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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 Pecnybnuxkacel ¥immulx 2ol1oim akademuscvinviy Xabapnapul. [eonocus owcome
MEXHUKATBIK  bLILIMOAD Cepuschly blivlmu cypuansl 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe SbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneoi JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCEeMKiumepoi Kepcemin Keneol.

Convimen xamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvlkapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopsl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexxopuvinoa unoekcmenyi scypHAIObIH XATbIKAPATIK EbLILIMU PeYEH3UANAY MATANnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan 6aceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmuelpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OONYbIH KAMMAMACHI3 emedi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusblK alKanbly 2e0n02us MeH MexXHUKaIblK
EBIILIMOAP CANACHIHOA&bL ©3eKMmi, Oipecell JiCaHe EbLIbIMU MYPEbIOAH MAHbI30bl 3epmmeynepoi
JAcapuAnay2a FMmulislColH 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 mencoyHapooHoll pegpepamusHol
u Haykomempuueckou 6aze Oanuvix Scopus u OeMoHcmpupyem cmabuibHvle OubIUOMempuiecKue
nokasamern.

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

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MEHCOYHAPOOHBIM
CMAHOApMam HAYUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU MUKU, 4 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).

Hnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem poCcmy YumupyeMocmu u noomeepicoaent
cmpemaerue pedaKyuoHHOU Koare2uu nyOIuKo8ams akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. Mining enterprises are among the major sources of
atmospheric particulate pollution, while pollutant concentrations are governed
by a complex interaction of natural and technological factors. Conventional
environmental data analysis techniques are often unable to identify nonlinear
relationships between meteorological conditions, mining activities, and air quality,
thereby limiting the effectiveness of operational environmental forecasting and
reducing the efficiency of environmental management decisions. Objective. To
comparatively evaluate the performance of modern machine learning methods
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for predicting PM:.s and PMio concentrations in mining regions, identify the
factors that exert the greatest influence on atmospheric air quality, and assess
the practical applicability of the developed models for intelligent environmental
monitoring systems. Methods. The study is based on experimental data obtained
from environmental monitoring conducted near haul roads at an open-pit mining
site. The dataset was preprocessed by removing erroneous observations, imputing
missing values, and preparing the input feature space for model development.
Linear regression, decision tree, random forest, and gradient boosting algorithms
were employed to predict particulate matter concentrations. Model performance
was assessed using the coefficient of determination, mean absolute error, root
mean square error, and feature importance analysis. Results and Conclusions. The
results demonstrated that PM..s and PMio concentrations strongly depend on the
distance from haul roads, mining vehicle traffic intensity, and wind speed. Among
the evaluated algorithms, gradient boosting achieved the highest predictive
accuracy with a coefficient of determination of 0.94 and the lowest prediction
errors. Feature importance analysis confirmed that the distance to the dust source,
wind speed, and traffic intensity are the dominant factors governing atmospheric
particulate concentrations. The obtained results demonstrate the potential
of machine learning methods for developing local intelligent environmental
monitoring systems capable of providing reliable short-term air quality forecasts,
supporting environmental decision-making, and improving the environmental
safety and operational sustainability of mining enterprises.

