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Kinetics of reduction of lead chloride and oxychloride
with sodium carbonate
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Abstract. This study investigates the kinetic behaviour of the reduction reaction between lead chloride (PbCl,) and lead ox-
ychloride (PbO-PbCly) with sodium carbonate in the presence of carbon in a reducing atmosphere. The relevance of this research
stems from the need to develop effective technologies for processing lead-containing secondary production dusts and to optimise
the composition of sodium-containing fluxes. Thermodynamic evaluation of the reactions using the Outotec HSC Chemistry
software package demonstrated that, within the temperature range of 500-1000°C, both reactions exhibit negative AG values and
high equilibrium constants, indicating their thermodynamic feasibility. Kinetic studies were carried out using thermogravimetric
analysis under isothermal conditions in the temperature range of 800-1100°C for the PbCl,—Na,CO3—C system and 500-800°C
for the PbO-PbCIl-Na,CO3-C system. It was established that the reductive interaction proceeds via a multistage mechanism
with a change in the rate-controlling step as the degree of conversion increases. For the PbO-PbCl,—Na,CO3s-C system, the ini-
tial stage of the process is satisfactorily described by the first-order reaction equation, indicating the predominance of chemical
control; the apparent activation energy at this stage is 33.5 kJ/mol. As the degree of conversion increases, the activation energy
rises to 62-80 kJ/mol, which indicates a transition to a regime complicated by diffusion and structural limitations. The
PbO-PbCIl,-Na,CO3-C system is characterized by higher reactivity and rapid attainment of significant conversion degrees. At
moderate conversion levels, the process proceeds predominantly under chemical control (Ea= 43-44 kJ/mol); however, at
a > 55%, an increase in activation energy up to 74 kJ/mol is observed, indicating an increasing influence of mass transfer. It is
shown that the presence of oxygen in the structure of lead oxychloride significantly affects the kinetic characteristics of the re-
ductive process in sodium-containing flux systems. The obtained results can be used in optimizing technological schemes for
processing lead-containing dusts in order to enhance metal recovery and improve the energy efficiency of the process.

Keywords: lead-containing dust, lead chloride, lead oxychloride, sodium carbonate, reductive electric smelting, solid-state
reaction kinetics, activation energy, thermogravimetric analysis.
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1. Introduction ture and recycling of lead-acid batteries [6-7]. These materi-
als contain lead, antimony, chlorine, and a number of associ-
ated elements which, under rational processing conditions,
can serve as sources of additional raw materials [8, 9]. How-
ever, a significant portion of such fine dust waste accumu-
lates at industrial sites, creating environmental burdens while
simultaneously representing an underutilized resource [10].
This highlights the need to develop efficient processing tech-
nologies that ensure both minimization of environmental
impact and recovery of valuable components.

Dust waste from battery recycling represents complex mul-

Secondary lead accounts for a significant share of the
global market, with approximately half of the world’s lead
consumption being met through the recycling of lead-
containing waste [1-4]. According to analytical data [5], the
global secondary lead market is estimated at approximately
USD 18.7 hillion in 2025 and is projected to grow to about
USD 26.3 billion by 2035, with an average annual growth
rate of around 3.5% (Figure 1). The high recycling rate is
driven by both economic and environmental factors, includ-

;r;]ge r'g;;a Jg:]iﬂ\rﬁpteiiie bc;:‘ jgr?cp)) 3?321%%2020amn;?araeﬁ%utcrﬂaogrgj ticomponent materials. Their compositior) includes vari_ous
duction of primary lead from ore I5 lead compounds — sulfates (PbSO.), sulfides (PbS), oxides
P y [5]. (PbO), oxysulfates (PbO-PbSQ4), and chloride compounds

The main contrlbuyon to the secondary_ lead marl_<et (PbCly, PbO-PbCl,) — as well as impurities of Zn, Sh, Cd, and
comes from the recycling of battery production waste, in- As [8, 11]

cluding lead-containing dusts generated during the manufac-
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Figure 1. Forecast of the secondary lead market growth
(2025-2035)

Differences in chemical reactivity and thermochemical
behavior of these compounds necessitate a differentiated
approach to their processing.

Electrothermal methods, particularly reductive electric
smelting using sodium salts, demonstrate significant potential
for the comprehensive recovery of lead and associated ele-
ments [12-14]. Sodium salts used as fluxes can be partially
replaced by calcium compounds (carbonate or oxide), which
are capable of binding chlorine from lead chloride compounds
and transferring it into the slag phase. This contributes to im-
proved process selectivity, reduced metal losses, and expan-
sion of the raw material base for fluxing agents. In the present
work, primary attention is focused on studying the Kinetic
regularities of the reductive interaction of lead chloride com-
pounds (PbCl, and PbO-PbCl,) with sodium carbonate in a
carbon-containing medium. Lead compounds of other classes,
as well as systems involving calcium-containing fluxes (Ca-
COs, Ca0), were not considered in this series of experiments
and will be the subject of further investigation.

2. Materials and methods

2.1. Raw materials

Chemically pure substances were used for the kinetic
studies to model the main chloride compounds of lead pre-
sent in battery production dust wastes: lead chloride (PbCly,
analytical grade, >99%) and lead oxychloride (PbO-PbCly,
>99%). Sodium carbonate (Na;COs, >99%) was used as a
fluxing additive, and carbon powder (=99%) served as the
reducing agent. The particle size of all components did not
exceed 0.074 mm. The sample masses were selected in ac-
cordance with the stoichiometry of the reactions under con-
sideration. The use of chemically pure reagents made it pos-
sible to eliminate the influence of extraneous impurities and
to obtain reproducible data on the kinetic characteristics of
the studied systems, thereby providing a basis for the subse-
quent extrapolation of the results to real industrial materials.

2.2 Experimental procedure

Thermodynamic analysis of the reductive reactions of
PbCl, and PbO-PbCl, with sodium carbonate in the presence
of carbon was carried out using the licensed software pack-
age Outotec HSC Chemistry v. 8.1.5 (Reaction Equations
module). Calculations were performed in the temperature
range of 500-1000°C for stoichiometric reagent compositions
with determination of the Gibbs free energy change (4G),
enthalpy change (AH), entropy change (AS), and equilibrium
constant.

Kinetic studies of the interfacial interaction of lead chlo-
ride and oxychloride compounds with fluxing additives and a
reducing agent were carried out using thermogravimetric
analysis under isothermal conditions. The experiments were
performed on a laboratory thermogravimetric setup consist-
ing of a vertical tubular electric furnace with an adjustable
working zone, a quartz reaction retort, a continuous mass
recording system, and a temperature control unit (Figure 2).

N

sssss s

seeesssses

Figure 2. Schematic diagram of the thermogravimetric setup
for studying reaction Kinetics: 1 —quartz retort; 2 — electric fur-
nace; 3 —ADV-200 analytical balance; 4 — KSP-4 potentiometer;
5—voltage regulator; 6—argon cylinder; 7 —rotameter; 8 —mano-
meter; 9 —gas purification system; 10 — tungsten—rhenium ther-
mocouple; 11 —alumina crucible with sample

The samples were heated to the required temperature with-
in the range of 500-1000°C. Isothermal kinetic experiments
were conducted primarily in the temperature interval of 800-
1100°C, corresponding to the conditions of reductive electric
smelting of lead-containing dusts. Temperature control was
maintained within £5°C using a tungsten—rhenium thermocou-
ple and an automatic regulation system. The reactions were
carried out in an inert gas atmosphere (argon), supplied to the
lower part of the reaction chamber. The argon flow ensured
the removal of gaseous reaction products and prevented oxida-
tion of the sample. The sample was placed in an alumina cru-
cible, which was positioned in the isothermal zone of the retort
and suspended from analytical balances with a measurement
accuracy of 10 g. The sample was introduced into the work-
ing zone after stabilization of the furnace temperature; the time
required to reach isothermal conditions did not exceed 1-5s.
The mass change of the sample was recorded continuously
throughout the experiment.

Kinetic parameters were determined from the dependen-
cies of the degree of conversion on time at fixed temperatures.
The approach to the analysis of kinetic data and the interpreta-
tion of temperature dependences was based on classical prin-
ciples of extractive metallurgy kinetics [15]. The degree of
conversion was calculated from the change in sample mass
associated with the release of gaseous reaction products. Ex-
perimental data were processed using the Arrhenius equation
to determine the apparent activation energy and the pre-
exponential factor. All experiments were performed in at least
three replicates; the deviation of results did not exceed 5%.
After completion of the experiment, the samples were cooled
to room temperature in an argon atmosphere, followed by
control weighing and phase analysis of the reaction products.
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3. Results and discussion

3.1. Thermodynamic assessment of the reductive reactions
of PbClz and PbO-PbCl. with Na.COs in a reducing tmos-
phere

To investigate the reductive interaction of lead chloride
and lead oxychloride with sodium carbonate in a reducing
atmosphere, two model systems were examined. System I
represent the interaction of PbClI, with sodium carbonate and
carbon, while system Il represents the reduction of
PbO-PbCl; in the presence of sodium carbonate.

For convenience, these systems are hereafter referred to
as systems (1) and (2). The overall reactions are expressed as
follows:

PbCl>+Na;CO3+C—Pb+2NaCl+CO2(g)+CO(g); @
PbO-PbCl;+Na;CO3+C—2Pb+2NaCl+2CO2(Q); 2

To preliminarily evaluate the thermodynamic feasibility of
the reactions, the Gibbs free energy change (4G) and equilib-
rium constant (K) were calculated over the temperature range
of 500-1000°C. It was found that, for both reactions, the 4G
values remain negative over the entire investigated tempera-
ture range and become more negative with increasing tempera-
ture (Table 1). Specifically, for reaction (1), 4G decreases from
—97.9 kJ/mol at 500°C to —244.3 kd/mol at 1000°C, while for
reaction (II) it decreases from —171.5 to —321.0 kJ/mol.

Table 1. Values of the Gibbs free energy change (4G) and the
logarithm of the equilibrium constant (log K) in the temperature
range of 500-1000°C

T,°C 500 600 700 800 900 1000
Reaction |
AG, k -97.947 | -127.217 -155.821 -183.780 -214.968 -244.298
Log K 6.618 7.611 8.365 8.946 9.572 10.024
Reaction Il
AG, k) -171.472 -202.021 -231.836 -260.936 -292.879 -320.974
Log K 11.586 12.087 12.445 12.702 = 13.042 13.170

The log K values for reaction () lie within 6.6-10.0, while
for reaction (I1) they fall within 11.6-13.2, reflecting a substan-
tial thermodynamic driving force and a pronounced shift of
equilibrium toward the reaction products. The more negative
AG values and higher equilibrium constants associated with
reaction (1) indicate enhanced thermodynamic stability of the
products and agree with the experimentally observed higher
reactivity of the PbO-PbCl,-Na,COs-C system.

Therefore, both reactions are thermodynamically feasible
throughout the studied temperature range, and the observed
differences in reaction rate and changes in the kinetic regime
are mainly attributable to kinetic factors rather than thermo-
dynamic constraints.

3.2. Kinetics of the reductive interaction of PbCl. and PbO-
PbCl2 with sodium carbonate in a reducing atmosphere

Although both reactions are thermodynamically feasible
throughout the studied temperature range, they exhibit mark-
edly different kinetic behaviors, requiring a detailed exami-
nation of the reaction mechanism and rate-controlling stages.

3.2.1. Kinetics of the interaction of PbCl2 with Na2COs
and C (system I)
Analysis of the kinetic data obtained under isothermal con-

ditions in the temperature range of 800-1100°C showed that the
interaction of lead chloride with sodium carbonate and carbon

proceeds with a change in the Kinetic regime as the reaction
progresses. At the initial stage of the reaction, at degrees of
conversion a < 0.2, the experimental dependences are satisfac-
torily described by the first-order reaction equation, indicating
the predominance of chemical control. As the interaction time
and the degree of conversion increase, deviations from first-
order kinetics are observed, associated with a change in the
rate-limiting step. At higher degrees of conversion, the process
shifts to a transitional regime, indicating a more complex in-
teraction mechanism and the involvement of mass transfer
factors and structural changes in the solid phase, which are
characteristic of topochemical reactions in the solid state [16].

Figure 3 presents the dependences of the degree of con-
version on time for system | at various temperatures. An
increase in temperature leads to process acceleration and the
attainment of high conversion degrees within a shorter time,
which served as the basis for the subsequent calculation of
reaction rates and Kinetic parameters.

100 a— .

80

60

——3800 °C
——900 °C
—+—1000 °C
——1100 °C

40

Degree of conversion, %

20

0 | | | )
0 15 30 45 60
T, min

Figure 3. Dependence of the degree of conversion on time for
system | (PbCl—Na2C0O3-C)

Based on the experimental a(z) dependences, the reaction
rate was calculated as v =da/dt. The dependences of the
reaction rate on the degree of conversion for system | are
presented in Figure 4.

02
A
os | \ ——800 °C
—+—000 °C
006 | —+-1000 °C
g o
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Figure 4. Dependence of the reaction rate on the degree of
conversion (a) for system | (PbCl—Na2COs-C)
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Analysis of the obtained data shows that, at identical de-
grees of conversion, the reaction rate increases with increas-
ing temperature, particularly at the early stages of the process
(o= 0.2-0.4). As the degree of conversion increases, a de-
crease in the reaction rate and a convergence of the curves
obtained at different temperatures are observed, indicating a
change in the rate-limiting step and a transition from chemi-
cal control to a mixed kinetic regime. At 900°C, a pro-
nounced maximum is observed in the rate versus conversion
dependence in the region of a = 0.3-0.35, which is associated
with the intensification of the chemically controlled stage at
the initial stage of interaction. At a lower temperature
(800°C), this effect is less pronounced due to the slower
activation of the reaction, whereas at higher temperatures
(1000-1100°C), the rate maximum shifts toward lower de-
grees of conversion and is partially not detected experimen-
tally because of the high reaction rate.

For the initial stage of the process, described by the first-
order reaction equation (a=0.2), the apparent activation
energy determined from the analysis of the reaction rate
constants (K) is 33.5 kJ/mol. The temperature coefficient of
the rate constant varies only slightly and lies within the range
of 1.4-1.7. The obtained value reflects the kinetics of the
chemically controlled stage and corresponds to an idealized
description of the initial reaction period.

To evaluate the temperature dependence of the initial re-
action rate, the dependence of In vo on 10%T was analyzed,
where Vg is the reaction rate at the first recorded time point
(z=2.5min). The resulting relationship (Figure 5) is linear
(R?~0.97), and the calculated apparent activation energy is
about 62 kJ/mol. The higher E, value compared to that of the
chemically controlled stage is attributed to experimental
factors and the onset of structural and diffusion limitations at
elevated temperatures.

0 02 04 06 08 1
-15
L]
2 | y=-Ta603x +37248 |
R=0.9652 |
- Y
] !
£
= ’
25
s L 10¥/T. K

Figure 5. Dependence of In vo on 10%T for system 1 (PbCl—
Na2C0Os-C)

In the region of higher degrees of conversion for system
I, temperature dependences of Ink wversus 10%T were
constructed (Figure 6). The linear character of the obtained
relationship (R%=0.98) confirms the applicability of the
Arrhenius equation. The calculated apparent activation
energy is approximately 80 kJ/mol, indicating a significant
complication of the interaction mechanism and a transition
from chemical control to a regime influenced by mass
transfer and the formation of a dense product layer.
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06 - R2=0.9805
.1 L]
Eaaf b
o
= |
a8t \
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Figure 6. Dependence of In k on 10%T for system I (PbCl>—
Na2C03-C)

The reductive interaction of PbCl, with Na,CO3z and C
proceeds via a multistage mechanism with a change in the
Kinetic regime as the reaction progresses. At the initial stage,
the reaction follows first-order kinetics and is characterized
by a relatively low apparent activation energy (33.5 kJ/mol),
indicating the predominance of chemical control. As the
degree of conversion and temperature increase, the influence
of structural and diffusion factors becomes more pronounced,
leading to an increase in the apparent activation energy to
approximately 62-80 kJ/mol. The obtained results indicate a
transition from a chemically controlled stage to a regime
influenced by mass transfer and the formation of a dense
product layer [16].

3.2.2. Kinetics of the interaction of PbO-PbCl. with
Na2COsz and C (system 11).

The kinetics of the reductive interaction of lead
oxychloride with sodium carbonate and carbon were
investigated under isothermal conditions in the temperature
range of 500-800°C. In contrast to system I, this system is
characterized by high reactivity, manifested in the rapid
attainment of significant degrees of conversion already at the
initial stages of the process. Similar acceleration of reductive
processes in the presence of sodium fluxes has previously
been reported during the processing of lead-containing
materials and concentrates [13, 14].

Figure 7 presents the dependences of the degree of
conversion on time for system Il at various temperatures. An
increase in temperature leads to a sharp acceleration of the
process: at 700-800°C, the degree of conversion reaches
approximately 90-95% within 30-40 min, whereas at 500-
600°C it amounts to about 56-65% over the same period. The
shape of the curves is characterized by an intensive increase in
conversion at the initial stage followed by a gradual slowdown
of the process, indicating a change in the rate-limiting step as
reaction products accumulate and the structure of the solid
phase evolves. Due to the high reaction rate and the rapid
attainment of significant degrees of conversion, the
identification of a linear region corresponding to first-order
kinetics and the accurate determination of the rate constant k
for system 1l are complicated. Therefore, the temperature
dependence of the kinetic parameters was analyzed based on
the apparent activation energy values determined at fixed
degrees of conversion.
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Figure 7. Dependence of the degree of conversion on time for
system 11 (PbO-PbCl.—-Na2C0Os-C) at various temperatures

To evaluate changes in the reaction mechanism, the
apparent activation energy was analyzed at degrees of
conversion of a = 45% and « = 55%. The obtained values are
presented in Table 2 and illustrated in Figure 8.

Table 2. Apparent activation energy values for the interaction of
PbO-PbCl2with Na2COs and C at different degrees of conversion

Degree of conversion a, =~ Temperature range, Ea,
% °C kJ/mol
45 500-600 435
45 600-700 435
45 700-800 44.0
55 500-600 64.5
55 600-700 66.5
55 700-800 74.0
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Figure 8. Dependence of the apparent activation energy (Ea)
on the average temperature of the temperature interval (Tay) for
system Il (PbO-PbCl-Na:COs-C) at degrees of conversion
a=45% and a = 55%

It was established that at o = 45%, the apparent activation
energy remains nearly constant, amounting to 43.5-44.0
kJ/mol throughout the entire investigated temperature range,
which is characteristic of a predominantly chemically
controlled reaction regime. As the degree of conversion

increases to a = 55%, the apparent activation energy rises
from 64.5 to 74.0 kJ/mol with increasing temperature. This
indicates a complication of the reaction mechanism and an
increasing influence of structural and diffusion limitations
typical of multistage topochemical reactions [16].

The increase in activation energy values with increasing
degree of conversion confirms the multistage nature of the
reductive interaction of lead oxychloride with sodium
carbonate and carbon. The initial stage of the reaction
proceeds predominantly under chemical control, whereas at
later stages mass transfer processes and the formation of a
dense product layer begin to play a significant role, hindering
the further progression of the reaction.

3.3. Comparative analysis of kinetic behavior in systems |
and Il

A comparative analysis of the kinetic behavior of systems
I (PbCl2-Na;CO3-C) and Il (PbO-PbCl,-Na;COs-C) reveals
significant differences in reaction rate, kinetic regime, and
limiting stages of the reduction process, despite the use of the
same sodium-based fluxing additive. These differences are
primarily associated with the chemical nature of the lead-
containing compounds and the presence of oxygen in the
structure of lead oxychloride.

In system |, the reduction of lead chloride proceeds
relatively slowly and allows a clear identification of the
initial stage governed by chemical kinetics. The experimental
data demonstrate that at low degrees of conversion the
process is satisfactorily described by a first-order Kinetic
model, enabling the determination of the apparent rate
constant and subsequent Arrhenius analysis. The relatively
low apparent activation energy at the initial stage indicates
that the reaction rate is mainly controlled by chemical
interaction between PbCl;, Na,COs, and carbon. As the
reaction proceeds, the accumulation of reaction products and
changes in the solid-phase structure lead to a transition
toward a mixed kinetic regime, accompanied by an increase
in the apparent activation energy, which is consistent with
general kinetic concepts of extractive metallurgy and solid-
state reaction theory [15-18].

In contrast, system Il is characterized by a substantially
higher reaction rate and rapid attainment of high degrees of
conversion, even at moderate temperatures. The presence of
oxygen in the PbO-PbCl, structure facilitates the
decomposition of the compound and promotes faster
interaction with sodium carbonate and the reducing agent. As
a result, the initial chemically controlled stage is significantly
shortened, and the reliable determination of the rate constant
based on a first-order kinetic model becomes impractical. For
this reason, the kinetic analysis of system Il was performed
using the apparent activation energy determined at fixed
degrees of conversion.

The comparison of apparent activation energies further
highlights the fundamental differences between the two
systems. For system |, the activation energy at the initial
stage is relatively low and increases progressively with
conversion, reflecting the gradual transition from chemical
control to a regime influenced by mass transfer and structural
factors. In system IlI, the activation energy at moderate
conversion levels (a = 45%) remains nearly constant over the
investigated temperature range, indicating a predominantly
chemically controlled process. However, at higher degrees of
conversion (a ~ 55%), a pronounced increase in the apparent
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activation energy is observed, which points to the growing
influence of diffusion limitations and the formation of a
dense product layer.

The thermodynamic analysis confirmed that both
reactions are feasible over the studied temperature range and
exhibit a significant driving force. Therefore, the observed
differences in reaction behavior are primarily associated with
kinetic factors rather than thermodynamic limitations.

Overall, the comparative analysis demonstrates that the
introduction of an oxygen-containing lead compound sub-
stantially alters the kinetic characteristics of the reduction
process in sodium fluxing systems. While both systems ulti-
mately exhibit a multistage reaction mechanism, the relative
contribution of chemical and diffusion-controlled stages
differs markedly. These findings are of practical importance
for optimizing flux composition and operating conditions in
the processing of lead-containing dusts, particularly with
regard to achieving high metal recovery while maintaining
process efficiency.

4, Conclusions

Thermodynamic analysis demonstrated that both reduc-
tion reactions are feasible in the temperature range 500—
1000°C and are characterized by a substantial driving force.

It was established that the reductive interaction of lead
chloride and lead oxychloride with sodium carbonate and
carbon proceeds via a multistage mechanism accompanied
by a change in the kinetic regime as the reaction progresses.

For system | (PbCl,-Na,COs-C), the initial stage of the
process is satisfactorily described by first-order Kinetics,
indicating the predominance of chemical control and allow-
ing reliable determination of the rate constant and apparent
activation energy.

System Il (PbO-PbCl>-Na,COs-C) exhibits significantly
higher reactivity and rapid attainment of high degrees of
conversion, which substantially shortens the chemically
controlled stage and limits the applicability of first-order
kinetic analysis.

Analysis of the apparent activation energy values shows
that, for system I, the increase in activation energy with in-
creasing conversion reflects a gradual transition from chemi-
cal control to a regime influenced by mass transfer and struc-
tural changes of the solid phase, in agreement with kinetic
models reported for carbothermic reduction of metallurgical
dusts. In contrast, for system Il, a predominantly chemically
controlled regime is preserved at moderate conversion levels.

The obtained results demonstrate that the presence of ox-
ygen in the structure of lead oxychloride has a pronounced
effect on the reduction Kinetics in sodium-based fluxing
systems and should be considered when developing and
optimizing technological schemes for the processing of lead-
containing dusts.
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KoprachbIH XJIOpUII MeH OKCUXJIOPUAIHIH HATPUA KApOOHATHIMEH
TOTBIKCBHI3IaHY KHHETHKACHI
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Angatna. Ocbl Makanajga KOMIPTEKTIH KaThICybIMeH KoprackiH xyopuai (PbCly) MeH KoprachlH OKCHXJIOPHIiIHIH
(PbO-PbCly) HaTpmii kapOOHATHIMEH TOTHIKCHI3[AHA OPEKETTECYIHIH KMHETHUKANBIK 3aHbUIBIKTAPHI 3ePTTENIi. 3epTTeyiH
©3CKTIJIT1 eKIHII PEeTTIK OHIIPICTEH aIbIHATBIH KOPFACHIHKYPaMIBl MaHJapAbl OHICYIIH THIMII TeXHOIOTHSIIAPBIH d3ipiiey
JKOHE HAaTpUUKypamMabl (GIFOCTepIiH KYpaMbIH OHTAWIaHIBIPY KaXKeTTimiriMmeH Herizaeneni. Knnerukansik 3eprreynep PbCl—
Na;COs—C xvyiteci ymia 800-1100°C sxone PbO-PbCl,-NaCOs—C xyiieci ymia 500-800°C temmepaTypa apalbIFbIHAA
M30TEPMUSIIBIK JKaFlaiapia TepMOTpaBUMETPHSUIBIK OicHeH >Kyprisinai. TOTBIKCHI3gaHa OpeKeTTecy IpOoILeci TYpJeHy
JIOpEKECIHIH apTyblHa Kapai MIeKTEHTIH CaThIHBIH ©3repyiMEH CHNATTaJaThIH KeICaThUIbl MEXaHW3M OOMBIHINA >KYPETiHi
anpikTangsl. PbCl,-Na,CO3—C  xyiteci yumiH mnpouectiy Oacrankel Oemiri OipiHINI peTTIK peakuusi TEHACYIMeH
KaHaraTTaHapJbIK CHIIATTANIA/bl, OYJI XMUMUSUIBIK OaKbUIay/blH OachIM €KEHIH KepCeTe/li; OChl CaThLAaFbl KOPIHETIH dHEpPTus
aktuBanuscel 33.5 k/x/Morabai kypaiinasl. TypieHy JopeKeciHiH apTybIMEH SHEprusi akTHBalUsChIHBIH 62-80 kJ[/Moibre
JieiiiH ecyi Oaiikanajpl, OyJ1 MpouecTiH AU Y3UsIIBIK KOHE KYPBUIBIMBIK HIEKTEYJIEPMEH KYPACICHI€H PEKUMIe aybICybIH
kepceteni. PbO-PbCl—Na;COs—C xyiieci )xoFrapbl peakiUsIbIK KaOlIETIMEH KOHE TYPICHY/IIH e1dyip AopeKeIepiHe KbUIIaM
KeTyiMeH cumartanaasl. Oprama TypieHy ASpeXelepiHIe NMpOoIecc HETi3IHEeH XUMUSIBIK Oakpulay sKaFmalblHAA >KYpexi
(Ea = 43-44 x]Jxx/monnb), anaiina a > 55% ke3inae dHEprus akTHBALUSICHIHBIH 74 kJ[K/Mojbre neiiin ecyi Oailikamaabl, Oy
MaccaaiqMacy JCepiHiH KylneieTiHiH kepcereni. KoOpFacklH OKCHXJIOPHOIHIH KYPBUIBIMBIHIAFBl OTTETiHIH OOIYBI
HATPUIKYpaMIbl QITFOCTIK JKYHenepaeri TOTHIKCEI3AaHIbIPY MPOIECiHIH KHHETHKANBIK CHIIaTTaMallapblHa eNeyill ocep eTeTiHi
KepCeTUIi. AJBIHFaH HOTHKEJEepP KOPFACHIHKYpaMJIbl MIAHAAP/bl OHICYAIH TEXHOJIOTHSJIBIK CXEeMallapblH OHTAHIAHIBIPY/Aa,
METaJIIbI LIBIFapy ASPEXKECiH apTThIPY KIHE MIPOLECTIH SHEPTHs THIMIUIITH )KOFapblIaTy MaKCcaThIH/A KOJIAHBUTYbl MYMKIH.

Heezizei co30ep: Kopzacvln  Kypamobl way, KOP2ACLIH —XAOPUOL, HAMpUull KapOoOHamvl, MOMbIKCHI30AHObIDbIN
INeKMPOATKLINY, KAMMmMbl a3ansl peaKxyuanap KUHeMUKAcyl, SHePUs AKMuUSayusacyl, mepmospasuUMempusIbly maioay.

KuHeTHKA BOCCTAHOBJIEHHUS XJIOPU/IA U OKCUXJIOPH/IA CBUHIIA
Kap0OOHATOM HATpPHS
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AnHoTtanusi. B pabore uccienoBaHbl KMHETHUECKHE 3aKOHOMEPHOCTH BOCCTAHOBHTEIILHOTO B3aMMOJCHCTBHS XJIOPHAA
ceunna (PbCly) u oxcuxiopuna ceutna (PhO-PhCly) ¢ kapooHaTOM HATpHs B MPUCYTCTBUH yriepona. AKTyadbHOCTh HCCIIe-
JIOBaHMsl 00YCIIOBJICHA HEOOXOIMMOCTBIO pa3paboTKK 3(PPEKTUBHBIX TEXHOJIOTHH MepepadOTKH CBUHELCOAEPIKAINX MbUICH
BTOPUYHOI'O IIPOM3BOJCTBA M ONTUMH3ALMK COCTaBa HaTpuiicoaepxamux (iarocoB. Kunetnueckue nceieoBaHus BBIITOIHEHBI
TEPMOrPAaBUMETPHYECKUM METOIOM B M30TEPMUYECKHUX YCIOBHAX B Juamnasone temmeparyp 800-1100°C mus cucremsr PhCl—
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Na;CO3-C u 500-800°C mis cucremsl PbO-PbCl,~Na;CO3—C. VcraHOBIEHO, YTO BOCCTAHOBUTEILHOE B3aUMOJIEHCTBHIE TIPO-
TEKAaeT M0 MHOTOCTaJUIHOMY MEXaHHU3MY C U3MCHEHHEM JIMMHUTUPYIOLICH CTaJWU 10 Mepe YBEIMYCHUs CTEIICHU MpeBpaiie-
aust. [l cucrembr PhCl,—Na;CO3—C HavanpHbIH y4acTOK MPOIECca YAOBICTBOPUTEIBHO OMUCHIBACTCS YPABHEHHEM PEAKIIUH
HEePBOrO MOPS/KA, YTO CBUACTENBCTBYET O MPEOOIaJaHUH XUMHUYECKOTO KOHTPOJIS; KaXyIIascs SHEPTUsl aKTUBALMKA HA TOU
cragun coctaBisieT 33.5 k/x/mMonb. C yBelIHYCHHEM CTENICHH MPEBPAICHHUs HAOIIOACTCS POCT SHEPTUH aKTHBALUK A0 62-
80 k/[)k/MOJIb, Y4TO yKa3bIBAET HA MEPEXOJ K PEIKUMY, OCIOKHEHHOMY TU(D(Y3HOHHBIMH M CTPYKTYPHBIMU OTPaHUYCHHUSIMHU.
Cucrema PbO-PbCl,-Na;CO3-C xapaxtepusyercsi 60jiee BHICOKON PEaKIMOHHON CIIOCOGHOCTBIO U OBICTPBIM JIOCTHIKCHUEM
3HAYUTEJIBHBIX CTeNeHel npeBpamieHus. [Ipu yMepeHHbBIX CTENEeHAX MPEBPAIIEHHs MPOIECC MPOTEKAET MPEUMYIIECTBEHHO B
YCHOBUSIX XUMHUIECKOTO KOHTPoIs (Ea = 43-44 xJ{/Mo1b), OMHAKO TPH > 55% HaOIr0NaeTCsl yBENNUIECHHE SHEPTUH aKTHBA-
uun 10 74 kJK/MoIib, CBUICTEIBCTBYIOIIEE O BO3PACTAHUH BIHMSHUS MacconepeHoca. [Toka3aHo, 4To MPUCYTCTBHE KUCIOpOIa
B CTPYKTYPE OKCHUXJIOPUA CBUHIA CYI[ECTBEHHO BIHMSCT HA KHHETHUECKHE XapaKTEPHUCTHKH BOCCTAHOBHUTEILHOTO MPOIiecca B
Harpuiicogepxamux (GrrocoBbix cuctemax. [lonydeHHbIe pe3yabTaThl MOTYT OBITh UCIIOJb30BAHbBI MPU ONTUMH3ALNH TEXHO-
JIOTHYECKUX CXEM MepepaboTKH CBHHEIICOICPIKAIINX MBUICH C LENbI0 MOBBIMICHUS U3BICUCHUS] METAJIa U SHEProdhHeKTus-
HOCTH TIpoIecca.

