den-
sity and strength, heterogeneous ash composition, and a tendency to self-heat. It is concluded that specific biochar re-
quirements need to be developed for each metallurgical process.
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1. Introduction

Carbon materials are practically indispensable compo-
nents of present pyrometallurgy, which perform a complex
range of thermophysical, chemical, and structural-mechanical
functions. In metallurgical processes, carbon is the primary
source of high-potential thermal energy and the main chemi-
cal reducing agent [1, 2]. Under the thermodynamic condi-
tions of smelting, it directly reduces metal oxides and gener-
ates carbon monoxide, which indirectly reduces them. In
addition, high-carbon materials are irreplaceable in related
processes as carburizers for carbonizing the melt to a speci-
fied chemical composition, as well as electrically conductive
elements in electrothermal and electrolytic aggregates.

Carbon plays a uniquely critical role in the blast furnace
(BF) process, where metallurgical coke, in addition to its
energy and chemical functions, serves as a drainage agent
and helps maintain the structure of the charge materials at
high temperatures. With its high hot strength, coke with-
stands the enormous pressure from the overlying layers un-
der counterflow conditions of materials and gases. At the
current stage of technological development, it is not physi-
cally or technologically viable to fully replace fossil-based
coke in this load-bearing role in large-scale BFs. However,
this unalterable dependence is precisely what makes the

© 2026. L Kieush, A. Koveria
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metallurgical industry one of the key emitters of anthropo-
genic greenhouse gases, primarily carbon dioxide.

In the face of stringent climate constraints and the impos-
sibility of completely abandoning carbon-based technology,
one key practical avenue for decarbonizing the industry is the
accelerated transition to renewable carbon materials [3-6].
The use of biochars allows a drastic reduction in the carbon
footprint of metal products. Since biochars are of plant
origin, the CO. emitted during their use is considered carbon-
neutral within the context of a short natural cycle. In the
medium term, partially replacing fossil carbon with renewa-
ble carbon is the main strategic way for the ecological trans-
formation of traditional metallurgy [7-9].

Depending on the technological process for iron and steel
production, the possibilities for integrating biochar vary sig-
nificantly and are determined by the requirements for the
mechanical, chemical, and reactive properties of the carbon-
bearing material. Figure 1 shows the ways in which biochar
can be used in iron and steelmaking. In the integrated BF-
basic oxygen furnace (BOF) process, the potential for replac-
ing fossil carbon is limited. The main issue is that metallurgi-
cal coke serves not only as a fuel and reducing agent but also
as the skeleton of the charge column to provide gas permea-
bility and effective drainage. Consequently, completely re-
placing coke with biochar in a BF is currently not feasible.
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Figure 1. Main pathways for using biochar in iron and steelmaking (adapted from [10])

The most realistic option is to inject pulverized biochar
through the tuyeres (pulverized coal injection, PCI), which
allows partial replacement of pulverized coal without signifi-
cantly altering furnace design [11-13]. Additionally, biochar
can be used in sintering and pelletizing operations. However,
the acceptable extent of its use is determined by the quality
requirements for iron ore feedstock and products [14-18].

The greatest potential for biochar integration lies in the
route of direct reduced iron (DRI) technologies combined
with electric arc furnaces (DRI-EAF), as well as in the pro-
duction of steel from scrap metal in electric arc furnaces. In
direct reduction processes, biochar can be used as a reducing
agent and a source of carbon, and in electric arc furnaces as a
carburizer, for slag foaming, and as an additional energy
source [19-24]. Since these processes do not require preserv-
ing the charge structure, the proportion of fossil carbon re-
placed by biochar can be significantly higher than in BF
metallurgy and, in certain operations, could theoretically
reach complete replacement.

The effectiveness of carbon materials in metallurgical pro-
cesses is determined by a combination of their physico-chemical
and physico-mechanical properties and microstructure. Bio-
char properties vary significantly with biomass type, thermo-
chemical conversion conditions, and subsequent processing,
leading to substantial differences in metallurgical behavior.

Ultimate and proximate analyses provide the primary
characterization of carbon materials. Ultimate analysis de-
termines the content of the main chemical elements as car-
bon, hydrogen, oxygen, nitrogen, and sulfur, which influence
the formation of gaseous products, the material’s calorific
value, and the potential for introducing undesirable impuri-
ties into the metal and slag. Proximate analysis includes
determining the moisture, volatile matter, and ash, which are
the primary indicators of a carbon material’s suitability for
metallurgical applications.

Ash yield and its chemical composition are particularly
important. The mineral phase determines how the carbon
material interacts with the slag and metal phases, influences
the reactivity and dissolution of carbon, and may either
promote the formation of a mineral layer on the particle
surface or, conversely, catalyze reactions [25-27]. There-
fore, when assessing the potential for biochar use, it is nec-
essary to consider not only the ash amount but also the ratio
of acidic to basic oxides, and the presence of catalytically
active components, such as potassium, sodium, calcium,
and iron compounds.

The structural characteristics of carbon materials play an
important role. The type of chemical bonds, the degree of
aromatization of the carbon matrix, the microstructure, par-
ticle morphology, pore sizes, and the development of the
internal surface determine the availability of active sites for
heterogeneous reactions. These parameters directly influ-
ence the material’s reactivity, the rate of iron oxide reduc-
tion, the dissolution of carbon in the melt, and other metal-
lurgical processes.

Thermochemical properties, including the kinetics of
thermal decomposition, gasification, and oxidation, are also
key criteria for evaluating carbon materials. They determine
the material’s behavior at high temperatures and its ability to
effectively function as a fuel, reducing agent, or carburizer in
various metallurgical processes.

It should be noted that the individual properties of a car-
bon material cannot be considered in isolation. Reactivity
and mechanical strength are integral characteristics that are
shaped by the combined influence of fixed carbon, ash
amount and chemistry, degree of graphitization, porous
structure, particle morphology, and the material’s thermo-
chemical behavior. Figure 2 presents a scheme of the main
parameters and properties of carbon materials and their inter-
relatedness.
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Figure 2. Scheme of the key parameters and properties of carbon materials for iron and steelmaking

2. Biochar utilization in cokemaking

One of the most widely researched areas of biomass and
biochar application in the integrated BF-BOF process is its
use in cokemaking to produce biocoke. In this approach,
biomass or pre-produced biochar is added to the coal
charge as a partial substitute for coking coals [28-32]. After
co-coking, a composite coke is formed that contains both
fossil and renewable carbon. In most studies, the biomass
or biochar content in the coal charge is up to 10 wt%. This
range allows the biocoke to retain acceptable technological
properties. The tolerable degree of substitution is deter-
mined by the type of biomass, the temperature of its ther-
mochemical treatment, the volatile matter, the ash value,
the chemical composition of the ash, and the material’s
ability to interact with the plastic phase of the coal during
the coking process.

Using biochar in coal blends offers several potential ad-
vantages. Biochar typically has a low ash amount and very
low sulfur and phosphorus levels compared to coal. As a
result, the concentration of undesirable elements in biocoke
is reduced. The mineral composition of biochar ash also
differs from that of coal ash and can alter the processes in-
volved in the formation of the mineral phase of biocoke,
affecting its structure and performance characteristics.

At the same time, increasing the proportion of biochar is
accompanied by several technological limitations. Table 1
compares the characteristics of conventional coke and biocoke.

Table 1. Comparison of the general requirements of conven-
tional coke and biocoke

Coke Biocoke

Parameters
Values
Proximate analysis, wt%

<5.0 (wet quenching)

Moisture, ad <0.7 (dry quenching)

Volatile matters (VM®), db <1.0

Ash, db <11.0 5.8-10.8

Sulfur (S®), db <1.0 0.2-1.0

Fixed carbon (fC%), db app. 86.0-88.0 app. 87-92
Ultimate analysis, wt%

Carbon, db app. 85.0-87.0 app. 84.5-92

Hydrogen, db app. 0.18-0.4 >0.2

Nitrogen, db app. 1.0-1.9 ~1.0

Oxygen, db app. 0.2-0.9 ~2.0

Other parameters

Specific surface area (SSA), m?/g app. 2.0 app. 2.0-6.0

Coke reactivity index (CRI), % <25 >25

Coke strength after reaction with 65 <65

CO, (CSR) %

In Table 1, ad denotes the as-determined basis, while db
denotes the dry basis. The high volatile content and the
unique structure of biochar can lead to a lower yield of solid
product during coking. Additionally, biocoke is usually char-
acterized by higher reactivity toward carbon dioxide (coke
reactivity index, CRI) and lower coke strength after reaction
(CSR). These changes are due to increased porosity, a larger
specific surface area, and a less ordered structure of the car-
bon matrix compared to traditional metallurgical coke.

3. Biochar utilization in iron ore sintering

The sintering process of iron ore is one of the most ener-
gy-intensive stages of integrated BF production and produces
the sinter for BF. Coke breeze is traditionally used as fuel,
providing the necessary heat release as the combustion front
moves through the sintering charge layer. In recent years,
significant attention has been paid to the possibility of par-
tially replacing coke breeze with biomass, biochar and bio-
coke in order to reduce fossil carbon consumption and lower
greenhouse gas emissions [15, 33-37].

During the sintering process, biochar acts as a fuel,
providing the thermal energy necessary for the formation of
the liquid phase and the subsequent sintering of iron ore
particles. In contrast to coke, biochar cannot support mechan-
ical loads, therefore, the strength requirements for it are sig-
nificantly lower. However, its effectiveness is determined by
a set of physico-chemical characteristics, including fixed
carbon, volatile matter, moisture, ash, particle size, bulk
density, and calorific value.

To have a stable sintering process, the carbon materials
must meet several technological requirements. Moisture
should generally not exceed 15 wt%, as high moisture con-
tent impairs the granulation of the charge and increases the
thermal energy required for water evaporation. It is recom-
mended to keep volatile matter below 3 wt% to maintain a
stable combustion front without excessively rapid release of
gaseous products. The ash value of the fuel should be less
than 12 wt%, since an increase in the amount of mineral
impurities leads to an increase in the volume of the slag
phase, a change in the mineralogical composition of the
sinter, and a decrease in the iron content of the product.
Fixed carbon should be in the range of 80-85 wt% to provide
the necessary calorific value and combustion duration. Addi-
tional requirements include a minimum sulfur content, a
particle density of more than 700 kg/m?, a particle size of
0.3-3.0 mm (with a possible increase to 10 mm), and a higher
heating value of 25-30 MJ/kg. The main properties of fuel
for iron ore sintering are presented in Table 2.
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Table 2. Requirements for the properties of fuel for iron ore
sintering

Parameters Value
Moisture, wt% <15.0
Volatile matters (VM®), wt% <3.0
Ash (A®), wi% <12.0
Fixed Carbon (fC%), wt% 80.0-85.0
Sulphur (S¢), wt% <2.0
Particle density, kg/m® >700
Size, mm 0.3-3.0 or 10.0

One of the main advantages of biochar is the ability to par-
tially replace coke breeze without modifying the existing sin-
tering technology. According to published studies, the degree
of substitution can reach 40-60 wt%. However, the optimal
range is determined by the properties of the specific biochar
and the quality requirements for the sintered product [14, 38-
41]. Experimental data also show that as the degree of substi-
tution of coke breeze with biochars increases, the sinter yield
gradually decreases [15, 37, 42]. Despite these limitations,
biochar use offers significant environmental benefits. Because
it contains almost no fossil carbon, the overall carbon footprint
of the sintering process is reduced. In addition, the low sulfur
content in most biochar types reduces So, emissions, and the
absence of significant bound nitrogen helps reduce NOy for-
mation. Biochar’s high reactivity also allows more complete
fuel combustion and reduces unburned carbon emissions.

4. Biochar utilization for injection into a blast furnace

Pulverized Coal Injection (PCI) technology is one of the
most effective ways to reduce metallurgical coke consump-
tion in the BF process. In modern BFs, the consumption of
injected fuel typically ranges from 150 to 250 kg/t of pig
iron, and in the most advanced facilities, it can reach 250 to
300 kg/t of pig iron, which significantly reduces the con-
sumption of expensive coke and lowers production costs [43-
46]. In recent years, biochar has been viewed as a promising
alternative to fossil pulverized coal fuel due to its renewable
origin and virtually neutral carbon balance.

When injected through the BFs’ tuyeres, biochar serves
two main functions, namely, it acts as an additional source of
thermal energy and participates in reduction processes. In the
combustion zone, biochar rapidly heats to 1800-2200°C,
releasing volatile compounds. The residual carbon then reacts
with blast oxygen and carbon dioxide to form CO. The result-
ing carbon monoxide is the primary reducing agent involved
in the reduction of iron oxides in the BF shaft. In contrast to
coke, biochar is characterized by significantly higher porosity,
a large specific surface area, and greater reactivity, which
contributes to its rapid ignition and nearly complete combus-
tion within the confined space of the tuyere zone.

To apply biochar in PCI technology, it should meet sev-
eral technical requirements. The moisture content before
drying must not exceed 15 wt%, and after drying, 2 wt%,
since excess moisture increases the energy required for water
evaporation and impairs the stability of powder transport in
the pneumatic injection system. It is recommended to main-
tain volatile matter at 20-25 wt% to achieve rapid fuel igni-
tion and preserve sufficient solid carbon for subsequent re-
duction reactions. Fixed carbon must exceed 75 wt%, and
ash should be limited to less than 10 wt% to minimize the
introduction of mineral impurities into the BF and prevent
deterioration of slag properties. Table 3 lists the main re-
quirements for pulverized coal fuel for injection into a BF.

Table 3. Key requirements for PCI for BF

Parameters Value
Moisture before drying, wt% <15.0
Moisture after drying, wt% <2.0
Volatile matters (VM®), wt% <20.0-25.0
Ash (A®), wt% <10.0
Fixed Carbon (fC%), wt% >75.0
Sulphur (St%), wt% <0.45-0.5
Phosphorus (P), wt% <0.05

Alkalis, wt% <0.3
Ash fusion temperature, °C 1250-1450

Particular attention is paid to harmful impurities. The sul-
fur concentration must be less than 0.50 wt%, the phosphorus
content less than 0.05 wt%, and the total content of alkali
elements must be less than 0.3 wt%, since their accumulation
in the BF leads to intensified internal circulation of alkalis,
accelerated deterioration of refractories, and deterioration of
the process’s gas dynamics. The melting point of the fuel ash
should be in the range of 1250-1450°C, which prevents the
formation of molten deposits in the tuyere zone and ensures
stable BF operation.

Several factors determine the maximum possible rate of
substitution of traditional pulverized coal fuel with biochar.
One of the most important factors is the material’s grindabil-
ity. Because of its lower hardness, biochar typically requires
less energy to grind than bituminous coal. However, its high
porosity leads to the formation of more ultrafine particles,
which can complicate powder transportation and alter its
combustion characteristics.

Another important characteristic of biochar is its higher
oxygen content compared to some bituminous coals. The
increased oxygen concentration reduces the fuel’s calorific
value and lowers the combustion temperature. In the BF
process, this effect is compensated for by increasing the
oxygen content of the blast air, thereby maintaining a practi-
cally constant adiabatic combustion temperature in the tuyere
zone (Raceway Adiabatic Flame Temperature, RAFT).
Maintaining RAFT is a prerequisite for stable furnace opera-
tion and maintaining productivity as the proportion of bio-
char increases. As the rate of fossil coal substitution with
biochar increases, it is necessary to optimize the blast param-
eters, oxygen flow rate, and fuel injection regime.

5. Biochar utilization in the basic oxygen furnace process

Basic oxygen steelmaking remains the dominant
steelmaking process and forms part of the BF-BOF route,
which accounts for approximately 70% of global crude steel
production [9, 47]. During BOF refining, oxygen is blown
onto and/or into a bath of hot metal containing steel scrap
and fluxes, promoting the oxidation of carbon, silicon, man-
ganese, phosphorus, and other elements. These exothermic
reactions provide the heat required to refine and melt the
added scrap. Despite the autothermal nature of the process,
additional energy sources are often used to maintain the
required heat balance to allow a higher proportion of scrap
metal in charge and reduce liquid pig iron consumption.

One promising renewable source of additional energy is
biochar. In an oxygen converter, it serves as both a fuel and a
carbon-containing material, the oxidation of which is accom-
panied by the release of a significant amount of thermal
energy. The requirements for its mechanical strength can be
significantly lower, while its chemical composition, ignition
rate, and oxidation kinetics become the key factors.
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When biochar is introduced into the melt, its particles
rapidly heat to 1600-1700°C, after which intense oxidation of
carbon by oxygen begins, primarily forming carbon monox-
ide. The following exothermic reactions take place, accord-
ing to Equations 1 and 2:

C + 1/20, — CO, 1)
CO + 1/20, — CO,. 2

These reactions provide an additional heat input to the
converter, contributing to maintaining the required tempera-
ture of the molten steel without increasing the consumption
of molten pig iron. The high porosity of biochar and its large
internal surface area ensure rapid ignition and a high rate of
oxidation compared to traditional fossil carbon materials.

The additional thermal energy compensates for the loss
of physical heat that occurs when the scrap metal content in
the charge is increased [48-51]. Increasing the scrap content
is one of the most effective ways to reduce total CO, emis-
sions, as steel production from recycled metal results in a
significantly smaller carbon footprint compared to the use
of molten pig iron.

The use of biochar reduces the consumption of traditional
chemical energy sources used to regulate the converter’s heat
balance, such as ferrosilicon, aluminum, coke breeze, or
anthracite. Thus, a portion of fossil carbon can be replaced
with a renewable alternative without significantly altering
existing steel production technology.

For effective use in a BOF, biochar moisture should not
exceed 2 wt%, as its evaporation leads to additional heat
losses and impairs the stability of the material feed. It is rec-
ommended to limit volatile matter to 3-6 wt% to have a suffi-
cient ignition rate with minimal release of gaseous products.
Ash should be less than 10 wt% to prevent excessive influx of
mineral components into the slag and avoid increased flux
consumption. Fixed carbon should typically be around 75-
90 wt% to possess a high calorific value and efficient use of
the material as a source of chemical energy. Table 4 lists the
main requirements for fuel used in the BOF process.

Table 4. The main requirements for fuel in BOF

Parameters Value
Moisture, wt% <2.0
Volatile matters (VM®), wt% <3.0-6.0
Ash (A®), wt% <10.0
Fixed Carbon (fC%), wt% 75.0-90.0
Sulphur (S), wt% <0.6
Phosphorus (P), wt% low
Alkalis, wt% low
Density, kg/m® >500

Special attention is paid to the concentration of harmful
impurities. The sulfur value should be less than 0.6 wt%,
and the content of phosphorus and alkali elements should be
kept to a minimum, as their presence degrades steel quality,
increases the load on refining processes, and may negatively
affect the durability of the refractory lining. It can be ad-
vised to maintain biochar density above 500 kg/m? to reduce
dust generation.

6. Biochar utilization in electric arc furnaces

The EAF is the primary unit for producing steel from
scrap metal and direct reduced iron (DRI/HBI). Compared to
the integrated BF route, the main energy source in the EAF is
electricity. However, carbon-based materials remain a critical

component of the process [14, 28, 52-54]. They reduce iron
oxides, recarburize molten steel, and provide additional
chemical energy through exothermic carbon oxidation reac-
tions. Because carbon materials do not require high mechani-
cal strength, biochar is considered one of the most promising
renewable substitutes for fossil carbon, particularly in elec-
tric arc metallurgy.

In modern EAFs, carbon can be introduced either as part
of the metal charge or by injecting powdered material.
Biochar can perform both functions, making it possible to
partially or nearly completely replace traditional carbon
materials in certain process operations. One of the most
important functions of carbon in an EAF is slag foaming
[19, 21, 55-57]. During melting, the slag contains some
amount of iron oxide (FeO), which reacts with carbon and
can also react with CO, according to Equations 3 and 5.
Additionally, some reactions can occur with carbon accord-
ing to Equations 4 and 6.

FeOiiq) + C(s) — Feqia), 3)
Cs) + 1/205(g) — COyg), 4
FeQqig) + CO(g) — Feqig) + COx(), ®)
C( + CO2q — 2COy. (6)

The generated carbon monoxide causes slag foaming.
The foamy slag covers the electric arcs, reducing heat loss
through radiation, protecting the furnace lining, and ensuring
more uniform heat distribution throughout the melt. As a
result, specific electricity consumption decreases, the electri-
cal energy utilization factor improves, and the service life of
the refractories is extended.

On average, 10-20 kg of carbon per metric ton of steel is
required for effective slag foaming, although actual consump-
tion depends on slag composition, FeO content, oxygen blow-
ing regime, and the technology used at a specific metallurgi-
cal plant. Because of biochar’s high reactivity, CO formation
occurs more rapidly than when using traditional coke breeze,
which promotes more intense slag foaming. However, exces-
sively high reactivity can lead to foam instability, so biochar
properties should be adapted to the process conditions.

Another important function of biochar is related to the
reduction of iron oxides present in the slag. During oxygen
blowing, some of the iron inevitably ends up in the slag as
FeO. The reduction reaction allows the iron to return to the
metal bath, increasing the yield of usable metal and reducing
iron losses in the slag. The efficiency of this process is de-
termined by the reactivity of the carbon, its surface area, and
the rate of CO reduction gas formation.

Biochar is also widely considered as a material for the re-
carburization of molten steel or steel alloying [20, 24, 58].
After the period of intensive oxidation ends, the carbon con-
tent in the metal is usually lower than required, so additional
recarburization of the melt can be carried out to achieve the
required chemical composition of the steel. In this case, car-
bon should also dissolve effectively in the molten metal.
Typically, carbon-bearing material consumption during the
recarburization stage is 2-5 kg per metric ton of steel. How-
ever, specific values depend on the steel grade and the final
carbon content.

