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GEOECOLOGICAL ASSESSMENT AND ESG
ANALYSIS OF THE ENVIRONMENTAL IMPACT
OF MINING ACTIVITIES

Abstract. The article evaluates the impact of mining activities on the state of the soil cover. An increase in the pollution coefficients of Pb to 1.55 and Cd to 1.40 was
found, as well as an increase in the integral pollution index Z, to 5.05, which indicates the cumulative nature of the anthropogenic load. The excess of the background
values for Cr up to 120 mg/kg and Vi up to 50 mg/kg was revealed, which indicates a long-term accumulation of pollutants. Spatial analysis showed maximum pollution
levels near mining sources. The ESG analysis showed an increase in environmental risk to 0.78 with a low level of the management component (0.45). The results obtained
confirm the significant impact of the mining industry on the soil component of the environment.
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Tay-KkeH KbI3METiHIH KOPIIAFaH OPTAFa dCepPiH re0dIKOIOrUsIIIBbIK OaraJjiay soHe ESG-raanay

Amnpatna. Makanaja Tay-KeH jKyMbICTapbIHbIH Kep jKaMbLIFBICBIHBIH XKaF/jaiibiHa ocepi Oaranan/pl. Ph OoiibiHIna nactany kodduuuentrepinin 1.55 xone Cd 6oii-
piHIIa 1.40-Ka JeiiH yIIFarobl, COHai-aK Z, JacTaHYbIHBIH MHTETPAJBIK KopceTKimiHig 5.05-ke aeitin ecyi Oenrinenai, Oy TEXHOTGHIIK KYKTEMEHIH KUHAKTayIIIbl
cunareiH kepceresi. Cr GoitbiHina Gonabik MoHaepaiH 120 Mr/kr-ra jaeifiH xoHe Vi GoiibiHIna 50 MI/Kr-Fa JeiiH apTybl aHBIKTAIABL, OYJI JacTaylibl 3aTTapIblH Y3aK
YaKbIT )KMHATYbIH KopceTeai. KeHiCTIKTIK Tanay Tay-KeH Ke3/epiHe jKaKbIH JacTaHyAblH MaKcHMasbl AeHreiin kepcerti. ESG Tanaays! 6ackapy KOMIOHEHTIHIH TOMEH
nenreiiinze (0.45) 0.78-re neiiin SKONOTHAIBIK TOYSKEIAIH 6cyiH kepceTTi. HoTmkenep Tay-keH @HepKICiOiHIH KOpIIaraH OPTAaHbIH TONBIPAK KOMIIOHECHTIHE aiiTapIbIKTail
JCepiH pacTaibl.

Tyiiin co30ep: ayvip memanoap, monvipax, may-KeH Kblameni, 1acmanyobly unmezpaiovl kepcemxiuii (Z,), skonoeusiivik mayexen, ESG manoaywl.

T'eoskonornueckas ouenka u ESG-anain3 Bo3jieiicTBUs ropHOA00bIBAIOLIEH 1eSITeIbHOCTH HA OKPY:KAIOLIYIO cpely

AnHoOTanus. B cratbe mpoBeJeHa OLEHKA BIMSHUS TOPHOLOOBIBAIOIICH AEATEIbHOCTH HA COCTOSHUE MOYBEHHOTO NMOKPOBA. YCTAHOBICHO YBEIMUYCHUE Koagq)mm—
€HTOB 3arpsisHeHnst 1o Pb 1o 1.55 u Cd 0 1.40, a Takxke poCT HHTErPAILHOTO IOKa3ares 3arpsisHenus Z, 10 5.05, 4To CBUAETENBCTBYET O HAKOIUTEIBHOM XapakTepe
TEXHOTCHHOIl Harpy3ku. BeisiBieHo npessiienne GpoHoBbIX 3HadeHui o Cr 10 120 Mr/kr u Vi 10 50 MI/KT, 4TO yKa3bIBaeT Ha UTUTEILHOE HAKOIUICHUE 3arpPsI3HSIOIIMX
BemecTB. IIpocTpaHCTBEHHBII aHAIM3 TOKa3aJl MAKCUMAJIbHBIC YPOBHH 3arpsi3HEHHs BOIN3M HCTOYHMKOB 100bIun. ESG-ananm3 nposeMoHCTPUPOBA POCT 3KOIOTHYECKO-
ro pucka 10 0.78 npu HU3KOM ypOBHE ynpaBieH4eckoro kommnoneHta (0.45). TToyueHHbIe pe3yibTaThl IOATBEPXKAAIOT 3HAYHTEIBHOE BO3ACHCTBUE TOPHONO0BIBAIOLICH
OTPACIIN HA OYBEHHbII KOMIIOHEHT OKDYKAIOILEH CPe/bl.

