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AHHOTanusi: B cratebe npencTaBieHbl pe3yJbTaTbl HUCCIEIOBAHUS
XUMHYECKMX CBOMCTB MOJ3EMHBIX BOJ U mouB Kapaysskckoro paiioHa
Pecny6nuku KapakanmnakcTraH B yCJIOBUSIX YCUIIMBAOLIEHCS apuIu3aliiu
KIMMarta u aedunura BogHbx pecypcos [Ipuapanbs. [Iposenén anamms
TMIPOreOJIOTUYECKUX ~ YCJIOBMM  paiiOHa,  BBIIIOJHEHA  OLEHKa
MUHEpAIU3alUd U THUAPOXHMMHUYECKOTO COCTaBa IOJ3EMHBIX BOJA Ha
ocHOBe JaHHbIX 20 HKCIUTyaTallMOHHBIX CKBA)XHH, a TAKXKe MCCIIEJOBAHBI
MIOKAa3aTelIM 3acoJIEHUSI U arpoXMMHYECKHE CBOWCTBA I1OYBEHHOI'O
npobwid. s uHTepnpeTauMu TUAPOXUMHMUYECKHMX OCOOEHHOCTEH
UCIoNb30BaHa jauarpamma llaiinepa, 1O3BONMBIIAS  YCTaHOBHUTH
OCHOBHBIE THIBI MOA3EMHBIX BOJ| M HaIpPaBJIEHUS MX TN€OXUMHUYECKOU
HBOJIIOLIMH. BhIsIBIIeHa ocieoBaTenbHas TpaHchopMalus XuMHYECKOTo
cocraBa BOJ oT TrUIpOKapOOHATHO-KAJIbLINEBOTO qyepes
IMJIpOKapOOHATHO-HATPUEBBIE K XJIOPUIHO-HATPUEBOMY  THILY,
0oOyCJIOBIIGHHasi TpolleCCaMM HMOHHOTO OOMEHa, HCHapUTEIbHOTO
KOHLEHTPUPOBAaHUS M BTOPUYHOIO  3aCOJIEHUS. Y CTaHOBJIEHO
npeo0iajaHe HATPUEBBIX U TUAPOKAPOOHATHBIX HOHOB B OOJIBIIMHCTBE
UCCIIEIOBAaHHBIX MTPOO U MOKa3aHa CBSA3b MEX/y POCTOM MHUHEpaIU3alluH
MO/A3EMHBIX BOJ M yXYyJALIEHWEM HX KadecTBa. lccrmegoBanue mnous
BBISIBWIO MIeNOYHyI0 peaknuio cpeasl (PH 8,4-9,4), moBsiieHHOE
COZIEpKaHUE BOJIOPACTBOPUMBIX COJIEM M HAJIMYME BHICOKON KOPPEISALNUU
MEXJy JIEKTPONPOBOJHOCTHIO HACBHIIIEHHOTO IMMOYBEHHOIO IKCTPAKTa U
CYMMapHbIM coziepxanueM codeii (R? = 0,987). [TonyueHHbIE pe3yybTaThl
CBUJETEIBCTBYIOT 0 TECHOU B3alMOCBS3HU IIPOLIECCOB
TUIPOTeOXUMHUYECKON TpaHCc(OpMally MOJ3EMHBIX BOJI U BTOPUYHOTO
3aconeHust mouB. [IpakThyeckass 3HAYMMOCTh PabOThI 3aKIIOYAETCS B
BO3MO)XHOCTH HCIIOJIb30BAaHUSl BBISBJICHHBIX 3aKOHOMEpPHOCTEH JUIs
COBEpLICHCTBOBAHNSA  MOHUTOPUHIA  MOJ3EMHBIX  BOJ,  OLEHKHU
9KOJIOTHYECKUX PUCKOB U Pa3padOTKH MEPONPHUATHI MO yCTOMUYHBOMY
YIPABJIEHUIO BOJHBIMH PECYPCAMHU B YCIOBHSIX DKOJIOTHUECKOTO KpHU3HCa
[Ipnapainsbs.
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1. Beenenue

Peruon Ilpuapanss u Pecnnybnuka KapakainakcTaH OTHOCATCS K 4UUClly HauboJjiee ysa3BUMBbIX
tepputopuil LleHTpasibHON A3MM B YCIOBMSX KIMMAaTHUYECKUX HW3MEHEHUW U UIMTEIBHOIO
aHTPOIIOT€HHOI'0 BO3JEHCTBUA. Y ChIXaHne ApallbCKOTO MOPsI, COKpallleHHe CTOKa AMyIapbU, pocT
MUHepanu3anuu pedasix Boa ¢ 0,5-0,7 r/am® B 1960-1980-¢ 10 1,0-1,5 r/nm°® u Boimie B 2020-¢, a
TaK»Ke BTOPUYHOE 3aCOJICHUE [10YB C/IEIAIU IOBEPXHOCTHBIE HCTOYHHUKH KpailHe HeHaI&KHbIMH.

ITonzeMHBIEe BOJIBI IPHOOPETAIOT CTATYC OCHOBHOI'O ajlbTEPHATUBHOrO pecypca. [lo naHHbIM
rocynapctBeHHoro kagactpa Ha 01.06.2025, B PecnyOnmke skcmumyatupyercs 699 ckBakuH ¢
CyMMapHEIM 0T60POM 0K0J10 78,61 Thic. M>/cyT. JJOMHHHPYIOIIMM B HCIIOIb30BAHUN TPYHTOBBIX BOJ
SIBJIICTCSL HaIlpaBJIeHHUE 1Mo oOBogHEeHHIO mactoumy 61,5 %, 3aTemM mpon3BOJACTBEHHO-TEXHUYCCKHE
Hy)61 22,0 %, X035HCTBEHHO-TUTHEBOE MOTPEOIIeHNEe cocTaBiseT nuiib ~9,2 %.

I'eononutuueckuit pernoH lLleHTpanbHON A3uM XapaKTepU3yeTcs KOHTHHEHTAJIbHBIM
3aCYILIMBBIM U MOJTY3aCYILIUBBIM KJIMMAaTOM CO CPEAHET0JIOBBIM KoludecTBoM ocankoB 600-800
MM B TopHbIX paifoHax u 80-150 mm B mycthiHHBIX pernonax (Qadir et al, 2009). Cneunduueckue
KJIMMaTuyeckue ycinoBus LlenTpanbHol A3uM OnpeiessioT pelarollyto poiib BObl B ypOaHU3aIHH,
MOJI/ICPYKAHUU JKU3HU M COXPAHCHHH YHUKAIbHBIX TpuponHbix oobekToB (Karkra et al, 2017). B
CBSI3U C MOCJIEACTBUAMU IN100aJIBHOIO MOTEIUIEHUS U POCTOM CIPOCa HA MPOJIOBOIBCTBUE U SHEPTUIO
n3-3a OBICTPOrO pocTa HaceleHus 1o Bced LleHTpanbHON A3HH, BOJHBIE PECYPCHI B 3TOM PETHOHE
UCTIBITHIBAIOT Bee Oosbiiiee nanenue (Ruan et al, 2020). TToatomy gedHuIUT BO/IbI B HEPABHOMEPHOE
MIPOCTPAHCTBEHHOE PACIpPEACICHHE BOJHBIX PECYPCOB 3HAYUTEIBHO OTPAHWYMBAIOT COLMAIBHO-
IKOHOMHYECKOe pa3Butue perrona LlentpambHoit Asuum (Guo et al, 2016). ITomumo nedurura
BOJIHBIX pecypcoB, B LleHTpanbHON AWM HapacTaroT MPOOJIeMBbl 3arpsi3HEHUST BOJIBI U CBS3aHHBIE C
3TUM mpoOIsieMbl co 310poBbeM (bekTypranoB u jp., 2016). B psae uccnenoBanuii coobimanoch o
Ype3MEpPHOI COJIEHOCTH BOJBI HIKE MO TeueHHIO0 pek Amyznapbs U Colpaapbsi U OIUCHIBAINCH
HCTOYHHUKH 3arpA3HSAIONINX BEIIECTB, cOpachiBaeMbIX B moBepxHOCTHBIE BobI (Osokova et al, 2000;
Tornqvist et al, 2011; LenECq et al, 2021).

Llenpto cTaThu SBISIETCS MCCIEJOBAHME XUMHUYECKHMX CBOMCTB MOJ3EMHBIX BOJ U TOYB
Kapayzsikckoro paitona Pecnyonmuku Kapakanmakcrad, OIeHKa CTETEHH MHHEpalu3aiul ¢
3aCOJIEHUs, OTIpeJIeIeHue THAPOreOXMMUYECKIX 0COOeHHOCTEN (OpMHUPOBAaHUS U TpaHChOpMaLUU
COCTaBa TOJ3EMHBIX BOJ, a TAK)KE BBISIBICHHE SKOJOTWYECKHX PHUCKOB MX HCIIOJIB30BAHUS IS
MUTHEBOT'O BOJIOCHA0KEHUS U CEJIbCKOTO XO35HCTBA B YCIOBUAX apuAM3allii KIUMaTa U Jepuimra
BOJIHBIX PECYPCOB.

Hayynas HOBHM3Ha HCCIIEZIOBaHUS  3aKJIIOYAeTCs B  YCTAHOBJICHMM  COBPEMEHHBIX
3aKOHOMEPHOCTEH (POPMHUPOBAHUST XUMHUECKOTO COCTaBa MOA3EMHBIX BOJI U TPOIIECCOB 3aCOJICHUS
nouB Kapayssikckoro paiiona PecnyOnuku KapakannmakcTaH; BBIIBICHHUH THIPOT€OXUMHUYECKOM
TpaHc(hOpMaIK TOA3EMHBIX BOJ OT THAPOKAPOOHATHO-KAJIBIIMEBOTO K XJIOPHIHO-HATPHEBOMY
TUIY; ONpPEJEeICHUH POJIM MOHHOTO OOMEHA M HMCIApUTENbHOTO KOHIIEHTPUPOBAHUS B Ipolieccax
MUHEpAIHN3alNN; a TAKKE B KOJMISCTBEHHOM OOOCHOBAHUH CBSI3U MEXIY DIIEKTPOIPOBOTHOCTHIO
MTOYBEHHOT'O PacTBOPA U HAKOILJICHHEM BOJOPACTBOPUMBIX COJIEH B IOYBEHHOM Hpoduie.

OcHOBHbIE THAPOTe0J0rHYecKHe KOMIJIEKChI MOA3eMHBIX BO/

C ruaporeonoruyeckod TOukM 3peHuss PecnyOnnka Y30ekuctaH —XapakTepU3yeTcs
3HAYUTEIHLHON HEOJHOPOAHOCTHIO PaCIIpeIelIeH s PECYPCOB MOI3eMHBIX Bo. Hanbomnee kpynHble 1
CTpaTeTMYECKU Ba)KHbIE MECTOPOXKACHUS NMPECHBIX M CIA0OMHHEPATU30BAHHBIX IMOJ3EMHBIX BOJ
COCPEIOTOUYCHBI B CEBEpPO-3allaJHON YacTH CTpaHbI - B mpexaenax PecmyOnmku KapakanmakcraH,
[Tpuapanbs 1 MpUIIETAIOMINX TYCTHIHHBIX TEPPUTOPHIA.
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B HacTosAmee BpemMs B OTOM PETHOHE BBIAEICHBI YETHIPE KIIOYEBBIX MECTOPOKICHUS
MOJI3EMHBIX BOJI, UMEIOIINX PErHOHATFHOE 3HAYCHUE I BOJOCHAOKEHHS, CEIbCKOTO X03sHCTBA U
MTOTEHIIMAJILHOT'O ITPOMBIIIJIEHHOTO Pa3BUTHSL:

1. Mectopoxaenust noazeMHbix BojJ Kapakanmakcrana. OHHM OXBaThIBaIOT JIEBOOEPEKHYIO
4acTh HWKHEro TedeHus pexku Amynapbs B PecnyOnuke Kapakamnakcran. XapakTepu3yroTcs
CJIOKHOM CTPYKTYPOH BOJIOHOCHBIX TOPH30HTOB, BKIIOYAIOIIMX KaK O€3HANOPHBIC aJUTIOBHAJIBHBIC
TOPU30HTHI, TAK U HAIIOPHBIE (apTE€3UaHCKUE) FTOPU3OHTHI 00JIee IITyOOKHX HEOI€HOBO-4E€TBEPTUYHBIX
OTJIO)KEHUH. 3HAuMTEIbHAsl YacTh 3allacOB IIOJBEPKEHA BTOPUUHOMY 3aCOJIEHHUIO B PE3YJbTaTE
ITOBBIIIEHUS YPOBHS IPYHTOBBIX BOJ M KallWJIJIIPHOTO IIOABEMA COJIEH.

2. MecTopokJIeHHs TOJI3EMHBIX BOJI HIXKHETO TeUCHHS AMYAAapbH PACIOI0KEHBI HA MPaBOM
Oepery HI)KHEro Te4eHusl peku AMynapbs (IpeMMyIIeCTBEHHO B X0pe3MCKOil 001acTi U Ha 10ro-
BocToke Kapakanmakcrana). OHM COCTOAT B OCHOBHOM M3 BBICOKOIIPOHHMIIAEMBIX aJIIOBHAJIBHBIX
BOJIOHOCHBIX TOPU30HTOB. OTIJIOKEHUsI 00pa3yloTCs 3a CuUeT NPOCAYMBAHMS M3 PyClla peKu U
HPPUTAIIUOHHBIX CHCTEM, YTO IMPUBOJAUT K TECHON THMIPABINYECKONW CBSA3M C MOBEPXHOCTHBIMU
BOJAMH.

3. 3anexu nmom3eMHbIX BoJ FOxkHOTrO Apanbckoro mops. PacmosioxkeHHOE B I0)KHOH 4yacTu
ApanbCcKOoro Mopsi, B 30HE BIHSHUSA COKPALLAIOLIErocs ApalbCKOro MOpsS, MECTOPOXKACHHE
XapaKTEepU3yeTCsl HAIMYMEM HECKOJIbKMX apTe3MaHCKUX KOMILJIEKCOB B HEOI€HOBO-UETBEPTHUHBIX
OTJIOKEHUAX. APTE3MaHCKHE BOABI JEMOHCTPUPYIOT IOBBILIEHHYI0 MHMHEpPAIM3ALMIO IO Mepe
NpUOIMKEHUS K ObIBIIEMY MOPCKOMY OacceliHy, HO B HEKOTOPBIX pallOHAaX COXPAaHSIOTCS TOPU30HTHI
IPUEMJIEMOT0 KadecTBa JJIsi OBITOBOIO M MHUTHEBOIO BOJOCHAOKeHMs. 3amackl (pOpPMHUPYIOTCS
MPEUMYIIECTBEHHO 33 CUeT OOKOBOH (HIIBTPAIIK U3 30HBI OJMHUTKH HA FOTE U FOTO-BOCTOKE.

4. 3anexxu MOA3EMHBIX BOJA YCTIOPTCKOro IuiaTo. PacmonokeHo Ha YCTIOPTCKOM IUIATO
(ceBepubiii Kapakanmakcran). BoJoHOCHbIE TOpU30HTBHI IPEACTABICHBl PEUMYIIECTBEHHO
TPEIIMHHO-)KWIOBBIMU ¥ TPELIMHHO-TIOPOBBIMH  CHCTEMaMH B  IaJEOT€HOBO-HEOTE€HOBBIX
KapOOHaTHO-TEPPUTEHHBIX OTI0XKEeHUSAX. COJIOHOBAThIE U CJIa00COIIOHOBATHIE BO/IBI BCTPEUAIOTCS B
BUJIE JIOKAJM30BAHHBIX JIMH3 M 30H aKTHUBHOI'O BOJOOOMEHa B BEpXHEW yacTu pas3pesa; HIDKe
peodsIajaloT CUJIBHO MUHEPATU30BaHHBIE paccolibl. MecTopoXkaeHHe UMEET OOJbIIOe 3HAUEHUE
KaK NOTEHIIMAIbHbII HCTOUHUK MPOMBIIIIIEHHOW M MUTHEBOM BOJIBI ISl pa3pabOTKH MECTOPOKICHUN
ra3oBOro KOHJeHcaTa U UHPPacTpyKTypsl muiato (OTyer).

[lepeuncnennble MecTopoxaeHHus (puc.l) mpencTaBisioT coOOM OCHOBHYIO 0a3y Juis
JEIIEHTPAIM30BaHHOIO BOJOCHA0KEHUS B YCIOBUSAX Je(UlITa MOBEPXHOCTHBIX BOJ B CEBEPO-
3amajHoOM peruoHe Yi30ekuctaHa. Bmecte ¢ TeM HX OJKCIUlyaTalusi CONpPSDKEHA C  PAIOM
THIPOTEOJIOTUYECKUX M 3KOJOTUYECKUX PHUCKOB: BTOPHYHOE 3aCOJICHHE, CHM)KEHUE HAlopoB B
apTe3MaHCKUX TOPU30HTAX, 3arPA3HEHUE KOJUIEKTOPHO-IPEHAXHBIMU CTOKaMHU U 00111ee yXy IIIeHHe
KauecTBa [0/I3eMHBIX BOJ B 30HE [Iprapaiibs no BIusSHUEM apUau3aliy KJIMMaTa 1 aHTpOIOTeHHON
narpysku (Lilly et al., 2026).
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3aaexm rmoa3eMHBIX BOJA:

I
Banexu TMOA3EMHBIX BOJ KapaKannaKCTaHa

3aexy NO3eMHBIX BOJ HIKHEH AMynapbu

3anexu noxzeMHubIx Box FOxxHoro [puapanbs

3asexu noa3eMHbIx Box [Liato Yeropt
Macmra6: 1:500000

Pucynok 1. Kapra mecropoxnenuii noazemusix Boa. (Lilly et al., 2026)

JlanpHelilee  palMOHaJIbHOE  HCIIOJIB30BAHME  YKa3aHHBIX MECTOPOXKIEHHHM  TpedyeT
KOMIIJIEKCHOT'O MOHUTOPHHTIA, MOJIEIIMPOBAHMS PEKHUMA ITOA3EMHBIX BOJ U BHEIPEHMSI COBPEMEHHBIX
TEXHOJIOTHI OXPaHbl U HCKYCCTBEHHOTO BOCIONHEeHHs 3anacoB (Uembapucos u jap., 2022).

Ha rtepputopun Pecny6iuku KapakanmakcTaH THIpOreoJIorn4eckue yCIOBHUsS HU30BHH U
NEeNbThl peKu AMyZAapbs ONpPENEISIOT 0COOYI0 pOJib IMOA3EMHBIX BOJ KaK aJIbTEPHATHBHOIO U
CTpaTeTHYECKH BaXHOT'O HCTOYHHMKA BOJOCHAOXKEHHS B YCIOBHSX XPOHMYECKOrO Je(HIMTa
ITOBEPXHOCTHOI'O CTOKA M IIPOTPECCUPYIOLIEH Jerpajalliy KauecTBa pEYHBIX BOJ.

Cpenu sKCIuTyaTHpYEMBbIX U TEPCIIEKTUBHBIX 00BEKTOB 0C000€ 3HAUCHHE UMEIOT JIBa KPYITHBIX
THIPOTeOJIOTUYECKUX KOMILIEKCa, MPUYPOUEHHBIX K IMPAaBOOEPEKHOH U JIEBOOEPEKHOM dacTsiM
JOJIMHBI HUKHEW AMynapbu.

[IpaBoOepekHOe MECTOPOXKAECHHUE MOA3EMHBIX BOJ PACIOJIOKEHO Ha MPaBOM Oepery peku B
npenenax agMUHMCTpaTUBHBIX TIpanHul] Kapakanmakcrana. OCHOBHOW HCTOYHUK IHTaHUS
GuIbTpallMOHHBIE TIOTEPH M3 pycla AMyAapbd U KPYINHBIX MarucTpajbHBIX KaHAJIOB.
I'mapaBnuyeckas CBs3b ¢ IOBEPXHOCTHBIMU BOJJAMU O0YCIIOBIMBAET CE30HHBIE KOJICOAHUS YPOBHS U
XMMHYECKOI'0 COCTaBa MOJ3EMHBIX BOJ. MuHepanu3alys B 30H€ aKTUBHOI'O BOJOOOMEHA OOBIYHO
coctanser 0,5-1,5 r/nM°, uto mO3BOMAET KiIACCH(DHIMPOBATH >TH BOABI KAK IIPECHBIE H
ciaboMHHepanu3oBaHHbIe. MeCTOpPOXKAEHHE aKTUBHO HMCIIONb3YeTCs NIl X031HCTBEHHO-TIUTHEBOTO
BOJIOCHA0)KEHU S HACEIEHHBIX ITYHKTOB U MPOU3BOJICTBEHHO-TEXHUUYECKUX HYXK]I.

JleBoOepekHOE MECTOPOKICHHE MTOA3EMHBIX BOJ] OXBAThIBAET JIEBOOEPEKHYIO YACTh JAEIbTHI U
HU30BUH AMynapbM, BKiIIodas TeppuTopun Xopkeunuiickoro, Illymanaiickoro, KyHrpanckoro,
Kannbikynbckoro u yactuyHo MyHHaKCKOTO pailoHOB. BOIOHOCHBIE KOMILIEKCHI MPEICTaBICHBI
MHOTOCJIOMHON TOJIIEH YeTBEPTUYHBIX AJUTIOBUAIBHBIX OTIIOKEHHUN ¢ MpeodIalaHueM MeCYaHbIX U
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cyrnecdaHbIX (ppakiuii BIOIb pyciia peku u KpynHbIx kaHanoB (Kereinu, Kyansi-xapma, OKTs0pb-
Apna u gnp.). D@opMupoBaHHE TPECHBIX M CIa0OCOIIOHOBATHIX JIMH3 TPOUCXOAUT 3a CYET
MHOWIBTPALUHU U3 HOBEPXHOCTHBIX BOJOTOKOB; MOIIIHOCTb IIPECHOBOAHBIX JIMH3 focturaer 2040 m
npu mmpuHe 1-3 kM. B mpuKkaHanbHBIX 30HAX aKTUBHO MPUMEHSIOTCS METOJbI MCKYCCTBEHHOTO
BOCIIOJIHEHHUS 3aI1acoB H JIOKAIbHOTO ONpecHeHus. Munepanusamus Bapbupyer ot 0,6-1,2 r/am® B
30HAX MHTEHCHBHOTO NUTaHUA 10 3-5 r/am° u Gonee B mepudepHitHbIX yuacTKax, HOJABEPKEHHBIX
BIIMSIHUIO KOJJIEKTOPHO-JIPEHAXKHOT'O CTOKA U BTOPUYHOTO 3aCOJICHHSL.

Oba MecTOpOXKACHUST XapaKTEPU3YIOTCS BBICOKOW MEPCHEKTHBHOCTHIO Oyiarofapsi HaJIHYUIO
3HAYUTEJbHBIX SKCIUTYaTAllMOHHBIX 3allacoB MPECHBIX M YCIOBHO-IMTHEBBIX BOJ|, OTHOCUTEIHHO
ONmaronpusATHHIM  (UIBTPALIMOHHBIM  CBOWCTBAM  BOJOBMEINAIOLIMX  MOPOJ, BO3MOXKHOCTH
KOMOMHUPOBAHHOI'O UCHOJIb30BAHUS C MOBEPXHOCTHBIMU MCTOUHUKAMHU B MHOI'OBOJIHBIE IIEPUOIBI,
MOTEHIMAITY 7S TAIbHEHIIIEero HapauBaHus JOOBIYH MyTEM CTPOUTENHCTBA HOBBIX BO/103a00POB U
BHEPEHUs TEXHOJIOTUI 3alIUTHI OT 3aCOJICHUS.

Takum 00pa3om, mpaBoOEpeKHOE U JIEBOOEPEIKHOE MECTOPOKICHHUS ITOA3EMHBIX BOJ HIDKHEH
AMyJniapby OCTarOTCs KJIHOYEBBIMH 3JIEMEHTAMU CHCTEMBI JIELEHTPATIU30BaHHOTO BOAOCHAOXKEHUs
PecnyOomukn Kapakanmakcran. VX panuoHaJbHOE WCHOJNB30BaHUWE TpeOyeT KOMILJIEKCHOTO
T'MJIPOr€0JIOTHYECKOT0 MOHMTOPUHIA, MaTeMaTU4YeCKOro MOJEIUPOBAHUSA pPEXUMa, BHEIPEHUS
TEXHOJIOTUH UCKYCCTBEHHOTO MOIOJIHEHUS 3al1aCOB U CTPOrOro KOHTPOJISI KaueCTBa MOJ3EMHBIX BOJ
B YCJIOBUSX HApacTaIOIIEro aHTPOIIOT€HHOI0 U KJIMMaTHYeckoro crpecca B [Ipuapanbckom pernone
(baxwues, 2025).

2. MaTtepuajibl U1 METOAbI
2.1. Annroguanvhsie 2opuzonmol HUdCHel Amyoapou

D10 Hambosee JOCTYIHBIC, BOCTPeOOBAaHHBIC MPECHBIC W CIIA0OMHUHEPAIN30BAHHBIC JTHH3BI
YeTBEepTUYHOTO Bo3pacTa. [IpaBoOepekHOE MECTOpPOXKACHHE TeCHas TUIpaBIUYecKas CBS3b C
Amynape€ii 1 MarucTpaJbHBIMH KaHajaMu, MUHepanu3anusi cocrasisier 0,5-1,5 r/nm?, ocHOBHOE
nuTanue (GuibTparuonneie norepu. CTpykTypa JIeBobepekHOro MeCcTOpOXKIEHUSI MHOTOCIIONHBIE
MECYAHbIC W CYIECYAHbIC OTJIOKEHUs, MPeCHbIe JTUH3BI MOIMHOCThI0 2040 M, mmpuHoi 1-3 KM;
muHepanuzanusa 0,6-1,2 r/mm® B 30oHax mnurtanus 3-5 1/nM® Ha mnepudepun. Kooaddumnment
dunpTpamuu 5-25 m/cyt (1o 40-50 M/cyT B rpy0000IOMOYHBIX (ariusix).

2.2. Apme3suanckue xomnaexcvl niamo Ycemiopm u FOoxucnozo Ipuapanes

VYCTIOPTCKOE MECTOPOXAECHUE TPELIMHHO-TIOPOBBIE M JKUJIbHBIE CHCTEMbl B IaJICOr€H-
HEOTEHOBBIX KapOOHATHO-TEPPUTCHHBIX TMOpPOJaX, MHHepaimm3anus /—25 r/mM° W BHIIIe.
Hcnonp3oBaHue NPEUMYIIECTBEHHO TeXHMUYECKoe (ra3o[0o0bl4a) W MoeHue ckota. FOkHO-
[Tpuapanbckoe MECTOPOXKIEHHE HAMOPHBIE TOPHU30HTHl HEOTCH-YETBEPTUYHOTO U MEJIOBOTO
Bo3pacra, MuHepamuzaius ot 3-5 mo 10-50 r/am®. CamousnuB Ha psle y4acTKOB IUTHEBOE
MCTIOJIh30BaHNE BO3MOXKHO TOJIBKO TTOCIIE (PMIIBTPAIIUHN U OTIPECHEHUSI.

2.3. Menosoii komnnexc FOxcnozo Ipuapanvs

Mormaocts 210-650 M (cpennsist 300-500 m), rimyouna kposnu 150-1200 m HartopHBbIE yca0BuUs
(camomzmuB g0 20-80 m). Koadpdumment ¢umptpamumm 1-15 m/cyt (mecuanuku), 0,5-8 wm/cyr
(M3BECTHAKH); MUHepanu3amus 515 r/qm° IpenMyIecTBEHHO XIOPHIHO-HATPHEBBIE PACCOIBL.

[lepcnieKTHBHBIMU M aKTHBHO HCIIOJIB3yeMbIMH B PecmyOnmuke KapakanmakcraH cuuTaroTcs
MOJ3EMHBIE BOJIBI B BOJOHOCHBIX TOpM30HTax MomHocThio 10-40 M, npuypoYeHHBIX
NPEUMYIIECTBEHHO K YETBEPTUYHBIM U HEOT€H-YETBEPTUYHBIM MECYAHBIM U MECYAHO-TPABHUIHHBIM
OTJIOKEHUSM AJUTIOBHAJIBHOTO U Cy0a’pajbHOIO TeHe3uca. DTH TOPU30HTHI (POPMHUPYIOT JOKATIbHBIE
U TPOTSDKEHHBIE TIPECHBbIE W CIIA0OOMUHEpATM30BaHHBIE JIMH3BI B JOJIWHE W JCNbTe HIDKHEH
AMyZnapbH, a TaKKe B MPUKaHAIBHBIX 30HaX OCHOBHBIX MaruCTPalIbHBIX HPPUTAIIHOHHBIX CHCTEM.

2.4. Kniouegvle xapakxmepucmuky no03eMHbIX 00
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Kapay3zsikckuii paiioH pacnoyioxkeH B ceBepHO# vactu Kapakanmakcrana (Ha mpaBoM Oepery
pexkn Amynapby) M CUMTAETCS OPOLIAEMBbIM PAalOHOM C TUIUYHBIMHU IYCTHIHHBIMU YCJIOBHSIMH.
KiroueBbie mapameTpbl OCHOBaHBI Ha MHOTOJICTHMX HaOmoaeHusx (Bkmwoudas 2025-2026 rr.).
YpOBEHb TPYHTOBBIX BOJ (JOJrOCPOYHBbIE KOJI€OaHMs, CPEAHMM MHOTOJIETHUH YPOBEHb U
BHYTPUTOJIOBbIE U3MEHEHUs ). M3yueHne Munepanusanuu (CoJIeHOCTH) M XUMHUYECKOTO COCTaBa.

Bbicokass MuHepanmzanusi JefaeT BOAY HENPUTOAHOW JUIS TMUThS 0€3 ONpecHeHHs U
OTrpaHUYUBAET €€ UCIOJIb30BaHUE B CEIBCKOM XO3siicTBe. BnusiHue opouieHus: mpocauuBaHUE U3
kaHanoB (Tam-Apna, Kok-O3ek u 1p.) U IUI0XO0H IpeHaX MOBBIIIAIOT YPOBEHb BOJbI U YBEINYUBAIOT
COJIEHOCTh. B cenbCkoil MECTHOCTH MHOTHE YKUTENIU 3aBUCSIT OT I'PYHTOBBIX BOJ (B HEKOTOPBIX
nepeBHsx 10 70 %), 4To co3maeT pUCKH IS 310POBbSIL.

2.5. Omb6op npo6 60061

MOHHMTOPUHT BKIIIOUYAET: TTyOHuHY (CKBa)XMHBI, TOYKU HAOJIOIEHNUs ), OTOOp NPo0 7S onpeaesieHus
MUHEpAIN3alii, XHUMHUYECKOTO COCTaBa (CyXOM OCTaTOK, XJOpPHIBI M Jp.) W YacTOTy
(ce30HHO/eKEMEeCIYHO Ha KIIOUEBBIX ydyacTkax). B 2025 roay npoBoauicss MOHUTOPUHT CKBaXHH B
3TOM paiioHe Juisg oOecreueHHss YCTOHYMBOTO ympasieHus. OObeKTaMH HCCIEIOBAaHUS ObUIH
TPYHTOBBIE BOJIbI U3 CKBaXUH B Kapayzskckom paiione. [ns uccnenoBanus B 2024 u 2025 rogax
ObUTH 0TOOpaHbI IPOOBI BOJIGI ISl aHanu3a (Tadsmna Nel) xumudeckoro cocraBa u3 20 CKBaXHWH B
Kapayssikckom paitone (puc. Ne2) B COOTBETCTBHH C YCTaHOBJICHHBIMU cTaHaapTamu (Asamatdinov,
2025) B umcthie momuMmepHble KoHTeiHepbl o0bemMoMm 1000 cm®. KoHTeliHepsl ObLIM MOJHOCTHIO
3aI0JIHEHBI BOJIOW M TEPMETUYHO 3aKPBITHI KPBIIIKaMHU JJIs yaaneHus Bo3ayxa. [Ipoba He xpanunachk
U aHAJIM3HPOBAIACh KAK MOXHO CKOpee mocie 0Toopa, HO He mo3aHee 4eM dyepe3 24 gaca (Tlueova
et al.,, 2023). Jlist ompenencHUs 3aCOJCHHOCTH ITOYB MPOBEACHBI HU3MEPEHHS DICKTPUUECKON
NPOBOJAMMOCTH B BOJHOW BBITSDKKE NpPU COOTHOIICHWH 00bEMOB mouBa: Boaa 1:5 (EC 1:5).
W3smepennss mpoBoamnud B AS/M (merucuMeHC Ha MeETp) DICKPOKOHIYKTOMETPOM, HMEIOLIHM
AIIEKTPOJ] C TEMITEPATYPHBIM KOMITEHCATOPOM.

Meton OLIEHKH CTENeHU 3aCOJICHUs MOYB MO AIEKTPUUYECKON MPOBOJUMOCTH HACHIIIEHHBIX
MOYBEHHBIX JKCTPAKTOB NPUHAT B MEKIYHAPOIHOW IMPAKTHKE H3-3a €r0 MPOCTOTHI, OJHAKO B
MECTHBIX YCJOBHSX paHee IIUPOKO HE MpUMeHsuica. B pesynbTare penmpe3eHTaTHUBHOTO YHCIIA
m3mepenut ECe u EC 1:5, mnia ycnoBuit Y30ekucrana nonydeH kKoagduuueHT nepecuera “K”,
paBHblif 4,0, KOTOPBI TO3BOJISAET 1O U3MepeHHbIM 3HaueHUsIM EC B Bo/1HO# BHITsKKE 1:5 olleHHBaTh
CTETIEHb 3aCOJICHUS TIOYB UCIIOIB3YSL.

2.6. Ombop nouswi

O6pa3ipl Tpod 0TOMpaIN C MOMOIIBI0 PYYHOTO Oypa M YMCTBHIM INIATENeM KJIadd B YHCThIE
MOJINATUIICHOBbIE TNakeThl mpumepHo 1o 1 kr. OroOpaHHbIE O00pa3lbpl CYUIMJIM B KOMHATHOM
Temneparype B TeueHue 7 cyrok. Koopaunatel otOopa o6pasuoB - Kapaysskckuii paiion
(43°02'37.6"N 60°03'00.5"E). dns oOpasua mouBeHHoro paspesa (P-1, Kapayssik) Obuin BHITIOTHEHBI
CIICAYIOIINE aHATTU3bI:

1. OnpesneieHrne MEXaHHUYECKOTO COCTaBa IMOYBBI METOJIOM CEIUMEHTAIMH (METO]T
Crokca).

2. N3mepenue mokaszarens mouBsl pH.

3. W3mepenue snexrpornpoBoaHoctu EC B BogHo# BhITsDKKE 1:5, (¢ mepecuérom B ECe),
dS/m. Ouenka crenenu 3acosieHus nouBkl 110 Metoauke G AO.

4. Onpenenenue coaepkaHusi OOIIET0 KOMWUYeCTBa coyiel (TUIOTHBIA ocTaTok) % -
METOJIOM BBITIAPHBAHMSI.

5. Onpenenenne norHoro cocrasa nouski HCO3  Cl', SO4%, Ca?*, Mg?*, Na*, K* no
OOMICTTPUHATON METOIMKE B BOAHOU BHITsDKKE 1:5, BeipaykeHHBIN B % 1 B Mr-9kB Ha 100 r IOYBEI.

6. Omnpenenenue conep:kaHus TUIca U KapOOHATOB B COJITHOKHUCIION BBITSIKKE.
ATpoXuMHUYECKUE aHAIN3bI TTOYBBI

1. Copnepxanue rymyca, MeroioM TropruHa
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2. Conepxanne nurarenbHbiX daeMeHTOB NPK (B monBmxkabIX dopmax: N-NOz, P2Os,
K20)

Iloozomoexa oopa3uoe nousst

OOpa3ipl MOYBBI BHICYHIMBAIOTCS HA BO3/AyXE, pa3MenbuaroTcsi B ¢apdopoBoil cTymke ¢
IIOMOILBIO IIECTHKA U IPOCEUBAIOTCS Yepe3 CUTO ¢ stueiikamu pazmepoM B 1 MM. 1o mexayHapoiHbIM
CTaHJapTaM MIMPOKO HCIIOJIb3YEeTCs MPOCEWBAHUE IMOYBHI YepEe3 CHTO TUAMETPOM 2 MM, TaK Kak
00JIbIIMHCTBO M0YB LleHTpanbHON A3HUU UMEIOT MK PAacIpeesICHHs] YaCTHLL TIOYBHI 10 UX pa3MepaM,
KOTOPBIN B MEXIYHApOAHOM Kiaccu(UKauu OTHOCATCS K (GpaKkuuu “TIBUTH, MaJI0 BEPOSTHO, YTO
3Ta pa3HHLIA MOXKET NOCITYKUTh IPUUMHOM 10JTydeHHs OOJIBIION pa3HUIIBI BEIMYUH IIPU aHAIHU3aX.
Ilpuzomoenenue 600HOI 8bIMANCKU

W3-3a TOro, 4T0 TOMUHUPYIOIIEH IPOOIEMO B pETHOHE ABIISETCS 3aCOICHUE 3eMEb, aHATIU3bI
MOYBBI OOBIYHO MPOU3BOMAATCS HA BOAHBIX AKCTpakTax u3 mouBbl. 20 rpaMM menko3ema (0Opasiibl
mo4Bsl 1 Mm) B36anThiBaroTCs BMecTe co 100 MuumMIMTpaMu AUCTHIIMPOBAHHOM BOJIBI B TEUEHUE 5
MUHYT H 3aT€M 3Ta CYCIeH3HsI (PUIbTpyeTCs.

Cymma coneii unu niomuslit OCMAamoK 6 600HOU 6bIMANCKE

Cymma conedl WM IUIOTHBIH OCTaTOK B BOJHON BBITSIKKE ONPEIENAETCS C IOMOILBIO
B3BELIMBAHMs OCTaTKa M3 MOYBEHHOM alMKBOTHOM MpOOBI, BHICYIIEHHOW B Yalllkeé B Hayajle Ha
BOJISIHOM 0OaHe, a 3aTeM B CYIIWIBHOM mKady. J{Jsl MoYB NCHIOIB3yeTCsl CIeNyolee paBEHCTBO:

(Wt comu (r) ax o6beM skctparupyromiero BemectBa (100 mur) ax 100-K) /(O6beM amuKBOTHOM
poOsl X Wt mouBsl (20 1)), rae K - koaddunment, 00b19HO paBHbIit 1
PH - 6000poonblit nokazamens

OTa BeTMYMHA U3MEPSIETCS CTAaHJAPTHBIM XJIOPHCTO-PTYTHBIM 3JIEKTPOJIOM C aBTOMATUYECKOM
TeMIepaTypHOi komneHcaluei. B o6pa3uax nouss! BennunHa PH u3mepsiercs B BOJHON CyCIIEH3UU
1:5
HCOs

10 mut ipoObI BogHOH BHITSDKKH 13 11ouBHI THTpYeTcst Ha GoHe 0,01N H2SO4, uconsiyercs B
KayecTBe MHAUKaTopa Metunopanxk. [Iponent cogepkanus HCO3™ Bo ¢pakumu Menko3ema MOYBBI
paBen 0,0315x, rie ax — 00beM TUTpa B MJI.

S04

5 mu1 poOBI BOHOW BBITSDKKU M3 MOYBBI HarpeBaercst BMecte ¢ pactBopom BaClz u ocamox
3anuBaeTcs ropsiueil, paseneHHoit comsHoit kucimoroi (HCI), 3atem Bce 3T0 BbICymIMBaeTcst U
B3BEIIUBACTCS.

Cl

10 M1 ipoOBI BOIHOM BHITSKKM M3 TTOYBBI TUTPYETCs Ha hoHe cTtanaapTHoro pactBopa AGNO3
710 U3MEHEHHUS 1IBETA.

Ca?

10 M mpoObl BOJHOM BBITSKKM U3 ouBkl TUTpyeTcs Ha ¢one 0,05N pactBopa Tpuiona - b -
KOMILJIGKCHOTO peareHTa (MOXHO WUCIoib30Bath Takke EDTA), wucmonmb3yeTcs B KadecTBe
MH/IMKATOpa MYpPEKCHUI.

Mg?*

10 M mpoObl BOJHOM BBITSKKM M3 IOYBBI TUTPyeTCs Ha ()OHE CTaHIAPTHOIO pPacTBOpa
KOMIUIEKCHOT0 peareHTa TpuitoHa - b, B kadyecTBe MHAMKATOpa UCHOJIb3yeTcs UepHBIN SpUXpOM.
K*um Na*

W3mepsiercsi ¢ TOMOIIbIO TUIAMEHHOTO Ta3oBOro (oTromMerpa C  HCIOIB30BaAaHHEM
COOTBETCTBYIOUINX (PUIBTPOB
Cooepoicanue opzanuueckoz2o eéeujecmaea

ConepxaHre OpraHMYECKOro BelecTBa B IMouBe ompezenserca no meroay M.B. Tropuwna.
MeTtoa OCHOBaH Ha OKHCIIGHHWH YIJIepoja TyMyca pacTBOPOM XPOMOBOTO aHTHAPHA B CEpHOU
KHUCJIOTE M TUTPOBAHMU HEMCIIOIB30BAaHHOI'O XPOMOBOIO aHrujapuaa coibto Mopa. IlomydyeHnHsie
BEJIMYMHBI OPIraHUYECKOI'0 yIIIepoJa yMHOKAOTCs Ha 1,72, 1 B pe3yabpTaTe OnpeenseTcs pacueTHOe
CoJIepKaHNE OPraHMYECKOro BellecTBa B mouse (0Organic mater).
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Onpedenenue azoma HumMpamos, AMMUAKa.

ConepkaHue ycBOSAEMOro a30Ta B IIOYBE OIpPENENseTCs KoJopumerpupoBaHueM. OCHOBOMI
KOJIOPUMETPUYECKOTO ONIPENEICHHUS HUTPATOB 10 MeToAy [ panBanba-JIsKy Ciy:KUT peakuus MEKIY
HUTpATaMU U JUCYNIb(HOPEHONIOBOM KUCIOTOM, MPUBOASIIAs K 00pa3oBaHUIO TpUHUTpodeHona. B
IIEJIOYHON cpefie TPUHUTPOPEHONI o0pa3yeT cojeoOpa3HOe IMPOU3BOAHOE, HUMEIOIIEE HKEITYIO
OKPACKy.

AmMMaK 13 ouBsl u3Biekaercss 1 %-HbIM pacTBOPOM XJIOPUCTOro Kanus. B ocHoBy merona
IIOJIOKEHA peaklusl MEXKIy IICJOYHBIM pPacTBOPOM HOAMCTOW PTYTHO-KAIMEBOW COJIIM C
aMMHMa4YHbIMH COJISIMM, B PE3YJIbTaTE KOTOPOM IOJy4aeTCsi HOAUCTBI MEPKYPOAaMMOHMM, NIMEIOIUI
XKEIITYIO OKPAacKy.

3. Pe3yabTaThl
3.1. Ocnognvie cudpozeonocuueckue xapakmepucmuky npoOOYKMuGHbIX 20pU30HMO8

[lo nuToONOTrO-anMaIbHOMy COCTaBy MPEOOJaal0T XOPOIIO OTCOPTHPOBAHHBIE IIECKU
CpeAHed M KPYNHOW 3EpHUCTOCTH, HPOCIOM CyHeced, IpaBUHHO-TAJICUHUKOBBIX OTJIOKEHHH.
Koapduument ¢punprpanun oObraHO coctaBiser 5-25 m/cyt, pexe g0 40-50 m/cyt B Hamboisee
MPOHHUIIAEMBIX (arusax. MOIHOCTh BOJOHOCHOTO Tu1acta BapbupyeT oT 10 1o 40 m (Haubomnee yacto
15-30 M), mMakcUManbHBIE 3HAYEHUS XapaKTEPHBI JJISI IPUPYCIOBBIX M MPHUKAHAJIBHBIX 30H, TJE
MOIIIHOCTh MPECHOBOAHBIX NWMH3 gocturaer 25-40 m. ['myOuna 3aneranus: ot 3-8 M B 30Hax
WHTCHCUBHOTO mHTaHus a0 15-25 M Ha mnepudepuu nHMH3, B psjfe YYaCTKOB BO3MOXKHO
(dbopmMupoBaHHe OE3HAMIOPHBIX U CIIA00OHATIOPHBIX YCIOBUH.

Musepanusaiys B IeHTpanbHeIX yacTax aun3 0,5-1,2 r/mm® mpecHble U yCIOBHO-TIHTHEBBIE
BOJIbI, TI0 TIepudepuun Bo3pactaet 10 1,5-3,0 r/aM® 101 BIMSHHEM GOKOBOIO MIPUTOKA 3aCOJICHHBIX
TPYHTOBBIX BOJI M KaMJUIAPHOTO TIOJHSTHUS COJIEH.

OcHOBHBIE THAPOTe0J10rHYeCKHe XaPAKTEPHCTUKH MeJI0BOro KOMILIEKca

[To nuromoro-anuanrbHOMy COCTaBy NpeoOiamaloT TePPUTCHHO-KapOOHATHBIE OTIIOXKEHHMS,
XOpOIIO  MPOHHUI[AeMble  NEeCYaHWKH  (KBapleBble,  IOJEBOIINATOBO-KBApLEBble,  YacTo
CIIabOCIIEeMEHTUPOBAHHBIE), AIEBPOIIMUTHI M HM3BECTHSAKHA (OPTaHOTEHHO-IETPUTOBBIE, OOJHUTOBBIE,
MeprenucTsie). B paspese HaOmonatoTCsl YyepeqoBaHUs MPOHHUIIAEMBIX KOJUIEKTOPOB (TMECYaHUKU
momrHocThi0 20-150 M) ¢ OTHOCHTENBHO BOJOYIMOPHBIMH TIPOCIOSMHU TJIMH, aJ€BPOJIUTOB W
Mepresueu.

MoIHOCTh BOJOBMEIIAIONINX OTIIOKeHUH Bapbupyercs ot 210 mo 650 m (B cpenrem 300-500
M B HauOoJjiee NPOAYKTHBHBIX 30HAX); MaKCUMaJbHbIE 3HAYEHUS XapaKTE€PHbI Ul MOrPYKEHHbBIX
yacTell OacceiiHa B HaNpaBiICHUM K IIEHTPY OBIBHIETO ApPalIbCKOIO MOPS U FOXKHBIM JIEIIPECCUSIM.
I'myGuHa 3aneranust KpoBiIx MpoAyKTUBHOrO Komiuiekca oT 150-300 M B nepudepuitHbIx 30Hax, 10
600-1200 M u Gosee B 1ieHTpaIbHBIX YacTsax FOxHO-IIprapaibckoro mporuoa.

Takum oOpa3oM, MeNoBbIE MECYaHMKH M H3BECTHSAKM MouHocThio 210-650 M ocrarorcs
CTpaTETHYECKUM PE3ePBOM TIYOMHHBIX IOJ3EMHBIX BOJ JUISI TEXHHUYECKOTO M OTPAaHHYEHHOTO
XO3SICTBEHHOTO HCIMOJIb30BaHUSI B 0KHOW wyactu [lpuapanbsi, Tie¢ MOBEPXHOCTHBIE M MEIIKHE
MO/I3€MHBIE PECYPChI IIPAKTHUYESCKH HCUepIiaHbl Wiy aerpamuposansl (Rakhmatullaev Sh. et al, 2012).

CTpyKTypa IKCIUTyaTalMU U HCNO0JIb30BaHue (1o cocTosiHuio Ha 2025 1.)

B mHacrosimee Bpems HaOdrogaeTcsi yCTOWYMBAs —TEHACHIWS K YBEIMUYCHHIO POJH
OIIPECHUTENIbHBIX YCTAaHOBOK B CHCTEME XO3SICTBEHHO-TIMTHEBOTO BOJIOCHAOKEHHS HAcEJIeHUs 3a
CU€T WCIONB30BAHMUS TOJ3EMHBIX BOJ PA3JIMYHON CTETICHW MHHEPATH3AIMH. DTO OOYCIOBICHO
MPOrPECCUPYIOUTUM JIePHUIIMTOM TOBEPXHOCTHBIX MPECHBIX BOJ PEKU AMynapbs, BTOPHUUHBIM
3aCOJIEHMEM MEJIKHX BOJIOHOCHBIX TOPU30HTOB, HCTOIEHHEM JIOKATBHBIX IPECHBIX JIMH3 aJUTFOBHSI U
OOIIMM YXYIIIEHHEM KayecTBa JIOCTYNHBIX PECYpPCOB B YCIOBHUSX SKOJIOIMYECKOIO KpH3HCca
[Mpuapanest u apuau3anuu kaumara. CorJacHO JTaHHBIM TOCYJapCTBEHHOTO KagacTpa IMOA3EMHBIX
BOZA, KoOTOpbli Ben€rcs Kapakanmakckoll TMAPOreoJIOrM4ecKod CTaHUUE (B CTPyKType
I'ocynapcTBEHHOTO MNpeanpusaTUs «Y30€KTHApPOreosNorus» WIM HNPOPHIBHBIX OpPraHoB), IO
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cocrosHuto Ha 01.06.2025 roma Ha TeppuTOopuM pecnyOnHMKu 3apeructpupoBaHo 1447
OKCILUTYaTalUOHHBIX CKBAXKUH PA3JIMYHOI'O HA3HAYCHUS U I HY6I/IHLI.

OnpbicKMBaHWe NOYEDI NeuebHble Lenu Xo3AMCTEEHHO-
76 ckB.(10,87%) 3 cke. (0.43%) NUTLEBLIE

‘ 187 cke. (26,75%)

NpouseogcTEEHHO-
Opolenune b TEXHUYECKHME HYXAbI
11 ckB.(1,57%) 161 cke. (23,03%)

Opowenue nacTomuy
261 cke. (37,34%)

Pucynoxk 3. Jlmarpamma pacrpeaeicHus JISHCTBYIOIIUX OKCILIyaTAallAOHHBIX CKBAXUH U
JOOBIBAEMBIX C UX MOMOIIBIO TTO3EMHBIX BOJ (IIIT/TIPOIICHT)

18



A.H. Tymunes amoirdazvt Eypasus yammulx, ynusepcumeminit; xabapuivico. Xumusl. Teozpagus cepusicol, 2026, 155(2)

NeyebHble wenu
0,3044 (0,38%) X03AICTBEHHO-NUTLEBLIe

Oon PLICKHEaHHE NOYBLI
7,227 (9,2%)

5,12 (6,52%)

MpoM3BO4CTBEHHO-
TEXHUYECKHE HYHRI
17,2706
(21,9%)

OpoueHue 3emens
0,2875 (0,37%)
Opowenne nactéuwy,
48,4 (61,57%)

Pucynox 4. Jluarpamma pacrnpeneiieHus JeHCTBYIOIIMX OSKCIUTyaTallUOHHBIX CKBOXHH W
JIOOBIBAEMBIX C MX IOMOIIBIO MOA3EMHBIX BOJ (THIC. M3/cyT/r1poueHT)

Pacnipenenenne (puc. 3-4) SKCIUIyaTalMOHHBIX 3alacOB 110 OCHOBHBIM KaTErOPHSIM
noTpeOIeHNsT BBITJIAUT CIEAYIOIIMM 00pa3oM: Ha XO3SHCTBEHHO-TIUTHEBBIE HYXKABI OTOOP
ocymecTBisercs u3 187 ckpaxun B 00béMe 7,227 Thic. MY/cyT = 9,2 % ot ob6mero or6opa. JlanHbIii
00BbEM TPEUMYIIECTBEHHO (OPMHPYETCS 3a CYET TPECHBIX U CIa0OMHHEPATM30BAHHBIX JIMH3
YEeTBEPTUYHBIX AJUTIOBHAIBHBIX OTJIOKEHHH MpaBoOepexbs U JEBOOEpEKbsl HUKHEH AMynapbH, a
TaKXKe JIOKAIBHBIX TOPU30HTOB C WCKYCCTBEHHBIM TMOMOJIHEHHEM. Ha Tpou3BOICTBEHHO-
TEXHUYECKUE HYKIbl HanboNee 3HAYUTENbHBIA 10 06bEMY cekTop 17,2706 Thic. MP/cyT m3 161
ckBaXuHBI ~ 22,0 % ot obmiero or6opa. Boasl HCIIONB3YIOTCS IPEUMYIIIECTBEHHO IS 00CCTICUSHUS
O0BEKTOB Tra30/00bIYM U KOMMYHAJIBHBIX HYXJ HpPOMBIIIJICHHbIX 30H. Ha oporienue 3emenb
coctapiser 0,2875 Toic. M/cyT u3 11 ckaxkun = 0,4 %. OO6BEM He3HAUHTENEH ¥ OPUEHTHPOBAH HA
JIOKAJIbHOE OpOIIEHUE MPHYCcaleOHbIX YYacTKOB, TETJIMUHBIX XO35MCTB WM HEOOJBIINX MAacCCHBOB
COJIEBBIHOCJIMBBIX KYJIbTYp BOJM3U Bono3abopoB. Ha opomienune nactOuiy caMblii KpymHBIN 110
00BéMy cexTop 48,41 Thic. M¥/cyT m3 261 ckBaxuHEI =~ 61,5 % oT obmero or6opa. JaHHKIT
MOKa3aTellb OTPAXKACT KPUTHUECKYIO POJIb MOJ3EMHBIX BOJ B IMOAJCPKAHWUU KMUBOTHOBOJICTBA B
MYCTBIHHBIX U MOJYIYCTBIHHBIX TeppuTopusx Kapakanmakcrana. Ha onpeickuBanue no4ussl 60pb0a
C TBUTEHBIME OYPSMH, 3aKpeTIeHHe TIECKOB, arpoJIecoMeTHopaIiio 3abupaercs 5,12 Teic. M°/cyT u3
76 cxkBaxuH =~ 6,5 %. Boapl mpuMeHSIOTCS Ul YBIaKHEHHMs MOBEPXHOCTH IOYB, IMOJIABJICHUS
COJISIHBIX W TIBUTBHBIX Oyph C BBICOXIIETrO JHa ApanbCKOro MOps, a TaKKe B MEPOIPHITHAX TI0
buTOMENMOpaIK U 3aKPEIUICHUIO MOABMKHBIX MeckoB. Ha siede0HbIe 11e11 (CaHaTOPHO-KYypOPTHBIE
HYXIBI) pacxomyercss mpuMepHo B obwseme 0,3044 Teic. MP/cyr m3 3 ckBaxkuH ~ 0,4 %.
3aneiicTBOBaHbl crienu(pUUecKue MHHEpaJbHbIE BOJBl YAaCTO TEpMaJbHbIE HJIM C IMOBBIIIEHHBIM
COZICp)KaHUEM MHKPOIJIEMEHTOB W3 JIOKAIGHBIX TOPH3OHTOB, TIPUTOAHBIC JII HAPYKHOTO
MPUMEHEHMS WIH TI0CIIE CHEeMaNbHOM MOATOTOBKH.

AHanmM3 XUMUYECKOTO COCTaBa MCCIENYeMbIX CKBaXHH (Tabn.l u puc.5) mpeacraBiseT Ham
HarJSIHBIA [IpUMep O MHHEpalu3alliH IOA3EMHBIX BOJ HCCIEAYyeMOro pailoHa. BoNbIIMHCTBO
00pa3IoB pacroIoKEeHbl B HW)KHEH YacTH anMasa, OJrke K BepXHel dacTd, Tae npeobdnamator Ca
(kambiuii) 1 HCOs/COs* (GukapOoHathl/kapOoHaThl), ¢ 3aMeTHbIM Bikiagom Na*+K* u Cl” B
HEKOTOPBIX CITydasiX.
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Ha cxBaxune Kapayzsk Ne60 (puc.5a) cuHmMil KBagpaTr Onmke K ICHTPY HIDKHEW YacTH,
3HauuTenbHEI nponent Ca?*, a Taxke Na*+K* u HCOg', BeposiTHO, cMemanusii Tun Ca?* - Na* -
HCOs". Ha ckBaxxune Kapayssx NeS88 3eneHslil TpeyrolbHUK - HU3K0e conepxanne Ca’*, Bricokoe
conepxanue Na*+K*, sametnoe comepxanne SO42 1 HCO3 6mmxe k tumy Na* -S042 - HCO3™ nm
CMeIaHHOMYy ImenoyHoMy Tuily. CkBakuHa bar-ayn HokassIBaeT BEICOKOe copepkanme CaZt
(mpubsmzutensro 80-90 %), HU3KOE COAEpKAHKUE APYTHX KATHOHOB IMPEHMYIICCTBCHHO KAJIBIHIA -
OMKapOOHATHBIN.

B Kapay3ak Mot

& Kapayaax Ned8

& Bar-aybin

© KapayaaK OoMHOUHEI Nedg
< Kapayaak OouHOUHLIA Nedd
A Kapayaak CouHouHEIA Ne100
M Ecum-03ek

@ KapamoizH

O Kopwmnu aysin

O ANWLED 3YkIN

W OOMHOYHER No26-426
A OnMHOuHER Ne28-426a
@ OpakGail aysin

© Camar ayein

< MemT Kackl

A Tayuik thepma

B Depma ok Nel

@ Depma crB.Ne2

O liapkiya aysin cxB.Mat
O LUapEiya ysin ciB.MNo2

L R T T
Ca Na+K

b)
Pucynox 5. [luarpamma I[laitnepa nis rpyHTOBBIX BOj Kapay3skckoro paiiona
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Ha ckBaxuHax (puc.5. a) Kapayssk Ne60 katuonsr: Na*+K* ~75-85 %, Ca?* ~10-15%, Mg?*
~5-10 %, armons: HCO3 ~50-60 %, CI" ~30-40 %, SO4* ~5-10 %, tun Bogsr HCOs — Na* (c
npumeckto Cl), cnao munepanmmsosanHas. Kapayssk Ne88 karnonsr: Na*+K* =70-80 % Ca?* =~10—
20 % Mg* =5-10 %, ammomsr: HCOs =~45-55 % CI° =35-45 % S04 ~5-10 % Gonee
MHHEpaIU30BaHHas, ueM B Ne60 ycunmBaercs poiib XJIopuaoB. bar-aysun katrnons:: Na™+K* =60-70
% Ca®* =20-25 %, Mg?* =10-15 %, aauons:: HCO3 =55-65 %, Cl" =25-30 %, SO4> =10-15 %.
Tum: HCOs -Na*—Ca?*, MePEXOIHBIN THUII. MEHbBIIE HATpUs — cllabee MOHHBI OOMEH, CHIIBHO
cmeniensl B cropony Ca m HCOs kampimii-rugpoxapOonaTasie Boabl. Ha ckBaxkune Kapamoiinu
KpAacHBIH KPYT TIOKa3bIBAeT 0 HU3KOM cozepkannn Ca’*, Beicokoe comepxkanue Na'+K* u Beicokoe
conepxanue Cl, xmopumHO-HATPUEBBIA THUII, COJOHOBATas/MUHEpAIM30BaHHAs Boja. B mpenmemax
UCCIIelyeMON TEePPUTOPUU TPOCIICKUBACTCS HAIlpaBlIeHHas TpaHchopMalus TUIPOXHUMHUYECKOTrO
cocTaBa MOJ3EMHBIX BOJ[ OT THAPOKAPOOHATHO-KAIBIMEBBIX K THIPOKAPOOHATHO-HATPUEBBIM U
nanee K XJIOpUIHO-HATPUEBBIM THIIaM.

Ta6auna 1. JlanHple XUMUYECKOTO aHaIKM3a Mo3eMHbIX Boja Kapayssikckoro paifona

= S =
= F) = 8" S
& °z = (5} 5 = &
= o K = L g = 2 o
! = = = < = < [~ -
£ | | 5| BE| B| g 2 Y ol 2| 7| =
2 < El = = H el & 3 5 Qg E & = &
Q + ! ! = ! =PI ~ f = - +
3] =] = S < = — > 3 > 5 g = = p
Ne ° =l & =| I = = = O 3| g4 & = | 2 s
= Sl 2l gl 2| =| =| 5] & Sx| 24 3| | & =
G Sl 5 = | s| 5| 8| =2 | 28] 2% S| 2| = =
2 = = = = g > % 2 5 ) )
= = 2 4 o s s 8 2 ° E| =
=] = 7] WD e [
: = = E’ ] o
= = 2 E o <

> = ©
< &} @) =

1 | Bar-aysin 0 2 13| 127 |002| 00 |41]| 7056 | 2970 | 0,04 |004| 1,1 | O

o

2 | Ecum-o3ex 0 2 02| 09 | 00| 00 |23|5088 )| 2190 {006| O |15 | O 0

3 | Kapamoitpi | 2 2 105|013 |003| 00 |26]| 5376 | 2250 0 0 13 ] 0 0

4 | Kopummu 0 2 |08 11 (002| 00 |34 |4944 | 2900 |006| O | 108 | O | 0,001

5 | CxkNe 60 1 2 (02| 10 |0,06|255|55]| 3024 | 2960 0 (118|144 | 0 | 0,001

6 | Crale 1 2 |07] 15 00 (1,76 | 3,3 | 936,0 | 4800 | 0,12 | 5,76 | 0,70 | O | 0,003
26/426 1 i) i) i) H i) 1 H H 1

7| CraNe 1 2 (00| 15 |002|0,79 |54 | 724,8 | 3520 0 (378]048| 0 | 0,001
26/426a H i) H i) H i) H H 1

8 | CxBNe 88 2 2 11| 15 |001|704|22]| 4320 | 3430 | 0,12 | 3,0 |0,32| O | 0,002

9 | CkBNe 98 2 0 {22) 002 |007]|541(11| 2208 | 1010 | 0,1 | 344|018 | O 0

10 | CxBNe 99 0 2 (08| 15 |001|118|1,6| 643,2 | 3800 |0,08|3,20|0,76 | 0 | 0,01

11 | CxBNe 100 1 2 |07 15 |001|035|1,7| 3552 | 2240 | 0,06 |0,74|0,48 | 0 | 0,001

12 | C.Kamanos
(Anuiep 0 2 03| 0,71 | 0,01 | 0,0 | 2,2 499,2 | 2100 0 0 1,18 | O 0
aybl)
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13 | C.Kamanos
(Opaxoaii 1 2 02| 041 |001]| 00 | 3,4 | 460,8 | 2350 | 0,04 0 09| 0 0

aybl)

14 | Camar aysin | 1 2 |07] 115 |002| 00 |30]59,4| 2350 [006| O |126]| O 0

15 | Memmr 11 |[11]126| 00|00 |36|5088| 2580 006 0 |128] 0 | 0
KacChI

16 | Taysix 2| 2 |07| 11 |007| 00 405664 | 3010 |004| 0 | 1,1 | 0 | 0,001
thepma

17 | depma Nel 2 1 (07| 04 |001| 00 |2,7|5040 | 1980 (010 O |[148]| O 0

18 | depma No2 0 1 /09| 02 |001|044|30]|3360 | 2120 (004| O |126| O | 0,001

19 | laprya 0| 2 (09| 1,1 [002]| 00 |4,2| 4800 | 2640 | 0,04 | 0,04 | 1,18| 0 0
aybut Nel

20 | [Haperya 2 | 2 [10] 1,26 | 0,04 | 0,0 | 44 |5040 | 2690 [002| 0 |1,02| 0 | 0,001
aybut Ne2

JlanHas 3BorONHs 00yCIOBICHA COYETAHUEM MTPOIIECCOB HOHHOTO 0OMEHA ¥ HCIIAPUTEIILHOTO
KOHILIEHTPUPOBaHMs, HamOoJee BBIPAKEHHBIX B CKBaXHHE EcuM-03eK, XapaKTepusyoolencs
MaKCHMAJIbHOW CTEeNeHbl0 MuHepanu3anuu. Vccnemyembie (puc. 5- b) Boabl xapakrepusyrorcs
npeobajaHueM XJIOPUIHOTO AHUOHHOTO COCTaBa U BapuadeNbHbIM KATHOHHBIM COOTHOILIEHHUEM OT
KaJIbIIEBO-MarHUEBOTO 10 HATPUEBOTO. DTO CBHJETEIBCTBYET O CIIOKHOW THAPOTCOXUMHUYECKON
HBOJIIOIIHMH, O0YCIIOBIEHHOM COUYETaHUEM MPOIIECCOB UCTIAPUTEIHHOTO KOHLIEHTPUPOBAHHUS, HOHHOTO
oOMeHa U BO3MO>KHOTO aHTPOTIOT€HHOTO BO3JICHCTBUSI.

KapamoiisiH 1 HekoTopble ckBaxuHbl Kapayssak Ne 88, Ne 60 1eMOHCTpHUPYIOT CABUT B CTOPOHY
HATPUEBO-XJIOPUIHBIX U CMEUIAHHBIX THUIIOB 00Jie€ MUHEPAIHN30BaHHBIX, BO3MOKHO, IO/ BIUSTHHEM
UCTIapeHusi, 3aCOICHUS TOYBBI HJIHM APEBHUX COJSTHBIX TOPH30HTOB (A. AcamaTauHoB (a), 2026).

Hanuuue Tovek naHHBIX ¢ BHICOKUM conepkanreM SOy (ckBakuHa EcMM-03eKk U HEKOTOpBIE
Kapay3sik) MOXeT yKka3blBaTh Ha BIMSHHE CYIb(ATHBIX MOPOJ WM aHTPOIIOTCHHOTO 3arps3HEHUsI
(ymobpenusi, npeHax). Takue nuarpaMmbl 4aCTO MCTIONB3YIOTCS B UCCIIEIOBAHUSAX TPYHTOBBIX BOJI B
3aCyLUIMBBIX PeruoHax, BKiIrodas PecrnyOmuky Kapakanmakcran, rae HaOmronaeTcs rpaMeHT OT
MIPECHOW BOJBI HA AJUTIOBUAIBHBIX KOHYcax 0 Ooiee cojieHOW BOABI Ha 00jiee HU3KHX BBICOTAX.
Kapay3sk 1 OKkpyXarolye ero TOYKH, BEpOSTHO, MPEICTABISAIOT COOOM pa3Hble FOPU3OHTHI WU
Y4acTKM OJHOTO M TOTO € BOJOHOCHOTO KOMIUIEKCA C pa3IMYHOW creneHbio cosneHoctu (P.
XoxamypaToBa u ap. 2026).

KaTtnoHHO-aHHOHHBIM ~ aHanW3 MOA3eMHBIX BOJ  Kapay3skckoro pailoHa mokazan
CYIIECTBEHHYIO NMPOCTPAHCTBEHHYI0 HM3MEHUYMBOCTh MX XHMHYECKOro cocraBa. Cpeau KaTHOHOB
OCHOBHYIO poJib UrparoT Hatpuil u kanuit (Na™+K"), kaneuuit (Ca**) u maruuit (Mg*"), Torma kak
aHMOHHBIN cocTaB popMUpYeTCs TpeumyliecTBeHHOo ruapokapoonatamu (HCOs™), xopuaamu (CI))
u cynbdaramu (SOs?). COOTHOIIEHHE STHX KOMIIOHEHTOB OMPEAEISACT TMIAPOXUMUYECCKHUN THIT
HCCIIEyeMBIX BOJI M OTpaxkaeT 0COOEHHOCTH MPOLIECCOB BOJJOOOMEHA B BOJJOHOCHBIX TOPU30HTAX.

[To pesynpTaTam WHTEpHpeTaluu auarpaMmmbl [laiimepa ycTaHOBIEHO, YTO OOJBITMHCTBO
UCCIIEZIOBAaHHBIX P00 OTHOCATCS K T'HAPOKAPOOHATHO-HATPUEBOMY M T'HJIPOKapOOHATHO-
kanmeimeBoMy trmaM. J{ist ckBakuH Kapayssk Ne 60 u Kapayzsik Ne 88 xapakrepHo npeoOiaganue
katoHOB Na'+K* (70-85 % »KkBUBaJIEeHTHOrO COJEp)KaHHS), YTO CBUAETEIBCTBYET O Pa3BUTHU
MPOIIECCOB KAaTHOHHOTO OOMEHa MeXIy TMOJI3eMHBIMH BOJAaMH MW TJIMHUCTBIMH MUHEpaTaMu
BOJIOBMEIAIOMINX MTOPOoJI. B aHMOHHOM cocTaBe JaHHBIX BOJ JIOMUHUPYIOT ruipokapoonatst HCOs™
P 3aMETHOM y4yacTuu xjopuaoB Cl-.

Jns Boa ckBaxuHbl bar-aybun  XapaktepHa TOBbIIIEHHass fJojisg  kanbimss  Ca*™ u
ruapokapOonatoB HCOs™, 4yTo MO3BOJISIET OTHECTH MX K KaJlbLIMEBO-TUAPOKAPOOHATHOMY THITY.
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dopMUpOBaHUE TAKOTO COCTaBa CBSA3aHO C PACTBOPCHHUEM KapOOHATHBIX TMOPOA U OTHOCHTEIHHO
CJTa0BIM BIUSTHUEM TIPOIICCCOB 3aCOJICHUS.