Overall, total consumption of carbon-containing materials
in an EAF is approximately 12-25 kg per metric ton of steel
produced, including materials for slag foaming and recarbu-
rization. When transitioning to DRI-EAF technology, carbon
demand may increase due to the higher iron oxide content in
the metalized source.
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To use biochar effectively in an EAF, it should meet the
basic requirements listed in Table 5. It is recommended to
keep moisture below 2 wt%. Volatile matter is typically
limited to 2-7 wt%. Fixed carbon should exceed 80-85 wt%,
while ash should be limited to less than 10 wt% to avoid
excessive slag volume and changes in physico-chemical
properties. Sulfur and phosphorus concentrations should be
kept to a minimum, as these elements can transfer into the
metal and degrade steel quality. The optimal particle size is
approximately 0.5-5 mm.

Table 5. Basic requirements for carbon materials for use in EAFs

Parameters Value
Moisture, wt% 1.0-7.0
Volatile matters (VM®), wt% 2.0-7.0
Ash (A®™), wt% <10.0
Fixed Carbon (fC%), wt% >85.0
Sulphur (S, wt% low
Phosphorus (P), wt% low
Size, mm 0.5-5.0

The effectiveness of biochar in EAF conditions depends
on a combination of its physico-chemical properties. The
most significant factors are fixed carbon, reactivity, particle
size distribution, porosity, degree of microstructural devel-
opment, volatile matter, and ash chemistry. High porosity
increases reaction surface area and accelerates FeO reduc-
tion. However, it can also reduce particle mechanical
strength and alter the rate of carbon dissolution in the metal.
The mineral components of the ash can catalyze gasification
reactions and alter the slag's composition and viscosity,
thereby affecting the stability of the foam layer.

An important advantage of biochar is its high reactivity
compared to coke breeze, petroleum coke, and anthracite
[52, 59, 60]. Because biochar has a more developed porous
structure and more active sites, it participates in reduction
and gasification reactions more quickly, improving slag
foaming efficiency and reducing melting time. At the same
time, excessive reactivity can accelerate carbon consumption
and reduce process stability. Therefore, different biochar
characteristics may be required for various operations (e.g.,
slag foaming, recarburization).

7. Outlook

Despite biochar’s significant potential as a renewable
carbon source for metallurgical processes, its widespread
industrial adoption faces several scientific, technical, and
technological challenges. Unlike traditional fossil carbon
materials, whose properties are relatively stable and stand-
ardized, biochar characteristics depend heavily on biomass
origin, growing conditions, pretreatment technology, and
pyrolysis and post-furnace treatment parameters. This varia-
bility makes it difficult to predict the material’s behavior
under high-temperature metallurgical conditions and requires
new approaches to classification and standardization.

One of the main challenges is the variability of biochar’s
physico-chemical properties. Even with a single biomass type,
fixed carbon can vary widely (60 to over 90 wt%), ash from less
than 1 to over 10 wt%, and volatile matter from 5 to 30 wt%,
depending on pyrolysis temperature. Similarly, the specific
surface area, porosity, density, degree of order, and chemical
composition of the ash vary significantly. This heterogeneity
complicates the direct replacement of fossil carbon materials
and requires selecting biochar for each metallurgical process.

Special attention is given to the relatively low mechanical
strength and density of biochars. Depending on the feed-
stock, biochar density typically ranges from 200 to
600 kg/m?, which is significantly lower than that of metallur-
gical coke (700-900 kg/m3). Increased brittleness contributes
to fine-particle formation during transportation and storage,
impairs dosing conditions, and limits the use of biochar in
processes where the material is subjected to significant me-
chanical stress. Therefore, densifying biochar is essential for
improving its application efficiency.

High oxygen and hydrogen content also significantly af-
fects the metallurgical behavior of biochar. Although oxy-
gen-containing functional groups increase the material’s
reactivity, they also reduce its calorific value and increase the
rate of gasification. Furthermore, an increase in the content
of volatile matter can lead to changes in the fuel’s combus-
tion characteristics and a redistribution of heat fluxes in met-
allurgical units.

In some cases, the chemical composition of the ash poses
an additional limitation. Various types of biomass may con-
tain elevated concentrations of alkali metals (K, Na), calci-
um, magnesium, silicon, and phosphorus. These elements
have a significant impact on reactivity, slag formation, high-
temperature corrosion of equipment, and the quality of metal
products. Controlling the content of phosphorus and alkali
elements is particularly important, as their accumulation can
negatively affect the technological characteristics of the
metallurgical process.

At the same time, the high variability of biochar’s proper-
ties opens up significant opportunities for its targeted adapta-
tion to specific metallurgical processes. Unlike fossil carbon
materials, biochar properties can be controlled as early as the
production stage by selecting the feedstock and adjusting the
pyrolysis temperature and duration, heating rate, process
atmosphere, and post-treatment methods. This approach
allows the production of materials with predetermined char-
acteristics optimized for specific technological tasks.

One of the most promising areas of research is develop-
ing function-oriented requirements for biochar. It is advisa-
ble to determine specific quality criteria for each metallur-
gical process. An equally important area of research in-
volves studying the mechanical strength of biochar, as well
as its behavior during transportation and long-term storage.
For industrial applications, it is necessary to determine the
mechanisms of particle fracture, the material’s susceptibil-
ity to abrasion and dust formation, the effect of ambient
humidity on property changes, and the possibility of com-
pacting the material through briquetting or granulation.
Increasing biochar density can significantly improve condi-
tions for transportation, storage, dosing, and use in metal-
lurgical production.

Special attention should be paid to industrial safety is-
sues. Due to their high specific surface area and increased
reactivity, some types of biochar may be prone to self-
heating and spontaneous combustion, especially after drying
or when stored in the presence of oxygen [61-63]. This effect
is caused by intense oxidation of active surface sites and may
pose a hazard during transportation and storage. Therefore,
for each type of biochar, it is necessary to determine the
oxidation onset temperature, the kinetics of self-heating, and
the conditions for safe storage.

Meanwhile, variability in biochar properties can be a sig-
nificant advantage. Depending on the biomass type and pro-
cessing technology used, it is possible to produce materials



L. Kieush et al. (2026). Engineering Journal of Satbayev University, 148(4), 1-10

with low ash, minimal sulfur and nitrogen content, high fixed
carbon content, and optimal reactivity. This opens opportuni-
ties to create specialized biochar for various ferrous metallurgy
processes, allowing not only reduced fossil carbon consump-
tion but also improved production performance metrics.

7. Conclusions

The study shows that biochar is one of the most promis-
ing renewable carbon materials for defossilizing the ferrous
metallurgy industry. Because it can be produced from vari-
ous types of biomasses, is highly reactive, and has a practi-
cally neutral biogenic carbon cycle, biochar can partially or
completely replace traditional fossil carbon materials in met-
allurgical processes. However, its effectiveness depends
significantly on the specific technology's requirements and
the material’s complex physico-chemical properties.

In the cokemaking process, biochar can be used as a com-
ponent of the coal blend to produce biocoke. However, most
studies show that the acceptable biochar content is typically
up to 10 wt%, since a further increase in its proportion leads
to a decrease in the plasticity of the coal mixture, a reduction
in the degree of development of the anisotropic coke struc-
ture, an increase in CRI, and a decrease in CSR. At the same
time, the use of biochar makes it possible to reduce the sulfur
and phosphorus content in biocoke and to lower its ash.

The iron ore sintering process offers more favorable condi-
tions for using biochar as a fuel in place of coke breeze. Ac-
cording to established practices, the optimal substitution rate is
typically 40-60 wt%, which keeps the yield of usable sinter
above 80% while reducing fossil carbon consumption. An
additional benefit is reduced CO,, SO,, and NOy emissions
due to the low sulfur and nitrogen content in the biomass.

PCI technology also represents a promising way for inte-
grating biochar into BF production. In this technology, biochar
serves as both a fuel and a reducing agent, and the absence of
requirements for high mechanical strength makes it possible to
partially replace traditional pulverized coal. However, the
maximum permissible substitution rate is determined by oxy-
gen and volatile matter content, particle size distribution,
grindability, and the need to maintain the adiabatic combustion
temperature in the BF zone to provide process stability.

Biochar shows significantly greater potential for use in the
BOF process, where it can effectively serve as an additional
source of chemical energy, thereby reducing the consumption
of traditional energy sources, offsetting the decline in the heat
balance caused by an increase in the proportion of scrap metal,
and thus improving the resource efficiency of steel production.

Promising areas for the industrial application of biochar
include EAF. It can be used for slag foaming, reducing iron
oxides, recarburizing molten steel, and as an additional
source of chemical energy. Depending on the process opera-
tion and material characteristics, it is possible to partially or
nearly completely replace traditional carbon materials with
renewable carbon.
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Angarna. Ocbl Makanazga OMOKeMIp/i IOHBIH KoHE OoJlaT OHIIPICiHAe KOMIaHY/IbIH HETi3ri OarbITTaphl, COHAi-aK OHBIH
Ka30a HeriziHaeri KeMmipTeKTi MaTepHanjapra >KaHapTbUIaThIH OajaMa peTiHIeri KacHeTTepiHe KOWBIIATBIH TajanTap KH-
HakTaigraH. brokeMipai KOKCTey, TeMip KeHiH arjaomeparusuiay, gfomaa nentine (1) yprey, oTTekTi-KOHBEpTEpIiK OalKbITy
(OKB) xone moransl Oomat 6ankpiry memriageri (JBI1) anexrpbonat GankeITy eHAipici mporecTepinae naigagany KapacThl-
phUTFaH. OpOip mpouecc yuliH OMOKeMIpIiH aTKapaThlH (DYHKLHMSUIAPBI )KOHE OHBIH HETi3r1 cHIlaTTaMalapblHa, COHBIH ilIiHAe
peaKIUsIIBIK KaOIIeTTUTITiHe, KeYSKTIITiHe, THIFBI3IBIFbIHA KOHE MEXaHUKAIBIK OCpIKTIriHe KOMBUIATHIH TajanTap >KyHeleH-
red. Kokcrey ke3iHne Omokemipain yieci, omerte, mamaMmeH 10 macc.% IeHrediMeH MeKTeNeTiHI KOPCeTUIreH, OiTKeHI OHBI
KOCY KOKCTBIH OEpiKTIri MeH peakIMsIbIK KaOineTTiiirine kepi acep ereni. TeMip KeHIH aryioMepanysiay Ke3iHIe KOKCTBIK
ycakThirbIHbIH 40—60 Macc.%-bIH OMOKOMipMEH aJIMacThIpyFa O0najbl, all JOMHA MELIiHe Ypiiey Ke3iHe aJMacThIpy Aspexeci
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JKaHy JKarmaiiapbiHa JKoHEe (ypMaiblK aiMakTa TYPaKThl TEMIIEpaTypaHbl caKTay Ka)KeTTUliriHe OalmaHpICThl Oonaapl. bro-
KOMIpJli OTTEKTI KOHBEpTEpJIep MEH JoFaiubl 0ojaT OaJIKBITY HEUITepiHAe MaiiianaHy eH >KOFaphbl JeyeTKe ue, MyHJa oJl KO-
CBIMILIA SHEPTHUS K31, KOMIPTEKTEHAIPTill XaHEe KOXK/bl KOOIKTeHAIpyre apHajFaH MaTepHan KbI3METiH aTkapa anaabl. buo-
KOMIpIi OHEePKACINTIK AeHreiie KOINaHyIbIH HeTi3ri MeKTeyIepiHe OHBIH KaCHETTEPiHIH TYPaKChI3AbIFbl, TOMEH THIFbI3/IbIFHI
MeH OepiKTiri, Kyl KypaMBIHBIH Oipkenki OomMaysl oHE ©3MiriHeH KbI3yFa OeHiMIimiri skaTambl. OpOip METaLUTypTrHSIIBIK
npolLecc YIiH OMOKeMipre KOMbUIATHIH apHalbl TalanTap bl 93ipiiey KaKeTTLIIr Typajbl KOPBITBIH/IBI )KacaJFaH.

Hezizei co30ep: komipmexmi mMamepuanoap, Memaniypeus, peakyusivlk Kabinemminix, 6uokomip, 6UOKOKC, memip KeHiH
aznomepayuanay, KOMipmeKkmeHoipy, 31eKmp newmepi.

(O030p 0CHOBHBIX HANPABJIEHU MCIIOJIb30BAHUS OMOYIJIA
B [IPOM3BOACTBE YYI'YHA U CTAJIHU
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AnHotanus. B nanHo# cratbe 0000IICHBI OCHOBHBIC HANPABJICHUS IPUMEHEHHsI OHMOYTJISl B MPOM3BOACTBE YyryHa U CTa-
JIH, a TaKk)Ke TPeOOBaHMS K €ro CBOMCTBAM KaK BO3OOHOBIIIEMOW aTbTEPHATHBEI MCKOMACMBIM YTIIEPOACOIEPIKAIIUM MaTepHa-
nmam. PaccMoTpeHo ncnosp30BaHue OHOYTII B IpoIeccax KOKCOBAaHMUS, arJioMepalliy Kele3HOUW PYAbl, BIYBAHHUA B IOMEHHYIO
neus ([II), xucnopogno-kouseprepHoit miuasku (KKII) u anexrpocTanemiaBHIBHOTO NMPOM3BOJACTBA B AYTOBOH CTaserlia-
BuibHOM mreun (JICIT). dns kaxmoro mporiecca CHCTEMAaTH3UPOBaHbl (YHKIIUK OUOYTIIS B TPEOOBAaHMUS K €r0 OCHOBHBIM XapaK-
TEPUCTHKAM, BKITIOYasl PEaKIIHOHHYIO CIIOCOOHOCTB, TIOPHUCTOCTh, INIOTHOCTh U MEXaHHYECKYIO MPOYHOCTH. [lokazaHo, 4To mpu
KOKCOBAaHUH JIOJI1 OMOYIJIsL, KaK IpaBHJIO, OrpaHH4YMBaeTcs npubimsntenasHo 10 mac%, MOCKONIbKY ero go0aBieHHE OTpHUIa-
TEJILHO BJIMSCT HA MPOYHOCTh M PEAKIIMOHHYIO CIHOCOOHOCTh KOKca. IIpu ariiomepanuuy >KeJIe3HOW pyabl OHMOYTIIEM MOXKHO
3ameHuTh 40-60 Mac% KOKCOBOIT Menoun, Toraa Kak npu BayBaHud B J{I1 cTerneHs 3aMemieHus 3aBICHT OT YCIOBHI TOPEHUS U
HEOOXOMMOCTH TOJIIep>KaHusl cTaOWIIbHOM TeMriepaTypsl B pypMeHHOW 30He. Hanbonbimm noreHnmanoM Ouoyrons oodsna-
JlaeT MPU MCIOJIb30BaHUHU B KUCIOpoaHbIX KoHBepTepax u JCII, rue oH MOXKET BBINOJMHATh (PYHKIWH JOHOJHUTEIEHOTO HC-
TOYHHKA YHEPTUH, HAYTJICPOKUBATEIS M MaTepuaa IS BCTICHUBAHUS ITaka. K OCHOBHBIM OTPaHUYCHHUSM MPOMBIIIICHHOTO
MIPUMEHEHUS OHOYTIISl OTHOCSATCS] HECTaOMIBHOCTh €r0 CBOMCTB, HU3KHE INIOTHOCTD U IPOYHOCTH, HEOJHOPOAHBIA COCTaB 30715
U CKJIOHHOCTh K camMoHarpeBanuro. CrenaH BBIBOJ 0 HEOOXOAUMOCTH Pa3pabOTKH CHEIHATbHBIX TPeOOBaHUI K OMOYTIIIO IS
Ka)XJIOTO METAJUTYPrHYECKOTO MpoIiecca.

Knroueevie cnoea: yenepooucmeie mamepuanvl, MEMAaiLypeus, peakyuoHHAsi CHOCOOHOCMb, 6U0Y201b, OUOKOKC, CNeKaHue
Jrcene3Holl pyobl, HayenepoXcusaHue, d1eKmponedu.
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Abstract. The results on the distribution of Cu, Pb, Zn and As between the products of the reduction melting of slag from
the Vanyukov Furnace (VF) in the conditions of the Balkhash Copper Smelter (BCS) are presented. Optimal technological
parameters of the process of two-stage reducing depletion of slags by natural gas in the presence of coal at a temperature of
1300°C. have been established. It is shown that under conditions of two-stage reductive depletion of VVF slags, the residual
metal content in the reduced slag is: copper — 0.35%; lead — 0.08%; zinc — 0.18%; traces of arsenic. High recovery of metals
into target products has been achieved: copper in matte — up to 98%; gold, silver in matte — 96%; arsenic in dust at the first
stage of slag treatment with natural gas — up to 99% and lead, zinc in dust at the second stage — up to 98%. The results obtained
were used in the development of an innovative technological platform for a comprehensive waste-free technology for pro-
cessing current and accumulated BCS slags to produce marketable products.
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1. Introduction

In modern metallurgy, where autogenous melting pro-
cesses are actively used [1-6], the issue of processing emerg-
ing slag waste is acute. According to the information given in
[7], approximately 2.2 tons of slag are formed during the
production of each ton of metal. The disposal or reuse of
these significant volumes of slag creates a number of envi-
ronmental and spatial difficulties. The urgency of recycling
these wastes is determined not only by economic, but also by
environmental factors. The accumulation of slag heaps occu-
pies significant territories, posing a threat to the environ-
ment, including pollution of soils, water resources and at-
mospheric air.

Environmental issues related to the storage and disposal
of slags are coming to the fore. The leaching of toxic ele-
ments from slag masses into groundwater, dusting of land-
fills, as well as the release of greenhouse gases under cer-
tain storage conditions are just some of the negative conse-
quences. Due to stricter environmental regulations and
increased public attention to issues of sustainable develop-
ment, the search for effective methods of slag processing is
becoming a priority.

In the context of the cyclical economy and the desire for
waste-free production, the processing of metallurgical slags

© 2026. B. Shambulayev, N. Dosmukhamedov, E. Zholdasbay, M. Kurmanseitov
Bachtiarsh@mail.ru; zhte@mail.ru; murat.kmb@mail.ru

opens up new opportunities for the extraction of valuable
components and their reuse. Slags contain a wide range of
valuable various elements that can be returned to the produc-
tion cycle or used in other industries [8, 9, 10].

Today, there are various technologies for processing au-
togenous smelting slags, ranging from simple crushing
methods and use in road construction to more complex
processes involving the extraction of valuable components
such as non-ferrous and rare metals [11, 12]. The choice of
a specific technology depends on the chemical composition
of the slag, its physical properties, and economic feasibility.
However, despite the variety of solutions offered, the prob-
lem of efficient and cost-effective slag processing remains
relevant, requiring further research and development.

Industrial slags formed as a result of melting a complex
copper-containing charge in a furnace, as well as stored
slags, are a significant source of secondary raw materials.
Reducing enrichment is a promising method of slag pro-
cessing aimed at extracting valuable components such as
non-ferrous and precious metals, mineral phases, and prepar-
ing them for further use.

The research carried out in the work is aimed at the de-
velopment and optimization of reduction depletion technolo-
gies for various types of industrial slags. The developed
technology of two-stage reduction processing of slags will

Engineering Journal of Satbayev University. elSSN 2959-2348. Published by Satbayev University
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increase the efficiency of extraction of valuable components
and reduce energy consumption, and is an important area of
resource conservation and sustainable production develop-
ment. The introduction of technology for processing VF
slags in the conditions of the Balkhash Copper Smelter
(BCS) will not only reduce the negative impact on the envi-
ronment, but also ensure the economically beneficial use of
secondary resources.

Currently, six large Vanyukov furnaces are successfully
operating in Russia and Kazakhstan, processing over 2.5
million tons per year of copper, copper-nickel sulfide ores
and concentrates, with an annual capacity of about 500 thou-
sand tons of copper. Technological and design solutions were
developed and tested at Vanyukov’s experimental furnaces
located in Norilsk, the Urals (SUCS) and Balkhash (the Ka-
zakhmys Corporation Copper Smelter).

The versatility of purge mode control allows the Vanyu-
kov furnace to be used for processing both copper-rich and
zinc-containing slags formed during lead production. The
technology remains applicable to different types of slags,
requiring only minor adjustments.

The Vanyukov process, based on emulsion pyrometallur-
gy, has a number of advantages: simple and economical
preparation of raw materials, eliminating drying, grinding
and mixing; high productivity, reaching 4 tons of charge per
hour per 1 m? of furnace cross-section, due to mixing of
matte with oxygen-air blast (O, content from 40 to 96%,
consumption up to 1000 m%/(m?2-h)); intensification of heat
and mass transfer, ensuring thermodynamic phase equilibri-
um and reliable forecast of raw material processing indica-
tors; the possibility of creating multi-chamber devices for
solving complex tasks.

The process is effective for the two-stage processing of
slags formed in the production of copper and lead, to produce
matte, lead-zinc sublimates and demetallized slag. The re-
sulting slags, which are difficult to process using other pro-
cessing methods, comply with the requirements of the Ro-
melt process, developed at the Moscow Institute of Steel and
Alloys and similar to the Vanyukov process.

The Romelt process can be used for processing iron sili-
cate slags obtained after two-stage processing of copper-
produced slags. This will make it possible to combine the
extraction of copper, lead and zinc in the Vanyukov furnace
with the production of an iron-carbon alloy from depleted
slag and ensure waste-free technology.

The choice of the Vanyukov process for complex slag
processing is due to:

—its suitability for processing iron-containing materials
with a low content of iron oxides containing copper and
volatile metals;

— using coal and natural gas as a fuel and reducing agent;

— the possibility of integrating the Vanyukov furnace with
copper and lead smelting furnaces, as well as with the Ro-
melt furnace.

The integrated resource-saving technology proposed in
the study is focused on the organization and expansion of
production for processing the generated and stored industrial
slags of the BCS.