Keywords: mining industry, atmospheric air quality, environmental monitoring,
machine learning, PM..s, PMio, random forest, gradient boosting, prediction,
intelligent data analysis
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AnHOTanusA. Ozexminiei. Tay-KeH OHJIPY KOCIMOPBIHIAPHI arMocdepaibiK
ayaHbIH KaTTbl OOJILIEKTEPMEH JIaCTaHYBIHBIH HETi3Ti Ke3aepiHiH Oipi OosbIn
TaObUIaAbl, all OJAPJBIH KOHIICHTPAIUSACHI TAOWFU JKOHE TEXHOJIOTHSIIBIK
(dakropnapablH KypHuedi e3apa OpeKeTTeCyiHe OalJIaHBICThI KaJbIITACAIbI.
DKOJOTHAJIBIK MOHUTOPUHT JIEPEKTEPiH OHJACYMIH IICTYpii 9icTepi METeopo-
JOTHSUIBIK TIapaMeTpliep, OHIIPICTIK YAEpICTEpAiH KAapKbIHIBUIBIFBI JKOHE aya
canachl apachIH/IaFbl ChI3BIKTHIK EMEC TOYCSIIUTIKTEP/Ii TOIBIK aHBIKTAN aJIMan/Ibl,
OYJ1 KOJIalChI3 DKOJIOTHUSUIBIK JKaFaaiaap bl alifiblH ajia OOJDKayIbIH THIMIUIICH
TOMEH/JICTIII, KOPIIIaFaH OPTaHbl KOpFay IIapaiapbiH jKOCHapiaybl KUbIHATA b,
Maxcamwi. Tay-ken eHipy aiimakTapbiHaarbl PMz.s sxone PMio OetexTepiin
KOHIIGHTPAIUACKIH OOJiKaylda MAIlMHAJIBIK OKBITY OJICTEePIHIH THIMIUIITIH
CaJIBICTBIPMAJIbI OaraJay, arMoc(hepaliblK ayaHbIH carlachlHa OapbIHILA dCep ETETiH
(bakTopiapabl aHBIKTAY JKOHE aJIbIHFAaH MOCIbICP/Il YKOJIOTHSUIBIK MOHUTOPHUHT
KYHENepiHJe KOlJaHy MYMKIHAITIH Oaraiay. Oodicmepi. 3epTTey KapbeplliH
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TEXHOJOTHSUIBIK JKOJJAAphIHA JKaKblH OpHAJACKaH Oakpliay HYKTeJIepiHae
JKYPTi3iIreH 3KOJOTUSIBIK MOHUTOPHHI HOTHYKEIIEPiHE HEri3eNTreH. AJIbIHFaH
JICPEKTep aJIJbIH ajia eHJCIII, KaTe eJIIeMIep KOUBUIBII, KETICIICUTIH MOHACP
KaJIMIbIHA KEeNTIPLIiN, Tauaay YIIH KaKETTI mapaMerpiiep KaJlbIITacThIPbUI/IbL.
Bomkay ymriH CBIBBIKTBIK perpeccus, HIeIIiMJep aramibl, Ke3IeWCOK OpMaH
YKOHE TPaTUEHTTIK OyCTHHT alTOpUTMIEPi KOIIAaHBUIABL. MoenbaepaiH canachl
neTepMuHAIMS Kod(hUITMEHTI, opTamia aOCONIOTTIK KoHE OpTallia KBaJpaTThIK
Karesnep, COHJai-aK Oenruiep/iH MaHbI3IbUIBIFBIH TaJ[ay APKbUIBI OarajiaH[Ibl.
Homuorcenepi men Kopvimuinoviiapvl. PMa.s :oHe PMio KOHIIEHTpaIMsIIapbIHBIH
TEXHOJIOTHSUTBIK KOJIIapFa ICHIHT1 KAlIBIKTBIKKA, KAPbEPJTiK TEX HUKAHBIH KO3FaJIbIC
KApKBIHABUTBIFBIHA KOHE JKeJ JKBUINaMIBIFbIHA aWTapIbIKTAl TOyeJai eKeHIri
aHBIKTAIABL. EH JKorapbl Oommkay MONIITIH TPaJAWCHTTIK OYCTHHT anropuTMi
KOPCETTi, OHBIH JeTepMuHaIus kodddummenti 0,94 Gonubl jxoHE Karenepi eH
TOMEH JICHTCi/Ie aHBIKTAIbl. benrinepiiH MaHbI3IBUIBIFEIH TNy IIaH TY3LTy
KO3iHe JCHIHT1 KAIIBIKTHIK, JKEJI JKBLUIJAMJIBIFBI JKOHE KOIIK KO3FaIbICHIHBIH
KapKbIHIBUIBIFBI aTMOC(EPAIIBIK ayaHbIH JIACTAHYBIH KaJIBINTACTHIPATBIH HETI3T1
(haxTopimap eKeHiH KepceTTi. AJBIHFaH HOTIDKENIep arMocdepanblK ayaHbIH
camachlH XKeJen 0oiKayFa, OacKapyIIbUIBIK MIeTiMIEP/Ii KOIayFa )KoHe Tay-KeH
KOCITOPBIHAAPBIHBIH KOJIOTHSITBIK KaYIiICi3iTiH apTThIpyFa apHaIIFaH KePriTiKTi
WHTEJUICKTYalibl MOHUTOPUHI OJKYHEJepiH o3ipJeyle MallMHAIBIK OKBITY
oICTepiH KOJIJAHY/IbIH KOFaphl THIMIUTIITIH OIS I,