B psage ckBaxkun HaOmonaercsi yBenudeHue coaepxkanus xiaopunoB Cl- u cynsdpatoB SO+,
COITPOBOKIAIOIIEECS] POCTOM MHUHEpAIM3alMU. DTO YKa3blBa€T HA MPOLECCHl HCIAPUTEIHHOTO
KOHIICHTPUPOBAHUS, TIOCTYIUICHHE COJIH W3 3aCOJICHHBIX TOPOJA W BTOPHYHOE 3aCOJICHHE
tepputopun. Hambomee  MHHEpanu30BaHHbIE BOJBI  XapaKTEPU3YIOTCS  MEPEXOAOM  OT
THJIPOKapOOHATHOTO K XJIOPHIHO-HATPUEBOMY THITY, YTO CBHJIETEIILCTBYET O MPOTPECCUPYIOIICH
THJIPOr€0XUMUYECKOH TpaHchopMaiyi BOJOHOCHON CHCTEMBI.

Takum 006pa3om, KATHOHHO-aHUOHHBINM aHAIN3 TTOKA3aJl, YTO XUMHUYECKUI COCTAB IMOA3EMHBIX
Box Kapayzskckoro paiiona ¢opmupyercss 1moJ BIMSHHEM IPOIECCOB PACTBOPEHUS MUHEPAJIOB,
MOHHOTO 0OOMEHa, UCTIAPUTEIFHOTO KOHIICHTPUPOBAHKS U aHTPOIIOTEHHON Harpy3ku. BuisBicHHas
CMEHa THAPOXUMUYECKUX THUIIOB OT THUAPOKAPOOHATHO-KAIBIIUEBBIX K THIPOKAPOOHATHO-
HATPUEBBIM W JlaJiee K XJOPHIHO-HATPUEBBIM BOJAaM OTPaKaeT YCHJICHHE IPOIECCOB
MUHEpAIU3alUU | 3aCOJICHHSI B YCIOBUAX apuaHoro knumara [lpuapanbs.

pH BoaHOI BeITsKKM 13 00pa3noB nmoussl P-1 Kapayssk coctasnser ot 8,4 no 9,4. Ilpu stux
MOKAa3aTelisiX Mo4Ba 00pa3loB MOYBEHHOrO Mpoduis oneHuBaeTcs kKak menovynas (pH 8,5 — 9,0) u
cunbHo mienoynas (PH OGomee 9,0, Tabmuma Ne2). OOBIYHO BCE MHUKPOIIEMEHTHI XOPOIIO
ycBauBarotcs pacteHusimu pu pH menee 8,4, To ecth mokaszatesb pH MoOYBBI B 000UX MOYBCHHBIX
paspesax, OrpaHHYHBAOIIHIA TOCTYITHOCTh MUKPO3JIeMEeHTOB [utst pacteruii (M. Zakirov et al. 2026).

Ha pucynke Ne6 mpencraBiieHa 3aBHCHMOCTD COZEPIKaHUsI BOJOPACTBOPUMBIX KOMIIOHEHTOB B
II0YBE OT CTEHEHH 3acOJIeHHs, BHIPAKEHHOH uepes mokazatens ECis (dS/m™) ans yuacrka P-1
Kapay3sak. AHanu3 JeMOHCTPUPYET BBIPAKCHHYIO MOJOXKHUTEIBHYIO KOPPEISIUI0 MEXKIY POCTOM
3aCOJICHMS. U HAaKOIUIEHHEM OCHOBHBIX COJIEBBIX KommoHeHTOB (A. Ajiev et al. 2023). HaubGosee
MHTCHCHUBHOE yBEJIMUYEHHE HAOIIOJAeTCs IS TUIOTHOTO OCTATKa, KOTOPBIA XapaKTepU3yeT OOIIYIO
MHUHEPAJIM3AIUI0 MMOYBEHHOro pacTBopa (A. AcamatauroB (0), 2026). JluHeiiHas 3aBUCHMOCTH
omnuceiBaercs ypaBHeHHeM, Koaddunment nerepmunammn R2=0,987 cBuaerenbcTByeT 0 BBHICOKOM
CTETIEHH JIOCTOBEPHOCTH MOJETH U MPAKTHUYECKH JTUHEHHOM XapakTepe HAKOIUICHUS COJIe Mpu
ysemmgernn ECis (dS/m™). D1o ykaseiBaeT Ha ycToiunBOE BO3pacTaHME OOIIEH MHHEpATH3aIuH
CpeJibl TI0 Mepe yCHIIEHHsI ITpolieccoB 3acosieHus (A. Axues u np, 2023).
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Taoauna 2. Pe3y.]'II>TaTI)I I/I3M€p€HHﬁ pH, OJICKTPOITPOBOAHOCTH U OMPECACIICHUA HOHHOI'O COCTaBa IIOYBEI METOAOM BO,HHOﬁ BBITSDKKH

ConepsxaHue pacTBOPUMbBIX HOHOB
TopusoHT Cymm EC1:5, ECe, Haora.
a TOK. pH 0CTaTOK % K macce
bI, CM N dS/m dS/m o
coJjieit , %
HCOs cr SO™ Ca- Mg- Na' K
P-1 Kopay3ak
0-25 4,990 8,4 11,90 47,60 6,884 0,031 0,718 3,456 0,218 0,118 1,250 0,450
25-50 5,922 8,7 13,24 52,96 8,782 0,033 0,963 4,416 0,238 0,142 1,300 0,870
50-75 2,282 8,7 6,67 26,68 3,376 0,021 0,525 1,536 0,16 0,071 0,550 0,235
75-100 1,754 9,0 5,13 20,52 2,512 0,020 0,385 1,152 0,094 0,056 0,433 0,154
100-125 1,238 9,4 3,62 14,48 1,648 0,017 0,298 0,720 0,048 0,041 0,333 0,063
125-150 0,874 9,4 2,82 11,28 1,164 0,020 0,245 0,418 0,03 0,025 0,250 0,036
150-200 0,875 9,4 2,81 11,24 1,152 0,020 0,224 0,436 0,032 0,025 0,250 0,032
200-250 0,449 9,3 1,45 5,80 0,596 0,020 0,109 0,240 0,020 0,012 0,130 0,015
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Pucynok 6. CBsi3b MKy COJIepKaHUEM OTAENbHBIX MOKa3aTeNel 3aCOJIeHHsI TOUBHI C BETUYMHON
3JIEKTPOTPOBOJHOCTH HACKIIIIEHHOTO MOYBEHHOT0 dKcTpakTa ECe

4. O6cyxnenue

VYckopeHHoe OypeHue MW OoTOOp MPHBOJAT K IMPOrPECCHPYIOLIEMY HCTOILIEHHIO PECYpPCOB
MoJ3eMHBIX BOJl. CHIDKEHHE YpOBHEW M HAINlOPOB B HAOIIOJATEIBHBIX CKBAXHHAX (UKCHPYETCS
nageHuem ypoBHs Ha 1,5-5,0 m 3a 5-10. B apre3nanckux kommiekcax FOxuoro Ilpuapanss u
YcTopTa CHIKEHHE MThe30METPHUYECKIX YPOBHEW MPHUBOAHWT K YMEHBIICHHUIO JI€OMTOB CKBAXHH U
PHUCKY IIpeKpaleHsl CaMOU3IINBA.

[Tpu yxynamennn kauecTBa BOJIbI (POPMUPYIOTCS KOHYCHI 3aCOJICHUS, MUHEpAU3aIUs PacTeT,
0c00EHHO B MepU(EpUIHBIX YaCTAX JIMH3 U MPU MUIPALUU BBICOKOMUHEPAIN30BAaHHBIX BOJ M3
rITyOOKHMX TOPU30HTOB. BTOpHYHOE 3acoyieHNe YCHIIMBACTCSA KAWIISPHBIM TOJHATHEM COJIEH TpU
NaJIeHuu YPOBHS.

CokpailieHue  SKCIUTyaTallMOHHBIX — 3amacoB:  OOmmit  oTOOp TMOJ3EMHBIX BOJI B
Kapaka/makcTaHe JOCTUraeT AECATKOB Thicsd MY/cyT (1o cocTosmio Ha 2025 1. ~78,61 Thic. M°/cyT
n3 699 ckBaXKWH), MIPEBHIIIAsT €CTECTBEHHOE MOTIOTHEHUE B apUIHBIX yCIOBUAX. [IpecHbie pecypch
aJUTIOBHSI HCTOMIAIOTCS OBICTpee, YeM BOCIIONHSIOTC 3a cuéT dubrpammu (A. Asamatdinov et al.,
2025) u3 pexu 1 KaHAIOB (KOTOpast caMa COKPAIIaeTCst).

DKOJIOTUYECKHE U COLMAIbHO-)KOHOMHYECKHE PHUCKU: yrpo3a Oe3BO3BpaTHONH MOTEpU
3HAYUTEIHPHONH YaCTH MPECHBIX 3alacoB B OJWKAWIINE AECATHICTHS, YCHICHHE IeTpajaiuu
nacTOuII, CHUKEHUE MTPOAYKTUBHOCTH dKHBOTHOBO/ICTBA, POCT 3aTPaT HA OIPECHEHUE JUIsl TUThEBBIX
HYXK]IL.

[lo pesynbraTaM NpPOBENEHHBIX HCCIEAOBAHUNA MOXHO BBIICIUTH CIEAYIOIINE HOBBIE
THIIPOXUMUYECKHE 3aKOHOMEPHOCTH:
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1. YcranoBieHa OCe0BaTeIbHOCTh THIPOr€0XUMUYECKOM TpaHC(POPMALIUU O3EMHBIX BOJ
Kapay3sskckoro paiioHa. Brnepsbie miig ucCiienyeMONl TEPPUTOPUM IIOKA3aHO, YTO XUMUYECKHU
COCTaB MO/I3€MHBIX BOJI U3MEHSETCS 110 CXEME:

Ca-HCO; — Na-HCO; — Na-Cl

To ectb mo Mepe yBelWYEHHs] MUHEpAIU3AlMU MPOUCXOAUT YMEHBIICHUE TOJU KalbLHs U
THIPOKApOOHATOB M YBEJIMYCHHUE COJACPIKAHUS HATPUS, XJOPUAOB U CyIb(aToB. ITO OTpa)kaer
HBOJIIOLIMIO BOJI OT OTHOCUTENIBHO MPECHBIX K 3aCOJICHHBIM.

2. YCcTaHOBJICHA BeIyIlas Pojb KATHOHHOTO OOMeHa B (hOPMHpPOBAaHUHM HATPUEBBIX BOI. J[ist
ckBaknH Kapayssk Ne 60 u Ne 88 BrisBieno npeobmaganre Na™+K* (70-85 % sKkBUBaIEHTHOIO
COCTaBa), UYTO CBHJIECTEIHCTBYET O PA3BUTHUU MPOIECCOB OOMEHA MEXIY MOJ3EMHBIMU BOJIAMHU U
[NIMHUCTBIMM ~ MHHEpajlaMHu BoaoBMemamomux mnopoa. Panee mia  Kapaysskckoro paitona
KOJIMYECTBEHHAs OIICHKA JAHHOTO MpOoIecca He MPUBOMIIACE.

3. YcTaHoBIEHa CBSI3b MEXy POCTOM MUHEpPATH3AIUU U U3MEHEHHEM aHHOHHOTO COCTaBa

[TokazaHo, 4yTo yBeIMUYEHUE OOIIEH MUHEPATU3ALUU COIPOBOKAAETCS:

e CHIKeHUEM oTHocuTenbHOU posin HCOs™;

o yBenmueHueM conepxanus Cl-u SO+

e TIEPEXO0JIOM BOJI K XJIOPUTHO-HATPUEBOMY THUITY.

DTO CBUACTEILCTBYET 00 YCHJICHHH MPOIECCOB HCIIAPUTEIBHOTO KOHIICHTPUPOBAHUS U
BTOPUYHOTO 3aCOJICHHSI B YCIIOBUAX apuHOro kimmarta [Ipuapanss.

4. VYcraHoBJIeHA KOJHMYECTBEHHas 3aBHCHMOCTh Mexnay ECe wum  comepkanuem
BOJIOPACTBOPUMBIX coJjiei B moyBax. Briepseie mist mouB Kapaysskckoro paiioHa mojydeHa BbICOKas
KOppEIIALUsA  MEKIY JJIEKTPOIPOBOAHOCTRIO HachimieHHoi mactel (ECe) u  comepkanuem
BOJIOPACTBOPUMBIX KOMIIOHEHTOB:

e ko3 purmeHT nerepmunanuu R? = 0,987,

e poct ECe conmpoBokiaeTcss pakTHUECKU JTUHEHHBIM HAKOTIIIEHUEM COJICH.

DT0 MO3BOJSET HCMONBb30BaTh ECe kak HaleKHBIM JUArHOCTHYSCKHUN TOKA3aTeNlh CTEICHU
3aCOJICHUS M0YB paiioHa.

5. YcraHoBIeHa B3aMMOCBS3b MEXKAY THIPOXUMHEH TOI3EMHBIX BOJ W TOYBEHHBIM
3aconenueM. [loka3aHo, YTO Yy4YacCTKM C TIOBBIIIEHHOW MMHEpalIU3alMeld TOJI3eMHBIX BOJI
XapaKTePU3YIOTCS:

e BBICOKOH I11€J109HOCTHIO TouB (pH 8,4-9,4);

e TIOBBIIIICHHBIM COJIEP’KaHUEM BOJIOPACTBOPHUMEBIX COJICH;

e YCUJICHUEM TMPOIIECCOB BTOPUYHOTO 3aCOTICHHUS.

Hns Kapay3gkckoro paioHa 3Ta CBS3b PacCMOTPEHA KOMIUIEKCHO B CHCTEME «ITOA3EMHBIE
BOJIbI — TTOUBAY.

5. 3akiIl0ueHue

[Tonzemuble Boapl KapakanmmakcTaHa OCTarOTCS KPUTHYECKH BAKHBIM PECYPCOM B YCIOBHSAX
sKoJIoruueckoro kpusuca Ilpmapanba. OnpHako Tekymue oO0BEMBI O0TOOpa YK€ MPEBBIIAIOT
€CTECTBEHHOE IIONOJIHEHHE B ApPUJHBIX YCIOBUSAX, & HHTEHCHBHAs »JKCIUIyaTalus YCKOpSET
UCTOIIIEHUE U JeTpajJalnio KauecTBa. [lepexo1 K ycTOWYMBOMY YIPaBICHUIO TPEOyeT HEMEAJIEHHOTO
BHEJIPEHUSI COBPEMEHHBIX TEXHOJOTWHA MOHUTOPWHTIA, 3aIIMTHI U BOCIIOJIHEHUS 3aIllacoB, a TAKXKe
MHTErpaly KIMMaTUYECKUX CLEHAPUEB B JOJTOCPOYHOE IIJIAHUPOBAHUE.

[TepcniekTHBBI TaTbHEUITUX MCCIICIOBAHUN CBSI3aHBI C YrAyOJEHHBIM U3YYEHHUEM IPOIIECCOB
¢dbopmupoBaHus U TpaHChOpMALIMK XUMHUYECKOT0 COCTaBa MoI3eMHBIX Boj Kapay3skckoro paiioHa B
YCJIOBHSX MPOJIOJIKAIOIIECICS apuan3aliy KIMMaTa 1 aHTPOITIOT€HHOW Harpy3ku. B repByto ouepenn
11eJ1IecO00pa3HO  pacIIUPUTh CeTh HaONIOAATENbHBIX CKBAXHH M BBIIOJHUTH MHOTOJICTHUN
MOHUTOPHHT THIPOXUMUYECKHUX TOKA3aTeNed IS BBISIBICHUS CE30HHOM U MEXKI0JI0BOM THHAMUKH
MHUHEpaIU3aLNH IOJ3EMHBIX BOJ.
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Kapakainakcran PecnyOJMKacbhbIHBIH Kep acThl CyJapbl ME€H TONBIPAKTHIH
XUMUSUIBIK KacueTTepin Kapae3ek aynanaapbIHbIH MbICAJIBIH/IA 3€PTTEY

AsmmMm AcamatauHos, Lllyxpat Myponos, Opasodaii Kyausipos

Angarna: byn wmakamaga Apan TeHi3i aiiMarbIHAArbl KIMMATTBIK KYPFaKIIBUIBIK TI€H CY
TaNIIBUIBIFBIHBIH apTybl karnaiibinga Kapakannakcran PecnyOnnkacbinblH Kapaesek ayiaHbIHAAFbI
Kep acThl CyJapbl MEH TOMBIPAKTAPBIHBIH XUMUSIIBIK KACUETTEPIH 3€pTTEY HOTHXKEJepl YChIHbUIFaH.
AWMaKTBIH THIPOTCOJOTHSUIBIK JKaFIaiimapeiHa Tannay kyprizuimgi, 20 eHmipicTiK YHFBIMaaH
aJIbIHFaH JIEPEKTep HETi31HJIe XKep acThl CyJapbIHbIH MUHEpPAIJaHybl MEH TMIPOXUMHUSIIBIK KYpaMbl
OaranmaHnIbl, COHJA-aK TY3/laHy KOPCETKITepi MEH TONBIpaK NPOQHIIiHIH arpoOXUMHUSIIBIK
KacueTTepi 3epTresii. I'uapoXuMHsIIBIK cunaTTaManapasl Tycinaipy yuis [laiinep nuarpammacs
KOJIJAHBUIIBI, Oy JKep acThl CYNApbIHBIH HETI3Ti TYpJAEpiH >KOHE OJapAblH T'€OXHUMHSIIBIK
HBOJIIOLUSICHIHBIH OaFbITTAapbIH aHBIKTAayFa MYMKiHIK Oepai. MoH anmacy, OylaHy KOHIIEHTPaLUsCh
KOHE EKIHIII PeTTIK Ty3[aHy IHpOLECTepiHEH TYybIHAAFaH CYIapAblH XUMUSJIBIK KYpPaMbIHBIH
I'HJIpOKapOOHAT-KAIBLUIIEH TUApPOKapOOHAT-HATpHUire JIeiiH XJopuI-HaTpuiire Oipi3al Typae
e3repyl aHBIKTAIIbl. 3€pTTEIreH YATUIepAIH KONIIUIriHAe HaTpuid MEH TI'HMJIpoKapOoHaT
MOHJapbIHBIH 0aChIM OOTYBI aHBIKTAJI/IbI )KOHE JKEP acThl CYJIapbIHBIH MUHEPAJIJaHYbIHBIH apTYbl MEH
OHBIH CalachIHBIH Halllapjiaybl apacblHAarbl OainaHbic kepceTuial. Tomblpak Tangaysl cuitiai pH
(pH 8,4-9,4), cyma epuTiH Ty3 MeJIIEPiHIH JKOFApbl EKEHIH J>KOHE KaHBIKKAH TOIBIPAK
CBIFBIH/IBICBIHBIH AJIEKTP OTKI3TIIITIIT MEH >KaJIbl TY3 MeJIIEP] apachlHAAFbl KYIITI KOPPEISALHSIHbBI
(R?2=0,987) anbikTaasl. Byst HoTHKeNep )Kep acThl CYTapbIHBIH THAPOTCOXUMHUSIIBIK TpaHCHOpMAIHs
YAepicTepl MEH TOMBIPAKTHIH €KIHIII PETTIK Ty3aHybl apachlHJIaFbl THIFbI3 OalllaHBICThI KOPCETE].
byn 3epTreyniH NpakTHKadblK MAaHBI3JIBUIBIFBI JKEp acThl CyJapblH OakbUIaydbl KakcapTy,
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Abstract: This article presents the results of a study of the chemical properties of groundwater and
soils in the Karauzyak district of the Republic of Karakalpakstan under conditions of increasing
climatic aridity and water shortages in the Aral Sea region. An analysis of the hydrogeological
conditions of the region was conducted, an assessment of the mineralization and hydrochemical
composition of groundwater was made based on data from 20 production wells, and salinization
indicators and the agrochemical properties of the soil profile were also investigated. A Piper diagram
was used to interpret the hydrochemical characteristics, allowing us to identify the main types of
groundwater and the directions of their geochemical evolution. A consistent transformation of the
chemical composition of the waters from hydrocarbonate-calcium through hydrocarbonate-sodium
to chloride-sodium was revealed, caused by the processes of ion exchange, evaporative concentration,
and secondary salinization. The predominance of sodium and hydrocarbonate ions was established in
most of the studied samples, and a relationship was demonstrated between the increase in
groundwater mineralization and the deterioration of its quality. Soil analysis revealed an alkaline pH
(pH 8.4-9.4), elevated water-soluble salt content, and a strong correlation between the electrical
conductivity of the saturated soil extract and the total salt content (R2 = 0.987). These results
demonstrate a close relationship between the processes of hydrogeochemical transformation of
groundwater and secondary soil salinization. The practical significance of this study lies in the
potential use of these patterns to improve groundwater monitoring, assess environmental risks, and
develop measures for sustainable water resource management in the context of the Aral Sea region's
environmental crisis.

Keywords: groundwater; Karauzyak district; Republic of Karakalpakstan; hydrochemical

composition; mineralization; soil salinization; electrical conductivity; Piper diagram;
hydrogeochemical transformation; Aral Sea region.
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Abstract: This paper presents a comprehensive study of the underground

organs of Achillea millefolium L. using gas chromatography—mass

spectrometry (GC-MS), infrared (IR) spectroscopy, and biological tests.
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of the plant is rich in sesquiterpene lactones, flavonoids, coumarins, phenolic acids, sterols, and
saponins, as well as other components with a lower content (Si et al., 2006).

Among the variety of Achillea species, Achillea millefolium L occupies a special place. It has
been widely used to heal wounds and treat inflammatory diseases (Dorjsembe et al., 2017), as well
as an infusion for bleeding, stomach pain, and menstrual cramps (European Medicines Agency
[EMA], 2020). It is known that common yarrow is used as a medicinal plant raw material that contains
a wide range of biologically active compounds: essential oil, the alkaloid achillein, flavonoids,
coumarins, bitter and tannic substances, resins, organic acids, ascorbic acid, phylloquinone, carotene,
choline, and mineral components (Komarov, 2018; Shatalina et al., 2002; Gawel-Beben et al., 2020).
Among the phenolic acids in common yarrow, 3-, 4-, and 5-caffeoylquinic, chlorogenic, coumaric
acids, and cynarin are distinguished, and among flavonoids: quercetin, rutin, luteolin, apigenin
(Figure 1), and their glycosides. Their content depends significantly on the plant organ (leaves,
flowers, roots) and environmental factors (Gharibi et al., 2015; Benedek & Kopp, 2007). These
compounds directly influence the biological activity of the extracts.

Figure 1. Chemical structures of flavonoids: quercetin (a), rutin (b), luteolin (c), apigenin (d)

Essential oils from the flowers and leaves of common yarrow exhibit antimicrobial and
antioxidant activity. It is noteworthy that essential oil obtained from flowers demonstrated more
pronounced antimicrobial and antioxidant properties compared to oil from leaves (Ahmadi-Dastgerdi
etal., 2017). The ethanol extract of the aerial parts also showed significant antioxidant (Mohamed et
al., 2018) and antifungal activity (Ruiz-Navajas et al., 2013). However, it should be noted that the
chemical composition of yarrow essential oils varies greatly depending on geographical and
environmental conditions. Studies have revealed the existence of different chemotypes, differing in
the ratio of the main terpene components, such as camphor, 1,8-cineole, and borneol (Benedek et al.,
2007). This highlights the importance of conducting regional studies on the composition and
properties of yarrow, including in Kazakhstan. Such geographically determined variability can be
traced not only in the composition of essential oils but also in the phenolic content of A. millefolium.
Recent studies have shown that plants collected in different climatic regions form significantly
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different content of phenolic compounds. The differences affect both the qualitative and quantitative
composition of phenolic acids and flavonoids, which directly influence the antioxidant activity of
extracts. The authors explain these differences by the adaptation of plants to local environmental
factors, such as soil type, light intensity, and temperature regime (Radusiené et al., 2023; Asensio et
al., 2020). Taken together, these data highlight the need for comprehensive regional studies aimed at
investigating the chemical composition and biological activity of yarrow under different growing
conditions.

Scientific studies focused on the roots of common yarrow have been less extensively
researched. Among them, it is known that lipophilic amides are present in higher concentrations in
the roots than in the above-ground parts (Veryser et al., 2016). An early study (Lourenco et al., 1999)
showed that the essential oil studied by GC-MS is rich in sesquiterpenes and, unlike the above-ground
parts, azulenes and camphor predominate in the roots.

Despite the existence of publications on the chemical composition and biological activity of A.
millefolium from Kazakhstan, they mainly cover the above-ground organs during the flowering
period. In this regard, this study was the first to investigate the chemical composition using IR
spectroscopy and GC—MS methods, as well as the cytotoxic and antimicrobial activities of extracts
from the roots (underground parts) of yarrow collected in Kazakhstan.

2. Materials and methods
2.1. Research material

The research material consisted of the roots of A. millefolium collected in the outskirts of
Astana, Kazakhstan (51.070951° N, 71.334599° E) in June 2023. The sampling site was located in a
peripheral green area at a distance from major industrial facilities and high-traffic roads. The
underground parts were separated from the above-ground parts and dried in the air at room
temperature in the shade until they were air-dry.

2.2. Preparation of the extract

The dried and crushed roots of A. millefolium were extracted with ethanol under a reflux
condenser. A sample of raw material (20 g) was placed in a 500 ml round-bottom flask, 200 ml of
ethanol was added at a ratio of raw material: solvent = 1:10, and heated in a water bath for 2 hours.
The extraction was carried out three times. The condensate was returned to the flask through a reflux
condenser, ensuring continuous extraction. After cooling, the mixture was filtered, and the filtrate
was concentrated on a rotary evaporator at 35-40 °C until a thick extract was obtained. The remaining
extract was dried to a constant weight and stored in a sealed container at room temperature until
analytical studies were performed.

2.3. GC-MS analysis

Gas chromatography—mass spectrometry (GC—MS) was performed using an Agilent 7890A gas
chromatograph with an Agilent 5975C mass-selective detector operating in 70 eV electron impact
ionisation mode. The percentage content of the component composition was calculated automatically
using the GS-MSDDataAnalysis program, based on the peak areas of the total ion chromatogram.
Identification was performed based on mass spectra and retention times using the NIST 08 library.

2.4. IR spectroscopy

The IR spectra of the alcohol extract of common yarrow were recorded on a Bruker Alpha Il
FTIR spectrometer with an ATR attachment (Platinum Diamond 1 Refl). The measurement range
was between 4000 and 400 cm™,

2.5. Determination of antimicrobial activity
The antimicrobial activity of common yarrow extract was evaluated using standard reference
test microorganisms: facultative anaerobic Gram-positive cocci Staphylococcus aureus ATCC 6538,
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aerobic Gram-positive spore-forming bacilli Bacillus subtilis ATCC 6633, Gram-negative facultative
anaerobic bacilli Escherichia coli ATCC 25922, aerobic Gram-negative rods Pseudomonas
aeruginosa ATCC 27853, as well as the yeast fungus Candida albicans ATCC 10231. The study used
the serial dilution method with determination of the minimum inhibitory concentration (MIC) (State
Pharmacopoeia of the Republic of Kazakhstan 2015; Mironov A.N. 2012). All test strains were
obtained from the American Type Culture Collection. Ceftriaxone (antibacterial control) and nystatin
(antimycotic control) were used as reference drugs.

The MIC was determined by serial dilution of ethanol solutions of the test sample in nutrient
broth. For the experiment, a suspension of microorganisms with a concentration of 108 CFU/ml was
prepared from daily cultures grown on skimmed agar at 37 °C (for the yeast fungus C. albicans, at
30 °C for 48 hours). The tests were carried out in the concentration range of 1.56-50 ug/ml. 0.1 ml
of microbial suspension was added to each test tube with the sample dilution. The control samples
contained only microbial suspension and nutrient medium without the addition of the test sample.

Incubation was carried out at 37 °C for 24—48 hours, depending on the type of microorganism.
The presence or absence of growth was determined visually by the turbidity of the medium. The
minimum concentration of the sample at which no growth was observed (the medium remained clear)
was taken as the MIC. To increase the reliability of the results, the values were averaged based on
the results of three independent experiments

2.6. Determination of cytotoxicity

The cytotoxic activity of the sample was assessed in a survival test using Artemia salina larvae
(Sarah et al., 2017). Two-day-old larvae obtained by culturing eggs in artificial seawater for 48 hours
at 37 °C were used for the experiments.

The initial sample weighing 2 mg was dissolved in 2 mL of ethanol. Aliquots of 500 pl, 50 pl,
and 5 pl (three parallels) were taken from this solution, and after evaporation of the solvent, 5 ml of
artificial seawater was added to each. Thus, the final concentrations were 100, 10, and 1 pg/mli,
respectively (each in triplicate).

Ten two-day-old A. salina larvae were placed in each test tube. Incubation was carried out at
room temperature in the light for 24 hours. At the end of the experiment, the number of live and dead
larvae was counted. Based on the data on the upper and lower toxic limits, the median toxic dose

(LDso) was calculated.

Equivalent volumes of DMSO were used as a negative control, and dactinomycin (actinomycin
D), which has pronounced cytotoxic activity, served as a positive control. Statistical processing of
the data was performed using the FIN programme. All experiments were carried out in triplicate (n =
3). The results are presented as mean + standard deviation (SD).

3. Results

Gas chromatographic analysis of the ethanol extract of A. millefolium roots revealed 25 volatile
and semi-volatile compounds of various chemical natures. Table 1 shows the main components with
retention times and relative peak areas.

Table 1. GC-MS results for ethanol extract of A. millefolium roots

Peak Retention time Area (%) Name of compound
No (RT, min)
1 4.803 5.20 carbonyl sulfide
2 5.177 3.71 dimethyl sulfoxide
3 5.705 22.74 1,3-dihydroxypropan-2-one
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4 7.081 4.97 2-fluoro-2-methylpropane

5 9.314 1.02 2-hydroxy-3,4-dimethylcyclopent-2-en-1-one

6 10.051 3.77 chlorocyanide

7 10.733 2.32 2,4-difluorobenzenecarbohydrazide

8 11.811 0.61 benzene-1,3,5-triol (phloroglucinol)

9 12.075 214 3-methyl-1,3-thiazolidine

10 12.824 1.04 1-methoxy-2,4-difluorobenzene

11 13.869 3.22 n’-(2-ethoxybenzylidene)-4-
methylbenzenesulfonohydrazide

12 15.233 1.15 1-chloro-2-methoxybenzene

13 15.299 2.64 B-d-fructofuranosyl a-d-glucopyranoside (sucrose)

14 15.772 2.95 4-(furan-2-yl) but-3-en-2-one

15 17.411 5.13 3-methyltetrahydrothiophene

16 17.543 3.81 1-o0-dodecyl-a-d-ribofuranoside

17 17.609 4.73 octanoic acid

18 17.851 4.03 formohydrazide

19 20.228 0.53 1,1-diphenylethene

20 23.859 1.09 ethyl hexadecanoate

21 24.607 6.04 (e)-2,4-dimethoxy-5-ethoxy-1-ethenyl-3-

methylbenzene
22 26.917 4.20 4'5,7-trihydroxy-3',6-dimethoxyflavone (jaceosidin)
23 28.017 7.03 5,7-dihydroxy-3',4',6-trimethoxyflavone
(eupatilin)
24 30.856 111 1',4’-dimethoxy-[2,2']-binaphthalene-1,4-dione
25 31.318 4.80 5,5'-dihydroxy-3,3'-dimethyl-[2,2']-binaphthalene-

1,1'.4,4'-tetrone

According to GC-MS analysis, the chemical profile of A. millefolium extract is characterized
by the predominance of primary metabolites, including carbohydrates, low-molecular oxygen-
containing compounds, fatty acids, and sulfur-containing metabolites. The major primary metabolite
was 1,3-dihydroxypropan-2-one (22.74 %), while octanoic acid (4.73 %) and 3-
methyltetrahydrothiophene (5.13 %) were also detected in significant amounts.

At the same time, several secondary metabolites were identified, mainly represented by
methoxylated flavonoids. Among them, jaceosidin (4.2 %) and eupatilin (7.03 %) were the dominant
secondary metabolites (Figure 2). The presence of these flavonoids confirms the contribution of
secondary phenolic metabolism to the biological activity of the extract.
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Figure 2. Chemical structures of the secondary metabolites jaceosidin (a) and eupatilin (b)

IR spectroscopic analysis of the A. millefolium roots extract revealed a number of characteristic
absorption bands reflecting the presence of major classes of organic compounds. An intense broad
band at 3286 cm™ corresponds to the stretching vibrations of hydroxyl groups (—OH), indicating a
high content of phenolic compounds and alcohols. Peaks in the range 2918-2850 cm™ are attributed
to C—H stretching vibrations of methyl and methylene groups characteristic of aliphatic structures,
including fatty acids and their esters. A pronounced absorption band at 1712 cm™ corresponds to C=0
stretching vibrations, indicating the presence of esters, aldehydes, ketones, and phenolic acids. Bands
at 1600 cm™ and in the 1516-1378 cm™ region are associated with aromatic ring vibrations,
confirming the presence of flavonoids and other aromatic phenolic compounds. Intense bands at 1251
and 1041 cm™ correspond to C—O stretching vibrations characteristic of alcohols, phenols, and simple
esters. Absorptions in the low-frequency region (877-816 and 419 cm™) are attributed to deformation
vibrations of aromatic and aliphatic fragments, indicating structural diversity of the detected
metabolites (Figure 3).

Consequently, spectral analysis of the underground part of A. millefolium indicates a high
content of phenolic compounds, fatty acids and their esters, as well as flavonoid derivatives. These
results are consistent with the GC-MS data, which show the predominance of aliphatic acids and
flavonoid compounds in the root extract.
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Figure 3. IR spectrum of the extract from the underground part of A. millefolium

The antimicrobial activity of the A. millefolium plant sample demonstrates selective activity
mainly against Gram-positive microorganisms, especially B. subtilis (MIC = 12.5 £ 0.1 pug/ml), as
well as against S. aureus (MIC = 25 + 0.02 pg/ml). The activity against E. coli is weaker (MIC =50
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+ 0.25 ug/ml), while there is no activity against P. aeruginosa and C. albicans (Table 2). In this
analysis, the antibacterial drug ceftriaxone and the antifungal drug nystatin were used as comparators.

Table 2. Antimicrobial activity of A. millefolium extract expressed as minimum inhibitory
concentration (MIC, mg/mL) against reference bacterial and fungal strains

Sample Staphy Bacillus Escheri Pseudo Candida
lococcus subtilis chia monas albicans
aureus ATCC 6633 coli aeruginosa ATCC
ATCC 6538 ATCC 25922 ATCC 27853 10231
extract 25 £ 0.02 125+0.1 50 £0.25 - -
ceftriaxone 6.3+ 0.05 125+0.2 6.3 +0.04 125+0.16 -
nystatin - - - - 12.5+0.02

Results of testing the cytotoxic activity of the sample against A. salina larvae under in vitro
cultivation conditions. A. millefolium extract demonstrated moderate cytotoxic activity in the A.
salina larvae test. The LDso value was 82.4 £ 3.3 pug/ml, indicating a pronounced but less potent effect
compared to the reference drug dactinomycin (LDso = 45.8 + 1.2 pg/ml).

4. Discussion

The obtained GC-MS data are consistent with literature reports indicating that the
phytochemical composition of A. millefolium is strongly organ-dependent, with different
morphological parts accumulating distinct classes of secondary metabolites (Ali et al., 2017;
Radusiené et al., 2023). According to Platonov et al. (2020), GC-MS analysis of the n-hexane extract
of the aerial part allowed the identification of 110 compounds, with a predominance of hydrocarbons,
terpenoids, sterols and other lipophilic constituents, whereas phenolic compounds were present only
in trace amounts. In contrast, the present study demonstrates that the root extract is characterized by
a higher contribution of fatty acids and their esters, together with phenolic compounds and
methoxylated flavonoids. The detection of eupatilin and jaceosidin in underground organs is
particularly significant, as these flavonoids exhibit pronounced anticancer and anti-inflammatory
activities (Nageen et al., 2021; Mohamed et al., 2018; Lee et al., 2024), and their presence suggests
common biosynthetic pathways of phenolic metabolites throughout the plant, confirming the
involvement of roots in antioxidant protection. In addition, fatty acids and their esters, including
hexadecanoic acid ethyl ester, contribute to membrane stabilization and energy storage, which is
typical for underground organs.

A noteworthy feature of the chemical profile is the predominance of 1,3-dihydroxypropan-2-
one (22.74 %), together with readily soluble carbohydrates (sucrose and monosaccharides), indicating
adaptive metabolic strategies related to energy supply and osmotic regulation under soil-related stress
conditions (Ciriminna et al., 2018). Dihydroxyacetone is industrially produced mainly via glycerol
fermentation (Zhou et al., 2016); therefore, the relatively high proportion detected in the root extract
suggests that A. millefolium underground organs may represent a potential alternative natural source
of this compound. However, further quantitative validation and isolation studies are required to
confirm its actual content and evaluate its practical feasibility.

To verify the GC-MS identification of the major classes of compounds, the IR spectral data
were correlated with the detected metabolites in Table 3.
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Table 3. Correlation of IR spectral features with GC—-MS-identified compounds in the root extract

of A. millefoilum

FT-IR Vibrational Functional Compound Representative Interpretative
absorption assignment groups classes compounds relevance
band (cm™) identified by (GC-MYS)

GC-MS
3286 v(O-H) Phenolic and | Phenolic Phloroglucinol; | Confirms the
stretching alcoholic compounds, jaceosidin; presence of
hydroxyl flavonoids, eupatilin phenolic and
groups polyphenols flavonoid structures
2918, 2850 v(C-H) Aliphatic — Fatty acids, Octanoic acid; Indicates
stretching CH: and - esters, lipophilic | ethyl dominance of
CHs groups glycosides hexadecanoate; lipophilic
ribofuranoside metabolites
derivatives
1712 v(C=0) Carbonyl Fatty acids, Octanoic acid; Supports GC-MS
stretching groups of esters, ketones, | ethyl identification of
acids and quinones hexadecanoate; | carbonyl-containing
esters binaphthalene- compounds
diones
1600-1516 v(C=C) Aromatic ring | Flavonoids and | Jaceosidin; Confirms aromatic
stretching vibrations aromatic eupatilin and polyphenolic
phenolic structures
compounds
1251 v(C-0) Phenolic and | Methoxylated Eupatilin; Indicates methoxy-
stretching ether C-O flavones, jaceosidin; substituted phenolic
bonds phenols, esters | dimethoxy compounds
aromatic
derivatives
1041 v(C-0) Alcohols and | Carbohydrates | Sucrose; Confirms presence
stretching glycosidic and glycoside ribofuranoside of carbohydrate-
bonds derivatives derivatives related components

The consistency between IR absorption bands and GC-MS-identified compounds confirms the
predominance of lipophilic and phenolic metabolites in the roots of A. millefolium.

The ethanol extract of A. millefolium roots showed moderate antimicrobial activity against the
Gram-positive bacteria S. aureus and B. subtilis, while its effect on E. coli, P. aeruginosa, and C.
albicans was insignificant. A similar activity ratio was previously observed by Candan et al. (2003)
for methanol and ethanol extracts of the aerial parts of A. millefolium. The predominant sensitivity of
Gram-positive strains is explained by the structure of their cell wall and greater accessibility of targets
for phenolic and flavonoid compounds. According to the literature (Lee et al., 2023), the flavones
eupalatin and jaceozidin, as well as phenolic acids characteristic of the genus Achillea, have a
membrane-tropic effect, causing destabilisation of the lipid layer of S. aureus cell membranes. This
is consistent with the results of GC—MS analysis of the roots, where these compounds were identified.

The absence of antimicrobial activity against E. coli and P. aeruginosa correlates with the high
resistance of Gram-negative bacteria to lipophilic metabolites (Ozkan et al., 2016). The results
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obtained confirm that the biological activity of the root extract of A. millefolium is mainly due to the
presence of flavonoids and phenolic compounds that act on Gram-positive microorganisms.

In a toxicity test with A. salina crustaceans, A. millefolium root extract showed moderate
toxicity: the LDso value was approximately 82 pg/ml. This indicates significant biological activity,
but not pronounced toxicity. Similar results have been reported by other authors: methanol and
ethanol extracts of A. millefolium showed toxicity in the range of 50-100 pg/ml, which is associated
with the presence of phenolic and flavonoid compounds (Garcia-Risco et al., 2017).

Phenolic compounds and flavones can disrupt cell membranes, cause oxidative stress, and thus
exhibit moderate cytotoxicity. According to GC-MS data, eupalatine and jaceosidin, flavones known
as active components of the Artemisia and Achillea genera, were found in the composition of common
yarrow extract (Lee et al., 2023). These compounds have been shown in cell models to induce
apoptosis and inhibit tumour cell growth (Nageen et al., 2021). Therefore, it can be assumed that they
contribute to the observed toxicity in the A. salina test.

5. Conclusion

This study is the first to examine the underground parts of A. millefolium collected in Astana
(Kazakhstan). Gas chromatography and IR spectroscopy analysis of the ethanol extract of the roots
showed that its composition consists of aliphatic acids, their esters, phenolic compounds, and
flavonoids. The main components are 1,3-dihydroxyacetone, octanoic acid, ethyl ester of
hexadecanoic acid, eupatilin, and jaceosidin. The identified phenolic and flavonoid metabolites
provide antimicrobial activity, mainly against Gram-positive bacteria. The extract showed moderate
cytotoxicity (LDso =~ 82 pg/mL), indicating the presence of biologically active but non-toxic
compounds. The obtained data indicate that the underground organs of A. millefolium are a source of
lipophilic and phenolic metabolites that determine the antimicrobial and cytotoxic activities of the
extract and are of interest for further pharmacological studies.

6. Supplementary Materials: No supplementary material.

7. Author Contributions

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

8. Author Information

Yelshibayeva, Aizhan — PhD student of the educational program: "D089-Chemistry"”, L.N.
Gumilyov Eurasian National University, Kazhymukan st., 13, Astana, Kazakhstan, 010000;
individ.931@gmail.com, https://orcid.org/0000-0003-0830-2946

Zhumagaliyeva, Zharkyn — Candidate of Chemical Sciences, Associate Professor, Astana
International  University, Kabanbay Batyr Avenue, 8, Astana, Kazakhstan, 010000;
zharkyn.73@mail.ru, https://orcid.org/0009-0002-0993-008X

Kaldybayeva, Aigul - Candidate of Chemical Sciences, Professor, Asfendiyarov Kazakh
National Medical University, Tole bi st., 94, Almaty, Kazakhstan, 050000; aigul_240873@mail.ru,
https://orcid.org/0000-0002-9328-457X

Mukusheva, Gulim - Candidate of Chemical Sciences, Associate Professor, E.A. Buketov
Karaganda National Research University, Mukanov st., 41, Karaganda, Kazakhstan, 100024;
mukusheval977@list.ru, https://orcid.org/0000-0001-6706-4816

39


mailto:zharkyn.73@mail.ru
https://orcid.org/0009-0002-0993-008X
mailto:aigul_240873@mail.ru
https://orcid.org/0000-0002-9328-457X
mailto:mukusheva1977@list.ru
https://orcid.org/0000-0001-6706-4816

A.H. I'ymunres amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscet, 2026, 155(2)

Ticar, Bernadeth — PhD, Professor, lloilo Science and Technology University, Burgos St, La
Paz, lloilo City, Philippines, 5000; bernadeth.ticar@isatu.edu.ph, https://orcid.org/0000-0001-7151-
9107

Jalmakhanbetova, Roza — Doctor of Chemical Sciences, Associate Professor, L.N. Gumilyov
Eurasian  National University, Kazhymukan st.,, 13, Astana, Kazakhstan, 010000;
rjalmakhanbetova@gmail.com, https://orcid.org/0000-0001-9937-275X

9. Funding: This research received no external funding
10. Acknowledgments: None.
11. Conflicts of Interest: The authors declare no conflicts of interest.

12. References

1. Ahmadi-Dastgerdi, A., Ezzatpanah, H., Asgari, S., Dohani, S., & Rahimi, E. (2017).
Phytochemical, antioxidant and antimicrobial activity of essential oil from flowers and leaves
of common yarrow (Achillea millefolium subsp. millefolium). Journal of Essential Oil Bearing
Plants, 20(2), 395-4009. https://doi.org/10.1080/0972060X.2017.1280419

2. Ali, S. 1., Gopalakrishnan, B., & Venkatesalu, V. (2017). Pharmacognosy, phytochemistry and
pharmacological properties of Achillea millefolium L.: A review. Phytotherapy Research,
31(8), 1140-1161. https://doi.org/10.1002/ptr.5840

3. Anderberg, A. A, Baldwi, B. G., Bayer, R. G., Breitwieser, J., Jeffrey, C., Dillon, M. O., Eldenas,
P., Funk V., Gar-cia-Jacas, N., Hind, D. J. N., Karis, P. O., Lack, H. W., Nesom, G.,
Nordenstam, B., Oberprieler, Ch., Panero, J. L., Puttock, C., Robinson, H., Stuessy, T. F.,
Susanna, A., Urtubey, E., Vogt, R., Ward, J., & Watson, L. E. (2007). Flowering Plants:
Eudicots - Asterales. In Compositae. The families and genera of vascular plants. Vol. VIII.
Flowering plants. Eudicots. Asterales (Vol. 8, pp. 61-558). Springer.
https://doi.org/10.1007/978-3-540-31051-8 7

4. Asensio, E., Vitales, D., Pérez, I., Peralba, L., Viruel, J., Montaner, C., Vallés, J., Garnatje, T., &
Sales, E. (2020). Phenolic compounds content and genetic diversity at population level across
the natural distribution range of bearberry (Arctostaphylos uva-ursi, Ericaceae) in the Iberian
Peninsula. Plants, 9(9), 1250. https://doi.org/10.3390/plants9091250

5. Benedek, B., & Kopp, B. (2007). Achillea millefolium L. s.I. revisited: Recent findings confirm the
traditional use. Wiener  Medizinische = Wochenschrift,  157(13-14), 312-314.
https://doi.org/10.1007/s10354-007-0431-9

6. Candan, F., Unlu, M., Tepe, B., Daferera, D., Polissiou, M., S6kmen, A., & Akpulat, H. (2003).
Antioxidant and antimicrobial activity of the essential oil and methanol extracts of Achillea
millefolium subsp. millefolium Afan. (Asteraceae). Journal of Ethnopharmacology, 87(2-3),
215-220. https://doi.org/10.1016/s0378-8741(03)00149-1

7. Ciriminna, R., Fidalgo, A., llharco, L. M., & Pagliaro, M. (2018). Dihydroxyacetone: an updated
insight into an  important  bioproduct. = ChemistryOpen, 7(3), 233-236.
https://doi.org/10.1002/0pen.201700201

8. Dorjsembe, B., Lee, H. J., Kim, M., Dulamjav, B., Jigjid, T., & Nho, C. W. (2017). Achillea
asiatica extract and its active compounds induce cutaneous wound healing. Journal of
Ethnopharmacology, 206, 306—-314. https://doi.org/10.1016/j.jep.2017.06.006

9. Ehrendorfer, F., & Guo, Y. P. (2005). Changes in the circumscription of the genus Achillea
(Compositae-Anthemideae) and its  subdivision.  Willdenowia, 35(1), 49-54.
https://doi.org/10.3372/wi.35.35102

10. European Medicines Agency. (2020). European Union herbal monograph on Achillea
millefolium L., herba (Revision 1) (EMA/HMPC/376415/2019).
https://www.ema.europa.eu/en/medicines/herbal/millefolii-herba#documents

40



mailto:bernadeth.ticar@isatu.edu.ph
https://orcid.org/0000-0001-7151-9107
https://orcid.org/0000-0001-7151-9107
mailto:rjalmakhanbetova@gmail.com
https://orcid.org/0000-0001-9937-275X
https://doi.org/10.1080/0972060X.2017.1280419
https://doi.org/10.1002/ptr.5840
https://doi.org/10.1007/978-3-540-31051-8_7
https://doi.org/10.3390/plants9091250
https://doi.org/10.1007/s10354-007-0431-9
https://doi.org/10.1016/s0378-8741(03)00149-1
https://doi.org/10.1002/open.201700201
https://doi.org/10.1016/j.jep.2017.06.006
https://doi.org/10.3372/wi.35.35102
https://www.ema.europa.eu/en/medicines/herbal/millefolii-herba#documents

A.H. I'ymunres amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscet, 2026, 155(2)

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Garcia-Risco, M. R., Mouhid, L., Salas-Pérez, L., Lopez-Padilla, A., Santoyo, S., Jaime, L.,
Ramirez de Molina, A., Reglero, G., & Fornari, T. (2017). Biological activities of Asteraceae
(Achillea millefolium and Calendula officinalis) and Lamiaceae (Melissa officinalis and
Origanum majorana) Plant Extracts. Plant foods for human nutrition (Dordrecht,
Netherlands), 72(1), 96-102. https://doi.org/10.1007/s11130-016-0596-8

Gawel-Beben, K., Strzemska-Gomulka, M., Chop, M., Sakipova, Z., Glowniak, K., & Kukula-
Koch, W. (2020). Achillea millefolium L. and Achillea biebersteinii Afan. hydro-glycolic
extracts - bioactive ingredients for cosmetic applications. Molecules, 25(15), 3368.
https://doi.org/10.3390/molecules25153368

Gharibi, S., Tabatabaei, B. E. S., Saeidi, G., Goli, S. A. H., & Talebi, M. (2013). Total phenolic
content and antioxidant activity of three Iranian endemic Achillea species. Industrial Crops
and Products, 50, 154-158. https://doi.org/10.1016/j.indcrop.2013.07.038

Komarov, B. A. (2018). The elemental composition of yarrow (Elementnyi sostav
tysyachelistnika in Russian). Drug development & registration, 3, 158-161.

Konarska, A., Weryszko-Chmielewska, E., Materska, M., Sulborska-Rozycka, A., Dmitruk, M.,
& Chilczuk, B. (2025). Phenolic compounds in flowers and herb of Achillea millefolium L.:
histochemical and phytochemical studies. Molecules, 30(9), 2084.
https://doi.org/10.3390/molecules30092084

Kulemin, Y., & Kupriyanov, A. (2023). Botanical-geographical analysis of yarrows (Achillea L.
- Asteraceae) of Siberia and Kazakhstan (Botaniko-geograficheskiy analiz tysyachelistnika
(Achillea L. - Asteraceae) Sibiri i Kazakhstana in Russian). Natural and Technical Sciences,
12(187). https://doi.org/10.25633/etn.2023.12.09

Lee, B. E., Park, S. J., Kim, G. H., Joo, D. C., & Lee, M. W. (2024). Anti-inflammatory effects
of eupatilin on Helicobacter pylori CagA-induced gastric inflammation. PLoS ONE, 19(11).
https://doi.org/10.1371/journal.pone.0313251

Lee, S., Won, H. J., Ban, S, Park, Y. J., Kim, S. M., Kim, H. S., Choi, J., Kim, H., Lee, J. H., &
Jung, J. H. (2023). Integrative analysis of metabolite and transcriptome reveals biosynthetic
pathway and candidate genes for eupatilin and jaceosidin biosynthesis in Artemisia argyi.
Frontiers in Plant Science, 14. https://doi.org/10.3389/fpls.2023.1186023

Lourencgo, P., Figueiredo, A., Barroso, J., Pedro, L., Oliveira, M., Deans, S., & Scheffer, J. (1999).
Essential oils from hairy root cultures and from plant roots of Achillea millefolium.
Phytochemistry, 51(5), 637-642. https://doi.org/10.1016/s0031-9422(99)00083-7

Mironov, A. N., & Bunatyan, N. D. (2012). Guidelines for conducting preclinical studies of drugs
- Part 1 (Rukovodstvo po provedeniyu doklinicheskikh issledovaniy lekarstvennykh sredstv.
Chast' pervaya). GRIF-K: Moscow, Russia, 510.

Mohamed, D. A., Hanfy, E. A., & Fouda, K. (2018). Evaluation of antioxidant, anti-inflammatory
and anti-arthritic activities of yarrow (Achillea millefolium). Journal of Biological Sciences,
18(7), 317-328. https://doi.org/10.3923/jbs.2018.317.328

Mostafa, S., Wang, Y., Zeng, W., & Jin, B. (2022). Floral scents and fruit aromas: functions,
compositions, biosynthesis, and regulation. Frontiers in Plant Science, 13.
https://doi.org/10.3389/fpls.2022.860157

Nageen, B., Rasul, A., Hussain, G., Shah, M. A., Anwar, H., Hussain, S. M., Uddin, M. S., Sarfraz,
I, Riaz, A., & Selamoglu, Z. (2021). Jaceosidin: a natural flavone with versatile
pharmacological and biological activities. Current pharmaceutical design, 27(4), 456-466.
https://doi.org/10.2174/1381612826666200429095101

Platonov V.V., Dunaev V.A., Sukhikh G.T., Volochaeva M.V., Frankevich V.E., Datieva F.S.
(2020). Chromato-Mass-Spectrometry of hexane extract of common yarrow (Achillea
millefolium |., Asteraceae family - Asterace) (Khromato-mass-spektrometriya geksanovogo
ekstrakta tysyachelistnika obyknovennogo (Achillea millefolium L., semeystvo astro-vye -
asterace) (soobshchenie 1)). Journal of New Medical Technologies, 27(4), 82-86.

41


https://doi.org/10.1007/s11130-016-0596-8
https://doi.org/10.3390/molecules25153368
https://doi.org/10.1016/j.indcrop.2013.07.038
https://doi.org/10.3390/molecules30092084
https://doi.org/10.25633/etn.2023.12.09
https://doi.org/10.1371/journal.pone.0313251
https://doi.org/10.3389/fpls.2023.1186023
https://doi.org/10.1016/s0031-9422(99)00083-7
https://doi.org/10.3923/jbs.2018.317.328
https://doi.org/10.3389/fpls.2022.860157
https://doi.org/10.2174/1381612826666200429095101

A.H. I'ymunres amuindazvt Eypasus yammuik yrnusepcumeminity xabapuivicol. Xumus. Teozpagus cepuscet, 2026, 155(2)

25. Radusiené, J., Karpavic¢iené, B., Raudone, L., Vilkickyte, G., Cirak, C., Seyis, F., Yayla, F.,
Marksa, M., Rimkieng, L., & lvanauskas, L. (2023). Trends in phenolic profiles of Achillea
millefolium  from  different  geographical  gradients. Plants, 12(4), 746.
https://doi.org/10.3390/plants12040746

26. Ruiz-Navajas, Y., Viuda-Martos, M., Sendra, E., Perez-Alvarez, J. A., & Fernandez-Ldpez, J.
(2013). In vitro antioxidant and antifungal properties of essential oils obtained from aromatic
herbs endemic to the Southeast of Spain. Journal of Food Protection, 76(7), 1218-1225.
https://doi.org/10.4315/0362-028x.]fp-12-554

27. Sarah, Q. S., Anny, F. C., & Misbahuddin, M. (2017). Brine shrimp lethality assay. Bangladesh
Journal of Pharmacology, 12(2). https://doi.org/10.3329/bjp.v12i2.32796

28. Shatalina, N. V., Pervishina, G. G., Efremov, A. A., Gordienko G.P., Agafonova E.A., &
Goncharov D.V. (2002). Content of some biologically active substances in common yarrow
herb (Achillea millefolium) growing in Krasnoyarsk region (Soderzhanie nekotorykh
biologicheski aktivnykh veshchestv v trave tysyachelistnika obyknovennogo (Achillea
millefolium), proizrastayushchego v Krasnoyarskom krae in Russian). Khimiya Rastitel'nogo
Syr'ya, 3, 13-16.

29. Si, X., Zhang, M., Shi, Q., & Kiyota, H. (2006). Chemical constituents of the plants in the genus
Achillea. Chemistry & Biodiversity, 3(11), 1163-1180.
https://doi.org/10.1002/cbdv.200690119

30. State Pharmacopoeia of the Republic of Kazakhstan (Gosudarstvennaya farmakopeya Respubliki
Kazakhstan in Russian). (2015). In publishing House “Zhibek Zholy” (2nd ed., Vol. 1, p. 720).

31. Veryser, L., Taevernier, L., Wynendaele, E., Verheust, Y., Dumoulin, A., & De Spiegeleer, B.
(2016). N-alkylamide profiling of Achillea ptarmica and Achillea millefolium extracts by
liquid and gas chromatography—mass spectrometry. Journal of Pharmaceutical Analysis, 7(1),
34-47. https://doi.org/10.1016/j.jpha.2016.09.005

32. Zhou, X., Zhou, X., Xu, Y., & Yu, S. (2016). Improving the production yield and productivity of
1,3-dihydroxyacetone from glycerol fermentation using Gluconobacter oxydans NL71 in a
compressed oxygen supply-sealed and stirred tank reactor (COS-SSTR). Bioprocess and
biosystems engineering, 39(8), 1315-1318. https://doi.org/10.1007/s00449-016-1595-8

Achillea millefolium L. Ttambipaapein UK-cnexkrpockonusicbl, I'X-MC :kone
OMOJIOTHSIIBIK CHIHAKTAP apKbLJIbI KelleH Il 3epTTey

Aitxan Enmi6aeBa, Kapkbin Kymaranuena, Aiiryabp Kanavibaea, I'ynium MykymieBa,
Bepunager Tuxap, Po3a I:xanmaxan0eToBa

Awnnarna: bepinren xymbicta Achillea millefolium L. ecimmirinig »ep acTel OemikTepi rasisl
xpomaro-macc-cektpomerpusicel  (I'X-MC), wundpaxspn  (MK) cnektpockomust — koHe
OMOJIOTHSUIBIK ChIHAKTAp ojicTepiMeH KemeHai Typae 3eprrenai. ' X—MC Hotmxkenepi OoHbIHIIA
ATAHOJIIBIK SKCTPAKTTHIH XUMHUSIIBIK Kypambl anu(aTThIK KbIIIKbUIIAP MEH OJIapJbIH 3(UpIepiH,
(heHOIIBI KOCBUTBICTap Ibl, (hIaBOHOMITAPIBI dKOHE KOMIPCYJIapIbl KAMTUTHIHBI aHBIKTANIIBI. Heri3ri
KOMIIOHEHTTEp peTiHae 1,3-AurupoKCcruareToH, OKTaH KbIIIKbUIbI, TeKCaAeKaH KbIIIKbUIBIHBIH 3THII
a¢upi, SyNaTWiINH >KoHE sueo3unuH TaObuiael. MK-—cnextprnep nunodunpal xoHE MOJISPIIBI
MeTa0OJIUTTEpPre TOH anudarThIK, KapOOHMIAI *oHE (DEHONABIK (DYHKIMOHAIABI TONTAPAbIH Oap
€KeHIH pacTajbl. DKCTPaKT KypaMmblHAAa (DEHONIBIK >koHE (DJIaBOHOMATHIK KOCBUIBICTApAbIH Oap
OomybiHa OaimanbicThl Staphylococcus aureus »xone Bacillus subtilis Gakrepusmapsina xapcb
opTaiiia aHTUMHUKPOOTHIK Oencenainik kepcerti. ConbiMeH Katap, Artemia salina acrrasuaapsiMeH
KYPri3UIreH TecT HOTWXKecl OoibiHIIAa opTama HUTOYBITTHUIBIK (LDsg =~ 82 Mkr/mit) OGaifkaijasl.
Anpiaran gepektep A. millefolium  ecimairinin skep acTel GoOIKTEpI AHTUMHKPOOTBHIK KOHE
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IUTOYBITTBUIBIK KACUETTEPIH AaWKBIHAAWTBHIH JIMMODUIBII JKOHE (EHOJIBIK METa0OoJUuTTEp Il
KUHAKTAUTBIHBIH JoNeNaeiiai. HoTmwkenep MbIHKAMbIPAKTHIH METaOONMH3MIH TEpPEeHIpEK TYCIHyTre
MYMKIHAIK Oepil, OHBIH TaMbIpJapblH TaOWFW OHMOJOTHSIBIK OEJICEHII 3aTTapiblH KO3l peTiHje
KOJIJaHY/AbIH OOJIalIarblH KOPCETE .

Tyiiin ce3mep: Achillea millefolium; I'X-MC; UK-cnekTpocKonuschl; KOMIOHEHTTIK KYpaMbl;
MHUKPOOKA KapChl OCICEHIUTIK; IIUTOYBITTHLIBIK.

Kommiekcnoe uccienosanue kopuein Achillea millefolium L. meromamu HMK-
cnekTpockonnu, '’X-MC 1 0M010rH4eCKUX TeCTOB

Aitxan EnmiOaea, Kapkbsin Kymaranuesa, Aiiryas Kanaesibaea, I'yimm MykymieBa,
Bepunager Tuxap, Po3a I:xanmaxan0eToBa

AnHoTammsa: B nanHOW paboTe MpencTaBiIeHO KOMIUICKCHOE HMCCIICIOBAHUE TOI3EMHBIX OPraHOB
Achillea millefolium L. ¢ wucmonb3oBanreM ra3oBoii xpomaro-macc-criektpomerpun (I'’X-MC),
uHdpakpacuoit (MK) cnexrpockonuu u 6nonornyeckux TectoB. Pesynprarsel ' X—MC moka3siBaror,
YTO XMMUYECKUH COCTaB ATAHOJILHOTO 3KCTPAKTA BKIIOYACT aTr(aTHIeCKHe KHUCIOThI U UX dPHPHI,
(deHoNbHBIE COeMHEeHNUS, (IIAaBOHOMIBI U YIiieBOIbl. OCHOBHBIMH KOMITOHEHTaMH siBisitoTcs 1,3-
JUTUAPOKCHAIIETOH, OKTAHOBAsI KUCIIOTA, STUIIOBBINA 3(pHUp reKcaeKaHOBOM KHUCIIOTHI, dYNATHINH U
mkaneo3unud. MK-cekTpbsl moaTBepikIalOT Hanmuuue anudaTHuecKux, KapOOHWIBHBIX U
(beHOIBHBIX (YHKIIMOHATIBHBIX IPYIII, XapaKTEPHBIX IS JIUO(PHUIBHBIX U MOJISPHBIX META0OIUTOB.
DKCTpakT TMPOSBUII yMEPEHHYI0 aHTHMHUKPOOHYIO AaKTUBHOCTh B OTHOIICHHUH 30JOTHCTOrO
crapumokokka (Staphylococcus aureus) u cennoii manouxu (Bacillus subtilis), uto cBszano ¢
HaJTMuueM (PEHOJIBHBIX U ()JIABOHOM/IHBIX COCAMHEHHH, a TaK)KEe YMEPEHHYIO IIUTOTOKCUYHOCTH B
tecte ¢ Artemia salina (LDso = 82 Mkr/mi). Pe3yabpTaThl MOKa3bIBAIOT, YTO MMOJ3EMHbBIC OpraHbl A,
millefolium  nakamnmuBatoT JMNOGWIBHBIE W (CHOJNBHBIC META0ONUTHI,  OMPEACIISIONINE
AHTUMUKPOOHYIO M IIMTOTOKCHYECKYI) aKTHBHOCTh pacTeHus. [1oydeHHbIC NaHHBIC PACIIHPSIOT
HAIlM TIPEJICTABIICHUS O METabOMM3Me ThICSYCITUCTHIUKA OOBIKHOBEHHOTO M TOATBEPKIAFOT
MOTEHIIMAJ €T0 KOPHEH KaK NCTOYHUKA MPUPOIAHBIX OMOIOTUYECKH aKTUBHBIX BEIECTB.

Karouesnbie cioBa: Achillea millefolium; T'X-MC; MK-crniekTpoCcKoIusi; KOMIOHEHTHBIN COCTaB;
AHTUMHKPOOHAsT aKTHBHOCTH; IINTOTOKCHYHOCTb.
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Abstract: Industrialization has led to severe environmental challenges,
primarily the contamination of water bodies with persistent organic
pollutants (POPs) such as pharmaceuticals, synthetic dyes, and toxic
organic compounds. Conventional treatment methods, including
biological processes and coagulation, often prove insufficient for the
complete degradation of these chemically stable substances. This review
systematically examines the application of Fenton-like systems as a
promising advanced oxidation process (AOP) for industrial wastewater
detoxification. Specifically, the review aims to compare degradation
efficiencies across three priority pollutant classes — toxic organic
compounds, synthetic dyes, and pharmaceutical residues — identify the
catalytic and operational factors governing process performance, and
evaluate techno-economic constraints relevant to industrial scaling. The
operational principles and catalytic cycles involving reactive hydroxyl
radicals ("OH) are detailed, highlighting the transition from classical
homogeneous reactions to more versatile heterogeneous systems. Recent
advances demonstrate that utilizing transition metals (Cu, Mn, Ni) and
novel materials like metal-organic frameworks (MOFs) and bimetallic
oxides allows these processes to operate effectively at near-neutral pH,
overcoming the strict acidic limitations of traditional Fenton chemistry.
Furthermore, the integration of physical stimuli — such as ultraviolet
radiation (photo-Fenton), electricity (electro-Fenton), and ultrasound
(sono-Fenton) — is shown to significantly enhance radical generation and
mineralization rates for complex molecules. The review provides a
comparative analysis of treatment efficiencies, achieving removal rates
often exceeding 95 % for various toxic groups. Finally, technical and
economic constraints, including sludge formation and energy intensity,
are discussed alongside prospects for scaling these technologies for
sustainable industrial application.

Keywords: Fenton-like systems; advanced oxidation processes;
wastewater treatment; heterogeneous catalysis; organic pollutants;
synthetic dyes; pharmaceuticals

1. Introduction
1.1 Relevance of the problem of pollution and toxic substances in
industrial wastewater
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Industrialization has become a turning point in human history, providing a powerful impetus
for economic growth and technological advancement. However, alongside these positive changes, it
has triggered a series of severe environmental consequences. One of the most pressing issues is the
environmental pollution caused by industrial effluents. Wastewater generated at industrial facilities,
containing pharmaceuticals, toxic organic compounds, and synthetic dyes, poses a substantial threat
to both natural ecosystems and human health. Despite the implementation of treatment technologies,
toxic compounds frequently continue to enter water bodies, accumulating in the environment and
intensifying the ecological burden.

According to a large-scale international study published in 2022 covering 258 rivers across 104
countries, the concentration of at least one active pharmaceutical ingredient (API) exceeded safe
levels for aquatic organisms in 25.7 % of the samples (Wilkinson et al., 2022). The most contaminated
sites were recorded in regions with low wastewater treatment efficiency and high concentrations of
pharmaceutical manufacturing, including South Asia, South America, and parts of Africa (Waleng &
Nomngongo, 2022).

As a result of intensive pharmaceutical production and consumption, substances such as
antibiotics, hormones, and anti-inflammatory drugs are increasingly detected in modern industrial
wastewater (Lykov et al., 2020). In Europe, according to the European Environment Agency,
approximately 30 % of water bodies contain pharmaceutical pollutants, which have already led to
serious disruptions in biodiversity and a deterioration of drinking water quality (Samal et al., 2022).

These compounds are detected in surface and drinking waters at concentrations ranging from
nanograms to micrograms; however, they exhibit hormone-like, mutagenic, and toxic effects on
aquatic organisms and humans (Samal et al., 2022). The consequences of such exposure include
endocrine system disruptions and genetic defects.

In addition to pharmaceutical residues, effluents contain toxic organic compounds used in the
chemical industry and solvent production, which volatilize easily and contaminate both the
atmosphere and water sources (Wotowicz & Munir, 2025). For instance, China generates
approximately 3.12x10® m® of coking wastewater annually, containing 558 different organic
compounds. This wastewater contributes to increasing concentrations of toxic organic matter in the
environment, posing a significant risk to public health, particularly in countries with developing
industries (Wotowicz & Munir, 2025; Andreeva, 2021). Of particular concern are recalcitrant and
toxic pollutants that persist even after conventional wastewater treatment methods (Burkhardt-Holm,
2010).

Toxic organic substances accumulate in trophic chains, leading to bioaccumulation and
biomagnification, thereby exacerbating the pressure on ecosystems (Titchou et al., 2021). VOCs, such
as benzene, toluene, xylenes, chlorine-based compounds, hydrocarbons, and phenols, possess
carcinogenic and mutagenic activity, exerting a negative impact on human health and ecosystems.

The problem of industrial wastewater pollution by dyes, alongside other toxic substances,
remains one of the most acute environmental threats today (Kant, 2012). For example, the textile
industry alone produces about 70 million tons of various dyes annually, of which more than 10,000
tons are utilized in fabric dyeing processes (Slama et al., 2021).

However, inefficient dyeing technologies result in 15 % to 50 % of these dyes failing to bind
to fibers and being discharged into wastewater, subsequently contaminating water bodies
(Ramamurthy et al., 2024). Textile effluents contain not only dyes but also a wide range of toxic
substances, including heavy metals, phthalates, phenols, and other organic compounds (Kant, 2012).
Thus, industrialization, along with economic development and scientific progress, has led to a series
of inevitable environmental issues, such as the contamination of wastewater with pharmaceuticals
and toxic compounds. The emerging challenges of wastewater pollution necessitate the development
of advanced treatment methods tailored to chemically resistant pollutants (Y. Liu et al., 2024).

1.2. Limitations of conventional treatment and detoxification methods
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Conventional treatment methods, including mechanical filtration, sedimentation, coagulation,
and biological treatment, are effective in removing suspended solids, organic matter, and pathogens
(Y. Liu et al., 2024). However, they demonstrate low efficiency in eliminating persistent organic
pollutants (POPs), synthetic dyes, pharmaceutical compounds, hormones, and pesticides (Andreeva,
2021). Mechanical filtration, utilized during the primary treatment stage via screens, meshes, or sand
filters, removes large suspended solids such as debris and grit. Nevertheless, dissolved organic
compounds and microbes cannot be captured at this stage. Similarly, sedimentation only facilitates
the removal of large particles that settle under gravity. While water is retained in settling tanks for a
specific duration to allow particle precipitation, this method does not involve the cleavage of chemical
bonds in toxic organic compounds, synthetic dyes, or pharmaceutical pollutants; thus, it cannot be
employed for wastewater detoxification.