The key goal is the complex extraction of valuable metals
into target products and the expansion of the range of mar-
ketable products.
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To achieve this goal, in this work, the patterns of distribu-
tion of Cu, Pb, Zn, and As between the products of VVF slag
smelting under deeply reducing conditions, in relation to the
conditions of the BCS, are investigated.

The study of the distribution patterns of elements such as
Cu, Pb, Zn, and As in the products of VF slag smelting is
important for optimizing the technological process. Under-
standing how these elements behave under deeply reducing
conditions allows us to develop effective methods for their
extraction and separation, as well as minimize the loss of
valuable components.

The results of the research conducted in relation to the
conditions of the BCS will make it possible to adapt the
Vanyukov process to the specific characteristics of the pro-
cessed slags and achieve maximum efficiency in extracting
valuable metals. The introduction of integrated resource-
saving technology will allow BCS not only to solve environ-
mental problems related to slag storage, but also to make addi-
tional profits through the production of new types of products.

2. Materials and methods

The experiments were carried out with VF slag from the
Balkhash Copper Smelter (BCS) of the composition, % by
weight: 2.1 Cu; 1.02 Pb; 4.22 Zn; 0.1 As; 38.4 Fe; 30.3 SiOy;
4.1 Ca0; 5.1 Al;0s; 0.5 MgO; others.

To obtain the optimal slag composition, % by weight: 30
SiOy; 50 FeO; 10 CaO; others, it was adjusted by adding lime.

To purge the slag melt, natural gas was used with a con-
tent, % vol.: 92.6 CHa; 4.07 CyHg; 1.07 C3Hsg; others. Shu-
barkul coal with a content of 74% carbon was used as a solid
reducing agent.

X-ray phase analysis of powder slag samples was per-
formed using a D8 Advance device (Bruker AXS GmbH), a-
Cu, X-ray tube voltage 40/40. The processing of the obtained
diffractogram data and the calculation of interplane distances
were carried out using EVA software. The samples were
decrypted and the phases were searched using the
Search/match program using the ASTM Card Database.

The elemental analysis of slag samples was determined
using an inductively coupled plasma mass spectrometer Ag-
ilent 7700 Series ICP-MS (USA).

A Neophot microscope (Carl Zeiss AG, Germany) is used
for mineralogical studies of polymetallic samples.

A distinctive feature of the conducted research is the im-
plementation of a two-stage depletion of high-sulfur slags
under deeply reducing conditions of purging the slag melt
with natural gas in the presence of coal.

The method of conducting the experiments was as fol-
lows. At the first stage, a beryllium crucible with an initial
slag sample of 100 g was loaded into a quartz reactor and
placed in a heating furnace. After installation, the furnace
was heated to a set temperature of 1300°C. From the moment
the furnace was heated, continuous purging of the reactor’s
free zone with natural gas began. The position of the alund
purge tube is above the melt. After the slag was melted, the
blast tube was immersed in the melt, and its purging began.
The consumption of natural gas was set based on the calcula-
tion of exceeding its consumption by 20% of the theoretical-
ly necessary for the reduction of arsenic oxide As,Os to the
volatile compound As;Os. The gas flow rate was monitored
using a rotameter.
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The experiments were carried out on the installation
shown in Figure 1.
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Figure 1. Schematic diagram of an installation for two-stage
depletion of VF slags: 1— Nabertherm GmbH RHTV 120-150/16
high temperature furnace; 2 —alund crucible; 3 - lid; 4 — natural
gas cylinder; 5 —valve; 6 — rheometer; 7 — tube for supplying gas to
the melt; 8 — coal loading window; 9 — slag melt; 10 — gas discharge;
11 — vessels with water; 12 — thermocouple PP-1; 13 — KSP-4

Preliminary experiments have shown that after purging
the melt with natural gas for 5-10 minutes, a high extraction
of arsenic into the gas phase is achieved. It was also found
that during the prescribed time, the residual arsenic content
in the slag reaches a minimum value and remains practically
at the same level, regardless of the time of further purging.

The compositions of the slags did not undergo significant
changes after their treatment with natural gas. The obtained
results served as the basis for achieving the equilibrium of
reducing depletion of slag by natural gas for arsenic. Accord-
ing to the results of preliminary experiments, the optimal
time for purging slag with natural gas at the first stage for all
subsequent experiments was assumed to be 10 minutes.

After a predetermined time of purging the slag with nat-
ural gas, the tube was removed from the melt and the sec-
ond stage of reducing depletion of the slag began. The
method of conducting the experiments was as follows. A
pre-crushed coal powder was loaded onto the surface of the
melt at a rate exceeding the set flow rate from the stoichio-
metrically required amount (SRA) for the reduction of lead
and zinc oxide. Next, a purge tube was lowered into the
melt and purging with natural gas began. The gas consump-
tion was selected based on the calculation of exceeding its
consumption by 10, 20, 30, 40, 50 and 60% of the SRA to
reduce lead and zinc oxides to a metallic state. Each exper-
iment was repeated three times in order to achieve reliable
results. After purging, the crucible with the melt was settled
for 20 minutes to separate the slag and matte, after which
the crucible was removed from the furnace. The smelting
products (slag and matte) were subjected to elemental anal-
ysis and mineralogical studies.

3. Results and discussion

The results of the elemental analysis of the slags obtained
after purging the melt with natural gas at the first stage
showed a slight decrease in the content of lead in the slags —
from 1.02 to 0.9% and zinc — from 4.22 to 4.03%.
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Figure 2 shows the dynamics of changes in the As con-
tent in the slag during purging of the melt with natural gas.
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Figure 2. Dynamics of changes in the As content in the slag
during purging of the melt with natural gas

It was found that even when purging the melt for 10
minutes, almost complete removal of arsenic from the slag is
achieved.

The achievement of thermodynamic equilibrium between
the slag melt and the matte at the second stage of slag deple-
tion was determined by the stabilization of the gas phase.
Preliminary experiments have shown that a state close to the
thermodynamic equilibrium of the slag—matte system is
achieved within 20 minutes. With an increase in natural gas
consumption from SRA, the recovery of PbO and ZnO is
enhanced by the influence of both coal and natural gas. At
the same time, the extraction of lead and zinc from slag into
dust increases dramatically (Figure 3).
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Figure 3. Dependence of the extraction of Pb, Zn into dust on
the consumption of natural gas from the SRA, a fraction of more
than 1

The resulting dusts are solid fine particles (sublimes)
formed as a result of condensation of volatile metals and
their compounds (oxides) from the vapor-gas phase with a
decrease in temperature. With intensive continuous mixing
of the melt with natural gas, favorable conditions are creat-
ed for the coalescence of matte inclusions dispersed in the
slag, which leads to an increase in copper extraction into
the matter.

The results of mineralogical studies of the grinding of
solid slag samples in each series of experiments showed the
presence of ferrites in them, represented by compounds of
iron oxides with calcium oxides, aluminum and, in a mini-
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mum amount, copper oxide, in the form of delafossite
(CuFeQy). It was found that after depletion, the content of
magnetite in the slags decreases from 15-18% to 5-7%. This
indicates a deep reduction of magnetite by carbon from coal
and natural gas.

The revealed dependencies are fully consistent with the
results shown in Figures 2 and 3. With an increase in natural
gas consumption exceeding the SRA for the reduction of
lead, zinc and arsenic oxides, their maximum extraction into
combustion is achieved, which, all other things being equal,
increases dust yield. At the same time, the excess consump-
tion of natural gas and carbon is spent on the recovery of slag
magnetite. The destruction of magnetite is accompanied by
the formation of iron oxide, which binds to silica in a stable
phyalyte FeO*SiO,. The additional introduction of lime into
the charge reduces the viscosity of the slag, which creates
additional favorable conditions for reducing mechanical
losses of copper with slag.

The yield of slag depletion products was, % of the weight
of the initial charge: matte — 2.5; dust, gases — 10.4.

The dust yield in the experiments was determined by the
difference between the amount of the corresponding metals
in the initial slag and their amount in the resulting slag and
matte (based on the calculation of the material balance of
each experiment). The insignificant yield of matte is ex-
plained by the dominant extraction of copper from slag by
reducing its mechanical losses.

The optimal consumption of natural gas, which ensures a
minimum metal content in the slag, corresponds to a con-
sumption exceeding its value from the SRA by 30% for the
reduction of their oxides (Figure 4).
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Figure 4. Dynamics of changes in the content of Cu, Pb, Zn in
slag depending on the consumption of natural gas

At the same time, the minimum content of copper in the
slag (0.35%) and lead, zinc (0.08% and 0.18%, respectively)
is achieved.

Assay analysis of depleted slag for the content of Au and
Ag in it showed their minimum values: 0.13 and 7.4 g/t,
which indicates their maximum extraction into matte as a
result of coalescence of mechanical suspensions of matte.

Based on the conducted experiments and the results of
the material balance of each experiment, the distribution of
non-ferrous metals and arsenic between the products of re-
ducing depletion of slag by natural gas in the presence of
coal is calculated, depending on the consumption of natural
gas. The results are shown in Figure 5.
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The established optimal technological parameters of the
process of reducing depletion of high-sulfur slags by natural
gas in the presence of coal at a temperature of 1300°C meet
the following criteria:

— The duration of slag purging with natural gas at the first
stage is 10 minutes. The gas consumption exceeds by 10% its
consumption from the SRA for the reduction of stable arse-
nic (V) oxide to its highly volatile compound, As,Os;

— The duration of the second stage of slag purging with
natural gas in the presence of solid coal is 20 minutes:

a) coal consumption is 10% more than the SRA for the
reduction of lead oxide, zinc;

b) the consumption of natural gas is 30% higher than the
SRA for the recovery of magnetite and for intensive bubbling
of the melt for coalescence of fine matte suspensions.

With the specified technological parameters, high techno-
logical indicators of the process of reducing depletion of slag
have been achieved:

— the matte yield is 2.5% of the weight of the charge;

— the output of dust and gas is 10.4% of the weight of the
charge;

—metal content in the recovered slag: copper — 0.35%;
lead — 0.08%; zinc — 0.18%; arsenic — traces.

— extraction of metals: copper in matte — up to 98%; gold,
silver in matte — 96%; arsenic in the dust — up to 99% (re-
moved in the first stage of the technology by purging the slag
with natural gas); lead, zinc in dust — up to 98% (removed in
the second stage of the technology).

4, Conclusions

The results obtained indicate the high efficiency of the
process of reducing depletion of slag, which makes it possi-
ble to extract valuable metals and remove harmful impurities.
The low content of copper, lead and zinc in the recovered
slag indicates a deep degree of depletion, which minimizes
metal losses and reduces the environmental burden.

The high extraction of copper in matte, reaching 98%,
demonstrates the efficiency of the process in terms of the
concentration of copper in the valuable product. The extrac-
tion of gold and silver in matte at the level of 96% confirms
the possibility of complex slag processing with the extraction
of precious metals.

Selective removal of arsenic into dust, reaching 99%, is
an important environmental advantage of the technology.
The removal of arsenic in the first stage of the process using
natural gas avoids its distribution to other products and re-
duces environmental pollution.

High extraction of lead and zinc into dust, reaching 98%,
also helps to reduce the environmental burden and allows
dust to be recycled to extract these valuable metals. The
obtained indicators allow us to consider this technology as an
effective and environmentally safe way of processing non-
ferrous metallurgy slags.
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banakam Mbic 0aJIKBITY 3aybIThI JKariaiibIHAA BaHokoB nemri
KOKIAPbIHBIH TOTHIKCHI3IAHABIPbLIFaH 0aJKbITY 6HIMIEPI apacbIHAA
Cu, Pb, Zn x3He AS-TbIH TapaJjybl
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Anparna. bankam mpic 6ankeITy 3aybiThl (BM3) sxarnaiisinaa Bantokos nemi (BIT) KoskaapbIHBIH TOTHIKCHI3IaHABIPBUIFaH
GasKpITYy OHiMaepi apackiHga Cu, Pb, Zn sxone AS aneMeHTTEpiHIH Tapany HoTHkenepi kenripinred. 1300°C temneparypaia
KOMIP/IiH KaThICYbIMEH TaOUFHU a3/l MaiaanaHa OThIPHIIN, KOXKIAPbl €Ki CAThUIBI TOTHIKCHI3IaHABIPBIN KeACHICHIIPY MPOIie-
CIHIH OHTAMJIBI TEXHOJOTHSIIBIK MapameTpiiepi aHbiKTaidraH. BIT KoKIapbhlH €Ki CaThUIbl TOTHIKCHI3IAHIBIPHIN KEACHICHIIPY
JKaFIaiibIHa TOTHIKCHI3JaHIBIPbIIFAaH KOXKAAFbl METaIIapAbIH KanablK Mesmiepi: Meic — 0.35%; xopracbia — 0.08%; MbIpbIII —
0.18%; MBImBSK — i3miK MemiepAe OOJATHIHBI KOpCeTiIreH. MeTamgapAblH MAaKCcaTThl OHIMIEpre >KOFaphl opexene
ANBIHYBIHA KOJI JKETKI31I/1i: MBICTBIH INTeHHTE adbiHybl — 98%-Fa NeifiH; anTeIH MEH KYMICTiH IITEHHTe albIHYBl — 96%; KOKIBI
Taburu ra30eH eHAeyNiH OipiHII CaTBICBIHIA MBIIBIKTHIH IMaHFa anbiHysl — 99%-Fa meiiin, an eKxiHmIi caThlja KOPFachlH MEH
MBIPBIIITHIH [TaHFa anblHyBl — 98%-fa neitin. AnplHFaH HoTmkelep BM3-HBIH aFbIMAarbl KOHE KHHAKTAIFaH KOXKTAapBIH
TayapiblK ©HIMAEp alla OTHIPHINT KEUICHIi, KAIIBIKCHI3 OHICYIiH HMHHOBANWSIBIK TEXHOJIOTHSUIBIK IUIAT(QOPMACHH 93ipiey
OapBICBIHIA Al IaNaHBIIIEL.

Hezizzi co30ep: BIl wnaxmapvl, momulKCul30anobIpy, Komip, mabuau eas, 60ain any, 6a2anvl memanioap, 2a3 dcane Komip
ULbIZbIHDL.

Pacnpenesenue Cu, Pb, Zn u As Mexay npogyKkramMmu
BOCCTAHOBUTEJIbHOM IJIABKH IIVIAKOB Ne4u BaHwkoBa B ycJ10BUsIX
Bbanxauickoro MeaenJIaBuJILHOIO 3aBOAA
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AnHorauus. [IpuBenensr pesynstatel no pacnpeaeneanio Cu, Pb, Zn m As MeXay NpoayKTaMH BOCCTAaHOBHUTEIBHOM
miaBku nuakoB [Teun Bantokosa (I1B) B ycnoBusax banxamickoro meaemiaBmibHOTo 3aBoja (BM3). YcTaHOBIEHBI oniTUMAaTh-
HBIE TEXHOJIOTHYECKHE MapaMeTphl Mpolecca JBYXCTaIHaIbHOTO BOCCTAHOBUTEIIFHOTO 00EAHEHHS IUTAKOB ITPUPOIHBIM Ta30M
B npucytcTBue yrig npu Temmepatype 1300°C. ITokazaHo, 9TO B YCIOBHUSX IBYXCTaJUATIFHOTO BOCCTAHOBHTEIIEHOTO 00ETHE-
Hus nu1akoB I1B ocraToyHOE CopepiKaHre META/UIOB B BOCCTAHOBJICHHOM Iiiake coctasisier: meau — 0.35%; ceunia — 0.08%;
HKa — 0.18%; Mblmbsika — crensl. JJOCTUTHYTO BBHICOKOE M3BJIEYEHHE METAJUIOB B LIEJICBBIE MPOIYKTHI: MEIU B IITEHH — 10
98%; 3010Ta, cepedpa B mTeiH — 96%; MBIIIbsIKA B TIBUTH HA TIEPBOH CTaAMK 00pabOTKH HIIaKa MPUPOTHBIM ra3oM — 10 99% n
CBHHIIA, IMHK B TIBUIb BO BTOPO# ctaanu — 10 98%. Ilomy4yeHHble pe3yabTaThl NCIIOIB30BaHbI MIPU pa3paboTke HHHOBALMOH-
HOHM TEXHOJIOTMYECKOH IIaT(OPMBI KOMIIEKCHONH 0€30TXOHON TEXHOJIOTHH NEepepadOTKH TEKYIMX U HAKOIUICHHBIX IIUIAKOB
BM3 ¢ nony4yeHueM TOBapHBIX IPOAYKTOB.

Knrwouesvie cnosa: winak I1B, soccmanosnenue, y2oiv, npupooublil 2a3, U3sjiedeHue, YeHHvle Memaiibl, pacxoo 2a3a u yeis.
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Germanium production from Kazakhstan coals: resource potential,
technological solutions and prospects
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Abstract. Germanium (Ge) is a rare trace element belonging to the group of materials that are critical for the development
of high-tech industries, including semiconductor manufacturing, optoelectronics, space technologies, infrared optics, and de-
fense systems. This review examines global models of germanium production, including traditional extraction from zinc con-
centrates and the development of the coal-based route in China; it analyzes the geochemistry of germanium accumulation in
promising coal basins of Kazakhstan and assesses the prospects for establishing high-purity germanium production in Kazakh-
stan based on coal feedstock and technogenic products of its processing in the power and metallurgical industries. The prereg-
uisites are shown for forming a new model of germanium production in Kazakhstan, based on a combination of two sources -
zinc metallurgy and germanium-bearing coals — as well as the considerable potential of brown-coal (lignite) basins, including
the Turgai and Zhilanshik basins. A technological model is proposed for obtaining germanium concentrates from coal feed-
stock, producing germanium dioxide (GeO2), and producing high-purity metallic germanium. This approach is proposed as a

basis for developing an export-oriented critical materials industry.
Keywords: germanium, coal, Kazakhstan, critical materials, zinc metallurgy, hydrometallurgy, fly ash.
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1. Introduction

Germanium (Ge) is a rare trace element that plays a key
role in the production of microchips, optoelectronic devices,
space technologies, and defense-related products. Growing
demand for germanium is driven by the rapid development of
digital infrastructure and critical technologies associated with
artificial intelligence, large-scale data centers, and next-
generation telecommunications networks.

In recent years, the strategic importance of germanium has
increased significantly in the context of national technological
and economic security. This is particularly relevant given the
high geographical concentration of global germanium produc-
tion, a substantial share of which is accounted for by China.
The European Union, the United States, Japan, South Korea,
and several other industrialized economies have therefore
included germanium in their lists of critical raw materials or
minerals essential to economic and national security.

Against the backdrop of the ongoing transformation of
global critical-material supply chains, interest in Kazakhstan
as a potential source of germanium is increasing. Unlike
most countries, Kazakhstan potentially possesses two inde-
pendent sources of germanium — zinc metallurgy and germa-
nium-bearing coals. This combination creates favorable con-
ditions for establishing a stable domestic raw-material base
and developing an integrated production chain for high-
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purity metallic germanium, which is in demand on interna-
tional markets. The extraction of germanium from zinc con-
centrates and products generated during their metallurgical
processing is consistent with the most widely used industrial
practices for germanium recovery worldwide. At the same
time, germanium-bearing coals, coal combustion ash from
thermal power plants, and industrial waste generated by the
energy and metallurgical sectors represent promising alterna-
tive sources of this critical element.

The aim of this study is to assess Kazakhstan’s resource
potential for germanium production from germanium-bearing
coals and industrial waste generated during their utilization in
the energy and metallurgical sectors; to analyze existing and
prospective technological routes for germanium extraction
from various types of feedstock; and to develop conceptual
approaches to establishing an export-oriented industry for the
production of high-purity metallic germanium in Kazakhstan.

The scientific novelty of the study lies in the comprehen-
sive assessment of Kazakhstan’s germanium-bearing coals
and associated industrial waste as an alternative raw-material
base for high-purity germanium production, as well as in
substantiating a dual-source model for the development of a
national germanium industry based on the integration of the
conventional zinc-based feedstock source with the prospec-
tive coal-based source.
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2. International experience and the structure of the global
germanium market

2.1. Development of the global germanium industry

Historically, centers of germanium production formed in
countries with a developed non-ferrous metallurgy sector. The
first industrial technologies for extracting germanium were
developed in Europe in the first half of the 20th century, pri-
marily in Belgium and Germany, which had a strong base for
processing polymetallic and zinc ores. The concentration of
germanium in sulfide zinc ores was the reason that zinc metal-
lurgy became the foundation of the global germanium industry.

For many years, the unique germanium-copper-lead-zinc
deposits of Tsumeb and Kipushi in Africa provided the basis
for germanium production. The technological scheme for
extracting germanium from zinc concentrates, adopted at the
plant in Balen (Belgium), is still used today in practically
every country. The ore is beneficiated on-site by flotation, as
a result of which germanium passes into copper-lead and
copper concentrates. Special flotation and magnetic separa-
tion are then used to obtain the main germanium concentrate,
containing up to 1% Ge. During roasting of zinc concentrates
and zinc leaching, most of the germanium remains in the
solid residue, which is subjected to fuming. Sulfuric-acid
leaching of fuming sublimates, precipitation, repeated roast-
ing, leaching, and hydrolysis yield GeO; [1]. The main cen-
ters of germanium production worldwide and their principal
feedstock sources are summarized in Table 1.

Table 1. Main centers of germanium production in the world

Country | Role in global production Main feedstock sources
Zinc concentrates, germanium-
China Largest global producer and bearing coals, coal ash, techno-

processor genic feedstock

Zinc feedstock, coal feedstock,

Russia Historical producer
secondary resources
Producer and consumer of Zinc metallurgy, secondary
USA . X .
high-purity germanium feedstock
Canada Producer of germanium as a Zinc concentrates
by-product
. One of the historical refin- | Metallurgical residues, secondary
Belgium -
ing centers feedstock
G Historical center of pro- | Secondary feedstock, metallurgi-
ermany . :
cessing technologies cal products
Finland Production from non- Zinc feedstock

ferrous metallurgy products

Modern industrial germanium production is characterized
by a high degree of concentration and a limited number of
producers. Unlike most industrial metals, germanium is not
mined as an independent mineral resource but is extracted
mainly as a by-product in the processing of other feedstocks
— primarily zinc concentrates (60-70%), coal feedstock (20-
30%), as well as through secondary processing of scrap and
metallurgical waste.

