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Hayunas ctatbs
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[TaBnomapckuii negaroru4eckrii yHUBEpCUTET UM. OJIKel MapryJiaH,
[MaBnonap, Kazaxcran; assylbekovag@mail.ru,
zhumabekovab@ppu.edu.kz, saltanatkabieva7@gmail.com,
aliyassovavn@teachers.ppu.edu.kz, Nukenovas@pspu.kz,
*Koppecnonaenius: zhumabekovab@ppu.edu.kz

AHHOTaHI/Iﬂ. I/I3BGCTHO, 4TO KMBBIC OPraHU3MBbI ABJIAKOTCA JUHAMWYHBIM
KOMIIOHEHTOM JaHamadTa, KOTOpbIe pearupyroT Ha MPOUCXOISIINE
W3MEHEHUS M KOJeOaHUs SKOJOTHYECKHX (PAKTOPOB B OKpPYKAMOIIEH
cpene. Bricokue KOHIIEHTpalMii XMMHUYECKUX 3JIEMEHTOB B atMocdepe
NPUBOAAT K TpaHc(OpMaIy >KUBBIX OPTaHU3MOB, B TOM 4YHCIE K

N3MCHCHUAM MeTaboau3Ma H CTPYKTYPhI TKaHEH. B CTaTheC
MNpeaACTaBJICHBI PE3YIbTAaThI CpPaBHUTCIBHOI'O HUCCjIca0BaHusA
0COOEHHOCTEN HaKOIIJICHUA n pacupCaciICHuA I'COXHUMHNYCCKHX

DIIEMEHTOB B TKAHSIX IMUIIEBAPUTEIBHON CHCTEMBI MACTOMIIHBIX OBEI] C
LEJIbI0 HCTIOIb30BAHMSI UX B KAUeCTBE OMOMHANKATOPOB SKOJIOTHYECKOTr0
coctostausi Tepputopuii Kazaxcrana u I'epmanuu. Ocoboe BHHUMaHME
YIENAJIOCh BBISIBICHUIO Pa3IMuuil B KOHLEHTpAIMSIX JJIEMEHTOB B
3aBHCUMOCTH  OT  reorpa)M4eckoro  TOJOXKEHUS H  BIUSHHUS
aHTPOIIOTEHHOM HAarpy3Kd Ha OKpYyKalollylo cpeay. B kauectse
OOBEKTOB  HCCJENOBAHUS OBUIM WCIIONB30BAaHBI TKAHU O KEITyAKa
nacTOUIHBIX KUBOTHBIX (oBelr) ¢ 10 paitonoB IlaBnogapckoit obmactu
(Kazaxcran), a Takxke i CpaBHEHHUS JOTIOJHUTEIHLHO OTOOpaHBI
oOpa3ipl  Omomarepuana c Aobaiickoit obnactu (Kaszaxctan) u T.
Hopaxopn (I'epmanus). ['eoxumuueckas crnenudukanus mokasana
TEXHOTEHHBIN XapaKTep HAaKOIUICHH TSDKEJBIX JIEMEHTOB (LIMHK, XPOM U
Jp.) Ha TPOMBINUICHHBIX Tepputopusx [laBmomapckoit oOiacT.
buomarepuansr ¢ AOaiickoii 00J. HMEIOT aHOMAJIbHO BBICOKHE
KOHIICHTPALIMU CTPOHIINS, YTO BO3MOYKHO CBS3aHO C UCTOPHEN SIEPHBIX
ucnbITaHuid.  HOpAXOpH — A€MOHCTpPUpPYET OTHOCHUTENBHO  HHU3KHE
KOHIICHTpAalMU OOJBIIMHCTBA JJIEMEHTOB, 324 HWCKIIOYEHHUEM IIMHKA.
Taxkum o6pa3om, OBIIBI BHICTYHAOT 3()(PEKTUBHBIMU OMOMHANKATOPAMHU
JOKANBHBIX JIAaHIMIA()THO-TEOXUMUYECKAX aHOMAJIH, OTpakas Kak
NPUPOJHBIE, TaK W AaHTPONOTEHHbIE OCOOEHHOCTH TEPPUTOPHUHU.
MaxkcumanbHOe HaKOIUIEHHE DIIEMEHTOB 3aBHCHUT OT YIAJICHHOCTH OT
MIPOMBIIIJICHHOTO LIEHTpa, a TaKkke OT ocoOeHHOocTel manmmadpTa U
YCIIOBHIA TUTAHUS )KUBOTHBIX

PesynpTaThl  MOJATBEPXKAAIOT  II€JIECOOOPA3HOCTh  MCIIOJIb30BAHUS
CEITbCKOXO3SHCTBEHHBIX XHBOTHBIX B KaueCTBE OWOMHIUKATOPOB IPH
OLIEHKE JKOJOIMYECKOTO COCTOSIHUS TEPPUTOPHHA PA3IUYHOTO YPOBHS
TEXHOT€HHOM Harpy3kKu M MOTYT CIYKHThb OCHOBOHM I JaJbHEHIIETO
MOHHUTOPHUHTA M SKOJIOTUYECKOM IKCIIEPTU3BI.
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1. Beenenue

AHTPOINOTreHHYIO HAarpy3Ky Ha OKPY’KaroIlyl0 CpeAy MOXHO OLIEHUTh C TOMOILBIO W3MEHEHUH
M000r0 KUBOro opranuzMa. OU3NKo-XxuMHUYECKHe (DaKTOPBI, a TaKKe BO3IACHCTBUE XUMHUYECKHX
COEJMHEHUIl OKa3bIBalOT HEraTUBHOE BO3ACHUCTBUE Ha cpedy. A OMOMHAMKATOPHI JAIOT TOYHYIO,
MHTETPAIbHYIO KapTUHY, KOTOpas YUUTBIBAET U T€ «COpPOCHI» 3arps3HUTENCH, KOTOpbIE MOTIJa
IPONYCTUTh, MPOCMOTPETh KOHTPOJbHAs 3KOJIOTMYECKas Clyk0a, NepUOJUYEeCKH HpOBOJAIIAs
3aMepbl MapaMeTPOB CPE/IbI.

TpaauumoHHbIe TOAXOBI K 9KOJIOTHYECKOMY MOHUTOPUHTY, OCHOBAaHHbBIC Ha MEPUOJUUECKUX
3aMepax (PU3NKO-XMMHUYECKHX MAapaMeTPOB CPEIbl, HE BCEr A O3BOJISIIOT MOIYYUTh HHTETPATBHYIO
KapTUHY 3arps3HEHUs, IOCKOJIbKY OHU MOTYT IPOIYCKaTh Pa3oBble WM Majlo3aMETHBIE «COPOCHI»
MOJUTIOTAHTOB. B 3TON cBsi3u Bce Oouiblliee TNMpU3HAHUE MOJIY4YarOT METO/Abl OMOMHAMKALMH,
UCMOJB3YIOUIME OTBETHbIE PEAaKIUHM JKUBBIX OPraHU3MOB KaK 4YyBCTBUTEJbHbIC HHAUKATOPHI
cymMMmapHoro antpomnoreHHoro BosaeiicTBusi (Assylbekova et al., 2015; Baikenova et al., 2020;
Baranovskaya, 2024). CoriacHO KOHIIEIUH «103a—3PPEKT», OMOIOTHUSCKHE CHCTEMbI MPSIMO HITH
KOCBEHHO OTPa)KaIOT XapaKTep H CTENeHb 3arpsa3HeHHs, 4YTO JeaeT HX HEe3aMEHHMBIMU
HHCTpYMEHTaMH 3Kojorndeckoir muarHoctuku (Ewa et al., 2023; Kabbasova et al., 2020; Wang,
2024; Yerzhanova, 2025).

AnTponoreHHas TpaHchopMauus HPUPOAHOM Cpeabl, B T.4. €€ XUMHUYECKOE 3arps3HEHUe,
HEM30€KHO BeaeT K jaedopManuu S3TUX OOMEHHBIX TIPOLIECCOB, MPEXAE BCEro, 3a CUYeT
M30MpPaTENLHOIO HAKOIUICHHUSI XUMUYECKUX 3JIEMEHTOB OTAEIbHBIMH KOMIIOHEHTAMH 3KOCUCTEM U
u3MeHenus ux npoaykrusHoctH (Alekseenko, 2014; Bezel, Zhuikova, 2019; Toleuova, 2025).

B cBsi3u ¢ pa3BUTHEM BBICOKOUYBCTBHUTEIBHBIX METOAOB OIpPENEIEHUSI MUKPO3JIEMEHTHOIO
COCTaBa MPHUPOJIHBIX CPE, CTAIO BO3MOXHBIM IPOAHAIM3UPOBATH U UCCIIEOBATh IIUPOKUH CIIEKTP
xumuueckux — amemeHToB  (Hockoma, 2025). OpHuM HW3  TakuX  METOMOB  SIBIISETCS
BBICOKOUYBCTBUTEIbHBIH  SiAEPHO-(QU3UYECKUM  MHCTPYMEHTAJIbHBIM  METOJ  HEHTPOHHO-
akTuBanMoHHoro ananmuza (MHAA) ¢ oGnyuenuem temoBbiMu HeliTpoHamu. MHAA obGnanaet
PSAIOM TPEUMYIIECTB 10 CPABHEHUIO C JAPYIHMH METOJaMH. B IaHHOM MeToJe OTCYTCTBYET
XMUMHYECKas MOATOTOBKA MPOOBI, YTO UCKIIIOUYAET MOTPEIIHOCTH 3a CUET NMPUBHOCA WM yAAJICHUs
aneMeHTOB BMecTe ¢ peaktuBamu (Rikhvanov et al., 2015).

AHTpOINOTeHHbIE 3arpsA3HAIONINE BEIIECTBA — TOKCUKAHThI — BKIJIIOYAIOTCS B MUIPALMOHHBIE
MPOIIECCHl M OKA3bIBAIOT HETaTUBHOE BIHSHNE HA OMOTHYECKYIO COCTABIISIONIYIO PHUPOTHON CPEIBI
(Albertos et al., 2021; Aubakirova et al., 2023; Durkalec et al., 2022; Kalisinska et al., 2019;
Satkanova et al., 2024). Onaum U3 Haubosee 3HAYMMBIX B Onocdepe HakTopoB aHTPOIOTEHHOTO
MIPOUCXOXKACHUS SBJSIETCS 3arpsi3HEHHE pa3inuyHbIX cpell. CTeneHb BO3ACHCTBUS 3arps3HAIONINX
BEIIECTB HA DKOCHUCTEMY B 3HAYHTEIHHON CTETIEHU 3aBUCHT OT (OPMBI HAXOXKICHHUS XUMHUECKUX
HJIEMEHTOB, ONPEIENSAIONIEH TOKCHUYHOCTb, OMOIOCTYIMHOCTh, MUTPAIMOHHYIO CHOCOOHOCTh HX
coenuuenuit (Ermakov, 2023; Ricki E., 2017).

TpaauumoHHbIe MOAXOBI K 9KOJIOTHYECKOMY MOHUTOPUHTY, OCHOBAaHHBIE Ha MEPUOJUUECKUX
3aMepax (PU3NKO-XMMHUYECKHIX MapaMeTPOB CPEIbI, He BCEr A TIO3BOJISIFOT TOIYYUTh HHTETPATHHYIO
KapTUHY 3arps3HEHHs], MMOCKOJBbKY MOTYT IpOIyCKaTh pa3oBble WM MAal03aMETHbIE «COpPOCHI»
MOJUTIOTAHTOB. B 3TOl cBsi3u BcE€ Oouiblliee TNpU3HAHUE MOJIYYarOT METOAbl OMOMHAMKAIINH,
UCTOJB3YIOUIME OTBETHbIE PEaKIUH JKUBBIX OPraHU3MOB KaK YyBCTBUTEIbHbIE WHAWKATOPHI
CyMMapHOTro aHTpornorenHoro Bosaeiicteus (Amirgalina et al., 2026).

B kauectBe 00bekTa OMOMHAMKALMM B HACTOSILEM HCCIEIOBAaHMM BBHIOpAHBI MACTOHUIIHBIC
OBIIBI - XMBOTHBIE, KOTOPBIE Ha MPOTSHKEHWU BCETO JKU3HEHHOTO IMKJIA HAXOMSATCS B TECHOW U
JUTMTENIFHOW CBSI3U C TIOYBOHM, PAaCTUTEIBHOCTBIO, BOJOM M aTMoc(hepHbIM BO3ayxoM. biaromaps
3TOMY UX TKaHU aKKyMYJIUPYIOT XUMHUYECKUE 3JIEMEHTBI, OTpakasi Kak IMPUPOAHBIN reOXUMUYECKUH
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¢oH, Tak M YpOBEHb TEXHOTCHHOH Harpy3ku. TKaHM MHUIIEBAPUTEIBHON CHCTEMBI OBEI]
MPEJCTABISIOT OCOOBIN MHTEPEC, MOCKOIbKY HIMEHHO Yepe3 HHUX MPOUCXOJIUT MEPBUYHBIA KOHTAKT
OpraHmM3Ma C 3arpsi3HUTEISIMU, OCTYIAIOUIMMHU C KOPMOM H BOJIOH.

Panee BrimonHeHHBIE UccaenoBanus B Kazaxcrane ObUTH COCPEIOTOYCHBI IPEUMYIIICCTBEHHO
Ha OIICHKE COJICPKAHUS TSDKEIBIX METAJUIOB B OPraHaX U TKAHSX CEIIbCKOX035CTBEHHBIX KHUBOTHBIX.
B wactHocTH, U1t pernoHa Bocrounoro Kazaxcrana (OckeMeH) ObLTH MOTydeHBI TAHHBIE O BBICOKHX
KOHIICHTPALIMAX KaJIMUs, CBHHIIA M IIMHKA B KOPMaxX U OpraHax KpyImHOTO POraToro CKOTa, JIoIazen
W OBell, NPUYEM OBIBI JIEMOHCTPUPOBAIM 0OJ€e HU3KHE YPOBHH HAKOIUICHHUS 1O CPaBHEHUIO C
JIOIIaIbMHU ¥ KpYIHBIM poraThiM ckotoM (Alma A. et al., 2000). s TeppuTopuii, MPUIICTAIONIUX K
CeMMTIaNaTHHCKOMY HCITBITaTeIbHOMY TOJHIOHY, H3ydaloch HakomeHne paanonykmunos (3'Cs,
%Sr) B opranmzMe CelbCKOXO3SHCTBEHHBIX KMBOTHBIX, 4 TAKKE aMMHOKMCIOTHBIA COCTaB Msca
(Serikova et al.,, 2025). B TI'epmanun, B uactHoctH B CeBepHom Ildasbiie, MpOBOAMINCH
OMOMOHUTOPHUHTOBBIC MCCIICIOBAHUS OBEIl HA TCPPUTOPHUSAX C MOBBIIICHHBIM COACPIKAHUEM PTYTH,
MBIIIbSIKA W CYpbMBI, TJ¢ OBUIO BBISABICHO 3HAYMMOE HAKOIUICHHE PTYTH B INEPCTH, HO HE
obHapy»keHo renorokcuueckux 3¢ dexros (Thomas Gebel et al., 1996).

[lesnbt0 TaHHOTO HCCIIEIOBAaHUSI OBLJIO HM3YYCHHE U OICHKA HAKOIUICHUS TE€OXMMHYECKHX
AJIEMEHTOB B TKAHSX MHUIICBAPUTEIBHON CHUCTEMbI MACTOUIIHBIX OBEIl ISl MCIOJIb30BAaHHS UX B
KayecTBE OMOMHIMKATOPOB JKOJIOTMYECKOrO COCTOsiHUs Teppuropuii Kazaxcrana u ['epmanHum.
Oskupaercsi, 4To pe3ysabTaThl MO3BOJISAT BBISABUTH XapaKTEPHBIC DJIEMEHTHI-MApKEPhl ISl KaXI0Tr0o
TUIIA AaHTPOIIOTCHHOM HArPYy3KH, ONPEACIUTh CTENCHb TpaHC(HOpPMAIM OMOTCOXUMHUECKUX IIUKIIOB
B HCCIICJYEMbIX PErHOHaX W OOOCHOBATH MMApPaMETPhl IKOJIOTHYECKOrO HOPMHUPOBAHUS C yYETOM
PETHOHABHBIX TEOXUMHUYECKUX OCOOCHHOCTEH.

B paborte BmepBbie NPOBOAUTCS CPAaBHUTEIBHBIA aHAIM3 MHKDPOIEMEHTHOTO COCTaBa
MUIIEBAPUTEIIBHBIX OPTaHOB OBEIl M3 TPEX KOHTPACTHBIX IO TEHE3UCY 3arpsi3HEHHs TEPPUTOPHI
(MPOMBINUICHHBIN,  PaAMalMOHHBIA ¥ MOCTHHIYCTPHAJIbHBII) C  HCIOJIb30BaHUEM
BBICOKOUYBCTBUTENbHOTO MeToa MHAA. HoBM3Ha HccieoBaHMs 3aKITF0UAETCS TAK)KE B CHCTEMHOM
MOJIXO0/IC K OI[CHKE OMOMHIUKAIIMOHHON 3HAYMMOCTH HE TOJIBKO MEUSHH WITH TI0YEK, HO ¥ Pa3IHYHBIX
OT/IEJIOB KETYA0YHO-KUIIIEYHOTO TPAKTA, YTO TIO3BOJISIET MPOCIEANUTH ITyTH MUTPALIIH TIOJLTFOTAHTOB
B Tpoduueckor 1enu. [lodydeHHbIE HaHHBIC PACHIMPIT TPEACTABICHUS O PETHOHAIBHBIX
TEOXUMHYECKUX OCOOCHHOCTSIX MKHMBBIX OPraHM3MOB M CO3/aAyT AMAarHOCTUYECKYI0 0a3zy s
HKOJIOTMYECKOT0 HOPMHUPOBAHUSI TEPPUTOPUI C pa3IMYHON aHTPONOIeHHON TpaHchopMaluen, yTo
UMeeT Kak (yHAaMEHTaIbHOEe, TaK M MPUKIAJHOE 3HAYCHUE IS OMOTCOXUMHYECKOH SKOJOTHH U
MIPUPOTOOXPAHHOU ITPAKTHUKHU.

2. MaTepuajabl U1 MeTOAbI

B nHacrosiieM uccrieoBaHuM B KaueCcTBe OMOMHINKATOPOB OBbLTH BHIOPAHBI MACTOUIIHBIE OBIIBI,
IIMPOKO PACTIPOCTPAHEHHBIE B M3yYa€MbIX PETHOHAX U XapPAKTEPU3YIOIIHECS CTAOMILHBIM PALIMOHOM U
OrPaHUYEHHOW MUTPAIIMOHHOW aKTUBHOCTBIO, YTO TIO3BOJISIET PACCMaTPUBATh MX TKAHU KaK HAJECKHBIN
WH/IUKATOpP PErMOHAIBHON N€OXMMUYECKOH 0OCTaHOBKH.

Uccnenosanue npoBommioch Ha Tepputopun Kazaxcrana u ['epmaHuu, 4TO MO3BOJIUIIO
OCYIIIECTBUTHh CPAaBHUTEIHHBIN aHAJN3 HAKOTUICHUS XMMHUYECKHX SJIEMEHTOB B YCIOBHUSX Pa3IMYHOTO
MIPUPOIHO-KIMMATHYECKOTO (DOHA M YpOBHS aHTpornoreHHoW Harpys3ku. B Kazaxcrane ywacTkamu
uccrenoBanus cranu [laBnogapcekas u Abaiickast 001acTH, CyIIECTBEHHO Pa3IMYarOIIHecs Mo reosIoro-
TF€OXMMUYECKUM YCIIOBHSIM W HUCTOPUM TEXHOTE€HHOro Bo3ieicTBus. B I'epmanuu uccrnegoBanue
MIPOBOJIMIIOCH Ha TeppUTOpHU T. HOp/IXOpH, I/1€ OTCYTCTBYIOT KPYITHBIC TIPOMBIITUICHHBIC TIPEATPUSITHS
Y UCTOYHUKH KOMILIEKCHOTO 3arpsi3HEHHUST aTMOC(EPHI.

Ot6op Gnomarepurara ocymecTBIsUICS B 29 HaceNn€HHBIX IMyHKTax ceMu paiioHoB [laBnomapckoit
obnactu — Y cnieHckoro, Mpteiickoro, basHaynsckoro, Maiickoro, Il{epoaktuHckoro, TepeHKoIbCKoro
u [aBnomapckoro, Brirodas ropoaa [laBnogap, Dxubdacty3 u Akcy. BeiOop 1aHHBIX TOUeK 00yCIOBIECH
HEOHOPOTHOCTBIO TEXHOTCHHOW HArpy3kKd M HEOOXOJUMOCTBIO OXBaTa KaK MHIYCTPHAIBHBIX, TaK U
MPEUMYIIECTBEHHO CEIbCKOXO03IMCTBEHHBIX TEPPUTOPHIA.
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JIst pacimpeHust iuana3ona CpaBHUTENILHOTO aHAIN3A M BBISBIICHHS BO3MOYKHBIX T€OXUMHUYECKUX
AQHOMAJIMi, CBA3aHHBIX C HCTOPUYECKUM TEXHOTEHHBIM BO3JICHCTBHEM, B HCCIIEOBaHNE OblIa BKIIIOYEHA
Abaiickas obmacte c¢. Kanbaray (Kaszaxcran), Tepputopusi KOTOpOW XapaKTepu3yercss 0co0oii
OKOJIOTMYECKOM  cuTyauueil, chopMHUpOBaBILEHCS MOJ  BIMSHHEM  SACPHBIX  MCIIBITAaHUN
CeMUTIIATIATHHCKOTO TIOJIMTOHA. B KauecTBe KOHTPOJIBHOIO M CPAaBHUTEIHHOIO 3apyOEKHOTO PErnoHa
6b11 BeIOpan ropoa Hopaxopn (Huwxkuss Cakconus, ['epmaniist), pacriosnokeHHbIN B 30HE HHTEHCUBHOTO
CEJIbCKOXO35ICTBEHHOTO HCIIOJIBb30BAHUSI TP OTHOCHUTEIBHO HHU3KOM YPOBHE IPOMBIIUICHHOTO
3arpsi3HEHUs. JTO MO3BOJIMIIO COMTOCTABUTH YPOBHU HAKOILJICHUS! XMMUYECKUX 3JIEMEHTOB B TKAHSX OBEIl
B YCJIOBHUSIX PA3JIMYHOTO aHTPOIIOT€HHOT'O IABJICHUS U arPOIKOJIIOTHYECKUX MPAKTHK.

B tabnmune 1 npuBeneHa kpatkas aIlMUHUCTPATUBHO-Teorpadryueckas XapakTepUCTUKA PaliOHOB
uccienoBanus. CBoiHas TabiMIla COCTABIICHA HA OCHOBE JAHHBIX, Pa3MEUIEHHBIX Ha O(UIMAIBHBIX
caiitax I[TaBmomapckoit m AOGaiickoi 00JIacTel, a TakKe MaTepuaioB, OTHOCAIMXCS K T. HopaxopH
(l'epmanus).

Ot0op OHoOMaTepuaoB OCYIIECTBISUICS OT KIMHUYECKH 37I0POBBIX KMBOTHBIX MACTOHMIIHOTO
COZIEpKaHMS C COOJIFOICHUEM SIMHBIX TpeOoBaHMiA MpobooTOopa. C KaKI0ro MyHKTa OBUIO OTOOpaHO
He MeHee 5 mpob O6uomarepuana. [lomyyeHHbsie 00pa3iibl MOABEPrauCh AalbHEHIeH 1abopaTopHOn
00paloTKe M aHATHM3y C MPHUMEHEHHEM BBICOKOYYBCTBUTEIHLHOTO METO/A OIPEACIEHHS SJIEMEHTHOTO
COCTaBa — MHCTPYMEHTAJIBHOTO HEHUTpOHHO-akTUBaIMoHHOro aHanu3a (MHAA), kotopslii sBisiercs
BecbMa A(P(EKTHBHBIM Uil OMpeNeeHUss B OHOTE PEOKHX, PEAKO3EMENBHBIX M PaJIMOaKTHBHBIX
AIIEMEHTOB, Ha 06a3e UCCIeI0BAaTeNCKOro siIepHOro peakTopa. [IpenMyiiiecTBa ero UCIoNb30BaHus IS
OMOJIOrHYecKuX 0OBEKTOB OTMEUAITH pa3iinuHbie aBTopsl (Tjioe, 1977).

WNHcTpyMeHTaNIbHBIT  HEWTPOHHO-aKTHBAIIMOHHBIA aHAMM3 C OOJy4eHHEM TeIJIOBBIMU
HeliTpoHaMu ObLT MpoBeZeH Ha TOMCKOM HccliefoBaTelbckoMm simepHoM peaktope UPT — T B
naboparopuu SAEPHO-TECOXUMUUYECKIX METOOB UCCIIeOBaHUs Kadeaphl MOJIE3HBIX UCKOMAEMbIX U
TEOXHMUH PEIKUX 3IeMeHTOB HalmoHanbpHOTo MccaenoBaTenbcKoro TOMCKOTO OIUTEXHUYECKOTO
yauBepcureta (Tomck, Poccus). B aTom MeTone aHanu3a cUrHajl CHUMAETCS C sJIep XMMHUYECKUX
AIIEMEHTOB, TOATOMY (U3NYECKOE COCTOSHHWE MPOOBI HE BIMAET HA PE3YyNbTaT. JTO TO3BOJIAIIO
OIpeNIeNINTh LIMPOKHHA CIEKTp 3JIEMEHTOB B 30j€ Oumomarepuana. BiusHue M3MeHEHus cocraBa
MaTpUIBl TPOOBI OMpPENeNseTCs JHIIb HWHTEPPEPUPYIOIIMMA ¥  HEHTPOHHO-MOTIIOMAIOIIMMHA
aneMeHTaMu. [1o3ToMy B MeTo/1aX HEHTPOHHO-aKTHBAIMOHHOTO aHAIM3a C YCIIEXOM NpUMEHSETCs
onud COC (craHmapTHBIN 00pa3elr] CpaBHEHUS) AJI PA3TIUYHBIX 00bEKTOB HCCIICIOBAHNUS.

ITporecchl MOTIIOLIEHNU MUKPO3JIEMEHTOB U3 OKPYKAIoIEel Cpeibl CBA3aHBbI B IEPBYIO OUYEpelb
C OCHOBHBIM HCTOYHHKOM WX IOCTYIUICHHSI B PAaCTEHHS — C TMOYBOH, a TaKKe C MOCTYIUICHHEM
XUMHUYECKHX 3JeMeHTOB (XJ) u3 armocdepsl. [1o3ToMy XUMHUECKHIl COCTaB pacTeHUI 4YacTo
OTpakaeT XUMHUYECKUH coctaB cpesl ooutanus (Muhammad, 2024; Ermakov, 2023; Panichev et al.,
2025).

MUKpPOAIEMEHTHBI COCTaB PACTHTEIBHOCTH SIPKO OTpakaeT OCOOEHHOCTH OKpY’Karomien
Cpeabl — Kak MPUPOJIHON ee COCTaBIIAIONICH, TaK U TEXHOTEHHOTO (pakTopa. KoMIuIeKCHBIH MOX0/1 K
M3YYEHUIO MHKPODJIEMEHTHOTO COCTaBa PACTEHUH TO3BOJISIET UCIIONB30BaTh WX B JKOJOTHH TPU
OLICHKE BO3/ICHCTBUS MPEINPUATAN Ha OKpyxXatolyto cpeny (Baranovskaya, 2024).

[Tonmy4yennble naHHBIe OOpabaThiBaimCh ¢ Hcmonb3oBaHueMm mporpammel STATISTICA 9.
PaccuuthiBanuchk cpennee apupmernueckoe (M), cranmaptaoe otkioHenue (SD), koadduimeHt
Bapuanmu (V, %), MUHUMaJIbHBIC U MaKCUMaJbHbIC 3HaYCHUs (Min...max). [y cpaBHEHHS TPYIII
NPUMEHSUICS KOPPEISIIMOHHbIN aHanmu3 (koddduiment [Tupcona, ro,os = 0,63). Paznuums cunranuch
CTaTHCTUYECKHU 3HaYnMMbIMU Tipu P < 0,05
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Tabauna 1. AqMUHHCTPATUBHO - reorpadguyeckasi XapakTepUCTUKa PaiioHOB HCCIIEI0BaHUS

Paiionn1 I'eorpadguyeckoe HamnpapieHue ceJlbCKOro xo3siicTea
N0JIOKEHU e

HpTthimickuit CeBepHo-3amaHas CenbCKOX03CTBEHHAS crielanu3anus paiioHa MOJIOYHOE
yacTh [laBlomapckoil | >)KUBOTHOBOJICTBO, 3€PHOBOE XO3SiCTBO. BrIpamuBaeTcss mpoco, rpevuxa,
o0mactu MO/ICOTHEYHUK, TPOU3BOAUTCS MSCO, IIEPCTh, MEIKOE KOXKCBIPBE.

Maiickuit IOro-Bocrounast yacts | OCHOBHOE HampaBieHHE XO351UCTBa pailoHa - )KUBOTHOBOAUeckoe. Hannuue
[TaBnonmapckoii OTPOMHBIX ~ MacCHBOB  KOBBUIbHO-TUITYAKOBBIX  KOPMOBBIX  YroJIui
o0mactu ONpeAeNuiIo BeAyllee 3HAaYeHUE OBIEBOJCTBA B >KUBOTHOBOAYECKOM

XO35ICTBE palioHa.

basnaynsckuii | FOro-sanangHas vacth | PaliloH MMeeT »XMBOTHOBOAYECKOE HAIPABJICHUE: BbIPALIMBAHUE MSCHBIX
[TaBnonmapckoii MOpOJi KPYMHOTO POraToro CKOTa, OBIEBOJCTBO (MOJIyrpyOoIIepCcCTHOE),
obmnactu KOHEBOJACTBO (TaOyHHOE, MECTHBIE Ka3axCKHe MOpoJbl). 3emelesIneM

3aHMMAIOTCSI B OCHOBHOM B IOKHOM 4acTH pailoHa, rje MmouBbl Oosee
mwionopoansl. meercs 5414 nUIHBIX TOABOPHIA.

XKenesunckuii | CeBepHas yacTh | CeNbCKOXO3SUCTBEHHAs] CHelMalin3alis B paiioHe: 3epHOBOE XO3SHUCTBO
ITaBnonapckoit (mmeHuIa), MOJIOYHOE >KMBOTHOBOJICTBO, BBIpAIlMBACTCA IPOCO, Ipeunxa,
o0actu TIO/ICOTHEYHUK, TIPOU3BOAUTCS MSICO, MEJIKOE KOXKCHIPHE.

Kauupckuit CeBepHas yacthb | CenbCKOX035UCTBEHHAS crequanu3anus  paifoHa: MOJIOYHOE |

(Tepenkoins) [TaBnonapckoit MSICOMOJIOYHOE >KMBOTHOBOJCTBO, 3€PHOBOE XO34HCTBO. BrplpamiuBaercs
o0actu NIIeHWIIa, TPOCO, Tpedynxa, IMOJCOJHEYHUK, MPOU3BOJUTCS MEIKOE

KOYKCBIPBE.

Jlebsoxuackuii | FOro-BocTouHas yacTh | CelbCKOXO3SHCTBEHHAs CIIEIUATN3aIisl paiioHa: OBIEBOJICTBO, TaOyHHOE

(AKKyITBI) [TaBnonapckoii KOHEBOJCTBO, MPOM3BOJCTBO INEPCTH, OaxdeBOJCTBO. BrIpammBaercs
obmactu MUIEHUIA, NPOCO, IPEUMXa,l0JICOJIHEYHHUK, MPOU3BOIUTCS MSICO, MOJIOKO,

MEJKO€ KOXKCHIPhE. OCHOBHOE HAIPABJICHUE XO3SIMCTBO - )XKHBOTHOBOJICTBO.

Ycenenckuit CeBepo-BoCTOYHAs OcHOBHOE XO35HCTBEHHOE HAIpPaBJIEHUE pailoHa - CEIbCKOXO3SHCTBEHHOE
yacTb [laBiogapckoil | NpOM3BOACTBO, IPEUMYILECTBEHHO BbIPAILMBAHUE 3€PHOBBIX KYJIbTYD
o0yacTu

ITaBnonapckuii | CeBepo-BocTOUHAS CenbCcKOX03sICTBEHHAS crienranIu3aIus paiioHa: MSICOMOJIOYHOE
yacTb [laBiiogapckoil | >)KUBOTHOBOJCTBO, NTHULEBOAYECKOe. BpIpamuBaercss mileHULa, MPOCO,
obmactu rpeuyuxa, NoJCOJHEYHHK, caxapHasl CBEKJIa.

Axroraiickuit | CeBepo-3anagHas CenbcKOX03HCTBEHHAS creruanu3anus paiiona: MOJIOYHOE
yacth [laBnogapckoil | ’KHBOTHOBOJACTBO, 3€pPHOBOE XO3sMCTBO. BripaiuBaercss MOACOTHEYHHUK,
obmactu BBIJICITBIBACTCSI MEIIKOE KOXKCHIPHE (OBUHHBI).

[Mep6akTurCcK | BocTounas gacTh | CenpCKOX035IICTBEHHAS creryanu3anus paiioHa MOJIOYHOE

ui ITaBnogapckoit ’KHBOTHOBOJICTBO, 3€pPHOBOE XO03siiCTBO. BhrIpamniuBaercs mpoco, rpeduxa,
obmacTu TIO/ICOJTHEYHUK, TIPOU3BOAUTCS MSICO, IIEPCTh, MEITKOE KOXKCHIPBE.

c. T'eoprueska | KapMuHCckuii  paiioH | JKHBOTHOBOACTBO M PaCTCHHEBOJICTBO. 3apPETHCTPUPOBAHO MHOXKECTBO

(Kanbaray) Abaiickoii obmactu KPECThHCKHUX XO3SHUCTB, KOTOPBIE 3aHUMAIOTCSI CMEIIAHHBIM CEITbCKUM

XO3SUCTBOM - pa3BeICHHEM CKOTa U 00pabOTKOM manrHu.
r. Hopaxopn, | Hwxuasas  Cakconus | Cenbckue paiioHBl (DepMEpCKUX IMOJeH, 3eJieHble Jiyra M I1acTOMIIax,
T'epmanus I'epmanuu PAacTONIOKEHHBIX B IPUTOPOTHBIX 30HAX.

3. Pe3yabTaThl

[TaBnogapckasi 0671aCTh MPEACTABISAET COOON KIACCHUECKUN TPUMEP PETHOHA C XPOHHUECKUM,
MacmTaOHBIM U aTMOC(EpPHO-3aBUCUMBIM 3arps3HeHueM. O0yacTh sSBISIETCS OAHUM M3 Haubosee
pPa3BUTHIX B OJKOHOMHYECKOM OTHONIEHWU peruoHoB Pecrmybnmku Kazaxcran, uMeronmii
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CTPAaTEeTNYeCKOe 3HAYCHHUE Ui BCEH cTpaHbl. ba3oBeiMM oTpacisiMu 3KOHOMHMKH IlaBrnomapckon
obnacT  SBJIAIOTCA ~ TOpPHOAOObIBaroInasi,  HedremepepabaTbiBarOlias M XUMHUYECKas
IIPOMBIIIJIEHHOCTh, 4Y€pHas W LBETHas MeTaulyprusi, »sHepreruka. OJIHOM M3 OCHOBHBIX
sKoJIoruueckux npodiem IlaBnorapckoro pernoHa ocTaercs 3arpsa3HeHrne aTMOC(EpPHOro BO3AyXa.
BenymuMu HMCTOYHMKAMH 3arpsi3HEHUS SIBJISIFOTCSI TEIUIOBBIE AJIEKTPOCTAHLIMM, HCIOJb3YHOIINE
TEXHOJIOTUIO CHKUT'AHUS BBICOKO30JIBHBIX DKHOACTY3CKUX yriied. DTO NMPUBOIUT K IMOBBIIIEHHBIM
BbIOpOCaM 30I1bI yepe3 AbIMOBBIE TpyObl. B oOnactu HacumthiBaercs Oosee 7000 mcTOYHHMKOB
BBIOPOCOB, KOTOphI€ 3arps3HsioT arMmocdepy BpemusiMu BemectBamu (Unified Environmental
Internet Resource of the Ministry of Ecology, 2022).

Pacnonoxxennsiii B IlaBmomapckoii oGmact Malickuii paiioH, kak u ceno ['eoprueBka
(Kanbaray) AGaiickoii obnactu (ObiBimas CeMUNaIaTUHCKAsE 00JIaCTh), BXOIWIA B 30HY BIHSHUS
CeMHIIAIaTHHCKOTO HCIBITATEIBHOTO MOJUTOHA, KOTOPbIA PyHKImoHupoBai ¢ 1949 mo 1990 rossr.
BoznelictBue paavandoHHOro (akropa Ha JKUBBIE OpPraHU3Mbl B 3TOM PETMOHE IPUBENO K
3HAYUTENbHON aHTPONOIeHHOM TpaHchopMauK, KOTOpas M0 CTENEHHM HapylleHHUH, MaciitadaM u
JUTUTEIIBHOCTH BOCCTAHOBIICHHS IPEBOCXOUT MOCIIEACTBUS Ipyrux ¢akropos (Sultanova, 2000).

B otnnuuu ot IlaBnonapa, rae aeiictyromue TOLl u Metamtypruyeckie 3aBojibl IOCTOSHHO
BBIOPACHIBAIOT B aTMOC(epy MIMPOKHHA CHEKTP THKENbIX MeTawioB, B Hopaxopue (I'epmanus) Her
KPYIHBIX HNPOMBIIIJICHHBIX HUCTOYHUKOB KOMIUIEKCHOTO 3arpsizHeHHs atMocdepsl. Mmes ncroputo
MHYCTPUAJIBLHOTO HACJIEHs: 3/1€Ch PACIOI0XKEH ObIBLINI IPOMBILUIEHHBIN KoMmIuieke, B Hopaxophe
ObUIM TNPUMEHEHbl HMHHOBALIMOHHBIE TEXHOJOTHMM OYUCTKM IIOYB OT TSDKENbIX METallIOB C
ucnosb3oBanueM ornopemeanarnu (Burdens. Environmental pollution, https://nordhorn-range-muss-
weg.de/nordhorn-range/belastungen).

B pesynbraTe npoBeAEHHOIO UCCIIEAOBAHUS ObLI MOJIYYEH MACCUB JaHHBIX O COJEp’KaHUU
XMMHUYECKHX 3JIEMEHTOB B TKaHIX OBEL, OTOOpaHHbIX Ha Tepputopuu IlaBnogapckoit u Abaiickoit
obmacteit Pecnyonuku Kazaxcran, a Taxke B ropone Hopaxopa (Hmwkusist Cakconust, ['epmanms).
AHanu3 TO3BOJIMI  YCTAHOBUTH  KOJIMYECTBEHHBIE IIOKA3aTEIM  HAKOIUIEHHS MHKpPO- H
YIIbTPAaMUKPO3JIEMEHTOB, BKIIIOYAs IIEJIOYHBIE, MIEIOUHO3EMENbHbBIE, PEIKO3EMENbHbBIE U TSHKEIIbIE
METAJIJIBI, @ TAK)KE HIEMEHTHI C NOTEHIIMAJIBHO TOKCUYHBIMU CBOMCTBAMH.

Ha Ttepputopun IlaBnonmapckoit ob6mactu HaOI04aeTcss JOCTaTOYHO HEpPaBHOMEPHOE
pacripe/ielieHue BCEX XMMHUYECKHX 3JIEMEHTOB IO JAHHBIM H3YYEHMsI TKAHU JKENyJKa JOMAalIHUX
KUBOTHBIX (MACTOMIIHBIX oOBel). B Tabmuue 2 mpencTaBieHbl CTAaTHCTHYECKHE TapaMeTphl
pacripeielleHus] XMMUYECKUX 3JIEMEHTOB B TKAHSX JKeTyaKax.

Tabauna 2. BapuanmoHHO-CTaTUCTUYECKHE TOKA3aTeNN COJACPKAHUS XMMUYECKHX DJIEMEHTOB B
TKaHSIX JKelyJika nacTonIHbIX oBell [laBnoaapckoil obnactu

JJIeMeHTHBlI, X+2 V, % DJIeMeHTHl, X+a V, %

MI/KT ETE— MI/KT EE——
min ... max min ... max
0 0.5+ 0,03 0.09 + 0,02

Na, % 02 009 36 La 00104 97
. 0,5+ 0,12 0.3 + 0,03

Ca, % 00420 141 Ce 0061 64
0,02+ 0,004 0.3+ 0,04

Sc 0.0007 013 151 Nd 0113 41
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1,2+0,.3 0,01 + 0,003
Cr 007 6 113 Sm 0001 0.0 109
. 0,02 + 0,001 0,004 + 0,0006
Fe, % 0,01...0,05 46 Eu 0,002..0,01 6
0,3+ 0,02 0,009 + 0,001
Co 02..05 34 b 0,002 ... 0,03 84
90 + 3.8 0,007 + 0,001
Zn 59...135 20 Yb 0,002.. 0,03 8
2.1+18 0,001 + 0,0003
AS 0,25 ..48 435 Lu 0,0001 ...0,01 112
23+18 0,03 + 0,007
Br 71..39.4 40 Hf 0,005 ... 0.2 114
+0,9 0,01 + 0,002
Rb 2..224 143 Ta 0,004 ...0,04 11
47 + 15 0,005 + 0,001
St 10...397 166 Au 0,002 ... 0,02 118
0,07 + 0,01 0,02 + 0,004
Ag 0,04..0,3 86 Th 0,003 ...0,00 111
0,02 + 0,002 0.1+ 0,02
Sb 0,001 ...0,04 68 U 0,008..05 88
0,02 + 0,003 20 + 14
Cs 0,0001 ... 0,07 98 Ba 1,7..353 181

IIpumeuanne. X — cpelHee apupMeTHUECKOE 3HAYCHHE; A- MOKA3aTeNd BapHalWu; MiN...maxX — pa3Max BBIOOPKH
(MUHMMaJIPHOE U MaKCUMaJIbHOE 3HAYCHHUE DIIEMEHTA).

Ha ocHoBe mosyuyeHHBIX pe3ynbTaToB Kod(hduilMeHTa Bapuaui Bce dJIEMEHTBI pa3IesItoTCs
Ha 3 TPYIIbL:

< 50 % — HaTpwii, xKene30, KoOAIbT, IUHK, OPOM, HEOTUM, KOTOpPbIE OyIyT UMETh OJTHOPOJTHOE
oJie pacmpeaenenus (pucyHok 1);

or 50 mo 100 % — cepeOpo, cypbMa, LiepHii, eBpomuii, TepOuii, uTTEepOUM, ypaH, mone
pacnpenenenus uddepeHIIPOBaHHO (PUCYHOK 2);

>100 % — xanpumid, CKaHIWH, MBIMIBSIK, PYOUAMA, CTPOHIWH, Oapuii, caMapui, JIOTEIHA,
rapHUd, TaHTaJ, 30JI0TO, TOPH, IOJIE paclpeieieHus, KOTOPhIX CHWIbHO aAuddepeHnnpoBaHHO
(prcyHOK 3).
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HisiogramofNa HislogramafFe
Spreadsheat]_(Recovered)sia 28v27c Spreadsheatl_(Recoverad) sia 28v°27c
Na =27%0,1*normal(x:04776;0,1726) Fe = 27+0,01*normal(x; 0 0166;0.0076)
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HistogramofBr HisbgramofNd
Spreadshest!_(Recoversd) st 28v*27c Spreadsheetl_(Recovered) sk 28v27c
Br =27"5"normal(x; 22 9642;9.2634) Nd =27°0,1*normal(x;0,5467;0.2218)
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Pucynox 1. PacnpeneneHne XWMHUYECKHX DJIEMEHTOB B JKEIyAKaX MacTOMIIHBIX OapaHOB

(ko3 dunment Bapuanuu Menbire 50) Ha Tepputopuu [laBnogapckoii odonactu: A - Na, B — Fe, C-
Co,D-2n, F-Br, G- Nd
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HislogramofAg Histogram ofSb
Spraadsheet!_(Recoverad) st 28v*27c Sproadshestl_(Recovered)sta 28v*27¢
Ag = 277005 normal(x;0,0691;0,0594) b= 270,006 normal(x;0,0156;0,0106)
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Histogram of U
Spreadsheet1_(Recovered).sta 28v*27¢c
U = 2770, 1"normal(x; 0,1172; 0,1029)
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PI/lcyHOK 2. P acTIp€ACJICHUEC XHUMHYCCKUX OJICMCHTOB B XCEIIyJIKax HaCT6I/IH_IHI>IX 6apaHOB C

tepputopuu [laBnogapckoii obnactu (koaddunuent Bapuarmu ot 50 1o 100), A — Ag, B — Sb, C -
Cs,D-Sb,F-Ce, G-Eu,H - Th, J - Yb, K- U.

No of obs.

Histogram of Ca
Spreadshest 1_(Recovered). sta 28v"27c
Ca = 27*0,5'normal(x; 0,4598; 0,6463)
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HistogramofSc
Spreadshest!_(Recovered)sta 2Bv*27c
Sc=27'001*normal(x;00161;00243)
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Histogram of As
Spreadsheet1_(Recovered).sta 26v'27c
As = 27"5'normal(x; 2,1067; 9,1717)
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HistogramofRb
Spreadsheetl_(Recovered)sia 28v*27c
Rb=27"2*normal(x; 30983;44177)
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Histagram of Sr
‘Spreadsheet1_(Recovered).sta 28v"27c
Sr = 27*50'normal(x; 47,1666; 78,0867)

HislogramofBa
Spreadsheeti_(Recovered).sta 28v*27c
Ba =27*50*normal(x;40 261, 72,8077)
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HisogramofSm HistogramofLu
Spreadsheet!_(Recovered).sia 28v'27c Spreadsheetl_(Recoverad) sta 26v*27c
Sm=27+001*normal(x;0,0145;0,0158) Lu=27°0,001*normal(x;0,0012;00013)
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Pucynok 3. PacripeneneHne XMMHYECKHX 3JIEMEHTOB B TKaHIX JKEIy/AKaX MAcTOMIIHBIX OBEIl C
tepputopuu [laBnogapckoii odnactu (koadduuuent Bapuamun 6onbire 100) A - Ca, B - Sc, C - As,

D-Rb,F-Sr,G-Ba,H-Sm,J-Lu, K-Hf L-Ta, M-Au, N-Th

17




Journal of Ecology and Sustainability 2026, 156(3)

JlenaporpaMMa KOPPEISIHOHHON MaTPHIBI TCOXHMHYECKOTO CIIEKTpa B TKaHAX JKEITyIKa
JOMAIIHAX KMBOTHBIX IOKa3ajlo 4 TPyIbl XMMHYECKHX 3JEMEHTOB, 00pasyrommx Haubojee
3HaYMMBbIe CBs3H (pucynku 4, 5):

- ckauauii ¢ nepuem (0,06), camapuem (0,9), urrepouem (0,8), moreruem (0,8), Topuem (0,7);
- kasbims ¢ sxene3oM (0,7), crponnuem (0,8), 6apuem (0,9), tanranom (0,6), uepuem (0,7);
- xene30 co ctpormueM (0,9), 6apuem (0,9), nantanom 0,6, nepuem (0,9), ropuem (0,8);
- nanrtana ¢ ruepuem (0,7), camapuem (0,8), uttepouem (0,6), Topuem (0,8).

B 0cHOBHOM HaO0JIFOAIOTCS CHUJIBHBIEC MTOJIOKUTEIBHBIC CBSI3H U HAMOOJIBIEE KOJIHUECTBO C
PEIKO3eMETbHBIMH JIEMEHTAMH U TOPHEM.

Tree Diagram for 28 Variables
Ward's method
1-Pearson r
3,0

20 ¢t .

ol | |
a0 jﬁa 5l 1L

Cs Th Nd Hf La Ba Au Eu Ta Br u
Rb Ag n Th Yb  Sm Sr Fe Ca As Sb Cr Co MNa

Linkage Distance
o

Pucynok 4. JlenaporpaMma KOpPpENSIIMOHHOM MAaTpUIIbl T€OXHMHUYECKOTO CIIEKTpa JKeIyJKa
JOMaITHUAX XUBOTHBIX [laBomapckoii obmactu (1-Person roos = 0,63; 06beM BeIOOpKH — 27 TTPo0)
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15 0,1
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PucyHnoxk 5. /lnarpaMMa KOppensiiUOHHBIX CBSI3€i XUMHUUECKUX 3JIEMEHTOB B KeNyJIKax JOMAalTHIX
XKHUBOTHBIX ¢ TeppuTopuH [laBnonapckoil obnactu

[TonydyeHHble pe3ynbTaThl UccieIoBaHUs Ha TeppuTopuu [laBmomapckoil obnactu mokasanu
3HAYUMYIO KOPPEISIIHOHHYIO CBS3b MY TSHKEIBIMU U JISTKUMH JIAHTAHOUIAMH (PUCYHOK 6).

Yb+Lu
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IS~ = e
0,005 -
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0,000 . .
0,00 0,20 0,40

0,60 0,80
La+Ce

1,00 1,20 1,40

Pucynok 6. OTHOIIEHUE TSDKEJIBIX JIAHTAHOUIOB K JIETKUM B KeNyAKaX JOMAaITHUX KUBOTHBIX Ha
tepputopuu [laBmogapckoit oomactu

[Ipu cpaBHEHNY MOTYyYEHHBIX PE3YJIbTATOB HA TEPpPUTOPUH / paitoHoB [laBmomapckoit o0macTi
(Kazaxcrana) ObUIO BBISABIEHO, YTO HauOoJee BBICOKOE COAEpPKAHUE XUMHUECKHX 3IIEMEHTOB
HaOII0aeTCsl B TKaHAX JKelyaka oBell ¢ basHaymbckoro paifoHa (CkaHAuW, j>Kele30, KoOajbT,
cepedpo, cypbMa, 1iepuil, camapuii, UTTepOuid, TroTenuil, ragHui, TOpUit), BO3MOKHO 3TO CBSI3aHO C
0COOEHHOCTRIO MecTa macTouIa (ropHas MECTHOCTH) (Tabuia 3, pUCyHOK 7).
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Ta6muna 3. ComepkaHue XUMHUYECKHX JJIEMEHTOB B JKEIYJIKE JOMAIIHMX JKUBOTHBIX PailOHOB
[TaBiogapckoii oomactu

DJI-ThI Hccnenyemsie paiionnl IlaBnogapckoii o01acTu
MK/KT
HUprbimcknii | [MaBaogapekn Maiickui Tepenkoabcku | HlepdaxkTuncku | basgHayabeku | YcneHcKuid
71 71 71 71
Na, % 0,5+0,08 0,4 £0,05 0,6+0,1 0,4 £0,05 0,4 +0,02 0,4 +0,07 0,9 £0,07
Ca, % 06+0,3 0,7+£0,3 0,3+0,07 02+0,1 0301 04+0,2 05+01
Sc 0,01 + 0,004 0,01 £0,004 | 0,005+0,0009 0,008+0,005 0,01 +0,003 0,05+ 0,04 0,05+ 0,04
Cr 1,0+0,3 1,7+09 0,7+0,6 0,4+0,2 1,4+05 1,4+09 43+£0,7
Fe,% | 0,01+0,005 0,015+0,001 | 0,020,003 0,02 + 0,004 0,02 £ 0,007 0,02 +£0,003 0,01 £ 0,005
Co 0,3+0,04 0,3+0,04 0,3+0,07 0,3+0,05 0,2+0,02 0,5+0,02 0,5+0,03
Zn 88,4+8,0 105+4,2 103+ 3,0 112+ 139 93,8 +153 93,8+14,3 106 £ 12,7
As 0,4 +0,06 0,3+0,06 03+0 0,3+£0,08 16,3+15,8 04+01 0,3+0,01
Br 27829 21,04 £4,4 1788 20,88 214+24 26,4 +5,.2 18,4 +3,.2
Rb 15+0,2 42+14 3626 857 1,3+0,6 1,8+0,6 1,03+01
Sr 73,7 £48,6 46,7 £ 18,2 10+0 27,6 £17,6 341+121 50,3 +19,2 376113
Ag 0,06 +£0,01 0,05+ 0,004 02+01 0,05+491E-18 0,05+ 0,004 0,09 +0,04 0,05 + 0,002
Sh 0,01 £ 0,005 0,01 £ 0,004 0,01 £ 0,004 0,02 £ 0,004 0,02 £ 0,006 0,02+0,01 0,03 £ 0,007
Cs 0,009 + 0,002 0,02 + 0,006 0,02 +0,008 0,04 £0,02 0,01 +0,002 0,02 +£0,005 | 0,005+0,0001
Ba 64,8 +42,1 54,8 £257 6,3+1,3 158 +9,6 136+4,3 30,5 +26,03 42,4
La 0,09 +0,03 0,07 £0,02 0,05+0,03 0,06 £0,01 0,09+0,01 02+0,1 0,1
Ce 03+0,1 0,25+0 03%0 0,2 0,06 0,2+0,06 04+01 0,3
Nd 0,5+0,05 05+0 0,5+0,03 050 05+0 0,5+0,02 1,2
Sm 0,01 + 0,002 0,009 £0,004 | 0,01 +0,002 0,01 £ 0,004 0,01 + 0,006 0,04 +0,02 0,01
Eu 0,003+0,0006 0,01 +0,002 | 0,003+0,0004 | 0,002+0,00005 0,007 + 0,003 0,006 + 0,002 0,004
Th 0,006 £0,001 | 0,007 +0,001 0,02 +0,01 0,01+ 0,004 0,008 + 0,003 0,01 +0,009 0,005
Yb 0,007 + 0,002 | 0,005 +0,0002 0,005+0 0,005+0 0,005 +0 0,01 + 0,007 0,008
Lu 0,0009+0,0002 | 0,001 +0,0003 | 0,001+0,0003 | 0,001+0,0004 0,002 + 0,001 0,003 + 0,002 0,001
Hf 0,02 + 0,003 0,05 +0,03 0,03+0 0,02 + 0,006 0,02 + 0,002 0,06 = 0,04 0,01
Ta 0,01 + 0,005 0,01 + 0,006 0,005+0 0,008+0,003 0,005+0 0,006 + 0,001 0,005
Au 0,006 + 0,003 | 0,005+0,002 | 0,005+ 0,003 0,005+0,002 0,003 + 0,001 0,002+0,0007 0,003
Th 0,02 £0,01 0,01+0,001 | 0,007 +0,003 0,01+0 0,02+0,01 0,04 +0,02 0,03
U 0,1+0,04 0,2 +£0,06 0,1+0,03 0,04 +0,01 0,09 £0,01 0,09 +£0,04 0,2

Bricokoe conepxanue Opoma, CTpOHLIMS, Oapusi, TaHTala U 30J10Ta CONEPKUTCS B JKEIyAKax
6apanoB Mpreiickoro paiiona. s IlaBnogapckoro paiioHa XapakTepHbI CIEAYIONINE IEMEHThI —
KaJIbIMHA, XpOM, €BpONUH, ypaH; /Ui TepeHKOIbCKOTo paifoHa — IUHK, pyOuauii, cyppMa, 1e3uil; 1is
[IlepOakTHHCKOTO paifoHa — MBIIIBSK; 4711 MaiicKoro paiioHa — HATpUi, TEPOUIA.
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Pucynok 7. CpaBHHUTENIbHBIC JaHHBIC IO COJICPKAHHIO XUMHUYECKHUX DJIEMEHTOB B JKEIyJKax
JIOMaITHUX XKUBOTHBIX paiioHoB [laBiogapckoit oGmactu

Yenenckuil paion

Ha ocHoBaHMU COMOCTaBICHHS MOJYYEHHBIX JAHHBIX C KJIAPKOBBIMH 3HaueHHsMH 10 A. II.
I'ma3oBckOMy yCTaHOBJIEHO, YTO OOLIel reoxumuyeckon crenuanuzanuei [laBnonapckoit odiaactu
0 COJICPYKAHUIO FJIEMCHTOB B TKAHSX JKEIIYIKOB OBEIL SIBJISICTCS IUHK (Tabuuia 4). AHanu3 cpeiHux
KOHIIGHTpPAaLMH XMMHYECKHUX DJIEMEHTOB I103BOJIWI  BBIACIUTH pailloHbl C  BBIPAKEHHOU
reOXHMHUYECKOH crienn(puKoii, xapakTepusyromuecs kodgduurenramu KoHIeHTpanuu oozee 2. Tak,
B ll{epGakTHHCKOM paiioHe OTMEUEHO U30MpaTeIbHOE HAKOIJICHHE MBILIbKA; A7 TepeHKOoIbCKOro
paifoHa XapaKTepHO IMOBBIIICHHOE COJIepKaHNe PyOHIus U 11e3ust; basHaynbCKuii palioH BBIACTSAETCS
HAKOIJICHUEM PEAKHX M PEIKO3EMEIbHBIX JIEMEHTOB - CKaHIUS, camMapus, JIOTEeLUs, TOpUS U
JaHTaHa; B YCIEHCKOM pailoHe Ipeo0asacT HaKOIJIEHHE XpoMa, CKaHIus W Heoauma. B To xe
Bpems [laBnonapckuii u UpThiickuil pailoHbl XapakTepu3yroTcs Ko3dduuueHTaMu KOHIEHTpaluu
XUMHAYECKHX DJIEMEHTOB MEHee 2, YTO YKa3bIBAeT HAa OTCYTCTBHE BBIPAKCHHOW T€OXUMHYECKOU
CreLHaIn3aluu.

Taﬁ.lmua 4. I'eoxuMuIecKas CHeHI/I(I)I/IKa JKCITYAKOB JOMAITHUX KUBOTHBIX HaBHOIlapCKOﬁ obmactu

Paiion Knapxk Ko3¢unneHT KoHneHTpanmii 31eMeHTOB
HCCIeI0BAHUA
[lepOakTHHCKMT ITo cpenHeMy 3H. As77>EuU16 >Shy4 >Lui3 >Cri2Thy
palioHn
ITo I'nmazoBckomy Asss>2Zn;
TepeHKOIbCKHi Io cpennemy 3H. Rb2,g> Cs24 >Zn; 1> Sbhy 1 >Ausa
paiion
ITo I'mazoBckOMy Zn2a
BasinaynbCckuii o cpennemy 3H. Scs32 >Smz,7> Luzi >The1>Laz>Yhy o> Hf 7 >Co14Eu1a Ce14>Ag13
paiioH Sb1,3 Csi3 Tb1,3> Cry1 Fe11 BrigSria
[To I'mazoBckoMy Znz >Sry3
Maiickuii paiion o cpenteMy 3H. Ag27>Thig>Nai 2 Rbip >Cs11
Ilo I'mazoBckomy Znz2
ITaBnonapckuit ITo cpennemy 3H. Hf 6> Cai4 Rb14Baig >Tai3 Eui3>Cri4U14>2Zn11 CS11 AUz
paiion
ITo I'mazoBcrkoMy Zn23>Bajs >Sr 2
Wpreiickuii paiion | [1o cpenneMy 3H. Sr16 Bais >Tars >Auss Cayz >Cero Fero Briz Thy Cerz >UpiNagg
L6.1,1
ITo I'mazoBckomy Zny 9 >Sr18Baig>Bris
VYcneuckuii paiion | [To cpeanemy 3H. Cr34>SC2,9 >Nd>2,2 >Shy 9 U;9>Nayg >C017>Thys>Ybi, Lai> Bagg
Zny
ITo I'mazoBcKOMY Auaz> Znz3>Bais
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[To creneHu ynanéHHOCTH OT MPOMBIIIUIEHHOTO IIEHTPA U KOJMYECTBY BBISIBJICHHBIX AJIECMEHTOB
HCCIIElyeMbIE PallOHbI PACIIOIararTCs B CIEAYIOLIEH ocaeaoBaTenbHoCcTh: [laBmogapckuil paiion
(11 snementoB), Ycmenckuii paiion (12 snementoB), IllepOakTuHckuii paiioH (6 31eMeHTOB),
Maiickuii paiion (5 snemenrtoB), Tepenkonbckuii paiion (5 anementoB), Upteiiickuii paiion (13
aileMeHTOB) U basHaynbckuii paiion (18 siemenTtoB). Hambosbliiece KONMMYECTBO XHUMHUYCCKHX
JJIEMEHTOB 3aUKCHpPOBAaHO B OWomaTepuanax, OTOOpaHHBIX B basHaynbCcKOM palioHe.
[Ipenmnonaraercsi, 4TO MOBBIINICHHOE HakoIIeHHE 18 2IeMEHTOB B JaHHOM paiioHe OO0YCIIOBIECHO
MPEUMYIIIECTBEHHO TPHUPOIHBIMH (PAKTOpAaMHU, B YACTHOCTH OCOOCHHOCTSIMU TE€OJIOTHYECKOTO
CTPOCHUS ¥ TOPHBIM pelibe()OM TEPPUTOPUH, & HE TEXHOTCHHBIM BO3JICHCTBHEM.

Ha ocHOBaHWY MOYYEHHBIX JTaHHBIX OBLI MPOBEJCH CPABHUTEIHHBIA T€OXUMHUYCCKIX aHAIH3
[0 HAKOIUICHWIO B TIHMIIEBAPUTEIBHBIX TKaHSAX IMACTOMIIHBIX OBEIl C TPEX pPa3JInYHbBIX
reorpaduueckux 30H: [laBmomapckoe Ilpuumprteimbe; Cemumnanatuckuii monuroH (Aobarickas
o6macts) (Kaszaxcran) u Hmwkuss Cakconus (r.HopaxopH, I'epmanust) (tabnuia 5).