Coagulation and flocculation are widely used wastewater treatment techniques, the efficacy of
which depends on the precise selection and dosage of reagents. Incorrect selection or improper dosing
leads to incomplete pollutant removal or excessive sludge formation (Kyuregyan et al., 2022). These
processes are highly sensitive to fluctuations in pH, temperature, and wastewater composition,
including the presence of inhibitory substances, necessitating constant monitoring and adjustments.
Even with optimal dosing, the chemistry of coagulation often fails to address specific contaminants
such as POPs, synthetic dyes, or pharmaceuticals. Consequently, coagulation-based methods alone
are insufficient for treating wastewater containing these persistent pollutants (Kachalova, 2019).

Biological treatment methods, such as activated sludge, perform poorly in removing both
organic pollutants and stable pharmaceutical compounds. This inefficiency is attributed to the high
stability and low biodegradability of these substances, rendering biological treatment generally
ineffective (Tiwari et al., 2017). Furthermore, certain pharmaceuticals can inhibit microbial activity,
further reducing treatment efficiency (Ostaschenko et al., 2023). Removal efficiency depends on the
chemical properties of the substances — such as water solubility, stability, biodegradability, and
molecular weight — as well as process conditions, including temperature, pH, contact time, dissolved
oxygen levels, and the composition of the microbial community (Ignatenko, 2022). Readily
biodegradable drugs (e.g., ibuprofen) are removed at rates of 60-100 %, whereas recalcitrant ones
(e.g., carbamazepine) persist (Ostaschenko et al., 2023). Even when removal efficiency is high,
residual concentrations of pharmaceutical substances in treated water pose significant ecological and
sanitary risks. Thus, conventional treatment methods do not ensure sufficient efficacy in removing
persistent and toxic pollutants, as these compounds often retain their toxicity and chemical stability
even after standard treatment procedures.

This underscores the urgent need to develop and implement advanced treatment methods
capable not only of separating pollutants from the medium but also of degrading them into harmless
components, thereby minimizing environmental risks and ensuring a higher degree of purification.

1.3. Prospects for the application of Fenton-like processes for industrial wastewater treatment from
toxic organic pollutants

The Fenton process, developed in the late 19th century by the British chemist Henry John
Horstman Fenton, is an oxidation process in which hydrogen peroxide (H202) in the presence of
ferrous ions (Fe?*) generates highly reactive hydroxyl radicals. These radicals possess the capability
to degrade a wide range of organic pollutants, including persistent and toxic compounds (Parmar,
2015). Although the method was initially applied in laboratory settings, its efficiency has, over time,
been recognized across various industries, particularly in the field of wastewater treatment (Vasilieva
etal., 2019).

Modern research demonstrates the high efficiency of the Fenton process in removing organic
pollutants from wastewater. For instance, laboratory experiments have shown that implementing the
Fenton method with aeration increases treatment efficiency from 72.2 % to 96.8 % (Vasilieva et al.,
2019). Furthermore, the acetaldehyde content in treated samples decreased nearly 40-fold compared
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to initial values (Trapido et al., 2009). These results confirm the potential of the Fenton method in
ensuring a high level of wastewater purification from toxic organic compounds.

The Fenton-like oxidation method, a modification of the classical approach, expands the
possibilities for oxidative degradation by utilizing various catalysts and reaction conditions. For
example, patent RU2303572C2 describes the application of the Fenton reagent in combination with
micellar sludge treatment methods, which allows for an average increase in organic matter
decomposition by 5-30 % (Fleri, 2007). Such approaches demonstrate the promising nature of
Fenton-like oxidation in various fields, including industrial wastewater treatment and sludge
processing.

Figure 1 presents a chart showing the number of publications dedicated to the application of
Fenton-like processes from 2010 to 2024. The data were retrieved from the Scopus scientific
database. The chart clearly illustrates a growing trend in research interest regarding this subject.
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Figure 1. A chart showing the number of publications dedicated to the study of Fenton-like catalytic
systems from 2010 to 2024, based on Scopus database data

Therefore, the objective of this article is to conduct a systematic review of contemporary
scientific research dedicated to the application of Fenton-like systems for the detoxification of
industrial wastewater containing toxic organic compounds, synthetic dyes, and pharmaceuticals. To
achieve this objective, the following research tasks were established:

o To characterize the operational principle of Fenton-like processes;

o To examine the industrial application areas of Fenton-like processes;

e To evaluate their efficiency in removing toxic organic compounds, dyes, and pharmaceutical
pollutants from wastewater;

e To identify the most promising approaches for implementing Fenton-like catalytic
degradation of persistent organic pollutants based on the analysis of literature data.

Unlike previously published reviews that typically focus on either a single pollutant class or a
specific catalyst type, the present work provides a cross-class comparative analysis spanning toxic
organic compounds, synthetic dyes, and pharmaceutical residues within a unified analytical
framework. Particular emphasis is placed on the evolution from classical homogeneous iron-based
systems toward heterogeneous and bimetallic catalysts capable of operating at near-neutral pH — a
transition that is critical for industrial applicability yet rarely discussed in terms of quantitative
performance metrics across pollutant categories. Furthermore, this review systematically addresses
hybrid activation strategies (photo-, electro-, and sono-Fenton) and evaluates their contribution to
mineralization depth, alongside techno-economic constraints that condition the scalability of these
processes.
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2. Methods

The present review is based on a comprehensive analysis of peer-reviewed literature indexed
in major scientific databases, including Scopus, Web of Science, and Google Scholar. The search
strategy was designed to identify relevant studies published between 2010 and 2026, focusing on the
development and application of advanced oxidation processes and Fenton-like systems. The primary
search queries involved combinations of terms such as "Fenton-like systems,” "heterogeneous
catalysis,” “industrial wastewater treatment,” and specific pollutant categories including
pharmaceuticals and synthetic dyes.

The selection of sources was conducted based on several fundamental scientific criteria. Priority
was given to research introducing novel catalytic materials, such as metal-organic frameworks,
bimetallic oxides, and nanostructured composites, as well as studies demonstrating significant
advancements in expanding the operational pH range. Furthermore, the analysis included only those
articles that provided comprehensive experimental data, including precise reaction conditions and
quantitative metrics for pollutant removal and mineralization rates.

3. Current advances in the application of Fenton-like systems for wastewater treatment
processes
3.1. The operational principle of Fenton-like systems

The Fenton process is a prominent type of Advanced Oxidation Processes (AOPs) that is
currently under intensive research and is likely to be implemented in industrial applications in the
near future. This process is fundamentally based on the reaction (1):

Fe?* + H02+ H* — Fe**+ H20 + "OH 1)

The hydroxyl radical formed in the reaction promotes the degradation of organic pollutants into
simpler components. A simplified scheme of the oxidation mechanism in the Fenton process is shown
in Figure 2.

+H202

‘OH + OH- ‘_

N \_

2+ ' Fe3*

E y
WLl

Figure 2. Schematic representation of the catalytic cycle and the generation of reactive oxygen
species (ROS) in Fenton systems

According to published studies, more than 20 different reactions occur during the process
(Moorjani & Gohil, 2021), of which the following are key to Fenton chemistry:

Fe**+H,0, — Fe**+OH" +'OH (2)
"OH+Fe?*— OH+Fe®* (3)
Fe**+ H,0, <> Fe?*+ "0H + H* (4)
Fe**+'0H — Fed*+ HO* (5)
Fe3*+'02H — Fe?*+0p+ H* (6)

48



A.H. I'ymures amuindazvt Eypasus yammutx ynusepcumeminit, xabapuivicol. Xumus. Ieozpagus. Dxorozus cepuscol, 2026, 155(2)

‘OH+H202,—H20+"02H
‘OH+02H —H20+0>
‘OH+'0OH —H202
‘O2H+'0O2H —H202+02

()
(8)
9)
(10)

The chain reaction of hydrogen peroxide decomposition involving iron ions consists of several
key stages. In reaction (2), the chain initiation occurs: Fe?* interacts with H,O> to form hydroxyl
radicals ("OH), which are highly reactive species capable of oxidizing a wide range of organic
compounds. Reaction (3) represents a chain termination step due to the interaction of “OH with Fe?*.
In reaction (4), Fenton-like processes are realized — the reduction of Fe®* to Fe?* in the presence of
H20,, accompanied by the formation of hydroperoxyl radicals (OOH). Reactions (5) and (6) describe
the subsequent transformations of Fe3* and radical species, thereby maintaining the catalytic cycle.

It is specifically reactions (3)—(6) that constitute the rate-limiting steps, as these stages involve
relatively slow electron transfer processes between iron ions and radicals. These steps determine the
overall rate of hydrogen peroxide decomposition and the efficiency of active oxidant generation

within the Fenton system (Moorjani & Gohil, 2021).

3.2. Classification of Fenton-like processes

The classification of the diverse range of Fenton-like processes is presented in Figure 3.

Fenton-like Processes

Homogeneous process
(Fe?*/Fe®* in solution)

Heterogeneous process
(Fe/ oxides / catalyst

on a support)

Dark process

(without external energy
input)

Classical Fenton

Fenton-like (Fe** /
other metals + H,0,/
persulfates)

Bio-Fenton

Assisted process

(with external energy input)

Electro-Fenton

(anodic oxidation,
cathodic generation)

Photo-Fenton
(UV, visible light,
solar light)

Sono-Fenton
(ultrasound)

Combined methods:

Figure 3. Classification of Fenton-like systems based on the
activation methods
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The efficiency of Fenton-like processes is determined by numerous factors, primarily the nature
of the catalyst used. Depending on the phase state, a distinction is made between homogeneous and
heterogeneous systems: in the former, the catalyst (most commonly Fe?*) is dissolved in the aqueous
phase, while in the latter, it exists in the solid phase, for instance, on the surface of iron oxides.

In addition to traditional iron, ions of other transition metals—such as Mn?*, Cu?*, or Ni**— can
be used as catalysts, as they possess the ability to activate hydrogen peroxide (H20>) to form hydroxyl
radicals ("OH). For instance, manganese-based systems, especially in the form of MnO2 or Mn3Og,
demonstrate high activity at neutral and slightly acidic pH. Furthermore, in electrochemically
activated variants, such as Electro-Fenton with Mn?*, a high degree of organic pollutant removal is
observed (Omarov et al., 2022).

Copper-based catalysts deserve special attention, where the cycling between Cu?*/Cu* states
promotes effective H>O, activation even at neutral pH. Although nickel is less active compared to
iron or copper, it is also employed in certain systems, particularly under conditions of precisely
controlled electric current (Hussain et al., 2021).

Alongside the choice of catalyst, external physical influences play a crucial role. The
development of modifications, such as processes utilizing additional energy, has significantly
expanded the application range of Fenton-like methods. Physical stimuli—light radiation, electricity,
and ultrasound-facilitate enhanced radical generation and increase the degree of pollutant
mineralization (Arefieva et al., 2020). For example, in systems implementing a mechanism analogous
to Photo-Fenton, irradiation with ultraviolet or visible light reduces Fe®* to Fe?*, thereby accelerating
the oxidation reaction. In practice, this is achieved using UV radiation sources (A < 390 nm), such as
xenon lamps or LED lights, as well as through the utilization of visible light, which is particularly
effective in treatment systems with minimal energy consumption.

Ultrasonic technologies implemented within Sono-Fenton processes promote cavitation,
improve the dispersion of reagents, and ensure the intensive formation of reactive oxygen species.
When combined with electrochemical action, as seen in Sono-Electro-Fenton systems, a synergistic
effect occurs, allowing for a high degree of degradation even for persistent compounds. Similarly,
the simultaneous application of light and electricity in the Photo-Electro-Fenton configuration results
in accelerated metal ion reduction and intensification of *OH radical formation. In hybrid systems
that combine ultrasound and photochemistry, such as Sono-Photo-Fenton, maximum destruction of
organic pollutants is achieved through multi-stage H2O- activation.

The most important parameters determining the performance of such processes also include
temperature and electrical voltage. For instance, an optimal temperature of around 60 °C promotes
maximum H>O. decomposition to form ‘OH radicals; however, an excessive increase may lead to
premature peroxide decomposition without radical formation, reducing process efficiency. Voltage,
in turn, determines the rate of H,O> generation and catalyst recovery, especially under Electro-Fenton
conditions or its analogs, where iron is replaced by Cu?* or Ni%*. With a properly selected voltage, a
high degradation rate for substances such as 2-phenylphenol is ensured.

Additional efficiency is provided by integration with biological systems. In the microbially-
activated Fenton process, microorganisms either participate in the regeneration of active iron ions or
perform the preliminary breakdown of complex organic compounds, facilitating the subsequent
oxidative attack by radicals. The diversity of approaches, from the classical Fenton process to hybrid
schemes including Sono-Photo-Fenton or Photo-Electro-Fenton, allows for the adaptation of
technologies to specific conditions, pollutant types, and desired treatment rates. Advanced and
combined methods are particularly promising for the elimination of persistent and hard-to-oxidize
compounds, providing more complete and rapid destruction compared to conventional approaches.
Optimization of parameters—the nature of the catalyst, type of physical action, temperature, and
voltage—opens wide possibilities for creating efficient and environmentally sustainable wastewater
treatment systems.

3.3. Application of Fenton-like processes for the degradation of various pollutant groups
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3.3.1. Detoxification of toxic organic compounds using Fenton-like processes

The scientific literature presents numerous studies dedicated to the removal of toxic organic
compounds and persistent pollutants, such as pharmaceuticals and synthetic dyes, from aqueous
systems. Fenton-like oxidation processes are considered among the most effective and versatile
methods for addressing this challenge. Results from various studies confirm the successful
application of these processes for treating wastewater, industrial effluents, and other contaminated
media, highlighting their significance in the modern development of environmental technologies.

In a study conducted by Gaoyuan Liu et al. (2017), the treatment of wastewater contaminated
with benzene was investigated. Iron sulfate was used as the catalyst, and hydrogen peroxide served
as the oxidant. A key feature of the method was the step-by-step introduction of H2O; into an aerated
reactor, which achieved 85 % benzene removal, whereas a single addition of the same volume of
hydrogen peroxide did not lead to significant purification. Furthermore, a nearly three-fold increase
in CO> formation was observed with an absence of harmful by-products in the gas phase, indicating
the complete decomposition of benzene and emphasizing the environmental safety and efficiency of
this approach.

Durai et al. (2020) investigated the treatment of stabilized landfill leachate, which represents a
recalcitrant pollutant with a low BOD/COD ratio (0.045). For the detoxification of toxic organic
compounds in this pollutant, Fenton-like oxidation was applied using iron sulfate (FeSOa) as the
catalyst and hydrogen peroxide (H20-) as the oxidant. Optimization of the process parameters using
the central composite design (CCD) method allowed for maximum organic matter removal at a FeSO4
concentration of 14.44 mM, pH 3.0, and an H20> dose of 29.12 mM.

The research results showed a significant reduction in chemical oxygen demand (COD) and
total organic carbon (TOC), which was confirmed by gas chromatography-mass spectrometry (GC-
MS) analysis. Thus, the proposed approach demonstrated high efficiency and environmental safety
in the treatment of stabilized landfill leachate—a serious pollutant that poses a significant
environmental problem.

In researches (Shokri & Fard, 2022; Tian et al., 2024), the treatment of persistent organic
pollutants, such as 1,4-dioxane, was studied, which poses a severe threat to aquatic ecosystems and
human health. The heterogeneous Fenton-like oxidation method was used for the detoxification of
these toxic organic compounds.

The catalyst used was Fe-ZSM-5 zeolite with various Si/Al ratios, which activated hydrogen
peroxide (H203), leading to the generation of reactive oxygen species—hydroxyl radicals ("OH) and
singlet oxygen (102). The results showed the high efficiency of Fe-ZSM-5 in removing 1,4-dioxane
from aqueous solutions, ensuring significant mineralization of the pollutants. Consequently, the
proposed method represents a promising and environmentally safe way to combat the problem of
persistent organic matter pollution in aquatic environments.

In a study by Tokumura et al. (2012), an effective methodology for the detoxification of toxic
organic compounds using photo-Fenton-like oxidation was developed. Volatile organic compounds
(VOCs), such as toluene, were used as the substrate. The iron ion (Fe?*) served as the catalyst, and
hydrogen peroxide (H202) was used as the oxidant. The method involved a wet scrubber combined
with a photo-Fenton-like reaction, in which UV irradiation activated H.O> in the presence of Fe?* to
generate hydroxyl radicals ("OH). The results showed high efficiency in VOC removal without the
formation of gas-phase by-products. Thus, the proposed approach demonstrates high efficiency and
environmental friendliness in the oxidative detoxification of TOCs.

The article by Vasilieva et al. (2019) examined the treatment of wastewater containing toxic
organic compounds that pose a serious threat to aquatic ecosystems and human health. The organic
compounds present in the wastewater were successfully removed using the Fenton reaction. The
ferrous ion (Fe?*) served as the catalyst, and hydrogen peroxide (H20,) was used as the oxidant. The
Fenton reaction effectively degraded the organic pollutants, leading to a significant reduction in TOC
concentration in the wastewater. The authors demonstrated the high efficiency of the Fenton reaction
for wastewater treatment.
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In conclusion, Fenton-like oxidation is an effective, versatile, and environmentally safe method
for removing toxic organic compounds from various aqueous and gaseous media. The reviewed
studies demonstrate the broad possibilities of this approach for solving urgent environmental
problems, such as the removal of benzene, persistent organic pollutants (e.g., 1,4-dioxane), and
volatile organic compounds. These results confirm that Fenton-like oxidation has high potential for
practical application in treatment systems for wastewater, industrial discharges, and other
contaminated environments, making a significant contribution to the development of sustainable
environmental technologies.

3.3.2. Degradation of synthetic dyes using Fenton-like processes

The degradation of synthetic dyes is one of the key tasks of modern chemical technology in
wastewater treatment, as these compounds account for a significant portion of organic pollutants in
industrial effluents. Synthetic dyes are widely used in the textile, leather, paper, and plastic industries;
however, their high chemical stability, resistance to photolysis, and biological degradation make them
some of the most difficult pollutants to remove from the aquatic environment. Conventional treatment
methods, such as sedimentation, coagulation, or biological treatment, often prove insufficient for their
complete removal. Consequently, particular attention is paid to Fenton-like and Advanced Oxidation
Processes (AOPs) based on the generation of highly reactive hydroxyl radicals ("OH), which are
capable of deeply oxidizing organic compounds into safe products such as CO» and HO.

In a study by Aneggi et al. (2024), the degradation of synthetic organic dyes—methylene blue
(MB), rhodamine B (RhB), and malachite green (MG), which belong to the class of cationic and azo
dyes—was investigated. Mono- and bimetallic oxide systems based on transition metals (Mn—Fe, Co—
Fe, Cu—Mn, etc.), synthesized via the hydrothermal method, were used as catalysts. The process was
conducted according to the mechanism of heterogeneous Fenton-like oxidation using hydrogen
peroxide (H20.) as an oxidant at pH =~ 3-5 and a temperature of 25 °C. Optimal conditions ensured
almost complete degradation of the pollutants: 99 % removal of MB and MG within 5 minutes and
95 % of RhB within 30 minutes. The catalysts demonstrated high catalytic activity and stability,
maintaining over 95 % efficiency after several application cycles, indicating their potential for
industrial use in wastewater treatment systems.

Moving from oxide systems to magnetic catalysts, the study by Ribeiro et al. (2024) is of
interest, where the degradation of azo dyes—Acid Red 18 (AR18), Acid Red 66 (AR66), and Orange
Il (OR2) — was carried out via the photo-Fenton-like oxidation mechanism using magnetite
nanoparticles (Fes0s). These compounds are anionic dyes with high resistance to biological
degradation. The FesO4 catalyst was obtained by the hydrothermal method, and hydrogen peroxide
(H20.) at a concentration of 60 mg/L served as the oxidant. The reaction was performed at pH =~ 3
and a temperature of 25 °C under UV irradiation. As a result, removal efficiencies reached 62.3 %
for AR18, 79.6 % for AR66, and 83.8 % for OR2 within 180 minutes. The catalyst maintained high
activity after six application cycles, demonstrating its stability and practical suitability for the
advanced treatment of textile effluents.

Hameed & Salman (2024) investigated the efficiency of methyl orange (MO) removal from
aqueous solutions using three-dimensional electro-Fenton (3D EF) in a batch reactor with a porous
graphite anode and a copper foam cathode in the presence of granular activated carbon (GAC) as a
third electrode. To optimize the process conditions, response surface methodology (RSM) in
conjunction with the Box-Behnken design (BBD) was applied, studying the effects of current density
(3-8 mA/cm?), electrolysis time (10-20 min), and GAC mass (1-3 g) on removal efficiency, as well
as their interactions. The model showed high reliability (Rz > 0.98), with current density having the
greatest influence. The highest MO removal efficiency (95.62%) at pH = 3 was achieved at a current
density of 5.12 mA/cmz2, a GAC mass of 3 g, and a time of 20 min, with low concentrations of Fe?*
(0.124 mM) and Na>SO4 (0.02 M); the average energy consumption was 6.22 kwWh/kg MO. The effect
of ultrasonic exposure in Sono-Electro-Fenton (SEF) was also examined, showing a slight
improvement compared to minimum EF conditions (50.51% vs. 49.24%). The use of copper foam as
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a cathode and granular carbon provided high catalytic activity, simplicity, speed, and environmental
friendliness, making the method promising for the industrial removal of dyes from wastewater.

In the study by Ismail & Sakai (2025), the efficiency of Fenton-like processes for the removal
of textile dyes Direct Red 28 (DR28), Reactive Blue 19 (RB19), and Reactive Black 5 (RBk 5) from
wastewater was investigated using various combinations of catalysts and active radicals. Copper ions
(Cu?") and peroxydisulfate (S.0s*) were used as catalysts, activating the formation of hydroxyl ("OH)
and sulfate (SO4™) radicals, which provided a high oxidative capacity for the system. Optimization of
reaction conditions took into account catalyst concentration, pH, and treatment time, allowing for
complete decolorization and a 98.5% reduction in total organic carbon (TOC) for RBK5. Mechanistic
analysis showed that the synergistic interaction between copper and peroxydisulfate enhances radical
formation and accelerates dye degradation. The results confirm that the proper selection of catalysts
and radicals in Fenton-like systems ensures high efficiency in synthetic dye removal and can be
applied for the industrial treatment of textile wastewater.

Meurs et al. (2024) considered the use of a Fenton-like process for the decolorization of
reactive-dyed cotton waste as a pretreatment before textile recycling. Pre-moistened dark (black and
blue) knitted samples with an area of 300 cm? were treated in 1200 ml of Fenton solution containing
14 mM Fe?* and 280 mM H0; at 40 °C. Characterization of the fabrics before and after treatment
was performed using UV-visible spectroscopy to measure color strength, as well as microscopy, IR
spectroscopy, thermal analysis, and tensile testing to measure strength and elongation. Subsequently,
the cotton was mechanically shredded for a qualitative analysis of recyclability. Color strength
measurements for black and blue cotton showed decolorization efficiencies of 61.5 % and 72.9 %,
respectively. The results provide proof-of-concept for an alternative color removal method using a
Fenton-like process as a pretreatment before textile recycling.

Papadopoulou et al. (2025) examined homogeneous and heterogeneous photocatalytic methods
based on the photo-Fenton reaction for the degradation of Nile Blue dye. Within the scope of
homogeneous photocatalysis, the classical photo-Fenton (UV/Fe?*/H,02) and a modified photo-
Fenton-like system (UV/Fe?*/ S,0s*) were studied. For heterogeneous photocatalysis, a commercial
MOF catalyst (Basolite F300) and the natural iron-containing mineral goethite were used. The results
showed that modification with peroxydisulfate (S20s%) increases degradation efficiency compared to
the traditional H2O- system, especially in the homogeneous phase. Heterogeneous systems based on
goethite (a-FeO(OH)) and Basolite F300 also demonstrated high efficiency, with goethite showing
better stability across a wide pH range (3—7). This study highlights the promise of using modified
photo-Fenton-like systems for the effective removal of synthetic dyes from wastewater.

Fenton-like processes have demonstrated high efficiency in the degradation of specific
synthetic dyes from wastewater, including methylene blue (MB), rhodamine B (RhB), malachite
green (MG), Acid Red 18 (AR18), Acid Red 66 (AR66), Orange 1l (OR2), Direct Red 28 (DR28),
Reactive Blue 19 (RB19), Reactive Black 5 (RBKk5), and Nile Blue. The use of various catalysts—
transition metal oxide systems, magnetic FesO4 nanoparticles, goethite, and MOF catalysts—ensured
a high degree of degradation, stability, and recyclability. Modern methods, including three-
dimensional electro-Fenton, Sono-Electro-Fenton, and photo-Fenton with peroxydisulfate, increase
degradation rates and reduce total organic carbon (TOC). These results confirm the potential of
Fenton-like processes as an effective and environmentally safe method for industrial wastewater
treatment.

3.3.3. Degradation of pharmaceutical compounds

Currently, increasing attention is being paid to the development of effective methods for the
degradation of pharmaceutical compounds (PCs), which are among the priority and most persistent
pollutants in the aquatic environment. The application of photocatalysis, advanced oxidation
processes (AOPs), and bioremediation is considered one of the most promising directions for treating
wastewater containing such substances. These technologies ensure the deep destruction of hard-to-
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decompose compounds, including antibiotics, analgesics, cytostatics, hormones, and other
pharmaceutical drugs characterized by high chemical stability and biological activity.

Special research focus is directed toward studying the degradation mechanisms of these
compounds and optimizing conditions to ensure their complete decomposition and toxicity reduction.
According to Holer et al. (2023), the main substrates in such studies are antibiotics, analgesics, and
hormonal drugs that are resistant to conventional wastewater treatment methods. For their destruction,
photocatalysts based on TiO2 and its modifications, activated by ultraviolet or visible radiation, are
most widely used. Such systems implement advanced oxidation processes (AOPs), where hydroxyl
radicals ("OH) and reactive oxygen species serve as the key oxidants. Consequently, partial or
complete mineralization of the initial compounds and a significant reduction in their toxicity are
achieved, making this approach highly effective and environmentally justified.

In a study by Zhuo et al. (2025) on water treatment from pharmaceutical pollutants, the
decomposition of the antibiotic ciprofloxacin with an initial concentration of 10.0 mg/L was
investigated using a heterogeneous Fenton-like process with peroxymonosulfate activation. A Co/GO
heterostructure with a cobalt content of 12.3 wt.% and a specific surface area of 385 m?/g was used
as the catalyst. Under optimal conditions—catalyst dose of 0.20 g/L, PMS concentration of 0.50 g/L,
temperature of 25.0 °C, and initial pH of 5.5-the system demonstrated exceptional efficiency: 98.7
% decomposition of ciprofloxacin within 20.0 minutes with a rate constant of 1.456 min and an
activation energy of 42.8 kJ/mol. The catalyst remained stable over 5 cycles with minimal loss of
activity (efficiency decreased to 95.2 %), while the degree of mineralization reached 78.3 % in 60
minutes, and the hydroxyl radical formation rate was 1.84 uM/min, confirming the promise of this
technology for treating aqueous media containing persistent pharmaceutical pollutants.

Trench et al. (2025) studied the degradation of methylparaben—a typical pharmaceutical
preservative—using electro- and photo-electro-Fenton processes in a carbon felt-BDD cell. Soluble
iron ions (Fe?*) were used as the catalyst, and hydrogen peroxide (H202) generated in situ at the
cathode served as the oxidant. The photo-variant of the process was activated by UV radiation, which
enhanced the formation of hydroxyl radicals ("OH) and accelerated the destruction of the target
compound. A key feature of the methodology was the comparison of three oxidation systems—anodic
oxidation, electro-Fenton, and photo-electro-Fenton—at identical initial methylparaben
concentrations. Optimal conditions (pH = 3, current = 200 mA, [Fe?*] = 0.1 mM) ensured up to 98 %
degradation of methylparaben within 60 minutes in the photo-electro-Fenton modification, whereas
electro-Fenton and anodic oxidation reached 86 % and 73 %, respectively. A reduction in COD of
more than 90 % was observed, and the oxidation products were completely mineralized to CO> and
H>0, confirming the high efficiency and environmental cleanliness of the developed approach.

The following example in the article by Kayani (2025) examines the removal of pharmaceutical
pollutants, such as diclofenac and carbamazepine, from aqueous solutions using bimetallic metal-
organic frameworks (BMOFs) as catalysts for a Fenton-like process. The method is based on
chemical oxidation with the generation of reactive oxygen species (ROS) without the use of external
UV radiation, which increases energy efficiency. BMOF catalysts based on combinations of Fe—Co
and Cu-Zn ions demonstrate a synergistic effect, promoting the rapid decomposition of
pharmaceutical compounds. As a result of applying this system, it was possible to achieve up to 97
% destruction of diclofenac and carbamazepine within 45 minutes under moderate conditions (pH ~
6, T = 30 °C), highlighting the high potential of multifunctional metal-organic structures for
wastewater treatment.

Another approach to the chemical destruction of pharmaceutical compounds is based on
combined photochemical systems. Tarigan & Effendi (2024) demonstrated the effectiveness of
ozone-based advanced oxidation (O3/H202/UV) in the destruction of paracetamol in an aqueous
medium. The use of a three-component scheme achieved 92 % degradation within 40 minutes at pH
7 and a temperature of 25 °C. During the process, the formation of hydroxyl and peroxyl radicals was
observed, ensuring deep oxidation of the paracetamol molecule down to CO>. The authors noted that
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the synergy of ozone, hydrogen peroxide, and ultraviolet radiation makes the method resistant to pH
fluctuations and effective at low substrate concentrations.

Developments in chemical destruction are also reflected in the work of Kanakaraju et al. (2025),
where recent advances in advanced oxidation processes (AOPs) for the removal of various
pharmaceutical pollutants are systematically reviewed. Particular attention is paid to a comparative
analysis of photocatalytic, Fenton-like, and ozone systems, as well as the influence of environmental
parameters on degradation kinetics. The authors conclude that hybrid schemes—combining the photo-
Fenton reaction with TiO catalysis and controlled H2O: introduction—demonstrate the highest
efficiency, providing complete mineralization of compounds in a relatively short time with minimal
formation of by-products.

Thus, the analysis of the presented studies shows that chemical methods based on advanced
oxidation processes (AOPs), including photo- and electro-Fenton systems, ozone and photocatalytic
oxidation, as well as the use of new catalysts based on metal-organic structures, ensure the effective
destruction of pharmaceutical pollutants. The refinement of these technologies allows for almost
complete mineralization of target compounds, reducing their toxicity and persistence in the aquatic
environment. Hybrid approaches combining several types of AOP mechanisms are of particular
significance, as they provide high reaction rates, catalyst stability, and environmental safety of the
processes. All of this confirms the potential of modern chemical methods as a key tool in wastewater
treatment for pharmaceutical compounds and the protection of aquatic ecosystems.

4. Discussion
4.1. Comparative analysis of the efficiency of Fenton-like systems for various pollutant groups
Summarized data on the degradation efficiency of various pollutant groups are presented in
Table 1. An analysis of published experimental data reveals key technological trends in the
development of Fenton-like processes. A comparative assessment of the destruction efficiency for
different classes of compounds—ranging from simple aromatic hydrocarbons to complex
pharmaceutical molecules—indicates a direct correlation between the mineralization rate and the type
of catalytic system and energy input employed.

Table 1. Summary of contemporary research on the application of modified Fenton processes for
industrial wastewater detoxification

Toxic Organic Compounds
Pollutant Method Catalyst Conditions Efficiency Reference
Benzene Periodic injection of |  Fe?* (ferrous pH~=3.0; ~85% (benzene (G. Liuetal.,
H:0: into an aerated sulphate) T=25°C, degradation, 60- 2017)
reactor [H20:] 4 mmol; 90 min, H20:
[Fe**] 1 mmol; intermittent
(fractional dosing)
injection, 4
cycles); aeration
(25 ppm)
Landfill Heterogeneous Copper Catalyst pH = 3; 97.83% (Durai et al.,
leachate Fenton-like process on ZrO: BOD/COD = (destruction of 2020)
(Cu/Zr0Oy) 0.045; organic
optimized substances
dosage of according to
reactants and COD, optimal
Cu/ZrO; catalyst | conditions: pH
3; H20:29.12
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degradation

mM; FeSO4
14.44 mM)
1,4-Dioxane Heterogeneous Zeolite Fe- [Fe -ZSM -5] = 93.5% (Tian et al.,
(non-radical) Fenton | ZSM-5 ratio 0.8 g/l; (destruction of 2024)
process Si/Al = 25, 100, H20.=10 1,4-DX, 24 h,
300 + H:0: mmol/l; Fe-ZSM-5(25) +
pH 3.0-11.0 10 mM H:0: +
(optimal 0.80 g/L
alkaline); tads =~ catalyst)
10 min
Toluene (VOC Photo-Fenton Iron(Il) sulfate | [Fe*] =20 mg/l; 60% (COD (Tokumura et
in the gas reaction heptahydrate [H202] =630 removal, 1 min al., 2012)
phase) (FeS04:7H,0) | mg/l; Gas flow:
700 ml/min,
reaction time: t
=17s
Synthetic Dyes
Pollutant Method Catalyst Conditions Efficiency Reference
Methylene Blue Heterogeneous Mono- and pH 3.0-5.0; 99% MB & MG | (Aneggietal.,
(MB), Fenton-like bimetallic T =25°C; in 5 min, 95% 2024)
Rhodamine B oxidation oxides (Mn-Fe, [H20-] - RhB in 30 min
(RhB), Co-Fe, Cu-Mn) | stoichiometric
Malachite excess
Green (MG)
Acid Red 18 Photo-Fenton-like Magnetite pH = 3.0; 62.3% AR18, (Ribeiro et al.,
(AR18), Acid oxidation nanoparticles T =25°C, UV 79.6% ARG66, 2024)
Red 66 (AR66), (Fes0.) irradiation; 83.8% OR2 for
Orange 11 (OR2) [H20:] = 60 180 min
Acid Red 18 mgl/l;
(Ponceau 4R), [FesOd]
Acid Red 66, (nanoparticles)
Orange 11 (Acid
Orange 7)
Methyl Orange | 3D Electro-Fenton | Copper Foam + pH = 3.0; 95.62% MO (Hameed &
(MO) Granular Current density Removal Salman, 2024)
Carbon j=5.12
mA/cmz; t =20
min; 3g GAC
catalytic load
Direct Red 28, Fenton-like Copper ions Optimized pH | 98.5% reduction (Ismail &
Reactive Blue oxidation (Cu>) + and in TOC for Sakai, 2025)
19, Reactive peroxodisulfate | [Cu?*]/[S20s%] RBk5
Black 5 for maximum
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Reactive-dyed | Fenton-like process Fe** ions T =40°C; 61.5% (Black), (Meurs et al.,
cotton [Fe*] =14 mM; | 72.9% (Blue) 2024)
[H20-] = 280 Discoloration
mM; pre-
moistening the
fabric
Nile Blue Photo-Fenton Goethite, pH 3.0-7.0; High efficiency, | (Papadopoulou

Systems Basolite F300, | UV irradiation; | stability over a et al., 2025)

Fe*"/S:0s> Fe 2t/S,08* wide pH range

Pharmaceutical compunds

Pollutant Method Catalyst Conditions Efficiency Reference
Ciprofloxacin Heterogeneous Co/GO (12.3% pH =5.5; 98.7% in 20 min, |  (Zhuo et al.,
Phentone-Like Co, 385 m2/q) T=25°C; k = 1.456 min™, 2025)
Process with [PMS] =0.5¢/l; | mineralization
Peroxymonosulfate [catalyst] = 0.2 | 78.3% in 60 min
Activation g/l
Methylparaben | Photoelectro-Fenton | Fe?* ions, BDD pH = 3; 98% in 60 min, | (Trench et al.,
Process anode current 1 =200 | COD reduction 2025)
mA; [Fe*] = >90%
0.1 mM; UV
irradiation
(photoelectro-
Fenton)
Diclofenac, Fenton-like process | BMOF (Fe-Co, pH = 6.0; Upto 97% in 45 | (Kayani, 2025)
carbamazepine Cu-Zn) T =30°C; min
UV radiation,

reagent-free
activation of the
BMOF catalyst

Paracetamol 05/H20,/UV pH=7; 92% in 40min (Tarigan &
T =25°C; Effendi, 2024)
combined

03/H20,/UV
system
Various Hybrid AOP TiO2, H202 Combined Complete (Kanakaraju et
Pharmaceutical Systems conditions mineralization in al., 2025)

Compounds a short time

Antibiotics, Photocatalysis TiO: and UV/visible High efficiency, (Holer et al.,

analgesics, modifications radiation; reduced toxicity 2023)

hormones modified TiO;
catalyst

4.1.1. Detoxification of toxic organic compounds (TOCs)

Studies on the removal of benzene and toluene (G. Liu et al., 2017; Tokumura et al., 2012)
demonstrate the high efficiency of photo-Fenton processes. The application of UV irradiation allows
for 85 % benzene removal due to the intensification of hydroxyl radical generation. Notably, for the
degradation of 1,4-dioxane, the use of zeolites (Fe-ZSM-5) yielded the best results when varying the
Si/Al ratio (Tian et al., 2024).

This confirms the hypothesis that for small organic molecules, the decisive role is played not
only by radical activity but also by the adsorption capacity of the catalyst surface, which ensures
effective phase contact.
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4.1.2. Degradation of synthetic dyes

A review of recent studies (Aneggi et al., 2024; Ribeiro et al., 2024) indicates that dyes (such
as methylene blue and rhodamine B) are the most "accessible" targets for Fenton-like systems. Their
removal efficiency frequently reaches 95-99 % within record-breaking timeframes (5-30 minutes).

Hybrid methods are of particular interest. For instance, the application of 3D electro-Fenton
using copper foam and activated carbon (Hameed & Salman, 2024) demonstrated an efficiency of
95.62 % for methyl orange. This highlights the advantages of multidimensional electrodes, which
increase the working surface area and facilitate the rapid regeneration of copper ions (Cu?*/Cu*),
analogous to the classical iron cycle.

4.1.3. Degradation of pharmaceutical compounds

Pharmaceutical drugs, such as ciprofloxacin, diclofenac, and paracetamol, are considered
among the most persistent pollutants due to their complex chemical structures. Contemporary studies
(Kayani, 2025; Zhuo et al., 2025) indicate that the classical Fenton method is no longer always
sufficient for such tasks. Consequently, researchers are transitioning toward more efficient systems
based on peroxymonosulfate (PMS) and bimetallic metal-organic frameworks (BMOFs).

A major feature of these systems is the metal synergy effect. The use of iron-cobalt (Fe—Co) or
copper-zinc (Cu—Zn) combinations within catalysts allows for the degradation of up to 97 % of
diclofenac. This significantly outperforms results obtained with conventional single-active-metal
catalysts, as the dual system creates a more potent mechanism for initiating the oxidation process.

Furthermore, the depth of treatment is critically important when removing pharmaceuticals
from water. Unlike dyes, which often only require decolorization, pharmaceutical compounds
necessitate complete mineralization—-that is, degradation into the simplest safe components. For
example, the application of combined schemes involving ozone, hydrogen peroxide, and ultraviolet
radiation (O3/H20./UV) enables the removal of up to 92 % of paracetamol. This approach (Tarigan
& Effendi, 2024) not only purifies the effluent but also prevents the formation of hazardous secondary
reaction by-products, which can be more toxic than the drugs themselves.

4.1.4. Cross-class quantitative analysis

A quantitative cross-class comparison based on the data in Table 1 reveals several analytically
significant trends. Removal efficiencies for synthetic dyes span the widest range (61.5-99 %),
reflecting both the structural diversity of target molecules and the sensitivity of decolorization metrics
to incomplete mineralization. For toxic organic compounds, values ranged from 60% (toluene, photo-
Fenton) to 97.8 % (landfill leachate, optimized heterogeneous process), with performance strongly
dependent on molecular complexity and degree of catalyst optimization. Notably, pharmaceutical
compounds — despite their structural complexity — achieved the highest and most consistent efficiency
range (92-98.7 %) across the reviewed studies, a result attributable to the exclusive use of advanced
activation strategies for this pollutant class: peroxymonosulfate activation, photo-electro-Fenton, and
bimetallic MOF catalysts. This pattern indicates that matching the complexity of the catalytic system
to the persistence of the target pollutant is a more decisive determinant of mineralization depth than
the intrinsic chemical stability of the compound itself.

4.2. Influence of reaction conditions on pollutant degradation efficiency

An analysis of the experimental data summarized in Table 1 allows for the identification of key
factors that determine the performance of Fenton-like systems. Among these, the most critical are the
pH value of the medium, the phase state of the catalyst, and the presence of external energy input.

4.2.1. pH value and the phase state of the system
Traditionally, the classical Fenton process is strictly limited to a narrow pH range (2.8-3.2).
This is corroborated by results from homogeneous oxidation studies (Trench et al., 2025), where a
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shift toward neutral conditions leads to a sharp decline in efficiency due to the precipitation of iron
ions as hydroxides and a reduced yield of hydroxyl radicals ("OH).

However, contemporary research demonstrates a successful departure from this limitation. The
use of heterogeneous catalysts based on iron oxides and minerals, such as goethite and magnetite
(Papadopoulou et al., 2025), allows the reaction to proceed within a pH range of 3.0 to 7.0. In
heterogeneous systems, radical generation occurs at the phase interface, which prevents the
deactivation of active sites even in near-neutral media. From an industrial perspective, this is of
decisive importance: operating at a neutral pH eliminates costly stages of effluent pre-acidification
and subsequent neutralization before discharge. Furthermore, this almost entirely resolves the
problem of "iron sludge” formation — a secondary waste whose disposal significantly increases the
cost of the classical technology.

4.2.2. Synergy of bimetallic systems and external activation

Another critical factor identified during the review is the transition from monometallic to
bimetallic catalysts (e.g., Fe—Co, Cu—Zn, Mn—Fe). The data presented in the table indicate that the
introduction of a second promoter metal creates a synergistic effect. Electronic interactions between
different metals within the catalyst structure or the active sites of BMOF frameworks accelerate the
regeneration of the primary metal ions (e.g., the Fe3* — Fe?* transition), which is the "bottleneck™ in
classical Fenton chemistry. This allows for a significant reduction in catalyst dosage and hydrogen
peroxide consumption without compromising the degradation rate.

4.2.3. The role of energy activation

Furthermore, the efficiency of the process directly correlates with the activation method. The
application of photochemical irradiation (UV or visible light) and electrochemical action (Electro-
Fenton) allows not only for the generation of additional radicals but also for maintaining the catalyst
in an active state in situ. As demonstrated by studies on the degradation of pharmaceutical products
(Zhuo et al., 2025), the combination of bimetallic catalysts with photo-activation ensures almost
complete mineralization of complex molecules—an outcome that is extremely difficult to achieve
through simple chemical oxidation.

Consequently, the most promising direction for the development of wastewater treatment
technologies is the creation of highly stable bimetallic heterogeneous catalysts adapted for operation
across a wide pH range. When combined with photo- or electrochemical intensification, such systems
provide the maximum degradation rate of toxic compounds with minimal operational costs and high
environmental safety.

4.2.4. Catalyst stability and reusability under real wastewater conditions

The recyclability data reported in the reviewed studies provide initial evidence of the
operational durability of bimetallic and composite catalysts. Bimetallic oxide systems (Mn—Fe, Co—
Fe) retained over 95 % degradation efficiency across multiple consecutive cycles (Aneggi et al.,
2024), magnetite-based catalysts maintained comparable activity after six reuse cycles (Ribeiro et al.,
2024), and Co/GO composites exhibited only marginal activity loss (98.7 % — 95.2 %) over five
cycles under peroxymonosulfate activation (Zhuo et al., 2025). These results indicate that structural
integrity of the active phase is largely preserved under the tested conditions.

However, a critical limitation of the majority of reviewed studies is that stability testing was
conducted in model single-pollutant solutions prepared with distilled or deionised water. Real
industrial effluents contain competing inorganic anions — chlorides, sulfates, carbonates, and
phosphates — as well as natural organic matter and varying ionic strength, all of which can suppress
radical generation through scavenging reactions or promote metal leaching from the catalyst surface
(Hussain et al., 2021). The extent to which the reported reusability data translate to actual wastewater
matrices therefore remains largely unvalidated. Systematic investigation of catalyst performance
under conditions representative of target industrial effluents, including multi-cycle testing in real
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wastewater streams, constitutes a key requirement for advancing these materials toward practical
application. A notable exception is provided by Zhao et al. (2024), who tested a bimetallic FeCu-
MOF-derived catalyst in real urban wastewater under electro-Fenton conditions. The catalyst retained
high activity over multiple reuse cycles with minimal iron leaching, demonstrating that carefully
engineered bimetallic frameworks can maintain their performance advantage outside idealized model
systems. Such studies remain rare, and systematic investigation of catalyst behaviour in complex
wastewater matrices constitutes a priority for future research.

4.3. Development prospects and techno-economic limitations of Fenton-like systems

Fenton-like processes are among the most effective tools for the degradation of persistent
organic pollutants. The current research vector in this field is directed toward overcoming
technological barriers that limit the transition of the method from laboratory settings to industrial
operation (Moorjani & Gohil, 2021).

Traditional Fenton systems demonstrate maximum reactivity within a narrow pH range of 2.8—
3.2 (Trench et al., 2025). The application of heterogeneous catalysts based on transition metal oxides
and their composites allows this range to be extended to neutral values. In particular, the use of
catalysts based on copper (Cu-Fenton) and nickel ensures high activity at pH levels from 3 to 9,
simplifying the treatment of real wastewater without the need for preliminary acidification (Hameed
& Salman, 2024; Hussain et al., 2021). Increasing the stability of catalytic systems is achieved by
creating nanostructured composites, such as bimetallic systems and metal-organic frameworks
(BMOFs) (Aneggi et al., 2024; Kayani, 2025). Such structures minimize the leaching of the active
metal into the solution. The use of magnetic catalysts based on magnetite (FesO4) addresses the
separation issue: the application of an external magnetic field allows for the easy recovery of particles
from the treated medium for their reuse, thereby reducing operational costs (Ribeiro et al., 2024).

A promising direction is the intensification of processes by combining Fenton systems with
ultrasonic treatment (sono-Fenton), photocatalysis, and electrochemical action (Hameed & Salman,
2024). Ultrasonic cavitation and UV irradiation accelerate metal ion regeneration and peroxide
homolysis, ensuring the deep mineralization of pharmaceuticals and dyes into safe compounds
(Tarigan & Effendi, 2024; Papadopoulou et al., 2025).

Despite high efficiency, the widespread implementation of these technologies is constrained by
several factors (Y. Liu et al., 2024; Samal et al., 2022):

« the necessity of separating and disposing of iron hydroxides in homogeneous systems.

« high energy consumption for operating UV emitters and ultrasonic units in hybrid schemes.

« the presence of inorganic scavenging anions in real waters, which reduce the concentration of
active radicals (Hussain et al., 2021).

Thus, the development of heterogeneous catalytic systems and hybrid treatment methods
creates the foundation for scaling Fenton-like technologies. Addressing material stability issues and
reducing energy consumption will allow these processes to become a global standard in the field of
industrial effluent detoxification.

4.4. Research Gaps and Future Directions

Despite the considerable progress documented in this review, several gaps constrain the
transition of Fenton-like technologies from laboratory research to industrial deployment. The most
critical concerns the representativeness of experimental conditions: the overwhelming majority of
reviewed studies were conducted in model solutions using a single target compound dissolved in
distilled or deionised water under controlled pH and temperature. Real industrial effluents contain
complex matrices with competing organic and inorganic species, suspended solids, natural organic
matter, and variable ionic strength. The presence of inorganic scavenging anions — including chloride,
sulfate, carbonate, and phosphate — reduces hydroxyl radical availability through competitive
reactions, substantially lowering apparent degradation efficiency relative to model system results
(Hussain et al., 2021; Satyam & Patra, 2025).
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A second unresolved issue is the treatment of pollutant mixtures. Industrial effluents rarely
contain a single contaminant; competitive adsorption onto catalyst surfaces and radical scavenging in
multi-component systems can substantially alter degradation Kkinetics relative to single-compound
experiments. Emerging evidence from photocatalytic studies of micropollutant mixtures indicates
that co-occurring pollutants may either inhibit or enhance the degradation of individual compounds
depending on the specific molecular combination (Paiu et al., 2025), a phenomenon that has not been
systematically investigated in Fenton-like systems.

Standardized benchmarking represents another critical gap. A direct quantitative comparison
across the studies in Table 1 is limited by the diversity of reported metrics — decolorization, COD
reduction, TOC mineralization — and differences in reactor geometry, H-O- dosing, and light source
parameters. The absence of unified reporting standards impedes cross-study comparisons and the
identification of optimal systems for specific applications. Zong et al. (2025) demonstrated the
feasibility of life-cycle assessment-integrated benchmarking for AOPs applied to tetracycline
degradation; extending such frameworks to Fenton-like systems across pollutant classes would
substantially improve the comparability of published data.

Finally, the techno-economic and environmental footprint of scaling Fenton-like processes
remains insufficiently characterized. Life cycle assessment data at pilot or industrial scale are sparse,
and existing economic analyses predominantly address single-pollutant scenarios under idealized
conditions (Alanis et al., 2025). Systematic pilot-scale studies in real wastewater streams, combined
with standardized LCA frameworks, constitute the most critical next steps toward the practical
deployment of these technologies.

5. Conclusion

In the context of intensive industrialization, the contamination of the hydrosphere by persistent
organic pollutants, such as pharmaceuticals, synthetic dyes, and pesticides, represents a global
environmental challenge. Conventional biological and physicochemical treatment technologies
demonstrate limited efficiency toward these compounds, creating an urgent need for the
implementation of Advanced Oxidation Processes (AOPS).

The conducted review confirms that Fenton-like systems are among the most promising
directions in the field of wastewater detoxification. Due to the high reactivity of the generated
hydroxyl radicals ("OH), these methods provide not only decolorization or partial degradation but
also deep mineralization of a wide range of ecotoxicants.

The following key conclusions were identified during the study:

1. There is a distinct transition from classical homogeneous systems to heterogeneous catalysis.
The development of new materials based on metal-organic frameworks (MOFs), nanocomposites,
and bimetallic systems allows for overcoming the technology's "bottleneck™ — the strict pH limitation.
Expanding the operating range to neutral and slightly alkaline values (pH 6.0-9.0) makes the method
versatile for treating real industrial effluents without a pre-acidification stage.

2. The application of magnetic heterogeneous catalysts addresses the issue of separating the
active phase from the treated water and eliminates the formation of secondary iron sludge. High
catalytic stability and the possibility of multiple material recoveries significantly enhance the
economic attractiveness of the method.

3. The integration of Fenton-like processes with photochemical, electrochemical, and ultrasonic
activation allows for a manifold increase in pollutant degradation rates and a reduction in specific
energy consumption. Combined with biological treatment (as a pre-treatment stage), it opens
pathways for creating high-performance integrated treatment systems.

Thus, Fenton-like technologies possess high potential for implementation in the textile,
chemical, and pharmaceutical industries. The capability of these systems to operate effectively under
fluctuating effluent compositions and to ensure compliance with strict environmental safety standards
makes them a strategic tool in realizing the concept of sustainable development and minimizing
anthropogenic impact on the environment.
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AFBIH CyJIapabl AeTOKCUKANUsJIay YiliH @eHTOH TIpi3i sKyienaepai KoJgaHy
JAuabna3 ’Kenuncosa, I'yabmon AsuitambeprenoBa, Epian baiikenos, Pyciaan Cadapos

Angarna: VHAycTpusutaHApIlpy KOpIIaraH OpTa YIIIH KypAelli Mocenelepre, €H ajAbIMeH, CY
HBICAHJAPBIHBIH  (papMalleBTUKANIBIK MpernapaTTap, CHUHTETHKANBIK OOSFBIITAD KOHE YBITTHI
OpPTaHUKAJIBIK KOCBUIBICTAp CHUSKTHI TYPaKThl opraHukanblK jactarsimrapmer (TOJI) macramysina
okenai. TazapTyabIH OOCTYpIi SAICTepl, COHBIH ilIiHIe OUONOTHUSIIBIK MPOLIECTEP MEH KOaryJsuus,
O XMUMUSUTBIK TYPAKThI 3aTTapAbIH TOJBIK BIIBIPAYhl YIIIH KU1 KETKUTIKCI3 OOJIBIN MIbIFaIbl. by
HI0JTyJ]a OHEPKACINTIK aFblH CyJIap/bl JEeTOKCHKAIUSIaAyFa apHAJFaH TOTHIFYABIH MEPCHEKTUBAIBI
03bIK miporieci (AOP) petinge @eHTOH Topi3i KyHeaepal KOMAaHy KYHel Typ/ae KapacThIpbLIa bl
Atan aifTKkapHaa, Moy yml OachlM JacTaylibl KJIacC — YBITTHI OPraHUKAIbIK KOCBUIBICTAp,
CHHTETHKAJIBIK OOSFBIITAD JKOHE (hapMaleBTHKAIBIK KaJABIKTap — OOWBIHINA Jerpaaanus
TUIMIUTITIH CANBICTBIPYbI, TPOLECTIH KYMBICHIH aHBIKTANTHIH KaTATUTUKAJIBIK JKOHE OTEePaIUsIIbIK
dakropnmapasl  Oenriieyni  JKOHE — OHEPKACINTIK  JIeHTeWae  Macimra0TayFa  KaThICTHI
TEXHOJIOTUSIIBIK-OKOHOMUKAJIBIK IIEKTeynepal Oaramayabpl MakcaT eTeli. benceHal THIpOKCHI
pamukanaapbiHbiH (*OH) KaThICYBIMEH JKYPETiH )KYMBIC TIPHHIUITEPI MCH KaTaTUTUKAIIBIK IIUKIIICD
erKel-TerKeilsli cumartanrad, Oyl peTTe KIacCUKAIbIK TOMOTEHl peakiusiapfaH HEFYpIIbIM
ombeban rereporeHl Kyienepre kemryre Oaca Hazap ayaapbuiazbl. Kasipri jKeTICTIKTep eTIenl
metanaapasl (Cu, Mn, Ni) xone metami-opranukaisik Kankaaap (MOF) Men GuMeTanabiK OKCUATED
CHUSIKTBI jKaHa MaTepuaiap/sl aiganany OyJ1 mporecTepiiH Oeiitapanka kxakeiH PH xarmaiibiaia
TUIMAI JKYMBIC ICT€ylHE MYMKIHAIK OepeTiHiH KepceTin, aocTypiai @OeHTOH XMMHUSACBIHBIH
KBIIIKBULIBIFBI OOMBIHIIA KaTaH mieKkTeynepal eHcepeni. COHbIMEH KaTap, YAbTPAKYJITiH COyJIeIeHY
(poto-DeHToH), ANEKTP IHEPTUSCHI (ITEKTPO-DEHTOH) KOHE YIAbTPAIbIObIC (COHO-DEHTOH) CUSKTHI
(GU3MKAIBIK CTUMYJJIApAbl OIpIKTIPY paguKaijapAblH TY3UTylH jKOHE KypJenl MoJeKysalapblH
MUHEpaNAaHy >KbUIIAMIBIFBIH aWTapibIKTal apTThipaThiHbl KepcerinreH. [llomyma TazapTy
TUIMIUTITIHE CaJIbICThIpMalbl Tajiay OepuIreH, OH/la SPTYPJIl YBITTHI TONTAPABI KO0 A9pexkKec KUl
95 %-man acanpl. CoHBIHIA, IIJTAMHBIH TY31UTyl MEH DHEpPTUsl CHIMBIMABUIBIFBIH KOCa allFaHja,
TEXHUKAJBIK JKOHE HKOHOMHKAIBIK IMICKTEYJep, COHIAi-aKk Oy TEeXHOJOTHSIApAbl TYPaKThI
OHEPKACIMNTIK KOJAAaHY YIIiH MacTabTay nepcrneKTuBaIaphbl TaTKbUIaHAbL.

Tyiiin ce3nep: PeHTOH TOpi3Al XKyienep; TOTHIFYABIH O3BIK MPOLECTEPl; aFblH Cydapbl Ta3apry;
reTeporeH/ii Kartajau3; OpraHuKajblK JacTaFbllITap; CHHTETUKAJIBIK OOSFBIITAp; (hapMalleBTUKAIIBIK
npemnaparrap.

HpnMeHeHne (I)eHTOH-HOI[06HLIX CUCTEM QJIA J€TOKCHKAIIUU CTOYHBIX BOJ

JAunbna3 ’Kenucosa, I'yabmon Aiiamoeprenosa, Epian baiikenos, Pyciaan Cadapos
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AnHoTanus: MaaycTpruanu3anus npyuBesia K CEpbe3HbIM 3KOJOTHYECKUM BbI30BaM, IPEXK/IE BCETO K
3arpsA3HEHUI0 BOAHBIX OOBEKTOB CTOMKMMM opraHuueckumu 3arpszHutensmu (CO3), Takumu Kak
(dapMarieBTUYECKHE TMperaparbl, CHHTETUYECKHE KpPACHTEIM W TOKCHYHBIE OPraHHYecKue
coeuHeHus. TpaauLMOHHBIE METO bl OUYMCTKH, BKJIFOUasi OMOJIOIMUECKUE IPOLIECCH U KOAryJIsLHIO,
YacTO OKa3bIBAIOTCS HEIOCTATOYHBIMH JUIS MOJHOW JAETPajallid 3TUX XMUMHUYECKH CTaOMIIBHBIX
BemlecTB. B nanHOM 0030pe cucremaruyecku paccmarpuBaercs npuMeHeHne DeHTOH-TOoA0OHbBIX
CHCTEM KaK TIEepCIEeKTUBHOTO mpoiiecca rinybokoro okuciaenus (AOP) s JeTOKCHKAIUH
IPOMBIIUICHHBIX CTOYHBIX BOJ. B uacTHOocTH, wLenb 0030pa 3aKiIoyaeTcs B CpPaBHEHUHU
3(pGEKTUBHOCTH Jlerpajialiii  TPEX NPUOPUTETHBIX KIACCOB 3arpsA3HUTENICH — TOKCHYHBIX
OpPraHUYECKUX COEAMHEHUH, CHUHTEeTHMYECKUX KpacuTeledl M (apMaleBTUYECKUX OCTAaTKOB — M
OTIpEeJICJIEHUH KaTATUTUYECKUX U IKCIUTyaTallHOHHBIX (DaKTOPOB, BIMIOIIMX Ha paboTy mporecca, a
TAKXKe OLIEHKE TEXHMKO-DKOHOMUYECKMX OIrPaHMYEHHUH, CBA3aHHBIX C I[POMBIIUIEHHBIM
macmTabupoBanueM. [101poOHO onrCaHbl MPUHIMITEI PA0OTHI I KATATUTHYECKHE IIUKIIBI C yYaCTHEM
AKTUBHBIX TUAPOKCWIBHBIX paaukanoB ("OH), mpu 3ToM 0cob0e BHUMaHHE YACISETCS NePEeXoay OT
KJIACCUYECKUX TOMOTEHHBIX peakuuid K Oojiee yHUBEpCAaJbHBIM TI'€T€POr€HHBIM CHCTEMaM.
CoBpeMeHHbIE JOCTIKEHHUS IEMOHCTPHUPYIOT, YTO UCIIOIb30BaHue mepexoanbix Metaiuios (Cu, Mn,
Ni) 1 HOBBIX MaTepHaJIOB, TAKHX KaKk MeTayuiooprannieckue kapkacsl (MOF) n OnMerayuinieckue
OKCH/[IbI, ITO3BOJISIET 3TUM HpoueccaM 3(dexkTuBHO paboraTh npu PH, GiM3KOM K HEHTpaIbHOMY,
IIPE0I0JIEBAs CTPOTUE OrPAHUYEHUS 110 KUCIOTHOCTHU TpaauliMoHHON xumun ®@entona. Kpome Toro,
[I0Ka3aHo, YTO MHTErpanus (pU3MUECKUX CTUMYIIOB, TAKUX KaK ylIbTpadHroiaeToBoe nziaydenue (poro-
DEeHTOH ), JIEKTPUUECTBO (31EKTPO-DEHTOH) U yIBTPa3BYK (COHO-DEHTOH), 3HAUNTEIBHO ITOBBIILIAET
IEHEPALUIO PaJIuKajIOB U CKOPOCTh MUHEpAIM3allUU CIOXKHBIX MOJIeKyl. B o0030pe mpuBogurcs
CpaBHUTENbHBINA aHaTU3 YPPEKTUBHOCTH OYHCTKH, NMPU KOTOPOH CTENEHb yJAJICHHUS Pa3IMIHBIX
IPYII TOKCHYHBIX BeLIeCTB 4acTo mpesbimaer 95 %. Hakonewn, oOcyxIaroTcsi TEXHUYECKUE U
SKOHOMMYECKHUE OIrpAaHUYEHHUs, BKJIIOYas IUIaMOOOpa3OBaHWE U DHEPrOEMKOCTb, Hapsaly C
NEepCHeKTUBAMM MAacIITaOMPOBAaHUS H3TUX TEXHOJOTHH JUIsl YCTOMYMBOIO IPOMBILIUIEHHOTO
MIPUMEHEHHUS.

KitoueBbie cioBa: DeHTOH-NIO00HBIE CHUCTEMBI; IPOLECCHl TNTyOOKOTO OKHCIIEHHUS; OYMCTKA

CTOYHBIX BOJ; T€TEPOrCHHBIM KaTaJU3; OPraHUYECKUE 3arpsi3HUTEININ; CUHTETUYECKUE KPACUTEIIH;
(apmalieBTUYECKUE TIperaparsl.
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AHHoTaumsi. B ycnoBusix pocra aBTOTPAHCHOPTHOIO IOTOKAa U
MOBBIIIEHUST TpeOOBaHMN K O€30MacHOCTH JOPOKHOTO JIBIDKCHHS
BO3pPACTaeT 3HaYMMOCTh Kaue€CTBEHHOHN U JIOJITOBEYHOM TOPU30HTATIBHOM
JOPOXKHOHM pa3MeTKH. B crarbe paccMarpuBaroTCst (PU3UKO-XUMHUECKUE
CBOMCTBA M HKCITyaTallOHHbIE XapAKTEPUCTUKHU XOJIOJHOT'O IUIACTHKA Ha
ocHoBe Metunmerakpwiata (MMA), npumeHsemoro ajisi ycTpoilcTBa
JOpoXHOM  pasmerku. [IpoBenéH  aHanmM3  OTEUECTBEHHBIX U
MexyHapoaHbIX HopMatuBHbIX TpeboBanuii (CT PK 1124-2019, TOCT
32952), a Takxe CpaBHUTEIbHAs OIICHKA XOJIOAHOTO IIIACTHKA C
TPaJULIMOHHBIMU MAaTe€pUalaMU - JIAKOKPACOYHBIMU MOKPBITHSMH U
TEepPMOIIJIACTUKAMH. YCTAHOBIJIEHO, 4YTO XOJIOAHBIA IUIACTHK O0JajaeT

BBICOKOW  HM3HOCOCTOMKOCTBIO,  YCTOMYMBOCTBIO K  XMMHYECKUM
peareHtam, yinbTpadguonery U abpa3MBHBIM  Harpys3kam, 4TO
obecrieunBaeT CpoK ero ciayxO0bl a0 S5 ser. JlomoaHUTEIBHO

paccMaTpuBaeTCs BIUSHUE JOPOXKHONW HHPPACTPYKTYphl Ha aBapUHOCTD
U TIOIYEPKUBAETCS POJIb JOPOKHOM pa3sMETKH KakK OHOTO U3 (haKTOpOB,
CHIDKAIOLIHX pPHUCK JOPOKHO-TPAHCIIOPTHBIX MIPOUCILIECTBUM.
[IpencraBnensl craructuueckue nanHsle no yposHto I TII B PecriyOnuke
KazaxcraH, BbISBIEHBI KJIIOUeBble MpPOOIEMbl B 00NAaCTH HaHECEHMS
JIOPOKHOW pa3MeTKu. B crarbe omnmcaHa TEXHOJOTHS HAHECEHUS
XOJIOAHOTO IIJIACTMKAa M JaHbl PEKOMEHIALUU 110 €ro INPUMEHEHUIO B
LEeNsIX MOBBIIEHUS O€30MacCHOCTH U HKOJIOTMYECKOM YCTOWYMBOCTH
JOPOXKHOM HHPPACTPYKTYPHI.

KiroueBble ci0Ba: XOJNOAHBIN IIIACTHK; JIOPOXKHAas — pa3METKa,
Metunmerakpuiar (MMA); 0e30macHOCTh JOPOKHOTO  JIBHIKEHUS;
U3HOCOCTOMKOCTh; HOpPMAaTUBHBIE TPEOOBAaHUS; JOPOKHO-TPAHCIIOPTHOE
npoucmiectsue ([ TII); nopoxHas uapactpykrypa.

1. BBenenue

CoBpeMeHHOE  pa3BUTHE  TPAHCIOPTHOH  HMHOPACTPYKTYpPHI
COTMPOBOXK/IAETCS BO3pacTaHHEM TPeOOBaHUM K 00eCIeUeHUI0 TOPOKHOM
0€30macHOCTH, YTO JENaeT OCOOCHHO aKTyaJlbHBIM BOIPOC BBIOOpA
HaJ&KHBIX U JOJTOBEYHBIX MaTepuajoB JJig OpraHu3aluu JOPOKHOTO
JOBHUXXCHUS.

OpHOM W3 3HAYMMBIX COIUANBHBIX M SKOHOMHUYECKHX MpoOiieM
OCTaloTCs TOpokHO-TpaHcnopTHbIe npouctiecTBus (I TIT), mocnencTeus
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KOTOPBIX BKJIIOUAIOT KaK YEJIOBEUSCKHE JKEPTBBI, TaK M 3HaunTeNbHbIC (pruHaHCOBBIC MOoTepu (Chand
etal., 2021). B HayuHoi#i 1 npukIIagHO# MUTepaType npuuuHbl Bo3uukHoBeHus [ TT1 monpaznensitores
Ha BpEMEHHBIC, CpeloBble M yrpapieHueckue ¢axtopsl (Van et al., 2023), mpu 3TOM K YHCITY
KJIIOUEBBIX (PAaKTOPOB, CIIOCOOCTBYIOIIMX CHMKEHUIO pHCKa aBapui, oTHocutcs 3(pdexkTuBHas
CUCTeMa BH3YyaJIbHOW HABUTAIlMU, B TOM YHUCIE JOpoXKHas pa3merka (Abdunazarov et al., 2023). B
CTaThe JIOPOXHAs pa3METKa PacCMAaTPUBAETCS KaK 3JIEMEHT CUCTEMbl OpraHM3allid JIOPO’KHOIO
JBIDKEHUS, TIPU 3TOM OCHOBHOE BHUMAHHE YJENAETCS TOPH3OHTAIBHOM TOPOXKHOM pa3sMeTke,
BBINOJIHEHHOM C IPUMEHEHUEM XOJIOAHOTO IIACTHKA.

lopu3oHTanbHast TOpPOXKHAs pa3MeTKa, SBISSICH JJIEMEHTOM ITaCCUBHOW 0€30MacHOCTH,
BBIMOJIHAET BaXHYIO (YHKIMIO B PpEryJMpOBAaHUM TPAHCHOPTHBIX IIOTOKOB, OOECHEeYeHUU
YUTaEMOCTH MapIIPYTOB W MOBBIMICHUH YPOBHS JUCIHMILIMHBI YYaCTHHKOB JIOPOYKHOTO JIBHKCHUSI.
OHa BU3YyaJIbHO pa3feiisieT MOJIOChl, IPEAYIPEXKIACT O 30HaX MOBBIIIEHHOIO PUCKA U CIOCOOCTBYET
coomonennro mpasui (Wang et al., 2023).

KauecTBeHHas 1 JOJITOBEYHAast JOPOXKHAS pa3MeTKa 0COOEHHO BayKHA B YCIIOBHSIX MHTCHCUBHOM
HKCIUTyaTally I0POT, HeOIArompHUATHOTO KIIMMaTa U CE30HHOW HAarpy3Kd, XapaKTEPHBIX JIJIsI MHOTHX
perunonoB Kazaxcrana (Teltaev et al., 2022).

Ha ¢one TexHomormueckoro nporpecca u nepexoja K MarepuaiaM HOBOTO TIOKOJICHUs, 0C000e
BHUMAaHHE YIEISIETCs XOJOJHOMY IUIACTHKY - ABYX- WM TPEXKOMIIOHEHTHOMY KOMIO3UIIMOHHOMY
Marepuany Ha ocHOBe MeTmiMerakpuiaara (MMA), oTBepxaaroImeMycsi B pe3yibraTe XUMUYECKON
peakiuu npu oObIuHBIX Temiieparypax (Yuan et al., 2023). bnaronaps cBoum (pU3HKO-XMMHUYECKHM
CBOMCTBAaM - BBICOKOH aJre3uy K MUHEPAIbHBIM U ac(anibTOOCTOHHBIM OCHOBAHHSIM, CTOHKOCTH K
YIbTPadroIeTOBOMY U3IYUYECHHUIO, a0pa3sMBHOMY U3HOCY, COJIEBBIM peareHTaM U BJlare - JJaHHbIN THII
MOKPBITHS JIEMOHCTPUPYET YIIYUIICHHBIE SKCIUTyaTallMOHHBIC XapaKTEPUCTHKU MO CPAaBHEHHIO C
TPaIUIIMOHHBIMH JIAKOKPACOYHBIMH M TepMOILUTacCTHYHBIMU cocTaBamu (Naidu et al., 2020).