In the United States, germanium production has histori-
cally been based on the processing of zinc feedstock and
secondary resources. Despite considerable scientific interest
in extracting germanium from coal and ash-and-slag waste,
these directions have not achieved industrial development
comparable to that in China. The American model is more
closely associated with the processing of metallurgical waste
and secondary metal recovery. Canada, Belgium, Germany,
and Finland retain their significance as technological centers
for germanium production, using feedstock mainly associat-
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ed with non-ferrous metallurgy. Their experience demon-
strates a high level of technological maturity in processes for
extracting germanium from zinc concentrates and metallurgi-
cal by-products [1].

China occupies a special place in the global system. Ac-
cording to data from the U.S. Geological Survey (USGS),
China is the leading producer of germanium and holds a
dominant position in the global supply chain, including ex-
traction and refining operations. A substantial share of pro-
duction is provided not only by zinc concentrates but also by
the use of germanium-bearing coals, thermal power plant
ash, and products of coal and energy industry processing.
Through this, China has formed a unique industrial model
combining the metallurgical and energy circuits of germani-
um extraction [2]. China has become the only country in the
world able to scale up industrial germanium production from
coal to a global level. The associated waste products — coal
ash, gas-cleaning system dust, and other technogenic prod-
ucts in which germanium concentrates after the energy use of
coal are regarded as a key link in the beneficiation stage of
refined-germanium production technology.

Thus, the modern global germanium production system
has formed around two main models. The first is the tradi-
tional metallurgical model, based on extracting germanium
from zinc concentrates, characteristic of Europe, the USA,
and Canada. The second is the combined resource model,
uniting metallurgical and coal feedstock, which has achieved
its fullest development in China. This is an extremely im-
portant precedent for Kazakhstan, which possesses signifi-
cant coal reserves and a large energy sector.

2.2. China’s experience in producing germanium from
coal feedstock

The prerequisite for the large-scale development of this
direction was the presence, in a number of regions of China,
of coal deposits with anomalously high germanium content.
The best-known germanium-bearing coals are located in the
provinces of Inner Mongolia, Yunnan, Guizhou, and a num-
ber of other coal-mining regions of the country. In certain
seams, the germanium content in coal significantly exceeds
average global values, which created the prerequisites for
industrial development of this resource. The main germani-
um-bearing coal deposits of China and their characteristic
germanium contents are summarized in Table 2.

Table 2. Main germanium-bearing coal deposits of China [3-4]

Deposit / Region Coal tvpe Ge con- | Max. Ge content (g/t) /
basin (province) P tent, g/t features
Up to 2500-3000 in
. I individual seams.
Lincang Yunnan Lignite 850 Largest deposit in the
world.
- Individual samples
Xilin Gol ' INNer '\ jonite  _137.244  contain 820-1530.
(Wulantuga) Mongolia L
Second in importance.
Local anomalies up to
Mentou Yunnan Lignite  ~100-120 400-600 in organic-rich
interlayers.
Local nest-like en-
Xuanwei Yunnan | Bituminous o o richments. Above the
/ lignite national average
(2.8 glt).
Low in the bulk mass
Fushun  Liaoning  Lignite ~ ~15-3p Duteffectively concen-

trated in the collected
fly ash.
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For industrial extraction of the metal in China, a thresh-
old content of 100 g/t is considered the minimum. Germani-
um in coal is concentrated mainly in the organic matter (80-
90%), in the form of humates and germanium-organic com-
plexes. Mineral forms (silicates and sulfides) of germanium
compounds in coal do not exceed 20-25%.

During coal combustion, most of the germanium oxidiz-
es and volatilizes — GeO at a temperature of 700°C, GeO; at
t > 1000°C — concentrating in fly ash and dust products of
gas cleaning, with the germanium concentration increasing
10-15 times compared with the coal. This effect has made it
possible to regard ash-and-slag waste not as a by-product of
power generation, but as technogenic feedstock for obtain-
ing rare metals.

This allows the use of germanium-bearing coal in the en-
ergy sector to be regarded as a necessary technological stage
in the beneficiation of feedstock for germanium production.

The technological scheme for producing germanium from
coal feedstock in China generally includes several sequential
stages: coal mining and preparation, its use for energy gener-
ation, collection of ash and dust, hydrometallurgical leaching
of germanium, production of a germanium dioxide (GeOy)
concentrate, and then production of high-purity metallic
germanium. At the final stages, deep purification and refin-
ing of the metal are applied [4].

It should be noted that an analogous technological
scheme is also possible in non-ferrous and ferrous metallurgy
during converter blowing of copper matte melts or germani-
um-containing pig iron, the air or oxygen flow entrains vola-
tile vapors of GeO monoxide and GeS sulfide, which con-
dense as aerosol particles, forming converter dust enriched in
GeO, GeOg, and GeS. This is followed by the collection and
processing of converter dust according to the technological
scheme described above [5-7].

China is also developing technology for extracting ger-
manium from coal without combustion, using coal-chemistry
methods. The high concentration of germanium in the organ-
ic matter of coal makes it possible to obtain not only germa-
nium but also humic and fulvic acids - valuable feedstock for
fertilizer production and soil reclamation. The alkali extrac-
tion-acid precipitation-chlorination and subsequent distilla-
tion method is regarded as a promising environmentally
friendly approach to producing germanium from coal [8].

The Chinese model is based on the integration of the
coal-mining, energy, and metallurgical industries. Within this
system, coal is used for its main purpose - generating heat
and electricity, as well as producing coke for metallurgical
needs. The ash, sludge, and dust generated in the process are
regarded as an additional source of valuable components.
This achieves a dual economic effect: the main energy and
metallurgical production processes are combined with the
extraction of strategic metals.

Chinese experience is particularly significant from the
standpoint of forming a comprehensive state policy in the
field of critical materials. The development of germanium
production was carried out not as a separate metallurgical
project, but as an element of the national strategy for ensur-
ing the country’s technological independence in microelec-
tronics, photonics, and high-tech engineering. As a result,
China has formed a complete production cycle from raw
material to high-value-added products becoming the largest
participant in the global germanium market.
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For Kazakhstan, China’s experience is of particular inter-
est. First, both countries possess substantial coal reserves and
a developed coal-fired power industry. Second, Kazakhstan
has accumulated significant volumes of ash-and-slag waste
potentially containing germanium and other rare elements.
Third, the existing energy infrastructure creates prerequisites
for forming a similar resource model combining energy pro-
duction with the extraction of strategic metals.

Thus, China’s experience demonstrates the fundamental
possibility of creating an independent model for developing a
germanium industry, based on the use of national advantages
in coal mining and the energy sector.

2.3. Prospects for germanium production from coal in
Kazakhstan

Kazakhstan possesses one of the largest coal bases in
Central Asia, represented by deposits of various geological-
industrial types and characterized by substantial reserves and
significant resource potential. Traditionally, the country’s
coal resources have been regarded as a source of energy
feedstock. At the same time, the modern concept of integrat-
ed use of mineral resources assumes a transition from a sin-
gle-component model of resource development to the extrac-
tion of associated valuable components, including rare and
trace elements.

As a rule, trace elements are associated with the organic
matter of coal (in a sorbed state, in the form of salts of
organic acids or complex compounds), and less often with
mineral components (their own minerals). Germanium,
tungsten, beryllium, vanadium, and lithium are always
associated with the organic part of coal, while lead, zinc,
and scandium are associated with the mineral part. The
organic part, acting as a reducing agent and sorbent (humic
and fulvic acids), ensures the accumulation (sorption) of
trace elements during coal formation from surrounding
hydrothermal and aqueous solutions [9].

From a geochemical standpoint, brown coals (lignites)
with a high organic-matter content and the presence of chem-
ically active functional groups are the most promising for
germanium accumulation. That is, elevated concentrations of
germanium, lithium, and other rare metals are characteristic
specifically of brown coals [10].

At the same time, bituminous (hard) coals generally do
not exhibit high contents of rare elements. As the degree of
coal metamorphism increases, the structure of organic matter
changes, its sorption capacity decreases, and, as a rule, the
concentration of a number of rare elements decreases as well.

Table 3 summarizes the coal deposits of Kazakhstan that
are currently under development or prepared for industrial
development. As shown in Table 3, these coals contain a
broad range of rare elements and non-ferrous metals, typical-
ly at concentrations of up to 0.1-0.2%.

Analysis of the data presented shows that the highest po-
tential for forming a coal-based source of germanium is as-
sociated primarily with the brown-coal (lignite) basins of
Kazakhstan — the Turgai and Zhilanshik basins. For individ-
ual deposits in these basins, elevated concentrations of ger-
manium, lithium, titanium, tungsten, rare-earth elements, and
other strategically important components have been estab-
lished. In terms of germanium content, some of these depos-
its are comparable to the well-known germanium-coal depos-
its of China (Table 2) and Russia.
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Table 3. Coal deposits of Kazakhstan [11-19]

Basin / deposit Formation (svita) Reserves  Coal type Ge content, Germanlur_n reserve e?“"?ate /
glt geochemical specialization
Developed
Tentek Fm. n/d Y, Sc, Ge, Hg
Dolinskaya Fm. 20-40 REE, Mo, Ge, Hg
Nadkaragandinskaya Fm. n/d REE, Mo, Hg
Karaganda Karagandinskaya Fm. 43.1bnt Bituminous n/d REE, Mo, Hg
Ashlyarikskaya Fm. n/d Sc, Hg
Dubovskaya Fm. n/d Ga, REE, Sc, Be
Mikhailovskaya Fm. n/d REE, Sc
Ekibastuz Nadkaragandlnska_ya, Karagandin- 9.7bnt Bituminous Absent REE, Al, Ti, Zr, Sc, Ba, Hg
skaya, Ashlyarikskaya Fms.
. R REE, U, Y, Sc, Nd, Gd, Ti, Li, Be,
Shubarkol deposit - 2.3bnt Bituminous 7 Cu, U, Zn. Ni. Co, Ga. W
. Lignite /
Alakol deposit - 47mnt oY 10-30 Ge-80t, Sc—180t, REE
Bituminous
Prepared for industrial development
Turgai basin. Deposits: Kushmurun, Duzbay Karagan. Kushmurun
Eginsai, Priozernoye, Cherni- Y, gan, ! 61.9bnt  Lignite 500-10000 Ti (1.5-1.7%), Ge, REE, Li, Ag
Chernigov Fms.
govskoye, Orlovskoye, Kyzyltal
Zhilanshik Chiliktin Fm. 145bnt  Lignite 100-1000 Ge, Re, REE, Au, Mo

At the same time, the degree of study of the Turgai
brown-coal basin in terms of germanium distribution, its
forms of occurrence, and the possibility of industrial extrac-
tion remains insufficient. Industrial development requires
additional geochemical studies, including determination of
the spatial distribution of germanium, its mineral forms of
occurrence, and the technological properties of the coal feed-
stock [1].

At the current stage, individual bituminous-coal deposits
already under development - Dolinskoye, Shubarkol, Alakol
— are of interest for germanium extraction as a by-product of
energy use. The coal from these deposits is currently used
both for power generation and for producing coke for metal-
lurgical needs.

During coal combustion, germanium is redistributed
among the combustion products, with the element’s concen-
tration in fly ash, dust, and fine fractions increasing 10-15
times compared with the original coal — up to 70-100 g/t.
This creates prerequisites for forming a technogenic source
of germanium based on coal-fired power facilities.

Technogenic waste from metallurgical enterprises, in
which germanium can concentrate during the processing of the
corresponding feedstock, is also of interest. During converter
blowing of copper matte melts or germanium-containing pig
iron, volatile vapors of GeO monoxide and GeS sulfide con-
dense as aerosol particles. The high concentration of GeO,
GeO,, and GeS makes it possible to regard converter dust as
valuable feedstock for obtaining germanium.

In this connection, technogenic waste from the Karmet
and Kazakhmys enterprises can potentially be considered as
sources of germanium, provided that specialized processing
technologies are developed. The collection of fly-ash dust is
particularly significant when processing germanium-
ferruginous ores, such as those at the Western Karazhal and
Taldysay deposits in the Atasu ore district. A Ge content in
the ore of 8-27 g/t makes it possible to obtain high germani-
um concentrations in the collected fly ash.

Thus, the prospects for germanium production from Ka-
zakhstan’s coal feedstock are associated not only with the
development of promising coal deposits, but also with the
formation of a comprehensive technological system, includ-
ing the mining and processing of germanium-bearing coals
from operating deposits, the use of dust and ash-and-slag
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waste from the energy sector, and the involvement of metal-
lurgical technogenic resources.

Creating such a coal-based germanium production circuit
will make it possible to form an additional raw-material base
for producing high-purity metallic germanium and to ensure
the development of a new direction in the field of critical
materials in Kazakhstan.

3. Concept of the technological chain for germanium
production from coal feedstock in Kazakhstan

3.1. Key stages of the proposed technological chain

Unlike the traditional production of germanium from zinc
concentrates, the coal-based direction is based on the use of
technogenic waste generated during the thermal processing
of coal. A key element of the model is the transfer of ash-
and-slag waste and fly-ash dust from the category of indus-
trial waste to the category of secondary mineral feedstock. A
potential technological chain for germanium production from
Kazakhstan’s coal feedstock can be represented as follows.

The proposed technological chain begins with the identi-
fication and development of a germanium-bearing coal de-
posit, followed by coal mining and preparation. The prepared
coal is then used for energy generation or metallurgical pur-
poses, resulting in the formation of ash, fly-ash dust, and
other processing products in which germanium can become
concentrated. These germanium-enriched materials are sub-
sequently subjected to hydrometallurgical extraction and
purification to produce a germanium dioxide (GeO2) concen-
trate. At the final stage, the obtained GeO; is reduced and
refined to produce high-purity metallic germanium.

At the first stage, a geochemical assessment of the coal
feedstock is important, along with identification of areas with
elevated concentrations of germanium and other rare ele-
ments. For Kazakhstan, this stage is particularly important,
since a number of promising brown-coal sites — primarily in
the Turgai and Zhilanshik basins — require further study in
terms of germanium distribution, forms of occurrence, and
industrial recoverability.

The next important stage is the organization of separate
collection of coal-processing products. Chinese practice
shows that the efficiency of germanium extraction increases
substantially when separate streams of ash, fly-ash dust, and
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other fine-dispersed products where rare elements concen-
trate are separated. In this connection, modernization of gas-
cleaning systems and accounting for ash-and-slag materials
is one of the key conditions for creating a coal-based germa-
nium production circuit.

At the metallurgical processing stage, known hydrometal-
lurgical methods of germanium extraction can be used, in-
cluding leaching, solution purification, obtaining a GeO:
concentrate, and subsequent reduction to high-purity metallic
germanium. The choice of a specific technological scheme
should be determined by the composition of the initial feed-
stock and associated components.

A distinctive feature of Kazakhstan is the possibility of
forming an integrated processing model in which germanium
can be extracted together with other valuable components of
the coal feedstock — lithium, scandium, rhenium, and other
rare-earth and rare elements.

Thus, the prospective model for germanium production
from Kazakhstan’s coal feedstock should be regarded not as
a separate metallurgical process, but as an element of a com-
prehensive system for using coal resources. Its implementa-
tion will make it possible to transform coal deposits and
accumulated technogenic waste into a source of strategic
materials for high-tech industries.

3.2. Main directions of further research and technological
challenges

One of the key aspects of further research is a detailed
geochemical characterization of Kazakhstan’s coal basins in
order to identify zones of elevated germanium concentration.
Systematic studies are needed to determine the Ge content in
coals of various stages of metamorphism, as well as to estab-
lish its relationship with the organic and mineral components
of the coal matter.

A second important direction is the study of germanium
distribution during the thermal processing of coal. Particu-
lar attention should be paid to the distribution of the ele-
ment among fly ash, slag, and gas emissions, as well as to
the mechanisms of its concentration in fine-dispersed frac-
tions. This data is key to developing effective industrial
extraction schemes.

A third direction is the development and adaptation of
hydrometallurgical technologies for extracting germanium
from ash, fly-ash dust, and other technogenic products. In
particular, optimization is required of leaching processes,
solution purification, selective extraction, and production of
germanium dioxide (GeO,), as well as subsequent reduction
to high-purity metallic form.

Special attention should be given to creating an experi-
mental and pilot-industrial base for testing germanium ex-
traction technologies under Kazakhstan’s conditions. Such
facilities will make it possible to assess the technological and
economic efficiency of processing specific types of coal and
technogenic feedstock, as well as to determine optimal pa-
rameters for industrial implementation.

Among the systemic challenges is also the need to form a
regulatory and institutional framework for the transition from
treating ash-and-slag waste as industrial waste to regarding it
as secondary mineral feedstock. This implies changes in
approaches to accounting, storage, and processing of techno-
genic materials.

Finally, an important direction is the development of a
comprehensive economic model for germanium production,
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considering the multicomponent nature of the feedstock, the
high degree of product processing, and dependence on world
prices for critical metals. Such a model should serve as a
basis for investment decision-making and for shaping state
policy in the field of critical materials.

Thus, further development of this direction requires the
synergy of geological, technological, economic, and institu-
tional research aimed at forming a new high-tech germanium
production industry in Kazakhstan.

4, Conclusions

The review confirms that Kazakhstan has substantial po-
tential to develop a national germanium industry based on
two complementary raw-material sources: the traditional
zinc-metallurgical route and the emerging coal-based route.
The greatest prospects for the latter are associated with the
Turgai and Zhilanshik lignite basins, as well as several oper-
ating bituminous-coal deposits, including Dolinskoye, Shu-
barkol, and Alakol. In addition, metallurgical and energy-
sector waste generated by major industrial enterprises may
represent an important secondary source of germanium.
Together, these resources create the basis for establishing an
integrated and potentially export-oriented production chain
for high-purity metallic germanium.

The practical implementation of this potential requires a
coordinated program of geological, technological, and institu-
tional development. Priority should be given to detailed geo-
chemical characterization of germanium-bearing coals, as-
sessment of germanium distribution in ash, fly ash, and metal-
lurgical dust, and adaptation of effective hydrometallurgical
recovery technologies to Kazakhstan’s feedstock characteris-
tics. Equally important is the development of pilot-scale pro-
cessing facilities and a regulatory framework that recognizes
ash-and-slag materials and other technogenic products as
secondary mineral resources. Such measures would enable
Kazakhstan to diversify its critical-materials base, increase
the added value of domestic mineral resources, and strengthen
its position in the global germanium supply chain.
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Anparma. ['epmanuii (Ge) — sxapThUIail ©TKI3MIIITEp OHIIPICIH, ONTOAEKTPOHUKAHBI, FAPBILITHIK TEXHOIOTUSIIAPIbI, UH-
(paKbI3bUT ONTHKAHBI YKOHE KOPFAHBIC JKYHENIepiH Koca aJFaH/a, KOFaphl TEXHOJOTHSUIBIK calaiapibl AaMBITY YIIiH aca
MaHBI3/[bl MaTepHAIAP TOOBIHA XKATaThIH CUPEK MIAMIBIPaHb! dyeMeHT. OChl HIoNTy1a TePMaHui OHAIPYAIH JIEMIIK MOJIEIb-
Jiepi, COHBIH IIIiHJE MBIPBIII KOHIEHTpAaTTapblHaH JIocTYpii Typae Oeinm anmy »oHe Kpitaiiga kemip HerisiHieri OarbITTHIH
JaMybl KapacThIpbliraH; KazakcTaHHBIH NEpCIeKTUBAIIBI KoMip OaccelHaepinie repMaHniiliH )KUHAKTay TeOXUMUSCHI Tall-
JTaHBIM, KOMip IINKi3aThl MEH OHBI SHEPTeTHKA JKOHE METAJUTypTHs OHEPKICiOiHIe OHACY HOTIKECIHE TY3UIETIH TEXHOTEHAIK
eHimep HeriziHne KazakcTanma »orapbl Ta3anbIKTaFsl TepMaHUl OHIIPICIH KYpY MepCIeKTUBAIAphl OarananraH. Kasakcranma
repMaHui OHAIPYIIH €Ki Ke3li — MBIPHIII METAJUTYPTHACH MEH TepPMaHHUIlIl KeMipiep/i - YIITaCThIpyFa HETi3/eNreH jKaHa
MOJIETIiH KaJbITITACTRIPY/IBIH aJIFBIIAPTTAPhI, COHNaN-aK Topraii skoHe JKbIIaHIIbIK OacceHIepiH Koca ajFaH/a, KOHBIP KeMip
(yiurHUT) GacceHHAEPiHIH eneymi oneyeTi kepceTinreH. Kemip mmKi3aTblHaH TepMaHWH KOHIIEHTPATTApBIH aily, TepPMaHUHA
nrokcuiH (GeO:2) eHIipy KoHE JKOFaphl Ta3albIKTaFbl METAJUI TepMaHni aly >KOHIH/IeT] TEXHOJIOTHSIIBIK MO/IENb YChIHBUIFaH.
Byt Tacin skcnopTka OaraapiaHFaH KPUTHKAIBIK MAaTepHAIIIAP WHIYCTPHUSCHIH IaMBITY YILIIH HETi3 PETiHAE YChIHBUIAIbL.
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Aunnoramusi. lepmannit (Ge) — penkuil paccestHHbIN IIEMEHT, OTHOCSIIUICS K TPYIITIe MaTepHAIOB, KPUTHIECKHA BAKHBIX
JUISL Pa3BUTHS BBICOKOTEXHOJIOTHYHBIX OTPACIICH MPOMBIIUIEHHOCTH, BKJIFOYAsl MPOMU3BOJACTBO IHOIYNIPOBOAHUKOB, ONTOIJIEK-
TPOHHKY, KOCMHUYECKHE TEXHOIOTHH, NH(PPAKPACHYIO ONTHUKY X 00OPOHHBIE CHCTEMBI. B TaHHOM 0030pe pacCMOTPEHBI MUPO-
BBIC MOJIENIM MIPOM3BOJICTBA TEPMAHUs, BKIIOYAs TPAJUINOHHOE U3BJICUCHIE U3 IIMHKOBBIX KOHIIEHTPATOB M PA3BUTHE YTOJIb-
HOT'O HaIlpaBJICHUS B KI/ITae; IpoaHaJIM3UpOBaHa I'COXUMUA HAKOIIJICHHUA T€pMaHUA B NEPCHIECKTUBHBIX YT'OJBHBIX 6acce171Hax
KazaxcTtana u OLICHCHBI NEPCIICKTUBLI CO3JaHUA B Kazaxcrane IIPpOU3BOACTBA T€PMaHUA BBICOKOH YHCTOTHI HA OCHOBE yrojb-
HOTO CBHIPbSl U TEXHOTEHHBIX NMPOIYKTOB €ro NepepadoTKU B 3HEPTeTUIECKON U METaJLTyprUuecKoi npomselnuieHHOCTH. IToka-
3aHbI MPEANOCHUIKU 11 (opMmupoBanus B KazaxcraHe HOBOW MOJEIM MPOU3BOJICTBA T'EPMAaHUs, OCHOBAHHON Ha COYCTAHUHU
JIByX MCTOYHHKOB — IIMHKOBOW METAJUTypI'MH U T€pPMaHHCHOCHBIX yTJeH, a TakKe 3HAUUTEIbHBIM MOTEHIMaI OypOyrobHBIX
(urHuTOBBIX) OaccelHOB, Bkmodas Typraiickuil u Xeimanmmxkckuit 6acceitnsl. [lpemioskeHa TexHOIOrHUecKas MOJENb MO-
JTy9eHHs TepPMaHMEBBIX KOHIIEHTPATOB M3 YTOJBHOTO CHIPhs, Mpou3BozAcTBa Auokcuaa repmanns (GeOz) M BBICOKOUHCTOTO
METUTMIECKOTO repMaHus. JJaHHBIA ITOIXO0/ MpEeasaracTcsl B Ka4eCTBE OCHOBBI JJISI Pa3BUTHS 3KCIOPTHO-OPHEHTHPOBAHHON
OTpPACII KPUTHIECKUX MaTCPHAIOB.
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Abstract. In the conditions of a growing water scarcity, comprehensive state monitoring of irrigated lands is of particular
importance. The study is based on data from the Ministry of Agriculture of the Republic of Kazakhstan and the South Kazakh-
stan Hydrogeological and Meliorative Expedition. The aim of the work is to assess the current state of the land in the Turkistan
Region, analyze the dynamics of groundwater levels and mineralization, and identify the causes of soil degradation. The moni-
toring covers an area of over 550 thousand ha and includes the systematization of data from laboratory studies and hydrogeo-
logical observations. The results of the work substantiate recommendations for the restoration of drainage systems and the
optimization of water use. The conclusions formed contribute to the sustainable development of the agrarian sector and the
enhancement of the region’s food security in the conditions of climate change.
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1. Introduction