Knrwouesvie cnosa: ceuneycooepoicawas nuliv, X10puo c8UHYA, OKCUXIOPUO CBUHYA, KAPOOHAM HAMPUsL, 60CCMAHOBUMENb-
Hasl 2AEKMPONIABKA, KUHEMUKA MEEPOOPA3HbIX peakyull, SHepeUust AKMUSAYUL, MEePMOSPASUMEMPULECKUL AHATU3.
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Abstract. The presence of nonferrous metals, particularly copper, in the chalcopyrite-magnetite ore of the Irisu deposit
precludes its use in metallurgical production. This requires preliminary metal extraction. This article presents the results of a
study on the extraction of nonferrous metals from Irisu ore by chloride sublimation roasting. The study was conducted using
computer thermodynamic modeling and the HSC-10 software package, which is based on the minimum Gibbs free energy
principle. Calcium chloride was used as the chlorinating agent. The effects of temperature and pressure on the chloride subli-
mation of nonferrous metals and the behavior of iron and sulfur during this process were determined. It was established that the
interaction of Irisu ore with calcium chloride is accompanied by the formation of gaseous chlorides: AgCly), CoClyg),
CuzClyg), CusCla(g), CusClag), CuClg, FeClyg), PbClg), PbClyg), ZnClyg. A decrease in pressure from 0.1 to 0.001 bar reduces
the temperature of complete chloride sublimation of copper to 683°C, zinc — 597°C, lead — 593°C, silver and cobalt to 700°C.
The degree of chloride sublimation of iron at 700°C is only 0.24%. In the cinder, it is present to a greater extent in the form of
Fes0, and to a lesser extent in the form of Fe,O3 and FeO. Under these conditions, sulfur is almost completely (99.99%) con-
verted into SO,. Chloride sublimates formed at 700°C and 0.001 bar contain 33.94% copper, 11.57% lead, 5.98% zinc, 2.88%
cobalt, 0.2673% silver and 5.49% iron. In this polymetallic concentrate, compared to the ore, the content of copper, zinc and
silver increased by 44.6 times, lead — by 44.5 times, cobalt — by 45.3 times.

Keywords: chalcopyrite-magnetite ore, calcium chloride, thermodynamic modeling, temperature, pressure, chloride
sublimation, copper, lead, zinc, cobalt, silver, sulfur.
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1. Introduction

Iron-bearing ores, including those in Kazakhstan, where
estimated iron ore reserves are 12.5-16.6 billion tons [1-3],
often contain nonferrous metals [4-5]. Therefore, not all ores
are suitable for direct metallurgical processing. The Irisu
chalcopyrite-magnetite deposit, with reserves of 327.1 million
tons, is located in Tyulkubas district of Turkestan region. The
deposit’s ore field consists of Middle Paleozoic carbonate
rocks intruded by alkaline gabbroic intrusions.

The main minerals are magnetite, pyrite, chalcopyrite,
pyrrhotite, cobaltite, sphalerite, and galena. The ore contains
30-60% iron, 0.32-0.93% copper, 0.24% lead, 0.09% zinc,
and 0.04% cobalt [6-8]. The ore also contains selenium,
tellurium, thallium, and 0.56-6.5 g/t silver. In addition to
150 million tons of iron, the ore also contains 2 million tons
of copper, which is a valuable resource for ferrous and non-
ferrous metallurgy. The ore from the Susingen deposit, with
reserves of 25 million tons, also falls into this category [9].

© 2026. M.A. Tuleyev, V.M. Shevko, D.K. Aitkulov, Yu.P. Udalov
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Processing iron-bearing ores containing nonferrous met-
als involves a combination of physical and chemical technol-
ogies, such as magnetic separation, flotation, and leaching,
including bioleaching. A common drawback of these meth-
ods is the multi-stage nature and insufficient recovery of
nonferrous metals and often iron as well. Thus, during the
processing of sulfide-magnetite ore (35.7% Fe, 0.64% Cu,
1.2 g/t Au), which successively uses X-ray radiometric sepa-
ration, wet magnetic separation and flotation, 93.6% of cop-
per is extracted into copper concentrate (23.7% Cu, 18.9 g/t
Au and 60 g/t Ag), only 76.6% of iron is extracted into mag-
netite concentrate (66.5% Fe), and only 27% of gold is ex-
tracted into gold-bearing concentrate (50 g/t).

During the flotation of copper-magnetite ore (0.3-0.5%
Cu) by flotation into copper concentrate (18.5% Cu) only
77.8% of copper was extracted [10]. From the wet magnetic
separation tailings of ferrous ores containing 0.29% sulfide
copper, no more than 80% of copper was extracted into con-
centrate (25.3% Cu) by flotation [11], and from similar ore of
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another Cheremshansky tailings dump only 65.3% of copper
was extracted into concentrate [11]. Preliminary (before
magnetic separation) magnetic pulse treatment of ore con-
taining 0.14% sulfide copper allowed to increase the copper
extraction into sulfide product from 54 to 65% [12]. Using
multi-stage wet magnetic separation and flotation of its tail-
ings from iron ore containing copper into magnetic concen-
trate (65-66% Fe), 79-80% of Fe was extracted, and from
tailings into copper concentrate (15.2% Cu) — only 54% of
copper [13]. Magnetic separation of the Irisu deposit ore and
flotation of its tailings yielded 87-90% iron recovery into
magnetic concentrate (69-75% Fe), 75-84% copper recovery
into copper concentrate (18.64% Cu), and 67.2-77.3% cobalt
recovery into cobalt-pyrite concentrate.

Research [14] presents the results of studies of Fe-Cu-
containing ore (1.79% Cu) using a magnetic separation and
copper leaching scheme from separation tailings. This meth-
od allows for the recovery of only 72% copper.

Gravity enrichment of ore containing 16.5% Fe, 0.13%
Cu, and rare earth elements resulted in the conversion of
76.6% iron and 72.6% copper into the heavy fraction, and
77.9% rare earth elements into the light fraction. A combina-
tion of magnetic separation and bioleaching of magnetite
concentrate yielded 80% of copper and 20% of zinc [15].

The above data demonstrates that existing multi-stage
methods do not provide a high level of separation of iron
from nonferrous metals in copper-magnetite ores. Currently,
they do not meet modern requirements for the integrated use
of raw materials. The problem of integrated processing of
copper-magnetite ores can be successfully solved by devel-
oping a technology that allows for the complete separation of
iron from nonferrous metals in a single process step, fol-
lowed by the production of marketable products from mag-
netite concentrate. Chloride sublimation is an effective meth-
od for the selective extraction of nonferrous metals from
iron-containing raw materials. The main advantage of this
method is the ability to virtually completely suppress iron
chlorination, leaving it in the cinder and extracting the non-
ferrous metals into chloride sublimes. Based on this, chlo-
ride-electrothermal technology may be an effective method
for processing Irisu iron-bearing ore. This involves chloride-
sublimation roasting in the first stage, with the extraction of
copper and other nonferrous metals into a polymetallic con-
centrate — chloride sublimes and iron-containing magnetite
concentrate — from which a ferroalloy is produced in the
second stage by electric smelting. The authors of this article
have previously conducted studies on the chloride-
sublimation of nonferrous metals from various polymetallic
natural and technogenic raw materials, with virtually com-
plete iron retention in the cinder [16, 17]. This article pre-
sents the results of studies on the equilibrium chloride subli-
mation of nonferrous metals from chalcopyrite-magnetite ore
at the Irisu deposit in the presence of calcium chloride.

2. Materials and methods

The study was conducted using thermodynamic modeling
with the HSC-10 software package [18], based on the mini-
mum Gibbs free energy principle, to determine the equilibri-
um distribution of nonferrous metals and iron (o, %) in the
Irisu ore (I0) — CaCl, — O, system. The temperature range
for the studies was 300-1700°C, and the pressure range was
0.1-0.001 bar. The ore used in the study was from the Irisu
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deposit, containing (wt%): 69.4 Fe30., 10.0 SiO, 6 CaCOs,
5.8 MgCOs, 3.3 Al;O3, 2.2 CuFeS,, 0.3 PbS, 0.2 ZnS, 0.1
CoS, 0.002 Ag. To improve the efficiency of the research
and obtain maximum information from the processes under
study, the method of second-order rotatable research design
(Box-Hunter plans) was also used in the work, with the re-
sulting regression equations [19] being used to construct
volumetric and planar images of the optimization parameters
[20, 21]. The temperature and pressure ensuring maximum
chloride sublimation of nonferrous metals and minimum
chloride sublimation of iron were determined from the image
of the overlapping planar images.

3. Results and discussion

The primary material obtained using the HSC-10 complex
allowed to establish that in the system under consideration, at
a pressure of 0.1 bar, the reaction occurs with the formation of
Ad), AGCI, AgCl(g), Al,SiOs, CaClyg), CaSiOs, CaSOs, Cl(g),
CO(y), COyq, CoCly, CoClyg, Cug), CusClyg, CusClsg,
CusClyg), CuCl, CuClg), CuClyg, FexOs, FeCly, FeClyg),
FeClsg, FeO, FeS, FeSiO;, MgO, MgSiOs, Ozg), Pb),
PbClg), PbCly, PbClyg), SOz, Zn(g), ZnClg), ZnCly, ZnCly(g,).

Figure 1 shows the effect of temperature on the degree of
metal distribution in the Rl — CaCl, — O, system at 0.1 bar. It
is evident that the formation of the target gaseous chlorides:
CusClag), CusCls(g, CuzClyg and CuClg ccurs, respectively,
in the following temperature ranges: 400-1300°C, 400-
1400°C, 900-1500°C, and >800°C.
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Figure 1. Effect of temperature on the degree of distribution
Cu (1), Fe (11), Zn (111), Ag (1V), Co (V), Pb (VI)
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Iron is practically not chlorinated in the system, accounting
for only 0.23-0.33% at 800-1700°C. Predominantly (59.6-
75.3%), iron remains in the form of FezOs in the temperature
range of 300-1700°C. To a lesser extent, iron is converted
into Fe,O3 (38-15%), and only 0.32-8.2% into FeO.

The target zinc-containing product, gaseous ZnCly), be-
gins to appear in the system at 400°C. The maximum of this
process (99.5-99.9%) occurs at 800-1200°C. Then, as the
temperature increases to 1700°C, the decomposition of
ZnClyq begins, forming gaseous ZnClg and Zn(g).

Complete chlorination of silver to form AgCl occurs at
300°C. The maximum conversion of silver to gas (99.7%) in
the form of AgCl occurs at 900°C. Then, as the temperature
increases to 1700°C, the decomposition of AgCl( occurs,
forming Ag(g and chlorine (36.2% of gaseous silver is formed
at 1700°C). The chlorination of CoS to form CoCl, begins at
400°C, and gaseous CoCl;, begins at 800°C. In the temperature
range of 900-1700°C, all cobalt is present as CoClz().

Chlorination of PbS is virtually complete at 300°C, forming
PbClI,, which persists up to 800°C. Formation of gaseous PbCl;
occurs in the range of 400-1700°C, with a maximum (98.4%)
at 800°C. At temperatures above 800°C, gaseous PbCl; forms:
PbCl, = PbCl + 0.5Cl,. In the temperature range of 1300-
1700°C, some elemental lead is in the gaseous state.

Table 1 shows the effect of temperature on the degree of
conversion of metals (as the sum of chlorides and elements)
into gas (hereinafter owme(gas)) at a pressure of 0.1 bar.

Table 1. Effect of temperature on the degree of distribution of
elements in gas

Temperature, °C

Element 505 400 500 600 = 700 800 900 1000 1500 1700
Ag - - - 00l 033 6052 100 100 100 100
Co - —  — 005 206 99.60 100 100 100 100
Cu - 007181 1322 51.68 99.46 100 100 100 100
Fe - - - - 003 023 024 024 025 033
Pb | — 005241 2829 8477 99.94 100 100 100 100
Zn  — 005207 2921 8670 99.99 100 100 100 100

Table 1 shows that at 0.1 bar and 900°C, Zn, Cu, Pb, Co,
and Ag completely transform into gas. Almost all the iron
remains in the cinder. Only 0.24% of the iron transforms into
gaseous FeCls. Figure 2 shows the effect of temperature and
pressure on the degree of metal conversion to the gas phase. It
is evident that decreasing the pressure from 0.1 to 0.001 bar
lowers the temperature for complete gasification of zinc and
lead to 600°C, and for Cu, Co, and Ag to 700°C. At 700°C, the
degree of iron chloride sublimation is only 0.25%.
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Figure 3 shows that the main sulfur-containing substanc-
es in the system are CuFeS,, CaSOa, SO, ZnS, PbS and CoS.
Reducing the pressure from 0.1 to 0.001 bar allows for a
reduction in the temperature of virtually complete (99.29%)
sulfur conversion to SO, from 1300 to 700°C. Only 0.7%
sulfur remains in the cinder.
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Figure 3. Effect of temperature and pressure on the degree of sulfur distribution (pressure: I — 0.1 bar; 11 —0.001 bar)



M. Tuleyev et al. (2026). Engineering Journal of Satbayev University, 148(3), 9-15

To determine the temperature and pressure that will max-
imize the extraction of copper, zinc, lead, silver, and cobalt
into gaseous chlorides, further research is being conducted
using a second-order rotatable design [19]. Table 2 presents
the experimental design matrix and the results of studying
the effects of temperature and pressure on the conversion of
the main metals from the ore into the gas phase.

Table 2. Effect of temperature and pressure on the degree of
conversion of copper, lead, and zinc into the gas phase

Variables

No. Coded Natural acll)l (Gas): aPE(gas), azf)l(gas),
X1 Xz IgP T, °C % % %
1 + + -2.7 654 94.3 99.0 99.8
2 — + -1.3 654 46.4 75.1 75.3
3 + — -2.7 526 37.3 77.3 73.0
4 — — -1.3 526 9.0 15.6 16.0
5 1414 0 -3 590 80.5 96.2 97.2
6 -1.414 0 -1 590 12.7 25.0 27.4
7 0 1.414 -2 680 87.0 98.2 100.0
8 0 -1.414 -2 500 13.4 22.4 18.5
9 0 0 -2 590 40.2 84.7 77.8
10 0 0 -2 590 40.8 85.0 77.6
11 0 0 -2 590 41.0 85.1 77
12 0 0 -2 590 41.6 85.7 76.6
13 0 0 -2 590 41.6 86.0 76.1

Using the data from the table in [20], the following re-
gression equations were obtained:

CU (ga) =136.09-0.56-T +63.1-Ig P +

(1)
0.00058-T2 +8.5-(IgP)? —0.109-T -Ig P
aPlygas) =—1450+3.89-T —247.4-1gP -

2
0.0026-T2 —22.33-(IgP)? +0.211-T - lg P
aZn(gas) = 983.26+2.43-T —203.95-1g P — "

0.0015-T2 -15.25.(IgP)? +0.18-T -Ig P

Then, according to [21], 3D and planar images of the de-
pendencies aCu(gas), 0Pb(gas), 0Zn(gas) =f (IgP, T) were con-
structed. Table 3 presents the pressure and temperature val-
ues at the boundaries of the regions shown in Figure 4, where
aMegas) ranges from 90 to 100%.

Table 3. Pressure and temperature values at the boundaries of
the regions where aMe(gas) ranges from 90 to 100%

Points of

Metal th . IgP P, bar T,°C aMegas), %
e region
a -2.3 0.005 680 90
Copper b -2.5 0.003 680 100
c -3.0 0.001 623 100
d -3.0 0.001 601 90
t -1.57 0.027 680 90
Lead f -1.95 0.011 680 100
h -3.0 0.001 593 100
u -3.0 0.001 554 90
0 -1.67 0.021 680 90
Zine p -2.11 0.008 680 100
| -3.0 0.001 597 100
e -3.0 0.001 551 90

From Table 3 it follows that lead sublimes into chlorides
by 90-100% in the temperature range of 554-680°C at 0.011-
0.001 bar, zinc — at 551-680°C and 0.021-0.001 bar, and
copper — at 601-680°C and 0.005-0.001 bar.

635 650
Temperature, °C

son! 635 680
Temperature, °C

Figure 4. 3D and planar images of the effect of temperature
and pressure on the degree of conversion n of metals into gas
(metals: I — copper; 11 —lead; 111 —zinc)

Figure 5 and Table 3 show that copper undergoes chlo-
ride sublimation with greater difficulty than zinc and lead.
Therefore, the conditions for copper chloride sublimation
determine the optimal parameters for the chloride sublima-
tion of copper, zinc, and lead. These conditions must also be
consistent with the conversion of silver and cobalt into gas.

650 700 750 800 850 900
Temperature, °C

650 700 750 800 850 900
Temperature, °C

Figure 5. Effect of temperature and pressure on aMe(gas) Of
silver and cobalt (the numbers near the line indicate the degree
of conversion of metal into gas, %)

Figure 5 shows the aMe(gas) regions for silver and cobalt
from 90 to 100%, and Table 4 shows the pressure and tem-
perature values for these regions. At a pressure of 0.001-0.01
bar, 0Aggas) = 90-100% in the temperature range of 698-
900°C, while cobalt does so at 689-900°C.

Comparing Tables 3 and 4, it follows that oAggas) and
aCugasy decomposition occurs at higher temperatures.
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Table 4. IgP and temperature values at the boundaries of the
regions where aMegas) for Ag and Co ranges from 90 to 100%

Points of

Metal the region IgP P, bar T,°C aMegas), %

f 3 0001 698 90
Sitver n 3 0001 700 100

m 1 0.1 900 100

K 1 01 875 90

X 3 0001 689 90

y 3 0001 700 100
Cobalt : 1 0.1 900 100

r 1 0.1 790 90

Thus, at 0.001 bar, aCugas) =100% occurs at 623°C,
while for cobalt and silver, it occurs only at 700°C. There-
fore, the optimal temperature should be determined by the
chloride sublimation of silver (698-900°C and 0.01-0.1 bar).

Figure 6 shows the effect of temperature and pressure on
the metal concentration in condensed sublimates.
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Figure 6. Effect of pressure and temperature on the concen-
tration of metals in condensed sublimates (the numbers near the
line indicate pressure in bar)

It is evident that in the region of 800-900°C the change in
pressure has virtually no effect on the concentration of cop-
per, lead, zinc, cobalt and silver, amounting to 33.7-34.0%;
11.7-11.6%; 5.97-5.95%, 2.9-2.97%, respectively. The con-
centration of iron at 600-900°C increases from (5.29 at
800°C) to (5.79 at 900°C). At 700°C and 0.001 bar, when the
nonferrous metals had completely converted into gaseous
chlorides, the concentration of copper in the condensed sub-
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limes was 33.94%, lead —11.57%, zinc —5.98%, cobalt—
2.88%, silver — 0.27%, iron — 5.49%. Chloride sublimates are
a polymetallic concentrate in which, in comparison with the
ore, the concentration of copper, zinc and silver has in-
creased by 44.6 times, lead — by 44.5 times, cobalt — by 45.3
times. The cinder after roasting the ore at 800°C and 0.001
bar contains by weight %: FesO,—59.81, Fe,Os;—12.03,
CaSiO3; - 9.33, MgSiO;-6.11, FeO-5.12, Al,O3-3.52,
SiO,—1.91, FeSiO3—1.33, MgO-0.62, Al,SiOs-0.21,
CaSO4—0.01. It can be used in blast furnaces, steelmaking
or for the production of ferroalloys.

4, Conclusions

Based on the conducted studies of the equilibrium interac-
tion of Irisu copper-magnetite ore with calcium chloride in the
presence of oxygen, the following conclusions can be drawn:

— the chlorination products are chlorides of copper (CusCla,
CusCls, CuxCl; and CuCl), lead (PbCly, PbCI), zinc (ZnCly,
ZnCl), iron (FeCls, FeCly), silver (AgCl), and cobalt (CoCly);

—according to the temperature of the beginning of for-
mation of gaseous chlorides, metals form a series: Cu, Zn, Pb,
Co, Ag and Fe; this temperature, like the temperature of com-
plete extraction of chlorides into gas, shifts to the region of
lower temperatures with decreasing pressure;

—complete chloride sublimation of copper at a pressure of
0.001 bar occurs at 683°C, zinc — 597°C and lead — 593°C,
silver and cobalt at 700°C (iron is chlorinated only by 0.24%);

—chloride sublimes formed at 700°C and 0.001 bar contain
33.94% copper, 11.57% lead, 5.98% zinc, 2.88% cobalt, 0.2673%
silver and 5.49% iron; chloride sublimes are a polymetallic
concentrate in which, compared to the ore, the concentration of
copper has increased by 44.6 times, lead — by 44.5 times, zinc
and silver — by 44.6 times, cobalt — by 45.3 times;

—sulfur present in the ore at a pressure of 0.001 bar and
700°C is almost completely (99.29%) converted to SO..

The cinder after roasting the ore at 800°C and a pressure
of 0.001 bar contains the following by weight, %: Fes04 —
59.381, Fe,03 — 12.03, CaSiOs — 9.33, MgSiOs - 6.11, FeO —
5.12, Al,0; - 3.52, SiO, - 1.91, FeSiO3 - 1.33, MgO - 0.62,
Al,SiOs — 0.21, CaSO4 — 0.01, can be used in the production
of cast iron, steel, and ferroalloys.
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OarmapiamMaNblK KEIIeHIH KOJJaHy apKbUIbl JKYPTi3iimi. XJIOpiaymibl peareHT PeTiHAe KaJbIUNA XJIOPHII MaimajaHbUIIbL.
Temmeparypa MeH KBICBIMHBIH TYCTI METalIapIblH XJIOPUATI aiiianyslHa, COHIAaW-aK TeMip MEH KYKIPTTIH MiHe3-KYJIKBIHA
acepi aHbIKTa bl MpHcy KeHi KaJbLuil XJOpUAIMEH SPEKETTECKEeH e KeJIeci ra3 Topi3l XJIOPUATEPiH TY31JIETiHI aHBIKTaJI/IbI:
AgCI(r), COClz(r), CU2C|2(r), CU3C|3(F), CU4C|4(F), CUC|(F), FEC|2(F), PbC|(r), PbClz(r), ZnC|2(r). Keiceimapt 0.1-nen 0.001 Gapra
JIeliiH TOMEHJIETYy MBICTBIH TOJBIK XJIOPHATI aijany TtemmeparypacbiH 683°C-ka, MbIpbITIKIH 597°C-Ka, KOpFachIHAIKIH
593°C-ka, an kymic reH kobanbTTikiH 700°C-Kka aeiiin TemenaeTeTiHi anbikTanapl. 700°C Temneparypana TeMip/iH XJIOPHATI
aiinany nopexeci HeOGapi 0.24% xypaiinel. Kyiinipinaine temip Herizinen FesO, sxoHe a3 memmepae Fe>O3 men FeO Typinne
ke3zmeceni. byn xarnainapaa KykipTTiH 6aceiM Oediri ic xy3inge Tonbik (99.99%) SO, Typinzae ra3 ¢dasaceia eteni. 700°C
temnepatypa xoHe 0.001 Oap KpIchIMAa Ty3UITeH XJIOpHUATI aiinamanap KypamsiHaa 33.94% meic, 11.57% kopracsis, 5.98%
MBIpbII, 2.88% k06anbT, 0.2673% kymic xoHe 5.49% Temip Oap. By mommMeTann KOHIEHTPAThIHAA KEHMEH CabICTBIPFaHIa
MBIC, MBIPBIII jK9HE KyMic Meniepi 44.6 ece, KopraceiH 44.5 ece, kobanbT 45.3 ece apTKaHBI aHBIKTAIIBI.

Hezizei co30ep: xanvkonupum-mazHemum KeHi, Kaabyuti XA0pudi, MmepMOOUHAMUKATLIK MoOerboey, memnepamypd,
KbICbIM, XI0pUOmMI anoay, MulC, KOPEACLIH, MbIDbIW, KOOALbM, KYMIC, KyKipm.
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AnHoTanus. [IpucyTcTBHE IBETHBIX METAJUIOB M OCOOCHHO MEAW B XaJIbKONHMPHT-MAarHETHTOBOW PyIE MECTOPOXKICHHUS
Hpucy He MO3BOIISET UCHONB30BATh 3TY PYAY B METALTYPrHIECKOM MPOM3BOACTBE. [IJIs 3TOro He0OX0IMMO MpeABAPUTEIHHO
U3BJICYb METAIIBI U3 pyJbl. B crarbe MPUBOASATCS PE3yNbTAaThl UCCIIEIOBAHUS 0 M3BJICUEHHIO [[BETHBIX MeTayuioB u3 Vpu-
CYCKOH PY/bl XJIOPUIOBO3TOHOUHBIM 00KHMIroM. VccienoBanusi IPOBOIUIIUCH METOIOM KOMIBIOTEPHOTO TEPMOJANHAMHUYECKO-
ro MOJICJIMPOBaHMS U MCIIOJIb30BaHHEM MporpaMMHoro komiiekca HSC-10 ocHOBaHHOTO Ha MPHHIMIIE MUHUMYyMa SHEPTUH
I'n60ca. B kauecTBe XJIOPUPYIOLIETO areHTa UCIOIb30BAN XJIOPUA Kaiblust. Onpenessioch BIUsSHIE TEMIIEpaTypbl U JaBie-
HHS Ha XJIOPUJIOBO3TOHKY I[BETHBIX METAIJIOB U IOBEJICHHE IPH ITOM JKele3a U Cepbl. Y CTaHOBJIEHO, YTO B3aUMO/ICHCTBUE
pyzast Vpucy ¢ XJIOpHIOM KalbIns COMPOBOXKIaeTcs obpazoBanueM razoobpasubix xmopumos: AJCly, CoClyr, CuaClyy,
CusCls(ry, CusClyry, CuClyy, FeClyy, PbCliry, PhClywry, ZnClyy. YMenbuienne nasnenus ot 0.1 qo 0.001 6ap cHmkaet Temiepa-
TypY, TIOJHOW XJIOPUIOBO3TOHKH Menu mo 683°C, nmuka - 597°C, cBuHma - 593°C, cepebpa u kobansTa 10 700°C. CreneHp
xmopunoBo3ronkn kenesa mpu 700°C cocraBnser Tonsko 0.24%. B orapke oHO B Goubleit Mepe npucyTcTByeT B Buae Fe304
U B MeHbIIer Mepe - B Buzae Fe;03 u FeO. Cepa B 3THX yCIOBUIX NPaKTHIECKH MOIHOCTHIO (99.99%) nepexonur B SO,. Xio-
punmHBIe BO3roHHBI, obopasytommuecs mpu 700°C u 0.001 6ap comepxar 33.94% memm, 11.57% cBunna, 5.98% nwuHka, 2.88%
koOanbTa, 0.2673% cepebpa u 5.49% sxenesa; B 3ToM noiauMeraninyeckoM KOHIEHTpAaTe B CPAaBHEHUH C PY/IOH, COAEpKaHUE
MeJIH, IMHKA ¥ cepedpa yBenuuuioch B 44.6 pasa, cBuHila — B 44.5 pasa, kobanbpTa — B 45.3 pasa.

Knioueevie cnosa: xanvkonupum-mazHemumosas pyoa, XJ10puo Kauibyus, MepMoOuHAMUieckoe MoOeIuposanue, memne-
pamypa, oasnenue, X10puUd080320HKA, Medb, CUHEY, YUHK, KoDatbm, cepebpo, cepa.
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Abstract. The article provides an analytical review of the current state and development prospects of Leach-Solvent Ex-
traction-Electrowinning (L-SX-EW) technology within the global and domestic copper industries. The study analyzes the min-
eral resource base of the Republic of Kazakhstan, including major copper deposits in the East and Central regions. Attention is
given to solvent extraction flowsheets, the impact of mineralogical composition, and key technological challenges in pro-
cessing oxidized and mixed copper ores. The paper highlights the historical role of «VNlltsvetmet» in the development of
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1. Introduction

The global increase in copper consumption, including
high-purity cathode grades and concentrates, together with
the gradual depletion of high-grade sulfide ore reserves and
the transition towards the development of off-balance re-
sources and refractory oxidized and mixed ore, necessitates
modernization and the development of more efficient ore
processing technologies and enhanced recovery of valuable
components. Under these conditions, heap leaching followed
by solvent extraction and electrowinning (L-SX-EW), which
enables the production of high-purity copper, has become
one of the key technological solutions. According to the
International Copper Study Group (ICSG), hydrometallurgi-
cal processes currently account for approximately 20-25% of
total mine copper production worldwide [1].

The Republic of Kazakhstan possesses significant copper
ore reserves — approximately 36 million tonnes of identified
resources. The mineral resource base of copper in Kazakh-
stan is primarily represented by deposits of copper sand-
stones (Zhezkazgan), complex copper-pyrite and pyrite-
polymetallic ores (Zyryanovskoye, Artemyevskoye, and
others in the Rudny Altai, Eastern Kazakhstan), copper
porphyry deposits (Aktogay and Aidarly, Bozshakol,
Koksay, etc.), and copper skarn deposits (Sayak). Mine cop-
per production in 2021 amounted to 520 thousand tonnes.
The country accounts for approximately 2.5% of global mine
production and refined copper output (second place within
the CIS) [2]. The successful implementation of projects such
as Aktogay, Kounrad, and Almaly has demonstrated the

© 2026. N. Yakushev
nikita.yakushev2112@mail.ru

effectiveness of L-SX-EW technology. However, the in-
volvement of ores with complex mineralogical compositions,
as well as mixed ores, in hydrometallurgical processing pre-
sents a number of technological challenges.