I'eoxumugeckuii psij] 0 CPEAHEMY COJICPIKAHUIO JIEMEHTOB B OMOMaTepualie Ha TEPPUTOPUHU
IMTaBnomapckoii obmactu (Kasaxcran): Zngg > Sra7 > Broz > Baso > Cry2 > As21> Nags > Caos > Ndos
> Ceo,3> C0o,3> Lao,1 > Uo,1 > Feo,02> Tho,02> CS0,02> Sho,02 > Hfo,03> Tho,01 > Ago,07> Smo,01> Ybo,007
> AUo,005 > LUo,001

Tabauna 5. CpaBHUTENbHbIE OMOr€OXMMHUYECKUE MOKa3aTelM HAKOIUIEHUS B TKaHAX OBEL W3
Pa3INYHBIX TEPPUTOPUI

- Ka3axcran I'epmanus - Ka3zaxcran I'epmanus
™ IMaBnogapckas Abarickasn Huxusas ™ IHaBnogapck Abaiickas Huxnsas
o0JacTh o0JacTb Cakconus, ast 00J1aCTh o0JacTh Cakconusi,
r. Hopaxopu r. Hopaxopu
Na,% 0,5 0,974 0,814 La 0,09 0,095 <0,05
Ca,% 0,5 2,391 0,013 Ce 0,3 0,250 0,074
Sc 0,02 0,004 0,003 Nd 0,5 0,50 0,50
Cr 1,2 0,581 1,142 Sm 0,01 0,010 0,010
Fe,% 0,02 0,003 0,015 Eu 0,004 0,003 0,003
Co 0,3 0,456 0,171 Th 0,009 0,048 0,030
Zn 99 100,1 110,5 Yb 0,007 0,005 0,005
As 2,1 0,25 0,99 Lu 0,001 0,001 0,001
Br 23 10,30 14,31 Hf 0,03 0,143 0,025
Rb 3,1 3,14 4,46 Ta 0,01 0,009 0,007
Sr 47 265,1 10,0 Au 0,005 0,003 0,004
Ag 0,07 0,05 0,17 Th 0,02 0,010 0,010
Sb 0,02 0,025 0,021 U 0,1 0,050 0,050
Cs 0,02 0,010 0,010 Ba 40 188,6 4,6

B o6pasuax ¢ reppuropru AGalickoii 001acTH BBIIENSAIOTCS BRICOKHE KOHIeHTpanun Sr, Ba, u
ZN B TEOXUMHUYECKOM PsIy: Slaes > Baigs > ZN1oo > Brigz > Cazz > Nay > Ceg 2> Coos > Cros> ASo 25
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> Laog,1> Feo003> Thoo1> Sho2s > Hfo14 > Cso01 > Thos > Ago,0s > SMo,01 > Uos > Ndos > Yo 005 >
AUo 003> LUo,001

ITocTpOEHHBIN IN€OXMMHUYECKUIM Psii IO CPEJHEMY COAEPKAHUI0 XMMHMUYECKUX JJIEMEHTOB B
NMIIEBAPUTENLHBIX TKAHAX OBEIl ¢ TEPPUTOPHHU T.HOPAXOPH, MOKa3bIBAET CIIEAYIONIME TIOKA3aTENN:
Zn110 > Briazi > Naggis > Caoo13 > Ceoo74 > C0o,171 > Cry,142 > ASoe9 > La0,05 > Fego15 > Thoo10 >
Cs0,010 > Sho,021 > Hfo,025 > Tho,030 > Ago,17 > SMo,010 > Uo,050 > Ndo,50 > Ybo,005 > Alo,004 > LUo,001

ITo moIy4EeHHBIM F€OXUMHYECKHUM PSAIaM BUIHO, YTO OnoMaTepuaibl ¢ AGaiickoi 00I1. UMEOT
AHOMAJIGHO BBICOKHE KOHIICHTPALMM CTPOHIMS, BO3MOKHO 3TO CBS3aHO C HCTOPUEH SIEPHBIX
ucnbiTanuit. CTpoHIuiA BEAET ce0st MOTO0OHO KaIbLUIO, HO3TOMY JIETKO BKIKOYAETCS B MUHEPAILHEIE
CTPYKTYPBI IIOYBbI, HAKAIUIUBAETCS B TKAHAX )KUBOTHBIX M PACTCHMIA.

[TaBnogapckast 00J1acTh UMEET MOBBINIEHHBIC TTOKa3aTenu 1o Sr, Zn u Br, uro yka3siBaer Ha
BO3MOKHBIE DKOJIOTMYECKHE TTPOOIIEMBI, TEXHOTCHHO-3arpy:KeHHas Teppuropun Kazaxcrana.

Hopaxopn (I'epMaHusi) 1EMOHCTPUPYET OTHOCUTENLHO HU3KUE KOHLEHTPALMU OOIBLIINHCTBA
5JIEMEHTOB, 3a MCKIIoYeHHeM LuHKa. CojepkaHue LUHKA B KOPMaX MOKET OBITh BBICOKMM H3-3a
U30BITOYHOTO IPUMEHEHHNS J0OABOK B PACTUTEIBHBIE KOPMA WM 3arPSA3HEHUS OKPYXKAIOIIEN CPe/Ibl.

4. O6cyxnenue

[lomy4yeHHble  pe3yibTaThl  CBUAETEJIBLCTBYIOT O  BBIP@XEHHOM  IPOCTPAaHCTBEHHOU
HEOJIHOPOJAHOCTH HAKOIUIEHHWS XMMMYECKHUX 3JIEMEHTOB B IUIIEBAPUTENbHBIX TKAaHAX OBEL, YTO
OTpa)kaeT CHeU(PHUKY MeOXUMHUYECKOW OOCTAaHOBKM M CTENEHb aHTPOIOTE€HHOH TpaHChOopMaluu
UCCIIEAYeMBIX TeppUTOpuid. Vcrmonp30BaHME MACTOMINHBIX OBEIl B KayeCTBE OWOMHIMKATOPOB
MI03BOJIMJIO UHTETPAIBbHO OLIEHUTh MOCTYIVIEHHE 3JIEMEHTOB U3 KOMIIOHEHTOB OKpY Karollei cpesibl -
MOYBBL, PACTHTEIBHOCTH W aTMOC(EpHBIX  BBIMAJCHHWNA, YTO MOJITBEPKAAET  BBICOKYIO
MH(POPMATUBHOCTh OMOTUYECKOI'O MOHUTOPHHTA.

Oo6napy>xenHnsle B [1aBinogapckoii 061acTH KOHIEHTpALMU LIMHKA, CTPOHLUS, Oapus, Xxpoma U
OpoMa NOATBEPXKIAIOT, YTO PETMOH HCHBITHIBAET CYIIECTBEHHYIO TEXHOTE€HHYI HarpysKy,
OOyCIIOBJICHHYIO  JICSITEIbHOCTbIO  MPEANpPUSITUH  SHEPreTUYEeCKOW, MEeTATypruueckol u
TOPHO/OObIBAIOIIEH TMPOMBIIIJIEHHOCTH. OTH  Pe3yibTaThl COINIACYIOTCS €  HPEIbLAYIIUMU
HCCIIETOBaHUSIMH, ITOKA3bIBAIOLIMMU, YTO TEXHOT€HHBIE 3JIEMEHTBHI, TOCTYNAIOIINE U3 aTMOC(EPHBIX
BBIOPOCOB M MPOMBIIIJIEHHOTO MBIJIETa30BOI0 3arps3HEHUs, aKTUBHO HAKallJUBalOTCd B 00BEKTax
OMOLIEHO30B, OCOOCHHO B TKAHAX JKUBOTHBIX, HAXOSIINXCS B HEMIOCPEICTBEHHON 3aBUCUMOCTHU OT
Ka4ecTBa MACTOMIIHBIX dKOCUCTEeM (Baranovskaya, 2024; Bezel, 2019).

Oco0blit HHTEpEC MPEICTABIAIOT KOHIIEHTPALUHU PEAKO3EMETbHBIX 3JIEMEHTOB (JTAHTAaHOUBI),
a Takke Topus U ypaHa. WX OJHOBpEMEHHOE MPUCYTCTBUE M CTAaTHUCTUYECKH 3HAYMMBbIE
MIOJIOKUTEIIbHBIE KOPPEJALIMA MEXAY TKEIBIMA M JIETKUMHU JIAHTAHOWJAMHU YKa3bIBAIOT Ha
YCTOMYMBBIE TE€OXMMHUYECKHE acCCOLMAlliM, MOTEHIMAJIbHO CBSI3aHHbIE KakK C IPUPOIHBIMU
YCJIOBUSMHU peruoHa (MHUHEpAJIOrHus rOpHbIX NopoJ basHayna), Tak ¥ ¢ TEXHOT€HHBIMU MOTOKAMH,
XapaKTepHBIMHU JUJIs1 OOIIMPHBIX MPOMBIIIIIEHHBIX 30H [1aBrnogapckoit obnactu. Tak, BeIcOKHE ypoBHU
CKaHIMs, caMapus, JIIOTEUUs W TOpHs, BbIABICHHbIE B basHaylnbCKOM palioHE, BEPOATHO
00yCIIOBJIEHBI OCOOEHHOCTSIMU T'€OJIOTHYECKOTO CTPOCHUS TOPHON MECTHOCTH, YTO IMOATBEPIKIAeT
TE3UC O MPUPOAHO-TEOXUMUYECKOH criennpuKe acTOMIIL.

CpasuuTtenbHbli ananus npo6 r.Hopaxops (I'epmanun), Adaiickoit u [1aBinonapckoii obnacreit
BBISIBIJI CYILIECTBEHHO pas3jnyaroluecs reoxumMmudeckue npodunu. buomarepuanst u3 c. Kanbaray
J€MOHCTPUPYIOT aHOMAJIbHO BBICOKHE KOHIEHTpPAllMU CTPOHLHUSA M Oapus, YTO COIJacyercs ¢
JAHHBIMU O TOCJEACTBUAX SAEPHBIX UCIBITAHUN Ha CeMUIIaJaTUHCKOM HUCIIBITATEIbHOM IOJIUTOHE.
CTpoHLMH, XUMHYECKHM CXOJHBIM C KalbllMeM, CIOCOOEH [JIUTENbHO HaKallIuBaThCi B
OMOJIOTMYECKUX TKAHAX OJKMBOTHBIX, YTO TIIOATBEPXKAAETCS W Ppe3yJbTaTaMHU HACTOSIIETO
uccienoBanus. B 1o ke BpeMs o0pasipl u3 ['epMaHun XapakTepU3YIOTCS CPAaBHUTEIBHO HU3KUM
YPOBHEM OOJIBLIIMHCTBA 3JIEMEHTOB, YTO OTPAXaeT YMEPEHHYIO TEXHOTCHHYIO Harpy3Ky u Ooisee
OJIaroNpUsATHOE COCTOSTHUE CPE/IBL.
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BeisiBiieHHasi BBICOKas BapHaTUBHOCTH cojepikanus ainemeHtoB (AS, Sr, Ba, SC) B Tkansx
KUBOTHBIX [laBrogapckoiil 001acTu OTpa)xkaeT 3HAUUTENbHYIO IPOCTPAHCTBEHHYIO HEOAHOPOJAHOCTh
HKOJIOTUYECKON HAarpy3Kd, BBI3BAHHYIO BBICOKOW KOHIICHTpAlMEH NPOMBIIUICHHBIX OOBEKTOB B
peruone. TakuMm o00pa3oM, OBLBI BBICTYHNAIOT S(PHEKTUBHBIMH OWOMHIMKATOPAMHU JIOKAIbHbIX
TaHIMAa(QTHO-TEOXUMUYECKUX AHOMAJIMK, OTpaskas Kak MpHPOJHBIC, TaK W AHTPOIOTCHHBIC
0COOEHHOCTH TeppuUTOpHH. Pe3ynbraThl NOATBEPXKAAIOT LEJI€CO00Pa3HOCTh HCIOIb30BAHUS
CEJIbCKOXO3SMICTBEHHBIX >KMBOTHBIX B KauecTBE OMOMHIMKATOPOB IPU OLEHKE SKOJIOIMYECKOIO
COCTOSIHUS TEPPUTOPUIN PA3JIIMYHOTO YPOBHS TEXHOT€HHOW HArpy3KU U MOTYT CIIY>KHTh OCHOBOH ISt
JAIbHENIIETO MOHUTOPUHIA U 3KOJIOTHYECKOU DKCIIEPTU3BL.

5. 3ak/r04eHue

IIpoBenénHOE Mccae10BaHUE OATBEPAUIIO BEICOKYIO HHPOPMATUBHOCTh TACTOMIIHBIX OBEILl B
KayecTBe OMOMHIMKATOPOB SKOJIOTMYECKOTO COCTOSHHS Teppuropuil. [lumeBapuTenbHbie TKaHU
KUBOTHBIX aKKyMYJIMPYIOT IIMPOKHI CIEKTP XMMHUYECKUX DJIEMEHTOB, OTpa)kas KaK IPUPOJHBIC
reOXHMHUYECKHE 0COOCHHOCTH PETHOHOB, TaK U YPOBEHb aHTPOIIOTCHHOU TpaHC(hOpMAIUU CPEIbI.

BrisiBneHa BbIpak€HHas MPOCTPAHCTBEHHAs HEOJHOPOJHOCTb HAKOIUIEHUS D3JIEMEHTOB B
TKaHSIX OBel, OOYyCJOBJIEHHAs COYETAaHUEM MPUPOJHBIX (PAKTOPOB M TEXHOTEHHOW HArpy3KH.
MakcuMallbHOE YHCIO aHOMAIBHBIX JJIEMEHTOB 3adukcupoBaHo B basHaynbckom paiione (18),
Upreiickom (13) u Yenenckom (12) paitonax [TaBinomapckoit o6nacTu.

Y CTaHOBIIEHBI XapaKTEPHBIE 2JIEMEHTBI-MAPKEPBl IS PA3JIMYHBIX TUIIOB 3arpsi3HEHUS: UL
IIPOMBIIIJIEHHBIX TEPPUTOPUH - IIUHK, CTPOHLUH, Oapuil U OpoM; AJisl paguallMOHHO-HArpyKEHHbIX
(Abaiickast 001acTh) - CTPOHUMN U OapHii, UTO corjacyercs ¢ JaHHBIMU O MOCIEJCTBUAX SICPHBIX
WCIBITaHUM; 111 IOCTUHAYCTPHANIbHBIX TeppuTopuil (I'epmManus) - cpaBHUTENBHO HU3KUN YPOBEHb
OOJIBLIIMHCTBA 3JIEMEHTOB.

Hakonuienue peako3eMenbHbIX 3J€MEHTOB (JaHTAHOUbI, TOPUN, YPaH) UMEET KOMIUIEKCHbBIN
IIPUPOJHO-AHTPOIIOTEHHBIN XapakTep, OTpakas KakK TIE€OJIOTMYECKOE CTPOEHUE PEruoHa, Tak U
TEXHOTCHHbIE TIOTOKHU.

[Tonmy4yeHHble pe3yabTaThl CBUACTENBCTBYIOT O PETHOHAIBHO O0YCIOBIEHHBIX 0COOEHHOCTSIX
HAKOIUIEHHS XHMMMUYECKHUX D3JIEMEHTOB B TKaHIX OBEll, OTPaXaoIUX CcHeuupuKky MpUpOIHO-
F€OXMMHYECKUX YCIOBUM W pa3iIM4YHbI YpPOBEHb aHTPOIOICHHOM HArpy3kH MCCIEAYEMBIX
TeppuTopuil. Pe3ynbraThl paboThl IEMOHCTPUPYIOT EPCIIEKTUBHOCTH UCIOIb30BaHUS TACTOUIIHBIX
KHMBOTHBIX KaK OMOMHIMKATOPOB JJIs1 OLEHKU CTENEHH aHTPONOI€HHOT0 BO3JEHCTBUS, UTO BaXKHO
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Kazakcran men ['epMaHMAHBIH JpTYpJai aliMakTapbIHAaFrbl KOH TiHaepiHae
XHMUSUIBIK 3JIEMEHTTEePIiH )KMHAKTAJTYBIHbIH IeOXMMUSUIIBIK epeKIIe iKTepi

I'yamupa AcbuidexoBa, buouryans dKymadexkoBa, Canranar KabueBa, BajnenTuna AnmsicoBa,
Aiidap Hykenos

Anparna. Tipi ar3ajmap — KopliaraH opTaja OOJBIN KAaTKaH 3KOJOTHSUIBIK TYPTKIKAUTTap.IbIH
©3repicTepl MEH aybITKYbIHA JICH KOSITHIH JaHAIIA(QTTHIH JUHAMUKAIBIK KOMIOHEHTI. ATMocdepana
XUMUSIIBIK JIEMEHTTEP/IIH KOFaphl MIOFBIPIAHYbl — Tipl ar3ajap/blH TPaHC(POPMALUACHIHA, OHBIH
imiHge MeTaboIM3M MEH TIHJEPAiH KYPBUIBIMBIHBIH ©3TrepyiHe oken coraapl. Makanana Kazakcran
MeH ['epmaHMs aymakTapbl SKOJOTHSUIBIK >KaFIalbIHBIH OMOWHIMKATOPJIAPBI PETiHIE KOJIAHY
MaKcaThblH/Ia KAMBUIBIMIBIK KOIJIApABIH ac KOPBITY Kyhecl TIHAEPIHIIE T'€OXHUMHUSIIBIK
AIIEMEHTTEP/IIH KUHAIy JKOHE Tapajly epeKIIeNIKTepiH CalbICThIpMallbl 3€pTTey HOTHKENepi
YCBIHBUTFaH. [ 'eorpadusuibIk OpHAIACybIHA XKOHE KOPIIaFaH OPTaFra aHTPOMOTEH/IIK )KYKTEMEHIH acep
eTyiHe OalIaHBICTBl SJIEMEHTTEP KOHIEHTPALUSACHIHBIH albIpMalIbIIBIKTAPbIH aHBIKTayFa €peKIe
Haszap aymapbuiael. 3epTTey HbicaHbl perinne [laBiomap oO6nbickiHbIH 10 aymaHbIHAH albIHFAH
KaMBUIBIMIBIK KOWIApABIH acKa3aH TiHAEpl MalJanaHbUIIbl, COHAAN-aK CalbICThIpy YyIIiH AOait
obnpicel (Kazakcran) men HopaxopH kamaceiHan (I'epmanusi) anplHFaH Owomarepuain yiariiepi
KocbiMIa  ipiktenmi. [eoxumusuiblk crnenudukanus IlaBmomap 0OJBICHIHBIH — ©HEPKACINTIK
ayMarblHa aybIp JIEMEHTTEPAiH (MBIPBIII, XPOM XKOHE T.0.) KUHATYBIHBIH TEXHOTEHIIK CHUIIATHIH
kepceTTi. AOail OOJBICBIHAH aJbIHFAaH OWOMarepuanaapia CTPOHIUHIIH aHOMAJbIbI KOFAPHI
LIOFBIpJIaHybl 0ap, OyJ AAPOJBIK ChIHAKTAp TapUXbIMEH OaillaHbICThI O0Jybl BIKTUMaN. HopaxopH
IUHKTI KOCHaraHfa, 3JIEMEHTTEP/IH KOMIILUIITiHIH CalbICTBIPMalbl TYPAEC TOMEH HIOFBIPIaHYbIH
kepceTinn oTwIp. OchUnaiina, KoWIap ayMakThlH TaOWFHU, COHBIMEH KaTap AaHTPOMOTEHIIK
EpEeKIENIKTEPIH KOPCETe OTHIPHIN, >KEPTUTIKTI JTaHAMAPTTHIK-TEOXUMUSIIBIK aHOMaHsIIapabIH
TUIMI1I OMOMHAMKATOpJIApbl OOJBINT TaObUIaAbl. ODJIEMEHTTEPAIH MaKCHUMAalAbl KUHAKTATYbI
OHEPKACIMNTIK OPTANIBIKTaH ANIIAKTHIFbIHA, COHIal-aK JTaHAmAdT epeKIIeNiKTepl MeH KaHyapliapablH
KOPEKTEHY KarlaijiapbiHa OalIaHbICTHI.

Hotmxke TeXHOTEHIIK KYKTeMe ACHreil opTypil ayMakTapblH SKOJOTHSIIBIK JKaFJalblH Oaranay
Ke3iHje OWOWMHJMKATOpJIap PpEeTIHAE aybul I[apyallbUIBIFBl JKaHyapJIapblH  IMaliTaTaHyIbIH
OPBIHJIBUTBIFBIH PACTAMIBI KOHE apbl Kapail MOHMTOPHHTIEY MEH SKOJOTHSUIBIK capanTaMa jkacay
YIIIH HerizaeMe 00ybl MyMKIH.

Tyiiin ce3aep: Guoreoxumusi; OMOUHIUKAIINS; TEOXUMUSIIBIK TaJ/Iay; KOpIIaFaH OpTaHbI Oaranay;
XKaNUBUIBIMBIK KOMIap; SKOJOTUSIIBIK MOHUTOPUHT; SKOJIOTUSIIBIK TOKCUKOJIOTHS.

Geochemical features of chemical element accumulation in sheep tissues from
different regions of Kazakhstan and Germany

Gulmira Assylbekova, Bibigul Zhumabekova, Saltanat Kabieva, Valentina Aliyassova, Aibar
Nukenov

Abstract. It is well know than living organisms represent dynamic components of the landscape,
responding to changes and fluctuations in environmental factors. High concentrations of chemical
elements in the atmosphere lead to the transformation of living organisms, including changes in
metabolism and tissue structure. This article presents the results of a comparative study of the
accumulation and distribution of geochemical elements in the digestive tissues of pastured sheep for
use as bioindicators of the ecological state of the territories of Kazakhstan and Germany. Particular
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attention was paid to identifying differences in element concentrations depending on geographic
location and the impact of anthropogenic load on the environment. The study subjects were stomach
tissues of p pastoral sheep from 10 districts of the Pavlodar region (Kazakhstan), the Abay region
(Kazakhstan), and the city of Nordhorn (Germany). Geochemical analysis revealed the technogenic
nature of the accumulation of heavy elements (zinc, chromium, etc.) in the industrial territories of the
Pavlodar region. Biomaterials from the Abay region have abnormally high strontium concentrations,
possibly related to the history of nuclear testing. Nordhorn sheep show relatively low concentrations
of most elements, with the exception of zinc. Thus, sheep serve as effective bioindicators of local
landscape-geochemical anomalies, reflecting both natural and anthropogenic characteristics of the
area. Maximum accumulation of elements depends on the distance from the industrial center, as well
as on landscape characteristics and the animals' feeding conditions.

The results confirm the feasibility of using farm animals as bioindicators for further monitoring and
environmental assessment.

Keywords: biogeochemistry; bioindication; geochemical analysis; environmental assessment;
grazing sheep; environmental monitoring; environmental toxicology.
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Abstract. The impact of heavy metals on plants near industrial facilities
requires comprehensive investigation due to increasing pollution risks in
adjacent agricultural areas. The aim of this study was to comparatively
assess the concentrations of heavy metals in plants and soils of
agricultural lands located near a flare installation and in more distant
agrocenoses. The heavy metal content in the above-ground parts of plants
from agrophytocenoses located 4 km from the flare installation was
analyzed and compared with that in cultivated plants from
uncontaminated sites. Soil and plant samples were analyzed for Cd, Cr,
Cu, Mn, Ni, Pb, and Zn using atomic absorption spectrophotometry.
Contamination of the root-inhabited soil layer with cadmium, zinc, and
copper was detected. Analysis of the vegetative parts of Panicum
miliaceum L. revealed Zn and Cr concentrations 1.32 and 1.1 times higher
than the baseline values, respectively, at Site No. 1. In Cicer arietinum L.,
Zn accumulation was 2.2 times higher than the baseline value at Site No.
1, located near the gas flaring site, and 1.4 times higher at Site No. 2,
located in the Orenburg Region. The accumulation of elements in the soil
facilitates their uptake by plants, while the heavy metal transformation
coefficients for Panicum miliaceum and Cicer arietinum exhibit a similar
sequence: Zn > Cu > Cd > Ni = Mn > Pb = Cr. The results demonstrate
the need for environmental monitoring of croplands to identify changes in
agroecosystems and to develop approaches for their restoration.

Keywords: plants; flare installation; heavy metals.

1. Introduction

Emissions from oil extraction and other industrial activities are major
sources of environmental pollutants, constituting a global concern. Gas
flaring systems pose a particular threat due to the combustion of associated
petroleum gas and the release of sulfur, nitrogen, and carbon oxides, as well
as heavy metals, into the atmosphere. Although industrial processes are
now automated and operations associated with significant anthropogenic
emissions have been cut down, heavy metals remain present in biological
environment and threaten human health (Mousavi et al., 2020; Al-Farraj &
Al-Wabel, 2007). Classified as trace elements, heavy metals exhibit high
bioaccumulation potential, environmental persistence, significant
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reactivity, and toxicity; consequently, their elevated concentrations in ecosystems drive global
environmental changes (Tang et al., 2022; Dambiec et al., 2022). The Orenburg region is a center for
active mineral extraction and processing - an area significantly altered by human activity (Ryabinina
Z.N. et al., 2019). All components of the natural environment - and plants in particular - are affected
by these elements. Agricultural soils and the crops growing on them are susceptible to anthropogenic
changes driven by various factors, including wastewater pollution, the use of chemical soil
amendments, and emissions from industry and transport (Shi et al., 2022). Distinguishing between
the total and mobile forms of elements in the soil makes it possible to assess the potential risk they
pose to living organisms (Li et al., 2021; Zhong et al., 2020). The aim of the study is a comparative
assessment of heavy metal content in plants and soils of agricultural lands located in close proximity
to a flare installation and in agroecosystems unaffected by its impact.

2. Materials and methods

The primary research was conducted in the Southern Cis-Urals between 2022 and 2025 at four
experimental sites consisting of agroecosystems with spring crops. Averaged data from several years
of study were used. The map was created in program «Surfer».

55 55,05 55,1 55,15 55,2 55,25
’ 1 |

Lenina
NenuHa

51,75+
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51,85
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500 600

Figure 1. Study areas of the Orenburg district of the Southern Urals

Study site (agrophytocenosis) No. 1 is located within 4 km of the gas flaring site. In terms of
landscape position, the plot is classified as an eluvial facies with a terrain slope of 1-2°. The site was
characterized by its proximity (up to 4 km) to the flare unit and exposure to pollutants resulting from
associated petroleum gas flaring.

No. 2 is located in the vicinity of the settlement of Lenina in the Orenburg Region. The study
area forms a unified geosystem of eluvial facies with a 1° slope; the groundwater depth ranges from
80 to 100 m.

No. 3 is situated in the vicinity of the Chebenki settlement in the Orenburg Region; it is located
on the flat summits of watershed areas, free from significant soil erosion, with a groundwater depth
ranging from 35 to 88 meters.

No.4 is located in the vicinity of the settlement of Prigorodny in the Orenburg Region. The site
is classified as an eluvial facies, with the groundwater table lying at a depth of 25 to 88 meters.

Soil and plant samples were collected in triplicate using the envelope method (with side lengths
of 5 m and 10 m). Five soil samples were taken from points within the monitored elementary plot (or
each sampling site) (GOST 702229-2022). At least 0.5 kg of soil was collected at each point (GOST
R 58595-2019). Sampling of soil and plant material was carried out by the "envelope" method (the
length of the sides of which was 5 and 10 m) in triple repetition. Five soil samples were taken from
the points of the controlled elementary site (or each sampling site) (GOST 17.4.3.04-85, Vasilenko).
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At least 0.5 kg of soil was taken from each point (GOST 17.0.0.01-76; ST SEV 1364-78; Fedoseeva,
1994).

Each soil sample was collected from the arable horizon (the root-inhabited layer, 0-20 cm
depth). A composite sample was prepared from the five individual point samples, air-dried at 20—
25°C and 50-60% relative humidity, manually crumbled, and stored in a dark, dry location.
Subsequently, the sample was quartered, and one-quarter was sieved through a 2 mm mesh to obtain
the analytical subsample. In this manner, 12 soil samples were collected annually, resulting in the
analysis of 36 samples over a three-year period. To ensure analytical accuracy and internal laboratory
quality control, each soil sample was analyzed in triplicate over the three years.

Pollutant extraction from soil samples was performed as follows: 5 g of air-dried soil was placed
in a 100-mL flask, and 50 mL of ammonium acetate buffer (pH 4.6) was added. The mixture was
heated in a water bath at 90°C for 20 minutes, then filtered through folded filter paper (blue ribbon
grade). The extract was filtered through folded filter paper (blue ribbon grade). The initial portions
of the filtrate were discarded, and the subsequent filtrate samples were used for trace element
determination. Chemical elements in the soil and plant samples were determined using atomic
absorption spectrophotometry. Specific spectral lines were used for trace element detection: Zn
(213.8 nm), Cu (324.7 nm), Pb (283.3 nm), and Cd (228.8 nm). An air-acetylene flame was used for
atomization. Reference solutions for instrument calibration and standard curve construction were
prepared using acid solutions, with calibration standards supplied by the instrument manufacturer.

In this way, 12 soil samples were taken annually; that is, 36 samples were analyzed within 3
years. To adjust the analysis and internal control of the laboratory, each soil sample was analyzed
three times over the course of 3 years.

The process of extraction of pollutants in soil samples was carried out as follows. Air-dry soil
of 5 g was placed in a flask with a capacity of 100 ml, 50 ml of acetate-ammonium buffer solution
with pH = 4.6 was added. Then it was kept in a water bath at a temperature of 90°C for 20 minutes.
The extract was filtered through a pleated filter (blue tape). Determination of chemical elements in
soil and plant samples (atomic absorption spectrophotometry). To determine trace elements, light
filters with a bandwidth for Zn-213.8 nm, Cu-324.7 nm, Pb-283.3 nm, Cd-228.8 nm were used. An
air-acetylene flame was used to atomize the elements. Reference solutions were prepared for setting
up the device and building a graduated graph during the extrusion of heavy metals with acid solutions.
Colibrating reference solutions were prepared from the set for the device.

The agrocoenoses under study are characterized by the dominance of cultivated common millet
(*Panicum miliaceum* L.) and chickpea (*Cicer arietinum* L.). Samples of millet (cultivar
Orenburgskaya 27) and chickpea (cultivar Krasnokutsky) were collected from four plots at the end
of the growing season. The above-ground parts of the plants were cut at the level of the lowest leaves
to obtain a composite plant sample weighing 0.5-1 kg (fresh weight). The climate of the study area
is continental, with an average annual precipitation of approximately 330-550 mm. Although
atmospheric dust was actively deposited on the leaf surfaces, heavy precipitation washed it off,
resulting in minimal heavy metal absorption through the above-ground plant organs; therefore, a
preliminary washing procedure for the plant samples was not performed. A series of plant samples
was collected from the study plots. 24 plant samples were taken from the study sites.

Soil and plant samples were analyzed for elemental content (Cd, Cr, Cu, Mn, Ni, Pb, and Zn)
using atomic absorption spectrophotometry with a Kvant-2AT instrument (KORTEK LLC, Russia).

The geoaccumulation index (Jgeo) is widely used to assess soil contamination; specifically, the
geoaccumulation index proposed by Muller (1981) was used to characterize the level of
contamination in sedimentary deposits, calculated using formula (1):

cn 1)
1.5H=Bn})
Cn - metal concentration in soil,
1.5 - a coefficient used to correct for possible background variations caused by lithogenic effects;
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Bn - the background value for the metal. The geoaccumulation index (lgeo) was calculated for bulk
and mobile soil forms at a depth of 0-20 cm.
The geo-accumulation index (Jgeo) was distinguished into seven classes by Muller (1969):
Jgeo < 0=uncontaminated
0 < Jgeo <1 = uncontaminated to moderate contamination
1 <Jgeo < 2 = moderate contamination
2 < Jgeo < 3 = moderate to heavy contamination
3 < Jgeo < 4 =heavy contamination
4 < Jgeo <5 = heavy to extreme contamination
5 < Jgeo <6 = extreme contamination
The results were evaluated against the "List of Maximum Permissible Concentrations (MPC)
and Tentative Permissible Concentrations (TPC) of Chemical Substances in Soil,” approved by
Deputy Chief State Sanitary Physician G.G. Onishchenko.
The translocation factor (TF) (Shi X et al., 2022) was calculated by dividing the heavy metal
concentration in the collected plant sample by the total heavy metal concentration in the soil, using
formula (2)

TF =P/, )

C plants - metal concentration in plant tissue;

C soils - metal concentration in dry soil.

In statistical and mathematical procedures, the significance level for hypotheses is defined as
the level ensuring an error probability of less than 5% (P < 0.05) or less than 1% (P < 0.01). Student's
t-test was used to calculate the p-value (significance).

Laboratory tests were conducted by an accredited organization.

No Al was used in writing the article.

3. Results

Heavy metals may originate from lithogenic or anthropogenic sources. Lithogenic elements
exhibit lower bioavailability because they are incorporated into mineral crystal lattices and remain
stable for extended periods. The mobile form of heavy metals is often anthropogenic in origin; it can
be introduced via dust, is found in surface soil layers, and exists predominantly in an ionic form (Han
et al., 2017). Table 1 presents the calculated Jgeo values for the root-zone soil layer. The tables
provide averaged annual pollutant data, including the calculated probable error (P).

Table 1. Geoaccumulation index (Jgeo) for the total content of heavy metals in soils of the study
areas

Element Study sites
Ne 1 Ne 2 Ne 3 No 4
Pb -0.48** -0.63* -0.48* -0.85**
cd 0.97** 0.01* 0.38* 1.25%
Zn -0.52* -0.64* -0.69** -0.97**
Mn 0.25* 0.25* 0.34* 0.16*
Ni 0.11* -0.007* 0.05* -0.007*
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Cr 0.57** 0.53** 0.43** 0.54**

cu -0.88** -0.97%* -1.06* -1.57*

Designations: P <0.05-*, P < 0.01 - **

Legend: Jgeo<0 uncontaminated soils, Jgeo = 0-1 slightly contaminated soils, Jgeo = 1-2
moderate soil contamination, Jgeo = 2—-3 moderate to strong soil contamination, Jgeo = 34 strong
soil contamination, Jgeo = 4-5 strong to extreme soil contamination, Jgeo > 5 extreme soil
contamination.

The geo-accumulation index was calculated to determine the level of pollutant contamination
in arable soils near the flare unit and to compare the results with those from study sites located in a
relatively favorable environmental setting. Analysis of Table 1 showed that at study sites Nos. 1, 3,
and 4, the Jgeo values for Cd content ranged from 0.01 to 1.25; according to Miiller’s scale (Muller
G., 1981), this indicates slight soil contamination at the first two sites and moderate contamination at
site 4.

Analysis of Jgeo values revealed slight contamination with mobile forms of Mn and Ni in the
soils near the flare unit, and moderate contamination with Cr (Table 2). Slight lead contamination
was observed in the arable soils of Site 1, with moderate contamination at Site 3. Regarding copper
content, the first three study sites exhibited contamination ranging from moderate to severe, while
zinc contamination across all four sites ranged from severe to extreme.

Table 2. Geoaccumulation index (Jgeo) for the content of mobile forms of heavy metals in soils of
study areas

Element Study sites
Ne 1 Ne 2 Ne 3 Ne 4
Pb 0.85** -1.07* 1.10* -1.83*
Cd -3.25* -2.006* -2.05* -1.49*
Zn 5.47* 4.79* 4.44* 3.01*
Mn 0.19* -0.20* -0.40* -0.24*
Ni 0.29* -0.83* -1.05* -1.26*
Cr 1.47* -1.58* -2.28* -2.79*
Cu 3.89* 2.39* 2.16* -0.92*

Designations: P <0.05 - *, P < 0.01 — **

The geoaccumulation index for mobile forms of cadmium was negative in all experimental
variants.

In the next stage of the study, samples of the above-ground parts of cultivated plants were
analyzed for toxic metal content (Mushtaq et al., 2023). The results showed that *P. miliaceum* is
capable of accumulating zinc at concentrations slightly exceeding the sanitary limit, with a maximum
value of 66 mg/kg (Figure 1). *C. arietinum* accumulates zinc at levels more than double the
permissible limit (Figure 2), indicating contamination of the food product with this heavy metal.
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Figure 2. Pollutant content in the vegetative parts of P. miliaceum plants across the study sites

Analysis of *P. miliaceum™* revealed zinc levels 1.1 times the limit at Site No. 4 and nearly 1.32
times the limit at Site No. 1. Thus, zinc content in *P. miliaceum* and *C. arietinum* at all sites
equals or exceeds the maximum permissible concentration. Chromium accumulation in the above-
ground parts of *P. miliaceum™ at Site No. 1 exceeded sanitary-hygienic standards by a factor of 1.1,
a level that may affect redox processes and reduce chlorophyll formation (Ali S. et al., 2023).
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Figure 3. Content of pollutants in the vegetative part of C. arietinum plants

Research findings indicate that chickpea (*C. arietinum*) actively accumulates Zn in its above-
ground parts at the first two study sites. Zinc concentrations in the plant tissue exceeded sanitary-
hygienic standards by a factor of 2.0 at Site 1 and 1.36 at Site 2 (Figure 3). Manganese levels in the
above-ground biomass exceeded the standard at all study sites; some researchers attribute this to the
genetic characteristics of this legume species (Neugschwandtner et al., 2015).

The transformation coefficient is a parameter used to determine the transfer of trace elements
from soil to plants. The mean transformation coefficient values for *P. miliaceum* regarding Pb, Cd,
Zn, Mn, Ni, Cr, and Cu content were 0.012, 0.053, 1.215, 0.012, 0.015, 0.007, and 0.188, respectively
(Table 3).
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Table 3. Elemental transformation coefficient for P. miliaceum

Parameter Study sites Average data TF
Nel Ne 2 Ne 3 Ne 4
Pb 0.025* 0.001* 0.01* 0.009* 0.012*
Cd 0.027* 0.057* 0.05* 0.08* 0.053*
Zn 1.27* 1** 1.065* 1.526* 1.215*
Mn 0.015* 0.008* 0.010* 0.013* 0.012*
Ni 0.024* 0.007* 0.022* 0.008* 0.015*
Cr 0.014* 0.001* 0.005* 0.005* 0.007*
Cu 0.219* 0.024* 0.141* 0.366* 0.188*

Designations: P <0.05 - *, P < 0.01 — **

Calculating the average TF values made it possible to construct the following series: Zn > Cu
> Cd > Ni>Mn=Pb>Cr.

The mean values of this parameter for chickpeas were 0.004, 0.063, 1.197, 0.023, 0.011, 0.005,
and 0.114 for lead, cadmium, zinc, manganese, nickel, chromium, and copper, respectively (Table 4).
Based on the transformation factor (TF) value, the elements form the following sequence: Zn > Cu >
Cd > Mn > Ni > Cr > Pb. A higher TF value indicates greater accumulation of heavy metals in the
vegetative parts of the plants (Alama et al., 2020).

Table 4. Elemental transformation coefficient for C. arietinum

Parameter Study sites Average data TF
Nel Ne 2 Ne 3 Neo 4
Pb 0.007* 0.002* 0.004* 0.006* 0.004*
Cd 0.035* 0.146* 0.043* 0.027* 0.063*
7Zn 2.038* 1.417* 0.826** 0.505** 1.197*
Mn 0.032* 0.019* 0.013* 0.026* 0.023*
Ni 0.013* 0.013* 0.007* 0.012* 0.011*
Cr 0.009* 0.005* 0.002* 0.005* 0.005*
Cu 0.180* 0.178* 0.071* 0.028* 0.114*

Designations: P <0.05 - *, P < 0.01 — **

Our study demonstrated an accumulation of total manganese, chromium, and cadmium, as well
as mobile forms of chromium, zinc, and copper, in the soil adjacent to the flare installation. The active
accumulation of these elements in the above-ground parts of plants near the pollution source was
most pronounced in chickpeas; this underscores the need for a more rigorous analysis of crop produce
to ensure compliance with sanitary standards in areas of intense industrial activity.
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4. Discussion

This study examines the impact of an oil and gas production facility on the accumulation of
total and mobile pollutant forms in soils and cultivated plants. An analytical review (Flared Gas
Utilization Strategy, 2004) by the World Bank states that 'the flaring of associated petroleum gas -
particularly when optimal combustion conditions are not maintained - results in the release of various
pollutants into the atmosphere. Studies have identified the following among these emissions: over
250 hazardous chemical compounds, including carcinogenic 3,4-benzopyrene, benzene, carbon
disulfide, phosgene, and toluene; heavy metals such as mercury, arsenic, and chromium; and nitrogen
and sulfur oxides, as well as hydrogen sulfide.” These substances cause pollution of the atmosphere,
surface water bodies, and soil. Furthermore, the natural environment and the local population may be
subjected to other adverse impacts resulting from associated petroleum gas flaring (Kadafa, 2012).
According to the State Report 'On the State and Protection of the Environment in the Orenburg
Region," flare emissions impact an area at least three to four times larger than the site itself.

Tyumen scientists reported that after anthropogenic soil disturbance, total heavy metal
concentrations did not exceed maximum permissible limits, except for Zn and Pb (Getman et al.,
2016). Our study indicates low levels of anthropogenic contamination regarding total soil
concentrations of manganese, chromium, and cadmium (with the exception of Site 4, where cadmium
contamination was moderate; we hypothesize that this is unrelated to the impact of the flare
installation). Such cadmium levels in arable soils may stem from long-term agricultural activity in
the area. Indeed, several authors (Shabanov et al., 2025; Mousavi et al., 2020; Ashinov et al., 2020)
have noted the significant input of cadmium into arable soils via mineral fertilizers, particularly
phosphate-based ones. Researchers in the Republic of Belarus found that soil in agricultural zones
showed only a slight exceedance of the maximum permissible concentration (MPC) for cadmium -
specifically 1.04-1.16 times the MPC (Matveeva et al., 2010). Our research demonstrated that
proximity to infrastructure (construction sites, roads, power lines, etc.) also increases the
concentration of mobile cadmium forms in the soil (Mousavi et al., 2020). The moderate manganese
and chromium contamination observed across all study sites is likely attributable to similar factors.
Geo-accumulation indices for copper, lead, and zinc were negative, indicating an absence of
anomalously high total concentrations of these elements at the study sites; this may be due to the
neutral soil solution reaction characteristic of chernozems, as well as exchange and non-exchange
sorption processes that reduce metal ion mobility by converting them into forms unavailable to plants.

A study by Chinese scientists (Li et al., 2025) investigated mobile forms of heavy metals in
soils under anthropogenic influence. The results indicate that all eight pollutants studied (As, Cr, Ni,
Cu, Zn, Cd, Pb, and Hg) in the study area exhibit varying degrees of cumulative contamination, with
the highest levels observed for Cd. Our research demonstrated that the geo-accumulation index for
mobile forms of cadmium was negative across all experimental variants; slight soil contamination by
Mn and Ni was observed at the flare installation site, along with moderate contamination by Cr. Slight
lead contamination was found in the arable soil of Site 1, while moderate contamination was observed
at Site 3. Regarding copper content, the first three study sites showed contamination ranging from
moderate to severe, whereas zinc contamination ranged from severe to extreme across all four sites.
Elevated levels of mobile Zn were observed at all four sites; the excess of mobile zinc in the local
soils is likely attributable to geochemical soil factors and anthropogenic agricultural activity,
particularly the use of fertilizers. Compared to other chemical elements, Zn is the most soluble
element in the soil, and its concentration depends on soil reaction (pH). The low availability of Zn to
plants in the soils of the Orenburg region - which are often calcareous - is largely due to their neutral
or slightly alkaline reaction [5]; mobile Zn levels increase under acidic soil conditions, a state that
can arise from intensive fertilizer use.

Throughout the entire observation period, sporadic exceedances of the maximum permissible
concentrations (MPCs) for metals were recorded in the total and mobile soil fractions; overall, these
did not follow a consistent pattern. An increased content of mobile forms of Zn is observed at all 4

37



Journal of Ecology and Sustainability 2026, 156(3)

sites; it is possible that in this area the excess of mobile forms of zinc in soils is associated with
geochemical factors of soils and anthropogenic agricultural activities, in particular, the use of
fertilizers. Compared with other chemical elements, Zn is the most dissolved element in soil; its
concentration depends on soil-environment reactions. The small amount of Zn available to plants in
Orenburg, often carbonate, soils is largely due to their neutral or slightly alkaline reaction (Blokhin,
1997); with an acidic reaction of soils, the amount of mobile Zn increases. This is possible with
intensive use of fertilizers.

Throughout the observation period, sporadic exceedances of maximum permissible
concentrations (MPCs) for metals were recorded in the total and mobile soil fractions; however, these
did not follow a consistent pattern.

The impact of flares on the lower vegetation strata manifests as a depletion of species
composition (Lugansky, 2000; Khaustov & Redin, 2006; Yudakhin et al., 2002). The radius of direct
thermal damage extends up to 50 m for low-capacity flares and up to 200 m for high-capacity ones;
effects of vegetation suppression caused solely by thermal radiation are observed up to 4 km away.
In the impact zone extending from 4 to 10 km, the penetration and accumulation of combustion
product residues are observed (Yashchenko et al., 2014). Our studies of agrocenoses within 4 km of
the flare installation demonstrated that manganese levels in *P. miliaceum™* and *C. arietinum* across
all sites were either within the maximum permissible concentration (MPC) limits or showed only
slight exceedances. Zinc accumulated in *C. arietinum* at concentrations exceeding sanitary-
hygienic standards by a factor of 2.0 at Site No. 1 and by a factor of 1.36 at Site No. 2.

5. Conclusion

1. The geo-accumulation index for total copper, lead, zinc, and nickel in soils across all study
sites yielded negative values. Low-level soil contamination with manganese, chromium, and
cadmium was observed at all study sites (with the exception of Site 4, where cadmium contamination
was moderate); this is likely attributable to the long-term agricultural use of these areas.

2. Analysis of Jgeo values revealed slight contamination with mobile forms of Mn and Ni in
the soils near the flare unit, and moderate contamination with Cr. Slight lead contamination was
observed in the arable soils of Site 1, with moderate contamination at Site 3. Regarding copper
content, the first three study sites exhibited contamination ranging from moderate to severe, while
zinc contamination across all four sites ranged from severe to extreme.

3. Heavy metal analysis in common millet and chickpeas revealed zinc levels exceeding
sanitary-hygienic standards and slight manganese exceedances of the maximum permissible
concentration (MPC).

4. The heavy metal transfer factor values for Panicum miliaceum L. follow the sequence Zn >
Cu > Cd > Ni > Mn = Pb > Cr, while those for Cicer arietinum L. form the series Zn > Cu > Cd >
Mn > Ni > Cr > Pb.

5. The results highlight the need for thorough crop product analysis to ensure sanitary standard
compliance and for environmental monitoring of the region's agroecosystems to timely detect
anthropogenic changes and develop restoration strategies. Monitoring pollutants in crop production
is essential for assessing year-to-year variations in the chemical composition of soils and plants;
statistical analysis enables the assessment of potential risks associated with the transfer of metals into
the food chain.
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MyHaii-ra3 OHIIPy HBICAHAAPBIHBIH TONBIPAK IeH OCIMAIKTepAe JAcCTaylIbl
3aTTapAbIH )KMHAKTAJIYbIHA dcepi

Mapus BacuiabeBa, Taresina BacuiibeBa

Angatna. OnrycTik Opangarbl ©HEpKOCINTIK HBICAHJIAD MAaHBIHAAFBl  OCIMJIKTEpre ayblp
METaJIap/blH ~ ocepl JKaKplH MaHJaFbl aybll LIapyallbUIBIFBl  AJKANTApbIHBIH  JacTaHy
Mpo0JIeMachIHbIH apTyblHa OalIaHBICTBI MYKHUST 3€pTTEYAl Tanan erefl. 3epTTeyliH MakcaTbl -
(aken bl KOHIBIPFBIIAH a3 KAIIBIKTHIKTa OPHAJIACKAH aybUI IIAapYaIlbUTBIFbI )KEPIIEPiHiH )KOHE OHBIH
ocepiHe YIbIpaMaraH arpoleHO3JapAblH OCIMIIKTepi MEH TOIBIPAFbIHIAFbl ayblp MeTalIapAblH
JICHTeiiH calbICThIpy O0Jiapl. MyHali-Ta3 KOHJCHCAThI KelleHIHIH (aKkeIabl KOHIBIPFBICBIHAH 4 KM
KAIIBIKTBIKTa OpHAJIACKaH arpo(HUTONEHO03/1apAarbl ©CIMIIKTEPAIH Kep YCTI OeiKTepiHAeri ayblp
METaJIap/IblH MeJIIIepl TalJIaHbIl, Ta3a aiiMaKTap/ia eceTiH MOJCHHM OCIMIIKTEPMEH CaJbICTBIPY
Kyprizuiai. TombIpak MeH ecIMAIK YIruIepl aToMapiblK-aOCOpOIUSIIBIK CIEKTPOPOTOMETpUS
onicimen Cd, Cr, Cu, Mn, Ni, Pb sxone Zn menmiepine Tanganpl. 3epTrey aliMakTapbIiHIa TaMBIPIIBI
afMaKTBIH KaJMHUHAMEH, MBIPHIIINEH OHE MBICIICH JIACTaHYbl aHbIKTAIA6l. Panicum miliaceum L.
BeretaTHBTI OenikTepin Tanaay Nel yuackene Zn (Hopmanan 1,32 ece sxorapbl) xkoHe Cr (HopMaaax
1,1 ece >xorapsl) JaeHreinepinin apTkaHsiH kepcerti. Cicer arietinum L. ra3 skary aiimarbIHIa
opHanackad Nel yuackene caHUTApIIBIK-TUTHEHANIBIK HOpMasapaaH 2,2 ece, an OHTycTik Opannarbl
JleHuH aybUIBIHBIH JKaHbIHAA OopHasacKaH Ne2 yyackene HopMazaaH 1,4 ece »korapbl ZN JKUHAKTAIBL.
DNeMEeHTTEp/IIH TOIBIpaKTa XHHAKTAIYbl OJApAbIH ©CIMAIKTEp/AE >KUHAIYbIHA BIKHAI €Tei, ai
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Panicum miliaceum sxone Cicer arietinum yumriH ayslp MeTajamapblH TpaHCPOpMaIHsIaHy
koddunmentrepi ykcac kKarap Ttysemi: Zn>Cu>Cd>Ni=Mn>Pb=Cr. 3eprrey MomimMerTepi
arpodKOXKYyiie mapamMeTpiepiHiH O3repicTepiH Aep Ke3iH/Ie aHbIKTay KOHE OJIapbl KalMblHA KENTIpy
TOCUIZEPIH d31pJiey YIIH OHIpAEri aybUl IIApYaIlbLIBIFbI KEpJIepiHE SKOJIOTHSIIBIK MOHUTOPUHT
KYPrizy KaKeTTUIITH KepceTei.

Tyiiin ce3nep: ecimaikrep; Gpakenaik KOHIBIPFBI; aybIp MeTaIaap.

Biausinne 00LeKTOB He(l)TeI‘aIiO)IOﬁbl‘ll/I Ha HAKOIIJICHUE 3aIrpASHAIOINUX BEIIECTB
B ITOYB€ M PaCTCHUAX

Mapus BacuibeBa, Tarbsina BacuabeBa

AHHoOTauus. BiusHue TSHKENBIX METAJUIOB HAa PACTCHUS y MPOMBIIUICHHBIX 00bekTOB Ha FOkHOM
VYpasie TpeOyeT TIATeIbHOTO H3Y4YEHHS B CBSI3U C PACTYIICH MPOOIEMOii 3arpsi3HEHUS OIH3IIEKAIINX
CEJIbCKOXO35MCTBEHHBIX Yroauii. Llenbro ncenenoBanus ABISIETCS CPABHEHUE YPOBHEH 3arpsi3HEHHUS
TSDKEJIBIMA METaJUIAaMH PAaCTEHHH M TOYB CEIbCKOXO3SHCTBEHHBIX YTOJUH, PAclONIOKECHHBIX Ha
HE3HAYUTEIFHOM YIAJICHUU OT (PaKeTbHOH YCTAaHOBKM, W arpoleHO030B, HE IOJBEPKEHHBIX €e
Bo3/eiicTBUIO. [IpoaHamM3upoBaH COCTaB TKEIBIX METAUIOB B HAA3EMHBIX YacTAX pPACTEHHM
arpoUTOLEHO30B, PACIIONOKEHHBIX B 4 KM OT (paKeJbHOM yCTaHOBKM He(TEra3oKOHJEHCATHOI'O
KOMILIEKCa, ¥ IPOBEJICHO CPABHEHHE C MTOKA3aTENISIMU KYJIbTYPHBIX PACTEHUH, IPOU3pACTAIOIINX Ha
YUCTBIX TeppuTopusx. OOpa3ibl MOYB U PACTCHUI NMpoaHaIu3upoBaHbl Ha coaepxkanue Cd, Cr, Cu,
Mn, Ni, Pb u Zn mertomom aromHO-abCOpOIMOHHON crekTpodoromeTpun. Ha wmccrmemyeMbix
yYacTKaX BBISIBJICHO 3arpsi3HeHHe KopHeoOuTaemoi 30HbI Cd, Zn u Cu. AHanu3 BereTaTHMBHBIX
opranoB Panicum miliaceum L. BeisiBun Ha yuyactke Nel moBblmieHHbIH ypoBerb Zn (B 1,32 pasa
Boiie Hopmbl) u Cr (B 1,1 pasa Beimie Hopmbi). Cicer arietinum L. Hakommi Zn B KOJUYECTBaX,
MPEBBIAIOIINX CAHUTAPHO-TUTHEHUYECKHE HOPMBI B 2,2 pa3a Ha ydacTke Nel, pacronokxeHHOM B
30HE CXKUTaHud rasa, u B 1,4 pasa Bbliie HOpMbI Ha yyacTke N2, pacnoio)keHHOM BOJIM3U MOCEKa
Jlenun Ha FOxHOM VYpane. HakoruieHue 371eMEHTOB B MOYBaX CIIOCOOCTBYET MX aKKyMYJSLUU B
pacTeHusX, a KO3 GHUIMEHTH TpaHCHOPMAITUH THKEIBIX MeTaioB s Panicum miliaceum u Cicer
arietinum oOpasyroT ananorumunbsie psasl: Zn>Cu>Cd>Ni=Mn>Pb=Cr. JlanHble HuCCIEIOBaHUS
JIOKa3bIBAIOT HEOOXOMMOCTh MPOBEACHHUS KOJOTMYECKOT0 MOHUTOPHHTA CEbCKOX03IHCTBEHHBIX
YyroJIuil peruoHa Jyis CBOEBPEMEHHOIO BBISBICHMS H3MEHEHUH MapaMeTpoB arpo3KOCHCTEM U
pa3pabOTKX MOJXO/I0B K HX BOCCTAHOBJICHUIO.

KiroueBblie cjioBa: pacteHus; (akenbHas yCTAaHOBKA; TSHKEIIbIE METAJLIIBI.
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Abstract. The study focuses on evaluating the efficiency of local post-
treatment and conditioning of tap water using «Zhivaya VVoda» stationary
water vending machines in Kokshetau. The aim of the work was to
conduct a comparative analysis of the properties of initial tap water and
permeate obtained after filtration and reverse osmosis. «TURAN> bottled
table water was adopted as a benchmark for comparing physicochemical
parameters. Sampling for laboratory analysis was carried out in three
districts of the city. The membrane elimination capacity was calculated
using the classic formula for baromembrane separation. It was established
that the cascade filtration system provides 100 % barrier efficiency against
suspended solids, reducing turbidity to 0 NTU (Nephelometric Turbidity
Units) and odor intensity by 1 point on the organoleptic scale.
Spectrophotometric analysis demonstrated a high elimination rate of
residual free chlorine (up to 96.0 %), total iron (up to 78.6 %), total
chromium (up to 70.0 %), copper (25.0-40.0 %), manganese (up to
50.0%), and phosphate ions (up to 100 %), alongside characteristically
lower selectivity toward low-molecular-weight singly charged nitrate
anions. The results indicate a significant improvement in the overall
physicochemical profile of the water. A directional downward shift in
water pH was recorded in the samples, driven by the membrane's retention
of the hydrocarbonate buffer and the concomitant carbonic acid
equilibrium shift. Meanwhile, the stability of total hardness values
confirmed the efficiency of water conditioning in the integrated
mineralization unit, which completely prevents deep demineralization.
The data obtained demonstrate that water vending machines effectively
bring tap water quality closer to the natural benchmark parameters, which
allows recommending them as an accessible method for decentralized
drinking water safety enhancement at the consumer level.

Keywords: water quality; local post-treatment; water vending machines;
water conditioning; reverse 0smosis; remineralization; permeate;
centralized water supply; drinking water.

1. Introduction
The Sustainable Development Goals (SDGs) represent a complex
set of seventeen interconnected global targets aimed at improving human
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quality of life. Goal 6, 'Clean Water and Sanitation," focuses on ensuring the availability and
sustainable management of water resources, guaranteeing not only public access to water but also
compliance with sanitary and hygienic water quality standards. Safe and high-quality drinking water
constitutes a fundamental cornerstone of modern healthcare and a pivotal prerequisite for the
sustainable development of society (United Nations [UN], 2015; World Health Organization [WHO],
2024). Under conditions of increasing anthropogenic pressure, intensifying industrial production, and
global climate change, a steady degradation in the state of natural water supply sources is being
observed (Church, 2024; United Nations Educational, Scientific and Cultural Organization
[UNESCO], 2023). According to current statistical data, more than two billion people worldwide
experience a deficit of clean drinking water (UN, 2024). The consumption of contaminated water
coupled with poor sanitary and hygienic conditions leads to severe medical and environmental
consequences, contributing to the spread of acute intestinal infections and somatic diseases (WHO,
2024). In this regard, a preventative approach focused on improving the quality of consumed water
directly at the local level is recognized as the most cost-effective instrument for reducing public
morbidity (UNESCO, 2023).

In the Republic of Kazakhstan, the water issue is of a strategic nature. The country is
characterized by a pronounced deficit of its own water resources and a high dependence on
transboundary hydrological systems, which significantly limits the self-purification potential of rivers
and water bodies (Aben & Zholdasqyzy, 2026; Tursunova et al., 2022). Despite a formally high level
of public coverage by centralized water supply (94 % in urban areas and 63 % in rural areas) (World
Bank Group [WBG], 2022), the actual quality of the supplied water often raises justified concerns
among end consumers. The primary reason for the degradation of drinking water quality
characteristics on its path from treatment facilities to the consumer is the deterioration of communal
distribution networks. As of 2025, the average wear and tear of water supply networks in the Akmola
Region ranges from 51 % to 58 %, which represents an elevated indicator across the country (United
Nations Economic Commission for Europe [UNECE], 2026). During transportation through old,
corrosion-prone pipelines, the water undergoes secondary contamination by pipe degradation
products, leading to an increase in total iron concentration, elevated turbidity, and deterioration of
organoleptic properties (Li et al., 2016; Wang et al., 2025).

The traditional method of centralized disinfection—chlorination—effectively mitigates
biological threats but gives rise to new risks. An excessive content of residual free chlorine imparts a
specific unpleasant odor to the water and promotes the formation of halogenated compounds
(Richardson & Postigo, 2012). Furthermore, in several industrial regions of Kazakhstan, including
the Akmola Region and the city of Kokshetau, elevated concentrations of heavy metals (chromium,
copper, manganese) are recorded in tap water, originating from surface water intakes due to
anthropogenic pollution and rock leaching (Khripko & Baykenova, 2025; Salikova & Uralbayeva,
2016). Chronic consumption of such water is associated with the risk of cumulative toxicity and exerts
a destructive impact on the liver, kidneys, and urogenital system (Balali-Mood et al., 2021; Chen et
al., 2025; Teschke & Xuan, 2025).

Under these circumstances, standard domestic pitcher-type filters often prove ineffective due
to their limited service life. Vending water purification machines (water vending machines) with
integrated deep multi-stage treatment systems have emerged as an innovative and accessible
alternative. Functioning on the basis of reverse osmosis technology, such localized units perform
filtration under high pressure through semipermeable membranes with a pore size of up to 1-10~* um.
A cascade of mechanical filters pre-cleans the water from insoluble impurities (sand, rust, suspended
solids) up to 1 micron in size. Next, under high pressure, the water passes through a reverse o0smosis
membrane where the primary purification occurs: mainly water molecules and dissolved gases pass
through the pore structure, whereas the salt concentrate is discharged into the drainage system
(Dedele et al., 2022; Hazzazi et al., 2024; Kapepula et al., 2022; Yu et al., 2024). Subsequently, the
water passes through a carbon post-filter and is disinfected by ultraviolet irradiation, which
guarantees its microbiological safety.
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In Kazakhstan, «Zhivaya Voda» water vending machines have been actively operated since
2015, offering clean water within walking distance at a socially oriented price. They are connected
to the centralized water supply and can be installed both indoors and outdoors. The filters in the
machines are replaced every two weeks, with the date of the last replacement displayed on the screen.
Since reverse osmosis removes up to 99 % of all dissolved solids, leading to deep demineralization,
a post-mineralization unit is integrated into the technological scheme of «Zhivaya Voda» vending
machines. Passing through this cartridge, the purified water comes into contact with natural minerals
(calcite and dolomite), becoming dosed and enriched with calcium ions, magnesium ions, and
hydrocarbonates. This allows for the restoration of the physiological value and salt balance of the
purified water, as well as the adjustment of its taste qualities. The manufacturer offers water at a price
ranging from 10 to 15 KZT per liter (Alive Water Kazakhstan, 2026).

Despite the popularity of water vending machines, there is a pronounced deficit of independent
comprehensive examinations in domestic science confirming the actual dynamics of improvement in
the chemical composition and organoleptic qualities of water after its post-treatment under specific
urban conditions. The present study is aimed at filling this gap.

Research Objective: An objective evaluation of the efficiency of mechanical post-treatment and
conditioning of tap drinking water via «Zhivaya VVoda» stationary units in the city of Kokshetau.

Relevance and Practical Significance: The findings will provide a scientific rationale for
integrating local water vending machines into urban infrastructure as an effective tool for the
decentralized enhancement of drinking water consumption safety.

2. Materials and methods

The object of the study was drinking water samples taken from the centralized water supply
systems (urban water pipelines) in three districts of Kokshetau before and after treatment in «Zhivaya
Voda» machines. The subject of the study was the quality of drinking water before and after
mechanical post-treatment, as well as an evaluation of the efficiency of this method.

To ensure the integrity of the experiment, «<TURAN» natural bottled table water was adopted
as a comparative benchmark. Extracted from the underground sources of the Kokshetau Upland, it is
positioned as high-quality natural water (Kokshetauskie Mineralnye Vody, n.d.). According to the
manufacturer, it does not undergo reverse osmosis or artificial mineralization; it maintains the water-
salt balance and is well absorbed by the body. «TURAN» water is extracted from the «Kuskol»
deposit (Burabay region), which is recognized as one of only five unique sources of natural light
water in the world. After filtration from rock particles and ozonation, it is bottled in its pristine form.

Sampling was performed in accordance with the regulatory requirements established by the
Committee for Standardization, Metrology and Certification [CSMC] (2003). Sampling points were
selected in residential buildings at the following addresses: 158B N. Nazarbayev Avenue (hereinafter
referred to as 'Point 1'); 1/1 Osipenko Street (hereinafter referred to as ‘Point 2); and 198 Sh.
Ualikhanov Street (hereinafter referred to as 'Point 3'). To ensure sample representativeness and
eliminate the influence of stagnant plumbing fixtures, the initial tap water was allowed to run for 5-
10 minutes at a constant flow rate before collection. Clean 500 mL glass containers were rinsed three
times with the water being sampled, filled to the brim to prevent volatile component loss, and
immediately sealed. All samples were meticulously labeled with the exact date, time, and specific
location of collection.