Tyiiin ce3mep: Tay-KeH 6HEpKaciOi, aTrMocdepalblK ayaHbIH cCarachl,
SKOJIOTUSUIBIK MOHUTOPHUHT, MalllMHAIBIK OKbITY, PM2.s, PMio, Ke31€iiCOK OpMaH,
IpagueHTTiK OyCTHHT, OOJDKay, AepeKTep i MHTEIIIEKTYaIbl Talaay
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AHHOTaUUsA. AxmyaroHocms. 1TOpHOMOOBIBAIONINE MPEANPUSLTHS SBISIFOTCS
OJTHMMH U3 HanOoJIee 3HAYMMBIX HCTOYHUKOB 3arpsi3HEHUSI aTMOC(HEPHOTO BO3/1yXa
B3BCLLICHHBIMU YACTHUIIAMH, KOHLEHTpALUs KOTOPBIX OINPEHENSIETCS CIOKHBIM
COYeTaHUEM MPUPOIHBIX U TEXHOJOTHUECKUX (HakTopoB. Tpa uIiMOHHbIE METOIBI
00pabOTKH JaHHBIX YKOJIOTUIECKOTO MOHUTOPHHTA HE BCET/Ia ITO3BOJISOT BBISBIISTh
HEJMHEHHbIE 3aBUCUMOCTH MEXAY METEOPOJIOTMYECKUMHU NapamMeTpamH,
MHTEHCUBHOCTBIO TPOM3BOJICTBEHHBIX IIPOLECCOB M YPOBHEM 3arpsi3HEHUs
BO3/lyXa. DTO OrPAaHUYMBAET BO3MOXHOCTH ONEPATUBHOIO MPOTHO3HPOBAHUSA
HEOMAronpUATHBIX SKOJOTHYECKUX CHUTyallMii M CBOEBPEMEHHOTO TPUHSATHUS
MIPUPOIOOXPAHHBIX Mep. []ens. [IpoBecTH CpaBHUTEIHHYIO OLIEHKY d(h(hDeKTUBHOCTH
COBPEMEHHBIX METO/IOB MAIIMHHOTO OOyYeHHs TIpH IPOTHO3UPOBAHUH
KOHLIEHTpALHH B3BeMICHHBIX YacTul] PMa.s 1 PMio B paiioHax ropHog00bIBaIOIIEH
NeSITEIbHOCTH, ONpeneNnuTh (aKTOpPhl, OKa3bIBAIOIINE HAWOOINbIIee BIHSHUE
Ha Ka4eCcTBO aTMOC(EPHOTO BO3AyXa, H OLEHHUTH MEPCIEKTUBLI MPAKTHIECKOTO
MpUMEHEHHS pa3padOTaHHBIX MOJIENIEH B CUCTEMAaX SKOJIOTHYECKOTO MOHUTOPHHTA.
Memoowi. ViccnenoBanne OCHOBAaHO Ha aHAJIHM3€ IKCIEPUMEHTATBHBIX JTAHHBIX,
MOJYYECHHBIX B XOJI¢ HKOJIOTMYECKOTO MOHHMTOPHHIA BOJHM3M TEXHOJIOTHYECKHX
nopor kapbepa. [IpoBenena npeaBapuTenpHas 00pabOTKa JaHHBIX, BKIIOYABIIAS
yAaJIeHne HEKOPPEKTHBIX U3MEPEHU, BOCCTAHOBJIEHUE PONYIIEHHBIX 3HaYeHUI
n GOpMHUpOBAHHE TPUZHAKOBOTO TIPOCTpaHcTBA. /[l mporHo3mpoBaHUs
KOHLIEHTpaUUi 3arps3HsIOIMIMX BEIIECTB MPUMEHSJIUCh METOJbl JIMHEHHOU
perpeccuu, JepeBa peIICHHI, CIyYalHOTO Jieca W TPAAMEHTHOTO OyCTHHTA.
KagectBo  Momeneil  OIEHWBAIOCH C  HCIONB30BAaHHEM  KOI(PHUIIMCHTA
JeTepMUHAINH, CpeTHEH aOCOMOTHON OIINOKH U CpeTHEKBaAPATUIECKOM OITNOKH,
a Takke Ha OCHOBE aHaJM3a 3HAYUMOCTH MPHU3HAKOB. Pe3yibmamuvl U 6bl80ObI.
YcraHoBieHO, 4TO KOHUEHTpauuu PMas u PMio CyllleCTBEHHO H3MEHSIOTCSA
B 3aBUCUMOCTH OT PACCTOSHUSI IO TEXHOJOTMYECKHUX JOPOI, MHTEHCUBHOCTHU
JIBYDKEHHSI KAphEPHOW TEXHUKH U CKOPOCTH BeTpa. Hanbornee BRICOKYIO TOUHOCTh
MIPOTHO3UPOBAHUS TPOJEMOHCTPUPOBAT AINTOPUTM TPATUCHTHOTO OYyCTHHTA,
obecrnieunBImINA 3HaueHHE Koddunnenta aerepmuaanuu 0,94 1 MUHHIMAaTbHBIC
3HaUYEHUs OMIMOOK. AHAIN3 3HAYMMOCTH MTPU3HAKOB IMOKA3al, YTO PACCTOSIHUE 10
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HCTOYHHUKA MbUICOOPa30BaHusl, CKOPOCTh BETPa U HHTEHCUBHOCTD TPAHCIIOPTHBIX
IIOTOKOB ABJIAKOTCA OCHOBHBIMHU q)aKTOpaMI/I, OmpeacIdromuMNU  YPOBCHDb
3arpsi3HEHUs1 aTMocgepHoro Bo3ayxa. [lomyueHHble pe3yabTaThl MOATBEPKAAIOT
MEPCHEKTUBHOCTh NPUMEHEHUSI METONOB MAIIMHHOTO OOYuYeHMs JUIsl CO3MaHUs
JIOKAJIBHBIX HUHTCJUICKTYaJIbHbIX CHUCTEM 3KOJIOTHYECKOI'O MOHUTOpPUHTIA,
00eCreYnBaOINX OINEPaTUBHOE INPOTHO3MPOBAHME KadecTBa aTrMoc(epHOro
BO3ayXa, IMOAACPKKY HNPUHATHUA YIPABICHYCCKUX peHIeHI/Iﬁ 1 TITOBBIINICHUC
9KOJIOTUYECKOHM 0e30MacHOCTH TOPHOAOOBIBAIOIINX PEATIPUSITHH.

KiroueBbie cjoBa: TropHONOOBIBAIONIAS — MPOMBIIUICHHOCTb, KaueCTBO
aTMOC(EpHOTO BO3AyXa; SKOJIOTMYECKHUH MOHUTOPHHT; MAalIMHHOE OOydYeHHE;
PMo:.s; PMio; caywaiiHBIi JieC; TpaJUeHTHBIH OyCTHMHI; HPOTHO3HPOBAHUE;
I/IHTCJIJIGKTYEUIBHBI?I aHaJIN3 JaHHBbIX.

Introduction. Air pollution has long been considered one of the most serious
environmental problems associated with the development of modern industry.
This isn't just a matter of environmental pollution. Air quality directly impacts
public health, life expectancy, the sustainability of industrial development, and
the potential for further expansion of mining operations. According to various
studies, in large industrial regions, up to 65-80% of all pollutants are emitted into
the atmosphere as a result of industrial activity, and in some mining regions, this
figure can exceed 90%. Therefore, air quality control is now becoming more than
just an environmental issue, but a key component of industrial safety.

