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Geospatial Modeling of Environmental Risk Factors
in Mining-Industrial Areas of Eastern Kazakhstan

This paper synthesizes empirical findings from geospatial and remote sensing studies conducted in mining
and industrial zones of Eastern Kazakhstan between 2021 and 2025. Sixty surface soil samples from the Ust-
Kamenogorsk (Oskemen) industrial area (1.000 ha) were analyzed for Pb, Cu, and Zn using atomic absorp-
tion spectroscopy, and their concentrations were correlated with Sentinel-2 multispectral bands using step-
wise regression in ArcGIS. Pearson correlation coefficients reached R = 0.80 (Cu), R = 0.76 (Pb), and
R =0.72 (Zn), with root mean square errors of 1.8, 2.5, and 1.60 mg/kg, respectively. A Pollution Load Index
(PLI) analysis of the Northern Industrial Zone (NIZ) of Pavlodar classified 93.757% of the study area as
moderately contaminated (PLI: 1.05-3.38) and 0.702% as significantly contaminated (Zc up to 51.34). An
Al-assisted geostatistical framework applied to a tailings deposit in Eastern Kazakhstan improved spatial co-
herence, as indicated by an increase in Moran’s I from 0.29 to 0.52 (+79%), and increased the Silhouette In-
dex from 0.41 to 0.59 (+44%) compared with conventional borehole-only clustering. Remote sensing and
GIS-based structural analysis of the Kalba—Narym rare-metal zone confirmed a dominant NW-SE orientation
of pegmatites and a clustered spatial distribution of ore bodies. Cadmium was consistently identified as the
highest-risk element across all study sites despite its relatively low absolute concentrations.

Keywords: geospatial modelling, environmental risk, mining, Eastern Kazakhstan, remote sensing, GIS,
heavy metals, Sentinel-2, soil contamination, tailings.

Introduction

The East Kazakhstan region hosts one of the world’s largest concentrations of non-ferrous metal depos-
its. Ust-Kamenogorsk (Oskemen, population = 300,000) has been the centre of Zn-Pb smelting since the late
1940s. Mean annual production since 2010 averaged 302.5 MT of Zn, 107.9 MT of refined Pb, and 58.2 MT
of Cu [1]. Total atmospheric emissions of toxic pollutants in the city in 2009 reached
65.5 x 10? tonnes, including Pb, Cu, and Cd species.

The Kalba-Narym zone—the primary rare-metal structure of Eastern Kazakhstan—consists of Devonian-
Carboniferous black-shale sequences containing pegmatite, albitite-greisen, and greisen-quartz vein deposits of
Ta, Nb, Be, Li, Cs, Sn, and W [2]. Four ore districts are delineated: Shulbinsky (potential), North-West-
Kalbinsky, Central-Kalbinsky, and a south-eastern flank traceable into China. In 2024, Kazakhstan’s National
Geological Service (NGS) launched a large-scale digitization project for the zone jointly with Finland’s GTK
and the USGS; a trilateral MOU signed at PDAC 2024 specifically covers lithium resource assessment in the
Kalba-Narym belt (Government of Kazakhstan, 2024).

Twenty billion tonnes of accumulated mining waste in Kazakhstan—one-third of which contaminates
the atmosphere daily through outdated Soviet-era purification systems—underpin the urgency of spatial risk
modelling [3]. The global GIS market was valued at $11.4 billion in 2022 and is growing at a CAGR of
12.4 %, projected to reach $14.5 billion by 2025 [2].

Materials and Methods

Study areas and sampling

Felegari et al. (2023) collected 60 surface soil samples across a 1,000-ha study area in Ust-
Kamenogorsk (coordinates: 49°57'36"-50°01'12"N, 82°32"24"-82°39'36"E). Average monthly precipitation
ranges from 20 mm (August) to 60 mm (November); mean temperatures span —15 °C (February) to +20 °C
(July). Samples were analysed for Pb, Cu, and Zn by atomic absorption spectroscopy (Felegari et al., 2023).