2.1. Evaluation of organoleptic and physical parameters

Organoleptic and physical parameters of the water samples were evaluated using the following
methodologies:

1) Odor intensity and color parameters were determined in accordance with the CSMC (2003)
requirements;

2) Turbidity was determined using a PCE-TUM 20 Turbidity Meter (Direct Industry by
Virtualexpo Group, n.d.);
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3) Water pH was initially screened at the sampling sites using universal pH indicator paper 0—
12 (Tautest, n.d.). To eliminate instrumental errors and obtain high-precision values for subsequent
statistical analysis, the final pH measurements were verified photometrically usinga HACH DR 1900
spectrophotometer (Ecoinstrument LLC, n.d.).

To ensure analytical quality control and data reproducibility, all instrumental measurements
(turbidity and pH) were performed in quintuplicate for each water sample, and the average values
were recorded. Prior to each analysis cycle, calibration protocols for the PCE-TUM 20 and HACH
DR 1900 instruments were executed using verified standard baseline solutions.

2.2. Spectrophotometric chemical analysis

Chemical analysis of water samples was performed by spectrophotometry using the previously
described HACH DR 1900 instrument. During the study, concentrations of total iron (Fe?*, Fe®"),
nitrates (NOgz"), phosphates (PO4%), free chlorine (Cl2), copper (Cu?"), total chromium (Cr3*, Cr®"),
and manganese(Mn?*), as well as total hardness, were determined. Standard laboratory glassware,
graduated cylinders, pipettes, and specialized HACH reagents were used during the analysis.
Measurements for each parameter were performed according to the corresponding instrument
program code (Table 1).

Table 1. Spectrophotometer program codes for determining chemical parameters of water

No. Parameter Program Code
1 Free chlorine 81
2 Total iron 90
3 Nitrates 73
4 Phosphates 60
5 Total hardness 85
6 Copper 65
7 Chromium 76
8 Manganese 45

Water samples of 10 mL were placed into cuvettes, mixed with the corresponding reagents, and
kept on a timer until the completion of the chemical reaction. Before each measurement cycle, the
specific program code was entered, and the instrument was calibrated using verified baseline
solutions and control blanks. To ensure analytical quality control and eliminate random operational
errors, all laboratory analyses were performed in five replicates (in quintuplicate) for each controlled
parameter, and the arithmetic mean values were recorded.

The membrane rejection coefficient (purification efficiency), E, %, was determined using the
classic formula for baromembrane separation (Dytnerskii, 1986):

E =" 100% (1)
Cr
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where E is the purification efficiency, %; Cs is the concentration of substances in the feed water,
mg/L; and C; is the concentration of substances in the permeate, mg/L.

The compliance of the studied parameters with hygienic requirements was evaluated based on
the drinking water safety standards of the Republic of Kazakhstan (Ministry of Healthcare of the
Republic of Kazakhstan, 2022). Natural bottled water «TURAN» was utilized as a reference sample.

Statistical processing of the obtained results, including the calculation of mean values, standard
deviations (SD), and standard errors (SE), was performed using the MS Excel software package.

3. Results

For an objective evaluation of the performance efficiency of «Zhivaya VVoda» stationary local
post-treatment systems, a comprehensive comparative analysis of the physicochemical and
organoleptic parameters of the initial tap water and the permeate generated after passing through
membrane filters and reverse osmosis processes with subsequent conditioning was conducted.

3.1. Organoleptic parameters and water pH
Organoleptic evaluation and pH monitoring serve as primary indicators of the sanitary and
chemical condition of water. Summary measurement data are presented in Table 2.

Table 2. Changes in organoleptic properties and pH value during advanced *POU water treatment

Parameter Standard «TURAN» Point 1: Point 2: Point 3:
(not more Water N. Nazarbayev | Osipenko St, 1/1 | Ualikhanov St,
than) (reference) Ave, 158 198
(Ministry of
Healthcare Before After Before | After | Before | After
2022)
Turbidity, 1,05+
NTU 2,6 0+0 05+0,15| 0+0 |12+04| 0+0 0.3 0+0
Odor, 2 040 140 | 040 | 241 | 140 | 221 | 120
points
Color,
20 (35) 15 +0 15+15 1542 | 20+25 [20+£35|15+1,5|15+1,8
degrees
. 6,5+ 6,0 + 8,0+ 75+
pH, units 6,5-7,5 7,5+0 75+15 0.55 8,0+0,5 0.55 0.5 05

*POU - point-of-use
Analysis of the obtained data reveals that the barrier function of the membrane systems against

suspended solids reaches 100 %, reducing turbidity to zero values (0 NTU) in all samples, which
fully complies with the benchmark indicators (Figure 1; Table 2).
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Figure 1. Dynamics of turbidity changes in the investigated water samples during advanced POU
treatment

Deodorization of the purified water is observed: the odor intensity decreased by 1 point on the
organoleptic scale in all studied water samples, except for the «<TURAN» water sample, where this
value was initially 0 (Table 2).

Color analysis revealed that the initial tap water at all sampling points was characterized by
stable values at the level of 15-20 degrees, which strictly complies with the hygienic standard (no
more than 20-35 degrees) (Table 2). In the course of mechanical filtration, the color indicators of the
permeate remained practically unchanged, staying within a narrow range of 15-20 degrees across all
three points (Table 2). Minor fluctuations in the mean values (for instance, at Point 1, the indicator
was recorded at 15 degrees both before and after treatment) lie within the margin of statistical error
for laboratory measurements. The obtained results are completely identical to the parameters of the
«TURAN>» natural benchmark (15 degrees), which indicates that the initial water of Kokshetau
complies with hygienic standards for this parameter and that optical transparency is maintained after
baromembrane separation (Table 2).

The hydrogen ion exponent (pH) of the initial water is characterized by a slightly alkaline and
alkaline reaction of the medium (7.5-8.0) (Table 2). In the course of mechanical post-treatment, a
shift in the pH of the resulting permeate into the slightly acidic region was recorded. This decrease in
pH (down to 6.0-6.5 units at Points 1 and 2) can be explained by the nature of reverse osmosis: the
membrane retains hydrocarbonate ions (HCO3), thereby reducing the buffer capacity, while CO-
penetrates through the pores, forming carbonic acid (Table 2). In turn, the higher pH value at Point 3
(7.5 units) presumably indicates a final alkalization of the solution due to the intensive dissolution of
components within the integrated remineralization unit (Table 2).

3.2. Spectrophotometric analysis of chemical composition

The results of the quantitative determination of chemical components by spectrophotometry, as
well as the calculated elimination efficiency (E, %) of individual impurities, are presented in Table
3.
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Table 3. Chemical component concentrations and advanced POU treatment efficiency (E, %)

Parameter | Standard | «TURAN» Point 1: Point 2: Osipenko St, | Point 3: Ualikhanov
,mg/L | (Ministry of | Water N. Nazarbayev 1/1 St, 198
Healthcare, | (reference) Ave, 158
2022)
*Cf **Cp Cf Cp Cf Cp
Total iron 0,07+ | 0,015+ | 0,135+ 0,08+ 0,15+ 0,1+
(Fe?* 0.3 0,015 | 0,0075 0,05 0,015 0,06 0,055
' ' 0,03
3+ ]
Fe™) E=786% E=407% E=333%
Nitrates 45 5 1+0,25 | 1+0,2 1+0,25 1+0,3 5+1,55 3+1
(NO3) E=0% E=0% E = 40,0 %
2,4 2,7+
Total ' 2,5£0,8 | 2,85+0,5 2,8+0,9 . 2,8+0,75
hardness, 7 3,25 +0,65 08
mEq/L E=-42% E=+1,7% E=37%
0,2+0,05
Phosphate . 0 0 | 03+0,06 0 0,3+0,07 5
s (PO+*) ' 0,3
E=0% E =100% E=333%
Free 0,03+ | 0,008+ | 0,05+0,0 | 0,002+ 0,035+ 0,025+
chlorine | 03-05 ooy | 00095 | 0002 1 0,00085 | 0,0075 | 0,0095
(Cl E =733 % E = 96,0 % E =286 %
0,3+ 0,5+ 0,3+0,09
Copper 05 0,075 0,2+0,06 | 0,4+0,1 | 0,3+0,08 0.15 5
(Cu?) ’ 0,15
E=33,3% E=250% E =40,0%
T0t§| 0,05+ | 0,015+ | 0,05+0,0 0,025+ 0,035+0, 0,03+
chzgrlgium 0.05 0.04 0,009 | 0,0085 1 0,0085 1 0,0095
Cr®) E=70,0% E=50,0% E=143%
0,05+ | 0,045+ 0,06+ | 0,035+0,0 | 0,02+ 0,01+
Manganes 0,01 0,015 0,02 1 0,007 0,0065
. 0,1 0,09
e (Mn=%)
E=10,0% E=417% E =50,0%

*Cs - feed water concentration; **C, - permeate concentration

3.2.1. Iron and copper removal

The initial concentrations of total iron (0.07-0.15 mg/L) and copper (0.3-0.5 mg/L) did not
exceed the MPC (Maximum Permissible Concentration), yet they indicated probable secondary water
contamination processes within the deteriorated distribution networks. Local treatment reduces the

iron content with an efficiency of up to 78.6 %, bringing its level closer to the biogenic benchmark
(Figure 2; Table 3).
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Figure 2. Total Iron (Fe?*, Fe**) Removal efficiency by the barrier systems of water vending
machines

The copper concentration stably decreases by 25.0-40.0 % (Table 3).

3.2.2. Toxic Chromium Removal

Chromium is a heavy metal with a pronounced cumulative toxic effect. In the initial water, its
concentration was at a critical level near the upper limit of the normative standard (0.035-0.05 mg/L,
with an MPC of 0.05 mg/L) (Figure 3; Table 3).
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Figure 3. Comparative analysis of total chromium (Cr®*, Cr%") content in raw and purified water
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Mechanical filtration provides deep chromium extraction with an efficiency ranging from
14.3% to 70.0 %. Notably, in the «<TURAN» natural water, the chromium content was also quite high
(0.04 mg/L) but did not exceed the MPC.

3.2.3. Free chlorine elimination
Despite the low residual concentrations of free chlorine within the centralized network (0.03—

0.05 mg/L) (Figure 4; Table 3), the sorption blocks of the water vending machines exhibit a high
efficiency in capturing the disinfectant - up to 96.0 % (at Point 2).

0.3
0,25
0.2

0,15

Free chlorine , mg\L

0.1

0,05

Point 1 Point 2 Point 3 Standard «TURAN®
OFeed water OFermeate

Figure 4. Changes in residual free chlorine (Cl2) concentration following sorption-membrane
filtration)

This allows for the complete neutralization of the risks associated with the formation of
carcinogenic halogenated compounds.

3.2.4. Stability of total hardness

The total hardness value fluctuations across all points remain within a narrow range (2.4-2.85
mEqg/L) and exhibit virtually no change after decentralized filtration (variations from -4.2 % to
+1.7%, which fall within the margin of measurement error) (Table 3). A slight increase in total
hardness (E = -4.2 %) at sampling Point 1 may be attributed to the permissible instrumental error of
the HACH DR 1900 spectrophotometer when measuring low concentrations, or to the specific
operating conditions of the remineralization unit in this particular system (Table 3). The obtained
values are physiologically valuable and comparable to the mineralization of «TURAN» natural water
(3.25 mEg/L). The high stability of this parameter against the background of deep reverse osmosis
demineralization is presumably explained by the efficient performance of the integrated final
correction unit - the mineralizer. Passing through a cartridge with natural minerals (calcite/dolomite),
the deeply purified permeate becomes dosed and enriched with calcium and magnesium ions
(conditioned), which prevents its demineralization and artificially restores the physiological value of
the drinking water to the level of the benchmark.

3.2.5. Dynamics of nitrate and phosphate content
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Analysis of the nutrient concentration revealed varying selectivity of the barrier systems
towards nitrate and phosphate ions. The initial nitrate (NO3’) concentration within the Kokshetau tap
water network was at a minimum level (1-5 mg/L), well below the regulatory limit of 45 mg/L (Table
3). At Points 1 and 2, the baromembrane purification demonstrated zero efficiency (E = 0 %),
confirming the reduced selectivity of standard domestic reverse osmosis membranes towards low-
molecular-weight singly charged anions under low operating pressures (Gomelya et al., 2022; Table
3). At Point 3, where the initial nitrate level was higher (5 mg/L), a decrease to 3 mg/L was recorded
(E = 40.0 %) (Table 3). The observed discrepancy in efficiency requires a more detailed analysis.
While this phenomenon is widely documented, the reason for such a sharp transition from zero to
40% efficiency within this experiment remains unclear. Possible factors influencing the observed
difference include (Muhammad et al., 2020; Rojas-Ramos et al., 2023):

1) operational parameter fluctuations: variations in operating pressure, flow rate, or
temperature among Points 1, 2, and 3 could significantly affect membrane selectivity;

2) concentration polarization effect: at low flow rates or insufficient pressure, concentration
polarization could occur, causing contaminants to accumulate on the membrane surface, which
hinders their passage but does not ensure complete retention - the extent of this effect could vary
across the studied points;

3) initial water composition specificities: potentially, the presence of other dissolved solids in
the water at Point 3, besides nitrates, influenced their interaction with the membrane.

Nevertheless, despite the questions regarding the attainment of full purification efficiency at
individual points, the nitrate content in the purified product (1-3 mg/L) is completely comparable to
the indicator of the «TURANS> natural benchmark (5 mg/L) (Table 3).

Regarding phosphate ions, the sorption-membrane cascade demonstrated high efficiency: at
Point 2, a 100 % elimination was recorded (a decrease from 0.3 mg/L to zero), while at Point 3, the
phosphate content decreased by 33.3 % (from 0.3 to 0.2 mg/L) (Table 3). In all cases, the final
concentrations are kept well within the regulatory hygienic limit (3.5 mg/L) (Table 3).

3.2.6. Manganese removal efficiency

Manganese compounds (Mn?*) possess a pronounced cumulative effect and are capable of
deteriorating the organoleptic properties of water (U.S. Environmental Protection Agency, 2004;
World Health Organization, 2022). The initial manganese level at the studied points of the distribution
network fluctuated within the range of 0.02-0.06 mg/L, without exceeding the MPC (0.1 mg/L)
(Table 3). After passing through the «Zhivaya VVoda» units, a stable positive dynamic in the removal
of this metal was recorded: the purification efficiency ranged from 10.0 % (Point 1) to 41.7 % (Point
2) and 50.0 % (Point 3) (Table 3). At the final stage of post-treatment, the manganese concentration
decreased to 0.01-0.045 mg/L, which is substantially below the regulatory limits (Table 3).

4. Discussion

The data obtained in the course of the study allow for a detailed evaluation of the filtration
capacity and selectivity of the semipermeable reverse osmosis membranes utilized in «Zhivaya
Voda» local post-treatment vending machines. The observed changes in the physicochemical and
organoleptic profile of the tap water are governed by the fundamental laws of mass transfer and phase
separation at the solution—polymer matrix interface.

The reduction of water turbidity to 0 NTU across all monitored sampling sites serves as a clear
indicator of the efficiency of the cascade filtration blocks (Figure 1; Table 2). Similar results
regarding turbidity and color parameters were documented in a study by Thuadaij and Duangkham
(2024) evaluating 101 water vending machines in Thailand, which also demonstrated 100 %
compliance with regulatory standards. This effect is achieved through mechanical size exclusion on
ultra- and nanofiltration pre-filters, combined with a polishing reverse osmosis membrane featuring
a pore size of less than 0.0001 um. This process completely prevents the passage of colloidal particles,
hydrated oxides of iron and silicon, and high-molecular-weight organic matter. Specifically, the
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removal of total iron (up to 78.6 %) is ensured by the combined action of this mechanical filter
cascade and the selective reverse osmosis membrane (Al Sayed et al., 2012; Figure 2; Table 3).
Furthermore, the deodorization effect observed in both studies is attributed to the operation of pre-
sorption units based on activated carbon; the recorded deep elimination of residual free chlorine (up
t0 96.0 %) is directly driven by the high sorption capacity of this pre-treatment unit (Altekrety & Al-
Fatlawy, 2017; Figure 4; Table 3), which efficiently adsorbs dissolved volatile organic compounds
and active chlorine residues.

A process of directional reduction in the hydrogen ion exponent (pH) was recorded (Table 2).
At Points 1 and 2, the pH of the initial alkaline water decreased to slightly acidic values (6.0-6.5
units); at Point 3, the reduction was less pronounced, shifting from 8.0 down to 7.5 units (Table 2).
Permeate acidification is a typical manifestation of baromembrane separation (Dytnerskii, 1986).
Highly selective reverse osmosis membranes retain up to 98-99 % of multicharged anions, including
hydrocarbonate ions (HCOz3"), which form the buffering capacity of the initial solution. As a result of
the alkaline buffer removal, dissolved carbon dioxide (COz), which freely penetrates through the
membrane pores, reacts with water, shifting the carbonic acid equilibrium toward the formation of
weak carbonic acid (H2COs). A study by Thuadaij and Duangkham (2024) also revealed a widespread
drop in pH below regulatory limits, where 81.19 % of the examined vending machines exhibited pH
values between 3.24 and 6.40. This demonstrates the universality of the physicochemical process of
permeate acidification during reverse osmosis application without subsequent correction (Adams et
al., 2022; Table 2).

Notably, in our study, the total water hardness across all points remained stable (Table 3). This
indicates the occurrence of artificial remineralization processes, which were most pronounced at
Point 3 (Table 2; Table 3). From a physiological and organoleptic standpoint, the preservation of total
hardness is a critical factor preventing an aggressive or ‘flat' taste typical of raw reverse osmosis
permeate. As the deeply purified water passes through the remineralization bed containing natural
crushed calcite (CaCOs) and dolomite (CaMg(COs)2), a controlled dissolution process takes place.
The unreacted dissolved free (CO.) acts as a primary driving agent, reacting with the carbonate matrix
of the minerals to form soluble calcium and magnesium bicarbonates via a classic leaching
mechanism. This interaction enriches the water with vital divalent cations while functioning as a
natural chemical buffer. The differences in the final pH values among the points are attributed to
varying depletion levels or flow rates of water through the mineralizing cartridges, where the final
alkalization of the solution occurs due to the intensive dissolution of components within the integrated
remineralization unit, which aligns with the operating principles of local solution conditioning
systems (Vingerhoeds et al., 2016; Table 2; Table 3). Specifically, lower volumetric flow rates or
lower depletion levels prolong the hydraulic retention time within the mineralizer, maximizing
mineral leaching and successfully shifting the carbonic acid equilibrium toward complete
neutralization.

The membranes demonstrated virtually zero selectivity toward nitrate ions NOz™: at Points 1
and 2, the retention efficiency was 0 % (Table 3). This is explained by their small hydrated radius
and high mobility, which hinder their rejection by the polymer matrix under the standard operating
pressures of domestic systems (Gomelya et al., 2022; Table 3). Under these low operating pressures
typical for point-of-use (POU) systems (approximately 2—4 bar), the convective transport of solvent
through the polymer matrix often overrides the diffusive rejection component for low-molecular-
weight monovalent species. Due to their low hydration energy, nitrates exhibit higher mobility within
the concentration polarization layer, which substantially reduces the effective electrostatic repulsion
forces - known as the Donnan potential - thereby allowing unhindered passage of monovalent anions
into the permeate stream at low initial concentrations. At Point 3, where the initial nitrate level was
the highest, a 40.0 % reduction in their concentration was recorded (Table 3). Such a discrepancy in
efficiency within this experiment remains unclear, yet it suggests a concentration-dependent threshold
effect related to competitive ion transport and membrane fouling dynamics. According to Muhammad
et al. (2020) and Rojas-Ramos et al. (2023), the barrier function of membranes can be influenced by
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external factors (operating parameters of water vending machines, the concentration polarization
effect, initial water composition specificities, etc.) that were not accounted for during this study. For
instance, a localized drop in the feed flow rate or micro-fluctuations in operating pressure within the
vending unit at Point 3 could have facilitated a localized transformation of the concentration
polarization profile, shifting mass transfer toward a diffusion-dominated regime where the physical
sieve-retention properties of the polymeric dense structure became more pronounced. Nevertheless,
given that the initial nitrate concentrations were extremely low (1 mg/L against an MPC of 45 mg/L),
the resulting product remains safe regarding this parameter (Table 3). At the same time, the deep
removal of phosphate ions (up to 100 % at Point 2) is explained by their large hydrated radius and
multicharged nature. Under baromembrane separation conditions, such ions are effectively repelled
by the Donnan potential of the membrane, which guarantees the protection of the finished permeate
from the presence of phosphates that can alter the organoleptic properties of water (Aydogan Gokturk
et al., 2022; Gomelya et al., 2023; Pleshakov et al., 2023; Table 3).

Unlike nitrate ions, reverse osmosis systems effectively retain heavy metal cations. Membranes
demonstrate a consistently high rejection capacity (exceeding 95-99 %) towards many metals, which
is attributed to their significant hydrated radius, high valence, and the action of Donnan electrostatic
repulsion forces on the surface of the polymer matrix (Azmi et al., 2025; Thagi & Gashi, 2018). In
our samples, the removal efficiency varied from 14.3 % up to 70.0 % for total chromium and up to
78.6 % for total iron (Figure 2; Figure 3; Table 3). Chromium, present in the initial tap water at the
upper limit of the MPC (0.05 mg/L), was reduced to safe values (0.015-0.03 mg/L) (Figure 3; Table
3). Similarly, a stable reduction was observed for copper (Cu?*) ions, with an elimination efficiency
ranging from 25.0 % to 40.0 % (Table 3). This process successfully lowered copper concentrations
across all points down to 0.2-0.3 mg/L, remaining well below the regulatory limit of 0.5 mg/L and
closely matching the biogenic benchmark of the «TURAN» reference water (0.15 mg/L) (Table 3).
Although the chromium content in the «TURAN» natural benchmark (0.04 mg/L) is also within the
normal range, decentralized mechanical post-treatment yields water that may surpass certain natural
underground sources of the region in terms of toxicological safety, as the latter can be prone to natural
or anthropogenic metal enrichment (Imbulana et al., 2020; Figure 3; Table 3). The removal efficiency
of manganese ions (Mn2* ) was slightly lower than that of chromium and iron, ranging from 10.0 %
to 50.0 % (Table 3). Despite the fact that the initial manganese concentrations did not exceed the
MPC, its elimination is considered important from a sanitary and hygienic perspective (Table 3). This
is attributed to the ability of manganese compounds to cause cumulative neurotoxicity, as well as
their tendency to degrade the organoleptic parameters of water (taste, color) even at minimal
concentrations due to the formation of a dark precipitate of hydrated oxides (U.S. Environmental
Protection Agency, 2004; World Health Organization, 2022; Table 3).

Overall, the conducted study demonstrates that the multi-stage mechanical purification in
«Zhivaya Voda» stationary vending machines effectively corrects the organoleptic and chemical
composition of tap drinking water, which consistently aligns with existing global research on point-
of-use (POU) water post-treatment systems.

5. Conclusion

The conducted study has provided a comprehensive evaluation of the barrier role and
performance efficiency of «Zhivaya VVoda» stationary local post-treatment vending machines in
relation to the conditions of the centralized drinking water supply in the city of Kokshetau. Based on
the data obtained, the following key conclusions have been formulated:

1. The cascade filtration system, based on sorption processes and baromembrane separation,
ensures absolute 100 % efficiency against suspended solids, reducing the initial tap water turbidity to
0 NTU. Concurrently, the integrated technology achieves substantial sample deodorization,
consistently lowering the odor intensity by 1-2 points on the organoleptic scale.

2. Spectrophotometric analysis confirmed the high barrier efficiency of the multi-stage system
against key inorganic and organic pollutants. The cascade configuration ensured deep elimination of
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residual free chlorine, total iron, total chromium, manganese, and phosphate ions, while providing a
moderate, stable reduction of copper ions (up to 40.0 %). Concurrently, the system exhibited
characteristically lower selectivity toward low-molecular-weight singly charged nitrate anions.
Despite variations in ion-selective retention, the reduction of the cumulative impurity load
successfully brought the physicochemical profile of the purified permeate closer to the natural
benchmark parameters of «TURAN» bottled water.

3. A directional trend in hydrogen ion exponent changes was established: the reduction to
slightly acidic values (6.0-6.5 units at Points 1 and 2) and the shift toward neutral values at Point 3
are driven by the membrane's retention of the hydrocarbonate buffer and the concomitant shift in the
carbonic acid equilibrium. Concurrently, the maintenance of stable and physiologically valuable total
hardness values in the purified water experimentally proves the performance efficiency of the
integrated artificial mineralization units, which completely eliminate the risks of deep
demineralization of the finished product.

In conclusion, under stable technological operating regimes, «Zhivaya Voda» vending
machines serve as an effective instrument for the hygienic correction of tap water composition,
ensuring the enhancement of its organoleptic and physicochemical characteristics at the consumer
level. Further research into optimizing the performance of membrane elements in relation to high-
load systems will expand the application scope of this technology.
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KyObIp CybIH KeprujlikTi KOChIMIIA TA3aPTy MEeH KOHIUIMSJIAYAbIH THIMALTITIH
oaranay (Kekmeray KajJachbIHIaFbI Cy aBTOMATTAPbI MbICAJIBIH/IA)

Haraabs I'pabosckas, Tarbana KapnayxoBa, Tarbsina Jluray, Aceiib Araiiiaposa

AnpaTna. 3eprrey Kekmeray kanacsiHgarbl «KuBas Boga» MapKaibl CTAllMOHAPIIBIK CY Ta3apTy
aBTOMATTapbIHBIH (CyMaTTapIblH) KOMEriMeH KYObIp CYbIH KEpPriUTKTI KOCHIMILIA Ta3apTy MeEH
KOHIMIUSUIAYIbIH THIMALTITIH Oaranayra apHaiaraH. JKYMBICTBIH MaKcaThl - 0acTanksl KyObIp CybI
MEH CY3y JKOHE Kepl OCMOC MPOLECTEPIHEH KEHiH ajJblHFaH IepMeaT KaCHeTTEepiH CabICThIPMAbl
Typae Tangay. Dus3uka-XUMHIBIK TapamMeTpiiepli CalbICTBIpyFa apHaliFaH STAJOH pETiHAe
«TURAN>» GeTtenkeneri ac cybl KaObUIIaH/bl. 3epTXaHANBIK Tal1ay YIIIH ChIHaManap KaJllaHbIH YII
ayJaHbIHIA IpIKTENim anblHAbL. ~MeMOpaHalapAplH OSIUMHHALMSUIAY KaOUIeTiH —ecenTey
O6apoMeMOpaHanbIK OedyAiH KiIaccHKaiblK (opMmynacsl OoifbiHmIa >Kyprisinai. Kackanrel cysy
XKyHeci eIenHren 3aTTapra KatbIcThl a0comoTTi 100 %-apIK TOCKayBUIIBIK THIMIUTIKTI KAMTaMachl3
erim, nmainmeuislkTel 0 NTU (Nephelometric Turbidity Units) nenreiiine neifin TeMeHaeTeTiHi
aHBIKTAIABL. ByJ1 peTTe KyObIp CybIHBIH HiC KAPKbIHABUIBIFBI OPTaHOJIENITUKAJIBIK 1IKajia OoiibiHIIa 1
Oajra TOMEH/JIEM, TePeH Ae300palusianysl Tipkeni. CieKTpo(hoTOMETPHSIIBIK Tangay KalablK 60cC
xsopasl (96,0 Y%-ra neitin), xxanmsr Temipai (78,6 %-ra neiiin), sxamnsl xpomasl (70,0 %-ra neiiin),
(mbicThI (25,0-40,0 %), mapranerrri (50,0 %-ra neiiin) xone gocdar-uonmapast (100 %-ra neitin)
JKOIOJIBIH YKOFapbl JOPEXKECIH KOepCeTTi, Oyl perre TeMEeH MoJIeKyilajlbl Olp 3apsAThl HUTpAT-
aHMOHJapFa KATBICThl CENEKTUBTUIIKTIH TOH TOMEHIIr OalKanabpl. AJIBIHFAaH HOTHIKENEp CYIbIH
XKanmbl (PU3UKa-XUMUSIIBIK TPOMUITIHIH alTapIbIKTal )KaKcapraHbIH KOHE KOCTIaap/IbIH KUBIHTHIK
KYKTEMECIHIH a3aiifaHblH aifrakraiinel. ['mapokapOoHarThl OydepaiH MeMOpaHala YCTaJblIl
KaJTyblHA JKOHE KOMIPKBIIIKbUI TeNe-TeHIITHIH COFaH OallIaHbICTHI BIFBICYbIHA HeTi3/enreH ¢y pH
KOPCeTKIIIHIH TOMEHAEY YpIici Tipkenai. byn perte >Kaimbl KEpMEKTIK KOpPCETKIIITEpiHIH
TYPAaKTbUIBIFBI MHTETpalMsUIaHFaH MUHEpaIn3alus OJOTbIHAA CYAbl KOHAUIMSIIAYIbIH THIMAUIITIH
pacTtazbl, OyJ1 JaiibIH OHIMHIH TepeH JeMUHEepaTH3alUusIaHyblH TOJIBIKTal 00N IbIpMaiIbl. AJBIHFaH
MOJIIMETTEp CyMaTTapAblH KYOBIp CYBIHBIH CalachlH TAaOWFH JTAJOH TMapaMeTpiepiHe THIMII
KAKBIHAATATBIHBIH KepceTeli, Oyl oJapAbl TYTBIHYHIBUIBIK JEHTeWIe aybl3 CyIbl TYTHIHY
KAYIICI3ITH OPTaIbIKChI3IaHBIPBIIFaH TYPAE APTTHIPYABbIH KOJDKETIMI 9/iCl PETIH/AE YChIHYFa
MYMKIHJIK Oeperi.

Tyiiin ce3aep: cy canacsl; )KepriliKTi KOChIMIIIA Ta3apTy; Cy aBTOMATTaphl; CyIbl KOHAULIUATIAY; Kepi
OCMOC; peMUHEpalIn3allis; IepMear; OpTaJbIKTaHIbIPbUIFaH CYMEH Ka0IbIKTay; aybI3 CY.

Ounenka 3(PPeKTUBHOCTH JIOKAJIbLHOH JOOYMCTKH W KOHIUIMOHHUPOBAHMS
BOJIONPOBOIHOI BOAbI (HA MpUMepe BOAOMATOB B ropoae Kokieray)
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Haranbsa I'padoBckas, Tarbsina KapnayxoBa, Tarbsina Jlutay, Aceab Araiiiaposa

AHHOTanusi. MccienoBanue TOCBSIICHO OLEHKE A(PQGEKTUBHOCTH JIOKAIBHOW JOOYHCTKA U
KOHIUIIMOHUPOBAHHUSI BOJOTIPOBOTHOM BOJIBI C MIOMOIIBIO CTAIIMOHAPHBIX ABTOMATOB OYMUCTKU BOJIBI
(BomomatoB) Mapku «Kusas Boga» B ropone Kokmeray. Llenbio paGoTsl SIBIISUICS CpaBHUTEIbHBIN
aHaJIM3 CBOMCTB MCXOAHON BOJOIPOBOTHONM BOJBI M IIEPMeEaTa, MOJYICHHOTO MMOCie QUIbTPAIUA U
oOpaTHOro ocMoca. B kadecTBe TalioHa 1Jisi CpaBHEHHS (PU3UKO-XUMHYECKUX MApaMETPOB MPUHSTA
oyruwimpoBanHas ctosioBas Boga « T URAN». Ot6op mpob 1uist 1ab0paTOpHOTO aHATH3a BBITIOTHSIIICS
B TpEX paiioHax ropona. Pacuér snmuMUHUpYOIIEH CIIOCOOHOCTH MeMOpaH IPOBOIWICS TI0
KJIaccu4eckoi ¢opmyse GapoMeMOpaHHOTO pa3feiieHHs. YCTaHOBIIEHO, YTO KacKajJHas CUCTEMa
¢dbunpTparuu obecreunBaet adbcomotHyo 100 %-10 6apbepHyI0 3 (PEKTHUBHOCTD MO OTHOIICHHUIO K
B3BCIIICHHBIM BeliecTBaM, cHkast MyTHOCTh 710 0 NTU (Nephelometric Turbidity Units). I[Tpu sTom
3ahuKkcUpoBaHa TIIyOOKasi Je30/10palus BOJAOIPOBOJHON BOJBI CO CHUIKCHUEM MHTEHCHBHOCTH €6
3amaxa Ha 1 Oamn mo opraHonentudeckor mikane. CreKTpopOTOMETPUUESCKUN aHaIW3 IOKa3all
BBICOKYIO CTENEHb SJIUMHUHAIIMK OCTATOYHOrO CBOOOHOTO XJopa (10 96,0 %), obmiero xenesa (10
78,6 %), ob6mero xpoma (10 70,0 %), menu (25,0-40,0 %), mapranma (no 50,0 %) u pocdar-noHos
(mo 100 %) mpu xapakTepHO 00Jiee HMU3KOM CEJEKTUBHOCTH K HU3KOMOJICKYIISIPHBIM OTHO3aPSIIHBIM
HUTpaT-aHuOHaM. [loJlydeHHBIC pe3ylbTaThl CBUICTCIBCTBYIOT O 3HAYMTEIBLHOM YITYYIICHUU
o01Iero (U3MKO-XUMHUYECKOTO MPO(GWIS BOABI M CHUKCHUU COBOKYITHOM HAarpy3Kd MpPUMECEH.
3aduKCcHpOBaHO HamNpaBlieHHOEe W3MeHeHHe PH BOJBI B CTOPOHY CHHJKEHHUS, OOYCIIOBJICHHOE
yIaepXKaHHeM  THApoKapOoHaTHOro Oydepa MeMOpaHOW ©  CONYTCTBYIOUIMM  CIBHIOM
YIJIEKUCIOTHOTO paBHOBecus. [lpm 5TOM cTaOMIBHOCTH TOKaszaTreneid oOmell KECTKOCTH
nonTBepauia  3(pQPEeKTHBHOCTh  KOHJAMIIMOHUPOBAHMS BOJBl B  HHTEIPUPOBAHHOM  OJIOKE
MUHEPAU3allii, YTO TIOJHOCTHIO MPEAOTBpAIIACT TIyOOKOE JIEeMUHEPATU30BAaHUE TOTOBOTO
npoaykta. [lomydeHHbIE HaHHBIE IEMOHCTPUPYIOT, YTO BOJAOMAThl A(P(HEKTUBHO MPHUOIMIKAIOT
KaueCTBO BOJIOMPOBOJHOM BOJBI K TapaMerpaM MPHUPOJHOTO ITAJOHA, YTO IO3BOJISET
PEKOMEHIOBaTh WX KaK JOCTYIMHBIM CHOCO0 AElEeHTPATM30BAaHHOTO TMOBBIIICHHS OE30MaCHOCTH
MMUTHEBOTO BOJIOTIOTPEOICHHSI HA TOTPEOUTEITHLCKOM YPOBHE.

KiaroueBble ¢J10Ba: Ka4eCTBO BOJBI; JIOKaJIbHAA JOOYUCTKA; BOAOMATHI; KOHAUIWMOHUPOBAHUEC BOJBI;

OOpaTHBI OCMOC; peMUHEpaIu3alus; mnepMmear; HEHTPATU30BAaHHOE BOJOCHAOKEHHE, MUTHhEBas
BOJA.
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Abstract. This article presents the results of identifying the main sources
of anthropogenic environmental impact and assessing their effects on
atmospheric air at «Aitas-Energo» enterprise, located in the settlement of
Kasym Kaysenov, East Kazakhstan Region. The purpose of the study is
to inventory organized and unorganized emission sources within the
enterprise area, determine their quantitative and qualitative
characteristics, and analyze the efficiency of the gas-cleaning systems.
The research materials included emission source inventory data, design
and technological documentation, industrial environmental monitoring
reports, and technical specifications of the equipment. The
methodological framework comprised calculation—analytical, inventory-
based, and comparative analysis methods. Emission volumes were
determined by calculation in accordance with the methodologies
currently in force in the Republic of Kazakhstan.

The study identified 17 emission sources affecting atmospheric air at the
enterprise, most of which are associated with boiler units, the coal
storage facility, the ash and slag dump, repair workshops, and water
supply systems. It was found that particulate matter and gaseous
compounds account for a significant proportion of the pollutants released
into the atmosphere. Analysis of the gas-cleaning equipment showed that
the efficiency of particulate capture by battery cyclones corresponds to
the design performance indicators.

The obtained results demonstrate the importance of continuous
monitoring of atmospheric air quality within the enterprise area,
strengthening measures aimed at reducing unorganized emissions, and
improving the environmental management system. The research findings
may serve as a scientific basis for planning environmental protection
measures at the local level.

Keywords: anthropogenic impact; atmospheric air; emission sources;
environmental monitoring; boiler plant; gas-cleaning equipment;
industrial pollution.

1. Introduction
The anthropogenic impact of energy enterprises on atmospheric air
remains one of the key environmental challenges in contemporary
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industrial regions. The use of solid fuels contributes to the formation of significant amounts of dust
and gaseous emissions, including nitrogen oxides, sulfur dioxide, carbon monoxide, and particulate
matter, which adversely affect ecosystem conditions and public health. This situation highlights the
importance of conducting systematic environmental monitoring and scientifically substantiated
assessments of emission loads.

For East Kazakhstan, which is characterized by a high concentration of energy and industrial
facilities, assessing the impact of stationary sources of atmospheric air pollution is of particular
importance. The operation of «Aitas-Energo» enterprise, which provides heat supply to settlements
and industrial enterprises, is accompanied by the formation of local emission sources. The main
contribution to the environmental load comes from emissions generated by boiler installations, the
coal storage area, and associated facilities, which necessitates a comprehensive analysis.

The purpose of this study is to conduct a comprehensive assessment of the anthropogenic
impact of «Aitas-Energo» enterprise on atmospheric air, to inventory emission sources, and to
determine the efficiency of the existing gas-cleaning systems. The results obtained are intended to
provide a scientific basis for improving industrial environmental monitoring and enhancing the level
of environmental safety in the region.

To supply hot water to the nearby settlement of Kasym Kaisenov and to Ust-Kamenogorsk
Poultry Farm, an industrial boiler plant located in the settlement of Kasym Kaysenov and operated
under trust management by «Aitas-Energo» enterprise has been installed in the area.

The main activities of the enterprise include the production, transmission, distribution, and
supply of thermal energy; water supply through main pipelines and distribution networks; wastewater
disposal and treatment; technical maintenance of heating, water supply, and sewerage systems; repair
of boilers, pressure vessels, and pipelines operating under pressure; as well as the sale and processing
of slag. Such economic activities cause significant environmental impacts and result in the formation
of a carbon footprint (Kabaeva, 2024).

The site of «Aitas-Energo» enterprise is bordered on all sides by the administrative and
industrial facilities of Ust-Kamenogorsk Poultry Farm.

The nearest residential area is located to the northeast at a distance of 873 m from the outermost
emission source.

No forests, agricultural lands, recreational areas, or health resorts are located in the immediate
vicinity of the enterprise site (Kabaeva, 2024).

A schematic overview map showing the sources of pollutant emissions into the atmosphere is
presented in Figure 1.
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Figure 1. Overview schematic map of the facility indicating pollutant emission sources

The situational schematic map of the area where the facility is located is shown in Figure 2.
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Figure 2. Situational schematic map of the area where the facility is located

The main activities of the enterprise include the production, transmission, distribution, and
supply of thermal energy; water supply through main pipelines and distribution networks; wastewater
collection and treatment; technical maintenance of heating, water supply, and sewerage systems;
repair of boilers, pressure vessels, and pipelines operating under pressure; as well as the sale and
processing of slag.

The enterprise operates 365 days per year on a continuous 24-hour basis.
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The facilities of «Aitas-Energo» enterprise include a boiler plant, a coal storage area, an ash
and slag disposal site, a heat network maintenance and service unit, a water supply and sewerage
department, and a motor transport unit.

The boiler plant provides thermal energy and hot water to the settlement of Kasym Kaysenov
and to the industrial and domestic buildings of Ust-Kamenogorsk Poultry Farm, and also supplies
steam for industrial needs. The plant is equipped with five steam boilers.

The boiler plant operates on hard coal from the Karazhyra deposit (run-of-mine coal of grade
«D») and additionally burns oil-contaminated cleaning rags as auxiliary fuel. The annual coal
consumption amounts to 45.000 t, while the consumption of oil-contaminated rags is 1.0 t per year.
Up to three boiler units may operate simultaneously.

Within the industrial site, an open coal storage area and an open ash and slag disposal site are
located adjacent to the boiler plant.

The open coal storage area covers 2.400 m2. Coal is delivered by road transport.

Removal of slag and ash from all boilers is carried out using a wet method. Slag and ash are
conveyed through the slag removal system to collecting hoppers, from which, as they accumulate,
they are transported by vehicles either for disposal or for temporary storage at the ash and slag
disposal site, followed by transfer to construction organizations.

The ash and slag disposal site is open on all four sides and occupies an area of 4.493 ha. Its
base consists of clays and loams that do not exhibit subsidence or swelling properties.

Personnel responsible for the maintenance and repair of heat networks service inter-site heat
pipelines using mobile electric welding units and gas metal-cutting equipment. The workshop is
equipped with metal-processing machines.

The Water Supply and Sewerage Department operates an integrated water supply system that
provides water for industrial, domestic, and fire-fighting needs of the poultry farm and the facilities
of the settlement of Kasym Kaysenov. Water supply sources include seven artesian wells (one of
which is currently conserved) located in the settlement of Akhmirovo, from which water pipelines
are laid.

Water is supplied via two parallel pipelines, each with a diameter of 200 mm, to two reservaoirs,
from which it is pumped by second-lift pumps to a third-lift pumping station. Subsequently, water is
pumped to a fourth-lift pumping station and then delivered through the distribution network to the
poultry farm and the settlement.

Disinfection is carried out on the enterprise premises using liquid chlorine at a LONII-100 unit.
Liquid chlorine is delivered to the storage facility in sealed cylinders with a capacity of 25 kg. Dosing
is performed through special valves based on sensor readings.

The motor transport unit is responsible for the operation and maintenance of the enterprise’s
vehicle fleet. The vehicles of «Aitas-Energo» enterprise are housed in garages leased from UKPF
JSC (Lease Agreement No. 199-22 dated 30 December 2022).

The plan—schematic diagram showing the sources in the area where the facility is located is
presented in Figure 3.
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Figure 3. Plan—schematic diagram of the area where the facility is located, showing the sources

Emission Sources
Coal storage area:
Emission source 6001 — coal storage area.
Boiler plant:
Emission source 0001 — heat generation unit;
Emission source 0008 — new smokestack;
Emission sources 0003 and 0005 — repair works;
Emission source 6008 — instrumentation and control (1&C) workshop.
Ash and slag disposal site:
Emission source 6002 — ash and slag disposal site.
Heat network repair and maintenance unit:
Emission sources 6003, 6004, and 0006 — mechanical (locksmith) workshop;
Emission source 6009 — workshop.
Water Supply and Sewerage Department:
Emission source 0004 — chlorination room;
Emission sources 0007 and 6010 — welding station room;
Emission sources 6007 and 6005 — mechanical (locksmith) workshop.
Motor transport unit:
Emission source 6006 — motor vehicles with internal combustion engines.
Sanitary Protection Zones (SPZ):

SPZ for the boiler plant — 200 m.

SPZ for the ash and slag disposal site — 300 m.

2. Materials and methods
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The research materials included inventory data on pollutant emission sources of «Aitas-
Energo» enterprise, design and technological documentation, industrial environmental monitoring
reports, as well as operational characteristics of the main and auxiliary equipment.

The object of the study comprises organized and fugitive sources of atmospheric pollutant
emissions located within the industrial site of the enterprise in the settlement of Kasym Kaysenov,
East Kazakhstan Region.

The methodological framework of the study was based on inventory, calculation-analytical, and
comparative analysis methods for assessing anthropogenic impacts on atmospheric air.

The following methods were applied in the course of the study: analysis of technological flow
diagrams and environmental documentation of the enterprise; inventory of pollutant emission
sources; calculation of quantitative and qualitative emission characteristics; analytical assessment of
the efficiency of gas-cleaning facilities; and cartographic analysis of the spatial distribution of
sanitary protection zones and emission sources.

Pollutant emissions were determined using calculation methods in accordance with the
methodological documents currently in force in the Republic of Kazakhstan. The following
documents were used in the calculations: Methodology for Calculating Atmospheric Pollutant
Emissions from Construction Materials Manufacturing Enterprises (Appendix No. 11 to Order No.
100-p dated 18 April 2008); Methodology for Calculating Atmospheric Pollutant Emissions from
Welding Operations (regulatory guidance document 211.2.02.03-2004); Methodology for
Calculating Atmospheric Pollutant Emissions from the Application of Paint and Coating Materials
(regulatory guidance document 211.2.02.05-2004); Methodology for Calculating Pollutant Emissions
from Motor Transport Enterprises (Section 3 of Appendix No. 3 to Order No. 100-p dated 18 April
2008); Collection of Methodologies for Calculating Atmospheric Emissions of Harmful Substances
from Various Industries (Almaty: KazEKOEKSP, 1996, paragraph 2); and Methodology for
Calculating Emission Standards for Fugitive Sources (Appendix No. 8 to Order No. 221-p dated 12
June 2014). Quantitative emission indicators were calculated for both the rated operating load and
the actual maximum load of the equipment.

Primary data included annual fuel consumption, quantities of raw and auxiliary materials,
technical specifications of boiler units, parameters of welding and repair equipment, and
characteristics of smokestacks and gas-duct systems.

When performing the calculations, non-uniform annual operating regimes of emission sources,
seasonal variations in heat load, cyclic patterns of technological processes, and scheduled equipment
shutdowns were taken into account.

Gas flow parameters (volumetric flow rate, temperature, and emission composition) were
determined based on equipment passport data, design specifications, and materials from industrial
environmental monitoring.

The operational efficiency of dust collection units was assessed using the results of instrumental
measurements conducted by an accredited laboratory, with a comparative analysis of design and
actual purification performance indicators.

To assess the spatial relationship between emission sources, sanitary protection zones, and
residential areas, overview and situational schematic maps were used.

3. Results

According to the inventory data, a total of 17 pollutant emission sources were identified at the
enterprise, including 7 organized and 10 fugitive sources, of which 2 are non-stationary. In this
context, the existing issues arising during coal transportation and storage can be classified as follows:
contamination of areas adjacent to main transport routes with coal dust during the transportation of
raw materials in open rail wagons; pollution of working areas in the vicinity of established coal
stockpiles; and dispersion of fine dust particles beyond the storage area as a result of wind erosion,
leading to environmental impacts on adjacent territories (Sikarev et al., 2020; Belyaev et al., 2017).
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The facilities of «Aitas-Energo» enterprise that serve as sources of harmful atmospheric
emissions include the coal storage area, the boiler plant, the ash and slag disposal site, heat network
repair and maintenance units, the water supply and sewerage department, and the motor transport
unit.

These facilities release pollutants into the environment, as noted by various authors in their
studies (Lebedeva, 2010; Yazikov, 2003; Kolesnikov, 2023).

Coal storage facility. Coal with an annual volume of 45.000 tonnes is delivered by road
transport to an open storage area covering 2.400 m2. Stockpile formation and coal handling operations
are carried out using a bulldozer. As a result of these activities, nitrogen dioxide, nitrogen oxides,
carbon (soot), sulfur dioxide, carbon monoxide, kerosene vapors, and suspended particulate matter
are emitted into the atmosphere. The emission source is unorganized (source No. 6001) (Molotilov
et al., 2005; Cherechukin et al., 2016).

Boiler plant. The boiler plant provides thermal energy and hot water to the settlement of Kasym
Kaysenov and to the industrial and domestic facilities of JSC «Ust-Kamenogorsk Poultry Farm» and
also supplies steam for production needs to the industrial buildings of JSC «Ust-Kamenogorsk
Poultry Farmy.

Emissions are discharged into the atmosphere through a chimney with a diameter of 3.5 m and
a height of 45 m (serving boilers Nos. 2, 3, and 4), as well as through a chimney with a diameter of
1.2 m and a height of 35 m (serving boilers Nos. 5 and 6). The emitted pollutants include nitrogen
dioxide, nitrogen oxides, sulfur dioxide, carbon monoxide, and inorganic dust containing 20-70 %
silicon dioxide. The emission sources are organized (source No. 0001 and source No. 0008).

Solid-fuel boiler installations, particularly those utilizing coal, are among the most significant
stationary sources of greenhouse gas emissions and atmospheric pollutants. According to the review
conducted by Tong et al. (2023), coal-fired boilers represent not only a major source of carbon dioxide
(CO2) emissions but also one of the primary anthropogenic sources of heavy metals formed during
coal combustion and subsequently released into the environment through flue gases and ash-slag
residues. The authors emphasize that the operation of coal-fired boilers is associated with the
formation of a complex environmental burden encompassing both gaseous emissions and chemically
hazardous solid waste.

Studies by Bhatt et al. (2023) indicate that industrial boilers are characterized by high emission
factors and make a substantial contribution to the overall carbon footprint of energy and industrial
systems. This is particularly relevant for boilers supplying heat and steam to municipal and industrial
facilities, as such systems combine large fuel consumption volumes with continuous operating
regimes. In heat supply systems, the contribution of boiler plants to the formation of the carbon
footprint is considered one of the key determining factors. As demonstrated in the systematic review
by Malcher et al. (2025), the heat supply sector accounts for a substantial share of global CO-
emissions, while fossil fuel-based boiler installations are identified as priority targets for the
development of decarbonization strategies and the reduction of carbon footprints.

According to the analytical review by Squires et al. (2016), the production of thermal energy
based on the combustion of coal and other fossil fuels is characterized by a high specific carbon
footprint, which necessitates mandatory consideration of emissions during the environmental
assessment of heat supply facilities and in the development of environmental protection measures.

In addition, Seneren et al. (2023) show that reducing the carbon footprint of heat supply systems
is achievable through modernization of heat sources, implementation of heat recovery technologies,
and improvements in the energy efficiency of boiler installations. This confirms that a comprehensive
assessment of boiler emissions and energy performance constitutes the basis for developing measures
aimed at reducing environmental loads.

Thus, the boiler plant supplying thermal energy and steam to the settlement of Kasym Kaysenov
and the industrial facilities of JSC «Ust-Kamenogorsk Poultry Farm» operating with an annual coal
consumption of 45.000 tonnes can be objectively classified as an environmentally significant facility.
Its operation may be accompanied by the formation of a substantial carbon footprint and emissions

67



Journal of Ecology and Sustainability 2026, 156(3)

of air pollutants, thereby justifying the need for carbon footprint assessment, emission analysis, and
the development of measures to mitigate adverse environmental impacts.

Maintenance and repair works. During maintenance and repair, operations at the boiler house,
portable electric welding units, gas-cutting equipment, two drilling machines, and one grinding
machine are used. The painting of technological equipment is performed manually.

The annual consumption of materials is as follows: MR-3 electrodes — 1.100 kg/year; TsL-11
— 30 kg/year; T-590 — 110 kg/year; propane — 600 kg/year; PF-115 enamel — 260 kg/year.

From the grinding machine, suspended particulate matter and abrasive dust are emitted into the
atmosphere through a duct with a diameter of 0.5 m and a height of 1.5 m. Emissions from the
remaining equipment are discharged through a duct with a diameter of 0.7 m and a height of 15 m
and include iron oxide, manganese and its compounds, chromium, nitrogen dioxide, carbon
monoxide, gaseous fluorine compounds, poorly soluble inorganic fluorides, xylene, white spirit,
suspended particulate matter, and inorganic dust containing 20—70 % silicon dioxide. The emission
sources are organized (source No. 0005 and source No. 0003).

Maintenance activities at the boiler plant, including electric arc welding, gas metal cutting,
drilling and grinding operations, as well as manual painting of technological equipment, constitute
energy-intensive and environmentally significant technological processes. Contemporary studies
indicate that such activities generate not only direct emissions of pollutants but also an indirect carbon
footprint associated with the consumption of electricity, fuels, and consumable materials.

Studies by Mehrifar et al. (2019), Riccelli et al. (2020), and Abdullahi et al. (2020) demonstrate
that welding, painting, and surface treatment processes are among the operations with a high carbon
footprint due to the combined effects of electricity consumption, fuel combustion, use of electrodes
and coating materials, and the generation of aerosol and gaseous emissions. The authors emphasize
that welding, cutting, and painting operations make a significant contribution to CO--equivalent
emissions and pollutant releases within equipment maintenance and repair systems.

The study by Wu et al. (2025) shows that mechanical operations (drilling, grinding, and metal
processing) are accompanied by persistent carbon emissions related to electricity consumption by
machine tools, as well as the generation of suspended particles and metal dust. The authors
substantiate the need to explicitly account for such processes when calculating the carbon footprint
of industrial facilities, as even auxiliary production operations exert a measurable influence on total
emissions.

According to Liu et al. (2024), technological chains that include cutting, welding, and painting
operations are characterized by a complex environmental impact involving the formation of metal
oxides, nitrogen oxides, carbon monoxide, volatile organic compounds, and particulate matter. The
authors stress the necessity of integrating these processes into carbon footprint assessment
frameworks and developing emission reduction measures, since they often represent underestimated
sources of anthropogenic environmental pressure.

Thus, maintenance activities at the boiler plant associated with the use of electric welding and
gas cutting equipment, machine tools, and coating materials are scientifically justified as additional
sources contributing to carbon footprint formation and atmospheric air pollution. The generation of
suspended particulates, metal aerosols, nitrogen oxides, carbon monoxide, and volatile organic
compounds corresponds to the emission profiles described in contemporary studies of energy-
intensive industrial processes (Wu et al., 2025; Liu et al., 2024), thereby confirming the necessity of
considering these activities in the environmental assessment of boiler plant operations.

Instrumentation and Control (I&C) workshop. The Instrumentation and Control (1&C)
workshop is located on the second floor of the boiler plant building. The workshop is equipped with
grinding and drilling machines. As a result of these operations, suspended particulate matter and
abrasive dust are released into the atmosphere. The emission source is unorganized (source No. 6008).

Ash and slag dump. The ash and slag dump is open on all four sides and occupies an area of
44.930 m2. The annual volume of deposited ash and slag waste amounts to 11.182 tonnes. Formation
and leveling of the ash and slag dump are carried out using a bulldozer. Because of these activities,
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inorganic dust containing 20-70 % silicon dioxide is released into the atmosphere. The emission
source is unorganized (source No. 6002).

Heat network maintenance and service personnel. The heat network maintenance and service
personnel perform electric welding operations on inter-site heat pipelines (annual consumption of
MR-3 electrodes — 200 kg/year), as well as gas metal cutting operations (annual propane consumption
— 340 kgl/year). In the mechanical workshop, grinding, drilling, and electric welding operations are
carried out (annual consumption of MR-3 electrodes — 200 kg/year), and additional grinding
operations are also performed.

The electric welding station in the mechanical workshop is equipped with a local exhaust hood
and a duct with a cross-section of 0.3 x 0.2 m and a height of 3 m.

As a result of these activities, iron oxide, manganese and its compounds, nitrogen dioxide,
carbon monoxide, gaseous fluorine compounds, suspended particulate matter, and abrasive dust are
emitted into the atmosphere.

The emission sources include organized sources (source No. 0006) and unorganized sources
(sources No. 6003, 6004, and 6009).

The operation of the 1&C workshop, the activities of the maintenance personnel, and the use of
the ash and slag dump are classified as technological processes contributing to both localized
atmospheric air pollution and the formation of an additional carbon footprint of the enterprise.
Contemporary studies indicate that mechanical processing, welding, gas cutting, and waste handling
operations are energy-intensive processes that make a measurable contribution to greenhouse gas
emissions through the consumption of electricity, fuels, and consumables, as well as through the
generation of aerosol and dust emissions. Studies by Wu et al. (2025) and Stavropoulos et al. (2022)
confirm that operations such as drilling, grinding, and polishing must be explicitly considered when
modeling the carbon footprint of industrial facilities, as they lead to indirect CO. emissions and
particulate matter formation. Research by Sarkar et al. (2022) and Zhou et al. (2025) demonstrates
that welding and gas cutting processes are accompanied by emissions of metal aerosols, nitrogen
oxides, carbon monoxide, and fluorine compounds, while simultaneously contributing to the carbon
footprint through energy consumption and the use of electrodes and gases. The operation of the ash
and slag dump, associated with the mechanical handling and storage of waste using machinery, also
contributes to indirect CO. emissions and secondary dust generation (Stavropoulos et al., 2022).

Thus, the 1&C workshop, maintenance units, and the ash and slag dump can be scientifically
justified as sources contributing to the enterprise’s carbon footprint and should be explicitly included
in comprehensive environmental and climate impact assessments.

Water Supply and Sewerage Department. The enterprise operates an integrated water supply
system that provides industrial, domestic, and fire-fighting water for the poultry farm and facilities in
the Kasym Kaysenov settlement. The department includes a chlorination unit, a section for repair
works on water supply networks, a welding station room, and a mechanical (fitter’s) workshop.

Chlorination unit. Water disinfection is carried out using liquid chlorine in a LONII-100 unit.
Liquid chlorine is delivered to the storage facility in hermetically sealed cylinders in an annual
amount of 125 kg. During cylinder replacement, chlorine may be released into the atmosphere
through the ventilation system via a duct with a diameter of 0.5 m and a height of 8 m. The emission
source is organized (source No. 0004).

Repair works on water supply and sewerage networks. Repair works are carried out using a
SAG welding unit (annual consumption of MR-3 electrodes — 270 kg/year) and gas cutting equipment
(annual propane consumption — 200 kg/year). Painting works are performed manually using PF-115
enamel (100 kg/year). As a result of these activities, the facility releases iron oxide, manganese and
its inorganic compounds, nitrogen dioxide, carbon monoxide, gaseous fluorine compounds, xylene,
and white spirit into the atmosphere. The emission source is unorganized (source No. 6005).

The welding station room is equipped with an electric welding unit (annual consumption of
MR-3 electrodes — 250 kg/year) and a grinding machine. The welding unit is fitted with a local
exhaust hood and a duct with a cross-section of 0.15 x 0.15 m and a height of 1.5 m. These operations
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release iron oxide, manganese and its compounds, gaseous fluorine compounds, suspended
particulate matter, and abrasive dust into the atmosphere. The emission sources include an organized
source (source No. 0007) and an unorganized source (source No. 6010).

The mechanical (fitter’s) workshop is equipped with drilling and grinding machines. As a result
of these operations, suspended particulate matter and abrasive dust are released into the atmosphere.
The emission source is unorganized (source No. 6007).

Contemporary scientific studies indicate that the operation of water supply and wastewater
systems contributes not only to localized atmospheric air pollution but also to the formation of the
overall carbon footprint of an enterprise through energy consumption, the use of chemical reagents,
and maintenance activities (Friedrich et al., 2009; Gui et al., 2024).

In the chlorination unit, drinking water disinfection is carried out using liquid chlorine. Chlorine
is stored in hermetically sealed cylinders, and during cylinder replacement, there is a potential risk of
chlorine release into the atmosphere through the ventilation system. The scientific literature
emphasizes that water chlorination processes require mandatory environmental control, as storage,
cylinder replacement, and ventilation operations may be accompanied by the release of toxic gases
and the formation of environmental risks (Demir et al., 2024; Khalid et al., 2025).

Life cycle assessment results demonstrate that water disinfection systems contribute to the
carbon footprint of water supply complexes through energy consumption and the production of
chemical reagents (Demir et al., 2024).

Repair works on water supply and sewerage networks involve electric welding, gas cutting, and
painting operations. During these processes, iron oxides, manganese and its compounds, nitrogen
dioxide, carbon monoxide, fluorine compounds, as well as volatile organic compounds (xylene and
white spirit), are released into the atmosphere. Studies indicate that welding and gas cutting are
energy-intensive operations that generate not only direct emissions of pollutants but also contribute
to the carbon footprint through electricity and fuel consumption (Sarkar et al., 2022; Zhou et al.,
2025).

In the welding station and the mechanical (fitter’s) workshop, mechanical metal processing
operations (drilling, grinding, and polishing) are carried out. These activities are accompanied by the
generation of suspended particulate matter and abrasive dust. According to Stavropoulos et al. (2022;
Wou et al., 2025), such operations make a measurable contribution to the carbon footprint of industrial
systems due to equipment energy consumption and particulate matter formation and therefore must
be explicitly considered in environmental assessments.

The operation of the vehicle fleet department also indirectly contributes to the formation of the
enterprise’s carbon footprint. Studies indicate that transport services and the use of auxiliary
equipment increase total CO. emissions through fuel combustion and energy consumption associated
with supporting infrastructure (Friedrich et al., 2009; Gui et al., 2024).

Thus, the activities of the water supply and sewerage department, including the chlorination
unit, engineering network repair works, welding and mechanical sections, as well as the vehicle fleet,
constitute sources of the enterprise’s integrated environmental and climate impacts. Contemporary
scientific evidence confirms that these processes must be explicitly considered in the preparation of
Environmental Impact Assessment (EIA) materials, as well as in the calculation of the enterprise’s
carbon footprint and the assessment of environmental risks.

Brief Description of Gas Cleaning Units, Aggregated Analysis of Their Technical Condition,
and Operating Efficiency.

The boiler plant is equipped with five steam boilers, and the operating efficiency of the dust
collection system is verified annually. The results of the efficiency inspections conducted in 2022 are
as follows:

- DKVR-20/13 boiler No. 2 — efficiency: 83.28 %;
- DKVR-20/13 boiler No. 3 — efficiency: 83.81 %j;
- DKVR-20/13 boiler No. 4 — efficiency: 84.57 %j;
- KE-25/14 boiler No. 5 — efficiency: 85.56 %;

70



Journal of Ecology and Sustainability 2026, 156(3)

— KE-25/14 boiler No. 6 — efficiency: 85.0 % (according to passport data).

Each boiler is equipped with a BC-2-7%(5+3) battery cyclone.

Battery cyclones are dust collection units consisting of 56 cyclone elements arranged in parallel
and combined into a single casing with common gas inlet and outlet systems.

Each cyclone element consists of a casing, a tangential swirl inlet device, and an outlet pipe.
Flue gases exiting the boiler enter the cyclone element casing through the swirl device, where, under
the action of centrifugal forces, ash particles are forced toward the inner surface of the cyclone, move
downward along a spiral trajectory, and are discharged into the collection hopper.

The cleaned flue gases are conveyed through the outlet pipes to the clean gas chamber and
subsequently to the chimney.

The cyclone elements are made of solid cast iron, have a diameter of 254 mm, and are equipped
with «Rozetka»-type guide vanes with an inclination angle of up to 25°. The cyclone is divided into
two sections operating in parallel, which can be isolated by means of slide gates (dampers). Safety
valves are installed on the covers of each section to prevent damage to the cyclone in the event of
explosions or pressure waves that may occur during the cleaning of explosive dust—gas mixtures.