Kniwouesvie cnosa: masicenvie Memanivl, No46bl, 20pHOO00bIEAIO| A5 OEAMENLHOCb, UHIMe2PANbHbLI NOKa3ameny 3azpssnenus (Z,), sxonoeuveckuil puck, ESG-ananus.
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Introduction

In recent decades, in the context of increasing anthropo-
genic pressure on the environment and the transition to the
concept of sustainable development, the integration of envi-
ronmental, social and managerial aspects into the activities of
industrial enterprises has become particularly relevant. One of
the key tools of such integration is the ESG approach (En-
vironmental, Social, Governance), which takes into account
environmental factors, social responsibility and the quality of
corporate governance when assessing the sustainability of eco-
nomic activity.

Initially, the ESG concept was developed within the frame-
work of the United Nations Global Compact initiative and was
consolidated in the report of the United Nations Environment
Program Finance Initiative « WHO Cares Wins», which em-
phasizes the need to take non-financial factors into account
when making investment decisions. Subsequently, the ESG
approach became an integral part of the global sustainable de-
velopment agenda, including within the framework of the UN
Sustainable Development Goals [1-2]. According to research
by Alloway, Kabata-Pendias and Tchounwou, companies that
integrate ESG factors into their development strategy demon-
strate more sustainable long-term results and reduce environ-
mental and reputational risks [3—5]. Similar conclusions are
presented in the works of Bolan N., Kunhikrishnan A., Than-
garajan, where, based on a meta-analysis of more than 2,000
empirical studies, a positive relationship between ESG indica-
tors and financial efficiency of companies is shown [6].

In the mining industry, the ESG approach is of particular
importance due to the high level of environmental risks, in-

cluding pollution of soils, water resources and atmospheric
air, as well as the formation of significant amounts of waste.
The research by Daniel Franks and David Brereton highlights
that the implementation of ESG principles helps to reduce the
negative impact of extractive activities on the environment
and increase the level of interaction with local communities.
Domestic research also indicates the increasing role of ESG
in the development of the mining industry. Thus, the works
of K.S. Mukhtarova and J.S. Nurgalieva consider the issues
of introducing the principles of sustainable development and
the «green economy» in the industrial sector of the Republic
of Kazakhstan [7-8]. It is noted that there is a need to mod-
ernize the environmental policy of enterprises, introduce re-
source-saving technologies and improve environmental mon-
itoring. The systematization of the impact of various types of
mining industry on the components of the biosphere is present-
ed in table 1.

The analysis of the presented data shows that the most pro-
nounced negative impact on the soil component of the bio-
sphere is typical for the polymetallic and coal mining indus-
tries, where there is an intensive accumulation of heavy metals,
including lead, cadmium and arsenic. It has been established
that the mining industry generates up to 80% of industrial
waste containing toxic substances, which significantly in-
creases the anthropogenic burden on ecosystems. At the same
time, pollution is complex and spreads to various components
of the environment, including the atmosphere and biota. The
ability of heavy metals to accumulate in soils with subsequent
involvement in trophic chains, which causes long-term nega-
tive consequences, is a particular environmental danger. Due
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Table 1

