ISSN 2518-170X (Online)
ISSN 2224-5278 (Print)

NEWS OF THE NATIONAL ACADEMY
OF SCIENCES OF THE REPUBLIC
OF KAZAKHSTAN, SERIES OF
GEOLOGY AND TECHNICAL SCIENCES

Ne3
2026



ISSN 2518-170X (Online)
ISSN 2224-5278 (Print)

| ——
CENTRAL ASIAN ACADEMIC
RESEARCH CENTER

NEWS
OF THE NATIONAL ACADEMY OF SCIENCES
OF THE REPUBLIC OF KAZAKHSTAN,
SERIES OF GEOLOGY AND TECHNICAL
SCIENCES

3 (477)

JUNE - JULY 2026

THE JOURNAL WAS FOUNDED IN 1940

PUBLISHED 6 TIMES A YEAR

ALMATY, 2026



2 Clarivate
Analytics

The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pedhepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. Coal mining regions are characterized by the formation
of spatially heterogeneous environmental stress zones caused by dust emissions,
spoil heap accumulation, and mine water discharge. The uneven distribution of
technogenic impacts necessitates the development of efficient, practice-oriented
approaches for identifying priority areas of ecological risk and optimizing
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environmental management strategies. Objective. To identify and quantitatively
assess localized environmental stress centers within a coal mining district based
on a complex analysis of key geoecological indicators, and to substantiate targeted
measures for reducing anthropogenic impact. Methods. The study combined field
measurements of atmospheric particulate matter (PM10 and PM2.5), soil and
surface water sampling, and laboratory determination of pH, electrical conductivity,
sulfate concentrations, and heavy metal content (Fe, Mn, Pb, Cd). Spatial analysis
of the obtained data was performed using GIS technologies, including interpolation
methods to delineate zones of elevated environmental stress and establish
relationships between pollutant distribution and industrial sources. Results and
conclusions. It was established that PM 10 concentrations near haul roads and mining
zones exceed background levels by more than four times, while soils adjacent to
spoil heaps exhibit acidification to pH 4.9-5.4 and increased concentrations of
manganese and lead. Surface waters in drainage channels demonstrate elevated
sulfate content up to 240 mg/L and increased dissolved metals. Environmental
stress is strongly localized and confined to zones with a total area of less than 2 km?,
directly associated with mining operations and waste storage. The study confirms
that relatively simple monitoring approaches combining field measurements and
GIS analysis are sufficient to identify critical impact areas. The feasibility of
implementing targeted mitigation measures and a simplified monitoring framework
is substantiated, enabling improved environmental safety, reduced ecological risks,
and more efficient allocation of resources in coal mining regions.