Modern climate change, growing anthropogenic load, and
increasing demand for water resources significantly compli-
cate the tasks of sustainable management of water systems
and the ensuring of food security. Of particular importance is
the efficient utilization of water resources in regions with
arid and sharply continental climatic Conditions, where the
sustainability of agricultural Production directly depends on
the state of irrigation systems, the groundwater regime, and
the meliorative state of lands [1, 2].

Changes in the temperature regime, an increase in the
frequency of extreme hydrometeorological events, and the
uneven Distribution of atmospheric precipitation have a
significant impact on the formation of the water balance of
the territories. This leads to the deterioration of water quality,
increased groundwater mineralization, intensified soil salini-
zation, and degradation of agricultural land [3, 4]. Under
limited freshwater resources, a special role is played by the
rational use of surface and groundwater sources, as well as
by the improvement of water regulation and conservation
systems [5].

The Turkistan Region belongs to regions with a high de-
pendence of agriculture on artificial irrigation. Here, natural
Conditions, including a hot climate, an unstable precipitation
regime, and significant evaporation, necessitate continuous
Control over the state of irrigated lands [6]. Disruption of the
water regime, insufficient drainage efficiency and high min-

© 2026. A.Zh. Ismagulova, V.M. Mirlas, N.A. Burshukov

ismagulovaaidal01@gmail.com; vladimirmster@gmail.com; nurbek.burshukov@gmail.com

eralization of irrigation water can lead to secondary saliniza-
tion, reduced land productivity and deterioration of the eco-
logical state of agrolandscapes [7, 8].

In this regard, comprehensive monitoring of the meliora-
tive state of irrigated lands, including hydrogeological obser-
vations, water quality analysis, assessment of soil saliniza-
tion, and the efficiency of drainage and irrigation systems, is
of particular relevance [9, 10]. The obtained data make it
possible to identify negative trends, forecast changes in natu-
ral and meliorative Conditions, and develop scientifically
grounded recommendations for the rational utilization of
water and land resources [11].

Particular attention should also be paid to infiltration and
colmatation processes, as they directly influence water
movement in the soil profile, groundwater recharge, and the
overall efficiency of drainage systems [12]. At the same
time, the suitability of water for irrigation should be assessed
according to established water quality criteria and indicators,
including mineralization and other parameters that may af-
fect soil properties and crop productivity [13].

The purpose of this study is to comprehensively assess
the natural, hydrological, and water management conditions
of irrigated areas in the Turkistan Region, and to analyze the
factors affecting their meliorative state. Special Attention is
paid to the study of the water and salt regimes of soils, the
dynamics of groundwater levels and mineralization, the effi-
ciency of irrigation and drainage systems, and the identifica-
tion of the causes of agricultural land degradation.

Engineering Journal of Satbayev University. elSSN 2959-2348. Published by Satbayev University
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The research results aim to provide practical recommen-
dations to improve the condition of irrigated lands, increase
water-use efficiency, and ensure the ecological sustainability
of the region’s agricultural area.

2. Materials and methods

The methodological research complex is based on the in-
tegration of field hydrogeological surveys, precision labora-
tory analyses, and mathematical modeling methods of filtra-
tion processes. The object of the study is the irrigated arrays
of the Turkistan Region with a total area of 551.4 thousand
ha, characterized by complex natural and meliorative condi-
tions of the arid zone. The study relies on a representative
sample of state monitoring data for the 2021-2022 cycle,
which enables a high degree of reliability in assessing the
correlations between climatic factors and the dynamics of the
water-salt balance [14, 15].

The basis for collecting primary data was the baseline
state observation network, including 1,396 monitoring wells.
The well was designed to intercept the main exploited hori-
zons: mid-Quaternary alluvial-proluvial deposits and deeper
Upper Pliocene and Upper Cretaceous aquifer systems. The
methodology for field measurements of groundwater levels
(GWL) was strictly regulated by the observation schedule.
Measurements were carried out three times a Month, totaling
23855 instrumental Settlements during the reporting period.

Hydrogeological electrical level meters (EU type) and
steel plummets with anti-corrosion coating, calibrated with
an accuracy of up to £0.01 m, were used to record the level.
Before each measurement cycle, a control check of wellhead
tightness and a cleaning of the filter space were carried out to
eliminate errors associated with clogging. The depth of GWL
occurrence was recorded relative to the wellhead with subse-
quent Settlement into absolute elevations to construct hydro-
isohypse maps.

The analysis of the natural and climatic impact on the
meliorative state of lands was carried out using data from 12
meteorological stations of RSE «Kazhydromet». The meth-
odology included the calculation of Selyaninov’s hydrother-
mal coefficient (HTC), which makes it possible to assess the
degree of aridity of each specific irrigation array:

_xp

C0LXT @)

where XP is the sum of precipitation for the period with
temperatures above +10°C; XT is the sum of active temper-
atures.

The use of this indicator made it possible to differentiate
the region’s territory into zones of critical (Kyzylkum,
Zhetysai) and moderate water deficit. To verify the evapo-

ration data, the Lichev-Lebedev method, adapted to the
conditions of Southern Kazakhstan, was applied.

To substantiate the possibility of using groundwater from
the Bugunskoye, Suzakskoye, and Michurinskoye Fields as
alternative irrigation sources, pumping test data were inter-
preted. The Settlement of transmissivity (km) and storativity
(a) coefficients was performed based on the results of tracking
the recovery of the level in wells after the cessation of pump-
ing using the Hantush-Jacob method. For the conditions of
confined horizons of Upper Pliocene deposits («Darmina»
site), the calculation was made using the formula:

0.183Q, 2.25at

km r2

S:

g 3)

where S is the drawdown of the level; Q is the well dis-
charge; t is the time from the start of pumping. The obtained
parameters (transmissivity up to 2.617 m?/day) served as
input data for numerical modeling of water intake operations
over a final period of 10000 days.

Monitoring of the soil salt regime was conducted on 16
key plots, covering a total area of 20000 ha. Soil sampling
was carried out layer-by-layer (0-20, 20-50, 50-100, 100-
150, 150-200 cm) using the soil profile and drilling method.
In total, 11045 samples processed at SKHME’s accredited
laboratory were analyzed.

The chemical-analytical block included:

1. Preparation of aqueous extract (1:5). Determination of
dry residue and total mineralization by the gravimetric method.

2. Titrimetric analysis. Determination of chloride ion
content (CI) by the Argentometric method and sulfate ion
(SOi‘) by barium precipitation.

3. Flame photometry. Determination of sodium (Na*) and
potassium (K*) cations on PFA-378 type instruments.

4. Toxicity assessment. Settlement of the sum of toxic
salts using the Bazilevich-Pankova formula, which made it
possible to classify soils by the degree of salinization (from
non-saline to takyrs).

To assess the quality of irrigation waters of the fields, the
SAR (Sodium Adsorption Ratio) classification was applied,
which was calculated as:

Na*

SAR =
Jos(ca®t + Mg2*)

(4)

This indicator, together with Stepanov’s irrigation coeffi-
cient, enabled assessment of the risk of secondary sodicity
when using mineralized groundwater (up to 2.5-3.0 g/L). The
technical characteristics of the monitoring network and the
scope of the research performed in 2021-2022 are summa-
rized in Table 1.

Table 1. Technical characteristics of the monitoring network and scope of performed research (2021-2022)

Monitoring object Quantitative indicator

Observation wells 1396
Hydroposts on canals 48

Key plots

(salt survey) 16 (20000 ha)
Meteorological stations 12
Laboratory analyses, water 11045
samples (soil, water) samples

Control method Observation schedule

Electrical level meters

GRM-21 M current meters,

Drilling (0-200 cm) core samplers

Automatic complexes

Tritrimetry, flame photometry
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EU-50 plummet 3 times a month (ten-day)

GR-31 rods. Daily during the growing season

Before and after the irrigation
period

(Kazhydromet) Continuously

According to GOST 26423-85
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Spatial interpolation of GWL and mineralization data was
performed in ArcGIS 10.8 using the Geostatistical Analyst
module. The use of the ordinary kriging method enabled the
construction of prognostic maps of the meliorative state with
minimal standard error. Statistical processing of the entire
data array was carried out using Student’s t-test to assess the
significance of differences between the indicators of 2021
and 2022, as well as regression analysis to identify the rela-
tionship between the volume of water supply and the rate of
rise of the groundwater table. The hydrogeological parame-
ters of the exploited aquifer systems are presented in Table 2.

Table 2. Hydrogeological parameters of the investigated aqui-
fer systems

Aduifer Formation = Transmis- Storativit
Field (site) d thickness,  sivity km), vity
system (a), m?/day
m m/day
Bugunskoye Qi ) N s
(Timursky) Alluvium 40-65 1730-2411 2.6-10
Suzak R2-K> 1.5-10°-
(Northern) Melpogen 80-120 116-2617 2.510°
N Qivmodern 10
Michurinskoye ‘Alluvium 15-30 208-1514 1.8-10
Darmina N2UPDEr — gh99 450800  2.2-10°
Pliocene

The parameters indicate considerable variability in the
filtration properties and storage capacity of the investigated
aquifer systems, reflecting differences in their geological and
hydrogeological conditions. The identified differences in
transmissivity and storativity demonstrate the heterogeneous
hydrogeological properties of the investigated aquifers and
should be considered when assessing their potential for irri-
gation water supply.

3. Results and discussion

3.1. Factors affecting the meliorative state

The natural and climatic potential of the Turkistan Re-
gion is a decisive factor in the intensity of soil formation
processes. The relief of the region, characterized by the tran-
sition from the desert plains of Betpak-Dala (in the north) to
the high-mountain systems of the Tien Shan (Sayram Peak,
4299 m), creates a complex hydrodynamic situation.

According to weather monitoring data for 2021-2022, the
region’s climate remains sharply continental, with a pro-
nounced moisture deficit during the growing season. The
average July temperature (28.4°C) and extreme maximums
up to +45.0°C (at the Kyzylkum station) cause high evapora-
tion rates that significantly exceed precipitation.

Precipitation analysis showed that its distribution is high-
ly uneven, with up to 89% of the annual norm falling in the
autumn-winter period. A critically low level of precipitation
in August (0.4 mm), combined with anomalous heat and high
evaporation, forms the «evaporative» type of soil water re-
gime. Under such conditions, in the absence of adequate
drainage, mineralized groundwater is drawn to the surface,
contributing to salt accumulation and secondary salinization
over an area of 7.4 thousand ha.

At the end of 2022, the total area of the irrigated land in
the region was 551.4 thousand ha. A comparative analysis of
the land-use structure revealed a critical problem - excessive
fragmentation of plots. The presence of 99593 economic
entities with an average allotment size of only 4.9 ha creates
insurmountable barriers to systemic land reclamation.

26

The groundwater monitoring results revealed substantial
spatial variations in mineralization and chemical composition
across the districts of the Turkistan Region, as summarized
in Table 3.

Table 3. Characteristics of mineralization and chemical
composition of groundwater in the Turkistan Region (max/min
indicators for 2022)

No Districts Sampling Samp_ling SaIinityz, Chemi_cgil
time location mg/dm composition
1 Otyrar | 18.09.22 No 58 Temir 57500 S0O?% Cl Na+K
2 Otyrar 18.09.22 No 31 Otyrar 1000 = SO?% HCOs;Na+K
3 Sauran | 01.09.22 No 2007 Ushkayyk 80870 S0O?% Cl Na+K
4 Sauran | 02.09.22 No 415 Ushkayyk 200 SO?% HCOsCa+
5  Shardara = 16.09.22 No 6 Kosseit 3940 | SO?% HCOzNa+K
6 Shardara = 16.09.22 No 18 Sutkent 540 | SO?% HCOsNa+K
7  Kazygurt 30.08.22 No 45 Kyzylkyya = 5100 S0O24 Cl Ca+
8  Kazygurt 31.08.22 No 45 Kakpak 330 S0% HCO; Mg+
9 Saryagash 01.09.22 No 114 Saryagash = 7190 S0% HCO;Ca+
10 Saryagash  02.09.22 | No 105 Kyzylzhar ~ 170 S0O?% HCOsCa+
11 Ordabasy = 13.09.22 No 6 Bugen 25000 SO?% Cl Na+K
12 Ordabasy = 12.09.22 = No 170 Tortkol 160 HCO, SO% Mg+
13 Maktaaral | 12.09.22 | No 42 Nurlybayev =~ 9780 CISO?% Mg+
14 Maktaaral 10.09.22 | No 097 Dostyk 830 S0O?% HCO,Ca+
15 Zhetysai = 10.09.22 ' No. 137 Atameken 9910 CISO%Na+K
16 Zhetysai = 11.09.22 = Nos. 226 Kyzyrsu =~ 850 S0% HCO;Ca+

Small-scale Production in the Sairam and Saryagash dis-
tricts (1.2-2.0 ha) makes it impossible to introduce modern
agricultural technologies and observe crop rotations. This
leads to the degradation of on-farm distribution canals and
disruption of design irrigation regimes.

Out of the total area of 551.4 thousand ha, only 489.6
thousand ha were actually used. A detailed analysis of the
causes of idleness on 61.8 thousand ha (11.2% of the total
fund) highlights key destabilizing factors.

Special Attention is deserved by the situation in the Arys
region, where 14.863 ha are idle. Here, the highest percent-
age of land withdrawal due to a combination of salinization
and water scarcity has been recorded. At the same time, the
Maktaaral and Zhetysai districts demonstrate intensive land
use (over 99% involvement), which, against the backdrop of
cotton monoculture (40.4-49.5 thousand ha), poses a threat of
long-term depletion of land reclamation.

The hydrological network of the region (Syrdarya, Arys,
Keles rivers) and reservoirs (Shardara, Bogen) provide a
baseline resource for irrigation. However, the high degree of
deterioration of the collector-drainage network (CDN), re-
duces the overall efficiency of water use.

The presence of 3.1 thousand ha of land with a critically
high groundwater table indicates low performance of vertical
and horizontal drainage. Under the temperature conditions of
2022 (average Tyear = 14.2°C), a groundwater table depth of
above 2.5m is critical. Capillary rise of mineralized solu-
tions in such zones occurs continuously, which is confirmed
by salinization data in the Zhetysai massif.

Comparison of the obtained data with the monitoring re-
sults of previous years shows that the region is in a state of
«hydrological stress». The increase in the area of used land
in Zhetysai (from 82917 to 82978 ha) while maintaining
irrigation water shortages in other massifs indicates the need
to review water use limits. The technological factor is re-
flected in the fact that 58% of the lands (36 thousand ha) are
not used for «various reasons», which in technical terms
means the destruction of on-farm networks. This requires not
only reclamation, but also civil engineering investments.
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Biological land reclamation is also important, as the dom-
inance of cotton (125.8 thousand ha) should be reduced by
increasing the share of alfalfa and grain crops. Perennial
grasses in the Kazygurt district (11.2 thousand ha of crops)
have already proven their effectiveness as natural drainage.

Water sovereignty is another important aspect. Considering
the transboundary nature of the Syrdarya River, the develop-
ment of artesian irrigation from the Bugun and Suzak fields is
a strategic task to compensate for precipitation deficits.

3.2. Technical condition of the collector-drainage net-
work (CDN) and its impact on the salt regime

The efficiency of land reclamation in the Turkistan Re-
gion is directly limited by the condition of the drainage infra-
structure. The total length of the region’s CDN is 5941.34
km, but a significant part of the network is in unsatisfactory
condition due to long-term operation (over 40-50 years) and
violation of maintenance regulations.

As shown in Figures 1 and 2, open thereby raising collec-
tors are subject to intensive siltation and overgrown with
macrophytes (reeds). This reduces their hydraulic efficiency,
turning drainage canals into «evaporators», which leads to a
rise in the groundwater table in adjacent fields.

Figure 1. Mechanical cleaning of an overgrown drainage col-
lector using an excavator

Figure 2. Mechanical cleaning and restoration of a drainage
collector

Of the 1655 vertical wells created earlier, a significant
number require major rehabilitation. The period from 1990 to
2002, characterized by a lack of unified Control over hydro-
reclamation systems, led to the loss of the design discharge
operating mode. The implementation of the WURMIP-2
projects and the activities of the Saryagash SUE «Turan Su»
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in the Maktaaral, Zhetysai and Shardara districts have al-
lowed for the stabilization of the water-salt balance. Howev-
er, without transferring all rehabilitated systems (including
3.3 km of ownerless networks) into state ownership, the risk
of re-degradation remains high. The mineralization of drain-
age water significantly exceeds that of irrigation water, rang-
ing from 1.5 to 5.0 g/I. Chlorides and sulfates dominate in the
anion composition, while sodium and magnesium dominate in
the cation composition.

The observed chemical composition of drainage water in-
dicates a substantial risk of salt redistribution within irrigated
areas, particularly under conditions of insufficient drainage
and repeated water reuse. Therefore, maintaining the opera-
tional capacity of the collector-drainage network is essential
for regulating groundwater levels, limiting salt accumulation
in the root zone, and preventing further deterioration of the
meliorative state of irrigated lands.

Under the low water availability conditions recorded in
2022, the use of drainage water becomes a necessary measure.
However, high salinity requires precise hydrometric account-
ing using current meters (GR-21M) (as shown in Figures 3 and
4) to prevent secondary soil salinization during re-irrigation.

Figure 3. Zhanaaryk drainage collector affected by siltation
and vegetation overgrowth, Saryagash district

Figure 4. Water discharge into the Eastern “Kazakhstan” col-
lector, Shardara district

Thus, the deterioration of the collector-drainage network
significantly reduces drainage efficiency and contributes to
groundwater rise and secondary soil salinization. Restoration
and regular maintenance of drainage infrastructure, together
with systematic monitoring of drainage-water quantity and
mineralization, are therefore essential for maintaining a sta-
ble water-salt regime in irrigated lands.



A. Ismagulova et al. (2026). Engineering Journal of Satbayev University, 148(4), 24-29

3.3. Water-salt balance as a management tool

Monitoring results indicate that drainage runoff repre-
sents an important component of the water balance in the
Syrdarya, Keles, Arys, and Bogen river basins. At the same
time, its mineralization and chemical composition determine
the potential impact of drainage discharges on the quality of
receiving surface waters.

The deterioration and insufficient maintenance of drain-
age systems since the 1990s have contributed to a rise in the
groundwater table and subsequent accumulation of salts in
the upper soil horizons. These processes have adversely
affected the meliorative state of irrigated lands and increased
the risk of secondary soil salinization.