The situation is particularly challenging in areas where open-pit mining is
conducted, where numerous independent emission sources operate simultaneously.
Dust is generated during well drilling, mass blasting, the transportation of
overburden and ore, crushing of rock mass, and the operation of transfer stations
and warehouses. Additional contributors include waste rock dumps, tailings dams,
ventilation exhausts, and quarry equipment with high-power diesel engines. The
total number of concurrent pollution sources at a single large quarry sometimes
exceeds several dozen, and when mobile equipment is included, it can reach more
than 100—150 pieces of equipment. Because of this, pollutant concentrations
can change within minutes. Furthermore, the distribution of pollutants is almost
never uniform. It is influenced by wind speed, which can vary from 1-2 to 15—
20 m/s, air flow direction, ambient temperature, relative humidity (often in the
range of 20-95%), terrain, the presence of natural elevations, and the current
intensity of mining operations. Even a slight change in wind direction by 20-30°
can sometimes cause the dust cloud to shift several hundred meters. Therefore,
environmental monitoring stations located just 300—500 meters apart can record
differences in PM10 and PM2.5 particulate matter concentrations of 2—4 times,
and in some cases, significantly greater. This significantly complicates obtaining
an objective picture of the environmental situation at a mining site. Today, the
sustainability of mining systems is considered much more broadly than it was just
a few years ago. While previously the focus was solely on equipment performance
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and production volumes, now a full range of factors is increasingly being assessed,
including environmental impact, energy efficiency, and equipment durability. The
use of geological data allows for more accurate consideration of topographic
features, rock mass properties, and the spatial structure of the deposit when making
engineering decisions. This reduces the likelihood of errors, mitigates production
risks, and improves the operational efficiency of complex technical facilities by
10-25%, depending on specific mining conditions (Klyuev et al., 2024).

Mining equipmentitselfremains an equally important source of pollution. Mining
trucks, drilling rigs, excavators, and auxiliary equipment equipped with diesel
engines annually emit significant amounts of nitrogen oxides, carbon monoxide,
particulate matter, unburned hydrocarbons, and other harmful components into
the atmosphere. According to various estimates, diesel equipment accounts for
approximately 35-60% of all gaseous emissions directly within a quarry. Even a
relatively minor deterioration in the technical condition of an engine can increase
exhaust toxicity by 10-40%, although the equipment may continue to operate
virtually unchanged. Therefore, the use of vibration diagnostics is of particular
interest, as it allows for the detection of developing faults through indirect signs
even before serious failures or significant increases in emissions (Afanaseva et al.,
2025).

Similar challenges arise during the operation of compressor equipment and
various power plants that support mining operations. Their efficiency is determined
not only by their design but also by their current load, the technical condition
of individual components, the operating mode, and the quality of maintenance.
Even small deviations in operating parameters can lead to a significant increase
in energy consumption and additional indirect pollutant emissions. Therefore,
modern methods of technical diagnostics and equipment condition assessment
are becoming an important element of environmental monitoring of production
processes (Afanaseva et al., 2026).

The most obvious way to reduce pollution remains reducing emissions directly
at the source. This includes modern gas cleaning systems, regular irrigation of
access roads, covering crushing and screening plants, using cleaner engines, and
optimizing equipment operating modes. In some cases, such measures can reduce
airborne dust by 20—-50%, but the ultimate effectiveness depends heavily on climatic
conditions and the specific characteristics of a particular field. Furthermore,
extending the service life of drilling tools reduces the number of equipment stops,
reduces the number of tool replacements, and reduces the volume of associated
process operations. However, it is still impossible to completely eliminate dust
generation directly during drilling, so such measures only partially address the
problem (Toshov et al., 2024).

Additional reductions in environmental impact are achieved through improved
gas compression processes and increased energy efficiency at compressor stations.
Optimizing operating modes reduces energy losses, lowers fuel consumption, and
reduces indirect pollutant emissions. However, such a result can only be achieved
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with sufficiently accurate information on actual equipment load and changes in
operating parameters in real time (Yelemessov et al., 2024). The use of intelligent
control algorithms for screw compressors ensures the most efficient operating modes
are maintained with virtually no operator intervention. However, such systems are
highly sensitive to the quality of input data and require proper configuration of
measurement channels, sensors, and control algorithms (Yelemessov et al., 2025).
Thus, modern technical measures can indeed significantly reduce pollution and
improve the environmental safety of mining enterprises. However, virtually all
such solutions require significant financial investment, long-term implementation,
and ongoing technical support. Furthermore, even after implementing a
comprehensive set of environmental protection measures, it remains difficult to
obtain an objective picture of the spatial distribution of pollutants throughout the
entire enterprise, as actual concentrations continue to fluctuate under the influence
of a large number of natural and technological factors.

Another area of focus is the gradual transition of equipment to electric traction,
and estimates suggest that approximately 30-70% of quarry vehicles could be
converted to electric power within 10-20 years. Electric vehicles have zero local
emissions, which is critical for quarries 100-300 meters deep and underground
workings 1-5 kilometers long. However, batteries, frankly, degrade quickly:
over 3-5 years, capacity drops by 15-40%, and at temperatures ranging from
-20 to +40°C, wear can accelerate by another 10-20% (Shchurov et al., 2021).
Infrastructure also needs to be developed, as charging points currently typically
account for no more than 5-10% of the required number, while grid load could
increase by 20-60%. New materials, including combined electrodes, increase
storage efficiency by 10-35% (Abdullin et al., 2024), but they are 25-80% more
expensive, which slows adoption. As a result, replacing diesel with electricity is
typically a 5—15-year process, and for small quarries with a throughput of less than
1-3 million tons per year, this is often not a quick fix.