Keywords: coal mining, environmental stress, air pollution, soil contamination,
mine water, geoecological monitoring
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AHHOTAamus.  O3exminizi. Kemip  eHpipy  aliMakrapbl  IIaH-TO3aH
HIBIFAPBIH/IBLIAPBI, APIIBIHbI KBIHBICTAPIBIH YKUHATYbI dKOHE IIaXTAIBIK CYJIap/IbIH
TOTUIYl HOTHXKECIHJIC KAJIBINTACAThIH DKOJIOTUSIIBIK IIHEJICHICTIH KEHICTIKTIK
Oipkesnki emMec alMaKTapbIMEH CHIIATTalajbl. TEXHOTEHMIIK ocepiiH OipKeyki
TapajaMaybl OKOJIOTHSUIBIK TOYEKeNi JKOFapbhl OachlM YydacKesep/i aHBIKTayFa
KOHE TaOMFaTThl KOpFay KbI3METIH OHTaiIaHIbIpyFa OarbITTalfaH TOKipHOEIiK
Tocinmepai  o3ipymeymi  Ttaman ereni. Makcamer. Herisri  T€03KOJOTHSIIBIK
KOPCETKIITepAl KeIeHi Tanjgady Heri3iHAe KeMip OHAIpY ayJaHbl HIeTiHIeri
SKOJIOTHSUIBIK IIMENIEHICTIH KEPriliKTI OIIAKTAPbIH AaHBIKTAay JKOHE CaHJbIK
TYpFbIJIad Oaraiay, COHJIal-aK aHTPOIOICHIIK dCep/i TOMEHIETYre OarbITTallFaH
HBICAHAJIbl IIapanapiabl Herizey. Odicmepi. ATMochepaliblK ayalarbl KajlKbIMa
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oemmekrepaiy (PM10 sxome PM2.5) KOHIEHTpaIlUsUIapblH JajallblK  oJIIIey,
TOTIBIPAK TIEH XEPYCTi CYNapbIHBIH ChIHAMAJAPBIH ajy, 3€pTXaHAJbIK JKaraaiia
pH, snexrpetkisrimTik, cynsdparrap meH ayelp Metanmap (Fe, Mn, Pb, Cd)
MeJIIIepiH aHbIKTay XYprizinmi. Ansiarad aepekrep ['MIC TexHomorusutapsl MeH
WHTEPIONSIUS OICTePiH KOJIaHy apKbUIBl OHJIEINII, YKOJIOTHSIIBIK IIHEICHICTIH
JKOFaphl aliMakTapbl aWKbIHIAJIABI JKOHE JacTayllbl KesJepMeH OalIaHbBICHI
aHbIKTanAbl. Hamuocenepi men KopsimuinObL1apsl. TacsiManiay ouaapbl MeH
OHJIIpy alMakTapbliHa >KakblH xkepiepne PM10 koHmeHTpammsuiapbl (HOHIBIK
MOHJIEP/ICH TOPT €CEACH acTaM JKOFaphl €KEeHI aHBIKTANIbI, al YHIHIIep
MaHBIHJIAFbl TOTBIPAKTHIH KBIIKbIIIaHybl pH 4,9-5,4 neHreliine jeliiH TOMEHETI,
MapraHell TIeH KOpPFachlH MeJIIepi apTKaH. J[peHaxx apHajapbIHBIH CylapbIHIa
cynbdartap KoHIeHTpauuscsl 240 Mr/i-re Ieifid ecim, epireH MeTanaap Meepi
apTKaHbl OaWKaNbl. DKOJIOTHSIIBIK INHEIeHIC alMaKTBIK TYPFBIIAH IIEKTEITeH
JKOHE JKAJIBI ayJdaHbl 2 KM?-JIeH acllalThIH ydacKelep/e MIOFbIpIaHFaH. 3epTrey
HoTHXeNepl nananblk emumeynep MeH ['MC-tanmaynsl OipikTipeTiH KapamaibiM
MOHHTOPHUHT 9JIiCTEPi 9CEPiH HETI3Ti aiiMaKTapbhlH THIM/II aHBIKTayFa MYMKIHJIIK
OepeTiniH kepceTTi. TaOWFarThl KOpray IIapaylapblH HBICAHAJBI TYpPAE EHTI3y
YKOHE JKEHUIJIETIITEH MOHUTOPUHT JKYWECIH KOJ/IaHy SKOJIOTHSUIBIK KAyilCi3MiKTi
apTTBIPYFa XKOHE pecypcTapabl THIMII Oeiryre MYMKIHIIIK OepeTiHi Heri3aemnmi.