The main issues encountered at operating plants include
high concentrations of impurities (iron, silica, manganese,
chlorides, etc.) in pregnant leach solutions (PLS), which
complicate copper extraction by solvent extraction, as well as
the formation of insoluble interfacial emulsions (crud). Op-
timization of the solvent extraction process is a critical stage
for ensuring stable plant operation [3].

This article provides an overview of L-SX-EW technolo-
gy, ranging from global trends to the specific operational
features of domestic deposits. The paper examines the cur-
rent state of the technology in international practice, techno-
logical flowsheets and key stages of heap leaching, as well as
the factors affecting process efficiency. Particular attention is
given to the industrial implementation of L-SX-EW in the
processing of copper ores in Kazakhstan and to the historical
role of VNIltsvetmet in the development of hydrometallurgi-
cal technologies in the region.

2. Research methodology

Over the past decade, SX-EW technology has demon-
strated steady growth. According to analytical reports, total
global copper mine production increased from 18.4 million
tonnes in 2014 to approximately 22.4 million tonnes in 2023.
Copper production by the L-SX-EW method also rose by
about 17% over the same period. From 2026 onward, further
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growth of hydrometallurgical production is forecast at an
average annual rate of about 2%, driven by the development
of green technologies [4]:

— Renewable energy sources (RES): the construction of
wind turbines and solar panels requires copper consumption
volumes that are 3-4 times higher than those of conventional
power plants;

— Transport sector: the production of electric vehicles re-
quires 2-4 times more copper than the manufacture of con-
ventional internal combustion engine vehicles;

— Urbanization: large-scale global investments in infra-
structure development provide additional stimulus to the
copper market;

— Copper produced by electrowinning (EW) consistently
meets international LME Grade A standards (99.99% purity),
enabling producers to market the product directly to end
users without intermediate processing stages.

In several regions (for example, in Africa, including the
Democratic Republic of the Congo), hydrometallurgical
operations have demonstrated significant production growth,
particularly against the backdrop of new project commission-
ing and capacity expansions [1, 5].

The key advantages of SX-EW technology include rela-
tively low capital and operating costs, simplicity of process
flowsheets and equipment design, and the possibility of repro-
cessing waste dumps previously considered uneconomic.
However, the technology also has significant drawbacks: it is
characterized by long metal recovery cycles that may extend
over months or even years, as well as strong dependence on
climatic conditions and the permeability of the ore heap [6, 7].

Global copper production is concentrated in several key
regions [8]:

1). Chile — the undisputed world leader in both reserves
and copper production. In 2023, the country’s output
amounted to approximately 5 million tonnes.

2). Peru — ranks second globally, with production of 2.6
million tonnes.

3). China — produces about 1.7 million tonnes of copper.
It should be noted that China is not only a major producer
but also the world’s largest consumer.

4). United States — the U.S. mining sector produces ap-
proximately 1.1 million tonnes of copper annually. A signifi-
cant share originates from operations in Arizona, where SX-
EW technology has historically been widely applied for the
processing of oxidized ores.

5). Russian Federation — consistently ranks among the top
five global refined copper producers. Russian enterprises ac-
count for approximately 4.8% of total world output, highlighting
the region’s importance in maintaining global supply balance.

6). Democratic Republic of the Congo (DRC) — the fast-
est-growing region. The DRC reached second place globally
in copper mine production (3.3 million tonnes in 2024). The
principal contribution comes from the large-scale Kamoa-
Kakula and Tenke Fungurume projects.

3. Results and discussion

3.1. Process flowsheets and key stages of heap leaching

Solvent extraction (SX) in copper hydrometallurgy is the
process of recovering metal ions from pregnant leach solu-
tions (PLS) generated during leaching and concentrating
them into an electrolyte suitable for subsequent elec-
trowinning (EW). The essence of the method lies in a re-
versible chemical reaction between the aqueous phase and an
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organic reagent (extractant) dissolved in a diluent. The pro-
cess proceeds in two main stages:

Extraction. Contact between the pregnant leach solution
(PLS) and the organic phase, during which copper ions trans-
fer into the organic phase, replacing hydrogen ions of the
extractant.

Stripping (re-extraction). Contact of the loaded organic
phase with a strong sulfuric acid solution, resulting in the
transfer of copper back into the aqueous phase, thereby pro-
ducing a purified and concentrated electrolyte suitable for
cathode production.

The overall L-SX-EW process chain, including leaching,
solvent extraction, stripping, and electrowinning, is shown in
Figure 1. The extraction—stripping reaction can be expressed
as follows:

CuSOs(aqueous) + 2RH(org.) = CuRz(org.) + H2SO4 1)
Aqueous phase Organic phase Aqueous phase
| by 3! |
| Leaching | Solvent Extraction Stripping I Electrowinning
1 il I |

Aqueous phase Organic phase Aqueous phase

Figure 1. Process flowsheet of the L-SX—EW process chain

The selection of the process and equipment configuration
for solvent extraction is determined by the copper concentra-
tion in the initial pregnant leach solution (PLS) and the re-
quired degree of recovery. During the life of a deposit and
throughout the heap leaching process, the composition of the
pregnant solution inevitably changes. At the initial stages,
the solution typically contains higher concentrations of readi-
ly leachable components. As the reserves are depleted, how-
ever, the chemical composition of the minerals within the
heap changes. As a result, the concentration of recoverable
components in solution gradually decreases, and undesirable
or secondary components may begin to appear. Changes in
the composition of the pregnant solution represent one of the
key factors influencing the dynamics of metal recovery from
ores and the overall efficiency of the heap leaching process.
Considering the combined impact of these factors, modifica-
tion of the process flowsheet may become necessary [9, 10].

In modern practice, several basic solvent extraction con-
figurations are used, each offering specific operational ad-
vantages. Series extraction configuration (2E — 1S) (Figure 2).

Advance
Electrolyte

]

Pregnant leach solution (PLS) sequentially passes through
several extraction stages (E1 and E2), contacting the organic
phase, generally in a counter-current arrangement. One of the
key features of this configuration is ensuring the maximum
possible copper recovery from the Pregnant leach solution
(PLS) (approximately 90%) through deeper depletion of the
aqueous phase at the second extraction stage. The efficiency of
copper transfer can be enhanced by adding extraction and

Spent
Electrolyte

Raff

S1

Organic phase

Figure 2. Sequential extraction circuit
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stripping stages to the circuit, increasing the extractant concen-
tration, or modifying the relative flow rates of the organic and
aqueous phases (O/A ratio). Depending on PLS characteristics
(pH, copper concentration, impurities), up to three extraction
stages and two stripping stages may be applied.

To increase copper production capacity, the standard se-
quential extraction circuit may be replaced with a parallel or
combined configuration (Figures 3 and 4).

PLS

Raff

PLS

Raff

PLS

Raff

" Spent

Electrolyte
Advance
Electrolyte

:

E1 E2 E3 S

Organic phase

Figure 3. Parallel extraction circuit

PLS
Raff
PLS
PLS
Raff
Electrolyte
Electrolyte

Advance

—— Spent

E1 E2 E3 S

Organic phase

Figure 4. Sequential-parallel extraction circuit

In this example, the Pregnant leach solution (PLS) is fed
in parallel to the mixers of both extraction stages, while the
organic phase flow remains the same as in the sequential

Table 1. Brief characteristics of extraction circuits
Criterion Sequential extraction circuit

Operating princi- Aqueous and organic phases move in full

ple counter-current flow through all stages.
Maximum, as it enables ~90% copper

recovery from the pregnant leach solution

Recovery (PLS) due to deep depletion at the second

stage.

PLS flow rate Limited. The entire solution volume must

capacity pass through each stage.

Copper concentra- Suitable for medium concentrations

tion in PLS (2-5 g/L Cu in pregnant leach solutions).

Examples of Zaldivar Mine (Chilie)

application

3.2. Factors affecting process efficiency

The efficiency of the hydrometallurgical «leaching — sol-
vent extraction — electrowinning» (L-SX-EW) technology is
determined by a combination of physicochemical and pro-
cess parameters. Primary importance is attributed to the min-
eralogical composition of the feed ore, which dictates the
leaching regime selection and predetermines the kinetics of
valuable metal transfer into the pregnant leach solution
(PLS). However, as noted by researchers, an equally critical
factor is the accumulation of impurity elements in circulating
solutions, such as iron, manganese, chloride, and silica [13].

The presence of these components not only reduces extrac-
tion selectivity but also accelerates degradation of the organic
phase, leading to increased operating costs and reduced cath-
ode metal purity. The mineral composition of the primary raw

Parallel extraction circuit

The PLS stream is split and fed simultane-
ously to different extraction stages.

Lower. The solution contacts the organic
phase only once, resulting in higher copper
content in the raffinate.

Maximum. Allow processing of up to twice
the PLS volume.
Effective for very low-grade solutions when
maintaining high flow rates is required.
Used as a temporary measure for capacity
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scheme. This arrangement allows the same circuit to process
twice the PLS flow rate, provided that the extractant concen-
tration can be increased to transfer the additional copper. As
a result, the overall rate of copper transfer from the PLS to
the electrowinning circuit can be increased. Implementing
parallel flow in the circuit is a cost-effective way to enhance
the productivity of an existing sequential-type plant. Plants
are often converted from sequential to parallel or sequential-
parallel configurations toward the end of the mine life [11].

Washing of the organic phase with water is an auxiliary
operation in the solvent extraction process, positioned be-
tween the extraction and stripping stages. The primary pur-
pose of this stage is to remove entrained aqueous phase and
associated impurities that are carried by the organic phase
from the pregnant leach solution (PLS) obtained by heap
leaching.Under copper SX-EW conditions, the organic phase
after extraction typically contains mechanically entrained
PLS, including iron and manganese ions, chlorides, and other
undesirable components that may adversely affect subse-
quent process stages and the quality of the electrolyte for
electrowinning.

The organic phase washing is carried out by contacting it
with a weak aqueous solution in a separate mixer-settler unit
or a dedicated wash cell. As a result of this contact, both the
mechanically entrained aqueous phase and a portion of impuri-
ties loosely held in the organic phase are removed. This signif-
icantly reduces the transfer of undesirable components to the
stripping stage and subsequently to the EW electrolyte [12].

The selection of a specific extraction circuit is a com-
promise between the depth of metal recovery and the plant
throughput in terms of solution flow rates. For a clear com-
parison of the advantages and disadvantages of sequential,
parallel, and hybrid configurations, a summary table has been
prepared (Table 1), reflecting the specifics of their applica-
tion under various operating conditions.

Sequential-parallel extraction circuit

Combination scheme: part of the PLS
passes through one stage, while another part
passes through two extraction stages.

Adjustable. Provides a balance between
recovery depth and processing volume.

High. Optimal for plants increasing
throughput while copper grades decline.
Optimal when copper concentration in ore
decreases over time.

Morenci Mine (USA); Aktogay (Kazakh-
stan); Kansanshi Mine (Zambia)

expansion.
material establishes the foundation for the entire process chain.
Minerals determine which copper-bearing phases are available
for leaching, how readily they dissolve, which by-products
will enter the PLS, and the overall chemical environment of
the solution. Different minerals exhibit varying solubility in
sulfuric acid. For example, copper carbonates such as Mala-
chite and Azurite dissolve readily, whereas minerals such as
Chrysocolla, Cuprite, and Tenorite require higher sulfuric acid
concentrations. Secondary sulfides may be leached in the
presence of strong oxidants such as ferric sulfate (Fe**), while
Chalcopyrite is the most refractory among common copper
minerals [14, 15]. Gangue minerals also exert a significant
influence. For instance, high contents of Calcite and Dolomite
(typical of mixed ores in the Republic of Kazakhstan) lead to
excessive sulfuric acid consumption.
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The pregnant leach solution (PLS) derived from heap or
tank leaching and fed to the solvent extraction stage represents
a multicomponent system. In addition to copper ions (Cu?"),
the solution almost invariably contains impurities capable of
significantly affecting extraction selectivity, organic phase
stability, and electrolyte quality in the electrowinning (EW)
stage. The most common impurities in PLS include iron
(Fe**/Fe**), manganese (Mn?Y), aluminum (AI®**), calcium
(Ca?*), magnesium (Mg?"), chlorides, silicic acid, and colloidal
particles. Their presence may result in both direct losses in SX
efficiency and indirect operational issues related to organic
degradation and electrolyte contamination [16].

The presence of ferric iron (Fe®) reduces current effi-
ciency during electrowinning, as it is continuously reduced at
the cathode and oxidized at the anode. Although modern
oxime extractants exhibit high selectivity toward copper, Fe3*
may be partially co-extracted or interact with the organic
phase, impairing phase separation and increasing the tenden-
cy for interfacial crud formation [17].

Manganese is typically present in solution as Mn?" and is
scarcely extracted into the organic phase. However, during
electrowinning (EW), it may be oxidized to Mn3* or Mn**
species, which are strong oxidants. These compounds can
accelerate degradation of both the extractant and the diluent,
shortening organic phase life and increasing reagent losses.

The presence of chloride ions in PLS, and especially in
the EW electrolyte, is considered a critical factor limiting
process stability. Chlorides accelerate equipment corrosion,
promote the formation of undesirable gaseous by-products
during electrolysis, and impair cathode copper quality.

Colloidal particles of silicic acid, clay minerals, and met-
al hydrolysis products play a particular role in impairing SX
circuit performance. They are capable of stabilizing emul-
sions. The accumulation of such impurities leads to increased
phase separation time, higher organic phase losses, and over-
all plant instability [18].

3.3. Industrial implementation of L-SX-EW processes in
the processing of copper ores in kazakhstan

The transition to industrial implementation of L-SX-EW
technology marked a turning point for the copper industry of
Kazakhstan, enabling the development of off-balance and
refractory oxidized ore reserves. To date, the successful opera-
tion of hydrometallurgical complexes at the country’s largest
deposits confirms not only the technical reliability of the flow-
sheet but also its strategic importance in maintaining national
competitiveness in the global cathode copper market.

3.3.1. Aktogay

The Aktogay deposit is the largest hydrometallurgical
processing site for oxidized copper ores in the Republic of
Kazakhstan and one of the most large-scale examples of
industrial heap leaching implementation. Aktogay is a major
porphyry copper deposit, where SX-EW technology was
first introduced to process the oxidized «cap» overlying the
primary sulfide ore body.

The first cathode copper from oxidized ore was produced
in December 2015. The design capacity of the SX-EW facili-
ty is approximately 25,000 tonnes of copper per year from
the oxide zone. This SX-EW complex became an essential
component of the overall production strategy, as it enabled
the integration of hydrometallurgy for processing low-grade
oxidized ores that are inefficiently treated by conventional
concentration methods [19].
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At Aktogay, a multi-line extraction system is employed.
Given the enormous volumes of circulating pregnant leach
solution (PLS), the plant operates under a flexible configura-
tion combining sequential and parallel extraction circuits
(Figure 4). This approach ensures high productivity even
under seasonal fluctuations in copper concentration in the
PLS [20].
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By 2026, the depletion of oxidized ore reserves posed a
significant threat to the continued operation of the oxide
plant at Aktogay, implying a potential full shutdown of the
production cycle — from heap leaching on active pads to
cathode copper production. In order to extend the operational
life of the facility, management initiated the search for
innovative approaches to processing alternative feed
materials, including off-balance ores and technogenic waste.

Conventional intensification methods, such as the use of
percolation columns or agitated tank leaching, were rejected due
to the enormous volumes of already stacked material. Under-
ground leaching technology was also considered impractical
given the open-pit mining configuration of the deposit.

The most promising development pathway identified was
bioleaching, based on the activity of specialized
microorganisms. This technology enables efficient recovery
of valuable components from low-grade and mixed ores
directly within existing heaps, minimizing capital
expenditures for plant retrofitting. The implementation of
bacterial leaching is regarded as a strategic solution capable
not only of revitalizing the oxide plant’s production capacity
but also of significantly improving the overall resource
efficiency of the Aktogay deposit in the long term [21].

3.3.2. Kounrad

The Kounrad project is unique not only for Kazakhstan
but also in global practice. It represents one of the few suc-
cessful and highly profitable examples of reprocessing his-
toric technogenic dumps accumulated over decades (since
the 1930s) of operation at the Kounrad copper mine. Histori-
cally, the Kounrad copper deposit was developed in the early
20th century, resulting in the formation of substantial waste
rock dumps with relatively low copper grades (0.3% Cu).

The project was launched during 2010-2012, with the first
cathode copper produced in April 2012. The initial SX-EW
plant capacity was about 10 thousand tonnes of cathode copper
per year. In subsequent years, production capacity was ex-
panded: by 2015, additional extraction and electrowinning
circuits were commissioned, increasing annual output to ap-
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proximately 14 thousand tonnes of copper. The final product is
MOOK-grade cathode copper with a purity of at least 99.99%
Cu, supplied both to the domestic market and for export [22].

The Kounrad project has earned a strong reputation for
economic efficiency, as dump reprocessing requires relative-
ly low capital and operating costs compared to conventional
mining and concentrator complexes. As of the mid-2020s,
cumulative cathode copper production since commissioning
amounts to hundreds of thousands of tonnes, and the project
is expected to remain in operation at least until 2034, pro-
cessing significant volumes of copper-bearing material re-
maining from historical mining.

The dump material consists of oxidized copper ore with
the following composition (%): 1.46 Fe; 0.17 S; 76.32 SiOy;
11.86 Al;,0s; 0.17 CaO; 0.13 MgO; 0.002 Zn; 0.001 Pb.
Copper minerals are represented by approximately 76%
oxide compounds, 13% secondary sulfides, 10.6% primary
sulfides, and 0.4% sulfates. The maximum lump size in the
dumps ranges from 0.6 to 1 m.

By 2025, the Kounrad dumps remain an economically vi-
able source of copper. The company estimates remaining
resources sufficient to sustain production at least until 2034.
Copper recovery from the Eastern Dumps is estimated at
approximately 45-50%, while recovery from the Western
Dumps ranges from about 35-42% of the theoretical metal
content [23, 24]. The Kounrad project became the first full-
scale industrial SX-EW operation in Kazakhstan based on
hydrometallurgical copper recovery from dump bodies,
demonstrating the technological and economic viability of
the flowsheet for low-grade copper resources.

3.3.3. Almaly

The Almaly deposit represents one of the most interesting
and technically challenging cases for hydrometallurgy in
Kazakhstan. Unlike Aktogay, where processes are already
scaled up and well established, Almaly is frequently refer-
enced in scientific studies as a site characterized by «com-
plex» ores requiring non-standard approaches to solution
purification.

The Almaly copper deposit is located in the Shetsky Dis-
trict of the Karaganda Region, approximately 150 km from
the regional center. The resource potential is significant,
amounting to about 30 million m® of ore. Since the end of
2018, a hydrometallurgical complex operated by Sary-Arka
Copper Processing has been in operation at the site. The
enterprise specializes in cathode copper production via heap
leaching, producing up to 10 thousand tonnes of high-grade
copper annually, primarily for export markets [25].

The technological scheme at Almaly is as follows: after
heap leaching, copper is transferred into the pregnant leach
solution (PLS), from which it is subsequently recovered by
solvent extraction (SX) using organic extractants. The selec-
tion of the optimal extractant composition and operating
conditions is a key task for this project.

Research has shown that from Almaly PLS (with Cu con-
centrations of approximately 0.26-2.35 g/dm?), the most effec-
tive extractant for selective copper recovery under laboratory
conditions was Acorga 5640 at a concentration of about 5%,
providing copper recovery of up to ~94%. Other extractants,
such as LIX 984N and Acorga 5910 / Acorga 5747, also
demonstrated high selectivity; however, under the given condi-
tions, Acorga 5640 proved to be optimal. This finding is im-
portant for designing efficient industrial SX-EW flowsheets
tailored to the specific composition of Almaly PLS [26].
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Recent publications indicate that, based on the current ore
base, approximately 4.43 million tonnes of ore per year are
planned to be processed to produce around 9 thousand tonnes
of cathode copper annually, with potential for further capaci-
ty increases as infrastructure and technology develop [27].

At this deposit, a range of technological challenges has
been identified, primarily associated with impurity compo-
nents such as iron (Fe) and silica (SiO,). These impurities
may impair phase separation, promote crud formation, and
negatively affect the quality of produced copper. Addressing
these issues requires integrated technological solutions and
strict control of SX—EW operating parameters [28].

3.3.4. Ayak-Kodjan

The Ayak-Kodjan deposit is located in the Ekibastuz Dis-
trict of the Pavlodar Region of the Republic of Kazakhstan,
forming part of the regional copper belt. The project was de-
veloped by Eurasia Copper Operating with the objective of
exploiting oxidized and low-beneficiation-grade ore bodies.
These ores are traditionally difficult to process by flotation but
are well suited for hydrometallurgical copper recovery [29].

At Ayak-Kodjan, a full production cycle of Grade A
cathode copper was implemented based on the L-SX-EW
flowsheet, with a production capacity of approximately 2.5
thousand tonnes of cathode copper per year (as of June
2014). However, according to the latest available infor-
mation, production at the site is currently suspended.

3.3.5. Borly

The Borly deposit is located in the Aktogay District of
the Karaganda Region of the Republic of Kazakhstan, ap-
proximately 30 km from the city of Balkhash and near the
Balkhash—Kounrad railway line. It belongs to the copper—
molybdenum (Cu—Mo) ore type, with the presence of both
copper sulfide and oxide minerals. Historically, Borly has
been recognized in geological exploration sources as a per-
spective copper (and molybdenum) deposit with moderate
metal grades [30].

In the 2020s, a hydrometallurgical plant for the produc-
tion of cathode copper using the SX—EW process was con-
structed and officially commissioned at the Borly deposit
with the participation of Irkaz Metal Corporation. According
to an official press release of the Government of the Republic
of Kazakhstan, the enterprise in the Karaganda Region has a
design capacity of 5 thousand tonnes of cathode copper per
year and is expected to create approximately 140 jobs.

Production is carried out using a modern hydrometallur-
gical SX-EW cycle — from acid leaching to electrolytic dep-
osition of high-purity M0Ok-grade cathode copper [31].

The annual ore consumption amounts to approximately
2.5 million cubic meters, equivalent to about 4.575 million
tonnes. This volume ensures the stability and continuity of
the production process, enabling the plant to achieve its
planned output targets. The enterprise operates around the
clock in two 12-hour shifts, using a rotational work schedule
with 15-day shifts [32].

3.3.6. Berkarinskoye

The Berkarinskoye deposit is located in the East Kazakh-
stan Region of the Republic of Kazakhstan, approximately
350 km east of the city of Karaganda and in proximity to
Semey. It represents an industrially significant copper ore
project where an integrated mining and processing scheme
based on the L-SX-EW flowsheet is being implemented.
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The project has been developed by Arx Minerals through
its subsidiary Nouvelle Mining. The mineral reserves have
been registered on the state balance of Kazakhstan in accord-
ance with the JORC Code classification (2012 edition).

The estimated annual production parameters include min-
ing of approximately 600 thousand tonnes of ore and produc-
tion of about 5 thousand tonnes of cathode copper per year.
The projected mine life is 8-9 years, with potential extension
subject to reserve expansion.

The nearest settlements are the villages of Algabas (ap-
proximately 9.5 km north of the site) and Kaynar (approxi-
mately 40 km east). The region is characterized by a sharply
continental climate, with short hot summers and long severe
winters, which significantly influences logistics and the
technological organization of production, particularly heap
leaching operations and solution management [33].

As of the end of 2024, public hearings were also con-
ducted regarding environmental aspects of operations at the
«North Berkara» site, which forms part of the Berkarinskoye
deposit. This process is a mandatory stage for obtaining an
Environmental Impact Permit (EIP/ERV). The hearings ad-
dressed geological boundaries, ore body characteristics, and
planned exploration activities, including drilling and chemi-
cal-analytical studies [34].

3.4. The role of VNIItsvetmet in the development of
hydrometallurgical technologies for processing oxidized
and mixed copper ores in Kazakhstan

The establishment of a scientific and methodological
framework for applying solvent extraction technologies to
the processing of Kazakhstan’s mineral resources began at
VNIItsvetmet in 1997. Research activities were carried out
under long-term programs aimed at introducing environmen-
tally safe hydrometallurgical solutions for oxidized and
mixed non-ferrous metal ores.

A significant milestone was international scientific and
technical cooperation between the Republic of Kazakhstan
and Japan, through which the institute obtained an automated
pilot-scale plant. This facility enabled large-scale testing of
beneficiation and hydrometallurgical processes under condi-
tions close to industrial operation.

In subsequent years, comprehensive studies were con-
ducted on more than twenty copper deposits across Kazakh-
stan, including Aktogay, Kounrad, Benkala, Zhezkazgansko-
ye, Borly, Ayak-Kodjan, Ai, Vavilonskoye, Karchiga,
Almaly, and Berkarinskoye Deposits. These deposits are
characterized by diverse geological, mineralogical, and tech-
nological parameters.

The research results formed the basis for the development
of design regulations for approximately fifteen industrial
facilities. As a result, a practice-oriented model was estab-
lished for adapting the L-SX—EW technology to raw materi-
als with low to moderate copper grades and varying gangue
mineral compositions.

One of the earliest examples of industrial validation was
the processing of tailings from the Kounrad mine. Despite
the extremely low copper content in the feed material (0.1-
0.2%), the favorable mineralogical composition (predomi-
nantly quartz) resulted in relatively low sulfuric acid con-
sumption and limited impurity accumulation in pregnant
leach solutions. Based on these studies, a technological regu-
lation was developed, leading to the commissioning in 2008
of the country’s first solvent extraction facility operating on
technogenic raw materials.
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Based on research conducted at VNIItsvetmet, recom-
mendations were also developed for implementing the L—
SX-EW technology at the Benkala deposit. The proposed
flowsheet was subsequently successfully introduced into
industrial operation.

A new stage in technological development was associated
with the exploitation of oxidized ores at the Aktogay deposit.
This site is characterized by significant variability in material
composition (volcanogenic formations, porphyry and gran-
odiorite varieties) with an average copper grade of approxi-
mately 0.3%. Research findings from 2007-2013 were used
in developing industrial process solutions by KAZ Minerals
PLC (formerly Kazakhmys PLC) for heap leaching followed
by solvent extraction and electrowinning. The commission-
ing of the plant in 2015 and achievement of a design capacity
of about 25 thousand tonnes of cathode copper per year con-
firmed the technological feasibility and economic efficiency
of the selected solutions.

In 2016-2017, VVNIltsvetmet conducted research on heap
leaching of oxidized copper ores from the Almaly deposit in
the Karaganda Region. The studies demonstrated the necessi-
ty of a more complex technological configuration due to low
copper grades and specific mineralogical characteristics. The
developed process procedure included three-stage crushing,
increased sulfuric acid consumption (up to 12 kg/t), and an
extended leaching period combined with parallel solvent
extraction of solutions. Implementation of these solutions at
Sary-Arka Copper Processing enabled the launch of cathode
copper production with a capacity of up to 10 thousand
tonnes per year. The plant was commissioned in 2018.

Further expansion of L-SX—EW application in Kazakh-
stan is associated with the commissioning in 2022 of a hy-
drometallurgical facility operated by KAZ Metal Corporation
for processing ores from the Borly deposit (Karaganda re-
gion). The design capacity of the facility is up to 5 thousand
tonnes of cathode copper per year. Between 2017 and 2022, a
comprehensive research program was completed for pro-
cessing oxidized and mixed ores from the Berkarinskoye
Deposit (East Kazakhstan), culminating in the development
of a technological regulation and subsequent industrial im-
plementation of the project by Arx Minerals in 2023 [35].

4. Conclusions

The conducted review has demonstrated that heap leaching
followed by selective solvent extraction and electrowinning of
copper (L-SX-EW) represents one of the most efficient and
economically justified approaches for processing oxidized and
mixed copper ores in the Republic of Kazakhstan. The wide-
spread industrial implementation of this technology is driven
by the substantial resources of low-grade copper ores, the
specific features of their mineralogical composition, and the
possibility of incorporating technogenic formations and previ-
ously uneconomic reserves into production.

Analysis of mineralogical factors and pregnant leach so-
lution composition indicates that the efficiency of L-SX-EW
processes is largely determined by ore material composition,
the nature of copper-bearing minerals, the ratio of gangue
phases, and the presence of impurity components. Miner-
alogical differences between oxidized and mixed ores, as
well as variability in iron, aluminum, manganese, silicon,
and other element contents, significantly influence leaching
kinetics, reagent consumption, organic phase stability, and
copper extraction selectivity.
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Industrial practice in Kazakhstan at deposits such as Ak-
togay, Kounrad, Almaly, Borly, and Berkarinskoye Deposit
confirms that even with low copper grades in the feed mate-
rial, acceptable recovery rates and high-purity cathode cop-
per production can be achieved, provided that appropriate
technological schemes, crushing parameters, leaching re-
gimes, and extraction conditions are selected. A key factor in
successful project implementation is the adaptation of tech-
nological solutions to the specific geological and mineralogi-
cal conditions of each deposit.

A special role in the development of hydrometallurgical
copper processing technologies in Kazakhstan belongs to
VNIltsvetmet, which for several decades has carried out
comprehensive research and pilot-scale studies in heap leach-
ing and solvent extraction.