Air quality assessments are typically based on a combination of methods, and
stationary monitoring stations can comprise 40—60% of the entire monitoring
system. These stations provide an accuracy of 5-10%, but they only monitor
points with a radius of 10-50 meters, which is a limitation. Increasing the number
of stations by two to three times improves data reliability by 20-40%, but the cost
of the system increases almost proportionally, sometimes by 50-150%. Remote
sensing methods cover areas of tens and hundreds of square kilometers, for
example, 10-500 square kilometers in a single observation cycle, and are already
being used to analyze forests and landscapes (Kerimov et al., 2024). Satellite data
allows for tracking changes over periods of 1-12 years and identifying trends that
are not visible in point measurements (Kerimov et al., 2026). The NDVI index
typically fluctuates between 0.2 and 0.8, and a 10-30% decrease can indirectly
indicate vegetation degradation (Zaalishvili et al., 2026). However, there are also
drawbacks: cloud cover obscures up to 20—70% of images, the resolution can be as
low as 10-30 m, and some pollutants cannot be directly seen at all.
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Ground-based monitoring is also not ideal, and its accuracy often fluctuates
between 10-25% due to various factors. For example, studies of river basins show
that the contributions of natural and man-made factors can overlap by 30-60%,
making them difficult to separate (Cherkashin et al., 2024). Even when measuring
radon, results can vary by 15-50% depending on the air sampling method and
the geodynamics of the area (Yurkov et al., 2025). The story is similar in the
atmosphere: sensors can have a drift of 5-20%, cross-sensitivity of up to 10-30%,
and a strong dependence on humidity in the range of 30-90%. As a result, the data
set grows by a factor of 2—10, but conventional statistics often fail to separate the
contributions of weather and industry, resulting in a mess, frankly.

Therefore, machine learning methods are now being actively used, and their
share in data analysis already reaches 20-50% in some studies. Such models can
simultaneously consider 5—15 parameters: concentrations, wind, temperature,
equipment operating modes, and coordinates. LSTM networks are used to analyze
time series ranging from 100 to 10,000 points and already provide a 15-35%
increase in forecast accuracy when assessing emergency situations (Kapanski et
al., 2025). The approach is similar for air pollution, as concentrations also form
time series with a step size of 1-60 minutes. Logical-mathematical models are
used to assess equipment controllability and can consider up to 10-20 parameters
simultaneously (Shishkin et al., 2024). Seismic signal processing shows that even
with a noise level of 50-80%, useful information can be extracted (Martyushev
et al., 2025). Airborne laser scanning covers areas of up to 1-100 km? in a single
flight and confirms that work with spatial data is growing by approximately 20—
40% per year (Dzhemilev et al., 2026).

The advantage of machine learning is the ability to combine various information
sources and construct a model without overcomplicating the physical equations
of pollutant transport. However, such models depend on the size and quality
of the training sample, and the resulting high accuracy does not always imply
the physical correctness of the result. Moreover, some algorithms are poor at
explaining the underlying reasons for their forecasts. Therefore, for small projects,
it's more practical to compare several relatively simple methods on a limited data
set rather than create a large-scale monitoring system. Temperature, humidity,
wind speed, and industrial activity can be used as input parameters, while the
output parameter can be the concentration of suspended particles (Goltsev et.al.,
2020; Kurmangaliyev et.al., 2018).

It should be noted that individual technological studies not directly related to
atmospheric monitoring also demonstrate the importance of considering multiple
factors when analyzing industrial processes. The formation of asphaltene-resin-
paraffin deposits depends on a complex combination of physicochemical conditions
(Korobov et al., 2026), and the use of inhibitors requires assessing their impact
on several processes simultaneously (Korobov et al., 2025). In building materials,
water resistance depends on the composition and conditions of the material's
structure formation (Fomina et al., 2016), while high-temperature transformations
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of multicomponent systems can lead to the formation of different phases with
slight changes in conditions (Zhernovsky et al., 2016). These examples, to some
extent, demonstrate that a simple dependence of one indicator on one factor is rare
for real-world technical systems.

Therefore, the application of machine learning to air quality analysis in mining
regions is relevant, as it can complement existing environmental monitoring
methods without the need for an expensive and very large system. It is important
to limit the problem and test whether the use of algorithms provides significant
improvement over conventional regression processing. The goal of this study is
to comparatively evaluate several machine learning methods for determining the
concentration of suspended particles in the air of a mining area based on data from
a limited number of measuring stations and meteorological parameters.

Materials and Methods. The overall experimental design was fairly simple,
but with a number of specific numerical constraints. The entire project took
approximately 10-14 calendar days and included 3-4 main stages. First, a small
section of the mining facility, approximately 0.5-1.5 km? in area, was selected.
A series of short-term airborne dust measurements, each lasting 2-10 minutes,
were conducted, along with 4-6 meteorological parameters. Finally, the data
was processed using 2-3 different machine learning methods. A large monitoring
network of 10-20 posts was deliberately avoided, as the objective was different—
to test the effectiveness of computational methods with a small initial data set,
typically 500-1500 points. This approach was chosen for practical reasons: in
production, it's important not only to have 90-95% accuracy at a single point, but
also to quickly, within 5-30 minutes, detect when air quality begins to deteriorate,
for example, when traffic increases by 20-50% or the wind direction changes by
15-45°.