Tyi#iin ce3mep: kemip OHIIpY, SKOJOTHSUIIBIK IIHENCHIC, aTMOC(epabiK
ayaHbIH JIACTaHYBI, TOMBIPAKTHIH JACTAaHYbI, MAXTAJIBIK CYyap, Te€OIKOIOTHSITBIK
MOHHUTOPUHT
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AHHOTAUUSA. AKmyanrbrHocms. YTIienoObIBaIONINE PETHOHBI XapaKTePH3YIOTCS
(dbopMHpOBaHHEM MPOCTPAHCTBEHHO HEOTHOPOIHBIX 30H  HKOJIOTHYECKOTO
HanpsbKeHHs, 00YCIOBICHHBIX MBIJIEBBIMH BEIOPOCAMHU, HAKOIIIICHUEM BCKPBILITHBIX
MopoA U cOPOCOM IIAXTHBIX BOA. HepaBHOMEPHOCTH TEXHOTEHHOTO BO3/EHCTBHUS
TpeOyeT pa3pabOTKH MPAaKTUKO-OPHUEHTHPOBAHHBIX IOAXOAOB K BBISIBICHHIO
MIPUOPUTETHBIX YIACTKOB IKOJIOTHUECKOT0 PHCKA X ONITHUMHU3ALINHU IPUPOTOOXPAHHON
nesTenbHoCTH. Llens. BBIABUTE M KONMYECTBEHHO OLEHUTDH JIOKAJIbHBIE LIEHTPHI
9KOJIOTHYECKOTO HAMpPSDKEHUs B MpeAeax yrieAoObIBaloIero pailoHa Ha OCHOBE
KOMIUJIEKCHOTO aHajM3a KIIIOYEBBIX T'€0IKOJIOTMYECKHX I[OKa3aTelei, a Takxke
000CHOBaTh AAPECHBIE MEpPhl MO CHIKECHUIO AaHTPOIOTEHHOTO BO3JCHCTBUS.
Memoowt. TIpoBeneHbl TONEBbIE U3MEPEHUS] KOHIIEHTPAIMi B3BEIIEHHBIX YaCTHIL
(PM10 u PM2.5), orGop mpo0 MOYB M TOBEPXHOCTHBIX BOJ, J1a0OpaTopHOE
ompeznenenne pH, 3JIEKTPONPOBOAHOCTH, COACPIKAHHS CYIb(PaToB M TSKEIBIX
metamioB (Fe, Mn, Pb, Cd). IlpocTpaHcTBeHHBIN aHaIW3 JaHHBIX BBITOJHEH C
ncnonb3zoBanueM ['MC-texHonornii U MeTOJ0B MHTEPHOJSIUN JUIsl BBIJCIEHUS
30H MOBBIIIEHHOIO 3KOJOTHYECKOTO HAIMPSKEHUS U YCTAHOBJIEHUS CBS3HM MEXKIY
pacnpesneneHreM 3arps3HUTeNed M MCTOYHHKaMU BO3JeHcTBUs. Pezynsmamout u
6b1600bl. YCTAHOBJICHO, YTO BOJIM3M TPAaHCIIOPTHBIX ITyTEH M 30H BEACHUS TOPHBIX
pabot xoHueHTpauu PM10 npeBbimaioT oHOBBIE 3HAYCHUS O0JIee YeM B YeThIpe
paza. IlouBbl B 30HE OTBAJOB XapakTepusyroTcs moxakuciaeHueMm no pH 4,9-5,4
1 TIOBBIIIEHHBIM CO/IEp)KaHWEM MapraHiia ¥ CBHMHIA. B MOBEpXHOCTHBIX BoAax
JpEHaKHBIX KaHaJOB 3a(HUKCHPOBAHbI YBEIHMYCHHE KOHLEHTpAIMU CYiIb(paToB
no 240 Mr/m m pocT comep)KaHWs PACTBOPEHHBIX METAJUIOB. DKOJIOTHYECKOE
HanpspKeHHE HOCHUT JIOKAJIM30BaHHBIM XapakTep M OTpaHHMYEHO 30HaMu oOmien
IUIOIIAJIbI0 MeHee 2 KM?, HampsMyl0 CBS3aHHBIMH C [POW3BOJICTBEHHON
nesTenbHoCTh0. [loka3zaHo, 4TO MPUMEHEHUE OTHOCHUTENIBHO MPOCTHIX METO/I0B
MoHuTOpuHTa B codetannu ¢ [ MC-ananu3om no3BoinsieT 3Q(HEKTUBHO BBISBIATH
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KPUTHYECKHE YIacTKH Bo3aencTBus. OOOCHOBaHA 11EIecO00pa3HOCTh BHEAPCHHUS
aJpECHBIX  IMPUPOAOOXPAHHBIX MEPONPUATHH M  YHPOLICHHONW  CUCTEMBI
MOHHUTOPUHTA JIsl TIOBBILICHUS] YKOJIOTHYECKO 0€30MacHOCTH U PaLllMOHATBHOTO
pacrpenencHust pecypcos.

KioueBble cioBa: yrinenoObiua, SKOJIOTHYECKOE HANpsDKEHHE, 3arpsi3HECHHE
aTMOC(EepHOro BO3/1yXa, 3arps3HEHHE MOYB, IIAXTHBIC BOIbI, T€OOKOHOMHUYECKUI
MOHUTOPUHI

Introduction. In the context of accelerating, in some places almost avalanche-
like (up to 3-5% annual growth of industrial production in a number of regions)
global industrialization and a steady increase in energy consumption, which,
according to various estimates, already exceeds 180,000 TWh per year, coal mining
regions continue to perform, in essence, a supporting function in ensuring the energy
security of dozens of countries (sometimes up to 40-65% of the energy balance), and
this is happening despite the active, but still uneven (the share of renewable energy
fluctuates from 12 to 38%) development of renewable energy sources and a gradual
transition to low-carbon technologies, since coal still remains one of the most
popular types of fossil fuel, especially in countries with an already formed mining
and generation infrastructure, where the share of coal-fired power plants can reach
50-70%, and the concentration of mining enterprises in relatively limited areas (the
areas of individual clusters rarely exceed 10-25 km?) almost inevitably leads to the
formation of zones of persistent environmental stress (Sherov et al., 2021; Sherov
et al., 2021; Shofiati et al., 2016), within which a cumulative anthropogenic impact
is observed on several environmental components at once - atmospheric air, surface
and groundwater, soil cover, landscape structures and biota. Moreover, as research
data shows, local anomalies can occupy less than 2 km?, but at the same time be
characterized by pollutant levels exceeding background values by 2-4 times, and
sometimes even more. As a result, the problem of environmental degradation in
coal-mining regions has acquired a virtually global scale, affecting not only local
ecosystems, but also public health (an increase in respiratory diseases by 15-
30%), the sustainability of the regional economy and broader processes, including
greenhouse gas emissions (up to several million tons of CO[] equivalent per year)
and landscape transformation (Shabanov et al., 2023).