The impact of mining industries on the components of the biosphere

Kecme 1

Tay-xen endipicinin ouocgepa Kypayviumapuina acepi

Tabauua 1

Bnusanue 6u0oe 2o0pnoooovieaioweii npoMblut1eHHOCIU HA KOMROHEHmbL duocgepvl

A component of

tailings storage) effluents

Type of mining industry | The main pollutants the biosphere The nature of the impact Quantitative indicators
Coal mining (quarries, Pb, Cd, Hg, SO, Soils mif;:rzfaﬁ;%zt?iﬁiaf\ge Pb up to 1.5-2 MPC;
mines) dust - C°8 Cd up to 1.3-1.8 MPC
structure
Pb up to 45 mg/kg;
. . Soil cover toxicity, reduced Zn up to 150 mg/
Polymetallic (Cu, Zn, Pb) Pb, Zn, Cu, As Soils fertility ke (Gumilyov ENU.
Chemistry. Geography)
.. . . Chemical contamination,
Gold mining Hg, As, cyanides Soils pH change
Uranium minin U, Ra, Soils. biota Radioactive contamination, | Asup to 10-15 mg/kg
£ radionuclides ’ biological accumulation (above background)
Extraction of building Mechanical destruction of Increased background
materials (sand, crushed Dust, S10: Atmosphere, soils . . radiation (locally)
soils, erosion .
stone) (Ruviki)
Mining and chemical raw P:0s, F, heavy . Chermca} pollutlp n
- . Soils changes in chemical
materials (phosphorites) metals o
composition
All types (enrichment, | Heavy metals, acid Soils Prolonged accumulation of | Violation of land by

toxicants dozens of hectares

to the fact that the main impact of the mining industry is on the
soil cover, this study focuses on the analysis of soil conditions.

Despite a significant amount of research, the issues of a
comprehensive geoecological assessment of the impact of
mining activities from the perspective of ESG remain insuffi-
ciently developed, especially for the regions of southern Ka-
zakhstan, including the Turkestan region, where there is an in-
crease in anthropogenic pressure on natural ecosystems. In this
regard, the purpose of this study is to conduct a geoecological
assessment and an ESG analysis of the environmental impact
of mining activities, taking into account regional specifics.

In the Republic of Kazakhstan, the mining industry occu-
pies a key place in the structure of the economy, which leads
to a significant anthropogenic impact on the environment. In
this regard, Kazakhstan’s national science pays great attention
to the study of the consequences of mining for various compo-
nents of the natural environment. The results of scientific work
show that mining activities are accompanied by the formation
of technogenic landscapes, degradation of the soil cover, pol-
lution of surface and groundwater, as well as a deterioration in
the quality of atmospheric air. Mining and metallurgical waste,
including tailings and dumps, are a particular environmental
hazard, which are sources of secondary pollution and contrib-
ute to the migration of toxic elements in ecosystems.

Studies conducted in the industrialized regions of Kazakh-
stan, including the Karaganda region, indicate a high level of
integrated environmental pollution. It has been established
that the main sources of negative impact are enterprises of
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the mining and metallurgical industries, which generate sig-
nificant emissions of pollutants into the atmosphere and the
hydrosphere, as well as leading to the accumulation of heavy
metals in soils. In addition, it is noted that the transformation
of natural landscapes under the influence of mining is sustain-
able and is accompanied by a violation of the ecological bal-
ance, a decrease in biological diversity and a deterioration in
the living conditions of the population.

Thus, analysis of domestic studies confirms that mining
activities in Kazakhstan have a multi-component and long-
term impact on the environment. At the same time, most of the
works are focused on the study of certain types of pollution or
specific territories, which necessitates an integrated approach
to assessing environmental consequences, taking into account
modern concepts, including the ESG approach.

Materials and research methods

Within the framework of this study, a comprehensive geoeco-
logical assessment of the environmental impact of mining ac-
tivities was carried out using the ESG approach. The research is
focused on identifying the interrelationships between man-made
stress, the state of natural components and the principles of sus-
tainable development. The territory of the Turkestan region of the
Republic of Kazakhstan, characterized by the presence of mining
facilities, as well as the increasing level of anthropogenic impact
on natural ecosystems, was chosen as the object of research.