Overall, the results of this review indicate that further devel-
opment of the L-SX—EW technology in Kazakhstan is associat-
ed not only with expansion of the resource base through the
inclusion of new deposits and technogenic materials, but also
with improvement of solution quality control methods, reduc-
tion of organic phase losses, enhancement of extraction selec-
tivity, and increased stability of operating regimes.
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Angarma. Makanajga oneMaiK jKOHE OTaHIBIK MBIC ©HEPKICiOl KOHTEKCTiHACTr yilMene mraiimManay, CYHBIK dKCTpaKIHs
sxkoHe nekTpon3 (L-SX-EW) TeXHOIOTHACHIHBIH Ka3ipTi KaFqailbiHa aHATNTHKAIBIK Moy Oepinred. LIsFpic sxoHe OpTanbiK
Ka3zakcraHHBIH ipi KeH OpbIHAApBIH Koca anFaHia, Kazakcran PecryOnuKachIHBIH MUHEPANABIK-IINKi3aT 0a3ackl TalJaHFaH.
OKcTpakius chi30anapblHa, MHUHEPAIOTHSUIBIK KYpaMHBIH OCepiHe, COHIOal-aK TOTHIKKAH JKQHE apajac MBIC KEeHAEPiH
OHJeYyJlerl  TEeXHOJOTWSUIBIK  KUBIHABIKTapFa  Hazap  aynapbuiipl.  «BHWMuBermer»  MHCTUTYTHIHBIH — OHIPIIH
THAPOMETAITYPIHSCHIH KaJbINTACTBIPYAaFbl Tapuxu peii OasHpanipl. JKymbeic Ka3akcTaHHBIH MBIC cajachlHBIH Oacekere
KaOIJeTTUINH KoJJay YIIIH OHBIH MaHBI3JBUIBIFBIH pacTail oTwipbin, L-SX-EW mponeciHiH arbIMJarbl TEXHOJIOTHSIBIK
chI30aapbl MEH THIMILTIK (akTopiapsl Typalibl IepeKTep/ai XKyheneii.
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AHHoTanusl. B craThe npeicTaBiIeH aHaIUTHYECKUI 0030p COBPEMEHHOI'O COCTOSIHUSI TEXHOJIOTMH KYYHOTO BbIIIEIa4HBa-
HHSL, JKHJIKOCTHO# dKCcTpakuuu U anekTposinsa (L-SX-EW) B koHTekcTe MUPOBOIA M OTEUECTBEHHOW MEIHOW MPOMBIIIICHHO-
ctu. [IpoaHannsnpoBaHa MHHEpaJIbHO-ChIpbeBasi 0a3za PecryOmiku Kazaxcran, BKiIodas KpyIHbIE MeCTOpPOXIeHUsT Bocrou-
Horo u LlenTpansHoro Kazaxcrana. Y ieneHo BHUIMaHHE cXeMaM SKCTPAKINH, BIMSHUIO MHHEPAJIOTMYECKOTO COCTABa, a TAKXKE
TEXHOJIOTHYECKHM BBI30BaM IIPH NEepepadOTKe OKHMCIEHHBIX M CMELIaHHBIX MEAHBIX pyaA. OcBelleHa HCTOpUYecKasl posib MH-
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KOHKYPEHTOCHOCOOHOCTH MetHOH oTpaciu KazaxcraHa.
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Abstract. Land degradation and desertification are major environmental challenges in the arid Caspian region (Pri-
Caspian) of Kazakhstan. This study assesses desertification susceptibility in the Mangystau region using an integrated GIS and
remote sensing approach. Four controlling factors were analyzed: distance to active tectonic faults, terrain slope, vegetation
cover derived from the Normalized Difference Vegetation Index (NDVI), and soil moisture conditions represented by the Wa-
ter Requirement Index (WRI). Euclidean distance analysis was used to evaluate tectonic influence, slope gradients were de-
rived from SRTM data, and NDVI and WRI were calculated from Landsat 8 OLI imagery. All factors were reclassified into
standardized ordinal classes and integrated using a weighted sum multi-criteria evaluation model to generate a composite des-
ertification susceptibility map. The results indicate strong spatial heterogeneity in degradation conditions. Areas near tectonic
faults with steeper slopes, low NDVI, and low WRI values show the highest susceptibility to desertification, while regions with
gentle slopes, higher vegetation cover, and better soil moisture exhibit greater environmental stability. The study demonstrates
that land degradation in Mangystau is controlled by the combined effects of geological, geomorphological, and ecological
factors. The proposed integrated framework provides a reliable tool for desertification assessment and supports sustainable

land management in arid and semi-arid environments.
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1. Introduction

The Caspian region, which includes Atyrau and Man-
gystau of Kazakhstan has been experiencing increasing des-
ertification over the past decades; this phenomenon threatens
both the environment and local livelihoods. Land degrada-
tion is considered one of the main drivers of desertification,
as it reduces fertility and vegetation cover.

Remote sensing data, such as Landsat images, have been
widely used to monitor changes in vegetation and soil mois-
ture; they provide valuable information for large and inacces-
sible areas. In addition, the digital elevation models (SRTM)
allow researchers to analyze slopes, which affects erosion and
water retention; these factors contribute to land degradation.

The Euclidean distance tool was used to determine the dis-
tance to active tectonic fault lines, which can influence soil
moisture and land degradation. Vegetation indices, such as
NDVI, have been applied to detect the loss of plant cover,
whereas the Water Ratio Index (WRI) is used to assess soil
moisture. Previous studies have shown that areas with steep
slopes or low vegetation density are more vulnerable to degra-
dation, which highlights the need for integrated assessments.

In this study, remote sensing indices, slope analysis, and
distance metrics are combined to evaluate land degradation,

© 2026. M.E. Amirkhanov, Y. Zhakypbek, Sun Hao

providing a comprehensive view of desertification patterns.
Active tectonic faults, which influence groundwater distribu-
tion, are also considered as contributing factors to the spatial
variability of soil moisture and vegetation, although this
aspect is often overlooked in conventional studies.

The study is devoted to the important issue of land degra-
dation and desertification in the Caspian region. The study is
highly relevant because the increasing impacts of climate
change and human activities have accelerated environmental
degradation, threatening ecosystems and local livelihoods.
One of the main problems is the lack of an integrated ap-
proach to accurately assess land degradation using multiple
environmental factors and geospatial technologies.

The results of this research are expected to support sus-
tainable land management strategies and help mitigate deser-
tification risks in the Pri-Caspian region of Kazakhstan.

2. Materials and methods

2.1. Study area

The study area is in the Caspian region of Western Ka-
zakhstan and mainly covers the territory of the Mangystau
region (approximately 43.40°-45.70° N, 50.00°-55.00° E)
with partial inclusion of adjacent areas of the Atyrau region
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(approximately 46.00°-48.00° N, 50.00°-53.00° E) [1]. Man-
gystau region is situated in the southwestern part of Kazakh-
stan along the eastern coast of the Caspian Sea (Pri-Caspian
area) and represents one of the most arid and environmentally
sensitive regions of the country [2].

Geographically, Mangystau region is characterized by a
complex relief that includes coastal lowlands, plateaus, de-
pressions, and isolated mountain massifs [3]. A significant
part of the territory lies below sea level, including the Kara-
giye Depression (approximately 44.02° N, 51.33° E), one of
the deepest continental depressions in Central Asia [4]. The
Mangystau Plateau and the Ustyurt Plateau dominate the
eastern and northeastern parts of the region, forming elevated
flat and dissected surfaces with steep escarpments [5]. The
climate is sharply continental and extremely arid, with very
low annual precipitation, high summer temperatures, strong
winds, and intense evaporation. These climatic conditions
contribute to soil salinization, sparse vegetation cover, and
high susceptibility to desertification [6].

Geologically, the Mangystau region is influenced by
complex tectonic structures related to the Caspian basin [7].
Numerous faults in Figure 1 and lineaments control ground-
water movement and may affect spatial variations in soil
moisture and vegetation distribution. These tectonic features,
together with the fragile surface conditions, increase the
sensitivity of landscapes to degradation processes [8].

o
255 100 150 200 _/_,.—./\-—L Al
Comtmat rtom: f Wg-E
N e [
,/\———-ﬂg S|
. ) i 551
P «
\ «p /7
P :
MANGGHYSIAU ORLYSY
B % o
o
43U44SON e
o
) —
£
= S
=
o = -
=5 S/
=i
=
s s
Ve Teran Base Ay
51°2540°E 52°55%

Figure 1. Active tectonic fault lines of Mangystau Pri-Caspian
region

Due to the combined influence of arid climate, complex
relief, tectonic activity, and fragile ecosystems, the Man-
gystau and adjacent parts of Atyrau regions represent a high-
ly suitable area for investigating land degradation, desertifi-
cation, and associated geomorphological processes using
integrated GIS and remote sensing approaches.

2.2. Methodological framework

The methodological framework in Figure 2 of this study
is based on an integrated GIS and remote sensing approach
for assessing land degradation, desertification, and landslide
susceptibility in the Caspian region. The workflow consists
of several sequential stages, including data acquisition, factor
extraction, reclassification, spatial integration, and final sus-
ceptibility mapping. The interaction between tectonic faults,
slope, vegetation cover (NDVI), and soil moisture (WRI)
forms an integrated system controlling soil degradation and
desertification processes.
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Figure 2. Workflow of the GIS-based methodological frame-
work for assessing land degradation and desertification in the
Mangystau region

Tectonic structures affect groundwater distribution, slope
determines erosion intensity, vegetation protects soil from
degradation, and soil moisture reflects surface stability. The
combined influence of these factors increases the susceptibility
of landscapes to degradation and landslide processes.

2.3. Assessment of tectonic fault control on land degrada-
tion processes

Previous studies have demonstrated that tectonic structures
and associated geological processes influence vegetation dis-
tribution and soil conditions. For instance, Li et al. (2023)
found that vegetation index values (NDVI) vary in relation to
fault length density and elevation, suggesting that fault zones
affect hydrothermal and ecological conditions — with lower
NDVI in areas close to faults at certain elevations and con-
trasting patterns at higher altitudes [9]. Additionally, tectonic
activity coupled with lithological controls has been shown to
shape spatial patterns of soil and vegetation parameters in
fault-controlled landscapes [10]. Tectonic and internal geo-
morphological dynamics also significantly contribute to ero-
sion and sediment production rates, linking structural geology
to soil degradation processes [11]. Moreover, fault zones tend
to exhibit increased fracture density and reduced rock strength,
which can enhance susceptibility to mass movement and sur-
face instability under external triggers such as rainfall [12].

Figure 3 illustrates the relief of the Mangystau region in
relation to the distribution of active tectonic faults and rec-
orded seismic events. The terrain is predominantly represent-
ed by gently undulating plains and dissected plateaus, with
local elevated areas corresponding to structural uplifts and
residual mountain ridges.

Tectonic faults are shown as linear features of different
colors, indicating their relative activity and confidence levels.
The major fault zones form elongated, predominantly north-
west—southeast trending structures, which reflect the regional
tectonic framework of the Caspian basin. These fault systems
control the structural pattern of relief and contribute to the
formation of escarpments, depressions, and plateau bounda-
ries. Seismic events are represented by blue circles, classified
into major, middle, and minor categories according to earth-
quake magnitude. The concentration of seismic points near
fault intersections suggests a strong spatial relationship be-
tween tectonic activity and seismicity. This spatial coincidence
confirms the ongoing tectonic activity of the region and high-
lights the role of fault zones as zones of crustal weakness.
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Figure 3. Relief and distribution of active tectonic faults and seismic events in the Mangystau region

The relief shading emphasizes elevation differences and
slope variations, which are more pronounced in areas adja-
cent to major fault lines. These zones are characterized by
increased surface dissection and geomorphological instabil-
ity, making them more susceptible to erosion, soil degrada-
tion, and slope failure processes. The integrated visualization
of relief, tectonic faults, and seismicity demonstrates that
tectonic structures play a key role in shaping the landscape of
the Mangystau region. Their influence extends beyond geo-
logical formation and directly affects surface stability, hydro-
logical conditions, and land degradation patterns.

Imagery

Tectonic faults are represented by colored linear features
corresponding to different confidence and activity classes.
The major fault zones extend predominantly in a northwest—
southeast direction, forming continuous structural corridors
across the region. These fault systems divide the territory
into distinct geomorphological blocks and control the spatial
organization of surface features. The satellite image reveals
that fault zones often coincide with linear valleys, subtle
relief breaks, drainage anomalies, and variations in surface
reflectance, indicating their strong control over geomorpho-
logical and hydrological processes shown in Figure 4.
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Figure 4. Satellite imagery of the Mangystau region shows the spatial distribution of active tectonic faults and seismic events

These zones act as preferential pathways for groundwater
movement and influence soil moisture distribution.

Seismic events are shown as blue circles and are spatially
clustered near the major fault intersections. This spatial asso-
ciation confirms the tectonic activity of the region and sup-
ports the reliability of the mapped fault structures. The inte-
grated analysis of satellite imagery and tectonic data indi-
cates that fault zones represent key controlling factors for
surface instability, soil degradation, and landscape fragmen-
tation in the Mangystau region.
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Tectonic faults represent an important geological factor in-
fluencing groundwater circulation, soil moisture conditions,
and surface stability. Therefore, the distance to tectonic fault
zones was considered as a controlling parameter in the as-
sessment of land degradation and desertification susceptibility.

Euclidean distance analysis was applied to measure the
proximity of each pixel to active tectonic fault lines, which
were obtained from regional geological surveys and have
been shown to affect groundwater availability in arid envi-
ronments. Before processing, all raster datasets were
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resampled and aligned into a unified coordinate system to
avoid spatial mismatches; however, minor discrepancies in
pixel boundaries were encountered, and these were corrected
through geometric adjustment. Each index was classified into
degradation-related categories based on thresholds common-
ly reported in similar studies, which allowed meaningful
comparison across variables.

2.4 Role of terrain slope in soil degradation and desertifi-
cation processes in the Mangystau region

Several studies have demonstrated that topographic fac-
tors, particularly slope gradient, play a crucial role in soil
degradation processes. Steeper slopes tend to enhance sur-
face runoff and increase sediment yield, thereby accelerat-
ing soil erosion and the loss of soil particles under rainfall
events (Chen et al., 2022) [13]. Wind and water erosion
processes interacting with slope characteristics further in-
tensify soil property changes, with upper slope areas losing
soil organic matter and nutrients more rapidly than lower
slope positions [14]. Research also shows that slope gradi-
ents influence the distribution of soil organic carbon, indi-
cating that slope contributes not only to physical erosion
but also to chemical and biological aspects of soil degrada-
tion [15]. Studies in hilly landscapes reveal significant
impacts of slope gradient on soil physicochemical proper-
ties, underlining the need to consider topographic variations
in land degradation assessments [16].

The images were acquired for the vegetation period to
ensure consistent phenological conditions, and cloud-
contaminated scenes were excluded to maintain data reliabil-
ity. Shuttle Radar Topography Mission (SRTM) elevation
data with 30-meter resolution were incorporated to generate
slope values, since terrain inclination is known to influence
erosion processes and water redistribution.

2.5 NDVI and WRI for assessing land degradation and
desertification in the Mangystau region

NDVI is widely used as an indicator of vegetation condi-
tion and has been extensively applied to assess land degrada-
tion and desertification patterns in arid and semi-arid envi-
ronments [17]. In addition, spectral water indices provide
indirect information on surface wetness and soil moisture
(WRI) conditions, which are closely linked to degradation
processes in drylands [18].

In the arid environments of the Mangystau region, vegeta-
tion degradation and surface drying are key manifestations of
soil degradation and desertification. The Normalized Differ-
ence Vegetation Index (NDVI) derived from Landsat imagery
is widely applied to quantify vegetation cover and its decline,
which is commonly interpreted as an indicator of land degra-
dation and desertification dynamics. At the national scale,
desertification-sensitive areas in Kazakhstan are concentrated
in the western and southwestern regions, including Mangystau
and Atyrau, highlighting the relevance of vegetation-based
remote sensing monitoring for the Caspian zone [19].

To complement NDVI-based vegetation assessment,
spectral water indices can be used to characterize surface
wetness conditions associated with soil moisture variability.
The Water Ratio Index (WRI) is defined using visible, NIR,
and SWIR bands and is commonly used for water/wetness
detection in multispectral data; comparative assessments of
water indices explicitly include WRI and discuss its sensi-
tivity to moisture-related spectral contrasts [20]. Because soil
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moisture strongly controls vegetation productivity and ero-
sion resistance in drylands, combining NDVI with WRI
provides an integrated view of vegetation stress and surface
wetness patterns that are relevant for mapping land degrada-
tion and desertification susceptibility in Mangystau.

3. Results and discussion

3.1 Spatial distribution distances to active tectonic faults

The spatial distribution of the Euclidean distance to ac-
tive tectonic faults in the Mangystau region is shown in Fig-
ure 5. Nine major active fault lines (Line 1 — Line 9) were
considered in the analysis. For each grid cell, the minimum
Euclidean distance to the nearest fault line was calculated,
producing a continuous distance surface.
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Figure 5. Proximity map to active tectonic faults in Mangystau

The results indicate a clear spatial gradient in distance val-
ues across the study area. Areas located near the fault systems
are represented by low distance values (yellow to light orange
colors), while regions situated farther from the tectonic struc-
tures exhibit higher distance values (purple to blue colors).

Short distances to active faults are mainly concentrated in
the central and northern parts of the region, reflecting the
dense distribution of tectonic structures in these zones. In
contrast, the southern and southwestern parts of the study
area are characterized by relatively larger distances, indicat-
ing weaker direct tectonic influence.

The generated distance map provides a quantitative spa-
tial representation of tectonic proximity and serves as an
important geomorphological indicator for subsequent spatial
analyses of land surface processes in the Mangystau region.

The Euclidean distance values to active tectonic faults
were further reclassified into ten ordinal classes to facilitate
spatial interpretation and comparative analysis (Figure 6). The
reclassification scale ranges from Class 1 to Class 10, where
Class 1 (Red) represents the shortest distance to active fault
lines, and Class 10 (Blue) corresponds to the greatest distance.

The reclassified map reveals a clear spatial pattern of tec-
tonic proximity across the Mangystau region. Zones classi-
fied as Classes 1-3 are primarily distributed along the central
tectonic fault systems, indicating strong spatial association
with active structural features. Intermediate classes (Classes
4-7) form transitional belts surrounding the major fault
zones. The highest distance classes (Classes 8-10) are mainly
concentrated in the southern and southwestern parts of the
study area, reflecting weaker tectonic influence.
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Figure 6. Reclassified distance to active tectonic faults

This classification scheme provides a standardized spatial
framework for distinguishing areas with different levels of
proximity to active tectonic structures and improves the
interpretability of the distance surface for subsequent spatial
analyses.

The combined analysis of the continuous Euclidean dis-
tance surface and its reclassified version demonstrate a con-
sistent and reliable spatial pattern of proximity to active
tectonic faults in the Mangystau region. Both representations
confirm that tectonic structures exert a strong spatial control
on the regional geomorphological framework.

3.2. Slope gradient distribution

Figure 7 presents the spatial distribution of terrain slope
in the Mangystau region. The slope values were derived from
the digital elevation model and classified into ten ordinal
categories ranging from flat surfaces to strong slope gradi-
ents, to enhance spatial interpretation and geomorphological
differentiation.
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Figure 7. Slope gradient distribution derived from DEM in the
Mangystau region

Flat and very gentle slope classes dominate the northern
and coastal parts of the region, indicating extensive low-
relief plains. These areas are characterized by minimal eleva-
tion variation and relatively stable geomorphological condi-
tions. Gentle and moderately gentle slope classes are widely
distributed across the central part of the study area, forming
transitional zones between plains and elevated terrains.

Moderate slope classes are mainly concentrated along
elongated belts in the central and southeastern parts of the

28

region, reflecting the presence of structural and erosional
landforms. Slightly steep and steep slope classes are limited
to spatial extent and are primarily associated with hilly ter-
rains, escarpments, and tectonically influenced zones.

The steepest slope classes occupy only a small proportion
of the total area and are mainly restricted to localized topo-
graphic highs and dissected relief features. These areas rep-
resent zones of enhanced geomorphological activity and
increased surface instability.

Overall, the slope classification reveals a clear spatial dif-
ferentiation of relief conditions in the Mangystau region and
provides an important quantitative basis for further geomor-
phological, hydrological, and environmental analyses.

The slope gradient map of the Mangystau region reveals
a predominance of flat to gently sloping terrains, indicating
that low-relief plains constitute a major part of the study
area. These landforms reflect relatively stable geomorpho-
logical conditions and limited vertical dissection of the sur-
face. Moderate slope classes form transitional belts that cor-
respond to structural and erosional landforms, while steep
and strongly sloping areas are spatially restricted and mainly
associated with localized uplands and tectonically influenced
zones. The limited extent of high-slope areas suggests that
intense geomorphological processes are confined to specific
topographic features. The spatial pattern of slope gradients
demonstrates clear geomorphological heterogeneity across
the region and provides an essential basis for assessing sur-
face processes, land stability, and environmental sensitivity
in the Mangystau region.

3.3. NDVI and WRI spatial distribution

Figure 8 illustrates the spatial distribution of the Normal-
ized Difference Vegetation Index (NDVI) in the Mangystau
region. The NDVI values were classified into ten categories
to enhance visual interpretation and to distinguish surface
types based on vegetation density.
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Figure 8. NDVI-Derived vegetation distribution in the Man-
gystau region

Low NDVI values (red tones) are primarily associated
with water bodies and non-vegetated surfaces, indicating
minimal or absent vegetation cover. These zones are mainly
located along coastal and lacustrine areas. Moderate NDVI
classes represent sparsely vegetated or mixed surface condi-
tions, reflecting transitional environments between barren
land and vegetated areas.

High NDVI values (blue tones) dominate the central and
southern parts of the region, corresponding to areas with
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relatively dense and healthy vegetation cover. These zones
indicate more favorable ecological conditions for plant
growth compared to surrounding arid surfaces.

The NDVI map demonstrates a clear spatial contrast be-
tween water, barren land, and vegetated surfaces, highlight-
ing the heterogeneity of land cover in the Mangystau region.
This spatial pattern provides an important basis for further
ecological and environmental assessments.

Figure 9 shows the spatial distribution of the Water Re-
quirement Index (WRI) in the Mangystau region. The WRI
values were classified into ten ordinal classes, where Class 1
(red) represents the lowest soil moisture conditions and Class
10 (blue) indicates the highest soil moisture levels.

-2540°E.

Figure 9. Water requirement index (WRI) map of the Man-
gystau region

Low WRI values (Classes 1-3) dominate large parts of
the eastern and southeastern regions, reflecting arid surface
conditions and limited soil water availability. These areas are
characterized by high dryness and weak moisture retention
capacity. Moderate WRI classes (Classes 4-7) form transi-
tional zones, indicating intermediate soil moisture condi-
tions.

High WRI values (Classes 8-10) are mainly concentrated
in localized northern and coastal zones, as well as near water
bodies and low-lying terrains. These areas represent relative-
ly humid soil conditions and higher water availability for
vegetation.

Overall, the WRI map demonstrates strong spatial heter-
ogeneity in soil moisture conditions across the Mangystau
region and provides an important indicator for evaluating
hydrological and ecological variability within the study area.

The combined analysis of NDVI and WRI maps reveals a
strong spatial consistency between vegetation distribution
and soil moisture conditions in the Mangystau region. Areas
characterized by high WRI values, indicating elevated soil
moisture, generally correspond to zones with higher NDVI
values, reflecting healthier and denser vegetation cover. This
spatial agreement confirms the dominant role of soil mois-
ture availability in controlling vegetation development under
arid and semi-arid climatic conditions.

Conversely, regions with low WRI values are mainly as-
sociated with low NDVI levels, indicating sparse or absent
vegetation cover. These areas represent environmentally
stressed zones where limited water availability restricts plant
growth. Transitional zones with moderate WRI values exhib-
it intermediate NDVI levels, highlighting gradual ecological
gradients across the landscape.

29

Overall, the integrated interpretation of NDVI and WRI
demonstrates that soil moisture is a key limiting factor for
vegetation distribution in the Mangystau region. The strong
correlation between these two indices provides a reliable
basis for ecological monitoring, land degradation assessment,
and environmental management in arid environments.

Figure 10 presents the overall modeling framework used
to assess land degradation and desertification sensitivity in
the Mangystau region. The model integrates geomorphologi-
cal, geological, and ecological indicators within a GIS-based
multi-criteria evaluation approach.

Figure 10. Integrated spatial modeling framework for deserti-
fication assessment

Four main thematic factors were included in the model:

1. Terrain slope, derived from the digital elevation model
(DEM) using the Slope tool and subsequently reclassified
into ordinal classes.

2. Distance to active tectonic faults, calculated using the
Euclidean Distance tool based on mapped fault lines and then
reclassified to represent different levels of tectonic influence.

3. Vegetation cover, represented by the Normalized Dif-
ference Vegetation Index (NDVI), calculated from Landsat 8
OLI imagery using the raster calculator and reclassified into
vegetation density classes.

4. Soil moisture conditions, represented by the Water Re-
quirement Index (WRI), also derived from Landsat 8 OLI
imagery and reclassified into soil moisture classes.

Each factor layer was standardized through reclassification
to ensure a uniform scale and comparability among variables.
The reclassified layers were then integrated using the Weighted
Sum method, where each factor contributes proportionally to the
final composite index based on its relative importance.

4. Conclusions

The integrated analysis of tectonic faults, terrain slope,
vegetation cover (NDVI), and soil moisture conditions
(WRI) demonstrates that land degradation and desertification
processes in the Mangystau region are controlled by a com-
plex interaction of geological, geomorphological, and eco-
logical factors.

Active tectonic faults significantly influence groundwater
movement, soil moisture distribution, and slope stability. As
a result, areas located in proximity to tectonic structures are
more prone to soil instability and surface degradation due to
enhanced structural weakness and hydrological disturbances.
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Terrain slope plays a key role in regulating surface runoff
and erosion intensity. Increasing slope gradients lead to
higher runoff velocity, stronger soil erosion, and accelerated
loss of fertile soil layers. Consequently, steeper areas exhibit
greater susceptibility to land degradation.

Vegetation cover, represented by NDVI, reflects the pro-
tective function of plant communities. Low NDVI values
indicate sparse vegetation, which reduces soil protection,
increases evaporation, and enhances erosion processes. This
results in reduced ecosystem stability and increased vulnera-
bility to degradation.

Soil moisture conditions, expressed by WRI, represent
the hydrological status of the land surface and the availability
of water for vegetation growth. Low WRI values correspond
to dry soil conditions, which directly promote soil degrada-
tion and intensify desertification processes.

When analyzed together, these factors form an integrated
environmental system: tectonic structures control hydrological
conditions, terrain slope determines erosion intensity, vegeta-
tion cover regulates surface stability, and soil moisture reflects
the current degradation state. Their combined interpretation
provides a comprehensive framework for assessing land deg-
radation and desertification processes in arid and semi-arid
regions. This integrated approach allows a more reliable iden-
tification of environmentally vulnerable zones and offers a
scientific basis for sustainable land management and desertifi-
cation control strategies in the Mangystau region.

The final output represents the spatial distribution of land
degradation and desertification sensitivity, reflecting the
combined influence of tectonic, topographic, vegetation, and
hydrological conditions.

This integrated modeling framework allows a compre-
hensive and systematic evaluation of land degradation pro-
cesses and provides a robust spatial basis for environmental
assessment and land management planning in arid and semi-
arid regions.
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HNuTerpanasl kendaxkropiabl kepceTkimTep Herizinae Kacnuiit MmaHbl
OHIPI JKepJIepPiHiH JerpaganuscbiH 0arajayblH reOKeHICTIKTIK Mo/ei
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Angarna. [leneiitreny »oHe ep nerpaganmscel KasakcranHbplH Kacnmii MaHBI ©HIpIHAETrT HETI3Ti SKOJIOTHSIBIK
npobaeManapabiH Oipi  0oxpin TaObuTansl. by 3eprreyne mHTerpanusutanFaH ['AJK skoHe KaIIBIKTHIKTaH 30HATAY SIICTEpiH
maiijanasa OTHIPHIN MaHFBICTay OOJBICHIHBIH INONCHTTEeHY YpIiciHe ymmsipaysl OaranaHampl. TepT Oaxputaymsl (axTop
peTiHe: OelceH I TeKTOHUKANBIK >KapbUTBIMIapFa JEHiHT1 KAIIBIKTHIK, JXep OelepiHiH eHICTITi, eCIMIIKTepIiH HOpMalaHFaH
aitprpmammbLTBIK MHIEKCT (NDVI) HeriziHIme ecenTenreH eciMIIiK KaMBUIFBICH KoHE Cy KakeTTimiri naaekci (WRI) yceiaFan
TOTIBIPAK BUIFAJIIBUTBIFBI IAPTTAPEl. TEKTOHUKATBIK dcepIi OaFanay YIIiH eBKIUATIK KAIIBIKTHIKTHI Talaay KOJIIaHBUIIBL, JKep
Oenepiniy eHicTik rpagueHTTepi SRTM nepexrepinen ansiaisl, at NDVI sxone WRI Landsat 8 OLI cyperTepiHeH ecenTeii.
Bapnsik (akropsiap CTaHAApTThI PETTIK KiaccTapra KaiTa KIKTEAl OHE IIeJICHTTeHYre YUIbIpay KapTachlH Xacay YIIiH
AHBIKTAJIFaH HOTKKEHI KOIl KpUTepHilliK Oaranay yiriciH maiinanana oTweIpbin OipikTipiami. HoTmkenep xep xerpaianust
JKaFainapblHbIH KYIITI KEHICTIKTIK reTeporeHaunrin kepcereai. Tik Oerkeiinepi, tomen NDVI xxone WRI monzmepi Gap
TEKTOHMKAJIBIK JKapbUIbIMAAPFa JKaKbIH aiiMakTap 1mejedTreHyre OeitiM, ai xxymcak OeTkeitnepi, soraphl ©CIM/IK >KaMbUIFbICHI
JKOHE TOTBIPAKTHIH BUIFAIIBUIBIFEI JKaKChl aiMaKTap SKOJOTHSUIBIK TYPaKTBUIBIKTEI KOpceTedi. 3epTrey MaHFhICTayIaFbl
JKEpIiH Jerpajalisachl TEOJIOTHSUIBIK, TEeOMOP(OIOTHSIIBIK JKOHE SKOJOTHSIBIK (DaKTOPIAPIBIH JKUBIHTHIK dcepiMeH
OaKpUTAHATHIHBIH KepceTeli. Y CHIHBUIFaH Kyle MmeNedTTeHyai OaramayablH ceHiMai Kypaibl 0okl TaObuiagbl. COHBIMEH
KaTap, KYpFaK KoHe JKapThlIail KypFrak jKepliepie ®Kep pecypCcTapblH TYPaKThl 0acKapyabl KOJIIAHIbL.

Hezizzi co30ep: monvipak dezpadayusicyvl, WOACUMmMeHy, MeKMOHUKAILIK HCapbLibimMoap, dcep bedepiniy enicmizi, NDVI,
WRI, kaiima scikmey.