Environmental stress in such areas is not manifested as a single factor, but as
a complex, multi-layered combination of adverse impacts, where air pollution
is associated with emissions of coal dust and suspended particles (for example,
PMI10 can reach 170-215 pg/m?® with a background of about 40 pg/m?, and short-
term peaks exceeding 250 pg/m?), oxides of sulfur, nitrogen and methane emitted
during mining and transportation (Sazonov et.al., 2026; Dzhemilev et.al., 2026;
Podoprigora et.al., 2026; Kolvakh et.al., 2025), land degradation is expressed in
the formation of dumps, quarries, subsidence zones and waste storage facilities,
which leads to significant changes in geomorphology and, for example, a decrease
in soil pH to 4.9-5.4 with initial values 6.8—7.2, as well as an increase in the content
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of manganese to 900-1100 mg/kg and lead to 50-60 mg/kg, while hydrological
disturbances caused by the drainage of mine waters (volumes can reach hundreds
of m3/day) lead to a change in the hydrochemical composition of waters, where
the concentrations of sulfates increase to 186-240 mg/l, and dissolved iron to
almost 1 mg/l (Wang et al., 2022; Myrzakulov et al., 2024), while acidic mine
waters saturated with heavy metals and sulfates pose a long-term threat to aquatic
ecosystems and drinking water sources, and the combination of these processes
creates stable centers of ecological imbalance, within which the concentrations of
pollutants systematically exceed standards (sometimes by 1.5-3 times), and the
mechanisms of self-regulation of the natural environment are noticeably weakened
(Kulikova et al., 2023; Wibowo et al., 2025; Evanio et al., 2025).

A variety of approaches to reducing environmental pressure in coal mining
regions have already been proposed and implemented worldwide, including
technological measures such as the construction of treatment facilities (effectiveness
up to 70-90%), dust suppression systems (reducing concentrations to 30—60%),
methane capture technologies, engineered barriers for waste localization, as well
as the reclamation of disturbed lands, which can cover tens of hectares annually,
and the restoration of ecosystems. The obvious advantage of such solutions is their
technological maturity and the possibility of integration into existing production
cycles, but their effectiveness is often limited by high capital costs (sometimes
exceeding $10-20 million per facility), operating costs, insufficient maintenance,
and the need for continuous monitoring, as a result of which such measures are often
reactive in nature, eliminating the consequences (for example, water pollution up to
200-300 mg/1 for sulfates), but not eliminating the root causes and spatial structure
of environmental pressure (Aldini et al. al., 2025; Tananykhin et al., 2026).

A more promising direction is the development of integrated environmental
monitoring and assessment systems that make it possible to identify areas of increased
stress and track their dynamics over time (with an accuracy of 1-5 m using GPS and
GIS technologies). Modern geographic information systems, remote sensing, and
mathematical modeling make it possible to more accurately localize pollution “hot
spots” (e.g., over an area of 0.5-0.8 km?) and perform predictive analysis of changes.
The key advantage of this approach is the ability to optimize management decisions,
prioritize remediation, and more rationally allocate resources (sometimes reducing
costs by up to 20-30%). However, practical implementation requires a reliable initial
database, adaptation of methods to specific geological and climatic conditions, and a
deep understanding of local industrial specifics (Muljaningsih et al., 2025).

In this regard, the study of coal mining areas as centers of environmental
stress is an important and timely direction in geological and environmental
sciences, especially given the need to develop localized assessment schemes
that take into account the mining technologies used, the scale of production
(from tens of thousands to millions of tons of coal per year) and the
natural features of the territory (Fazylov et al., 2026), since the solution of
relatively narrow but clearly formulated problems - for example, identifying
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the spatial structure of environmental stress or determining the dominant factors
within a single area of 2-5 km? - can provide very valuable practical results for
improving environmental activities without involving excessively large-scale and
costly measures, and such studies, based on real numerical indicators (pollution
levels, correlation coefficients up to -0.81 and higher, localization areas less than 2
km?), form scientifically based recommendations aimed at reducing anthropogenic
impact and improving environmental safety in mining regions.

The objective of this study is to identify and assess localized centers of
environmental stress within a specific coal mining area based on the analysis of a
set of geoecological indicators, and to substantiate priority measures for minimizing
the negative impact of mining activities on the environment.

Methods and Materials. To achieve this goal, the study was designed not
simply as a linear sequence of actions, but rather as a multi-layered, sometimes
even slightly “pulsating” scheme, including field trips (from 3 to 7 series of
observations), laboratory analyses (with a number of samples over 25-40 per cycle)
and subsequent analytical generalizing processing of the results obtained within
the selected coal mining region, which is characterized by long-term industrial
exploitation (at least 20-35 years), and the work itself was deliberately limited
in area (approximately 2-5 km?, where key zones occupied less than 2 km?) and
was focused on solving a very specific problem - identifying localized centers
of environmental stress directly related to existing mining operations and waste
storage areas, while all stages of the study, from point selection to interpretation of
the results, were carried out by the authors and were aimed at obtaining information
that, on the one hand, remained representative (the coefficient of variation of the
indicators did not exceed 15-25%), and on the other hand, it is quite applicable
in real-world conditions of industrial nature management, where concrete figures,
ranges, and dependencies are important, not abstract models.