The casing and hopper of the BC-2-7x(5+3) battery cyclone are fabricated by welding from
plate steel. The welded joints of the battery cyclone casing ensure the gas-tightness of the entire unit,
as shown in Figure 4.
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Figure 4. The auxiliary equipment of the boiler installations includes a «Battery Cyclone BC-2-
7%(5+3),» consisting of the following components: 1 — cyclone element; 2 — outlet (exhaust) pipe; 3
— grate; 4 — support; 5 — casing (enclosure); 6 — top plate; 7 — connecting branch pipe; 8 — hopper; 9
— safety valve; 10 — baffle
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The dust-laden gas enters the sections of the BC-2-7x(5+3) battery cyclone as a uniformly
distributed total flow across the inlet cross-section. From this flow, the gas is directed into the
individual cyclone elements, where, under the action of the swirl device blades, it begins to rotate.
Due to inertial forces, solid ash and dust particles continue their direct motion, are pressed against
the casing of the cyclone element, and then move downward together with the gas flow along the
conical section of the casing.

As a result of the spiral vortex motion, a low-pressure zone is formed in the central part of the
cyclone element. Consequently, in the lower part of the cone, the gas flow changes its direction, rises
upward along the central axis of the cyclone element casing, and is directed to the outlet pipe. The
ash and dust particles settle into the collection hopper, from which they are subsequently removed,
as shown in Figure 4.

Cleaned gas Cleaned gas

[ Dust-laden gas

i Dust
d

+ Dust-laden gas + Cleaned gas + Cleaned gas

Figure 5. Operating schematic of the «Battery Cyclone BC-2-7x(5+3)» auxiliary equipment of the
boiler installations

After passing through the battery cyclones, the cleaned gas is conveyed by induced-draft fans
to a chimney with a diameter of 3.5 m and a height of 45 m (serving boilers Nos. 2, 3, and 4), and to
a chimney with a diameter of 1.2 m and a height of 35 m (serving boilers Nos. 5 and 6).

The efficiency verification of the dust collection units was carried out in 2022 by the accredited
organization IL «<NPO «VK-ECO» enterprise (accreditation certificate No. KZ.T.07.0222 dated 24
January 2019).

Based on a comparison of the average operational and design collection efficiencies, it was
concluded that the dust collection systems of the boiler plant operate effectively.

A brief description of the gas cleaning units at the enterprise is presented in Figure 5.
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Flue Gas Cleaning Methods. The conducted analysis indicates that the activities of «Aitas-
Energo» enterprise constitute one of the significant stationary sources of anthropogenic
environmental impact within the area where the enterprise is located. The main contribution to the
formation of the environmental load arises from emissions generated by the boiler units, the open
coal storage facility, the ash and slag dump, and the repair and mechanical sections. The emission
profile, including suspended particulate matter, nitrogen oxides, sulfur dioxide, and carbon
monoxide, corresponds to trends typical of industrially developed regions of Central Kazakhstan,
where high values of the atmospheric pollution index and exceedances of maximum permissible
concentrations of pollutants are recorded. This indicates the need to strengthen industrial
environmental monitoring, modernize gas cleaning equipment, and implement integrated
environmental protection measures at the enterprise (Beisenova et al., 2023).

At large industrial enterprises, the main devices used for flue gas cleaning from ash, dust, and
non-adhesive solid particles include cyclones, scrubbers, electrostatic precipitators, and fabric
(baghouse) filters. The method and type of gas cleaning equipment are determined and selected at the
design stage of an energy facility as part of the overall project development.

In 1976, the standard boiler plant design envisaged the use of BC-2-7x(5+3) battery cyclones
as dry (mechanical) dust collection devices. For their installation, calculations were performed
regarding the boiler design and equipment layout.

Increasing the efficiency (n) of flue gas cleaning from the boilers would require a complete
reconstruction of all boiler equipment and the boiler house building, as this would entail deviations
from the standard boiler design. «Aitas-Energo» enterprise acts as the trust manager of the
engineering infrastructure facilities of the Ulan District Akimat and does not have the financial
capacity or resources to carry out reconstruction and modernization of the boiler plant. Moreover,
reconstruction of the boiler equipment would lead to an increase in utility tariffs for the population,
as the enterprise is a natural monopoly entity subordinate to the Department for Regulation of Natural
Monopolies of the East Kazakhstan Region.

Within the framework of the enterprise’s Environmental Protection Action Plan, it is planned
to replace BC-2-7x(5+3) cyclones with new units in the event of equipment wear.

Under current conditions, boiler installations remain among the most widespread stationary
sources of anthropogenic impact on the atmospheric air of settlements. According to data reported by
a number of researchers, the combustion of solid fuels results in the emission of major pollutants such
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as ash dust, sulfur oxides, nitrogen oxides, and carbon oxides, which adversely affect air quality and
public health (Seinfeld et al., 2016; Vallero et al., 2014).

Studies by both domestic and international authors emphasize that small and medium-sized
boiler plants operating in settlements and urban areas, especially under conditions of dense residential
development and unfavorable meteorological conditions, contribute to the formation of localized
pollution hotspots (lzrael, 2005). In this context, the efficiency of gas cleaning systems plays a critical
role.

The most commonly used devices for the removal of ash and particulate matter in boiler
installations are mechanical dust collectors, primarily cyclones and battery cyclones. Research by
Cooper et al. (2011), Hoffmann et al. (2008), and Straus (1975) demonstrates that battery cyclones
ensure stable removal of coarse and medium-sized particles from flue gases and are widely applied
in energy and municipal facilities.

A number of studies are devoted to the analysis of the operational characteristics of cyclone
separators and the assessment of their performance under real operating conditions. It is noted that
the actual collection efficiency depends not only on the design of the cyclone but also on the operating
regimes of the boilers, the particle size distribution of the ash, and the technical condition of the
equipment (Wang et al., 2020; Perry et al., 2008).

In addition, contemporary research in the field of environmental assessment of energy facilities
emphasizes the necessity of comparing the design and operational performance of gas cleaning units
within the framework of industrial environmental monitoring (European Commission, 2017). Such
an approach makes it possible to objectively assess the contribution of boiler plants to anthropogenic
environmental loads and to substantiate decisions on whether existing gas cleaning systems should
be modernized or retained.

Within the territory of Kazakhstan, the issue of emissions from boiler installations is
particularly acute due to the widespread use of coal fuel and the deterioration of infrastructure. Studies
by Kazakhstani researchers, along with data from state environmental monitoring services, indicate
a significant contribution of boiler plants to atmospheric air pollution in settlements, thereby
underscoring the need for localized investigations of anthropogenic impact sources.

Prospects for Enterprise Development. During the period 2023-2025, an increase in heat energy
production volumes and the commissioning of new enterprise capacities, potentially accompanied by
higher atmospheric pollutant emissions, may occur in connection with the development prospects of
the Kasym Kaysenov settlement and the expansion of production capacities of JSC «Ust-
Kamenogorsk Poultry Farmy.

Description of Emergency and Accidental (Burst) Emissions

The enterprise has no emergency or accidental (burst) emissions of atmospheric pollutants. The
technological processes implemented at the enterprise exclude the possibility of accidental or burst
releases of pollutants into the atmosphere. Emergency situations at the enterprise may arise only as a
result of adverse natural events (e.g., earthquakes, storms, etc.).

Field investigations are not required.

4. Discussion

The list of atmospheric pollutants was determined during the inventory of emission sources.
During operation of the new chimney, a total of 16 pollutant emission sources will be present,
including 7 organized and 9 fugitive sources, excluding the motor vehicle emission source (Kabaeva,
2024).

Under current conditions (2023), a total of 19 pollutants are emitted into the atmosphere in the
amount of 1448.1809 t/year, including particulate matter — 479.2741 t/year and gaseous and liquid
substances — 968.9068 t/year. Excluding vehicular sources, during operation of the new chimney, 17
pollutants are emitted into the atmospheric air in the amount of 1447.6794 t/year, including particulate
matter — 479.2436 t/year and gaseous and liquid substances — 968.4358 t/year.
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In 2024, total atmospheric emissions amount to 1448.1809 t/year for 19 pollutants (particulate
matter — 479.2741 t/year; gaseous and liquid substances — 968.9068 t/year). Excluding vehicular
sources, emissions during operation of the new chimney comprise 17 pollutants totaling 1447.6794
t/year (particulate matter — 479.2436 t/year; gaseous and liquid substances — 968.4358 t/year).

In 2025, total emissions remain at 1448.1809 t/year for 19 pollutants (particulate matter —
479.2741 tlyear; gaseous and liquid substances — 968.9068 t/year). Excluding vehicular sources,
emissions during operation of the new chimney amount to 1447.6794 t/year for 17 pollutants
(particulate matter — 479.2436 t/year; gaseous and liquid substances — 968.4358 t/year) as presented
in Table 1.

Table 1. Summary table of atmospheric pollutant emission volumes for the period 2023-2025

Year Number Total Solid Gaseous | Excludin Total Solid Gaseous and
of emissions | pollutants, | and liquid | g motor | emissions of | pollutant liquid
pollutants of all t/year pollutants | vehicle all s, tlyear pollutantso
pollutants, 6 t/year | emissions | pollutants, t/year
t/year number t/year
of
pollutants
2023 19 1448.1809 | 479.2741 | 968.9068 17 1447.6794 | 479.2436 968.4358
2024 19 1448.1809 | 479.2741 | 968.9068 17 1447.6794 | 479.2436 968.4358
2025 19 1448.1809 | 479.2741 | 968.9068 17 1447.6794 | 479.2436 968.4358

5. Conclusion

As a result of the conducted study, the main sources of anthropogenic impact on atmospheric
air at «Aitas-Energo» enterprise, located in the Kasym Kaysenov settlement, were identified, and
their quantitative and qualitative characteristics were comprehensively assessed. According to the
emission inventory data, a total of 17 emission sources were registered within the enterprise area,
including 7 organized and 10 unorganized sources. The principal pollution sources were identified as
the boiler units, the coal storage facility, the ash and slag dump, repair workshops, the water supply
and sewerage department, and the vehicle fleet department.

The structure of atmospheric emissions indicates the predominance of particulate matter (ash,
inorganic dust, abrasive particles) and gaseous compounds (sulfur dioxide, nitrogen oxides, carbon
monoxide, etc.). According to the calculated data, the atmospheric load generated by the enterprise
is stable in nature and is mainly associated with the process of heat energy production.

Analysis of the gas cleaning systems demonstrated that the battery cyclones operate in
accordance with their design efficiency and retain a significant proportion of particulate matter
emitted from boiler sources. At the same time, the presence of unorganized emission sources, as well
as the open storage of coal and ash-slag waste, increases the risk of localized atmospheric air
pollution.

The study results highlight the necessity of continuous monitoring of atmospheric air quality
within the enterprise area, strengthening technological and organizational measures aimed at reducing
unorganized emissions, and implementing phased modernization of gas cleaning equipment along
with improvements to the environmental management system. The obtained data may serve as a
scientific basis for planning environmental protection measures and enhancing environmental safety
within the territory of the Kasym Kaysenov settlement.
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IIeirpic Kazakcranmarsl «Aitas-Energo» kocimopHBIHBIH aTMOC(epalblK aya
canachblHA AHTPOIOTeH/IIK dcepiH KelleHai Oarajay

Kanar ’Kaznaea, Caaranar AiiTko:kuHa, AiiHaryjb Kadaesa, buouryas /laykenoa, Cepuk
Bbakun, Acem OpcapuHoBa

Annarna. byn makanaga Ileireic Kazakcran o6mbickl Kackim KaliceHOB KeHTiHZIE OpHalacKaH
«Aitas-Energo» KocimopHBIHBIH KOpIIaFaH OpTara aHTPOIOTEHJIIK dCep €TETiH Heri3ri Ke3lIepiH
aHBIKTAy JKOHE OJIApBIH aTMOc(hepablK ayara THTI3€TiH BIKNAJIBIH Oarajiay HOTHKeNepl OepiireH.
3epTTeyaiH MaKcaThl — KOCIMOPBIH ayMarbIHAAFbl YHBIMIACTBIPHUIFAH KOHE YHBIMIACTBHIPhIIIMAFaH
IIBIFAPBIHIBUIAP KO3/IEPiH TYTCHIEY, OJIAP/BIH CAHIIBIK JKOHE CAlallblK CHITAaTTaMalapblH aHBIKTAY,
COHJIalf-aK Tra3Ta3apTy »IKYHENepiHIH THIMAUIMH Tajaaay. 3epTTey Marepuajiapbl pETiHJEe
IIBIFAPBIHABIIAP KO3JEPIH TYTeHIIEY JepeKTepi, KOOAIBIK-TEXHOIOTHIIBIK KyKaTTaMa, OHIipICTIK
OKOJIOTHSUIBIK ~ Oakpliay — €cenTepi JKoHE  KAOABIKTApIblH  TEXHHUKAIBIK  CHUIaTTaMallaphbl
MaiJaTaHbUIABL. OJICTEMENIK HETi3 PETiHIE eCeNTIK-TalaMalIbIK, WHBEHTAPHU3AIUSIIBIK >KOHE
CAJIBICTBIPMANBl  Tanfay oficTepi KongaHsuUiabl. Lbrrapeinasiapasin Memmiepi  Kazakcran
Pecrry0rkachIHIa KOJIJAHBICTAFBI 9/IiCTEMENIepre COUKEC €CeNTIK KOJIMEH aHBIKTAJIIbI.

3epTTey HOTHXKeNepi OOMBIHIIA KOCIMOPBIHAA aTMOC(hepallblK ayara acep eTeTiH 17 mbiFapblHbLIIap
K631 aHBIKTAIJIbI, OJIAPABIH OackiM O6JIiri Ka3aHIbIK arperarTapbl, KOMip KOWMACHI, KYJI-KOX
yHiHzici, xeHaey Iie0epXxaHanaphl >KOHE CYMEH >KaOAbIKTay jKyihenepiMeH OailllaHbICTBI €KeHi
KepceTuiai. ATMOocdepara TYCEeTiH JacTayIIbl 3aTTap IbIH KYPBUIBIMBIH/IA KATThI OOJIIICKTEp MCH ra3
TOPI3[i KOCBUIBICTApABIH YJecl >KOFaphl €KEHl aHbIKTanabl. ['a3razapTy KOHABIPFBLIAPBIHBIH
KYMBICBIH Tajiay OaTapesulblK IMHKJIOHIAPABIH KATThl OOJIIEKTEp/i YCTay THIMIUIIT KOOaIBIK
KOPCETKIIITEPIe COMKEC KEJICTIHIH KOPCETTI.

AJNBIHFAaH HOTIDKEJIEp KOCIMOPBIH ayMarblHIa aTMoc(epanblk ayaHbIH CamachlH TYPAKTHI
OaKplIaybIH, YHBIMIACTBIPBUIMAFaH IIBIFAPBIHABIIAPABI a3aliTyFa OAaFbITTalFaH Iapaliapiabl
KYLIEUTY/AIH JKOHE ASKOJIOTHSUIBIK Oackapy >KYHeciH XEeTUIIIPYAIH MaHbI3IbUIBIFbIH JQJIENACH L.
3epTTey JepeKTepi KEeprilikTi AeHrel/ie KoplaraH OpTaHbl KOpFay ic-IIapajapblH )Kocnapiay yIiH
FBUIBLIMM HeETr13 001a ajIabl.

Tyiiin ce3aep: aHTPOMOTeHIIK dcep; aTMOoc(hepalbiK aya; MIBIFAPBIHABUIAPD KO3Aepl; SKOJIOTUSIIBIK
MOHHUTOPHHT; Ka3aHJIbIK; T'a3Ta3apTy KOHABIPFIIAPbl; OHEPKICINTIK JacTaHy.

KommiekcHasi omeHKa aHTPONOTeHHOT0 BO3JeCTBHA NpeanpusaTus «Aitas-
Energo» B Bocrouno-Ka3axcranckoil 00acTu Ha KadecTBO aTMoc(epHOro
BO31yXa

Kanar ’Kaznaea, Canranar AiiTko:xkuHa, AiiHaryjb Kadaesa, buouryan laykenoa, Cepuk
bakuun, Acem OpcapuHoBa

AHHOTall]/lﬂ. B cratee MNpEACTAaBJIICHBI PE3YJIbTAaTbl BBIABICHHA OCHOBHBIX HCTOYHHKOB
AHTPOIIOTEHHOTO BO3/JCHCTBUS HAa OKPYXKAIOUIYIO CPedy M OLEHKU MX BIMSHHUA HAa aTMOC(EpHBIH
BO3yX Ha mpeanpuarnu «Autac-OHepro», pacnoyiokeHHoM B rnocénke Kaceim KaliceHoB
Bocrouno-Kazaxcranckoit  obmactu. llenpto  uccrnemoBaHHMsl — sBISETCS — MHBEHTapHU3alus
OpPraHM30BaHHBIX M HCOPraHM30BAHHBLIX HCTOYHHKOB BI)I6pOCOB Ha TCPpUTOPUH MNPCAIPUATHUA,
ONpEAENIEHUE UX KOJMWYECTBEHHBIX M KAa4ECTBEHHBIX XapaKTEPUCTUK, a TaKKe aHalIu3
3G (GEKTUBHOCTH T'a300YUCTHBIX CHCTEM. B KauecTBe MaTepHajoB HCCIEIOBaHMs HCIIOIb30BaHbI
AAaHHBIC HWHBCHTApU3allUM HWCTOYHUKOB BI:I6pOCOB, MMPOCKTHO-TCXHOJIOTUYCCKAAd MOOKYMCHTAaIUA,
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OTYETBHl IMPOU3BOACTBEHHOIO DKOJIOTMYECKOTO KOHTPOJS M TEXHUYECKHE XapaKTEPUCTHKHU
obopynoBanusi. B kadecTBe METOIMYECKOH OCHOBBI NPUMEHSUIUCH PacYETHO-aHAIUTHYECKUH,
MHBEHTAPU3allMOHHbIM U CpaBHUTEIbHBI METOIbl aHaIM3a. BenuuuHbl BHIOPOCOB ONpEAEISIIUChH
pacuéTHBIM ITyTEM B COOTBETCTBUH ¢ AeHcTByromuMH B Pecniyoninke Kazaxcran MeTonukamu.

Ilo pe3ynbraTaM uCCIIEOBaHUS Ha MPEANPHUATHH BBIABICHO 17 HCTOYHHMKOB BBIOPOCOB,
OKa3bIBAIOUINX BO3/JCHCTBHE Ha aTMOC(EpHBIH BO3AYyX, OCHOBHAs YacTb KOTOPBIX CBA3aHA C
KOTEJIbHBIMU ~ arperataMi, YrOJbHBIM CKJIAJOM, 30JIOLIJIAKOBBIM OTBAJOM, PEMOHTHBIMU
MacTEpCKMMHM U CHCTEMaMHU BOJOCHA0)KEHHsA. YCTAHOBJIEHO, YTO B CTPYKTYpE 3arps3HSIOLIMX
BEIIECTB, MOCTYNAIOUIMX B aTMOC(eEpy, 3HAUUTEIBHYIO JOJII0 COCTAaBJIAIOT TBEPAbIE YAaCTHUIBI U
ra3oo0pasHble coequHEHHUs. AHanu3 pabOTbl Ta300YHCTHBIX YCTAHOBOK IIOKa3ad, dYTO
3G GEKTUBHOCTh YIAaBIMBAHHUS TBEPABIX dYacTUI] OaTapedHBIMH IIMKJIOHAMH COOTBETCTBYET
IIPOEKTHBIM IOKA3ATEIISAM.

[TonyyenHble pe3ynapTaTbl MOATBEPKAAIOT BAXKHOCTh IIOCTOSHHOIO MOHUTOPHMHIA KadecTBa
aTMOC(epHOro BO3/yXa Ha TEPPUTOPUU TPEANPHUITUS, YCHIEHHs Mep, HalpaBJIEHHBIX Ha
COKpallleHHE€ HEOpPraHM30BaHHBIX BBIOPOCOB, a TAaKKE COBEPIIEHCTBOBAHUS  CHCTEMBbI
HKOJIOTMYECKOTO YIpaBiieHUs. JlaHHBIE MCCIEAOBaHUA MOTYT CIY)KUTh HAy4YHOW OCHOBOM MJIs
IJJAHUPOBAHUS IPUPOJOOXPAHHBIX MEPOIIPUATUI HA MECTHOM YpPOBHE.

KiroueBble c10Ba: aHTPOIIOTEHHOE BO3JEHCTBUE; aTMOC(HEPHBIH BO3AYX; UCTOYHUKH BBHIOPOCOB;
HKOJIOTUYECKUI MOHUTOPUHT; KOTEJIbHAS; Ta300YMCTHBIE YCTAHOBKHU; IPOMBIIIJICHHOE 3arpsi3HEHHUE.
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Anparna. TombIpakTBIH OHIMIUIITIH aWKBIHAAWTBIH KaCHETTEPiHIH
KOIDKBUIBIK ~ JTUHAMHKACBIH 3EpPTTEY Mocelieci — TONBbIpaKTaHy
FBUIBIMBIHJIAFBI €H 63€KTi IIpodsIeManapapiH 0ipi 00k TabbLIaabl. by
MOceie ocipece apuITi aiiMakTapja eTe OTKIp CHIaTKa Hhe, OWTKCHi
MYH/Ia cyapMaiayfa, >Kep acTbl Cylapbl JCHTediHIH KeTepillyiHe jKoHe
WPPUTAIVSUTBIK-THIAPOMOP(TEI  HEMeCe KapThUlalh  TUAPOMOPQTHI
TOTBIPAKTAP/IBIH KAJIBIITACYbIHA OaiNIaHBICTHI €KIHIII PETTIK TY3/aHy
yaepicTepi KeHiHeH TapanraH. Ke3puiopaa OOJIBICBIHIA CyapMallbl
ericTik xepyepaiH 0acbkiM OeJiri TYHBIK OWBICTapaa OpHaJacKaH, OyJI
KaiiTa Ty3JaHy YIIiH KOJIAHIbI xKaFaail Tyrei3anbl. CoHbIMEH Katap Cyapy
HOpMajapbl AYpHIC CaKTalIMaraH >KaFdaiijla eriCTIK aJKanTapAarsl
TOMBIPAK KYHAPJBUIBIFBI  ©3TePill, COHBIH CaAIapbIHAH KYHAPJIbI
KEpIepIaiH ayMarbl a3aiiblll, TOMBIPAKTHIH EKIHIII PETTIK TY3AaHYBI
xKypeai. EricTik xepiepaiH MEeTMOpaTUBTIK >KaF/lalbIHBIH Hallapiaysl
KaiiTa Ty3[aHyFa )KoHE TY3/IbI )Kep aCThI CYJIaphl ICHIeHiHIH KOTepiTyiHe
okeneni. Keitbip karnmaiinapga — KalTanama — Ty3/JaHy — Kypill
aNKanTapblHAH KEJNEeTIH CyIbIH CYyapy apHalapbl apKbUIbl ETiCTIK
JKepiepre Tycyl HoTmxkeciHzae Je Oaiikamanbl. Cy KoHE kKep
pecypcTapelH YTHIMCHI3 TaiifanaHy, ayMaKTapAblH KYpFaybl MeEH
LI6JI/IEHY]1 TOIBIPAK IEH Ep acThl CYJapbIHbIH TY3/1aHy YAepicTepiH
KkymeiTeni. PeasedTin ycTipT OesikTepiHie, olnaHaapaa *oHE TEHI3
JKarajayblHIa CYp-KOHBIP TOMBIPAKTap MEH OPTYPJIi COpPTAaHIAp KeH
TapanFaH. Apall TeHi3i JeHTeliHIH Y3/1KCi3 ToMeHAeyiHe OailaHbICThI
COpTaH aJKalTapJblH ayMarbl TYPaKTbl TYpJe YIFalbln keneai. AlTa
KEeTy KepeK, Kypill erici ayJaHAapblHIa TY3JaHFaH TOMBIPAKTap/IbI
KapTorpadusiay KyMbICTapbl OypbIH KypriziimereH. OcbliaH Ka3ipri
TY3JaHFaH OJKEpJEepAIH  ayJaHJapblH KOHE  OJNIApABIH  Tapaiy
TUHAMHUKACHIH  JKaH-KaKThl TYTeHACY KaKETTUIIr  TYbIHJAWIbI.
Maxkanana Kpi3putopa OONBICHIHAAFBI TY3JaHFAH TOMBIPAKTAPIBI
Oipkatap KepceTkimTep OolbIHIIA Oaranay AepeKTepl OepiireH, COHbIH
imriHme Ty37JaHy THII  MEH TY3JapAblH  OpHAlacy TepeHJIri
KapactelpputFad.  CoHpail-ak  cynbdaT-aHUOHIAPABIH,  KaJIbIHHA
KaTHOH/IAPBIHBIH, MArHUH MOHAAPBIHBIH MOJIIEPIHEe XUMUSIIBIK TaJay
’Kacajplll, HATPUM MEH KaJluid HWOHJAPBIHBIH MaWbI3JbIK YJeci
KapacThIPBLUIFaH.
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Tyiiin ce3aep: TombIpak; Ty3/1aHy; SKOXKYHE; XJIOpUI; HOHAAP; CYIb(aT, aHHOH; KAaTHOH.

1. Kipicme

Kaszipri ke3ae aHTPOIOTeH/IIK XKYKTEME HOTHIXKECIHJIe KOpIIaFaH OpTaHBIH Kal-Ky#il Typassl
MOIMETTep KOFaMHBIH Ha3apblH ayaapyna. JKaumbel anFaHna KopIiarFaH opTa Mocelenepi,
SKOJIOTHSUIBIK axyall OJl TeK OMIpJiK KarJaifFa ocep €TeTiH Macele eMec, OJ1 COHbIMEH Karap
[IapyanbUIbIK JKYMBICTAP/ABI JKOCTIapiayaa, KeH OHAIPY JKYMBICTAPBIH KYPTi3yAe KOHE TOTCHIIE
JKarJailiapabIH ajlibIH a1y MaKcaTbIH/Ia TYOereill Ko 1aHbUIaAbl. ATaJIMBbIII MOCeIe JKaIbl KayliITi
TaOUFU TPOLECCTEPl AIIBIH aly MaKCaThIHIA KOHE JIe amaTThIK JKaFjaiiiapra OalIaHBICTHI
XaJIBIKTHI aJIJIbIH aja Xxalbapaap eTyle epekiie OopbiH anaabl. OChl TOHIPEKTE KOpILAaFaH OpTaiarbl
OpBIH aJIBIN JKaTBIPFAH ©3repicTep TEeK TaOWFM yIepicTep Typajbl aKHapaTHeH MIEKTENIN Kaamay
Kepek, ceOebi aHTPOIOreHIIK BIKMAJIa KOpIIaFaH OpTajarbl jkKoHE OmochepablK e3repicTepiiH
TyBIHJIAybIHa ocepiH Turizeni. Kopmaran opragarsl OpbIH bl KAThIPFaH HETATHUBTI ©3repicTep
aJIaMHBIH 1C-OpEKETIHEH TYBIHJAM >KAaTKAHIBIFbIH, aJlaMHBIH OCEpIHEH TYBIHJAAN OOJBIN YJIECiH
Oaranay Ka3ipri SKOJIOTHSUIBIK 3€pPTTEYJEp/iH MaHbBI3Ibl dpi KypAeni MiHaeTTepiHiH Oipi OoJbIn
TaObLIAIBI.

FoutbiM MeH TeXHHMKaHBIH KApKBIHABI JaMybl JKOHE Maijayibl Kaz0amapapl KOJIAHYIBIH
KapKbIH/Iaybl KOPILIAFaH OpTaFa TUT13€TiH aHTPOMOTEHIK 9CEPAiH KYIIetoiH apTThIpabl. Coi scepiiH
KOPCETKIITEpiHiH Oipi OOJBIM, Cy pecypCTapbliH JKOHE Kep KeJeMiH THIMCI3 Haiganany ce0edineH
KAJIBINITACKaH Apall ailMarbIHBIH 3KOJIOTHUSAJIBIK anarhl. DKOJOTUSIIBIK JaFJaphIC caajapbl TaOUFU
IKOKYHENEePAIH TYPAKThUIBIFBIHA 3USHIIBI OCEPIH THUTI3€ OTHIPHIT, KbI3bUIopaa 0OJIBICH XaTKBIHBIH
JICHCAYJIBIFbIHA, QJICYMETTIK-9KOHOMHUKANBIK JKaFqalibiHa aa ©3 acepin Turiszyae (Geldyyeva et al.,
2004). Apai eHipiHIH *aJIIbl KIMMATTBIK JKaFaibl KaTaH, HAKThI aTall aiTca MIYFbUT KOHTHHEHTTIK
KOHE KYpFak KiIuMaT. OHIpre aya TeMmIepaTypachlHbIH TOYIIKTIK >KOHE MAayCBIMIBIK >KOFaphl
KOPCETKIIITEP1 TOH, a1 aTMOC(EPaTBIK JKaybIH-IIANTBIH KBIIIBIK MoJIepi mamamen 120 mum coiikec.
Apan eHipi aiiMarbl KaJIlbl alFaH/a MIeJ JKOHE IIeJNeUT TaOuFu 30Hallap KaTapblHAa OpHAJacKaH.
Creipnapust ©3eHiHe Kapai Kymubl ankantap Oipringen eHi 30-40 kM KypalThIH ©3¢H aHFapbIMEH
cunarranaapl. Ockl aliMakK cyapy apHallapblHBIH THIFbI3 OpHAJIACKAH KENiJepiIMEeH, COHBIMEH KaTap
KOJIZIep *oHe 0aTIaKThl, Ca3/lbl TONMBIPAKTAPBIHBIH 00ybIMEH epekineneHeni. Kor3puiopaa 00IbICk
aiimarpiHna okep OenmepiHiH abcomoTTik OwuikTiri 900 M-IeH JKOFaphl KepCETKIIITepiMeH
CUTIATTAJIa/IbI.

OONBICTBIH KITUMATTHIK KOPCETKIIITEP )KOFAPhl KOHTUHETTLUIINIMEH cunatTanajsl. XKa3 mesrini
y3aK, BICTBIK 9pi KYpFaK OOJIBIN, aya TeMIIepaTypachlHbIH €H )KOoFaphl kepceTkimti 45-47 °C-ka neitin
xKeTelll. AMMaK KbICHI CAJIBICTHIPMANbl TYP/AE KaparaHia KbICKa, CYBIK OHE Kap MeJIepi oTe a3
OonbI Kemeni, an eH TeMeH Temreparypa keine — 40 °C mamaceiHga 6omysl MyMKiH. JKaybiH-
IIANIBIHHBIH, XXbULIBIK KeseMi HeOopi 100-150 MM apanbireiHa 60T, COHBIMEH KaTap MaychIMaap
OolibIHIIIA KepceTkimTep Oipkernki emec. JKaybH-mambHABIH maMaMeH 60 %-bl KbIC TICH KOKTEM
aillapbiHa ColiKec Keme/i.

Kp13putopia  0OJBICHIHBIH KIMMATTBIK EpPEKIIeNIKTepiHIH Oipi 01 Kap >KaMbUIFBICBIHBIH
TYpPaKChI3 JkoHE a3 O0onybl. CallkblH yaKbITTa ayaHbIH CalbICTHIPMalbl BUIFAIIBIIBIFEl OOIBIC
TOHIpPETIHIE aca e3repicKe YIbIpaMaii/ibl, alIbl ajFaHaa opra ecentik kepcerkim 70-85 %
apanbIFeIHIa Tipkenendi. XKa3 mesrininae, kepiciniie, kopceTkin 11-16 %-ra meltinairi 6alkanampl.
CoHbIMEH KaTap, OHIpJIeri KypFaK KJIMMaTTHIK KaFJalbIHBIH JKOHE KeJl PeKUMIHIH OCEPIHEH MaH b
JayblUigap eTe Kem Oalkamaabl: OONBICTHIH Kel OONKTEpiHIe OJapblH Y3aKTHIFBI KbUIbiHA 2-20
KYH/Ie Kypaca, ain Kpi3piiopia kanacsiaaa ke sxpuraapbl 30 KyHre IeiiH KeTyi MyMKiH.

Apan TeHI3IHIH TapThUTybl OOJBIC aliMarblHIA SKOJOTHSUIBIK JKaFJaiibl KypAeJdeHIipeTiH
Oactel (QakTopiapAbiH Oipi Oonbinm caHamanbl. TeHI3MIH OYphIHFBI TabaHbIHAH aTMocdepara
TapalaThlH TY3/bI-IIAHBI OOJIIEKTEP/IIH AKOJIOTUSIBIK amaTThIH HETI3ri Ke31 OONBIN TaObLIab.
TeHi3miH KenkeH Ta0aHbIHAH Kb caiibiH maMaMeH 40-160 miH ToHHa Ty3 O€H IIaH KeTepiuIeTiHi
anbIkTasiFad. OcbIFaH opail aTMocgepara TYCETIH Ty3 MeJIIepi apTa Tyceli, COHBIMEH KaTtap Apai
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OHIpiHAeri aTMocdepalblK JKayblH-IIAIIBIHHBIH ~MHUHEpaJJlaHy JIeHreil 6-7 ecere eoceni
(Baimoldaeva, 2002).

Apan eHIpiHIErl 3KOJOTMAJBIK JarlapbICThIH aJaM MEH jKaHyapjap ar3acblHa ocep eTy
Ke3lepiHiH Oipi oy KopliaFaH opTaja TYpJi NeCTHIHI, TrepOunua »xkoHe Je Oacka Ja
TOKCUKAHTTapJblH >KMHAKTAJIybIMEH OalaHbICThl. TONBIpaK >KaMBUIFBICBI MEH CY KypaMbIH/a
KE3JIECEeTiH yJIbl KOCBUIBICTAp aF3ara TE€K aybl3 Cy MEH TaFaM apKbUIbl FaHa €eMec, COHbIMEH KaTap
TBIHBIC aJly OapbIChIHIA aya MeH IIaH OeJlIeKTepiMeH Oipre A€ TYCY BIKTUMAJIbIFbl JKOFaphl.
ANMaKTBIH KIMMAaTTBHIK-TeOrpaussblK KaFaaibl, COHBIMEH KaTap TOMBIPAK IKAMBUIFBICHIHBIH
epeKuLIeNikTepl, e, MmeJaedT naHamadrapaslH OachbIMIBIFEl, Cy apHajJapbl MeH OaTHaKThl
KEpIEepiH Tapally epeKIIeNIKTepi OHIPre TOH JKOJOTHSUIBIK JKaFJaiiapplHa €3 oCepiH THTi3e[l
(Karlykhanov, 2002).

TeMmeparypaliblk pEeXUMMEH KaTap, OHIpIiH aTMocepanblK JKargaiiblHa OapUKaIbIK
nporeccTepIiH e31HaiK acepi Oap. XKbu1 mesrinaepinig ken Oedirinae Keispuiopaa ob6meicer Cidip
AHTULUKIOHBIMEH OaiJIaHBICTBI JKOFaphl aTMOC(EpaNbIK KBICBIMHBIH acepiHige Oomanbl. Ocbl
TOHIPEKTE alMaKTa BUFAIIBIK KOA()(HUIIMEHT MeJmepi TOMEH, KOHTHHEHTTIK CiOipiik XKoHe
apKTUKAJBIK aya Maccajapbl OachIMIbIK KepceTeni. CoHbIMEH Karap, ATJIaHT MYXWUTBIHAH
TachIMaJIZJaHATBIH BIIFAJJIBl aya Maccalapbl ayMaKKa KeTy MYMKIHJIIT HIEKTeyJl1 O0JIFaH IbIKTaH aca
ocep THTi3e aMaiIbl.

Ky3, KbIc *oHE KOKTEM ME3TUIJIEpIHJe COJITYCTIK-IIBIFbIC OarbITTarbl aya arbIHAAPBbIHBIH
OaceIMIBIFBI Oaiikanaabl. by eHipre Cidip aymarsiHaH KypFakK opi CYBIK aya MaccallapbIHbIH KeTyiHe
ceOen Oosaapl. Ochl peTTe aliMaKThIH reorpausuiblK OpHaJIacybl MEH TMIICOMETPHSUIBIK IeHIeHiHIH
ToMeH Oonybl Apan-CelpJapusi Ka3aHIIYHKBIPIHA €HI'CH aya MacCalapbIHBIH IpKUTyiHE Xarmai
JKacaupl.

Kp13piopia oOMBICH KIMMATTHIK €PEKIIeNIKTEePiHIH KalbIITaCyblHA KYH pPaaHallusChIHBIH
Menepi MeH arMochepalblK MUPKYISIMUIBIK YAepicTepl A€ TiKenell bIKMajdblH THUT13e1i.
PaamanusunbIk 6amaHCTBIH JKETEKIII DJIEMEHTI PETiHAE KUBIHTHIK KYH PaIHaluschl KapacThIPUIAIH,
01pak >KbUIJBIK KOPCETKIIITEPIH CANbICThIpFaH/a ayMakK OoMbIHIIA OIpKeJIKi TapaaIMalThIHbI OeNTisi.
ContycTiKTeH OHTYCTIK ailMarblHa Kapail paauanusiiblK KepCceTKIITepaiH OipliaMa >KoFapbliaybl
kepinic amampl: Yiken »xoHe Kimi Bopceik aymarbinaa Oy kepcerkim mamameH 130 kkan/cm?
oouca, oHryctik Kebutkymaa 140-150 kkan/cm?-re neiiin keTepineai. Byl TTbl KyHISpAIH a3/IbIFbl
MEH JKapblK PeCypCTapbIHBIH MOJ OOJybl WHCOJSLIMS Y3aKTBIFBIH aAPTTHIPHIN, alMaKTbIH JKbLTY
PEXUMIHIH KaJbIITacyblHa acep eTeal. JKbIIAbIK Y3aKThIFbl opTa ecenmned CoaTycTik Apajl MaHbIH/AA
KyH coyieciHiH 2500-2800 cararthl Kypaca, anm KpI3putopaa Kamackl MEH OHTYCTIK KpI3bUIKYM
aiimarpiana kepcetkim 3000 cararraH acaTbiHBl JonenneHreH. KyH paguanuschIHBIH SKOFaphl
JIeHreii 60yl a3 ailllapblHAA BICTHIK 9p1 KYPFaK aya paibIHbIH KaJIbIITACyblHA BIKIAJIBIH TUT13€/11.

AyMaKTBIH KeJl PEeXUMIHAE COJITYCTIK-IIBIFbIC OAFbITTaFbl aya arbIHAApPbl JKETEKIIl OpbIH
anmanpl. Kazakcran aymarbiHa KipeTiH Apan eHipiHIe >KeliiH opraimia Xbpuiaamasisl 4,5-55m/c
rraMaceitga 6osica, Kei3suiopaa Kamaceinaa Oy kepcetkimn 6-7 m/c-ka skeremi. bysr KyObUTBICTBIH
Kaitanany >xuiniri 20-25 % apanbirbiH Kypaiinsl. KexreM aitmapblHaa coNTYCTIK-IIBIFBIC JKEJIEPiHIH
KBUITAMIBIFBI  OlpIIaMa TOMEHJEM, KepiciHIme OaThICTaH COFATBIH JKEIJEPMAIH KYIIi, ocipece
aTbIpaynblK OeimikTe, apTa Tyceni. JKa3 aiijmapplHa TOKTaJCaK CONTYCTIK >KOHE COJNTYCTIK-OaThIC
OaFpITTaFrbl Kenjep kul Oaikananasl. ATMochepanblK HUPKYISLUSHBIH CHUIAThl MEH alMaKThIH
oporpausIIbIK KYPhUIBICH! MAH/bI JayblIIapIblH KHUUIITT MEH Y3aKThIFbIHA 9CEp €TETiH MaHBI3/IbI
(hakToprapbIHbIH Oipi OOJIBIN ecenTeNe/Il.

Kp13p11opia 00JIbICH KaybIH-IIAIIBIHHBIH MayChIMJIBIK Tapally >KarJaiiblHa Ky3 Me3TiIiHzae
MOJSIPIIBIK (DPOHTTHIH AJICi3 OalKanaThIH UPAHABIK TapMarbl, al a3 Ke31HJerl 0aThIC IIMKIOHIaPhI
apKbUIbI €HETIH KYpFaKk aya Maccajapbl ocepiH Turizeni. JKbUIIBIK KaybIH-IIAIIBIH MeJIepi
alfMaKTBIH epeKIIeIIIKTepre Kapaid e3repicke YIIBIpaiIbl. Apasl TeHi31 ayaaHblHAa maMamMer 89 M,
Crlpnapust e3eHiHiH xkaiibiiMackl 6oibiHIa 113 MM, an ankanTeiH meTKi 6emikrepinae 120 mm-re
neiinri Memepre sxeteai. Kel ke3/1e bUIFaiIbUTbIFbI )KOFaphl O0JIFaH XbIIAAPHI OChI KOpceTKimt 126-
198 MM apanbireiHga Oomanel. CankblH Ke3Iepleri >KayblH-IIANIBIHIAB KYHIACPIH CaHBI KbUIBI
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Ke3eHMEH cajbicThipranga ImamameH 1,2-1,4 ece >xorapel. CoHBIMEH KaTap >KaybIH-IIAIIBIH
KOPCETKIIITEPIHEH >KaHOBIp KayaTblH KYHJAEPIiH caHbl Kap TYceTiH KyHuaepiaeH 1,5 ece apThIk.
OHipe JKaybIH-IIAIIBIH KOPCETKIIITEPI KbUT OOMBIH/IA CATBICTHIPMAIIBI TYPJE OIpKENKI TYCKeHIMEH,
OHBIH MOJIIEPIHIH >KOFaphlIaybl KOKTEM MEH Ky3 ailapblHaa a3jan OailKaiaapl, ajl €H TeMEH
KOPCETKIIITEp ka3 aiapblHa Coiikec Kelnei. bipHeme KbUIABIK 3epTTeyiep OOWBIHINIA COyipaAcH
Ka3aH aifbIHa ACHiHT1 TYceTiH *aybIH-nambH 75-100 mM-aen acnaiiasl. KepceTkimrepre ToKTancax
TeMeHri kepcerkimTep «Kp3puiopaa» MereoctaHumsiceiHna 13 MM TeH, «lllipik-Pabdar»
CTaHIMSICHIHAA 15 MM KoHEe «Apan TeHi31» METeOCTaHIMICHIHAA 24 MM mamachlHAa OaiiKairaH.
Coyip MeH Ka3aH aijapbl ©HIpAeT! calbICThIPMabl TYPAE bUIFAJAbI aiiiap OOJIBIN €CenTeNe Il XKoHe
OCBbI aitnapzarsl xkayblH-mambH Memmepi 30-47 MM apanbirsinaa e3repeai (Mukhamediev et al.,
2023).

Kopiiaran opTaHblH canaliblK >KarJaiiblH Oaranay OapbIChIHIA aca Ha3ap ayAapbUIaThIH
JacTayIIbl 3aTTap/AblH KaTapblHa JKaTaThIHIAp OOJIBII MeTalaap, acipece aToMIbIK Maccackl 40-Tan
KOFaphbl ayelp MeTangap Kipedi. Ayblp MeTaljapra JIETeH FhUIBIMU KBI3BIFYIIBUIBIK €H aJbIMEH
OipHere MeTalIap/IbIH KOFapbl OMOIOTUSIIBIK OSJICEHIUTIrHE KOHE Tipl aF3ajiapFa TUTI3€TiH YBITThHI
ocepimen OaianbicThl. Kazipri ke3qe Kymrona (MbIIbsK), KaJMHUl, KOPFAChIH, HUKEIIb )KOHE ChIHAI
TOPI3al DIEMEHTTEpAIH KOpIIaFraH oOpTajga >KWHAKTATYbl SKOJOTHSUIBIK KayilCi3[iK MeH XalbIK
JCHCAYJIBIFBIH KOPFAy IbIH MaHbBI3Ibl MOceneNepAid OipiHe aifHanb oThlp. COHIBIKTAH /1a aTaIMBbIII
AJIIEMEHTTEP/IIH KOpIIaFraH OpTara eoyip KeJIeMe TYCyl OlapAblH dKOKYHenepre bIKMaiblH TYPAKThI
Oakpuiayia ycray Kaxerriniria aprreipaasl (Mukhamediev et al., 2023).

Ke3bputopsia 00JbICEI  aiMaFbIHBIH ~ OipHeme OeJiri aHTPONOTEHJIK ocepl  HETi3iHge
alfTapIIbIKTall ©3repicke yuipiparad. TaOuru ayMakTapAbl aybul IapyallbUTbIFbl MAKCATHIH/IA KBIPTY
XKoHe urepy Oactankbl JaHamadTTapasiH TpaHchopmanusceiHa okenai. COHbIMEH KaTap, eHIpAe
Kypill ericTik anmkantapAblH Oip OemiriHae KeH KeJeMIi Cy MEITHOPalMSCHIHBIH IKYPri3inyi
TONBIPAKTHIH TY3/1aHYy MPOLECTEPIH KYLICHTIN, HOTHXKECIHIE KEP acThl cyJapbl JeHIeHiHIH KaJIbI
KeTepuTyiHe acepiH Turizeai. Kasipri ke3eHe 3epTrey aiiMarbIiHbIH JaHAMAQTHIK KYPBUIBIMBI TYPIIL
CUMAaTKa We. OHBIH KypamblHAa TaOWFH KEIIeHIEPMEH KaTap aybll IIapyamlbUIbIFbI MaKCaThIHIA
©3rePTUITEH KOHE OHEPKICINTIK JaHAmadTTap ga Ke3aecedi. Ocipece IenbTalbIK-aJTIOBHAI B
Ka3bIKTBIH ayKbIMIBl OOJIKTepiHAe TaOUFM TYpPaKTBUIBIKTBIH Oy3bLTy Yylepici Oaiikaislm,
HIeJIEUTTEeHy yAepicTepl KYLEHTeHiH aTtan eTyre 001abl.

KnumatTeik-reorpadusiiblK  skaFmaiimapael  Oaranaylga OKbUTy MEH BUIFAIJIBIH — ©3apa
apaKaThIHACHI )KOHE bUTFANIIaHy KOA((PHUIIEHTI MaHBI3IbI KOPCETKIMITEP KaTapbiHa xaTaabl. COHbIMEH
Oipre KIMMATTBIH Y3aK Mep3iMJi ©e3repiCTepiH 3epTTey Ke3iHAe KOIDKBUIABIK KOepCeTKIIITep.IiH
aybITKy CHITAThIH, OJIAPJBIH KEHICTIK JXOHE YaKBITTBIK JWHAMUKACBIH €CKepy KaxerT. JKarmb
ruapaTanusi Teopusickl OoibiHIIA CONTYCTIK KapThl MIApAAFbl KIUMATTBIK YAEPICTep Y3aKTHIFBI
OpPTYPITi MUKIIIK TepOenicTepMer cumarTtanaabl. OnapabiH immiHgeri ey y3ak ki mamamen 2000
KBIIBI KAMTHJIBI KoHE OipHele Ke3eHHEH Typaibl: calnkbiH opi burranasl ¢daza 300-500 xbinra,
KBUTBI kKoHE Kyprak (aza 600-800 >xputra co3bUIazbl, all OCHI €Ki Ke3CHHIH apachbIHIarbl OTIENi
¢azanbiy y3akThiFbl 700-800 >KblT 1aMachlH Kypanibl.

Kasipri TtaOurarra >Kypilml >KaTbIpFaH e3repicTep HETi3IHAEe THaparauus AeHreHiHiH
KOFapbLIaybl MEH TOMEH/IEY1 j1e Oenrii Oip Mep3iIMAUTIKIIEH anMachin XKypeai. byHnail nuknaepain
Y3aKTHIFBI OpTaIlia maMaMeH 45 >Kbutibl Kypaiael. Kazakcran aifMakTapbiH/ia bUTFAIAaHy ICHT CHIHIH
KOFapblIaybl COHFBI Ke3eHIepi oTKeH rachipibiH 1940-kbpuimapsinaa Oaiikanran (Shamsutdinov,
1986; Shamsutdinov, 1996).

Kopmiaran opra >xarmaidiapbiHblH e3repyl JKepiiH TeoloTHUsIBIK JaMy TapUXBIHBIH TYPi
Ke3CHJepiH/Ie e OPBIH anFaH. Erep/ie reoorusiblK 3epTTeynepre ToKTacak, maMamer 70 MITH. SKbUT
OYpPBIHFBI KBUIbI KIMMAT KEHIHHEH alTapibIKTall CANKbIHIAY KE3€HICPIMEH >KOHE MY3IBIKTapIbIH
KaJIbINTacybIMEH Ke3ekTeckeH. [lneficTonen noyipinme y3akreirbl mamamed 100 MbIH >KbUT 00JIaTHIH
My3 Oacy ke3eHjepi 20 MbIH KbUTFa JKYBIK CO3BLIFaH MY3apajblK KbUIBIHY Ke3EHAECPIMEH aaMachIIl
oTbIpraH. COHFBI KbUIbIHY KE3CHIHIH KaJIFacybl Ka3ipri KIMMAaTTHIK XKaFJailapIblH KaJbIITacybIMEeH
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OaiinanblicThIpbUIaAbL. [lnelicTolieHHeH royomnenre oty OapbiChiHIa OOJFaH KIMMATTBIK ©3repicTep
Ka3ipri TaOWFH 30HAJIAP/IBIH HIEKapalapbIHBIH KAJIBIITACYbIHA €NEYI BIKIAIBIH TUT13/1i.

Enimize aca KymTi KYpFaKIIbUIBIKTAPABIH KalTallaHybl MEH KYH O€JICEHIUTITIHIH apachiHaa
Oenrini Oaiinanbic 6ap eKeHl OTaHIBIK FaIbIMIAp eHOeKTepiHAe OopbliH anraH. KyH OernceHaimirinig
11 XpUIABIK LUKITIHIH €H OFapbl Ke3eHJAEpiHAE KYpPFaKUIbUIBIK CAIbICTBIPMAlbl TYPAE CHPEK
Oaiikasca, OeNCeHITIK TOMEHAECTeH YaKbITTa OHBIH KalTallaHy KHUIIrl apTkaH. TeMrepaTypaibik
PEXKHUMHIH KOIDKBULABIK ©3repicTepl Ae mamaMmen 30 >KbULIBIK LUK aHbIKTalFaH. FampiMaapibig
3epTTeyiepi OOHBIHIIA Cy PeXHUMI, TEMIIEPATypPANIbIK KOPCETKIIITEp JKoHEe aTMOoc(hepasblK KaybIH-
IIAIIBIH MOJIIEPIHACT] aybITKYJapAblH KyH OCJICEeHIUIITIHIH e3repicTepiMeH OaiJIaHBICThI OOJIYBI
MYMKIH eKeHiHAiri nanenneHred. COHbIMEH KaTap, *KbUIbI )KOHE CAJTKbIH Ke3CHICPIiH Ke3eKTeCyiH e
OaiiKamaThIH MYH/Ial UKIJAEPIIH Y3aKTBIFBI TYPJIl Mep3iMe 0oJibl, 2 xbuiaan 11-22 sxplira jkoHe
ket xxargaiina 30 xblara aeiin co3putansl (Fedorovich, 1983).

KpI3putopia 0OJIBICBIHBIH, Ka3ipri 3KOJOTHSUIBIK JKaFJailbIHBIHBIH ©3Tepyl, COHBIMEH Karap
Apast TeHi31 JeHTeliHIH TOMEHJCYl KOHE arblHIBl CyJIap KOJEMIHIH a3alobl OipHeIe KOJIaiChI3
TabuFU Macesenepiniy Kyuiewine cedern 6onyna. OTkeH raceipabiH 1960-xbuiapsina neifin aitmak
TOHIPETIHIE CY IPO3HUACHI, TOMBIPAK >KaMBUIFBICHIHBIH TY3/aHYbI )KoHE Ne(IISIHIIBIK YAepicTep KeH
Tapanrad 0oJica, COHFBI Ke3aepae Apall TeHi31 IeHIeiiHiH TOMEHeYl Kep acThl CyIaphl IeHIeHiHIH
@3repyiMeH Katap Kypy/e. TombIpakThIH, JKaImbl OHIPEIeTI apuATeHY MPOICCIHIH KISl ca3/Ibl
KepJepiH, KaMbICThl ajJKanTap[blH Cy alJbIHIapbIHBIH KbICKapyblHa okenai. Keil aiimakrapaa
©3CHJIEp MEH KOJIIEP/IiH TaPTHUTYbl HOTHKECIH/IE COpIap MEH TaKbIpJIap KaJbIIITACThI, OYJ1 OpUHE 03
YKaFbIHaH OCIMIIK )KaMbUIFBICBIHBIH MOP(O-OHOIOTHSIIBIK ©3repyiHe ceOemnIii O0abl.

ATtanran e3repicTepIiy YKUBIHTBIK oCepiHEH IKOKYHeTepaiH KYPBLUIBIMBI
TpaHchOopMaIUsIaHbIIN, TOTBIPAKTAFI TY3/1ap MOJIIIIepi KOOCHII, TONbIPAK KaMbUIFBICHI TIEH O©CIMIIK
oneMiHiH nerpamanusiceiHa okeni. COHBIMEH KaTap el OpeKeTiMeH OalIaHBICTBI HOJIBIK
YAepicTepIiH KapKbIHIBUIBIFBI aPTHIIT KEJIE/I.

Kopiaran oprajga opsl anblll KaTbIpFaH YIAEPICTEPAIH TapUXU KE3€HJEperi 1aMy KapKbIHbI
MEH OJIap/IbIH KEHICTIKTE Tapaiy epekienikTepl 0ip-0ipiMeH Tikenel OailaHblcTsl OipHele (hakTop
apKbUIbl aHbIKTasafbl. OnapablH KaTapblHA alMakThlIH MOP(OKYPBUIBIMABIK €pEeKIIeNiKTepl,
HEOTEKTOHUKANBIK KO3FANBICTAP/AbIH CHUIAThI, KIUMATTHIK-TeOTpaQusIIbIK JKaFgainap JKoHe
AQHTPOIIOTEH/TIK BIKIAJIBI JKAaTKbI3abl. TONMBIPaKTa OpPBIH AJIATHIH TOKCHUKAHTTAP AKKYMYJISIHSCHI
MEH JIeHyJaIusl MPOILEeCTEePiHIH apaKaTblHAChIHA Kapall SK30TeHIIK KYOBUIBICTApAbIH CHIIATHI 9p
aliMakTa TypJi kepceTkimTep 6epeni. KazakcTan aymarbiHIa OarbIThl MEH KaPKBIHBLUIBIFBI )KaFbIHAH
€pEeKILIETICHETIH Y0J/IbIK YAepICTep KeH Tapalbll, TOMIPAK KaMBUIFBICHIH/IA TYPIl MOP(HOIOTHSITBIK
©3repiCcTep OpPbIH aJIaJibl.

Enmimi3aig jka3bIK JKOHE aThIpayiblK aiMaKTapbhlHIIA TY3AaHY MPOIECIHIH KapKbIHIBI XYpPYl
KBUIJIAH JKbUTFAa KeHIHEH OalKayiabl. by yaepicTiH KylietoiHe 3¢H KoHe KeJIep arbIHbI KOJIeMiHIH
a3arobl aiTapibIKTail ocep ereni. HakTel aliTkanaa, Coipaapus TOpi3/i ipl ©3eHIEpIiH Cy MeJIIepiHiH
KBUIJIAH JKBUTFa TOMEHJIEYl 03¢H OOMBIHAAFBI KOJIIEp MEH OaTIaKThl aTKanTapAblH THIPOJIOTHUSITBIK
KOHE THIPOXMMHUSUIBIK PEXHMIHJE ©3repicTep TybIHJAayblHa oKeneli. byHnail esrepictep CyIblH
MUHEpaIAaHy KO3(QUIUEHTIHIH KOFapbliayblHaH, KaJIlbl OHIPIH aFblH pPeXUMIHIH Oy3bUTybIHAH
KoHe 0aTMaKThl ayMaKTap IbIH OIPTIHJIEM IIere aybICYbIHAH OaiiKanabl.

TomnpIpakThIH OMIKTEY OOIKTEPIH/IC MIANBLTY )KOHE CUITICI3ACHY YepicTepl 0ackIM Kypce, Tay
€TeTiHerl OWbICTap/a NENIOBUANBI JKOHE MPOTIOBUAIIBI MIOTIHAUIEp KeH Tapanybl OalKamaibl.
berki neHymanmusHBIH MaHBI3ABl KypaMAAacTapblHbIH Oipli — TrpaBUTALMIBIK yaepictep. Ochbl
MPOLIECCTEPIIH KYPY KAPKBIHABUIBIFBIHA Tay KBIHBICTAPBIHBIH JIMTOJNOTUSIBIK KYypaMbl, TaOUFU
KarJaiiap, TONbIpaK >KaMbUIFBICBIHBIH €PEKIIETIKTepl MEH OCIMJIIK QJIEMIHIH CHUIIaThl 9cep eTel.
ATanMeli GakTopaap/bIH 9CEpiHEH ipi OeTkeinep e yrity, Maibuly koHe SpOo3UsIbIK KyOblUIbICTap
xypeni. bynnmait ywackenepmin y3eiHAbFbl 0,5-2 kM, anm eHi 0,1-1 kM apanbiFblHIa €3repei.
['paBUTAIUSIIBIK YaAEpiCTEp HOTHXKECIHAE OOPIBUIIAK Tay KBIHBICTAPBI KAIBINTACHIT, KEeHIHHEH eIl
OpEKETIHEH TachIMaJJIaHAThIH MaTEPHANJIBIH KOPHI Maia 0oja 6acTaifibl.
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Kaszipri ke3eHeri Kopiiarad OpTaHbl HIapyallbUIbIK TYPFbIJIa UTEPY alMaKThIH OapiIblK TaOUFU
KOMITOHCHTTEPIHIH e3repyiHe, KaHyapiap onemi, OHOTeoleHO3[ap, JKOXKyHelep KapbiM -
KATbIHACTAPBIHJAFbl ©3TepICTep kKOHE OMOTHKANBIK TYPaKTBUIBIFBIH CaKTayFa ©3 9CEpiH THUTi3ei.
ConbiMeH KaTap, Oy KaFdail TOMBIPAKTHIH MEXAHUKAIBIK KYpamblHA, UPPUTAIMSUIBIK SKyHenep
apKbLIbl BUTFANIAHY JCHIeHiHE jKOHE KalbUIBIMABUIBIK KYKTEMETre TiKeJel Toyeni.

OCIMIIK KaMBUIFBICBIH JTMHAMUKAIBIK TpaHCHOPMAIUACH JKaWbUIBIMAAPBIH OUOIOTHSIIBIK
OHIMJIUTITIHIH TOMEH/IEY1 apKbUIbI KopiHic Tabaael. Kopimaran opra sxaraaiiapel e3repy 0apbIChIHIA
0ip KaybIMIACTBIKTBIH OpPHBIHA EKIHIIICI KAaJBINTACKHIN, BUIFAJl CYHIIII TYpJEpai TOMBIPAKTAFbI
TY3J1apAbIH JKOFaphl MeJIIepiHe OalIaHbICThl TANTOPUTTIK ociMaiKTepMeH anmacanbl. COHbIMEH
Karap, KopIiaraH opTa (akTopiapel KOJAWCHI3 OONFaHBIMEH Ji¢ (UTOICHO3IAP 30HAJIBIK
opHajnacyra OarbpiHOaWapl. OFaH ceben OOJaThIH KYPFaKIIBUIBIK aiiMaKTapblH TauIO(QUTTI JKOHE
KcepoduTTi eciMaikrep iy OaceiMabikTa Ke3aecyi (Sidorenko, 1971).

Kazipri fpUIbIM MEH TEXHUKAHBIH KapKbIHJIbI 1aMy >KaFJaibIlHAa TaOUFU KeIeHACPAIH JaMy
epeKIIeNiKTepiHiH KapCThIPFaH1a aHTPOIIOTeH TIK (DakTopiIapra 1a MoH Oepy KaxkeT. Kopmaran opra
pECYpCTapbIH UTEpYAE, aybUIIIApYyallbUIbIK OHIMIEP/l alny OapbhIChIHAA TOMBIPAK KAMbBUIFBICHIHBIH
MUHEPAIABIK KYpPaMbIHBIH e3repici Oavkamanel. OCbl TOHipeKTe, TAaOWFH JaHAMA(TTapIbIH
KAJIBIIITACy JKOJIApPbIH 3€epTTEyNe, ONapAbIH OWUONOTHSIIBIK OPTYPJIUIriH CakKTay >KOJJIapbiH
KapacTelpyJa epeKIle Ha3apAbl AaHTPONOTeHIIK JKYKTeMere aynapy Kaxker. bynm wmocenere
OaiiaHbpICThl TAOWFU KEIICHICPiH apUATEeHYl KbUITAH KbUJIFAa KYIIEHIN OTBIPFaH aHTPOMOTEHIIK
KYKTEME OCepiHCH KaubinTacanasl. Kas3akcTaH aiiMaKTapblHIA WIOJNCHTTEHY MEH TY3JIaHYIbIH
KYIIEI01, TOMBIPAK >KaMBbUIFBICHIHBIH JETPagalisachl, KYHAPJIBIFBIHBIH TOMEHJIEYl HKOHE XUMHSIIBIK
KYPaMHBIH 63repyi 6CIMIIIK KaMbUIFBICBIHBIH MOP(OIOTHSIIBIK JKOHE CHCTEMATUKAJIBIK JKaFIaibIHA
ocepiH turizei. COHbIH HOTHKECIH/IE, aybUI HIAPYalIbUIBIFbl alHATBIMBIHAH IIBIFAPUTFAH TY3AaHFAH
KepIepaiH yieci KeOeiinm, TOmbIpaK KyHApIbUIBIFBIHBIH TOMEHJICYI HOTHIKECIHJE, eriCTIKKe
naijananyra KeJIMEWUTIH ankanTap canbl keOeleni. Tomblpak pecypcTapblHBIH THIMCI3 Naiianany,
erHIIUIIK MOJEHUETIHIH JKETKUIIKCI3AIrl cyapy JKyHenepiHiH Kasipri karjaiibl TOMbBIpaK
KAMBUIFBICBIHA AHTPOIOTEHAIK XYKTeMeHl Kymeiteni. Ocbl KyObuibicTap ChlpaapHsi ©3€HiHIH
ayMarbIH/a Kl Ke3eceTinairi nonenaenren (Ramos et al., 2020).

XKep pecypcrapplH THIMCI3 KONIJaHy, KypAeli MEIHOPAaTUBTIK KaFgail >KoHE cyapy
KYHENepiHIH KaHaraTTaHApJBIKChI3 KYHl TOMBIPAK >KAMBUIFBICHIHBIA TYCETIH aHTPOIOTEHIIK
KYKTeMEeHi apTThipaznl. by xkarnait ocipece CoipiapHusiHBIH Ka3ipri aThIpaybIH/1a Talore0X UMHSIIBIK
KbICBIMHBIH ~KYILIEIOIHE, aybul MLIapyalllbUIbIFbl MaKCaThlHAAa WIEepUIreH JKepyep KeJIEMIHIH
KbICKapybIHa JKOHE OCIpileTiH JakblUIap eHIMIUTIrHIH ToMeHaeyiHe aabin kenemi (Ramos et al.,
2020).