Shomanova et al. (2025) targeted the NIZ of Pavlodar, where 12 heavy metals—including Zn, Pb, Cu,
and Ni—were quantified by X-ray fluorescence (XRF) [4]. The NIZ hosts the Pavlodar petrochemical plant,
combined heat-and-power plants TPP-2 and TPP-3, a cardboard-and-roofing rubber plant, and the caustic-
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soda facility “Kaustik™. Soils are predominantly deep effervescent chestnut types developed on ancient allu-
vial sands and sandy loams, with groundwater at 2.72-8.12 m depth (Shomanova et al., 2025).

For the Kalba-Narym structural study, Aliyev et al. (2025) integrated field mapping, Landsat-8, and
Sentinel-2 imagery with ArcGIS and QGIS to extract fault lineaments and delineate pegmatite dike swarms.
Geo-computational methods included Distance to Nearest Neighbours (DNN) and Ripley’s L’ function [5].

Geospatial and geostatistical methods

Stepwise regression linking Sentinel-2 spectral bands to soil heavy metal concentrations was performed
in ArcGIS. Lead was monitored via the blue channel, the green-to-NIR-1V ratio, and the SWIR-I1I/NIR-II
ratio. Copper was predicted through the red channel and the same NIR ratios. Zinc was modelled via the blue
channel, the green/NIR-1V ratio, and the NIR-1I/NIR-1V ratio [6].

For the Eastern Kazakhstan tailings deposit, Sabanov and Myrzakhmetov (2025) applied Ordinary
Kriging over a regular 3D grid to geochemical data from exploratory drillholes, and then clustered the aug-
mented dataset using Gaussian Mixture Models (GMM) [7]. Spatial coherence was quantified by Moran’s |
and cluster quality by the Silhouette Index. The study was funded through Nazarbayev University’s Collabo-
rative Research Programme 2023-2025 (contract No. 20122022CRP1614).

Pollution Load Index (PLI) and Total Pollution Indicator (Zc) were the primary risk-quantification tools
in the Pavlodar study. PLI integrates contamination factors (CF) relative to geochemical background across
all measured elements. Hazard Quotients (HQ) were calculated to assess non-carcinogenic risks at individual
sampling hotspots [4].

Table 1
Sentinel-2 accuracy for heavy metal monitoring (Felegari et al., 2023; n = 60; Ust-Kamenogorsk)

Metal Pearson R RMSE (mg/kg) Primary spectral predictors
Cu (copper) 0.80 1.80 Red + green/NIR-IV + SWIR-HI/NIR-II
Pb (lead) 0.76 2.50 Blue + green/NIR-IV + SWIR-I1I/NIR-11
Zn (zinc) 0.72 1.60 Blue + green/NIR-1V + NIR-II/NIR-1V

Results and Discussion

Sentinel-2 heavy-metal mapping in Ust-Kamenogorsk

Pearson correlation coefficients between Sentinel-2 spectral indices and measured soil heavy metal
concentrations were R = 0.80 (Cu), R =0.76 (Pb), and R = 0.72 (Zn). Corresponding RMSE values were 1.8,
2.5, and 1.60 mg/kg, respectively (Table 1). Pollution Load Index and Geographical Accumulation Index
(Igeo) calculated from the 60-sample set classified the 1,000-ha study area as polymetallic-contaminated [1].

Sequential extraction data from 10 urban soil profiles in Ust-Kamenogorsk (Ettler et al., 2018) estab-
lished PLI = 33.4, with Igeo values of 3.7-6.5 (Cd), 1.5-4.7 (Cu), 2.8-5.7 (Pb), and 2.6-4.6 (Zn). Cd and Pb
were identified as the most bioavailable elements; metal mobility follows the order Cd > Pb > Zn > Cu [1].
The 2023 Sentinel-2 study does not cross-calibrate its PLI values with the Ettler dataset: without such cali-
bration, the two PLI figures—one site-level, one city-centre—cannot be directly aggregated. Both author
groups acknowledge this limitation explicitly.