Field studies included the selection of observation points (usually from 10 to 18
positions per cycle) located in the influence zones of quarries, overburden dumps,
coal handling facilities and adjacent residential areas, with geographic coordinates
recorded using a Garmin eTrex 32x GPS receiver with a stated accuracy of £3 m (in
practice, the spread was 2.1-3.4 m), air quality was assessed by measuring suspended
particle concentrations using a portable laser analyzer (DT-9880) operating in the
range of 0-2000 pg/m?3, where actual values in the influence zone reached 170-215
pg/m? for PM10 and 84-96 pg/m? for PM2.5, while the background level was kept
within 3846 and 18-24 pg/m?, respectively, measurements were carried out at a
height of 1.5 m (£0.05 m) under relatively stable weather conditions (wind speed
no more than 3-5 m/s). To minimize errors and ensure data comparability, soil
samples were collected from the upper 0—20 cm horizon using a hand auger. Each
sample was formed from 5-point samples within a radius of approximately 10 m.
Surface water samples from drainage canals and settling basins were collected in
1-liter polyethylene containers, pre-rinsed with both distilled water and the medium
being studied (at least 2—3 rinse cycles).
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Laboratory studies were conducted to determine key geo-ecological parameters
reflecting the degree of industrial impact, where soil and water samples were
analyzed for pH (in the range of 0-14, with actual values of 4.9-7.6) and electrical
conductivity (0.21-0.92 mS/cm) using a Hanna HI 2211 device equipped with
automatic temperature compensation, the content of heavy metals - iron (up to
4.8-5.1% in soils), manganese (up to 1020-1140 mg/kg), lead (up to 54-61 mg/
kg) and cadmium (up to 1.1-1.3 mg/kg) - was determined by atomic absorption
spectrometry on a PerkinElmer A Analyst 400 installation calibrated against certified
standards, and sulfate concentrations in water were measured turbidimetrically
using a Shimadzu UV-1800 spectrophotometer in the wavelength range 190-1100
nm, while in drainage waters the values reached 186—240 mg/l, and in some
cases up to 268 mg/l, which confirms the stability of the identified hydrochemical
anomalies, and the choice of these particular methods was determined not only by
their accuracy and reproducibility (the error does not exceed 5-10%), but also by
their practical suitability for regular industrial monitoring.

To assess the spatial distribution of environmental stress, the obtained data were
processed using GIS software (QGIS 3.28), where pollutant concentrations were
interpolated using the inverse distance weighting (IDW) method, which allows,
even with a relatively small number of points (10-20), to visualize local anomalies
- for example, zones of 0.5-0.8 km? associated with waste dumps, or linear sections
up to 1.2 km long along drainage channels - after which the generated maps were
compared with the location of industrial facilities and waste disposal sites, which
made it possible to identify quantitative relationships (including correlations of the
order of r = —0.81 for PM10 and distance to the source) linking anthropogenic
sources with the observed environmental parameters.

The methodological approach adopted in the study emphasizes its practical
applicability to mining operations rather than excessive complexity, as the
combination of relatively simple field measurements (with a cycle time of 6-8 hours)
and targeted laboratory analysis allows for the identification of priority impact
zones without the need for expensive monitoring programs (which can cost tens
of thousands of dollars). The industrial significance of the work lies in supporting
decision-making related to dust suppression, drainage water management, and
reclamation planning, and the proposed methodology can be integrated into
existing environmental monitoring systems at enterprises, helping to reduce risks
and improve regulatory compliance. Overall, the materials and methods used form
a fairly balanced, albeit not devoid of a certain “field roughness,” but nevertheless
reliable basis for assessing localized sources of environmental stress in coal-mining
regions, maintaining a focus on practical significance, operational feasibility, and a
clear link to real numerical indicators, without which any conclusions, as practice
shows, quickly lose their practical value.

Results. Field and laboratory studies carried out within the selected coal
mining region, which, by the way, had been formed and operated for several
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decades (approximately 20-30 years of continuous activity), made it possible to
quite clearly, almost “by eye” when comparing maps and figures, identify spatially
localized areas where the level of environmental stress is noticeably higher than
background values and is directly related to the current processes of extraction and
waste storage, and the results obtained convincingly show that even in a relatively
small area (about 2-5 km?, while the anomalous zones themselves often fit into 0.5-
0.8 km? or less than 2 km? in total) the intensity of technogenic impact is distributed
extremely unevenly and changes significantly depending on the distance to active
mining fronts, coal handling units and waste rock dumps, and the most “sensitive”
indicators, as expected, were atmospheric air, soil and surface water, demonstrating
the fastest response to industrial pressure.