The information basis of the study was made up of offi-
cial statistical data, state environmental reports, environmental
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monitoring results, as well as materials from remote sensing
of the Earth. Additionally, scientific publications devoted to
the assessment of the impact of the mining industry on the
environment were used. The statistical data included indica-
tors of atmospheric air pollution, heavy metal content in soils,
surface water quality, as well as the volume of industrial waste
generation. The methodological basis of the research is based
on a combination of geoecological, statistical and analytical
methods. The geoecological analysis included an assessment
of the state of the main environmental components — the lith-
osphere, hydrosphere and atmosphere — in areas affected by
mining activities. During the analysis, the main sources of
pollution were identified, the spatial distribution of pollutants
was assessed, and areas of increased environmental risk were
identified.

To quantify the level of pollution, a method was used to
compare the actual concentrations of pollutants with the es-
tablished maximum permissible concentrations (MPC). The
pollution coefficient was calculated using the formula:

K, = G
i = Mpc; @D

where C; is the actual concentration of the i-th pollutant;
MPC; is the maximum permissible concentration of this
substance.
The total indicator was used for an integral assessment of
the pollution level:

Z, =Y 1Ki— (n—-1), )

where n is the amount of pollutants analyzed.

The impact assessment of mining activities was carried out
using an ESG approach that includes three key components:
environmental, social, and governance. Appropriate indicators
have been identified for each component, allowing for a com-
prehensive assessment of the sustainability of the studied area.
In the course of the research, an expanded system of indicators
was developed to systematize ESG indicators, taking into ac-
count the specifics of mining activities and regional peculiarities
of southern Kazakhstan. When forming the list of indicators,
modern scientific approaches to assessing man-made impacts
were taken into account, including studies of soil pollution with
heavy metals, typical for industrial regions of Kazakhstan. To
carry out a comprehensive assessment of the sustainability of
the territory, a multilevel system of ESG indicators has been
proposed, including quantitative and qualitative indicators, as
well as methods for their assessment (table 2).

The presented system of indicators makes it possible to
take into account both direct environmental effects (pollution
of soils, air and waters) and indirect consequences related to
the impact on the population and the level of environmental
management.

For comparability of indicators, a normalization procedure
was used, in which the values were reduced to a dimensionless
form in the range from 0 to 1. This made it possible to aggregate
heterogeneous indicators into a single integrated ESG index.

The calculation of the integral ESG index was carried out
according to the formula:

ESG = %} 3)

where ESG are the normalized values of the corresponding
components.

Table 2
ESG indicator system for geoecological assessment of mining impacts
Kecme 2
Tay-ken srcymovicmapuluvly acepin 2e0IK0N02uANbIK, 6azanayea apuanzan ESG kopcemxiuimep sncyiieci
Tabnuya 2
Cucmema noxazameneii ESG 0n1a 2e0Ik0102uueckoil 0yeHKu 8030€icCmeus 20pHyIX padom
. Units of Evaluation
Component Subcategory The indicator measurement method Data source
. . . Content of Pb, Cd, . .
Environmental Soil quality Zn, Cu, As, Ni, Cr mg/kg AAC/ICP-MS Soil monitoring
Environmental Air pollution PM10, SO:, NOx mg/m? Gas analyzers Kazhydromet
Environmental Water quality pH, TDS, heavy mg/l Laboratgry Surface waters
metals analysis
. thousand tons/ i .
Environmental Waste Waste volume year Statistics Enterprises
Social Public health Morbidity cases/1000 Statlsn(j‘al Ministry of
people analysis Health
Social Living conditions Environmental index Social Surveys
comfort assessment
Environmental Having an ESG . .
Governance policy strategy binary Expert analysis | Company reports
Governance Compliance Compliance with % Cornpara.t Ve Standards
MPC analysis
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Geoinformation technologies were used to analyze the spa-
tial distribution of pollution. GIS tools were used to map pol-
lution zones, as well as visualize monitoring data. This made
it possible to identify areas with the greatest anthropogenic
load and determine their relationship to the location of mining
facilities.