I'eonpocTpancTBeHHAss MOAEJIb OLIEHKH AerPajalny 3eMellb
IIpuKacnuiiCKOro peruoHa Ha OCHOBE HHTErPAJIbHbIX
MHOT0(paKTOPHBIX MOKa3aTeJeil
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AnHoOTanus. Jlerpagamnysi 3eMelib U OMYCTHIHUBAHKE SBIITIOTCSI OCHOBHBIMHU SKOJIOTHUYECKHMH MPOOJIEMaMH B 3aCYIUIUBOM
ITpukacnuiickom permone Kazaxcranma. B maHHOM HCCeOBaHMH OIEHUBACTCS TOIABEPKEHHOCTh MaHTHCTayCKOH obmactu
OITyCTHIHMBAHMIO C HCIIONIb30BaHUEM, HHTerpupoBaHHOW ['MIC M MUCTaHIIMOHHOTO 30HAMPOBAHHA. BBUIM MpoaHaIM3MPOBAaHBI
YeThIpe KOHTPOJIMPYIONMX (haKTopa: paccTOSHUE O aKTUBHBIX TEKTOHWYECKHX Pa3IOMOB, YKIOH MECTHOCTH, PACTHTEIBHBIN
MTOKPOB, PACCYUTAHHBIA HA OCHOBE HOPMAIIM30BAaHHOTO Pa3HOCTHOTO MHEKca pactutenbHocTd (NDVI), U ycrnoBus BIaKHOCTH
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MTOYBKI, TIpeCTaBICHHbBIE NHIEKCOM TIoTpeOHoCcTH B Boge (WRI). [[iist OlleHKH TEKTOHWYIECKOTO BO3MIEHCTBHUS OBLT HCITOB30BaH
aHaIM3 eBKIMOBBIX PACCTOSHUMN, TPAIUCHTH CKJIOHOB OBLIH IMOTydeHbl Ha ocHOBe HaHHBIX SRTM, a NDVI u WRI 6pumn pac-
CUMTaHbI Ha OcHOBe cHMMKOB Landsat 8 OLI. Bee ¢daxrops! Obutn pekaccu(UIMpOBaHbl B CTaHAAPTHHIE TIOPSAKOBBIE KIIACChI U
UHTETPUPOBAHBI C HCIIOIb30BAHUEM MOJEIM MHOTOKPUTEPHUANBHON OILIEHKH B3BEILICHHOM CyMMBI JUIS CO3/1aHMs KapThl MOJBEP-
JKEHHOCTH OITyCTBIHUBAHUIO. Pe3yIbTaThl yKa3bIBAlOT HA CHIIBHYIO NIPOCTPAHCTBEHHYIO HEOAHOPOIHOCTh YCIOBUN JETpafalliy.
PaiioHbl BONIM3KM TEKTOHMYECKUX Pa3liOMOB ¢ 0ojee KPYTHIMU CKJIOHaMH, HU3kuMH 3HadeHusMd NDVI u WRI naubonee noa-
BEpIKEHBI OIyCTHIHWBAHUIO, B TO BPeMs KaK PErHOHBI C MOJIOTMMH CKIOHaMH, 0ojiee BBICOKMM PAaCTHTEIBHBIM IOKPOBOM MU
Jy4Iieil BIa)KHOCTBIO MOYBHI AEMOHCTPUPYIOT OOJBIIYIO SKOJIOTHYECKYIO CTa0WIBHOCTD. VccaenoBaHue AeMOHCTPUPYET, 4TO
Jerpaganys 3eMenb B MaHrucTay KOHTPOJIHPYETCS COBOKYITHBIM BO3/ICHCTBHEM T'€OJIOTHUECKIX, T€OMOP(OIOTHIECKUX U IKO-
normyeckux Qaxropos. [Ipeanmaraemasi cucrema mpeAcTaBisIeT cOO0M HaJIEKHBIH WHCTPYMEHT JJIS OIICHKH OITyCTHIHUBAHUS U
MOAJEPKUBAET YCTONUNBOE YIPABICHUE 3€MEIbHBIMU PECYPCAMHU B 3aCYLIUIMBBIX U MOJIY3aCYIJIMBBIX palOHaX.

Knroueevie cnoea: oecpadayus 3emenv, onycmolHusanue, mekmonuieckue paziomvl, ykion mecmuocmu, NDVI, WRI, ne-
pexaaccugurayus.
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and geotechnical engineering
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Abstract. Unmanned Aerial Vehicles (UAVS) have revolutionized geotechnical and mining operations by enabling fast, high-
resolution, and inexpensive spatial data acquisition, terrain modeling, and monitoring. The current review and meta-analysis inte-
grate observations from over 133 peer-reviewed articles to present a comparison of the accuracy of UAV-based surveying meth-
ods, i.e., photogrammetry and LiDAR, and traditional methods such as total stations and terrestrial LIDAR. This study focuses on
application of UAVs and drone use in mining and geotechnical engineering in terms of finding stockpile volumes, mining subsid-
ence, mine tailings and dump site, and rock mass identification. UAVs are capable of achieving decent accuracy on a regular
basis, as indicated by meta-analysis, if optimized flight parameters, RTK/PPK positioning, and GCPs are utilized. Improved accu-
racy in UAV LiDAR surveys and balance between visual accuracy and cost-recovery in UAV photogrammetry are feasible. How-
ever, error magnitude is dependent on complexity of terrain, flight planning, and meteorology, emphasizing methodical accuracy.
Bibliometric analysis indicates exponential publication development per year since 2017 for UAVs, and China once more emerg-
es as the leading contributor with funding, authorship, and research. Keyword and co-authorship network visualization demon-
strates increasing adherence to machine learning, 3D reconstruction, and digital twin technologies. SWOT analysis determines
UAVs' efficiency of operations, safety benefit, and visual outcome as its major strengths but bottlenecks to data processing, incon-
sistent accuracy, and difficulties in unfavorable terrain conditions as its weaknesses. Shortages of skills are listed as major weak-
nesses to extensive deployment. The findings are reinforced by an industry validation survey in which 100% of respondents testi-
fied to UAV-improved efficiency and 71% to significant cost savings. There are some concerns regarding the amount of data
processing and UAV response in slopes or complex environments. UAVSs are transitioning from test equipment to geotechnical
equipment of choice, providing real-time actionable information for monitoring, site planning, and hazard analysis. Sensor fusion,
artificial intelligence-driven analytics, and normalization of workflow destinies are UAVSs to be a major driver of mining digitali-
zation. Future research will focus on underground mapping, automation, and standardization of the regulation to open up the full
potential of UAVs across the mining value chain.

Keywords: drones, UAVs, UAS, photogrammetry, mine waste, volumetrics, accuracy, subsidence, landslide, mapping.
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1. Introduction are a favorite for lithological mapping at the regional level,
their resolution is often too coarse for deposit-scale investiga-
tion in detail [4]. UAV-borne hyperspectral sensors, however,
acquire this data at centimeter resolutions, enabling the identi-
fication of subtle mineralogical variations and key mineral
assemblages (e.g., phyllosilicates, carbonates, iron oxides) that
are pathfinders to ore deposits [5]. This facilitates the rapid
delineation of alteration zones, reducing the discovery to re-
source definition timeframe by orders of magnitude.

In addition to direct mineral recognition, UAVs provide a
multi-toolset for the modern geoscientist. Coupling high-
resolution optical cameras with Structure-from-Motion (SfM)
photogrammetry software enables the creation of precise Digi-
tal Outcrop Models (DOMs). These 3D models provide essen-
tial spatial context to geological interpretation, allowing for the
measurement of structural features, bedding attitudes, and
fracture intensity with accuracy [6]. Magnetometer and gam-

Unmanned Aerial Vehicles (UAVS) are currently an af-
fordable equipment of civilian application, transforming the
model of acquiring geoscientific information through high
spatial resolution, ease of operation, and enhanced safety [1].
Mineral exploration and geological mapping conventionally
rely on time-consuming ground surveys, low-resolution satel-
lite images, and costly airborne geophysics, frequently being
incapacitated by logistic limitations and availability [2]. UAV
technology directly plugs this observation gap, since low-
altitude, generic platforms for miniaturized sensors and render-
ing remote sensing a focused, precise solution to mineral iden-
tification and other geoscientific applications [3]. A highlight
of UAVs in mineral prospecting is that they possess the ability
to mount hyperspectral and thermal sensors. Spectral signa-
tures are specific for every mineral, these help with identifica-
tion of minerals on earth. While satellite sensors like ASTER
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ma-ray spectrometer equipped UAVs are also proving to be
useful tools for high-resolution geophysical surveying, map-
ping anomalies related to subsurface mineralization [6]. The
technology adds value across the entire mine lifecycle, from
pre-exploration baseline mapping to operational tasks like
stockpile volumetrics, pit slope stability monitoring, and post-
mining land reclamation assessment.

The advantages of UAVs in a mine site are numerous and
primarily hinge on personnel safety, operational efficiency,
and data quality [7, 8]. Their ability to access hazardous or
logistically challenging areas such as unstable highwalls [9],
deep pits, and active blast areas, without endangering human
life is a major benefit [10]. They are hence extremely essential
for geotechnical applications like landslides and slopes where
conventional technologies such as levelling, total stations, and
terrestrial laser scanning are time-intensive, labor demanding,
and hazardous [11]. UAVs, when equipped with high-end
sensors like LiDAR, multispectral, and thermal cameras, pro-
vide cheaper, faster, and safer alternatives [12-14] with centi-
meter-level topographic mapping precision [15], near real-time
volume calculations, and remote sensing of dangerous envi-
ronments [16]. Fast advancement in UAV applications like pit
wall stability monitoring, waste dump monitoring, blast frag-
mentation analysis, and tailings dam monitoring is highlighted
in industry reports [7, 17]. Both UAV LiDAR and photo-
grammetry possess the ability to produce high-resolution Digi-
tal Elevation Models (DEMs) and point clouds with greater
than 0.1% volumetric accuracy, often outperforming tradition-
al GPS surveys at a cost saving of more than 60% in time and
labour [18-21]. This is of specific value in large open-pit
mines where routine volumetric monitoring of waste dumps
and ore is integral to resource estimation and logistics planning
[8,22]. UAVs also allow real-time monitoring of ground
movement and earthworks, with operators able to validate
progress to project schedules without the need to interrupt
work [23].

The sector is moving toward full autonomy and more inte-
gration of data. Drone-in-a-Box (DiaB) technology, under
which fully autonomous inspection flights are possible without
pilots, is being adopted by industry leaders for routine moni-
toring of critical infrastructure. UAVs are increasingly being
incorporated into more extensive digital platforms that lever-
age artificial intelligence (Al), machine learning (ML), and
loT-enabled sensor networks [24,25]. The intersection of
UAV hardware, advanced remote sensing algorithms, and
autonomous flight platforms is facilitating a new revolution of
innovation [26-28]. Deep learning algorithms are being ap-
plied routinely to drone imagery for rock fragmentation meas-
urement automation [29, 30], defect detection on conveyor
belts [31], and prognostic ground deformation modeling [32].
Moreover, the availability of beyond-visual-line-of-sight
(BVLOS) flight and 5G connectivity is facilitating real-time
data streaming and centralized control of large-scale mining
fleet operations [33-35].

Several detailed reviews capture this range of technology.
Vishweshwaran and Sujatha [36] document usage of drones in
geotechnical engineering for slope, pavement, and excavation
monitoring, complete with methodology guidelines for inte-
grating photogrammetry, SfM, LiDAR, and multispectral
imaging. They also note the potential for AI/ML in automating
crack detection and rock mass classification. Jackisch [37] has
an interest in mineral exploration, demonstrating how drone-
borne hyperspectral and magnetic surveys can delineate ore
zones at a fraction of the cost of conventional methods, with
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examples from Greenland and Namibia. Shahmoradi et al. [38]
cover applications at abandoned, active, and reclaimed mines,
noting the value of collision-tolerant drones like the Elios
series for GPS-denied underground mine voids. To these pro-
spects, Andresen and Schultz-Fellenz [39] introduce UAV-
facilitated change detection, while Perikleous et al. [40] cover
the employment of UAVs in combination with geophysical
sensors for subsurface mapping in a review of 59 mining case
studies. Hussain et al. [41] and Chen et al. [42] explore the
utilization of UAVs in landslide studies, documenting work-
flows for hazard evaluation. Arif et al. [43] outline the syner-
gistic benefit of integrating INSAR and Global Navigation
Satellite System (GNSS) with UAVs in a multi-sensor strate-
gy to the quantification of mining-induced deformation.

To bridge these limitations, this study attempts a structured
review of UAV application in mining and geotechnical engi-
neering with particular reference to terrain modeling, stockpile
volumetrics, real-time monitoring, and unsafe-site inspection.
It is guided by the research question: “How accurate and effi-
cient is terrain modeling and stockpile volumetrics using
drones versus traditional surveying methods in various mining
environments (open-pit, underground, tailings)?”. Through a
multi-method approach adopting the meta-analysis of UAV
performance metrics, examining biblio-metric research trends
mapping, SWOT analysis, and industry survey, this review
seeks to provide an evidence-based synthesis of the current
state and future prospects of UAVS in mining. Empirical evi-
dence is used to guide research and make operational guide-
lines accessible to industry parties interested in optimizing use
of UAVs for safety, efficiency, and sustainability. To validate
the findings of a preceding meta-analysis and gauge current
industry sentiment, a survey was distributed to thirty-three
experienced practitioners (with experience of 3 years or more)
in the mining and geotechnical fields. The seven responses, as
being a specialized segment of the industry, confirm the meta-
analysis's hypothesis of pervasiveness on the basis of higher
efficiency. The survey also identifies the main issues prevent-
ing further integration, with data processing as the most signif-
icant technical barrier and sloping terrain as the most limiting
environmental constraint.

2. Literature review

2.1. PPKvs RTK

The pursuit of centimeter-level positioning accuracy in Un-
manned Aerial Systems (UAS) has made Real-Time Kinematic
(RTK) and Post-Processed Kinematic (PPK) GNSS methodolo-
gies equally vital. Despite both employing carrier-phase differ-
ential corrections for integer ambiguity resolution and achieving
high accuracy, their operational paradigms, infrastructure de-
pendence, and robustness are quite disparate, dictating their
applicability. The main distinction is the timing of the applica-
tion of the corrections. RTK is a real-time method. It requires a
continuous communication link, typically a radio modem, from
a fixed base station to the UAS (rover). This base station, whose
location is known, calculates error corrections based on compar-
ing its known location to its location obtained by GNSS. These
corrections are transmitted back to the rover in real time, allow-
ing its onboard computer to resolve integer ambiguities immedi-
ately and output a corrected, centimeter-level position for direct
geotagging of images [44]. The base station could be a user-
mounted unit or, more typically, a network of Continuously
Operating Reference Stations (CORS). While CORS networks
are easy, their availability is dependent on good cellular data
coverage at the flight location. The greatest weakness of RTK is
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that it depends on a continuous communication link; any break
can trigger a re-initialization of the ambiguity resolution, leading
to periods of degraded accuracy. Conversely, PPK is a post-
mission method that decouples the process of correction from
flight operation. The base station and the UAS rover both sepa-
rately record the raw, time-stamped GNSS observation data, i.e.,
the carrier-phase and pseudo-range measurements. After flight,
these data sets are integrated post-processing software to deter-
mine the true path of the drone. This approach is understandably
more tolerant to faults because it eliminates the risk of in-flight
radio link failure and is thus extremely well suited for operation
in adversarial environments such as hilly terrain, dense forests,
or near infrastructure where the line-of-sight communication is
disrupted [45]. The correction origin will typically be a user-
defined base station as the timing synchronization for processing
with CORS data can be more complex.

The core algorithm for both approaches is the solution for
the integer ambiguity in carrier-phase measurements. The
Least-Squares ~ Ambiguity  Decorrelation  Adjustment
(LAMBDA) algorithm is the default algorithm for this pur-
pose, where it is widely regarded for its effectiveness and
resilience in determining correct integer ambiguities [46]. The
global positioning solution is normally accomplished using a
Kalman Filter, which combines optimally the GNSS carrier-
phase measurements with the Inertial Measurement Unit
(IMU) measurements. Sensor fusion is critical since the IMU
provides high-rate velocity and attitude measurements that fill
short-term gaps in GNSS signal availability and smooth the
trajectory. Accuracy of the combined GNSS-IMU system, that
is, calibration of the lever arm (physical distance between
GNSS antenna and IMU) and sensor biases of the IMU itself,
is a primary driver of end accuracy. With advancing sensor
technology, cheaper, tactical-grade IMUs are more and more
useful for high-accuracy PPK/RTK applications, closing the
performance gap to more expensive systems.

2.2. Photogrammetry process

The modern photogrammetric pipeline, driven by SfM al-
gorithms, breaks up a collection of overlapping 2D images into
a precise 3D model in the guise of an iteratively performed
computationally intensive pipeline. The initial step includes
feature detection and matching, where the features are detect-
ed by algorithms like SIFT (Scale-Invariant Feature Trans-
form), SURF (Speeded-Up Robust Features), or the comput-
er friendlier ORB (Oriented FAST and Rotated BRIEF),
which identify distinctive key points in each image that are
scale, rotation, and illumination invariant [47]. By matching
those features between a series of images, the program gen-
erates a series of tie points, establishing the first correspond-
ence for the entire reconstruction. This sparsely textured
point cloud and corresponding image points are fed into the
core of SfS/ bundle adjustment and pose estimation. The
approach first estimates the exterior orientation (camera
location and orientation) of each camera and the 3D coordi-
nates of the tie points simultaneously. This is optimized
using bundle adjustment, a top-level optimization that mini-
mizes the reprojection error, the difference between observed
2D feature positions and reprojected 3D points into the im-
ages [48]. Bundle adjustment is necessary to achieve a glob-
ally consistent and internally accurate model. In the context
of rolling-shutter cameras on drones, a rolling-shutter correc-
tion needs to be incorporated at this stage. Since every scan-
line of an image is captured at a varying moment when the
drone moves, perspective geometry is distorted. SfM soft-
ware mimics this phenomenon by calculating the camera
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path for exposure of a single frame significantly improving
accuracy, especially for fast-moving platforms.

Following sparse reconstruction, dense matching algo-
rithms produce a dense point cloud. Semi-Global Matching
(SGM) obtains disparity maps inexpensively by maximizing a
pixel-wise cost of matching on numerous one-dimensional
paths, while more recent approaches like PatchMatch scatter
good matches randomly and in parallel, achieving high detail
and effectiveness [49]. The dense cloud serves as input to
Multi-View Stereo (MVS), which continues to optimize the
geometry and generally outputs the final surface mesh or tex-
tured model. Along this pipeline, there are two things that are
most critical to absolute, especially vertical, accuracy. First,
precise camera calibration, measurement of the internal pa-
rameters like focal length, principal point, and lens distortion
is not possible. Systematic errors due to uncalibrated or poorly
calibrated cameras cannot be eliminated at all through bundle
adjustment, usually being manifested as a doming or bowing
of the model [50]. Second, ground control point (GCP) distri-
bution and quantity are key. GCPs provide reproducible coor-
dinates within a world-wide reference system, positioning the
bundle adjustment and eliminating residual errors within the
direct georeferencing solution. A uniformly distributed set of
GCPs, particularly on the boundaries and at various heights
within the study area, is required to control and minimize
vertical error propagation. Independent check points are then
required to objectively assess the resulting achieved accuracy.

2.3. UAV-LIDAR systems

UAYV LIiDAR systems integrate a number of sensors, a la-
ser scanner, a GNSS receiver, and an IMU, to directly sense
3D points in space. To reduce the raw data to a coherent,
correct point cloud, there is a set of fundamental calibration
and alignment procedures to correct for systemic errors that
are inherent in the multi-sensor system. Boresight and lever-
arm calibration are the simplest calibrations. The lever-arm is
the same 3D vector offset between the origin of the IMU and
the LiDAR scanner, and the boresight consists of angular
misalignments (roll, pitch, yaw) among the body frame of the
IMU and the coordinate system of the scanner. Minor incon-
sistencies in the parameters, particularly in boresight angles,
may result in significant positional errors, which manifest as
“double walls” or overlapping flight strip misalignments
[51]. Calibration is typically achieved by flying over a region
with clearly defined planar features (e.g., rooftops of build-
ings, roads) in multiple directions and adjusting the parame-
ters iteratively until multiple strips' point clouds merge per-
fectly. Following initial calibration, scan strip adjustment is
often a subsequent requirement. This process refines the path
and/or boresight angles by minimizing differences between
overlapping LiDAR strips. By finding common planar or
linear features between strips, a bundle adjustment-type
optimization is performed to reduce vertical and horizontal
offsets, producing a more consistent data set internally [52].

To register several flights or UAV-LIDAR and ground
point cloud scans, point cloud registration algorithms are
used. Among the well-known algorithms is the Iterative
Closest Point (ICP) algorithm which iteratively computes the
optimal rigid transformation (rotation and translation) be-
tween two-point clouds in the sense of minimizing the dis-
tance between the corresponding points [53]. A more robust
alternative is the Normal Distributions Transform (NDT),
which models the target point cloud as a set of probability
density functions and can achieve better performance with
unstructured scenes and partial overlaps [54]. Classic
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GNSS/IMU positioning is out of function in GNSS-denied
situations such as forests, canyons, or indoors. For these
situations, SLAM algorithms fill the gap. LIDAR SLAM
relies on the point cloud as a spatial reference. By registering
piecewise incoming laser scans to a map of the scene that is
incrementally growing, the algorithm simultaneously esti-
mates the 6-degree-of-freedom trajectory of the sensor and
builds the 3D model in real-time. This allows one to walk
and collect data continuously without using external localiza-
tion, making it extremely useful in mining, geotechnical,
forestry, and infrastructure inspection tasks where GNSS
signals do not reach [55]. UAV-LIDAR performance thus
lies in an efficient processing pipeline that aligns sensor
geometry, data stripping coinciding, and incorporates sophis-
ticated registration or SLAM techniques to achieve metric
accuracy for a broad variety of scenes.

2.4. Sensor fusion

The intrinsic limitations of remote sensing and personal
navigation sensors become pronounced in challenging ter-
rain, where signal blockage and poor geometries exacerbate
error. Sensor fusion is an effective paradigm to overcome
these limitations by synergistic integration of the strengths of
complementary systems. The integration of GNSS and IMU
using advanced filtering algorithms forms the basis of pre-
cise direct georeferencing in both LiDAR and photogramme-
try, and combining LIiDAR and photogrammetric data yields
a stronger and more reliable end product. The spirit of
GNSS/IMU integration is typically achieved by using an
Extended Kalman Filter (EKF) or an Unscented Kalman
Filter (UKF). The EKF linearizes the system dynamics and
measurement models to propagate the state (position, veloci-
ty, attitude) and covariance, whereas the UKF uses determin-
istic sampling to better handle extreme non-linearities. The
GNSS provides absolute position but with low update rate
and susceptibility to signal loss. The IMU, by contrast, offers
high-rate acceleration and angular rate measurements, which
allow for precise dead reckoning between GNSS updates but
are subject to unbounded drift due to sensor biases. The
Kalman filter combines these data streams most effectively.
The IMU propagates the state, and the GNSS measurements
update and refine this prediction, estimating and correcting
the IMU sensor biases simultaneously [56]. This integration
is the primary defense against drift. In complex country side
like deep valleys or under forest canopy, where GNSS sig-
nals are intermittently shadowed, the tightly coupled IMU is
maintaining an accurate short-term track, drastically reducing
the positional errors that would otherwise accumulate and
manifest as distorted models.

This robust performance is then translated directly to im-
proved elevation precision in bad terrain. A poorly navigated
platform will mis-project laser returns or photographs, lead-
ing to smearing, “doming” or inability to accurately represent
steep slopes and ridges. The combined GNSS/IMU solution
provides a robust geometric foundation such that the precise
range measurements from the LIiDAR or the triangulated
points from photogrammetry are properly positioned in
space. Additionally, the merging of the end data products,
LiDAR and photogrammetry, contributes to accuracy. Pho-
togrammetry loses matches on texturally flat ground (e.g.,
sand, snow, or high canopy) where feature matching fails,
creating voids in the data. LIDAR bridges small gaps in the
vegetation and is immune to a lack of texture, providing solid
ground points in these areas. LIDAR sacrifices point density
and loses fine edges that high-resolution photography pre-
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serves. By co-registering the two data sets, systematic errors
in LiDAR data can be eliminated using the photogrammetric
point cloud, and Digital Terrain Model from LiDAR can be
used as an absolute height reference for tying in the photo-
grammetric bundle adjustment and minimizing vertical error
propagation [57]. Such synergy integration creates a better,
more robust, and reliable 3D landscape model, directly coun-
tering the accuracy trends that single-sensor systems exhibit
in challenging environments.

The conversion from measured to true coordinates of
drone-based mapping, often reflected in doming or shearing in
3D models, is caused by an intersection of the error sources in
the integrated navigation and photogrammetric system. A
main contributor is the degradation of the direct georeferenc-
ing solution. Errors in onboard GNSS, i.e., multi-path or incor-
rect resolution of carrier-phase integer ambiguities in RTK/
PPK systems, translate directly to the exterior orientation of
captured images [45]. Also, in the absence of good ground
control, IMU errors, specifically, frame misalignment between
GNSS and IMU frames, as well as gyro and accelerometer
biases, introduce significant rotational errors. These rotational
errors are non-linear and will lead to significant deformations,
particularly on the vertical- or z-axis, creating the expected
“doming” effect in the output point cloud [58]. The photo-
grammetric process itself causes additional shifts. Incomplete
calibration of the camera, where the residual principal point
and focal length errors remain, distort the internal geometry of
the image bundle. Combined with insufficient image network
geometry, like an insufficient flight plan with too few cross-
strips, the bundle adjustment cannot derive the external plat-
form position and orientation reliably from the internal camera
parameters. This results in a non-rigid transformation with the
system addressing navigation and calibration errors by de-
forming the 3D scene so that points of objects are transformed
from their real positions [50].

2.5. Future of drone technology

The future of drone technology is in a very robust direc-
tion of more autonomy, integration, and intelligent data anal-
ysis. The future is not in stand-alone platforms, but in cou-
pled systems, flocks of drones flying in coordination, and
drones alongside other platforms like satellites, airborne
LiDAR, and ground sensors creating multi-scale digital cop-
ies of the environment [59]. The principal driver is the neces-
sity to propel edge computing, where data is calculated
onboard in real time. This will enable real-time decision-
making, such as a drone altering its flight path upon finding
an anomaly in the mineralogy or identifying a structural
defect, rather than merely collecting data to analyze after-
ward. Also, miniaturization and reduced cost of advanced
sensors, in particular, solid-state LIDAR and hyperspectral
cameras, are making high-fidelity remote sensing affordable,
taking drones out of basic imaging into the realm of full-size
3D and chemical analysis.

Whether or not sensors or algorithms require more re-
search is not an either/or question, but rather a question of
recognizing that they are inter-dependent. When sensor tech-
nology advances, the most pressing research needs fall within
the domain of algorithms to process, manage, and understand
the enormous, disparate data streams generated by these sen-
sors. The current state of the art moves towards generating
data bottlenecks, in which terabytes of data are accumulated
but remain slow and computationally intensive to analyze. All
of the top research priorities are algorithmic. One, there is a
pressing requirement for robust onboard SLAM in GPS-
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degraded environments such as underground tunnels or dense
forests, from multi-sensor fusion of cameras, IMUs, and Li-
DAR. Second, advanced machine learning and artificial intel-
ligence algorithms are required for real-time anomaly detec-
tion and feature extraction [60]. These include automatic
detection of mineral assemblages in hyperspectral images,
infrastructure cracks, or invasive species in agriculture with-
out manual intervention. Third, one needs to study efficient
data transmission and compression algorithms to mitigate the
bandwidth limitation of real-time streaming of data from the
edge [61]. In practice, although upgraded, lighter, and more
effective sensors are always welcome, the edge currently is
computational. The real potential in drone technology will be
delivered not by sensors that collect the data, but by intelli-
gent algorithms that transform this raw data into useful intel-
ligence, autonomously and in near real-time.

2.6. Dense reconstruction in UAV-based mapping

The combination of SfM, dense image matching, LiDAR
based Simultaneous Localization and Mapping (SLAM), and
GNSS/INS fusion has constituted the core of UAV-based
geospatial data collection, offering stable 3D reconstruction
and navigation in different operation environments. SfM pipe-
lines with bundle adjustment (BA) support high-accuracy
scene modeling via incremental pose estimation and geometric
refinement. There have been new advances, such as the graph-
indexed Bag-of-Words approach with parallelized Schur com-
plement-based BA (PSCBA) by Liu et al. [62] that improved
efficiency while preserving the accuracy. Similarly, feature-
matching techniques based on grid-based motion statistics
have been demonstrated to be quite useful for suppressing drift
in SfM processing [63]. Bergado and Nex [64] transferred
UAV images to implement disparity shifting and occlusion
masking. This was achieved through stereo networks using
unsupervised learning models. Jannati et al. [65] introduce
complementary studies seeking computationally efficient
alternatives to Semi-Global Matching (SGM) through the
introduction of a two-stage disparity estimation process re-
moving image pyramids without sacrificing depth accuracy. In
GNSS-denied real-time SLAM, UAV SLAM systems have
employed LiDAR-IMU fusion more and more. Wang et al.
[60] explained major features such as loop closure and pose
graph optimization of outdoor SLAM systems, while Yin et al.
[66] employed a two-step iterative calibration strategy to tack-
le LIDAR-IMU misalignments caused by rotation motion for
SLAM robustness. GNSS/INS integration remains at the cen-
ter of global navigation, but susceptibility to out-ages necessi-
tates multi-sensor augmentation. Elamin et al. [67] demon-
strated that tightly integrated GNSS/INS/LIDAR-SLAM sys-
tems regain fairly well the navigation performance in GNSS-
denied environments, and Abdelaziz and El-Rabbany [68] also
gained even better positional stability when incorporating
stereo visual SLAM. Although, differing in their sensor de-
pendency and computational topologies, these methods are
converging towards hybrid fusion of vision, inertial, and Li-
DAR observables. SfM is effective with highly structured
scenes that have high feature density. LIDAR-SLAM offers
texture-poor or dynamic scene robustness, and GNSS/INS
offers absolute georeferencing. Dense image matching is shift-
ing from hand-crafted metrics to learning-based pipelines with
growing emphasis on domain adaptation, occlusion, and accel-
eration. Together, these developments point to a common
trend for UAV mapping: scalable, real-time, sensor-fused
solutions that can provide high-accuracy spatial intelligence in
various terrain and operating conditions.
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3. Materials and methods

This review adheres to a rigorous, multi-stage methodol-
ogy that seeks to minimize selection bias, maximize repro-
ducibility, and provide an exhaustive synthesis of innova-
tions in drone technology for mining and geotechnical uses.
Unlike conventional narrative reviews that rely on subjective
selection of literature and lack open search processes, the
current study follows the PRISMA [69] preferred Reporting
Items for Systematic Reviews guidelines to ensure methodo-
logical transparency, systematic examination of literature,
and quantitative synthesis where applicable. The review
answers three key research questions:

1). How do drone-based terrain modeling and stockpile
volumetrics in terms of accuracy and efficiency compare
with conventional surveying methods in other geotechnical
and mining environments?