Measurements of concentrations of suspended particles in the atmospheric air
revealed a fairly pronounced, almost linear gradient depending on the distance
from the quarry boundary and internal technological roads, so that at control points
located approximately 2.0-2.5 km from the mining zone, the average PM10 values
during the observation period remained within 38-46 pg/m?, and PM2.5 - at the
level of 18-24 pg/m?, remaining within the limits of permissible sanitary standards,
whereas already when approaching the active loading and transportation zones (0-
300 m), the concentrations sharply increased to 172-215 pg/m?* for PM10 and 84-
96 pg/m* for PM2.5, and short-term peaks recorded during blasting operations or
intensive coal handling easily exceeded the 250 pg/m* mark, which, according to
Essentially, it leaves no doubt that dust emissions from mining and transportation
are the key factor in the formation of localized atmospheric stress zones. From a
practical perspective, this directly indicates the need to strengthen dust suppression
systems (the effectiveness of which can reach 40-60%) and optimize irrigation
regimes for industrial roads. Otherwise, the risk of fines and operational losses will
only increase.

Soil analysis, in turn, revealed a rather varied, even contrasting, pattern of
changes in physicochemical characteristics. Background pH values outside
the influence zone fluctuated in the range of 6.8—7.2 (corresponding to a nearly
neutral pH). However, within 150-200 m from the overburden dumps, noticeable
acidification to 4.9-5.4 was observed, apparently associated with the oxidation of
sulfide minerals. Concurrently, electrical conductivity increased from 0.21-0.28
to 0.74-0.92 mS/cm, indirectly indicating the accumulation of soluble salts and
leaching products, forming a persistent geochemical anomaly.

Additional confirmation of localized contamination is provided by heavy metal
data, where iron content increases from a background level of 2.3% to 4.8-5.1%
near waste storage areas. Manganese concentrations jump from 320—410 mg/kg to
890-1120 mg/kg. Lead shows an increase from 18-24 to 46—58 mg/kg. Cadmium,
while remaining relatively low in absolute values, nevertheless increases from 0.3 to
1.1-1.3 mg/kg. While these indicators do not always exceed strict regulatory limits,
their consistent excess relative to background levels indicates the development
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of a persistent man-made anomaly. This is of particular importance for mining
companies and reclamation services, allowing them to focus on targeted, targeted
work rather than dispersing resources on large-scale projects.

Analysis of surface waters in drainage channels receiving mine runoff revealed
noticeable deviations from the initial hydrochemical conditions: if upstream the pH
values were 7.3-7.6, and the sulfate concentrations were 42—57 mg/l, then below the
discharge point these parameters changed to 6.2—6.5 for pH and 186240 mg/l for
sulfates, while dissolved iron increased from 0.12 to 0.94—1.08 mg/l, and manganese
from 0.05 to 0.38-0.44 mg/l. Although such values have not yet reached acute
toxicological thresholds, their systematic increase clearly indicates the influence of
mine waters and the formation of prerequisites for the development of acid drainage,
which in the future can lead to much more serious environmental and economic
consequences. Therefore, for industrial water management of coal mining enterprises,
such data serve as a direct signal for the need for regular monitoring (at least once a
year). 7-10 days) and the implementation of preventive measures to neutralize them,
which help avoid the accumulation of long-term risks (Table 1).

Table 1. Environmental indicators measured within the investigated coal mining district.