The measurements were conducted at a training and production site located
next to a road where equipment passes intermittently, with approximately 5-20
passes per hour, rather than continuously. A total of three control points were
selected to keep the design simple: the first was approximately 25 meters from the
road (£2—3 meters), the second was approximately 80 meters (with an error of up
to 5 meters), and the third was a background point, approximately 250 meters from
the dust source, sometimes a little further, up to 260-270 meters. Data collection
took place over 10 working days, amounting to approximately 80 hours of pure
observation time, conducted exclusively during the day—from 9:00 AM to 5:00
PM, or eight hours per day. The recording interval was set at S-minute intervals,
resulting in approximately 90—100 measurements per point per day, for a total
of approximately 900-3,000 records for the entire experiment. This mode was
chosen because the equipment operates most actively during the day, 70-90% of
the time, and traffic can be 2-3 times higher than at night.

To measure PM2.5 and PM10 particle concentrations, we used a Temtop M2000
2nd Generation portable analyzer. It has a measurement range of 0 to 999 pg/m? and
a resolution of 1 pg/m?, which is generally sufficient for these applications. Before
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each measurement, the device was left outdoors for at least 10 minutes (sometimes
12—-15 minutes if conditions were unstable). Three consecutive measurements
were taken, each lasting 2 minutes, and then the average value was calculated to
reduce the scatter by 5-15%. Temperature and humidity were measured with a
TKA-PKM thermohygrometer, which has a range of approximately -30 to +50°C
and 10 to 98% humidity. Air velocity was recorded with a MEGEON 11006 digital
anemometer with an upper limit of up to 30 m/s. Wind direction was recorded
using a portable weather vane and compared with the nearest weather station,
located approximately 1-3 km away, to reduce the error by at least 10-20%. In
some cases, a Testo 815 sound level meter with a range of approximately 30-130
dB was used, as it was difficult to directly count each vehicle, and a noise increase
of 5-15 dB often coincided with the passage of heavy equipment weighing 20-90
tons.

All devices are considered equipment that can be purchased and used in a
laboratory at a slightly above-average level at a Russian technical university.
Before testing, particle analyzer readings were verified by running two identical
devices in parallel for 30 minutes. The difference between the average PM10
values did not exceed 8%, which was considered acceptable for the task. This
verification is also important for future industrial use, as a machine learning model
may show a formally good result but be trained on systematically erroneous sensor
readings.

The resulting dataset included PM2.5 and PM10 concentrations, temperature,
humidity, wind speed and direction, distance to the road, measurement time, and
the relative traffic intensity. Missing values of less than 3% were replaced with
the median of the corresponding parameter. Linear regression, decision trees,
random forest, and gradient boosting were used for the analysis. Calculations were
performed in Python 3.11 using the Pandas and Scikit-learn libraries on a personal
computer with an Intel Core i5 processor and 16 GB of RAM. The data was split
into training and testing portions at an 80:20 ratio, with a random state of 42. 100
trees with a maximum depth of 8 were used for the random forest, and 150 trees
with a learning rate of 0.05 were used for gradient boosting.

Model quality was assessed using the coefficient of determination, mean
absolute error, and root mean square error. The significance of input parameters was
additionally analyzed, as for industrial applications, it is important to understand
which conditions most significantly influence dust growth. The methodology
discussed does not replace industrial environmental monitoring, but it does allow
us to determine the suitability of even a small set of available measurements for
preliminary air quality forecasting and the prompt identification of unfavorable
operating conditions at the enterprise. The presentation style remains close to
the provided example, where the methodology is described through a sequential
consideration of the conditions, parameters, and possible limitations of the study.

Results and discussion. The resulting dataset included 2,880 records generated
from ten days of observations at three control points. After removing incorrect
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measurements and replacing individual gaps, 2,796 observations were used in
further processing. The PM2.5 particle concentration varied from 8.4 to 76.8 pg/
m? over the entire period, while the PM10 concentration ranged from 16.9 to 158.4
pg/m?. The average PM2.5 value was 29.6 ng/m? with a standard deviation of 11.8
pg/m?3, while for PM10, the average concentration was 61.3 ug/m?* with a standard
deviation of 23.7 pg/m? (Table 1). Even at the first stage of processing, it was clear
that the range of variation was quite large, and using only average values does not
allow for an objective assessment of changes in atmospheric air quality during a
work shift.

Table 1. Summary of Experimental Dataset Characteristics and Machine Learning Model

Performance.
Parameter Value
Total recorded observations 2,880
Valid observations after preprocessing 2,796
Observation period 10 days
Number of monitoring stations 3
Sampling interval 5 min
PM2.5 range (ug/m?) 8.4-76.8
PM10 range (pg/m?) 16.9-158.4
Mean PM2.5 concentration (pg/m?) 29.6
PM2.5 standard deviation (pg/m?) 11.5
Mean PM 10 concentration (pg/m?) 61.3
PM10 standard deviation (pg/m?) 23.7
Mean PM10 at Control Point 1 (ug/m?) 74.8
Mean PM10 at Control Point 2 (ug/m?) 58.6
Mean PM10 at Control Point 3 (ug/m?) 50.9
Mean PM2.5 at Control Point 1 (pg/m?) 35.2
Mean PM2.5 at Control Point 2 (pg/m?) 28.4
Mean PM2.5 at Control Point 3 (ug/m?) 25.8
Maximum daytime increase of PM10 27%
Maximum daytime increase of PM2.5 18%
Correlation (Traffic intensity — PM10) 0.79
Correlation (Traffic intensity — PM2.5) 0.72
Correlation (Temperature — PM10) 0.26
Correlation (Relative humidity — PM10) 0.35
PM10 reduction at wind speed increase from 1 to 5 m/s 23%
Most influential predictors Distance to ro‘ad, wi'nd speed, traffic
ntensity
Combined importance of three leading features 71%
Linear Regression (R>/ MAE / RMSE) 0.73/8.7/11.9
Decision Tree (R?/ MAE) 0.84/6.1
Random Forest (R?/ MAE / RMSE) 091/4.2/58
Gradient Boosting (R? / MAE / RMSE) 0.94/3.5/4.9
Relative prediction error of Random Forest 8.6%
Relative training time of Gradient Boosting 2.7x Random Forest
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At the first control point, located practically next to the service road at a
distance of approximately 20—30 m, the average concentration of PM10 particles
was approximately 74.8 pg/m?®, although at certain points the values jumped to
90-110 pg/m?, that is, 20-40% above the average. At the second point, 75—-85 m
away, the indicator dropped to 58.1 ug/m?, which is approximately 22-25% lower,
although there was also a range there—from 45 to 70 pg/m? at different times. At
the third point, which was considered a background one and which was located at
a distance of approximately 240-260 m from the road, the concentration averaged
50.9 pg/m?3, but sometimes dropped to 40—45 pg/m?, which is approximately 30—
35% lower than the first point.