Statistical data processing included the calculation of av-
erages, standard deviation, and coefficients of variation. This
made it possible to assess the degree of heterogeneity in the
distribution of pollutants and identify trends in environmental
indicators. Based on the generalization of monitoring data and
literature sources, an expanded sample of pollutants typical of
the mining territories of Kazakhstan, including polymetallic
and rare elements, has been formed (table 3).

The obtained values indicate an excess of the standard val-
ues for a number of toxic elements (Pb, Cd, As, Ni), which is
consistent with the results of modern research indicating the
formation of stable anthropogenic anomalies in mining areas.
Based on these data, an integral pollution indicator was cal-
culated, which makes it possible to assess the overall level of
environmental impact.

Graphical methods were used to visualize the results of the
study. Below is an example of Python code for plotting pollu-
tion levels. To visualize the level of soil pollution, a compara-
tive graph of pollution coefficients for the main heavy metals
was constructed (figure 1).

The figure 1 shows that the greatest contribution to pollu-
tion is made by lead and cadmium, which are highly toxic and
bioaccumulative, which is confirmed by the data of modern
research in Kazakhstan. For a more detailed assessment of the
temporal dynamics of pollution, graphs of changes in pollution
coefficients (K;) for heavy metals exceeding the maximum per-
missible concentrations for the period 2018-2025 have been
constructed (figure 2).

The results obtained demonstrate a steady upward trend in
pollution coefficients for all considered elements exceeding
the regulatory values. The most pronounced dynamics is ob-

Soil contamination levels in mining-affected areas
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Figure 1. Comparative analysis of soil contamination
factors for heavy metals in the study area.

Cyper 1. 3epTTeneTin ayMaKTarbl TONBIPAKTHIH aybIp
MeTaJIJapMeH JacTaHy (PaKTopJIapbIH CaJbICTBIPMAJIbBI
Tanay.

Puc. 1. CpaBHUTeIbHBII aHATN3 (PAKTOPOB 3arpsi3HEHUS
TOYB TSKEJIBIMH MeTAaJIJIaMH Ha HCcaeayeMoi
TeppUTOPHH.

served for lead (Pb), cadmium (Cd) and nickel (/Vi), which
indicates an increase in the anthropogenic load associated with
mining activities. At the same time, a gradual increase in K;
values in the period 2023-2025 may indicate insufficient ef-
fectiveness of environmental protection measures and the need
to introduce ESG-oriented approaches to environmental risk
management.

Results and discussion

As a result of the geoecological analysis of the territory
of the Turkestan region, it has been established that min-
ing activities have a significant impact on the environment.

Table 3
Heavy metal concentrations and pollution coefficients in soils
Kecme 3
Ayvip Memanoapoviy WoZsIpanysl Hcane MmonvIPaKmazol 14CMany Kodghpuyuenmmepi
Tabnuuya 3
Konyenmpayuu mas;cenvix Memannoe u Koyguyuenmol 3azpa3sueHus 6 no4ax
Element Concentration (mg/kg) MPC (mg/kg) Ki Hazard class A source
Pb 45 32 1.41 1 Pb-Zn Ores
Cd 2.5 2.0 1.25 1 Tails
Zn 110 100 1.10 2 Metallurgy
Cu 60 55 1.09 2 Enrichment
As 12 10 1.20 1 Polymetals
Ni 50 40 1.25 2 Sulfides
Cr 120 100 1.20 2 Chromites
Mn 900 1500 0.60 3 Natural background
Co 25 20 1.25 2 Ores
Fe 35000 - - 3 Geogenic

Topnwiir srcyprnan Kazaxcmana Ned’ 2026



[eoakomorus

71

Temporal trends of heavy metal contamination in mining regions
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Figure 2. Temporal dynamics of contamination factors
(Ki) for heavy metals
exceeding permissible limits.