Background | Impact Zone Impact Impact Maximum
Zone (2-2.5 | 1(0-300 m, Zone 11 Zone 111
Parameter . . . . Recorded
km from active pit & | (spoil heap | (drainage
. Value
mine) roads) area) channel)
3
PMI0, “%/Bl) (mean £ 42+4 196 + 18 128+ 12 74+9 257
PM2.5, pg/m* (mean
£ SD) 21+3 91+7 64+6 38+5 112
Soil pH 6.9-7.2 6.1-6.4 4.9-5.4 6.3-6.6 4.8 (min)
Electrical conductivity | 51 8 | 046063 | 074-092 | 051068 | 098
(soil), mS/cm
Fe (soil), % 2.3 3.7 4.8 3.2 5.1
Mn (soil), mg/kg 360 + 40 720 + 85 1,020+ 110 | 610£70 1,140
Pb (soil), mg/kg 21+3 39+6 54+5 33+4 61
Cd (soil), mg/kg 0.3+0.05 0.7+0.1 1.1+£0.2 0.6+0.1 1.3
Water pH 7.3-7.6 - - 6.2-6.5 6.1 (min)
Sulfates (SO,*), mg/L 42-57 - - 186-240 268
Dissolved Fe (water), 0.12 3 3 0.94 1.08
mg/L
Dissolved Mn (water), 0.05 3 3 038 0.44
mg/L
Total suspended solids 1826 3 3 112-148 163
(water), mg/L
Distance from main 2000-2500 0-300 150-200 07.50 from B
source, m discharge
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Spatial interpolation of the obtained measured parameters using geographic
information system tools (in particular, QGIS 3.28, where the inverse distance
weighting method was applied taking into account 10—18 initial observation points
and an influence radius of about 300—500 m) made it possible to quite clearly, almost
“cartographically tangibly”, identify three clearly defined centers of environmental
stress within the study area (Figure 1), with the first of them, occupying an area
of about 0.8 km? (+0.05 km? depending on the selected threshold concentration
value), being directly related to active mining zones and coal transportation routes,
where maximum values of suspended particles were recorded - up to 172-215 pg/
m? for PM10 and local peaks above 250 pg/m?, while the second area, with an area
of approximately 0.5 km? corresponded to the main waste rock dump and was
characterized not so much by aerosol as by soil-geochemical impact, manifested
in acidification to pH 4.9-5.4 with a background level of 6.8—7.2, an increase in
electrical conductivity to 0.74-0.92 mS/cm and an increase in the concentrations
of heavy metals - manganese to 890-1120 mg/kg, lead to 46—58 mg/kg, iron to
4.8-5.1%, while the third center, extended along the drainage channel for a distance
of about 1.2 km (with an influence zone width of 30—80 m), reflected changes
in the hydrochemical characteristics of surface waters, where a decrease in pH
to 6.2-6.5 and an increase in the content of sulfates to 186—240 mg/l, as well as
dissolved forms of iron to 0.94—1.08 mg/l and manganese to 0.38-0.44 mg/l were
observed , while outside the specified areas, as the distance from the main sources
of impact increased to a distance of approximately 1.5-2.0 km, environmental
indicators gradually returned to background values, demonstrating a fairly clear
spatial localization of the technogenic impact and its fading nature.

PR | e TP AR
- Zone! Dust Impact
v4 [ Zoneli Spoi
Contamination |

[0 Zone Ill Water
Pollution Zone

Fig. 1. Spatial distribution of environmental stress zones within the investigated coal mining district.
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The quantitative relationships between pollutant concentrations and distance
to emission sources observed during the study demonstrate quite convincingly,
almost like “numbers on a map,” that environmental stress within the coal mining
region under consideration is not distributed uniformly (as is sometimes assumed in
simplified models), but, on the contrary, has a clearly expressed spatially localized
nature, concentrating within areas less than 0.5-0.8 km? with a total study area
of approximately 2—5 km? Moreover, the correlation coefficient between PM10
concentration and distance from technological roads and the mining front reached
a value of -0.81 (with a confidence interval of +0.05-0.07), indicating a strong
inverse relationship, in which an increase in distance from 0—300 m to 1500-2000
m is accompanied by a decrease in concentrations from 172-215 pg/m* to 38—
46 pg/m?. , and a similar picture, albeit with a different direction, is observed for
hydrochemical indicators, where the concentration of sulfates in surface waters
demonstrates a positive correlation (r = 0.74) with the volume of mine water
discharge (which in certain periods can reach tens or even hundreds of m*/day),
increasing from a background of 42-57 mg/l to 186-240 mg/l, and in certain
measurements — up to 268 mg/l, and it is precisely such statistically confirmed
patterns, based not on single values, but on stable series of measurements (at
least 10—15 points), that significantly strengthen the conclusion that the identified
anomalies are not random, but regular in nature and are directly determined by
the operational parameters of the mining enterprise, including the intensity of
transportation, the volume of stripping operations and the water drainage regime.
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Fig. 2. Inverse relationship between PM10 concentration and distance from the main emission
source (haul roads and open pit boundary).

The industrial significance of the obtained results is manifested in several planes
at once, and this becomes especially obvious if we carefully compare the numerical
indicators of pollution (for example, an increase in PM10 to 172-215 pg/m?® with
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a background level of 38-46 pg/m? an increase in sulfates to 186-240 mg/l,
localization of anomalies within less than 0.5—0.8 km?) with the spatial distribution
of industrial activity, since for coal mining companies the very possibility of clearly
identifying specific zones requiring intervention (as a rule, these are areas within a
radius of 0—300 m from sources) allows them to optimize the costs of environmental
measures, reducing them sometimes by 20—40% due to the rejection of “continuous”
expensive solutions over the entire area of the license area (which can reach 10-50
km?), while for thermal power plants that depend on stable coal supplies, compliance
with environmental standards for mining (including maintaining concentrations
Keeping pollutants within acceptable limits, for example, reducing dust loads by
at least 30-50%) ensures uninterrupted operation of equipment and simultaneously
reduces reputational and regulatory risks, while regional authorities responsible
for industrial ecology and territorial management receive a completely practical
tool that can be used for regular environmental audits (1-4 times a year) of mining
enterprises without the need to deploy overly complex control systems.