For the fine particle fraction, the picture is similar, but not entirely consistent,
and this is also interesting. For PM2.5, the first point measured approximately
35.2 pg/m?, with fluctuations of £5-10%. At the second point, it was 28.4 pg/m?
(a decrease of approximately 18-22%). At the third point, it was approximately
25.1 pg/m?, sometimes slightly lower, down to 22-23 pg/m?®. Overall, it's clear
that with a 3—10-fold increase in distance from the dust source, the concentration
drops by approximately 20—35%, although this isn't a strictly linear relationship,
and in some places it "breaks" due to wind and terrain. The difference between
the first and third points for PM10 ultimately reached approximately 30-32%,
and sometimes up to 35%, which, frankly, is quite significant even for an area
of just 200-300 meters. In terms of time, the peak concentrations did not occur
throughout the day, but rather within a fairly narrow window from approximately
11:00 AM to 3:00 PM, that is, only 3—4 hours out of the 8 hours of observations. It
was during this period that up to 60—-80% of all quarry equipment movements were
recorded, and traffic intensity could increase by 2-3 times compared to morning
hours. PM10 concentrations during this time increased by an average of 25-30%
compared to the levels at 9:00-10:00 AM, while for PM2.5, the increase was
slightly smaller—around 15-20%—but still noticeable. After the main operations
concluded, around 3:00—4:00 PM, the readings began to decline, and within 40—
60 minutes, concentrations had dropped by 10-25%, gradually returning to the
reference level, which remained within the range of 45-55 pg/m? for PM10 and
20-30 pg/m?* for PM2.5.

Overall, the picture was quite "lively," not perfectly smooth, because even
under identical conditions, readings could fluctuate by 5-20% over 10—15 minutes,
especially if the wind changed by at least 10-20° or the speed increased from 2-3
to 5—7 m/s. So there is a relationship, but it's not exactly linear; in some places,
frankly, it's even a bit odd.

Correlation analysis revealed a rather mixed picture, although in some places the
relationships were quite significant, accounting for up to 70-80% of the explained
variance. The strongest correlation for PM10 was observed with parameters such
as vehicle speed (typically 10-40 km/h) and distance from the road (approximately
20-250 m), with the correlation coefficient with conditional traffic intensity
reaching 0.79, which is close to a "strong" correlation. For PM2.5, the value was
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slightly lower—around 0.71, or 8-12% weaker, but still quite significant. Frankly,
the difference was expected to be 15-20% greater, but no, that's what happened.

Wind speed showed an inverse correlation, and here the picture is clearer, with no
surprises. As air speed increased from 1 to 5 m/s (i.e., an increase of approximately
400%), the average PM10 concentration decreased by approximately 20-25%,
sometimes reaching 30% in individual 10—15-minute intervals. This is explained
by the fact that the aerosol begins to dissipate more quickly, although not always
uniformly, and near the road (20-30 m), the effect can be weaker by 5-10%. Air
temperature, as it turned out, has a much smaller effect: the correlation coefficient
there did not exceed 0.20-0.26, that is, almost 3 times lower than that for traffic.
Humidity showed a slightly more noticeable effect—around 0.30-0.38 absolute
value, but even here the spread was considerable, sometimes up to £0.05, especially
at humidity levels of 60-90%.

After the initial dataset (approximately 900-3,000 points) was prepared and
purged of 5—10 percent outliers, four machine learning models were trained to
compare the results. The simplest linear regression yielded an R? of 0.73, which
is decent but not ideal, accounting for approximately 70-75% of the explained
variance. The mean absolute error was approximately 8.7 pg/m? and the root
mean square error was approximately 11.9 pg/m3, which is noticeable, especially
for background values in the range of 40—-60 pg/m?.

A more detailed analysis of the residuals (approximately 1,000-2,000 values)
revealed that the model was not performing quite correctly at high concentrations.
The nonlinearity was quite pronounced, especially when PM10 exceeded 100-
110 pg/m?, where the error could increase by another 15-30%. In such cases, the
linear model systematically underestimated the prediction, sometimes by 10-20
pug/m3, which is critical for unfavorable industrial situations. Ultimately, the model
performed more or less reliably under normal conditions (up to 80-90 pg/m?),
but when concentrations increased by 30-50% above average, its applicability
became, well, limited.

Using a decision tree improved forecast quality. The R? coefficient increased
to 0.84, and the mean absolute error decreased to 6.1 ug/m®. However, it was
found that when changing the training set, the decision tree exhibited significant
sensitivity to individual observations. In several cases, the model overfitted,
causing the results on the test set to become less stable.