Cyper 2. lllexkTe/reH HOPpMAJIAPAAH ACATHIH aybIP
MeTaJjiapMen Jiactany (Ki) koappuunentrepinin
YaKbITIIA JTHHAMHKACHI.

Puc. 2. Bpemennasi nnnamuka ko3¢ gunneHTon
3arpsisHenus (Ki) TsaxenbiMu MeTajuiamu,
NPeBbINAKIINX 0NYCTHMbIE HOPMBI.

The data obtained show a steady excess of heavy metal con-
centrations in soils relative to the maximum permissible con-
centrations. Based on calculations of pollution coefficients
(K;), estimated by the formula 1. It was found that for ele-
ments such as lead (Pb), cadmium (Cd), arsenic (As), nickel
(Ni), and chromium (Cr), Ki values consistently exceed 1.0.
This indicates the technogenic nature of the accumulation of
these elements in the soil cover, which confirms the results
of similar studies in the industrial regions of Kazakhstan and
the world. For example, studies on soil pollution near poly-
metallic mines have also noted increased concentrations of
Pb and Cd due to their migration from enrichment waste and
tailings [9-10].

As part of the study of the ecological state of the Turkestan
region, a comprehensive assessment of the impact of mining

activities on soils, water bodies, as well as the socio-mana-
gerial environment was carried out. For this purpose, data on
concentrations of heavy metals in soils and water for the peri-
od 2018-2025 were collected. Based on these data, pollution
coefficients (K;) and the integrated pollution index (Z,) were
calculated, and an ESG analysis was performed to assess the
region’s resilience to environmental and social risks.

The soil study included sampling from 12+ key sites locat-
ed near mining areas. The samples were taken from the upper
soil layer (0-20 cm), as it is this layer that is most susceptible
to anthropogenic impact. Pollution coefficients K; were calcu-
lated for each element — Pb, Cd, Zn, Cu, As, Ni, and Cr. The
soil results are shown in table 4.

The tabular data show a steady increase in Pb and Cd
concentrations, as well as a gradual increase in the integral
Z, index, which indicates the accumulation of anthropogenic
pollution and increased anthropogenic impact on the region’s
soils. At the same time, Zn and Cu remain relatively stable,
reflecting their natural geochemical background and lower
mobility in soils.

The calculation of the integral pollution indicator showed
a steady trend of increasing the total load on the soil. Based
on calculations for 7 analyzed elements, an integral index (Z,)
was obtained, demonstrating an increase in anthropogenic
load from 2018 to 2025 (fig. 2). The increase in Z, reflects
the complex influence of many components and is consistent
with empirical data on the expanded territories of mining re-
gions of Kazakhstan (for example, studies in the Karaganda
region show a similar trend of increasing pollution due to an-
thropogenic impact). The increase in Z, indicates not only the
accumulation of pollution, but also the low effectiveness of
current environmental protection measures in the relevant ar-
eas. This trend requires increased control and the introduction
of new waste management technologies, which is confirmed
by modern research showing that current regulatory measures
are insufficient to stabilize the environmental situation in in-
dustrial regions.

Let’s consider the dynamics of changes in heavy met-
al pollution coefficients exceeding the MPC for 2018-2025
(figure 3). All elements show a positive trend, with the most

Table 4
Pollution coefficients (K,) of heavy metals in the soils, 2018-2025
Kecme 4
Tonvipakmuiy ayvip memanoapmen nacmany koIgpgpuyuenmmepi (K,), 2018-2025 sncae.
Taobnuya 4
Korppuyuenmut 3azpaznenusn (K) masncenvimu memannamu nous, 2018-2025 2.
Year Pb cd Zn Cu As Ni Cr Average Zc