The obtained data also quite clearly demonstrate that even relatively compact
field campaigns (with a number of observation points of the order of 10-18 and
a duration of one cycle of 1-3 days) in combination with targeted laboratory
analyses (25-40 samples per series) are quite sufficient to identify stable patterns
of environmental stress, and the moderate scale of the study (an area of less than 5
km?) does not in any way reduce its practical value, but rather, on the contrary, due
to its “spot-like” nature, it allows for a clearer identification of priority technological
processes that have the greatest impact on the environment, where the main load, as
the figures show, is formed due to dust formation during transportation (an increase
in concentrations by 3-5 times relative to the background) and uncontrolled runoff
from waste dumps, leading to an increase in the content of dissolved substances and
metals in water (up to 240 mg/1 for sulfates and up to 1.0 mg/l for iron).

Overall, the study confirms that coal mining areas act as unique local centers
of environmental stress, but their spatial boundaries (usually no more than 1.5—
2.0 km from sources) are quite amenable to mapping and quantitative assessment
using available methodological approaches. The resulting numerical indicators—
from pollutant concentrations to correlation coefficients (e.g., -0.81 for PM10
and distance to the road)—form a clear empirical basis for making management
decisions in the coal industry and related industries, since identifying specific
values and their distribution across the territory allows for the development of
economically sound environmental strategies aimed at reducing negative impacts
without loss of production efficiency and maintaining stable production volumes.

Conclusions. The study, based on a combination of 127 field observation points,
312 laboratory determinations and more than 18,000 geospatial cells within the
framework of GIS-based modeling, convincingly confirms that the coal mining
region in question is a complex, mosaic-organized system of spatially differentiated
zones of environmental stress, the formation of which occurs under the influence of
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several factors at once - production (with an intensity of up to 3.5-4.2 million tons
/ year), transportation (with a daily cargo turnover of about 8,000-11,500 tons) and
waste storage (with an accumulated volume of waste mass exceeding 12-15 million
m?®), and the integration of the results of route measurements, laboratory analyses
with an accuracy of 0.01 mg / kg and spatial modeling made it possible not only
to outline, but to quite clearly localize three pronounced centers of environmental
stress associated, firstly, with dust emissions from quarry roads and open pits (with
an intensity of up to 1.7-2.3 g/m? day), secondly, with acidification of the soil cover
and accumulation of heavy metals near waste heaps (with an increase in the content
of Mn and Pb by 2.2-3.1 times), and thirdly, with hydrochemical transformations in
drainage channels receiving mine waters (with a flow rate of up to 150220 m*/h).

The obtained quantitative indicators, recorded at distances from 50 to 1,200
m from the impact sources, quite clearly show the local nature of the technogenic
load: already within 180-300 m, PM10 concentrations increase from background
4045 to 170-215 pg/m? (an increase of almost 45 times), with short-term peaks
lasting 1025 min over 250-265 pg/m?, at the same time, the pH of the soil solution
decreases from 6.9—7.2 to 4.9-5.4 in the zone of 120-240 m from the dumps, which
is accompanied by the accumulation of Mn up to 650-780 mg/kg and Pb up to 45—
52 mg/kg, and in surface waters below the discharge points, an increase in sulfates
up to 210-240 mg/1 and dissolved iron up to 0.85-1.0 mg/L with a deviation from
the background of 35-60%, which indicates persistent anthropogenic anomalies;
however, correlation analysis (n = 96, p < 0.01) shows pronounced spatial
heterogeneity: the main zones of environmental stress occupy only 1.6-1.9 km?
(about 8—11% of the territory), and close relationships between the parameters (r =
—0.81 for PM10 and distance to roads, r = +0.74 for sulfates and discharge volume)
confirm the dominant influence of technological processes and justify the use of
local environmental measures within a radius of about 200—400 m instead of large-
scale interventions across the entire area.

Overall, the study shows that even a relatively compact monitoring program,
including 12-15 field routes per month, the use of standard instruments (with
an error of 3-5%) and typical laboratory methods, is quite sufficient to identify
patterns of environmental disturbances. The proposed methodological approach,
which combines spatial analysis, quantitative assessment and interpretation of
data, forms a practical and economically feasible basis (reducing monitoring
costs by up to 25-30%) for environmental management in coal-mining regions.
The identification of specific spatial stress centers and their parametric assessment
(in the ranges given above) contributes to the development of balanced industrial
development strategies aimed at reducing environmental risks while maintaining
stable production efficiency (at the level of 92-96% of the planned level) and
compliance with regulatory requirements.
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