KpI3putopia 0OMBICEI  SKOJOTHSUIBIK-MEIMOPATUBTIK JKaFdalbl KypAell CHUMaTka He >XOHE
allMaKThIH JKaJINbl AapUATEHYIHIH Kylleol OyJl MOCelieHl aybUIapyallbUIbIFbIHBIH —HETI3T1
Mocenenepine aHanabipyna. JKorapblga KenTipreHAed TOMbIpaK KaMbUIFBICHIHBIH KalTanaMma
TY3J1aHy MEH TaKbIpJIaHybl KbUIJAH JKbUIFa KApKBIHABI Mporecke aiHamyma. Ocbl yaepicTepiH
HEri3iHJe JKOHE TOMBIPAK IKAMBUIFBICHIHBIH KYHAPIBUILIFBIHBIH TOMEHJIEyiHEe OalIaHbBICTHI,
aliMaKTaFrbl UPPHUTAIMSUIBIK JKyHenepMeH KaMTburraH xepiepain 20 %-man actaMbl Ka3ipri yakbITTa
aybl IIApyallbUIbIFEI aiiHa bIMbIHAH TIBIKKAH (Al-Gaadi et al., 2021; Wang et al., 2021; Ramos et
al., 2020; Geldyyeva et al., 2002). Apan eHipiHIH KOJaiChI3 SKOJOTHSIIBIK ©3repicTepi TaOWFu
KeIeHIepiHe, OCIMIK dNIeMiHIH (IOPUCTUKAIBIK KypaMmblHa €3 bIKHAJbIH TuTrizeni. Kei3puiopnaa
00JbICBIHBIH TypaH oWnaThl ayMarblHAAa OpHANAcybl OHBIH TaOWFU JKarJaiIapbIHbIH €peKIIeNiriH
AMKBIHIAWTBIH TeorpadusuiblK (dakTopiapasiH Oipi 6onbin Tadbuiagel (Borovskiy et al., 1960;
Vorozhtsov, 2008; Nurgizarinov, 2006; Zhailybai, 2006).

Apan eHIpiHIH apuATI KIMMAaT >XarJalblHAa TaOWFH KaybIMIACTHIKTAp KOpIIAaraH opTa
(dakTopiapbiHa ce3iMTal, COHJBIKTaH Ja Kypamjaac OeKTepi apachlHAaFbl KaJbIMTacKaH
OaiimaHpicTap JKEHT Oy3pUIaAbl. FambIMaapAblH COHFBI JKApThl Fachlp IMIIHAE JKYpri3reH
3eprreynepine cyieHcek, Coipiapusi ©3eH1 aFbIHBIHBIH KBICKAPYBI, Cy MOJIIIEPIHIH a3arobl 00JIBIC
TOHIpETiH/er TaOUFU KOFaMJACTBIKTap/a KeJeM[i e3repicTepaiH XypyiHiH cebentepi. CoHbIMEH
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Karap, TY3JaHy MPOILECCTePAl 3epTTeyiepre apHallFaH HOTIKelepre coiikec, Opranblk A3us MEH
KazakcTanHbIH OHTYCTIK O6JIiTiHIH TOMBIPAK )KaMBUIFBICBIHBIH, OaCTAaIIKbI )KOHE KaiiTagama Ty31aHybl
KIIMMATTBIK JKOHE aHTPOIOTEH/IIK (haKTOpJIApIbIH OipJIECKeH BIKIAIBI dcepiHeH Kaubimnracansl. Cy
peCypCTaphl TAMIIBUIBIFBIHBIH KbUIIAaH KbUIFA YIFAIOBI, KITUMATTHIK, SKOJIOTHSUIBIK YKaFJaiiapaarsl
@3repicTep JKOHE WPPUTALUSIIBIK-IAPCHAXKIBIK JKYHelep »YMBICBIHBIH JKETKLTIKCI3 JeHrewe
aTKapbUIybl aTajlFaH YIepicTepliH Kyumiewine ocepin turizeni (Amirov et al., 2025).
AybUTmapyanibIbIK — CallaChIHAAFbl  CyapMajibl  CTIHIIUIIKTIH TYpPakThl OOJybl  OipiHINIICH
naigananyra Jkapamiibl opi €riH I[apyallbUIBIFBIHBIHBIH —TaJallTapblHA COMKEC KEeJNeTiH Cy
pecypcTapbIHbIH KQKETTI JeHrei e 00mybiHa OaiyiaHbICThI. bipHele Kbuiaap apaibiFbIHIA Caralibl
Cy KOPBIHBIH CAJBICTRIPMATBI TYpJAE MOJI 9pi KOJDKETIMAI OOdybl, Cy camachlHa KAaThICTHI
MaceJIeNIep/IiH Y3aK yaKbIT OOMbI KaXKETTI JIeHIelIe KapacThIpblaMaybiHa ceoen 6omran (Ayers et al.,
1985).

Tonbipak BUIFAJIBIFBIH TOIBIPAK MacCaChIHAAFbl OIPKENKI TapajaMmaraH ariaiia, TOIbIpaK
KAMBUIFBICBIHBIH ~ MOP(O-OMOJNIOTHSIIBIK ~ KacHUeTTepiH  Oaramayna  JAMAJIEKTPIIK — OTIMILTIK
KOPCETKIIITepiHEe Ha3ap aynapy Kepek. BipHemie meTenmik raapIMaap 3epTTEyJepiHIe TOIBIPAK
BUTFAJIJIBIFBIHBIH TYPJI1 KaFJadbIHIAFbl TUAICKTPIIIK KAaCUETTEPIHIH 63repy epeKIIeliKTepiHe Ha3ap
aynapbutran (Kargas et al., 2008).

TonbIpak >KaMBUIFBICBIHBIH TY3/1aHYbl aybUl IIApPYaIlbUIBIFBl ©HIIPICIHIH THIMII JamMybIHA
KOHE KaybIMIACTHIKTAp/IbIH TYPAaKThUIBIFbIHA KAyill TOHAIPETIH JAerpaJalisulbK yaepicTepaiy Oipi
Oonpin caHananel. OCBl TOHIPEKTE KIMMATTBIK JKarJaiapJblH ©3repyl MEH JKep pecypcTapbiH
THIMCI3 Oackapy aTaJMbIII MOCETCHIH MaHbI3IbUIBIFBIH MaHbI3/Ibl €KeHIH aHbIKTa OThIp (Shirokova
etal., 2021; Zhang et al., 2018).

Cyapmaiibl JKoHE TY3/IaHyFa YIIbIpaFaH aliMakTap TONBIPAK YKaMBUIFBICBIHBIH OHMOJIOTHSUIBIK
OeJICeHIUIITH caKTay MaKCaThIHIA aybll MAPYallbUIbIFbl aJKAITAPBIHBIH OHIMAUIITIH KaMTaMachI3
eTeTiH Iapajiapra Hazap aylapy KaKeTTUIrl TyblHIayna. TombIpak »KaMbUIFBICBIHIA JKYPETiH
OHMOJIOTHSUTBIK YICPICTEp ayblT MapyallbUTBIFBI TaKbIIAPBIHBIH TYPAKTHI JaMYbIHA KOJAMIIBI 9cepiH
TUTI3IN KaHa KoWMal, onaplblH OHOTHUKAIBIK MXKOHE aOMOTHKaJbIK CcTpecc (akToprapbiHa
TO3IMIUTITIHIH KalbInTacyblHa fAa biknain eresi (Seidakhmetov, 2019).

2. MaTtepuanaap MeH dicTep

TonbIpak >kaMbUIFBICBIHBIH KOPILIAFaH OpTaMeH Tikenel OaiiiaHbICKa TYCETIH Heri3ri 0eiri o
O0erki Kabarbl. beTki kabar apKbLIbl TOMBIpAaK IEeH aTMocdepa apachlHa MHUHEPAIIBIK JKOHE
SHEPIUSHBIH Y3/IKCi3 aaMacysl sxypei. JKaimsl anFania TONbIpakK KaMbUIFBICBIHBIH O€TKi KaObaThIH
KapacThIpCcak, OJ TYPJi MOPGOJOTHSIIBIK CUIAThl M. TEriC HEMECE OWJIBI-KBIPJIBI, TYWIPIIIKTI HE
KaOBIPILIAKTHI, KapbIKIIaKTaHFaH, OOPIbUIIAK HEMece THIFbI3, KOJIeHEH He OHIC Typie Ke3aecel.
CoHbIMEH KaTap TOIbIpaK 0eTi ©CIMIIK )KaMbIIFBICBIMEH KOMKEPLTyl, Kapalipik KaOaThIHbIH KaJlblH
Oomysl MYMKiH. KenTipuireH epekiienikTep paaualMsiIblK >KOHE TeMIepaTypajblK —ajaMmacy
KAapKBIH/IBUTBIFBIHA, TOIBIPAK KYPAMBIHIAFBI Cy MEH MHHEPAIIbl KOCBUIBICTAPABIH KO3FaJIbICHIHA
KOHE ra3apabH U Qy3usuIbIK anMacybiHa Tikenei acepin turizeni (Hillel, 2004).

3epTTey OapbICBIHIA €peKIle Ha3ap TONBIPAKTBIH CYJIbI CHIFBIHBICBIHIAFBl KEKEIIEreH
aHMOH/AP/BIH ©3apa KaThlHACBIHA €peKIle Has3ap ayaapbulAbl. TOMBIPAKTBIH MEIHOPATHUBTIK
KaFIalblH 3epTTeY JKYMBICTAphl «AYBIT MIapyalIbUIBIFBI  AIKANTAPBIHBIH ~ TOIBIPAKTaphIHA
arpOXMMHUSIIBIK 3€PTTEY JKYPri3y KOHIHAET1 9/IiICTEMENIK HyCKayJIbIKTa» OeNrijieHreH Tajanrtap MeH
aicTeMenik Taciaepre caiikec xkypriziami (Panova, 2017; Zaidelman et al., 2002).

ANIBIMBI3Fa  KOWFaH MakcaT-MiHACTTEPIMI3IIH MaHbI3ABl OaFeITTapablH  Oipi OG0B
3epPTTENreH TOMBIPAK >KaMBUIFBICH alfMaKTapBIHBIH KapTOTpagusUIBIK cUIaTTaMachiH xkacay. Ocbl
TOHIPEKTE TOIBIPAKTHIH TY3JaHYy JCHIeil MEH OHBIH KEHICTIKTIK TapajyblH aHbIKTAy OapbICBHIH/A
CIYTHHUKTIK JE€PEKTep Il Nmaigaany MaHbI36I 00BN Kenel. KambikTtan 30HATay MaTepHallIapbiH
KapTorpagusiay oAicTepiMeH YIITACThIPY apKbUIbl TY3JaHFaH aiMaKTapblH XUMUSUIIBIK KYpaMbIH
aHBIKTAy MCH OJIApJIbIH Tapally epeKIelikrepin Oaramayra mymkingik oepeai (Mukhamedjanov et
al., 2015).
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Conrsl kpu1Iapel KazakcTaHHbIH OHTYCTIK aiimarbl, ChIpJapusi ©3¢Hi ankaOblHA KaTaThIH
cyapMaliibl JKepJiepie TOTbIPakK KaMbUIFBICHIHBIF JKOFaphl JCHICHIC TY3IaHybl CalgapblHAH aybLI
I[IapyalIbUIbIFBIHA KapaMChI3 aiiMaKkTap KejieMi yirraroaa. byt ypic skep pecypcTapblHbIH carnachiHa
’KOHE TIHIILIIK MYMKIHAIKTEepiHe 3USHIBI 9CEPIH TUTI3IM XKOHE /I 9JICYMETTIK, SKOHOMHKAIIBIK KOHE
HKOJIOTHSUIBIK, MACENIeIepAiH Kypaenene Tycyine biknanbia turizeni (Aliev, 2016).

3. Hotmkesiep

3eprTeyne KoWbUFaH MiHAETTepimisre colikec, Keibimopaa oOmbicel JKamaram aymaHbl
aliMarbIH/Arbl TONBIPAK KaMBUTFBICHIHBIH TY3/1aHY €peKIICTIKTEePiH 3epTTeY KYMBICTAPHI )KYPri3iiai.
CoHbBIMEH KaTap Ty3/1aHy MPOLECIH TYFbI3aThIH HETi3r1 (pakTopiap MeH Ty3JaHy ACHICHiH aHBIKTAY
MaKCaThIH/Ia JaNlAJIBIK 3€PTTey KYMBICTAphl Kyprizingi. Ty3manraH TonbIpaKTapAbIH SKaFJaibIH
Oaranay YII HEri3ri KepceTKim OOWBIHIIA KY3ere achIPbUIAbL: TY3IAaHYIbIH XUMUSUIIBIK THI, OHBIH
J9pexKeci KeHe Ty31ap )KUHAKTAIFaH Ka0aTThIH (TOPH30HTTHIH) OpHAIACY TEPEHIITI.

Ty3manraH TONMBIPAKTHIH XMMHUSIIBIK CHITATTay OapBICBIHA OHBIH KYPaMbIHAAFBl aHHOHIAp MEH
KaTUOHJAp/blH apaKaThlHACHl HETi3re aJIbIH/bl. 3epTTey aliMarbIHAAFbl TOIBIPAK KAMbBUIFBICHIHBIH
TY3/1aHy JOPEKECiH aHBIKTAy KE31H/I€ OHBIH XUMHUSIIBIK TY3/1aHy THIIl €CKEpLIil, KypaMbIHAAFbI YIIbI
TY3Iap/bIH MeJiepi Herisri Oaramay KepceTkimn periHme mnaigamansuiasl (Borovskiy, 1978).
Tysnany neHreisiepi MeH oylapIbpl aXbIpaTyFa apHaJIFaH THICTI KepceTkimTep 1 koHe 2 Kectene
OepiareH.

Kecre 2. Kp3puiopaa o6meich! XKanarali ayiaHbIHAAFb TYPIIL Jopexkeie TY31aHFaH TOMbIPAKTap IbIH
Tapantybl

Ne TonbIipakTapablH TY31aHY Adpeskeci OoiibIHIIA AyMak aynaHbl
CHNATTAMACHI

ra %

Kanaram aynansl

1 | Onci3 ty3nanraH 4,70 4,86

2 | Opramma Ty3aanfan 60,00 62,05

3 | Karte! Ty3nanran 32,00 33,09
bapneiret 96, 70 100

3epTTey OapbIChIHAA allbIHFaH HOTHXKEJepAl Naiiianana oTeIpsln, JXKanaramn ayjaHbl TONBIPAK
KAMBUIFBICBIHBIH ~ JIETpaJallusIaHy KoHE Ty3JaHy JA9peXeci, XHUMHSUIBIK Kypambl, TY37bl
TOPU30HTTHIH OpHAJIACy TEPEHIIT1 XKOHE TY3/1aHy THIITEPl aHBIKTAIIBI (CypeT-1).
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Kecre 1. Ke3putopna o6mbick! JXKanarain ayganbl TOIBIPAK )KaMBUIFBICBIHBIH TY3/IaHY TOpPEKeEC

Tonsipa | Tepenna | Bearine Karuonnap AHHMOHJAP 105%Ta TonbipakT Tonbipakr Tonbipakr
K iri, m HYI Temmepa BbIH apabIH apabIH
cbIHAMAa Typa TY31aHy TY31aHy aTaybl
JIapbIH JOAFbI adpexeci THII
ipikTey KYpFaK
OPHBI KAJABIK,
Caz Mg?* AiisipMa HCOs Cl- SO
OoHBbIHIIA
Na* + K*
1 0,5 % 0,025 0,060 0,236 0,019 0,021 0,052 1,052 Oici3 ty3nanran | CynbGhaTThl TaxabIK KYyM
1,0 % 0,030 0,058 0,242 0,029 0,028 0,118
2 0,5 % 0,086 0,152 0,499 0,086 0,021 1,307 2,143 Oprama CynbsgaTTe MaHIpIK KyM
TY3/1aHFaH
1,0 % 0,92 0,169 0,510 0,102 0,055 1,293
3 0,5 % 0,105 0,198 0,697 0,101 0,112 1,877 3,166 Kartot CynbsgaTTh aHIeIK KyM
TY3/1aHFaH
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Ke13bu10paa oonbickl XKanarai ay1aHbl
TOMbIPAKTAPBIHBIH TY3aHY KapTachl
Macnrra6 1:100 000

Kanaram

'0A8

By a§651?1/62?§f

[laprre! Oenruzep
B oS 36pTT€.’IrEH y‘IﬂCI\'CHiH HIeKapachl
®  ChiHbIMa aly HYKTeci
1.5 | CplHama aly HYKTeJIepiH/eri KOHIEHTPALHs MOHAep]
OJIC13 TY3/1aHFaH
Opraia Ty31aHFad
i Karrel Ty31anran

Cyper 1. Kp13puiopaa oGubich! XKanarai ayJJaHbIHBIH TOIBIPAK TY3AaHY KapTachl

3epTTey HOTIKeNepl OOMBIHIIA KapacThIpbUIFAH ayMakKTaFbl TOIBIPAK KAMBUIFBICBIHBIH
OapibIFbl aNFAIIKbl TY3/1bl TOPU3OHTTHIH OpHAJaCy TEPEHMIr TYPFBICBIHAH Oenruii Oip aspexene
JerpajalysiaHFaH TONBIPAKTap KaTapblHA KaTKbI3bULABL. OcChbl KepceTkill OoWBbIHIIA 3epTTey
ayMarblHJIa JIETPaJIallUsUIBIK ©3repicTepre YIIbpaMaraH KaJbIIThl TOMBIPAKTAp AHBIKTAJIFAH YKOK.
Ericrik xepnepin 33,09 %-bIH jx0Fapbl 1opexee AerpaalusiianFad TONbIpaKTap ajblll kKaTca, eH
KOFapHI YJIeC OpTallia JerpaialisuiaHFaH TOIbIpaKTapFa THECi 00bI, oiapabH Memmepi 62,05%-
Ibl KypaJbl. OJIci3 Aerpafanus J1opexeci aHbIKTallFaH TOMbIpAaKTaplblH yieci HeO6api 4,86 % TeH
0O0JIIBI.

4. Tanpay

XKyprizuiren 3epTrrey HOTHXKeNEpi ETriCTIK ajJKanTapblHbIH OipiiaMa OemiriHjae Ty3AaHy
MIPOLIECIHIH TOMBIPAK KaMbUIFBICBIHBIH O€TKI TOPU30HTTapbIHAH OacTanaThIHbIH KepceTel. OCbIHBIH
caJiIapblHaH eTiCTIK alKanTap/IblH O€TKi KabaT KypaMbIH/Ia )KEeH1J €pUTIH YIIbI TY3/1ap TYPAKThl TYpAe
Ke3neceTinairi Oenrutenni. byHnnai sxkarmail TObIpaK KaMBUIFBICHIHBIH KalTanama TY3J1aHYbIHBIH
alKbIH KepiHici O0bIN TaObLIaIbl ’KOHE OHBIH KYHAPJIBUIBIK KACHETTEPiHIH HaIlapiiayblHa, COHBIMEH
KaTap aybll MIapyalIbUIbIFbl JAKbUIIAPBIHBIH OHIMIUTITIHIH TOMEH/ICYiHE BIKIA €TE/Il.

3epTrenreH aiWMarblHJA TOMBIPAK >KAaMBUIFBICBIHBIH KapallipiHAIMEH KaMTamachl3 eTily
JeHreil e TOMEH KepceTkimrepre ue Ooyiapl. AWMaKTarbl TONBIPAKTap KYpaMbIHIAFbl T'yMYC
MeJiepi OOHBIHIIA «OTE€ TOMEH» J>KOHE «TOMEH» CaHATTapblHAa >KaTKbI3bUIBIN, OPTaHUKAIbIK
3aTTapMeH JKETKUIIKCI3 KaMTaMachl3 €TUINeH1 aHbIKTaiabl. OCblFaH Opail 3epTTeireH aiMaKTarbl
TOTBIPAK KAMBUIFBICBIHBIH OPTaHUKAIBIK THIHAMTKBIIITAPFa TOYENli €KeH1 aHBIKTAbI.

AHMOHBIK )KOHE KaTHOHJBIK KYpaMIaFbl KaJbIIU MEH KaJMHIiH KBUDKBIMAIBI (hopMamapsl
OOlBIHIIA TOMBIPAKTHIH KaMTaMmachl3 eTLTy neHreii Oipkenki OommMaznpl. COHIBIKTaH TOMBIPAK
KAMBUIFBICBIHBIH MMHEPAJIbIK OalaHCBIH CaKTay/Ja, ocipece ThIHAUTKBIITAp/Abl KOJIJaHy Ke3lHze
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Oipmeli Memmiepi OYKIT ayMakKa €HTI3y KaKeT emec. TOIBIPaKThIH KOPEKTIK AJIEMEHTTEPMEH
KaMTaMachI3 €TUTy JKacalFaH KapTorpaMMaiapbiHa COWKEC kKacally KaKeTTLIIT alKbIHIAIIbL.

3epTTey HOTHKENEPi TOMBIPAKTHIH TY3/IaHy THITI MEH JOPEXKECIHIH KAJIbINTACYbIHA KITMMATTHIK
KOHE AaHTPOMOTeHIIK (haKTOpNApAbIH ©3apa bIKNAIbl ocep eTeTiHiH KepcerTi. Kp3puiopna
OOJIBICBIHBIH, apUITI KJIMMAaThl, JKaybIH-IIANIBIH MOJIIICPIHIH a3/bIFbl, OYyJIaHYIbIH KOFAphl OOJYBI
KOHE KYpFaK KE3CeHHIH Y3aKKa CO3BUIYBl TOIBIPAK EpITIHAICIHAET] TY3AapIblH LIOFBIPIaHybIHA
KOJIAMJIBI JKaFail KaJbITacThipaabl. MUHEpaiaHFaH ep acThl CYJapbIHBIH KaIMUISPIIBIK
KOTEpiTyl TONBIPAKTHIH KOFAPFbl KabaTTapblHaa TY31ap/IblH KaiTa KUHATYBIH KYIIeHTeal. 3epTTey
ayMarblHIA CyJIb(aTThl TY3JaHYIbIH OachiM OOJYbl OHIPAIH T'€OJOTHSIIBIK-TCOXUMUSIIBIK
epeKIIeNIKTEPIMEH, Cyapy CyJapblHBIH MHHEpPAIJaHybIMEH JKOHE OylaHy  YyHIepiciHiH
KAapKBIHJBUIBIFBIMEH OaiylaHpICThl  0onybl MyMKiH. COHBIMEH KaTap cyapy HOpMalapblHbIH
CaKTaJIMaybl, OPEHAX >KYHeJepiHiH KETKUIIKCI3 JKYMBIC iCTeyl KOHE MUHEpalJaHFaH CyJIapAblH
ericTIK alKanTapFa Tycyl KalTajgama Ty3JaHy[bl KYHIEHTETiH HEri3ri aHTPONOreHIIK (axTopiap
OO0JIBITT TAOBLTATBI.

Apal TeHi31HIH TapThUIybIHAH KEHiH KalbINTacKaH KypFaraH TEHi3 TaOaHbIHAH KOTEPLIETiH
TY31bl IIaH O6JIIeKTepi Je 3epTTENiN OTBHIPFAaH ayMaKTHIH TOIBIPAK XAMBUIFBICBIHA 9CEp €Tyl
MyMKiH. [ednsauus yaepici Ke3iHe Kell apKbUIbl TapaaFaH MUHEPaJIbl OOJIIICKTEp TONbIPAK OeTiHe
IIOT1I1, OHBIH TY3/bIK KYPaMBIHBIH ©3repyiHe bIKmai eTe/i. CyapMalibl eriHIIUTIK )KaFIaibIHIA TY3/IbI
IIaHHBIH TYCYl Cyapy jkoHe OynaHy yAepicTepiMeH KaTap >Kypill, TOBIPAKTHIH OeTKi KabaTTapbIHaa
TY3ap/bIH JKUHAKTATYbIH KYHeWTyi MyMKiH. COHIBIKTaH Apan TeHi3iHiH KypraraH Ta0aHbIHAH
TapalThIH TY3/bI 1IAH 3€pTTEy ayMarbIHAaFbl TY3AaHYABIH HETi3T1 cebentepiHiy Oipi emec, cyapy-
MEJIMOPALMSIIBIK YEPICTEPMEH KaTap dcep €TETiH KOChIMIIA TAOUFU-aHTPOIIOTEHTIK (haKTOp peTiHae
KapacThIPbLIAIbL.

5. KopbITBIHABI

3eprrey HoTmkenepi JKanmaramr aynaHbl cyapMaibl aIKaOBIHIAFBl TOIBIPAK KAMBUIFBICHIHBIH
JerpajalliichlHa ocep €TeTiH Heri3ri (akropiap Ty3daHy, AeryMuuUKanus, sSFHU KapallipiHii
KOPBIHBIH a3al0bl, COHJA-aK TONBIPAKTaFbl HET13T1 KOPEKTIK JEMEHTTEP/IIH KEM €KEeHIH KEepCETTI.
3epTTenreH ayMmakra opralla Ty3JaHFaH TONBIPAKTap OachblM €KEeH1 aHBIKTANJbl. TOMBIPAKTHIH
XMMUATIBIK KYpaMbIH cHTarTayna xaopua uosmapsiabie (Cl), cymbhar armonmapsmsm (SO42),
Kanpuuii katnonnapsi(Ca’") mMen marmmii monmapsinbi (Mg?') memmepi Herisri kepceTkimrtep
peTiH/Ie aHBIKTAJIbI.

Tonbipak Ty3i1y yAepiCiHIH cunaThl Kepi MaiganaHy TICUTIHE ’KOHE OHBIH KYHapJbUIbIFbIH
caKTayra opi apTThIpyFa OaFbITTaJFaH IMapajapiblH KapKbIHABUIBIFBIHA Toyeai. OckiFan
OaliTaHBICTBI  TONBIPAK  JKAMBUIFBICBIHBIH ~ ©3Tepyl  opTypsii  OarbITTa  KYpyl MYMKIH.
AybUTIIapyalibUIGIFEl  OaFBITBIHA TOTBIPAK KAMBUIFBICBIH THIMJI TalJalaHyAa TOIBIPAKTHIH
XUMUSJIBIK JKaFJaibl CakTallblll, KaXeTTi JeHreiife KyHapJbUIbIFbl skorapbuiaiinbel. KepiciHiue,
KOJIAHCBI3 KJIIMMATTHIK JKafjaiilap MEeH THIMCI3 TaiiiaiaHy, aHTPOTIOTCHIIK JXYKTeME TOIbIpaK
JeTpajalluAChIH apTTHIPBII, KYHAPJIBUIBIK KACUETTEPIHIH TOMEH/ICYiHE allbI KeJei.

3epTTey HBICAaHAAPHI TOMBIPAK TY3LTy YAEpiCTepi MOl aiMaKkKa TOH IIYFbUT KOHTHHEHTTIK
KJIMMAT JKafIailbIHa OpHANTacKaH. AymMakTa aTMoc(hepasbIK KayblH-IIAIIBIH Meuiepi sxbuibiHa 100
MM-JIeH acmaiasl, an Oymany kepcerkimi 1500-1700 mMm-re neifin skeremi. byran Koca, ka3
allapbIHIAFbl JKOFApbl JKOHE KbIC KE3€HIHJETl TOMEH TeMIIepaTypalblK PEeKUM, COHBIMEH Karap
TOYJIKTIK TeMIepaTypaliblK PEKUMHIH alTapiblKTail aybITKybl TONBIpAK TY3ULy >KarnailblHa dcep
eTel.

ApUATTI KIMMATTBIK JKarjaifia bUIFaJl TONBIpAK TY3UIyiHIH OaFbIThIH JKOHE aybLI
[IapyanIbUTBIFbl OHAIPICIHIH OHIMIUTITIH aHBIKTAUTRIH 0acThI (hakTOpIapaAbIH Oipi OObIN TaObLIAHI.
Ocpsl cebenTi cyapMalibl aIKaNThIH Cy OaTaHCHIH TUIM/II PETTEY €peKIlle MaHbI3ra ne. AyMaKkKka CyablH
[1aMaJaH ThIC Oepiilyl MEIMOPATHBTIK JKaFJaiiIbIH HallapiayblHa, OaTIaKTaHyFa JKoHe KalTaniama
TY3/IaHYABIH KYIICIOIHE OKeTyl MYMKIiH. AJ BUIFQIABIH JKETKUTIKCI3AIT aybll IIapyallblIbIFbI
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JAKbUIIAPBIHBIH TIPIILIITIHE KEepl ecep €Till, OJIapbIH JKOWBUTYbIHA ceOen 00aapl KOHE TOMBIPAK
TY3ULy YAEpICiH MeJeUTTeHy OaFbIThIHA ©3TepTeli.
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Indicators of salinity of the soil cover of the Kyzylorda region

Saltanat Ibadullayeva, Gulnar Ziyayeva, Gulzhas Toktaganova, Klara Azhmoldaeva,
Zhaxybay Tuleubayev

Abstract. The study of the long-term dynamics of soil properties that determine productivity is one
of the most pressing issues in soil science. This problem is particularly acute in arid regions, where
secondary salinization processes are widespread due to irrigation, rising groundwater levels, and the
formation of irrigation-hydromorphic or semi-hydromorphic soils. In the Kyzylorda region, a
significant portion of irrigated land is located in closed depressions, creating favorable conditions for
re-salinization. Inadequate irrigation management leads to changes in soil fertility, reduction of
productive land areas, and the progression of secondary salinization. The deterioration of the
reclamation status of arable lands results in re-salinization and the elevation of saline groundwater
tables. In some instances, secondary salinization is observed due to the influx of drainage water from
rice fields into irrigation canals. Irrational use of water and land resources, coupled with aridization
and desertification, intensifies salinization processes in soils and groundwater. Grey-brown soils and
various types of solonchaks are widely distributed on plateaus, in depressions, and along coastal
areas. Due to the continuous decline of the Aral Sea level, the area of saline lands is steadily
increasing. It is noteworthy that mapping of saline soils in rice-growing regions has not been
previously conducted. This necessitates a comprehensive inventory of current saline land areas and
their distribution dynamics. The article presents evaluation data for saline soils in the Kyzylorda
region based on several indicators, including the type of salinization and the depth of the salt horizon.
Chemical analysis of sulfate anions, calcium cations, and magnesium ions was performed, alongside
the determination of the percentage of sodium and potassium ions.

Keywords: soil; salinity; ecosystem; chloride; ions; sulfate; anion; cation.

Ioka3aTesin 3aC0JIEHHOCTH MOYBEHHOT0 NOKPOBAa KbI3bLIIOpAMHCKOM 001aCTH

Canranar UbanyanaeBa, I'yanap 3museBa, I'yabxkac Toxraranoa, Kiuapa Axkxmospnaesa,
Kaxkcoi0aii Tyneyoaes

AnHoTanus. [Ipobnema M3ydeHHs] MHOTOJIETHEH IWHAMUKHA CBOMCTB IOYB, ONpPEIEISIIOMIMX HX
MPOAYKTUBHOCTb, SIBISETCS OJHOW M3 HauOoJjiee akTyalbHbIX B MOYBOBeAeHUU. OcoO0yI0 OCTPOTY
JAHHBIM BOMpOC NpUOOpeTaeT B apHJIHBIX 30HAX, IJ€ MIMPOKO pacIpOCTPaHEHbl MPOLECCHI
BTOPUYHOTO 3aCOJICHUs, OOYCIOBJICHHBIE OpPOIICHHWEM, IOJbEMOM YPOBHS TPYHTOBBIX BOJ U
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(GbOopMUPOBaHHEM  UPPUTALUOHHO-THAPOMOPPHBIX  WIM  MOJYyrUApoMOopdHBIX  mouB. B
KbI3p110pAMHCKOM 0071aCTH 3HAYUTENbHAS YacTh OPOILIAEMBIX 3€MeNb PACIONOKeHa B 3aMKHYTBIX
MOHIKEHUAX, YTO CO3JaeT OJIaronpusiTHbIe YCJIOBHSI Ui IOBTOPHOIO HAKOIUIEHHUS COJEH.
Hapymenne HopM monmBa BeAeT K TpaHC(HOpPMALMK TOYBEHHOTO IIOAOPOAMS, COKPAIICHUIO
IUIOIAAM  NPOAYKTHUBHBIX 3€MENIb W  Pa3BUTUIO BTOPUYHOIO  3aCOJEHUS. Y XYALICHUE
MEJIMOPAaTUBHOIO COCTOSIHMSI NAXOTHBIX YrOAMW NPUBOAUT K PECAIMHU3ALMU U IOIBEMY
MUHEPATU30BaHHBIX TPYHTOBBIX BOA. B psge ciiyuaeB BTOpUYHOE 3acojieHHE HaOIIoAaeTcs
BCJIEJCTBHE (HIBTPAUN JPEHAKHBIX BOJA C PHUCOBBIX INOJEH B HPPUTALMOHHBIC KaHAJBI.
HepanmonanbHoe HCHONB30BaHWE BOAHBIX M 3E€MENBHBIX PECYPCOB, a TAKXKE apuau3alus U
OIyCTHIHWBAHUE TEPPUTOPUN YCHIIMBAIOT IPOLIECCH COJIEOOpPAa30BaHUS B MOYBAX M IOJ3EMHBIX
Bojax. Ha mmarooOpa3HbIX ywacTKax, B JeNpeccusx penbeda u Ha MOOEpexbsIX IHUPOKO
pacrpocTpaHeHbl CEPO-Oyphie MOYBBI U PA3JIMYHbIE THUIIBI COJOHYAKOB. B CBsI3M ¢ HENmpepbIBHBIM
MaJeHueM YPOBHSI ApalibCKOr0 MOps IUIOHIAIM COJIOHYAKOB CTAaOMIBLHO yBelanuuBaroTcs. Cremayer
OTMETHTB, YTO paHee B pailoHaX BO3JENBIBAHUS prca PabOTHI MO KapTorpadupoOBaHUIO 3aCOJICHHBIX
MOYB HE MPOBOAUIUCH. IJTO OOYCIOBIMBAET HEOOXOAMMOCTh KOMIUIEKCHOW HWHBEHTApU3allUU
COBPEMEHHBIX IUIOLIa/Ied 3acOJEHHBIX 3€Melb M JMHAMUKM MX pacrnpocTpaHeHus. B craTbe
MIpeJICTaBJICHBI JaHHBIE OIEHKU 3aCOJICHHBIX T0YB KbI3bLIIOpAMHCKON 00JIaCTH O PsiAy TOKa3aTeNeu,
BKJIIOYAsl TUII 3aCOJIEHUS U TTTyOUHY 3aJleraHus COJIeBOro ropusonTa. [IpoBeieH XuMu4yeckuil aHaiaus
coliep>kaHusi Cynb(haT-aHHOHOB, KAaTHOHOB KaJbIMs, HMOHOB MarHusi, a TakKXKe OIpeaencHa
IIPOLIEHTHAs J10JIs1 HIOHOB HATPHsI U KaJusl.

KiroueBble cjioBa: 1M0YBa; 3aCOJCHHOCTD; SKOCHCTEMA; XJIOPU/; HOHBI; CYJIb(aT; aHMOH; KaTHOH.

95



IRSTI 39.01.77
Atrticle

Assessment of water quality and anthropogenic impacts on surface and
groundwater in the Zhambyl region using GIS-technology

Marzhan Kalmakhanova'*, Yerbol Reimbayev!, Zhanbike Karimbayeva', Anar Baytelieval,
Zhanerke Tursynbek!, Aimen Usipova?, Zhaina Baimuratova?, Helder Gomes?

Citation: Kalmakhanova, M.,
Reimbayev, Y., Karimbayeva,
Zh., Baytelieva, A., Tursynbek,
Zh., Usipova, A., Baimuratova,
Zh., Gomes, H. (2026).
Assessment of water quality
and anthropogenic impacts on
surface and groundwater in the
Zhambyl region using GIS-
technology. Journal of Ecology
and Sustainability, 156(3), 96-
112.

https://doi.org/10.32523/vvhlg
z72

Academic Editor:
A. Zandybay

Received: 30.06.2026
Revised: 10.09.2026

Accepted: 20.09.2026
Published: 30.09.2026

Copyright: © 2026 by the
authors. Submitted for possible
open access publication under
the terms and conditions of the
Creative Commons Attribution
(CC BY NC) license
(https://creativecommons.org/I

icenses/by-nc/4.0/)

IM.Kh. Dulaty Taraz University, Taraz, Kazakhstan;
marjanseitovna25@gmail.com, erbolreimbaev0l@gmail.com,
karimbaevazhanbike2004@gmail.com, am.bajtelieva@dulaty.kz,
zhanerket142@gmail.com, usipovaajmen@gmail.com

2M. Auezov South Kazakhstan University, Shymkent, Kazakhstan;
zhaina.baimuratova@mail.ru

3Polytechnic Institute of Braganca, CIMO, LA SusTec, Braganca,
Portugal; htgomes@ipb.pt

*Correspondence: marjanseitovna25@gmail.com

Abstract. An integrated hydrochemical and geospatial assessment was
performed to assess the water quality of wastewater accumulation basins
and adjacent aquatic systems in the Zhambyl region (southern
Kazakhstan) under conditions of increasing anthropogenic impact.
Monitoring was carried out at eight sampling points (P1-P8) during three
seasonal campaigns (September 2025, November 2025, and January
2026). The measured parameters included pH, oxidation-reduction
potential (ORP), dissolved oxygen (DO), salinity, total dissolved solids
(TDS), electrical conductivity (EC), and chemical oxygen demand
(COD).

The results demonstrate pronounced spatial variability in hydrochemical
conditions. The highest levels of contamination were recorded at the
wastewater treatment facility (P1) and in the upstream accumulation
basins (P2-P3), where elevated COD values (up to 126.4 mg/L) and
critically low DO concentrations (as low as 0.63 mg/L) were observed. In
contrast, the peripheral sites (P7-P8) exhibited comparatively stable and
less impacted conditions.

Seasonal analysis revealed a clear increase in organic pollution and
oxygen depletion during the winter period, likely associated with reduced
dilution capacity and temperature-dependent biochemical processes. The
findings indicate that insufficiently treated wastewater represents the
primary driver of hydrochemical deterioration in the studied area. These
results underscore the necessity for improved wastewater treatment
strategies and the implementation of continuous monitoring frameworks.
The application of GIS-based modeling further demonstrated its
effectiveness as a tool for spatial analysis, environmental assessment, and
informed decision-making in sustainable water resource management.

Keywords: hydrochemical analysis; Geographic Information System
(GIS); spatial-temporal analysis; wastewater accumulation basins;
anthropogenic impact.
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1. Introduction
1.1. Water resources and anthropogenic impact in the Zhambyl region

Water resources of the Zhambyl region constitute a strategic component of environmental
sustainability and regional socio-economic development. Increasing urbanization and population
growth, particularly in Taraz, have led to rising water consumption and wastewater generation,
placing increasing stress on both surface and groundwater systems.

Wastewater management in the region remains insufficient. Existing reports indicate systemic
challenges in wastewater treatment and disposal, including limited treatment capacity and the
accumulation of untreated effluents in storage facilities (Egemen Qazagstan, 2018). According to
recent regional assessments, the ecological condition of the Zhambyl region continues to deteriorate
under increasing anthropogenic pressure on water resources (ZhambylNews, 2025). According to
available data, only about 30 % of wastewater undergoes treatment prior to discharge, while the
remaining volumes are either accumulated or released into the environment (Inbusiness.kz, 2023).

A significant portion of untreated wastewater is stored in accumulation basins located near the
Asa and Kostobe settlements, where long-term infiltration into soils and aquifers leads to gradual
changes in groundwater chemistry and affects the stability of adjacent river systems (Egemen
Qazagstan, 2018). The expansion of wastewater storage infrastructure over time reflects increasing
discharge volumes, while the lack of full-cycle biological and chemical treatment further contributes
to environmental degradation (Egemen Qazagstan, 2018).

Anthropogenic load is further shaped by a combination of agricultural, municipal, and industrial
activities. Agricultural return flows from irrigated lands within the Talas and Shu river basins
introduce residual fertilizers, pesticides, and dissolved salts into hydrological systems, increasing
nutrient loading and mineralization levels (Bekseitova, 2016). Comparable pressures have been
documented at the national scale, where irrigation efficiency, return-flow management, and the
modernization of water-distribution infrastructure remain among the principal constraints on the
sustainable use of agricultural water resources in Kazakhstan (Amalbekova et al., 2026). Municipal
wastewater contributes organic matter to receiving water bodies, further altering their hydrochemical
composition (Unified Environmental Internet Resource of Kazakhstan, 2024).

Industrial activities represent another significant source of contamination. The Zhambyl region
is characterized by phosphorus-processing and chemical enterprises, including "Kazphosphate” LLP
and the "New Zhambyl Phosphorus™ plant, both of which discharge a range of inorganic pollutants
as part of their production processes (Orda.kz, 2022; Seitqaziev & Mustafayev, 2015). Additional
contamination originates from phosphogypsum waste and industrial sludge infiltrating groundwater.

The cumulative impact of untreated wastewater, industrial discharge, and agricultural runoff
has led to measurable deterioration in the ecological condition of regional rivers, including the Talas,
Shu, and Asa ("Zhambyl Oblysynyn Geoekologiyalyq Zhagdayy," 2022). Elevated concentrations of
nutrients contribute to eutrophication processes, while contamination of aquifers poses a risk to
groundwater resources that serve as primary sources of drinking water. Increased mineralization and
chemical transformation of water resources may pose risks to agricultural productivity and public
health (Ibrayev, 2013; "Zhambyl Oblysynyn Geoekologiyalyq Zhagdayy," 2022).

Despite the substantial body of evidence demonstrating hydrochemical degradation in the
Zhambyl region (Bekseitova, 2016; Egemen Qazagstan, 2018; Ibrayev, 2013; Inbusiness.kz, 2023;
Orda.kz, 2022; Seitgaziev & Mustafayev, 2015; Unified Environmental Internet Resource of
Kazakhstan, 2024; "Zhambyl Oblysynyn Geoekologiyalyq Zhagdayy," 2022; ZhambylNews, 2025),
the spatial distribution of anthropogenic pressures and their interactions with regional hydrological
systems remain insufficiently understood. The complex coexistence of wastewater storage facilities,
river networks, irrigated agricultural areas, and groundwater recharge zones necessitates a
comprehensive spatial analysis to identify areas of heightened vulnerability and to support informed
environmental management strategies.
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Comparable challenges have been documented across other Kazakhstani and Central Asian
river basins, where seasonal hydrological regimes and anthropogenic loading jointly determine water
quality outcomes. Long-term assessments of the Yelek River basin have shown that dissolved oxygen
deficits and elevated suspended and dissolved solids intensify during low-flow periods under
increasing human influence (Mussina et al., 2025). Similarly, studies of the transboundary Ural-
Caspian basin and the Shu River basin have identified wastewater discharge and inadequate treatment
infrastructure as principal determinants of aquifer and surface water degradation, reinforcing the
relevance of integrated hydrochemical-GIS approaches at the regional scale (Amirgaliev et al., 2022;
Tazhiyev et al., 2025).

In this context, the present study aims to provide a detailed hydrochemical characterization of
wastewater accumulation basins in the Zhambyl region through the systematic analysis of key water
quality parameters, including pH, oxidation—reduction potential, dissolved oxygen, salinity, total
dissolved solids, electrical conductivity, and chemical oxygen demand. This analysis is integrated
with Geographic Information System (GIS)-based mapping to enable spatial visualization of
contamination patterns and to establish a robust scientific basis for continuous monitoring and
sustainable management of regional water resources.

1.2. GIS technology in water quality monitoring

Geographic Information Systems (GIS) have become an indispensable tool in contemporary
water quality monitoring due to their capacity to integrate, analyze, and visualize spatially referenced
environmental data beyond the capabilities of traditional point-based sampling methods.
Conventional monitoring approaches are often constrained by spatial and temporal limitations,
whereas GIS enables the synthesis of information from multiple sources, including field
measurements, remotely sensed imagery, and ancillary geographic datasets, within a unified
analytical framework. By combining hydrochemical analysis with spatial data, this integrated
approach allows for a more comprehensive assessment of water quality across spatial and temporal
scales, facilitating the identification of spatial patterns, trends, and anomalies in hydrochemical
parameters that may remain undetected through isolated measurements (Akar et al., 2024).

Beyond simply merging data sources, GIS also acts as a structured information-management
platform, storing and organizing layered datasets - hydrological networks, land use patterns,
population distribution, and similar variables - so that each can be queried alongside the others.
Linking geographic location to these environmental attributes lets researchers examine how spatial
relationships and dependencies shape hydrochemical conditions (Ngamile et al., 2025).

One of the principal advantages of GIS lies in its capacity to transform complex environmental
datasets into thematic maps that support scientific interpretation and environmental decision-making.
By spatially representing hydrochemical indicators such as dissolved oxygen, chemical oxygen
demand, salinity, and conductivity, GIS allows researchers to identify areas of elevated contamination
and evaluate the spatial extent of anthropogenic impacts on water bodies (Ngamile et al., 2025).
Spatial statistical methods extend this capability from visualization to explanation: spatial
autocorrelation analysis and geographical detector models applied to chemical oxygen demand
emissions have revealed pronounced clustering of discharge loads and quantified the contribution of
individual socio-economic and land use drivers to their distribution, demonstrating the value of
spatially explicit approaches for pollution source attribution (Zhu et al., 2024). Furthermore, GIS
enables multi-temporal analysis through the comparison of datasets collected during different
monitoring periods, thereby facilitating the identification of seasonal variations and long-term trends
in water quality parameters (Akar et al., 2024).

The analytical capabilities of GIS extend to spatial modeling and interpolation techniques, such
as inverse distance weighting and kriging, which enable the generation of continuous water quality
surfaces from discrete sampling points and support prediction in areas with limited data (Akar et al.,
2024).
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GIS-based hydrogeological modeling has also proven effective for characterizing
transboundary aquifers and groundwater-surface water interactions in arid and semi-arid basins,
providing a methodological basis for identifying vulnerable recharge zones near wastewater
accumulation sites (Tazhiyev et al., 2025). Complementing spatial analysis, machine learning-
assisted GIS frameworks have recently been applied to optimize pollution source apportionment and
reactive media selection in water treatment design, illustrating the growing convergence between
spatial analytics and remediation engineering (Kwak et al., 2024). Accurate characterization of the
hydraulic and reactive properties of barrier media remains essential for such design frameworks,
particularly under variable subsurface conditions (Gray et al., 2024).

The application of GIS in water quality monitoring significantly enhances environmental
assessment by enabling integrated spatial-temporal analysis, supporting data-driven decision-making,
and providing visual outputs that improve the interpretation and communication of research results.
Overall, GIS represents a robust and versatile analytical tool for modern hydrochemical
investigations, providing a solid scientific basis for sustainable water resource management (Akar et
al., 2024; Khan et al., 2023).

1.3. Permeable reactive barriers as a remediation response

The spatial identification of contamination hotspots is closely linked to the selection of
appropriate remediation strategies. Conventional ex-situ approaches, in which contaminated water is
extracted and treated at the surface before discharge or reinjection, remain widely applied but are
frequently constrained by high capital and operational costs, continuous energy demand, and the need
for long-term maintenance of pumping and treatment infrastructure (Chidiac et al., 2024). These
constraints are particularly relevant for dispersed contamination sources such as wastewater
accumulation basins, where the affected volume is large, and the contaminant plume is diffuse.

Permeable reactive barriers (PRBs) offer an alternative passive in-situ technology in which a
reactive medium is emplaced across the flow path of a contaminant plume, allowing groundwater to
pass through under natural hydraulic gradients while contaminants are retained or transformed by
sorption, precipitation, or reductive degradation. Because no pumping is required, PRB systems
substantially reduce operational energy demand relative to pump-and-treat configurations, although
their performance depends on the correct selection of reactive media, barrier geometry, and residence
time (Budania & Dangayach, 2023). Practical implementation has been documented across the full
sequence from laboratory column testing and reactive media screening to field-scale construction,
most extensively in the passive treatment of acid mine drainage, where PRB and layered permeable
barrier configurations have achieved sustained retention of dissolved metals and neutralization of
acidity (Wang et al., 2024).

The applicability of PRB technology extends beyond inorganic contaminants. Recent
experimental work has demonstrated effective removal of the pharmaceutical residues
acetaminophen and diclofenac from wastewater treatment plant effluents using reactive barrier
configurations, indicating the relevance of the approach to municipal discharge scenarios of the type
present in the Zhambyl region (Kalmakhanova, Khabashova, et al., 2026). Comparative reviews of
reported field and laboratory applications further confirm the capacity of PRB systems to address
pharmaceuticals and heavy metals simultaneously in groundwater remediation, while identifying
reactive medium longevity, clogging, and passivation as the principal factors limiting long-term
efficiency (Kalmakhanova, Reimbayev, et al., 2026). Barrier service life is itself predictable from
site-specific parameters: longevity models that incorporate influent contamination level and
groundwater velocity have been used to estimate the operational lifetime of reactive media prior to
installation (Kwak et al., 2024).

Integrating GI1S-based vulnerability mapping with PRB design therefore provides a coherent
framework for regional water resource management. Spatial analysis identifies where contaminant
loading and aquifer vulnerability coincide, while hydrochemical characterization of those locations
supplies the influent composition and flow parameters required for reactive medium selection and
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barrier sizing. This combined approach underlies the present study, in which hydrochemical
monitoring of wastewater accumulation basins is undertaken both as an assessment of current
conditions and as a basis for the subsequent design of targeted remediation measures.

2. Materials and methods
2.1. Wastewater Plant

The study area is located in the Zhambyl Region of southern Kazakhstan and encompasses
wastewater treatment and storage facilities situated near the settlements of STP, Bas-01, Bas-02, Bas-
03, Bas-04, Bas-05, Shaikoryk, and Kostobe (Figure 1, showing the location of sampling points P1—
P8).

The geographical coordinates of the monitoring sites range from 71.223378" to 71.300220° E
longitude and from 42.945339° to 42.982306° N latitude. Eight fixed sampling points (P1-P8) were
established within the wastewater storage basins and adjacent water bodies associated with the
wastewater treatment plant.

Sampling and monitoring were carried out during three observation periods: September 2025,
November 2025, and January 2026, enabling a seasonal comparison of hydrochemical conditions.

"’, P8
\ Qostobe

)

Figure 1. Study area map, Zhambyl Region, Kazakhstan

2.2. Water sampling procedure

Surface water samples were collected following the international 1SO 5667 series, which sets
out how water quality monitoring programs should be designed and specifies appropriate sampling
methods and handling requirements. These standards establish fundamental principles for obtaining
representative samples and preventing alterations in the chemical composition of water between the
time of collection and laboratory analysis (1ISO 5667-1, 2006).

Prior to sampling, pre-cleaned and sterilized sampling containers were employed, thereby
eliminating the risk of secondary contamination. Water samples were collected from representative
points of the water body under conditions that prevented resuspension of bottom sediments and
intrusion of extraneous substances into the samples (1ISO 5667-3, 2018).

Following collection, the samples were hermetically sealed and transported to the laboratory
for subsequent analysis. To prevent changes in chemical composition, the samples were stored at
reduced temperatures in a refrigerated chamber until analysis. In accordance with the 1SO 5667
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standards, laboratory measurements were performed as soon as possible after sampling, minimizing
potential alterations in the physicochemical properties of the water (ISO 5667-3, 2018).

Key water quality parameters were measured as soon as the samples reached the laboratory,
which kept the original sample characteristics intact and made the analytical results more dependable
(ISO 5667-1, 2006; 1SO 5667-3, 2018).

2.3. Hydrochemical Analysis

The physicochemical characterization of the collected water samples was carried out through
in-situ measurements of a comprehensive set of parameters. pH, oxidation—reduction potential (ORP,
mV), and dissolved oxygen (DO, mg/L) were determined using a calibrated Bante 9 Series
multiparameter water quality meter (Bante Instruments, Shanghai, China). Salinity (%), total
dissolved solids (TDS, mg/L), and electrical conductivity (EC, uS/cm) were measured using a
LuminSens LMS-PA100P portable water quality analyzer (Qingdao LuminSens Marine Technology
Co., Ltd., Qingdao, China). All instruments were calibrated prior to field deployment in accordance
with the manufacturers' specifications, and measurements were performed directly in the field
immediately following sample collection to minimize potential alterations in parameter values
attributable to transport or storage conditions.

The chemical oxygen demand (COD) of water samples was determined using an Intelligent
COD Rapid Tester 5B-3C(V8) (Lianhua Technology Co., Ltd.), based on the standard dichromate
oxidation method. Pre-prepared COD digestion vials containing potassium dichromate, sulfuric acid,
and silver sulfate catalyst were used for the analysis. Prior to measurement, samples were collected
in clean polyethylene containers and, when necessary, filtered to remove suspended particles.
Samples with COD values exceeding the measurement range were appropriately diluted with
deionized water. A defined volume of the sample was added into the digestion vial, which was then
tightly sealed and mixed thoroughly. The vials were placed in the digestion unit of the analyzer and
heated at 165 °C for 10 minutes to ensure complete oxidation of organic matter. After digestion, the
vials were allowed to cool to room temperature, and the absorbance was measured photometrically
by the analyzer at the specified wavelength. The COD values, expressed in mg O2/L, were
automatically calculated using the instrument’s pre-calibrated curves. Calibration accuracy was
verified using potassium hydrogen phthalate (KHP) standard solutions, and a reagent blank was
analyzed to account for background interference. All measurements were performed in triplicate, and
the results were reported as mean + standard deviation.

The monitoring program was conducted over three distinct seasonal periods: September 2025,
November 2025, and January 2026, at eight fixed sampling sites within wastewater accumulation
basins and adjacent water bodies. This methodology produced a structured spatio-temporal dataset,
enabling the analysis of seasonal variations and spatial heterogeneity in hydrochemical conditions.
The resulting dataset provided a solid foundation for subsequent GIS-based integration, spatial
analysis, and interpretation of water quality dynamics across the study area.

2.4. GIS data processing and spatial analysis

Hydrochemical data obtained from eight fixed sampling points over three seasonal campaigns
(September 2025, November 2025, and January 2026) were structured in a CSV file with UTF-8
encoding. Each record included the following attributes: site identifier, name, geographic coordinates
(longitude and latitude in decimal degrees, WGS 84), date of sampling, and measured
physicochemical parameters (pH, oxidation-reduction potential, dissolved oxygen, salinity, total
dissolved solids, conductivity, and chemical oxygen demand).

Care was taken to ensure the correct formatting of numerical and temporal fields to prevent
import errors.

The dataset was imported into QGIS 3.x as a delimited text layer, defining point geometry based
on geographic coordinates (EPSG:4326). An OpenStreetMap basemap served as the spatial reference
to contextualize the sampling locations. Symbology was configured to distinguish sampling points
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categorically according to site identifiers, while interactive HTML pop-ups were set up to display
detailed hydrochemical information for each point, including seasonal measurements.

Al
QBIS CLDHCJ h forloca e QT Map & Tools [Z]

000500

Figure 2. Interactive map of sampling points (P1-P8) in the Zhambyl Region. (Map generated via
QGIS Cloud)
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Figure 3. Hydrochemical data at each sampling point (P1-P8) for three seasonal campaigns
(September 2025, November 2025, January 2026). (Data accessible by clicking points in QGIS
Cloud.)

Temporal visualization was enabled to allow sequential inspection of data across the three
observation periods. This approach facilitated the detection of spatio-temporal trends, seasonal
variability, and areas potentially affected by elevated contaminant levels. The processed GIS project
was subsequently prepared for both static cartographic outputs, suitable for publication, and dynamic
web-based visualization using ggis2web, enabling public access and further analysis of water quality
dynamics. The locations of all eight fixed sampling points (P1-P8) in the wastewater accumulation
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basins and adjacent water bodies are shown in Figure 2 and Figure 3. Each point contains
hydrochemical parameters (pH, ORP, DO, salinity, TDS, conductivity, and COD) for three seasonal
campaigns (September 2025, November 2025, and January 2026), which can be accessed
interactively by clicking on the points in the QGIS Cloud map.

3. Results
3.1. Interpretation of results in GIS environment

Hydrochemical analysis of wastewater accumulation basins and adjacent water bodies in the
Zhambyl region revealed significant spatial and temporal variability in water quality parameters over
the monitoring period from September 2025 to January 2026, as shown in Table 1.

Table 1. The hydrochemical characterization of the collected water samples

Id | Name pH ORP (mV) | DO (mg/L) | Saltinity | TDS (ppm) EC COoD
(Sep/Nov/ | (Sep/Nov/J | (Sep/Nov/J (ppt) (Sep/Nov/J | (uS/cm) (mg/L)
Jan) an) an) (Sep/Nov/J an) (Sep/Nov/J | (Sep/Nov/J

an) an) an)

P1 | STP 6.85 381.8 1.30 0.51 490 975 51.17
7.00 277.2 0.63 0.5 479 923 74.14

6.90 301.2 3.16 0.57 515 1045 126.4

P2 | Bas-01 6.90 363.5 7.95 0.51 483 938 19.13
7.10 283.2 1.20 0.51 476 964 49.13

7.80 261.5 14.1 0.59 561 1121 103.8

P3 | Bas-02 7.10 375.0 1.50 0.75 710 1450 79.70
7.40 258.6 9.53 0.66 563 1164 80.27

7.90 257.1 15.4 0.53 506 1001 90.3

P4 | Bas-03 6.90 365.3 6.41 0.74 682 1363 63.54
7.30 263.7 3.27 0.53 485 1012 67.70

7.70 270.1 1.47 0.55 523 1044 102.3

P5 | Bas-04 6.70 312.6 5.64 0.57 560 1045 41.83
7.30 258.5 1.44 0.55 531 1061 48.10

7.80 26.1 7.80 0.52 502 1012 90.3

P6 | Bas-05 7.20 301.5 6.45 0.6 589 1062 49.21
7.10 282.7 5.14 0.58 567 981 54.73

7.70 271.5 3.47 0.53 501 1007 108.3

P7 | Shaikor 6.70 362.5 16.21 0.25 252 501 15.05
yk 7.70 225.9 11.85 0.26 259 504 18.50
7.70 280.9 9.80 0.36 356 700 34.61

P8 | Kostob 6.50 362.0 7.80 0.36 360 716 1.50
e 7.10 258.7 8.74 0.38 367 731 5.03
7.80 260.6 15,5 0.29 285 574 8.59

The pH of the water exhibited minor fluctuations across sites and seasons, ranging from 6.5 at
Kostobe (P8) in September 2025 to 7.9 at Bas-02 (P3) in January 2026, reflecting slightly acidic to
neutral conditions, as shown in Figure 4. A gradual increase in pH was observed in most locations
during the winter sampling period, potentially associated with diminished dilution and reduced
microbial activity under low-temperature conditions.
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Figure 4. Spatial and temporal variation of pH values at sampling sites

Oxidation-reduction potential (ORP) varied considerably among monitoring points, with the
highest values measured at the sewage treatment plant (STP, P1) in September 2025 (381.8 mV),
indicative of oxidizing conditions, while the lowest redox potential occurred at Bas-04 (P5) in January
2026 (26.1 mV), suggesting a localized accumulation of reducing agents due to organic matter
degradation Figure 5.
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Figure 5. Spatial and temporal variation of oxidation—reduction potential (ORP) at sampling sites

Dissolved oxygen (DO) concentrations were markedly heterogeneous, with the lowest values
consistently recorded at P1, where oxygen depletion reached 0.63 mg/L in November 2025,
highlighting the pronounced impact of anthropogenic effluents. Conversely, Bas-02 (P3) exhibited
elevated DO in January 2026, reaching 15.4 mg/L, likely due to increased aeration and lower organic
input relative to upstream discharge points. Peripheral sites such as Shaikoryk (P7) and Kostobe (P8)
maintained moderate to high oxygen concentrations throughout the monitoring period, reflecting
minimal exposure to direct wastewater inflows Figure 6.
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Figure 6. Dissolved oxygen (DO) levels across sampling sites and seasons

Salinity values remained generally low across the study area, ranging from 0.25 % at P7 in
September 2025 to 0.75 % at P3 in September 2025, with slight seasonal increases observed in central
basins, suggesting minor concentration effects associated with reduced flow and evaporation Figure
1.
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Figure 7. Salinity levels across sampling sites and seasons

Total dissolved solids (TDS) and electrical conductivity mirrored these patterns, with the
highest TDS recorded at P2 (561 mg/L) in January 2026 and the lowest at P7 (252 mg/L) in September
2025, confirming the correlation between dissolved ionic content and basin accumulation processes
Figure 8.
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Figure 8. Spatial and temporal variation of total dissolved solids (TDS) and electrical conductivity
(EC) at sampling sites: (a) TDS, (b) EC

Chemical oxygen demand (COD) demonstrated the most pronounced variability, reflecting
spatial differences in organic loading. Maximum COD levels were consistently observed at STP (P1),
reaching 126.4 mg O2/L in January 2026, and were also elevated at Bas-01 (P2) and Bas-02 (P3),
emphasizing the influence of wastewater discharge. In contrast, COD values at Shaikoryk (P7) and
Kostobe (P8) remained relatively low, ranging from 1.5 mg/L to 34.6 mg/L across the sampling
periods, indicating limited anthropogenic impact as shown in Figure 9.
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Figure 9. COD levels across sampling sites and seasons

Temporal trends showed progressive accumulation of organic matter from September to
January, concomitant with a decline in dissolved oxygen at impacted sites, underscoring the seasonal
influence of reduced dilution and temperature-dependent metabolic activity.

4. Discussion

The obtained results provide a coherent picture of hydrochemical processes occurring within
wastewater accumulation basins and adjacent water bodies in the Zhambyl region. Rather than
isolated variations, the measured parameters reveal interconnected patterns driven by both
anthropogenic inputs and natural seasonal dynamics.

A clear relationship is identified between chemical oxygen demand (COD) and dissolved
oxygen (DO), particularly at sites directly affected by wastewater discharge (P1-P3). Elevated COD
values are systematically accompanied by reduced DO concentrations, indicating intensive oxygen
consumption during the biochemical oxidation of organic matter. The critically low DO concentration
recorded at P1 (0.63 mg/L) reflects a high organic load and limited self-purification capacity of the
aquatic system. This relationship is widely recognized as a key indicator of anthropogenic pollution
in wastewater-impacted environments (Zhu et al., 2024).

The distribution of oxidation-reduction potential (ORP) further supports this interpretation.
High ORP values observed at P1 during September (381.8 mV) indicate oxidizing conditions
associated with active inflow and mixing processes. The markedly low ORP value at P5 in January
(26.1 mV) suggests the development of reducing conditions, likely resulting from the accumulation
and anaerobic decomposition of organic matter. These localized redox shifts indicate the presence of
zones with limited water exchange and enhanced biogeochemical transformation.