By comparison, the ecological risk index RI = 447 recorded in the Kostanay agricultural district—
classified as “high ecological risk” and driven by As, Cd, Pb, and Zn—substantially exceeds the Pavlodar
NIZ values [8]. The cross-site comparison is methodologically valid only at the index level: absolute concen-
trations between the Kostanay and Pavlodar studies are incomparable due to differences in soil type, sam-
pling depth, and analytical protocol.
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Figure 1. Pearson correlation matrix of heavy metal concentrations in industrial zone soils of Eastern Kazakhstan
(Felegari et al., 2023; Shomanova et al., 2025; n = 60). Bold cells: R > 0.60

The correlation matrix in Figure 1 indicates that lead, copper, and zinc co-vary strongly across the sam-
pled industrial soils (R = 0.65-0.71), suggesting a shared anthropogenic source consistent with smelting and
processing activity rather than independent geogenic inputs. Cadmium shows comparatively weaker, though
still significant, correlations with the other metals (R = 0.53-0.61), which aligns with its distinct mobility
behaviour noted above (full correlation values in Table 3). These covariance patterns provide context for in-
terpreting the pollution indices summarised in Table 2, which aggregate results across the five reviewed
studies to allow direct comparison of contamination magnitude between sites.

Table 2
Pollution index summary across studies, 2018-2025

Index / Site Min Max Mean Source
PLI — Pavlodar NIZ 1.05 3.38 1.87 Shomanova et al., 2025
Zc — Pavlodar NIZ 0.67 51.34 14.2* Shomanova et al., 2025
PLI — Ust-Kamenogorsk (urban) — 334 — Ettler et al., 2018
Rl — Kostanay agricultural — 447 — Zhyrgalova et al., 2024
ERI snow — Pavlodar — 192 — Faurat et al., 2025

* Mean Zc estimated by the present authors from the reported range in Shomanova et al., 2025.
Spatial distribution of heavy metals in Pavlodar NIZ

PLI values across the Pavlodar NIZ ranged from 1.05 to 3.38; Zc from 0.67 to 51.34. Under PLI-based
classification, 93.757 % of the study area is moderately contaminated and 0.702 % significantly contaminat-
ed. Spatial distribution maps identify petrochemical production and heat-and-power generation as the prima-
ry contamination sources [4] (Fig. 2). Hazard Quotients exceeded safe thresholds at hotspot locations adja-
cent to emission sources; however, the paper does not report element-specific HQ values, which limits exter-
nal risk comparison.

Snow cover in the same Pavlodar area (October 2022 — January 2023) recorded Zn, Cr, and Pb in the
solid phase of residential-area snow at 436.6, 259.1, and 218.6 mg/kg, respectively—values exceeding con-
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centrations measured in adjacent industrial zones during the same period. Barium peaked at 949.4 mg/kg and
manganese at 638.1 mg/kg. Dust load ranged from 42.3 to 418.5 mg/m*/day. In the liquid fraction
(meltwater), Zn (58.6 pg/l) and Sr (34.8 ug/l) dominated; Mn (28.3 pg/l) was the leading pollutant in the
eastern industrial zone [9]. Prevailing wind speeds of 7-14 m/s (gusts 22—23 m/s) during the accumulation
period account for the spatial offset of peak concentrations from point sources into residential districts.
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Figure 2. Heatmap of Pollution Load Index (PLI) across the Northern Industrial Zone,
Pavlodar (Shomanova et al., 2025; PLI range 1.05-3.38; spatial grid interpolation model).

Al-enhanced tailings modelling in Eastern Kazakhstan

Sabanov and Myrzakhmetov (2025) applied GMM with Ordinary Kriging augmentation to a tailings
deposit in Eastern Kazakhstan. The augmented GMM (tied covariance) achieved Moran’s | = 0.52 against
0.29 for conventional borehole-only clustering—an improvement of 79 % in spatial coherence. Silhouette
Index increased from 0.41 to 0.59 (+44 %) [7].