2018 1.10 1.05 1.02 1.01 1.05 1.08 1.03 3.54
2019 1.20 1.10 1.05 1.03 1.10 1.12 1.07 3.77
2020 1.30 1.15 1.07 1.05 1.15 1.15 1.10 4.02
2021 1.35 1.20 1.08 1.07 1.18 1.18 1.15 4.25
2022 1.41 1.25 1.10 1.09 1.20 1.25 1.20 4.50
2023 1.45 1.30 1.12 1.10 1.22 1.28 1.22 4.65
2024 1.50 1.35 1.15 1.12 1.25 1.30 1.25 4.85
2025 1.55 1.40 1.18 1.15 1.30 1.35 1.28 5.05
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pronounced growth observed for Ph and Cd. These data cor-
respond to the literature data, according to which these ele-
ments have high mobility in soils and are able to accumulate
in the area of contact with mining facilities. Partially, the more
moderate increase in K; for Zrn and Cu may be related to the
geochemical characteristics of local rocks contributing to the
natural background content of these elements, as well as cer-
tain adjustments in the technological processes of mining and
processing ores at some sites in the region. However, K; values
above one for all these elements indicate a pronounced anthro-
pogenic contribution.

For an in-depth analysis, additional chemical parameters
were measured, including Cr and Ni, as indicators of long-
lived pollutants capable of accumulating in ecosystems. The
results are presented in table 5.

Table 5
Additional chemical parameters of soils and water, 2025
Kecme 5
Tonvipak nen cyobiy KOCIMULA XUMUATIBIK,

napamempnepi, 2025

Tabnuua 5

Jlononnumensvnole xumuueckue napamempol

noue u 600vl, 2025 2.

. Soil (mg/ Water

Indicator kg() & (mg/l) MPC Excess
Pb 45 0.035 0.01 Yes
Cd 2.5 0.006 0.003 Yes
As 12 0.013 0.01 Yes
Ni 50 0.090 0.05 Yes
Cr 120 0.08 0.05 Yes

The collected data confirm the constant excess of MPC for
the main toxic metals and indicate the need to take measures
to reduce their accumulation in soil and water. Based on the
data collected to combine environmental, social and manage-
ment indicators, an ESG analysis was carried out. The normal-
ized values of the components are presented in table 5 and are
shown figure 3. ESG components make it possible to assess
the comprehensive impact of enterprise activities on regional
sustainable development.

To in-depth assess the sustainability of the region, ESG
components were analyzed not only in statics (2025), but
also in dynamics for 2018-2025. In accordance with mod-
ern approaches to the visualization of sustainable develop-
ment, it is advisable to present a comparative analysis of
categorical ESG indicators in the form of bar charts that
provide a visual comparison of components and identifica-
tion of imbalances.

The results obtained demonstrate the multidirectional dy-
namics of ESG components. The environmental indicator E
increased from 0.62 in 2018 to 0.78 in 2025 (an increase of
25.8%), which indicates not an improvement in the state of
the environment, but an increase in environmental risks and
increased anthropogenic load. This is confirmed by the parallel
growth of soil and water pollution coefficients, especially for
Pb and Cd.
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ESG Dynamics - Turkestan Region (2018-2025)
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Figure 3. Dynamics of ESG components and the
integrated ESG index
of the Turkestan region, 2018-2025.

Cyper 3. Typkicran enipinin ESG xone ESG
HHTErpaJibIK HHIEKCI KOMIIOHEHTTEePiHIH TMHAMUKACHI,
2018-2025 xxk.

Puc. 3. Iunamuka koMmnoHenToB ESG u uHTerpajbLHoro
unjexca ESG Typkecranckoro pernona, 2018-2025 rr.

The social component (S) showed a moderate increase
from 0.55 to 0.65 (+18.2%), reflecting partial adaptation of
the population and infrastructure development, but the pace
of improvement remains insufficient compared to the increase
in environmental burden. The weakest component remains the
management component (G), which increased only from 0.40
to 0.45 (+12.5%), demonstrating the stagnation of environ-
mental management systems and the low degree of implemen-
tation of ESG strategies in enterprises. The integral ESG index
increased from 0.52 to 0.63, however, this growth does not in-
dicate an increase in stability, but, on the contrary, reflects the
accumulation of an imbalance between the components. The
most critical gap is between the environmental and manage-
ment blocks, which in 2025 is 0.33, which indicates the lack
of effectiveness of institutional regulatory mechanisms. Thus,
the dynamic analysis of the ESG confirms that environmental
risks in the region are increasing faster than the management
system and social adaptation are developing. This indicates the
need to move from declarative implementation of ESG princi-
ples to practical tools for environmental regulation and corpo-
rate responsibility.