Parameters reflecting mineralization processes, including total dissolved solids (TDS),
electrical conductivity (EC), and salinity, demonstrate a consistent spatial pattern. Elevated values at
central accumulation basins (P2-P4) indicate prolonged retention and concentration of dissolved ions,
while lower values at peripheral sites (P7-P8) reflect dilution effects and reduced exposure to
wastewater inflows. Seasonal variability plays a significant role in shaping hydrochemical conditions.
During the winter period, an increase in COD combined with a decrease in DO is observed across
several monitoring sites, which can be attributed to reduced dilution capacity, lower temperatures,
and slower oxygen exchange processes. Under such conditions, organic matter accumulates, and
oxygen consumption processes dominate, leading to further deterioration of water quality.

The spatial distribution of hydrochemical parameters reveals a clear gradient of anthropogenic
influence across the study area. Sites located near wastewater discharge points function as primary
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zones of contamination, whereas more distant locations exhibit relatively stable conditions and partial
recovery of water quality. These findings confirm that wastewater impact is spatially confined,
representing a key factor governing regional hydrochemical dynamics.

These findings are consistent with broader patterns reported for semi-arid river basins of
Kazakhstan and Central Asia, where seasonal low-flow periods and insufficient wastewater treatment
consistently coincide with the most pronounced water quality deterioration (Mussina et al., 2025;
Amirgaliev et al., 2022; Tazhiyev et al., 2025). Similar seasonal declines in dissolved oxygen and
increases in mineralization under reduced dilution capacity have also been documented for
transboundary basins such as the Ural-Caspian and Shu river systems, supporting the interpretation
that reduced winter flow and temperature-dependent biochemical activity are a regional, rather than
site-specific, driver of hydrochemical deterioration (Amirgaliev et al., 2022; Tazhiyev et al., 2025).

Given the confirmed role of insufficiently treated wastewater as the principal driver of
hydrochemical deterioration at P1-P3, passive treatment technologies such as permeable reactive
barriers (PRBs) represent a promising complementary strategy for mitigating contaminant loading
before discharge into accumulation basins. Recent reviews highlight the effectiveness of zero-valent
iron, activated carbon, and zeolite-based reactive media in reducing organic loading, nutrients, and
trace contaminants under low-energy, passive operating conditions (Budania & Dangayach, 2023,;
Yadav et al., 2026; Kwak et al., 2024). Similarly, engineered PRB media have shown high removal
efficiencies for pharmaceutical and emerging organic contaminants in wastewater treatment plant
effluents, further supporting the applicability of reactive barrier configurations to organically loaded
discharges such as those observed at the STP site (Mansour et al., 2026). The cyclic adsorptive-
oxidative configuration of PRB technology, in particular, has demonstrated potential for treating
wastewater with variable organic loads similar to those observed at the STP and upstream basins in
this study, suggesting a feasible pathway for reducing COD and restoring dissolved oxygen levels at
the most heavily impacted sites (Wang et al., 2024; Chidiac et al., 2024).

The integration of hydrochemical data within a GIS framework substantially enhances the
interpretation of these patterns. Spatial analysis enables the identification of contamination hotspots
and facilitates the assessment of their temporal evolution, which provides a comprehensive
understanding of environmental processes compared to conventional point-based monitoring.

5. Conclusion

Integration of hydrochemical measurements within a Geographic Information System (GIS)
framework enabled spatially explicit interpretation of water quality dynamics. GIS mapping revealed
clear contamination hotspots, particularly at STP (P1) and upstream accumulation basins (P2-P3),
characterized by elevated COD and reduced dissolved oxygen. Moderate TDS and salinity levels
were confined to central basins, whereas peripheral locations (P7 and P8) retained near-natural water
quality. Temporal layering within the GIS environment highlighted seasonal variations, with winter
conditions exacerbating organic load accumulation and oxygen depletion, while early autumn
exhibited lower pollutant concentrations and more homogeneous hydrochemical conditions. The
GIS-based visualization facilitated identification of zones under significant anthropogenic influence
and provided a robust platform for correlating hydrochemical parameters with spatial distribution.
The combined analysis of hydrochemical data and GIS mapping indicates that wastewater effluents
exert the strongest impact on STP and adjacent accumulation basins, while peripheral sites maintain
relatively stable water quality. The integration of field measurements with geospatial analysis
enhances the interpretive capacity of environmental monitoring programs, allowing targeted
management of contaminated zones and informing decision-making processes. The web-based GIS
map generated via QGIS Cloud serves as a tool for continuous monitoring and potential public
dissemination, offering a transparent and data-driven approach to regional water resource
management.

6. Supplementary Materials: No supplementary material.
108



Journal of Ecology and Sustainability 2026, 156(3)

7. Author Contributions

Conceptualization — K.M.; G.H.; methodology — R.Y.; software — T.Z.; validation - K.M., K.Z.,
U.A.; formal analysis — B.A.; investigation — R.Y., T.Z.; resources — B.Z.; data curation — R.Y;
writing - original draft preparation — K.Z.; writing - review and editing — G.H., K.M.; visualization —
U.A.; supervision — G.H.; project administration — K.M.; funding acquisition — K.M. All authors have
read and agreed to the published version of the manuscript.

8. Author Information

Kalmakhanova, Marzhan - PhD, Associate Professor, M.Kh. Dulaty Taraz University, Tole bi
st. 60, Taraz, Kazakhstan, 080000; marjanseitovna@mail.ru, https://orcid.org/0000-0002-8635-463X

Reimbayev, Yerbol - PhD Student, M.Kh. Dulaty Taraz University, Tole bi st. 60, Taraz,
Kazakhstan, 080000; erbolreimbaev01@gmail.com, https://orcid.org/0009-0006-7669-3247

Karimbayeva, Zhanbike - Junior Researcher, Master Student, M.Kh. Dulaty Taraz University,
Tole Dbi st. 60, Taraz, Kazakhstan, 080000; karimbaevazhanbike2004@gmail.com,
https://orcid.org/0009-0006-9891-5111

Tursynbek, Zhanerke - 4th-year student, M.Kh. Dulaty Taraz University, Tole bi st. 60, Taraz,
Kazakhstan, 080000; zhanerket142@gmail.com, https://orcid.org/0009-0000-6436-2949

Usipova, Aimen - 4th-year student, M.Kh. Dulaty Taraz University, Tole bi st. 60, Taraz,
Kazakhstan, 080000; usipovaajmen@gmail.com, https://orcid.org/0009-0009-5165-3443

Baimuratova, Zhaina - PhD Student, M.Auezov South Kazakhstan University, G.llayev st. 8,
Shymkent, Kazakhstan, 160018; zhaina.baimuratova@mail.ru, https://orcid.org/0000-0003-2185-
3697

Gomes, Helder - PhD, Professor, Polytechnic Institute of Braganca, Campus de Santa Apolonia,
Braganca, Portugal, 5300-253; htgomes@ipb.pt, https://orcid.org/0000-0001-6898-2408

Baytelieva, Anar - Candidate of Biological Sciences, Associate Professor, M.Kh. Dulaty Taraz
University, Tole bi st. 60, Taraz, Kazakhstan, 080000; am.bajtelieva@dulaty.kz,
https://orcid.org/0000-0001-6657-7679

9. Funding: This research is funded by the Science Committee of the Ministry of Education and
Science of the Republic of Kazakhstan (Grant No. AP26195231).

10. Acknowledgements: The authors wish to express their sincere gratitude to the Physico-Chemical
Research Center named after M. Sakhy for their valuable technical and administrative support in
conducting the physicochemical analyses presented in this study.

11. Conflicts of Interest: The authors declare no conflicts of interest.

12. References

1. Akar, A. U,, Sisman, S., Ulku, H., Yel, E., & Yalpir, S. (2024). Evaluating lake water quality with
a GIS-based MCDA integrated approach: a case in Konya/Karapinar. Environmental Science
and Pollution Research, 31(13), 19478-19499. https://doi.org/10.1007/s11356-024-32184-6

2.Amalbekova, G., Moldasheva, A., Dabyltayeva, N., Ruziyeva, E., Yelubayeva, Z., & Narenova, A.
(2026). Sustainable management of agricultural water resources in Kazakhstan. Journal of
Water and Land Development, 50-61. https://doi.org/10.24425/jwld.2026.158699

3. Amirgaliev, N. A., Askarova, M., Opp, C., Medeu, A., Kulbekova, R., & Medeu, A. R. (2022).
Water quality problems analysis and assessment of the ecological security level of the
transboundary Ural-Caspian Basin of the Republic of Kazakhstan. Applied Sciences, 12(4),
2059. https://doi.org/10.3390/app12042059

4. Bekseitova, R. T. (2016). Ecological geomorphology of Kazakhstan in Kazakh (Qazagstannyn
ekologiyalyg geomorfologiyasy in Kazakh) Qazaq Universiteti, Almaty, pp. 115-172.

109



https://orcid.org/0000-0002-8635-463X
https://orcid.org/0009-0006-7669-3247
https://orcid.org/0009-0006-9891-5111
https://orcid.org/0009-0000-6436-2949
https://orcid.org/0009-0009-5165-3443
https://orcid.org/0000-0003-2185-3697
https://orcid.org/0000-0003-2185-3697
mailto:htgomes@ipb.pt
https://orcid.org/0000-0001-6898-2408
mailto:am.bajtelieva@dulaty.kz
https://orcid.org/0000-0001-6657-7679
https://doi.org/10.1007/s11356-024-32184-6
https://doi.org/10.24425/jwld.2026.158699
https://doi.org/10.3390/app12042059

Journal of Ecology and Sustainability 2026, 156(3)

5. Budania, R., & Dangayach, S. (2023). A comprehensive review on permeable reactive barrier for
the remediation of groundwater contamination. Journal of Environmental Management, 332,
117343. https://doi.org/10.1016/j.jenvman.2023.117343

6. Chidiac, C., Bleasdale-Pollowy, A., Holmes, A., & Gu, F. (2024). Ex-situ remedies. In Advances
in  Water and Wastewater Treatment Technology (pp. 73-117). Springer.
https://doi.org/10.1007/978-3-031-32049-1_4

7. Egemen Qazagstan. (2018, March 20). Zhambyl region: the problem of wastewater (Zhambyl
oblysy: shayyndy sudyn shyrghalany in Kazakh). https://egemen.kz/article/166336-zhambyI-
oblysy-shayyndy-sudynh-shyrghalanhy

8. Gray, C. S., Won, J., & Burns, S. E. (2024). A framework for estimating soil water characteristic
curve and hydraulic conductivity function of permeable reactive media. Chemosphere, 355,
141758. https://doi.org/10.1016/j.chemosphere.2024.141758

9. Ibrayev, M. (2013). Water quality of transboundary rivers in Kazakhstan at present (Qazirgi
uagyttagy Qazagstandagy transshekaralyq ozender suyynyn sapasy in Kazakh). Taraz, pp. 42—
89.

10. Inbusiness.kz. (2023). Zhambyl scientist: Only 30 % of wastewater is treated (Zhambyldy galym:
shayyndy sulardyn 30 payyzy gana taza in Kazakh). https://inbusiness.kz/kz/last/zhambyldy-
alym-shayyndy-sulardy-30-payyzy-ana-taza-247139

11. 1SO 5667-1:2006. (2006). Water quality - Sampling - Part 1: Guidance on the design of sampling
programmes and sampling techniques. International Organization for Standardization

12. 1SO 5667-3:2018. (2018). Water quality - Sampling - Part 3: Preservation and handling of water
samples. International Organization for Standardization.

13. Kalmakhanova, M. S., Khabashova, A. U., Nurlybayeva, A. N., Orynbayev, S. A., Gomes, H. T,
& Snow, D. D. (2026). Use of permeable reactive barriers in the removal of ACT and DCF
from effluents of wastewater treatment plants. Sustainability, 18(1), 300.
https://doi.org/10.3390/su18010300

14. Kalmakhanova, M. S., Reimbayev, Y. K., Karimbayeva, Z. E., Ferreira, A. P., & Gomes, H. T.
(2026). Permeable reactive barriers in groundwater remediation: a review of efficiency in
removing pharmaceuticals and heavy metals. Sustainability, 18(9), 4508.
https://doi.org/10.3390/su18094508

15. Khan, M., Almazah, M. M. A,, Eilahi, A., Niaz, R., Al-Rezami, A. Y., & Zaman, B. (2023).
Spatial interpolation of water quality index based on ordinary kriging and universal kriging.
Geomatics, Natural Hazards and Risk, 14(1), 2190853.
https://doi.org/10.1080/19475705.2023.2190853

16. Kwak, E., Kim, J. H., Choi, N. C., Seo, E., & Lee, S. (2024). Longevity prediction of reactive
media in permeable reactive barriers considering the contamination level and groundwater
velocity at the planning site, with a focus on cadmium removal by zeolite. Chemosphere, 353,
141532. https://doi.org/10.1016/j.chemosphere.2024.141532

17. Mussina, A., Aktymbayeva, A., Zhanabayeva, Z., Mashtayeva, S., Macklin, M. G,
Rysmagambetova, A., Akhmetova, R., & Alimbay, A. (2025). A decade-long assessment of
water quality variability in the Yelek River Basin (Kazakhstan) using remote sensing and GIS.
Sustainability, 17(21), 9809. https://doi.org/10.3390/su17219809

18. Ngamile, S., Madonsela, S., & Kganyago, M. (2025). Trends in remote sensing of water quality
parameters in inland water bodies: a systematic review. Frontiers in Environmental Science,
13, 1549301. https://doi.org/10.3389/fenvs.2025.1549301

19. Orda.kz. (2022). Kazphosphate waste has become the main environmental problem of Taraz
(Kazphosphate galdyqtary Tarazdyn basty ekologiyalyq moselesine ainaldy in Kazakh).
https://kaz.orda.kz/gazfosfat-qaldyqtary-tarazdyng-basty-ekologiyalyg-maeselesine-ajnaldy/

20. Seitqaziev, A. S., & Mustafayev, Zh. S. (2015). Ecological foundations of natural resource use
(Tabigatty paidalanudyn ekologiyalyq negizderi in Kazakh). M.Kh. Dulaty Taraz State
University, Taraz, pp. 112-148.

110


https://doi.org/10.1016/j.jenvman.2023.117343
https://doi.org/10.1007/978-3-031-32049-1_4
https://egemen.kz/article/166336-zhambyl-oblysy-shayyndy-sudynh-shyrghalanhy
https://egemen.kz/article/166336-zhambyl-oblysy-shayyndy-sudynh-shyrghalanhy
https://doi.org/10.1016/j.chemosphere.2024.141758
https://inbusiness.kz/kz/last/zhambyldy-alym-shayyndy-sulardy-30-payyzy-ana-taza-247139
https://inbusiness.kz/kz/last/zhambyldy-alym-shayyndy-sulardy-30-payyzy-ana-taza-247139
https://doi.org/10.3390/su18010300
https://doi.org/10.3390/su18094508
https://www.researchgate.net/publication/369453509_Spatial_interpolation_of_water_quality_index_based_on_Ordinary_kriging_and_Universal_kriging
https://doi.org/10.1016/j.chemosphere.2024.141532
https://doi.org/10.3390/su17219809
https://doi.org/10.3389/fenvs.2025.1549301
https://kaz.orda.kz/qazfosfat-qaldyqtary-tarazdyng-basty-ekologiyalyq-maeselesine-ajnaldy/

Journal of Ecology and Sustainability 2026, 156(3)

21. Tazhiyev, S., Murtazin, Y., Rakhimova, V., Rakhmetov, I., Adenova, D., Koshpanova, K.,
Sotnikov, Y., Abdizhalel, M., Akylbayeva, A., & Yerezhep, D. (2025). Applied
hydrogeological assessment and GIS-based modeling of transboundary aquifers in the Shu
River Basin. Water, 17(16), 2476. https://doi.org/10.3390/w17162476

22. Unified Environmental Internet Resource of Kazakhstan. (2024). National reports on the state of
the environment in the Republic of Kazakhstan. https://ecogosfond.kz/kz/orhusskaja-
konvencija/dostup-k-jekologicheskoj-informacii/jekologijaly-zha-daj/r-orsha-an-ortany-
zhaj-k-ji-turaly-ltty-bajandamalar/

23. Wang, Y., Wang, C., Feng, R., Li, Y., Zhang, Z., & Guo, S. (2024). A review of passive acid
mine drainage treatment by PRB and LPB: from design, testing, to construction.
Environmental Research, 251, 118545. https://doi.org/10.1016/].envres.2024.118545

24. Zhambyl region’s geoecological condition (Zhambyl oblysynyn geoekologiyalyq zhagdayy in
Kazakh). (2022). Molodoy Uchenyy (Young Scientist).  https://app-static-
cdn.moluch.org/archive/417/92353

25. ZhambyINews. (2025). Ecological condition of the Zhambyl region and water resource
conservation (Zhambyl oblysyny ekologiyalyq zhagdayy zhane su resurstaryn saqtau zholdary
in Kazakh). https://zhambylnews.kz/lentanews/132661-zhambyl-oblysyny-ekologiyaly-zha-
dajy-zh-ne-su-resurstaryn-sa-tau-zholdary.html

26. Zhu, M., Yu, X., Chen, K., Tan, H., & Yuan, J. (2024). Spatiotemporal characteristics and driving
factors of chemical oxygen demand emissions in China’s wastewater: an analysis based on
spatial autocorrelation and geodetector. Ecological Indicators, 166, 112308.
https://doi.org/10.1016/j.ecolind.2024.112308

KamObL1 00JIBICBIHAAFBI 0€TKi KOHE JKep acThl CYJAPbIHbIH CANACHIH KIHE
aHTponorenjaik dcepepai 'MC-TexHoI0rusiHbI KOJIJIaHY apPKbLIbI 0aFajiay

Mapxan KaiamaxanoBa, EpOon PeiimbaeB, KanOuxe KapumoOaeBa, Anap baiitesnesa,
Kanepke TypcbinOek, Aiimen Ycunosa, JKaiina baiimyparosa, Xeanep I'omec

Anparna. XamObu1 obGmbickinaa (oHTycTik KasakcTaH) aHTPOMOTeHIIK KBICBIMHBIH KYIICHOi
KarJaiiblHa arbIHABl CyNapibl JKMHAKTay OacceilHaepl MeH ojapra ipreiec cy OOBEKTIIEepiHIH
carachlH Oaranay MakcaThIH/Ia KEeIIeH Il THIAPOXUMUSIIBIK KOHE T€0aKNapaTThIK Tajlaay Kypri3iiii.
3eprrey yi MaychIMIbIK Ke3eH e (2025 sKbUTFbI KbIpKYIieK, Kapama skone 2026 »KbUTFbI KaHTap) Ceri3
Oakputay HyKkTeciHne (P1-P8) xy3ere achipbuiapl. AnaHIbIK ejiieyaep OapbIChH/Ia HETi3ri (pu3uKa-
XMMUSUTBIK KOpPCETKIITep aHbIKTaabl: PH, ToThIFy-TOTHIKCHI3AaHy mnorteHnuansl (ORP), epiren
orreri (DO), ty3apuibik, x)anmsl epireH 3artap (TDS), snekrpertkisrimrik (EC) sxoHe XMUMUSIBIK
orrerire cypanbic (COD).

AJIBIHFaH HOTHXKEJIep THIPOXUMHUSIIBIK KOPCETKIMTEPiH alKbIH KEHICTIKTIK dPTYPIILUIITiH KOPCETTI.
EH >xoFapsbl JlacTaHy JCHIeHi aFbIH/IbI CYJIap/Ibl Ta3apTy KYpbUIbIChl MaHbIHAA (P1) sKoHE aFbIHHBIH
KOFaprbl Oeirinneri sxuHakray Oacceitnnepinae (P2-P3) tipkenai, 6yin COD moHAepiHiH jKOFapbl
oonybiMeH (126.4 wmr/n neitin) oHe epireH oTTeriHiH TemeH neHredimen (0.63 mr/n jeitin)
cunatrananpl. Kepicinme, mietki Oaxputay Hyktenepinne (P7-P8) rumpoxuMmusuiblk sxarmai
CaJTBICTBIPMAJIBI TYPJIE TYPAKTHI JKOHE a3 JOpEKeIe o3repreH.

MaychIMABIK Tajijay KbIC ME3TLTIHJIE OpPraHUKANbIK >KYKTEMEHIH apTybl MEH epireH OTTEriHiH
TOMEHJIEY YPAICIH KOpCeTTi, OyJI CYHbUTY JOpPEKECiHIH a3al0bIMEH XoHE TeMIleparypara Toyell
OMOXUMUSIIBIK Y/epicTepMeH OaitnaHbICThl. JKanmbl anFaHaa, HOTHXKENEp OHIPIIK Cy KyHhenepiHiy
THIPOXUMUSUTBIK JKaFIalbIHBIH HaIIapiiayblHIa >KETKUTIKCI3 Ta3apThUIFaH aFbIHIBI CYJap.IbIH
IICTIYIII POJI aTKAPATHIHBIH aiKbIH TN IbI.
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3epTTey HOTHXKeNepi aFbIHIbI Cyaap/bl OacKapy >KyHenepiH KeTUIipy KoHE TYPaKThl MOHUTOPUHT
KYprizy KaxeTTuririn Herizmenai. GIS-Herizinaeri Monenbaey KEHICTIKTIK Tajjay >KYprisy,
SKOJIOTHSUIBIK Oaranay »QHE Cy pPeCcypcTapbhlH TYpPakThl Oackapy YIINIH THIMII Kypajd peTiHzae
JTQNEIIECH .

Tyiiin ce3mep: ruaApoXUMUSUIBIK Tangay; I'eorpadusuislk aknapaTTeik kyihe (GIS); keHiCTIKTIK-
VaKBITTHIK TaJIJIay; aFbIH/IBI CYJIap/bl )KUHAY OacceiHaepi; aHTPOMOTeHIIK acep.

OuneHka kKavecTBa NOBEPXHOCTHBIX M MOA3EMHBLIX BOJA M AHTPOINOIECHHOIO
Bo3aeiicTBuA B ZKaMObLICKO# 00J1acTH ¢ ucnosb3oBanueM ' UC-Trexnosornii

Mapxan KaamaxanoBa, Epooa PeiimbaeB, KanOuxe KapumoOGaeBa, Anap baiirennena,
Kanepke TypcoinOek, AlimeHn Ycunosa, ZKaiina baiimyparoBa, Xeauep I'omec

AnHoranus. [lpoBeseHa KOMIIEKCHAass THAPOXMMUYECKAas W TEOMPOCTPAHCTBEHHAS OIICHKA
Ka4yecTBa BOJbl B OacceliHaX HAKOIUICHUS CTOYHBIX BOJ M TIPHJICTAIONIMX BOAHBIX OO0BEKTaxX
XKamoOpuickoit obnmactu (FOxupnii Kaszaxctan) B yCIOBHSIX BO3pacTalOIIETO0 aHTPOIIOI€HHOTO
Bo3eiicTBuUs. [1oJIeBbIe MCClIeI0BaHHs BBIIOIHEHBI HA BOCBMH MOHUTOPHHIOBBIX Toukax (P1-P8) B
paMKax Tpex ce30HHbIX Kammnanuil (ceHTsiops 2025 r., HOsO0ps 2025 1. u sHBaps 2026 r.). B xome
MOHUTOpPHUHTA OIPEACSUINCH KIIOYEBble (DU3MKO-XMMHUUYECKHE Mapamerpbl: PH, OKucIuTenbHO-
BoccraHoBuTeNbHBIH moTeHIan (ORP), pactBopennsiii kuciopon (DO), conénocts, oOriee
comep:kanne pactBopeHHbix BemecTB (TDS), osmekrpompoBomuocts (EC) u  xmMuueckoe
notpebdaenue kuciopona (COD).

PesynpTaThl  CBUAETENBCTBYIOT O  BBIP@XEHHOM  NMPOCTPAHCTBEHHOHM  HEOJHOPOAHOCTHU
THIPOXUMUYECKUX XapakTepucTuk. Hambosee BBICOKMII ypOBEHBb 3arpsi3HEHHs 3a()UKCHPOBAH B
paiioHe ouMCTHBIX coopyxeHuil (Pl) u B BepxHuMX HakomuTenbHbIX Oacceiinax (P2-P3), rme
HabmroaroTest mosbieHHbIe 3HaueHus COD (1o 126,4 mMr/n) u KpUTHYECKH HU3KHE KOHIIEHTPAIUN
pactBopenHoro kucinopoaa (o 0,63 mr/m). B to xe Bpems mnepucdepuiinbie yuactku (P7-P8)
XapaKTepU3YIOTCS OTHOCHTEIBHO CTA0MIBHBIMU U MEHEE HAPYIICHHBIMH YCIIOBHSIMHU.

Ce30HHBIM aHaNMU3 MOKa3al YBEIMYEHHE OPraHUYeCKOW Harpy3kd M CHHXKEHHME COJEp)KaHUs
pPacTBOPEHHOTO KHCIIOpOJa B 3UMHHHA TIEpUOJ,, YTO, BEPOATHO, CBSI3aHO C YMEHBIICHHEM
pa3baBistomied  CIIOCOOHOCTM BOJHOW CHCTEMBbl M BIMSHHEM TeMIEepaTypHO-3aBUCHMBIX
OMOXMMHUYECKUX TporieccoB. [lomydeHHbIe TaHHBIE YKAa3bIBAIOT HA JOMUHHUPYIOIIYI0 HEJOCTATOYHO
OYMILEHHBIX CTOYHBIX BOJ B (POPMHPOBAHUHU THIPOXUMHUUECKOTO COCTOSHHS UCCIIEyEMBIX BOJIHBIX
00BEKTOB. Pe3ynbTaTsl HCCIeI0BaHUs TIOAUYEPKUBAIOT HEOOXOIMMOCTh COBEPIIIEHCTBOBAHUS CHCTEM
OYMCTKHM BOJ] M BHEJIPEHHUs HenpepbiBHOrO MoHMTOpuHTra. Ilpumenenunem GIS-monenupoBaHus
MIPOJIEMOHCTPHUPOBAIIO BBICOKYIO 3(PPEKTUBHOCTD I IPOCTPAHCTBEHHOTO aHAIN3a, SKOJOTHYEeCKON
OLIEHKU ¥ 0OOCHOBAHMSI pelIeHH B 00J1aCTH YCTOHYMBOTO yIpaBJIeHUs! BOJHBIMU PECYpCaMHu.

KiaroueBnie ciioBa: l"I/IIlpOXI/IMI/I"ICCKI/Iﬁ aHaJIn3, Feorpa(bnqecxaﬂ HH(bOpMaLII/IOHHaH cucrema

('C); mpocTpaHCTBEHHO-BPEMEHHOH  aHanu3; OacceilHbl  HAKOIUJIEHMS CTOYHBIX  BOJ;
aHTPOIIOTEHHOE BO3JEICTBHE.

112



IRSTI 68.01.94
Mini-review

Analytical review of methods for assessing the agroecological potential of
agricultural landscapes

Laila Kozhakmetova*, Gulmira Adilbektegi

Citation: Kozhakmetova, L.,
Adilbektegi, G. (2026).
Analytical review of methods

for assessing the
agroecological potential of
agricultural landscapes.
Journal of Ecology and
Sustainability, 156(3), 113-
138.

https://doi.org/10.32523/gesah
507

Academic Editor:
A. Zandybay

Received: 17.07.2026
Revised: 15.09.2026

Accepted: 21.09.2026
Published: 30.09.2026

Copyright: © 2026 by the
authors. Submitted for possible
open access publication under
the terms and conditions of the
Creative Commons Attribution
(CC BY NC) license
(https://creativecommons.org/I

icenses/by-nc/4.0/)

L.N. Gumilyov Eurasian National University, Astana, Kazakhstan;
kozhakmetova It@enu.kz, adilbektegi ga@enu.kz
*Correspondence: kozhakmetova_It@enu.kz

Abstract. Sustainable agricultural development is directly dependent on
the efficient use of natural resources, scientifically grounded assessment
of climate related risks, and accurate evaluation of the agroecological
potential of agricultural landscapes. Under the conditions of global
climate change, land degradation, water scarcity, and increasing
anthropogenic pressure, improving methods for assessing agroecological
potential has become one of the key priorities in contemporary
agricultural science. However, the theoretical foundations, application
characteristics, and interrelationships of the mathematical, biophysical,
energy-based, statistical, and geospatial models used in international
scientific research have not yet been comprehensively systematized.

This study provides a systematic analytical review of the contemporary
methods used to assess the agroecological potential of agricultural
landscapes. The research is based on comparative analysis, scientific
synthesis, and methodological systematization of the theoretical
foundations, calculation principles, application features, advantages, and
limitations of existing assessment approaches.

The literature review demonstrates that methods for assessing
agroecological potential have evolved from simple empirical models to
integrated approaches combining spatiotemporal analysis, remote
sensing, geographic information systems (GIS), ERAS reanalysis data,
statistical modeling, and digital technologies. The review systematically
examines the importance of the Miami and Thornthwaite Memorial
models for evaluating climatic productivity potential, the role of the Net
Primary Productivity (NPP), Potential Net Primary Productivity (PNPP),
Human Appropriation of Net Primary Productivity (HNPP), and Climate
Regulation Use Efficiency (CRUE) indicators assessing biological
productivity, as well as the effectiveness of the Mann-Kendall test, Sen’s
Slope estimator, Geographically and Temporally Weighted Regression
(GTWR), and the Lindeman-Merenda-Gold (LMG) method in identifying
spatiotemporal patterns. Furthermore, the study highlights the significant
contribution of remote sensing data, geographic information systems, and
digital monitoring technologies to improving the accuracy and reliability
of agroecological assessments.

The findings systematize the theoretical and methodological foundations
of agroecological potential assessment and demonstrate the scientific
advantages of integrating multiple assessment approaches. The
integration of different models enables more accurate evaluation of the
productive potential of natural resources, improves the prediction of

113


mailto:adilbektegi_ga@enu.kz
https://doi.org/10.32523/qesah507
https://doi.org/10.32523/qesah507
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/

Journal of Ecology and Sustainability 2026, 156(3)

climate change impacts, and provides a scientific basis for sustainable agricultural planning and
management.

Keywords: agroecological potential; agricultural landscapes; climatic productivity potential; climate
model; geographic information systems (GIS); remote sensing; sustainable agriculture.

1. Introduction

Contemporary scientific approaches to assessing agroecological potential are the result of
scientific schools that have developed over more than a century. The evolution of research in this
field has progressed from simple descriptions of natural-climatic evidentiary indicators to
comprehensive assessment based on geoinformation technologies and digital monitoring. Therefore,
understanding the current methods of agroecological assessment requires an analysis of the stages of
their formation.

One of the researchers who made an early contribution to the formation of the scientific
foundations for assessing agrolandscapes was G. Vysotsky. In his works devoted to the study of
regions of European Russia, climate, soil, vegetation cover, and water regime were, for the first time,
considered as a natural system interconnected with one another. The scholar demonstrated that
assessing each of the natural components separately is insufficient, and that it is their interaction that
determines the potential of agricultural production. This idea subsequently became one of the
fundamental principles of landscape ecology and the theory of agroecological assessment. Vysotsky’s
scientific conclusions indirectly served as a theoretical foundation for the formation of modern
climatic productivity potential models, since they relied on the principle of comprehensive
assessment of natural evidentiary indicators.

The research conducted by Adilbektegi G.A., Mustafayev J.S., Uvatayeva T.K., Dulatbekova
Z.N., and Jozef Mosiej occupies a special place in the information of the Kazakhstan scientific school.
These scholars carried out a quantitative assessment of the biological and ecological potential of the
landscapes of Southern Kazakhstan, examining natural resources not in isolation but as an
interconnected system. The study integrated the assessment of climatic indicators, soil resources, and
biological productivity. As a result, it was demonstrated that the natural potential of landscapes is
determined not only by the volume of production but also by their ecological sustainability. This
research represents one of the first systematized models of comprehensive agroecological potential
assessment under Kazakhstan conditions and formed the scientific basis for integrated assessment
approaches used in current research.

Akhmetov B.Zh., Kasenova A.Zh., Merzlyakov O.E., and Tatarintsev L.M. incorporated the
results of agroecological assessment into the system for planning the sustainable use of agricultural
lands. Through a comprehensive assessment of natural-climatic conditions, soil characteristics, and
land-use structure, these scholars proposed a model for the rational use of territories. The results of
the study showed that agroecological assessment is not merely a scientific description but a key tool
for economic decision-making. At the same time, the authors demonstrated that applying identical
technologies to regions with differing natural potential intensifies the degeneration of land resources.
This conclusion is consistent with the fundamental principles of the modern concept of sustainable
land use.

Next, Akimbekova G. and other scholars examined the issues of the efficient use of the resource
potential of agricultural production from economic and agroecological perspectives. In the opinion
of these scholars, an adequate supply of natural resources does not, by itself, ensure high efficiency
in agriculture. The primary outcome is dependent on the system of resource management. In the
course of the study, the interrelationship among industrial, natural, and labor resources was assessed,
and it was demonstrated that their balanced utilization increases the sustainability of agricultural
production (Akimbekova et al., 2025).
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These works are distinguished by the introduction of an economic efficiency measure into the
assessment of agroecological potential, making it possible to explain the relationship between natural
potential and production outcomes.

In recent years, the principles of ESG (Environmental, Social and Governance) have begun to
acquire particular significance in the assessment of agroecological potential. The research conducted
by Nasiyev B. showed that the sustainable development of agriculture production is directly
connected to the long-term, efficient use of soil resources. It was demonstrated that the
implementation of ESG principles reduces the rate of soil degradation and increases the efficiency of
land resource use. Furthermore, the study concluded that the ecological sustainability of agriculture
should now be assessed not only by the volume of production but also by the long-term ecological
condition of the soil. This is one of the current international scientific directions (Nasiyev et al., 2025).

Plokhikh R. proposed a landscape-ecological-indicative approach to assessing sustainable
pastoral agrolandscapes. The author showed that when assessing the condition of pastures, vegetation
cover, erosion processes, soil degradation, and anthropogenic load must be considered
simultaneously. The results of the study demonstrated that the use of landscape indicators makes it
possible to identify pasture degradation at an early stage, as well as to effectively plan measures for
their restoration. This approach strengthened the role of ecological indicators in the assessment of
agroecological potential.

Among the studies devoted to the development of digital agriculture in Kazakhstan, the work
of Pashkov V. and Mazhitova S. deserves special attention. Having analyzed regional experience in
introducing digital technologies into agricultural production, these scholars showed that the use of
geoinformation systems, satellite monitoring, and precision farming technologies substantially
increases the accuracy of assessing the productivity of agricultural lands. It was further demonstrated
that digital technologies enable real-time monitoring, early identification of risks, and rapid
management of agricultural production. This study indicates that the future of the agroecological
potential assessment system is linked to fully digital systems.

The aim of the research work: An analytical review of methods for assessing the agroecological
potential of agricultural landscapes.

Main objectives:

- To analyze current scientific directions in assessing the agroecological potential of agricultural
landscapes;

- To examine the theoretical foundations of classical models of climatic productivity potential,;

- To analyze the scientific significance of energy-based and agroclimatic indicators for
assessing biological productivity;

- To systematize the specific features of the application of statistical and spatiotemporal analysis
methods;

- To identify the specific features of applying geoinformation and digital technologies;

- To conduct a comparative assessment of the advantages and disadvantages of the models used
in current research.

2. Literature Review
2.1. Classical models of climatic potential productivity
The formation of the theory of assessing the agroecological potential of agricultural landscapes
begins with classical studies devoted to modeling the primary productivity of the biosphere. Research
in this field is based on identifying quantitative relationships between climatic resources and the
productivity of vegetation cover. These models were subsequently widely used applied in assessing
the potential of agricultural production, forecasting climate change, and managing natural resources.
In assessing the agroecological potential of agricultural landscapes, the concept of Climate
Potential Productivity (CPP) is one of the key indicators. This indicator characterizes the highest
possible levels of plant productivity that natural climatic resources can generate, and it allows a
quantitative assessment of the influence of climate on agricultural production. As a result, Net
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Primary Productivity (NPP) and Potential Net Primary Productivity (PNPP) are calculated using the
Thornthwaite Memorial model (Bi et al., 2025).

The Miami model, in turn, describes the annual biomass productivity of natural vegetation
cover as a function of average annual temperature and precipitation. The main principle of the model
is based on treating heat and moisture resources as the primary limiting evidentiary factors that shape
plant productivity. Accordingly, climatic potential productivity is calculated through temperature-
dependent production potential (Yt) and precipitation-dependent production potential (Yr), with the
final result determined in accordance with Liebig’s law of the minimum (Shei et al., 2025).

The Thornthwaite Memorial model, in turn, occupies a special place in assessing climatic
potential productivity. This model treats actual evapotranspiration as the principal limiting factor for
plant productivity, describing the relationship between climatic resources and biological productivity
through a new mathematical dependency. The model’s key feature lies in assessing productivity not
solely through temperature or precipitation, but by taking into account the actual amount of
evaporation. The results of the study demonstrated that accounting for the water regime substantially
increases the accuracy of assessing climatic potential productivity. The model is widely used in
assessing agricultural productivity, forest resources, and the productivity of natural ecosystems
(Tamru et al., 2025; Zhu et al., 2025; Shi et al., 2025).

Zoure C. and other authors selected degraded soils known as “Zipell¢” in the settlement of
Northern Burkina Faso, West Africa, and applied two experimental setups using the zai and half-
moon methods. In the course of the work, precipitation levels, soil hydraulic conductivity, crop
growth, and yield volume were studied (Zoucre et al., 2025).

2.2. Models for assessing biological productivity

In assessing climatic productivity, integral indices describing energy resources and the heat-
moisture balance play an important role. Energy resources determine the following indicators.

Net Primary Productivity (NPP) was calculated using the vegetation productivity assessment
model together with the Thornthwaite Memorial model. This model, relying on precipitation and
temperature indicators, makes it possible to assess plant productivity. That is, in the model, climatic
evidentiary indicators — temperature and precipitation - are used as the primary input parameters.
With the help of these indicators, the annual Net Primary Productivity (NPP) of the vegetation cover
of a particular region is determined (Zhang et al., 2022; Bouteska et al., 2024).

Using the Thornthwaite Memorial model, Potential Net Primary Productivity (PNPP) indicators
are calculated. To increase the accuracy of this indicator, additional variables obtained from the
ECMWF Reanalysis v5 (ERAS) dataset - wind speed and solar radiation — are also applied. The
resulting altered net primary productivity (HNPP) indicator is calculated by subtracting Annual Net
Primary Productivity (ANPP) from Potential Net Primary Productivity (PNPP). In addition, the
potential for increasing grain production (Y) is assessed by calculating the difference between
climatic potential productivity and the actually obtained yield (Bi et al., 2025).

Mehmood K. studied the variation of Net Primary Productivity (NPP) across altitudinal belts
in the ecosystems of a temperate zone. It was shown that the influence of climatic factors changes
considerably with altitude, and that the transformation of the temperature regime directly affects the
dynamics of productivity. The results of the study indicate that need to account not only for climatic
variables but also for terrain and altitude-related evidentiary indicators when assessing the Net
Primary Productivity (NPP) indicator (Mehmood et al., 2024).

The FABLE Calculator model performs calculations through interrelated stages. Evidentiary
indicators such as population growth, GDP forecasts, dietary structure, food waste, and demand for
biofuel — all linked to the demand for agricultural products — are taken into account. Production
constraints are then factored in. As a result, the actual supply available for human consumption is
determined (Carr et al., 2024).

Anand S. and other scholars proposed a new approach aimed at assessing the efficient use of
water resources and the sustainability of agricultural production under conditions of climatic

116



Journal of Ecology and Sustainability 2026, 156(3)

variability. The scholars considered two directions. In the first direction, only changes in the
precipitation regime were assessed, while in the second, changes in precipitation were considered
together with parametric uncertainty. For each direction, the results of 1,000 modeled vegetation
periods were used, and 10,000 bootstrap resamplings were performed. As a result, 95% confidence
intervals were calculated for the Marginal Irrigation Water Productivity index (MIWP) and the
Marginal Irrigation Carbon Intensity (MICI) indicators. The results of the study showed that solutions
on the Pareto frontier possess high stability and make it possible to select optimal strategies for
managing water resources under conditions of climatic variability. This study demonstrates the
scientific importance of introducing uncertainty assessment methods alongside classical climatic
models in evaluating agricultural productivity (Anand et al., 2025).

Agroecological lighthouses are a type of network model that integrates social, technical,
cultural, and economic dimensions of research. As a result, they are used in developing a
methodological roadmap for discussion (Garcia et al., 2024).

Landscape agronomists and landscape architects proposed a plan for creating an Agrarian Park.
This proposal treats the area, on the one hand, as a place of food production, and on the other hand,
as a zone for recreation and walking (Cenet et al., 2024).

An assessment of the ecological condition and sustainability of agrolandscapes was carried out
at the local level. In the course of the assessment, more than twenty indicators characterized the
qualitative condition of agricultural lands were used. The use of these indicators revealed the need to
pay attention to cropland areas and crop rotation systems (Akhmetova et al., 2023).

Furthermore, scientific studies have applied the SLR (Systematic Literature Review) method
to determine the influence of climate change on agricultural productivity. As a result, bringing the
literature together into a single system demonstrates scientific accuracy and transparency (Farah et
al., 2025).

Cossel M. and other authors conducted an experiment in agroforestry practice, growing trees in
combination with field crops and pastures. When fertilizers were applied, competition between trees
and agricultural crops reduced productivity in some areas. It was shown that, in order to achieve an
effective outcome, the level of fertilizer application must also be taken into account (Cossel et al.,
2025).

Zhao H. and other authors assessed the climatic potential productivity of forest vegetation in
China’s Da Hinggan mountainous region over the past 38 years. Analysis based on long-term climatic
reconstruction data showed that climatic changes have a periodic effect on productivity. It was
demonstrated that a rise in temperature does not lead to an increase in productivity under all
conditions, and that its effect is closely related to adequacy of moisture resources. This conclusion
scientifically substantiates the need, in current agroecological assessment to consider temperature not
in isolation but together with hydrothermal conditions. Furthermore, the study showed that the use of
long-term data makes it possible to gain a deeper understanding of the impact of periodic climatic
changes on agricultural production (Zhao et al., 2017).

2.3. Statistical and spatiotemporal analysis methods

Xue Y., Bi M., Mehmood K., and other scholars applied the Geographically and Temporally
Weighted Regression (GTWR) model to assess the influence of six anthropogenic factors on Gross
Primary Productivity (GPP) in China’s pasture ecosystems. The scholars implemented the model in
the ArcGIS 10.7 environment using the Geographically and Temporally Weighted Regression
(GTWR) extension, with the model parameters optimized according to the Akaike Information
Criterion (AIC). The results of the study showed that anthropogenic influence is not spatially uniform.
In some regions, declines in productivity were mainly driven by climatic factors, while in others,
human activity had a predominant influence. This demonstrates that the Geographically and
Temporally Weighted Regression (GTWR) model makes it possible to determine the influence of
factors not only in general terms but at a specific spatial level. To supplement the Geographically and
Temporally Weighted Regression (GTWR) results, the study also applied the Lindeman-Merenda-
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Gold (LMG) method. Lindeman-Merenda-Gold (LMG) analysis makes it possible to quantitatively
distinguish the contribution of climatic factors and human activity to gross primary productivity over
time using the Sen’s slope and Mann-Kendall methods, and then assesses the influence of climatic
factors using partial correlation analysis. Following this, they used the Geographically and
Temporally Weighted Regression (GTWR) model to identify the regional characteristics of
anthropogenic influence (Xue et al., 2023; Bi et al., 2025; Mehmod, 2024).

Guo X. and other scholars, using Pearson correlation to determine pasture productivity in the
eastern, central, and western regions of Mongolia, showed that precipitation indicators influence
pasture productivity (Guo et al., 2023).

In a further study, the Pearson correlation method was used to calculate changes in the
agrochemical indicators of soil over the years. As a result, it was determined that the formation of
soil fertility is dependent on humus content. Its quality and quantity depend on the quantity and
quality of plant residues, the soil regime, the intensity of tillage, erosion conditions, and other factors
(Almanova et al., 2023).

Dang C., Zhu H., and other scholars determine, through the climatic convergence method, the
degree to which temperature and precipitation indicators of the study area approach global average
values, using Euclidean distance. Mathematically, applying the method of Lagrange multipliers, it
was determined that the uniform distribution of climatic indicators leads to an increase in Net Primary
Productivity (NPP). This approach makes it possible to assess the regional structure of climatic
changes and to determine their influence on the productivity of ecosystems (Dang et al., 2023; Zhu
et al., 2025).

Conserva M. examines current directions in mapping agricultural landscapes through remote
sensing. It was shown that automated processing of satellite imagery, machine learning algorithms,
and technologies for integrating spatial data make it possible to determine the structure of agricultural
lands with high accuracy. The results of the study demonstrate that, compared with traditional field
observations, remote sensing technologies make it possible to cover large territories within a short
time, to continuously monitor productivity dynamics, and to increase the effectiveness of
agroecological monitoring. This approach demonstrates the importance of supplementing climatic
potential productivity models with precise spatial data (Conserva et al., 2025).

Net Primary Productivity (NPP) of the study area was calculated on the basis of Remote Sensing
(RS) data. The degradation of pastures in the region was examined from the standpoint of the
ecosystem’s level of carbon sequestration. The actual pasture productivity (NPPreal) was compared
with the maximum productivity of the given ecosystem (NPPmax), and the level of degradation was
determined (Zhang et al., 2022).

To reduce soil degradation in agricultural lands, measures such as zero tillage combined with
drip irrigation and organic farming are included. In China, programs for “Converting Cropland to
Green Areas” have been implemented. Farmers were provided compensation for converting
agricultural land into forest and pasture. As a result, conditions were created for the restoration of the
ecosystem (Akimbekova et al., 2025).

Saikia R. and other scholars combined geoinformation technologies with soil suitability
assessment methods in agroecological assessment. By integrating data on soil properties, terrain,
climatic indicators, and productivity through spatial analysis, they identified areas suitable for
agricultural production. The results of the study showed that the use of geospatial technologies not
only increases the accuracy of assessing agroecological potential but also enables the rational
planning of agricultural lands. Furthermore, it was demonstrated that these spatial models serve not
merely as mapping tools but as a scientific basis for management decision-making (Saikia et al.,
2025).

Borankulova G. and other scholars developed an intelligent monitoring system for real-time
observation of water levels in agriculture. As a result of the study, a monitoring system was proposed
that is low-cost, powered by autonomous energy sources, and integrated with big data technologies.
It was shown that this technology can increase the efficiency of water resource management, reduce
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costs in irrigated farming, and enable real-time decision-making. This study demonstrates that
assessing agroecological potential should not be limited to the analysis of natural evidentiary factors
alone, but must also be integrated with digital monitoring systems (Borankulova et al., 2025).

Cossel M. and other scholars systematized numerous meta-analyses devoted to agroecological
farming practices and assessed the influence of sustainable farming technologies on the sustainability
of agricultural systems. The introduction of agroecological approaches contributes to preserving soil
fertility, increasing biodiversity, and strengthening resilience to climatic risks. At the same time, the
scholars show that the universal application of a single technology, without accounting for the natural
characteristics of each region, is scientifically incorrect. This conclusion demonstrates the need to
adapt agroecological potential assessment models to specific regional conditions (Cossel et al., 2025).

Cenet A. and other scholars proposed a territorial planning methodology to support
agroecological transition in local areas. By combining data on soil resources, terrain, agricultural
structure, and ecological constraints, they developed an algorithm for assessing agroecological
development potential. The results of the study demonstrated that territorial planning serves not only
as a tool for assessing natural resources but also as an effective scientific mechanism for managing
sustainable land use. This approach shows the need to take socio-economic indicators into account
alongside natural evidentiary factors when assessing the agroecological potential of agricultural
landscapes (Cenet et al., 2024).

Farah A. and other scholars conducted a systematic literature review of studies published in the
Scopus database between 2015 and 2024, showing that climate change has the most significant
influence on agricultural productivity. According to the analysis, rising temperatures, instability in
the precipitation regime, and extreme climatic events have led to declining productivity in many
regions. At the same time, the study demonstrates that the effects of climate are not uniform across
all regions and vary depending on natural conditions and adaptation measures. This conclusion
demonstrates the necessity of taking regional characteristics into account when assessing
agroecological potential (Farah et al., 2025).

Babyenda P., Kaburbo-Mariara J., and Odhiambo S. assessed the impact of climatic variability
on agricultural production in Uganda. Through the analysis of long-term climatic and economic data,
it was determined that changes in temperature and precipitation directly influence productivity. It was
further shown that in farms that had introduced adaptation technologies, the impact of climatic risks
was substantially reduced. This study demonstrated that agroecological potential is determined not
only by natural resources but also by management decisions (Babyenda et al., 2023).

Bouteska A. and other scholars studied the impact of climate change on agricultural production
and food security in Ethiopia. It was shown that the influence of climatic factors on agricultural
systems is closely connected with socio-economic conditions. The results of the study demonstrated
that, in order to reduce climatic risks, assessing natural resources alone is insufficient and must be
accompanied by the development of adaptation strategies. This conclusion reflects the comprehensive
nature of the current conception of agroecological potential assessment (Bouteska et al., 2024).

Almanova Z. studied changes in soil fertility indicators under conditions of long-term
agricultural use in Northern Kazakhstan. Having demonstrated that changes in the agrochemical
properties of soil have a long-term effect on agricultural productivity, the study showed the necessity
of mandatorily accounting for soil quality indicators when assessing agroecological potential. This
study strengthens the scientific basis for supplementing climatic models with information on soil
resources (Almanova et al., 2023).

Mustafayev Zh. Examined measures for improving agricultural lands in Kazakhstan, dividing
them into three stages. The results of the study concluded that new, modern methods are still required
for carrying out land reclamation measures on agricultural lands (Mustafayev, 2017).

Mustafayev Zh. assessed the soil resources of the agricultural landscapes of the Turkistan region
based on agrochemical indicators, determining that regional variability in soil fertility directly affects
the efficiency of agricultural production. The assessment approach proposed by the author treats the
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agrochemical properties of soil as an important component of agroecological potential and can be
applied in regional-level planning work (Mustafayev et al., 2024).

Mustafayev Zh. and other scholars, in a study aimed at improving the methodology for
assessing the agroresource potential of agricultural landscapes, integrated climatic, soil, hydrological,
and biological indicators into a unified system. They proposed a methodology for assessing the
agroresource potential of agricultural landscapes, classifying it into groups of agroclimatic resources
(ACR), soil-land resources (SLR), agrobiological resources (ABR), and water-based resources. It was
scientifically substantiated that assessment of agroecological potential should be carried out not
through individual indicators but through a comprehensive system that accounts for the
interrelationship of natural resources (Mustafayev et al., 2024).

The methodology proposed by Mustafayev Zh. provided a comprehensive assessment of the
agrobiological resources of landscapes used in agriculture through several levels of productivity. This
method takes into account, alongside climatic indicators, temperature-related, radiation-related, and
agroecological evidentiary indicators. This approach makes it possible to assess the agrobiological
potential of agricultural lands, to identify limiting factors, and to develop solutions (Mustafayev et
al., 2024).

The method proposed by Mustafayev Zh. and Adilbektegi G. was developed to assess
biological-ecological productivity and to determine the efficient allocation of agricultural productive
forces. As a result, it enables a quantitative assessment of qualitative changes in the living
environment, the modeling of the transformation of natural systems under conditions of climate
change, and natural landscape-ecological zoning (Adilbektegi et al., 2025).

Kong F. and other scholars studied the efficiency of using climatic resources through the
introduction of a new farming system in the mountainous regions of southwestern China. It was
demonstrated that improving the structure of crop rotation increases the efficiency of using heat and
moisture resources. Furthermore, it was shown that new agrothechnological systems make it possible
to fully utilize climatic potential alone is insufficient, and that it must be combined with effective
agrotechnological management. The scholars’ conclusions show that the current level of sustainable
agriculture can be improved through evidentiary factors applied to climatic potential productivity
(Kong et al., 2024).

Toletayev A. and other authors determined the agroclimatic resources of agricultural landscapes
located in various natural zones of the Turkistan region of the Republic of Kazakhstan through
energy-based and agroclimatic indicators of biological productivity. The research methodology is
based on determining the interdependence of the quantitative and qualitative indicators obtained —
that is, the indicators describing the balance between the influx and expenditure of energy. Relying
on the law of conservation of energy, it encompasses indicators for assessing energy resources,
moisture and heat supply, as well as climatic aridity. Overall, these indicators determine the trend of
development of agricultural production (Toletayev et al., 2024).

2.4. Specific features of applying geoinformation and digital technologies

Satellite data make it possible to assess climatic productivity in real time and at the spatial level.
The Normalized Difference Vegetation Index (NDVI) is the principal indicator for assessing the
photosynthetic activity of vegetation and the volume of green biomass. It is calculated on the basis
of the reflectance of the near-infrared (NIR) and red (R) spectral bands. The Vegetation Health Index
(VHI), in turn, is one of the satellite indices most widely used in drought analysis. The Temperature
Condition Index (TCI) is used to monitor plant stress caused by temperature effects. The Aridity Index
(AD), in turn, is calculated on the basis of meteorological data as the ratio of precipitation to
evaporation (Karatayev et al., 2025).

The Geographic Information System-Multi-Criteria Decision Making (GIS-MCDM) module
evaluates each criterion according to the degree to which it provides favorable conditions for the
growth of agricultural crops. Each criterion is then classified on a scale from 0 to 10. The weight of
each criterion is determined using the Analytic Hierarchy Process (AHP). A Geographic Information
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System (GIS) model is then constructed. All thematic maps are converted into raster format; that is,
electronic maps are complied (Faraslis et al., 2023; Saikia et al., 2025).

To reduce the influence of classification results of spectral similarity arising from the diversity
of crop types in the study area, several types of features derived from multi-temporal Sentinel-2 and
Sentinel-1 imagery are used. These provide information on the reflective capacity of crops over short
intervals of the vegetation period (Fang et al., 2025).

Arystanov A. and other scholars studied the problem of automatically classifying agricultural
crops under rain-fed farming conditions in the southern part of Kazakhstan. Using Sentinel-2 satellite
data, they developed an algorithm for determining the spatial distribution of various agricultural
crops. The results of the study showed that satellite imagery with high spatial resolution makes it
possible to accurately determine the structure of agricultural land. Furthermore, it was demonstrated
that the automated classification approach substantially reduces time and labor costs compared with
traditional field surveys. According to the authors’ conclusions, such technologies form a reliable
primary database for refining agroecological potential assessment models (Arystanov et al., 2025).

The Eddy Covariance Light Use Efficiency (EC-LUE) and Carnegie-Ames-Stanford Approach
(CASA) models, based on light-use efficiency, calculate Gross Primary Productivity (GPP) using
Moderate Resolution Imaging Spectroradiometer (MODIS) satellite data (Xi et al., 2023; Zhang et
al., 2024).

Moderate Resolution Imaging Spectroradiometer (MODIS) data can be used as an optimal tool
for the in-depth study of carbon dynamics in ecosystems (Castorena et al., 2025).

The Integrated Terrestrial Ecosystem Assessment Tool (INSTANT) Climate Guide program is
a general interactive statistical package designed for microcomputers. This method is applied in
determining the trend of dry spells in the first and second periods (Usman et al., 2022).

An ultrasonic sensor for determining water level was built into a microcontroller. This
determines the water level in agriculture in real time (Borankulova et al., 2025).

A systematic analysis of scientific works devoted to the agroecological assessment of
agricultural landscapes showed that research in this field has changed considerably over the past fifty
years. Whereas early studies were limited to determining the influence of climatic factors on plant
productivity, current research is aimed at integrating natural, biological, anthropogenic, and digital
factors into a unified model system. These changes are connected not only with the increasing
complexity of research methods, but also with a deeper understanding of the multilevel organization
of agroecological systems.

Analysis. Based on the results of the analysis conducted, all the methods used in the studies can
be grouped into four main categories according to their scientific purpose and functional
characteristics. The first category comprises the classical models of climatic potential productivity.
Here, the Miami model is calculated using the formula shown below (19).

NPP = min(NPPt, NPPp) (1)
NPP - net primary productivity,
t - average annual temperature (°C),

p - annual precipitation (mm).

The following indicator of actual evaporation is determined using the Thornthwaite Memorial
model (51).

Ye — 3000[1 _ e—0.0009695(V—20)] (2)
1.05
V=—— 3
1.057r
+(577)
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L =300+ 25t + 0.05¢3 4)

Ye - evaporation-based production potential (kg-hm?2-a™).
V - average annual actual evaporation (mm).
L - annual maximum evaporation (mm).

1.05 - a correction coefficient accounting for the relationship between precipitation and
evaporation; 300, 25, and 0.05 - empirical parameters used to calculate maximum evaporation based
on temperature.

Pasture productivity, in turn, was calculated using the Thornthwaite Memorial model.

TP = 30000 * [1 _ e—0.0009695(v—20)] (5)
2
v {1.0519/\/1 + (L.05P/L)2(P = 0.3161) ©)
P(P < 0.316L)
L =300 + 25T + 0.05T3 @)

T, - pasture productivity (g-m2-yr),

V - actual average annual evapotranspiration, mm,

T - average annual temperature, °C,

L - an empirical function of average annual temperature,
and P - average annual precipitation, mm.

Further, the Thornthwaite Memorial model is used to assess Climate Potential Productivity
(CPP) according to the following formula. It is widely used in studying changes in climatic potential
productivity (25).

CPP = 3000 X (1 _ e—0.0009695(ET—20)) (8)
E, = 300 + 25T + 0.05T2 9)
1.05P
Ey =10 (10)
1.05P
1+(T>

CPP is expressed in kg/ha X year,

ET - average annual evapotranspiration, mm,

EL - average annual evaporation, mm, and e - the base of the natural logarithm,
T - average annual temperature, °C,

P - average annual precipitation, mm.

Next, the sum of biologically active air temperatures (46) is calculated using the formula below.
YSBCT; > 10°C = Y., AMT; N; (12)

AMTi - average monthly air temperature above 10°C (°C),
Ni - number of days in the month,
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n - number of months in which the average monthly air temperature exceeds 10°C, for the
indicator XSBCTi.

The surface radiation balance of air and soil (45) is calculated using the following formula.
RB;i=4.1868 [13.39 + 0.0079 YSBCT;> 10°C] (12)
RBi - the surface radiation balance of air and soil.
The De Martonne aridity index (45) is calculated as follows.
IAi= AAPi/(AAT;+ 10) (13)
IAi - aridity index values,
AAPi - annual precipitation (mm),
AATi - average annual air temperature (°C).
The natural moisture coefficient is calculated using the formula below (45).

NMCi=AAP/TEB; (14)

NMCi - natural moisture coefficient,
AAPi - annual precipitation (mm), TEBI - total evaporation.

The hydrothermal coefficient is calculated according to the following formula (45).
HTCi - hydrothermal coefficient,

2SBCTi (>10°C) - sum of active air temperatures,

AAPi - annual precipitation (mm).

The bioclimatic potential index (45) is determined according to the following calculation.

BCP; = NMC;i(3 SBCT;/1000) (16)

BCPi - bioclimatic potential;
NMCi - natural moisture coefficient.

N.N. Ivanov's natural moisture coefficient was calculated using the following formula (45).
Cm=0./E, (17)

Cm - moisture coefficient,

Oc - precipitation amount, mm,

Eo - evaporation amount.

The moisture index was determined using the following formula (45).

Mlai=AAPi/ Y. AAHD; (18)
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MIdi - moisture index,
AAPi - annual precipitation (mm),
>AAHD:I - sum of air moisture deficits during the biologically active period of the year.

The formula for the agroresource potential of landscapes is determined according to the
calculation below (29).

ARPLi = f (ACRi, SLRi , ABRi , WRi) (19)

ACRI - agroclimatic resources,
SLRi - soil-land resources,
ABRI - agrobiological resources, WRi - water resources.

The Horton infiltration equation is expressed in the following form (19):
(t)=(fc + (fo — fc) Kt (20)

f (t) is the infiltration rate at time t (mm/h),

t is time (h),

fo - initial infiltration rate (mm/hr),

fc - steady-state infiltration rate (mm/hr),

k - infiltration decay coefficient (hr'!),

e - the base of the natural logarithm (2.71828).

The second group of biological productivity assessment models includes Net Primary
Productivity (NPP), Potential Net Primary Productivity (PNPP,) and Human Appropriation of Net
Primary Productivity (HNPP). Net Primary Productivity (NPP) is calculated using the following
equation (26):

NPP = 3000[1 _ e—0.0009695(v—20)] (21)
1.05
V=2 22)
e (120)
L = 3000 + 25t + 0.05t3 (23)

NPP - net primary productivity (g C m™ yr'!),

V - actual annual evapotranspiration (mm), L - average annual potential evaporation (mm),
t - average annual temperature (°C),

r - annual precipitation (mm).

Potential Net Primary Productivity (PNPP) productivity is determined by the following formula
(26).

PNPP = C x (1 — exp(—d x (v — 20))) (24)

C (3000 mm) - the maximum potential amount of evaporation under ideal conditions,
v - actual annual evaporation,

d - the coefficient 0.0009695, which regulates the influence of evapotranspiration on Potential
Net Primary Productivity (PNPP).

124



Journal of Ecology and Sustainability 2026, 156(3)

HNPP productivity is determined according to the following formula (26):
HNPP = PNPP — ANPP (25)
PNPP - Potential Net Primary Productivity,
HNPP - Human-induced [altered] Net Primary Productivity,
ANPP - Annual Net Primary Productivity.

The third group comprises spatial and temporal statistical models. One of these, the Mann-
Kendall (26) trend test, is calculated using the formula below:

S = Xk=1 Xieke1s9n(X; — Xi) (26)

+1(X; — X)) >0
Sgn(X; — X)) =13 0(X; — X)) =0 (27)
—1(X; — X)) <0

5-1
>0

S
JVar(s) ( ) 8)

S+1
Jvar(s) §<0

S - the statistical indicator of the Mann-Kendall test used to determine a trend,

n - the number of data points in the time series,

k and j - indices used for comparing data (j > k), meaning each pair is compared only once),

Xj and Xk - the data values at positions j and k in the time series,

Z - the standardized Mann-Kendall test statistic used to assess the statistical significance of the
trend.

The Sen's Slope model is calculated using the following formula (49).

S = Lyfwherej > (29)

Y xj—xl

Xi - denotes the time intervals, y; - denotes the corresponding Annual Net Primary Productivity
(ANPP) values. The Geographically and Temporally Weighted Regression (GTWR) model is
calculated according to the following formula (49).