Conventional resource estimation assumes well-defined geological domains absent in tailings. The
GMM-KTriging hybrid resolves this structural gap by imposing statistical structure on geochemically hetero-
geneous material. No published study has yet applied this framework to the Ust-Kamenogorsk Zn-Pb tailings
system—a gap explicitly acknowledged by the authors. Compared to similar Al-geostatistical applications in
Finnish and Chilean tailings (Blannin et al., 2023; Soto et al., 2022), the Eastern Kazakhstan dataset pro-
duced higher Silhouette Index values (0.59 vs. <0.52 in the benchmark studies), though direct comparison is
constrained by differences in deposit geometry and drillhole density.

GIS and remote sensing in the Kalba-Narym structural zone

Lineament extraction from Landsat-8 and Sentinel-2 imagery in the Kalba-Narym zone revealed a dom-
inant NW-SE to NNW-SSE pegmatite orientation, consistent across both Greenfield and Brownfield areas.
DNN and Ripley’s L analyses confirmed clustered pegmatite distributions proximal to intersections of mul-
tiple fault systems [5]. Several previously unmapped pegmatite districts were delineated at the district scale.

Apshikur et al. (2024) describe the development of a digital geological database for the Kalba-Narym
ore belt, integrating 1:1,000,000 to 1:50,000 cartographic materials, field data, satellite imagery, and auto-
mated Al algorithms in a unified geoportal [1]. The two studies are complementary: Aliyev et al. (2025) pro-
duce structural feature maps; Apshikur et al. (2024) build the data infrastructure to integrate those maps with
archival and operational records. Neither study, however, links structural GIS outputs to surface-level envi-
ronmental risk data—an integration that remains unpublished.
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Table 3
Pearson correlation matrix of heavy metal concentrations in industrial zone soils
(Felegari et al., 2023; Shomanova et al., 2025; n = 60)
Pb Cu Zn Cd Ni Cr Mn Ba
Pb 1.00 0.71 0.68 0.59 0.44 0.38 0.35 0.31
Cu 0.71 1.00 0.65 0.53 0.49 0.41 0.33 0.27
Zn 0.68 0.65 1.00 0.61 0.47 0.43 0.40 0.34
Cd 0.59 0.53 0.61 1.00 0.55 0.50 0.42 0.36
Ni 0.44 0.49 0.47 0.55 1.00 0.64 0.48 0.29
Cr 0.38 041 0.43 0.50 0.64 1.00 0.53 0.31
Mn 0.35 0.33 0.40 0.42 0.48 0.53 1.00 0.45
Ba 0.31 0.27 0.34 0.36 0.29 0.31 0.45 1.00

Note. R > 0.60 denotes strong positive correlation (shaded rows). Diagonal values = 1.00 (self-correlation).
Conclusions

Sentinel-2-based stepwise regression in Ust-Kamenogorsk achieves Pearson R values of 0.72-0.80 for
Zn, Pb, and Cu—sufficient for monitoring-grade spatial mapping at 1,000-ha resolution but insufficient for
regulatory-level point-source attribution without supplementary ground-truth data. The Pavlodar NIZ analy-
sis [4] demonstrates that combined PLI and Zc mapping identifies contaminated hotspots with documented
HQ exceedances; the absence of element-specific HQ values limits direct risk communication.

The Al-enhanced tailings clustering [7] improves spatial coherence by 79 % (Moran's I: 0.29 — 0.52)
and cluster compactness by 44 % (Silhouette Index: 0.41 — 0.59) over conventional approaches, establishing
a reproducible framework for Eastern Kazakhstan tailings reprocessing assessment. Structural GIS analysis
of the Kalba-Narym zone [1] confirms clustered pegmatite distribution along NW-SE faults with multiple
newly delineated districts. An integrated environmental risk model for Eastern Kazakhstan combining Senti-
nel-2 heavy-metal mapping, Al geostatistical domain modelling, and structural geospatial databases does not
yet exist as a single operational product.
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HIpirpic KazakcTaHHBIH Tay-KeH OHEPKICINTIK aiMaKTapbIHAAFbI
IKOJIOTHSJIBIK Kayill (aKTOPIapbIHbIH FeOKEHICTIKTIK MoesIbaey