2). What technological (LiDAR vs. photogrammetry) and
operational (flight planning, sensor fusion) factors influence
UAV performance in real-time mining and geotechnical
monitoring?

3.1. Literature search strategy

A systematic search strategy was employed in three major
databases including Scopus (last searched on September 10™
2025), Web of Science (last searched on September 101 2025),
Google Scholar (last searched on September 101" 2025) to find
peer-reviewed papers from journals, conference proceedings,
and industry reports between 2010 and 2025. The search term
used Boolean operators and keyword combinations like
("UAV" OR "drone" OR "UAS") AND ("mining" OR "open-
pit" OR "Quarries" OR "Coal" OR "Exploration” OR "tail-
ings" OR "Waste") AND ("Landslide" OR "Slope" OR "De-
formation" OR "Highway" OR "Sink hole") AND ("Accura-
cy" OR "Precession™), with broad coverage of the studies.

Additional backward and forward citation tracking was
conducted on significant papers to seek out early papers not
caught in the initial search. To minimize selection bias, pre-
determined inclusion/exclusion criteria were applied and
only empirical quantification studies (e.g., accuracy tests,
efficiency measures) were retained, while purely theoretical
or simulation-based studies were excluded except where they
suggested novel methodological designs. Non-English publi-
cations were also excluded which includes Chinese, French
and Russian languages. The PRISMA framework guided the
four-stage screening process (Figure 1):

— identification;

— screening;

— eligibility assessment;

— inclusion.

All of the retrieved records (n = 338) were initially re-
trieved. The de-duplicated records were removed by End-
note. Review papers and meta-analysis studies were also
excluded, leaving an initial dataset of 162 articles. The au-
thor screened title/abstract, resolving disagreements at three
points and subsequently combining the remainder. The re-
maining full-text articles were screened for eligibility, and 94
studies were found eligible for qualitative synthesis and 18
for meta-analysis. A data extraction form with a uniform
pattern documented key variables: study year, location, min-
ing type (open-pit, underground, tailings), drone information
(sensor type, flight altitude, ground sample data), and com-
parison metrics (Mean Error, RMSE, Standard Error, Stand-
ard Deviation, Minimal Error).



M. Emad. (2026). Engineering Journal of Satbayev University, 148(3), 33-52

Identification of new studies via databases and registers

Records identified from

c Records removed before screening
2 Databases (n = 3): Duplicate records (n = 148)
§ Web of Science (n = 58) —»| Records marked as ineligible by automation
z Scopus (n = 159) tools (n = 22)
§ Google Scholar (n = 121) Records removed for other reasons (n = 6)
Records screened Records excluded
(n=162) (n=76)
g’ | Reports sought for retrieval Reports not retrieved
s (n =82) (n=0)
¢
b
Reports assessed for eligibility Rlﬁzltztiﬁtx'c‘:ufiead
82} Vel =)
inappropriate outcomes (n = 7)
§ New studies included in review
-3
R (n=72)
2

Figure 1. Prisma flowchart

To quantitatively contrast UAV performance with tradi-
tional methods (total stations, terrestrial LiDAR), meta-
analysis was conducted on those papers reporting subsid-
ence, stockpile volume, accuracy analysis and slope defor-
mation measurement error.

Data was split by sensor type (LIDAR vs. photogramme-
try) and mining environment to establish context-dependent
differences. The magnitude of efficiency of UAVs in terms
of time and cost saving is quantified by calculating effect
sizes. Funnel plot, helped with determining subgroup analy-
sis and publication bias. Co-occurring keywords, author
collaborations and research trends were shown using Biblio-
metric maps developed by VOS viewer [70]. Evolving areas
of interest were presented by forming clusters. Thematic
analysis categorized the studies into technological (sensor
technology advances), operational (flight planning concerns)
themes, and it noted gaps such as the absence of representa-
tion of applications for underground mining.

Strengths-Weaknesses-Opportunities-Threats (SWOT)
analysis combined qualitative evidence from existing litera-
ture. Strengths included acquiring high-resolution data and
avoiding human exposure to hazards, while weaknesses
listed battery life limitations and processing of data con-
straints. Opportunities identified Al-aided predictive model-
ing and real-time streaming facilitated by 5G, while threats
included cybersecurity exposure and fluctuating global regu-
lations. To make findings practically relevant, these were
cross-checked with seven mining industry experts through
semi-structured interviews, focusing on actual-world imple-
mentation issues. Interview findings were utilized as an in-
dustry validation for this research.

4. Results and discussion

The results are discussed in five main sections starting
with systematic literature review addressing the research
questions followed by meta-analysis, Bibliometric analysis,
SWOT analysis, and industry survey.
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4.1. Systematic review

Accurate measurement is the core of sciences behind
mining and geotechnical engineering. For centuries, this
relied on the meticulous work of surveyors with theodolites
and tripods [71]. There is a revolution in technology cur-
rently underway with UAVs, or drones, revolutionizing
volumetric analysis and terrain modeling [72-75]. This is
founded on unparalleled efficiency and enhanced safety,
while providing accuracy that matches the demanding
standards of modern industrial uses. The greatest advantage
of drone surveying is its efficiency in terms of economy,
time and safety [76, 77]. Conventional ground-based meth-
ods, using total stations or Differential GPS (DGPS), re-
quire crews to physically visit every point of interest. In a
large open-pit mine or over very extensive stockpiles, this
can take weeks or days of laborious work. In contrast, a
drone captures the same area in several hours [78], travel-
ing a pre-programmed grid and automatically capturing
thousands of overlapping, high-resolution images [79].
Automation creates digital surface models and 3D models
using photogrammetry software [80, 81]. There is a chance
of minimal disruption of operations with quicker turna-
round times leading to enablement of real-time data moni-
tor [82] at site with much improved mining rate [8] and
stockpile volume computations. Mining is a hazardous
environment with unstable highwalls, heavy equipment,
and unstable stockpiles. Measurement from such environ-
ments [83] is far riskier in nature. UAVs are a perfect ap-
plication for leaching pads, dangerous areas, high and steep
slopes or difficult terrain where free access is limited.
Drones do not expose men to hazardous conditions on site
which greatly improve project safety during mapping and
surveying [84]. This ability of drones makes them stand out
as they can potentially save human lives at a much lower
price compared to ground-based methods. In terms of ap-
plication in industries requiring high accuracy, the accuracy
of data collected from drones has paramount importance
[84-86]. While traditional surveying still holds a slight edge
in ultra-high-definition point measurement, the difference
has narrowed by a significant margin. Modern drone plat-
forms, especially those with RTK or PPK GPS capability
and assisted by accurately positioned GCPs, are consistent-
ly delivering vertical and horizontal accuracies [87]. This is
more than adequate for the majority of mining and geotech-
nical applications.

For critical operations such as stockpile volume calcula-
tions studies have reported drone error rates of between 0
and 3% [11], compared to 1% for conventional methods.
Both fall within industry acceptable tolerance of +3% to
make drone-derived data fit for purpose. Industry practi-
tioners and researchers have reported that the accuracy of
measurement by drone is influenced by terrain, vegetation,
and GCP location [1, 88, 89] but reliability of outputs re-
mains sufficient for operational decision making. Open-pit
mines, quarries, slopes, and spoil piles are where drones are
best applied, with the ability to image large areas very rap-
idly being a perfect match for operational needs. They are
seeing increased use in geotechnical engineering for slope
monitoring, erosion studies, and project monitoring
[90, 91]. Notably, drones are typically synergistically cou-
pled with traditional methods [92], providing macro-
context with ground-truthed micro-details.
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Drone technology application is a quantum leap for the
field of geotechnincal and mining engineering. It shatters the
traditional trade-off between accuracy and efficiency, with
improved safety, accessibility, and rapid data acquisition with-
out compromising accuracy [9, 93, 94]. As sensor technology,
LiDAR, and artificial intelligence evolve, the use and useful-
ness of drones in challenging and complex environments
should expand. Drone surveys are also susceptible, to com-
pounding sources of error [95, 96], which is absent in tradi-
tional surveying. Incorrect placement of GCPs, poor satellite
visibility, or multipath effects can undermine positional accu-
racy [88]. Inadequate flight planning like an incorrect altitude
or insufficient image overlap can reduce model resolution and
introduce errors [97]. Severe winds, variable lighting, and
difficult terrain (i.e., highly reflective or featureless surfaces)
are also environmental conditions that affect data quality.
Software processing choices also affect volumetric outputs,
and these need to be firmly verified with independent check-
points [98, 99]. At the core of UAV-based remote sensing is
the decision between LIiDAR and photogrammetry, each with
its own particular strengths. Higher precision is achievable
with LIiDAR technology with the ability to penetrate vegeta-
tion cover [100] and create models. The LiDAR systems pro-
vide laser pulses at high speed which offers accurate results
and is immune to light conditions, thus suitable for operation
in the shade or underground application. Such systems as
expensive computationally and otherwise as the payload re-
quirements are huge making them suitable for employment in
mega projects. In contrast, photogrammetry builds three-
dimensional models by mosaicking overlapping high-
resolution images [100] taken from multiple perspectives.
Photogrammetry is superb for generating photorealistic site
models and is economically viable [101] for use cases such as
monitoring haul road surfaces, stockpile inventory volumes,
and structural inspections. Some limitations of photogramme-
try are its lighting-sensitiveness [102], it cannot penetrate in
dense vegetation [100], and it may be less accurate in elevation
modeling, particularly in regions of complex terrain [89].

Sensor selection is the starting point, while flight plan-
ning is essential for data quality. The main parameters are
flying height, speed, image overlap, and direction [103].
Good stereo reconstruction with improved resolution is
ensured by sufficient overlapping (80% front and 60% side),
reduced ground sample distance (GSD), and lower flying
heights. Elevation accuracy is greatly improved for complex
terrains by adaptive flight planning [104]. Without such
planning, even the most sophisticated sensors can yield
suboptimal data. Data fusion is emerging as a frontier in
UAV application. The integration of LiDAR point clouds
with photogrammetric textures, thermal imaging, or multi-
spectral data enhances visualization and quantitative analy-
sis together [105, 106]. Accelerated data processing can be
achieved by using RTK or PPK systems [89] which may
eliminate requirement for many GCPs. Now it does not take
too much time to assess slope stability or stockpile volume
or generate a map thanks to the cloud-based systems and
automation. Drones offer an extremely powerful means of
volumetric surveying with unmatched speed and safety.
Nevertheless, they require rigorous mission planning, flight,
and data verification to balance intrinsic inaccuracies. If
used correctly, not only do they enhance surveying but also
contribute to a safer, more efficient, and data-driven mining
industry.
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4.2. Meta-analysis

Figure 2 presents a summary of several studies involving
UAV photogrammetry and LiDAR for topographic modeling
and the reported mean errors. The reported accuracies by results
are significantly diverse, ranging from 0.00 m to 0.45 m mean
error. Such extreme diversity indicates that achievable accuracy
significantly depends upon sensor orientation, flight conditions,
terrain characteristics, and data processing techniques.

Zhao et al 2024 — 0.1+ 0.053
Dawei et al 2020 —— 0.09+ 0.024
Cryderman et al 2015 o 0.05+ 0.007
Du et al 2025 —— 0.05+ 0.024
Zhan et al 2024 - 0.05+ 0.015
Yang et al 2024 A 0.03 + 0.009
Crawford et al 2021 ° 0.02 + 0.004
Dong et al 2022 . 0.01+ 0.004
Luet al 2021 0+ 0.003
-0.25 -0.15 -0.05 0.05 0.15 0.25 0.35 0.45 0.55

Mean error, m

Figure 2. Forest plot showing mean errors as reported in mul-
tiple studies available from literature [108-110, 112-126]

An extremely high percentage of research studies
achieved high accuracy with mean error below 0.05 m.
Strangely enough, Lu et al. [107] reported a mean error value
of 0.00 £ 0.003 m, then Dong et al. [108] at 0.01 + 0.004 m,
and Gul et al. [109] at 0.02 £ 0.013 m. This cluster of very
close results with tight confidence limits is a demonstration
of good methodology. These typically involve the use of
high-resolution sensors with RTK/PPK GNSS integration,
optimal GCP networks, and advanced SfM algorithms. There
is a range in the middle which produced mean errors between
0.05m and 0.15 m, like Zhao et al. [110] (0.10 £ 0.053 m)
and Liu et al. [111] (0.13 £0.059 m). A complex terrain and
less dense GCP network are likely the cause of obtaining a
wider confidence interval. Large scale mapping of geomor-
phology, classification of land, environmental monitoring
can accommodate small errors and low accuracies are suffi-
cient for these applications.

The Figure shows few outliers like Stupar et al. [112]
(0.45 £ 0.008 m) and Jin et al. [113] (0.28 + 0.117 m). These
high error levels reflect methodological limitations, perhaps
the application of uncorrected consumer drones, poor GCP
coverage, or unfavorable environmental conditions during
data capture (e.g., high cover density, uniform terrain fea-
tures, or lighting conditions). Such data can be sufficient for
reconnaissance-level mapping but have limited application in
quantitative geotechnical studies. A time-wise assessment of
the results shows an apparent trend of improvement in accu-
racy in more recent study articles (2021-2025). This upgrade
is likely the result of mass usage of RTK/PPK drones, so-
phisticated flight planning software, and sophisticated auto-
mated processing procedures.
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This influence demonstrates UAV surveys can achieve
sub-decimeter accuracy under rigorous methodology. The
results verify the application of important tasks like volu-
metric measurements, surface deformation and creation of
DEM which require higher precision. Above all, the range
of accuracy noted emphasizes that accuracy is not inherent
to the platform but rather under systematic survey design.
Sensor calibration, image overlap, flight altitude, GCP
design, and post-processing approach are essential parame-
ters affecting outcomes. Consequently, rigorous adherence
to best practices for data acquisition and processing is nec-
essary for the use of UAVs in mission-critical mining and
geotechnical operations.

Figure 3 is a pie chart representing country-level trends
of publication of research with focus on the accuracy of
UAV and drone technology in geotechnical engineering and
mining practices. The figure indicates a highly skewed pat-
tern of publication, which is a representation of the geopoliti-
cal imbalance in the output of research and advancement of
technology. The chart clearly shows that China is the domi-
nant research country with 55.6% of the overall production.
Such dominance is a proof of China's consistent strategic
leap in autonomous systems, remote sensing, and digital
geotechnical methods. Such dominance justifies China's
dominance in rare earth element (REE) value chains, mining
digitalization, and UAV manufacturing, emphasizing a na-
tional overall direction towards technology independence and
innovation in extractive industries. Contrasting Chinese dom-
inance, the following eight nations including Canada, Slo-
vakia, Slovenia, Vietnam, Turkey, USA, Malawi, and China
& Mongolia (general category) share 5.6% of global produc-
tion in research.

e\

Figure 3. Pie chart showing percentage of country wise publi-
cations with China securing top slot
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It is a sign of research clusters on nothing but China and
others with modest yet increasing attention to precise map-
ping and volume calculation in mining with the help of
UAVs. From the strategic point of view, this graph provides
the following critical two observations:

1). Unipolarity by any nation poses risk in global
knowledge exchange, standardization, and frontier transfer of
technology. This has tremendous significance to mining
operations based on the accuracy of UAV for environmental
monitoring and regulatory compliance.

2). Having geographically and economically diverse con-
tributors (e.g., Turkey, Vietnam, Malawi) implies untapped
potential for North-South and South-South collaborations,
particularly in the use of UAV technology to terrain, climatic
regimes, and mineralization in their nations.
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3). Overrepresentation of top mining economies (e.g., Aus-
tralia, South Africa, Chile) in this dataset necessitates further
bibliometric analysis and may be an indication of language
limitation, unpublished industrial knowledge, or dispersed
scholarly work not amounting to a recoverable quantity.

Overall, Figure 3 not only indicates variable publication
levels but also reflects the need for more diversified and
balanced global research setting for UAV geospatial mining
applications. Multinational collaboration, sponsorship fund-
ing, and open-access publishing can accelerate innovation
and render research into UAV precision vulnerable to multi-
national skills and field-observing contextualization.

Figure 4 shows a funnel plot summarizing the distribution
of key application themes explored in UAV-based research
within the mining and geotechnical engineering sectors. The
data is presented as a percentage share of the total studies
reviewed (N = 100% base for normalization). The five domi-
nant themes include accuracy analysis, mining subsidence
monitoring, dumpsite surveillance, stockpile volumetrics,
and rock mass identification. The largest and highest portion
of the funnel is “Accuracy analysis” (100%), representing the
ubiquitous applicability within the literature examined. This
is the fundamental nature of accuracy benchmarking in re-
mote sensing applications, where ground-truth validation,
mean error analysis, and comparison against traditional sur-
veying methods (e.g., total stations, RTK-GNSS) are inevita-
ble. High accuracy is the necessary prerequisite to all subse-
quent work such as volumetric calculation, slope analysis, or
feature classification and hence the methodological pillar of
UAV-based surveying.

Accuracy analysis 100%

Mining subsidence

Monitor dumpsite

Figure 4. Funnel plot showing distribution of topics studied in
the domain

Stockpile

Rock mass identification

This wide-ranging emphasis (e.g., Zhou et al., [114]; Jin
et al., [113]), illustrate that more than 90% of mining drone
applications utilize some form of geospatial accuracy valida-
tion through GCPs or advanced correction systems like
PPK/RTK. The second category, accounting for 72% of
research, is “Mining subsidence monitoring”. Such high
frequency reflects growing concern over ecological risks
from surface deformation due to underground mining, partic-
ularly in coal and salt mining districts. UAVs provide regular
and high-resolution orthomosaics and DSMs, allowing tem-
poral change detection of millimeter-order ground defor-
mation. Compared to traditional leveling or INSAR, UAVs
are more adaptable and can survey larger areas, especially in
mountainous or remote terrain. Examples mentioned include
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subsidence bowl monitoring, fault reactivation zones, and
room-and-pillar mining pillar failure, indicating high usage
of UAVs for geotechnical risk evaluation.

The “monitor dumpsite” has an increasing focal area but
is considered as a secondary factor with 17%. There are
greater geo-environmental and geotechnical challenges asso-
ciated with spoil dumps, tailing storage facilities, and waste
rock piles. UAVs increasingly survey slope angles, monitor
erosion or storm-driven change, and aid the safe develop-
ment of landforms. The low figure suggests that this can be a
new field of research, possibly because dumped material
needs to be discriminated from natural ground in photo-
grammetry, or visual clutter and surface instability problems.
The other top category, “Stockpile monitoring” (11%), is
unexpected in light of its crucial role in stock management
and logistics. UAV-based photogrammetry estimation of
stockpile volume has been demonstrated to be faster, safer,
and often less expensive [9] than terrestrial laser scanning or
GPS surveying. The low share of this category in the funnel
is likely a result of underreporting in peer-reviewed literature
since most stockpile surveys are conducted as in-house in-
dustrial practice rather than academic research. This indicates
a research-to-practice gap, with a possible future standardiza-
tion and publication of industrial processes. “Rock mass
identification” (6%) is at the bottom of the funnel, the least
researched amongst UAV applications. Its low occurrence is
understandable as the technical potential of UAV photo-
grammetry and conventional RGB images to extract litholog-
ical heterogeneity is low. However, enhancement of sensor
fusion, particularly hyperspectral and multispectral imagery,
is beginning to push the horizon for remote geological map-
ping. Initial research has indicated promise in fracture trace
mapping, joint orientation analysis, and lithological bounda-
ry definition but still remains in its infancy [127]. The low
ratio presents a high-potential research frontier, especially
with Al-enhanced classification algorithms for spectral and
visual UAV-collected data. This funnel chart illustrates a
standard “top-heavy” research distribution where anchor
topics like accuracy and deformation monitoring are domi-
nating, with less-screened operational and frontier uses lag-
ging behind. The taper from 100% to 6% reveals an ad-
vanced-validate-but-nascent-integrate-and-innovate  ecosys-
tem of research. This trend replicates technology adoption
life cycle, with lead adopters first piloting reliability (accura-
cy), then in particular applications (subsidence, dumps),
followed by blanket application in logistics (stockpiles) and
finally into cutting-edge frontiers (rock mass classification).

A multi-dimensional comparison of UAV research appli-
cations in geotechnical engineering and mining was conduct-
ed with a bubble chart visualization (Figure 5) that integrates
three prominent metrics: the amount of data points collected
(study volume, x-axis), Root Mean Square Error (RMSE,
accuracy, y-axis), and research focus (bubble size). The inte-
grated strategy reveals distinct patterns of research invest-
ment and performance for five prominent application areas
(Figure 4). The Mining Subsidence Monitoring application
has the largest data volume (>250 points) and largest re-
search footprint (largest bubble size), and hence is the most
researched application. However, it also has the largest
RMSE in all categories (~0.12 m). This combination sug-
gests large-scale use because of regulatory and security re-
quirements in underground mining regions but also indicates
significant technical challenges.
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Figure 5. Bubble plot showing multi-parameters including
RMSE, number of data points and number of studies on a particu-
lar topic

The high error is likely caused by complexity of terrain,
ongoing surface deformation, vegetation disturbance, and
low-contrast surfaces, all of which interact to make change
detection as well as accurate elevation modeling more chal-
lenging. These findings emphasize the need for urgent meth-
odological advances, such as multi-sensor data fusion (e.g.,
fusion of LIDAR and photogrammetry) and better ground
control, to achieve higher measurement accuracy in this
socially and operationally significant application.

On the other hand, “Accuracy Analysis” research mirrors
the highest precision with a very low RMSE of ~0.005 m, in
addition to a high volume of data (~90 points). This indicates
UAYV systems can utilize high precision in controlled situations
under validation and benchmarking study conditions, where
they are typically applied in rigorous flight planning, high
GCPs, and optimized processing parameters. The wide research
interest shows the academic community's desire to establish the
base-level trustworthiness of UAV-based information. This
field is a pivotal building block for the validation of applica-
tions in operational environments such as volumetric estimation
and deformation monitoring.

The applications of “Stockpile Management” (RMSE =
0.02 m) and “Dumpsite Surveillance” (RMSE = 0.01 m) are
both positioned in the high-accuracy, low-data-volume sector
of the graph. Their high accuracy confirms that UAVs are
very suitable for volumetric measurement and material moni-
toring in these structured environments. The relatively small
bubble sizes guarantee that these applications are perfectly
underreported in the literature. This discrepancy most likely
results from industrial processes being monitored proprietari-
ly and from a journal bias towards new rather than usual
operational monitoring activity. The disagreement confirms a
definite trajectory from mere experimentation towards broad-
scale uptake, and then a potential wave of innovation again.
Greater academic effort is surely an opportunity to develop
and standardize automated, high-frequency monitoring pipe-
lines for these high-value commercial applications.

Rock Mass ldentification is the smallest bubble, which
indicates that it is the least studied application, and it has a
moderate RMSE of ~0.06 m (Figure 5). Challenges in lithol-
ogy conversion here are largely due to the inherent limita-
tions of standard RGB imagery in handling texture-poor or
spectrally uniform rock surfaces, exacerbated in numerous
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instances by challenging lighting conditions. The modest
level of error and low research effort constitute a significant
opportunity for improvement. Future efforts can attempt to
leverage various sensors (e.g., multispectral or thermal cam-
eras) and new machine learning techniques for lithological
classification and structural feature extraction. It is a promis-
ing area for cross-disciplinary collaboration between remote
sensing, computer science, and engineering geology.

Figure 6 shows that UAV photogrammetry was the most
researched method (n = 9), as it had the highest mean error at
17.11 centimeters. Such inaccuracy is most likely due to its
susceptibility to environmental influences (e.g., variation of
light, wind blur) and challenging processing of low-texture
or vegetated surfaces. The absence of RTK or PPK georefer-
encing in the majority of photogrammetric processes also
contributes to reduced accuracy. The findings show that
while low-cost and of general utility, standard photogramme-
try requires strict ground control and calibration in order to
be sufficient in high-precision uses such as volumetric ac-
counting or small-scale deformation monitoring. The blend
of photogrammetry and LiDAR (UAV LiDAR Photogram-
metry) delivered a much lower mean value of error at 6.11
cm. The hybrid approach takes advantage of the merits of
both technologies:

— LiDAR vegetation penetration;

— height accuracy;

— photogrammetric high-resolution visual texture.

UAS Photogrammetry 22l (1)

UAV LIDAR [RI/EN (6)

UAV LiDAR Photogrammetry 6.11 3)

UAV Photogrammetry 17.11 9)

10
M Error,cm

0 5 15 20

Figure 6. Comparison of error for different methods, showing
UAV photogrammetry incurs greater errors

The perceived accuracy gain suggests the benefits of
sensor fusion for applications that represent a trade-off
between dimensional accuracy and visual information con-
tent, i.e., geotechnical change detection and early geologi-
cal modeling. The lowest mean error of 2.39 cm was ob-
tained by UAS Photogrammetry, typically larger fixed-
wing systems in this case.

UAV LIDAR achieved greater accuracy with a mean error
of 3.54 cm, based on results of six studies (n = 6). This perfor-
mance demonstrates LiDAR's strong points, both in its inde-
pendence from ambient illumination and in the generation of
distortion of digital terrain models beneath complex topography.
The residual error is likely to be dominated by post-processing
constraints or calibration problems rather than sensor inaccuracy
itself. UAV LIiDAR is therefore well-suited to applications
demanding high spatial precision, including engineering-grade
topographic mapping and slopes stability analysis in detail. UAS
Photogrammetry, which in this case typically refers to larger
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fixed-wing systems, had the lowest average error of 2.39 cm.
This result relies on a small sample size of (n=1) and thus
lower statistical power. The high accuracy is most likely gained
through optimized operating conditions, i.e., RTK-capable posi-
tioning, very stable flight, and high-resolution cameras under
optimal conditions. While such results indicate potential for high
accuracy using photogrammetry, reproduction in a variety of
studies is required to confirm results and allow for standards of
performance to be generalized. There is evidence for a con-
sistent cost vs ease-of-use vs accuracy trade-off. Photogram-
metry remains popular with lower cost and high-resolution
visual outputs, yet unpredictable accuracy demands rigorous
methodological planning. LiDAR-based methods, being more
costly, yield a much improved and uniform level of accuracy.
The future focus areas can include sensor fusion to achieve
high precision, also optimization studies for UAS platforms
will be helped by standard workflows and a vide validation
across mining and geotechnical fields and environment.

4.3. Bibliometric & thematic analysis

The pattern of publications over the period from 2010 to
2025 reflects distinct phases of technological and academic
progress in the application of UAVs in geotechnical engineer-
ing and mining (Figure 7). The disagreement confirms a defi-
nite trajectory from mere experimentation towards broad-scale
uptake, and then a potential wave of innovation anew.

35

30

= N N
] o 3]

Number of articles

=
o

0
2010

2015 2020

Year

2025 2030

Figure 7. Publication trend over the years showing that the
UAV research is increasing tremendously owing to the accessibil-
ity of the equipment lately

The first or infancy period of UAV technology is clearly
from 0 to 4 annual publications which is considered as a low
productivity range. This can be attributed to uncertainties,
some developments in technology and commercial immaturi-
ty. Research during this period was largely exploratory and
consisted of isolated feasibility studies and early case reports.
There was a definite point of inflection observed between
2017 and 2019, with annual publication numbers rising from
1 to 9. This growth is coincident with significant develop-
ments in UAV affordability, platform stability, and commer-
cial availability of integrated sensors (i.e., photogrammetric,
LiDAR, and thermal cameras). The focus of research shifted
from fundamental feasibility to applied validation, with stud-
ies demonstrating utility in stockpile volumetrics, slope sta-
bility monitoring, and high-resolution topographic mapping.
Stronger academia-industry partnerships helped with in-
creased pilot deployments. The publications count becomes
three times between the year 2019 to 2022. Two factors can
be attributed to this growth:
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—the maturity of Al-based data processing software for
point cloud classification and feature detection;

— COVID-19-induced accelerated uptake of remote moni-
toring solutions.

The technology is being translated into a valuable geo-
spatial application for industrial and research use. There is a
plateau of publication numbers, levelling out at a figure of
about 21-23 papers each year, from 2022 to 2024. This
would suggest a phase of methodological consolidation and
maturity. The research focus would appear to have changed
from demonstrating potential for application to improving
accuracy, optimizing workflows, and incorporating UAV-
derived data into more comprehensive mine planning and
management systems, including early digital twin systems.

A record high of 29 publications in the year 2025 (till oc-
tober) suggests a new era of innovation. This peak is likely
the result of innovations in multi-sensor fusion (e.g., hyper-
spectral LiDAR), novel applications such as underground
mine mapping and predictive subsidence modeling, and the
integration of UAV data into large-scale digital twin systems.
Such a peak would also be driven by increasing regulatory
and societal pressure for sustainable mining activities, for
which UAVs offer affordable monitoring solutions.

Figure 8 presents the publication pattern of academic papers
by their funders, indicating the dominant status of Chinese fund-
ing institutions in sponsoring geospatial and UAV studies.
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Figure 8. Distribution of scholarly documents by their funding
sponsors highlighting the research focus of various organizations

and countries

The NNSFC is the dominant one with nearly 300 funded
articles, followed by the National Key Research and Devel-
opment Program of China with about 90 articles. Other Chi-
nese sources, such as the Fundamental Research Funds for
the Central Universities, also contribute significantly. On the
other hand, the international funders, such as the U.S. Na-
tional Science Foundation, European Commission, and Hori-
zon 2020 Framework Programme, sponsor relatively fewer
documents (between 20 to 50 each). This distribution is
proof of China's strategic investment in scientific research in
such areas as remote sensing, UAV technology, and geotech-
nical applications and a reflection of its global leadership
position in research output in these fields.

Figure 9 generated using VOSviewer, is a visualization of
a co-authorship network of researchers in the field of UAV-
based surveying and geotechnical applications. Every node is
one author, and the edges between them indicate co-authored
papers. The colors indicate different collaboration groups or
research teams.

43

lig,y.
zhou, dw
yiny.
agys.
g
wu, y @ zhge d.
chen, x.
li,y.
zhapg, y.
chigp,
fu, x. hep. i yan,y.
diw zhapg, w.
i zhao, y. ”
o b. liggs. crabja, p.
gruszegghski, w.
<
wang, w. zheng, j.
lig, j.
yang q.
ligp.
wang, d

*& VOSviewer

Figure 9. Co-authorship network visualization of researchers work-
ing in the domain showing very little collaboration in UAV research

Several highly connected clusters can be seen, which
suggests extensive intra-group collaboration most signifi-
cantly between Chinese researchers (center-left), which pos-
sesses the largest network, indicating high output as well as
collaborative work. Another green cluster on the right is
separate and smaller, representing European authors such as
Cwiakata, Pawel [128] and Gruszczynski [129], with distri-
bution at regional level. Individual authors such as Yin, [130]
and Zhou [114, 131] continue to be isolated at the periphery,
reflecting a weak collaborative link in this data set. This
visualization is highlighting cross-institutional and cross-
country coordination to facilitate innovation in UAV ge-
otechnical research.