Restoring the productive use of the currently unused 61.8
thousand ha requires more than an increase in irrigation wa-
ter supply. Rehabilitation of collector-drainage infrastructure,
regulation of groundwater levels, and systematic control of
the water-salt balance are also required to prevent further
land degradation.

The discharge of highly mineralized drainage water into
river channels can deteriorate downstream water quality,
including in the Kyzylorda Region. Therefore, systematic
monitoring of drainage runoff and its mineralization is essen-
tial for sustainable reclamation management and has both
interregional and, within the wider Syrdarya basin, trans-
boundary significance.

4, Conclusions

Monitoring of irrigated lands in the Turkistan Region
during 2021-2022 revealed the principal factors affecting
their meliorative state and identified priority measures for
reducing land degradation and improving water management.

Extremely high summer temperatures, reaching +45.0°C,
together with a severe precipitation deficit during the grow-
ing season, form an evaporative soil-water regime. Under
these conditions, capillary rise of mineralized groundwater
promotes salt accumulation in the upper soil horizons and
contributes to secondary salinization over an area of approx-
imately 7.4 thousand ha.

Considerable spatial variability in groundwater minerali-
zation was established across the region. The highest value
was recorded in the Sauran district, reaching 80,870 mg/dm3.
The predominance of sulfate-chloride water types at highly
mineralized sites substantially limits the suitability of such
groundwater for direct irrigation.

Of the total 551.4 thousand ha of irrigated land, 61.8
thousand ha remain unused. The main limiting factors in-
clude irrigation water shortages, affecting approximately
15.3 thousand ha, and the unsatisfactory technical condition
of the collector-drainage network.

The total length of the drainage network is 5941.34 km.
Siltation, reed overgrowth, and deterioration of open collec-
tors reduce their hydraulic efficiency and contribute to
groundwater rise. The effectiveness of the existing system is
further limited by the poor technical condition of a consider-
able proportion of the 1,655 vertical drainage wells, many of
which were constructed 40-50 years ago.

Drainage waters are characterized by mineralization of
approximately 1.5-5.0g/L and predominantly sulfate-
chloride composition. Their reuse for irrigation therefore
requires systematic monitoring and regulation to reduce the
risk of secondary soil salinization and deterioration of sur-
face-water quality.
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The high fragmentation of agricultural land, with an av-
erage farm size of approximately 4.9 ha, complicates the
implementation of coordinated reclamation measures, reha-
bilitation of irrigation infrastructure, and modern water-
saving technologies.
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TypkicTan aiiMaFbIHAA CyapMaJibl KepJiepaiH MeJHOPATHBTIK
JKarJaiibIH KemeHai 0aKblIay TYPAKThl CYIbl MaigaJaHyIbIH
Heri3i petinjge
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Anparna. Cy pecypCTapbIHBIH TallIbUIBIFBIHBIH apTYhI XKaFaibIHIa CyapMalbl Kepiiep/l KeleH I MeMJICKETTIK OaKbuiay
epekme MaHb3Abl 3eprrey Kasakcran PecmyOsmkackl Aybul ImapyambuibiFel MUHHCTpIiri MeH OHtycrik Kasakcran
THPOTEOJIOTHSIIBIK JKOHE MEJIMOPATUBTIK SKCIEIULUICHIHBIH JepeKTepiHe HerizaenreH. JKyMBICTBIH Makcathl - TypkicTaHn
alfiMaFbIHIAFbl JKepJICPAiH HAKTBl MEIMOPATHBTIK XKaFJalblH Oarayay, jKep acThl CyJIapbIHBIH JCHIeldi MEH TY3IbUIBIFBIHBIH
JIMHAMUKACBIH TaJiJlay KOHE TOIBIPAKTHIH JCrpaJallisChiHbIH ceOenTepid aHbikTay. Monutopuar 550 000 rexrapjaH actam
ayMaKThl KaMTHABI KOHE 3epPTXaHAIBIK JEPEKTEepl jKoHE THIPOTCOJIOTHIIBIK OaKpUIaynapabl Kyieneyai KaMTUIbL. 3epTTey
HOTWOKEJIepl JAPSHAXIBIK JKYHelep i KallblHa KeTIpy JKOHE CyAbl MaiialaHy/lbl OHTAaIaHABIPY OOMBIHIIA YCHIHBICTAP/IBI
HeTi3eyre MYMKIiHAIK Oepemi. 3epTTey HOTIDKeNepi KIMMATTBIH e3repyi JKaFdalblHIA aiMaKTarbl aybUl MIapyallbUIBIFEL
CEKTOPBIHBIH TYPAKTHI IAMYBIHA OHE a3bIK-TYJIIK KayilCi3AiriH apTThIpYyFa bIKIAJ eTel.

Hezizzi co30ep: sicepnepliy Menuopamusmix ica20aiivl, CyapMaibl Heepaep, Cy pecypemapbl, MemaeKemmix MOHUMOPUHe,
2UOPO2e0n02UANLIK DAKLLIAYAAD.

KomiiekCHbI MOHUTOPUHT MEJIMOPATHBHOIO COCTOSTHUSI OPOIIAEMBbIX
3eMeJIb KaK OCHOBA YCTOMYHMBOI0 BOAOIOIb30BAHMS
B TypkecTanckou o001acTu
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AHHoTanus. B ycnoBusax pacrtymiero neuIpTa BOAHBIX PECypcOB 0co0O0e 3HAa4eHHE MPHUOOpeTaeT KOMIUIEKCHBIA ToCy-
JIapCTBEHHBII MOHUTOPHHI' OpOIIAaeMbIX 3eMedb. ViceaenoBanne 6a3npyercst Ha JaHHBIX MUHHCTEPCTBA CEIBCKOTO X03SHCTBA
PK u IOxH0-Ka3zaxcTaHCKOH THIPOTe0Ioro-MennopaTHBHON Fkcenunuy. L{enpio paboTsl sSBiIsSETCS OlEHKa (HaKTHIECKOTO
MEIIOPATHBHOTO COCTOSIHUSI 3eMelb TypKecTaHCKOH 00J1acTH, aHaIN3 AMHAMUKHY YPOBHS 1 MUHEPAIN3allMy TPYHTOBBIX BOJI, a
TaKXKe BBIABICHHWE MPUYMH JeTpajaluy MoYB. MOHUTOPHHT OXBAThIBAET IUIOMIAM CBBIIIE 550 THIC. ra M BKIIOYAET CHCTEMa-
TH3aLUIO JIaHHBIX JIAOOPATOPHBIX MCCIIEAOBAHNI M I'HPOTe0JIOTHYECKUX HaOmoneHnit. Pe3yapraTel paboThl HO3BOMISIOT 000C-
HOBaTh PEKOMEHJAINHU TI0 BOCCTAHOBJICHUIO JPEHAXHBIX CHUCTEM M ONTHMH3AIMH BOIOMNONb30BaHNA. CHOPMHUPOBAHHBIEC BBI-
BO/JIbI CITIOCOOCTBYIOT YCTOHYMBOMY Pa3BUTHIO arpapHOTO CEKTOPa M MOBBILIEHHIO MPOJIOBOJILCTBEHHOW 0€30MaCHOCTH pEeTHOHA
B YCJIOBUSIX KIIMMaTUYECKUX U3MEHEHUM.

Knrwouegvle cnoea: meruopamusnoe cocmosinue 3emeiib, Opouldemvle 3emil, 800OHble Pecypesbl, 20CYO0apCMEEHHbII MOHU-
mopune, eudpoeeonocuieckue Haba00eHus..
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Abstract. This paper presents a rationale for typical artificial groundwater recharge schemes, considering the physical,
geographical, and hydrogeological conditions of large underground reservoirs in Central Kazakhstan. The aim of the paper
is to analyze modern aquifer recharge methods and assess their effectiveness and applicability depending on reservoir char-
acteristics, the availability of water sources, and the region’s water demand. The paper examines various technological
schemes for artificial groundwater recharge and measures to regulate filtration processes, assessing their technical and eco-
nomic feasibility. The obtained results allow for the development of recommendations for the optimal use of the region’s
water resources, ensuring a sustainable water supply, and mitigating the negative impact on natural ecosystems. Further-
more, the paper emphasizes the importance of an integrated approach to water use planning that considers both geological

and socioeconomic factors.
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1. Introduction

Rational use of groundwater is a key factor in ensuring
sustainable water supply and preventing the degradation of
natural ecosystems. Managed aquifer recharge (MAR) is
considered an effective tool for increasing aquifer resources,
regulating filtration processes, and meeting water needs in
arid and semi-arid regions [1, 2].

The effectiveness of MAR is determined by a combina-
tion of physical, geographical, and hydrogeological condi-
tions, including the geomorphological structure of the territo-
ry, the lithological composition of rocks, the filtration prop-
erties of the vadose zone, the groundwater regime, as well as
climatic parameters (precipitation, temperature, evaporation),
and the characteristics of the hydrographic network [3-5].

Managed aquifer recharge (MAR) and aquifer storage
and recovery (ASR) are widely used in various countries
worldwide, including Europe, the United States, Israel, and
Australia [1]. The main applications of this technology in-
clude ensuring water supply in resource-scarce conditions,
creating strategic water reserves, preventing aquifer saliniza-
tion, and improving water resource management [2, 3]. Sur-
face water, including flood runoff, can be used as recharge
sources, which is especially relevant for arid areas [4].

The artificial groundwater recharge method is based on
increasing the water inflow into an exploited aquifer
throughout the year or during individual seasons. This is

achieved through surface water infiltration through special
structures (pools, canals, absorption wells, etc.) or by tempo-
rarily flooding natural depressions.

This method addresses a number of important issues,
primarily in the area of domestic and drinking water supply,
and also contributes to environmental improvements. Artifi-
cial recharge makes it possible to regulate the hydrogeologi-
cal regime during water withdrawal, considering both the
quantity and quality of water at the recharge source.

Furthermore, the accumulation of water in the aquifer and
the presence of infiltration structures make it possible to shut
off the water supply if necessary, for example, if its quality
deteriorates (increased turbidity, contamination, odors, etc.),
thereby reducing the risk of groundwater contamination.

Storing groundwater during periods of high-water levels
increases the reliability of water supply, especially for alluvi-
al horizons, and helps avoid interruptions in water supply
during low-water periods.

Central Kazakhstan is characterized by a distinctly conti-
nental arid climate, complex, low-hill terrain, and a poorly
developed river network (Figure 1). The region’s rivers have
a pronounced seasonal regime, with up to 80-90% of annual
runoff occurring in the spring [6, 7]. Furthermore, the alluvi-
al sediments of river valleys have high filtration capacity,
creating productive conditions for groundwater infiltration
and accumulation [6].
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Figure 1. Hydrogeological map of Central Kazakhstan

The choice of technological schemes for artificial replen-
ishment of groundwater reserves is determined by the pres-
ence and characteristics of aquifers, the availability of re-
plenishment sources, the current and future needs of the
region for water supply, as well as the economic efficiency
of the implemented measures [1, 4, 5].

The use of zoning of the territory according to the condi-
tions of artificial replenishment of groundwater reserves

31

allows us to take into account the spatial heterogeneity of
hydrogeological conditions and justify the choice of the most
effective solutions for groundwater resource management.

The aim of this study is to substantiate large-scale under-
ground water storage systems in Central Kazakhstan by as-
sessing hydrogeological conditions, zoning the territory for
managed aquifer recharge, and selecting appropriate recharge
schemes.
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2. Materials and methods

The territory of Central Kazakhstan is a mountainous and
folded region within which unconfined fissure waters with
shallow circulation are widespread. They are confined to the
fractured zone of volcanogenic-sedimentary complexes of
pre-Paleozoic and Paleozoic rocks [8].

Fracture-karst waters of Devonian-Carboniferous car-
bonate rocks are also widespread, forming numerous
brachyanticline and synclinal structures [8, 9]. Each of such
structure represents a unique groundwater deposit, containing
significant volumes of water resources [2, 3]. Majority of
Central Kazakhstan is epresented by a mountainous, folded
region dominated by shallowly circulating, unconfined fis-
sure waters confined to the open fracture zone of volcano-
genic-sedimentary complexes of pre-Paleozoic and Paleozoic
rocks, including effusive, intrusive, terrigenous-sedimentary,
and metamorphic formations. Good rock exposure facilitates
active water exchange and the formation of fresh, slightly
brackish, and brackish waters.

Fracture-karst waters of Devonian-Carboniferous car-
bonate and terrigenous rocks are also widespread, forming
numerous small brachyanticline, synclinal, and large com-
plex structures. Each of such structure essentially represents
a groundwater deposit with significant reserves, particularly
in the southwestern part of the region — the Zhezkazgan-
Ulutau, Niyaz-Yerementau, and other districts. The high
degree of fracturing and Karstification of carbonate rocks
ensures intensive absorption of precipitation and floodwaters
from rivers and streams; in the Zhezkazgan-Ulutau district,
effective precipitation accounts for up to 60% of winter-
spring runoff. Furthermore, these aquifers can be replenished
by surface water from rivers.

A combination of climatic, topographic, geomorphologi-
cal, and hydrogeological conditions, including the composi-
tion of water-bearing rocks and the presence of large hydro-
geological reservoirs, creates favorable conditions for artifi-
cial groundwater recharge. This creates large underground
reservoirs for multiple purposes: for municipal and industrial
water supply of large population centers, as well as for agri-
cultural needs.

Taking into account the region’s physical and geograph-
ical conditions, including geomorphological, geological,
hydrogeological, climatic (precipitation), and hydrological
(development of the hydrographic network) factors, a zon-
ing of Central Kazakhstan was conducted based on condi-
tions for artificial groundwater recharge. This allows to
determine patterns in the hydrogeological environment and
serves as the basis for a differentiated assessment of the
potential for artificial groundwater recharge. The zoning
methodology is based on taking into account a complex of
natural and artificial factors affecting the effectiveness of
recharge and is used to identify areas with similar or differ-
ent conditions for artificial recharge of groundwater re-
serves. The assessment of natural conditions during zoning
is carried out in order to identify:

1) the recharge object — a natural or artificial collector;

2) recharge sources and methods of preliminary water
treatment;

3) the need for artificial recharge;

4) the economic feasibility of artificial recharge of
groundwater reserves.
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The methodological basis of the study was a comprehen-
sive hydrogeological analysis of the territory, including:

— Analysis of the geological and hydrogeological condi-
tions of the region;

— Study of the lithological composition of water-bearing
rocks;

— Filtration properties of rocks (transmissibility coeffi-
cients within 300-1000 m?/day);

— analysis of the hydrological regime of rivers.

The following criteria were taken into account in the pro-
cess of zoning:

1. Availability of natural reservoirs for groundwater ac-
cumulation (alluvial valleys, fissure-karst structures);

2. Availability of replenishment sources (surface water,
precipitation, flood runoff from the Nura, Kengir, Sarysu,
and other rivers);

3. Water resource requirements;

4. Economic feasibility of artificial groundwater replen-
ishment projects

The geomorphological factor was used as the main classi-
fication feature for zoning, allowing to establishe the rela-
tionship between relief forms, lithological composition of
rocks and groundwater occurrence conditions.

3. Results and discussion

Based on the conducted zoning of Central Kazakhstan
according to the conditions of artificial replenishment of
groundwater reserves, four groups of territories were identi-
fied, characterized by a set of geomorphological, geologi-
cal, hydrogeological and hydrological indicators that de-
termine the possibility of creating various types of under-
ground reservoirs:

1. Large multi-purpose reservoirs — construction is possible:

a) in river valleys with high population density and de-
veloped industry;

b) in areas with developed carbonate aquifers.

2. Medium-sized reservoirs, primarily for agricultural
purposes, located in large buried valleys.

3. Small reservoirs — associated with Paleozoic rocks of
varying ages, intended for pasture irrigation.

4. Unpromising areas — territories unsuitable for the con-
struction of groundwater reservoirs, for example, due to
geomorphological conditions or the absence of aquifers.

A feasibility study was developed for each group of terri-
tories, and a standard technological scheme for artificial
groundwater replenishment was proposed.

This study focuses on the justification and design of
large underground reservoirs, as these facilities provide
strategic water reserves for the integrated water supply of
settlements, industrial facilities, and agricultural needs in
the region. Large reservoirs are considered a key element of
groundwater management, enabling the most efficient use
of flood and surface water, regulating filtration processes,
and increasing the sustainability of water supply in the arid
and semi-arid climate of Central Kazakhstan. Geomorpho-
logical, hydrogeological, and hydrological characteristics of
the territory, as well as the physicochemical properties of
aquifers, are analyzed, enabling the substantiation of opti-
mal technological schemes for groundwater replenishment
and predicting their long-term effectiveness.
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This group of areas includes the valleys of the region’s
largest rivers: the Nura, Sherubay-Nura, Taldy, Zharly,
Kengir, Sarysu, and several other streams. The water-bearing
rocks here are modern and Upper Quaternary alluvial depos-
its, consisting of inequigranular sands, sandy-gravel-pebble
formations with interlayers of clays and loams. The thickness
of the alluvial deposits is typically 15-30 m, but in some
valley sections it can reach 40-50 m.

A characteristic feature of these deposits is the absence of
a consistent aquiclude between the Quaternary formations of
different ages, resulting in the formation of a single under-
ground groundwater flow.

The depth of the groundwater table within the river val-
leys ranges from 1.5 m in floodplain areas to 6-8 m on the
above-floodplain terraces.

The filtration properties of alluvial deposits are character-
ized by high values. Transmissibility coefficients reach 300-
1000 m?/day, indicating the high-water content of these rocks.

Groundwater recharge occurs primarily through the infiltra-
tion of river floodwaters. Spring floods play a decisive role in
shaping the water balance of river valleys. During this period,
up to 80-90% of the annual runoff passes through river systems.

These conditions create favorable conditions for the appli-
cation of artificial groundwater recharge (MAR) technologies.

The most effective technological scheme for this group of
regions is an open artificial groundwater recharge system
using infiltration basins.

Within this scheme, surface water is directed into special
infiltration structures, where it gradually seeps through the
alluvial sediments into the aquifer.

Such systems are widely used worldwide and have prov-
en their effectiveness in arid climates [1]. Large groundwater
reservoirs in Central Kazakhstan are planned primarily in the
valleys of the region’s main rivers: the Nura, Sherubai-Nura,
Taldy, Zharly, Tunduk, Kengir, Sarysu, and others. The
water-bearing rocks are modern and Upper Quaternary allu-
vial deposits-inequigranular sands, sandy-gravel, and pebble
layers interbedded with clays, loams, and sandy loams. The
absence of a consistent impermeable layer forms a single
underground stream with a depth of 1.5-6 m and a water-
bearing rock thickness of 15-30 m; the water capacity varies
from 300 to 1000 m?day. The width of the natural stream is
3-5 km, while large valley widenings reach 10-14 km in
diameter and up to 40 km in length, forming isolated deposits
with high exploitable reserves. Groundwater is primarily
recharged by the filtration of river flood discharges, which
account for 80-90% of annual runoff.

Topographic, geomorphological, and hydrogeological
conditions, including the composition of water-bearing rocks
and the presence of large hydrogeological reservoirs, create
favorable conditions for the development of multi-purpose
reservoirs for municipal, industrial, and agricultural water
supply, including irrigation. For such areas, the use of an
open Type | MAR system with infiltration basins is recom-
mended. The typical design involves gravity-fed surface
water with a settling basin, infiltration basins, and horizontal
water intakes (Figure 2).

In Central Kazakhstan, a promising area is the use of in-
novative technical solutions for groundwater regulation,
which can be integrated into MAR schemes. Below are the
most interesting devices and methods applicable to the re-
gion’s river valleys, including the Nura, Sherubai-Nura,
Taldy, Zharly, Tunduk, Kengir, and Sarysu.
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Figure 2. Scheme of the open gravity-flow MAR system, type I:
a—plan view: 1—river; 2 —river water intake; 3 —settling basin;
4 — pipelines supplying water to the infiltration basins; 5 — infiltration
basins; 6 — horizontal water intakes (drainage pipes); 7 — collection
well with chlorination; 8 — water conduit to the consumer; b — cross-
section: 2 — infiltration basins; 3 — drainage pipes; 4 — aquifer

The groundwater accumulation regulating device (patent
RU 2621359, Figure 3) pertains to water supply systems. It
includes underground water intake wells or boreholes, shut-
off and control pipelines, and a watertight barrage that com-
pletely seals off the aquifer in thickness and width, creating
an underground reservoir.

Figure 3. Device for regulating underground water accumula-
tion

Distinctive features from the prototype include:

—the combined location of the above-ground dam and
underground barrage within the same section;

—the formation of an underground screen between the
piles;

— a water intake well located above the flood level;

— the possibility of mutual water transfer between the un-
derground and above-ground reservoirs;

— reservoir volume control using pipelines;

— minimization of environmental impact.

This combination of features ensures reliable water intake
throughout the year, including low-water periods, with effi-
cient use of the underground and above-ground capacity of
the mountain river valley (RU 2621359).

Device for regulating freshwater reserves (patent
RU 2621268, Figure 4) is used to control underground and
surface runoff in mountain river valleys with periodically
drying up watercourses, increasing the reliability of water
intake and providing the possibility of increasing its volume.
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Figure 4. Device for regulating groundwater reserves

Underflow filtering water intake of combined design (pa-
tent RU 2518634, Figure 5) is designed for rivers with chal-
lenging hydrological conditions. It includes a collection
gallery with a filter intake consisting of a metal grate and two
rows of flexible filter mats laid along and across the channel
flow. This design increases the reliability of the water intake
system and allows it to be used for drinking water supply to
small towns, enterprises, and as a backup supply for large
population centers.
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Figure. 5. Underflow filtering water intake

The high-turbidity water treatment unit (patent RU
2321440, Figure 6) is a floating water treatment plant with
inclined thin-layer modules, a floating filter bed, water col-
lection channels, and a backwash collector. It ensures the
effective removal of suspended solids (up to 5-10 g/l), organ-
ic and mineral impurities, and complete water disinfection
without the need for additional sedimentation facilities.