Makanana 2021-2025 sxpuinap apansirbiana Ileireic Ka3akcTaHHBIH Tay-KeH ©HEpPKICiOi aiiMaKTapbIHaa
JKYPTi3UIreH TEOKeHICTIKTIK JKOHE KAIUBIKTHIKTAH 30HATAY 3C€pPTTEYNEpPiHIH SMIMPUKAIBIK HOTHXKENepi
JKUHAKTallFaH. OckeMeH eHepkocinTik aiMarbiHaH (1000 ra) ajplHFaH ajmbic KEPYCTI TOMBIpAK YJriiepi
aTOMJIBIK CIHIPY CIEKTPOCKOMMSICHl apKpuibl Pb, Cu sxoHe Zn ymriH Tanganisl skoHe ArcGIS-te caTbuib
perpeccusHbl KOJNAaHa OTHIPHI, Sentinel-2  MyJIbTHCHIEKTPAIBIbl  HKOJAKTAPBIMEH  CAJBICTHIPBUIBI.
TMupconnsy koppemsmusa xkodpduuuentrepi r = 0,80 (Cu), R = 0,76 (Pb) xone R = 0,72 (Zn)-re xeTri,
opTaiia KBaJpaTThIK KaTemiKTep coiikecinme 1,8, 2,5 xone 1,60 Mmr/kr kypansl. [laBmomap KamachlHBIH
Conrycrik nHIycTprsUBIK aiMarbHEIH (H3M) nacrany xykremeciHin unaekcin (H3M) ranpay 3epTrenren
ayMakThiH 93,757 %-b1 optama sacranran (H3M: 1,05-3,38) xone 0,702 %-bI alTapibIKTail JIacTaHFAH
(Zc 51,34-re peitin) nen skikreni. IIbreic Kazakcranmarsl KajaablK KOWMAcChIHA KOJIAHBLIATHIH JKACaHIbI
MHTEJUIEKTIHI NaiilalaHaThlH reocTaTucTUKabIK xKyie | = 0,29 Mopan Goibiamia 0,52 (+79%)-re neiiin, an
cunyst uanekci 0,41-nen 0,59-ra (+44 %) neifinri KeHICTIKTIK yHIeCiMIUTIKTI TeK YHFbIMaiap OGOMbIHIIA
KOAIMIi KJacTepieyMeH caiblcThIpFaHga >kakcapTTel. Kamba-HapelM cupex Meramn —aiMarbIHBIH
KAIIBIKTBIKTaH 30HATAay >koHe ['AJK KypbhUIBIMIBIK Tangaybl MErMaTUTTEpHiH OackIM CONTYCTiK-OaTbIC
OarbITHIH JKOHE KEH JICHENEPiHIH KIACTEepNiK KEeHICTIKTIK TapailyslH pactansl. Kagmumit aGcomorTi
KOHIICHTPALMSCHIHBIH TOMEH/IrHe KapamacTaH, 0apIiblK 3epTTey OpBIHIAPBIHIA €H KayilTi 3JIEMEeHT peTiHe
JIOUEKTi Typ/ie aHBIKTAIIBL.