Figure 10 illustrates a keyword co-occurrence network
visualization developed using VOSviewer, displaying the
thematic context of UAV research in the geotechnical and
mining sector.
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Figure 10. Keyword co-occurrence network visualization
showing joint core concepts, topics, and ideas of the researchers
in UAV research relevant to geotechnical and mining fields
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The size of each node is based on how often the keyword
is used in the literature, while the closeness and thickness of
the lines connecting them are based on the intensity of key-
word co-occurrence.

The central dominance of words “unmanned aerial vehi-
cles (UAV)”, “UAV photogrammetry”, “subsidence”, and
“coal mining” indicates that the majority of academic focus
is on UAV applications in subsidence monitoring in mining,
terrain modeling, and safety inspection. Peripheral clusters
reveal closely related subtopics such as “LiDAR”, “monitor-
ing system”, “GPS”, and “machine learning”, indicating new
intersections between UAV technology, spatial analysis, and
Al-based analytics.

Purple to yellow-green color gradation shows temporal
development of research interest, demonstrating that terms
like “subsidence monitoring™, “3D reconstruction”, and “la-
ser scanning” have been increasing during the past five years
(2020-2025). Overall, this map shows a dynamic multidisci-
plinary development of UAV-based mining research with
huge potential for further innovations in precision surveying
and geotechnical monitoring.

4.4. SWOT Analysis of UAV adoption
4.4.1. Strengths

The most widely accepted strength of UAVSs is their spec-
tacular reduction in data collection time. Many authors [132,
133] indicated UAVs are “much faster and more efficient”,
making weekly or even daily monitoring of sites possible,
which is not feasible by conventional means [134].

/N WEAKNESSES

 Data processing bottleneck
» Accuracy perceptions are mixed
« Personnel and skill gaps

«) STRENGTHS

* Overwhelming efficiency gains

« Strong cost-effectiveness

« High adoption for core applications
« Displacement of traditional methods

Q- OPPORTUNITIES

 Expansion into new applications
« Technological advancement
« Benchmarking and standardization

Figure 11. SWOT analysis highlighting key features

One of the best features of these equipment are they re-
move human exposure to a dangerous or hazardous areas
such as steep slopes [9], fires, waste dumps, accident or
harmful radiation sites. The zero harm goal of the industry is
clearly targeted through the UAV use in mines and geotech-
nical sites. The major researches found UAVSs to be “much
more cost-effective”, driven by reduced labor expenses,
reduced site downtime, and the ability to conduct surveys
with a small team. UAV photogrammetry not only generates
point data but also rich, visually appealing outputs like 3D
digital surface models (DSMs), and digital terrain models
(DTMs) that are extremely valuable for visualization, plan-
ning, and stakeholder management.

4.4.2. Weaknesses

The most commonly cited technical challenge is “data
processing and software” [135, 136]. Handling high amounts
of data requires significant computational capacity and so-
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phistication [137], thus adding latency between data acquisi-
tion and knowledge actionable enough to inform key deci-
sions. This indicates that accuracy is very susceptible to
operator experience, equipment quality (e.g., RTK/PPK
GPS), and processing technique [89, 138]. The technology
creates a “skill gap” which means operators must be skilled
in flight planning, data processing, and spatial analysis be-
yond the task of a traditional surveyor. Mohsan et al. [10]
identified “skill gaps or deficiency in trained manpower” as
the biggest problem. Another challenge is the limited pene-
tration capabilities of the standard photogrammetry through
vegetation [100] to model the bare earth surface. This is
considered as a key flaw in exploration or forested regions.

4.4.3. Opportunities

Besides RGB cameras, integration of data from LiDAR
(vegetation penetration and accurate height), multispec-
tral/hyperspectral (detection of minerals) and thermal sensors
(machine monitoring) [139] can be achieved in developing a
more comprehensive digital twin of the site [140]. Machine
learning processes can be utilized to process UAV data auto-
matically for specific applications [141, 142], such as automat-
ic crack detection in slopes, stockpile volume measurement,
and time-series change detection, reducing the processing
bottleneck. Autonomous mapping of underground mines using
small and collision-free UAVS is an enormous growth pro-
spect and renders such perilous spaces safer [143]. UAV de-
signs provide the perfect spatial configuration for the devel-
opment of dynamic digital twins of mines with real-time ob-
servation and simulation through sensor network integration.

4.4.4. Threats

This is the most significant external risk. MCTegg [144]
described regulations as “Very significant”, mentioning
problems with flight permissions and airspace rules. This
adds bureaucratic overhead, can decelerate missions, and
fluctuates enormously by geography, making operations for
firms operating in numerous jurisdictions difficult. The facts
clearly indicate two settings where UAVs are least efficient:

1). Steep slopes and highwalls disrupt GPS signals and is
usually the very spot that most need to be monitored for
safety reasons, and it is a highly dangerous data shortage.

2). Traditional photogrammetry cannot photograph
ground cover below the canopy and thus limits its use in
woodland exploration or mines.

“Weather conditions” (rain, high winds, fog) are the pri-
mary technical problem [145, 146]. Weather conditions that
will not ground a traditional survey team will frequently
cancel UAV flights, and thus it can lead to delay in acquiring
important information. The ease of gathering information
will provide surveys being conducted without any particular
intent, creating massive amounts of information that are
never actually examined or converted into actionable busi-
ness intelligence, watering down the value proposition.

4.4.5. Industry validation survey results

To cross-check the meta-analysis trends against current in-
dustry practice, a customized survey was circulated among
practitioners with direct experience in applying UAV technol-
ogy to mining and geotechnical projects. The survey attempted
to quantify the opinions regarding the key areas: application
prevalence, adoption level, performance metrics (accuracy,
efficiency, cost), and operational challenges. The target sample
was 33 practicing engineers, consultants, researchers, and
technicians worldwide, selected on the basis of confirmed
project experience. Seven full responses were returned, a re-
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turn rate of 21.2%. Although small in number, the group of
returners is specialist and expert, and their contribution repre-
sents a qualitative, expert-laid understanding of the practice
situation. Collectively, they provide a necessary reality check
for the verification of the wider trends in the literature.

The survey confirmed the meta-analysis finding that topo-
graphic modeling is the dominant application of UAVSs in this
industry, as it was cited by 85.7% of the respondents as a
significant application. Stockpile volume estimation was
second with a rate of 14.3%. With regard to integration with
existing workflows, the results exhibit a strong paradigm shift
with a combined 85.7% of practitioners confirmed UAVs
have ‘significantly replaced' (71.4%) or ‘fully replaced'
(14.3%) traditional surveying methods, whereas a minority
(14.3%) regard them as complementary. This reinforces the
meta-analysis observation of UAVs having shifted from an
emerging tool to a cornerstone operation technology. A strong
contrast between perceptions of data accuracy and perceptions
of operational efficiency existed. All across the board (100%),
the interviewee respondents vows that UAV-based techniques
are much faster and require fewer people than traditional
surveys. Efficiency has a straightforward effect on perceived
savings in cost, with 85.7% of the respondents answering that
UAVs are ‘fairly more' or 'much more' cost-saving. Percep-
tions of accuracy were highly polarized and a point of disa-
greement. Nearly half of the respondents (42.9%) placed
UAV-based information as less accurate than traditional sur-
vey methods, and the same percentage placed them in bulk as
being equivalent (28.6%) or better (28.6%). This gap repre-
sents a huge discrepancy between technical accuracy reported
in controlled studies of the meta-analysis and its observed
place in typical field operations.

The survey also provided insightful comment on the actu-
al-world impediments to UAV uptake, confirming and priori-
tizing issues which have been identified within the literature.
The greatest technical barrier was software and data handling,
at 71.4% of the sample. This identifies an obvious bottleneck
that exists from data gathering through to handling and inter-
pretation. In addition, respondents provided specific environ-
mental and regulatory constraints. Steep slopes and highwalls
(57.1%) and vegetation-laden areas (42.9%) were found to be
the most challenging terrain to use UAVS. Finally, regulation
systems were also considered a most critical factor where
42.9% and 57.1% of the population considered regulations as
a 'very crucial' and 'somewhat crucial' obstacle respectively.
The survey results significantly support the meta-analysis
inferences of widespread application of UAVSs rooted in un-
paralleled efficiency and cost-effectiveness. More important-
ly, they provide an able practitioner-based wisdom that re-
fines the literature. They confirm that the largest concerns are
now no longer concerned with technology viability per se but
with how it is integrated, namely, perceived correctness veri-
fication, data procedures, and operation performance under
challenging terrains and regulations. The findings redirect
future development needs away from hardware design to
applications software, standardized practices for correctness
verification, and regulatory convergence.

5. Conclusions

This review integrates much more extensively the state-
of-the-art in UAV technology application in mining and
geotechnical ~ engineering  comprehensively,  closing
knowledge gaps based on an integrated multi-fethod research
design that includes meta-analysis, bibliometric mapping,

45

SWOT analysis, and industry confirmation. Clearly, the
findings reveal how UAV technology has evolved from an
innovative prospecting aid to a critical component of the
digital mine and the ways in which data gathering operations
have changed. The primary conclusion is that UAVs are able
to successfully overcome the age-old trade-off between accu-
racy, efficiency, and safety. While the traditional survey
methods maintain a narrow edge for highest-inaccuracy point
measurement, the meta-analysis has shown that modern
UAV platforms, particularly when equipped with RTK or
PPK technology combined with strict ground control, are
able to provide sub-decimeter accuracy. This level of preci-
sion, where faults are generally less than 0.05 meters, is
highly adequate for the vast majority of industry applica-
tions, e.g., stockpile volumetrics, where faults will typically
be comfortably within the industry-acceptable range of +3%.
Above all else, this accuracy comes at quick speeds, com-
pressing data gathering time to hours from weeks and mini-
mizing human exposure to hazardous conditions such as
collapsing highwalls, active pit walls, and tailings storage
facilities.

Bibliometric analysis shows an accelerating discipline
with uncontrolled rates of publication after 2017, suggesting
a redirection from proof-of-concept experiments towards
widespread applications. But it is geographically localized
expansion, and China dominates study production, simulta-
neously potentially undermining diversified knowledge pro-
duction and providing a potential incentive for even more
globalized coordination. Thematic analysis also identifies a
research climate with a top-heavy, stable foundation in accu-
racy verification and subsidence monitoring but diminished
exploration of operational applications like automated stock-
pile management and frontier topicality like Al-based rock
mass identification.

SWOT analysis and industry survey both offer a reality
check to the extent that technological capability alone is not
going to translate into mass success. As much as industry
experts on all sides recognize the advantages of UAVs such
as speed, safety, affordability, and profusion of data output,
there are major hurdles in the path. The most significant
problems are not sensor capabilities but operational and man-
factors like computing and expertise requirement of pro-
cessing data, regulatory obstacles to Beyond Visual Line of
Sight (BVLOS) flight, and vulnerability to bad weather. The
industry survey is consistent in that data processing is viewed
as the most serious technical bottleneck, and areas with steep
terrain and high vegetation remain problematic environ-
ments. Hence, future integration of UAVs is not so much
technological hardware but slim automated processing
streams, regulatory streamlining, and squaring the skills gap
with industry-relevant training programs.

This review supports that UAV technology is a revolu-
tionizing driver of change in geotechnical engineering and
mining by paradigm shift to safer, more efficient, and data-
centric operations. The technology has lived up to its poten-
tial to provide repeat, high-rate geospatial data that form the
core of resource estimation, activity planning, and risk miti-
gation. The way forward is to validate such success by over-
coming major gaps and risks outlined above, particularly
through investment in automation, building human capital,
and policy activism. In this way, the sector can realize the
complete potential of UAVs not only to enhance productivity
but also drive its operational excellence, safety, and sustaina-
bility in the age of digitization.
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Tay-keH ici MeH reoTeXHUKAJIBIK HHKEHEPHUAIA YIIKbIICHI3
TEXHOJIOTHSJIAPbI KOJ/IAHYFAa APHAJIFAH MeTa-TaJI1ay JKoHe JKyieJi moty

M.3. Eman”

Koponv @axo amvinoasvl mynaii scane naiioanvt kasoanrap ynusepcumemi, [axpan, Cayo Apabusce:
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Anpatna. BecrmumorTrik yury ammapatTaps! (BITY A) reoTeXHUKaIBIK )KOHE Tay-KeH KYMBICTApBIH OPBIHIAY TOCUIACPiH aii-
TapJBIKTall ©3repTTi, KEHICTIKTIK JepeKTepi XKeael, )KOFaphl AIIKICH jKOHEe SIKOHOMHKAJIBIK TYPFBIAAH THIMJI allyFa, jKep
OenepiH MOJIeNbICyTe JKOHE HbICAHap/ibl MOHUTOPUHITEyre MYMKIHAIK Oepai. JXKyiieni mony MeH MeTta-tanaayna ¢pororpam-
MmeTpus xoHe LiDAR TexHOMorusmapsH Koca anranga, bII¥A KomgaHy apKbUIBI KYPTi3iIeTiH TYCIpLTiM JQJIAITIH TaXeoMeT-
PHSUIBIK TYCIPUIIM KSHE XKEPYCTI JIa3epiliK CKaHepJiey CHUSKTBI I9CTYPIIi 9[ICTEpPMEH CajbICThIPY MakcaThiHAa 133-TeH actam
peLeH3HsIIaHFaH KapHsJaHbIMHBIH HOTHOKENEPI KUHAKTANbIN Tajnausl. 3eprreyne BIT¥ A-HbIH Tay-KeH maccachl KoliMmana-
PBIHBIH KOJIEMiH aHBIKTayHa, skep OeTiHIH IeryiH MOHUTOPHHITEYAE, KalABIK KOWMalapbl MEH Tay JKBIHBICTApHl YHIHALIepiH
3epITey/e, COHal-aK Tay >KbIHBICTapbl MACCUBTEPIH COMKECTEHAIPYAE KOJAHBUTYbl KapacThIPbUIIbl. MeTa-Tangay HoTHKe-
Jepi yury napaMerpiiepin oHrtaiinanaplpy, RTK/PPK-no3unusiiay TeXHONIOTUsIIapbIH KOHE )KEPYCTI TIpeK HYKTeNepiH naija-
nany xarmaiieiaga BITY A TypakTel Typae KONAMIIBI MONIIKTI KaMTaMachl3 eTe alaThIHBIH Kepcereni. becmmnorteik LiDAR
TYCIpiTiM IONIITiH apTThIpyFa MyMKiHIiK Oepce, UAV-poTorpaMMeTpus HOTIIKENIEp camachl MEH JKYMBICTAp KYHBI apa-
CBIHAFbl YTHIM/IBI TEIIC-TCHIKTI KAMTaMachi3 eTe/i. Ajaia KaTeliK [aMachl xep OeaepiHiH KYpAeIiIirine, YIryIasl xKocmap-
JayFa jKoHE METEOPOJIOTHIBIK JKaFaaimapra OainanpIcThl Oonansl. bubmmomerpusipik Tanmay 2017 sxpuiman O6acrarm Kapus-
JIaHBIM/IAP CaHBIHBIH SKCIIOHEHIMANIB ©CKEHIH KOpCeTTi, Oy perte KpITall Kap KbIIIaHABIPY, aBTOPIIBIK YIIEC JKOHE 3epTTEyIep
caHbl OOMBIHINA JKETEKI OpbIH ajansl. KinT ce3mep MEH OIpJeCKeH aBTOPJIBIK JKENUICPAl Taljay MaIIMHAIBIK OKBITYFa,
YIIOIIIEM Il PEKOHCTPYKIHAFa >KOHE HUQPIBIK eTi3Zepre AEreH KbI3bIFYNIBUIBIKTBIH apThII Kelle >KaTKaHbIH KOpPCETesl.
SWOT-rannay BII¥A-HBIH Heri3ri apTHIKIIBUIBIKTAPEl PETIHAC OMEPANMSIIBIK THIMIUTIKTI, KayilCi3MiKTi apTTRIPYABI JKOHE
HOTWOKEJIEP/IIH KOPHEKUIITiH alKbIHAa bl KeMIinikTepine aepexTepai oHAey/IiH YIKeH KelleMi, AJIIIKTIH OipKeski OonMaysl,
KOJIAHChI3 JKep Oenepi sKkaraaiblHaa maiianany KUbIHIABIKTAPHI XKOHE OUTIKTI MaMaHAap IbIH KETKUTIKCI3AIr xaTansl. HoTrxke-
Jiep callaNIbIK cayalHamMa apKbUIbl pacTanisl: pecnoHAeHTTepaiH 100%-bI )KyMBICTap THIMIUTITIHIH apTKaHBIH atan etce, 71%-
bl MIBIFBIHAAPIABIH €0yip TeMeHaercHiH kepcerTi. BIIT¥A 3KCIEepUMEHTTIK JKaOIbIK CaHATHIHAH T€OTEXHUKAJBIK HETi3ri
KypaJiap caHaTbIHa ©Till, MOHUTOPHHT, )KYMBICTAP/Ibl JKOCTIapJiay koHe KayinTi (akropiapabpl Tanaay YLIiH Keaes akmnapar
ycbiHyna. CeHcopIapsl HHTeTpanysiay, jKacaH bl HHTEJUIEKTIHI KOJIaHy ’KaHe XKYMbIC nporecTepid cranaaprray BIIYA-ubl
Tay-KeH OHepKaciOiH mudpraHasipyablH Heri3ri pakropiapbelHbiH OipiHe aiiHaNIBIPybl MYMKiH. bonamak 3eprreynep xepacTbl
Kaprorpadusiiayra, aBTOMaTTaHIbIPYFa )KoHEe HOPMATUBTIK TajlanTapAbl 0ipi3eHaipyre OaFbITTaIybl THIC.

Hezizei  co30ep:. Oponoap, yuwkvluwicels Yyuily annapammapel (Y¥A), ywxviwceis asuayusnvik ocyienep (UAS),
Gomozpammempus, may-Ken KaioblKmapul, Keiemoix enueynep, 0a10iK, scep beminiy woeyi, KOwKiH, Kapmozpagusanay.

MeTaaHaJau3 4 CUCTEMATHYECKUNA 0030p NMPUMeEHEeHHs 0eCIUJIOTHBIX
TEXHOJIOTMH B TOPHOM JieJie U Fe0TeXHUYECKON MHKEHEePUH

M.3. Emax”
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Annoranusi. becrmunorneie nerarensHple anmapats! (BIIJIA) cymiecTBeHHO U3MEHMIN MOJXO/bI K BBIIIOJIHEHHIO T€0TeX-
HUYECKUX M TOPHBIX paboT, obecnednB OBICTPOE, BRICOKOTOYHOE W SKOHOMHUYECKH 3PPEKTHBHOE MOTyUYCHHUE MPOCTPAHCTBEH-
HBIX JIaHHBIX, MOJICJIMPOBAaHNE pesibea M1 MOHUTOPHHI O00BEKTOB. B cucremarnueckom o030ope M MeraaHannie 00OOIIEHEI
pe3ynbratel 6onee 133 peneH3upyeMbIX MyOJMKALUi Al CpaBHEHHS TOYHOCTH CheMKH C mpuMeHeHueM BIIJIA, Bkimrouas
¢ororpammerpuio 1 LiDAR, ¢ TpaauIMoHHBIMH METOIaMH, TAKMMH KaK TaX€OMETpHUYecKas CheMKa M Ha3eMHOE JIa3epHOe
ckanuposanue. Paccmorpeno npumenenue BIIJIA s onpenenerns o0beMOB CKIIaI0B TOPHOIM Macchl, MOHUTOPHHTA MpOCe-
JIaHWSI 3eMHOI MMOBEPXHOCTH, HCCIIEJOBAHMS XBOCTOXPAHWIMIL M NMOPOAHBIX OTBAJIOB, a TaKKe MICHTH(UKAIMKM MacCCHBOB
TOPHBIX MOpOJ. Pe3ympTaThl MeTaaHalmM3a IOKA3BIBAIOT, YTO INPH ONTHMH3ALUH IapaMeTPOB TIIOJIETAa, HCIOIB30BAHUHU
RTK/PPK-11031IIOHNPOBaHUS W HA3eMHBIX OTOPHBIX ToueK BIIJIA crocoGHBI cTabMIIbHO 0GecrednBaTh MPUEMIIEMYIO TOU-
HocTb. becrmunorHelii LIDAR no3BossieT TOBBICHTh TOYHOCTH CheMKH, Toraa kak UAV-¢pororpammerpust oOecrieunBaeT parm-
OHAJIBHBIN OaJaHC MEXIy KadeCTBOM PE3yIbTaTOB U CTOMMOCTBIO paboT. OJHAKO BEIMYMHA MOTPEITHOCTH 3aBUCUT OT CIIOXK-
HOCTH penbe(a, MIIaHUPOBAHUS II0JIETA U METEOPOJIOTHUECKHUX YCJIOBHH. bubmmomerpudecknii aHanm3 CBUAETEIBCTBYET 00
9KCIIOHEHIIMAILHOM pocTe uynciia myonukanuii ¢ 2017 roga, npu stoM Kurail 3aHuMaeT Bexylye NO3UIMHU 10 pUHAHCUPOBa-
HUIO, aBTOPCTBY U KOJIMUYECTBY HCCIEA0OBAaHUIN. AHAIN3 KIIIOUYEBBIX CJIOB U CETEH COaBTOPCTBA MOKA3bIBAET YCUIICHHE HHTEpeca
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K MalliHHOMY OOYYEHHI0, TPEXMEPHON PEKOHCTPYKITUU U TUPPOBLIM aBoiiHuKaM. SWOT-aHamm3 onpeenui ornepanuoHHy0
3¢ PEeKTUBHOCTD, NOBBIIIEHHE 0€30MMACHOCTH M HATJSITHOCTh PEe3y/bTaToB Kak ocHOBHBIE nmpeumymiectBa bITJIA. K Henocrart-
KaM OTHOCSITCS 3HAUUTEIbHBIH 00beM 00padOTKH JaHHBIX, HEOJJHOPOJHOCTh TOYHOCTH, CJI0XKHOCTH IKCIUTyaTalluy B YCIOBHSX
HeONIaronpusATHOTO peibeda M HEJTOCTATOK KBATH(HUIMPOBAHHBIX CIICLHAINCTOB. Pe3ylbTaThl MOATBEPKICHBI OTPACICBBIM
onpocom: 100% pecrioHAEHTOB OTMETHIN TOBBIIEHHE 3()(HEKTUBHOCTH padoT, a 71% ykas3anm Ha CyIIECTBEHHOE CHIKECHHE
3arpat. BITJIA nmepexonsr n3 kaTeropuu SKCIEPUMEHTAILHOTO 000PY/IOBaHUSI B KATETOPHUIO OCHOBHBIX I€OTEXHUYECKUX HH-
CTPYMEHTOB, O00ECIICUNBAIOIINX OINIEPATHBHYI0 MH()OPMALUIO JUII MOHHTOPUHIA, IUIAHUPOBAHUA pabOT M aHaJHM3a OIACHBIX
¢axropos. MHTErpanus ceHcopoB, NPHIMEHECHHE UCKYCCTBEHHOTO MHTEIUICKTA M CTaHIApTU3alUUs pabOoYMX MPOLECCOB MOTYT
cnenatb BIIJIA omHuM u3 Kio4eBHIX (aKTOpOB LH(POBH3ALUHM TOPHONOOBIBAIONIEH MPOMBIIUICHHOCTH. [lepcrnekTuBHbIC
HCCIIeIOBaHUS JOJDKHBI OBITH HampaBJIeHbl Ha MMOJ3eMHOE KapTorpagupoBaHHe, aBTOMAaTH3ALMIO U YHH(PHKAIIUIO HOPMATHB-
HBIX TpeOOBaHMI.
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Abstract. The study aims to identify and systematize the main technical, environmental, and biological factors determining
the effectiveness of reclamation of lands disturbed by open-pit coal mining. The research was conducted using documentary
analysis and a comparative review of domestic and international practices. Technical and biological reclamation projects for
the Severnyi and VVostochnyi coal mines in the Ekibastuz coal basin were analyzed together with published data on the restora-
tion of coal-mining areas in the United States, Mongolia, and Indonesia. The comparison covered engineering preparation of
the territory, surface runoff management, erosion prevention, soil and vegetation restoration, environmental monitoring, and
the economic feasibility of reclamation solutions. It was established that the two technical reclamation options proposed for the
Vostochnyi coal mine differ in the scope and total cost of the planned works. The study showed that flattening the slopes of the
Festivalnyi, Konveyernyi, and Prybortovoy external dumps is constrained by the risk of spontaneous combustion of carbona-
ceous rocks, the location of engineering infrastructure, and the possible expansion of disturbed areas into productive land.
Comparison with international experience confirmed the need for long-term monitoring of water quality, backfill stability,
vegetation development, and soil-forming processes. It was also found that domestic biological reclamation projects mainly
rely on natural revegetation, whereas direct planting and fertilizer application may accelerate the formation of a stable vegeta-
tion cover. The main constraints and effectiveness factors associated with the reclamation of large coal mines in Kazakhstan
were systematized, and directions for adapting international approaches to the conditions of the Ekibastuz coal basin were
identified. The results can be used in the development and revision of reclamation projects that incorporate long-term monitor-
ing, surface runoff control, assessment of soil formation, and active vegetation restoration.
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1. Introduction al, industrial or recreational use. Therefore, reclamation
should be considered not only as a final stage of mine clo-
sure, but also as an integral part of the entire life cycle of a
mining enterprise [4]. Progressive reclamation, in which
disturbed areas are restored while mining operations are still
continuing, may reduce the final closure workload and limit
long-term environmental risks [5, 6].

Open pit mining of coal has damaging effect on the envi-
ronment. Those mines usually occupy large areas of land.
For example, Ekibastuz coal basin located in the north part of
our country has an area of 155 square kilometers. North
Antelope Rochelle Coal Mine, located in USA, has a mine
permit area of 65805 acres or 266 square kilometers and
3,682 acres of that land were already reclaimed [7]. Recla-
mation of land at Ekibastuz coal basin has not fully started,
because all the mines in the area are fully operational.

The environmental impact of open-pit coal mining is not
limited to the direct occupation of land. Mining operations
substantially modify the original relief, soil profile, surface
runoff and groundwater regime. Waste dumps and exposed
slopes may become sources of dust, water erosion, slope
instability and contamination of surface and groundwater [8-

Coal has been one of the most used raw materials in the
world. The global consumption of coal still remains quite
high. Among the leaders are China, India and USA with
5313 million, 1200 million and 476 million tons respectively
[1]. Both China and India mostly use the coal for power
generation purposes. Our country used about 85 million tons
of coal in 2025, which ranks 13th worldwide and mainly for
the purposes of electric power generation [1, 2]. However, it
should be noted that both China and India saw a drop in the
consumption volume for the first time in 52 years [3]. Such a
trend could be explained by the shift of both countries to-
wards the cleaner energy sources. Air pollution and climate
change are main reasons why countries are turning their
attention to cleaner energy sources. Gradual decline in coal
demand could mean that operation of coal mines could stop.

At the same time, a reduction in coal production does not
eliminate the environmental consequences accumulated dur-
ing decades of mining. Mine closure creates a need to stabi-
lize disturbed areas, prevent further degradation and return
the land to a condition suitable for environmental, agricultur-
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10]. Waste dumps and exposed slopes may become sources of
dust, water erosion, slope instability and contamination of
surface and groundwater. Therefore, assessment of the rock
mass condition and management of slope stability should be
considered during both mining and reclamation planning [11].

The removal and mixing of soil horizons also reduce soil
fertility and complicate the restoration of vegetation. The
removal and mixing of soil horizons also reduce soil fertility
and complicate the restoration of vegetation, while the mi-
gration of contaminants may adversely affect nearby surface-
water bodies and underground aquifers [12]. Consequently,
successful reclamation requires coordinated geotechnical,
hydrological, soil-management and biological measures
rather than only surface leveling [13].

The fact that coal is a combustible rock makes the task of
reclamation of coal deposits challenging, since special
measures should be carried out while reclaiming such depos-
its [14, 15]. The coal dumps should contain screens with
inert materials or non-flammable rocks, compaction level of
soil in dumps should be high to avoid seepage of water. All
these measures are necessary to prevent oxygen access to
coal containing layers of soil [16-19].

The presence of carbonaceous material in overburden and
waste dumps creates an additional risk of oxidation and
spontaneous combustion. Water infiltration and oxygen
penetration may intensify these processes and lead to heat
generation, gas emissions and deterioration of dump stability.
For this reason, the design of reclamation measures should
consider the composition of waste rocks, the distribution of
coal-bearing layers, the degree of compaction, drainage con-
ditions and the long-term thermal stability of reclaimed
dumps [20, 21].

Reclamation is generally divided into technical and bio-
logical phases [22]. The technical phase includes reshaping
and stabilization of landforms, backfilling, slope flattening,
construction of drainage systems, covering of potentially
hazardous materials and preparation of the surface for further
use. The biological phase is aimed at restoring soil functions
and vegetation through the application of fertile soil, fertili-
zation, seeding, planting or controlled natural succession.
The effectiveness of both phases depends on local climatic
conditions, soil properties, water availability and the intend-
ed post-mining land use [23-25].

Long-term monitoring is also essential because the visi-
ble completion of reclamation works does not necessarily
mean that the reclaimed ecosystem has reached a stable con-
dition [26]. Vegetation survival, soil development, erosion,
surface and groundwater quality, slope stability and signs of
residual contamination should be assessed during and after
reclamation [27-30]. International practice shows that sys-
tematic monitoring supported by GIS, remote sensing and
other geospatial technologies makes it possible to identify
hazardous changes at an early stage and implement appropri-
ate corrective measures [31].

Domestic reclamation projects already include measures
for surface stabilization, drainage, isolation of disturbed
areas and subsequent vegetation recovery [32, 33]. However,
comparison with international experience indicates that
greater attention should be paid to long-term pedogenesis,
measurable monitoring criteria, active biological reclamation
and the selection of plant species and fertilizers suitable for
specific site conditions [34, 35]. These aspects are particular-
ly important for the large coal-mining areas of Kazakhstan,
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where natural recovery may proceed slowly because of the
continental and relatively dry climate.

Therefore, the information given above shows that the
problem of reclamation (recultivation) of coal mines is and
would be topical.

2. Materials and methods

This study employed a documentary review and com-
parative case-study approach to identify the main technical,
environmental, and biological factors affecting the reclama-
tion of open-pit coal mines. The analysis was based on two
groups of information sources: reclamation and mine-closure
documentation for coal mines in Kazakhstan, and published
studies describing reclamation practices at coal-mining sites
in other countries.