[TpuMeHeHne X0I0AHOTO TIACTHKA HEe TPEeOYeT MpeABAPUTEIHHOTO HArpeBa, 4TO CIIOCOOCTBYET
COKpAILEHUIO SHEpro3arpar U CHUKEHUIO pUCKa IMPOU3BOACTBEHHOI'O TPaBMaTu3Ma IpU HAHECEHUH
(Hadizadeh et al., 2020). JlonogHUTENBbHBIM IPEUMYILIECTBOM SIBIISIETCSI BO3MOXKHOCTh MHTETPALIUU B
COCTaB OTPAXAIOIIUX JJIEMEHTOB - CTEKISHHBIX MHUKpocep M CTPYKTYpHBIX KOMIIOHEHTOB,
00eCTeYNBAONINX OTIWYHYI0 BHAMMOCTH JIOPOXKHOW pa3METKH Kak B JHEBHOE, TaK U B HOYHOE
BpeMs, Ipu JT0OBIX MOrogHbIX ycnoBusx (Mazzoni et al., 2024). IIpu npaBUIBHOW TEXHOJIOTHU
HAHECEHHUs M COOITIOIEHUH DKCILTYaTallMOHHBIX TPEOOBAHUHN CPOK CITYXKOBI TOPOKHON pa3MEeTKH Ha
OCHOBE XOJIOJHOTO IUIACTHKA MOXET JOCTUraTh 3—5 JIeT, 4TO B HECKOJIBKO pPa3 MpEBBILIAET
JOJITOBEYHOCTh JJAKOKpacouHbIX MarepuanoB (Kassem et al., 2021).

AKTyanbHOCTh TeMbl OOYCJIOBJIIEHA HEOOXOJMMOCTBIO HCCIEIOBAaHHUS CBOMCTB XOJOIAHOIO
IUTAaCTHKA JJIs1 JOPOKHOW pa3meTku. Bribop 3¢peKkTuBHBIX MaTrepuanoB Ui JOPOKHOM pa3METKU
MPEJCTaBIsIET COOOW CTPaTeTHUecKd BAKHYIO 33/1auy B YCIOBHSX MOJCPHHM3AIMU TPAHCIIOPTHOU
cucremsbl (Milachowski et al., 2020). [IpuMeHeHNe TOKPBITHH C YTy4YIIEHHBIMU XapaKTepUCTUKAMHU
MO3BOJISIET HE TOJBKO TOBBICUTH O€30MAaCHOCTH JOPOKHOTO JBMKEHHS, HO W COKPAaTUTh YacCTOTY
OOHOBJIEHHS JIOPOXHOH pa3MeTKH, CHHU3UTh pacxXoibl Ha OOCITyXHUBaHME€ W MHUHUMH3UPOBATH
HKOJIOTUYECKYIO Harpy3Ky. B ATHX yCIOBHSX XOJIOJHBIN TUTACTHK BBICTYMAET KaK WHHOBAI[MOHHOE
pelieHue, cnocoOHOe 3aMEHUTh TPaJUIIMOHHBIE MaTepHalibl U 00eCeYUTh YCTOMUUBBINA 3PdekT B
nonrocpounoit nepcrnektuse (CARO, 2023).

Lenp uccnenoBaHus — KOMIUIEKCHOE H3y4YeHHME (PU3MKO-XMMUYECKHX M SKCIUTyaTallMOHHBIX
CBOMCTB XOJIOAHOTO IIJJACTUKAa HA OCHOBE METHIIMETaKpWjaTa, MPUMEHSIEMOTO JUIS YCTPOWCTBA
TOPU30HTAILHON TOPOKHOM pa3METKH, a TAaKXKe aHaJIU3 ero TEXHOJIOTMYECKUX U IKCIUTyaTalluOHHbBIX
MPEUMYIIECTB 10 CPAaBHEHHWIO C TPAJAWIIMOHHBIMH MarepuaiaMd, TaKUMH KaK TEPMOIUIACTHKH U
JIAKOKpacoyHble KOMIo3uIuu. Ocoboe BHUMaHUE YAETISeTCS HOPMATHUBHBIM aclEKTaM, YCIOBUSM
MIPUMEHEHHSI, CPOKY CITY>KOBI M BIMSHUIO Ha 0€30MaCHOCTh TIOPOYKHOTO JIBUKECHUSI.

2. HopmaTuBHBIEe TPeOOBAHMS U NPAKTHKA PUMEHEHHUS MATEPHAJIOB 10POKHOM pa3MeTKH
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B ycnoBusix pocra YMCIEHHOCTH HACEIECHUS U YBEIUYEHUS MOTPEOHOCTH B TPAaHCIOPTHOU
MOOUIIBHOCTH BOIIPOCHI 00ecredeHnst 0e30MacHOCTH JIOPOKHOTO JBHKECHUS MTPHUOOPETaIOT 0COOYIO
aKTyaJIbHOCTh. AHAJIM3 COBPEMEHHON TNPAKTHUKH IIOKAa3bIBAET HEOOXOIMMOCTh pa3pabdOTKu |
BHEJIPEHUS HOBBIX TEXHMUYECKHX, OPTaHMU3AlMOHHBIX M IPABOBBIX PEUICHHM, HANpaBICHHBIX Ha
MOBBIIIEHUE YpOBHs koM(popTa u 6e3omacHocTH nepemenienus (Zhandarbekova et al., 2024).

JIOpOXKHO-TPAHCIIOPTHBIE MPOUCIIECTBUS (HOPMHUPYIOT HE TOIBKO MEAMKO-COLUAIbHBIC, HO U
CYIIECTBEHHBIE PKOHOMUYECKHE ITOTEPH: MPSMBIE PACXO/IbI HA JICUCHHUE U peabUINTAIINIO, BpEeMEHHAs
WJIM CTOMKas yTpaTa TPyA0CIOCOOHOCTH, CHIYKEHUE JJOX0/I0B IOMOXO3SIIICTB M yTpara 4eI0BEYeCKOro
KanmuTaja MpU JIeTAIbHBIX ucxoxax. Ilpum sTtom poct aBTOomapka u cyOypOaHU3anuUs yCHUIMBAIOT
Harpy3Ky Ha YIUYHO-JOPOXKHYIO CETh, HMOBBIIIAIOT BEPOATHOCTh 3aTOPOB U, KAaK CJEJICTBUE, PUCK
koHQIMUKTHBIX cutyanuii B moroke (Chand et al., 2021; Faheem et al., 2024). B oObsicHeHHH
npuunHHOCTH JTII 3HauMMbIi BKJIaJ OTHOCHUTCS K IMOBEIEHYECKUM (aKkTopaM BOAMTENEH, YTO
IIOUYEPKUBAET BAXKHOCTh BU3YaJbHO-3)PTOHOMUYHOM, JIETKO CYMTHIBAEMOM JOPOKHOM Pa3METKHU KaK
AIIEMEHTA, CHIDKAIOIIEr0 KOTHUTHBHYIO Harpy3ky mnpu BoxaeHud (Mohammed et al., 2025).
OTtnenbHbIE pacu€THBIE UCCIIEAOBAHUS JOYCTUMOM CKOPOCTU MPU PA3INYHbBIX IUIOTHOCTSAX MOTOKA
JEMOHCTPHUPYIOT aKaJIeMHUECKYIO IIEHHOCTh, HO TIPU OTCYTCTBUU Y4€Ta MOJIHOTr0 Habopa (HakTopoB
pucka (MUKPOKJIMMAT, COCTOSIHUE TOKPBITHSI, OCBEIIEHHOCTb, YUTAEMOCTb JOPOXKHOU pa3METKH) UX
MPUKIIATHAS COCTOSITENIbHOCTh orpaHuveHa (Abdunazarov et al.,, 2023). DxcrnepuMeHTalbHbBIE
HaAOIIOCHNS BITUSHUS JIOPOKHON Pa3METKH M 3HAKOB B HOUHOE BPEMSI ITOKA3BIBAIOT, YTO KAY€CTBEHHO
BBHITIOJTHEHHAsI TOPU30HTAIbHAs JOPOXKHAS pa3MeTKa CHIKAET BEPOATHOCTh aBAPUIHBIX COOBITHIA,
CTaOMITM3HUPYET IMOBEJACHUE BOMUTENSI M YMEHBIAET cTpecc 3a pyaém (Babich et al., 2020).

OMITMPUYECKYI0O OCHOBY COIMOCTABIIEHUS MarepUalioB AOMOJHSIOT JAaHHBIE O peaJbHOU
npakTHKe 3aKynok. [To madopmanmu noprana «l'ocymapcrBenHble 3akynku Pecryommnku Kazaxcran»
perynsipHo npuoOpetaercs AopoxHas kpacka mapku AK-511 (Oemas, xénras, kpacHas, 4€pHasi),
npUMeHsieMass JJIsi JIOPOKHOW pa3MeTKH ac(ambroOEeTOHHBIX MOKPHITUH aBTOMOOWIJIBHBIX JIOPOT,
B3JIETHO-TIOCAJOYHBIX TMOJIOC, TEPMHUHAJIOB, IMAPKOBOYHBIX MPOCTPAHCTB U MHBIX OOBEKTOB
TpaHcnopTHOM HH@pacTpykTypsl (Ilopranm rocymapctBeHHbIx 3akynok Pecnyomuku Kasaxcran,
2025; 5000 «Cubkpackay, 2025). CornacHO TEXHUYECKOH [TOKyMEHTAllUU TMPOU3BOIUTEINS,
MaTrepuan XapakTepu3yeTcsi ObICTPbIM BBICBIXaHUEM, YAOBJIETBOPUTEIBHON CTOMKOCTBIO K
UCTUPAHMIO U YCTOWYMBOCTHIO K KIIMMAaTHYECKUM U XMMUYECKUM BO3/I€HCTBUSAM; OTHOBPEMEHHO IS
akpwioBoit AK-511 TunuueH cpegHuii cpok ciaykObl, HE TMpEeBbILAONIUNA OJHOIO CE30Ha
SKCIUTyaTalluu IpU CTaHAApTHOM Harpyske (Zhang et al., 2023; Brusentseva et al., 2019).

AHaIM3 CTaTHCTUYECKHUX JAHHBIX O JOPOKHO-TPAHCIIOPTHBIM MPOUCIIECTBHUAX B Pecmyommke
KazaxcTaH nmokaspIiBaeT yCTOMUMBYIO TEHIEHINIO K pOCTy uncia aBapuil. CymectBennas yacts I TII
CBsI3aHA C HEHAJUIekalllUM COCTOSHHEM JOPOKHOM HMH(PACTPYKTYphl, BKIIOYas HEIOCTATOUYHYIO
BUJIUMOCTb WJIM TIOJHOE OTCYTCTBHE JIOPOKHOM pa3sMETKH. DTO MOTYEPKUBAET HEOOXOIUMOCTH
BHE/IPEHHUSI COBPEMEHHBIX, JOJITOBEYHBIX M HSKOJIOTHYECKH O€30MacHbIX MarepHalioB, TaKUX Kak
XOJIOHBIM TUIACTUK, CIIOCOOHBIX MOBBICUTH BUJIMMOCTb U JIOJITOBEYHOCTH JIOPO’KHOM pa3MeTKH, a
ClIeIOBaTeIbHO - U ypoBeHb Oe3omacHocTu Ha jpoporax (Bakishev et al., 2021; IlpaButenscTBO
Pecniyonmuku Kazaxcran, 2014; TRA conference, 2025).

HopmaruBHast 06a3a ompenenseT TMepedeHb JONYCTUMBIX MaTepHalioB U IEJIeBbIe
3KCIuTyaTannoHHble noka3arenu. B coorBerctBun co CT PK 1124-2019 ayist oCTOSHHON OPOXKHOM
pa3sMeTKH NPUMEHSIOTCS KPacku (3Malin), TepMOIUTACTUKH U XoioaHble macTuku (mo FOCT 32830),
JUTS BPEMEHHOM - TIOJIMMEPHBIE JIEHTHl. MUHUMAIIBHBIA CPOK CIIY’KOBI COCTaBIIIET 3 Mecsma st
JIAKOKPACOYHBIX MaTepHAJIOB M JIEHT, a JUIsl XOJOAHOTO IlacTuka — 6 mecsieB. 3HOCOCTOMKOCTD
3aBUCHUT OT TOJIIHMHBI CJIOS M MPEACIIbHOTO U3HOCca: 0 25 % s TIIaCTUKOBBIX cucteM U 10 50 %
s smaneit u geHt (Committee for Standardization RK, 2019). CT PK 2066-2010 «Marepuanst s
JIOPOKHOM pa3MeTKW» YTOYHSeT TpeOoBaHMS K (DU3MKO-XMMHUYECKUM CBOMCTBaM (MPOYHOCTD,
M3HOCOCTOMKOCTh, ONTHYECKAasi 3aMETHOCTb) NMPUMEHSEMBIX MOKPBITHH ¢ y4éTOM pazHooOpasus
skcruryarauioHHbIx yenoBuil B PK (Committee for Standardization RK, 2010). CoorBerctBue
roTOBOH NopokHO# pasMeTku TpeboBanusM ['OCT 32952 «Pa3MeTrka mOpoxHas» OILIEHUBAETCS IO
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rEeOMETPUUYECKUM  TlapameTrpaM,  KOOpAMHATAM  I[BETHOCTH,  KOA(PQHUIMEHTAM  SIPKOCTH
(rOpU30HTAIBHOM M  BEPTUKAIbHOM), IIOKa3aTelsiM JOJIIOBEYHOCTH M M3HOCA, a Takke
¢bynkumonanbHO# croiikoctu Bo Bpemenu (I'OCT 32952-2014, 2014).

IIpu cpaBHEeHMM MarepuaroB HEOOXOAUMO YUYMTBHIBATH XapakTep ACUCTBYIOIIMX Harpy3ok.
Jlakokpaco4Hble MOKPBITHS HCHBITBIBAIOT MHTEHCUBHOE MEXAHMYECKOE BO3AECHCTBUE CO CTOPOHBI
konéc, abpa3uBHOE JEHCTBME MbUIM W HIPOTUBOTOJONEIHBIX PEareHTOB, MAErpajalyio I0J
YIBTPa(UOIECTOM U NP TEMIIEPATYPHBIX ITUKIIAX, @ TAKXKE 3arps3HEHNE aTMOC(EPHBIMH OCaIKaMH U
TexHOTeHHbIMHU Yactuiiamu (Zhao et al., 2023). OTu GakTopbl YCKOPSAIOT MOTEPIO KOHTPACTHOCTH U
HOYHOH BHJIMMOCTH, JErpajialliio KOJIOPUMETPUYECKHX XapaKTEPHCTUK, UYTO OOOCHOBBIBAET
aKTyaJIbHOCTb PEIIAMEHTOB KayecTBa M NEPUOJNIECKOr0 KOHTPOJIS ONTUYECKUX CBOMCTB JOPOXKHBIX
kpacok u kommayHoB (Taheri, Jahanfar, & Ogino, 2017).

KitoueBbIM  KOMIIOHEHTOM  ONTHYECKOM CHUCTEMBbl  JOPOXHOH  pa3METKH  SABISIOTCS
CBETOOTPAXKAIOIUE CTEKIISIHHBIE MUKpOC]ephl, 00ecriedrBaronue perpopedaekcuto B TEMHOE BpeMs
CYTOK M IpH HeOnaronpusATHOM moroze. VX mpuUMeHEeHue OJKHO COIPOBOXKAAThCS IOJEBBIMU
WCTIBITAHUSIMUA HA COOTBETCTBHE IIEJICBBIM KPUTEPHUSAM 0€30IIaCHOCTH U U3HOCOCTOMKOCTH, BKITIOYAs
olleHKy unjekca perpopeduexcuu (RL) u xoaddunmenrta nuesnoit aproctu (Qd); 10omoIHUTETHHO
UCIOJIb3YIOTCSl AHTUCKOJB3AIME JOOAaBKH Ui COXpaHEHUS TpeOyeMOro YpOBHS CLEIICHUS
(Ahmadiev et al., 2019; Burghardt et al., 2021).

W3mepenne koddduimenta cBETOBO3BpanieHHs RL BBHIMONHSAETCS B IMOJIEBBIX YCIOBHSX C
UCIOJb30BAHUEM  IOPTAaTHBHBIX  JOPOXKHBIX  perpopediexTomeTpoB  reomerpun 30 M,
IIpeIHa3HAYEHHBIX JJIsl M3MEPEHUH Ha MpOE3KEW YacTh U COOTBETCTBYIOLIMX TPEOOBaHUSAM
craunaptoB EN 1436 u ASTM E1710. Ompenenenne koddduuuenta nHeBHOH spkoctu Qd
OCYIIECTBISICTCS C MPUMEHEHHEM JIIOMUHAHCMETPOB 100 KOMOMHHpOBaHHBIX mprbopoB RL/Qd,
o0ecrneynBamOIUX CTAaHAAPTHYI0 TEOMETPUI0 OcBelleHus u HaOmoneHus. Ilepen Havanom
U3MEpEeHUul Bce NpUMEHseMble NpUOOpPHI MOABEprajuch 00sA3aTeIbHOW KaauOpoBKE ¢
UCIOJIb30BAHUEM CEPTU(PULUPOBAHHBIX 3TAJIOHHBIX KaJMOPOBOUHBIX IJIACTHUH, PEKOMEHIOBAHHBIX
W3rOTOBUTENEM OOOPYAOBAaHUS, B COOTBETCTBHUU C TpPeOOBaHUSMHU JAEUCTBYIOLIEH HOPMAaTHBHOMN
JNoKyMeHTali. KoHTposibHbIE W3MEPEHHUs BBIIOIHSIINCH MI0CJI€ HAHECEHUS IOPOKHON pa3MeTKH, a
TaKKe B Ipoliecce e€ IKCIUTyaTalll| € 3aJaHHOW MepUOIMYHOCTBIO, YTO 00ECTIEYnBaIO BO3MOXHOCTh
OLIEHKH M3MEHEHUs (Jerpajaluu) ONTHYECKUX XAPaKTEPUCTHK JIOPOKHOW pa3METKH BO BPEMEHHU
(Babic¢ et al., 2024).

EBponeiickuii cranmapt SIST EN 1423:2012 ycranaBiauBaeT TpeOOBaHMS K CTEKISHHBIM
MUKpocgepaM: BbICOKas CPEpUYHOCTb, orpaHuueHue nedexToB ¢pakumu ~ 1 MM, OTCyTCTBHE
TSOKETBIX METAJJIOB (CypbMa, MBIIIBSK, CBUHEID), 1uana3oH pH 5—11, xuMuueckas CTOMKOCTb K BOZIE
u pactBopam: HCl, CaClz, Na-S. Knaccuduxanus Benércs rno nokasaresro npesomiaeHus (knacc A n
> 1,5; xkmacc Bn>1,7; kitace C n > 1,9). I'panynomeTprdeckuii COCTaB OI0MPAETCs B 3aBUCUMOCTH
OT LIEJIEBOTO Ha3HaueHHs: Oojiee MeNKue (paklUU yBEIHMUMBAIOT JIOJTOBEYHOCTh CHCTEMBI, OoJiee
KpyIHbIE - TIOBBIIIAIOT Ha4YalbHYIO peTpopeduiekcuio, HO ObicTpee wu3HammMBaroTca. Jlng
HENPO3pauyHOro IMPOTHUBOCKOJB3SIIErO 3alOJHUTENS LBET JOJKEH COOTBETCTBOBATh 3aJaHHBIM
KOOpJMHAaTaM LBETHOCTH (X, ¥) (EN 1423:2012, 2012).

CuctemHble TpeOOBaHUS K TOPH3OHTAIBHOM JOPOXKHOM pa3MeTKe BKIIIOYAIOT TaKHe
napaMeTppl, KakK JIOJITOBEYHOCTh, (YHKIIMOHAJIbHOCTb, TEXHOJIOIMYHOCTh HAHECEHHS] W
HKOJIOTUYECKYIO MPUEMIIEMOCTh Ha BCEX 3Tamax >KU3HEHHOrO NMKIA. [opu30HTaNbHAs JOPOXKHAsS
pa3MeTka TMojpas3ienseTcs Ha TIOCTOSHHY0 M BpeMEHHylo. Bonopas0aBisiemble Kpacku
MPEUMYIIECTBEHHO NpPEAHAa3HAuYeHbl JUIsI BPEMEHHBIX 3ajla4, TOTNA KaK IOCTOSHHOE IOKPBITHE
TPaJMLIMOHHO BBINOJIHAETCS Ha OCHOBE pacTBOpUTEe MO0 MOJUMEpPHBIX cucTeM. BHenpenue
XOJIOZIHOTO IJIAaCTHKA KaK CBS3YIOIIEr0 3BEHA TEXHOJIOTMYHOCTH U JKOJIOTMYHOCTH I103BOJISET
OJTHOBPEMEHHO MOBBICUTH CTPYKTYPHYIO IPOYHOCTH U JOITOBEYHOCTD MOKPBITHS, COKPATUTh YACTOTY
OOHOBJIEHUH W CHM3UTh DPHUCKM, CBSI3aHHBIE C MCIIOJb30BAHHWEM KJIACCHUYECKHX OPraHUYECKHX

pacTBopuTenei, 0e3 ymepoa i ONTUYECKUX XapaKTepUCTHK B Oe3omacHocTH aBuxkeHus (Babi¢ et
al., 2015).
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3. Pe3ysabrarbl 0030pa JJUTEPaATYPbI
3.1. Ananus cospemeHHbIX peuerull U ux cCpasHumenbHas Xapakmepucmura

XOJOMHBIM TUIACTUK IS TOPU3OHTAIIBHOW JOPOKHOW pa3METKH IIPENICTaBIsACT COOOM
JBYXKOMITOHEHTHYIO CHCTEMY Ha OCHOBE MeTuiaMeTakpmiara (MMA) ¢ THUIIMAaTOPOM OTBEPKIACHUS
(xak mpaBumiio, nepokcus O6enszomna). [lo cpaBHeHHIO ¢ TepMOIIACTHUYHBIMU MarepuanamMmu MMA -
CHCTEMBl XapaKTEpPHU3YIOTCS OBICTPBHIM  OTBEepkKJIeHHEM (OBICTPHIM  HA0OpPOM  MPOYHOCTH),
JUINTEIBHBIM CPOKOM CIIY>KOBI, BHICOKOM H3HOCOCTOMKOCTBIO, aTMOC(EpPOCTONKOCThIO, BBICOKUMU
MPOTUBOCKOJIB3SIIMMH CBOWCTBAMH M HHU3KOH CKJIOHHOCTBIO K 3arps3HCHHIO MOBEPXHOCTH.
[Toka3zaHo, 4TO 1IesieBas ONTHUMH3ALUS PELENTYPbl U PEKUMOB HAHECEHUS XOJOAHOIO IJIacTHUKa
MO3BOJISIET TOTIOJIHUTENBHO YAy4IaTh SKCITyaTalliOHHbIE TIOKA3aTeIN MOKPBITUS MIPH COXPAHEHUHU
texHosornuHocty npouecca (Hadizadeh, Pazokifard, Mirabedini, 2020).

Marepualibl JIJAKOKPaCOYHOU TPYIIIBI JJIS IOCTOSHHOM TOPU30HTAIBHON TIOPOKHOU Pa3METKH
JOJDKHBI  YAOBJIETBOPSATH MOBBIMICHHBIM TPEOOBAHUSM  SKOJOTUYECKOH U ONepalluOHHON
0e30nmacHOCTH. AKPUIIOBBIE CBSI3YIOLIHE XapaKTEPU3YIOTCSI YHUBEPCATLHOCTHIO IPUMEHEHUS 32 CUET
BBIPKEHHOU MIIEHKOOOpa3yoliel criocoOHOCTH, Pa3BUTON aire3uu K MUHEPAIbHBIM OCHOBAHUSM,
KOJUIOMTHOW ¥ IIBETOBOM CTaOMJIBHOCTH, OOPaTHMMOCTH IUIEHKOOOPAa30BaHUSA W OTCYTCTBUS
mrtenbHoro noxkentenus (Taheri, Jahanfar, Ogino, 2017). DxcnepuMeHTaNbHbIE UCCIEIOBAHUS
MOATBEPKIAIOT, YTO KPACKH Ha OCHOBE aKPHJIOBBIX ITOJIMMEPOB 00ECTICUNBAIOT YIOBIECTBOPUTEIHHYIO
M3HOCOCTOMKOCTh TNMPHU a0pa3suBHOM BO3JCHCTBUHM KOJIEC M COXPAHSIOT BBICOKHE aJre3MOHHBIE
XapaKTepUCTUKH K ac(hanbTOOCTOHYy TIpU TEPEeMEHHOM YBIQXHEHHW W TEMIEpaTypHOM
uuknupoBanuu (Bi Y et al., 2021). [llupokast mpakTuka MPUMEHEHUS aKPUJIOBBIX CHCTEM CBSI3aHa
TaKKe C HX KOJIOPUMETPHUUECKONW CTa0MIBHOCTBIO, TPO3PAauHOCTBI0O M YCTOMYMBOCTBIO K
BO3ICHCTBHUIO KIIMMaTHUYECKHX (PaKTOPOB. AKPHUIOBBIE CMOJIBI MPEACTABISIIOT CO00I COMOIMMEpPHI
(MeT)akpuiIaTHBIX 3(PHUPOB, MOydyaeMble PAIUKAIBHOW TOJIMMEPU3ALUEH C y4yacTHEeM OCHOBBI U
otrBepautens (Friel & Nungesser, 1995).

B kayecTBe WILTFOCTpAIlii MOHOMEPHOTO ()parMeHTa aKpWIIATHOTO psija Ha ypaBHEHUH |
NpUBEICHA  CTPYKTypa  2-TuapokcuMeTmiMmerakpuiara  (2-hydroxymethyl — methacrylate),
MCTIOB3YEMOTO Ui MOAM(HUKAIINN CBOKCTB MOJMMEPHONH MAaTPUIIBI U (OPMHUPOBAHUS TpeOyeMOro
OanaHca )KECTKOCTH/BAZKOCTHU TUIEHKHU Tpu oTBepxkaeHuu (Lim W. et al., 2023).

CH,

0
HO/\/ CH,

0

B Pecniyonuke Kazaxcran TpeOoBaHUsS K MaTrepuagaM JOPOKHOM pa3METKH U pe3ylibTaraM MX
IIPUMEHEHHUs pertaMeHTupoBansl, B yacTHOocTH, CT PK 1124-2019 u conps>k€HHBIMU CTaHIapTaMH
(a Taxxke TOCT 32830 mist TutacTUKOBBIX cucTeM). Huke mpencrasinensl Tabmunst 1, 2, 3 u 4, B
KOTOPBIX MPHUBENEHbI KJIIOUEBbIE MOKa3aTelIM XOJOAHOIO IUIACTHKA, MOJUIeXkKAIIUe KOHTPOIO MpPU
MPUEMKE U IKCIUTyaTalllu.

Ta6auna 1. KoopauHaTbl NBETHOCTH BBICYIIEHHOW IUIEHKH XOJOJHOTO IIacTHKa (TpaHUIlbI
YETBIPEXYTOIHFHUKA IBETOBOM 001aCTH)

O6o3Hauenue KoopauHats! yriioBbIx To4ek ¢ 1-if mo 4-10 HBETOBYIO 00J1aCTh
IBer KOOpAMHAT JAOPOKHOI pa3sMeTKH
IIBETHOCTH 1 2 3 4
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B X 0,355 0,305 0,285 0,335
v 0,355 0,305 0,325 0,375

e Thiit X 0,443 0,545 0,465 0,389
v 0,399 0,455 0,535 0,431

Oparkesbiii X 0,506 0,570 0,610 0,585
y 0,404 0,429 0,390 0,375

Ta6auna 2. Kosxpdunuent apxoctu b (%) BbICYyIIEHHOH MIEHKN XOJIOJHOTO IIACTHUKA

Kuacc pa3merounoro o

Ber MaTepHANA Kos¢dunuent sspkocru b, %

benbrii B6 70-79
B7 bosnee 80

Kentbiit B3 40-49
B4 50-59
OpanxeBblii B2 30-39
B3 40-49

Ta6smua 3. [LI0THOCTE OTBEPACBIINX XOJIOIHBIX TIJIACTHKOB

Kunacc pa3meroynoro marepuaJjia ILnoTHOCTB, g'CcM™
II11 boinee 2,1
1112 Or 1,9-2,1
[I13 Memnee 1,9

Tadamua 4. Bpems oTBepk/1eHHUS XOJIOIHBIX MIACTUKOB

Kuaacce pa3merouHoro marepuaJia Bpems oTBepiKIeHUsI B MUHYTAaX
BT1 Ot 10-20
BT2 Or 5-9
BT3 Menee 5

[IpencraBieHHble HOpPMUpYEMbIE IIOKa3aTeld OOECHEeunBalOT TpeOyeMylo UYHUTaeMOCTh
TOPU30HTAILHON JIOPOXXKHOM pa3MeTKH JHEM M HOYbIO (Yepe3 KOHTPOJb KOOPJMHAT LBETHOCTH U
K03(pPUIHEeHTa IPKOCTH), MEXAHUYECKYIO U XUMHUYECKYIO0 CTOMKOCTH (IJIOTHOCTh, YCTOMUHUBOCTh K
AEKTPOJIUTAM M IIENo4YaM), a TaKK€ MUHUMU3ALUI0O BPEMEHU OTPaHUYEHUs [BIKCHUS NpU
pemonTax (kimaccel orBepxkaeHus BT1-BT3). C npaktuueckoil TOYKK 3peHHUS] 3TO O3HAYaAET, YTO
XOJIOJIHBIN TIACTHK, MPH KOPPEKTHOM IMOAOOpE Kilacca MO SIPKOCTH U BPEMEHU OTBEPXKACHHUS U
COOJIIOJICHNH TEXHOJOTHH HAHECEHMsI, CIOCOOEH MOJJepKUBAaTh YCTOWYMBBIE ONTHYECKHE U
(pUKIMOHHBIE CBOMCTBA B IIMPOKOM JMara3oHe KIMMaTHuecKuX ycinosuii Kazaxcrana.

3.2. Cmamucmuxa 00podCHO-MPAHCHOPIMHBIX NPOUCULECTNEULL

Ha wbactoTy M TSDKECTh JTOPOKHO-TPAHCIIOPTHBIX TPOUCIIECTBHHA BIIASET COBOKYITHOCTH
(hakTopoB - MCUXO(PU3NOIOTHIECKOE COCTOSIHIE BOAMTENS, TIOTOAHBIE YCIOBUS U T€OMETPUUECKUE
napameTpsl joporu. COBPEeMEHHBIH MOIX0/] K CHIDKEHUIO aBapUHHOCTH OIUPACTCS Ha WHTETPAIUIO
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craructuku [TII, Tenemerpun ¢ 1aT4MKOB U BUACOPETUCTPATOPOB, JAHHBIX COLMAIBHBIX CETEH U
QITOPUTMOB HMCKYCCTBEHHOIO MHTEIIJIEKTa JIJIsl ONEpPaTUBHOIO BBIsABIEHUS odaroB prcka (Robles-
Serrano et al., 2021). B Kazaxcrane BHeapeHa WHTEUIEKTyaldbHas TpaHcnopTHas cuctema (ITS),
o0ecrieurBaroIias aBTOMATU3MPOBAHHOE YIpaBIIEHWE TMOTOKaMH, (UKCALUI0 HapYIIECHUH,
pacro3HaBaHUE PETUCTPALMOHHBIX 3HAKOB M MOHUTOPHUHI OOIIECTBEHHOTO TPAHCHOPTA (BKIIIOYAsS
KOHTPOJIb PACIMCAHUN, aBTOMATHU3AIMI0 OIUIAThl, MOBBIIICHHE OE30MacCHOCTH U 3KOJIOTUYHOCTU
nepeBo3ok) (Arrtmia, 2024). Ilpu 3ToM Mepbl TPOMUIAKTHKU TPATUIMOHHO (DOKYCHPYIOTCS Ha
YeN0BeYeCKOM (DaKTOpe U TEXHUYECKOM COCTOSIHUU TPAHCIIOPTHOTO CPEJICTBA, a BIUSHUE COCTOSHUS
MOKPBITUS M YHTAEMOCTH TOPU3OHTAIBHON OPOKHOW PA3METKU YYHUTHIBACTCS HEMOJHO: XOTH
«kaptouka yuéra J{TI» conepkut rpadsbl, oTHOCSIKECS K AOPOKHONU HHPPACTPYKTYpE, Ha IPAKTUKE
UH(PACTPYKTYpHBIE MPUYHHBI YAaCTO HHTEPIPETUPYIOTCS Kak BTopocrteneHHbie ([eHepanbHas
npokyparypa PK, 2015).

Hayunsie 0630pbI OKa3bIBAIOT, YTO KAY€CTBO M BUIUMOCTD JIOPOXKHBIX PA3METOK CYIIECTBEHHO
BIIUSIIOT HA MTOBEJIEHUE BOAUTENEH U 6e30MacHOCTh IBKeHHs. CrucTeMaTnyeckuii ananus oosee yem
50 peneH3UpyeMbIX HCCIEIOBAHUN IOMYEPKUBACT CBSI3b MEXKIY BHINMOCTBIO pasMETKH U
cHIDKeHueM aBapuiiHocTu (Babi¢ et al., 2020). Uccnenoanus no ananuzy ¢akropos pucka JITII,
TaK)Ke OTMEYAIOT, YTO XapaKTEPUCTHKU JIOPOKHON HHDPACTPYKTYPHI, BKIFOUAST JIIEMEHTHI Pa3METKH,
SBIIIOTCS MPEIUKTOPAMH OIMACHBIX CUTyalui B ropojckoit cpeae (Petrov, 2024). [Tomumo 3TOTO,
IKCIIEPUMEHTAJILHBIC JaHHBIC YKA3bIBAIOT HA BIUSHUE BUIAMNMOCTH OJIIEMEHTOB pa3METKH Ha
KOTHUTHUBHYIO HArpy3Ky BOJUTEIIS, YUTO MOXKET KOCBeHHO oTpaxkarhcst Ha uactote [ TII (Fioli¢, 2023).
OdunmanpHple crarucTHueckue naHHble PecryOnmukn Kazaxcran Takke CBHIETEIBCTBYIOT O
HE0OXOTUMOCTH MOBBILICHHUS Ka4eCTBa JOPOKHOM MHMPACTPYKTYpHl U 00ecTedeHHs] COOTBETCTBUS
AJIEMEHTOB Pa3METKH JICHCTBYIOIUM HOPMATUBHBIM TPEOOBAHUSM, UTO SIBJISICTCS BAXKHBIM YCIIOBUEM
MOBBIIICHUS 0€30MacHOCTH TOPOXKHOTO JBIKeHUs (Biuro natsional'noi statistiki RK, 2023).

JlaHHbIe 3apyOeKHBIX HCCIICIOBAaHHUNA COITIACYIOTCS C THM BBIBOJIOM: HampuMep, aHalu3 B
Wpane nokasain, 4to 3¢¢GEeKTUBHOCTh JOPOKHOW pa3METKU 3aBUCHUT OT Kjacca JOPOTH M YCIOBUMA
BUIMMOCTH, TYMaH M JbIM JI0 BOCXOJa COJIHIIA PE3KO YXYANIAIT CYMTHIBAEMOCTb, a MCTHPAHUE
MOKPBITUSL CTAaTUCTHUYECKH CBS3aHO C POCTOM aBapuiiHOCTH. B Talmuiie 5 mpeacTaBieHbl AaHHBIE
WCCIICIOBAHMS BIUSHUS (DAKTOPOB HA YACTOTY M TSKECTh JOPOKHO-TPAHCIIOPTHBIX MPOUCIICCTBHIMA

(Sadeghi & Goli, 2024).

Tadamua 5. Bnusiaue ¢pakropos Ha yactoty u TspkecTs JATII

I'pynna daxkTop Biausinue Ha Bausinue Ha I[Ipumeyanue
dakToposn vactory ATII | taxkecrs ATII
CocrosiHue Koadpdunment YBenuuenue YBenuueHue HawubGoinee BepaskeHO
JIOPOXKHOTO CIETUICHUS U B HOYHOE BpeMs U
TTOKPBITUS MHKPOIIEPOXOBATOCTh TP OcaaKax
Cocrosiaue Konettnocts mokpeitus | CyliecTBeHHOE | 3HAYUTEITHLHOE OcobeHHo
JIOPOXKHOTO YBEJIUYECHUE YBEIUYCHHE XapaKTEePHO s
MTOKPBITUS CKOPOCTHBIX AOPOT
Knacc noporu BricokockopocTHbIE He BrIsiBIEHO YBenuueHue Ycunenue
JI0poru KHUHETHYECKOH
SHEPTrUu
CTOJIKHOBEHHH
Knacc noporu HuszkockopocTHbIE YBenuuenue YBenuueHue N3menenune
Joporu CTPYKTYpBI aBapHil
l'eomerpus JByXIOJIOCHBIE TOPOTH YBenuuenue YBenuueHue IToBbiienHas
MpoeKe yacTu YYBCTBUTEJIBHOCTD K
Jie(eKTaM NOKPBITHS
T'eomerpus MHoronojiocHble CHmkeHne CHmkeHne Bosniee paBHOMEpHOE
MPOePKEH yacTu JIOPOTu pacrpenencHue
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TPaHCHOPTHBIX
IIOTOKOB
[Toromnsie ATMOcChepHBIE 0CaTKH Jluneitnoe ITepemennoe 3aBUCHUT OT
yCIIOBUS yBEJTUUCHHE WHTEHCUBHOCTH U
MIPOJIOIKUTEIIBHOCTH
[Horomgusie Tyman u 1pIM CymecteenHoe | CymiecTBeHHOE Oco0enHo 10
YCIIOBHS yBEJIUYEHHUE YBEJIMYEHHUE BOCXOJ1a COJIHIIA
Hemorpaduyeckue Moutonble BOOUTENIN He BoIsiBIIEHO VYBenuueHue Cas13aHo C
(daxTopsbI PHUCKOBaHHBIM
CTHJIEM BOXKJIEHUS
Hemorpaduueckue | [loxunsie BoguTenu He BoisiBieHO | 3HauMTeENbHOE OrpanndeHust
(daxTopEI yBEIMUCHHE peaxkuu u
(usuonorun
HemMorpadudaeckue JKeH1uHbI He BrisiBEHO YBenuueHue Boinee Bricokas
(hakTopsI TSKECTh
NIOCJIEICTBUU
[Mpoune dakTopsl Hannuue 6unGopaos YBenuueHue He BrisiBNIEHO OtBneueHue
BHUMAHHUS BOAUTEIEH
IIpoune dakTopsr 3arps3HeHue YBenuueHue He BrIsiBnEeHO CHmxeHne
arMoc(epHOro Bo3myxa KOHTPAaCTHOCTH U
BUAMMOCTHU

B coBokymHOCTH 3TO apryMeHTUpPYET IeJ1IeCO00pa3HOCTh IHPUOPUTETHOTO IPUMEHEHUS
XOJIOJJTHOT'O IJIACTHKA HA yYacTKaxX ¢ BBICOKOM MHTEHCHUBHOCTBIO IBMIKEHUS U B 30HAaX MOBBIIIEHHON
aBapuitHOCTH. CTa0MIBHOCTH ONTHYECKUX XapaKTEPUCTHK (B TOM YHUCIIE TIPH T0KACBOM HAMOKaHUHU
Y B HOYHBIX YCIIOBHSIX), BBICOKAsi H3HOCOCTOMKOCTb M YCKOPEHHOE OTBEP:KICHHUE T03BOJISIOT CHUXKATh
CyMMapHbI€ SKCIUTyaTal[MOHHBIC M3ICPKKH 33 CUET pee MPOBOTUMBIX OOHOBICHHIA M MEHBIIHX
«OKOH» JJIsl IEPEKPHITHSI IBMXKEHUsI, OMHOBPEMEHHO IMOBBIIIAs O€30MaCHOCTh 3a CUET YCTOHYMBOM
YUTAEMOCTH TOPU30HTAIBHON JJOPOKHON Pa3METKU B TEUEHUE BCETO MEXPEMOHTHOIO IIEPUOJIA.

Ha pucynke 1 npusenensl mannele pecypca World Population Review mo crtpanam c
HanOosbmuM adcomoTHbIM KomudecTBoM A TIL: mumupyror CHIA, 4To KOppenupyeT ¢ MacuTaboM
aBTomapka 1 00bEMOM TpaHcropTHoro crpoca. Kazaxcran 3anumaer 20-e mecro - 16 614 JITII B
2024 r. (World Population Review, 2025). CnenyeT y4uThIBaTh, YTO METOJUKH CTAaTUCTUUYECKOTO
yué€Ta pa3ngaroTcs Mo cTpaHaM (KpUTEpUU PErUCTpalliy, MOJHOTAa OXBara M T. I1.), TEM HE MEHee
JTaHHBIA MacCUB JaHHBIX 33aéT CpPaBHUMBIM (OH MJIsl OLIEHKH pPOIU HHQPPACTPYKTYPHBIX
MEpONPUATHIA, B TOM YHCIIE Ka4eCTBA U JJOJITOBEYHOCTH TOPU30HTAIBHON JOPOKHONW Pa3METKH.

KasaxcraH; 16614.00
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Pucynok 1. Ton-20 cTpan no xonuyectBy aBapuii (o nanasiM World Population Review)

Ha pucynke 2 mnpexacraBieHa eXerojHas JAMHAMHUKA IO pALy €BPONEHCKHUX CTpaH,
paccuuTaHHas B nepecuére Ha 1 MiH HaceneHusa. M3 rpadukoB BUIHO, YTO POCT TPaHCIOPTHOTO
norpebienus (BKiIoYas aproMoOmnm3anuio u npodern) sneuet ysenmuyenue [TII, kak npaBuio, He
BblIE = 15 %, ogHako B psae rocynapcts - [lonbie, Yexun, Tanuu 1 HEKOTOPBIX COCETHUX CTPaHaX
- HabOmomaeTcsl CHIDKEHUE mokasareneid (Statista, 2023). Beibop BpeMEHHOTr0 MHTEpBaJia aHAU3a
(2020-2021 1r.) OOYCIOBJIEH OrPAaHUYCHHOW JIOCTYMHOCTHIO COIMOCTABHUMBIX CTAaTHCTHYECKHUX
JaHHBIX N0 cTpaHaM EBpOIBI B OTKPHITHIX O(UIIHATEHBIX HCTOYHHUKAX 32 O0Jiee MPOJOIKUTEbHBIN
nepuoA. OTO CHUXKEHHE CBS3BIBAIOT C KOMIUIEKCHOM MOJUTHKONW O€30MacHOCTH JOPOKHOTO
JBUKEHUSI: COBEPLIEHCTBOBAHWEM HWH)KEHEPHBIX pEIICHUH (BKJIOYas JOJITOBEYHBbIE MaTepUallbl
JIOPOYKHOM pPa3METKH C yCTOMYMBBIMU ONTHYECKHMMH CBOMCTBaMHM), ONTHMH3AIMEH OpraHu3aluu
JBUKEHUSI, YCUJIIEHUEM KOHTPOJIS U aIpeCHBIMU IIPOrpaMMaMH 110 y3BUMBIM yyacTKam ceTu. BaxkHa
U COMNOCTaBHUMOCTh METPHUK: IMepexoJ] K HOPMHUPOBAHHMIO «HA | MIH HAaceJCeHHs» I03BOJISIET
HUBeNMpoBarh 3(dekr macmraba W TOYHEe NPOCIEAWTH BKJIAN HHPPACTPYKTYpHBIX MEp - B
YaCTHOCTH, TPUMEHEHUSI HW3HOCOCTOMKHMX CHCTEM Ha OCHOBE XOJOJHOIO  IUIACTHKA,
00eCTIeYnBaONINX CTAOMIBHYIO peTpOpedIIEKCHIO B HOUHOE BPEMs U PH HAMOKAHUH.
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Pucynok 2. Jlunamuka JITII B crpanax EBponsl (cimydaeB Ha 1 miH Hacenenus, 2020-2021 rr. )

Ha pucynke 3 npezacraBneHnsl 0OHOBIEHHbIE TaHHBIE TPaBOBOM cTatucTuky o Kazaxcrany: 3a
6 mecsaues 2025 r. 3apeructpupoBano 15698 ITII, uto Ha 54,0 % Bbllle ypOBHS aHAJIOTMYHOIO
nepuona 2024 r. (10 191). Yucno noctpagaBmux Beipocsio Ha 62,7 % - 10 22346 4enoBek MPOTHB
13738 romom panee. BbpiOOp NIaHHOrO BpPEeMEHHOIO HHTEpBana OOYCIOBIEH HCIIOIb30BAHUEM
HaubOosee akTyaldbHbIX W CONOCTaBUMBIX JIAHHBIX O(QUIMATBHON OTKPBITOM CTaTUCTUKU 3a
nocienHue OoT4éTHhle nepuoabl. Hambomnblnas KOHIEHTpalnus MOCTPagaBIIUX (DUKCHUPYETCs B T.
Anmarel, AnMatuHckol, JKamObuickoil, AKTIOOMHCKONH U ATblpayckoi ob6nacTsx. JMMHHBIN psin
(2015-2024 rr.) AEeMOHCTPHUpPYET pOCT 4YMCIa IOCTPAJAaBUIMX (PAaHEHBIX M MOTUOIIMX), YTO
MOAYEPKUBAET HEOOXOAMMOCTh CHCTEMHBIX MEp MMEHHO Ha CTOpOHE MH(PACTPYKTYpbI, BKIOUAs
MOBBIIIEHUE JOJITOBEYHOCTH M BUIAMMOCTH TOPU3OHTAJIBHOM JOopoxHOH pasmerku (Komurer mo
MIPaBOBOM CTAaTUCTUKE U CIEUHUAIbHBIM yuéraM mnpu [enepanpHoi mpokyparype PK, 2025). s
MHXCHEPHOW MTPAKTUKHU 3TO O3HAYaeT NPHUOPUTHU3ALIMIO MATEPUATIOB C JUIMTEIbHBIM MEXPEMOHTHBIM
LIUKJIOM, BBICOKOHM YCTOMYMBOCTBIO K UCTUPAHUIO U cOXpaHeHueM napametrpoB RL (perpopediexcust)
u Qd (1HEeBHas IPKOCTH) B TEYEHHUE BCETO CPOKA CITYXKOBI.

AHanmu3 cocTosiHUA O€30MacHOCTH JOpOKHOTO JBIKeHus B Pecnyonuke Kazaxcran
nokaspiBaet, yto oduuuanpHas craructuka [ITII nmyOnukyercs KOMIETEHTHBIMU OpraHaMu H
oTpakaeT AWHAMHKY aBapuitHoctu 1o romam (Ibrayev et al, 2019). ComnacHo naHHBIM
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UCCIIEJOBAHUS, ABApUMHOCTh HAa MAarucTpalbHbIX Joporax Kaszaxcrtama B mociiegHHE TIO/bI
cTabmim3upoBasiachk Ha ypoBHe 0koJo 9,85 JITII Ha 100 kM ceTH, a 9uciio TSHKENBIX aBapuid OCTaETCs
3HAQYUTENBHBIM, YTO MOAYEPKUBACT HEOOXOIUMOCTh KOMIUIEKCHBIX MEp IO TOBBIIICHUIO
6e3onacHocTy nHppacTpykTypsl (Ikromov et al., 2023). BemoMcTBeHHBIE MaTepUalibl YKa3bIBAIOT,
YTO CBOEBPEMEHHOE OOHOBJIEHHWE TOPU3OHTAIBHON JOPOXKHOM pa3METKHM OTHOCHUTCS K Haubosee
3¢ GEeKTUBHBIM U OTHOCUTENIBHO MaJI03aTPaTHbIM MepaM, 00€CTIeYHBAIOIINM KOMIUIEKCHOE CHUKEHHE
kommuecTBa JITTI 3a cuét ymyumieHus: BU3yajabHOrO OPUEHTUPOBAHMS U TUCUUIUTMHEI ToToka (Elete
et al., 2024). B 3Tux ycinoBusX X0JIOAHBIN MIIACTUK (MMA-CHCTEMBI) BBICTYIIAET MPEATIOYTHTEIIBHBIM
MaTepHualioM JJIs Y4aCTKOB C MHTEHCUBHBIM JIBU’KEHHUEM U MOBBIIICHHONW aBapUHHOCTBIO, TOCKOJIbKY
coyeTraeT OBICTpOE OTBEP)KICHHE, YCTOMUMBYIO pETPOpeQIeKCHI0 MpPU HAMOKAHHH, BBICOKYIO
M3HOCOCTOMKOCTh M PEIKYI0 HOTPEOHOCTh B OOHOBICHHMHM IO CPAaBHEHHIO C TPaJAUIMOHHBIMHU
JIAKOKPACOYHBIMU MOKPHITUSIMHU.

Konuyectso xepts [T B KasaxctraHe
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Pucynok 3. Kazaxcran: umcno mormbmux u paHensix B JITII (2015-2024 rr; omeparuBHas
nuHamuka 3a [ momyrogue 2025 r.)

3.3. Texnonoeuueckue acnexmeol

MeToauka TOJEBOIO HAHECEHUs XOJOAHOIO IUIACTUKAa TEXHOJIOTMYECKH TMpocTa U
BocnpousBoauMa. Ha moxaroroBneHHoe mNOKpbITHE (acdanbroOeTOH/IIEeMEHTOOETOH) HAHOCHUTCS
CMOJISTHAasl KOMITO3MIIMSI HAa OCHOBE aKPHJIATHBIX MOHOMEPOB H oiuromepoB (MMA), mocie uero
N00aBnsieTCsl WHUIMATOP (TUIUYHO - MEPOKCHJHAs CHUCTEMa), 3alyCKAIOMIMKA paauKaIbHYIO
nosuMepu3anuio in situ. Huzkas BSI3kocTh cocTaBa oOecreunBaeT KalLIipHOE MPOHUKHOBEHHE B
MHUKPOTPEIIMHBI U TOpHI, YTO MOBBIIIAET MEXAHWYECKYIO aAre3ui0; XUMHUYEeCKH 00paboTaHHBIE
CTEKJISIHHBIE MHKpocdepsl (BKIO4as IpaiiMepbl HAa OCHOBE CHIJIAHOBBIX/METAKPUJIATHBIX TPYIII)
(GOpMHPYIOT YCTOMUMBOE MEXAaHOXMMHUECKOE 3aKpeIlIeHHe M CTa0MIBHYIO peTpopedieKCuro.
[TonGop MUrMEHTOB, MUHEPAJIBHBIX HAMOJIHHUTENEH M (PYHKIMOHAJIBHBIX 00ABOK (pEryisiTopoB
peosioruu, CTabMIN3aToOpPOB, AHTUCKONIB3SIIUX TPAHYIIATOB) MO3BOJSIET ONTUMU3UPOBATh PELETITYPY
o[ 11eJieBble Kiacchl 1o sipkoctu (B2—-B7), Bapemenu otBepxaenus (BT1-BT3) u nonroseunoctu. B
pe3ynbTare JOCTUTAIOTCS KaK JOJTOBEYHOCTh M CTAaOMJIBHOCTH ONTHYECKHX IapaMeTpoB, TaK U
9KOJIOTHYECKasl MPUEMIIEMOCTh PELICHHMsS 3a CYET COKpAallleHUsI YacTOThl PEMOHTHBIX paldoT u
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YMEHBIIICHUSI COBOKYITHBIX BBIOPOCOB W OTXOAOB HA TPOTSHKEHUU IKU3HEHHOTO IIMKIIA
TOPU30HTAJILHOM JopokHOM pa3meTku (Burghardt, Babi¢, & Pashkevich, 2021).

4. O6cyxkaeHue

4.1. CpasHenue X0100H020 NIACMUKA U MEPMONIACIUYHO20 MAMEPUANA Ol OOPOANCHOU PAZMEMKU
Haubonee pacnpocTpaH€HHBIMH MaTepuajaMH A TOPU30HTAJIBHOW JTOPOKHOM pa3MeTKu

JIOpOT SIBJISIFOTCS XOJIOJIHBIM MJIACTUK Ha OCHOBE MeTmiMerakpuiara (MMA) U TepMOILIaCTUYHBIMA

Matepual (ropsiaero Hanecenus) (Xu et al., 2021).

4.1.1. Ilpupooa mamepuana u mexaHuzm opmuposanus NOKpolmus

XOJOAHBIN TUTACTUK TPEACTABISAET COOOW XMMHUYECKH OTBEPKIAEMYIO CHCTEMY, B KOTOPOW
IIOCJIE CMEIICHHUA CMOJIBI M OTBEPAMTENS IPOMCXOAMT paJWKalbHAas IMOJIMMEpU3ALUS C
¢dbopmMupoBaHuEM TPEXMEPHON CHIMTOW Marpuibl. B pesynbrare chOpMUPOBAHHOE MOKPBITHE
XapaKTepU3yeTCsl BBICOKOM KOT€3MOHHOM IPOYHOCTBIO U CTAaOWIBHONH MMKpPOCTPYKTYPOIL.
TepmorutacT OTHOCUTCS K PU3NYECKU OTBEPXKAAEMbIM MaTepuaiaM U HAHOCUTCA B PacIlJIaBICHHOM
COCTOSIHUM, HaOupas MPOYHOCTb MO MEpe OXJAXKAECHUS U KpUCTAIM3aluu. Takum oOpas3oMm, Ajs
MMA KpuTHYHBIMH (DAKTOPAMHU SIBISIOTCS KOPPEKTHas TO3UPOBKA OTBEPAMTENS W KOHTPOJb
«BPEMEHU KU3HMW» CMECH, TOIZNA Kak JUIsl TEPMOIUIACTA KIIIOYEBYIO POJIb MIPAIOT TEMIIEPATypHbIE
PEKUMBI TUIABJICHUS, BSI3KOCTh MaTepualia 1 ckopocth oxyaxaenus (Sadid et al., 2010).

4.1.2. Texnonocuunocms u ycio6us HaHeceHus

XO0JIOJHBIH MIACTUK HAHOCUTCS MPH MOJIOKUTENIBHBIX TeMIepaTypax Bo3yXa, KaK paBuiIo, OT
5 °C, 06e3 mpuUMEHEHHUs KOTJIOB pPa3orpeBa, UTO MO3BOJSET MPOIJIUTh CTPOUTEIBHBIA CE30H U
BBINOJIHATh JIOKAJIbHBIE PEMOHTBI IPH TMOHMKEHHBIX Temieparypax. OrpaHu4eHUEM JaHHOTO
Marepuana SIBJISIETCS OIPaHUYEHHOE «BPEMs KH3HU» CMECH, TPEOYyIOIIEe CTPOroro COOJIOACHUS
JI03UPOBaHUS U ONEPaTUBHON yKiaaku. TepMoruiacT oGecrneunBaeT BEICOKYIO IPOU3BOAUTENILHOCTD
Ha MPOTSKEHHBIX YYacTKaX JOPOKHOM pa3MeTku Ojarojaps MEXaHU3UPOBAaHHOM YKIAAKe Mpu
temneparype 180-220 °C m MuHUMaNbHBIM 3aJ€pKKaM Ha OCThIBaHME. Bmecrte ¢ Tem ero
MIpUMEHEHNE TpeOyeT HaJTM4Msl CIIEIMATU3UPOBAHHON TEXHUKHU, CTPOrOro TEMIIEPATYPHOTO KOHTPOJIS
U CyXoro OCHOBaHMA. B o00oMX ciyyasXx KauecTBO IMOCAJKHU CTEKISHHBIX MHKpochep u
PaBHOMEPHOCTD TOJIIMHBI CJIOSI OTIPEAEIISAIOT UCXOIHbIE 3HAaUE€HUSI pETPOPEPIIEKTOPHOCTH U THEBHOM
Buaumocta (Xu et al., 2021; Sadid et al., 2010).

4.1.3. @ynkyuonanvhvlie nokazamenu: UOUMOCMb U CyenieHue

Cummras marpunia MMA s¢dexTuBHO pukcupyeT cTekIssHHbIe MUKpOC(epsl, O1aronaps yemy
peTpopedIEKTOPHOCTh U JTHEBHAS BHIMMOCTH COXPAHSIOTCS CTAOMJIBHBIMH JIaXKe MPH YaCTHIHOM
U3HOCEe TMOBepXHOCTH. MMA-cocTaBbl MO3BOJSAIOT (OPMHUPOBATH arjioMepaTHble M puIEHbIE
npodWIM, YTO YIydlIaeT BUAUMOCTh B YCIOBHAX MOKPO HOYM ¥ TIOBBIIIACT TAKTHILHO-3BYKOBYIO
BOCIIPUHMMAEMOCTb TOPU30HTANIbHON opokHOU pasMeTku (Tajnin et al., 2023; Babi¢ et al., 2024).

TepMmormact xapakTepu3yeTcsi BBICOKUMH CTapTOBBIMH 3HAYCHUSIMH peTpopediaeKTopHOCTH
IIpU COOIOICHUN TeMIIepaTypHBIX PEKUMOB, OJTHAKO YYBCTBUTEJEH K ITYOWHE MOCAIKU CTEKIISTHHBIX
MUKpochep 1 Ipyu HTHTEHCHBHOM a0pa3MBHOM BO3/ICHCTBHH MOABEPIKEH X YCKOPEHHOM MOTEPE, U4TO
NPUBOIUT K CHIDKEHHMIO 3HaueHWi perpopednekropHocTu. Ilo mokasarensm cueruieHust o0a
MaTepualia JIOCTUTal0T HOPMAaTHBHBIX 3HAYeHWW, npu 3ToM a1 MMA npome no3upoBarhb
MUHEpaJIbHbIM HAaOJHUTENb U (POPMUPOBATH LIEPOXOBATYIO MOBEPXHOCTh, 00ECIIEUNBAast BHICOKUN
K03 (UIMEHT CIETUICHUS Ha TEMIeX0IHBIX Mepexoaax u cron-mmausax (Xu et al., 2021; Tajnin et al.,
2023; Bao et al., 2025).

4.1.4. [loneoseunocms u u3HOCOCMOUKOCHb
Ha y4acTkax ¢ BBICOKUM CIBUTOBBIM BO3JIEMCTBHEM, TAKHX KaK 30HBI Pa3TOHA M TOPMOXKEHUS,
MOBOPOTHI ¥ aBTOOYCHBIE KapMaHBI, XOJOAHBIN TUIACTUK JAEMOHCTPUPYET Oojiee HU3KYIO CKOPOCTh
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M3HOCA 32 CYET CONMPOTHBICHHS CHIMTOW MAaTPHIBI MIIACTUYECKOH nedopmanuu. B 3Tux ycmoBusx
MMA-NOKpBITUSL JIydllle COXPaHSIOT pesbed NOPOXKHOM pa3METKH, MEHee IOJBEPKEHbI CPbIBY
CTEKJITHHBIX MUKpPOC(Ep M CHIKEHHUIO BBICOTHI Mpodmitst mpu padore cHeroounctuteneit (Tajnin et
al., 2023).

Tepmornact octaéres cTaOUIBHBIM Ha MPOTSHKEHHBIX MPSMOJIMHEHHBIX YYacTKaX, OJHAKO B
KAPKOM KIIMMATe MOXET IPOSBIATH IOJI3y4eCTh W CMATHE, a NPU HU3KUX TemIeparypax —
MOBBIIIEHHYIO XPYIKOCTh, YTO YCKOPSIET ACTPAIalnio MOKPHITUS B 30HAX MHTCHCUBHBIX MaHEBPOB
(Sadid et al., 2010; Babi¢ et al., 2024).

4.1.5. Knumamuueckasn ycmouuugocmao

XONOMHBIA MIACTUK PabOTOCIIOCOOCH B IMIMPOKOM JMANa30HE TEMIEpaTyp IKCILTyaTallud U
JIOITyCKaeT HaHECEHUe NpHu Oosiee HU3KUX TeMIleparypax OCHOBAHMs, YTO OCOOEHHO Ba)KHO MJIS
PETHOHOB C KOPOTKUM CTpOUTENbHBIM ce30HOM (Tajnin et al., 2023). Cmuras CTpyKTypa MOKPHITHS
TaKke o0ecrneyuBaeT yCTOMYMBOCTh K BO3JEHCTBHIO HE(PTENPOAYKTOB U MPOTUBOTOIOJIEAHBIX
pearenToB. TepMoriact 6osiee YyBCTBUTENCH K SKCTPEMAIBHO BHICOKAM W HU3KHM TeMIIEpaTypam,
IIOCKOJIBKY MEXaHHUYECKHE CBOICTBA NOKPBITUS ONPEAEISIOTCS PEeoNornell TepMOIIaCTUYHOM
Marpuibl. B CBS3H ¢ 3THM IPU MPOSKTUPOBAHUH TOPOKHOHN pa3sMETKU TpedyeTcst oa0op perenTypsl
C y4€TOM O’KUIaeMBbIX KIIMMATUUYECKUX YCIOBUH M JJOPOXKHBIX Harpy3ok (Sadid et al., 2010; Xu et al.,
2021).

4.1.6. Pemoumonpuco0HoCcms U 9KCHJLyamayusl

XONIOHBIN TUIACTUK YAOOCH /ISl JIOKAaJbHOTO PEMOHTA, TaK KaK CBEXHH Marepuas XOpOIIo
CBSI3BIBACTCS C paHee HAHECEHHBIM CIIOEM 0e3 HEOOXOAMMOCTH pa3orpeBa 00OpYIOBaHHS. DTO
MO3BOJISIET COKPATUTh MPOCTOM M OIEPATUBHO BOCCTAHABIMBATh TOPU3OHTAIBHYIO JIOPOXKHYIO
pa3MeTKy Ha yJacTKaxX MOBBIIICHHON OMAaCHOCTH, TAKUX KaK MEIICXOIHbIC TIEPEXOIbl U CTOI-THHHUH
(NASEM, 2016).

Tepmorutact 6onee >pdexkTUBEH MPU MACIITAOHBIX JUHEHHBIX PEMOHTAaX C MPUMEHEHHUEM
BBICOKOTIPOM3BOIUTEIPHON TEXHUKU W 3HAYUTENBHBIX O00BEMOB paboT. OAHAKO JOKaJbHBIC
PEMOHTHBIC ONEpalii TPU HU3KUX TEeMIleparypax | TOBBIIICHHONW BIAXKHOCTH TpPeOyOT
JIOTIOJTHUTENBHBIX TeXHONOTHYecKkux pemenuit (Xu et al., 2021; Sadid et al., 2010).

4.1.7. DKOHOMUKA HCUSHEHHO20 YUKILA

Ha mpoTskEHHBIX y4JacTKaX CIUIONTHOW JOPOKHON Pa3METKH TEPMOIUTACT BBIUTPHIBACT II0
CTOMMOCTH 3a CU€T BBICOKOH CKOPOCTH YKIJIAJKA M MEHBIIMX TPYH03aTpar. XOJOAHBIN MIACTUK
XapakTepu3yeTcsi 0Ooyiee BBICOKOH CTOMMOCTBIO 3a TOTOHHBIM METp, OJHAKO Ha Yy4acTKax
WHTEHCUBHOTO M3HOCA YaCTO OKa3bIBAETCSl IKOHOMUYECKH IIeTIeCO00pa3Hee Omarogaps yBeITMICHHON
MEXPEMOHTHON JIONTOBEYHOCTH, CTAOWIBHOW peTpopedIeKTOPHOCTH M CHUKEHHUIO YacTOTHI
PEMOHTHBIX BMEMIATeIbCTB. [IpU BBEIOOpPE CHCTEMBI JIOPOKHON Pa3METKH CIICAYeT YYUTHIBATh HE
TOJILKO 3aKYMOYHYI0 CTOMMOCTh MaTepuajioB, HO U COBOKYITHBIE M3IACPKKU >KU3HEHHOTO IIMKIIA,
BKJIFOYAas WHTEPBAIBI OOCTYXHBAHHS, MPOJODKUTCIIBHOCTh 3aKPBITHS JIBHKCHHS, a TaKke
TpeboBaHMs K TexHUKe U nepconany (Qiao et al., 2023; Tajnin et al., 2023; Xu et al., 2021).

4.1.8. Ocpanuuenus u xapaxmephule pucku

Jlisa xonogHoro mijacTuka Ha ocHoBe MMA XapaKTepHbl YyBCTBUTEIBHOCTh K JO3MPOBKE
OTBEpANTENS, 3aBUCHUMOCTb Kadye€CTBAa TOKPBITHS OT BIAXHOCTU OCHOBAaHMS, IIOBBIIICHHBIE
TpeboBaHus K 6€30MacHOCTH MpH paboTe ¢ MEePOKCUIAMH U BhIpaKEHHBIN 3amax MoHoMmepa (Zhang
et al., 2011). J{nst Tepmoriacta KiItOueBble pUCKU CBA3aHBI C TIEPETPEBOM Marepuasa, HapylieHueM
TEMIIEPATypHBIX PEKUMOB HAHECEHUS M 0€e30MacCHOCThIO TropAyux padoT. B ycioBusx xapkoro
KJIUMaTa WIA NMPH WHTEHCUBHBIX MOIMEPEYHBIX HArpy3KaX BO3MOXKHBI IJIACTHYECKHE IedopManuu
MOKpbITUS. B 000ux ciydasx HMTOroBO€ KayeCTBO TOPHU3OHTAJIBHOW JOPONKHOW pPa3METKH
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CYIIIECTBEHHO 3aBUCHUT OT MOJATOTOBKMA OCHOBAHHS, PABHOMEPHOCTU TOJIIMHBI CJIOS M KOPPEKTHOM
Mmocaaku CTeKISIHHBIX MUKpocdep (Sadid et al., 2010; Yellow thermoplastic road markings, 2021).

CpaBHUTEIIBHBIC XapaKTEPUCTUKU XOJIOMHOTO IUIACTHKA W TEPMOIUIACTHYHOTO Marepuaia
MPEJICTaBJICHbI B TA0MHIIE 6.

Taﬁ.lmua 6. CpaBHCHI/Ie XOJIOAHOI'O IJIACTUKA U TEPMOILIACTUYIHOI'0 Marepuajia

OCHOBHBIE ACIEKThI

X0JI0HBIN IJIACTHK

TepMonIacTHYHBIN MaTepUaJl

CocraB marepuaia

JBYXKOMIIOHEHTHBIN NOJIUMED,
OTBEPKIAEMBIN XUMUYECKUM ITyTEM

Tepmopazmsryaronyii moamumep,
pacIuIaBIeHHBIN niepen

UCIIOJIb30BaHUEM
Temmeparypa okpy:xaromei cpeabl Heo6xomum Harpes 1o 160 °C —
Temneparypa npHUMEHEHUS (o -5 °C 110 40 °C) 200 °C

Bpems oTeepxkaeHus

10-20 MuHyT

Oxnamz[eHHe II0CJIC HAHCCCHUA

Crioco6 npuMeHeHHS

CMemmrBaHue XUMHUKATOB U
pY4HOE/MAIMHHOE pacTbUICHHE

HarpeBaemas nnaBuibHas U
SKCTPY3MOHHASI MAIlTMHA

Anresus K OCHOBaHHUIO

XHUMHYECKOE CKICUBaHHUE C
achaasroM/0eTOHOM

dusnyeckas aares3us 3a CUET
Harpesa

JloaroBe4HOCTh B

Bricokast 3m1acTUYHOCTB,
YCTOMYMBOCTb K paCTPECKUBAHUIO U

Bricokast cTOMKOCTE K
HMCTUPAHUIO, HO MATYE MPH

HU3HOCOCTOMKOCTH
VCTHUPAHUIO BBICOKHX TEMIIEpaTypax
OtpaxarenabHas Bricokuii, ykpallieHHbII CraHnapTHBIN CO CTEKJISIHHBIMU
CIOCOOHOCTh CTEKJISTHHBIMH OyCHHAMHU OycuHamu

BosnelictBue Ha
OKPYKaIOIIYI0 Cpery

Huskoe coneprkanue neTyuux
OPTraHUYECKUX COCAMHEHHH,
sHeproddheKTuBHOCTH (03

OTOILJICHUS)

Bonee Bricokoe
SHEPronoTpedcHHE 13-3a
HarpeBa

YcnoBust 3KCILTyaTaluu

MoskeT puMeHsThCS B Oomee
LIMPOKOM JIMANa3oHe TEMIepaTyp

Tpebyetcs Teras, cyxas moroza

PeMOHT 1 TeXHUYECKOE
00CTy)KMBaHUE

[IpocToit nokanbHbINM peMOHT 0e3
CHSITHSI BCETO CJIOsI

TpeOyeT CHATHSI UK IOBTOPHOTO
Harpesa Jijisi pPEMOHTA

TOJ'II]_II/IHa CJIOSA HAHCCCHUA

1,5-3,0 Mmm

1,5-4,0 Mmm

CTOUMOCTB

Boiee BbICOKAsA CTOMMOCTD
MaTepHalioB, HO IIOTEHIMAILHO OoJee
HHU3Kasi CTOUMOCTD KU3HEHHOTO
IUKJIa Oaronapst TOITOBEYHOCTH

bosee Hu3KHE IepBOHAYAIBHbBIE
3aTpaThl, HO O0Jiee BHICOKHUE
3aTpaThl Ha 3JIEKTPOIHEPTUIO

C no3unun 0e30nacHOCTU JAOPOKHOTO JIBM)KEHUS M YCTOMYMBOCTH IOKa3areseil BO BpeMEHU
XOJIOJIHBIN MJIACTUK 00JaJaeT BBIPAXKEHHBIMU MPEUMYIIECTBAMU Ha MEpeKpECTKax, MEeIeXOAHbIX
Mepexo/iax, CTOM-IMHUAX, OCTPOBKAaX O€30IaCHOCTH, B 30HaX MHTEHCHBHOTO TOPMOXEHMS M Ha
y4acTKax, OJABEPKEHHBIX CHETOOUHCTKE U AeicTBUIO peareHToB (Xu et al., 2021; Dwyer et al., 2020;
Tajnin et al.,, 2023). Ero cmuras cTpykTypa oOeclieuMBaeT Jiydllee YyIAep>KaHHE TEKCTYyphl U
CTEKJIIHHBIX MHUKpOC(ep, a TEXHOJIOTHYHOCTh MPH HU3KHUX TeMIIepaTypax paciiupsieT OKHO padoT
(Bao et al., 2025). Tepmormuact ocTaércsi palMOHAIBHBIM BBIOOPOM [JISl JUTMHHBIX TPOJOJIBHBIX
JUHUNA TIPU YMEPEHHBIX Harpy3kax M KECTKUX OrPaHMUYCHMSX MO CTOMMOCTH Ha KHUJIOMETp, Tne
KpUTHYHA BbICOKasi CKopocTh ykiIaaku (Qiao et al., 2023; Ho et al., 2021). B koMmiIeKCHBIX TpOEKTax
HAWIY4IIU{ pe3yibTaT Yaile JocTUraercs komMOuHupoBaHueM: MMA — Ha y3/ax MOBBIIIEHHOTO
M3HOCA U MOKPOM HOUM, TEPMOILIACT - Ha MPOTSHKEHHBIX yU4acTKaX ¢ KOHTPOJIEM TOJIIMHBI M KauecTBa
MOCAJKU CTEKJITHHBIX MUKpocdep (Tajnin et al., 2023; Qiao et al., 2023).