Figure 6. Device for purifying highly turbid waters

Air pumps are installed within the water intake zone,
periodically pumping air to form a watertight barrage and
an underground reservoir in the upstream pool. As the
groundwater level drops, air supply is resumed to maintain
the required reservoir capacity.
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During the cold season, when groundwater flow accu-
mulates in the unconfined aquifer, a trench is dug in the air
pump area, removing the vegetation layer and snow cover.
This increases the depth of soil freezing and ensures the
reliable operation of the underground reservoir.

Method of regulating groundwater reserves (patent RU
2244785, Figure 7) involves creating an impermeable bar-
rage across the river valley, which partially or completely
blocks the aquifer, reduces groundwater flow beyond the
barrage, and stores groundwater during high-water periods.
During low-water periods, water is released according to
demand. Air pumps are installed within the intake zone to
control the reservoir’s level, and in winter, if necessary,
measures are taken to increase soil freezing to maintain water
storage capacity.

Figure 7. Device for regulating groundwater reserves

The use of such devices allows for the regulation of under-
ground reserves, ensuring a stable water supply for settlements
and industrial facilities, and creating strategic water reserves
for agricultural irrigation. The process flow is adjusted de-
pending on natural, climatic, and hydrogeological conditions.

For example, at the Zhartas groundwater deposit
(Sherubay-Nura River valley), aquifer replenishment is
achieved through the filtration of surface runoff, a reservoir,
and flood discharges, while water intake capacity is in-
creased by periodically flooding the central section of the
infiltration water intake. Similarly, the water intake near
Karaganda uses a 13 million m? infiltration basin fed from
the Tonarskoye Reservoir, designed for long-term flow regu-
lation on the Sherubay-Nura River. In the Karaganda region,
a 13 million m?® reservoir, functioning as an infiltration basin,
is used for artificial groundwater recharge at a water intake
used for municipal and industrial water supply. The reservoir
is replenished by periodic water releases from the large To-
narskoye Reservoir, a long-term regulated reservoir on the
Sherubai-Nura River.

In addition to river valleys, areas of carbonate structures,
which are widespread in Central Kazakhstan, particularly in
the southwestern part of the region, are promising for artificial
groundwater recharge. Most of these structures are located
near residential and industrial facilities requiring domestic and
drinking water. Many structures have been explored, and their
groundwater reserves have been confirmed by the State and
Territorial Cadastre of Reserves. For example, the total ex-
ploitable reserves of 24 aquifers near the city of Zhezkazgan
amount to 441 million m3/year, of which 145 million m®year
are approved by the State Reserves Committee.

The high filtration properties of carbonate rocks ensure
efficient groundwater accumulation and flushing, making
them suitable for water supply to large facilities. Geological
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and hydrogeological studies allow us to accurately determine
the marginal boundaries of these structures and calculate the
volume of their reservoirs. Aquifer complexes of carbonate
and terrigenous rocks of the Devonian-Carboniferous period
are identified within the brachyanticline, synclinal, and more
complex structures of the Zhezkazgan-Ulutau, Niyaz-
Yerementau, and other districts [10]. The areas of aquifers
vary from 60 km? (Saryopan) to 850 km? (Zhailmen), with a
thickness of water-bearing deposits of 30-50 m, in places
reaching 150-200 m.

Groundwater in carbonate structures occurs at depths
ranging from 5-10 m at the periphery to 40-50 m in the cen-
ter of the basins. Groundwater pressure can reach 4-30 m,
with piezometric levels ranging from 0.6 to 18 m above the
surface. The main reserves are located in the karst zone and
limestone fractures, forming subartesian basins with uncon-
fined and confined waters.

The carbonate structures of the Zhezkazgan region are of
particular economic importance. Studies on the Aidos
brachyanticline, cut by the Karakengir River valley, have
shown high filtration of the bottom of the reaches, composed
of coarse gravel, crushed rock, and pebbles. The hydraulic
relationship between groundwater in alluvial deposits and the
surface waters of the river is significant. The Karakengir
aquifer and the fissure-karst waters of carbonate rocks pro-
vide a replenishment rate of up to 2.75-10° m®/day at the
Aidos water intake site. Similar results are observed at 12
aquifers near the city of Zhezkazgan, where the total
groundwater replenishment volume exceeds 30 million
m®/year (=1000 dm?/s).

For the creation of large underground reservoirs, it is rec-
ommended to use open, gravity-fed artificial groundwater
replenishment systems (Type 1) with artificial reservoirs to
accumulate flood runoff and recharge groundwater. Direct
withdrawal of water from reservoirs for domestic and drink-
ing purposes is impractical due to the high content of sus-
pended solids and the unstable sanitary and bacteriological
condition of the water, which requires preliminary treatment.
The most suitable for artificial groundwater replenishment
are closed brachyanticline basins, such as the Eskulin,
Zhanai, Aidos, Sarybulak, Mashuran, and Alaigyr structures,
composed of permeable rocks capable of retaining significant
volumes of water. Groundwater replenishment can be
achieved by using surface water from the Zhezda, Kengir,
Sarybulak, Sherubai-Nura, and other rivers.

For type Il aquifers, closed process systems employing
infiltration wells at depths of up to 15-20 meters and absorp-
tion wells at greater depths are rational. These systems can
also be used to dilute brackish groundwater in limestone
structures. The process system includes preliminary treat-
ment and preparation of river water before injection to im-
prove drinking water quality and reduce suspended solids
and microorganisms.

4, Conclusions

In conclusion, the study emphasizes that Central Kazakh-
stan possesses significant and largely underutilized potential
for the implementation of artificial groundwater replenish-
ment technologies. This is due to a combination of favorable
hydrogeological conditions, geomorphological features, and
the region’s arid and semi-arid climate. The conducted
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zoning of the territory allowed us to substantiate the identifi-
cation of zones of varying potential, forming a scientific and
practical basis for a differentiated approach to the design and
placement of artificial groundwater replenishment systems.

The most promising areas, located along the valleys of
major rivers (Nura, Sherubay-Nura, Taldy, Zharly, Tunduk,
Kengir, Sarysu, etc.), are characterized by thick alluvial
deposits with high filtration properties. These conditions
create the preconditions for the formation of significant un-
derground reservoirs, effectively replenished by flood runoff.
In turn, type Il carbonate structures (Zhezkazgan-Ulutau and
Niyaz-Yerementau districts) possess high potential due to
their extensive fracturing and karstification, which facilitates
intensive infiltration and accumulation of groundwater.

The technological schemes for artificial groundwater re-
plenishment, both open and closed, developed as part of the
study allow for the flexible adaptation of engineering solu-
tions to specific environmental conditions. The use of infil-
tration basins, regulated water intake structures, and absorp-
tion wells not only increases groundwater reserves but also
manages their regime. Technologies using absorption wells
are particularly important for carbonate formations, where
targeted dilution of brackish water by injecting fresh surface
water is possible.

Furthermore, ensuring high quality of the injected water
is a key condition for the effective implementation of artifi-
cial groundwater replenishment. The need for preliminary
water treatment and preparation is driven by the unstable
hydrochemical and sanitary-bacteriological conditions of
surface water. The implementation of modern treatment
facilities and water quality control systems should be consid-
ered a mandatory element of the entire process chain.

Equally important are the organizational and environmen-
tal aspects: the successful operation of artificial groundwater
recharge systems requires continuous monitoring of the hy-
drogeological regime, control of filtration and mixing pro-
cesses, and an assessment of potential aquifer contamination
risks. Only by meeting these conditions can the environmen-
tal safety and long-term sustainability of water management
systems be ensured.

Thus, the study results confirm that the integrated applica-
tion of artificial groundwater recharge technologies, based on
consideration of natural conditions, the use of modern engi-
neering solutions, and strict adherence to environmental re-
quirements, is one of the most promising areas for water sup-
ply development in Central Kazakhstan. The implementation
of the proposed approaches will improve the reliability of
water supply, ensure the rational use of water resources, and
create a sustainable basis for the socio-economic development
of the region in the context of increasing freshwater shortages.
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Anparna. byn makanana Opransik Kazakctanmars! ipi Jkep acTbl Cy KOMMaIApBIHBIH (PU3UKAIBIK, TeOTPAPHUSITBIK KOHE
TUAPOTEONIOTHSUIBIK JKaFrdaiiapblH  €CKepe OTBIPHIN, JKACaHIBl JKE€P acThl CyJapblH KalTa TOJTBIPYIBIH THIITIK
cXeMallapblHBIH HeTi3eMeci KeaTipinreH. MakajdaHblH MakcaThl - Cy KOWMallapbIHBIH CHIIATTaMallapblHA, CY KO3JepiHiH
KOJDKETIMIIIIriHe JKOHE aWMaKTBIH CyFa JIeTeH CYPaHBICBIHA HETi3/IedreH Kasipri 3aMaHfbl CyJabl KaOaTTapabl KalTa
TOJITBIPY OJICTEPiH Taimay d>XoHE OJNIapAblH THIMIUIITI MEH KOJJAHBUTYBIH Oaranay. Makamana jKacaHIbl JKep acThl
CyNapblH KaWTa TONTBIPYABIH OPTYPJi TEXHOJOTHSIIBIK CXEMajapbl JKOHE CY3y HpOIECTepiH peTTey MIapajapbl
KapacTBIPBLIAABI, OJIAPABIH TEXHHKAIBIK JKOHE SKOHOMHKAIBIK MYMKIHAIT OaramaHanbl. AJBIHFAH HOTHXKeEJED alMaKThIH
Cy pecypcTapblH OHTANIBI Maiganany, TYPaKThl CyMEH jKa0pIKTay bl KAMTAMAChI3 €TY KOHE TAOMFH dKOXKYHeaepre Tepic
acepai azaiiTy OOWBIHIIA YCBIHBICTAp o3ipieyre MyMmKkiHaik Oepemi. CoHBIMEH KaTap, MakajaZa TeOJIOTHSIIBIK KoHE
QJIEyMETTIK-2KOHOMUKAJIBIK (DaKTOpJIap sl €CKEPETiH CYAbl MalaamaHyabl KocTapiiayFa KemeH i TOCUIIIH MaHbI3IbIIBIFbI
aTam eTiJITeH.

Heczizzi co30ep: sicep acmul cynapul, Hcacanovl Kauma moamvlpy, Cyavl Kabammap, mexHorocuswly cxemanap, Opmanvix
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O0ocHOBaHUE CO3IaHUS KPYIHBIX MOJA3€MHbIX BOJOXPAHWIMIIL B
HenTpanbaom Ka3zaxcrane MeTogaMu UCKYCCTBEHHOI0 BOCIIOJTHEHUS
3anacoB

AM. Epmen6aii, A.JK. XKakubaesa®, I'.E. Tykemosa, A.M. [lxa6acos, A.K. AnuMrasuna
Hnemumym 2udpozeonoeuu u 2eosxonozuu um Y.M.Axmeocapuna, Anmamer, Kazaxcman

*Aemop ons koppecnondenyuu: Zhakibaeva8@gmail.com

AnHoTamus. B pabote mpeacraBicHO 00OCHOBAHHE THIIOBBIX CXEM HCKYCCTBEHHOTO BOCIOJHCHHS MOI3EMHBIX BOJ C
yaéToM (pU3MKO-reorpaUuecKux W THIPOTCOJOTHUECKUX YCIOBHUN KPYIHBIX MOA3EMHBIX BOIOXpaHWIHI lleHTpanpHOTrO
KazaxcraHna. Llenb paboOThI 3aKJIFOUAETCS B aHAJIM3E COBPEMCHHBIX METOJ/I0OB BOCIIOJHCHHS BOJJOHOCHBIX TOPH30HTOB, OI[CHKE
uX 3(pPEKTUBHOCTH U MPUMEHUMOCTH B 3aBUCUMOCTH OT XapaKTEPUCTUK KOJUIEKTOPOB, HAJTMYUS UCTOYH UKOB BOJBI U BOJIO-
noTpeGHOCTH peruoHa. B paboTe paccMOTPEHBI pa3iUYHbIE TEXHOJIOTHYECKUE CXEMbl HCKYCCTBEHHOTO BOCIIOJHEHHS IMO[I-
3EMHBIX BOJI U MEPOMPHUSTHS [0 PEryIUPOBAHHUIO (HIBTPAIIMOHHBIX MPOIECCOB, C OLEHKON UX TEXHUYECKOH M YIKOHOMHUYE-
CKoii 1ienecoobpasnoctu. [lodydeHHbIe Pe3yIbTaThl MO3BOSIOT Pa3padoTaTh PEKOMEHAALUH 110 ONTHUMAIBHO MY HCIIONB30-
BaHHUIO BOJHBIX PECYpCOB PETHOHA, 00ECIECUYEHHIO YCTOHYNBOTO BOJOCHA0KEHUS] M CHH)KEHUIO HETaTUBHOTO BO3JCHCTBUS
Ha MPUPOJHBIE dKocUucTeMbl. KpoMe Toro, paboTa moadepKkuBacT 3HAYMMOCTh MHTETPUPOBAHHOTO MOAXO0Ja K IUIAHH POBa-
HUIO BOJIOTIOJIb30BAHUS, YUUTHIBAIOIIETO KaK [EOJIOTUYECKUE, TAK U COLHATbHO-3KOHOMUYEeCKHE (HaKTOPHI.
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Abstract. The Precaspian basin is the main oil province in Kazakhstan, where there are such giant fields as Tengiz, Kara-
chaganak, Astrakhan and Kashagan. In previous works have been identified source rocks associated mainly with the sub-salt
complex. However, the issue of such parameters as the depth of the oil window remains unresolved, because the geothermal
gradient is low and the studied source rocks have a low maturity. By the study of the organic matter in these sediments and
simulation of genesis of hydrocarbons by Petromod 1D software (IES Gmbh; now SiIb), we wanted to determine the depth
range of oil window for essential source rocks. This area is composed of three parts from Devonian to late Carboniferous: the
Precaspian Basin subdivided into a basin (claystones, mudstones and calciturbidites) and a platform (limestone and storm
sandstones), and the Pre-Uralian Basin (turbidite sandstones). For the studied sector the values of the Ro are low and varies
from 0.4 to 0.7 and Tmax lies between 420 and 445°C. The simulation of the heat flow was calibrated by Vitrinite reflectance
with different kinetics according to the type of organic matter — VVandenbroucke et al. (1999)’s model was chosen for the type
111 (Brent) and for the type 1l (KCF). The low value of the heat gradient can be compensated by the geological duration during
which source rock undergoes the transformation. In the sector studied the phase of generation of oil can correspond to the level
of evaluation, corresponding to value 0.5% of Ro and even 0.4% for the algal type or mixed OM II/11l. For the studied for-
mations, the major part of hydrocarbons was generated from the maximal phase of burial. We can distinguish four zones in
which the depths of the beginning and end of the oil window are different: the western zone (basin) from 4-4.5 km to 7-9 km,
the zone of slope and border from 3-3.7 km to 4.5-5 km, the zone of Preuralian basin from 2.8-3.3 to 4.5-5 km, and the eastern
zone under the thrust of Ural (Izembet) from 2-2.8 to 3.5-4 km.

Keywords: Precaspian basin, Pre-Uralian Basin, organic matter, simulation, heat flow, petroleum sustem, maturity, cali-
bration.
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1. Introduction turbidites and claystones accumulated throughout the eastern
Precaspian Basin and the Pre-Uralian Basin, followed by
evaporite deposition during the Kungurian [1]. These sedimen-
tary successions occur at depths ranging from 1700 to 4500 m.

The samples were analyzed using organic petrography,
including maceral analysis and vitrinite reflectance meas-
urements; geochemical methods, including Rock-Eval pyrol-
ysis and extract analysis; and molecular analysis by gas
chromatography-mass spectrometry (GC-MS).

To investigate hydrocarbon generation and migration,
one-dimensional (1D) basin modeling was performed to
reconstruct the evolution of the sedimentary basin during
subsidence. This approach enables the positions of the oil
and gas windows to be reconstructed throughout the basin’s
geological history. The modeling was conducted for five
wells representing five distinct tectonic zones using version 9
of PetroMod 1D, developed by IES GmbH (now SLB).

The Precaspian Basin contains substantial prospective
hydrocarbon resources, estimated at 10-12 billion tonnes of
oil and condensate and 5-6 trillion cubic metres of natural
gas. However, the origin of these hydrocarbons remains
insufficiently understood because the basin is characterized
by a low geothermal gradient and generally low source-rock
maturity. Therefore, this study examines the organic matter
in the sedimentary succession to identify the principal source
rocks and assess their thermal maturity.

The study area comprises three principal geological do-
mains developed from the Devonian to the Late Carbonifer-
ous: the basinal zone of the Precaspian Basin, composed
predominantly of claystones, mudstones, and calciturbidites;
its platform zone, represented by limestones and storm-
generated sandstones; and the Pre-Uralian Basin, dominated
by turbiditic sandstones. From the Asselian to the Artinskian,
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The models integrate geological and geochemical data,
subsidence and thermal histories, the Kinetics of organic
matter transformation, and hydrocarbon generation and
expulsion. Together, these parameters define the physical
framework for simulating the basin’s thermal evolution and
hydrocarbon generation history. To obtain an acceptable
agreement between the modeled and measured thermal
indicators, the heat-flow history of each well was calibrated
using vitrinite reflectance data, present-day temperatures,
and paleotemperatures derived from fluid inclusion mi-
crothermometry.

2. Materials and methods
2.1. Principles and background

2.1.1. Model parameters

1D modeling was performed for wells representing dif-
ferent tectonic zones: the western part of the basin, the
slope, the platform zone of the Caspian basin, the Cis-Ural
zone, and the reverse-thrust junction zone with the Urals
under cover, respectively.

The calculations were performed using the PetroMod
1D model. This model was used to reconstruct the subsid-
ence history, thermal evolution of the basin, and hydrocar-
bon generation. The model was calibrated by changing the
heat flow and the degree of erosion until an acceptable
agreement between the modeled and actual thermal indica-
tors was achieved.

2.1.2. Physical parameters

The thicknesses and lithologies of the various geological
formations were specified for each well. The lithologies used
in the calculations were defined as mixtures of pure compo-
nents with specified volume percentages.

The geological history of the eastern Caspian Basin has
been dominated by subsidence, but there were also isolated
periods of tectonic inversion at the end of the Bashkirian, the
end of the Carboniferous, and the end of the Asselian-
Artinskian. The thicknesses and lithologies of the various
geological formations were specified for each well (an ex-
ample of the well representing the middle position within the
territory under consideration is given in Table 1).

Table 1. Input table with stratigraphic data for the Loktybai 14G well (Case of a model with small amplitude erosion)

Bottom F_’resent Eroded
Age Top, m ' | thickness, @ thickness,
m m
Quaternaire 0 10 10
Cretaceous 10 500 490
Jurassic 500 630 130
Triassic 630 950 320
Permien Sup. 950 1250 300
Kungurian 1296 3442 2146
Asselian-Artinskian 3442 3685 243
Upper Carboplferous- 0 0 0 130
Podolskian-
Myachkovian 3685 3721 36
Lower Podolskian 3721 3813 92
Upper Visean 3813 4005 192
Lower Moscovian
Lower-Middle Visean 4005 5250 1245
Middle-Upper 5250 6200 950
Devonian
Lower Devonian 6200 6750 550
Lower Paleozoic 6750 7500 750
Basement 7500

The lithologies used in the calculations were defined as
mixtures of pure components with specified volume per-
centages. The geological history of the eastern Caspian
Basin has been dominated by subsidence, but there were
also isolated periods of tectonic inversion at the end of the
Bashkirian, the end of the Carboniferous, and the end of the
Asselian-Artinskian.

2.1.3. Thermal indicators of the model

The thermal markers used in this study are vitrinite re-
flectivity (VR), current temperatures and fluid inclusion
entrapment temperatures.

Thermal history reconstructions are based on vitrinite re-
flectence measurements (VR, % Rr). The VR measurements
were primarily performed on samples from potential source
rocks of the Visean, Serpukhovian-Moscovian, and Asselian-
Artinskian successions. In general, the measured VR values
are consistent with previously reported data for the eastern
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- Erosion age,
Deposition age, MPa MPa Lithology
from to From to
65 0
135 65 Clastic
203 135 Clastic
250 203 Clastic
274 250 Clastic
277 274 Salt-bearing rocks+clastic
296 277 Clastic
305 296 leestqnes+ evaporites
Limestones
307 305
308 307 Clastic
337 308 Limestones
360 337 Middle- Clastic
Devonian
390 360 Devonian Limestones
410 390 Clastic
540 410 Clastic-limestone
540 Volcanic, metamorphic rocks

part of the Precaspian Basin [2]. The values are relatively
low and generally do not exceed 0.7%. Only the reverse-
thrust zone beneath the allochthonous strata shows VR val-
ues in the range of 1-1.25. Thermal history was reconstructed
based on these parameters.

For one-dimensional modeling, wells with a sufficient
number of vitrinite reflectance (VR) measurements over the
investigated depth intervals were selected. Where direct VR
measurements were unavailable, three types of maturity
proxies were used: VR-equivalent values derived from non-
vitrinite macerals, such as alginite and tasmanite; VR values
estimated from the methylphenanthrene index (MPI-1); and
VR values estimated from Rock-Eval Tmax. The latter two
were calculated using the corresponding empirical relation-
ships between MPI-1 or Tmax and vitrinite reflectance.