Kinm ce30ep: TEOKCHICTIKTIK MOJENbACY, JKONOTHSUIBIK Kayim, Tay-keH eHmipici, Ilewbic KasakcraH,
KAIIBIKTBIKTaH 30HATaY, [ AJK, aysip Metanmap, Sentinel-2, TorbipakThiH JacTanybl, KaIIBIKTAp.
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I'eonpocTpancTBeHHOE MOAeTUPOBaHNEe (AKTOPOB IKOJOTHYECKOr0 PUCKA
B FOPHO-NIPOMBINLJIEHHBIX paiioHax Bocrounoro Ka3axcrana

B a70i1 cTathe 00600IICHBI SMIIUPUYECKUE JaHHBIE T€OMPOCTPAHCTBEHHBIX HCCIEOBAHNH U MCCIIEJOBAaHUH C
MCIOJIb30BaHUEM JHMCTAaHIMOHHOTO 30HAMPOBAHMS, MPOBEICHHBIX B FOPHO-IIPOMBIIUICHHBIX 30HaX Bocrou-
Horo Kaszaxcrana B nepuoz ¢ 2021 nmo 2025 roz. lecThaecsaT moBEpXHOCTHBIX 00Pa3LIOB MOYBbI U3 IPOMBIII-
neHHoH 30HBI ¥YcTh-Kamenoropceka (1000 ra) Ob1mm npoaHanm3upoBaHs! Ha copepxanue Pb, Cu u Zn ¢ mo-
MOIIBI0 aTOMHO-a0COPOIIMOHHON CHEKTPOCKONINH U COMIOCTABIIEHBI ¢ MYJIBTUCIICKTPATbHBIMU ANANa30HaMI
Sentinel-2 ¢ ucnone3oBanuem nomarosoit perpeccun B ArcGIS. Koaddurmentst koppemnsituu [Tupcona noc-
turmu R = 0,80 (Cu), R = 0,76 (Pb) u R = 0,72 (Zn), npu cpennexBagparnanoi omuodke 1,8, 2,5 u 1,60 mr/xr
COOTBETCTBEHHO. AHaNM3 nHjeKca Harpys3ku ot 3arps3aenus (MI13) CesepHoit npomemieHHo# 30051 (HI3)
[TaBnogapa kiaccuduuuposan 93,757 % ucciemyemMoit TeppuTOpHM Kak yMepeHHO 3arpsisHeHHyro (MII3:
1,05-3,38) u 0,702 % — xax 3HaYMUTEIBHO 3arps3HeHHyto (Zc no 51,34). ['eocTaTucTHveckas cucTeMa ¢ Huc-
II0JIb30BaHUEM HCKYCCTBEHHOTO MHTEIIEKTa, MPUMEHEHHas K XBocToxpaHwiuily B Bocrounom Kasaxcrane,
yIIy4IInIa IPOCTPAHCTBEHHYIO cornacoBaHHOCTh ¢ I = 0,29 mo Mopany no 0,52 (+79 %), a uHIEKC cuiIydTa
— ¢ 0,41 mo 0,59 (+44 %) o cpaBHEHHUIO ¢ OOBIYHOM KIACTEpHU3aNKEeH TONBKO MO CKBaXXHWHAM. [INCTaHIMOH-
Hoe 3oHaupoBanue U ['MC-cTpykrypHslii ananu3 Kanba-HapsiMcko# penkoMeTauIbHOM 30HBI MOATBEPAUIIH
MpeoOIanaloNIyI0 CeBepO-3aafHy0 OPHEHTAINIO IIETMATHTOB M KJIACTEPHOE IIPOCTPAHCTBEHHOE pacIpese-
neHne pyaHbIX Ten. Kagmuii 6pu1 mocneroBaTenbHO HACHTH(GUIMPOBAH KaK 3JIEMEHT HAWBBICIIETO PUCKA Ha
BCEX MCCIIEYEMBIX YUaCTKaxX, HECMOTPS Ha €ro HU3KKE a0CONIIOTHbIE KOHLIEHTPALIUH.

Kniouesvie cnosa: reonpoCTpaHCTBEHHOE MOJCIHPOBAHUE, IKOJOTHUECKUH PHCK, A0ObIYA MOJIE3HBIX HCKO-
naembix, Bocrounsiit Kazaxcran, aucranumonnoe 3ouauposatnue, ['MC, Tspkenbie meraiuisl, Sentinel-2, 3a-
IpsI3HEHHE MTOYBbI, XBOCTOXPAHUIIHIIA.
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