Yj= Bo(uj, vj, tj) + Y %=1 Br(wj, vj, t))xj + & (30)

Bo (uj, vj, tj) - the spatiotemporal geographic coordinates of the variable at point j, Yj - the
dependent variable,

xjk - the k-th independent variable,

& - the error term,

n! - the factorial of the number of variables,

R? - represents the quality of the regression model,

AR?({xx }|r) - represents the increase in the R? value after the variable xi 1is introduced into the
model in order r.

The Lindeman-Merenda-Gold (LMG) model is calculated using the formula shown below (49).
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LMG(xy) = %Zr—premutation Sequ({xk}lr) (31)
seqR? ({25) = R2(fa} U S () — R¥(Sk() (32)

Partial correlation analysis is presented in the following calculation (49).

8 0 )

Z{Lzl(xi—x) Z?=1(Yi—)/)

R - correlation coefficient,

n - sequential year, X; - the value of the variable in year i,

X - the average value of the variable over the study period,

yi and § - respectively, the influencing factor in year i1 and the average value of the influencing
factor over the study period.

Climatic convergence was implemented according to the calculations below (49).

Core = |Prej - Premean| (34)
Ctmp = |Tmpj - Tmpmeanl (35)
Coi = \/(Ctmp)z + (Cpre)z (36)

Tmp - temperature convergence,
Pre - precipitation convergence,
Ccli - overall climatic convergence.

The Climatic Resource Use Efficiency (CRUE) indicator is calculated using the following
formula (49).

CRUE=100%x*Agp/CPP (37)
CRUE - climatic resource use efficiency (%),
Agp - the actual grain yield obtained per unit of cropland area, calculated on the basis of field

survey data and statistical data across years.

The fourth group comprises the system of geoinformation and digital technologies. In this
group, MODIS data are calculated using the EC-LUE model (26).

GPP = emax x PAR % FPAR x min(Ts, W) (38)
GPP - gross primary productivity,
emax 2.25 g C/MIJ - represents the maximum value of light-use efficiency,

FPAR - the fraction of photosynthetically active radiation absorbed, Ts - temperature stress,
Ws - water deficit.
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The following equations are used to mathematically calculate the FPAR, Ts, and Ws indicators
(26).

FPAR =a X NDVI X b 39)
— (T_Tmin)(T_Tmax)

TS o (T_Tmin)(T_Tmax)_(T_Topt) (40)
__ VPD,

Ws = wrp, ey @

a and b - empirical coefficients,
Tmin, Tmax, Topt - the minimum, maximum, and optimum temperatures for photosynthesis.

The following formula was used to determine the carbon-use efficiency indicator at the pixel
level (26).

ANPP = GPP x CUE (42)

ANPP - annual net primary productivity,
GPP - gross primary productivity,
CUE - carbon-use efficiency.

Carbon-use efficiency is determined using the following formula:

CUE =2 (43)
NPP

CUE - carbon-use efficiency,
NPP - net primary productivity,
GPP - gross primary productivity.

Thus, the first group of climatic potential productivity assessment model is founded on the
Miami model, the Thornthwaite Memorial model, and the Climate Potential Productivity (CPP)
approach. The main purpose of these models is to determine the theoretical productivity that the
natural environment is capable of generating under unchanged climate conditions, calculated through
agroecological indices. The aim of research in this direction is to determine the level of natural
resources favorable for agriculture. In the course of reviewing the scientific literature, it was found
that the De Martonne aridity index, natural moisture coefficients, the hydrothermal coefficient,
bioclimatic potential, and climate favorability indices are the most widely used indicators.

The results of the analysis showed that the Miami model has played a special role in scientific
development. Although this model was one of the first universal approaches to assessing climatic
potential, current research has demonstrated that it is limited to calculating temperature and
precipitation indicators and cannot fully capture all the characteristics of complex natural systems.
For this reason, the majority of subsequent studies have shifted toward the Thornthwaite Memorial
model, since this model, by accounting for actual evapotranspiration, substantially increases the
accuracy of productivity assessment.

However, it was found that in the great majority of current scientific works, neither of these
two models is used in isolation. On the contrary, they continue to be used together with the results of
satellite monitoring, regional statistics, and biological productivity indicators. This trend does not
diminish the scientific significance of the classical models; rather, it demonstrates that they have been
retained in current research as the initial element of a comprehensive assessment system.
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The second group comprises models for assessing biological productivity and agroecological
indices. The main indicators in this direction include Net Primary Productivity (NPP), Potential Net
Primary Productivity (PNPP), and Human Appropriation of Net Primary Productivity (HNPP). The
research conducted showed that these indicators do not substitute for one another. Net Primary
Productivity (NPP) assesses the actual productivity formed under natural conditions. Potential Net
Primary Productivity (PNPP) reflects the theoretically possible productivity under fully three
indicators together. This approach makes it possible to separately assess the influence of climatic
changes and anthropogenic factors. It is even used, applying the Thornthwaite Memorial model, to
assess the Potential Net Primary Productivity (PNPP) indicator.

At the same time, scientific works in recent years have shown that Net Primary Productivity
(NPP) -based models are also being widely used in studying carbon cycling. This has increased their
importance not only in agronomic but also in ecological research.

The third group encompasses methods for assessing the efficiency of using spatial and temporal
statistical models. The aim of research in this direction is to determine the extent to which natural
potential is actually being utilized. For this purpose, Climate Regulation Use Efficiency (CRUE), the
potential for increasing production output, and energy efficiency indicators have been widely applied.
The literature analysis conducted showed that the Climate Regulation Use Efficiency (CRUE)
indicator has acquired particular importance in current research. Whereas the classical models
determine natural potential, Climate Regulation Use Efficiency (CRUE) assesses the extent to which
that potential has actually been realized. This indicator has proven highly effective in identifying the
reserves of agricultural production. Numerous studies demonstrate that, even where natural potential
is high, low actual productivity is attributable to managerial, technological, or social factors. For this
reason, Climate Regulation Use Efficiency (CRUE) has come to be regarded in current research as
an important indicator of agricultural efficiency.

At the same time, it is observed that these indices, too, are not used in isolation in current
research. Many authors have used them together with climatic models. This approach makes it
possible to more comprehensively assess the factors influencing productivity.

The direction of spatial and temporal statistical models has been developing with particular
intensity over the past decade. Mann-Kendall, Sen’s Slope, Geographically and Temporally Weighted
Regression (GTWR), Lindeman-Merenda-Gold (LMGQG), and partial correlation analysis are used in
the majority of current international scientific works. The literature reviewed showed that the
scientific tasks of these methods differ. Mann-Kendall determines whether a change is present. Sen’s
Slope calculates the intensity of the change. Geographically and Temporally Weighted Regression
(GTWR) reveals regional differences. Lindeman-Merenda-Gold (LMG) assesses the relative
contribution of the various factors. Accordingly, current research uses these methods not in isolation
but as a single analytical complex.

The fourth group comprises geoinformation and digital technologies. As the literature shows,
current work on assessing agroecological potential is not conducted without the Eddy Covariance
Light Use Efficiency (EC-LUE) and Carnegie-Ames-Stanford Approach (CASA) models together
with Geographic Information System (GIS) and Moderate Resolution Imaging Spectroradiometer
(MODIS) technologies. These technologies substantially increase not only the accuracy of research
but also the spatial visualization of results. They have also made it possible to conduct real-time
monitoring. As a result, agroecological assessment has shifted from statistic research to a dynamic
digital monitoring system.

A comparison of scientific works reveals another important feature of current research. In all
scientific works of the past decade, agroecological potential is not assessed through a single indicator
alone. Nearly all studies apply several methods in parallel. For example, even where the Miami or
Thornthwaite Memorial model is used to assess climatic potential, the research does not end there.
Scholars subsequently calculate Net Primary Productivity (NPP) indicators as a matter of course, use
satellite data, and assess the influence of factors through statistical models. They also determine
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regional differences. That is, current agroecological assessment is carried out by integrating the
results of several independent methods, as shown in Figure 1 below.

Agro-ecological potential assessment

—

Classical Models BiOIOg%C?I Statistical and Geoinformation
of Climatic Productivity Spatiotemporal and Digital
Potential Yield Assessment Analysis Methods Technologies

Models

Figure 1. Comprehensive framework for agroecological potential assessment

This trend is clearly evident in works published after 2020. In current research, classical
empirical models are used only at the initial assessment stage. The principal scientific results are
obtained through regional statistics, remote sensing, and the processing of large volumes of geospatial
data. The occurrence of such changes indicates that the science of agroecological potential assessment
has entered a new digital stage.

The following table 1 examines the methods and compares their advantages and disadvantages
depending on their conditions of use.

Table 1. Strengths and limitations of methods

Ne Names of methods Advantages Limitations

Classical models of climatic potential productivity

1 | Miami models Simple and efficient in application. | Fails to account for all ecosystem
Convenient for limited data |indicators. Highly dependent on
availability. Effectively | rainfall. ~ Provides inaccurate

demonstrates the impact of climat | estimates under extreme climate
conditions. Computationally light | conditions. Less precise than
and straightforward. contemporary complex models.

2 | Thornthwaite Memorial | Effective for assessing water-scarce | Dependent on precipitation and

models regions. Based on climatic | temperature parameters. Lacks
parameters and well-suited for | precise accounting of solar
capturing temporal shifts. | radiation. = Does  not  fully

Incorporates water balance metrics. | incorporate soil properties and
Suitable for regional-scale studies. | vegetation features.

3 | Agro-resource potential | It is determined by integrating agro- | It difficuit to accurately predict the
of landscapes climatic, soil and land, agro- | future potential of the landscape
biological, and water resources. It is | due to global climate change.
calculated by comprehensively
considering agro-climatic, soil-land,
agro-biological, and water
resources.
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De
index

Martonne  aridity

Simple index and straightforward
computation. Convenient for limited
climatic data availability. Well-
suited for large-scale regional
comparisons. Effectively
demonstrates aridity and moisture
indicators. Suitable for evaluating
multi-year  climatic  parameters.
Effective for GIS and cartographic
analysis.

Considers  precipitation  and
temperature parameters. Excludes
other environmental factors. Fails
account for seasonal variations.
Does not consider soil moisture,
vegetation cover, or land use
characteristics.

Models for assessing biological productivity

Net Primary Productivity
(NPP)

Describes the intrinsic capacity of
plants to produce biomass. Evaluates
the carbon sequestration potential of
the ecosystem. Applied to assess the
impacts of climate change, drought,
and anthropogenic drivers on
vegetation cover.

Determining Net Primary
Productivity (NPP) is time-
consuming. Different models may
yield varying Net Primary
Productivity (NPP) values for the
same study area. Estimating Net
Primary  Productivity ~ (NPP)
requires significant computational
time.

Annual Net Primary | Enables accurate visualization of | Annual indicators may mask
Productivity (ANPP) annual  productivity  dynamics. | seasonal fluctuations. They fail to
Effective for interannual | fully capture the actual impact of
comparisons. A crucial indicator for | short-term extreme events within a
comparing  productivity  across | year. Interannual metrics do not
spatial areas. account for intra-annual seasonal
variability.
Potential Net Primary | Enables the assessment of the | Without considering specific soil,
Productivity (PNPP) ecosystem's maximum potential | topographic, vegetation type, and

productivity in natural state. Human
impact on ecosystems can be
quantified by comparing potential

natural NPP with actual NPP. Serves
to evaiuate the potential peak
productivity of unmanaged
ecosystems.

water resource parameters,
potential productivity risks being
overestimated. This  indicator
reflects model-based theoretical
potential rather than actual
observed yield.

Statistical and spatiotemporal analysis methods

Mann-Kendall

Determines the statistical
significance of trends in climate time
series (e.g., temperature,
precipitation).

May vyield false positives or
inaccurate  results if  serial
autocorrelation e.g., seasonality is
present in the time series. Requires

pre-whitening or data pre-
processing to eliminate
autocorrelation.
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Geographically and
Temporally Weighted
Regression (GTWR)

Models  climate
simultaneously  accounting  for
spatial and  temporal  non-
stationarity.Accurately models how
relationships and processes vary
across different regions and change
over time.

change by

Computationally intensive and
requires significant processing
power. It is also sensitive to
multicolliearity among
independent variables.

10

Partial Correlation

Analysis

Identifies the net linear relationship
between two climate variables e.g.,
temperature and productivity while
controlling for the effect of other
confounding factors (e.g., humidity).

Only effective for evaluating linear
relationships. It may misrepresent
complex, non-linear interactions
between factors.

11

Sen's Slope

Calcutes the magnitude or rate of
change of climate parameters over
time (trend slope). Extreme values
or anomalies in dataset do not distort
the slope calculation.

Strong serial autocorrelation e.g.,
seasonality or strong multi-year
dependencies can lead to an
overestimation of trend
significance.

12

Climate Convergence

The study of how climate indicators
or adaptation performance across
different regions converge or
equalize over time.

Requires high-quality, long-term
hydro-meteorological data series.
Insufficient or patchy data can
significantly distort the analysis
results.

13

Lindeman-Merenda-Gold
(LMG)

Evaluates the relative importance of
different explanatory factors (e.g.,
CO2, elevation, latitude) in
regression models.

Computation  time  increases
exponentially if the number of
inderependent variables is too high
(e.g., exceeding 10 variables).

Specific features of applying geoinformation and digital technologies

14

Eddy Covariance Light
Use Efficiency (EC-LUE)

Calculates Gross Primary
Productivity (GPP) with high
accuracy since it is grounded in real-
world surface measurements.

Dependent on the network of
ground Eddy Covariance towers
(such towers are not available in all
regions, especially in developing
countries).

15

Carbon sequestration

Helps combat climate change,
supports the development of carbon
credit markets, and promotes
sustainable land management.

Physically = measuring  exact
amounts on the ground is
extremely expensive and complex
stored carbon can be released back
into the atmosphere during
wildfires or deforestation.

16

Moderate Resolution
Imaging
Spectroradiometer

MODIS

Free global-level data, high temporal
resolution (daily acquisition) and
offers many ready - to — use products
for studying vegetation cover,
temperature, fires and the carbon
cycle.

Low spatial resolution (250 m — 1
km), making it unsuitable for
detailed analysis of small fields or
fragmented landscapes.

17

Carnegie-Ames-Stanford
Approach (CASA)

Accurately estimates carbon flux at
regional and global scales; allows

Requires a vast amount of climatic
data and soil parameters; high
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simulation of wvarious climate | probability of error in data — scarce
scenarios. regions.

18 | Normalized Difference | Easy to calculate, available in most | Experiences a «saturation» effect
Vegetation Index (NDVI) | satellite datasets, and ideal for |in dense forests (the index stops
comparing biomass dynamics across | increasing); sensitive to soil color
large areas over long periods. and atmospheric interference
(clouds, smoke).

At the same time, the analysis of scientific works reveals that certain methodological
contradictions persist even within current research.

The first contradiction relates to the absence of a unified definition of the concept of
agroecological potential. Some scholars regard agroecological potential solely as a sum of climatic
resources.

A second group of researchers interprets it as the overall capacity of natural resources.

A third scientific direction links agroecological potential to the sustainability of actual
agricultural production.

Representatives of a fourth direction incorporate into this concept the influence of
anthropogenic factors and digital technologies as well.

Thus, single scientific term is found to have several definitions. While this diversity of scientific
opinion reflects the complexity of the object of study, it also indicates that a unified theoretical
foundation for assessing agroecological potential has still not been fully established.

A second important contradiction concerns the assessment methods themselves. The classical
models make it possible to assess natural potential simply and quickly. However, they do not
adequately account for regional characteristics. Current digital models, by contrast, operate with high
accuracy. But their application requires satellite data, large volumes of informational resources, and
complex software. This situation complicates the development of a universal model for assessing
agroecological potential.

3. Conclusion

In the period ahead, the development of the science of assessing agroecological potential is
expected to be connected with the integration of high-spatial-precision satellite observations, machine
learning algorithms, and digital data-processing systems. Such technologies will make it possible not
only to monitor changes in natural resources in real time, but also to model their future development
scenarios and to formulate scientifically grounded management decisions aimed at increasing the
sustainability of agricultural production.

In conclusion, at the present stage, the assessment of agroecological potential should be
regarded not as a collection of individual scientific methods or separate indicators, but as a multilevel,
integrated scientific system that combines natural, climatic, biological, spatial, and digital
components. Only such a systemic approach makes it possible to objectively assess the actual
capabilities of agricultural landscapes, to rationally manage natural resources under conditions of
climate change, and to scientifically ensure the long-term sustainable development of agricultural
production.
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AHaaTrna. Aybul IapyamibUIBIK OHJIPICIHIH TYPAKThl JaMybl TaOWUFH pecypcTapibl THIMII
naijananyra, KIAMATTBIK TOYEKENIep/i FBUIBIMU HeETi3le Oaranayra >KOHE aybll MIapyalllbLIbIK
naHAmadTTapbIHBIH ~ arpO3KOJIOTUSIIBIK  OJICYeTiH JYphIC aHBIKTayFa Tikened OaiaHbICTHI.
Knumarteik sxahaHOplK e3repic, >Kep pecypCTapblHBIH JErpafaiusichl, Cy TallIbUIBIFBI MEH
AQHTPOIIOTCHIIK KBICBIMHBIH KYIIECIO1 JKaFJalbIHAa arpo3KOJIOTHSIIBIK SJICYeTTI Oarayiay olicTepiH
KETUINIPY Kaszipri arpapiblK FBUIBIMHBIH MAaHBI3Abl OarbITTapbhIHBIH OipiHe aiHangsl. CoraH
KapaMmacTaH XaJbIKapajblK FbUIBIMU 9/1e0HEeTTepie KOMAaHbLIaThIH MaTEMaTUKAIIBIK, OMO(DU3HKATIBIK,
SHEPIreTUKANIBIK, CTaTUCTHKAJBIK JXOHE T'e0aKMapaTThIK MOJACIbACPAIH TEOPHSUIBIK Heri3nepi,
KOJIZIAHBLTY EpPEeKIICNIKTepl MEH e3apa OaiaaHbICTapbl OIpbIHFAMl JKyHene >KeTKUTKTI JeHreiae
KUHAKTAIMaraH.

byn 3eprreyne aywpin mapyamibUIBIK JAaHAMA(TTAPBIHBIH arpodKOJIOTHSUIBIK OJIeyeTiH Oaranayna
KOJIJIaHBUIATBIH Ka31pri FRUTBIMU 9/IiCTEpre *KYHeli aHaTUTHUKAIBIK [0y KYPri3yMeH KaTap oJapAblH
HETI3/IepiH, KOJJIAHBUTY €pEKIIEeNIKTEePiH, apTHIKIIBUIBIKTAPhl MEH KEMIIUTIKTEPIH CaJbICTBIPMAIIbI
TYPFBIJA Tallay, FRUTBIMU CUHTE3/ICY JKOHE oliICHAMAJIBIK JKYyiieney TociiiepiHe HeTi3ae/Il.
FoutbiMu KyMbICTapApl Talfay HOTIDKECIHIIE arpodKOJNIOTHSIIBIK AJIEyeTTi Oaranay omicTepiHiH
KaparnaibiM SMITMPHUKAIBIK MOAETbACPACH KEHICTIKTIK-YaKbITTBIK Taj/ay, KAIIBIKTBIKTAaH 30HATAY,
reorpadusIbIK aKnaparTelk okyhenep, ERAS kalta Tammay wmarepuangapbl, CTaTUCTUKAJIBIK
MOJIENIbJIEP KOHE CaHBbIK TEXHOIOTHIIAP bl OipIKTIPETIH KEIIeH 1 TICIAepre ACHiHT1 1aMy OaFbIThI
aHbIKTaIBl. Miami xxoHe Thornthwaite Memorial MogenbaepiHiH KIMMATTHIK 9JI€yeTTi Oaranaynarbl
MaHb13bl, NPP, PNPP, HNPP sxone CRUE kepceTkimTepiHiH OUOJIOTUAIBIK OHIMALTIKTI OaFanayarsl
pemi, connaii-ak Mann-Kendall, Sen’s Slope, GTWR xone LMG omicTepiHiH KCHICTiK-YaKbITTBIK
3aHJIBUTBIKTAP bl aHBIKTAyAAFbl TUIMJLIITT XKYHemni Typae Tanaanasl. COHbIMEH KaTap KallbIKThIKTaH
30HATAY JEpPeKTepi, TIeOaKNapaTThIK JKYWelIep MEH CaHJBIK MOHHTOPUHI TEXHOJIOTHSIIAPBIH
KOJIJIaHY/IbIH arpodKOJIOTUSIIBIK Oaraliay/IbIH JONIIITTH apTTHIPYAbIH MAaHbI3bl AKbIHAAI B

3epTTey HOTHIKECIHIE arpO3KOJIOTHSUIBIK OJIeyeTTI Oaranay OIICTepiHIH TEOPHUSIIBIK JKOHE
o/licHaMaJbIK Heri3fiepl >KYHeNeHimn, ojapbl KEemIeHIl KOJAAHYABIH FHUIBIMH apTHIKIIBUTBIKTaPhI
Heri3enal. OpTypil MOAENBIAEPl HHTETpalusiay TaOUFH pPeCcypCTaplblH OHIMIUIIK 9JIeyeTiH
HEFYpIIBIM JIoN Oarajiayfa, KIMMATTBIK ©3TepiCTep/liH BIKHAIBIH HAKThl OOJDKayFa »KOHE aybll
HIapyalblIbIK OHAIPICIH FRIIBIMU HET13/1€ KOcmapiayFa MyMKIH/IIK O€peTiHl KopCceTUIl.

Tyiiin ce31ep: arpo3KONOTHSUIIBIK SJIEYET; aybll MAPYaIIbUIBIK JaH A TTAPhI;, KIUMATTHIK JJICyeTTI
OHIMJILTIK; KJIMMATTBIK MOJEJb; TeorpadusiblK aKmapaTThIK JKyienep; KallbIKTHIKTaH 30H/Tay;
TYPAKTHI ayblI MIAPYaIlIbIILIFEL.

AHAJIUTHYECKUIT 0030p METO0B OLEHKH Aarpo3KOJOrMYeCKOro IOTEeHIHAJIa
CeJIbCKOX03511ICTBEHHBIX JIaHAIIA(TOB

Jlaiina KoxakmeroBa, I'yibMupa Anuinboexrern

AHHOTANMA. YCTOMUMBOE PA3BUTHE CEIBCKOXO3SMCTBEHHOIO IPOU3BO/JCTBA HANPSMYIO 3aBUCHUT OT
5¢(GEeKTUBHOTO HCHONb30BAHMUS MPUPOAHBIX PECYpCOB, HAYYHO OOOCHOBAaHHOM  OLIEHKHU
KJIIMMaTHYeCKUX PUCKOB U TPABUJIBHOIO OIPEIEIECHHUsS arpo3KOJIOTMYECKOTO MOTEHIMaa
CEJIbCKOXO3SIICTBEHHBIX JTaHIaPTOB. B ycioBuax mio0aabHOro U3MEHEHHsI KIIMMara, Jerpajgauu
3eMEJIbHBIX PECYPCOB, Ae(ULIMTa BOJIbI U YCUIICHHSI aHTPOIIOT€HHON HArpy3Ku COBEPIICHCTBOBAHUE
METOZIOB OLIEHKM arpo3KOJIOTMYECKOTO MOTEHIMala CTajl0 OJHMUM M3 BaXKHBIX HAIlpaBJICHUN
COBpeMEHHOM arpapHoil Hayku. HecmoTps Ha 3TO, TEOpeTHMUECKHE OCHOBBI, OCOOEHHOCTH
NPUMEHEHHS U B3aMMOCBSI3M MareMaTH4eCKUX, ONOPHU3NUECKUX, SHEPTreTUYECKUX, CTATUCTUYECKUX
1 reonH(GOPMAIIMOHHBIX MOJIEIEH, UCTIOJIb3YEeMbIX B MEKIYHAPOAHOM HAYYHOM JIUTEpAType, 10 CUX
1op He ObUIM B IOCTaTOYHOIN Mepe 0000IIeHbI B €AMHOM CUCTEME.
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B ganHomM wWccnenoBaHuuM, HapsAy C MPOBEICHHEM CHUCTEMHOIO aHAJIUTHYECKOro 0030pa
COBPEMEHHBIX HAy4YHBIX METOJOB, IMPUMEHSEMBIX IPHU OLIEHKE arpo’KOJIOTMYECKOro MOTEHIIMAlIa
CEJIbCKOXO3SIIICTBEHHBIX JaHAMA(PTOB, HCIOIB30BATNCH IOAXOABl CPAaBHUTEIBHOIO aHaIM3a HX
OCHOB, OCOOCHHOCTEH NPUMEHEHHS, MPEUMYIIECTB M HEAOCTATKOB, a TAKXKE METO/Abl HAy4HOIO
CHUHTE3a U METOJI0JIOTUYECKON CUCTEeMATU3ALINN.

B pesynbrare aHann3a HayqHbIX paboT ObLIO YCTAHOBIICHO, YTO METOJIBI OLICHKH arpO3KOJIOTHYECKOTO
MOTEHIMajda MPOLUUIM MYTh PAa3BUTHS OT MPOCTBIX SMIUPUYECKUX MOZAENEH 10 KOMIUIEKCHBIX
MOJIXOJ0B, O0OBEAUHSIOUX TPOCTPAHCTBEHHO-BPEMEHHOW aHaJIN3, TUCTAHIIMOHHOE 30HIUPOBAHUE,
reorpaduyeckue HH(OpPMAIMOHHBIE CUCTEMBbI, Marepuanbl peananuza ERAS, crarucrtuueckue
MOJIENTH ¥ TIU(PPOBBIC TEXHOJIOTHH. BBUIM CUCTEMAaTHYECKH TPOaHAIM3UPOBAHBI 3HAYEHUE MOJeIei
Miami u Thornthwaite Memorial B olleHKke KIMMaTHYECKOTO IMOTSHIINAIA, POJb mokaszareneii NPP,
PNPP, HNPP u CRUE B o1ieHke 6M0JI0THYeCKOM MPOyKTUBHOCTH, a TaKkKe A((HEKTUBHOCTh METOIOB
Mann-Kendall, Sen's Slope, GTWR u LMG B BBISBIECHHH MPOCTPAHCTBEHHO-BPEMEHHBIX
3akoHOMepHocTel. Kpome Toro, 66110 onpeieneHo 3Ha4YeHne MPUMEHEHHS JAaHHBIX JUCTAHIIMOHHOTO
30HAMPOBAHMS, TEOMH(POPMAMOHHBIX CHUCTEM M TEXHOJOTUH HU(POBOrO MOHHTOPHHIA IS
MOBBIIIECHUS] TOYHOCTH arpOdKOJIOTUYECKON OLICHKH.

B pesynprare uccnegoBaHusi ObLIM CHCTEMAaTU3UPOBAHBI TECOPETUUYECKHE M METOIOJIOTHYECKUE
OCHOBBI METOJIOB OIICHKH arpO’KOJIOTHYECKOT0 MOTeHIINaaa U 000CHOBAaHbI HAy4HbIE IPEUMYIIIECTBA
UX KOMIUIEKCHOTO npuMeHeHus. [loka3zaHo, 4To MHTErpamus pa3auyHbIX MOJeNe mo3BosieT Ooee
TOYHO OIIEHUBATh MPOAYKTUBHBIA MOTEHIMAT MPUPOAHBIX PECYpCOB, TOUYHEE MPOrHO3UPOBATH
BIIMSIHUE KIMMATUYECKUX HM3MEHEHMM M OCYIICCTBJISTh HAaydyHO OOOCHOBAaHHOE IIJIAHUPOBAHHE
CEJIbCKOXO3SIIICTBEHHOTO MPOM3BOJICTBA.

KarueBbie cioBa: al"pOSKOJ’IOFI/I‘leCKI/Iﬁ IIOTCHL KA, CEIbCKOXO03S1CTBEHHbBIC J'IaH,Z[HIa(i)TBI;

KJINMAaTHYCCKUN MoTeHuMaa MHNPOAYKTUBHOCTHU, KIMMATUUYCCKAA MOACIIb, FGOFpa(l)I/I‘-ICCKI/Ie
I/IH(I)OpMaI_[I/IOHHLIe CUCTCMbI;, TUCTAHINUOHHOC 30HANPOBAHUC, YCTOI\/’I"II/IBOG CEIbCKOE X035IHCTBO.
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AHHoOTauMs. BBINOTHEHBI pacyeThl 1030BbIX HArPy30K HA HAaceJIEHHE OT
BBIOpOCOB U cOpocoB utanupyemoit Kazaxcranckoir ADC ¢ peakTopHOi
ycraHoBkoir BBOP-1200. Pacuersl mokasanu, 4yTo JO30Bbl€ HAarpy3Kd Ha
HaceJIeHue B TeYeHHE BCero nepuoja skcruryatanuu ADC 3HAYUTENbHO
HIDKE€ YCTAQHOBJICHHOT'O J030BOrO Ipejena U MHUHUMAJIbHOW J1030BOM
KBOTHI. BBITTOTHEHBI pacueTHBIE OLEHKH, PEICTABIISIONINE HHTEPEC MPH
pa3paboTKe perjaMeHTa paJuo3KOJIOTHYecKoro MoHuTopuHra (POM)
TeppuTOpuH, npuierarouiel k mianupyemon ADC. YCTaHOBIEHO, UTO
OCHOBHBIMHM  J103000pa3yIOlMMH  CTAaHIIMOHHBIMH  PaJIMOHYKIHIAMH
apsioress “C u wHepTHBIE pamuoakTuBHble Tassl (MPI), B MeHsieit

CTCIICHHU 3H. Paccuuranbl napuuajabHbIC [JO30BbIC HAI'PY3KHM Ha
HACCJICHUC OT pPAaguOHYKIIMAOB, COACPKAIIUXCA B KOMIIOHCHTAX
OKPY)KaIOIHCﬁ cpeabl W arponpoOAyKIIUH. HauGonee 3HaYMMBIM

BKJIAJIHKOM B JI030BYIO HATpy3Ky Ha HacesleHue ssnserca *C B cocTase
pacTUTENIbHOW MPOAYKLUHU, B MEHbIIEH CTENeHW — B MsCE U MOJIOKE.
BaxHBIM pe3ysnbTaTOM JaHHBIX PAacYETOB SBISIETCS TOJATBEPIKICHHE
BeAyleld ponu arpocdepbl B (HOpPMUPOBAHMM JI030BOM Harpy3ku Ha
HaceneHue T1ipu  ¢GyHkuuoHupoBanun ADC. C  1enbl0  OIEHKH
BO3MOXKHOCTEl POM  mpuneraromeil  TEppUTOPUM  PaCCUUTAHO
coJiepKaHNe CTAHIIMOHHBIX PAJMOHYKJIHIOB B IIOYBE M arpoNpoOayKITUH.
VYCTaHOBIIEHO, 4YTO YyJE€lbHblE AaKTHUBHOCTH psAAa CTAHIIMOHHBIX
PaIMOHYKJIMJOB CYIIECTBEHHO HIDKE Topora oOHapyxkeHus. Jlis
peaktopa BBOP-1200 pannoHyKIHIOM ¢ MAaKCHMATBHBIM COACPKAHHEM
B arponpoaykuuu 6yaer *H. D10 06CTOATENHECTBO MOKET OBITh YITEHO
nmpu pazpadoTke peraameHta POM arposkocucteM B 30HE BIUSHUSA
mianupyemon Kazaxcranckoit ADC.

KuaroueBbie ciaoBa: ADC; peaxtop BBOP-1200; no3sl obmyueHus
HACEJICHHST; T030BbIe KPUTEPUH; MHIEKCHI PATHAIIMOHHOTO BO3/ICHCTBHS,
7103000pa3yromire paauoHyKIH b, 3QPeKTUBHAS A03a.

1. BBegenue

HeoOxoaumbiMu YCIIOBUSIMHU JKCIUTyaTalluu SIIEPHO-
SHEPTETUUECKUX OOBEKTOB SBISIOTCS OOECIeYeHHE BO3MOKHOCTH
OMEePaTUBHOTO MPOTHO3UPOBAHUS MOCIEACTBUI aBapUITHBIX CUTYyalUi U
MPOBEICHUE PATMOIKOJIOTHYECKOT0 MOHUTOPUHTA. B 3TOM CBsI3M BaXKHOU
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3ajaueil  gBmserca  paspaboTka mporpamM  POM  ans TeppuTOpHid, NPHIETAIONINX K
byukuunonupyronmm ADC (Mukusheva et al., 2025).

Jlanubie, monydeHHble B Xoje POM, sSBIsIOTCS OCHOBOW It OLEHKH J030BBIX HAarpy3oK Ha
HaceJIeHUe, TPOKUBAIOIIee Ha ITUX TEPPUTOPpHUsX. B kauecTBe qononHUTEIbHON HH(POPMALIUY MOTYT
MCTOJIB30BATHCS PE3YAbTAThl PAJMAIMOHHOTO KOHTPOJIS HA caMOM OOBEKTe M B Ipelenax ero
CaHUTAPHO-3AIUTHON 30HBI.

KittoueBoil mpo6ieMoii npu BBISABIEHUN PaJUOAaKTUBHOIO 3arps3HEHMS B YCIOBUSAX LITAaTHON
paboThl paiuallMOHHBIX OOBEKTOB SIBJISETCA (DOHOBOE MPHUCYTCTBUE PATUOHYKIHIOB €CTECTBEHHOIO
IIPOUCXOXACHUS, IJIOOAJbHBIX BBINAJEHUN. OTO CYLIECTBEHHO 3aTpyJIHSET JAOCTOBEPHYIO
UICHTU(DUKAIIMIO HOBBIX 3arpsa3HeHui. 11 MUHUMH3AIMN HEONpeAeIeHHOCTEH Ha TEPPUTOPUSX C
JICUCTBYIOIIUMH OOBEKTAaMH, a TaK)Ke Ha JTale TMOATOTOBKM K BBOJAY HOBBIX OOBEKTOB B
SKCIUTyaTalio, HEOOXOAMMO TNPOBEACHHE MPEIBAPUTEILHOIO PagUuaIlliOHHO-3KOJIOTHYECKOro
MoHuTopunra. Ero nens — ¢popmupoBanue pedepeHTHOM 0a3pl JaHHBIX 1O (POHOBBIM MapaMeTpam
paananoHHONW 00CTaHOBKH, YTO MO3BOJHT B JAIbHEUIIEM OObEKTUBHO OIICHUBATh U3MEHEHHS.

[Tpu pa3paboTKe ONTUMATBHBIX periaaMeHToB POM He00X0AMMO yUUTHIBATh XapaKTEPUCTUKU
TEXHOTEHHBIX PaJMOHYKIHUIOB, MOCTYyMamuX B okpyxkatoiryo cpeny (OC) mpu padore ADC, u
pErvuoHaJIbHBIE OCOOCHHOCTH MECTOPACIOJIOKEHUSI CTaHUMU. BakHbIM 3Tanm pa3paboTKU Takux
pEermaMeHToB — pacueT JO030BbIX HArpy30K Ha HacelleHHe oT BblOpocoB u cOpocoB ADC c¢
BbIJICIICHHEM HauOoJiee paJMOJIOTHYCCKA 3HAYMMBIX paauoHykinuaoB (Spiridonov et al., 2019;
Kryshev et al., 2020). Kpome TOro, conocraBicHne KOHIIEHTPAIMI CTAHIIMOHHBIX PAHOHYKINUIOB B
koMiioHeHTax OC U arponpoyKiuu ¢ rnpeaeaamMu oOHapyKEHUsI IO3BOJIUT OLIEHUTh BO3MOYKHOCTHU
POM B otHOmEeHHH paarodkoioruyeckoro kourponrs ADC (Panov et al.,2019; Kuznetsov et al.,
2020).

B pamkax pasButus siaepHoil sHepretuku B PecnyOnmke Kaszaxcran mpuHSTO perieHue o
ctpoutenscTBe ADC, coriiacHo mpemiokeHuto kopropamuu «Pocarom» Poccuiickoit @enepannu, ¢
peaktropom BBOP-1200 nmoxonenus 3+. Ha »Tane miaHHMpoOBaHUS M CTPOMTEIbCTBA HEOOXOIUMO
BBITIOJTHUTH pabOThl, CBA3aHHbBIE KaK ¢ popMUpoBaHuEM pedepeHTHON 0a3bl JaHHBIX MO (POHOBBIM
napameTpam paJualioHHONW 0OCTaHOBKH B paiioHe pacrniosioskeHus Oyaymeit ADC, Tak U ¢ OLEHKON
PaZMO’KOJIOTUYECKON 3HAUMMOCTH CTAHLMOHHBIX PAJUOHYKIMJIOB Ui pa3pabOTKU perjamMeHTa
POM (Bréchignac et al, 2016).

Llenp wuccnenoBaHui, pe3ynbTaThl KOTOPHIX MPHUBEACHBI B HACTOSIIEW MyOJIMKaluy,
BBIJICJICHUE OCHOBHBIX [103000pa3yIOIIMX PaJAUOHYKIMJIOB B COCTaBe BHIOPOCOB IUIAHHPYEMOMH
Kazaxcranckoit ADC ¢ peaktopom BBOP-1200 1 nporno3upoBaHue ux cofepkaHusi B KOMIIOHEHTaxX
OKpY>KaloIlel Cpelibl U arponpoIyKIIUH.

Hayunas HOBU3HA JaHHOTO UCCIIEIOBAHUS, B OTIIMYME OT paHee OMyOIMKOBaHHBIX POTHO3HBIX
pabotr aBtopoB (Mukusheva et al., 2024; 2025), 3akmrouyaercss B NPOBEACHUU KOMILIEKCHOU
NapUUaIbHOM OLIEHKHM J103000pa3yloIIUX IMyTeH € HaJOKEHHEM pe3yJlIbTaTOB MAaTeMaTHYECKOTO
MOJIETIMPOBAaHUSl HAa peajibHble aHAJIUTUYECKHWE TpeNesbl OOHAapyKEHUsT COBPEMEHHBIX
paZuoMeTpUYecKHX cHcTeM. BrepBble Ui cHEU(PHUUECKUX YCIOBUH IUIOMIAJKH Pa3MELeHUs
Kazaxcranckoit ADC B noc. YibKeH JoKa3aHO, YTO IITATHBI MOHUTOPUHT CTaHJAPTHOTO MEpPEeyHs
raMMa-u3Tydaronmx Hykauaos B nouse (127Cs, 134Cs, %°Co u ap.) MeTomamu npsivoit ciexTpomeTpun
Oyaer Herb(deKTHBEH H3-3a MaJeHUS PACUETHBIX KOHIEHTpPAlUi Ha HECKOJBbKO TOpsIKa HUXKE
MIOPOTOB  YYBCTBHUTEIBHOCTH CepUHHBIX mpuOopoB. Ha ocHoBe 53TOoro Hay4yHo 0OOCHOBaHa
HEO0OXOIMMOCTh TEepEeOopUEHTAlMM HallMOHAIbHOTO periameHnta POM arpocdepsl permona Ha
IIPHOPHTETHBINA KOHTPOIb OHOTEHHBIX pagMoRykIuaoB *4C u °H.

2. MaTepuajibl 1 METObI

MopenbHbIN anmapar, MPUMEHSIEMbIN U1 OIIEHKU 7103 BHEITHETO M BHYTPEHHEr0 OOIydeHHUSI
HacelleHus1, popMHUpYyeTCst B COOTBETCTBUH C KOJTMYECTBOM MyTEH pagralioHHOTo Bo3eicTusl. [1pu
3TOM paccMaTPUBAIOTCS Pa3IMYHbIE BO3PACTHBIE TPYIIIBI HACETICHHS — B3pOCIIOE HACETICHUE CTaplie
17 ner, netu muaamiero Bo3pacra (1-2 roga) u AeTd APYrux BO3PACTHBIX TPYIIIL.
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[Iponiecc oOmyueHHsT pa3nensercss Ha TUIUYHBIE CUTYallud, M KaKIOH M3 KOTOPBIX
UCIIOJIb3YETCSl COOTBETCTBYIOLIAs MOJENIb BHYTPEHHEro MWW BHemHero obmyudenus. Kaxnas us
MOJIeJIeH BKIIIOUAET CBOU J1030BBIN KOA((UIIMEHT, CBA3BIBAIOIINN KOHIIEHTPAIMIO PaJIMOHYKIIH/IOB B
00BEKTaX OKPY’KAIOILIEH Cpellbl C XapaKTEPUCTUKON 00MyueHus: yenoBeka — 3((HEeKTUBHON JO30M.
JIONOTHUTENBHBIMA JaHHBIMU JUJIS pacyeTa WHTAIALHMOHHOTO IOCTYIJICHUS PaJUOHYKIUIOB B
OpraHM3M YeJIOBEKa SIBIISIOTCA CPEAHET0JI0BOM O0bEM BJABIXAaEMOIO BO3[yXa, a IS pacuera
MOCTYIUICHUSI PAJUOHYKIINIOB B OPTaHU3M YeJIOBEKa C MPOIYyKTaMHU MUTAHUS M BOJOH — MX TOI0BOE
norpebnenue. ['ogoBoe morpedieHue MpoayKTOB MUTAHUSA JIOJDKHO OBITH OLIEGHEHO HAa OCHOBAaHUU
PETHOHAIBHBIX JaHHBIX.

Jlis MaTeMaTuyecKkoro MOJAENUPOBAaHUS IepeHOca PATUOHYKIHAOB B arMocdepe U HUX
MOCTIETYIONIEr0 HAKOIUICHHSI B KOMIIOHEHTAaX arpo’KOCHUCTeM B mporpaMMHoM komiuiekce CROM
(Bepcust 8.2.5) wmcmomp3yeTcs cucTeMa ypaBHEHHMH OajaHca MacChl B YCTaHOBHBILEMCS
(paBHOBECHOM) cocTOsiHMU cornacHo Metoposiorud MATATD (IAEA, 2001). Pacyer koHIIEHTpaIu
paanonykiua0B B mouBe Csoil (BK/KT) pu HENIPEPHIBHOM MHOTOJIETHEM 3arpsi3HEHUU POBOIUTCS 1O

dbopmyre:

=, reXt
_ Rx(1—e "eff™)
Csoil - Px’leff ’ 1)

rae R — ckopocTh cyMMapHOTo (CyXOro M BIaKHOTO) OCaXKIECHHS PaJHOHYKINAA U3 aTMOC(ephl Ha
nojacTuiamomy mnoBepxHocTh (Bk/(M?’ron)); Aeff — dSddexTuBHAS TOCTOSHHAs yAalleHUs
PaIMOHYKIIH/IA U3 KOPHEOOUTAEMOrO CJIOsI TIOUBBI (TOJ 1), YUUTHIBAKOIIAs PaJNOAKTUBHBIA pacraj
U MPOIECChl (PUKCAIUK/BBIICTAYUBAHMS;, P — TIOBEPXHOCTHASI TNIOTHOCTh CYXOM MOYBHI (Kr/mM?); t —
niepuo dkcruryatanuu ADC (rox).

[Tepexoa paaroOHYKIHIO0B B PaCTUTENbHYIO arponpoAyKiuio (Cveg, BK/KT) 3 OYBEHHOTO A€MO
1 aTMOC(EepHOTO BO3/1yXa OMUCHIBACTCS YPaBHEHUEM:

—p—AeXty
Creg = Rx(le;Ae) + Cooi X Fy, )

e Ae — 3 GeKTUBHAS TOCTOSIHHAS OUHUIIIEHHUS IIOBEPXHOCTH PACTEHHI OT ad3pO30JIbHBIX BbIMAICHUN
(rox” 1); ty—mepuoa Beretauu KyasTyp (roa); Y — ypoxKaiHOCTh CETbCKOX03HCTBEHHOM KYIbTYPhI
(xr/m?); Fy — K03 PUIMEHT MOYBEHHO-PACTUTEILHOTO TIepexoa (HaKoIIeH!us ) paauonykiuaa (6/p).

Jlns  GuoreHHeIX pamumonHykmumoB H m “C  BMecTo CTaHIapTHBIX pPaBHOBECHBIX
KO3 PHUIIMEHTOB HAKOIICHUS MPUMEHsIICS criermanu3upoBanubiii moaxon (Kryshev et al., 2020;
Ekidin et al., 2016), cBsa3bIBatOIMii KOHIICHTPAI[MIO W30TOMOB B TKAHIX PACTEHHH M YKMBOTHBIX
HETOCPECTBEHHO C COJIePyKaHUEeM BOJIOPO/Ia M YTIIEpo/1a B KOMITOHEHTAaX PallMOHOB MUTAHMS U BJIare
MPU3EMHOTO CJI0S BO3/IyXa.

Ilo pe3ynpTaraMm aHanmu3a cBeleHUN 00 HMCTOYHMKAaX BHIOpOCA YCTaHABIMBAIOT MNEPEYCHb
PalMOHYKJIU/IOB, BHIOPACHIBAEMBIX B aTMOC(EpHBIN BO3yX, XUMUYECKYIO (DOpMY BEIIEeCTB, B BUJIC
KOTOPBIX O3TH PaJHOHYKJIHMIbI TOCTYIAlOT B OKPYXKAIONIYI0 CpeAy, W JUCHEPCHBIA COCTaB
BhIOpachIBaeMbIx aspo3osieit (Spiridonov et al.,2023; Lipték et al, 2019).

Cpenu paccMaTpruBaeMbIX TPYIIT HACETEHUS BBIOMPAETCS TPYINA ¢ HAMOOJIBITUM 3HAYEHHUEM
JI030BOM HArpy3Kd, KOTOpas M OyIeT KPUTUYECCKOH TPYIIOW MO OTHOIICHHIO K OOJYYCHHIO OT
panuanoHHoro oosekta. CyMMapHas 1030Bast Harpy3Kka Ha KPUTHYECKYIO IPYIITY CPAaBHUBACTCS C
KBOTOW WJIM JIO30BBIM IPEIEIOM JOMOJHUTEIBHOTO (TI0 OTHOIICHUIO K PaIHallMOHHOMY (oHY)
o0yueHus.

Jlnisi IpOTHO3UPOBAHUS JIO30BBIX HAarpy30K Ha HACEJICHHWE Ha TEPPUTOPHH, TPUICTAIONICH K
Kazaxcranckoit ADC, ucnonp3oBanu nporpammusiii maker CROM (Bepcus 8.2.5) (Robles et al.,
2007; Mukusheva et al., 2024), pa3zpaboTaHHblii Ha OCHOBE MOJIENIEH, PEACTABICHHBIX B JOKYMEHTE
MATATD (IAEA, 2001). DToT makeT aKKyMyJHPyeT MOEIH, OIKCHIBAIONINE IOBEICHHE
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PaIMOHYKJIMJIOB B aTMoc(hepe M MPHPOIHBIX Cpelax, a TaKKe MX HAKOIUICHUE B KOMITOHEHTaX
skocucteM U nuineBoit npoaykimu (Karpenko et al., 2018). IIpu pacuere H030BBIX HAarpy3oK OT
PaIMOIOTHYECKH 3HAYMMBIX PAIMOHYKIUIOB 3H u *C ucnosp30Bam MOAX01 (Kryshev et al., 2020;
Ekidin et al., 2016), mo3BosoOIINi y4eCTh PALMOHBI ITUTAHUS HACCICHHUS, B OTJIHYHE OT OOIIUX
pPaBHOBECHBIX Mojienel, pekomenayeMbix MAT'ATD nns atux paguonykiauaos (IAEA, 2001).

B kauyecTBe MCXOHBIX JAHHBIX PACCMATPHUBAIKCH 3HAYCHHUS OXKHIACMBIX T'OJIOBBIX BHIOPOCOB
paMOaKTUBHBIX T'a30B U a’po30Jici B atMocdepy, a Takke paIHMOHYKIHIOB B BOJHYIO CPEIy s
BbIOpaHHOM st cTpouTenscTBa B Kasaxcrane ADC ¢ peakropom BBDOP-1200 (IAEA, 2017)
(Tabmuma 1).

Ta6auna 1. AKTUBHOCTH PaTUOHYKJIHMIOB, MOCTYIMAIONMIMX B OKPYXKAIOMIIYIO Cpeny IMpu padore
sHeprooiioka ¢ peakropom BBOP-1200, bx/rox

Paguonyking Bri0pockl B aTMOc(hepy COpocsl B BOAHYIO cpeay
518 4,6x10%3 _
°H 3,9x10%? 9,1x10%?
e 3,0x10% -
181 7,3x107 2,3x107
182 9,7x107 4,3x106
133 1,4x108 1,0x10°
134 6,6x107 3,6x106
185 1,1x108 5,5x10°
SICr 7,9x10% 8,2x10°
%Mn 4,8x103 6,2x10°
8Co - 7,1x10°
%Co 3,1x10% 2,5x10°
831 3,4x10° 1,0x108
0S¢ 6,0x102 3,1x10°
134Cs 2,0x107 1,1x108
B1Cs 3,0x107 1,7x108
Cymma 5,02x1013 9,1x10%2

Kazaxcranckyro ADC mIaHUpYIOT MOCTPOUTH B TOcenke YiabkeH JKamOBIICKOTO paioHa
AJNMaTHHCKOW 00JIacTH, paclojIOKEHHOM Ha Oepery o3epa banxam. J{ns napamerpusanuu
pacyeTHbIX MOJENIe MCIOIb30BaHbl JIaHHbBIC, XapaKTEPU3YIOIIHE PETHOHAIBHBIC aTMOC(EpHBIC
YCJIOBUSI M1 MHTEHCUBHOCTh MHTpAIlMU PATHOHYKINIOB B dkocuctemax (Mukusheva et al., 2025).
CocTaB palMiOHOB MUTAHMS PAa3IMYHBIX BO3PACTHBIX TPYIIN HACEICHHS B3SAT U3 CIPABOYHHKA IO
HopMmaMm noTpebsieHus B Pecnyonuke Kasaxcran (Ministry of National Economy of the RK, 2016).
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Pacuér BBIONHEH B pamMKax TOYEYHOTO KoHcepBatuBHOro mnoaxoga CROM. Peunenrtop
3aJlaBajiCcsl HA PACCTOSTHUU 2 KM OT HCTOYHHKA BBIOpOCA, YCIIOBHO HA IPaHUIIE CAHUTAPHO-3aIIUTHON
30HBI, B HAIPABJICHUW MNPEHMYIIECTBEHHOTO TepeHoca. [lyis paiioHa YIibKeHa WCIIOIh30BaHbBI
npeobiiagaroniee 3anaJHoe HallpaBlIeHWE BETpa, CpeqHeroaoBas ckopocth Betpa 1,08 m/c u mons
BpEMEHH TepeHoca B cTopoHy penentopa 25 %. IllepoxoBaTocTh MOBEPXHOCTH MPUHUMAIIACH
paBHoii 0,2, BeicoTa Oimmkaimux 3mpannii — 10 m. [TapameTpbl BRIOMpanKCh TaKUM 00pa3oM, YTOOBI
XapaKTepU30BaTh YCIOBUS MOBBIIMICHHOW KOHICHTPAIIMU PAJAUOHYKIWIOB B IPU3EMHOM CJIOC
aTMocepsl; mociie BhIMaJeHUS] MUTpalHsl paAUOHYKIMIOB paccMaTpuBajiach B TOH ke pacyETHON
touke. [lo3TOMy TONydeHHBIE 3HAUEHUS CIIEAyeT HHTEPIPETUPOBATh KAaK KOHCEPBATHUBHBIC
MIPOTHO3HBIE OLIEHKH, & He KaK MIPOTrHO3 /sl KOHKPETHOTO HACEIEHHOTO yHKTA.

[TapameTpsl arpodkKocucTeM, BKIOYas KOIPPUIMEHTH TMepexoaa pPaguoHYKIUIAOB B
PacCTUTENBHYIO MPOAYKIHIO, MACO U MOJIOKO, KO3(D(PUIIMEHTHI 3aepKUBAHUS PACTUTEILHOCTbIO, a
TaK)Ke MapamMeTphbl BOJHBIX IKOCHCTEM, 3a/IaBAJUCh IO HCIIONIB3yeMOH HOPMATHBHO-CIPABOYHOM
6aze CROM wu ucrounukam, npuBeAEHHBIM B UCXOAHOM OT4€Te. /{151 BOAHOTO MyTH yYUTHIBATIUCH
pacmpeselieHue pauoOHyKIUI0B MEXKy BOJOW U IOHHBIMU OTJIOKEHUSMHU U UX OMOAKKYMYJISIIUS B
BOAHBIX opranusMax. [loTpebiienne NpoayKTOB MUTaHUS 33/1aBaJOCh Ui Bo3pacTHbIX rpymnn 0-1, 1-
2, 2-7, 7-12, 12-17 nmer u B3pocibiXx 1o HopMmartuBam PecnyOmmku KaszaxcraH; HOpMaTuBHOE
notpebiieHue puiObI A rpymnmnsl 1-2 roga coctaBiser 5,7 kr/roa, ansa B3pochsix — 11,6 kr/ron. B
pamMKax KOHCEPBATHBHOW IMOCTAHOBKH JIOJIS 3arPS3HEHHON MPOIYKIIUU B PAIIMOHE U JIOJISI BPEMCHH
npeObIBaHMUS BHE MOMENICHU TPUHUMAIUCH PaBHBIMU 1.

Kputnueckas rpynma omnpenensiach HE anpHOpPHO, a 0 MAaKCUMAJIbHOW PpPacCUYUTAaHHOMU
rogoBoi 3(pQPeKTUBHON J03€ Cpeau paccMOTPEeHHbIX Bo3pacTHbiX rpymi. [mns BB3P-1200
MaKCHMaJbHBbIC 3HAYCHUs MONy4deHbl Juisi aereid 1-2 mer: 1,68 mk3B/rom B mepsbiii roq u 1,73
MK3B/ron1 K 60-My roy sKcIuTyataiuu; MO3TOMY 3Ta BO3pacTHas TpyIIa UCIIOJIb30BaHA Jaliee Kak
Kputudeckas. [IpoCTpaHCTBEHHO KpHUTHYECKash TpYIIa OTHOCHTCS K OIHCAHHOMY BBIIIE
KOHCEPBATUBHOMY PELENTOPY Ha PACCTOSIHMH 2 KM OT UCTOYHHKA BBIOpOCA.

Hcxonnple akTHBHOCTH BBIOPOCOB M COPOCOB, MPUBEIEHHBIE B Ta0IUIE 1, MCIIOJIB30BAHBI KaK
OKHJ1aeMble TOJI0Bble 3HaueHus s sHeproosoka BBOP-1200 no ony0iauMKoBaHHOMY HUCTOYHHUKY
(IAEA, 2017). IockosibKy KOHKpETHasi MPOSKTHAsl ToKyMeHTarus Oynymiei Kazaxcranckoir ADC
Ha MOMEHT BBITIOJTHEHHS UCCIIEIOBAHMSI HE HCIONIb30Baach, ITH 3HAYEHUsI HE CIEelyeT TPAKTOBaTh
KaK  YTBEPXKICHHBIC  OKCIUTyaTallHOHHBIC  XAPAKTEPUCTUKH  KOHKPETHOTO  DHEPro0IIoKa.
KoHcepBaTUBHOCTh MUTOTOBOM OIIEHKH OOECIIeYMBAETCSI, PEXkKAE BCEro, MOCTAHOBKOW PacYETHOTO
CIICHapuUs H BBIOOPOM TMapaMeTpoB perentopa. KomudecTBeHHAs BEPOSTHOCTHAS OICHKA
HEOMpeAeNEHHOCTH M AaHallu3 YYBCTBUTEIBHOCTH B HACTOSIIYI0 paboOTy HE BXOOWIH. ITO
OTpaHHYEHUE CJICyeT YYUTHIBATH MPU WHTEPIPETAMA aOCOOTHBIX MPOTHO3HBIX 3HAYCHUH Ha
JUTUTEILHOM BPEMEHHOM TOPH30HTE.

B pe3ynbpTaTe pacdeToB Ha OCHOBE KOHCEPBATHBHOTO IMOJXO0/a OIICHUBAIMCH MAKCUMATbHBIC
TOJIOBBIE J030BbIE HATPY3KH HA KPUTHUECKYIO TPYIITY HaceleHus, (POpMUPyEeMble CTaHIIMOHHBIMU
PaTHOHYKIIAIAMHU.

3. Pe3yabTaThl

I'onoBeie 1030BbIe Harpy3ku Ha HaceneHue oT ADC ¢ peakropom BBOP-1200 3HaunTensHO
HIDKe 7030Boro mpenena (1 M3B/ro) 1 MUHUMAIbHOM JI030BOM KBOTHI, KOTOpasi MPUHUMACTCS B
Ka4yecTBe HW)KHEH rpaHuIbl pamuanuonHoro BosneiictBus ADC nHa Hacenenue (10 mx3B/rom)
(Ministry of Health of the RK, 2020). CpaBHuTenbHast OlEHKA JTO30BBIX HArPY30K Ha pa3lIdYHbIC
BO3PACTHBIE IPYIIIbI HACEJICHU TI0Ka3aja, 4YTo K KPUTUUECKOI BO3pacTHOM IpymIe clieayeT OTHECTH
nereit Bo3pactom 1-2 roma (Mukusheva et al., 2025). Pasznuume m030BBIX Harpy3oKk Ha 3Ty
BO3PACTHYIO TPYIITY U B3pOCIIOe HaceleHue cocrapisier 18 %.

OOs3aTeNbHBIM ~ YCIIOBUEM  HOpMaibHOM — pabotel  ADC  sBisieTcss  coOJo/ieHue
paruoIOTHYECKUX HOPMATUBOB M JI030BBIX KBOT. B TO ke BpeMst HeoOXoauMocTh nposeaeHust POM
Ha TEPPUTOPHH, TpHUJIETrapIie K mrTatHo ¢GyHKuuoHupywmedn ADC, ocTaeTcss aKTyalbHOU
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(Guidelines 13.5.13-00, 2005; Fesenko et al., 2021). CornacHo pexomenaanusm MATATO (IAEA,
2005), paauMaiMOHHBIA KOHTPOJb CEIbCKOXO3SIMCTBEHHONW MPOAYKIIMA MECTHOI'O MPOM3BOJCTBA
SIBJIIETCS. HEOTHEMJIEMBIM yciioBreM paboTer ADC.

3HAYMMOCTh CEJIbCKOXO3HUCTBCHHOW MPOAYKIMH B (OPMHPOBAHUU JIO30BOM HArpy3Kd Ha
HaCeJICHHE OT PaJIMOHYKJIMJIOB, TOCTYMAOLINX B OKPY>KAIOLIYIO CpPely, MOITBEPKAACTCS HA OCHOBE
OIICHOK, BBIMOJHEHHBIX sl Kazaxcranckoit ADC ¢ peaktopom BBDOP-1200. VmorpeGnenwue
MIPOJYKTOB MUTAHUS, COACPKAMNX CTAHIIMOHHBIC PAaTUOHYKIHIBI, 00yCIOBINBaeT (OPMUPOBAHUE
70 % cymmapHoii 1030Boi Harpy3ku oT ADC Ha KpUTHUYECKYIO rpynny HaceneHus (Pucynok 1a).

1-it Tox

= [T03a BHEIIHETO OGIyIeHHS OT
BBIMACHHI Ha TIOYBY

® JTo3a BHENTHEr o 06Ty HeH S OT
HOTPYKEeHHA B BOIY

Jlo3a BHEIIHET 0 OGTyIeHH s OT
PaIHOHYKTHIOB B BO3IyXe

Jlo3a OT HHIATAI[HH

= To3a OT HOTpeG/IeHH IPOIYKIOB
[HTAHHSA

60-11 Tox

= 1033 BHENIHET O OGIyIeHHS 0T
BEITATCHHH Ha OYBY

= 103 BHENIHET O OGIyIeHHS 0T
IOTPYKEHHS B BOXY

J103a BHEIHEer o O8Iy IeHHS 0T
PaTHOHYKTHIOB B BO3IyXe

,':[03?1 OT HHTATAITHH

= JTo3a oT moTpeGIeHHA NIPOIYKTOB
TTHTaHH

(©)
Pucynok 1. Bxuagel myrteil 0oOgydyeHHS KpUTHYECKOW TpYIIbI HAaceleHUs OT CTaHIIMOHHBIX

paauonykiuaoB B 1-it (a) u 60-i1 (0) roasr pyHkimonupoBanus Kazaxcranckoit ADC ¢ peakTopom
BB3P-1200

AHanu3 JAWHAMHKH JIO30BBIX HArpy30K HAa KPUTHYCCKYIO TPYINTY HACEJICHUsS TpH padoTe
Kazaxcranckoit ADC ¢ peakropom BBOP-1200 nokasain, 4yTo BKJIa (bl Pa3IUYHbIX MyTe 001ydeHus
MIPAKTUICCKH HE MEHSFOTCS. MOXHO OTMETHTh HEKOTOPOE YBEJIMYCHHE BKJIA/1a BHEIITHETO O0TydeHUS
OT PaIMOaKTUBHBIX BhIMa/IeHUH Ha MouBy mo uctedenuu 60 et mocne BBoga ADC B IKCIUTyaTaIHIO
(Pucynok 10). 310 cBsi3aHO MpeXJe BCEro C HAKOIUIEHHEM B IMOYBE 3a BpeMsi paOOThI CTAHIIUU
nonroxuBymiero 22’ Cs ¢ mepuozom nomypacmaza 30 Jer.

B permamenTax POM yka3bpIBalOTCS MIEPEYHH PATMOHYKITUIOB, ONPEICIIEMBIX B KOMITOHCHTAX
OC u arpompoAyKIHH C OIpeAeleHHOW NepuoAnYHOCThI0. Tak, cormacHo periameHty POM
arposkocucTteM B 30He Bo3aeiicTBust ADC npu mtatHoM pexume skcrutyararuu (Guidelines 13.5.13-
00, 2005), ciexyer oTOMpaTh MPOOBI MOYBBI MAXOTHBIX W KOPMOBBIX YTOJAMM, BOJbI, MPOAYKIIUU
PacTeHHEBOJICTBA W JKUBOTHOBOJCTBA, KOPMOB HECKOJIBKO pa3 B ToA. [lepedHr KOHTPOIUPYEMBIX
PAAMOHYKIIUIOB BKJIIOYAIOT MPOAYKTHI JEIEHUS (952r+95Nb, 0gr, 134Cs, 197Cs, 131I) U MPOAYKTHI
aktuBamn (P1Cr, >*Mn, %8Co, %°Co, °Fe). Usmepsats comepxanme °H pexomenmyercs B Boje B
MIEPHOJ] OPOIICHUS WU JIOBA PHIOKI.
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OpHako B HACTOSIIEEe BpeMsl yAEISETCS OONBbINIOES BHUMAHHE PATUOJIOTUYECKH 3HAYMMBIM
panuonykmuaam C u 3H, koTopble MOryT BHOCHTB ONIpeeNAIONIHMiA BKIA B J030BYIO HAPY3Ky Ha
HaceneHue ot arMochepHbix BeiopocoB ADC (Vasyanovich et al., 2019). B pa6ore (Spiridonov et
al., 2025) mokazaHo, 4To cojepKaHue B IT0UBe M3MepsieMbIX B xoxe PAM ¥'Cs u °Sr copmupoano
B pe3yibTaTe ria00albHbIX U YepHOOBUILCKUX BbIMaJeHUN. BKiag «CTaHIMOHHON COCTaBIISIIOIICH
3TUX paauoHykinaoB He npesbimaer 0,01-0,1 %.