4.2. Ilpumenenue xonoonoeo niacmuka 8 Kasaxcmane
B Pecnyonmuke Kazaxcran nByxkomnoHeHTHble MMA-cucTeMbl (XONOMHBIM TIACTHK)
MO3TAIHO BBOJATCS B DKCIUTyaTal[MI0 Kak 0a30BOe€ pelleHue Jis JTOJTOBEYHON TOpH30HTaTbHON
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JOPO’KHOU pa3sMETKU Ha YIMYHO-JOPOKHOM ceTu. [IpakThka MX NMpUMEHEHHS KOHUEHTPUPYETCS B
KPYIIHBIX arlioMepanusax U Ha y4acTKax C MOBBIIIEHHON HHTEHCUBHOCTBIO JIBUKEHUS, T1I€ TPEOYIOTCS
JUTMTENILHBIA MEKPEMOHTHBIN MHTEPBaJ, CTA0MIbHASL YATAEMOCTh U YCTOHYMBOCTD K a0pa3uBHOMY
u3Hocy. Ilo Tumonoruum 3amad XOJIOAHBIM IJIACTUK MPUMEHSETCS Ui HPOIOJIBHON JIOPOXKHOM
pa3MeTKu (oceBasi, KpaeBasi, HallpaBJIAIOILAsl) U MOMEPEUHBIX AIEMEHTOB (IIELIEXOAHbBIE TIEPEXO/IbI,
CTON-JIMHUHU), C TMPUOPUTETOM 30H moBbimIeHHOro pucka JTII - BOmM3M 00pa3oBaTeNbHBIX
YUPEXKJIEHUN, OCTAHOBOK OOIECTBEHHOIO TPAHCIIOPTA, HAa CJIOXKHBIX NMEPEKPECTKAX U y4yacTKax
KOHIIEHTpaIuu nemexoqHoro Tpaduka. [lonesrsie ycnoBusa Kazaxcrana (KOHTHHEHTAIBHBIN KIUMAT,
3HAYUTEIbHBIE CYyTOUHBIE M CE30HHBIE NEpPENabl TEMIEPATYP, BO3IAEHCTBUE PEAreéHTOB U CHEXHO-
IUTY’)KHBIX Pa0O0T) MpPEeIbsABISIIOT 3aBHIIICHHbIE TPeOOBaHMS K MEXAaHMYECKOW M OINTHYECKOM
CTOMKOCTH MOKPBITHSA, YTO U ONPEIEISET BEIOOp MaTepuania.

B ycnoBusix HHTEHCHBHOI SKCIUTyaTalluu coxpaHenue koddduinenTta qHeBHoM spkocti Qd Ha
ypoBHe 100-160 mcd/m?/1x u ycroiumBocTh kK wmctupanuio a0 70—80 % WMCXOMHOW TOJIIHUHBI
MOKPBITUSL PACCMaTPUBAIOTCS KaK KPUTUUYECKHUE MOKA3ATENN JIOJITOBEYHOCTH IUIACTUKOBBIX CHUCTEM
(Hadizadeh et al., 2020).

TexHonorus paboT 0ocHOBaHa Ha OTBEPK/ICHUHU IByXKOMIIOHEHTHOT'O COCTaBa MPHU TeMIIEpaType
OKpYKaIOUIEH CpeAbl C UHUIMMPOBAHUEM PAJIUKATIbHON NOJUMEPU3ALIMY in Situ. In situ — n3mMepeHus
SPKOCTH, XPOMAaTHUYECKHUX KOOPJIMHAT, CBETOOTPAXAIOIIEH CIOCOOHOCTH HEMOCPEICTBEHHO Ha
nopore, a He TabopaTOpHBIM IyTEM, YTO 0OECIeUnBaeT TOUYHbIE U peanucTHuHbie ganHbie (Coves-
Campos et al., 2018). D10 obecreunBaeT MPOU3BOACTBEHHYIO T'HOKOCTH B MEXKCE30HbE, KOTIa
IIPUMEHEHUE TEPMOILJIACTOB OIPAaHUYEHO TeMIlepaTypHbIM pexumoM. Huskas Bsizskocte MMA-
KOMITO3UIIMU CIIOCOOCTBYET KallMJUIIPHOMY MPOHUKHOBEHHUIO B TIOPHI U MUKPOTPEIIUHBI IIOKPBITUS,
bopMHpYS PA3BUTYIO MEXaHOXUMHYECKYIO aIr€3UI0; XUMUYECKH MOAU(DUIIMPOBAHHBIE CTEKIISTHHBIC
MUKpochepbl 00eCreunBaloT CTAOMIBHYIO peTpopedieKCHi0 NP HAMOKAHUU M B HOYHOE BpeMs
(Lanxing, 2025; Boytorun Kimya Sanayi A.S., 2025). MeXpeMOHTHBIH ITUKI TOPOKHON Pa3METKH
U3 XOJOAHOTO IUIACTUKAa B TOPOACKUX YCIOBUSAX AOCTUTAeT 3—5 JeT MpU THUIHYHOM TOJNIIMHE
HaHocumoro ciost 1,5-3,0 MM U HadabHBIX 3HaueHUsX perpopeduiekcuu RL mopsaka 200-350
mcd/m?/1X, 4TO CyIIECTBEHHO MHPEBBIMIAET Pecypc TPaAMIHMOHHBIX JIAKOKPACOYHBIX MaTepUasioB
(Babi¢ et al., 2020; Mazzoni et al., 2024). [To gaHHBIM 3KCIUTYyaTaIlMOHHBIX HAOIIOJEHUHN JOPOKHBIX
CITy0, MEXXPEMOHTHBIHN [IMKJI JOPOXKHOM pa3zMeTKH M3 XOJOAHOTO MIACTUKA B TOPOJCKUX YCIOBUAX
JOCTUTaeT 3—5 JeT, YTO CYILIECTBEHHO IMPEBBIIMIAET PECypC TPaJAULHUOHHBIX JIAKOKPACOUHBIX
MarepuajioB (mopsiaika 6—12 MecsleB) W He YCTyHaeT, a HEpeIKO IPEBOCXOAUT MOKa3aresn
TEPMOIUIACTUYHBIX CHCTEM Ha WMHTEHCHBHBIX Mapmipytax (Lanxing, 2025; Harun et al., 2019).
DKCIUTyaTallMOHHBIE XapaKTePUCTHKH XOJIOJHOTO MIacTHKa 00001IeHb! B Tabnue 7.

Tabauna 7. DkcITyaTalliOHHbIE XapaKTEPUCTUKU XOJIOAHOTO TIJIACTHKA TSI IOPOKHON pa3METKH

IMapametp TunuyHbli 1MaNa30H 3HAYEHU
TosnmuHa HAHOCUMOTO CJIOST 1,5-3,0 mm
CpoK Ci1y»O0BI B TOPOJICKIX YCIOBUIX 3-5 net
Wnpekc perpopeduiexcun RL (HauanbHbIiN) 200-350 mcd/m?/Ix
Koaddurnment qaesHo# sproctu Qd 100-160 mcd/m?/Ix
CoxpaHeHHe cJI0sl IPU MTHTEHCUBHOM M3HOCE 70-80 %

B mnocnennue romel B psae roponoB KazaxcraHa peannsyroTCs MPOEKTHI MO BHEAPEHUIO
XOJIOIHOTO TUTACTUKA ISl YCTPOMCTBA TOPU3OHTAIBHOM JTOPOKHOM pa3sMETKH, MpPEXKIe BCEro Ha
MEHIEXOAHBIX MEepeXoax U y4acTKax ¢ MHTEHCHUBHOW TPaHCHIOPTHOW Harpy3koid. MyHununaabHas
MIpaKTHKa IEMOHCTPUPYET MEePEX0] OT TPAAUIIMOHHBIX JIAKOKPACOUHBIX MarepHalioB K IIACTUKOBBIM
CHUCTEMaM, 4YacTO B COYETAHWU C TEPMOIUIACTHKOM JUIsl MAaruCTpajbHBIX JHMHUNA. OTmeuaercs
CTpEeMJICHHE K YBEJIMYEHHIO MEXKPEMOHTHBIX HMHTEpBAJIOB, MOBBIIIEHUIO H3HOCOCTOMKOCTH U
CTaOMIIBHOCTH ONTUYECKUX XapaKTEPUCTHK Pa3METKH, B TOM YUCIIE 33 CYET IPUMEHEHHSI CTEKIISTHHBIX
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mukpocdep. [lpencraBieHHbIE PETHOHANBHBIC MPUMEPHl HOCAT WJUIIOCTPATUBHBIA XapakTep u
OTPaXKAIOT OOIIYI0 TSHCHIIUIO MOJCPHU3AIMH JOPOXKHOU HHPPAcTPyKTypbl. O00O0IIEHHBIC TaHHBIC
O TPaKTHUKE BHEIPECHHs XOJOIHOTO IIacThKa B ropoaax Pecrmybmuku Kaszaxctan mpencTaBiieHbI B
Tabnuue 8.

Ta6auua 8. MinmocTpaTuBHBIE IPUMEPHI BHEAPESHHS XOJIOIHOTO IUIACTHKA B roponax PecryOnuku
Kazaxcran

T'opox 00Bém Tun marepuana Hao0nronaemblii 3KCIUTyaTaAllMOHHBIN pe3yJIbTAT
pab6ot, M>
AcraHa ~ 5000 XONIOTHBIH IToBEIIIEHHAST N3HOCOCTOMKOCTD M COXpaHEHHUE IIBETOBBIX
TUTACTHK XapaKTepUCTUK B  TEUYEHHE  JIUTEIBHOTO  CpOKa
9KCILTyaTalUuH
AnMaTsI ~ 3000 TepMmoruracTuk JlokanbHble AeEKTH IMOKPHITHS TOCHe ITATEIHHOM
IKCIUTyaTalluu
[IbIMKEHT =~ 4500 XonoaHbIN YCTOWYMBOCTH K  TEMIEpaTypHbIM  KOJEOaHUSIM |
TTACTHK MEXaHHYECKOMY U3HOCY

Taxkum 006pa3oM, aHaIu3 TEKyIelH NPaKTUKU IPUMEHEHUS XOJIOJHOTO Iu1acTuka B PecriyOmnrke
Kazaxcran mokasbiBaeT (hOpMUpOBaHHE YCTOWYMBOM TEHACHIUU K HCIONb30BAHUIO JOJITOBEYHBIX
IIOJIMMEPHBIX CUCTEM JUIsI yCTPOMCTBA TOPU3OHTAJIBHOM JOPOKHOM pa3METKH B  YCJIOBMSX
WHTEHCUBHOM OJKCIUTyaTalUM W  CIOXKHBIX KJIMMaruuyeckux Bo3aercTBuil. HakonneHHsbli
MIPaKTUYECKUM OMBIT CBUIETENbCTBYET O MOBBIIIEHUU MEXPEMOHTHBIX UHTEPBAJIOB, CTAOMIBHOCTU
ONTHUYECKUX XApPaKTEPUCTHUK M SKCIUIyaTallMOHHOW HAAEKHOCTH TOPU3OHTAIBHOM JIOPOXKHOU
pasMmerku. JlanbHeiliee pa3BUTHE NPUMEHEHHs XOJIOIHOIO IutacThka B KazaxcraHe cBsA3aHO C
pacUIMpEeHHEeM €ro HCIOJIb30BaHUS Ha Yy4YacTKaX C IIOBBILIEHHONH TPaHCHOPTHOM Harpys3Koii,
ONTUMU3ALMEN TEXHOJIOTMYECKUX PEXKMMOB HAHECEHHS M BO3MOXKHOCTBIO JIOKAJIbHOTO IIPOU3BOICTBA
MarepuasoB ¢ Y4ETOM PErHOHAIBHBIX KIMMaTHYeCKHX 0COOEHHOCTEH.

5. 3akaouenne

[IpoBenéHHBIM aHANW3 TIOKa3all, YTO XOJIOAHBIM IUIACTUK Ha ocHOoBe MMA sBrsercs
TEXHUYECKH U JKOHOMHUYECKHM OOOCHOBAHHBIM MAaTE€pPUAIIOM sl JOJITOBEYHOW TOPHU30HTAIBHOM
JIOPOKHOW pa3METKH B YCIOBUSAX KOHTUHEHTAIBHOTO KJIIMMAaTa U BICOKOW TPAHCIIOPTHOW HArpy3KH.
Martepuan obecriedBaeT ObICTPOE OTBEPKACHUE MPU TEMIIepaType OKPYKaroIIei cpeibl, pa3BUTYIO
aAre3ur0 K MHUHEPAJIbHBIM OCHOBAHUSIM M YCTOMYHMBOCTH K W3HOCY, Y D-BO3JICUCTBUIO, BJlare u
peareHTaMm, COXpaHss ONTHYECKHE XapaKTepUCTUKU (peTpopediekcrio M THEBHYIO SPKOCTh) Ha
MPOTSKEHUU MEKPEMOHTHOrO MHTepBana. [loneBbie cnydyan B roponax Kazaxcrana noarBepxaaroT
MEXPEMOHTHBIHN UK MOPsIKa 3—5 JIeT M CHI)KEHUE YaCTOThI IOBTOPHBIX PadoT.

[IpakTyeckass 3HAYUMOCTH BBIPAXKAETCS B TOBBIIIEHHMM YUTAEMOCTH TOPU30HTAIBLHOU
JIOPOKHOM pa3MeTKH B TEMHOE BpeMs M IMPU HAMOKAHHMM, YTO OCOOCHHO Ba)KHO Ha YdYacTKax
koHueHTpauuu JTII (memexoanble nepexoabl, OCTAHOBKH, CIOXHbBIE Tiepeceuenns). PanronansHo
npuopuTH3upoBath MMA-cHCTEMBI Ha TaKUX y4acTKaX, MOAOMpasi Kiacc MaTepuana 1mo sSipKOCTH,
BPEMEHHU OTBEPKJCHHS MW  TpeOyemMbiM  (PPUKIIMOHHBIM  XapaKTePUCTHKAM, a  TaKkKe
perIaMeHTHpPOBaTh PEryJIsIpHBII KOHTPOIb Mokazareneit RL/Qd Bo Bpemenu.

Jlna  macmtabupoBaHusi 3pdexra 1enecoo0pa3Hbl yYTOYHEHHWE HOPMAaTUBOB (BKIOYAs
TpeOOBaHUS K ONTHYECKHMM U CIIEMHBIM IMapaMeHTaM B JKCIUIyaTallid), Pa3BUTHE JIOKAIbHON
KOOTIEpallud TIOCTAaBOK M TPOU3BOJICTBA KOMITOHEHTOB, YTO CHHM3UT CE0ECTOMMOCTH U TIOBBICUTH
JOCTYITHOCTh TEXHOJOTHH. llepCrieKTMBHBIE HamNpaBiIEHUsS WCCIENOBAHUNA — JIOJITOBPEMEHHBIN
MOHUTOPHUHT JETPAAIlii ONTHYCCKUX/(PPUKITMOHHBIX CBOMCTB B PA3HBIX JTIOPOKHO-KIMMATHUECKUX
30HaX U ONTUMM3ALMH PELENTYP U TEKCTYPBI IIOKPBITHS JIsI COBMECTHOIO YIYUIIEHUS BUAUMOCTHU U
MPOTUBOCKOIBKEHUS TP MUHUMAIBHON SKOJIOTMYECKOM CIIEJIE.
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KeusneHneHn xos TaHOajJapbl YIIIH CYBIK IUIACTHUKTI KOJIAHYABIH THIMILTITIH
Tajaay

JIazar ToabsimOexoBa, Hypus Ycnanosa, I'aitnu CeliTeHOBa

AHJaaTna. ABTOKONIK AaFbIHBIHBIH ©CYyl JKOHE KON KO3FalbIChl Kayilci3Airine KOWBLIAThIH
TajanTapAblH apTybl XKarJalblH/Ia carajbl opl y3aK Mep3iMAl *O0J TaHOaJIapbIHBIH MaHBI3bl apTa
Tycyne. Ochl Makanaja >k0J1 TaHOalapblH cajyja mnaiijanaHpuiaThiH MeTuiaMmerakpuwiatr (MMA)
HEri31HJerl CybIK IUIACTUKTIH (PU3MKa-XUMMSUIBIK KacHUEeTTepl MEH MaijaliaHy cuIaTTamaliapbl
kapacteipbiianel. CT PK 1124-2019 sxome I'OCT 32952 kyxarrapplHa CyHEHE OTBIPBIII,
HOPMATHBTIK TaJIaNITapFa TaJay JKacalibl, COHJaii-aK CybBIK TUIACTHKTIH JOCTYPJIi MaTepHaiapMeH
- JaK-00sy >KaObIHIAPbIMEH KOHE TEPMOIUTACTUKTEPMEH CalbICThIpMalbl Oarackl 6epini. 3epTrey
HOTHKeJEpl CYBIK MJIACTUKTIH TO3yFa TO3IMIUIIT KOFaphl, XUMUSUIIBIK peareHTTepre, yIbTPaKyJIriH
coyIesepre ’oHe a0pa3uBTIK dcepre TYpaKThl €KeHiH, COHBIH apKaChIHAa OHBIH KBI3MET €Ty Mep3iMi
S JKbuIFa JeWiH jkeTeTiHiH KepceTTi. COHbIMEH KaTap, >KOJI MH(PaKypbUIBIMBIHBIH aBapHsUIbIK
JIeHreire bIKHajibl TajaAaHbl, sxon TanOanapel XKKO Toyekenin TeMeHaeTeTiH (akropiaapabiH Oipi
petinne aWkeiHmanasl. Kazakctan PecrmyOnmMkachiHIarbl >KOJ-KOJIIK OKUFAJAPBIHBIH JICHTEH1
OONBIHIIA CTAaTUCTUKAJIBIK ACPEKTep KENTIPUIiN, OJ TaHOalapblH Caly CalachlHIAaFbl HETi3ri
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MOceNeNiep aHBIKTAIABL. Makanana CybIK IUTACTHUKTI JKaFy TEXHOJIOTHSCHI CHITATTANBII, KOII
MH(PaKYPBUIBIMBIHBIH KayIICi3[irt MEH 3KOJOTUSIIBIK TYPAKThUIBIFBIH apTThIPy MaKCaTbIHIA OHbI
KOJI/1aHy OOMBIHIIIA YCHIHBIMIAP OepiireH.

Tylin ce3aep: cyblK IUIACTUK; >K0JI TaHOacel; MeTwiMerakpuiar (MMA); kon KO3FalbIChl
Kayilci3airi; To3yra Te3IMIUIIK, HOPMATHBTIK TayanTtap, >xon-kenik okurackl (JKKO); sxon
MH(PAKYPBUIBIMBI.

Analysis of the effectiveness of using cold plastic for horizontal road markings
Lyazat Tolymbekova, Nuriya Uspanova, Gaini Seitenova

Abstract: Against the backdrop of increasing traffic volumes and more stringent road-safety
requirements, durable and high-quality pavement markings are gaining heightened importance. This
article examines the physicochemical properties and in-service performance of methyl methacrylate
(MMA)-based cold plastic used for road markings. National and international regulatory
requirements (ST RK 1124-2019, GOST 32952) are reviewed, and a comparative assessment of cold
plastic versus traditional materials - paint coatings and thermoplastics - is provided. The analysis
shows that cold plastic offers high wear resistance and resistance to chemical agents, ultraviolet
radiation, and abrasive loads, enabling a service life of up to five years. The paper also considers the
influence of road infrastructure on crash occurrence and highlights road markings as a factor that
reduces the risk of road traffic accidents. Statistical data on the level of road traffic accidents in the
Republic of Kazakhstan are presented, and key issues in marking application are identified. The
technology for applying cold plastic is described, and recommendations are given on its use to
enhance the safety and environmental sustainability of road infrastructure.

Keywords: cold plastic; road markings; methyl methacrylate (MMA); road traffic safety; wear
resistance; regulatory requirements; road traffic accidents; road infrastructure.
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Abstract: The article analyzes the physicochemical properties and
particle-size distribution of dark brown soils in the Khromtau region. The
study areas included territories adjacent to the Don Mining and Processing
Plant, areas near waste heaps (terricones), and agricultural lands used for
crop cultivation. Soil samples were collected from different genetic depth
horizons. The following parameters were determined: soil bulk density,
humus content, total and mobile forms of nitrogen, phosphorus, and
potassium, soil solution reaction (pH), the total content and ionic
composition of water-soluble salts, as well as the particle-size distribution
of the soils. The soil reaction was found to be weakly alkaline to alkaline
(pH 7.6-8.5), while the salinity level remained low, indicating non-saline
conditions. Particle-size analysis revealed a progressive increase in the
proportion of fine fractions (fine silt and clay) in deeper soil layers, which
negatively affects the soil moisture-aeration regime through compaction.
The obtained results establish a solid baseline to develop scientifically
based recommendations for the rational and sustainable use of soils and
land resources in the region.

Keywords: soil cover; soil profile; morphological characteristics;
chemical composition; particle-size distribution; dark brown soil;
deposit; Don mining and processing plant.

1. Introduction

The city of Khromtau represents one of the major industrial centers
in the Aktobe region. It hosts the Don Mining and Processing Plant, which
operates one of the largest chromium deposits in Kazakhstan. The soils
surrounding the city are characterized as dark brown, typical of the dry
steppe climate, and have undergone significant transformation driven by
both human activities and climatic conditions (Mukanova, 2025; Koshim,
2015).

Dark brown soils cover several districts of the region, spanning a
total area of approximately 3.6 million hectares; consequently, their
distinct investigation is of paramount importance for the economic
interests of agriculture (Safarov, 2023).

The topography of the region is highly diverse: while the western
and eastern sectors are predominantly plains, the central part exhibits a
hilly terrain. The complexity of the geological structure significantly
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influences soil thickness as well as its physicochemical properties. Dark brown soils with a light
texture (light particle-size distribution) dominate the central districts, whereas loamy soils prevail in
the western and southwestern areas (Novikova, 1968). The chromium deposits surrounding the city
further exacerbate the environmental situation. The industrial load primarily stems from the
extraction of chromium, copper, and nickel ores (Koshim, 2015; Shakirzyanova, 2011).

The region ranks second globally in terms of chromium reserves, which leads to a high
concentration of environmentally hazardous industrial facilities. The industrial infrastructure
encompasses mining operations, processing plants, thermal power generation, and municipal utilities
(Bazarbayeva, 2025; Mukanova, 2021). As a result of this technogenic impact, alterations occur in
the structure and composition of the soil, preventing it from fully executing its ecological functions
(Baltabayeva, 2023). Currently, soil degradation is pronounced, and its agricultural suitability is
declining, which amplifies not only environmental but also socio-economic risks. Therefore, a
comprehensive study of soil composition, structure, and the patterns of their transformation is of
particular significance (Kalybekov, 2019; Osintseva, 2023).

The objective of this study is to analyze the physicochemical properties and particle-size
distribution of dark brown soils in the Khromtau region. According to classical soil science concepts,
physicochemical characteristics and particle-size distribution play a decisive role in regulating water-
air regimes, nutrient availability, biological activity, and the overall fertility of soils (Kachinsky,
1965; Dobrovolsky & Nikitin, 2012; Shein, 2005). The soil within the area between the Don Mining
and Processing Plant (MPP) in Khromtau and the adjacent agricultural fields was selected as the
object of research. This specific area is characterized by the juxtaposition of a high-impact
technogenic industrial zone and land allocated for agricultural use. In this regard, a comprehensive
assessment of the ecological status of the soil cover is critically important.

In the map illustrating the spatial distribution of the study area (Figure 1), soil sampling points
are arranged systematically; sampling via this method enables the evaluation of dynamics in the soil's
ecological status (Alimuratkyzy, 2025). This approach facilitates the determination of distribution
patterns regarding anthropogenic loads and the identification of high-risk zones. Furthermore, the
grid-based arrangement of the research points ensures the representativeness of the obtained data
(Khassenova, 2025; Wu, 2014; Grygar, 2025).

Figure 1. Spatial distribution of the study area

Unlike previous studies conducted in the Khromtau industrial zone, which mainly focused on
geoecological assessment, heavy metal contamination, and remote sensing analysis (Koshim, 2015;
Mukanova, 2025), the present study provides a detailed characterization of the physicochemical and
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particle-size properties of dark brown soils located between the Don Mining and Processing Plant,
waste heaps, and agricultural lands. The novelty of this research lies in the integrated assessment of
soil bulk density, agrochemical parameters, water-soluble salts, and particle-size distribution across
different genetic horizons, allowing evaluation of soil profile transformation under long-term
technogenic influence. The obtained results provide baseline data for future monitoring of soil
degradation and environmental changes in the Khromtau region.

2. Materials and methods

During the field research phase, soil profiles were established across territories experiencing
varying degrees of natural and anthropogenic impacts. A total of two representative soil profiles (P-
1 and P-2) were selected for detailed investigation. Profile P-1 was established between the Don
Mining and Processing Plant and adjacent agricultural land, whereas Profile P-2 was established near
waste heaps (terricones). For each horizon, laboratory analyses were performed in triplicate, and
mean values are presented in the tables.

Laboratory analyses of the soil samples were conducted using standard methodologies widely
accepted in the field of soil science: particle-size and microaggregate distributions were determined
via the Kachinsky method; total organic carbon (humus) according to Tyurin; total nitrogen by the
Kjeldahl method; carbonate carbon dioxide (CO?) using the Geissler-Maximyuk method; cation
exchange capacity (CEC) and exchangeable calcium (Ca?*) and magnesium (Mg?*) via the Gedroiz
method; exchangeable sodium (Na*) and potassium (K*) using flame photometry; and water extract
analysis according to Arinushkina. Furthermore, the pH of the soil suspension was measured
colorimetrically; bulk density was determined using the Nekrasov auger core method; available
phosphorus was analyzed via the Machigin method; available potassium according to Protasov;
hydrolyzable nitrogen by the Tyurin and Kononova method; total phosphorus using the Pemberton
method,; total potassium via the Smith method; and bulk elemental analysis of the soil was conducted
according to Gedroiz (Kachinsky, 1965; Jarsjo, 2017; Fernandez-Martinez, 2014; Kim, 2025).

Within the framework of cartographic research methods, archival materials and field
observation data were processed. Based on geographic information systems (GIS) technologies and
remote sensing (RS) data, the specific soil sampling locations were precisely identified (Guo, 2025;
Zeng, 2022; Woszczyk, 2018).

Al-assisted language editing tools (FixMeBot; ChatGPT) were used solely for grammatical and
stylistic improvement. All scientific analyses, interpretations, and conclusions were performed by the
authors.

3. Results

The high level of anthropogenic load within the territory of the Don Mining and Processing
Plant has resulted in a substantial transformation of the soil cover. Driven by industrial activities,
open-pit mines, external waste dumps, industrial sites, and processing complexes have completely
lost their natural state. Consequently, soil fertility has declined, and its morphological and
physicochemical properties have undergone significant alterations. In numerous areas, the fertile
topsoil has been entirely removed, and the relief has undergone repeated mechanical leveling, leading
to the formation of distinct anthropogenically modified (technogenic) landscapes in the region.

To characterize the soil morphology and determine its physicochemical properties, soil pits
were excavated within the study area (coordinates: N — 50°14.725' /| E — 58°22.055’, absolute
elevation: 401 m). The field analysis revealed that the soils in this specific area exhibit a dark brown
coloration, and the local topography is characterized by a flat plain. Soil samples were subsequently
collected to assess the physicochemical composition under laboratory conditions.

Soil Profile No. 1 was excavated in an area located 300 m south of a major open-pit mine
featuring high waste heaps (terricones) adjacent to agricultural fields (Figure 2). The local topography
is characterized as a flat, pristine steppe, with a total projective vegetation cover of 60 %. The plant
community is predominantly composed of fescue-feather grass (Festuca-Stipa) and wormwood
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(Artemisia), intermixed with calendula (Calendula officinalis), elecampane (Inula), common
soapwort (Saponaria officinalis), and various other herbaceous species. The open-pit mines operating
for chromium ore extraction are clustered around the Don Mining and Processing Plant (MPP). These
open pits are surrounded by massive waste heaps reaching heights of 30 to 50 meters. The soil type
is classified as a dark brown calcareous (carbonate) medium loam.

Figure 2. Soil profile established between the Don MPP and the agricultural field
Depth, cm Horizon Description

Dark dark-brown color, dry, fine granular structure, dusty, presence of plant
Al10-12cm roots, heavy loam, presence of small stones; effervesces with 10 % hydrochloric
acid (HCI); gradual transition to the subsequent horizon.

Dark dark-brown color, fresh (slightly moist), presence of plant roots, moist,
A212-22cm heavy loam, stony, effervesces with 10 % hydrochloric acid (HCI); distinct
transition to the subsequent horizon.

Greyish dark-brown color, fresh (slightly moist), highly stony, presence of salt
B122-30cm spots, plant roots are rare, heavy loam, presence of small gravelly stones;
B2 30 -56 cm effervesces with 10 % hydrochloric acid (HCI); distinct transition to the
subsequent horizon.

Dark greyish-brown color, presence of whitish spots of salts and oxides, highly

C56-80cm stony, heavy loam, effervesces with 10 % hydrochloric acid (HCI).

The wheat agricultural field is characterized by an open plain with sparse vegetation cover,
indicating that the soil surface is highly susceptible to wind and water erosion. Such conditions
contribute to the degradation of the soil's physical properties, a reduction in organic matter content,
and the rapid dissemination of pollutants.

The proximity of agricultural lands to the industrial zone exacerbates the risk of heavy metals
and other technogenic contaminants accumulating in the soil matrix. This, in turn, may exert a
detrimental impact on the stability and sustainability of the agroecosystem.
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In the vicinity of the chromium ore extraction sites, adjacent to the waste heaps (terricones),
Soil Profile No. 2 was excavated within the dark brown soil zone to serve as a control/monitoring
point (Figure 3) (coordinates: N — 50°16.306' / E — 58°30.262’, absolute elevation: 403 m). The local
topography is characterized as an undulating plain. The vegetation community is predominantly
composed of fescue and feather grass (Festuca-Stipa), interspersed with wormwood (Artemisia) and
various other herbaceous species. The total projective vegetation cover ranges between 70 % and 80
%.

Figure 3. Soil profile established adjacent to the waste heaps (terricones)

Depth, cm Horizon Description

A10-9cm. Dark dark-brown color, porous, fine granular dusty structure, abundant
vegetation, medium sandy loam, absence of foreign inclusions, small stones
are rare; effervesces with 10 % hydrochloric acid (HCI); the transition to the
subsequent horizon is distinct, defined by a change in density.

A29-22cm. Dark dark-brown color, compacted, fresh (slightly moist), presence of plant
roots, fine granular dusty structure, presence of small stones, medium loam;
effervesces with 10 % hydrochloric acid (HCI); the transition to the subsequent
horizon is distinct, defined by a change in density.

B1 22-32cm.  Dark-brown color, fresh (slightly moist), blocky-granular structure, presence of
whitish spots of salts and carbonates, medium loam, dense; effervesces with 10
% hydrochloric acid (HCI); continuous, solid bedrock (stones) underlies below
the depth of 32 cm.

The soil profile delineates the morphological structure of the soil within the study area. Distinct
horizons, a shallow upper humus layer, and signs of compaction in the lower genetic horizons are
evident across the profile. This structural state is interpreted as a direct consequence of long-term
anthropogenic impact.

Soil physicochemical parameters (including pH, organic carbon/humus content, salinity levels,
and heavy metal accumulation) serve as primary indicators for assessing the ecological stability of
the ecosystem. In sampling points located proximate to the industrial zone, these parameters are
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highly likely to deviate from baseline (background) values, whereas a relative improvement in
ecological conditions is anticipated moving toward the agricultural fields.

The soil profile was established within a territory situated in the immediate vicinity of the waste
heaps (terricones) in the Khromtau region. This area represents a technogenic landscape characterized
by the accumulation of mining waste and is defined by a high level of anthropogenic stress exerted
on the surrounding environment.

A flat steppe landscape is observed adjacent to the waste heaps. The vegetation cover is sparse,
primarily comprising drought-resistant (xerophytic) herbaceous species. This ecological condition
reflects a reduction in the naturally developed soil fertility and indicates an overwhelming
technogenic impact. Pronounced signs of wind erosion create favorable conditions for the widespread
dissemination of fine particulate matter.

The proximity of the waste heaps intensifies environmental risks, such as atmospheric dust
pollution, heavy metal accumulation, and the disruption of the soil's native chemical composition.

The soil profile demonstrates weakly differentiated genetic horizons and a shallow topsoil layer.
The thickness of the humus horizon is severely constrained, and the soil exhibits a light coloration,
indicating an insufficient concentration of organic matter. With increasing depth, distinct compaction
is observed in the lower horizons, resulting from the degradation of their physical properties.

The inclusion of technogenic materials within the profile matrix is highly apparent,
demonstrating the infiltration and integration of particulate matter originating from the waste heaps
into the soil horizons. This condition exerts a detrimental effect on the soil's moisture-aeration regime,
thereby reducing the overall stability of the ecosystem.

The ecological status of the soils surrounding the waste heaps is continually shaped by the
interplay of natural and anthropogenic factors. Consequently, these territories are classified as high-
risk environmental zones that require systematic and continuous monitoring.

Table 1. Soil bulk density (structure density)
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P-1. | 0-12 | 23 | 74.92 | 196.00 | 190.40 | 11548 | 560 | 4.85 | 567 | 1.22 1.20
Algric 13 | 7560 | 194.00 | 186.10 | 11050 | 7.90 | 7.15 1.16
tur
;I u 22 | 7752 | 199.00 | 193.20 | 11568 | 5.80 | 5.02 1.22
field | 12-22 | 21 | 75.03 | 218.00 | 206.77 | 13147 | 11.23 | 854 | 8.65 | 1.38 1.42
15 | 7418 | 227.00 | 21321 | 139.03 | 13.79 | 9.92 1.46
10 | 75.44 | 193.00 | 184.29 | 108.85 | 8.71 | 7.50 114
2230 | 11 | 74.60 | 21592 | 201.06 | 126.46 | 14.86 | 11.75 | 11.49 | 1.33 1.36
12 | 7407 | 212.94 | 198.87 | 124.80 | 14.07 | 11.27 131
14 | 81.00 | 233.26 | 217.88 | 136.88 | 15.68 | 11.45 1.44

During the research, the soil bulk density (structural density) in the Khromtau region
(Khromtau, sampling point P-1) was determined using integrated field and laboratory methods.
Samples were collected from genetic horizons at depths of 0-12 cm, 12-22 cm, and 22—-30 cm (Table
1).

The soil bulk density was determined via the core (cylinder) method. Sampling was performed
in triplicate for each horizon, during which the initial mass, mass prior to drying, and oven-dry mass
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were sequentially measured. Following the determination of the absolutely dry soil mass, the soil
moisture content, density, and bulk density values were calculated.

This methodology is widely utilized to assess the degree of soil compaction, the status of the
moisture-aeration regime, and the extent of anthropogenic impact.

The obtained results demonstrate that within the upper 0-12 cm layer, the soil bulk density is
relatively low, ranging approximately from 1.14 to 1.22 g/cm®. This horizon is characterized by a
higher relative concentration of organic matter and a loose structural arrangement. However, the low
moisture content (4.8-7.1 %) reflects the positioning of the soil under arid climatic conditions. In the
12-22 cm layer, the bulk density ranges between 1.38 and 1.46 g/cm?, indicating a notable
compaction of the soil matrix. This structural state may be attributed to the intensification of
mechanical compaction on agricultural lands and the subsequent disruption of the native soil
structure. With increasing depth, the bulk density in the 22-30 cm horizon reaches higher values
(1.31-1.44 g/cm?3), illustrating a pronounced trend of soil compaction. An increase in moisture
content was observed in this horizon, where the dense structural framework may impede the free
movement of water and air.

Table 2. Agrochemical properties of dark brown soils

Sampli | Depth, | Humus, Total Mobile pH CO;

ng cm % : : : )

Locati Nitro | Phosp | Potassium | Nitrogen | Phosph | Potassiu

on gen% | horus % mg/kg orus, | m mg/kg

% mg/kg

P-1, 0-12 3.12 0.196 | 0.115 2.405 32.2 6 220 1.7 0.16

Agricu

Itural

field 12-22 2.50 0.168 | 0.101 2.206 24.3 18 560 8.1 0.16
22-30 2.17 0.154 | 0.108 2.201 20.1 2 220 8.2 0.19
30-56 - - 0.105 2.334 - 2 230 8.5 0.26
56-80 - - 0.070 1.860 - 4 260 8.3 0.48

P-2, 0-9 4.58 0.210 | 0.180 2.767 61.6 72 700 7.6 0.26

Adjace

nt to| 922 3.93 0.196 | 0.178 2.747 36.4 40 580 8.0 0.19

‘r’]":‘;;i 22-32 | 264 |0.168 | 0.153 2.605 28.0 40 450 84 | 0.16

(terric

ones)

Note*: "-" not determined.

During the research, the agrochemical properties of dark brown soils in the Khromtau region
(Khromtau, sampling point P-1) were comprehensively evaluated across various depth horizons
ranging from 0 to 80 cm (Table 2). The core parameters determined included humus content, total
nitrogen, total phosphorus, total potassium, mobile nutrient elements, soil reaction (pH), and
carbonate content.

According to the obtained results, the highest concentration of humus is observed in the upper
soil horizons. In Soil Profile No. 1, the humus content within the 0-12 cm layer is 3.12 %, whereas
it decreases to 2.50-2.17 % with increasing depth. This distribution pattern is attributed to the
accumulation of organic residues primarily on the soil surface and the high level of biological activity
within this specific horizon. In Soil Profile No. 2, the humus content is relatively high (4.58-2.64 %),
indicating a somewhat more favorable agroecological state of this territory.
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Humus content and nitrogen concentrations were not determined in the 30-56 cm and 56-80
cm horizons because these deeper layers are located below the main humus-accumulative horizon.
According to established soil science approaches, the determination of humus and available nitrogen
is primarily conducted in the upper soil horizons where organic matter accumulation and biological
activity are concentrated.

The total nitrogen content across all soil samples ranges from low to moderate levels (0.070-
0.210 %). This parameter correlates closely with the humus content and serves as a fundamental
indicator of soil fertility.

The total phosphorus content varies within the range of 0.101-0.180 %, indicating a moderate
phosphorus content. The potassium content is relatively high (1.860-2.767 %), which is linked to the
characteristic mineralogical composition inherent to dark brown soils.

The content of mobile nitrogen varied considerably between the investigated sites. The soils
adjacent to the waste heaps (P-2) were characterized by higher concentrations of available nitrogen,
ranging from 28.0 to 61.6 mg/kg in the upper horizons. In contrast, agricultural soils (P-1) contained
lower amounts of mobile nitrogen, estimated at 20.1-32.2 mg/kg in the upper 30 cm layer. In both
profiles, the nitrogen content generally decreased with depth, indicating the accumulation of organic
matter and nutrients in the surface horizons. The highest concentration of mobile nitrogen (61.6
mg/kg) was recorded in the 0-9 cm layer of soils located near the terricones.

The content of mobile phosphorus varies significantly across the genetic horizons. In Soil
Profile No. 2, this parameter reaches 72 mg/kg within the 0-9 cm layer, demonstrating a high level
of supply, whereas in the other horizons, the mobile form of phosphorus remains at low or moderate
levels.

The mobile potassium content is high across all investigated horizons (220-700 mg/kg),
indicating that the soil is well-supplied with potassium, thereby creating favorable conditions for the
cultivation and growth of agricultural crops.

The reaction of the soil solution varies from weakly alkaline to alkaline (pH 7.6-8.5). This
property is characteristic of dark brown soils and is directly associated with the presence of
carbonates. The carbonate content, measured as COz, increases with depth, rising from 0.16 % to 0.48
%. This condition indicates an intensifying influence of carbonate parent rocks in the lower horizons
of the soil profile.

The obtained agrochemical parameters indicate that the fertility of the dark brown soils in the
Khromtau region stands at a moderate level. The relatively low concentrations of humus and nitrogen,
particularly in territories proximate to industrial zones, demonstrate that the soils have been subjected
to anthropogenic stress. Furthermore, the deficit of available phosphorus necessitates the
implementation of agrotechnical measures, specifically fertilizer application.

Overall, the investigated soils are suitable for agricultural use; however, systematic monitoring
of their agrochemical status is required to ensure long-term environmental sustainability.

%%
M.EQ

Table 3. Content of water-soluble salts in dark brown soils

Ne Depth, Water extract of absolutely dry soil
cm
Total Alkalinity Cl SO4* Ca? Mg?* Na* K*
soluble
salts, | Total | COs*
% HCO3s
P-1, 0-12 0.021 | 0.0625 | 0.000 | 0.000 | 0.033 | 0.0222 | 0.0111 | 0.02 | 0.0333
Agricult
urgalfield 12-22 0.028 | 0.0607 | 0.000 | 0.000 | 0.0461 | 0.0222 | 0.0105 | 0.02 0.025
22-30 0.028 | 0.0607 | 0.000 | 0.000 | 0.0444 | 0.0222 | 0.0105 | 0.02 0.025
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30-56 0.027 | 0.0607 | 0.002 | 0.033 0.05 0.0222 | 0.0105 0.02 0.0333

56-80 0.087 | 0.0611 | 0.000 | 0.000 | 0.0475 | 0.0222 | 0.0105 | 0.0234 | 0.0333

P-2, 0-9 0.026 | 0.0607 | 0.000 | 0.000 | 0.05 | 0.0222 | 0.0111 | 0.02 | 0.0375
Adjacent

to waste| 922 | 0.027 | 0.0625 | 0.000 | 0.000 | 0.05 | 0.0222 | 0.0105 | 0.02 | 0.0333
heaps 22-32 | 0.026 | 0.06 | 0.000 | 0.000 | 0.05 | 0.0222 | 0.0105 | 0.02 | 0.0333
(terricon

es)

The research results indicate that the concentration of water-soluble salts in the dark brown
soils of the Khromtau region is low (Table 3). The total soluble salts content in the soil solution at
sampling point P-1 varies between 0.021 % and 0.087 %, confirming a weak/negligible level of
salinity across all investigated genetic horizons.

Vertical distribution analysis demonstrates a relative increase in salt content within the 56-80
cm horizon. This trend indicates an accumulation process of soluble salts in the lower horizons;
however, these values do not signify soil alkalization or salinity development.

Regarding the ionic composition, calcium Ca’*and sulfate SO? ions are predominant,
characterizing the typical calcium-sulfate type of salinity inherent to dark brown soils. The low
concentration of sodium Na* ions indicates the absence of a solonetzization (alkalization) risk.
Furthermore, chloride ions CI- and carbonates CO? were detected at exceptionally low levels.

In the soil of the agricultural field, the total soluble salt content is approximately 0.081 %,
exhibiting a slightly higher value compared to the industrial zones. This variation is attributed to the
continuous influence of agricultural land use and the specific soil moisture regime.

The increase in total soluble salts observed in the 56-80 cm horizon of Profile P-1 is likely
associated with the accumulation of soluble compounds in the lower part of the profile due to limited
downward water movement and the influence of carbonate parent material. However, the measured
value remains below the threshold of saline soils.

Overall, the investigated dark brown soils are classified as non-saline and are evaluated as
highly favorable for agricultural production and utilization.

Table 4. Particle-size distribution of soil profiles

Sampling Depth, | A.C.H % Fraction content of absolutely dry soil
Location cm % :
H20 Sum of fractions, mm
Sand, mm Dust, mm Silt, mm Physical
clay
1.0- 0.25- 0.05- 0.01- 0.005- | <0.001 Fractions
0.25 0.05 0.01 0.005 0.001 <0.01
P-1, 0-12 4,76 | 30.00 | 25.50 | 30.24 2.94 1.68 9.66 14.28
Agricultural
field 12-22 5.32 8.45 40.43 10.56 9.72 21.97 8.87 40.56
22-30 5.66 10.09 23.34 24.17 5.94 30.10 6.36 42.40
30-56 5.48 5.80 15.07 | 26.66 11.00 39.36 2.12 52.48
56-80 5.18 9.98 64.71 | 22.78 0.84 0.84 0.84 2.53
0-9 3.34 | 1951 | 4159 | 30.62 1.24 6.21 0.83 8.28
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P-2, Adjacent| 9-22 3.84 | 2544 | 34.63 | 27.87 5.82 541 0.83 12.06
to waste heaps
(terricones) 22-32 3.82 | 18.34 | 4257 | 35.77 0.42 0.83 2.08 3.33

Based on the classical Kachinsky classification of soil texture, the investigated soils
demonstrate considerable textural variability. In Profile P-1 (agricultural field), the content of
physical clay (<0.01 mm) ranges from 2.53 % to 52.48 %, indicating a transition from a loose sandy
texture (2.53 %) in the deepest horizon (56-80 cm) to a sandy loam (14.28 %) in the surface layer,
reaching medium loam (40.56-42.40 %) and heavy loam (52.48 %) textures in the middle part of the
profile. In Profile P-2 (adjacent to waste heaps), the content of physical clay varies from 3.33 % to
12.06 %, classifying these horizons sequentially as cohesive sand (8.28 %), sandy loam (12.06 %),
and loose sand (3.33 %). Thus, Profile P-1 is characterized by a substantially heavier textural
composition and distinct vertical differentiation, whereas Profile P-2 consists predominantly of loose
and cohesive light-textured sandy matrices (Table 4).

The particle-size distribution analysis revealed substantial differences between the two
investigated soil profiles. In Profile P-1, the upper horizon (0-12 cm) is dominated by sand and dust
fractions, which together account for approximately 85 % of the soil mass. Such a composition
promotes favorable aeration and water infiltration conditions. However, with increasing depth, the
proportion of fine particles gradually increases. The content of physical clay rises from 14.28 % in
the surface horizon to 52.48 % at a depth of 30-56 cm, indicating a significant accumulation of fine
material in the subsurface layers.

The highest content of physical clay was observed in the 30-56 cm horizon, where fine fractions
predominate over coarse particles. Such textural characteristics may reduce soil permeability,
increase bulk density, and negatively affect the soil moisture—air regime. In contrast, the deepest
horizon (56-80 cm) contains a high proportion of sand particles, particularly the 0.25-0.05 mm
fraction, reflecting the influence of the parent material on soil formation processes.

Profile P-2, located adjacent to the terricones, exhibits a more uniform particle-size distribution.
Sand and dust fractions dominate throughout the profile, while the content of physical clay remains
low, varying from 3.33 % to 12.06 %. Compared with the agricultural field soil, this profile is
characterized by a lighter texture and a lower degree of compaction.

The predominance of coarse fractions in the surface horizons contributes to good aeration and
drainage properties, whereas the accumulation of physical clay in the middle horizons of Profile P-1
increases water-holding capacity but may restrict root penetration under conditions of excessive
compaction. Overall, the particle-size distribution data indicate that the soils of the Khromtau region
are generally characterized by light- to medium-textured materials, although significant textural
differentiation occurs within the agricultural profile. The observed increase in physical clay content
with depth suggests the development of compact subsurface horizons, highlighting the need for
continuous monitoring of soil physical properties under both agricultural and technogenic influences.

4. Discussion

The results obtained in the course of our comprehensive research indicate that the key
physicochemical and morphological properties of dark brown soils in the investigated Khromtau
region are determined by both natural soil-forming processes and long-term intensive anthropogenic
influences associated with chromium mining activities. Pronounced changes in soil morphological
characteristics, agrochemical properties, and particle-size composition were particularly evident in
areas located near the Don Mining and Processing Plant and adjacent waste heaps (terricones). These
findings are fully consistent with previous studies conducted in industrial regions of Kazakhstan,
which have reported significant alterations in soil physical and chemical properties under technogenic
impact.
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According to the analytical data, the soil bulk density progressively increases with depth, a
phenomenon that underscores an intensifying trend of soil compaction. The elevated bulk density
values within the 12-30 cm horizons may be associated with long-term anthropogenic disturbance,
including mechanical impacts related to industrial and agricultural activities, alongside the general
disruption of the soil's native structural framework. Prior studies have similarly demonstrated that
soil compaction in technogenic zones induces a degradation of the moisture-aeration regime,
ultimately culminating in physical soil degradation.

The vertical distribution of humus and nutrients within the investigated soil profiles follows the
classical pattern typical of zonal dark brown soils, with the highest concentrations occurring in the
upper surface horizons and gradually decreasing with depth. In Profile P-1, established on the
agricultural field, the humus content progressively decreased from 3.12 % in the upper 0-12 cm
horizon to 2.50 % in the 12-22 cm layer, and reached a minimum of 2.17 % at a depth of 22-30 cm.
A similar trend was observed in Profile P-2 near the terricones, where the humus content decreased
from a maximum of 4.58% in the surface layer (0-9 cm) to 3.93 % in the 9-22 c¢cm horizon, and
further down to 2.64 % at a depth of 22-32 cm. The higher humus content recorded in the upper
horizons of Profile P-2 may be associated with the preservation of natural steppe vegetation and the
accumulation of plant residues in the surface layer. The general decline in total nitrogen and available
nutrients with depth reflects both the natural reduction in organic matter content and the genetic
differentiation of the soil horizons.

Available phosphorus concentrations were generally low to moderate in both studied profiles,
indicating a moderate phosphorus supply status. In contrast, the potassium content remained
relatively high throughout the profiles (ranging from 1,860 to 2,767 mg/kg), which directly reflects
the specific mineralogical composition of the parent material and the natural nutrient status of
regional dark brown soils.

The reaction of the soil solution was weakly alkaline to alkaline throughout both soil profiles,
with pH values ranging from 7.6 to 8.5. These values are highly characteristic of dark brown soils
formed under arid and semi-arid climatic conditions of Western Kazakhstan. The documented
increase in carbonate content with depth reflects the geogenic influence of carbonate-rich parent
materials and the downward migration of carbonates within the soil profile. Despite the alkaline
reaction, the investigated soils cannot be classified as saline or solonetzic, since the total content of
soluble salts remained low (0.021-0.087 %), and no evidence of significant salinization was detected.

According to the particle-size classification developed by N.A. Kachinsky, the investigated
soils demonstrate considerable textural variability. In Profile P-1 (agricultural field), the content of
physical clay (<0.01 mm) varies drastically from 2.53 % to 52.48 %, indicating a clear transition from
sandy loam in the surface horizon to medium to heavy loam textures in the middle part of the profile.
The deepest horizon (56-80 cm) is characterized by a sandy texture due to the low content of physical
clay. In contrast, Profile P-2 contains only 3.33-12.06 % physical clay and is therefore classified
mainly as sandy and sandy loam. These differences indicate a substantially heavier granulometric
composition in the agricultural profile compared with the soils adjacent to the terricones.

The particle-size distribution data further show that sand and dust fractions predominate in the
upper horizons of both profiles, whereas the proportion of physical clay increases with depth,
particularly in Profile P-1. The accumulation of fine particles in the subsurface horizons may
contribute to increased soil density, reduced permeability, and deterioration of the moisture—air
regime. Such conditions can restrict root penetration and reduce the effectiveness of water infiltration.
Conversely, the predominance of sand fractions in Profile P-2 promotes better drainage and aeration
but may reduce water-holding capacity. The presence of technogenic material and industrial dust near
the waste heaps may also influence the observed granulometric composition and contribute to profile
heterogeneity.

Overall, the investigated dark brown soils remain relatively stable with respect to their
agrochemical characteristics and do not exhibit signs of industrial salinization. Nevertheless, the
observed vertical differentiation of physical clay, together with changes in nutrient distribution and
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carbonate accumulation, indicates ongoing transformations of soil properties under the combined
influence of natural and anthropogenic factors. These findings emphasize the importance of
continuous environmental monitoring of soil quality in mining regions of Western Kazakhstan and
the implementation of measures aimed at preventing physical degradation and maintaining soil
fertility.

Although heavy metal contamination is considered one of the major environmental concerns in
mining regions, the present study focused primarily on physicochemical, agrochemical, and particle-
size characteristics of soils. Heavy metal concentrations were not determined within the framework
of this investigation and should be addressed in future studies aimed at assessing ecological risks
associated with chromium mining activities in the Khromtau region.

5. Conclusion

In synthesis, this study demonstrates that the physicochemical and structural attributes of the
dark brown soils in the Khromtau region are simultaneously governed by natural pedogenic pathways
and chronic technogenic pressure stemming from chromium mining operations. The comparative
assessment between the cultivated matrix (Profile P-1) and the industrially exposed landscape
adjacent to the waste heaps (Profile P-2) unveils distinct variations in their agrochemical dynamics
and particle-size distribution frameworks.

The research findings demonstrate a pronounced trend of soil compaction within areas located
proximate to the industrial zone. The progressive increase in soil bulk density with depth, rising from
1.14-1.22 g/cm?® to 1.38-1.46 g/cm?®, delineates a clear degradation of the moisture—aeration regime
and may indicate the development of unfavorable physical conditions within the soil profile. This
structural alteration may be associated with anthropogenic disturbance and long-term land-use
impacts and the emergence of technogenic landscapes.

The vertical allocation of soil organic matter and macro-nutrients adheres to classical zonal
regularities, demonstrating a pronounced surface accumulation that progressively attenuates down
the profile gradient. The documented humus content varies between 2.17 % and 4.58 %, while the
total nitrogen and phosphorus concentrations fluctuate within the ranges of 0.070-0.210 % and 0.101-
0.180 %, respectively. Conversely, the potassium baseline remains consistently elevated throughout
both profiles (1.860-2.767 %), validating a strong mineralogical dependence on the native, potassium-
rich parent material of the region.

The soil solution reaction exhibits a consistent weakly alkaline to alkaline shift (pH 7.6-8.5),
driven by the buffering capacity of the carbonate system. The upward gradient of carbonate
accumulation discovered in the lower genetic horizons suggests the downward redistribution of
carbonates within the profile and highlights the geogenic influence of the underlying parent bedrock.
Crucially, the low abundance of water-soluble salts confirms that these soils indicate non-saline
conditions, lacking any current risks of active solonetzization.

Evaluated through the classical particle-size classification of N.A. Kachinsky, the profiles
demonstrate pronounced textural differentiation along the vertical axis. Profile P-1 (agricultural land)
marks a distinct lithological transition from a sandy loam surface horizon into relatively dense
medium to heavy loam textures within the middle tiers, before shifting into a sand-dominated texture
in the basal horizon. In juxtaposition, the profile configuration of Profile P-2 is predominantly
characterized by coarser sandy and sandy loam textures. Across both sites, the mass proportion of
physical clay (<0.01 mm) spans a wide range from 2.53 % to 52.48 %, corroborating an intense
structural heterogeneity.

The progressive accumulation of physical clay within the subsurface horizons of Profile P-1
reveals the development of dense, restrictive layers that significantly impair hydraulic conductivity
and further deteriorate the soil moisture—aeration regime through compaction. On the contrary, the
sand-dominated framework of Profile P-2 facilitates rapid drainage and high aeration capacity, but
introduces limitations regarding moisture retention, rendering the topsoil potentially more susceptible
to wind erosion and technogenic dust loading. These structural divergences illustrate the synergetic
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impact of pristine soil-forming factors and modern technogenic disturbances on the physical integrity
of the soil cover.

Conclusively, the findings provide a useful basis for ecological zoning, land-use planning, and
future soil monitoring programs in the Khromtau region.
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Xpomray  6HipIi  TONBIParbIHbIH  (U3NKA-XMMHUSUIBIK  KACHeTI  MeH
rPaHyJIOMETPHUSIIBIK KYPAMBIH TaJI/1ay

OJIMMYPATKbI3bl ATONKBIH, MyKkanoBa I'ysukanar, basap06aesa Typcbinkya, HInmmmkos
Barbipreasasl, Omakoaii Aiity, Huzamues A0aypamur

Anparna: Makanaga XpoMTay eHipiHJIeT1 KapaKOHBIP TOMBIPAKTAPAbIH (PU3UKA-XUMUSIIBIK KACHETI
KOHE TPaHYJOMETPUSJIBIK Kypambl TalgaH/bl. 3epTTey HbIcaHiapsl peTiHae [leH keH-OaibITy
KOMOWHATBIHA iprejiec ayMmMakTap, TEPPUKOHAAp MaHbl JKOHE aybUINIapyalllbUTBIK MaKcarTa
naiiananplIaThIH €TICTIK XKepyep TanAanabl. TombIpak yiariiepi opTypiii TepeHIiK KabaTTapblHaH
QJIBIHBII, KOJIEMJIK cajMaK, TYMyC MeJIIepi, JKalmbl KoHE KbUDKbIMaIbl a30T, gocdop, kamui,
TOMBIPAK €PITIHAICIHIH PEAKIHICH, Cy/la €pUTIH TY3apIbIH MOJIIEepPi MEH HOHABIK KypaMbl, COH/aii-
aK TpaHyJIOMETPHUSUIBIK Kypambl aHbIKTanabl. Tombipak peaknusicel cinrim (pH 7,6-8,5) ty3many
JeHreii TeMeH. ['paHylnoOMeTpHsUIBIK Tainaay TepeH KabaTTapaa ycak (pakuusiiapAblH apTybIH
aHBIKTAIl, OYJI )KaFIaliIbIH Cy-aya PeKUMIHE 9Cep €TETIHIH KOPCeTTi. AJIBIHFAH HOTHKEJIEP OHIpACTI
KEp pecypcTapblH >KOHE TOMBIPAKThl YTHIMIBI MaijajgaHy OONBIHINA FHUIBIMU HETI3IeNTreH
YCBIHBICTAp 93ipJIeyre MyMKIH/IIK Oepe/ti.
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Tyiin ce3aep: TONBIPAK >KaMBUIFBICHI; TOMBIPAK KECKiHi; MOP(HOJIOTHSIIBIK CHITATTAMa; XHMHSIIBIK
KYpambl, TPaHYIOMETPUSIBIK KypaMbl; Kapa KOHBIP TOIBIPAK;, KEH OpHBI, JloH KeH OalbITy
KOMOWHATEHI.

AHaan3 QU3NKO-XUMHYECKUX CBOMCTB U IPaHYJOMETPHYECKOI0 COCTABa MOYB
XpoMTayCcKOro peruoHa

AJmmMypaTkbi3bl AiiToakbiH, MykanoBa I'ynmxanar, basap6aeBa Typcoinkya, Illummukos
Barsipreabanl, Omakoai Aiity, Huzamue Aoaypammr

AHHoTanus. B craThe npoananuzupoBaHbl (PU3UKO-XUMHUECKHUE CBOMCTBA U TPAHYIOMETPUUYECKUN
COCTaB TEMHO-KAIITAaHOBBIX IMOYB XPOMTAyCKOTO perrnoHa. B kauecTBe OOBEKTOB HCCIIEIOBAHUS
ObuUTH BBIOpaHBI TEPPUTOPUH, MpHieraronme K JJoHCckoMy ropHo-o060ratuteabHOMYy KOMOHHATY,
YYaCTKH BOJIHM3HM TEPPUKOHOB, a TAKIKE CEIbCKOXO3AHCTBEHHBIE YTOJIbsI, HCIOIB3yEeMbIE MO/ TAITHIO.
[TouBeHHbIE 00pa3lbl ObUTM OTOOPAHBI M3 PA3IUYHBIX TIIYOMHHBIX TOPU30HTOB. Ompenensuiuch
o0bEeMHasi Macca IMOYBBI, COJEpKaHWE TyMmyca, OOIIMH M TOJBWXKHBIA a30T, Gochop W Kaiuu,
peaxiusi MOYBEHHOTO PAacTBOpA, COJEp>KaHHUE BOJOPACTBOPUMBIX COJIEH U WX HOHHBIA COCTaB, a
TaKXKe TPAHYJIOMETPHUYECKUI COCTaB TMOYBBL. Y CTAHOBIIEHO, YTO PEAKIHS IOYBEHHOTO pPacTBOpPa
siBysiercst tienounoi (PH 7,6-8,5), mpu 3TOM ypOBEHB 3aCOJICHHS XapaKTEPH3YeTCs KaK HU3KHUH.
I'panynomeTpruecKkuii aHalM3 IOKa3al yBEIMUYEHHE COACpKaHUS MeNKux (paknuii B Oonee
rIIyOOKHX CIJIOSIX MTOYBBI, UTO OKa3bIBAET BIMSIHIE HAa BOJAHO-BO3AYIIHBIN pexxuM nouB. [lomydueHHbIe
pe3yabTaThl MO3BOJISAIOT Pa3padboTaTh HAyYHO OOOCHOBAaHHBIE PEKOMEHJANNHU IO PAMOHATIBLHOMY
WCTIOJIH30BAHUIO TIOYB M 3€MENIbHBIX PECYPCOB PETHOHA.

KuioueBblie cj10Ba: OYBEHHBIN MMOKPOB; MMOYBEHHBIN pa3zpe3; Mopdogornyeckas XapakTepUCTHKA;

XUMHMUYECKHHA COCTaB; TPAHYJIOMETPUYECKUN COCTaB; TEMHO-KAILTAHOBAsl 10YBAa; MECTOPOXKICHUE;
JloHCKMI TOpHO-000TraTUTENbHBI KOMOMHAT.
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AHHoTanusi: B crartbe mnpencTaBiieHbl peE3yNbTaThl KOMIUIEKCHOTO
MOHHTOPHHTA JHHAMUKH OEpEeroBOW JIMHHH CEBEPO-BOCTOYHOW YacTH
Kacnuiickoro mopst 3a nepuon ¢ 2017 mo 2024 ron. MccnenoBanue

Oasupyercsi Ha  aHaJIM3€  CIIYyTHUKOBBIX ~ CHUMKOB  BBICOKOTO
npocrpanctBenHoro  paspemeaus  (PlanetScope) wu  maHHBIX
MHOTOMHUCCHOHHOMN ATbTUMETPHUH (DAHITI). [Tpumenenue

ABTOMATH3UPOBAHHOTO aJIrOpUTMa OOPaOOTKH KOCMHUYECKOH CBHEMKH,
BKJIIOYaromiero pacuer crnekrpaibHbix uHACKCOB NDVI u NDWI mnsa
BBIJICJIEHUS] T'PAaHUIIBl «CYIIA-BOJAA» W IOCIEAYIOUIYI0 BEKTOPHU3ALHIO
OeperoBoil JIMHUH, TO3BOJIMIIO C BBICOKOH TOYHOCTHIO 3a(pMKCHpPOBATH
MaciITabHYI0 PErpeccuIo MOpsi, BRIPRXKEHHYIO B COKpAIEHUH IIIO0IIAIH
BOJHOTO 3epKajia UCCIIeyeMoi TeppuTopru Ha 5 416 KM? U MaieHUH ero
ypoBHs Ha 1.2 M. Oco00e BHUMaHUE YI€I€HO BBISBICHHON KOPPENALUU
MEXIy THIPOJIOTHYECKUMH IIOKa3aTesIMH M  MOP()OMETPHUECKUMHU
U3MEHEHMSIMU MOOepeXkbsi. YCTaHOBJIEHO, UYTO cpelHuil ko3dduiumeHt
YYBCTBUTEJIBHOCTU IUIOUIAJM K M3MEHEHHUIO YpOBHS cocTaBisieT 45.5
km?*/cM, nipu 3toM B 2024 rony 3adUKCHpPOBAHO YCKOpEHHE TEMIIOB
OCYIIIEHHSI MEJIKOBOJIHBIX Y9aCTKOB. Pe3ynbTaTel paboThl MOATBEPKIAAIOT
BBICOKYIO 3((PEKTUBHOCTb COBMECTHOT'O HCIIOJIb30BAaHUS CIIYTHHKOBOM
QTBTUMETPUH M AaHHBIX J[33 BBICOKOTO pa3pemieHus s MOTydeHHS
JIOCTOBEPHBIX KOJMUYECTBEHHBIX XapaKTEPUCTUK COCTOSHUS aKBaTOPH B
YCIIOBHSIX WHTEHCHUBHBIX KIMMAaTHYeCKHX W3MeHeHud. [lomydeHHbIe
JaHHbIE MOTYT OBITh MCIOJIb30BAHBI NPH MNIAHUPOBAHUH XO3HCTBEHHOM
NEeSTeNIbHOCTH U pa3paboTKe Mep MO aJanTaluy NpuOpPeKHbIX PETHOHOB
K IIPOAOJDKAIOIIEMYCs TaIGHUIO YPOBHS MOPSL.

KuaroueBble ciaoBa: Kacnumiickoe Mmope; OeperoBas JWHUS; CHUMKH
BhICOKOTO pasperieHust PlanetScope; crnyTHuKOBas —albTUMETpPUS;
U3MEHEHHE YPOBHS MOPSL.

1. BBenenue

Kacnuiickoe mMope, sIBIISSICH KpYIHEHIIUM 3aMKHYTHIM BOJIOEMOM
TJIAHETHI, TIPEACTABISIET COOOM YHUKAJIBHBIA TPUPOJHBIA OOBEKT ISt
WCCIICIOBAaHUS ~ TUHAMHUKKA  OeperoBol  JWHMHM, OOYCIOBIIEHHOM
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KOMILIEKCOM THJIPOJIOIMYECKHX M KIMMAaTHUeCKuX (DakTOpoOB, BKIIIOYAsl CTOK pek Bosru, Ypana u
ucnaperne (Akbari et al.,, 2020; Duan et al.,, 2025, Kostianoy et al., 2025). I'maBHbIMHU
COCTAaBJISIOUIMMH MIPUXOAHON YacTH BOJHOIO OajlaHCa CEBEPHOM 4acTH MOps BBICTYIAET PEUHOMN
cToK, Tae okosio 80% Bcero mputoka odecnieunBaeT p. Bosra, a Bkiaa p. Ypai cocTaBisieT mopska
5% (De Mora et al., 2004). PerynupoBaHue pycell JaHHBIX PEK BOJOXPAaHHIUINAMHU MPUBOIUT K
JOJTOCPOYHOMY TIEpEpacHpeieNiCHHI0 W CHUKEHHI0O OOBEMOB IMABOJKOBOrOo CTOKa. OgHaKo
OCHOBHBIMH NPHYUHAMHU COKpAIECHHS IO BOAHOTO 3epkaia Kacrmuiickoro Mopsi BBICTYHAOT
COBpPEMEHHBIC KJIMMaTH4ecKue u3MeHeHus. CHIKEeHHE aTMOC(EpHBIX OCAIKOB HapsLy C POCTOM
TEeMIepaTypbl MPHU3EMHOTO CIIOSI BO3AyXa M TOBEPXHOCTHBIX BOJI OOYCIIOBIMBACT YBEIHUYCHHE
UCTIApeHHUsT ¢ MOPCKOM TMOBEPXHOCTH, YTO BKYyIlE€ C M3MEHEHHEM IOJI3EMHOTO CTOKAa MPUBOAUT K
HaApYyIICHUIO PaBHOBECHE BHYTpHBOJg0eMHOro Oamanca (Samant & Prange, 2023). B mocneanue
JECATUIICTUS 3]1eCh (PUKCUPYETCSl YCTOMUMBAs TEHAEHIMS K CHU)KCHUIO YPOBHS, UYTO MPUBOJIUT K
3ameTHOU mepectpoiike OeperoBoit 30ubl (Chen et al., 2023). M3-3a cHWKeHHS YPOBHS MOpPS
M3MEHSIOTCS TPUOPEKHBIE SKOCHCTEMBI, BKJIIOYAs [EIbTOBBIE JIAHAMAPTHI W MEJIKOBOJIHBIC
HEPECTOBbIC 30HBI OCETPOBBIX BHUJIOB pPbIObI, COKPAINAIOTCS PHIOHBIE PECYypChl M OOBEMBI
pBIOOJIOBCTBA, a TaKKe Bo3pacraloT pucku s cymoxoxactBa (Court et al.,, 2025). Haubonee
OTYETJIIMBO JIaHHBIC MPOLIECCHI MPOSBISIOTCS B CEBEPO-BOCTOYHOM YacTW aKBaTOPWUH, TIC U3-3a
KpaifHe moJjiororo peibeda qHA W OOMIMPHBIX METKOBOIWH Nake HE3HAUMTEIbHBbIE W3MEHECHUS
YPOBHS TPUBOJAT K CMEIICHUIO OEpPEeroBON JMHMM HAa PACCTOSHUS, NOCTHTAIONIME HECKOIBKHX
kuomeTpoB (Akhmetov & Malakhov, 2026).