The domestic part of the analysis included the Severnyi
and Vostochnyi coal mines located within the Ekibastuz coal
basin. These sites were selected because they represent large
operating open-pit coal mines and have available project
documentation describing the planned technical and biologi-
cal phases of reclamation. The reclamation project for the
Severnyi coal mine [32] was examined with respect to land-
form reconstruction, formation and compaction of the level-
ing backfill, drainage arrangement, erosion control, use of
overburden materials, and the proposed method of vegetation
recovery. The mine-closure and reclamation plan for the
Vostochnyi coal mine [33] was analyzed to compare alterna-
tive technical reclamation options, their estimated costs,
monitoring requirements, treatment of external waste dumps,
water-management measures, and potential post-mining use
of infrastructure.

The international cases were selected to represent recla-
mation practices related to the principal issues identified in
the domestic documentation. The North Antelope Rochelle
Coal Mine in the United States was considered as an exam-
ple of long-term regulatory monitoring and the use of
GPS/GIS technologies for assessing reclaimed land [27].
Research on reclaimed coal-mining areas was used to exam-
ine the long-term development of soil profiles and pedogene-
sis [29]. The reclamation of coal-mine waste dumps in Mon-
golia was considered to assess drainage design and the pre-
vention of water erosion and dump instability [34]. The In-
donesian case was included to evaluate the effectiveness of
direct planting and fertilizer application during biological
reclamation [35].

The information collected was organized according to
four groups of assessment criteria:

1). Technical reclamation, including landform reshaping,
backfilling, compaction, slope stabilization, isolation of car-
bonaceous materials, drainage construction, and prevention
of spontaneous combustion;

2). Biological reclamation, including soil preparation,
natural revegetation, direct planting, selection of plant spe-
cies, and fertilizer application;

3). Environmental protection and monitoring, including
control of soil contamination, dust emissions, wind and water
erosion, surface-water and groundwater quality, vegetation
development, and residual contamination;

4). Economic and post-mining considerations, including
the estimated cost of reclamation alternatives, the possibility
of reusing infrastructure, and the intended future use of re-
claimed land.
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A qualitative comparative analysis was then performed.
First, the reclamation measures planned for the Severnyi and
Vostochnyi coal mines were compared to identify similarities
and differences in technical design, biological restoration,
monitoring, and cost. Second, the domestic practices were
compared with the selected international cases. Particular
attention was paid to measures that were absent, insufficiently
developed, or only partly considered in the domestic projects.

The comparison did not aim to rank the examined mines
because the sites differ in climatic conditions, mining scale,
waste-rock properties, regulatory requirements, and intended
post-mining land use. Instead, the analysis was used to identi-
fy transferable reclamation principles and practices that could
improve the long-term environmental stability of coal-mining
areas in Kazakhstan. On this basis, the key factors affecting
reclamation effectiveness were identified, including systemat-
ic monitoring, long-term soil development, erosion and drain-
age control, active vegetation establishment, and the alloca-
tion of sufficient resources for biological reclamation.

3. Results and discussion

Reclamation of coal-mining areas in Kazakhstan is gen-
erally implemented in two successive phases: technical and
biological reclamation. Technical reclamation may begin
before the complete cessation of mining operations, as the
required machinery and infrastructure are still available at the
site. Biological reclamation is usually carried out after the
completion of the principal earthworks and stabilization of
the reclaimed surface. The present study considers the
Severnyi and Vostochnyi coal mines of the Ekibastuz coal
basin, the largest coal-producing region in Kazakhstan, lo-
cated in the northern part of the country.

The first case concerns the reclamation plan developed for
the Severnyi coal mine. According to the project documenta-
tion [32], the disturbed area is proposed to be reclaimed for
sanitary and environmental purposes through the construction
of a leveling backfill. The proposed measures take into ac-
count the sequence and duration of reclamation works, as well
as their economic feasibility.

The technical reclamation phase includes the following
operations:

— construction of a leveling backfill using overburden
materials;

— layer-by-layer placement and compaction of the backfill,

— construction of a protective embankment;

— excavation of a drainage ditch for stormwater diversion;

— subsequent natural revegetation of the reclaimed area.

The reclamation project covers 25.3958 ha of disturbed
land. The use of potentially fertile overburden materials is
expected to improve the local relief, stabilize the reclaimed
surface, and reduce the adverse effects associated with the
withdrawal of agricultural land from use. The spatial layout
of the reclamation site is shown in Figure 1.

During the technical reclamation stage, it is planned to
construct a protective embankment along the upper edge of
the leveling fill and to excavate a drainage ditch for the col-
lection and diversion of stormwater from the technological
road used to inspect and monitor the condition of the re-
claimed area. These measures are intended to prevent uncon-
trolled surface runoff, reduce water infiltration into the back-
fill, and maintain the long-term stability of the reconstructed
landform.
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— Mining allotment

Reclaimable area

Figure 1. Situational scheme of the reclaimable land in
Severnyi coal mine

The technical measures designed to improve the hydro-
logical regime and provide erosion protection for the dis-
turbed territory should include a system of protective and
water-diversion embankments delimiting the leveling fill
area. The arrangement of these structures is intended to regu-
late surface runoff, prevent the inflow of water from adjacent
areas, and reduce the risk of erosion along the perimeter and
slopes of the reclaimed site.

The reclamation project also provides for the construction
of interceptor and drainage ditches along the technological
road. These structures are required to collect and safely divert
stormwater and thereby protect the surface of the leveling fill
from water erosion. In combination with surface stabilization
measures, they also contribute to reducing wind erosion by
limiting the development of eroded and loose surface zones.

Water-diversion and protective structures are constructed
from overburden materials using excavators or other earth-
moving equipment with equivalent technical capabilities.
The use of locally available overburden reduces the need to
transport additional construction materials and allows the
engineering structures to be integrated into the general con-
figuration of the reclaimed landform. At the same time, the
drainage ditch intended to collect and discharge runoff from
the technological road is designed with a minimum longitu-
dinal gradient of 5%o, in accordance with the requirements
specified in Clause 7.3 of SP 3.03-122-2013. Compliance
with this gradient is necessary to maintain the required flow
velocity, prevent water stagnation, and ensure the effective
operation of the drainage system.

Part of the reclamation site is already occupied by over-
burden materials previously placed from the pit-side area of
the Severnyi coal mine. The existing deposits of overburden
are therefore incorporated into the planned configuration of
the leveling fill and taken into account when determining the
final surface geometry and the required volume of additional
material. The estimated volume of overburden materials
classified as potentially fertile rocks and required for the
formation of the leveling fill within the disturbed land area is
2.197 million m®, based on the calculated volume of earth
materials.
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The planned position and spatial configuration of the lev-
eling fill after completion of the reclamation works are
shown in Figure 2.

Figure 2. Position of leveling backfill on disturbed lands of
Severnyi coal mine

The main part of the biological phase of reclamation in
Severnyi coal mine is the natural overgrowth of natural xero-
phytic vegetation characteristic of this natural and climatic
zone based on the soil and climatic conditions of the area and
the accepted direction of reclamation.

Overgrowing with perennial grasses will allow:

— stop the process of further pollution of the environment
by overburden components;

—improve and streamline the landscape of disturbed
lands;

—increase the biological productivity of disturbed lands
by increasing the area of green spaces and reducing envi-
ronmental pollution.

For the period of reclamation, the sources of environmental
pollution are parking lots for special equipment and vehicles,
where fuel and lubricants may spill, and soil contamination.

When performing reclamation work, the negative impact
on the environment is caused by economic activity in the
form of emissions of harmful substances into the atmospher-
ic air. The impact of emissions does not exceed the limits of
a sanitary protection zone of at least 500 m in size [5].

Overburden rocks meet the radiation safety requirements
for building materials and are not radioactive.

Environmental protection measures implemented during
reclamation activities at the Severnyi coal mine are aimed at
minimizing soil contamination, dust emissions, and erosion
processes. Soil pollution is prevented through the organized
collection, segregation, and temporary storage of industrial and
municipal waste in designated containers, followed by its trans-
fer to authorized disposal or recycling facilities. The adverse
effects of wind erosion are reduced by limiting the duration of
excavation and earth-moving operations, particularly during
periods of dry and windy weather. Dust generation from dis-
turbed surfaces, haul roads, and material handling operations is
controlled through the use of water-spraying systems. In addi-
tion, engineering measures, including surface grading, soil
compaction, drainage channels, and protective embankments,
are applied to reduce both wind and water erosion and to
ensure the long-term stability of reclaimed landforms.

The second case concerns the reclamation plan developed
for the Vostochnyi coal mine in the Ekibastuz coal basin.
Vostochnyi is one of the largest open-pit coal mines in the
world and is known for the successful implementation of
cyclic-and-continuous mining technology. Two alternative
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options for technical reclamation have been proposed on the
basis of the current condition of the disturbed land surface,
the natural and climatic characteristics of the area, technical
feasibility, economic and socio-economic conditions, and the
specific location of the Vostochnyi coal mine [33].

Option 1 includes the following measures:

—clearing the territory of construction waste, coarse-
grained materials, and scattered rock accumulations;

— dismantling equipment, buildings, and surface struc-
tures designated for removal;

— backfilling ravines, gullies, and erosion channels, as
well as leveling local surface irregularities using waste rock;

— constructing a protective embankment around the pe-
rimeter of the open-pit mine;

— leaving the reclaimed territory for subsequent natural
revegetation;

Option 2 includes the following measures:

—clearing the territory of construction waste, coarse-
grained materials, and scattered rock accumulations;

—dismantling equipment, buildings, and surface struc-
tures designated for removal;

— backfilling ravines, gullies, and erosion channels and
leveling uneven areas using waste rock;

— retaining facilities that remain suitable for further oper-
ation during the final stage of mining after the expiration of
the current contract or during the development of adjacent
and nearby deposits;

—conserving the remaining coal reserves and waste
dumps of the Vostochnyi coal mine.

The principal difference between the two alternatives lies
in the intended post-mining use of the site and the scope of
the reclamation works. Option 1 provides for more extensive
isolation and stabilization of the open-pit area, including the
construction of a perimeter protective embankment and the
subsequent natural revegetation of the disturbed territory.
Option 2 places greater emphasis on retaining technically
serviceable facilities for possible future use during the devel-
opment of adjacent or nearby deposits. Consequently, Option
1 requires a larger volume of reclamation works and is more
expensive than Option 2, as shown by the comparative cost
assessment presented in Table 1.

Table 1. Comparative cost assessment of the technical recla-
mation options for the Vostochnyi coal mine

Reclamation Costs, thousand USD

option Direct Indirect Total
Option 1 34681.30 13211.04 47892.34
Option 2 24565.10 9357.51 33922.61

The biological reclamation criteria established for the
Vostochnyi coal mine are intended to ensure that the restored
land develops toward a stable target ecosystem. The vegeta-
tion established within the reclaimed area should correspond
to the composition of the local plant community, and the
species used during reclamation should be characteristic of
the surrounding natural vegetation. The restored ecosystem
should also be capable of retaining water and nutrients, while
the physical, chemical, and biological properties of the re-
constructed soils should be consistent with those of the target
landscape. In addition, the quality of surface water and
groundwater affected by acidic or metalliferous drainage
should remain within the applicable baseline and regulatory
water-quality limits.
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The reclamation criteria are formulated in a measurable
form so that the condition of the restored area can be objec-
tively compared with reference sites or with land affected
by similar mining activities. Their achievement is assessed
using quantitative vegetation surveys conducted according
to recognized methodological approaches, field measure-
ments, and laboratory analyses of soil samples performed
by an accredited laboratory. The evaluation also includes
detailed topographic plans and technical specifications of
the reconstructed landforms. Particular attention is given to
the characteristics of surface drainage, wastewater, and
receiving waters, including pH, salinity, and heavy-metal
concentrations, which should comply with the established
environmental criteria.

Continuous monitoring of the reclaimed area is planned
after completion of the biological reclamation works at the
Vostochnyi coal mine. The monitoring programme is intend-
ed to assess the long-term stability of the reclaimed land,
identify signs of residual contamination, evaluate vegetation
development, and control the quality of surface water. The
proposed monitoring activities, their implementation periods,
and recommended frequencies are presented in Table 2.

Table 2. Tentative monitoring schedule for reclaimed areas of
the Vostochnyi coal mine

Monitoring
activity
Inspection of the site for
signs of residual contam- | tion of the reclamation and

Implementation
period
Before and after comple-

Frequency

Once every six

b - months
ination mine-closure works
Vegetation monitoring to After completion of the
determine the achieve- reclamation and mine- Once a year
ment of eradication Y
L closure works
objectives
Surface-water samplin After completion of the Once a year
. pling reclamation and mine- during the spring
for quality control !
closure works flood period
Maintenance and care of After completion of the
reclamation and mine- Once a year

established vegetation
closure works

It should also be noted that no rare or endangered food
and medicinal plant species subject to special protection have
been identified within the area affected by the planned rec-
lamation works at the Vostochnyi coal mine. Therefore, no
additional measures specifically aimed at the protection or
transplantation of such plant species are required during the
biological reclamation phase.

Overburden generated at the Vostochnyi coal mine is
stored in three external dumps: Prybortovoy, Konveyernyi,
and Festivalnyi. According to the project documentation, the
reclamation potential of these dumps is constrained by their
structural characteristics, spatial location, and the properties
of the stored materials [33].

At the Festivalnyi external dump, internal overburden is
removed and placed within the first dump tier. Conventional
surface flattening is considered unsuitable because disturb-
ance and redistribution of the stored material may increase
oxygen access to carbonaceous rocks and internal overbur-
den, thereby creating conditions for oxidation and spontane-
ous combustion.

The Konveyernyi external dump is located between other
waste dumps and existing engineering infrastructure. Owing
to these spatial constraints and the considerable height of its
slopes, transferring large volumes of material and flattening
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the slopes over the surrounding ground surface are consid-
ered technically impracticable. Such operations could also
interfere with nearby engineering communications and re-
quire substantial additional land.

The Prybortovoy external dump is surrounded by undis-
turbed and biologically productive land. Consequently,
flattening its slopes using a top-down approach would ex-
tend the dump footprint beyond its current boundaries and
result in the additional occupation and disturbance of pro-
ductive land. This option would therefore contradict the
objective of minimizing the total area affected by mining
and reclamation activities.

Therefore, flattening the slopes of the external dumps is
considered economically unjustified and, in some cases,
technically impracticable.

The external dumps are planned to be preserved for fur-
ther use in accordance with their intended purpose or left for
natural revegetation with xerophytic plant species character-
istic of the local climatic zone.

The mined-out area is planned to be enclosed by a protec-
tive rock embankment with a height of at least 2.5 m, located
at a minimum distance of 15.0 m from the edge of the upper
bench. The area occupied by each external dump is presented
in Table 3.

Table 3. Area occupied by dumps of Vostochnyi coal mine

. Avrea,
Title hectares
Prybortovoy 343.2
Festivalnyi 741.2
Konveyernyi 185.7
Total by all dumps 1270.1

Protective earth embankments were constructed on the up-
land side of the dumps to prevent flooding by surface runoff.
The embankments have a minimum height of 0.6 m, a crest
width of at least 0.6 m, and a slope ratio of 1:1.5. Their cross-
section is trapezoidal [33]. Buildings and surface structures
located at the mine’s industrial site, following the dismantling
of technological equipment, as well as roads and engineering
communications, may be transferred to local authorities on a
contractual basis. These facilities can subsequently be used to
support the development of small and medium-sized busi-
nesses and to expand the infrastructure of nearby farms.

Reclamation is the responsibility of the subsoil user.
However, ensuring that the required reclamation outcomes
are achieved is also the responsibility of the relevant state
authorities. According to Krzyszowska Waitkus, a GPS/GIS-
based system was developed to assist the Wyoming authori-
ties in monitoring reclamation at the North Antelope Ro-
chelle Coal Mine. This approach to sustainable reclamation
management contributed to the successful restoration of the
mined land within approximately 10 years. The subsoil user
submitted annual reports in accordance with Wyoming regu-
lations, after which the responsible state agency verified the
reported data, paying particular attention to water quality,
backfill condition, and vegetation development [27]. It
should also be noted that mining operations at the North
Antelope Rochelle Coal Mine have continued, demonstrating
that mining and progressive reclamation can be implemented
simultaneously when properly organized.

Domestic subsoil users also pay considerable attention to
reclamation monitoring, as it is required not only during
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reclamation works but also after their completion. The ex-
ample of the Vostochnyi coal mine shows that reclaimed
areas should be regularly inspected to confirm that all recla-
mation measures have been implemented in accordance with
applicable national regulations and that the restored land
remains environmentally stable.

Full-scale reclamation activities in the Ekibastuz coal ba-
sin are not expected to begin in the near future because, ac-
cording to the Minister of Energy of Kazakhstan, the coun-
try’s coal reserves could last for approximately 300 years at
the current production rate [28]. Nevertheless, the prepara-
tion of detailed reclamation and long-term monitoring plans
remains an essential requirement of responsible mining.

One aspect of reclamation that is often neglected is soil
formation, or pedogenesis. Spasi¢ et al. suggest that attention
is generally focused on the upper soil layer, which usually
develops during the first 20-40 years after reclamation. How-
ever, the lower soil horizons may require up to 100 years to
reach a relatively stable condition and may differ considera-
bly from the upper layer. The loss of soil-profile homogenei-
ty results from several interacting factors; according to the
authors, particular attention should be paid to the influence of
vegetation, especially trees, on the development of reclaimed
soils [29]. The disturbance of natural soil homogeneity dur-
ing mining may adversely affect endemic plant species be-
cause there is no guarantee that these species will successful-
ly establish in the newly formed soil profile. Therefore, long-
term investigation of soil-forming processes would be useful
for domestic mining enterprises. State authorities should also
consider pedogenesis as an important component of reclama-
tion assessment and post-reclamation monitoring.

Frauenstein et al. demonstrated that erosion is an im-
portant factor that should be considered during the reclama-
tion of coal mines. Their study examined coal-mining areas
in Mongolia. According to the authors, a drainage system
should be installed around a dump to prevent water erosion
and reduce the risk of dump instability. Groundwater in-
flow into the dump and water accumulation at the toe are
two major problems that may arise when the drainage sys-
tem is inadequately designed. The authors emphasize that
the required capacity of the drainage system should be
determined by considering the catchment area upslope of
the drain, the presence of springs and agricultural drainage
systems, and natural surface-water flows that may be af-
fected by the dump [34].

The appropriate design and construction of drainage fa-
cilities are also common in domestic reclamation practice.
For example, wastewater storage facilities have been created
in Lakes Aktygai and Akbidaik to collect water discharged
from the Bogatyr and Vostochnyi coal mines [33].

Direct planting combined with fertilizer application may
also provide effective biological reclamation results, as
demonstrated by Nutayla et al. According to the authors,
direct planting of Pterocarpus indicus seedlings with the
application of bokashi and coal-based fertilizers resulted in a
100% seedling survival rate at a coal mine in Indonesia. The
study used bokashi and coal fertilizers and showed that dif-
ferent fertilizer types should be tested and selected according
to the specific soil conditions of the reclaimed site. The re-
search was conducted at Pit 3 Barat, IUP Banko Barat, South
Sumatra, Indonesia [35].

58

Unfortunately, active biological reclamation measures are
often insufficiently represented in domestic coal-mining prac-
tice. For example, the reclamation plans for both the Severnyi
and Vostochnyi coal mines, including Option 1 for Vos-
tochnyi, provide for leaving the reclaimed territories to natural
revegetation. This approach may be intended to reduce recla-
mation costs; however, relying exclusively on spontaneous
vegetation recovery may prolong ecosystem restoration and
may not ensure the establishment of a stable plant community.

4, Conclusions

In an era when decarbonization is a global priority, coal
remains an important commodity that cannot yet be complete-
ly abandoned, and each country has its own reasons for con-
tinuing its use. A significant proportion of coal is extracted by
open-pit mining, which occupies large areas of land. Improper
reclamation of such territories may lead to serious environ-
mental consequences. Therefore, proper planning, implemen-
tation, and long-term monitoring should be key components
of any reclamation project. Additional funding for biological
reclamation may be necessary and should not be neglected.
Reclamation is as important as the mining process itself, since
restored lands may subsequently be used for agriculture, in-
dustry, infrastructure development, or recreation. Internation-
al experience shows that systematic monitoring, long-term
pedogenesis assessment, effective drainage systems, and
direct planting with fertilizer application play an important
role in the successful reclamation of coal-mining areas.

It can be concluded that domestic coal-mine reclamation
practices are generally promising; however, comparison with
international experience indicates that there is still consider-
able potential for further improvement.
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Kewmip pa3pe3nepin pekyJbTHBANMAIAYABIH KAa3ipri TAHIAFbI
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AHpaTna. 3epTTeyliH MakcaTbl - KeMip KCH OpPBIHIAPBIH amibIK SJICIICH Hrepy HOTIDKECIHAE OY3bIIFaH >Kepiepui
PEeKYIbTUBAIUSIIAY THIMALTITIH afKBIHAAWTBIH HETI3I TEXHUKAJIBIK, YKOJOTHSUIBIK JKOHE OHOJIOTUSIIBIK (haKTOPIap bl aHBIKTAY
JKOHE JKyHeney. 3epTTey KY>KaTThIK TaJIAay JKoHE OTaHIBIK 9pi IETEN K TIKIpUOeIepAl CabICTRIPMaIIbl KapacThIpy 9IICTEPiH
KOJIIaHy apKbUIbl OpbIHAaiabl. Ekibacty3 kemip OacceiinHinzmeri «CeBepHbIN» oHe «BocTouHblil» keMip paspesnepiHiH
TEXHUKAJBIK JKOHE OHMOJIOTHSUIBIK PEKyJIbTHBALUsS jxobanmapbl, conmaii-ak AKII, Mouronus xoHe WMHIOHE3UsOarbl KOMIp
OHJIPY ayMaKTapblH KallblHA KeNTipy OOMbIHIIA jKapusulaHFaH Jepekrep TajnaHibl. CalbICTBIpy ayMaKThl WHXKEHEPIK
JalbIHAAY, JKEPYCTI arblHbIH PETTEYy, JPO3USIHBIH aJJblH iy, TOMBIPAK IEH OCIMIIK >KaMbUIFBICBIH KAJIbIHA KENTipy,
SKOJIOTHSAITBIK, MOHUTOPHHI KOHE JKOOANBIK IICHIIMICPIiH SKOHOMHKAIBIK HETI3IUIri OaFpITTaphl OOWBIHINA SKYpTi3iimi.
«BocTouHblit» pa3pe3iHiH TEeXHHKAJbIK PEKYIbTUBALMACHIHBIH €Ki HYCKAaChl OpPBIHIAJIATHIH KYMBICTAp KOJIeMi MEH KaJIIbI
KYHBI OOHBIHINA epeKIIelleHeTiHI aHBIKTanael. «DecTuBanmbHEI», «KoHBeiepHbIi» xoHe «[IpuboproBoit» YiiHIIIEPiHIH
SHICTepiH kalillaKTay KeMipiii KIHBICTAPIBIH ©3/IrHeH XaHy KaylmiMeH, HHKCHEePIiK KOMMYHHUKAIUSUIApIbIH OPHAIACYBIMEH
JKOHE OY3BUIFaH OHIMII JKepiep ayMarblHBIH BIKTHMal YIFalobIMeH ImekTeneTiHi kepcerinmi. Llleremmix ToxkipubemeH
CaNBICTBIPY Cy camachlH, YHIHII *aFlaiblH, ©CIMJIK XaMBUIFBICHIHBIH JIaMybIH JKOHE TOIBIpaK TY3LIy HpOLECTepiH y3aK
Mep3iMjii OakplIay KaKeTTUNriH pactaabl. OTaHABIK jxo0ajgaplia OWONOTHSUIBIK PEeKyJIbTHUBAIMS HETI3IHEH TaOWFH KOJIMEH
ociM/IiK 0acyblH KO3JCHTIHI, all OCIMIIKTEepIi TiKeJeH OTHIPFbI3Y JKOHE THIHAWTKBIIITAP/AbI KOJJIaHy TYpPaKThl ©CIMIIK
JKAMBUIFBICHIHBIH ~ KaJBIITACYbIH  JKEAENJeTe  ajaThlHbl  aHbIKTanabl.  KasakcraHHbIH  ipi  KeMmip  paspeszepiH
PEKYJIbTHBALMAIAYIBIH HETi3r1 IEeKTeyJIepi MEH HOTHXKENIK (aKkTopnapbl XyHelaeHal, COHai-aK XalblKapablK TaCliaepai
Exibacty3 OacceiiHiHiH karaaiigapeiHa Oecifimaey OarbITTaphl AWKBIHAAIABL. AJIBIHFAH HOTIDKENIEP Y3aK Mep3iMii
MOHHUTOPHHITI, )KE€PYCTi aFblHBIH PETTEY/l, TONBIPAK TY3UIyiH OaKblIaybl KoHE ©CIMIIKTEpAl OeJceH/i KallblHa KeNnTipy/i
KO3/ICHTIH peKyIbTHBALMS KOOANAPBIH 931pJIey JKoHE TY3eTy Ke3iHe NaliaaTaHbLTybl MYMKiH.

Hezizzi co30ep: komip onOipy, pekyivbmueayus, sHcepoiy OY3ulLiybl, PEKYIbMUeayus Ke3eHoepi, MOHUMopUuHe.

COBpeMeHHbIe ACIEKTbI PEKYJIbTHBAIIUU YIOJbHBIX pa3pe3oB

K.B. Pric6ekos, H.O. Capribaes”, b. Kakum, E. Metenes, K. Tuneyoekos
Satbayev University, Arvamei, Kazaxcman

*Aemop ons koppecnondenyuu: N.sarybayev@satbayev.university

AnHoTauus. [lensio nccnenoBaHus SBISETCS BBIABICHUE M CUCTEMATH3alUsS OCHOBHBIX TEXHHUYECKHX, YKOJOTHICCKUX H
Omosorndecknx (aKToOpoB, OMpeAeIomuX 3()(HEeKTHBHOCTD PEeKyIbTHBALNN 3€MEJb, HAPYIIEHHBIX OTKPBITONH pa3pabOTKOH
YTONBHBIX MECTOpOXIeHUH. VccrnenoBanrue BBIMIOJHEHO C MCIOJIB30BaHHEM JOKYMEHTAILHOTO aHalli3a U CPaBHUTEIHLHOTO
PacCMOTPEHMsI OTEUECTBEHHBIX W 3apYOEKHBIX MPAKTUK. [IpoaHAM3UpPOBaHBI MPOSKTHl TEXHUIECKOW M OMOJOTHYECKOH pe-
KyJbTHBAIIMH YTOJBHBIX pa3pe3oB «CeBepHBIi» U «BocTouHbI» JKHOACTY3CKOTO YyroJbHOTO OacceiiHa, a Takke OIyOJIMKO-
BaHHbBIC JJAHHBIC TI0 BOCCTAHOBIICHUIO yrienoosiBatonux teppuropuii B CLLIA, Mouronuu u Manone3uu. CpaBHEHUE MTPOBO-
JIWJIOCH TI0 HANpaBiICHUSIM HHXKEHEPHOM MOATOTOBKH TEPPUTOPUH, PETYIUPOBAHUS MOBEPXHOCTHOTO CTOKA, NMPEAOTBPAILICHUS
9PO3UH, BOCCTAHOBIICHHS MMOYB U PACTUTEIBHOCTH, IKOJOTHYCCKOIO0 MOHUTOPHHIA M SKOHOMHYCCKOW 0OOCHOBAHHOCTHU TPO-
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eKTHBIX pEelIeHUui. Y CTaHOBIIEHO, YTO JIBa BapHaHTa TEXHUISCKOW PEeKyIbTHBAIIMH pa3pe3a «BocTouHbI» pa3iandatoTcs o0be-
MOM paboT U obmiei cTommocThio. [Toka3aHo, YTO BBITOJAXKUBAHHE OTKOCOB OTBaJIOB «DecTHBambHEINY, «KOHBEHEepHBII» 1
«[TpnbopTOBOI» OrpaHNYNBAETCS PUCKOM CaMOBO3TOPAHUs YIriecOAepKaIlIuX HOPOJI, PACIIOIIOKEHUEM HHKEHEPHBIX KOMMY-
HHUKALUA 1 BO3MOXKHBIM YBEJIMUCHHEM ILIOINAAN HAPYIICHHBIX MPOAYKTHBHBIX 3eMenb. CpaBHEHHE ¢ 3apyOeKHBIM OIBITOM
MOATBEPUIO HEOOXOAUMOCTD JUITUTEIHLHOTO KOHTPOJISI KaYeCTBa BOJ, COCTOSIHUSI OTCHINKH, Pa3BUTHS PACTUTEIBLHOCTH H MPO-
[IECCOB ITOYBOOOPA30BaHMs. Y CTAaHOBIICHO, YTO B OTE€UECTBEHHBIX MPOEKTaX OMOJIOrMYecKas peKyIbTUBALUS IPEUMYIIEeCTBEH-
HO TpenycMaTpHBaeT €CTECTBEHHOE 3apacTaHue, TOrJa Kak MpsMas MocajKa pacTeHWH W NMPUMEHEHHEe YZOOpEeHHH MOryT
YCKOPUTH (POPMHUPOBAHME YCTOHYMBOTO PACTHUTENHHOTrO MOKpoBa. CHCTEMaTU3MPOBAaHBI OCHOBHBIC OTPaHMYECHUS M (AaKTOPHI
Pe3yIBTaTUBHOCTH PEKyIbTHBANN KPYIHBIX YTOJNBHBIX pa3pe3oB KazaxcraHa, a Takke OnpeeseHbl HapaBJICHIS afalTallui
MEXIYHApOJHBIX MOIXOM0B K YCIOBUSAM OJKuOacTy3ckoro OacceitHa. [lomydeHHBIE pe3ymbTaThl MOTYT OBITH HCIOIB30BAHBI
TpY pa3padoTKe W KOPPEKTHPOBAHUH IPOCKTOB PEKyJIbTHBALNH, IIPEIYCMAaTPHUBAIOIINX JOJITOCPOYHBI MOHUTOPHHT, PETyIIH-
pOBaHHE MOBEPXHOCTHOTO CTOKA, KOHTPOIb IOYBOOOPA30BaHIS U AKTHBHOE BOCCTAHOBJICHHE PACTHTEIBHOCTH.
Knroueewie cnoea: 0odviua yais, pekyiomusayus, HapyuieHHble 3eMu, IMansl peKy1bmueayuu, MOHUMOpPUHe.
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