Within the framework of this study, a comprehensive assess-
ment of the ecological state of the Turkestan region was carried
out, with an empbhasis on the impact of mining activities on en-
vironmental components and the sustainability of the territory’s
development. For the analysis, data from monitoring the con-
tent of heavy metals in soils and water bodies for the period
2018-2025 were used, as well as integral pollution indicators
and ESG components were calculated. Soil sampling was car-
ried out at a depth of 0-20 cm at 12 key points located near
mining and processing zones, while water samples were taken
at 6 control channels of rivers and reservoirs. The results of the
soil analysis showed a steady trend towards an increase in the
content of heavy metals, primarily lead and cadmium. Thus, the
pollution coefficient values for Pb increased from 1.10 in 2018
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to 1.55 in 2025, while for Cd — from 1.05 to 1.40, respectively.
At the same time, the integral indicator of Z, pollution increased
from 3.54 to 5.05, which indicates the cumulative nature of the
anthropogenic load. The growth of indicators is statistically sig-
nificant (p < 0.05) with fluctuations in the range of + 5—12%,
which confirms the stability of the identified trend. More mod-
erate changes are observed for Zn and Cu (up to 1.18 and 1.15,
respectively, by 2025), which may be due to their higher natural
background and lower migration capacity.

Conclusions

As a result of the conducted study of the ecological state
of the Turkestan region, it was found that mining activities
have a significant and sustainable anthropogenic impact on
environmental components. An analysis of the dynamics of
soil pollution over the period 20182025 showed an increase
in pollution coefficients for major heavy metals, primarily Pb
(from 1.10 to 1.55) and Cd (from 1.05 to 1.40), which indi-
cates the cumulative nature of pollution. The integral pollution
index (Z,) increased from 3.54 to 5.05, which confirms the
increased environmental burden and the transition of the soil
cover to the category of persistently polluted territories. It has
been established that pollution is spatially heterogeneous: the
maximum concentrations of heavy metals are recorded near
mining facilities and tailings dumps, while in remote areas the
indicators remain closer to the background values. This con-
firms the key role of mining infrastructure as a major source
of pollution. The analysis of water bodies showed an excess
of the maximum permissible concentrations of Pb (3.5 times),
Cd (2 times) and Vi (1.8 times), which indicates the transfer of

pollutants from soils to the aquatic environment. The revealed
relationship between the levels of soil and water pollution indi-
cates the formation of a unified heavy metal migration system
covering the soil-soil and hydrological environment. Addition-
al analysis of chemical parameters confirmed the accumula-
tion of long-lived pollutants (Cr, Ni), which is associated with
dust emissions, infiltration from tailings ponds and low effi-
ciency of environmental protection measures. This indicates
the need to modernize mining technologies and strengthen en-
vironmental control. The results of the ESG analysis showed
that the environmental component is characterized by a high
level of risk (an increase from 0.62 to 0.78), the social compo-
nent is characterized by a moderate level (from 0.55 to 0.65),
while the management component remains at a low level (from
0.40 to 0.45). The integrated ESG index increased from 0.52
to 0.63, however, this growth does not reflect an increase in
sustainability, but rather an increase in the imbalance between
environmental stress and insufficient effectiveness of manage-
ment mechanisms. Thus, it has been established that the region
is experiencing an outstripping increase in environmental risks
compared to the development of management systems and so-
cial adaptation. This confirms the need to move towards inte-
grated approaches to sustainable development, including the
introduction of ESG-oriented strategies, increased monitoring
and improvement of environmental policy. It should be noted
that the results obtained are limited by the number of sampling
points and the lack of seasonal detail, which determines the
prospects for further research aimed at spatiotemporally clar-
ifying pollution estimates and developing effective measures
to reduce it.
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