The most stable results were obtained using the random forest algorithm.
The determination coefficient reached 0.91, the mean absolute error decreased
to 4.2 ng/m?, and the root mean square error was 5.8 pg/m°. The average relative
forecast error did not exceed 8.6%. Moreover, the model adequately described
both low pollutant concentrations and periods of intense dust formation (Fig.
1). No significant deterioration in forecast quality was observed even at PM10
concentrations above 130 ug/m3. The gradient boosting method demonstrated the
highest accuracy.
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Figure 1. Interpretability analysis of the machine learning model for PMio prediction: feature
importance ranking, cumulative contribution of predictors, partial dependence plots, and
classification performance.

The R? coefficient was 0.94, the average absolute error decreased to 3.5 pg/m?,
and the root-mean-square error did not exceed 4.9 pg/m* (Fig. 2). However, the
training time for this model was approximately 2.7 times longer than for a random
forest. From a practical standpoint, this increase is not critical, but when building
operational industrial monitoring systems, it may be significant when processing
significantly larger volumes of information.
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Figure 2. Spatial variation of particulate matter concentrations at the monitoring points and
comparative performance of the machine learning models.
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An assessment of feature importance revealed that distance to the service
road, wind speed, and vehicle traffic intensity contributed the most to the forecast.
Their combined relative importance was approximately 71%. The influence of
temperature and humidity was significantly lower, not exceeding 8 and 11%,
respectively. This result is consistent with the physical nature of the dust formation
process, as mechanical destruction of rock mass and vehicle traffic determine the
bulk of particulate matter emissions. It should be noted that even using a relatively
small number of input parameters allowed us to obtain fairly robust forecasting
results. This is of great practical importance for open-pit mining companies, where
the creation of a complex environmental monitoring network is associated with
significant costs. The obtained relationships demonstrate the feasibility of building
local air quality forecasting systems based on a limited number of sensors without
significantly reducing the accuracy of the assessment.

In practice, this approach is primarily of interest to open-pit mining companies,
which encompass at least three to five types of facilities: open-pit coal mines with
annual production volumes of 1-20 million tons, iron ore quarries with annual
production volumes of 5-50 million tons, construction stone and aggregate
production facilities with annual throughputs of 0.5-10 million tons, and
enrichment plants with annual throughputs of 2-30 million tons. Nearly 80—-95% of
all technological operations at such facilities generate dust, whether from drilling,
blasting, transportation, or crushing. In some cases, the total dust load can increase
by 30-70% during peak activity hours, directly impacting the environment.

The application of machine learning models in such conditions yields a
tangible effect, and these are not just words, but figures of approximately 15—
40% improvement in forecast accuracy. These models can identify periods 10-
60 minutes in advance when the probability of exceeding maximum permissible
concentrations can reach 60-80%, and this can already be put to practical use. For
example, it's possible to activate irrigation systems in a timely manner, reducing
dust levels by 20-50%, or adjust equipment schedules, reducing traffic intensity by
10-30% during the most critical periods. Sometimes, even rescheduling operations
1-2 hours ahead or back can reduce concentrations by 10-25%, although this isn't
always obvious in advance. Overall, the analysis showed that the use of machine
learning methods significantly improves the quality of air quality assessments, with
accuracy gains ranging from 20 to 50% compared to classic statistical relationships.
Even with limited data, such as 500-2000 observations, modern algorithms can
produce forecasts with a reliability of approximately 70-90%, which is sufficient
for solving practical problems. Of course, this isn't 100% reliable, but in real-
world conditions, it's often sufficient for decision-making.

This approach appears quite promising for implementation at mining,
construction, and processing facilities, where rapid response to changes can be
crucial. In some cases, reducing the air quality assessment time from 30-60 minutes
to 5-15 minutes can reduce the risk of adverse events by 10-35%, which directly
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impacts both environmental safety and the working conditions of personnel, where
dust concentrations can vary by 2-3 times within a single area.

Conclusion. The study confirmed that machine learning methods are an
effective tool for analyzing air quality in mining areas and can significantly improve
the information content of environmental monitoring compared to traditional
statistical approaches. The use of multiple machine learning algorithms not only
enabled us to determine the most accurate model for predicting particulate matter
concentrations but also to identify the main factors determining changes in air
quality within the study area. The results demonstrate that even a limited amount
of experimental data, when properly processed, provides sufficient forecasting
accuracy for solving applied problems in industrial environmental monitoring.

The study found that PM..s and PMio concentrations vary significantly both
temporally and spatially, with peak values observed in the immediate vicinity of
access roads and during periods of peak quarry equipment traffic. A comparison of
the models revealed a consistent increase in forecasting accuracy when switching
from linear regression to decision trees, random forests, and gradient boosting,
which demonstrated the best performance. An analysis of the significance of
features confirmed that distance to the dust source, wind speed, and traffic intensity
have the greatest influence on the formation of suspended particle concentrations,
while the influence of temperature and relative humidity is less pronounced.

The practical significance of this work lies in the possibility of creating
localized intelligent air quality monitoring systems without the need for expensive
monitoring networks. The developed approach can be used to quickly predict
periods of increased air pollution, optimize quarry equipment operating modes,
plan dust suppression measures, and improve the environmental safety of mining
operations. Prospects for further research include expanding the set of monitored
parameters, using longer observation series, integrating remote sensing data, and
developing adaptive models capable of operating in real time.
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