B 3710i1 cBsi3u ipu pazpadboTke perinamenTa POM 3onbl BiusHus Kazaxcranckoit ADC nosne3Ho
y3HaTh, KAKUE CTAHIIMOHHBIE PAJTUOHYKIUAbI BHOCAT HauOOJBIINI BKIIAJ B 1030BYIO Harpy3ky. Ha
pPUCYHKE 2 TIPEICTABJICHBI BKJIAJbI OTACIBHBIX PAIHMOHYKIHJIOB B CyMMAapHYIO 03y OOJIy4eHUS
KPUTHYECKOW TPYIIIBI HACEICHHUS B pazinuyHble roapl GyHkmuonupoBanus Kaszaxcranckoir ADC ¢
peaktopom BBOP-1200.

C-14 Cs-134  Cs-137 H-3 I-131 Kr-85m  Kr-87 Kr-88 Xe-133  Xe-135 Xe-138

1-#iron ™60-i rog

Pucynok 2. Bkiansl OTAENBHBIX CTAHIIMOHHBIX PAJHOHYKIUIOB B CYMMAapHYIO J03y OOJTydeHUs
KPUTHYECKON TPYIIbI HAacEJIeHUs B pa3sindHble rojsl ¢pyHkunoHuposanus Kazaxcranckoir ADC ¢
peakropom BB3OP-1200

B pamkax Oosee neranmsupoBanHoro mojaxonaa (Spiridonov et al., 2021) paccunransi
naplyaIbHbIC T030BbIC HATPY3KU Ha HACEJICHHE OT CTAHIIMOHHBIX PATUOHYKIIUIOB, COJCPKAIUXCS
B KOMIIOHCHTaX OKPYXAIOMIEH cpeibl M arponpoaykinuu. B Tabmuie 2 mpeacraBieHBI BKIIAIBI
CTaHIMOHHBIX PAJMOHYKIIMIOB, cojaepkammxcs B kKommnoHeHTax OC, B CyMMapHYH J030BYIO
Harpy3Ky Ha Hacesnenue mpu padore Kazaxcranckoit ADC ¢ peakropom BBDOP-1200.

Tabauna 2. Bxiajasl CTaHIIMOHHBIX PaJMOHYKIMIOB, cojepkammxcs B kKommnoHeHTax OC, B
CYMMapHyI0 JI030BYI0 Harpy3ky Ha HaceineHue npu pabore Kazaxcranckoit ADC c¢ peakropom
BB5P-1200

Paauonykanabl Bpemsa Komnonent OC (B 101X eTUHHUIIBI)
Bo3nyx IouBa MoJioko Msico Pacr. npop.
1-iiron 0,0002 0,09 0,3 0,64
uc 0
60-# roxn 0,0002 0,09 0,3 0,64
1-iiron 0,000006 0,004 0,0005 0,0009 0,0056
1340g
60-ii Tox 0,000006 0,012 0,0005 0,001 0,0058
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1-ii ron 0,000006 0,002 0,0005 0,001 0,0065
137CS
60-i1 rox 0,000006 0,03 0,001 0,002 0,0081
1-ii ron 0,013 0,01 0,009 0,08
°H 0
60-i1 rox 0,013 0,01 0,009 0,08
1-ii ron 0,0002 0,0001 0,01 0,0008 0,05
131
|
60-i1 rox 0,0002 0,0001 0,01 0,0008 0,05
1-ii ron 0,48
UPr 0 0 0 0
60-i1 rox 0,48

4. O6cyxnenue

[lomy4yeHHble B XOJ€ MaTeMaTHMYECKOrOo MOJEIMPOBAHUS Ppe3yJabTaTbl NPOTHO3MPOBAHUS
JI030BBIX HArpy30K Ha HaceleHue B paioHe pasmemienus Kazaxcranckoit ADC mMO3BOJSIOT
NEPEOCMBICIUTD TPATULIMOHHBIE TOAXO0/Ibl K OPraHU3aIMK PaU0IK0IOTHY€CKOr0 MOHUTOPUHTA.

Ananu3 nanubiX (PuCyHOK 2) MOKa3bIBaeT, 4YTO OCHOBHBIM J03000pa3yIOIINM PAIHOHYKIAIOM
spisiercst 1*C. K paanosiornyecky 3HaYMMbIM PaIHOHYKIIMAAM MOKHO OTHECTH TaKKe MHEPTHBIE
paauoaKkTUBHEIE Ta3bl (B ocHOBHOM °0KTr) u 3H. CresyeT momuepKHyTh, 9TO BKIAJ JOJITOKUBYIIETO
187Cs B cymmapHyIo 1030BYI0 HArpy3Ky OT CTAHIMOHHBIX PaIHOHYKJIHIOB JaXe 10 ucTedeHun 60-
netHero nepuona padorel ADC He npebinaet 4 %.

AHanu3 pe3ynbTaToB, IMPEJICTABICHHBIX B TaOmule 2, TMOATBEPKAAET BBICOKYIO
PaIHOdKONOTHYECKYI0 3HaunMocTh ~*C. Hanbomee 3HaUMMBIM BKJIATIHKOM B 030BYIO HATPY3KY Ha
HaceleHUe OT CTAHIMOHHBIX PAJUOHYKIHIOB sABiserca *C B cocTaBe arpapHbIX MPOIYKTOB —
pPacCTUTENBHOM NPOAYKIUH, MACE M MOJOKE. TpHUTHI, MOCTYNMBIIMI B CEIbCKOXO35HCTBEHHYIO
OPOAYKIMIO (IpeXkJe BCEro B pacTUTENIbHYI0), TakKe BHOCHUT 3aMETHBIM BKJIaJ B OOIydeHHE
HaCeJICHUSI.

OTO TOATBEPXKIAeT BaXHYIO poib arpocdepbl B (OPMHUPOBAHMU JI030BOM HArpy3ku Ha
HaceneHue Tmpu  (pyHkrumoHupoBanuu Oynymer ADC. B 31Ol cBs3M TpH  TJIAHUPOBAHHUU
PaZMOIKOJIOTHYECKOTO MOHMTOPHMHIA OKpYXKAloIIel cpenpl B paiioHe pacnosnoxeHus ADC
HeoOxouMo chokycupoBaTh BHUMaHue Ha POM arposkocucrem.

PesynbTathl oneHKH BKIan0B paanoHykinaoB (Tabnuna 2) mpencraBieHbl B 0000IICHHOM
BU/JIE JUISl TPYII arpolpoyKTOB, 00BbEANHSIOMINUX PACTUTEIbHYIO IPOIYKIINIO, MOJIOKO U Msico. [Ipu
3TOM B Ka&XIOH TIpyIIe MNpPUCYTCTBYIOT MNPOAYKThI, IMOTpeOICHHE KOTOPBIX OOYCIOBIMBAET
PasITMYHBIA BKJIAA B J030BYI0 HArpy3Ky OT OCHOBHOTO 03000pa3ylomero paamoHykmuaa ~'C.
Bxagpl KOHKpETHBIX IPOAYKTOB B 703y BO MHOI'OM OMNpPEAEISAIOTCA UX J0JIEH B COCTAaBE palloHa
MUTaHUS.

ITockonbKy mocenok YJbKEH pacnoiiokeH Ha Oepery ozepa banxami, conepkaHue pbiObl B
palroHe MUTAHUS MECTHOTO HACENICHHUs MOXET oTiauuarbes oT Aanubix (Ministry of Health of the
RK, 2020). [To 3Toit mpuyrHEe MpeaACTaBIIeTCs HEOOXOAUMBIM YTOYHUTD COCTAB PAIlMOHA IMUTAHHUS
HaceJeHus, MPOXKUBAOIIET0 HEMOCPEICTBEHHO B 30HE pacnoyiokeHuss ADC, ¢ y4eToM peasbHbIX
ycinoBuil. JleranbHblli permameHT POM  juid  TepputopuM, MNpWIIETalOUled K IIaHUpyeMOMn
Kazaxcranckoit ADC, nomkeH pa3padaTbiBaThCS HA OCHOBE OIICHOK C MCIOJIB30BAHHEM pPEaTbHBIX
PETHOHAIBHBIX PALIMOHOB MMUTAHMUS.

PernonanbHble OCOOCHHOCTH THIPOJIOTMUECKOTO pexuma o3epa banxam u CTpyKTyphl
MUTAHUS MECTHOTO HaceleHus TpeOyroT 000COOJEHHOrO aHaiM3a BOJHOTO M IHIIEBOTO IyTel
(bopMHpOBaHUS JO30BBIX HArPy30K:
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*Bonubiii myte Murpanuu: O3epo banxai xapakrepusyeTcst BBIpa)KEHHON MMAPOXUMUYECKON
HEOJJHOPOJHOCTBIO: €ro 3alajiHas 4acTh SBJISETCS TPECHOW, a BOCTOYHAs, BOJIM3M KOTOPOU
pacrioyio’keH Noc. YIbKeH, — COJIOHOBATOM, € 3aMeIJICHHBIM BOJJ00OMeHOM. COpOC painoaKTHUBHBIX
BEIIIECTB B BOJHYIO cpeny B o6beme 9,1x10'? Bi/ron (mpemMymiecTBeHHO 3a cuer TputHs °H) B
YCIOBHSIX BBICOKOW HCIApsI€MOCTH W OrPAaHMYEHHOT'O CTOKAa B BOCTOYHOM YacTH 03€pa MOXKET
MIPUBOMTH K JIOKAJIBHOMY KOHIIEHTPUPOBAHHUIO TPUTHUS B TUAPOOHOHTAX.

[IumeBoit (Tpoduueckuii) myrb: B oTnuume ot crangapTHbIX panuonHoB PK, mis sxuteneit
noOepexbst baixarra xapakTepHO MOBBIIICHHOE MOTPEOJICHNE MECTHON PHIOBI (KaK MUPHBIX BUIOB —
cazaH, BOOJIa, TaK M XHUIIHBIX — CyAaK, coM). CTaHIIMOHHBIA TPUTHUH, MOCTyNas B O3EPHYIO BOY,
BOBJICKACTCS B TPOPUUECKYIO LIEMOYKY: «(DUTOIIIAHKTOH — 300ILIAHKTOH — OCHTOC/MHpHasi pbida
— XulIHas peida — 4enoBeky. [lockonbky oprannyecku cBs3anubiii Tputii (OBT) oGnagaer 6onee
JUTUTEIbHBIM TIEPHOJIOM IMOJYBBIBEACHUS M3 OpraHu3ma d4esjoBeka, dem okcupa tputus (HTO),
HEYYTEHHBIN B OOIIMX MOJAEISX BKJIAl phIOHON MPOIYKIIMU MOXKET BBICTYIIATh 3HAYUMBIM (PaKTOPOM
(dbopMHUpOBaHUS BHYTPEHHEH J103bI 00TY4YEHUS] KPUTUUECKOM TPYIIIbI HACSICHUSI.

st oneHKH BO3MOXKHOCTE POM B OTHOIIEHMHM PagMOdKOJIOTHYECKOro KOHTpoiss ADC
paccyMTaHO COJCp)KaHWUE CTAHIMOHHBIX PAJMOHYKIIUIOB B MOYBE W arpoNpOAYKIUHU. Y IeibHas
akTuBHOCTH °/Cs, 134Cs, 131, 13| 4 0Co B mouse yepes 60 ner mocie BBOJA B AKCILTYaTaIHIO
Kazaxcranckoit ADC mocrurher 3,3x107%, 8,3x10%, 4,1x10°, 8,5x10° wu 4,2x10° Br/kr
coorBerctBeHHO. Cormacuo (IAEA, 2005), MUHHUMAaIbHO IETEKTUpyeMas KOHIICHTPALMs 3THX
PaMOHYKIIUIOB B TIOYBE BaphbUpyeT B Auamnazone 2-4 bx/kr npu macce obpasua 100 r. Ananoruuto
PaZIMOYKONOTHYECKHM CHTYaIUAM, onucaHHbM B (Spiridonov et al., 2025), conepsxanue 3'Cs u *Sr
B TIouBe 30HbI BiusiHus Kazaxcranckoit ADC OyneT 00ycloBIEHO TI100aIbHBIMU BBINIAACHUSMHU.

Takum 00pa3om, ynenbHbIE aKTUBHOCTH CTAHIIMOHHBIX PAaJHMOHYKIUIOB B MOYBE, a TAKXKE B
MPOAYKIIUM PACTEHUEBOJCTBA W KMBOTHOBOJICTBA, CYIIECTBEHHO HWXKE Iopora oOHapyxeHus. B
9TOM CBSI3U MIACHTU(UIIUPOBATH BKJIAJ «CTAHIIMOHHOW COCTABIIIONUICH» B 3arps3HEHUE MPOTYKTOB
MUTaHUS TaMMa-U31y4JaroMMH PAAUOHYKIUIAMU HE MPEACTABISETCS BO3MOKHBIM.

B To e Bpems ynembHble akTuBHOCTH *C m °H, mocTymaromux B arponmpofykKIuio B
pe3yiabTare paboThl peakTopa, MOT'YT ObITh U3MEPEHBI C MOMOIIbI0 COBPEMEHHBIX Ja0OpaTOPHBIX
MeTO/I0B. Y IenbHas akTUBHOCTE ~*C B MOJIOKe, MACE U PACTHTETbHOM MPOIYKIIMH MOXKET JOCTUIaTh
2,0, 6,1 u 1,9 Br/kr. VienbHas akTHBHOCT °H B 9THX BHIax MPOJYKIIMM MOXET COCTaBuThH 8,5, 6,8
u 8,3 Br/kr coorBercTBeHHO. Ilpenensl oOHapyKEHUS ITHX PAAMOHYKIHIOB B 3aBUCHMOCTH OT
HQJINYMSL BBICOKOTOYHOTO OOOPYJOBAaHUS M BPEMEHH, IOTPAuY€HHOIO Ha H3MEpEHHe, MOTYT
nocturath 1-10 Br/kr.

5. 3ak/r04eHue

BeInonHeHs! pacueTsl J030BbIX Harpy30K Ha HaceJIeHHe OT BEIOPOCOB M COPOCOB MJIaHUPYEMOH
Kazaxcranckoit ADC ¢ peakropHoil ycranoBkoii BBOP-1200. PacueTsl mokaszaiu, 9TO J030BbIC
Harpy3KkH Ha HaceJleHue B T€UeHHe Bcero BpeMeHu paboTsl ADC ¢ 3TUM PeakToOpoM 3HAYUTEIHHO
HIDKE J030BOTO TIpeneia M MUHUMaIbHOW 1030BOM KBOTHI jiiss ADC. Ilockonbky mpoBeneHHe
PalMOdKOIOTUYECKOIO0 MOHUTOPHHIA TPWIETAIONIEH TEPPUTOPUU  SBISIETCS HEOOXOIUMBIM
ycinoBueM (GyHknuonupoBanus ADC, BBIMOIHEHBI OICHKH, MPEACTABISAIONINE MPAKTHICCKUI
MHTEpecC NMpH pazpaboTke peraamenta POM. AHanu3 mokasal, 4To OCHOBHBIMH J03000pa3yrOIIUMHU
paamorykInamu seisores C u UPT, B MeHbIIeit crenenn — °H.

B pamkax 6osee AeTanu3MpOBaHHOTO MOAX0/a PACCUUTAHbI MAPIHAIbHBIE 1030BbIE HATPY3KU
Ha HACEJIEHWE OT CTAaHLUMOHHBIX PAJAUOHYKIIMJOB, COIEPXKAIIMXCS B KOMIIOHEHTaX OKPYKaroIIeH
cpeabl U arponpoaykiuu. Hanbonee 3HaunMbIM BKJIQIYUKOM B JTO30BYIO HAarpy3ky Ha HaceJleHUe
spysiercs 1*C B cocTaBe pacTHTENEHOH NPOIYKINH, B MEHBIIIEH CTEEHH — B MsACe K MOJIOKe. BakHBIM
pe3yabTaTOM JAaHHBIX pacueToB SBISETCS MOATBEPXKACHUE Beaylled ponu arpocdepbl B
(dbopMHpOBaHUU JJO30BOM Harpy3Kku Ha HaceiaeHue rnpu pyHkuuoHupoanun ADC.

C uenbro oOuEHKM Bo3MoOkHocTe POM mpuneraromeil TeppuTOpuM B OTHOLLIEHUU
Pagro3K0IOrndeckoro KOHTpossi ADC paccuuTaHO COJEpPKAHUE CTAHLHMOHHBIX PAaJUOHYKIHIOB B

147



Journal of Ecology and Sustainability 2026, 156(3)

MIOYBE U arpONPOAYKIIMH. Y CTAHOBIICHO, YTO YACTbHBIC aKTUBHOCTH CTAHIIMOHHBIX PATUOHYKIIHIOB,
BKIIIOYEHHBIX B periiaMmeHT POM arposkocuctem B 30ue Bo3zaehicTus ADC (Guidelines 13.5.13-00,
2005), cyliecTBEHHO HIKE TI0pOra oOHApYKeHHs. B To ke BpeMs ynenabHble akTuBHOCTH ~*C 1 °H,
MOCTYIAIIMX B arpompoAyKIMI0 B pe3yiabTare padboTel peaktopa BBDOP-1200, moryr ObITH
U3MEPEHBl C TIOMOIIBI0 COBPEMEHHBIX JabopaTopHbIX MeToaoB. [l peakropa BBDOP-1200
PaIMOHYKIIMIOM C MAKCHMAIbHBIM COIEpKaHUEM B arponpoayKimu oyzaeT *H. DTo 06cToSTenbCTBO
MOXET OBITb Y4YTE€HO TpH pa3paborke peraameHta POM arposkocucteM B 30HE BIUSHUA
mnanupyeMoi Kazaxcranckoit ADC.

Craenyer OTMETHTB, YTO peajbHBIN PAllMOH MHUTAHUS HACEJIEHUs, MPOKUBAIOIIET0 Ha Oepery
o3epa banxai, MOXeT CYIIECTBEHHO OTIMYAThCS OT HOPMATHUBHBIX JaHHBIX 1o PecmyOnuke
Kazaxcran 3a cueT yBeTMUEHHOTO MOTpedeHus: prlObl. B 3TON CBSA3M peKOMEHIyeTCsl MPOBECTH
oOcieloBaHNE IO YCTAHOBJICHHUIO (PAKTUUYECKOTO pallioHa NUTaHWS MECTHOTO HACeJIeHHs U
BBITIOJTHUTh COOTBETCTBYIOIIME pAacCUETHBIC OICHKA. B nmanpHeWmeM, TpH OpraHu3alud U
npoBeaeHun POM mnocine BBojga Kazaxcranckoit ADC B 3KCIUTyaTalMio, Ba)KHO COYETATh
IKCIIEPUMEHTANbHBIC U pacueTHbie MeTo 1kl (Mukusheva et al., 2026). Lienecoobpa3Ho paccuuThIBaTh
HAKOIUICHHE CTAHIMOHHBIX PAAHOHYKIUIOB B KomrmoHeHTax OC u arponpoAyKLHH, a TakkKe
OLIEHUBATh PAJMOIKOIOTHYECKYIO0 3HAYMMOCTh PAJHOHYKIIHI0B Ha OCHOBE (PAKTHYECKHX JaHHBIX,
XapaKkTepu3yroImux BeIOpockl u copocsl ADC.
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Ka3zakcranabik ADC mMBIFAPBIHABLIAPBI KYPAMBIHAAFbI PAJHOHYKJIUATEPAIH
PaaHO3KOJOTHSJIBIK MAaHbI3bIH 0arajay

Maiipa Mykspimesa, Cepreit Cnmpunonos, Pena Muxkaunnosa, Auna Tonoposa

Anparna. Xocnapnauein otbipraH BBDOP-1200 peakTop KOHABIPFBICBIMEH JKYMBIC ICTEHTIH
Kazakcran ADC-iHiH HbFapbIHIBIIAPEI MEH TOTTHAUIEPIHEH XaJbIKKA TYCETIH 103aJIbIK )KYKTEMeIep
ecentengi. Ecenteynep kepcerkenneit, BBDOP-1200 peaxktopbiMen »xymbic icteiitin ADC-Ti
naianany Ke3iH/e XalbIKKa TYCETIH JT03aJIbIK KYKTEMeENep A03abIK MeKTeH xoHe ADC yIIiH eH a3
J03aJbIK KBOTaAaH onjekaiina temeH. JKocmapmaneinm oTbipraH ADC MaHBIHAAFBl ayMakTa
PaAMO’KOIOTUSITBIK MOHUTOPUHT (POM) xKypri3y periiaMeHTiH a3ipiiey OapbIChIH/Ia KbI3bIFYIIBUIBIK
TYIBIPATBIH €CeNTik Garasay skyprizinmi. Herisri 103a KypayIibl CTaHIUANBIK paguoHykauarep 14C
KoHe MHepTTi pamuoakTuBTi raszmap (MPT) exewni, anm °H a3 mopexene ocep eTeTiHi aHBIKTANIBL
Kopiiaran opra KOMIOHEHTTEpPI MEH arpoeHIMAepleri paguoHYKIUATEPAEH XalbIKKa TYCETIH
IIiHapa JM03aJIbIK KYKTEMEJep ecenTeni. XalblKKa TYCETIH JO03aJIbIK JKYKTeMere eneysi yliec
KOCATBIHBI — ociMIiK eHiMaepinzeri C, an et men cyrreri yieci a3. By ecenteysepin MaHbI3 bl
HoTIKecl — ADC JKyMbIC ICTETeH Ke3/1e XalbIKKa TYCETIH J03aJIbIK KYKTEMEH1 KaJbITACThIPY1aFbl
arpocdepaHblH KeTeKIl pesiH pactay. Ipremec aymakka POM xyprisy MyMKiHIIriH Oaranay
MaKCaThIH/Ia TOMBIPAKTAFbl JKOHE arpoeHIMIEPACTi CTAHIMUIBIK PaTUOHYKIUATEPAIH MOJIIepi
ecenreni. bipkaTap cTaHIMSUIBIK PaJUOHYKIUATIH YJIECTIK OCJICEHIUNIr aHBIKTay IIET1HEH eoyip
ToeMeH ekeHi Oenrimi Gonmmael. BBOP-1200 peaktopsl yimiH arpoeHiMaeple €H KOI MeJIIepe
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GONMaTEIH PaAMOHYKIN peTinae °H aHbIKTammsl. by skarmaii sxocmapiaHsin oTeiprad Kaszakcrad
ADC-iHiH ocep eTy aiMaFbIHAaFbl arpo3koxyienepre POM xyprizy periiaMeHTiH a3ipiey Ke3iHae
€CKepiTyl MYMKIH.

Tyiiin ce3nep: ADC; BBDOP-1200 peakTopbl; XaNbIKTBIH COYJENEHY J103ajapbl; JT03aJBIK
KpPUTEpULIIep; paauaIisIbIK 9Cep Ty HHACKCTEPi; 103a TY3€TiH PaIuoHYKIHATEP; THIMII 103a.

Assessment of the radioecological significance of radionuclides contained in
emissions from the Kazakhstan Nuclear Power Plant

Maira Mukusheva, Sergey Spiridonov, Rena Mikailova, Anna Toporova

Abstract. Dose loads on the population from emissions and discharges from the planned Kazakhstan
Nuclear Power Plant (NPP) with a VVER-1200 reactor were calculated. The calculations showed that
the dose loads on the population during the entire operation of the NPP with a VVER-1200 reactor
are significantly lower than the dose limit and the minimum dose quota for the NPP. Estimates were
prepared that are of interest in developing regulations for radioecological monitoring (REM) for the
territory adjacent to the planned NPP. It was established that the main dose-forming radionuclides at
the plant are **C and inert radioactive gases (IRGs), and to a lesser extent 3H. Partial dose loads on
the population from radionuclides contained in environmental components and agricultural products
were calculated. The most significant contributor to the population's radiation dose is *C in plant
products, and to a lesser extent in meat and milk. These calculations confirm the leading role of the
agricultural sector in determining the population's radiation dose during NPP operation. To assess the
capabilities of the radiological monitoring of the adjacent territory, the concentrations of plant
radionuclides in soil and agricultural products were calculated. It was found that the specific activities
of several plant radionuclides are significantly below the detection threshold. For the VVER-1200
reactor, the radionuclide with the highest concentration in agricultural products will be 3H. This
should be considered when developing regulations for radiological monitoring of agroecosystems in
the zone of influence of the planned Kazakhstan NPP.

Keywords: Nuclear Power Plant; VVER-1200 reactor; population radiation doses; dose criteria;
radiation exposure indices; dose-forming radionuclides; effective dose.
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Abstract. Urban air quality is spatially heterogeneous because emission
intensity, land-use function, daily activity, seasonal energy demand, and
atmospheric dispersion vary across the urban fabric. This study quantified
the short-term spatial and temporal variability of PM2.5, PM10, and CO-
across ten functionally contrasting locations in Eskisehir, Turkiye. Field
observations were conducted during four weeks in February and four
weeks in May, with measurements collected on Mondays, Wednesdays,
and Fridays during morning (08:30-10:30) and evening (17:00-19:00)
periods. PM2.5 and PM10 were measured using a CEM DT-9880 portable
particle counter, while CO2 was measured using an EXTECH EasyView
80 analyzer. Descriptive comparisons were combined with GIS-based
Kriging interpolation to visualize broad concentration gradients. The
results showed persistent spatial contrasts among industrial, residential,
commercial, transportation, and vegetated environments. The Industrial
Zone recorded the highest PM2.5 concentrations, reaching 543 ug/m? in
winter morning observations and 640 pg/m® in winter evening
observations. Winter CO reached 803 ppm at the Industrial Zone.
Residential Area Il also showed elevated particulate concentrations,
whereas Urban Park and Urban Green Space generally exhibited lower
values. Concentrations were generally higher in winter than in summer,
and PM2.5 commonly increased from morning to evening. These patterns
identify functional urban environments that warrant intensified
monitoring and targeted management. The study does not establish
source-specific causality because source apportionment and simultaneous
site-level meteorological measurements were not available. Accordingly,
the findings are interpreted as spatial and temporal contrasts within the
monitored network rather than as regulatory compliance estimates or
quantitative source contributions.

Keywords: urban air quality; PM2.5; PM10; carbon dioxide; functional
land use; spatial variability; kriging; GIS; sustainable urban planning.

1. Introduction

Urbanization is one of the principal processes reshaping
contemporary human settlements. The concentration of population,
employment, infrastructure, production, and services within urban areas
has generated substantial economic and social benefits while
simultaneously increasing pressure on environmental systems. Global
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urban population growth has been accompanied by expanding transportation networks, greater energy
demand, industrial intensification, and increasing consumption of natural resources. These processes
can alter atmospheric conditions and contribute to the accumulation of pollutants within densely
occupied urban environments. The environmental consequences are particularly important because
exposure to polluted air occurs across large populations and may persist over long periods (URL1,
URL2, URL3, URL4; Cetin 2013; Cetin 2015; Cetin 2016; Cetin et al., 2017; Cetin et al., 2019).

Air pollution is now recognized as a major environmental determinant of human health. Fine
particulate matter is particularly important because particles with aerodynamic diameters of 2.5 um
or less can penetrate deeply into the respiratory system and may reach systemic circulation.
Epidemiological evidence has linked exposure to particulate matter with cardiovascular and
respiratory outcomes, including ischemic heart disease, stroke, chronic obstructive pulmonary
disease, asthma, and premature mortality. The World Health Organization (WHO) consequently
established substantially more stringent air-quality guideline levels in 2021, reflecting the
accumulation of evidence concerning health effects at relatively low exposure concentrations (WHO,
2021). The guideline values include annual and 24-h reference levels for PM2.5 and PM10 and
provide an internationally recognized framework for interpreting air-quality risks.

The atmospheric behavior of particulate matter is strongly influenced by emission sources and
meteorological conditions. Industrial combustion and production processes can release primary
particles and precursor substances, while road traffic contributes directly through exhaust emissions,
brake and tire wear, and resuspension of road dust. Residential heating is another important source,
particularly during cold seasons when solid fuels and other combustion-based heating systems may
increase local particle emissions. The relative contribution of these sources differs spatially according
to urban morphology, land use, traffic intensity, building density, vegetation structure, and
atmospheric dispersion. (Lelieveld et al., 2015; Han et al., 2016; Beelen et al., 2008; Nowak et al.,
2006; Powe & Willis 2002; Tallis et al., 2011; Tiwary et al., 2009; Nowak et al., 2014; Kumar et al.,
2015; Snyder et al., 2013; Rai et al., 2017; Janhéll 2015; Leung et al., 2011; Abhijith et al., 2017;
Jayasooriya et al., 2017; Pugh et al., 2012; Hewitt et al., 2020; Yao et al., 2022).

PM2.5 and PM10 are not spatially uniform within cities. Concentrations can vary considerably
over relatively short distances because emission sources and atmospheric dispersion processes are
spatially heterogeneous. Dense traffic corridors, industrial facilities, commercial centers, and
residential districts with high combustion demand may produce local concentration peaks.
Conversely, parks and vegetated areas can influence particle deposition, atmospheric mixing,
shading, and local microclimatic conditions. However, the relationship between vegetation and air
pollution is complex and depends on species characteristics, canopy structure, street geometry, wind
conditions, pollutant source strength, and spatial configuration of green infrastructure (Abhijith et al.,
2017; Janhdll, 2015; Rao et al., 2014).

Carbon dioxide provides a complementary indicator of urban atmospheric conditions. Although
CO:z is naturally present in the atmosphere and is not conventionally treated as a primary toxic air
pollutant at ordinary ambient concentrations, its spatial distribution can provide information about
combustion activity, traffic, building occupancy, ventilation, and local atmospheric mixing. In urban
environments, elevated CO2 concentrations may occur near intense transportation activity, industrial
combustion, and areas with substantial fossil-fuel consumption. Seasonal variations can also reflect
changes in domestic heating demand and atmospheric stability (Abualqumboz et al., 2017; Adar et
al., 2014; Anderson et al., 2012; Begum et al., 2008; Cetin, 2013; Cetin, 2015; Cetin, 2016; Cetin et
al., 2017; Cetin et al., 2019).

The interaction between urban form and air quality has received increasing attention within
environmental planning research. Buildings, road networks, industrial areas, open spaces, vegetation,
and transportation corridors create a heterogeneous urban surface that influences both pollutant
generation and dispersion. Street-canyon geometry can restrict ventilation, while open spaces and
strategically positioned vegetation may alter local airflow and particle deposition. Therefore, air-
quality assessment should not be limited to isolated monitoring stations. Spatial approaches capable
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of representing geographic variation can provide additional information for urban planning and
environmental management. (Deary et al., 2016; Mukherjee and Agrawal, 2017; Sevik et al., 2019;
Turkyilmaz et al., 2018; Yucedag et al., 2018).

Geographic Information Systems (GIS) provide a useful framework for integrating field
measurements with spatial information. GIS-based interpolation can estimate pollutant
concentrations between observation points and generate continuous spatial surfaces. Kriging is
particularly relevant because it incorporates spatial dependence among observations and provides a
geostatistical framework for estimating values at unsampled locations. Previous research has
demonstrated the application of Kriging and other interpolation procedures to urban particulate-
matter mapping and environmental exposure assessment (Lelieveld et al., 2015; Han et al., 2016;
Beelen et al., 2008; Nowak et al., 2006; Powe & Willis 2002; Tallis et al., 2011; Tiwary et al., 2009;
Nowak et al., 2014; Kumar et al., 2015; Snyder et al., 2013; Rai et al., 2017; Janhéll 2015; Leung et
al., 2011; Abhijith et al., 2017; Jayasooriya et al. 2017; Pugh et al., 2012; Hewitt et al., 2020; Yao et
al., 2022).

The spatial representation of air pollution is particularly valuable for cities experiencing
simultaneous industrial development and urban expansion. Eskisehir provides a relevant case because
its metropolitan structure includes industrial districts, organized industrial areas, residential
neighborhoods, commercial functions, transportation corridors, university environments, and
substantial urban green spaces. These functions generate contrasting activity and emission
environments and create a strong basis for examining fine-scale spatial differences in measured air
quality.

Previous investigations in Eskisehir have already demonstrated the importance of spatial and
seasonal variability in urban air pollution. Gaga et al. (2012) assessed multiple pollutants, including
PM2.5 and PM10, using passive and active sampling and GIS-based exposure analysis across the
city. More recently, Balcilar (2024) examined PM10, PM2.5, and SO at three fixed monitoring
stations and evaluated temporal variation and source-related characteristics, while Ari et al. (2025)
applied chemical characterization and positive matrix factorization to quantify PM2.5 source
contributions at an urban-background location. These studies provide important station-based,
pollutant-specific, and source-apportionment evidence. The present study addresses a complementary
gap by using the same portable measurement framework across ten functionally distinct urban
environments and explicitly comparing winter/summer and morning/evening conditions for PM2.5,
PM10, and CO». Thus, the contribution is empirical and spatial-planning oriented rather than
methodological: it provides a functional land-use comparison of short-duration, neighborhood-scale
concentration contrasts that cannot be obtained directly from a small number of fixed regulatory
stations or from source-apportionment data alone.

Accordingly, the principal objective of this study is to characterize the spatial and temporal
variability of PM2.5, PM10, and CO> concentrations across ten representative urban locations in
Eskisehir. The specific objectives are to: (i) quantify pollutant concentrations during winter and
summer; (ii) compare morning and evening conditions; (iii) identify locations with persistently
elevated or relatively low concentrations; (iv) examine how observed concentration patterns
correspond to dominant urban land-use functions; (v) visualize broad spatial gradients using Kriging
interpolation within a GIS environment; and (vi) translate the observed spatial contrasts into
planning-relevant recommendations while explicitly recognizing the limitations of short-duration
field monitoring.

The study is designed as a spatially explicit field assessment rather than a long-term regulatory
monitoring program. Therefore, the results are interpreted primarily as relative spatial and temporal
variability within the monitored network. Comparisons with WHO guideline values are used only as
health-oriented context because the observations are short-duration measurements and cannot be
treated as standardized 24-h averages. Likewise, relationships between concentration patterns and
land-use functions are interpreted as associations rather than quantified source contributions.
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2. Materials and methods

The study was conducted within the metropolitan area of Eskisehir, Tirkiye. Eskisehir is
located in Central Anatolia and functions as an important urban, industrial, educational, and
transportation center. The city has a continental climate characterized by cold winters and warm
summers. Seasonal differences in temperature, atmospheric stability, heating demand, and air-mass
movement can affect pollutant dispersion. During colder periods, increased residential heating
demand may increase combustion-related emissions, while stable atmospheric conditions can reduce
vertical mixing and favor near-surface accumulation. The metropolitan landscape is heterogeneous,
with industrial and organized industrial districts occurring alongside residential neighborhoods,
commercial centers, university areas, transportation corridors, parks, and other urban green spaces.
This functional diversity makes Eskisehir suitable for a comparative assessment of neighborhood-
scale air-quality conditions.

The study area contains several potential emission environments. Industrial and organized
industrial locations may be affected by stationary combustion, production processes, material
handling, and industrial traffic; transportation and commercial environments may be influenced by
vehicle activity and resuspended road dust; and residential environments may be affected by domestic
energy use, particularly during winter. Vegetated locations provide contrasting settings with generally
lower direct emission intensity, although their effects on pollutant concentrations may also depend
on canopy structure, airflow, and surrounding urban geometry. These source descriptions are used to
define functional contexts rather than to infer quantitative source contributions from the measured
concentrations.

Ten representative monitoring locations were selected according to dominant land-use
characteristics and potential emission environments. The network was intentionally designed to
capture contrasting urban functions rather than to form a statistically uniform sampling grid. The
selected environments were: University District; Urban Park; Residential Area I; Commercial Center;
Industrial Zone; Urban Green Space; Residential Area 1lI; Organized Industrial District;
Transportation Corridor; and Residential Area I11. Collectively, these locations represent educational,
vegetated, residential, commercial, industrial, and transportation-dominated settings. The design
therefore supports comparative analysis of functional urban environments while acknowledging that
the ten sites do not represent the full spatial variability of the metropolitan area.

Measurements were undertaken during winter and summer observation periods. The winter
campaign covered four weeks in February, and the summer campaign covered four weeks in May.
Measurements were performed three days per week (Monday, Wednesday, and Friday) during two
daily periods: morning (08:30-10:30) and evening (17:00-19:00). The temporal design was selected
to represent contrasting phases of daily urban activity and to enable seasonal comparison. Because
observations were collected during defined time windows rather than continuously, the resulting
values represent conditions during the measurement periods and should not be interpreted as full-day
or long-term averages.

Particulate matter was measured using a CEM DT-9880 six-channel portable particle counter,
and CO2 was measured using an EXTECH EasyView 80 CO2 Analyzer. CO concentrations were
recorded in parts per million (ppm), while PM2.5 and PM10 were recorded in pg/m®. The same
instrument types were used across the monitoring network to maintain methodological consistency
among locations and observation periods. The available study record does not provide additional co-
located reference-monitor calibration data; therefore, the measurements are treated as field
observations suitable for relative spatial comparison rather than as a substitute for certified regulatory
monitoring.

Measurements were organized by location, season, time of day, and pollutant. Descriptive
comparisons were used to identify concentration ranges and differences among functional
environments. The analysis focused on spatial and temporal contrasts rather than predictive modelling
or source apportionment. The principal comparisons were winter versus summer, morning versus
evening, industrial versus residential environments, transportation-oriented versus commercial
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environments, and built-up versus vegetated environments. No statistical source-apportionment
model was applied, and no causal contribution of a particular emission source was estimated.

QGIS was used for spatial data processing and visualization. Geographic coordinates of the
monitoring locations were associated with the corresponding pollutant observations, and Kriging
interpolation was applied to generate continuous surfaces between measured points. Kriging
estimates values at unsampled locations using spatial dependence among observations (Cressie, 1993,;
Goovaerts, 1997). The manuscript does not specify a validated source-specific semivariogram model
or cross-validation procedure; accordingly, the interpolated surfaces are used as exploratory
representations of broad spatial gradients rather than as high-resolution predictive exposure fields.

Separate spatial representations were generated for winter morning, winter evening, summer
morning, and summer evening conditions. This design enables comparison of concentration gradients
across both seasons and daily periods. Given the limited network of ten locations, interpolation
uncertainty is expected to increase where sampling points are widely separated or where strong local
sources occur between measurement sites. The maps should therefore be interpreted in conjunction
with the measured values in Tables 1 and 2. Future monitoring should incorporate denser spatial
coverage, meteorological observations, and independent validation of interpolation performance.

3. Results

Winter observations demonstrated pronounced spatial variability in all three monitored
parameters. The highest CO2 concentrations occurred at the Industrial Zone (803 ppm in the morning
and 762 ppm in the evening), followed by the Organized Industrial District (762 and 712 ppm,
respectively) and Residential Area Il (682 and 642 ppm). By contrast, Urban Green Space recorded
358 ppm in the morning and 322 ppm in the evening, while Urban Park recorded 382 and 362 ppm.
The difference between the highest and lowest winter morning CO. observations was 445 ppm. These
contrasts indicate strong spatial differentiation within the monitoring network; however, CO>
concentrations cannot be attributed to industrial or residential sources gquantitatively without
concurrent meteorological observations and source-specific measurements (Table 1; Figure 1).

Table 1. Winter mean air-quality measurements across the monitored urban environments

Sampling location Period CO; (ppm) PM2.5 (ug/m°) | PM10 (pg/m?®)
University District Morning 623 105 13
University District Evening 572 192 43
Organized Industrial District Morning 762 238 11
Organized Industrial District Evening 712 371 63
Commercial Center Morning 572 216 15
Commercial Center Evening 557 363 66
Residential Area | Morning 452 53 7
Residential Area | Evening 422 61 11
Residential Area Il Morning 682 243 18
Residential Area Il Evening 642 363 78
Industrial Zone Morning 803 543 21
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Industrial Zone Evening 762 640 11
Transportation Corridor Morning 498 125 28
Transportation Corridor Evening 447 147 10
Urban Park Morning 382 38 12
Urban Park Evening 362 51 10
Urban Green Space Morning 358 44 30
Urban Green Space Evening 322 58 28
Residential Area Ill Morning 595 111 53
Residential Area IlI Evening 485 137 83
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Figure 1. Average CO, winter

PM2.5 showed particularly strong spatial differentiation during winter. The highest morning
concentration was recorded at the Industrial Zone (543 ug/mq), followed by Residential Area 11 (243
ng/m3) and the Organized Industrial District (238 pg/m?®). During evening observations, the Industrial
Zone reached 640 pg/m®, while the Organized Industrial District, Residential Area Il, and
Commercial Center recorded 371, 363, and 363 pg/m?®, respectively. Urban Park remained
comparatively low at 38 pg/m?® in the morning and 51 ug/m? in the evening, while Urban Green Space
recorded 44 and 58 pg/m. The repeated concentration contrast between industrial/built-up and
vegetated locations is a robust descriptive feature of the monitored network. It should not, however,
be interpreted as quantitative evidence of a specific emission source because source apportionment
was not performed. The measured values are also not directly comparable with the WHO 24-h
guideline as regulatory averages because the present observations represent short-duration field
measurements (Figure 2).
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Figure 2. PM2.5 concentrations winter

PM10 displayed a different magnitude pattern from PM2.5 while retaining clear differences
among functional environments. Residential Area Il recorded the highest winter PM10
concentrations during both morning and evening observations (53 and 83 ug/m?®), followed by
Residential Area Il in the evening (78 pg/m®) and the Commercial Center (66 pg/m®). The Organized
Industrial District recorded 63 ug/m?® in the evening. These relatively high values in residential and
commercial settings may be compatible with traffic, domestic activity, road dust, or surface
resuspension, but the present dataset does not permit their individual contributions to be separated.
Urban Park recorded 12 and 10 pg/m?, whereas Residential Area | recorded 7 and 11 pg/m®. The
results therefore indicate that PM10 variability is not restricted to industrial environments and may
reflect multiple local processes.

Summer observations showed a spatial structure broadly consistent with winter, although
concentrations were lower at many locations. The highest summer morning CO- concentration
occurred at the Industrial Zone (743 ppm), followed by the Organized Industrial District (722 ppm)
and Residential Area Il (622 ppm). Evening concentrations were 715 ppm at the Industrial Zone, 697
ppm at the Organized Industrial District, and 632 ppm at Residential Area Il. Urban Park and Urban
Green Space remained among the lowest CO, environments (312-322 ppm and 317-327 ppm,
respectively). The lower summer values are consistent with reduced heating demand and potentially
different atmospheric dispersion conditions, although the absence of simultaneous meteorological
measurements prevents these mechanisms from being quantified. Vegetation-related carbon
exchange may also contribute locally, but its magnitude cannot be determined from the present
measurements (Table 2; Figure 3).

Table 2. Summer mean air-quality measurements across the monitored urban environments

Sampling location Period CO: (ppm) PM2.5 (ng/m°) PM10 (ng/m®)
University District Morning 562 97 11
University District Evening 552 162 37
Organized Industrial District Morning 722 212 9
Organized Industrial District Evening 697 332 58
Commercial Center Morning 552 205 12
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Commercial Center Evening 527 308 58
Residential Area | Morning 432 47 4
Residential Area | Evening 412 57 8
Residential Area Il Morning 622 237 14
Residential Area Il Evening 632 338 67
Industrial Zone Morning 743 463 15
Industrial Zone Evening 715 552 10
Transportation Corridor Morning 492 108 23
Transportation Corridor Evening 442 127 8
Urban Park Morning 322 28 11
Urban Park Evening 312 47 9
Urban Green Space Morning 327 38 11
Urban Green Space Evening 317 50 10
Residential Area 11 Morning 512 98 5
Residential Area 11 Evening 492 112 8
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Figure 3. Average CO2 summer

The Industrial Zone again exhibited the highest summer PM2.5 concentrations, with 463 ug/m?
in the morning and 552 pug/m? in the evening. Residential Area Il recorded 237 and 338 ug/m?, the
Organized Industrial District 212 and 332 pg/m?, and the Commercial Center 205 and 308 pg/m?.
Urban Park recorded 28 and 47 pg/m3, while Urban Green Space recorded 38 and 50 ug/m®. The
persistence of the same broad spatial ordering across seasons indicates that functional differences
were stable within the observed network. These results should be interpreted as spatial associations
rather than source-specific effects.
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Summer PM10 concentrations were generally lower than the corresponding winter values. The
highest morning value was recorded at the Transportation Corridor (23 ug/m?®), whereas the highest
evening value occurred at Residential Area Il (67 ug/m®). The Organized Industrial District and
Commercial Center each reached 58 pug/m?® in the evening. Urban Park and Urban Green Space
remained comparatively low. The summer pattern further indicates that coarse-particle concentrations
vary among transportation, residential, commercial, industrial, and vegetated environments and are
likely influenced by multiple interacting processes (Figure 4).
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Figure 4. Average PM10 summer

4. Discussion

The principal finding is pronounced spatial heterogeneity in air-quality conditions across
Eskisehir. Concentrations differed systematically among the ten monitored functional environments,
with the Industrial Zone and Organized Industrial District generally exhibiting the highest CO, and
PM2.5 values. This spatial pattern is compatible with the higher activity and emission intensity
expected in industrial settings, but the study design does not permit attribution to individual industrial
processes. The result is nevertheless important from a planning perspective because the concentration
contrast persisted across seasons and daily periods. Earlier Eskisehir studies have similarly
demonstrated spatial and seasonal variability, but they have generally relied on fixed monitoring
stations, broader pollutant suites, or chemical source-apportionment approaches (Gaga et al., 2012;
Balcilar, 2024; Ari et al., 2025). The present study complements this evidence by explicitly
comparing ten functionally distinct urban environments using the same field-monitoring framework.

Residential environments also exhibited substantial internal variability. Residential Area Il
repeatedly showed higher PM2.5 and PM10 concentrations than Residential Area I, while Residential
Area Il recorded relatively high PM10 values, particularly during winter evenings. These contrasts
demonstrate that the residential land-use category should not be treated as environmentally
homogeneous. Heating technology, fuel type, local traffic, building configuration, surface conditions,
and ventilation may all influence measured concentrations, but their relative contributions cannot be
separated using the present dataset. The appropriate interpretation is therefore that different
residential environments exhibited different observed concentration regimes.

Winter concentrations were generally higher than summer concentrations, particularly for
PM2.5 and COs.. Increased heating demand provides a plausible contextual explanation for part of
the seasonal contrast, while lower temperatures and atmospheric stability can reduce dispersion.
However, the absence of simultaneous site-level meteorological measurements is a major interpretive
limitation. Temperature, wind speed, relative humidity, boundary-layer height, and atmospheric
stability were not available at the monitoring locations; consequently, emission-related and
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meteorological effects cannot be quantitatively separated. This limitation is explicitly incorporated
into the interpretation of the seasonal findings rather than treated as evidence of a causal heating
effect.

Morning—evening differences were particularly pronounced for PM2.5. At the Industrial Zone,
winter PM2.5 increased from 543 ug/m® in the morning to 640 pg/m? in the evening, while the
corresponding summer values increased from 463 to 552 pg/m?®. Similar evening increases occurred
at several residential and commercial locations. These differences may be associated with
accumulated daily emissions, traffic activity, industrial operating schedules, or residential activity,
but the available observations do not identify which mechanism dominates. CO; exhibited a different
temporal response at several locations, with morning concentrations sometimes exceeding evening
values. This divergence confirms that CO, and particulate matter should not be treated as
interchangeable indicators of urban atmospheric conditions.

The contrasting temporal behavior of PM2.5, PM10, and CO> supports the use of multi-
pollutant monitoring. Combining pollutants with different emission pathways and atmospheric
behavior can reveal spatial contrasts that would be obscured by a single indicator. For urban planning,
this is particularly relevant because pollutant-specific hotspots may correspond to different
intervention priorities.

The maximum PM2.5 concentration was observed at the Industrial Zone, reaching 543 pg/m?
in the winter morning period and 640 pg/m? in the winter evening period. These measurements
identify the Industrial Zone as the strongest observed PM2.5 hotspot within the monitoring network.
They do not, however, establish a direct causal relationship with a particular industrial source because
source apportionment was not performed and meteorological conditions were not measured
simultaneously at the sites. The appropriate planning implication is therefore prioritization of the area
for longer-duration monitoring, industrial emission assessment, and source-specific investigation
rather than attribution of the measured concentration to a single source category. Recent source-
apportionment work in Eskisehir demonstrates the value of chemical characterization and receptor
modelling for resolving this distinction (Ari et al., 2025).

Transportation corridors and commercial centers generally exhibited intermediate particulate
concentrations relative to the principal industrial locations. The Transportation Corridor recorded
winter PM2.5 values of 125 and 147 ug/m? and summer values of 108 and 127 ug/m? in the morning
and evening, respectively. PM10 also showed elevated values in some transportation- and
commercial-oriented settings. Traffic, brake and tire wear, and road-dust resuspension are plausible
contextual mechanisms, but their contributions cannot be quantified from the present measurements.
The results nevertheless support transportation management, road-dust control, and targeted
monitoring along high-activity corridors. Urban parks and green spaces consistently recorded lower
concentrations within the monitored network. This pattern is compatible with literature describing
pollutant interception and deposition by vegetation, while recognizing that dense vegetation can also
restrict airflow under some street-canyon configurations (Janhall, 2015; Abhijith et al., 2017; Hewitt
et al., 2020). Therefore, the planning implication is not simply to maximize vegetation cover, but to
place and configure green infrastructure in relation to pollutant sources, street geometry, and
ventilation conditions.

The observed PM2.5 and PM10 concentrations provide evidence of substantial short-duration
concentration episodes at several sites. WHO 2021 guideline values provide a useful health-oriented
reference, including 24-h guideline levels of 15 ug/m? for PM2.5 and 45 pg/m® for PM10 (WHO,
2021). Several measured values exceed these reference levels; however, direct compliance or non-
compliance cannot be inferred because the observations are not standardized 24-h averages. The
comparison is therefore used only to emphasize the need for longer-duration monitoring at locations
where high short-term concentrations were repeatedly observed.

The Kriging maps provide an exploratory spatial framework for visualizing broad pollutant
gradients across the monitored urban area. Their main value is to integrate point observations into a
geographic planning context and to identify locations where additional monitoring may be warranted.
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With only ten monitoring locations, however, interpolation uncertainty may be substantial between
points, particularly near localized emission sources. The maps should therefore not be interpreted as
validated high-resolution exposure surfaces. A stronger future framework would combine denser
measurements with meteorological variables, road and traffic data, land-use indicators, building
morphology, and independent interpolation validation.

The findings have several planning implications. First, industrial and organized industrial areas
should receive priority for continuous or repeated monitoring and source-specific emission
assessment. Second, residential heating should be considered in seasonal air-quality management,
particularly where elevated winter particulate concentrations recur. Third, transportation corridors
require integrated measures addressing traffic emissions and road-dust resuspension. Fourth, green
infrastructure should be strategically configured rather than increased indiscriminately, with attention
to source location, canopy structure, street geometry, and ventilation. Fifth, air-quality information
should be incorporated into land-use planning so that sensitive land uses are not unnecessarily
exposed to persistent emission environments. Finally, the existing fixed monitoring network can be
complemented by mobile or neighborhood-scale measurements to capture local gradients. These
recommendations are planning implications derived from observed spatial contrasts, not estimates of
the effect size of individual interventions.

5. Conclusion

This study characterized the short-term spatial and temporal variability of CO2, PM2.5, and
PM10 across ten functionally contrasting urban environments in Eskisehir, Tlrkiye. The monitoring
network revealed clear differences among industrial, organized industrial, residential, commercial,
transportation, university, park, and urban green-space settings. The Industrial Zone consistently
represented the strongest observed PM2.5 hotspot, with winter concentrations of 543 ug/m? in the
morning and 640 ug/m? in the evening; winter CO; also reached 803 ppm at this location. Residential
Area Il showed comparatively elevated particulate concentrations, while Urban Park and Urban
Green Space generally recorded lower values. Winter concentrations were generally higher than
summer concentrations, and PM2.5 commonly increased from morning to evening. These patterns
demonstrate that functional land-use context is closely associated with the spatial organization of
measured urban air-quality conditions within the monitoring network. Importantly, the revised
interpretation does not attribute these differences to specific sources because source apportionment
and simultaneous site-level meteorological measurements were unavailable. Kriging interpolation
provides a useful exploratory visualization of broad spatial gradients, but the limited number of
sampling locations restricts the predictive resolution of the interpolated surfaces. The principal
planning value of the study is therefore the identification of priority environments for denser
monitoring, industrial emission assessment, residential-heating management, transportation and road-
dust control, and strategically designed green infrastructure. Future research should combine
continuous measurements with co-located meteorological observations, chemical characterization,
source-apportionment modelling, denser spatial sampling, and validated geostatistical or land-use-
based models. Such an integrated framework would allow the observed functional contrasts to be
linked more rigorously to emission sources, atmospheric processes, and population exposure.
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TYypkusHBIH JCKHMIIEXHMP KaJacbl MbICAJBbIHAA (YHKUMOHANIBIK ailMaKTap
00iBbIHIIIA KAJAJBIK aya CaNAChIHBIH KeHICTIKTIK-yaKbITTHIK JIMHAMHKACHIH
Oarajay

Aylin Cicek, Ilknur Zeren Cetin

Anparna. Kana ayacblHBIH JIaCTaHybl - ©HEPKSCINTIK KBI3MET, XaJbIK THIFBI3BIFBI, YHEPTUSHBI
naiiianany, TYpPMBICTBIK KBUIBITY OHE KOJIK e3apa 9peKeTTecil, aTMOoc(epalblK XaraiiFa ocep
eTeTiH KapKbIHJIbI JAMBII KeJe jKaTKaH KajlalapJIarbl 0acThl AKOJOTHSUIBIK Macenenepain Oipi. by
3eprreyne TYpKUsSHBIH DCKUIIEXHp KaJlachIHIAFbl JKep MaiilajdaHy MEH KaJlalblK OeJICEeHIUTIKTIH
OpTYpJII THNOTEPIH KepceTeTiH OH Oakputay HykTecingeri PM2.5, PM10 xome CO:
KOHIICHTPALMSIAPBIHBIH ~KEHICTIKTIK JKOHE YaKbITTBIK CHUMaTTamanapbl 3epaeneHai. Jlamanbik
eJIIIeyep KBICKBI YKOHE JKa3Fbl Ke3eHIepAe TaHepTeHri koHe kemki yakeitta CEM DT-9880
KaJaKeIMa Genrekrep anHaausaTopsl MeH EXTECH Easyview 80 CO; ananu3aTOpbIHBIH KOMETiMEH
KYPri3iiai. AJIBIHFaH MOJIIMETTEP OHEPKICINTIK, TYPFBIH Yii, KOMMEPUHUSUIIBIK, KOJTIKTIK KOHE HKachlI
allMaKkTap apacbIHIAFrbl TOYJIKTIK JKOHE MAayChIMJBIK aibIpMallbUIBIKTapAbl AaHbIKTAy YIIiH
Oaranmannbl. KenictikTik 3anmeuisikrap QGIS 06aszachiHmarbl reorpadusuiblK aKIMapaTThIK JKyhe
(TAXK) mieHOepiHae KPUTHHT HHTEPIOJSLUSICHL OMICIH KOJIAHY apKbLIbl KOCHIMIIA 3EPTTEIII.
Hotmwxenep macraymibl 3aTTap KOHIIEHTPALMSCHIHBIH aWKBIH KEHICTIKTIK OpPTYPJLIITiH KOPCETTi:
PM2.5 >xone PM10 >xorappl [eHreiliepi HETi3IHEH OHEPKOCINTIK alMakTapaa, YHbIMIAacKaH
OHEPKICINTIK aylaHAap/a, XaJblK THIFbI3 OpHAIACKaH TYPFBbIH YU KeIIeHJEpIHJe >KoHE Kaz0a
OTHIHBIMEH TYPMBICTBHIK JKBUIBITBUIATHIH OpbIHAapAa Oaiikanabl. Keickel mesrinmgeri PM2.5 ey
*orapsl KoHteHTpanusicel 543,05 mr/m3 kypasst, ain CO2 MakCHMAaIIIbI OTIIEHIeH KOHIICHTPAIIUACH
803 ppm-ueH actol. Kepicinie, Kananslk casdakTap/a koHe 0CiMJIIK )KaMBUIFBICHI MOJI aiiMaKTapaa
o/IeTTe JacTayllbl 3aTTap/blH TOMEH KOHLIEHTPALMACHI TIPKENl. 3epTTey HOTHXKeNepl Kep
naiiianany cumarraManapbl MEH KaJlanblK O€JCeHIUNK YAriaepi >KeprulikTi aya camachlH
allKpIHIAWTBIH ~ MaHbI3Abl  (akTopiap Oonbll  TaOBUIATHIHBIH  KepceTell. OHEepPKICINTIK
IIBIFAPBIHABLIAP/Ibl OAKBUIAY/IbI, Ta3a JKBUIBITY KYHENepiH, KaJaHbl KacbUIaHIbIPY/Ibl KEHEHTY/ I,
TYPAKThl YTKBIPIBIKTHI KOHE a3 IIBIFAPBIHIBICEI 0ap JHEPreTHKAIBIK CTpaTerusyapibl Kaja
KYPBUIBICHIH JKOCTIapilayFa HHTErpalusuiay JCKUIIEXUPAETi aTMochepabIK JKaFJai bl )kakcapTyFa
BIKIIAJ €Tyl MYMKIH.

Tyiin ce3mep: kanmanblk aya camackl; PM2.5; PM10; xemipTek IUOKCHIII; KEHICTIKTIK Tajjaay;
KpurHHT uHTepnonsauusicekl; I'AXK; TypakThl Kanajblk )Kocmapiay.

OuneHka MNPOCTPAHCTBCHHO-BPEMEHHOM /JHHAMMKH KadyecTBa TOPOJCKOIo
BO31yXa 0 GyHKIMOHAJbHBLIM 30HAM Ha npuMepe ropoaa Jckuexup (Typumus)

Aylin Cicek, llknur Zeren Cetin

AHHOTANUA. 3arps3HEHUE TOPOJCKOr0 BO3/yXa SBISETCS OAHOM M3 OCHOBHBIX IKOJIOTHYECKUX
mpo0seM B OBICTPO Pa3BUBAIIIMXCS TOPOJAAX, T MPOMBIIUICHHAS EATEIbHOCTh, IUIOTHOCTD
HACEJICHUs, dHepronorpebieHue, OBITOBOE OTOIUICHHE W TPAHCIOPT MOTYT B3aMMOJCHCTBOBATH,
BIIUSISL HA cOCTOsiHME aTMocdepbl. B TaHHOM HccieqoBaHUM W3Y4YeHbl TPOCTPAHCTBEHHO-BPEMEHHbBIE
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xapaktepuctuku KomeHtpanuii PM2.5, PM10 u CO; Ha nmecATu y4yacTKax, MPeICTaBIISIOIINX
pa3IMYHbBIC THITHI 3eMJICTIONE30BAHMSI M TOPOICKOH akTiBHOCTH B Dckumiexupe (Typuus). HarypHbie
M3MEPEHUs TPOBOMINCH C UCIOIB30BAHMEM aHanu3aropa B3BemeHHbx yactuy CEM DT-9880 u
ananusatopa CO, EXTECH Easyview 80 B yrpeHHee M BeuepHee BpeMs B 3UMHHU M JICTHHUN
nepuopl. [lonmydeHHble JaHHbIE OBUIM MPOAHAIM3UPOBAHBI JIJISl BBISIBIICHUS] CYTOYHBIX U CE30HHBIX
pasuYMii MEKAY MPOMBIIUICHHBIMH, XHIBIMH, KOMMEPUYECKUMH, TPAHCIIOPTHBIMUA M 3€IEHBIMU
3oHamu. [IpocTpaHcTBEHHBIE 3aKOHOMEPHOCTH TaKXe OBLIM HM3y4eHbl C NPUMEHEHHEM METOoJa
kpuruara (Kriging interpolation) B cpene reorpaduueckoii HHPOPMAIMOHHOW CHUCTEMBbI Ha 0Oase
QGIS. Pe3ynbTaThl BBISBHIIM BBIPAKEHHYIO HMPOCTPAHCTBEHHYIO HEOJHOPOAHOCTH KOHIICHTPALUi
3arps3HSAIONIMX BEIIECTB: MOBBIMIEHHBIE YpoBHU PM2.5 1 PM10 Habmoganych MpeuMyInecTBEHHO B
MPOMBIIIICHHBIX 30HAX, OPraHW30BAaHHBIX MPOM30HAX, T'YCTOHACEIEHHBIX J>KUJIBIX MAacCHBaxX W
MeCTax C IIeYHBIM/OBITOBBIM OTOIUICHHEM Ha HCKOIAeMOM TOIUIMBE. MaKCHMalbHas 3UMHSS
koHneHTpanus PM2.5 cocrasmiia 543,05 mkxr/m?, a MakcuManbHas u3MepeHHas konrenrpamus CO»
npeBbicuiaa 803 ppm. HampoTus, B TOPOJICKUX MapKax U paiioHaX CO 3HAYUTEIbHBIM O3CJICHEHHEM
3adukcupoBaHbl OoJiee HH3KHE KOHIEHTpaluu 3arps3HuTenedl. [lomydeHHbIE pe3ynbTaThl
CBHUJICTEIILCTBYIOT O TOM, YTO OCOOCHHOCTH 3€MJICTIONIb30BAHMSI M XapaKTep rOPOJCKONW aKTUBHOCTH
SBIISIIOTCSL BXKHBIMH (DaKTOpPaMH, ONPEACISIOIMUMHI COCTOSIHHE MECTHOTO Bo3ayxa. WHTerpanus
KOHTPOJISl MIPOMBIIIUICHHBIX BBIOPOCOB, 00JIee YUCTHIX CHCTEM OTOIUICHUS, PACHIMPEHHS 3€IEHBIX
HACa)XJIeHUM, YCTOWYMBOM MOOMJIBHOCTH U HHU3KO3MMCCHOHHBIX SHEPreTHYECKHX CTpaTeruil B
TOPOICKOE TUIAHUPOBAHUE MOXET CIIOCOOCTBOBATH YJIYUIICHHIO Ka4eCcTBa aTMOC(EpPHOro Bo3ayxa B
Ockuiexupe.

KiaroueBble cjioBa: KadecTBO ropojckoro Bosayxa; PM2.5; PM10; muwokcun yriepona;

IIPOCTPAHCTBEHHBIH aHanu3; uHTepnoasiuus kpuruHrom; I['MC; ycTtoifumBoe ropojckoe
IUIAaHUPOBAHUE.
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