B momo0HBIX YCIOBUSIX BO3pacTaeT MOTPEOHOCTh B METOJaX MOHHUTOPUHTA, CIIOCOOHBIX
o0ecrieynBaTh Kak BBICOKYIO TOYHOCTb, TaK U ONEPATUBHOCTh. DTUM YCIOBHSIM OTBEYAIOT METOJbI
JMCTAHIIMOHHOTO 30HIMPOBAHMSI 3€MIIH, TIO3BOJISIOLIUE MTOJIyYaTh PErYJIIPHBIE U CONIOCTABUMBIE BO
BPEMEHHU OLIEHKU MOJIOXKEHUs OeperoBod JNWHMHU. s MpoBeeHHs KOCMHYECKOTO MOHHMTOPHHTA
OeperoBoil TMHUM B HAayYHBIX HCCIIEJOBAHUSX AKTUBHO HCIOIB3YIOTCS PACTUTENBHBIA M BOIHBIE
cnekrpanbhbie uHIekcsl (Chowdhury & Yang, 2025; Xu, 2006), kotopslie 3apeKOMEHIOBaAIN ce0s
Kak 3¢ (eKTUBHbIE HHCTPYMEHTHI JIJIS1 BBIICTICHHS TPAHUIIBl «CYIIa-BOAA» U aHAIN3a €€ U3MEHEHHIA.
Vx mpuMeHeHne MOATBEPKICHO Ha Pa3IMYHBIX THUIIAX BOJHBIX OOBEKTOB — OT PEYHBIX NIENBT 10
mopckux mobepesxkuit (Christofi et al., 2025; Vos et al., 2023). B uccienoBanusx, OpueHTUPOBAHHBIX
Ha yCJIOBHSI CIIOKHOM npubpexxkHoit Mopdonoruu u menkoBoaust CeepHoro Kacmnusi, noka3zaHo, 4yto
CpeIy BOJHBIX HMHJEKCOB HAMOOIbIIYyI0 3(PPEKTUBHOCTH IEMOHCTPHPYET MOIU(DUIIMPOBAHHBII
ungekc MNDWI, obGecnieunBatomumii 6ojiee HaJACKHOE BBIIECIEHUE BOIHOM IMOBEPXHOCTU TIO
CPaBHEHHUIO C KJIACCHYECKUMHU MHAEKCAMH 3a CUeT MOJABIEHHS CHTHAala OT CYIIH M TeXHOTEHHBIX
oobsektoB (Duan et al., 2025). B uccnenosannu (Meirambek et al., 2024) nposenena npoBepka
aJIeKBaTHOCTU METOAMK JACIU(PPUPOBaHUS OEperoBoil JMHUU C HCHOJIb30BAHUEM DPA3IUYHBIX
Boaubix uHAekcoB (NDWI, NDMI, MNDWI, WRI, NDVI), koropas moka3ajiia HaHOOJBIIYIO
s dexruBHOCTs MHAeKca MNDWI nnst BeigeneHuss BOJHONW MOBEPXHOCTH U aHAIM3a W3MEHEHUMN
npubpexubIx Teppuropuit Kacnus. B pabote, mocssiieHHON ceBepo-BocTouHOM yacTi Kacnuiickoro
MOpsi, METOAbI 00pabOTKH CIYTHUKOBBIX CHUMKOB IMO3BOJISIOT HE TOJBKO (PUKCHUPOBATh TEKYyIlEe
MIOJIOKEHHE ype3a BOJbI, HO U MOJIEIMPOBATh 30HBI TIOTECHIIMATIBHOTO 3aTOIUICHUS U OCYIIIEHUS, YTO
KPUTHUYECKH BAKHO JUIS OLEHKH 3KOJIOTHUECKHX PHCKOB B 9TOM MeNKOBOAHOM pernone (Kamza et
al., 2023).

HecMmoTpst Ha mMpoKoe pacnpocTpaHEHUE JAHHBIX JUCTAHIIMOHHOTO 30HAMPOBAHUS 3eMIIH,
CHUMKH CO CPETHMM MPOCTPaHCTBEHHBIM pa3peleHreM, Takue kak Landsat u Sentinel-2, e Bcerna
MO3BOJISIIOT KOPPEKTHO AaHaJIM3UPOBATh CIOXKHYIO KOHHUrypamuio OeperoB. B Takux cimydasx
MIPUMEHSIOTCSI  TOTIOJIHUTENbHBIE TIOAXO/IbI, HANpaBIICHHBIE Ha JOCTIKEHHE CyOTHMKCEThbHON
tounoctu (Palomar-Véazquez et al., 2023). 910 0COOEHHO aKTyaabHO U YYaCTKOB C H3PE3aHHOM
JTMHAEH TTOOEPEKbs U HATMYUEM MEJKHX OCTPOBOB MJIH 30H MEITKOBOJIBSI.

CyliecTBeHHBIH BKJIaJ B pPa3BUTHE METOJOB MOHUTOpPHHra OEperoBOi JMHUU CBs3aH C
WCTIOJIH30BaHUEM JIAHHBIX BBICOKOTO MPOCTPAHCTBEHHOTO pa3pelieHus. B 4acTHOCTH, CITyTHHKOBas
rpynnupoBka PlanetScope obecnieurBaeT peryasipHy0 CbeMKY € pa3pelieHueM nopsiaka 3—5 M, 4To
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MO3BOJISIET 3HAYUTENIBHO YIYUYIIUTh TOYHOCTh U JETAJIBHOCTh BBIJCICHUS TPAHUIIBI «CYIIa-BOJAY.
Takue nanHble Bce yalle NPUMEHSIOTCS AJIs M3ydeHHUs OeperoBbIX MPOIECCOB, BKIIOYAs OLEHKY
3pO3UH, aKKyMYJIAIIMU W JMHAMUKHA MEJIKOBOJIHBIX 30H, Hampumep, uccienoanus Holzner et al.,
(2025); Tan et al. (2026).

B pamkax HacTosIIEero HcCIeAOBaHUS OINHCBIBAIOTCS PE3YyJbTaThl BBICOKOAETAIBHOTO
MOHUTOpHHra OeperoBoii nuHuu Kacmuiickoro mMopsi ¢ ucmnonb3oBanueMm gaHHbix Planet Labs.
Hcnonb30BaHWe CHUMKOB JaHHOW TPYHIHPOBKU IMO3BOJSET MOJIYYUTH OoJsiee NETaTu3UpOBAHHOE
npeAcTaBieHue OeperoBoi JUHUU ceBepo-BocToUHOM yacTu Kacnuiickoro mopsi. J{Jisi moBbIIEHUS
JOCTOBEPHOCTH MHTEPHPETAlMM IOJYYEHHBIX PpPE3yJbTaTOB JOMOJHUTEIBHO MPOU3BOJIUTCA
COIOCTABJICHUE C JIAHHBIMHU CIYTHUKOBOW anmbTuMeTpuu (6aza DAHITI), uTto maeT BO3MOKHOCTH
CBSI3aTh F'€OMETPUUECKHIE XapaKTEPUCTUKHU OeperoBoii IMHUU ¢ aOCOTIOTHHIMU 3HAYECHUSIMU YPOBHS
MOpsl.

Lenb uccnenoBaHus 3aKIIOYACTCS] B KOJTMYECTBEHHOMN OlLIEHKE M3MEHEHUN OeperoBoil TMHUU
ceBepo-BocTouHOM yacTu Kacrmiickoro mops 3a nepuoj 2017-2024 rr, kak HanboJiee TUHAMHUYIHO
M3MEHsIoIIecs 30HbI. B pamkax paGoThl pemiarotces 3a1a4u ((OpMUPOBAHHS MHOTOJIETHETO apXHBa
CITyTHUKOBBIX M300paXe€HUM, UX TeMaTU4eCKOW 00paboTKu ¢ ucnosibzoBanueM uHjaekcoB NDVI u
NDWI, nocnenyroieii BekTopusanuy 0eperoBoii TMHUH U aHAIN3a €€ IPOCTPaHCTBEHHO-BPEMEHHOU
JTUHAMUKH, a TAKKE BAIMIALNS TIOJYYEHHBIX PE3yJIbTAaTOB C JAHHBIMH YPOBHS MOPSL.

Hayunast HOBU3HA UCCIIeIOBaHUS COCTOUT B 00bETMHEHHUH JAHHBIX BHICOKOAETATN3UPOBAHHOM
CIIyTHUKOBOW CHEMKH W CITyTHUKOBOW QJIbTUMETPUU I aHAJIU3a JUHAMUKH OEperoBoil JTUHUU B
YCIIOBUSIX MEJIKOBOAHOW akBaropuu. IlpakThueckas 3HAYMMOCTb MCCIEIOBAHMS CBSI3aHA C
BO3MOKHOCTBIO HCIIOJIb30BAHUSI TMOJYYEHHBIX PE3YJbTAaTOB JJIsi JKOJOTMUYECKOr0O MOHHUTOPHWHTA,
OLIEHKH MOCTIEICTBUI CHIKEHUs ypoBHs Kacnuiickoro Mops 1 pa3paboTku 000CHOBaHHBIX PelICHUI
B 00J1aCTH yIpaBlieHUS TPUOPESIKHBIMHA TEPPUTOPHUIMHU.

2. MaTtepuaJjbl 4 MeTOIbI
2.1. Coop uzobpasicenuii 8b1COK020 NPOCMPAHCIMEEHHO20 PA3PEULEHUs UCCTeOYeMOli MeppUmopuu

B pamkax uccnenoBaHus A MOHUTOPUHTA COCTOSIHHS TIOOEPEKbs CEBEPO-BOCTOUYHON YaCTH
Kacruiickoro Mopsi ObUTH HCIIOJIB30BaHBI JIaHHBIE ONTHYECKHX crnyTHHKoB Planet Scope
amepukaHckod kommanusi Planet Labs, cmenmanusupyromeiicss Ha pa3pabOTKe M IKCIUTyaTaluu
IPYIIUPOBOK MAJbIX CIIyTHHUKOB AUCTAHIMOHHOTO 30H1upoBanus 3emuu (Planet Labs, 2026). dus
npubpexHoil akBatopun Kacnmiickoro Mopsi NPUMEHSJINCh JaHHBIE C TPOCTPAHCTBEHHBIM
paspelieHneM u300paxeHuit 3—5 M, MPH 3TOM CHEKTPAIbHBIA COCTaB JaHHBIX BapbUpOBaJCs OT 4
(2017-2021 rr.) mo 8 (c 2022 r.) kKaHAJIIOB B 3aBHCUMOCTH OT T0Jla ChEMKH, YTO OOECIIeYHBaIO
BO3MOYKHOCTh pEIIEHUs] KaK CTaHJapTHBIX 3ajJad JACHQpPUPOBAaHUS, TaKk M IPUMEHEHHUs
JOTIOJTHUTEIHHBIX CHIEKTPAIBHBIX HHJIEKCOB.

Bbi0opka AaHHBIX OCYIIECTBISIACH Ha OCHOBE CTPOTUX KpUTepueB KauecTBa. OCHOBHBIMHU
napameTpamu GUIBTPALNHU CITYKUIH YpoBeHb 001auHocTH (He 6omee 10-20 %), yron oTKIOHEHHUS
OT Haaupa, BeicoTa CoNHIIA HAJl TOPU30HTOM, YTO MO3BOJINIO MUHUMU3UPOBATH T€OMETPHUECKUE U
arMocdepHbie UCKakeHus. [ MccaeIoBanns OTOMPAINCh MPOAYKTHI YPOBHS 00paboTku Surface
Reflectance (Level 3B), npomeniue npoueaypy painoMeTpUUECKON KaTHOPOBKH, T€OMETPHYECKOI
opToTpaHcopMaui U atMocpepHoi Koppekiuu. llpenBaputenbHblii BU3YalbHBIM KOHTPOIb U
aHanu3 mertanaHHbIX (PucyHOk 1) MO3BONMIM MCKIIOYHTH CHUMKHU C Je(EKTaMU U300paKeHHs,
00€ecCIIeYrB B MOCIIEIYIOIIEM BBICOKYIO JOCTOBEPHOCTh BEKTOPHU3AINU OEpPEeroBOi JTMHHH.

PerpocniekTBHBIA aHanu3 cocTosiHUs OeperoBoil 3oHbI Kacmmiickoro Mopst oxBaTbhIBall
BpemeHHoW mHTepBas ¢ 2017 mo 2024 rox. Beibop JaHHOTO BpEMEHHOTO MHTEpBaa 00YCIOBICH
JOCTYITHOCTBIO CITyTHUKOBBIX JIaHHBIX BHICOKOTO ITPOCTPAHCTBEHHOT'O pPa3pelieHus ¢ o0ecreyeHueM
CTa0MIIBHOTO TIOKPBITHS HCCIIeayeMol TeppuTopud. [lepnomudHoCTh OpOHWTaNbHON ChEMKH
no3BoJmiia CHOPMHUPOBATh PEMPE3EHTATUBHYIO BBIOOPKY JAHHBIX JUIsl BECEHHEro, JIETHETO W
oceHHero ce30HOoB. CyMMapHbIii 00beM 00paboTtanHol BuaeonHdopmaruu npesbicw 1,5 Th, uto
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OOBSICHACTCSI 3HAYUTEIBHBIM TPOCTPAHCTBEHHBIM PAa3pelIeHHEM CHUMKOB, OOIIMPHOCTHIO
UCCIJIElyeMOM aKBaTOPUHU U JJIUTENBHOCTBI0 MOHUTOPUHIOBOIO IIEPUOAA.
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Pucynoxk 1. Untepdeiic BeiOopa clieH npu popMHUpPOBaHUM 3aKa3a

2.2. Temamuueckast 06pabomka OAHHbIX ONMULECKOU CbEMKU

Llenpto 00pabOTKM ONTHYECKUX W300paKEHUH BBHICOKOTO pPAa3pelieHHss MO JaHHBIM
opbuTtanpHoii TpynmnupoBku Planet Scope anst ceBepo-BocTouHOM yacTu Kacruiickoro Mopsi ObLIo
NoJy4eHne OeperoBoil IMHUK MOPS B BEKTOPHOM (popMate U MOCTPOCHUE €€ THHAMHKH.

Meroa mocTpoeHUs OeperoBoil JMHUM OCHOBBIBAJICS Ha COBMECTHOM HCIIOJIb30BAHUM U
ananmusze BeretannonHoro wuuaekca NDVI (Normalized Difference Vegetation Index) (NDVI
Explained, 2026) u Hopmanu3oBaHHOro pasHocTHoro BojmHoro uHaekca NDWI (Normalized
Difference Water Index) (NDWI, 2026) nans BbiieneHHss TpaHMIB «Cyina-oma». Takoit
KOMOMHHPOBAHHBIN TOAXOJ MO3BOJIIET OJHOBPEMEHHO HMCKJIFOUHMTH BIMSHHE PACTUTEIHLHOCTH Ha
NpUOPEKHOI 30HE U HAZIEKHO OTPEIEIUTH IPAHUIBI BOJHOI MOBEPXHOCTH.

Pacuer nanexca NDVI npoBouiics mo crangapTHO# Gopmyie:

NDVI = (NIR - RED) / (NIR + RED), (1)

rie NIR — orpaxkarenpHas crnocoOHOCT, B OmmkHeM uWH(ppakpacHoM nuamazone, RED —
oTpa)kaTeJabHasl CIIOCOOHOCTh B KPAacHOM CIEKTpadbHOM auama3oHe. J[ms oOpaboTKu TaHHBIX
MCIOJIL30BAJIOCh ITporpaMMHoe ooecrieuenne SNAP. B wactHocTH:

. s nanasix Planet 3a 2017-2021 rr.: NDVI = (Band 4 - Band 3) / (Band 4 + Band 3),

. s manaeix Planet 3a 2022-2024 rr.: NDVI = (Band 8 - Band 6) / (Band 8 + Band 6).

JI1s BBIZIETICHUST MOPCKOM TTOBEPXHOCTH MPUMEHSIICS TIOPOTOBBIN nuama3oH 3HadeHuit NDVI
ot -0,2 go 0, uro mo3BoysIIO A(H(HEKTUBHO UCKIIOYATH YYACTKU CYIIH W 30HBI PACTUTEIHHOTO
MTOKPOBA.

[MapaniensHO pacCUUTHIBAICS HOPMAIIM30BAHHBIM pa3HOCTHBIM BoaHbId wuHIeKC NDWI,
OCHOBAHHBINM Ha Pa3IMYMK B OTPAKCHUU H3TydeHus B OmmmxaeM uHpakpacHoM (NIR) u 3eneHomM
(Green) auanazonax. OH MO3BOJISIET BBISABIATH JaKe HE3HAUUTEILHBIC H3MEHCHHUS COJICPIKAHIST BOBI
B Bojoemax u npuopexxknoi 3oue. NDWI Beraucsizcs mo gpopmyie:
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NDWI = (Green - NIR) / (Green + NIR), 2

rne Green — orpaxarenbHas CIIOCOOHOCTh B 3€J€HOM CHeKTpaidbHOM auamazone, NIR —
oTpakaTebHask CIOCOOHOCTH B OJIMDKHEM HH(PPAKPaCHOM JIHAIa30HEe, MPU ATOM:

. s manasix Planet 2017-2021 rr.: NDWI = (Band 2 - Band 4) / (Band 2 + Band 4),

. s manasix Planet 2022-2024 rr.. NDWI = (Band 3 - Band 8) / (Band 3 + Band 8).

B ornmune ot NDVI, roe npumensmuchy orpunatenbable moporosbie 3HaueHus, st NDWI
HCIIOJIb30BAJIHMCH MOJIOKHUTENIbHBIC 3HaUeHUsI (0osee 0,2), HaIeKHO XapaKTePU3YIOIIUE TOBEPXHOCTh
BOJHbI.

Otanbl 00pabOTKH CHUMKOB ISl IOJTYYCHHUsT OEPEroBOil IMHIUHA CXEMAaTUYECKU MPEICTABICHBI
Ha pucyHKe 2. Ha mepBoM 3Tare MCroyIb30BANINCh HCXOJHBIE ONTUYECKHE H300PaKEHHS BBICOKOTO
MIPOCTPAHCTBEHHOTO pa3pemieHus. 3ateM paccuuThiBaiich wHACKCHI NDVI u NDWI, kotopsie
BU3YQJIM3UPOBAINCH B BUJAE PACTPOBBIX KapT, OTPAXKAIOLINX PACIPEICICHUE PACTUTEILHOCTH U
BOJIHBIX IoBepXHOCTeH. [lomydyeHHble pacTpoBble ClIOM KOHBEPTUPOBAINCH B JIMHEHHBIE OOBEKTHI B
COOTBCTCTBHH C IOPOTOBBIMU 3HAYCHUAMH HWHICKCOB. ITocne »toro MMpoBOANIIACH (bHHBTpaI_[I/ISI
JUHUHA IO 3HAYEHMsIM, Hauboyiee YETKO OTpaXarolllUM TIpaHMIly «cCyla-Boaa». Takoil moaxon
obecrieunBaeT 00Jiee BHICOKYIO TOYHOCTh BBIJICICHUSI OEpEroBoi JTMHUU, 0COOEHHO B MEITKOBOTHOM
ceBepo-BOCTOUHOM yacTh Kacnuiickoro Mopsi, HoJBEpKEHHOM CE30HHBIM KOJIEOAHUSAM YPOBHS BOJbBI
1 CTOHHO-HArOHHBIM SIBJICHUSM.

N>

McxoaHble CHUMKM NDWI/NDVI KoHBepTauma 8 AMHUMK KoHBepTauuma B NONUIOHbI

Pucynok 2. Dransl 00pabOTKH CHUMKOB IS TIOJTy4eHHsI O€peroBoi JTMHUN

Jlanee oTuabTpoOBaHHBIC JIUHUH MTOBEPTANCH JTOTIOJHUTEILHON pyIHONH 00paboTKe B cpese
ArcGIS. Ha manHOM 3Tare BBITIOJHSIOCH HECKOJIBKO TOCJIEIOBATENbHBIX onepainuid. B mepByro
oyepeb MPOBOAMIACH ONTHMH3AINS KOJHMYECTBA BEPIINH, TaK KaK MIEPBUYHAS JIMHUS, TTOJTyICHHAsS
U3 PaCTPOBBIX JAHHBIX, COJIEPIKaIa H30BITOYHOE KOJTMUYECTBO BEPIIIMH, YTO OCIOKHSIO TaIbHEUIITHIA
ananu3. J{ns ee ympomienus npumensics uHcTpyment Simplify Line. JlomogHHTENBHO Takke
UCIIONIB30BAJICS MHCTpyMeHT Smooth Line s criaxkuBaHus KOHTYPOB W YCTpaHEHHs
«CTYTIEHYATOCTH», BOSHUKAIOIIEH IPU BEKTOPHU3AINH 110 TTMKCEITFHON CETKe.

CrhenyroommM 3TanoM ObUIO YCTpaHEHHE TOIMOJIOTHYECKUX OIIMOOK Yepe3 HHCTPYMEHT
Topology, koryia MpoBepsUTHCh U MCIPABIISIIMCH OIMUOKK THIIA «CaMOTIEPECEUCHHSI», «Pa3phbIBbI» U
«ayonupyronmecss JTUHUWY. JlumHue apredakThl, Takue KaK KOPOTKHE HECBS3aHHBIC JIMHHH,
YIATSUTUCH C UCTIOIB30BaHUEM BBIOOPKH IO UTHHE OOBEKTOB.

Jlanee Ha OCHOBE KOPPEKTHPOBAHHBIX JIMHEWHBIX OOBEKTOB BBIMOJHSIIOCH MOCTPOCHHE
MOJIMTOHOB € TIOMOIIIBIO0 HHCTpyMeHTa Feature to Polygon. Kpome mosmurona Mopckoi moBepXHOCTH,
JIOTIOJTHUTEIILHO (DOPMHUPOBAJICST OTICIIbHBIA CJIOM MPUOPENKHBIX OCTPOBOB Uil OOCCIICUCHUS
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LIEJIOCTHOTO INIpeJCTaBlIeHUs OeperoBoil 30Hbl. /[lanee mnpoBoauiach KOPPEKTUPOBKA MOPCKOMN
MIOBEPXHOCTHU C y4ETOM OCTPOBOB. [IpyruMu cioBamu, YTOOBI MOPCKOM MOJTUTOH UMEIT TPABIIbHYIO
FEOMETPHUIO (C «IBIPKaMM» BMECTO OCTPOBOB), MOJIUTOHBI OCTPOBOB «BBIPE3ATHCHY» U3 IOJUTOHA
«mopsi» ¢ ucnonb3oBanuem onepamnus Delite wiun Clip. B urore co3maBagoch KOppeKTHOE
TOMOJIOTUYECKOE MPE/ICTaBICHHE aKBAaTOPUH, IJIe OCTPOBA SBJISIOTCS ITyCTOTAMH BHYTPH OCHOBHOTO
nosmrona. Takod moaxox oOecredrs MOJy4eHHEe BBICOKOTOYHON M eAMHO0Opa3zHOoil OeperoBoi
JUHUM ceBepo-BocTouHOM wactu Kacmwuiickoro Mopst st Bcero wuccieayemoro mnepuoga. Ha
3aKJIIOYUTEIBHOM 3Talre OCYIIECTBISJIACh MPOBEpKa KOPPEKTHOCTH TE€OMETPUM U TOMOJIOTHU
MOJINTOHAIBHOTO CJI0S U YCTPAaHEHHE BO3MOXKHBIX J1e(hEKTOB.

2.3. Cnymnuxoeasn anemumempus Kacnuiickoco mops

Jlisi MOHUTOpPMHIAa M KOJWYECTBEHHOM OLICHKHM IMHAMMKU YpoBHS Kacmuiickoro mops B
HACTOSIIEM HCCIICOBAHUH MTPUMEHSUIMCh METO/Ibl MHOTOMUCCHOHHOW CITyTHUKOBOW aJIbTUMETPHHU.
OCHOBHBIM UCTOYHHMKOM HH(pOpManuu mnociayxuia 6a3a nanusix Database for Hydrological Time
Series of Inland Waters (DAHITI), paspa6orannas Hemerkum reoie3ndecKiM HCCIIEA0BATEILCKUM
uncruryrom (DGFI-TUM) (Schwatke et al., 2015), koTopas oGecrieunBaeT Mojay4eHHe BPEMEHHBIX
PSIOB YPOBHSI BOJBI JIIi BHYTPEHHHX BOJOEMOB [0 BceMy MHpY, BKirouas Kacmuiickoe mope
(Welcome to DAHITI, 2026).

HccnenoBanue Oa3upyercss Ha HEMPEPHIBHOM MACCHBE JAHHBIX, OXBATHIBAIOIIEM IEPHOJ C
1992 mo 2025 rr. ®opmupoBaHUE BPEMEHHBIX DPSIOB OOCCIICUYUBAIOCH 3a CYET HCIOJIH30BAHUS
JAHHBIX pPsJia MOCIEAOBATEIbHBIX MHUCCHHM, HauyMHAs C IEpBOM OKeaHorpaduueckoi miatdopmbl
TOPEX/Poseidon (1992-2002). IlpeemMcTBeHHOCTh HAONIOACHUH W CTaOMJIBLHOCTH ITapaMeTpOB
TOYHOCTH B TOCIIEAYIOIINE ACCATUICTHS IMOAICPKUBAIUCH CITYTHUKOBOW cepueit Jason (Muccuu
Jason-1, Jason-2 u Jason-3), ¢byHKIHOHHUPYIOIICH Ha WACHTUYHBIX opOuTax. COBpEMEHHBIN dTall
HaOJTIOICHUI OTOJHEH MaHHbIMU criyTHHKa Sentinel-6 Michael Freilich, ocxamennoro cucremoii
albTUMETPa W pajroMeTpa JUIss JAOCTHIKEHHS BBICOKOTO IMPOCTPAHCTBEHHOTO W BPEMEHHOI'O
paspelieHusl.

Merononoruss 00paboTku gaHHBIX B cucteme DAHITI Bxitouaer THIATENBbHYIO
MHOTOMHCCHOHHYIO TapMOHH3AIINI0, HAIIPABJICHHYIO HA CO3/IaHUE OJTHOPOHOTO MpoayKTa. [Iporecc
00paboTKK TOJpa3yMeBaeT YHU(DHKAIIMIO BEPTHKAILHON MPUBA3KH BCEX U3MEPEHUN M BHECEHHE
HEOOXOJUMBIX TeOU3NUYCCKUX KOPPEKIMHA, BKJIIOYAs ydeT 3aJepKKH CUTHalIa B Tpomocdepe u
noHoc(epe. B KkadecTBe IeNeBO BBICOTHOW CHCTEMBI HCIOJB3YIOTCS HOPMAIIbHBIC BBICOTHI,
MoJilydaeMble TyTEeM MpPeoOpa3oBaHUs SJUIMIICOUAATBHBIX BBICOT CITYTHHKOBOH aJlbTUMETPUU C
HCIIONIBL30BaHMeEM Mojenu kBasu-reomna EIGENG6c3stat, ocHoBannoii Ha reomne EGM2008 u
nononHeHHol nmanueiMu muccun GOCE. Jlns ofecredeHHs COMOCTaBUMOCTH Pe3yJiIbTaTOB
Pa3IMYHBIX MUCCHH MPOU3BOIMTCS YCTPAHEHUE MEKCIYTHHKOBBIX CMEIICHUH, a JUTs MOAaBICHHS
myma U QUIBTPAIUK aHOMAIBHBIX BHIOPOCOB MPUMEHSIOTCS CIICIUATU3UPOBAHHBIC AITOPUTMBI, B
toM umcie ¢GuabTp Kanmana. [IpuMeHeHHE ONMHMCAHHOTO KOMIDICKCA MPOIEAYP IO3BOJIUIIO
c(OpMHPOBATh HEMPEPHIBHBIH M JIOCTOBEPHBIH BPEMEHHOW PSJl C TOYHOCTHIO IO HECKOJBKHX
CaHTHMETPOB, 4YTO CO3/aJl0 HEoOXomuMyro 0azy IS  IOCIEIYIOIIEr0  COTMOCTaBJICHHS
THIPOJIOTUYECKHUX TTAPaAMETPOB C TAHHBIMH JTUCTAHIIHOHHOTO 30HANPOBaHMsI OEPEroBOii JIMHUU.

3. Pe3yabTaThl
3.1. Junamura 6epezosoii 1unuu cegepo-eocmounou yacmu Kacnuiickoeo mops

BekTopu3aius KOHTYpOB OeperoBoil JHHHH CEBEpO-BOCTOUHOHN yactu Kacmuiickoro mops
BBITIOJIHSUTACH TI0 MaTepuajaM JIETHEM KOCMHYECKOM CHEMKH C MPEHMYIIECTBEHHBIM OXBAaTOM
NeproJia UI0JIb-aBI'yCT. BpeMeHHO# BBIOOp JIETHErO Ce30Ha OOYCIIOBJIIEH T€M, YTO B ATOT MEPUOJ
YPOBEHBb MOPSI HAXOAUTCS BOJIM3U TOI0BOT0 MAaKCUMYMa M BIUSHUE CE30HHBIX KOJIEOAHUN BBIPAKEHO
HaubOosee 4eTko. PucyHOk 3 NEeMOHCTPUpPYET MONYYCHHBIE BEKTOPHBIE KapThl CEBEPO-BOCTOUYHOMN
yactu Kacnuiickoro Mopsi, Ha KOTOPBIX YETKO MPOCIESKUBACTCA TEHICHIUS YMEHbIIECHUS BOIHON
MIOBEPXHOCTH.
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Pucynok 3. Jluramuka OeperoBoi TMHUU CEBEPO-BOCTOYHOM yacTh Kacimiickoro Mopst

CymMapHas IpOTsSHKEHHOCTh BEKTOPU30BAHHOM OeperoBoil TMHUH cocTaBisgeT 0koi1o 3700 km.
PucyHok 4 wiuttocTpupyeT u3MeHeHus OeperoBoii JInHuKM Kacnuiickoro Mopst B paiioHe JIeNIbThl peKU
VYpan B nepuox ¢ 2017 mo 2024 rr. IlpencraBiieHHbIE W300paKEHUS HATJISITHO JIEMOHCTPUPYIOT
©XKETOIHBII 0TX0] OEpEroBOM JTMHUHU, CBA3aHHBIN C TOHKEHHEM YPOBHS Mopsi. B mpubpesxHoii 30He
(buKcupyeTcs COKpaIieHue TUIONaar BOIHON TOBEPXHOCTH U TpaHCHOopMaInsi KOHTYPOB OeperoBoit
auaud. OTYETIMBO TMPOCICKUBACTCA Tporecc (GOPMHUPOBAHUS HOBBIX OCTPOBOB. CpaBHEHHE
KpaifHUX BPEMEHHBIX OTMETOK MOKa3bIBaeT CyIIECTBeHHbIC n3MeHeHus: ecnu B 2017 r. Geperosas
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JUHUSA TIPOXOJHMJIAa 3HAYUTENBHO OJMKE K YCTBIO PEKH, M aKBaTOpHs 3aHMMajia OOIIMpPHBIC
npulpexnble miomaau, To Kk 2024 r. Habnrogaercs ee CMEIICHHE B CTOPOHY MOPS, IPU 3TOM B
HEKOTOPBIX MecTax /10 8 kM. Ha mecte ObiBIIICi akBaTOpHH 00Pa30BaAIHUCh YYaCTKU HOBOM CYIIIH, YTO
M3MEHUIIO MOP(OIOTHIO 1e1bThl. BhISBIIEHHBIE N3MEHEHHUS YKA3bIBAIOT HA BHICOKYIO TMHAMUYHOCTh
MpUOPEXKHBIX MPOLECCOB B pailoHe NeibThl Ypana, re coueTaHue KoieOaHUM ypOBHS MOpS U
JIOKAJIbHBIX TUAPOMOP(OIOTHYECKUX YCIOBUN MPUBOAMUT K 3HAUUTEIIBHON MepecTpoiike OeperoBoi
30HBI.

Pucynok 4. Onudposannas 6eperopas nuHUs Kacnuiickoro Mopst B paiioHe AeTbTH p. Y pal

Cxoxast cuTyanust GUKCUpyercs u B paiioHe TroneHbUX ocTpoBOB (cM. Pucynok 5). AHamu3
MHOTOJIETHUX CIIyTHUKOBBIX JJaHHBIX ITOKA3bIBAET, YTO I'OJ] OT T'0/A 31€Ch IPOUCXOANT YBEIUUYEHUE
IUIOUIA/IA CYIIM 32 CYET OCYIICHMS MPUJIETAIONINX MEIKOBOAUI U (POpMHUPOBAHUS HOBBIX YUYaCTKOB
ocTpoBHOU TeppuTopuu OCOOEHHO HAMVIAJHO 3TOT MPOLECC MPOSBISETCS B JAUHAMHUKE OOIIEH
rtomaau apxuienara: ecim B 2017 1. ona coctarmsuia okosio 201 km?, To k 2024 . Bo3pocia Ooee
4YeM BTpOe€, TOCTUTHYB 668 km?. PocT miomany oObsACHAETCS He TOJIBKO PacHIMpEHHEM KOHTYPOB
CYLIECTBYIOIIUX OCTPOBOB, HO M TOSIBJIEHHMEM HOBBIX YYaCTKOB CYIIH, KOTOpPBIE IOCTENEHHO
CIIMBAIOTCSI C OCHOBHOM OCTpoBHO# rpynmoi. Takum oOpasom, apxumernar TrolleHBUX OCTPOBOB
MpeTepIeBaET JOKAIbHYIO TpaHCPOpMaIIHIO, CBSI3aHHYIO C MajieHreM ypoBHa Kacnus.
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Pucynoxk 5. Onudposannas 6eperosas nuHus Kacnuiickoro Mopst B paiioHe AeabThsl p. Ypal

3.2. Ananusz oanuwix cnymuuxogou anemumempuu Kacnuiickoeo mops

B xote mpoBeieHHOT0 aHa3a ObUT MTOTY4eH HENPEPHIBHBIA BPEMEHHOM PSAJT CPETHETO YPOBHS
Kacnuiickoro Mopsi, XapakTepH3yIOIIUNHCS BBICOKOH TOUYHOCTBHIO (B TMpeaenax HECKOIbKHX
CaHTHMETPOB) M BpeMEHHbIM maroM B 10 gHEH, COOTBETCTBYIONIMM OpPOUTAIBHBIM ITUKIAM
armapaToB Jason u Sentinel-6. OO61as tuHaMuKa U3MeHeHUs ypoBHs Kacrnuiickoro Mopst 3a mepuo/y
¢ 1992 no 2025 rox HarsIHO OTpakeHa Ha rpaduke, coBMeImaroneM pakTHIeCKue H3MEPEHHs U
MOJTMHOMHUAIIBHYIO JIMHHIO TpeH 1a (cM. PrcyHOK 6).

Vcnonp30BaHne CIyTHUKOBOH aTbTUMETPUH MO3BOJIIIIO JIETAIBHO OTCIEINTD JIOJITOCPOYHBIC
TPEHJIbI U KPATKOCPOYHbIE KONEOaHUsI YPOBHS MOpPs, O0YCIOBICHHbIE THAPOMETEOPOTOTHUECKUMHU
mporeccaMy, BHE 3aBUCHMOCTH OT CJIIO)KHOCTH JIOCTYIa K OTIEIBHBIM ydacTKaMm akBaTtopuu. Ha
MOMEHT Haydajla WHCTPYMEHTAIbHbIX HabmoaeHuil B aekabpe 1992 roga cpennuii ypoBeHb Mops
HaxowiIcs Ha oTMeTKe -26,56 M. K nagany 2025 roma 3admkcupoBaHo ero cHrkeHue 10 -28,83 M,
YTO CBUJETEIHCTBYET O CYMMapHOM TMaJeHHWU YpOBHS Ha 2,26 M 3a 3TOT MEPHOJ NpHU CpeaHen
CKOpPOCTH OKOJIO 7 cM B rof. Ilpormecc CHIKEHHsI HOCHII HEpaBHOMEPHBIN XapakTep: mocie (asbl
OTHOCHUTENILHOM CTaOMIBHOCTH B TiepBoii monoBruHe 1990-X romoB mocneaoBan nepuoa yMEpeHHOTO
MaJIeHnsl, CMEHUBIIHICS B TIocieqaue 15 jet ¢azoit yCKOpeHHOTO MOHMKEHUS.

Ce30HHBIM UK KOJeOaHUN ypOBHS MOpPSI AEMOHCTPHUPYET YCTOHYHBYIO TOBTOPSIEMOCTH C
JOCTH)KEHHEM MHUHHMYMOB B 3HMHUH TE€pPHOJ W MaKCHMyMOB B JIETHHE MeECSIBL. Ta
3aKOHOMEPHOCTb OTPaXkaeT rUAPOJIOTHUECKUH OanaHC: JIETHUM MUK (POPMUPYETCS 3a CUET BECEHHETO
MOJIOBO/IBSI 1 MAKCHMAJIBHOTO PEYHOT0 CTOKA, B TO BPEMs KaK OCEHHE-3MMHEE COKpAIIeHUE MPUTOKA
BEET K JOCTH)KEHHI0O MHUHUMAIBHBIX OTMETOK. CTaTUCTUYECKHil aHamu3 MOBTOPSEMOCTH
AKCTPEMYMOB TIOKa3ajl, YTO MUHUMAJIbHBIA ypOBEHb B 75 % ciiydaeB mMpuXOAUTCS Ha IeKaOph U
stHBapb. bonpmHcTBO MakcumMyMoB (29 u3 31 rona HaOr0eHHI) 3aQUKCHPOBAHO B HIOHE U UIOJIC.
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Pucynok 6. Cpennuii ypoenb Kacrnuiickoro mops ¢ 1992 mo 2025 rox mo JaHHBIM CITyTHHKOBOM
ATbTUMETPHH

3.3. Conocmaesnenue ¢ OaHHLIMU CHYMHUKOBOU ATbIMUMEMPUU

KonnyecTtBeHHast olleHKa AAHHBIX IMCTAHIIMOHHOTO 30HAMPOBAHUS 3€MJIM M CITyTHUKOBOW
AIBTUMETPUM TO3BOJMI BBIIBUTH MPSIMYI0 KOPPEISALHI0O MEXIy MaJeHHUEM YPOBHS MOpS U
COKpAIIIEHHEeM IUIOIIAIH €r0 BOJHOTO 3epKaia B CeBEpO-BOCTOUHOM dacTu. [IpoBeieHHbIH aHanu3 3a
nepuon ¢ 2017 no 2024 rox moATBep)KJaeT YCTOHYMBYIO JETPajalliio akBaTOPUHU, B X0J/1€ KOTOPOH
abCoNIOTHAsI OTMETKA YPOBHS CHU3MIachk ¢ -7,28 M o -28,48 m (cm. Tabmumna 1). CymmapHoe
najeHue coctaBmwiio 1,2 M Bcero 3a cemb JIeT HAOMIOACHUH, IPU 3TOM Hambosee KPUTHUECKOe
cHIKeHue 3adukcupoBaHo B nHTepBasie Mexxay 2023 u 2024 romamu, Korya ypoBeHb OITyCTHIICS Ha
pexopaHble 32 cM.

Tabauna 1. /lunamuka MophoMeTpUUECKUX MOKa3aTenel ceBepo-BocTouHOM yactu Kacnuiickoro
MOpS ¥ JAaHHBIX CITYTHHKOBOH anbTuMeTpuu 3a 2017-2024 rr.

Iaomann A nnomamm, mo | . Yposenn A ypoBusi Mmopst
9 JIMKANIIAs 1aTa Mopsi, M, Ha MOMEHTBI
To MOPCKOH CPaBHEHHUIO C
a ANbTHMETHPHYECKHX | HOPMAJbHbIE Ppukcanun
MOBEPXHOCTH, | MOC/IeLyIOIHM "
- Foron, 1002 JAAHHBIX BBICOTBI Geperosoii
’ DAHITI JIMHAH, M
2024 62 040,42 22-Aug-2024 -28,48
2023 63 538,26 1497,84 12-Jul-2023 -28,16 0,32
2022 64 465,40 927,14 11-Jul-2022 -27,94 0,22
2021 65 948,87 1483,47 28-Jul-2021 -27,79 0,15
2020 66 792,02 843,15 25-Aug-2020 -27,54 0,25
2019 66 992,94 200,92 15-Aug-2019 -27,60 -0,06
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2018 67 145,69 152,75 23-Aug-2018 -27,38 0,22

2017 67 456,36 310,67 21-Aug-2017 -27,28 0,10

JlnHaMyKa IUTOIIAM BOJHOM IOBEPXHOCTH JEMOHCTPHUPYET COpa3MEpHbI MacimTad moTephb
aKBaTOPHH, KOTOpasi cokparuiack ¢ 67 456,36 km? 1o 62 040,42 km?. OO1mast mIonas OCyneHHOTO
JHa B ceBepo-BoCTOUYHOM Kacmmm 3a paccMmaTpuBaeMblil IepHoJ cocTaBmia okono 5 416 kw2
MaxkcumanbHass UHTEHCUBHOCTh OTCTYNaHHs BoAbl HaOmonamacek B 2024 roay, xorga B MOJHOM
COOTBETCTBUH C aHOMAJBbHBIM IaJICHUEM YPOBHS MOpS IUIOMIAb 3epKajla YMEHBUIMIACH Cpa3y Ha
1 497,84 xm? 3a OqMH TOLI.

Ocoboe BHUMaHUE B CTPYKType AaHHBIX 3aciyxkuBaer nepuon 2019-2020 romos, KoTOpHIi
BBICTYIIACT B KAayeCTBE 3HAYMMOW TMIPOJIOTMYECKOM aHOMaIMM. B 3TO BpeMs IO JaHHBIM
abTUMETPHH ObLT 3aUKCUPOBAH KPAaTKOBPEMEHHBIH MOJbEM YPOBHS Ha 6 CM, OJHAKO IUIOLIA]h
BOJIHOT'O 3€pKajia BOIIPEKH o0IeMy TpeHay cokparmiachk eme Ha 200,92 km?.

BusyanpHOe comocTaBieHHE TIIOJyYEHHBIX OEpEroBbIX JIMHUKA W YPOBHS MOpS TakKe
MOJITBEPK/IAET HE BCET/Ia JTMHEWHBIA OTX0]1 OEPETOBBIX JIMHUH BIIyOb akBaTopuu. B psne ciydaes,
Hanpumep, B 1uHuM 2020 u 2019 rr.: pukcupyercs Kak mpsmasi, TaKk U MPOTHUBOMOJIOKHAS pPeaKlus
KOHTYypa CyIIM Ha H3MCHEHHE aOCOJIIOTHBIX OTMETOK ypoBHsi Bojabl (Pucynok 7). [lanHoe
PacX0oKJIEHUE CIYXKHUT JO0KA3aTeIbCTBOM TOTO, YTO (PAaKTHUECKOE ITOJIOKEHHE OEeperoBoi JIMHUM B
MEJIKOBOJIHOM CeBepo-BocTouyHOM Kacruu ompenensiercsi He TOJIBKO TI00aTbHBIMH W3MEHEHHUSIMU
YPOBHS, HO M JIOKAIGHBIMH ()aKTOPaMH, TAKMMHU KaK BETPOBBIC HATOHHBIC SIBJICHUS U TPOLECCHI
nepepacpeesieHus TOHHBIX 0CAIKOB.

KonuuecTBeHHBIH aHanM3 BCell COBOKYITHOCTH JIaHHBIX ITOKa3all, 4TO CPEIHHUH KOI(PPHUIUCHT
YYBCTBUTEIBHOCTHU IUIOLIAAN MOpPS K U3MEHEHUIO €ro ypOBHS COCTaBHJI OKOio 45,5 km? Ha 1 cMm
MOHMXeHHUs, ogHako B 2024 roy 3TOT mokasaresb Bo3poc 10 47,9 kM?/cM, 4TO yKa3bIBaeT Ha BBIXOJ
MOpS Ha TIPEEIBHO MOJIOTHE YYaCTKH OaTUMETPHH, T/Ie ke He3HAUUTENIbHBIC KOJeOaHUs yPOBHS
MPUBOAAT K MacIITAOHOMY OCYIIEHUIO OOEPEXKbsl.
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YcnoeHbie o603HaveHusn
2024 rop 2020 ron
2023 rop — 2019 rog
2022 rog 2018 rog

= 2021 ron — 2017 ron

Pucynok 7. ConocraieHnue 6eperoBbix JIMHUIA 10 cHUMKaM Planet u yposust Kacniuiickoro Mopst o
CIIyTHUKOBOH aJITUMETPUH

4. O0cyxneHune

I'paduk 3aBucumocTn ypoBHs Kacnmiickoro Mopsi OT €ro Imiomaju, HpeCTaBICHHBIM Ha
pUCYHKEe 8, TakXe MOJTBEPXAAaeT HaJIM4YUe MPSIMON KOppEesLMU, NMPH KOTOPOM COKpalleHHe
TUTOIIAM BOJHOTO 3€pKaja COMPOBOXKIAETCS 3aKOHOMEPHBIM CHIDKEHHEM aOCOIIOTHBIX OTMETOK
ypoBHsl. OCHOBHas 4acTh JAaHHBIX 3a nepuof ¢ 2017 no 2024 rox BeICTpanBaeTCs B UETKYIO JIUHHIO,
OTpaXKAIOIIYIO TTI00ANBHBIN mporiecc perpeccun Mopsi. CocrosiHue akBatopuu Ha aBryct 2024 rona
OTpa)KEHO KpaitHel 1eBoi TOuKoM rpaduka, COOTBETCTBYOIIEH MUHUMAIbHOMY 3a(pUKCUPOBAHHOMY
ypoBHio -28,48 m nipu momamau 62 040,42 xm?. Tlepexon ot 3HadeHuit 2023 roja K moKa3aTeNsIM
2024 ropma xapaktepuszyeTcs HauOoJiee KPYThIM HAKJIOHOM KPHMBOHM, YTO BU3YaJIH3UPYET pPE3KOE
YCKOPEHHE TEMITOB MaJICHUS YPOBHS MOpPs Ha 32 CM BCETO 3a OHH TOJ.

B npaBoii BepxHelt yactu rpaduka 3aMKCUpOBaHa XapaKTepHash «IETIIs» MU U3JIOM B paiioHe
OTMETOK -27,54 M 1 -27,6 M. JIaHHBII y9aCTOK MJUTFOCTPUPYET TUAPOIOTHUECKYI0 aHoMamuio 2019—
2020 romoB, Korja npu KpaTKOBPEMEHHOM IOJBEME YPOBHS Ha 6 CM IJIOLIa/b BOJAHOTO 3epKala
BOIIPEKH OOIIeH TEHACHIINN TTPOIODKIIIA COKpAIIaThCs, CHU3UBIINCH ¢ 66 992,94 xm? 1o 66 792,02
kM?. Hanumuue sToro 3uriara Ha rpaduke CiIy)kKUT MaTeMaTHYECKUM JIOKa3aTeIbCTBOM TOTO, YTO B
YCIOBHSIX AKCTPEMATLHOTO METKOBO/IBSI CBSI3b MEXK/Y YPOBHEM U IIJIOMIAHI0 MOYKET HCKAKATHCS TTO]T
BIIMSIHUEM JIOKQJIBHBIX T€OMOP(OIOTHYECKUX MPOLECCOB MM BETPOBOTO pekuma. OOmuil HakiIoH
MIPEICTaBIICHHON KPUBOI IEMOHCTPUPYET HCKIIOYUTEIBHYIO YyYBCTBHTEIBHOCTh CEBEPO-BOCTOUHON
yactu Kacnus, rie naxe He3HaAYUTEIbHbBIE KOJICOAHUs YPOBHS IPUBOJIAT K MACIITAOHOMY OCYIIEHUIO
TEPPUTOPUH, HCUUCIIIEMOMY COTHSIMH KBaJIPATHBIX KUJIIOMETPOB.
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Pucynok 8. I'paduk 3aBUCHMOCTH IIJIOIIAIN CEBEPO-BOCTOYHON YacTH BOJIHOTO 3€pKajia OT YPOBHS
Kacnmiickoro mopst B nepuon ¢ 2017 o 2024 rox

[lonyuyeHHble  pe3ynbTaTbl  COIVIACYIOTCSI C  COBPEMEHHBIMU  MPEJCTABICHUSAMH O
MPOJIOJDKAIOIICHCS KIMMAaTHUeCKH 00ycioBieHHoM perpeccuu Kacmuiickoro mopsi. Ha done eme
OoJbllel apuAM3alid PETHOHA, BKIIOYAIOIIEH CHUKEHHE aTMOC(EPHBIX OCAJKOB, IMOBBIIICHUE
TEMIIEpaTyphl BO3/1yXa, YBEIMYCHUE UCIIAPEHUS C MOPCKOW MMOBEPXHOCTH, IIPOUCXOINUT HAPYIICHUE
BoAHOro Oanmanca Kacnus u manpHeiilliee CHIKEHHUE €ro YpoBHS. B coderaHuu ¢ ymMeHbIIEHHEM
PEYHOr0 CTOKa 3TO CIIOCOOCTBYET YCKOPEHHOMY OCYIICHHIO MEJIKOBOJIHBIX MPHUOPEKHBIX 30H,
YYBCTBUTEJIBHBIX K Ja)K€ HE3HAUUTEIbHBIM KOJIeOaHUSIM YPOBHS BOJIBI.

HUcnonp3oBanue JAaHHBIX BBICOKOI'0 IMPOCTPAHCTBCHHOI'O PA3pCIICHUA ITO3BOJIMJIO BBIIBUTDH
JeTanbHble MOP(OJOTHYECKHEe H3MEHEHHUS OeperoBoil 30HBI, BKIOYas (OPMUPOBAHHE HOBBIX
OCTPOBOB, TpaHCHOpPMAIUIO AENBTOBBIX YYaCTKOB M MEpepaclpeqesieHue MENKOBOIHBIX 30H,
KOTOPBIE HE BCET/1a KOPPEKTHO (PUKCUPYIOTCS TI0 TJAHHBIM CPETHET0 pa3pemieHus. ITO MOTYePKUBACT
3HAYUMOCTh MPUMEHEHHUS CIIYTHUKOBOW CBHEMKH BBICOKOTO MPOCTPAHCTBEHHOI'O pa3pelieHus AJis
MOHHUTOPHHTA HO)IO6HBIX JUHAMHUYHBIX IMIPUPOAHBIX CUCTEM.

OTMedeHHBIE PACXOKICHUS MEXIY U3MEHEHHSIMH YPOBHS MODSI U TOJIOKEHHEM OeperoBoit
JIMHUHU B OTACIIBHBIC NMEPHUOABI CBUACTCIIBCTBYIOT O CYIICCTBCHHOM BJIMAHUUN JIOKAJIbHBIX Q)aKTOpOB,
TaKUX KaK BETPOBbIE HATOHBI, [IEPEPACTIPEICTCHUE JOHHBIX OTIOKEHUN U CE30HHAs THIPOIMHAMHUKA.
OTO0 yKa3plBa€T HAa HEOOXOAMMOCTh KOMIUIEKCHOTO TMOAXOAd, OOBEIUHSIONIET0 JdaHHbIE
JTUCTAHIIMOHHOTO 30HINPOBAHUS, ATTUMETPUN U HA3EMHBIX HAOTIOICHHIA.

5. 3akiIl0ueHue

B pabore BbIMONIHEHA OIEHKAa W3MEHEHMH OeperoBoil JIMHWU CEBEPO-BOCTOYHOW YACTH
Kacnuiickoro mops 3a nepuog 2017-2024 rr. Ha OCHOBE JaHHBIX CIIYTHUKOBOM ChEMKH BBICOKOTO
IIPOCTPAHCTBEHHOT'O Pa3pelleHHs] U CIIyTHUKOBOW allbTUMETpHUH. [IpuMeHeHne neTaan3upoBaHHbIX
ONTUYECKUX JAHHBIX MO3BOJIMIO 3a(UKCHpOBaTh TpaHchopManuu OeperoBoi 30HBI, BKIIOYAs
(hopMHUpPOBaHKE HOBBIX YYACTKOB CYIITH M U3MEHEHHE MOP(}OIOTHH JCIBTOBBIX 00IacTei.
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[ToydeHHbIe pe3yabTaThl CBUACTEILCTBYIOT O BBIPAKEHHOW TEHACHIIMHM CHI)KCHUS YPOBHS
MOps1, COIPOBOKIAIOLIEICS COKpallleHHEeM TUIOIIA U BOAHON MOBEPXHOCTU U CMEILIEHUEM OeperoBoit
JUHUHM Ha PACCTOSIHUS JI0 HECKOJBKUX KHUJIOMETPOB. 32 pacCMaTpUBAaEMbIi NIEPUOJ YPOBEHb MOPS
cHU3WICA Ha 1,2 M, 4TO CONPOBOXKIAJIOCh YMEHBIIIEHUEM IUIOMAau akBatopuu Oosee yem Ha 5400
KM?. YCTaHOBJIEHA BBICOKas YYBCTBUTEIBHOCTH IUIOIIAIM BOJHOM IMOBEPXHOCTH K H3MEHEHUSIM
YpOBHSI MOpsi, COCTaBisoLIas B cpeaHeM okosio 45,5 kvm? Ha 1 cM NOHMXKEHMs B Ipeaenax
UCCIIeTyeMON aKBaTOPHH, YTO OOYCIIOBJICHO MEJIKOBOJHBIM XapakTepoM peruona. Ilokaszano, yto
3aBUCHMOCTh MEX]y YPOBHEM MOpPS U TIOJOKEHUEM OeperoBoil JTUHUH SBJISICTCS HEIMHEWHOU U
MIPOCTPAHCTBEHHO HEOJTHOPOJIHOM u onpezensercs BIIUSTHUEM JIOKAJIbHBIX
THJIPOMETEOPOJIOTHIECKUX U MOPPOTUHAMUIECKUX (PaKTOPOB.

[TonydyeHHble pe3ynbTaThl MOTYT OBITh MCHOJB30BAaHBl JIA 3a4ad  HKOJIOTMYECKOTO
MOHHUTOPHHTA, OICHKU MOCIEACTBUI CHWXXEHHs ypoBHs Kacruiickoro mMops U pa3paboTKu mep
a/JlanTaluy Ipy YIpaBiICHUH NPUOPEIKHBIMU TEPPUTOPHUSIMHU.
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Korapbl 14iKTi CIYTHUKTIK JepekrTep Herisinge Kacnuil TeHi3iHiH karajay
ChI3bIFbI IMHAMHUKACHIHBIH MOHUTOPHUHTI

Tarbsina lenoBa, Jlapuca banakaii, Hypuss bammposa, bepuk Hckakos, Aiidex Mepekees,
I'ayxap Kaiipan6aeBa

Angatma: byn wmakamama 2017 sxeutman 2024 xeirra geiin Kacrmid TeHI3iHIH CONTYCTIK-
IIBIFBICHIH/IAFBI JKaFaiay ChI3bIFBIHBIH JWHAMHUKACHIH KELIeH]I OakbUlay HOTHXKeNepi YChIHBUIFaH.
3epTTey KOFaphl AKbIPATHIM/IBUIBIKTAFbI CITYTHUKTIK cyperTepi (PlanetScope) xoHe ke MUCCHUSITBI
anmpTuMeTprsUTBIK  nepektepai (DAHITI) rtanmayra nerizmenren. Kypiblk—Cy miekapachlH KoHE
JKaraJiay ChI3BIFBIHBIH BeKTOpU3arusachiH anbIikTay yiniH NDVI skorne NDWI cniektpiiik nHIEKCTepin
ecenTeyqi Koca alfaHfa, aBTOMATTaHIBIPBUIFAH CHYTHHUKTIK CypeTTepli 6HJAEYy alropuTMiH
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naiganany 3epTTey aiiMarbIHBIH Cy OCTiHIH aylaHbIHBIH 5 416 KM?-Te a3arobl )KOHE OHBIH JCHTeHiHIH
1,19 M-Tre TemMeH eyl pETiH/IE KOPCETUITeH 1pi KoJIeM/Ii TeHI3 PErPeCCUsIChIH 9] TIPKEyre MyMKIH/IIK
Oepai. ['WAPONOTHSIIBIK KOPCETKIIITep MEH JKaralaynarbl MOP(OMETPHSUIBIK — e3repicTep
apachIHIaFbl aHBIKTAIFAH KOPPEISIUsFa epeKIle Ha3ap ayaapbiiansl. JleHrei i e3repyine opraiia
aynaH ce3iMTanaplKk kKodddumumenti 45,5 KM2/CM? Kypaabl, aja Tas3 ayMakTapAblH KeOy
KBUTAMIBIFBIHBIH YIeyl 2024 KbUtbl TipKeNi. by 3epTTeyiH HOTHXKeNIepi KapKbIHIbI KIMMATTHIH
e3repyi KaraalblHIa Cy JKaFJaiIapbIHBIH CEHIM/II CaH/IbIK CHIIATTaMalIapbIH aJly YIIIH CITyTHHKTIK
I TUMETPHSI MEH JKOFaPhl AXKbIPAThIMIBUIBIKTAFbl KAIIBIKTHIKTAH 30HATAY IEPEKTEPiH OipIKTIpyaiH
KOFapbl THUIMIUIITH pacTaiiibl. AJIBIHFAH CaHJIBIK CHIIATTaMajapibl SKOHOMHUKAJIBIK KbI3METTI
KocrapIiay/ia j)KoHe jKaraliay alMakTapblH TEHI3 JIEHTeHiHIH TOMEHCYiHIH JKalFacyblHa OeriMaey
IapajiapblH d3ipIieyie naiananyra 0oaibl.

Tyiiin ce3mep: Kacnuii TeHi3i; »*aranay cbi3bIFbl; PlanetScope sxorapbl aXbIpaThIMIBUIBIKTAFbI
CypeTTepi; CHyTHUKTIK aJIbTUMETPHS; TCHI3 ICHICHiHIH e3repyi.

Monitoring the dynamics of the Caspian Sea coastline using high-resolution
satellite data

Tatyana Dedova, Larissa Balakay, Nuriya Bashirova, Berik Iskakov, Aibek Merekeyev,
Gaukhar Kairanbayeva

Abstract: This article presents the results of comprehensive monitoring of coastline dynamics in the
northeastern Caspian Sea from 2017 to 2024. The study is based on the analysis of high-resolution
satellite imagery (PlanetScope) and multimission altimetry data (DAHITI). The use of an automated
satellite imagery processing algorithm, including the calculation of NDVI and NDWI spectral indices
to identify the land-water boundary and coastline vectorization, made it possible to accurately record
a large-scale sea regression, expressed as a reduction in the water surface area of the study area by
5416 km? and a drop in its level by 1,19 m. Particular attention is paid to the identified correlation
between hydrological indicators and morphometric changes in the coast. The average area sensitivity
coefficient to level changes was found to be 45,5 km2/cm, with an acceleration in the rate of drying
of shallow areas recorded in 2024. The results of this study confirm the high efficiency of combining
satellite altimetry and high-resolution remote sensing data to obtain reliable quantitative
characteristics of water conditions under conditions of intense climate change. The resulting
quantitative characteristics can be used in planning economic activities and developing measures to
adapt coastal regions to the ongoing sea level decline.

Keywords: Caspian Sea; coastline; high-resolution PlanetScope imagery; satellite altimetry; sea
level change.
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«AnTaliCKUll  rOCYJAapCTBEHHBIM  YHHUBEPCUTETY;

AHHOTAIUS:

B cratbe paccMarpuBarOTCs  CTENMHbIE HpocTpaHCTBa  Yylckoi
MEXTOpHOM KOTIOBUHBI Poccuiickoro AnTasi, rie B IMOCJIEIHUE TOJbI
MPOUCXOIUT (POPMUPOBAHUE TEPPUTOPHAIBLHON CTPYKTYpPHI TypU3Ma Ha
OCHOBE aTTPAaKTOPOB Pa3HOTo reHe3nca. OxapakTepru30BaHbl TPUPOTHBIC
0COOEHHOCTHU ucciaeayeMon TEPPUTOPUH. Brrsgsiensl n
CHUCTEMAaTHU3UPOBAHbl OCHOBHBIE TYPHUCTCKHE AaTTPAKTOPBI, BKJIIOYAS
I'COJIOTUYECKHE, TeOMOP(OIIOTHYECKUE, KPHOTCHHBIC, CEHCMUYECKHUE,
BOJIHBIE, apXE0JIOTMUECKHE O0BEKTHI U 0OBEKTHI KyJIbTYphl. OIpeneneHbl
BO3MOKHOCTH HMX PEKPEallMOHHOIO0 HCIIOJIb30BaHUs: CO3JaHUE TPOII,
OpraHu3amusi TreoTypusMma, mnapkoB u japyroe. IlokazaHo, dTO
TPAAUIMOHHOE HOMAJHOE >KMBOTHOBOJCTBO U COBPEMEHHOE DPAa3BUTHE
TYPUCTCKOW HMHQPACTPYKTYpPhl B YCIOBUAX BBICOKOH YSI3BHMOCTU
naHamapToB  TpeOyT  cOAJaHCHPOBAHHOTO  MPOCTPAHCTBEHHOTO
TJITAHUPOBAHUSI.

KuarouesBbie cioBa: arTpakTopbl, Uylckas MeXropHas KOTJIOBHHA,
MEXIOpHasl CTEllb, TEPPUTOPHUANIBHAS CTPYKTYpa TypuU3Ma, I'E€OTYPHU3M;
Aunraii.

1. BBenenue

MexropHbie CTEHbIE KOTJIOBUHBI Pycckoro Astasi mpeacTaBIsitoT
3HAQUMUTENIbHBIA WHTEpPEC i1 pa3BUTUS Typu3Ma B CHUJIYy CBOETO
THUTICOMETPUYECKOTO TIOJNOXKEHHS, KOHTPACTHOTO penbeda, apuaHOTO
KJIMMaTa ¥ YHUKaJIbHBIX CTEMHBIX JaHAmadToB. [ STUX TeppUTOpUH,
PAaCIOJIOKEHHBIX CPeAN BBICOKMX XpeOTOB, XapaKTepHO COYETaHUE
PaBHUHHOTO penbeda U OKPYKAIOIINX TOP C paCUICHEHHBIM CTPOCHHUEM.
B 3aBucMMOCTH OT yBIaXXHEHUS W CHEKHOTO TIOKpPOBa (HOPMUPYIOTCS
JTyTOBO-CTEMHBIC, YePHO3EMHO-CTEIHBIE U TIOTYITYCTHIHHBIC JTaHAIA(THI.
Haubonee xpymHoii siBnsercs Uyiickas KOTJIOBWHA, PACIOJIOKEHHAsT B
Kom-Arauckom paitone PecriyOnuku Anraii.

TpamuIMOHHO  PAacCMAaTPUBAIOTCA  BO3MOXKHOCTH  CTEIHBIX
MPOCTPAHCTB JJIsi OpraHU3alliu TYPUCTCKUX MapIIpPyTOB Ha JIOMIAJIAX,
BepOIIOIaX, aBTOMOOWJISAX, KBaapOLMKIaX M MOTomukiaax. CremHble
JaHAmAPTHl SBJISIOTCS TEPCHEKTUBHBIM PECYpCOM MJisi OpTraHHU3aliH
9K30TUYECKUX TYPUCTCKUX MapuIpyToB. ECTh BO3MOKHOCTH B3aUMOCBSI3H
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MOE3/I0K Ha JIOMIA/IAX C IKOIOTHISCKHUM TYPU3MOM U 3HAKOMCTBOM C KYJIbTYPOil MECTHBIX JKUTEIIEH
(Shaifullin, M. R., 2021). B nociieame roabl 0CO00 MPUBIEKATEIIEHOCTHIO MOIB3YETCS TEOTYPH3M,
OPUCHTHUPOBAHHBIN HA CaMble M3bICKaHHBIC JaHAmAa(THbIC GOPMBI U Te0JIOTHYCCKHE 00pa30BaHus,
OH TOMYJSIPEH B CTEIHBIX TEPPUTOPHUSIX AJTalCKMX rop. B Hacrosiiee Bpemsl AMHAMHYHO HIET
pa3BUTHE TYPUCTCKONH WHQPACTPYKTYpHI, U B mepcnekTuBe Yyiickas KOTJIOBHHA OyIeT HMETh
3HAYUTEIbHBIA MOTOK TYPUCTOB. DTa MPUTrPaHUYHAS TEPPUTOPHS MPUBJICKACT BHUMAHHE, MPESKIC
BCEro, CTEMHBIMU JaHAmAa(TaMi, TeOJOTHYECKHMH, apXEOJOTHUYCCKUMH OOBEKTAMH, a TaKKe
TpaauIOHHON KoueBoi KynbTypoit (Kocheeva, N. A. et al., 2021). B ¢Bsi3u ¢ 3TUM aKTyajlbHO
MPOBECTH aHAIM3 TYPUCTCKUX ATTPAKTOPOB U MX COOTHOIICHHE C MPOCTPAHCTBEHHBIM PAa3BUTHEM
TypHu3Ma.

[lenp - BBISIBUTH OCHOBHBIC ATTPAKTOPBI, OMPEICISIONINE TEPPUTOPHAIBHYIO CTPYKTYPY
Typusma B UyiiCKoi KOTJIOBUHE.

2. MarepuaJjbl 1 MeTOAbI

[opHble apuIHBIC PErMOHBI XapPaKTEPHU3YIOTCS MOHMKCHHON YCTOHYUBOCTBHIO MPHPOIHBIX
TEOCHCTEM K aHTPOIOT€HHBIM HArpys3kam, 4To TPeOYIOT 0COOBIX IMOJXOJ0B K Pa3BUTHIO TYpU3MaA.
[ToTOMYy MEXKIOpHBIC CTEMHBIC KOTJIOBHHBI MOXXHO pPaccMaTpUBAaTh KakK OCOObIC U CIIOXKHBIC
npupoaHo-xo3siictBennsie cuctembl (Chernykh, D. V., & Lubenets, L. F., 2016). Anamu3
B3aUMOCBSI3CH JJIEMCHTOB TEPPUTOPHAIBHBIX TYPUCTCKO-PEKPCALIMOHHBIX CHUCTEM  SIBJISCTCS
TpaauIMOHHBIM B HccleqoBanusax mpocrpancrtsa (Mazhar, L. Y., 2021).).

B ocHOBy uccnenoBaHus MOJIOKEHBI CTATUCTUYECKUE, apXHWBHBIC M HATYpHBIC TaHHBIC O
COCTOSIHUY KOMITOHEHTOB JIAHAMAPTOB U TYPUCTCKOM HCIIOJIb30BAaHHH CYXOCTEITHBIX IMPOCTPAHCTB
UylicKOW KOTJIIOBHUHBI.

Jnist UyicKol CTenu MPUMEHSITICH T€03KOJIOTHYECKUI U PECYPCHO-TeorpaduuecKue moaxoIbl
K Pa3BUTHIO Typu3Ma. BBISBICHHUE TYPUCTCKUX aTTPAKTOPOB SIBUJIOCH OCHOBAHHMEM ISl CO3JIAHUS B
2016 r. reonapka «Aunraii», umetoriero pernonansHoe 3nauenue (Korf, E. D., 2017). Ha ocHoBe
pecypcHO-TeorpaguiecKoro noaxo/ia paspadorana 0aza reoJJaHHbIX 00BEKTOB, YTO CTAJIIO0 OCHOBOM
IUISl aKTMBM3AIMH TYPHCTCKOTO MCIIOJIB30BAHUS TEPPUTOPUH. PabOTHI yUEHBIX TaKKe IOCBSIICHBI
UCCJICIOBAaHHUIO OT/CIBHBIX BHIIOB aTTPAKTOPOB M UX PEKPEAIMOHHBIX BO3MOXKHOCTeH. Hampumep,
AxmatoB C. B. nzyuan o3epa 3Toil TeppUTOpPHH KaK MecTa TYPHUCTCKOTO MPUTSDKEHHS W BBLICIHIT
OCHOBHBIE BHJIbI TYpUCTCKOI AestensHocTr (Akhmatov, S. V. 2010).