The measured VR values were plotted against depth for
each well and compared with the corresponding vitrinite
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reflectance profiles simulated using the Easy%Ro model
Omuoka! UCTOYHUK CCHIJIKM He HaiiieH.
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2.1.4. Hydrocarbon genesis modeling

This study also considers the conditions of hydrocarbon
formation. The model uses parallel-reaction kinetic models to
simulate hydrocarbon generation (oil and gas) and includes
the secondary cracking of compounds formed during primary
cracking. These reactions are described by the Arrhenius
Equation (1) and are assumed to follow first-order kinetics:
dX E,

dt X AOeXp( RTJ' W)
where X is the fraction of the substance reacted; Ay is the
pre-exponential factor, s!; E. is the activation energy,
cal/mol; R is the universal gas constant; T is the absolute

temperature, K; tis time, s.
Equation (1) can also be written in differential form as:

Ea

dX =X Aoexp[ RTjdt' 2

Knowing the change in temperature with time, this equa-
tion allows one to calculate the fraction of reacted substance
in a given time interval. Most modern Kkinetic models use
distributions of activation energies, but with a single pre-
exponential factor. Each fraction is assigned a fraction of the
original carbon (IH) determined for the reference sample.

Thus, for the same thermal history and a given activation
energy, the fraction of reacted substance can be determined.
Models with parallel reactions also allow the distribution of
part of the IH to different compounds, which makes it possi-
ble to quantitatively estimate the number of compounds
generated (oil, gas, etc.) during kerogen cracking.

Numerous kinetic models have been reported in the lit-
erature [4]. However, whenever possible, the model should
incorporate kinetic parameters specific to the source rocks
under investigation.

This study focuses on the different phases of hydrocarbon
generation and the possibilities of secondary cracking. The
quantitative aspect is considered only indicatively.

2.1.5. Thermal regime of the basin

According to Ommnoka! McTOYHHK CCHIIKH He HaiieH.
the threshold for the onset of oil formation depends on the
geothermal gradient, depth and time of burial. The tempera-
ture at which oil begins to form varies from 50°C in Paleozo-
ic basins to 115°C in Mio-Pliocene deposits. The time of oil
generation also varies: the main phase may follow the depo-
sition of source rocks with a delay of several million to
300 million years.

The temperature corresponding to the onset of the oil
window decreases from approximately 120°C for 12-million-
year-old deposits to 60-62°C for deposits aged 180-359 mil-
lion years. This relationship is expressed as:

T =164.4-19.39Int, (r =-0.89) ©)

where T is the threshold temperature for oil generation,
°C; t is geological time, million years; r is the correlation
coefficient.

An alternative time-temperature relationship is given in

[61]:
3014

Ioglo t = ? - 6498 (4)

where t is geological time, million years, and T is the ab-
solute temperature, K.
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These equations were used to determine the threshold
temperature for the onset of oil generation in different
source-rock series. For the Lower-Middle Visean rocks
(345.5-334 Ma), the estimated temperatures are 50-51°C
according to the Pigott model [7] and 60-61°C according to
the Connan model [6]. For the Serpukhovian—Moscovian
rocks (326.5-305 Ma), the corresponding temperatures are
52-54°C and 62-63°C, while for the Lower Permian rocks
(296-278.5 Ma), they are 55-56°C and 64-65°C. These tem-
peratures were used to estimate the depth of the onset of the
oil window in the source rocks of the pre-salt complex. The
resulting temperature and depth estimates helped to select the
most appropriate Kinetic model for the organic matter types
and basin conditions.

2.1.6. Kinetic model

Several kinetic models are available in PetroMod 1D.
The following criteria were used to select the most suitable
models. First, models related to type Il or type Il organic
matter (OM) were selected. PetroMod 1D includes 27 mod-
els for type 11 OM and 10 models for type 111 OM.

A comparison of the hydrocarbon generation phases ob-
tained using different models showed that the T2(KCF)-CS
model of Vandenbroucke et al. (1999) [8] best meets the
selection criteria. According to this model, the temperature of
oil generation onset varies from 72°C in the Devonian to
63°C at present. The PRV value remains relatively stable
from the Devonian to the present (0.45-0.49%). The present-
day depth of the onset of the oil window is approximately
2800-3000 m.

The T2(KCF)-CS model of Vandenbroucke et al. (1999)
[8] was developed for the Portlandian—Berriasian Elgin Field
in the North Sea. The studied Kimmeridge Clay Formation is
characterized by the following parameters: type 1l OM; TOC
—8.2%; HI — 567 mg hydrocarbons/g TOC; Tmax — 420°C.

In the Kumsai well, type Il organic matter occurs in the
Sakmarian—Artinskian sediments, whereas mixed type 11/111
organic matter occurs in the Asselian sediments. The
Sakmarian sediments are characterized by TOC — 1.13%, HI
— 49 mg/g TOC, and Tmax — 425°C, indicating type 111 OM.
The Asselian sediments are characterized by TOC — 3.49%,
HI — 512 mg/g TOC, and Tmax — 441°C, indicating type Il or
mixed type I1/1I1 OM.

2.1.7. Current heat flow

Heat flows from the Cenozoic to the present were deter-
mined by calibration against present-day temperatures. The
results show that the temperature curve in the PetroMod 1D
depth-temperature plot depends exclusively on the heat flow
during the latest stratigraphic period, which corresponds to
the Cenozoic in the present models. The present-day heat
flow of 35-37 mW/m? was used as a reference for the paleo-
heat-flow evolution curve.

3. Results and discussion

The Rock-Eval analysis identified two groups of kerogen
in the slope and basin sediments: type 11l (humic) kerogen
with a low HI (<150 mg/g TOC) in the Permian and Visean
sediments, and type Il (algal) kerogen with a high HI
(>250 mg/g TOC) in the Serpukhovian-Moscovian sedi-
ments. Type |11 kerogen has the lowest oil-generation poten-
tial, whereas type 11 kerogen has the highest.
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The Visean, Serpukhovian-Moscovian, and Asselian—
Artinskian samples generally show low thermal maturity,
with vitrinite reflectance (VR) values below 0.65% and Tmax
values below 435°C. The VR-depth diagrams show three
types of gradients: the lowest in the western part and plat-
form zone of the Precaspian Basin (Figure 1a), intermediate
in the Pre-Uralian Basin, and the highest in the eastern suture
zone overthrust by the Ural nappes (Figure 1b).

The heat-flow model was calibrated using vitrinite re-
flectance data. Three periods of erosion were identified in
the study area: at the end of the Bashkirian, at the end of
the Carboniferous, and before the Kungurian. The estimat-
ed erosion thickness ranges from 100 to 700 m. In the
suture zone, the thickness of the nappes thrust over the
autochthonous deposits of the Pre-Uralian Basin is approx-
imately 4500 m.
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The simulated heat-flow values are low in the western
part of the Precaspian Basin (15-25 mW/m?) and increase to
40-50 mW/m? in the eastern part of the Pre-Uralian Basin
within the suture zone. The maximum heat flow occurred
during the period of maximum burial in the Early Permian,
reaching 30 mW/m? in the west and 65 mW/m? in the east.

Hydrocarbon generation in the source rocks was simulated
using different kinetic models according to the type of organic
matter. The models of Vandenbroucke et al. (1999) [8] were
selected for type Il (Brent) and type Il (KCF) organic matter.

The majority of hydrocarbons were generated during bur-
ial without any additional thermal event. In the eastern part
of the Precaspian Basin (Akjar well), the low heat flow ex-
plains why the source rocks are either immature or within the
oil window, from the Devonian to the base of the Permian
succession (Figure 2).
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Figure 1. Calibration of the thermal history using vitrinite reflectance data for the: (a) — Akjar well; (b) — Izembet well
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Figure 2. Simulation of hydrocarbon zones in the Akjar well (liquid represents oil)
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In the suture zone of the Pre-Uralian Basin, the high heat
flow explains the presence of the oil window in the Visean to
Early Permian rocks and the wet-gas window in the Devoni-
an rocks of the Izembet well (Figure 3), as well as the dry-
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gas window in the Devonian rocks of the Belogorskaya well.
The onset of the oil window occurs at depths of approximate-
ly 4000-5000 m in the basinal part of the Precaspian Basin
and 3500-4000 m in the suture zone.
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Figure 3. Simulation of hydrocarbon zones in the Izembet well (liquid represents oil; vapor represents wet gas)

The modeling results demonstrate that the thermal ma-
turity and hydrocarbon generation history vary considerably
between the tectonic zones of the study area. In the Akjar
well, the low heat flow and thermal gradient resulted in the
preservation of largely immature source rocks, while oil
generation was restricted to the deepest parts of the sedimen-
tary succession (Figure 2). By contrast, the higher heat flow
in the Izembet well promoted more advanced organic matter
transformation, resulting in oil generation within the Visean
to Lower Permian rocks and gas generation within the deeper
Devonian succession (Figure 3).

The depths of the oil window estimated from the PRV-
depth relationships and the T2(KCF)-CS kinetic model [8]
are generally comparable. Its onset is estimated at approxi-
mately 2100-3100 m in the overthrust zone (Izembet) and the
Pre-Uralian Basin (Baijaryk), 3000-3700 m in the platform
(Kumsai) and slope (Loktybai) zones, and 3800-4300 m in
the western basinal zone (Akjar). The greater depth of the oil
window at Akjar is consistent with the lower thermal gradi-
ent of approximately 12-20°C/km.

The vertical extent of the oil window follows the same
regional pattern. It is smallest in the eastern overthrust zone,
increases in the Pre-Uralian, platform, and slope zones, and
reaches 5000-5500 m in the western basinal zone. Thus, the
east-west differences in hydrocarbon generation can be ex-
plained primarily by spatial variations in heat flow, burial
history, and tectonic setting, without requiring an additional
regional thermal event.

4, Conclusions

The modeled heat flow decreases from the eastern over-
thrust zone toward the central and western parts of the Precas-
pian Basin. The lowest heat-flow values and thermal gradients
were identified in the basinal zone, whereas the highest val-
ues occurred in the suture zone of the Pre-Uralian Basin.
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Thermal gradients within most of the Precaspian Basin
generally do not exceed 23-25°C/km. Consequently, the
studied source rocks are predominantly immature or within
the oil window. This thermal regime is consistent with the
predominance of oil and mixed oil-condensate-gas accumula-
tions and the absence of known dry-gas fields in the central
and western parts of the basin.

The PetroMod 1D simulations indicate maximum for-
mation temperatures of 69-106°C, whereas fluid-inclusion
trapping temperatures range from 82 to 138°C. This differ-
ence may reflect the circulation of hot hydrothermal fluids
through relatively cooler formations. However, the discrep-
ancy becomes considerably smaller if the fluid inclusions
formed during the Kungurian-early Late Permian, when the
modeled heat flow was higher.

The onset of the oil window varies from approximately
2100-3100 m in the eastern overthrust and Pre-Uralian
zones to 3800-4300 m in the western basinal zone, with
intermediate depths of 3000-3700 m in the platform and
slope zones. These results confirm that regional variations
in heat flow and burial history controlled the spatial distri-
bution of the oil and gas windows in the eastern Precaspian
and Pre-Uralian basins. The developed models provide a
basis for assessing source-rock maturity and identifying
prospective hydrocarbon generation zones during further
exploration of the region.
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Kacnuit maHbI :k9He OpaJn aaabl 0acceilHAepiHiH IBIFbIC 06JIiriHaeri
MAJEOTEPMUSIIBIK KAFAANIaP MEH KOMIPCYTeKTePAiH TY3UIyiH
Mozaeabaey (Kazakceran)

T. Encen6baes”, b. Kenmxebaena, Muncso Cyn
Satbayev University, Arvamei, Kazaxcman
*Koppecnonoenyus ywin asmop: t.yensepbayev@satbayev.university

Annarna. Kacruii maner 0acceiini Ka3zakcTaHHBIH HEri3ri MyHai-Ta3 sl MPOBUHIIMSACHI OOJIBINT TaObUIaAbl, MyHaa TeHi3,
Kapamsiranak, Actpaxan »xoHe KamaraH CHSKTBI anblll K€H OpPBIHIAphl OpHaJlacKaH. AJJIBIHFBI 3epTTeylepae HeTri3iHeH
TY3aCThl KellleHIMeH OaillaHbICThl MYHail TY3YIIi JKbIHBICTAD aHBIKTAJFaH. AJaija MyHall Tepe3eciHiH TepeHJIrT CHUSKTHI
napaMeTpIiep/li aHbIKTay Macelieci a1 /ie TOJIBIK LIeMIiIMereH, cede0i reoTepMUSIIBIK IPaJIMeHT TOMEH, all 3epTTENIreH MyHai
TY3YIIi JKBIHBICTAPBIH JKETUTy nopexeci ToeMeH. OCHl HIOTiHINepIeri OpraHuKaJbIK 3aTTapasl 3epTTey koHe PetroMod 1D
Oarmapnamanbik skacaktamachkl (IES GmbH; kasipri yakeitra SLB) kemeriMeH KeMipCyTEKTEpHiH TY3UIyiH MOJENbIey
HeTi31H/le Heri3ri MyHal Ty3ylli KbIHBICTap YIIIH MYHai Tepe3eciHiH TepEeHIIK apasibIFbIH aHBIKTAy Ke3Jelli. 3epTTeleTiH
ayMak JCBOHHAH KEWiHT1 KapOOHFa NEeHiH KaJbINTaCKaH YII KYPBUTBIMIBIK-(PaIlsIblK OenikTeH Typaabl: Kacrnwmit mMaHbBI
GacceliHi, oy OaccelHmiK OeiKKe (Ca3bl )KBIHBICTAP, APTHIUTUTTED KIHE KAJIBIUTYPOUIUTTED) JKoHE TUIaT( OpMabIK Oellikke
(eKTacTap MeH IaybUIIBIK KyMmTacrap) OeiliHeli, cCOHIai-ak TypOMAMTTIK KymracrapiaH TypartelH Opan anisl OacceifHi.
3epTTenreH ceKTop/a BUTPUHUTTIH Marbuty Kabineri Ro temen Monnepmen cunarransi, 0.4-ren 0.7%-ra neifin e3repesi, a
Tmax 420-445°C apanbireinaa Oonansl. JKbITy arbIHBIH MOJENBJCY OPraHMKAJBIK 3aTTHIH TypiHe OalIaHBICTBI SpTYpIi
KWHETHKAJIBIK MOAEIbIEP/i KOJIAaHA OTHIPHII, BUTPUHUTTIH IIaFbuTy Kabineri OoprHIma Kanmuopnerai: [II tunTi opranukamsik
3at (Brent) ymin Vandenbroucke et al. (1999) monemi, an I tun ymia KCF mozaeni tagmganapl. ['eoTepMUsIIBIK TPaIUeHTTiH
TOMEH MOHI MYHal Ty3yIlIi XbIHBICTAPABIH TPaHC(HOPMAIHSFa YIIBIPANTBIH I€0JOTHUSUIBIK YaKbIT Y3aKThIFBIMEH OTEIyl MYMKIH.
3epTTeNreH ceKkTopia MyHail TeHepanuschl (a3achiHbIH Oactamysl mamameH 0.5% Ro xeTiny aeHreiiine, am OammabIpIIbIK
Hemece apanac II/III TunTi opranukanbeik 3attap yuiH TinTi 0.4% Ro MoHiHE colikec Keyi MyMKiH. 3epTTenreH ¢popManusiap
YIIiH KeMipCyTeKTepAiH Heri3ri 0emiri MakcuManasl KeMily Ke3eHiHae Ty3uireH. MyHail Tepe3eciHiH 6acTary oHe asKTary
TepeHIIKTEP] apTYpIi TOpT aiimak OeiHni: 6artsic aiiMak (Oacceitnaik Oeiik) — 4.0-4.5 kM-z1eH 7-9 kM-Te neiiiH; OeTkeil xoHe
*kuekTik aiimak — 3.0-3.7 km-neH 4.5-5.0 km-re neitin; Opan anner Oacceiini alimarbl — 2.8-3.3 km-geH 4.5-5.0 km-re neitin;
Opa xarcapiibl )KBUDKYBIHBIH aCTBIHIAFbI MIbIFBIC aiiMak (M3emOet) — 2.0-2.8 km-aen 3.5-4.0 km-re neifin.

Hezizzi co30ep: Kacnuii mansl 6accetini, Opan anovl Oaccelini, OpeaHUKaIblK 3am, MOOeibOey, HCbLLY AeblHbl, MYHAU-2a3
Jicytiect, siceminy dapediceci, Kamubpiey.
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IMasie0TepMUYHOCTH M MOEJTUPOBAHUE TeHEPALIMH YIVIEBOAOPOI0B
B BocTouHOM yacTu IIpuxacnuiickoro u Ilpexypanbckoro 6acceiiHoB
(Ka3zaxcran)

T. Encen6aes”, B. Kemxkebaena, Muncso Cyn
Satbayev University, Armamoi, Kazaxcman
*Aemop ons koppecnondenyuu: t.yensepbayev@satbayev.university

Annoranus. [Tpukacnuiickuii 6acceliH sBisieTCs OCHOBHOW HedTerazoHocHO! mpoBuHIMed KazaxcraHa, rae pacnosioxe-
HBI TaKHe THT'aHTCKHE MECTOpOXKAeHUs, Kak Tenrus, Kapayaranak, Actpaxanckoe u Kamaran. B npensiaymmx uccienoBaHu-
X OBUIN BBISBIICHBI He)TEMaTEpUHCKUE TTOPO/IbI, MPEUMYILIECTBEHHO CBS3aHHBIE C I10JICOJIEBBIM KOMILIEKCOM. OIHaKO BOIIPOC
OTIpEICICHNsI TAKUX MapaMeTpoB, KaK IIIyOHHa HE(TSIHOTO OKHA, OCTAETCS HEPEIICHHBIM, IIOCKOJIBKY T€OTEPMUIECKUH rpaan-
SHT 3/1eCh HU3KHH, a N3yUCHHbIC He()TEeMaTEpPUHCKHE MTOPOIbI XapaKTePU3YIOTCS HEBBICOKOH CTENeHbio 3penocTtr. Ha ocHOBe
M3y9ICHUs] OPTaHUYECKOTO BEIECTBA B ATHUX OTIOXEHHSIX M MOJACIMPOBAHUS T€HEPALUH YIIEBOJOPOAOB C HCIOIb30BaHUEM
nporpammuoro obecreuenus: PetroMod 1D (IES GmbH; B HacTosiiee Bpemst SLB) Oblia npeanpuHATa MOMBITKA OMPEACTUTh
JMana3oH TIyOuH He(TSHOTO OKHa A OCHOBHBIX He(premarepmHCKMX mopox. Vcciemyemas TeppuTOpusl BKIIOYAET TPH
CTPYKTYpHO-(annaisHble 001acTd, chOpMHPOBABIINECS B MEPHOA OT JE€BOHA 10 Mo3aHero kapoOona: Ilpmkacnuiickuii Gac-
ceiiH, Iopa3iessieMblii Ha COOCTBEHHO 0acCeiHOBYIO 4acTh (TJIIMHHUCTHIC HOPOJIBI, APTHILIUTH M KaJIbIUTYPOUIUTHI) U IIIAT-
(hopMeHHYIO YacTh (M3BECTHSKU U IITOPMOBBIC NIECYAHUKH), a Takxke [Ipenypanbckuii 6acceiH, npencTaBiIeHHbIH TypOUuInuTO-
BBIMH TecuaHuKaMu. [l ucciaeqyeMoro y4acTka 3HaueHHs OTPaKaTelbHON CIIOCOOHOCTH BUTPUHUTA RO SIBISIOTCS HU3KUMU
u Bapeupyot ot 0.4 1o 0.7%, a Tmax naxonurcs B auanazone 420-445°C. MopenupoBaHue TEIUIOBOTO MOTOKA ObLIO OTKa-
JUOPOBAHO MO OTPAKATEIHHOM CHOCOOHOCTH BUTPUHHTA C UCIIOJIB30BAHMEM Pa3IMYHBIX KHHETHYECKUX MOJIesIel B 3aBUCHMO-
CTH OT THIIAa OPraHMYECKOTO BEIIECTBa: A oprannyeckoro semiectsa |11 Tuna (Brent) 6buta Beibpana moaens Vandenbroucke
et al. (1999), a ans 11 Tuna — mogens KCF. Huskoe 3HaveHHe Tre0TEPMUYIECKOTO TPAMEHTa MOKET KOMICHCHPOBAThCS MPO-
JOJDKUTEIIBHOCTBIO T€0JIOTHIECKOT0 BPEMEHH, B TEUCHHE KOTOPOTO He(hTEeMaTepHHCKHE MOPOABI MOABEPTar0TCs MpeoOpa3oBa-
HUI0. B nccneryemom cexrope Havaino (a3sl reHepaluu HeTH MOXKET COOTBETCTBOBAThH YPOBHIO 3penocTr okoio 0.5% Ro n
naxe 0.4% Ro s BojopocieBoro iubo cmemannoro oprannueckoro semiectsa /111 tunos. s uccnenoBanubix hopmariuii
OCHOBHas 4acTh YIJIEBOJIOPOAOB ObLIa CreHEpPHpOBaHA B IEPHOJl MAKCHMAJIBHOTO IOTPYXEHHS. BBIieieHBl YeThpe 30HH,
pasnuyaroniecs riyonHaMu, Hayasia | 3aBepIieHus] HehTAHOTO OKHA: 3amajaHas 30Ha (OacceiinoBast yacts) — oT 4.0-4.5 10 7-9
KM; 30Ha CKJoHa u 6opta — oT 3.0-3.7 10 4.5-5.0 xm; 30Ha IIpeaypanbckoro 6acceiina — ot 2.8-3.3 mo 4.5-5.0 km; BocTouHast
30Ha moj YpanbckuMm Hagsurom (Mzember) — ot 2.0-2.8 10 3.5-4.0 km.

Kntoueswvie cnosa: [lpuxacnuiickuil 6acceun, Ilpedypanvckuii 6accetin, opeanuyeckoe geujecmao, MoOeauposanue, menio-
801l NOMOK, Heme2a308as cucmemd, 3peiochib, KarubposKa.
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