3. Pe3yabTaThl

ITpuponnsie ocoObeHHOCTH UyHCKOM KOTIOBUHBI ONPEAETSIIOT TEPPUTOPHATIBHYIO CTPYKTYPY
pasButusa TypuzMa. OHa sBIS€TCS caMOll KpYHMHOW MEXropHO KoTiaoBHMHOM PecnyOnmuku Anrtaii
(puc.1), pacnonoxxeHHoit Ha abconoTHOM BbicoTe 1750-2000 M. KoTnoBuna umeer ¢opmy oBaia,
MPOTSHKEHHOCTH € 3amaja Ha BOCTOK okojio 70 kM u ¢ ceBepa Ha ror okoio 40 km. Co BceX CTOPOH
OKpykeHa ropHbiMH XpeOramu: Kypaiickum, YnxaueBa, Caitmorem, HOxHo-Uyiickum u CeBepo-
UylickuM, CO CTEITHON PaCTUTEIBHOCTHIO.
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Pucynoxk 1. Pacnonokenne Yyiickoii KOTiI0BHHBI B PecnyOnuke AnTail (BBIZCIEHO IIBETOM).
CocraBneHo aBTOpaMu

Knumar Yyiickoll KOTJIOBHMHBI PE3KO KOHTHHEHTAJIBHBIA. JTO OOYCIIOBJIEHO 3HAUMUTEIHbHOU
abCOIIOTHON BBICOTOM, MMOJIOKEHUEM BHYTPU MaTEpHKa, COCEACTBOM C BHICOKOTOPHBIMU 00JIACTSIMU
LlentpanpHoii A3uum u OapbepoM XpeOTOB, MPENATCTBYIOUIMX MPOHUKHOBEHUIO —BIJIAXKHBIX
Bo3aymHbix mMacc (Modina, T. D., 1997). Cpennue romoBbie TemiiepaTypbl Huskue (-6,6°). B
0c00EHHO CypOBBIE 3UMBI TEMIIEpaTypa HHOT/1a cHUKaeTcs 10 -60°C. OTpuuartebHble TeMIEpaTyphbl
JiepKaTcsl B TEYEHHE BECHBI M OCEHU, CUJIbHBIE 3aMOPO3KH HEPEAKO OTMEUAI0TCS IO CEPEIMHBI JIeTa.
Temneparypa netom gocturaer +30°C. ITo nanusiM Kom-Arauckoil MeTeocTaHIIMM, YHCIO YacoB
coJtHewHOTO cusiHus MeHsieTcst oT 106 B tekabpe 10 297 B Mae, 00111ee KOJMIECTBO YaCOB B I'0JT OKOJIO
2600. DT0 sBHseTcs ONAaronpuUATHOW OCOOEHHOCThIO KiMMaTa UyHCKOHM KOTJIOBHHBI, YTO HUMEET
0oJbIlIOE 3HAYEHHE JUISl JKU3HM pACTeHMi, YBEIMYMBas HUX CE30HHBIM HMKI paszButus. OT
NPOJIOJDKUTETBHOCTH COJTHEYHOTO CHUSTHHS 3aBUCHUT BEJIMYHMHA coyiHeuHOM pamuanuu (Sukhova, M.
G., & Zhuravleva, O. V., 2017). Haubosbiiiee KOJUYECTBO OCAIKOB BBINAJAACT B JIETHHE MECSIIHI,
MEHBIIIE BCEr0 0CaKOB — 3UMOM, OTYETO IIOCTOSIHHBIM CHETOBOM IIOKPOB IPAKTUYECKU OTCYTCTBYET.
CunbHOE poMep3aHue OYBbI CIIOCOOCTBYET COXPAHEHUIO BEUHOW MEP3JIOThI IPYHTA.
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B mpenenax Yyiickoit crenu pacnoiioxkensl cena: Yaran-Y3yH, Opronsik, Myxop-Tapxara,
Tenenrut-Coproroii, Tob6enep, Axran, Kokops, Kana-Ayn, benstup, HoBeiii benbtup, Tamanra.
OOmas YMCIEHHOCTh HaCeNleHUsl paiioHa cocTaBisieT okoyio 17,5 teic. wen. Komr-Arau siBnsieTcs
paliOHHBIM LIEHTPOM.

MexropHbele CTENHbIE MPOCTPAHCTBA BAXKHBI KAK HEOTHEMJIEMBIE TEPPUTOPUM TS
TPAJULIMOHHOIO KOYEBOIo X03sicTBa. OHA HMCHOJB3YyeTCA JJIMTEIBHOE BPEMs B XO3AMCTBEHHOU
JEATEIIbHOCTH WM HM3BECTHA KaK MECTO TOProBbix cBszedl Poccun, Monronuun u Kuras. Eme B
cepenune XIX B. 3mece Obutn oOpasoBanbl ToproBele Mecta (Golubev, P. A. Ed,
1890). Ilpoxomsras 3mech aBrogopora P-256 «Uyickuil TpakT» MMEET MIUTEIbHYIO HCTOPHIO
Pa3BUTHS U U3BECTHA KAK OJIHA U3 CaMbIX )KUBOIIMCHBIX TYPUCTCKUX MapmIpyToB. IlepBbie ToproBbie
KOHTaKThI KyIIOB B jonuHe p. Uyn natupyrorcs 1788-m rogom (Podrezov, M. V., 2018). B ceBepHoii
yacTl UylCKYyIO CTEIb 3aMbIKAaeT ropa, OKPAIIeHHAs] OKUCBIO JKeJe3a B IpKUi KpacHbIi 1BeT. Eiie B
1-i1 nmonoBune XIX B. pycckue kynupl, Topryroomue ¢ Kutaem, Ha3Baiu 3TO IPUPOJHOE MECTO
«KpacHnoii ropoii» (mo-anraiicku — Ksi3put Tarmr) (Chikhachev, P. A., 1974).

Cyxue mpoCcTpaHCTBAa MEKTOPHBIX TEPPUTOPUIN HA MPOTSIKEHUU MHOTUX JIET UCTIOJIBb30BAIHUCH
Kak MecTa jeueHus: 3aboneBaHuil jerkux. Ha OCHOBHBIX JOporax B CTEMHBIX KOTJIIOBMHAX Auras
ObUTH 00pa3oBaHbI HEOOBIIKE 0310poBUTEIbHBIC IIeHTPI (ROManova, L. S., & Korsakova, M. 1.,
2002).

B HacTosmiee Bpemst HaOII0AaeTCsl BO3POKICHUE CTAPBIX TPAAULINH, CBSI3aHHBIX C SI3bIYECKIMHU
oObluasiMu, mamMaHcTBOM. KynbTypa KOpPEHHBIX HapOJOB OCHOBBIBAETCS Ha  TPaJAMIMIX
CKOTOBOJYECKHUX IIJIEMEH, BEAYIIUX KOUEBOM 00pa3 )KU3HU (HOMaHOE )KUBOTHOBOACTBO). OCHOBHOI
OTpAaciibl0 SKOHOMHKH SIBIISIETCS CENTBCKOE XO35SHUCTBO, @ UMEHHO: KUBOTHOBOJICTBO (BBIpAIIMBAHUE
KpYIHOPOIaToro CKoTa, IKOBOJICTBO, BEPOJII0I0BOICTBO, KO30BOACTBO, OBLIEBOACTBO, KOHEBOJICTBO)
Torushev, E. G. (2020). D10 00ycioBieHO TeM (GaKTOM, Y4TO CTEMH IO CKJIOHAM T'Op, MEKTOPHBIM
KOTJIOBUHAM, IIJIOCKOTOPBSIM BBICTYITAOT MMPEKPACHBIMU ITACTOUINAMH JIJISl CKOTa, 8 HE3HAYUTEITHHBIN
CHEXXHBIHM MOKPOB B CTEIAX MMO3BOJSET BbIIACaTh CKOT U B 3UMHUI NIEPHO/.

[IpupoaHO-KIMMAaTUYECKUE YCIOBUSA U pelibed OrpaHMYMBAlOT BO3MOKHOCTH IS Pa3BUTHS
3emile/le]usl B NPUTPAHUYHBIX paiioHax. [lnomaas M CTpykTypa HaxOTHBIX YroAWM pa3ivydHAa.
BeipamuBanue kapToderns, oBolel 1 KOPMOBBIX KYJIbTYp B CEBOOOOPOTE MPOU3BOJUTCS JIUIIb IS
yIIOBJIETBOPEHUS HYX/I TUYHBIX MOJICOOHBIX XO3SICTB.

OTroHHO-NaCTOMIIHOE >KUBOTHOBOJICTBO SIBJISIETCSI OCHOBOM M HMMEET ThICAYEIIETHION
uctoputo. [TorosioBse ckoTa JOCTATOUHO OBICTPO YBEIMYMBAETCS, OATOMY 000CTpsieTcs mpodieMa
murpeccun nactouni. Cenbckoe xo3siiictBo Kom-Araduckoro paiioHa B CpaBHEHMM C JPYTUMH B
PecriyOnmke AnTail iMeeT OTJIMYMS U UMEET CXOJICTBO IO TUMY X03siicTBa Mouronuu. Mccnenyemas
TEPPUTOPHS PACTIONIOKEHA B BBICOKOTOpHOU "acTtu PecryOonuku AnTai, rie cenbCKOX03sIMICTBEHHBIE
yro/ibsi MPEUMYIIECTBEHHO MPEICTABICHbI MACTOMINAMU, OTMEYAeTCs HauMEHbIIee COJep>KaHue
rymyca B ouse (Dunets, A. N., 2009).

[Ipurpannunslie yactu Anras, rae HaxoauTcs Uylickas KOTJIOBHHA, OTJIMYAIOTCS MOBBIIIEHHOMN
MIPUBJIEKATEBHOCTBIO AKOJIOTUYECKOTO TypU3Ma. 3a MHOTOBEKOBYIO HCTOPHIO 3/1€Ch CIIOKUIIOCH
YHHUKAQJIBHOE, €IWHOE JKOKYIbTYpHOE MPOCTPAHCTBO, OPTaHMYHO OOBETUHSIONIEE MPUPOTHBIN,
HMCTOPUYECKUI W JTHOKYJIBTYPHBIM KOMIIOHEHTBI. B €ro mpenenax CHHTE3UPOBaHbI NPUPOIHBIN
naHaAmadT, TPAIUIIMOHHO CIOKUBIINICSI 00pa3 )KU3HHU, MPOKUBAOIINX 3/IECh STHOCOB, OCHOBAHHBI
Ha TEXHOJIOTHU BEICHMsI KWUBOTHOBOJCTBA W TMEpPepabOTKH €ro MPOAYKIMH, TPaJIUIIHOHHAS
apXUTEKTypa KUIuII (IopTa), CUCTeMa MUTaHUs, HCKYCCTBA.

B Uyiickoii koTiioBuHe okojio 40 cpeicTB pasMenieHHs TYPHCTOB, MPEUMYIIECTBEHHO 3TO
MaJjible TYPUCTCKHE CTOSTHKU M FOPTOUYHbIE KEMITMHTH. bombIias ux 4acTh COCpeI0TOUEHA B PAllOHHOM
nentpe — c. Kom-Arau (puc.2). Mmerorcs kak koMdOpTHBIE HEOOJBIINE TOCTUHHUIIBI, TaK H
TYPUCTCKHE CTOSHKH C MHUHHUMAaJbHBIM HaboOpoM ychyr. B mocienHue Tofsl CYIMIECTBYET 3arpoc
TYpUCTOB Ha KOMGOpPTHOE pa3MellleHHe B IJeMNHHrax. VX mpeuMyIlecTBO 3akioyaercs B
(GYHKIIMOHMPOBAHUH B KOPOTKUH TEIUIBIH MEpHOJ ToAa.
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AKTHBHYIO pPa0OTy MO pa3BUTHIO SKOJOIMUYECKOro Typusma Bener CailimoreMckuit
HanroHaIbHBIN mapk. OH 0wl opranu3oBad B 2010 r. u Bu3uT-1IeHTp HaxoauTcs B ¢. Kamr-Arad.
Typuctckue mporpamMmbl Mapka COYETAIOT IMOCEHIEHWE MECT Uil 3HAKOMCTBA C JIaHAImApTaMH,
dbitopoii u payHoi, a TakKe HCTOPUKO-KYIbTYpPHBIM Haciaeauem Teppuropun (Chudnovsky, A. D et
al., 2023).

YHUKaIbHOE COUYETAaHHE APUAHBIX CTEMHBIX JAaHIIA()TOB, MHOTOJETHEMEP3IBIX MOPOI,
KPUOTeHHBIX (hOpM penbeda, MaIeoHTONIOTHYECKUX U T'eOJIOTHYeCKHX O0BEKTOB JenaeT Yyhckyro
KOTJIOBUHY BBICOKONIEPCIIEKTUBHON TEPPUTOPUEH [T pa3BUTHSI KOJOTHYECKOro Typu3ma. Pazpurtue
HKOJIOTUYECKOTO TypU3Ma CIIOCOOCTBYET COXPAHEHHUIO YSI3BUMBIX CTEITHBIX T€OCHUCTEM MIPU YCIOBUU
HOPMHUPOBAHUS PEKPEALIMOHHBIX HATPY30K U OPraHU3alUK KOHTPOJIUPYEMOTO JIOCTYIA K KIHOYEBbIM
aTTpakTopaMm. DTHOrpadudeckuii TypusM B Uylickoi crenu 0a3upyeTcs Ha COXpPaHEHUU KOYECBBIX
TpaaAuLIU{ TEJICHTUTOB U Ka3aXOB, a TaKXKE Ha MOJUITHUYHOM HUCTOPHUYECKOM HACJIEIUU PErHoHa.
OrtHorpaduveckuii TypusMm B UyHCKOH KOTIIOBUHE OPTaHUYHO COYETACTCS C DKOJOTHUYCCKUM,
MTOCKOJIbKY KOU€BOE MPUPOIOINOIb30BAHUE HCTOPUUECKH SBIISCTCS HAMMEHEE Pa3pyIIUTEIbHBIM IS
apuaHbIX cternei (Savchenko, 1. M., 2012; Kocheeva, N. A., & Kapchikaev, V. G. (2023).

L_\/d §§
l-I’a ran- Y3yH .724‘
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Pucynok 2. Pa3memienue koyiekTHBHBIX cpencTB pasmenieHus (KCP) B Uyiickoit KoTioBHHE
(crern). CocTaBlIeHO aBTOpaMH

ATTpakTOpsl KaK TYPUCTCKHE OOBEKTHI OTIMYAIOTCA PAa3HBIMH  XapaKTePUCTHUKAMH,
OTIPEICTISIONIUMHU PEKPEeallnOHHbIE CBONCTBA. TYpHUCTCKHIT OOBEKT MOXKET SBISTHCS TOYKOMN
NPUTSHDKEHUS WIM UMETh TNEW3a)XHbIE XapaKTepUCTUKU. Ha wucciemyemMoil TEppUTOpUHM B IENSIX
TypY3Ma MOKHO UCTIONIB30BATh: T€OJIOTHUECKHE OOBEKTHI, JKUBOITUCHBIE TaHAMA(TH OEPETOBBIX 30H

03ep U peK; KpuoreHHbie GopMbl penbeda; IeueOHbIe BOABl HCTOYHUKOB; 00BEKTHI KYJIBTYPHI U JIP.
(Tab. 1)
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Tabauua 1. Attpakropsl UyHCKON CTENX U BO3MOYKHOCTH UX TYPHUCTCKOTO HUCITOJIH30BaAHUS

Buna arrpakropa

B03MOKHOCTH TYPHCTCKOIO

IIpuMepbl aTTPAKTOPOB

HCIO0JIL30BAHUS

['eonoruueckue Cosznanue Tpom, Oecenok, 30H | L{BetHble ropbl Kb3pui-Uun
(dhoTorpadupoBaHus

['eomopdonorunueckue Coznanne TpOII, 30H | TapxatuHckuit
¢doTorpadupoBaHusl U OXpaHa | METAIUTUYECKUNA  KOMILIEKC,
MECT, MMEIOIIUX CaKpaJbHOE | CIebI CYIIIECTBOBAHMS
3HauYCHUE najugeoosepa

CelicMuyeckue Coznanue napka | [IpoBanbel, o0Banbl, Oyrpbl

3CEMIJICTPSACCHUSA C CETHIO TPOIL

IIOCJIE/ICTBUS  3€MJIETPSICEHUS
B c. benbTup

Kpuorennsie popmel peibeda

Hayynble u 5KojlOrMueckue
JKCKYpCHUH

['MponakkoauThl B JOJMHAX
pp. Yaran, Enanram, Yys

Boaubie 00BbEKTHI

OTaBIX Y BOJIBI, TETMOTEPAITHS,
KylaHue, opraHu3amnus
CIIOPTUBHBIX UT'P

Hommnsl pp. Uys, Enanram,
HeOoupLIMe 03epa

PacturenpHbIN TOKPOB

Cozpanue mnapkoB CTENH B
LIEHTPAJIbHOW YacCTH Cell, TPOI
c MH(POPMALIMOHHBIMU
Ta0IMYKaMu

Pamom ¢ mieMnuHramu,
yaaJeHHbIMU TypOa3amu, Yy
Jlopor 1o okpauHaMm Yyickon
crenu

Apxeonoruueckre 00beKThI

Coznanue Tpom, 3KCKYPCHUH,
MH(POPMAIIMOHHBIX  CTEH/OB,
MajeonapkoB, My3eepUKaIHs
MaMATHUKOB

Honuna p. Enmanram, okoJio
Typ6a3

OOBEKTHI KyJIbTYpPbI

Coznanue HeHTPOB KYJIbTYpHI,
My3€eeB KyJIbTyphl Ha TypOazax

c. Kana-Aym,
CairoreMckoro
3a0BEIHNKA

BU3BHUT-UCHTP

l'eonozuueckue u 2ceomopghonocuueckue 06vekmuol. TapXaTUHCKUN METATUTUYECKUNA KOMILIEKC
— 910 Kpyr auamerpoM 60 M, cocTosmui W3 KPYNMHBIX KamHEW. OTIeNbHBIC KaMEHHBIC TIIBIOBI
nocturaroT 2-4 M B BbicOoTy. MHTepec mpeacraBisieT KamMeHb, UMeEroIMii Ha3zBaHue «Konbibensb
Capraknas», nmo Qopme HamoMuHarOmMi neTckoe kpecio. Cpenu IOpyrux MeEraauTHUYECKUX
KOMILJIEKCOB MOYXHO OTMETHUTB: KE€PTBEHHUK y €. OpTOJBIK, MEraquThl JOJUHBI p. YaraH-Y3yHa,
meranuThbl ypouniia Kaparam (Kubarev, G. V., 2023).

[TomymnsipHbIM MecTOM siBisieTcst pazpe3 Kbi3pul-UuH — Kopa BBIBETpUBaHUS cPOpPMHUpPOBaHA
3/1eCh M3 KPACHOI[BETHBIX IECYAHMKOB U aJIeBPOJUTOB CPEIHEro JIeBOHA (OTTEHKH KpacHOro,
KEITOTO M OPAH)KEBOTO IBETOB). V3 MUHEpanoB BCTpEHalOTCS Te€MATHUT, PYTHI, MapKa3uT U JIp.
(Gusev, A. I., 2007). CepnienTuHOBast ropa, 3ambikaromias UyHCKyi0 CTElb ¢ CEBEPHON CTOPOHBHI,
OKpallleHa OKHCKIO KeJe3a B spkuii kpacHbii 1BeT (Mukaeva, L. N., 2022).
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I'eomopdonornueckumMu 00BEKTaMU SIBIISIOTCS HEBBICOKHE CKabHBIC CKOIUICHHS B Uylickoit
crenu. MHOTHE U3 HUX Ba)KHbI KaK CaKpajbHbIe OOBEKTHI /1711 MECTHOTO HaceJIeHUs.

K mpupoaHBIM aTTpakTOpaM OTHOCUTCS «THTAHTCKas psiOb KaTacTpO(UIECKOTO TEUCHUS BOIY,
obpasoBaHHas B pe3yibTare mpopbiBa gamosl (Rudoy, A. N., 2005). Ona pacmookeHa K CEBEpy OT
KOTJIOBHHBI U OblIa 00pa3oBaHa B MO3JHEM IUIEHCTOIEHE. B 3TOT mepuosa CymiecTBOBall BOJOEM,
OeperamMu KOTOpOro ObUIM KOPEHHbIE CKIOHBI KOTJIOBHUHBI, PEYHBIE TEPPACH], MOPEHHBIE KOMILIEKCHI
(Zolnikov, I. D. et al., 2024). T'urantckas psOb SBJISETCS OOBEKTOM TYPHCTCKOTO HHTEpEca,
HAXOJUTCs OJIM3KO K aBTOJIOPOTe, XOPOLIO MPOCMATPUBAETCA U AOCTYIIHA B JIH000€ BpeMs roja.

Kpuocenuvie popmor  pervegpa. Uylickas BIaguHa, pacIONIOKCHHAass Ha BBICOTE, B
3HAYUTENIBHON CTENEeHU MEePEKPbITa MHOTOJIETHEMEP3NIBIMU TopogaMu. Ce30HHbIe Oyrpbl MyYeHus
BCTpeuaroTcs B gonuHax pp. Yaran, Emanrami, k ceBepy ot ¢. Kom-Arad Ha 3a00J04€HHBIX 9acTsIX
MOMM M HU3KHUX Teppacax, Mo JOJIMHAM MEJKHX PeK U pydbeB. DTU Oyrpbl UMEIOT OKPYIJIYIO WU
OBAITbHYIO (hOpMY, BBICOTY 1-2 M, IJIOCKYIO FIIM KYMOJIOBUAHYIO BEPIIMHY U PAa30UTHI TPEIIMHAMHU.
31ech 3a1eraroT JMH3bl YUCTOTO JibJIa HIIM MEP3IbIX MopoJ. Takue Oyrpsl hopMUpYIOTCS 3UMOM, a
JIETOM Pa3pyLIAIOTCS.

Obvexmyl ceticmuueckotl akmugnocmu. TeppUTOPUS SIBISETCA CEHCMUUYECKU aKTUBHOM 30HOM.
JIst  MECTHOCTM XapaKTEepHbl TEKTOHHYECKHME JBWIKEHHUS, KOTOPBIC SBISIOTCS MPUUMHOU
3eMIIETPSICEHUM pazinyHOro Tuna. CHUIIbHEWIIUM 3€MIIETPSICEHUEM IIOCIEAHEr0 BPEMEHHU CTajo
UYyiickoe 2003 r. B nonmuue p. Uys ¢ marautynoit nmo mkane Puxrepa M=7,3. IHTEHCUBHOCTH B
snunentpe gocrurama 9 6GamioB (Emanov, A. F. et al., 2009). ITaMATHHKOM IIOCIIEAHETO
3eMJIETPSACEHUs SIBJIAETCA CEHCMOOIIONI3eHb B JoJMHE p. Tamaypa. MoILIHOCTh CTEHKH OTpbIBa
OTIOJI3HEBBIX Macc cocTtaBmiia 150 m.

Boonvie o6vexmopi. B Uyiickoll KOTIOBHHE XOPOIIIO BBIpakeHa peyHas ceTb. OcHoBHas p. Uys
MIPOTEKAET C BOCTOKA Ha 3amaj, UMeeT MHOXKECTBO NMPUTOKOB: pp. Tepexta, Yaran-Y3yn, Enanram,
Yaran-byprassl, Optoibsik u 1p. B Uylickoll KOTJIOBUHE OY€Hb MHOT'O MEJIKMX 03€p, KOTOPHIE YacTO
nepechixaT, Oepera WX 3acoleHbl. TepMOKapcTOBble oO3epa MLEeHTpalbHON dYactu Uylickoi
KOTJIOBHUHBI — 3TO 03€pa HEOOIbILOH MIOMAaAN U INTyOUHOM, OKPYIJION WK AJTUIICOBUIHON (OpPMBI,
YTO IIPUBIIEKAET TYPUCTOB HEOOBIYHOCTHIO TEi3aKa.

HemanoBaxHoe TypucTCKOe 3HaY€HHE MMEIOT BOJIbI JIeYeOHbIX HMCTOUYHMKOB. Hampumep, B
OacceifHe p. Akkasiy-O3eK pPacHoJOXKEHbl HECKOJbKO BBIXOJOB BOJ HMCTOYHHUKOB DPAa3HOTO
XMMHUYECKOTO COCTaBa, TJIeé MECTHOE HACEJIEHUE B JIETHUM MEPUOJT YCTPAUBAET «JICUCOHUILY».

Ha neBom Gepery p. Uys, Henaneko ot c¢. Komr-Arau, pacmnoioxkeHbl 03epa cO CPaBHUTEIBHO
BBICOKOH CTEMEHbI0 MUHEpanu3aiuu. VX BoJbl UMEIOT CyIb(haTHO-KAIbIIMEBBIA U COJOBBIM COCTaB.
JIOHHBIE OTJIOKEHHMSI TPEACTABIECHBl CEPHIMH WU TEMHO-CEPhIMM WJIaMH, C CHUJIbHBIM 3alaxoM
ceposozaopoaa (Akhmatov, S. V., 2010).

Apxeonozuueckue ob6vexkmol. B MEXTOPHBIX KOTIOBUHAX HAXOJATCS MAaMSATHUKUA M OOBEKTHI
HUCTOPUYECKOTO U  COLUHUAIbHO-KYJIBTYPHOTO Ha3Hau€HUs. ApXeOoJOoruuyeckue NaMsATHUKU
MIPE/ICTaBJICHBI, TJIaBHBIM 00pa30M, OCTaTKaMH JIPEBHUX MOCEICHUN U IPOU3BOJACTBEHHBIX IIEHTPOB,
norpe0agbHBIMU COOPYKEHUSMHU, CBATHJIMLIAMHU U T.A. M3 morpebanbHbIX MaMsITHUKOB Haubosee
pacmpocTpaHeHbl OKPYTJIble KaMEHHBIE KypraHbl W HEOOJbIINE OBATbHBIE KIAJKH, KEPEKCYPHI C
pacxXoAsIIMMHUCA B CTOPOHBI JydaMU. OTUM COOPYXEHHSM COIMYTCTBYIOT PSAJbl BEPTUKAILHO
YCTAaHOBJICHHBIX KaMHEH, M3BasHUs, creibl. HackanbHble pUCYHKHM IIMPOKO PacHpOCTpPaHEHbI HA
uccienyemon teppuropun. Hanbosnee u3BecTHble HaCKaIbHbIE H300paKEHUsI HAXOASATCS B JOJIUHE P.
Enanrarm, n3o0paxaroniyx 4eaoBeKOonojo0Hbe (UTYphl, OJIeHEeH, Ko31oB, 60pbOy 3Bepeit u mp.
Takxke OonpUION KOMIUIEKC NaMSATHUKOB pacrlojokeH B AojuHe p. FOCThi, NaTUpOBaHHBIM OT
MaJeoJInTa 10 PAHHETO KEJIE3HOTO BEeKa: MaJeOJUTUUECKHE MECTOHAXOXKACHUS, KypraHbl, PUCYHKH,
rOHYapHbIe revn, kKameHHbie Beikiaaaku (Vodyasov, E. V., & Zaitseva, O. V., 2020).

Obvexmbl Kyiomypvl u mpaouyuii mecmuozo Hacenerus. C. Kom-Arad — 3To ucropuaeckoe
TOProBO€ MECTO, KyJa MPUBO3WIA CBOM TOBAapbl PyCCKHE, KUTAMIIbl, MOHTOJIbI, Ka3axu. Hapsaay c
MECTHBIM QJITACKUM HaceleHHWeM (TeleHTUTh) B YUyHCKOW CTENM HaxOoAATCs TPaTullMOHHBIC
nocenenusi kazaxoB (Akkozhanova, E. S., 2017). Uyiickas cremb SIBISTCS LEHTPOM HCiIaMa B
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poccuiickoM AJTae, 311eCh €CTh MEUeTH. TEeJIGHTUTHI U Ka3aXy COXPAHWIA CBOU TPATUINH, OOBIYaH,
oOpsiabl. Jlas TYpHCTOB MpENCTaBISIOT HHTEPEC TPaJUIMOHHBIE MECTHbIE OJ0Ja, KOTOpbIE
IpeJyIaraoTcs B HeOOMbIINX Kade.

Apxutektypubiii o0k cé€n (Kom-Arau, XKana-Ayn, Oproasik, Tenenrur-Coproroit u ap.)
OTpa)KaeT MPUPOTHO-KIMMATUYECKHUE YCIOBUS: TPAAUIIMOHHBIC JIOMA UMEIOT TJIOCKUE KPBIIIN BBUITY
MaJioro KOJMYECTBA OCAJKOB, MCIOJb3YIOTCSI CAMAHHBIE U KAMEHHBIE KOHCTPYKIMHU. DTO CO3/HAET
ayTEHTUYHYIO CEJIbCKYIO CpPENy, IPUBIIEKATEIbHYIO 7S KYJbTYpHO-II03HABATENbHOIO Typu3Ma. J{is
TYPUCTOB OPTraHU3YIOTCS MOCELIEHUS IOPTOUYHBIX (DepMEPCKUX XO3SICTB, I/Ie MOKHO HaOIIOAATh
cTajga OBell, JIOUIaJeil, SKOB M BEpOJIIOJOB, O3HAKOMHUTHCS C TEXHOJOTHSIMHU KPYIJIOTOJUYHOTO
BbIlIaca B OKCTPEMalbHBIX YCIOBUSX. B dacTHBIX My3edaX M JTHOrpaUUYECKUX YroJikax
MPEJCTAaBICHBI TPAJUIIMOHHBIE ITpeaMeThl ObiTa. OcoOyro IeHHOCTh mpeacTaBiser KpaeBequeckuit
My3el ka3axoB B cene JKaHa-Ayi, 5KCO3ULKUN KOTOPOIO OTPa)KaroT UCTOPUIO MEPECETCHUS Ka3aX0B
Ha AnTail, UX XO3SHCTBEHHYIO ACSATEIBHOCTb, CEMEUHBIE OOPSIbl, KOCTIOMBI U yTBapb. My3eil
BBITIONHSACT (PYHKIMU IEHTpPA COXPAaHEHUS HEMATEePHAIbHOTO KyIbTYpHOTO HACIEIus U SBISETCS
B2XHBIM aTTPAKTOPOM IS STHOTpaQHUECKUX B 00pa30BaATEIBHBIX TYPUCTCKAX MAPIIPYTOB.

4. 3ak/104eHue

Takum o0pa3zom, cCTelHble MEXIropHble mpocTpaHcTBa Poccuiickoro Asnras nmpencTaBisiOT
BA)KHOCTb HE TOJIBKO JUIA TPAJWLIMOHHOIO XO34MCTBA KOYEBHHKOB, HO M MMEIOT 3HAYUTEIIbHBIC
NEepCHEeKTUBBl g Typu3Mma. UYylckas cCTenb 3/1ech SBISETCS caMOW OOJbIIOW MEeXropHou
KOTJIOBUHOM U MMEET 3aCyIUIMBbIN KIMMaT. 3HAaYeHHE 3TON TEPPUTOPUU CBSI3aHO C TEM, UTO 3/I€Ch
IIPOXOJUT OCHOBHAs TpaHCIOPTHas Marucrpainb «YylWckuil TpakT», cBa3biBaromas Poccuto,
Mouronuto u Kuraii B AntalickoM pernoHe, a B IMOCJIEJHUE TOJbl 3HAYUTEIBHO PACTET MOTOK
TYpPUCTOB M 00yCTpauBarOTCS MECTa y OCHOBHBIX aTTPAaKTOPOB.

[IpoBeneH aHaIM3 TYpUCTCKUX aTTPAKTOPOB UyHCKOM CTENM, BKIIOYAKOIINUNA I€0JIOTMYECKHE,
reoMop(oIoruyeckie, KpHUOTeHHbIE, CelCMUYecKHe, BOJHBIE, apXEOJOTMUYECKHe OOBEKThl U
O00BEKTHl KyNbTypbl. [IJIsi Ka)kqoro THMa aTTPAaKTOPOB OINpeAeNeHbl MPEANOYTHUTENbHbIE (HOPMbI
TYPUCTCKOTO UCITOJIb30BAHU.

[IepcniekTHBEI IPOCTPAHCTBEHHOW OPraHU3alMy TYpU3Ma CBSI3aHBI C PA3BUTHUEM CETH MaJIbIX
CpeACTB pa3MelleHHs (TJIeMIUHTH, TypOa3bl), MapIIPyTOB Ha BHEIOPOKHUKAX, JOMIATAX U
BepOJII01axX, a Takke ¢ My3eepuKalrueld apXxeoJorHYecKuX MaMsITHUKOB M MHTErpalueld 0ObeKTOB
KYJIbTYPHOIO HAClIe[us B TYPUCTCKHE MapIUpPyThbl. YUUTBHIBAs XPYIKOCTb CTEIHBIX T€OCUCTEM,
HE0OXOMMO BHEJIPEHHE HOPMHUPOBAHMS PEKPEAlMOHHBIX HArpy3oK M OXpaHa KIIIOUEBBIX
arTpakTopoB. llodydeHHBIe pe3ynbTaThl MOTYT OBITh HCIOJB30BAHbI INPH TEPPUTOPHUATHHOM
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Attractors as the basis of the territorial structure of tourism in the conditions of
the steppe spaces of the Chuya intermountain basin in the Russian Altai

Alexander Dunets, Nadezhda Kurepina

Abstract. The article examines the steppe spaces of the Chuya intermountain basin of the Russian
Altai, where in recent years the territorial structure of tourism has been forming based on attractors
of different genesis. The natural features of the studied territory are characterized. The main tourist
attractions, including geological, geomorphological, cryogenic, seismic, aquatic, archaeological and
cultural sites, have been identified and systematized. The possibilities of their recreational use have
been identified: the creation of trails, the organization of geotourism, parks, and more. It is shown
that traditional nomadic animal husbandry and modern development of tourist infrastructure in
conditions of high vulnerability of landscapes require balanced spatial planning.

Keywords: attractors; Chuya intermountain basin; intermountain steppe; territorial structure of
tourism; geotourism, Altai.

Peceit Aaraiibingars! Ly Tayapanbik Ka3aHIIYHKbIPBIHBIH 12J1a KeHICTIriHaeri
TYPU3MHIH ayMAaKTbIK KYPbLIBIMBIH KAJBINTACTHIPYAAFbl ATTPAKTOPJIAPIAbIH
peJii

Anexcanap Ayneu, Hagexna Kypenuna

Anaarna: Makanaza COHFBI JKbUIIAPbl T'€HE3HMCI OpTYPJl aTTPaKTOPJBIK HBICAHAAp HEri3iHAe
TYPU3MHIH ayMaKTBIK KYPbUIBIMBI KaJbIIITACHII Kene jkaTkaH Peceit Antaitbingarsl Ly Tayapanbik
Ka3aHUIYHKBIPBIHBIH ~Jlajla  KEHICTIKTepl KapacThIpbliajabl. 3epTTENeTiH ayMaKTblH TaOufu
epeKIleNiKTepiHe cumarrama OepuireH. ['€onorusuiblk, TeoMopQOSOTUSIBIK, KpPUOTEHIIK,
CeCMUKANIBIK, CY HBICAHJAphl, apXEOJIOTHSIIBIK E€CKEePTKIIITEep MEH MOACHHM Mypa HBICAHJIApbIH
KAMTUTBIH HET13T1 TYPHUCTIK aTTPAaKTOPJBIK HBICAHAAp aHBIKTANbIN, >KyHeneHaipuireH. Omapabl
peKpealysuIbIK MakcaTTa TNaijanaHy MYMKIHIIKTEpi, aranm alTKaHAa TYpPUCTIK COKIAKTap
YUBIMIACTBIPY, T€OTYPU3MAL JIaMBITY, F€ONapKTep Kypy >kKoHE Oacka Na OarbpITTap alKbIHAAJFaH.
JlanamadTTapaplH JKOFaphl OCAJIBIFBI JKaFIaibIHIA JOCTYPIIl KOINIeni Mall apyamlblIbiFbl MEH
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TYPUCTIK MH(PAKYpPBUIBIMHBIH 3aMaHayH JaMybl ayMakThl MaijanaHynbl TEHrepimai KeHICTIKTIK
YKOCTIapJIay bl TaJIall €TeTiHI KOPCETUITeH.

Tyiiin ce3aep: arTpakrop; 1y Tayapanblk Ka3aHIIYHKBIPBI; TayapasblK Jana; TYPU3MHIH ayMaKThIK
KYpPBUIBIMBI; T€0TYypU3M; AJTail.
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AHHoTauusi: B crathe mpencTaBiIeHa MPOCTPAHCTBEHHO-BPEMEHHAS
OIICHKa HKOJIOTMYECKOTO COCTOSIHUSL U YPOBHS aHTPOIMOTE€HHOTO
Bo3zelicTBUS B Oacceline peku Tepuc (JKamObickast 0671acTh) Ha OCHOBE
MHOTOJICTHUX JAHHBIX AUCTAHIIMOHHOTO 30HaupoBaHus 3emun 3a 2015-
2025 rr. HMHPOpMAIMOHHOW OCHOBOW WCCIIEAOBAHUS ITOCITYKUIN
cnytHukoBbie manHbie Landsat 8 u 9 (Collection 2 Level 2),
obpaborannbie B cpege Google Earth Engine ¢ mpumenenuem npoueayp
aTMOC(epHON KOPPEKIMH, MaCKUPOBaHUs 00JIaYHOCTH U HOpMalIU3alliH
CIIEKTPAJIbHBIX IOKa3zarened. /[l KOJIMYEeCTBEHHOM XapaKTEpPUCTUKH
KITFOYEBBIX KOMIIOHEHTOB TeocucTeM paccuutanbl uHAEKch NDVI
(pactutensHocTh), WET (Bna)kHOCTHass KOMITIOHEHTa MpeoOpa3oBaHUs
Tasseled Cap), LST (remneparypa 3emuoii moBepxuoctd) u NDBSI
(cyXxocTh M cTeleHb aHTPONOreHHOM TpaHchopmanun). MHTerpanus
CTaHJAPTU3UPOBAHHBIX WHAMKATOPOB BBIOJHEHAa METOAOM TJIaBHBIX
KOMITOHEHT C TIOCIIEIYIONMM (OPMUPOBAHHEM HHTETPATLHOTO MHJEKCA
sKoJioruueckoro cocrostuust RSEI.

[TonydeHHbIE  pe3ynbTaThl  CBUJAETENBCTBYIOT O  BBIPAKCHHOM
NpOCTpaHCTBEHHONW auddepeHInanyy W BBICOKOH  MEXIOJ0BOM
BapraleIbHOCTH IKOJIOTMUYECKUX YCIOBHM. B cTpykType Tepputropun Ha
NPOTSKEHUH BCETO NEPUo/Ia UCCIIEA0BAHUS JOMUHUPYIOT KIACChl «HUXKE
CPEIHETO» U «CPEITHUI», COBOKYITHAS AOJISI KOTOPHIX B OOJBITUHCTBE JIET
npesbimaet 70 %. HanbomnpIas 1oms kiacca «CpeHuii» 3adukcupoBaHa
B 2016 r. (56,88 %), Torma kak B 2025 r. OTMEYECHO CYIIECCTBEHHOE
pacmmpenue kimacca «Bbicokuity (34,29 %), oTpaxkaroriee JOKaIbHOE
YIy4YIICEHHE YKOJIOTUIECKOTO COCTOSHHUSI. 30HBI ¢ HU3KUMH 3HAYCHUSIMHU
RSEl 3anumaror orpanudeHHbie Tmomaan (mo 1,34 %), oaHako
NPOCTPAHCTBEHHO  TPUYpPOYEHBI K  y4acTKaM  WHTEHCHBHOTO
3eMJICTIONIb30BAHUsI UM JETPAJMpPOBAHHBIX  3€Mellb.  Pe3ynbTarsl
HenmapaMeTpUUecKOro aHajiau3a MOKa3ajdl OTCYTCTBHE CTAaTUCTHYECKH
3HAYMMBIX JOJITOBPEMEHHBIX TPEHIOB [T OOJIBIIMHCTBA KiaccoB RSEI,
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YTO CBHJECTEILCTBYET O MPEOOIaTaHuU MEKT0I0BOM BapHaOeTbHOCTH SKOJIOTUYECKUX YCIOBHIM.
HauOonee OnaronpusiTHple SKOJOTMYECKUE YCIOBUS XapaKTE€pPHbl ISl TOPHBIX W IOMMEHHBIX
naHamadToB, TOr/AAa Kak IEHTPaJbHBIE M CEIIbCKOXO3SHCTBEHHO OCBOCHHBIC  pailOHBI
JEMOHCTPUPYIOT  IOHWKEHHbIE  HMHTErpajbHble IOKa3zaTequ. Pe3ynpTaTbl  McclelOBaHUs
MOJTBEPKIAIOT METOAMYECKYI0 cocTosTenbHOCTh RSEl Kak HMHTErpajbHOr0 HMHCTPYMEHTA
MOHUTOPHUHIA JAMHAMHUKH 3KOJOIMUYECKOrO COCTOSIHMS M OLIEHKM aHTPONOI€HHOM Harpy3ku B
npejenax 0acceHOBBIX T€OCUCTEM MOJY3aCYIIINBBIX PETUOHOB.

KuaroueBbie ciaoBa: RSEI, mucraniimonHoe 30HIMpoBaHHE 3€MITH; aHTPOIIOTCHHOE BO3JCHCTBHE;
IKOJIOTUYECKOE COCTOsIHKE; OacceliH peku Tepuc.

1. Beenenue

JleATeTbHOCTh  YEJIOBEKA, CBsA3aHHAas C  Pa3BUTHEM  [MBWIM3AIMH, IPOIECCAMHU
WHIyCTpUATIM3AIMN U pealiu3alieil TIAHOB arpoNpPOMBIILICHHOTO KOMILIEKCAa OKa3bIBACT MPSIMOE
BO3JIEHCTBUE Ha 370POBbE M KHU3HEAeATeIpHOCTh yenmoBeka (Liu Shiliang et al., 2018; J. Wang et al.,
2018; Yue et al., 2019). AHTpoONOreHHO OOYCJOBJICHHBIC HM3MEHECHHUSI PACTUTEIBHOTO IMOKPOBa
OPUBOIAT K TpaHCHOpPMAIMKM TMPOCTPAHCTBEHHOTO paClpeeCHUs MECTOOOMTaHHWH, a TaKke
OKa3bIBAIOT BJIMSHUEC Ha YPOBEHb OHOPa3HOOOpa3ws, XOJA OSKOJOTMYECKHUX TIPOIECCOB U
TEMIIEPATYPHBIA PEKUM 3€MHON MMOBEPXHOCTH, YTO B COBOKYIHOCTH HM3MEHSCT HKOJIOTHYECKHUE
ycioBusi ¥ 9kocuctemuble Gpynkiuu (H. Wang et al., 2020; L. Wang et al., 2020). B pe3ynbrate
JTaHHBIX TIPOLECCOB COHOPMUPOBAICS IIMPOKUH CIEKTP HKOJOTHYECKUX MPOOJeM, BKIIOYAs
OIyCTHIHUBAHUE TEPPUTOPHIA, Pa3BUTUE IMOUYBEHHON 3PO3UH, 3arps3HEHHE OKPYXKAIOLICH Cpelbl U
Aerpajanuio  OuopasHooOpasus. YKa3zaHHbIE SBJCHHS CIIOCOOCTBYIOT PpOCTY  YSI3BUMOCTH
OKpYXKaIOIIeH Cpe/bl, YTO HMMEeT NPHHIUIHAAILHOS 3HAYCHHE Ui YCTOHYUBOCTH YCIOBUH
xu3HeaesTenpHocTH venoeka (Wolters et al., 2016).

OrleHKa SKOJIOTHYECKOTO KavecTBa Okpyxkaromien cpernsl (Ecological Environment Quality)
HUMeeT pelraroliee 3HaueHue JUis 1eaeld ycroiunBoro passutus (Hasan et al., 2025; Ning et al.,
2020). TToBectka aHs B obyiacTu ycTOoH4MBOrO pa3Butus Ha nepuoj no 2030 roma moguépkuBaet
HEOOXOJMMOCTh 3allIUINATh, BOCCTAHABIMBATH U YCTONYMBO MCIOJIb30BaTh HA3EMHBIE SKOCHCTEMBI,
PalMOHAILHO YIPABJISATH MPUPOAHBIMU PECYPCAMU U TIPEIOTBPAIIATE IETPAIAIIUIO 36MEIIb U yTPaTy
onopasHooOpaszus. HecmoTps Ha yacTuuHbIi mporpecc, Sustainable Development Goals Report 2024
OTMEYaeT, YTo JIerpajalus 3eMellb, MoTepss OMopa3HOO0pas3us M yXyIIICHHE KaueCTBa IKOCUCTEM
OCTalOTCS TNIO0ATBHBIME BBI30BAMH, TPEOYIONMMH HAEKHBIX METOJOB MOHHUTOPHUHTA M OICHKH.
CoBpeMEHHBIC JKOJOTMYECKUE HHUIMATHBBI TaKXKe TMOMYEPKUBAIOT POJIb TPOCTPAHCTBEHHBIX
JTaHHBIX W JUCTAHIIMOHHOTO 30HIMUPOBAHHS 3eMJIM KaK KPUTHYECKOrO HWHCTPYMEHTA IS
KOJIMYECTBEHHO! OIIEHKHU COCTOSHHS 3KOCHCTEM M IMHAMUKHU aHTpororenHoro Bo3aericraus (United
Nations, 2024).

CoBpeMEHHOE pa3BUTHE CIYTHUKOBBIX CHUCTEM HAOJIOJCHHS 3eMJIH MNpPEeIOoCTaBIsICT
3 PeKTUBHBIC HHCTPYMEHTHI IS MOHHTOPHHIA WM YIPABJICHHS SKOCHCTEMaMH, OOecredrBas
MOJyYeHHE HAIEXHBIX WHANKATOPOB MX COCTOSIHUS Ha JIOKATLHOM, PETHOHAJIBHOM U TJI00aIbHOM
ypoBusx (Willis, 2015). Ananmu3 OTpak€HHOTO OT 3€MHOW IOBEPXHOCTH AIIEKTPOMArHUTHOTO
U3JTyYeHHs TO3BOJISIET OICHHUBATh SKOJIOTHUECKYI0 OOCTaHOBKY C HCIOJb30BaHHEM JIaHHBIX
JMCTAHIIMOHHOTO 30HMPOBAHMS, OXBAaTbIBas pa3IMYHbIE KOMIIOHEHTHI DKOCHCTEM, BKIIIOYAs
MOYBEHHBIN TOKPOB, PACTUTEILHOCTD M OTKPBITHIC BoHBIC 00beKkThI (De Araujo Barbosa et al., 2015;
Kwok, 2018; Reza & Abdullah, 2011). B cBsi31 ¢ 3TUM TEXHOJIOTHH IUCTAHIIMOHHOTO 30HIUPOBAHHMSI
MOJYYHIIA TIHPOKOE PACIPOCTPAHEHHE B MCCICIOBAHHIX 3KOCHCTEM U MPAKTHUKE IKOJIOTUIECKOTO
ynpasienus (Kennedy et al.,, 2014; Xu et al., 2018). Pe3ynbpraThl MHOTOYHMCICHHBIX PabOT
MOJTBEPIKAAIOT BBICOKYIO 3((EKTHBHOCTh METOJIOB JIUCTAHI[HOHHOTO 30HAMPOBAHMS, OCHOBAHHBIX
Ha MPUMEHEHUH pa3InYHbIX WHACKCcOB, Takux kak NDVI, LST, Bl u NDBI (Hasan et al., 2025).
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[HIupoxoucnonns3dyemsbrii (Liu et al., 2025; Ning et al., 2020; Xu, 2013) mucTaHIHOHHO-
30HAUPYEeMbIi okonornyeckuii nuaekc (Remote Sensing Ecological Index) RSEI npeanasuaueH mis
MOHUTOPHHIAa M OIICHKM PETHOHAIBHOTO SKOJIOTHYECKOTO COCTOSIHHS, a TaKkKe OOBbEAMHSET
HOpMan30BaHHbIH Bererannonnslii naaekc (NDVI), mokasarens Baaknoctu (WET), Temneparypy
3emHOil moBepxHocTH (LST) ¥ HOpManu3oBaHHBI MHICKC 3aCTPOCHHBIX W  OrOJEHHBIX
noBepxuocreii (NDBSI) ¢ npumenenuem wmerona riaaBHbIX KomrmoHeHT (PCA) st omeHku
HKOJIOTHYECKOTO COCTOsIHMS ucciieayemoro peruona (Yue et al., 2019).

Hcnonp30BaHue JaHHOTO HMHICKCA IO3BOJISET OINEPATUBHO BBISBIIATH M aHAIN3UPOBATH
W3MEHEeHHMs dKosoruueckux ycimosuii Bo Bpemenu (Wu et al., 2022). IIpoBenénnbie nccie10BaHus
MOKa3ajJM, YTO JKOJIOTHYECKas OOCTaHOBKa (OPMUPYETCS MOJ BIMSHHEM YETHIPEX KITFOUCBBIX
(bakTOpPOB: 03€JICHEHHOCTH, TEIUIOBOTO COCTOSIHHS, CYXOCTH M BJIQKHOCTH ITOBEPXHOCTH.
[Mpumenenne muaexkca RSEl mano BO3MOKHOCTH MO-HOBOMY HHTEPIIPETHPOBATH IKOJIOTHUECKHE
M3MEHCHHS M BBISIBUTH Ys3BHMbIC 30HBI B psje peruonos (Yue et al., 2019). [Touck myOaukaruii B
6azax Scopus, Web of Science u Google Scholar mokassiBaer, uro npumenenue unaekca RSEI s
OLIEHKHU YKOJIOTHYECKOTO COCTOSHUS TeppuTopuii Kazaxcrana nmpejacraBieHo OrpaHHYSHHBIM YHCIIOM
UCCIIeIOBaHMIA, TOT/Ia Kak Jyis OacceitHa peku Tepuc mogo0Hbie paboThl MPAKTHYECKH OTCYTCTBYIOT.
[lenbt0  TAaHHOTO HCCIICAOBAHUS SBJSICTCS OIICHKA IMPOCTPAHCTBCHHO-BPEMEHHBIX H3MEHCHHM

3KOJIOTHYCCKOI'O COCTOSAHUA U aHTpOHOFGHHOﬁ HarpyskKu B Oacceiine PEKH TepHc Ha OCHOBC MHJACKCAa
RSEI.

2. MaTtepuaJbl 4 MeTObI
2.1. O6vexm uccnedosarnus

OOBeKTOM HCclenoBaHus siBisieTcsi OacceiiH peku Tepuc (puc. 1), pacroyioKEHHBIH B
npenenax JKyanslHckoro paiona KaMmObUICKOH 001acTH M OTHOCSLIMIICA K OacceliHy peku ACHI.
ITnomane Gacceitna pexn Tepuc cocrasiser 200 464,4 ra (2 004,64 xm?). Bacceiin pexn Tepuc
pacrionioc)keH Ha tore PecnyOnmuku Kazaxcran, B mnpegenax JKamOblickod oOmact, BOIW3M
aJIMMHHUCTpaTUBHOMN IpaHullbl ¢ TypkecTaHCKOM 00J1acThIO, @ TAK)KE B HEMTOCPEIACTBEHHON OJIN30CTH
K rocynapcTBeHHBIM rpaHuiiam ¢ Keipreizckoii Peciy6nukoii u Pecybnukoit Y36ekucras (puc. 1a).
I'eorpaguueckoe nonoxeHue d6acceliHa 00ycIaBIMBAET €ro TPAH3UTHBIA XapaKTep U BaXKHYIO POJIb
B PETMOHAIIBHON BOJOXO34MCTBEHHON CUCTEME.

Peka Tepuc 6ep€r Hauano Ha I0ro-BOCTOYHBIX CKJIOHax xpedra Kaparay u, ciuBasich ¢ pekoi
Kypkepeycy, popmupyet pexy Acsl. [llnHa peku cocTaBiseT 0KoJo 51 kM, miomaab BogocOOpHOTo
Oacceitna — okono 485 kM2 [luTanwe peKu NMPEUMYIIECTBEHHO CHErOBO-JI0XK/IEBOE C y4acTHEM
MOJ3EMHBIX BOJI, @ PEXHUM CTOKA XapaKTEPU3YETCs BBIPAKCHHON CE30HHOW HEPaBHOMEPHOCTHIO.
OcHoBHOIl 00BEM cTOKa (GOpPMHpPYETCS B BECEHHE-JIETHUWU TEPUOJA 3a CYET CHETOTasHUS U
aTMOC(EpHBIX OCAaJKOB B TOpHBIX pailoHax. Peka akTUBHO WUCHONB3YyeTCA M OpPOILEHUS
CEJIbCKOXO3SIIICTBEHHBIX 3€MEJIb, a €€ THPOJIOTHUECKUN PEXKUM OKa3bIBa€T CYLIECTBEHHOE BIUSHUE
Ha MPOCTPAHCTBEHHYIO AU((epeHInaNI0 PaCTUTEIBHOTO MTOKPOBA U SKOJIOTMYECKOTO COCTOSHUS
tepputopuu (Wikipedia contributors 2024a; 2024b)

Jlns BU3yanu3aluy TeppUTOPUM HCCIEIOBaHUs Ha pHc. 10 HMCHOIB30BAJIOCH CIYTHUKOBOE
u3obpaxenue Sentinel-2 ¢ mpocTpaHcTBeHHBIM paspernieHreM 10 M, MOJy4eHHOE W3 MPOrpaMMbI
Copernicus Espomneiickoro kocmuyeckoro areHtctBa (ESA, 2024). Ha pucyHke OTUY€TIIMBO
BBIJIETISIIOTCS CEIbCKOXO03MCTBEHHBIE YIOJIbsl, JIEMEHThI TPAHCIIOPTHON MHMPACTPYKTYPHI, a TAKKE
YYaCTKH €CTECTBEHHOH pPAaCTHUTEIBHOCTH M BOJHBIE OOBEKTHI. Pa3HOPOIHOCTH 3€MHOrO MOKPOBa
OTpa)kaeT MHTEHCUBHOE XO3SIIICTBEHHOE OCBOEHHE PAaBHMHHBIX M IMpPEArOpHBIX dacTed OacceliHa,
TOrJa Kak B TOPHBIX pailoHax MpeoOsafaloT NPHUPOJAHBIE JAaHAMA(PTHI C MEHbIIEH CTEeNeHbIo
aHTPOIIOTE€HHOT'O BO3/ICHCTBUSI.

udposas moaens penveda OacceitnHa pexun Tepuc (puc. 1B) oTpakaeT BBIPpaAKEHHYIO
BBICOTHYIO AU PEpEeHINaUI0 TEPPUTOPUH, O0YCIOBIEHHYIO COYETAHUEM TOPHBIX, MPEATOPHBIX U
paBHUHHBIX (GopM penbeda. AOGCOMIOTHBIE OTMETKH BBICOT B Ipefenax OacceiiHa BapbHpYIOTCS OT
866-1500 M Ham ypoBHEM MOpsS B ceBepHOU W IeHTpanbHON 4dacTsax u 10 3000-3960 m B rokHOM
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ropHoii 3oHe. HawmOomnpiime BBICOTHI MPUYPOUYEHBI K FOKHOW dYacTH OacceiiHa, Ie pPa3BUTHI
pacuicHEHHBIC TOPHBIC MACCHBBI C KPYTHIMHU CKJIOHAMH U 3HAYUTEIILHBIMHU Tiepernaaamu Boicot (Farr
et al., 2007).
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Pucynok 1. I'eorpaduueckoe pacnonoxkeHue (a), KOCMUYECKUH CHUMOK (0) U 1udpoBas MOAeIb
penbeda (B) Oacceiina pexku Tepuc

OcHoBHas TUIOMIATL OacceifHa TpeACTaBIeHAa TEPPUTOPHSMH CO CPEIHUMH BBICOTAMH B
quanazoHe 1500-2500 M, 4TO COOTBETCTBYET MPEArOPHBIM M HU3KOTOPHBIM JaHamadram. OTu
YYACTKH XapaKTEpU3YIOTCs 00Jiee CrIIaXeHHBIM pelbeOoM M OTHOCHUTEIHHO OJaronpusSTHBIMH
YCIOBUSMH U1 (YOPMUPOBAHMS pACTUTENILHOTO MTOKPOBA M X03siicTBeHHOrO ocBoeHMsl. CeBepHas U
[EHTpaJIbHAs YacTH OacceifHa, ryie aOCONIOTHBIE BRICOTHI MPEUMYIIECTBEHHO He TpeBbimaoT 1200-
1600 M, orimyarotcs ciaaboil pacuIeHEHHOCTHIO MOBEPXHOCTH M NMPUYPOUYECHBI K PaBHUHHBIM H
cmabosomHUCTHIM (hopmam penbeda (Mueller et al., 2014; K. Saparov et al., 2023).

2.2. Habop u mexuonocuu 0opabomru 0auHbIX OUCMAHYUOHHO20 30HOUPOBAHUSL

[TpocTpaHCcTBEHHBIE TpaHUIBI OacceiiHa ObLTM 3aJaHbl B BUAEC BEKTOPHOTO IOJIMIOHA WU
MCIIOJIb30BaHbI B KauecTBe oOacT naTepeca (AOI) Ha Bcex aranax ananuza. [1oMroHaIbHBINA CITOH
BogocOopHoro Gacceiina pexu Tepuc Obl1 chopMHUpOBaH HAa OCHOBE IHUGPPOBOI Mojaenu penbeda
SRTM (Shuttle Radar Topography Mission) ¢ mpoctpanctBennsiM paspemerrem 30 m (Farr et al.,
2007) ¢ ucmoap30BaHUEM THAPOIOTHYECKUX HHCTpyMeHToB Moayist Hydrology B cpene ArcGIS. B
mporiecce JIeIMHEA MPUMEHSUTHCh TPOIEIyphl 3allOMHEHUs JIOKaIBbHBIX Jerpeccuii penbeda
(Fill), ompenenenuss nampasnenus croka (Flow Direction) u wakorutenus croka (Flow
Accumulation), 4To MO3BOJIMIIO BBIAEIUTH TPAHHUIBI BOJAOCOOPHONW TEPPUTOPHU U PYCIOBYIO CETh
Oacceiina (Esri, 2024). Boigenenue pyciaoBOii CETH BBIMOIHAIOCH HA OCHOBE TIOPOTOBOTO 3HAYCHUS
HAaKOIUICHUS CTOKa, 00ECIIEYMBAIONIEIO KOPPEKTHOE OTOOpaKeHHE OCHOBHOW THApOrpaduiecKoi
CTPYKTYpbI OacceliHa M COTJIACOBAHHOCTH C TOMOTpadUUeCKUMHU KapTaMH.
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Jdns  yrouyHeHMs M BepHPHUKAIMKM  KOHPHUrypamuu  BoaocOOpa  UCIOJIb30BAIHCH
tomorpaduueckas kapra wmacimraba 1. 200 000 (K-42-12, K-42-11, K-42-17, K-42-18) u
CIIyTHUKOBBIE ~ HM300pakeHMsi  Bbicokoro  paspemenuss (ESA, 2024). ComocraBineHue
ruaporpaguueckoil ceTu U 0COOEHHOCTEH penbeda MO3BOIHIO YTOUHHUTH IOJIOKEHUE TPaHUIl
OacceiiHa 1 MUHUMH3HUPOBATh BO3MOXKHBIE TEOMETPHYCCKUE HECOOTBETCTBUS (PHC. 2).
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Pucynok 2. AﬁropHTM pacuéra u aHanusza uHaekca RSEl Ha ocHOBe AaHHBIX AMCTaHIIMOHHOTO
souaupoBanus 3emn (2015-2025 rr.)
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B pab6ote ncnonp3oBansl Aannsie ciyraukos Landsat 8 (OLI/TIRS) u Landsat 9 (OLI-2/TIRS-
2) xoutekiuu Collection 2 Level-2 (Surface Reflectance u Surface Temperature), npenocraBisieMmbie
mwiargopmoii Google Earth Engine (GEE - https://code.earthengine.google.com) (USGS, 2024b).
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Anamu3 oxsatbiBaeT nepuoa ¢ 2015 mo 2025 rr., mpu 3TOM ISl KaKIOrO TOAAa PacCMaTpPHBAICS
BEreTaI[MOHHBIA CE30H C Mas MO CEHTSAOph, YTO MO3BOJSET MHHUMHU3UPOBATh BIMSHUE CE30HHBIX
(akTOpOB M 00ECTIEUUTH COMTOCTABUMOCTH MEKTO/IOBBIX PE3yIbTAaTOB.

Jlnist CHIKSHHSI BIMSIHUSL aTMOC(EPHBIX MCKKCHUH M ITYMOB MPHMEHSIACh Macka 00JIaKoB,
00JTauHBIX TEHEW U CHEXKHOTO MOKPOBa Ha 0cHOBE OuToBOM nHpopmanmu cinos QA_PIXEL, a Takxe
Macka HachbieHHbIX Tukceneid QA _RADSAT. /[onogHUATETHO BBIMOIHIACH (PHIIBTpAIIUS CIIEH 110
nokasarento ooduier ooinaynoctu (CLOUD_COVER < 80). ITpouenypa 00paboTKH OCYILIECTBIISIIACH
B COOTBETCTBUHU CO CTaHIAPTHBIMH dTallaMy TpPEABAPUTEIHLHONW 00paOOTKU, pEKOMEHIOBAHHBIMU
I'eonornueckoit cnyxo6oit CIIA (USGS) mns npoaykros Landsat Collection 2 Level-2 (USGS,
2024a). OtpaxarenbHas CIIOCOOHOCTH MMOBEPXHOCTHBIX KaHAIOB ObLIA MPHBEACHA K (PH3HUECCKUM
3HAQUEHHWSIM C HCIOJIb30BaHWEM OQHIMATBHBIX K03 ¢uimeHToB MacmTabupoBanus Landsat
Collection 2. Temneparypa 3emuoii moBepxuoctu (LST) paccuuTsiBanach 1Mo TEIIOBOMY KaHAITy
ST _B10 c mepeBomoM 3Ha4YeHW W3 KENbBUHOB B rpamychl Llembcms. s kaxmoro rona
(bopMHpOBaIOCh MEIHAHHOE KOMIIO3UTHOE H300pakeHue (median composite), 4To MO3BOJIUIIO
YMEHBUINTD BIUSHUE OCTATOYHON 00JIAYHOCTH, aTMOC(EPHBIX IITYMOB U @aHOMAJIBHBIX CIIEKTPaIbHBIX
3HAYCHUW OTIENIbHBIX CIIeH. MCronb30BaHUE MEIMAHHOTO KOMIIO3UTa OOCCIICYMBACT MOJTYUYCHHE
CTaTUCTHYECKH YCTOWYMBOTO MPEICTABICHUS CIEKTPATBHBIX XapaKTEPUCTHK 36MHOM TTOBEPXHOCTH
U [IUPOKO MPUMEHSETCS IPU 00pabOTKe MHOTOBPEMEHHBIX CITYyTHHKOBBIX AaHHBIX B cpeae Google
Earth Engine (Gorelick et al., 2017).

2.3. Pacuem unoexca RSEI

AHamu3  MPOCTPAHCTBCHHO-BPEMEHHBIX  W3MEHCHHMH  JKOJIOTMYECKHX  YCIOBUH U
AHTPOTIOTEHHOTO BO3JCHCTBHSI OIICHHBAJINCH C WCIOJB30BAHUEM KapT IKOJOTHYCCKOTO HHICKCA
RSEI, sBnsromerocs QyHKIMed 4YeThIpEX MOKa3aTemneil: 03eJIeHEHHOCTH, BIAXKHOCTH, CYXOCTH U
TEIJIOBOTO COCTOSIHUSI, KOTOPBIC ITOJIHOCTBIO MOTYT OBITH TIIOTYYCHBI HA OCHOBE JaHHBIX
JHMCTaHIMOHHOTO 30HaupoBanus (Hasan et al., 2025; Yue et al., 2019):

RSEl = f(NDVI,Wet, LST, NDBSI) 1)

Ha ocHOBe eXeroJHbIX KOMIO3UTHBIX H300paKeHUil ObLIM PACCUMTAHBI YETHIPE KIFOUYECBBIX
nokasarelns, Jexaiiie B ocHoBe Remote Sensing Ecological Index (RSEI):

1. NDVI (Normalized Difference Vegetation Index) — mokaszarenb COCTOSHHS U TIOTHOCTH
PaCTHTENBHOTO TIOKPOBA, BhIYHCIIsIeMbId 10 kpacHoMmy (Red) u 6mmkHemy undpakpacaomy (NIR)
KaHaJIam:

NDVI = (NIR — Red)/(NIR + Red) @)

2. WET (Tasseled Cap Wetness) — uHIeKC BIaXXHOCTH, OTPasKAIOIIMKA BOI000ECIICUEHHOCTh
MOBEPXHOCTH M PAcCYUTHIBAEMbIii Ha OCHOBe mpeoOpasoBanusi Tasseled Cap ¢ ucmonb3oBaHuHeM
ko3 durrenToB st cercopa Landsat 8 OLI (Baig et al., 2014):

Wetoy = 0.1511 1 + 0.1973 pgr00n + 0.3283 preq + 0.3407 iy — 0.7117 i1 —
0.4559 sir2 3)

3. LST (Land Surface Temperature) — Temneparypa 3¢MHOI OBEPXHOCTH, XapaKTEPH3YIOILas
TerioBoe coctossHue nauamadra. LST xapakTepuszyeT TEIIOBOE COCTOSHHUE W HUCIOJB3YeTCsS B
Ka4eCTBe MHIMKATOpa JIOKATbHBIX KIMMATHYECKUX M3MEHEHUH B OTBET HA H3MEHEHUS OKPYXKAroIIe
cpensl B moaenu PSR (Pressure—State—Response). Temmeparypa 3emuoit moBepxunoctd (LST)
paccunThIBasiach Ha ocHOBe KaHayia Surface Temperature ST_B10 npoaykra Landsat 8/9 Collection
2 Level-2. 3nauenus ST_B10 Gbuin mpeoOpa3oBaHbl B (PH3HUUECKUE 3HAYCHHS TEMIIEPATYPHI C
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UCIIOJIb30BaHUEM Oo(uIaibHbIX KodpduimentoB Maciradbupoanus USGS (USGS, 2024a; USGS,
2024b), mocne yero Temmeparypa Obuta niepeseaena u3 Kelvin B rpagycer Lenbcus:

LST = (STg1o * 0.00341802 + 149.0) — 273.15 (4)

rae ST_B10 — kanan temmepatypsl moBepxHoctu mpoaykra Landsat 8/9 Collection 2 Level-2;
0.00341802 u 149.0 — koo punments! macmradbupoBanust USGS; 273.15 — ko punment nepesona
temmepartypsl u3 Kelvin B rpagycsr Llenbcus.

4. Unnexc NDBSI (Normalized Difference Built-up and Soil Index) ucnonb3oBaics s
XapaKTEPUCTUKH CYXOCTH IIOBEPXHOCTH U CTENEHU aHTPOINOIeHHOW TpaHchopManuu tanamapToB,
BKJIKOYAsl 3aCTPOCHHBIE U OTOJIEHHBIE TEPPUTOPUU. POCT aHTPOIIOreHHON HAarpy3Kd U pPacIIMpEHHE
XO3SICTBEHHO OCBOECHHBIX 3€MeJIb IPUBOAT K 3aMEILIEHHI0 €CTECTBEHHOTO PACTUTEIBHOIO IOKPOBA
MCKYCCTBEHHBIMH ITOBEPXHOCTSIMU M JIETPATUPOBAHHBIMU y4aCTKaMH, YTO OTPa)KaeTcsi B U3BMEHEHUU
CIIEKTPAJIbHBIX XapaKTEPUCTUK 36MHON ITOBEPXHOCTH.

B nccnenosanun nnnekc NDBSI paccunThiBasics kak cpeHee 3HAUYCHHE WHICKCA OTOJIEHHON
noussl (Bl) u uaaekca 3actpoennsix Teppuropuii (1BI):

NDBSI = (BI + IBI)/2 (5)

Wunekc oronéunoit nosepxuoctu (Bl) onpenensics caexyromum obpasom (Rikimaru et a.,
2002):

__ (SWIR+RED)~ (NIR + BLUE)

BI = (SWIR+RED)+ (NIR + BLUE) (6)

rne SWIR — kopoTkoBoHOBBIN HH(ppakpacHblii quana3oH; RED — kpacHsiit auanazon; NIR —
onmxHUN nHpakpacHbiil Auana3on; BLUE — cunuii ananas3ol cnekrpa.

Wunexc 3actpoennsix Tepputopuii (I1BI) Beraucisuics mo gpopmyse (Xu, 2008):

IBI NDBI_(NDVI+12\/INDWI) (7)
NDBI+(NDVI+12\/INDWI)
rie NDBI - unpexc 3actpoensbix teppuropuii; NDVI - HopMmanu3oBaHHBIH HHIEKC

pactutensHocTH; MNDWI - MonuduipoBaHHblii HHAEKC BOJHBIX OOBEKTOB.

JIns obecriedeHnsl CONMOCTABUMOCTH IOKa3aTeslell Bce WHIEKCHl OBLTH HOPMalM30BaHBI B
mranazoH or 0 mo 1 ¢ mcmonp30BaHMEM MUHHMAIBHBIX M MaKCHMAaJbHBIX 3HAUYECHUH B Tpeaenax
OacceiiHa ans kaxmaoro roxaa. IIpum 5ToM HampaBieHHs WHIEKCOB OBLTM NMPUBEACHBI K €IMHON
WHTEpIpETalny, T/e OoJjiee BBICOKHE 3HAUYEHHUS COOTBETCTBYIOT JIYUIIEMY JKOJOTHUYECKOMY
coctosinuto: st LST u NDBSI ncnons3oBanock nHBEepTHpOBaHHE HOPMAIM30BaHHBIX 3HaUeHUH. B
pesynbrare Obl1 chopmupoBaH dYeTbipexkaHanpHbli crek (NDVI, WET, LST, NDBSI),
OTpaXKarOIIKUN OCHOBHBIE KOMIOHEHTHI 9KOJIOIMUYECKOT'O COCTOSIHUS TEPPUTOPHH.

Wuterpanpubrii naaekc RSE| paccunteiBaiicst ¢ HCIOTB30BaHUEM METO/IA TJIABHBIX KOMITOHEHT
(Principal Component Analysis, PCA). Ha mnepBoM 3rame ObUIO HPOU3BEIACHO BBIUUCIICHHUEC
KOBapUAIIMOHHOW MATPHUIIBI IS HOPMAaJIW3allMOHHOTO Habopa MaHHBIX (CTEKa), IOCJE Yero
OIPEACISUTICh COOCTBEHHBIC 3HAUYEHHS M COOCTBEHHBIC BEKTOpPHI. [lepBas riaBHas KOMIIOHEHTa
(PC1), oOBsicHstOIIas HAUOOIIBINYIO JOJTIO TUCTIEPCUH UCXO/IHBIX TAHHBIX, ObLlIa HHTEPIIPETHPOBAHA
KaK MHTETPaJIbHbIA MOKa3aTeb SKOJIOTHYECKOTO COCTOSHHSL:

RSEI = 1 — PC[f(NDVI,Wet, LST, NDBSI)] ®)
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Jnst monydenus okoHYarenbHoro uHaekca RSEIl 3nauenus PCl Obutd 1OMOJHUTENTHEHO
HOpMaM30BaHbl B auamna3oH oT 0 1o 1, riae HUu3Kue 3HaYSHUS COOTBETCTBYIOT HEOJIArONMpUITHOMY
IKOJIOTHYECKOMY COCTOSTHHIO M BBICOKOM aHTPOIIOICHHOM Harpy3Ke, a BBICOKHE — 00Jiee yCTONYHBBIM
Y IPUPOJTHO COXpaHHBIM JaHamadram. s Kaxaoro rojaa ObUIA SKCIOPTUPOBAHBI PACTPOBBIC CIIOU
NDVI, WET, LST, NDBSI, PC1 u RSEIl. Bce manHbIe COXpaHEHBI C MPOCTPAHCTBEHHBIM
pazpemenueM 30 M ¥ UCTIONIB30BAHBI ISl MMOCIICAYIOMIETO KapTOrpaduaecKoro, CTaTUCTHIECKOTO U
cpaBuuTenpHOrO ananusa (Xu Hangiu et al., 2017; Yue et al., 2019; Liu et al., 2025).

Ta6auna 1. Kiacchl 3K0J0MHUECKOro COCTOSHUS, BhIACICHHBIC 10 3HaueHusM uHaekca RSEI (Xu,
2013; Hasan et al., 2025)

JAunana3on 3HaYeHU Kaaccent
0-0,2 Huzkuit
0,2-0,4 Hwuxe cpennero
0,4-0,6 Cpenanit
0,6-0,8 Bermie cpennero
0,8-1,0 Bricokuii

J1J1s1 OIIEHKH CTaTHCTUYCCKOM 3HAYMMOCTH MEKI'0JI0BOM TMHAMHKH Iutomazei kimaccos RSEI
NPUMEHSITHCH Hemapamerpuueckuii Tect Manna—Kenmamra (Mann, 1945; Kendall, 1975) u orenka
Haksiona Cena (Sen, 1968). /lanHbIe METO/IbI ITMPOKO UCTIONB3YIOTCS TIPH aHAIN3€ BPEMEHHBIX PSZIOB
HKOJIOTUYECKOTO COCTOSIHMS Ha OCHOBE JIaHHBIX JHCTAHIIMOHHOTO 30HIMPOBAHUS U TO3BOJISIOT
BBISIBJIATh HAJIMYHE MOHOTOHHBIX TPEHIOB 0€3 MPEAIONOKEHHSI O HOPMAIbHOCTH paclpeieeHus
JTAHHBIX.

Craructuka Manna—KeHamia paccuyuThIBaJIach CIEIYIOITUM 00pa3oM:

S = Xk21 Ljmker SGn(x; — xi) ©)

r7ie Xj U Xk — 3Ha4€HUs BPEMEHHOT0 psiAa; N — Yucio HaOMoAeHUH; SgN — QYHKIUS 3HAKA.
JU1 OLICHKM MHTEHCUBHOCTH U3MEHEHMSI ITI0Ka3aTelel Ueronb3oBaiics HakiIoH CeHa:

Xj—Xk
j-k

Qi = ! >k (10)

rac QI — OLCHKAa HAKJIOHAa BPEMCHHOI'O psJad; Xj, xk — 3HAYCHHUA TI0KA3aTCJId B PA3HBIC
MOMCHTBI BPCMCHHU. ITonoxurensHple 3HaueHus HakioHa CeHa OTpaXXar0T TCHACHOWUIO K
YBCIMYCHHUIO I10KA3aTCjiA, OTPULATCIbHBIC — K €ro CHHXCHHUIO. CratucTuueckass 3HAYUMOCTD
BBISIBIIEHHBIX TPEH/IOB OLIEHMBAIACh 10 P-Value aBycroponnero Tecta Manna—Kenmania npu ypoBHe
snaunmoctu P<0.05 (Yang et al., 2023; Aizizi et al., 2023; Liu et al., 2024).

3. Pe3yabTaThl

3.1. Ilpocmpancmeenno-epemennas OUHAMUKA 8e2emayuoHH020 NoKposa no dannvim NDVI
AHanmm3 npocTpaHCTBEHHO-BPEMEHHOM JMHAMHKHU BEreTallMOHHOIO MOKpoBa OacceiiHa peku

Tepuc mo manubiM uHAekca NDVI 3a 2015-2025 rr. (puc. 3) BBISSBHI BBIPAKECHHYIO

TEPPUTOPUATBHYIO TU(PPEPEHIINALNI0 1 MEXKTOJOBYI0 M3MEHUYMBOCTh COCTOSTHHS PACTUTEIBHOCTH.

NDVI, otpaxaromuii WHTEHCUBHOCTh (POTOCHHTETHYECKON AKTUBHOCTH M IUIOTHOCTH 3€JIEHOM
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OMOMAacChl, JEMOHCTPHPYET YCTOWYUBYIO 3aBHCHMOCTH OT OpOrpad)MuecKuX YCIOBHIMA, CTENEHU
YBJIQKHEHUS U XapaKTepa 3eMJICIOIb30BaHuUs.
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Pucynok 3. [IpocTpaHcTBEeHHOE paclpeie]ICHIEe U MEXKT010Bast IMHAMUKA BET€TallHOHHOTO HH]IEKCa
pactutensHoctu (NDVI) B 6acceiine pexku Tepuc 3a 2015-2025 rr.

B npoctpanctBeHHOM oOTHOmeHMM HauOonee Bbicokue 3HaueHuss NDVI  crabunsHO
NpUYpOUYEHBl K CEBEPHOH W ceBepo-3amajHOi dacTsM OacceiiHa, TIe pacripoCTpaHEHBI
CeNIbCKOXO035IICTBEHHBIE YTrO/lbS M YYaCTKM C OTHOCHUTEJIBHO OJarONpHUSATHBIM T'HMIPOTEPMHUECKUM
pexxumoM. lleHTpanbHasi 4acTh XapaKTepU3yeTCss MO3aW4YHBIM paclpeielieHHeM HHIEKCa, YTO
00YCJIOBJIEHO COUYETaHUEM arposiaHmagdTOB, ECTECTBEHHOMN CTEMHON paCcTUTEIILHOCTH U Pa3InYHOM
WHTEHCUBHOCTH aHTPOINOTeHHOTO ocBoeHus. Hamnbonee nuskue 3nauenuss NDVI dukcupyrorcs B
I0’KHOH YacTu 6acceifHa, mpecTaBIeHHON TOPHBIMHU U ITPEArOPHBIMU TEPPUTOPUIMHU, TJIE peibedHas
pacwIeHEHHOCTh, JPO3MOHHBIC TPOIECCHl W  JIOKAIBHBIA JAe(QUIIUT TOYBEHHOTO TOKPOBa
OrpaHUYMBAIOT PAa3BUTHE YCTONUNBOM pacTUTENILHOCTH.

Mexronosas quHamuka NDVI HocuT BomHOOOpasueiii xapakrep. B mepuon 2015-2017 rr.
OTMEYanach OTHOCUTENIbHAs CTAOMJIBHOCTh IOKa3aTeledl ¢ COXpPaHEHHWEM YUYacTKOB BBICOKOI
ouonponykruBHoctn. B 2018 r. HaOnromaeTcs CHMKEHHME CpETHHX 3HAYCHWH WHJEKCa,
IPEUMYIIECTBEHHO B IOKHBIX M LEHTPAIbHBIX paloHaxX, 4YTO CBS3aHO C KIUMATUYECKHUMHU
KojeOaHusAMH © 3acynuiuBeiMH  ycinoBusmu. B 2019-2021 rr. ¢dukcupyercs dYacTHIHOE
BOCCTAQHOBJICHHE PACTUTEIHHOIO MOKPOBA, BHIPAKEHHOE B YBEJIIMUEHUH IUIOLIA/IEH CO CPeTHUMH U
noBelmeHHBIMA ~ 3HaueHUssMu  NDVI. B 2022-2023 rr. ycuiamBaeTcss TPOCTPAHCTBEHHAS
HEOJJHOPOJAHOCTh PACHpEeNIeHUs] WHAECKCA, YTO CBHUJIETELCTBYET O BO3PACTAaHUM KOHTPACTHOCTHU
MEXIy 30HAMH HMHTEHCHBHOTO 3€MJICTIONIB30BAaHUS W 30HAMH, MEHEe IOABEP)KCHHBIMU
xo3siiicTBeHHON aesrenbHOCcTH. B 2024-2025 rr. mpocnexkuBaeTcs TEHACHIUS K YMEPEHHOMY
CHIDKEHHIO MHTCHCUBHOCTH 3€TIEHBIX OTTEHKOB B Psijie PalOHOB, YTO MOKET YKa3bIBaTh HA YCUIICHUE
aAHTPOTIOTEHHON HArpy3KH OO0 HA BIUSHUE HEOIArOMPUATHBIX KITUMATHUYECKUX (aKTOPOB.

[Tonmy4yeHHbIE pe3ynbTaThl CBHIETEIBCTBYIOT O TOM, YTO BETE€TAIMOHHBIA TIOKPOB OacceitHa
peku Tepuc XapakTepuU3yeTcsi BBICOKOM UYYBCTBHTEIBHOCTHIO K TNPHUPOJHO-KIUMATUYECKUM H
anTporioreHHeIM ~ BozzedcTBusiM.  NDVI  oTpakaeT Kak €CTECTBEHHYI OpOrpapuyecKyro
30HAJILHOCTh, TaK U TpaHC(HOPMAIIHIO JTaHAMAPTOB B Pe3yIbTaTe X03IHCTBEHHOHN NesITeIbHOCTH, YTO
MOATBEPKIAET €ro 3HAYUMOCTh B CTPYKType HHTerpaibHoro wuHuekca RSEl u mpu onenke
HKOJIOTUYECKOTO COCTOSIHUS TEPPUTOPUH.
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3.2. I[Ipocmpancmeenmvie 0coOEHHOCMU U OUHAMUKA 81aXNCHOCMHO020 pedicuma nosepxrocmu (WET)

AHanm3 npocTpaHCTBEHHO-BPEMEHHON JMHAMUKU WHJEKca BiaxkHocty nosepxuoctu (WET),
paccYMTaHHOrO Ha OCHOBE MpeobpaszoBanwus Tasseled Cap (puc. 4), M03BONINI BBISBUTH OCOOCHHOCTH
pacnpeseneHus BraroodecrnedeHHoCTH Tepputopun 6acceitna peku Tepuc B 2015-2025 rr. Munekc
WET otpaxkaet cTeneHpb yBIaXHEHHOCTH TTOYBEHHO-PACTUTEIILHOTO MTOKPOBA | SIBIISICTCS OJTHUM U3
KIIIOYEBBIX  MOJIOKHUTEIbHBIX KOMIIOHEHTOB HMHTerpaibHoro wuHaekca RSEIl, mockonbky
XapaKTepU3yeT COCTOSIHUE BOJTHOTO PEKMMA DIKOCUCTEM.
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Pucynox 4. IIpocTpaHCTBEHHOE paclpeieieHue M MEXIoAoBas JTUHAMUKA WHJIEKCAa BIAKHOCTH
nosepxHoctu (WET) B Gacceitne pexu Tepuc 3a 2015-2025 rr.

B npocTtpaHcTBeHHOM oOTHOUIeHMHM HaubOonee Bbicokue 3HaueHus WET crabuibHO
NPUYpOUYEHBI K  PYCIOBOM CETH, MNPUOPSKHBIM 30HAM W  y4acTKaM C  pa3BUTHIM
CEeITbCKOXO035HICTBEHHBIM 3€MJICTIONIb30BAaHUEM, TJIe HAOJFOJaeTCsl TIOBHBIIIEHHAs BIAYKHOCTD MTOYB U
MHTEHCHBHOE opolieHne. OcoOCHHO YETKO BBIPaKEHBI 30HBI TOBBIIICHHBIX 3HAUYEHHH B CEBEPO-
BOCTOYHOM YacTu OacceifHa BIOJIb BOJOTOKOB M BOJOXPAHIIIUIIA, YTO CBHICTEIBCTBYET O BIMSHUN
THIPOTpaprUECKOi CTPYKTYpPhI Ha POPMUPOBAHUE JIOKAIBHBIX IIEHTPOB yBIaXHEeHUs . [{eHTpanbHas
qacTh OacceifHa XapakTepu3yeTcsl YMEpEHHBIMHU 3HAUCHISIMHA WHICKCA, OTPAKAFOIIUMH CMEITaHHBIN
TUI 3EMJICTIONB30BAaHUS M CE30HHYIO 3aBHCHUMOCThH BiaroobecneueHHocTH. Hambonee Huzkue
3HaueHnst WET GuKCHpYIOTCS B I0’)KHBIX U IOTO-3aMaHBIX PaliOHAX, MPECTaBICHHBIX TOPHBIMHU H
NPEAroOpHbIMU  JaHMIadTaMu, T/Ie pelbedHas pacwICHEHHOCTh, TMOBEPXHOCTHBIH CTOK U
OrpaHUYEHHAasI MOIIIHOCTh TIOYBEHHOTO IMTOKPOBA CITIOCOOCTBYIOT CHM)KEHUIO HAKOTIIICHHS BIIATH.

MexronoBass JUHAMHKa HWHIEKCAa JEMOHCTPHPYET OTHOCHTENBHYIO  CTAOMIBHOCTH
MIPOCTPAHCTBEHHOTO PHCYHKA INMPH BapbHUPOBAHWUM WHTCHCHBHOCTH 3HaueHWi. B 2015-2017 rr.
OTMEYAIOTCSl CPABHUTEJIBHO BBICOKME MOKa3aTeIH YBIAKHEHHOCTH, YTO MpOsBiIsETCs B Ooiee
BBIPQKEHHBIX TEMHO-CHHUX OTTEHKax Ha kaprax. B 2018 r. HaOmromaeTcs HEKOTOPOE CHIKEHHE
CPEHUX 3HAYCHHUI MHJIEKCA, YTO MOXKET OBITh CBA3aHO C M3MCHEHUEM KJIMMATUYCCKUX YCIOBUN HITH
yMeHbIIIEHHEeM 00béMOB  BiaroHakomieHus. B 2019-2020 rr. ¢dukcupyercss dYacTHUHOE
BOCCTAHOBJICHHE YPOBHSI BIIQ)KHOCTH, OCOOCHHO B TOJMHHBIX yuacTkax. B 2021 r. mpocnexxuBaercs
CHIDKCHHME WHTEHCHUBHOCTHU IOKasaresiel, Torna kak B 2022-2024 rr. BIaKHOCTHBIH PEKUM BHOBB
CTaOMIIN3UPYETCS C COXPAaHEHHEM IIPOCTPAHCTBEHHOM CTPYKTYphl pacmpenenenus. B 2025 r.
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OTMEYAeTCsl YMEPEHHOE CHIDKEHUE 3HAUYCHUN MHJEKCA B OTACIBHBIX YacTsAX OacceifHa, 4TO MOKET
CBUJCTEIHCTBOBATH O MOBBIIICHUH 3aCYILTUBOCTH UM YCUJICHUH aHTPONOTEHHOW HArpy3KH.

B menom wmumexc WET otpaxkaer ycToi4MBYIO 3aBUCUMOCTH BIIArooOECHEYeHHOCTH OT
ruaporpaduueckoit cetu, penbeda u XapakTepa 3emiienonb3oBaHus. [IpocTpaHcTBeHHas
KOH(UTYparusi HHACKCa OCTAETCS OTHOCUTENILHO CTAOUIBLHOW BO BPEMEHH, OJTHAKO HHTCHCHBHOCTh
MOKa3zarejel 4YyBCTBUTENIbHA K MEXKIOJOBBIM KIUMAaTHUYECKUM KOJEOAHUSIM M XO3SHCTBEHHOMN
nestensHOCTH. B crpykrype RSEl KOMIOHEHT BIaKHOCTH WTpacT KOMIICHCHPYIOIIYIO POJIb TI0
OTHOIICHHUIO K TEIUIOBOMY M CYXOCTHOMY (akTopaM, I[OBBIIAS HWHTEIPAIbHYIO OLEHKY
9KOJIOTHYECKOTO COCTOSIHHSI TEPPUTOPUI C OJIATONPUSTHBIM BOJIHBIM PEKUMOM.

3.3. Uzmenenue mennogoeo cocmosinus 3eMHolU nosepxnocmu no oanuvim LST

AHanu3 npoCTpaHCTBEHHO-BPEMEHHOM TMHAMUKHU TeMIlepaTypbl 3eMHo noBepxHocTH (LST)
B Oacceitne pexu Tepuc 3a 2015-2025 rr. (puc. 5) TNO3BOJWI BBISIBUTH BBIPAKECHHYIO
oporpaM4ecKyr0 U aHTPOIOTCHHYI0 OOYCJIOBJICHHOCTh TEIUIOBOTO PEXUMa Tepputopuu. MHIEKC
LST orpakaeT HHTEHCHBHOCTh HAarpeBa MOJCTHJIAIOIICH TOBEPXHOCTHU U SIBISIETCS OTPHUIIATEIBHBIM
KOMIIOHEHTOM B CTPYKTYpe MHTErpaibHOr0 MHAekca RSEI, mockonbky 3HaYMTEIHHOE MOBBIIICHHUE
TEMIIepaTypbl, KaK MpaBHJIO, CBS3aHO C JAErpajalyell pPacTUTENBHOTO MOKPOBA, CHIKEHHEM
BJIQKHOCTH M YCUJICHHEM aHTPONOTEHHOM TpaHchopMariiu JaHmadToB.
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Pucynok 5. [IpocTpaHcTBEHHOE paclpe/ieiiCHue U MEXKroIoBas JUHAMHKA TEMIIEPaTypbl 3eMHOM
nosepxuoctu (LST) B 6acceitne pexu Tepuc 3a 2015-2025 rr.

B npocTpaHCTBEHHOM OTHOIIIEHNH HanOoJiee BICOKKE 3HaueHusI LST ycToHInBO MprypodeHbI
K CEBEPHOI U CEeBEpO-BOCTOUHOM yacTaM OacceiiHa, a TakKe K OTKPBITBIM y4acTKaM € pa3pekeHHON
pPacTUTENBHOCTBIO U CEIbCKOXO3AWCTBEHHBIMH  YrOJbSIMU. OTH 30HBI XapaKTepHU3yloTCs
MOBBIIIEHHOW HWHCONALMEH M MeHbIIEeH CIIOCOOHOCThIO TOBEPXHOCTH K HCIAPUTEIbHOMY
oxjaxaeHuto. LlenTpanpHas yacTh 6acceiiHa JEMOHCTPUPYET YMEPEHHbIE 3HAUECHUSI TEMIIEPaTyphl,
YTO CBS3aHO C COYETAHUEM PACTUTEIBLHOIO IOKPOBA U MO3aUYHOW CTPYKTYPOH 3€MIIECIIONIB30BAHMUS.
HauGonee auskue 3navueHns LST cTaOmibHO QUKCHPYIOTCS B FOKHOH TOPHOM YacTH OacceliHa, TJie
BBICOTHAsl 30HAJIILHOCTB, OOJIbIIIAass MOIIHOCTh PACTUTEIBHOTO MOKPOBA U MOBBIIIEHHAS BIAXKHOCTh
CHOCOOCTBYIOT CHM)KEHUIO TEMITEpPaTyp MOBEPXHOCTH.

MexronoBass nuHamuka LST cBuzperenbcTByer o KonebaTeNbHOM XapakTepe TEIUIOBOTO
pexuma. B 2015-2017 rr. TemneparypHbie TIOKa3aTelId OCTAIOTCS OTHOCUTEILHO YMEPEHHBIMH TTPH
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coxpaHeHMH 4YETKOM mnpocTpaHcTBeHHON auddepenumanuu. B 2018-2020 rr. nabmomaercs
YCHJICHHE TEMIIEpaTypHBIX KOHTPACTOB, OCOOCHHO B CEBEPHBIX U BOCTOYHBIX pailOHAX, YTO MOXET
OBITh CBSI3aHO C 3aCyIUIMBBIMU YCIIOBUSIMU M MHTeHcH(uKanuen 3emuienonb3oBanus. B 2021 r.
(UKCUPYIOTCS OJTHH U3 HanOoJIee BRICOKUX 3HAYCHUN TEMIIEPaTypPhI 32 aHATTM3UPYEMBIH IEPUO]T, YTO
CBHJIETEIILCTBYET O MOBBIIICHHOM TEIJIOBOI Harpy3ke Ha skocucteMbl. B 2022—-2023 rr. ormeuaeTcs
HEKOTOPOE CHIDKEHHE OJKCTPEMAlbHBIX 3HAYCHHUU, OJIHAKO COXPAHSAETCS YCTOWUYMBas 30HA
MOBBIIIEHHOT'O HAarpeBa B CEJIbCKOXO03AHCTBEHHBIX U OTKPBITHIX Janamagdrax. B 2024—2025 rr. BHOBB
MIPOCIIC)KUBACTCSl YCHJICHHE TEIJIOBBIX aHOMAJHMi B OT/CIBHBIX pallOHaX OacceifHa, YTO MOXKET
yKa3plBaTh Ha MPOJOJDKAIOIIEECS BIMSHHE KIMMAaTHUECKUX (PAKTOPOB M AHTPOIOTEHHOIO
BO3JICUCTBUSL.

B wmenom mpoctpanctBeHHas koHburypamus LST ocrtaércs cTaOuibHO#, 0OaHAKO
WHTCHCUBHOCTh TEMIIEPATypPHBIX TOKa3aTesIeH JEMOHCTPUPYET YYBCTBUTEIBHOCTh K MEKIOJOBBIM
KIMMAaTHYeCKUM BapHalMsM M HM3MEHEHHUSM CTPYKTYphl 3€MJICNONb30BaHMs. [lOBBIIICHHBIC
3HaueHusi LST xoppenupyror ¢ nonmxenusiMu nokasarensimu NDVI u WET, yto nmoarsepxaaer
B3aMMOCBSI3b TETIOBOTO, BIIAYKHOCTHOTO M OMOTIPOIYKTUBHOTO COCTOSTHUS TEppUTOpHH. B cTpyKTYype
RSEI kommonent LST Beimonnsier GpyHKIMIO HHAMKATOpA TEIJIOBOTO CTpecca U AETpaJalliOHHbBIX
MIPOIIECCOB, CHIDKAS WHTETPAIBHYIO OIEHKY KOJOTMYECKOT'O COCTOSHHS B 30HAX C IMOBBIIICHHOU
TEMIIepaTypOil MOBEPXHOCTH.

3.4. Ilpocmpancmeenno-epementvie UMEHEHUs CYXOCMU U AHMPONO2EHHOU MPanchopmayuu
nanowagmos (NDBSI)

Amnanu3 npoctpaHcTBeHHO-BpeMeHHoi nuHamuku uHaekca NDBSI (Normalized Difference
Built-up and Soil Index) B 6acceiine pexku Tepuc 3a 2015-2025 rr. 103BOJIHIT BBISBUTH 0COOCHHOCTH
pacripesie/IeHus] CyXOCTH MOBEPXHOCTH M CTENEHU aHTPOMOIeHHOW TpaHchopMaluy JaHIadToB.
Wunexc NDBSI unrerpupyer nokaszarenu 3actpoeHHbix tepputopuii (NDBI) u oronéHHbIX 1mouB
(SI), oTpaxas 10JTFO OTKPBITBIX, MATONPOAYKTUBHBIX U TEXHOI'€HHO HAPYIICHHBIX OBEPXHOCTEH. B
crpykrype RSE| nanHbIii moka3zaTeslb OTHOCUTCS K HETATUBHBIM (haKTOpaM U HHTEPIPETUPYETCS KaK
MH/IMKATOpP 3KOJOIMYECKOr'O JABJICHMS: YBEIMUYEHHE €ro 3HaueHWH CBUAETENBCTBYET O pOCTe
CYXOCTH, AETPaJaliy PaCTUTEIHHOTO IIOKPOBA M YCHJICHHH aHTPOIIOT€HHON HArpy3KH.

B npoctpaHcTBeHHOM OTHOIIEHUH NOBBINIeHHBIE 3HaueHUs: NDBSI ycToitunBo npuypoueHs! K
CeBEpHOH H CEBEpO-BOCTOYHOM dYacTsM OacceliHa, a TakkKe K paiioHaM C pa3BUTHIM
CeNIbCKOXO035ICTBEHHBIM HUCIIOIb30BAHNEM U ()ParMEHTUPOBAHHOMN CTPYKTYpPOM 3€MIIeNIOIb30BAHUS.
OTH TEPPUTOPHH XapaKTEPU3YIOTCS TMPEOoOJIaJaHueM OTKPBITBIX TI0YB, PACIaXaHHBIX 3EMENlb U
pa3spexeHHOM pPacTUTEIbHOCTH, 4YTO OOYCIOBIMBAeT Ooyiee BBICOKME 3HAYEHUS HHIEKCA.
LlenTpanpHas 4acTe OacceifHa JAEMOHCTPHPYET YMEPEHHBIE 3HAYEHUS, OTPaXKAroIlhe MO3andHOe
COYETaHUE CEIbCKOXO3SMCTBEHHBIX YTOAMNA U YUACTKOB C COXPAaHEHHBIM PACTUTENBHBIM TOKPOBOM.
Munnmanbabie 3HaueHnss NDBS| ukcupyroTcs npenmMyIiecTBeHHO B FOKHOW TOPHOW 30HE, TJIe
IUIOTHBII PACTUTENbHBIA IOKPOB M 0OoJiee BBICOKAs BIIAXKHOCTb CIIOCOOCTBYIOT CHUKEHHUIO
MOKa3aTess CyXOCTH.

MexrozoBass IUHAMHKAa HMHJEKCAa YKa3blBae€T Ha OTHOCUTEIBHYIO  YCTOHYHMBOCTB
MIPOCTPAHCTBEHHOW CTPYKTYPHI CYXOCTH IPH BapHaIUsIX HHTEHCUBHOCTH 3HaueHn. B 2015-2018 rr.
Ha0JI01aeTCsl paBHOMEPHOE pacipesiesieHne MOBBIIIEHHBIX 3HauUeHH 1o OospIIel yacTu Oacceiina,
9TO MOXKET OBITh CBSI3aHO C KIMMAaTHYECKUMHU YCIOBUSIMH 3aCyILIMBOTO THIA M aKTHBHBIM
ucnons3oBanueM 3emenb. B 2019-2021 rr. mpocnexuBaroTcs JOKalbHBIE KONEOaHWs HHJEKCa,
0c00EHHO B IEHTPAIBHBIX ¥ BOCTOYHBIX pailoHaxX, OTPaKAIONINE N3MEHEHNE COCTOSHHSI TOYBEHHOTO
MOKpOBa M CeNIbCKOXO03siicTBeHHONW Harpy3ku. B 2022-2025 rr. coxpaHsercss TEHACHLUS K
MOBBIIIIEHHBIM 3HAYCHUSM B CEBEPHOM YacTH OacceliHa, TOTAa KakK TOPHBIE TEPPUTOPHUH OCTAFOTCS
OTHOCHUTEJIEHO CTaOMJIBHBIMU U MEHEE MOABEP>KEHHBIMU aHTPOIIOTEHHOH TpaHchOpMaIiH.
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Conocrasnenne NDBSI ¢ npyrumu xommnonentamu RSEIl mnokassiBaer ero obGpaTHyro
koppersiuto ¢ NDVI u WET: yuyacTku ¢ BBICOKOM CyXOCTbIO U OrOJIEHHBIMH IOYBaMU
XapaKTepU3yIOTCs MOHMKEHHON OMONpPOIYKTUBHOCTBIO U MEHbIIEH BIaXKHOCTBIO MMOBEPXHOCTU. B
COBOKYMHOCTH 3TO moarBepxkaaer, uro NDBSI s¢dexkTtHBHO oTpaskaeT Npolecchl Aerpajanuu
3eMelb, CHIKEHHE PAacTUTENBHOTO MOKPOBAa M POCT aHTPONOIeHHOW Harpy3ku. Takum oOpazom,
nanekc NDBSI sBisercss xitoueBbIM HHIMKATOPOM MPOCTPAHCTBEHHO-BPEMEHHBIX W3MEHEHHH
CYXOCTH U TpaHCpOpMaLuu JIaHAAPTOB B npejaenax OacceiiHa peku Tepuc u urpaet BaXxXHyr0 pojib
B (DOPMHUPOBAHWY HHTETPATHHON OIIEHKH YKOJIOTHYECKOTO COCTOSTHUS 110 nHAekcy RSEL.

3.5. I[Ipocmpancmeenno-6pemeHHas OUHAMUKA UHMESPATbHO20 IKOLOUYECKO20 COCIOSHUSA NO
unoexcy RSEI

AHanmM3 TPOCTPAHCTBEHHO-BPEMEHHON JIWHAMUKHU TepBOi TiaBHOW KommoHeHThl (PC1),
MOJIYYUEHHOW MEeTOJO0M TiaBHBIX KommoHeHT mpu uHTerpammu NDVI, WET, LST u NDBSI,
MO3BOJISIET OIICHUTh COBOKYITHOE BJIHMSIHAE TPUPOAHBIX MW AHTPOINOTCHHBIX (DaKTOPOB Ha
JKOJIOTHYecKoe cocTosiHue Oacceiina pexu Tepuc B 2015-2025 rr (puc. 7). IlepBas riaBHas
KOMIIOHEHTa aKKyMyJUpPYeT HauOOJBIIYI0 OO JHCIEPCHH HWCXOJHBIX HOPMAIM30BAaHHBIX
nokaszaTesiel M OTpakaeT HMHTErpajibHbId JKOJOTHYECKUH TpajueHT: Oojiee BBHICOKME 3HAYECHUs
COOTBETCTBYIOT JYYIIEMY COCTOSIHHIO Cpefbl (BbICOKash OMOMPOAYKTUBHOCTh M BIAXXHOCTh INPU
HU3KOH TemImepaType M CyXOCTH), TOTrJla KaK TMOHIM)KEHHbIE 3HAUCHHs XapaKTepU3YIOT YYacTKH C
MTOBBIIIICHHOW aHTPOTIOTEHHOMN HArpy3Kou U Jerpaganyen JanamadTos.

B mpocTpaHCTBEHHOM OTHONIICHWHM TOJNOXHTENbHbIe 3HadeHns PCl mpeumyriecTBeHHO
NpPUYpOUYEHBl K IOKHOW TOpHOW uacTu OacceiiHa M OTJENbHBIM YYacTKaM CeBepo-3araIHon
TEPPUTOPUH, TJI€ COXpaHsieTcsi 60jee BHICOKUI YPOBEHb PACTUTEIBLHOTO MOKPOBA U OJaronpusTHBIN
THAPOTepMHUYECKHd pexuM. OTpunaTenbHble 3HAYCHUS KOHIICHTPUPYIOTCS B ILEHTPAIBHBIX U
CEBEPO-BOCTOYHBIX paliOHAX, XapaKTEPHU3YIOMIMXCS 0oJjiee BBIPAKEHHON CEIThCKOXO03IUCTBEHHOM
OCBOCHHOCTBIO, (pparMeHTanue aHAmadToB M IOBBIIIEHHBIMU II0Ka3aTENIMU CYXOCTH U
TEMIIEPaTypbl TOBEPXHOCTH. Takum oOpazom, PCl u4€rko oTpaxkaeT MOP(OCTPYKTYPHYIO
TG depeHIalnI0 TEPPUTOPUH U PA3INYUS B UHTEHCUBHOCTH aHTPOIIOI€HHOTO BO3/ICHCTBUSI.
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Pucynok 7. PC1 (2015-2025

Mexroznosas nuaamuka PC1 neMoHcTpupyeT uepenoBanue ¢pa3 OTHOCUTEIBHOTO YIIyUIICHUS
U yXyAlleHus skonorudeckoro cocrosHus. B 2015-2016 rr. nonoxuTenbHbIE 3HAUYCHUS
JOMUHHUPYIOT B CEBEPHOH M IICHTPAJbHOM YacTax OacceliHa, YTO YKa3blBaeT HA CPAaBHUTEIHHO
onaronpustabie ycioBus. B 2017-2018 rr. orMewaercs pacimidpeHHe 30H C OTPULIATEIbHBIMU
3HAYECHUSIMH, OCOOCHHO B CEBEPHBIX pailoHaX, YTO MOXKET CBHJIETEIILCTBOBATH O POCTE CYXOCTH U
TemneparypHoil Harpy3ku. B 2019 r. HaGmogaercs yacCTUYHOE BOCCTAaHOBJIEHUE MOJOXKHUTEIbHBIX
3Ha4eHuH, Toraa kak 2020 r. xapakTepu3yeTcsl yCHICHHEM HETaTUBHBIX TCHICHIUN B IEHTPAILHON
yactu OacceitHa. B 2021 r. ¢ukcupyercs BbIpa)k€HHOE YJIydlIEeHHE MHTETpajbHBIX IMOKa3aTesei,
OTpak€HHOE B PACHIMPECHUU 30H ¢ BhICOKUMU 3HaueHUssMu PC1, omnako B 2022-2023 rr. BHOBB
IIPOCIIeKUBAETCS MpeodIiaflaHie OTpULIATENbHBIX 3HaueHui. B 2024 r. ormeuaeTcst crabunuszanus u
JIOKQJIBHOE YITYYIIIEHUE 3KOJIOTHIECKOTO COCTOSTHUS, Tor1a Kak B 2025 1. HabrogaeTcs TeHACHINS K
CHIDKEHMIO MHTETPAJIbHBIX [TOKa3aTesel B CeBEpHON U IIEHTPaIbHOM yacTax OacceiHa.

[lonmy4yenHnble  pe3ynabTaTel  monaTBepxpaator, uro PCl »sddexruBHO wmHTETpHpYET
pa3sHOHANPAaBJIEHHbIE KOMIIOHEHTBI SKOJIOTUYECKOI Cpellbl U CIYKUT OCHOBOM Ui (hOpMHUPOBAHHUS
nnnekca RSEI IlpoctpanctBennas crpykrypa PCl orpaxaer kak mpupoAHO-Teorpadudeckue
0COOEHHOCTH (BBICOTHYIO MOSICHOCTh M KJIMMaTHUYeCcKylo au¢(depeHluanno), Tak U CTeleHb
XO3SIICTBEHHOTO OCBOCHHUS TeppuTopuu. Takmm oOpazoMm, anamu3 PCLl mo3Boisier BBISIBHTH
KIIIOYEBbIE 30HBI HKOJIOTMYECKOM YSI3BUMOCTH M ONPEACIUTH HAlpaBlICHUS JalbHENIIEro
MOHHTOPHHTA H YIIPABIICHUS MPUPOIONIOIE30BaHIEM B Tipezieniax Oacceitna pexu Tepuc.

AHanu3 NpocTpaHCTBEHHO-BPEMEHHOMN JTUHAMUKH IIJIOIIAaTHOTO pacnpeaenenus kinaccos RSEI
B Oacceitne peku Tepuc 3a 2015-2025 rr. (puc. 8-9; Tabm. 3) moATBEp)KAaeT BBHIPAKECHHYIO
HEOJJHOPOJAHOCTh JKOJIOTUYECKOTO COCTOSIHMSI TEPPUTOPUM M €r0  BBICOKYIO MEXIOJIOBYIO
BapnabenbHOCTh. BO Bce ToJpl CTPYKTypa HHIEKCAa (OPMHPYETCS MPEUMYIIECTBEHHO KIIACCaMHU

«HIDKE CPEITHETO» M «CPETHHI», COBOKYIHAS J0JIS KOTOPBhIX BapeupyeT oT 61,37 % (2025 r.) no
80,71 % (2019 .).
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Pucynok 8. RSEI (2015-2025)

Knacc «amxe cpemHero» B OOJBIIMHCTBE JIET 3aHUMaeT HanoOounpmue miomaan. B 2015 r. ero
noist cocraBuia 43,88 % (87 957,4 ra), B 2018 r. — 40,87 % (81 933,4 ra), B 2021 r. — 42,41 % (85
007,9 ra), a makcumainbHOe 3HaueHue 3apukcupoBaHo B 2025 r. — 47,51 % (95 248,6 ra).
MunuManbHas gois ormedena B 2016 r. — 13,26 % (26 583,4 ra), 4ro CBsI3aHO C
nepepactpe/eICHIeM TEPPUTOPUH B TIOIB3Y KJlacca «CpeHuii». [IpocTpaHCTBEHHO JaHHBIE YI4aCTKU
MPUYPOYECHBI K IIEHTPAIbHOM W FOKHOM 4YacTsM OacceiiHa M XapaKTepusylTcs (pparMeHTapHBbIM
pacnpocTpaneHueM. VX TOMUHUpPOBaHUE OTpa)kaeT 30HBI HHTEHCUBHOTO CEJIbCKOXO03SHCTBEHHOTO
OCBOGHHUSI M TACTOWIIIHOW HArpy3KH, 4TO MOATBEP)KIAeT CBS3b MOHMKEHHbIX 3HadeHuit RSEI c
aHTPONOreHHON TpaHchopmalen JaHmapToB.

Krnacc «cpennuii» n1eMOHCTpUPYET HAaUOOMBIIYI0 MEXTOAOBYIO aMIUIUTYAy M3MeHeHul. Ero
MakcuMalbHas 1os 3adukcuposana B 2016 r. — 56,87 % (114 009,4 ra), BRICOKHE 3HAYCHUS TAaKXKe
ormeuensl B 2017 r. — 45,15 % (90 406,1 ra), 2019 r. — 41,86 % (83 916,3 ra) u 2024 r. — 42,61 %
(85 420,1 ra). MunumanbHOe 3HaucHue HaOromaercss B 2025 r. — 13,86 % (27 781,6 ra), uro
CBUACTENBCTBYET O  TMepepaclpelielieHHH  IUIOMagd B CTOPOHY  KpallHMX  KJIacCOB.
[TpocTpaHCTBEHHBIN aHATU3 IIOKA3bIBAaeT, YTO PACIIUPEHHE JTOr0 KJIacca COIMPOBOXKIACTCS
dbopmupoBanueMm Oomiee cOaTaHCUPOBAHHOTO BOJHO-TEIJIOBOTO pEXHMa U OTHOCHUTEIBHOMN
cTaOMIM3aIueil pacTUTEIILHOTO TIOKPOBA.

Kraccel «BbIIIIE CpeTHETO» M «BBICOKUN» 3aHUMAIOT MEHBIIINE TUIOIIA N, OTHAKO UX TUHAMHKA
UMeeT MPUHIMITHAILHOE JHArHOCTHYECKOe 3HaueHue. JloJs Kilacca «BBIIIE CPEAHET0» KOJIeOreTces
ot 3,08 % (6 171,3 ra) B 2025 r. 10 27,85 % (55 826,7 ra) B 2020 r. 3HauUTEIbHBIC IIOMIAIN TAKIKE
3apukcupoBanbl B 2016 1. — 26,22 % (52 548,6 ra) u B 2015 r. — 22,03 % (44 110 ra). Kinacc
«BBICOKHI» JIEMOHCTpHUPYeT pe3kue konebanus: B 2015 r. ero mons cocrasisuia 0,81 % (1 620,3 ra),
B 20162017 rr. — oxoio 3,6—3,8 %, B 2018 . — 16,96 % (34 007,3 ra), B 2019-2020 rr. mpakTU4ecKu
orcyrctBoBai (0,05 %), 3atem pesko yBemmumiics B 2021 r. no 20,55 % (41 129,7 ra), B 2022 r. — 10
26,33 % (52 790,6 ra), u moctur makcumyma B 2025 r. — 34,29 % (68 564,4 ra). [IpocTpaHCTBEHHO
3TH TEPPUTOPUH JIOKATH3OBAHBI B TIOWMEHHBIX 30HAX, OPOIIACMBIX 3eMJIIX M B TOPHBIX paiioHax ¢
YCTONYHMBBIM PACTUTEIHHBIM TOKPOBOM.
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Pucynok 9. Jlunamuka usmeHenus miomazeit kinaccos RSEI

Knacc «Hu3kuii» BO BCe rofbl 3aHMMAaeT MUHHMMAJIbHBIC ILIOIIAAU, OJHAKO €ro JIMHAMHKA
oTpaxkaeT (hopMHpOBaHHE OYAroB HEOJIATONMPHUATHOTO SKOJOTHYECKOTO COCTOSHUSA. MUHUMAIBHOE
3HaueHue 3apukcupoBano B 2016 r. — 0,02 % (33,7 ra), roraa kak B 2018 r. ero moss yBenuIuiach
10 1,03 % (2 059,1 ra), B 2020—2021 rr. cocrasisuia 0,54 %, a B 2025 r. nocturia makcumyma — 1,35
% (2 698,5 ra). IIpocTpaHCTBEHHO [aHHBIC YYAaCTKH MPEICTABICHBI JIOKAJBHBIMH OuYaram,
COBITAJIAIONTUMHU C 30HAMH MHTCHCHUBHOTO 3EMJICTIONI30BAHUS M JCTPAJUPOBAHHBIX 3E€MEJb, YTO
yKa3bIBaeT Ha (OPMHUPOBAHUE YIACTKOB MOBBIIIEHHOHN 9KOJOTHYECKON YSA3BUMOCTH.

Taoauna 2. [Tnomannoe pacnpenenenue kiaccoB RSEI mo ronam B 6acceiine pexu Tepuc

Ton Huszkmit Huxe cpeanero Cpennuii Bbie cpegnero Bbicokuii
II0IIA/b, % II0IIA/b, % ILI0IUA/Ib, % ILI0IUA/Ib, % II0IAb, %
ra ra ra ra ra
2015 716,4 0,36 | 87957,40 | 43,88 66 060,30 32,95 | 44110,00 22 1620,30 0,81
2016 33,7 0,02 | 26583,40 | 13,26 | 114009,40 | 56,87 | 52548,60 | 26,21 7 289,30 3,64
2017 257,8 0,13 | 61218,60 | 30,54 90 406,10 451 | 40967,70 | 20,44 7614,20 3.8
2018 2059,10 | 1,03 | 81933,40 | 40,87 41 550,90 20,73 | 40913,70 | 20,41 34 007,30 16,96
2019 249,6 0,12 | 77871,50 | 38,85 83 916,30 41,86 | 38330,80 | 19,12 96,2 0,05
2020 1091,70 | 0,54 | 6481390 | 32,33 78 635,80 39,23 | 55826,70 | 27,85 96,3 0,05

2021 1079,30 | 0,54 | 85007,90 | 42,41 59 504,30 29,68 | 13680,20 | 6,82 41192,70 20,55

2022 536,9 0,27 | 71492,70 | 35,66 62 069,30 30,96 | 13574,90 6,77 52 790,60 26,33
2023 1341,40 | 0,67 | 8384350 | 41,82 74 843,90 37,34 | 40228,20 | 20,07 207,4 0,1

2024 529 0,26 | 74230,20 | 37,03 85 420,10 42,61 | 32954,70 | 16,44 7 330,40 3,66
2025 269850 | 1,35 | 95248,60 | 47,51 27 781,60 13,86 6171,30 3,08 68 564,40 34,2

B 1ienmom sxosoruueckoe cocTosHue bacceiina peku Tepuc xapakTepu3yeTcss MO3andHOCThIO U
BBICOKOW JIMHAMUYHOCThIO. Hanbosiee OIaronpusSTHBIME MO MHTETPATBHBIM TOKA3aTEIsIM MOXHO
cuntath 2021-2022 u 2025 rr., KOrAa CyMMapHas J0JIs KJIACCOB «BBIIIEC CPEITHETO» M «BBICOKHIDY
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nocrurana 27,37 %, 33,10 % u 37,28 % coorBercTBeHHO. Hambonee HanpsHKEHHAS DKOJIOTHUYECKAs
cutyanus otmedeHa B 2015, 2018 u 2023 rr., Kor/1a COBOKYITHAS JI0JIS KJIACCOB «HU3KHIN» M «HHKE
cpennero» nocrurana 44,24 %, 41,90 % u 42,49 % cOOTBETCTBEHHO.

Pesynbrarhl HenapaMmerpudeckoro recra Manna—Kenpamna u orieHku Hakiiona CeHa Imokasain
OTCYTCTBHE CTATHCTUYCCKH 3HAYUMBIX TPCHIOB JUIst OousbiimHCTBa KitaccoB RSEI (p > 0,05), uro
CBUJCTEILCTBYET O MpeoljaJlaHud  MEXKroJ0BOM  BapuaOCIIbHOCTH  HAJl  YCTOMYHMBBIMHU
JONTOBPEMCHHBIMU HW3MEHEHUSMU. BMecTe ¢ TeMm Ui Kjacca «BBIIMIE CPEIHEro» BBISBICH
CTaTUCTHYCCKHU 3HAYUMBINA OTpHIareibHbii TpeHs (t = -0,60; p = 0,01), orpakaroriuii COKparieHmue
IUTIOIIA M TEPPUTOPUI C OTHOCHTEIBHO OJIarONPHUSITHBIM SKOJOTHYECKAM COCTOsIHUEM (Tabu. 4).

Ta6auna 3. Pesynprarsl Tecta Manna—Kenaamia u oneHku HakinoHa CeHa A7l BDEMEHHBIX PSIOB
mwrommaneii kimaccos RSEI

Kaace RSEI Kendall’s T | p-value Sen’s slope Hurepnperanus
Husknit 0,33 0,16 0,042 CTaTHCTUYECKH HE3HAYNMBIN pOCT
Hwxe cpennero 0,27 0,283 0,949 CTaTUCTUYECKU HE3HAYMMBIH POCT
Cpenuuit -0,27 0,283 -1,620 CTAaTUCTUYECKHU HE3HAUNMOE CHIDKEHIE
Beriire cpegaero -0,60 0,01 -1,230 CTAaTUCTUYECKH 3HAYMMOE CHIDKEHHUE
Bricokuii 0,33 0,16 1,495 CTATUCTUYECKU HE3HAYMMBIA POCT

4. O0cyxneHune

[Ipumenenne wHTErpanpbHOro uWHAEKca RSEl mis omeHkm 3KOIOTHYECKOTO COCTOSTHUS
OacceifHa peku Tepuc COOTBETCTBYET COBPEMEHHBIM METOAOJOIMYECKMM IOJXOJaM, IIHPOKO
NPE/ICTABICHHBIM B MyOJHMKANUAX, HHACKCUpyeMbIX B Scopus u Web of Science. Meronuka RSEI,
npeuiokeHHast XU U COaBTOpaMH, OCHOBaHa Ha MHTETPALMHU KIIFOUEBBIX KOMIIOHEHTOB ITOBEPXHOCTH
— pacrurensioctd  (NDVI), Bnaxuoctn (WET), Ttemneparypsl mnoBepxHoctu (LST) w
cyxoctu/antponorenHoil Harpy3ku (NDBSI) — nmyTém npuMeHeHus: MeTO/a TTIABHBIX KOMITIOHEHT
(PCA) nnst monmydeHus: €IMHOM OIIEHKH 3Koornyeckoro kadectsa (Xu et al., 2019).

PesynpraTthl uccnenoBaHus OacceliHa Tepuc BBIABISIOT JOMHUHHMPOBAHUE KJIACCOB «HHXKE
CPEIHETO» U «CPEIHHII» B CTPYKTYPE SKOJIOTUYECKOTO COCTOSHUS, YTO COTJIACYETCS C BBIBOJIAMH
(Zhang et al., 2021), koTopsie MOKa3aJd, YTO MOJOOHBIC KATETOPHUH OTPAXKAIOT 30HBI YMEPEHHOTO
HapyLIEeHUs IPUPOJTHOM CPeIbl IIPH YCTOMYUBOU XO3MCTBEHHON HArpy3Ke.

Bricokas wmexromoBasi u3MeHunBOCTh RSEIl Ttakke HalimeHa B paboTax IO OIICHKE
OKOJIOTUYECKOW JMHAMHKH B YCIIOBHSX KIMMAaTHYeCKOH W3MEHUMBOCTH. McciemoBaHus
JI€MOHCTPHUPYIOT, YTO CE30HHOCTh U (DeHOJOTHUECKHE KOJeOAHUs PACTUTENBHOCTH OKAa3bIBAIOT
CYIIECTBEHHOE BIMSHHME Ha 3HAUYEHUS WHJEKCA, YTO MOMYEPKUBACT HEOOXOIUMOCTh YHH(DHUKAIINU
BPEMEHHBIX MHTEPBAJIOB IIPH CPaBHUTEIBHBIX HccienoBanusax (Maimaitituersun et al., 2025; Zhang
etal., 2021).

HecmoTpss Ha mMpoKoe MpUMEHEHHE M OTHOCHTENBHYIO MPOCTOTY pacuéroB, uHaekc RSEI
o0razaet psoM OTpaHUICHUH, KOTOpbIe HEOOXOIMMO YUUTHIBATH ITPH HHTEPIIPETAIIUH TTOTYISHHBIX
pesynbTatoB. Bo-mepBeix, RSEl uyBcTBHTENEH K mnpupoaHO-TaHILAPTHBIM YCIOBUSM, HE
CBSI3aHHBIM HETIOCPECTBEHHO C aHTPOMOreHHbIM Bo3ieiicTBuem (Tang et al., 2024).

Bo-Bropeix, RSE|l He mo3Boiser OJHO3HAYHO pa3JeNUTh BKIJIAJ NPUPOIHBIX (DAaKTOPOB U
AHTPOITOTEHHOH JEeSITEIBHOCTH, MMOCKOIBKY OH OTPa)KaeT MHTETPAIbHOE COCTOsIHUE NMaHamadra 6e3
BBIJICJICHUS] TPUYMHHO-CJIEJCTBEHHBIX (DaKTOPOB. DTO OCOOCHHO BAXHO ISl TEPPUTOPHHA ¢
BBIPAKEHHOW TIPUPOTHON HEOJHOPOIHOCTHIO, TAKUX KaK TOPHO-TIPEATOPHBIC PETHOHBI.
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Tperbe orpaHmyeHUE CBSI3aHO C 3aBHCHMOCTBIO PE3YyJIbTaTOB OT BPEMEHHOI'O0 HHTEpBaia
aHaJlM3a U Ce30HHOCTHU JaHHBIX. Pa3nuuus B rHAPOIOTHYECKOM PEKUME, KITMMAaTHUECKHE KOneOaHus
U MEXIoA0Bas H3MEHYMBOCTh (DEHOJOTHMH PACTUTEILHOCTH MOTYT MPUBOAUTH K W3MEHEHUIO
3HAYEHUI MHJEKCa, €CIIM IaThl ChEMKH HE COIMOCTaBUMBI o ce3oHaM. Maimaitituersun et al. (2025)
MOMYEPKUBAIOT, YTO ATO MOXKET MPHUBOJUTH K OMMOOYHOMY BBIBOJY O JIOJITOCPOYHBIX TCHICHIIUSIX,
€CJIM HE YYUTHIBATh CE30HHBIA KOMIIOHEHT.

Kpowme Toro, RSEI uwyBcTBUTENEH K cnioco0y HopMann3auuu U mapamerpam PCA. ITockonbky
MHTETrpalbHbIN HHACKC (POPMUPYETCS Ha OCHOBE IEPBOM IIIaBHOM KOMIIOHEHTHI, €r0 3HAaU€HUE MOKET
BapbUPOBATHCS B 3aBUCUMOCTH OT HAOOpa MCXOHBIX IMOKa3aTelNel, CTATUCTHYECKUX XapaKTePUCTUK
BBHIOOPKM U TpaHUI] aHAIU3UPYEMON TEPPUTOPUU, UYTO OCJIOKHSET MPSIMOE CPAaBHEHUE MEXKIY
Pa3HBIMH PETHOHAMU M UCCIICIOBAHUSMHU.

Hakonen, wnnekc RSEl, Oyayun wuWHTErpaabHON OIIEGHKOW, HE BKJIIOYAET COLUAIBHO-
SKOHOMUYECKHE W  YIpaBJICHYECKHME  MapameTpbl  (IJIOTHOCTh  HACEJICHUs, CTPYKTypa
3eMJICNIONIb30BaHUs, MEPBI OXPAHbI MIPUPO/IBI), YTO OTPAHUYMBACT €r0 MPUMEHEHUE ISl IPUUUHHO-
CJIEJICTBEHHOTO aHaJIN3a U3MEHEHUH IKOJIOTHYECKOTO COCTOSHMS. B oTinuue oT KOHIENTYyaabHbIX
mozeneii PSR mm DPSIR (Driving forces—Pressure—State—Impact—Response), RSEI ue orpaxaer
KOHKPETHBIC JIpaiiBEpbl H3MEHECHHI, a MPEIOCTABIISCT JIMITHL 00O00IMIEHHYIO KapTUHY YCTOHIHBOCTH
WM HaMpsHKEHHOCTH SKOCUCTEMHBIX MPOLIECCOB.

CrnemyeT OTMETUTh, YTO MHTEPIIPETALNS IPUYHH BBISIBICHHBIX TIPOCTPAHCTBEHHO-BPEMEHHBIX
W3MEHEHUH OCHOBBIBAETCS MPEHMYIIECTBEHHO Ha aHalIM3€ CHYTHUKOBBIX HHJIEKCOB U
MIPOCTPAHCTBEHHBIX 3aKOHOMEPHOCTEH 0€3 PSIMOTo MPHUBJICYCHHS HE3aBUCUMBIX KIIMMATHYCCKUX U
COLIMAJIbHO-9KOHOMUYECKUX JaHHBIX. [103TOMY BBIBOJIBI O POJIM QHTPOTIOTCHHBIX M KIUMATHUECKUX
(haKkTOpOB HOCST BEPOSITHOCTHBIN XapakTep. B manmpHeineM menecooOpa3Ha HHTETPALHS JaHHBIX O
KOJIMYECTBE OCAJIKOB, TEMIIEPATypHBIX AHOMAIUSAX M CTPYKTYpE 3€MIICTIOJIb30BaHUs sl Oosee
netanpHOTO aHanu3a pakropos nuHamuku RSEI.

5. 3akai0uenue

B pesynbpTate mpoBeAEHHOTO HMCCIEAOBAaHUS YCTAaHOBIEHO, YTO DKOJIOTMYECKOE COCTOSHUE
Oacceitna pexu Tepuc B 2015-2025 rr. xapakrepusyercs BBIPaXECHHOH IPOCTPAHCTBEHHOM
muddepeHnmanyeid 1 BBICOKOH MEXIrof0BOH M3MEHUMBOCTHIO. Ha OCHOBE MHTErpanbHOTO HHJIEKCA
RSEI BBISIBIICHO NTOMHHHpPOBAHUE TEPPUTOPUN C YMEPEHHO TOHIKEHHBIM M CPEIHUM YPOBHEM
HKOJIOTHYECKOTO KadecTBa, (POPMHUPYIOMIHUX OCHOBHOU (pOHOBBIN TUN NaHAmadTOB OacceiHa.

OmnpeneneHo, 4To MOHWKCHHBIE 3HAYEHUS JKOJOTHYECKOTO COCTOSIHHSI MPOCTPAHCTBEHHO
MPUYPOYECHBI K LEHTPAIBbHBIM U CEIbCKOXO3UCTBEHHO OCBOCHHBIM paiioHaM, rae (pUKCUPYIOTCS
MTOBBIIICHHBIC 3HAYCHHSI CYXOCTH TTOBEPXHOCTH ¥ TETUIOBOM HArPY3KH TP CHUKCHHBIX MTOKA3aTENSIX
pPacCTUTENHHOTO TMOKPOBa W BIAKHOCTH. B TO ke BpeMs TOpHbIE M TMONMEHHBIE TEPPUTOPHH
XapaKTepU3yroTcs Oosiee OIaronpHUSTHBIMH 3KOJOTHYCCKUMH YCIOBHSIMH, YTO IOATBEPKIACTCS
nossieHHeIMY 3HaueHuIMI NDVI 1 WET u nonmxkennsiMu 3HaueHusamu LST u NDBSI.

YcTaHOBIIeHAa 3HAYUTENIbHAS MEXKIoJ0Bas BapwalelbHOCTh Inomaaeld kimaccoB RSEL
MakcumanbHas J10Jis Kinacca «cpenuuiiy 3adukcuponana B 2016 r. (56,87 %), Torna kak B 2025 T.
OTMEYEHO CYIIECTBEHHOE YBEIWYEHHE IUTOImaan Kiacca «Bbicokmity (34,20 %), oTpaxkaromiee
JIOKAJIbHOE YIYYIIEHHE SKOJOTHYECKOTO COCTOSHUA. 30HBI C KPUTUYECKH HU3KHUMH 3HAYCHUSIMHU
WHJEKCA 3aHUMAIOT orpaHudeHHble mromanad (mo 1,35 %), omHako WX MPOCTPAHCTBEHHAS
JIOKAJIM3aIMs COBMANAaeT C y4YaCTKaMU HMHTEHCHUBHOTO 3€MJICTIONB30BaHUS M JAETPaJdpPOBAHHBIX
3eMEb.

Pesynpratel Hemapamerpuueckoro ananu3za ManHa-Kenganna u omeHku Hakiona CeHa
MOKAa3aJll OTCYTCTBUE CTATUCTHUYCCKH 3HAYUMBIX TPEHIOB I OonbimMHCTBA KitaccoB RSEI, uro
CBUACTENBCTBYET O TMpeoblIalaHud  MEXroJ0BOM  BapuaOENbHOCTH HAJ  yCTOMYMBBIMU
JOJTOBPEMCHHBIMU HW3MEHEHUSMH. BMecTe ¢ TeM JUIsS Kjacca «BBIIIE CPEIHEr0» BBISBIICH
CTaTUCTUYECKH 3HAYUMBbIA OTPUUATEIBHBIA TPEH, OTPAXKAOUIMKA COKpALECHHUE IUIOLAAU
TEPPUTOPHUI C OTHOCUTEIHLHO OJIArONPUATHBIM YKOJIOTHIECKUM COCTOSTHUEM.
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International Journal of Geo-Information, 10(7), 475. https://doi.org/10.3390/ijgi10070475

Kepni KambIKTBIKTAH 30HATAaY JepekTepiHiH Heridinge Tepic o3eHiHIH
OacceiiHiHaeri KOJOTHAJIBIK KarJalIbl KOHe AHTPONOTeHIIK dcepai Oaranay
(’KamObL1 00,1bICHI)

Kynaiioepren Kniproi36aii, bakrsioek /lyiicebek, Taaratr Ycemanos, Uca Paxmeros, EpOosar
MyxkaHoB

Angatma: Makamaga 2015-2025 sxeiimapaarsl XKeplii KamIbIKTBIKTaH 30HATAYIBIH KOTDKBIIIBIK
nepekrepi Herizinne Tepic e3eHi OacceliHiHiH (XKaMOBIT OONBICHI) AKOJOTHUSIIBIK >Karaailbl MEH
AHTPOMOTEH/IIK ocep €Ty JEHIreHiHIH KEHICTIKTIK-YaKbITTHIK Oarajiaybl YCHIHBUIFAH. 3epTTeyIiH
akmapatThIK Herizine Google Earth Engine opraceinga armocgepansik Ty3eTy K03 UIHeHTTepiH,
OYJITTBUIBIKTAH Ta3apTy >KOHE CIEKTPJIK KOPCETKIIITEp/l KaJlbIIKa KEJNTIPYIl KOJAaHY apKbLIbI
anpikTanran Landsat 8 »xome 9 (Collection 2 Level 2) rapeimrthik TycipimimMaepi »aTaibl.
['eoxxyiienepain Heri3ri KOMIOHEHTTEpiH caHnblK cumarray ymin NDVI (eciMiik kamMbUIFBICHI),
WET (Tasseled Cap KOHBEpCHSCHIHBIH BUIFAJIIBUIBIK KOMIOHEHTI), LST (xep OeriHiH
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temneparypacel) xoHe NDBSI (KyprakTblK >XKoHE aHTPONOTEHIIK TpaHchopMaius aapeieci)
uHaeKkcTepi ecenreneni. CranaapTrairad HHIUKATOPIapAblH UHTErPALUsACHl HET13T1 KOMIIOHEHTTEP
o/iciMeH xy3ere achIpbuIbin, RSE| 3K0mOrHsbIK sKaF 1ailbIHBIH MHTETPAIABI MHACKCI KB TACTHI.
AJIBIHFaH HOTHKENEp aliKbIH KeHICTIKTIK Au(QepeHIuasHbl )KoHe IKOIOTUSIIBIK JKaFIalIap b
KOFapBI )KBUIJBIK ©3TEPTilITIriH KopceTei. 3epTTey Ke3eHIHIe ayMaKThIH KYPBUIBIMBIHIA «OpTaJaH
TOMEH) JKOHE «OpPTa» CHIHBINTAP OachiM OOJBIN, KUBIHTHIK YJieci kenrtereH »*puiaapel /0 %-man
acanpl. «OpTay KiIachlHbIH ¢H YikeH yieci 2016 skbutel TipkenareH (56,88 %), an 2025 xbuibl
SKOJIOTHSUIBIK JKaFJaii/IbIH JKEePTiTIKTI KaKCapyblH KOPCETETIH «OKOFapbl» KIIACBIHBIH ailTapiblKTai
aptysl (34,29 %) anbikTanael. RSEIl MoHepi ToMen aiimakTap mekTeysli aymakTapabl Kamthin (1,34
% neiiiH), KapKbIH/IbI JKep MaijaiaHy >KoHE TO3FaH jKepJiep yJacKelepiMeH MIEKTeNreH.

EH KOnaiyibl SKOJIOTHUSITBIK KaFJaiiap TayJbl )KOHE jKalbUIMaibl JaHAMA(TTapFa TOH, al OPTAJIBIK
KOHE aybUl IIAPYallbUIBIFBl JaMblFaH ayJaHiap HHTETPANAbIK KOPCETKIIITEpIiH TeMEeHICYiH
Kepceteni. 3eprrey HoTmkenepi RSEI mHmeKciHiH 2KOMOTHSITBIK JKaFiail AMHAMHUKACHIH OaKpUIayia
YKOHE JKapThlIall KypFaK aiMakTapJblH OacCeHHIIK I'eoKyHenepiHaeri aHTPOIOTeHIIK KYKTEMEeH1
Oarayayfa WHTETPAIABIK Kypajdbl PETIHJAET1 OMICTeMENIK J>XOFaphl HOTHXKEIEpre He eKCHIITTH
alKBbIHIANTBI.

Tyiiin ce3aep: RSEI; XKepai KalmbIKTBIKTaH 30HATAY; aHTPOIIOTEHIIK dCep; IKOJIOTHUSIIBIK KaFaai;
Tepic e3eHiniy OacceiiHi.

Assessment of ecological condition and anthropogenic impact in the Teris River
basin based on remote sensing data (Zhambyl region)

Kudaibergen Kyrgyzbay, Baktybek Duisebek, Talgat Usmanov, Isa Rakhmetov, Yerbolat
Mukanov

Abstract: The paper presents a spatiotemporal assessment of the ecological state and the level of
anthropogenic impact in the Teris River basin (Zhamby! region) based on long-term data from remote
sensing for 2015-2025. The information basis of the study was the satellite data of Landsat 8 and 9
(Collection 2 Level 2), processed in the Google Earth Engine environment using atmospheric
correction procedures, cloud masking and normalization of spectral indicators. To quantify the key
components of geosystems, the NDVI (vegetation), WET (moisture component of the Tasseled Cap
transformation), LST (temperature of the Earth's surface) and NDBSI (dryness and degree of
anthropogenic transformation) indices were calculated. The integration of standardized indicators
was carried out using the principal component method, followed by the formation of an integrated
environmental status index (RSEI).

The results obtained indicate a pronounced spatial differentiation and high interannual variability of
environmental conditions. Throughout the entire study period, the structure of the territory was
dominated by the «below average» and «average» classes, the combined share of which exceeded 70
% in most years. The largest share of the «medium» class was recorded in 2016 (56.88%), while in
2025 there was a significant expansion of the «high» class (34.29 %), reflecting a local improvement
in the environmental condition. Zones with low RSEI values occupy limited areas (up to 1.34 %), but
are spatially confined to areas of intensive land use and degraded lands.

The most favorable environmental conditions are typical for mountainous and floodplain landscapes,
while central and agriculturally developed areas show reduced integral indicators. The results of the
study confirm the methodological viability of RSEI as an integral tool for monitoring the dynamics
of the ecological state and assessing anthropogenic load within the basin geosystems of semi-arid
regions.

Keywords: RSEI; remote sensing; anthropogenic impact; ecological condition; Teris River basin.
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Anparna: byn seprrey makanace! [llaran KemiHIH KEHICTIKTIK-yaKbITTBIK
JIMHAMUKACBIH TaJllayFa apHaiFaH. FeulbIMH 3epTTey/IiH HETi3Ti MaKcaThl
- 1995 xpimman 2025 xbLTFa ISHIHT1 Ke3CHIET1 Cy aliIbIHBIHBIH AyMaKThIK
©3repiCTepiHiH CaHIbIK OaFachIH Oepy xKoHE OCHI ©3repicTepre acep eTKeH
KJIIUMATTHIK JCTEPMUHAHTTAP/bI, COHJAW-aK KeJIiH Taijga OoJyblHA
OallJIaHBICTBI AHTPOIIOTCHIIK 9cep eTeTiH (akTopiaapabl aHBIKTAY.
3eprrey omicremeci Landsat 5, 8 sxone Sentinel-2 rapbliThik 1epekTepin
Kamtuabl, onap Google Earth Engine (GEE) mnardopmacsinga exiedi,
Normalized Difference Water Index (NDWI) ecentenni. Hotmxkenepai
canbicTbipy ArcGIS Pro reoakmaparteik skyiiecinmeri Union Overlay
KCHICTIKTIK Tajjay apKbUIBI )KY3€re achIpbULIbI. 3epTTCY JKYMBICHIHBIH
HET13T1 HOTHXKENepl KOPCETKEHIeH, OThI3 JKbUI 1II1HE KOJIIIH ¢y OeTiHIH
aynanbl 17,3 %-ra (1,82 km*men 1,50 km>-re JeiiiH) KbIcKapraH. by
KBbICKapy AalMaKThIK KJIUMATTBIH KBUIBIHYBIMEH JKOHE TaOufu
e3repicTep/IiH apTybIMEH Tikesel OainanbIcTsl. JKypri3uireH 3epTrreyiin
MoHI — CeMmell MOJMIOHBI ayMarbIHJIAFbl €PEKIIEe THIPOTeOTOTHUSIIBIK
HBICAHHBIH JKOXYUETIK TYPAKCBI3ABIFBIH JOJIETJICY JKOHE OHBIH
PaAMOHYKIUATEPMEH (TPUTUH, TUIYTOHUHN) JacTaHy KarJdailbIHIarbl
TEOIKOJIOTHSUIBIK ~ Kayllci3Airin - Oaranayra KockaH yiec. JKywmbic
HOTHKENEPiHIH MPaKTUKAIBIK MOHI Cy pecypcTapblH OPHBIKTHI OacKapy
CTpaTeTHsUIaphlH  KAJIBINTACTHIPY/Ia MAHBI3bI  FHUTBIMH-J ICHAMAITBIK
Heri3 0oJaabl.

Tyiiin ce3nep: Illaran xem; NDWI; ArcGIS; kmumarTeik e3repic; cy
OaNaHChI; T€0aKMapaTTHIK TalAay; aTOMIBIK Mypa.

1. Kipicne

[laran kemi KazakcTaHHBIH THIPOJIOTHSUIBIK )KYHECIHACTI epeKIie
HBICaH OOJIBIN TaOBLIAILI, ONTKEHI OJ TaOWFU reHesucke emec, 1965
JKBLTBI XKYPT131TeH KeP aCThl AAPOJIBIK CHIHAFBIHBIH HOTHKECIH e Taiaa
OoJIFaH TEOMHXKEHEPIIK Mypa. byst kparepik KemiH KaJlbInTacybl JKoHE
OJlaH KEeHIHT1 Ie0KOJOTHSIIBIK IBOJIOIUSICHl KIMMATTBIK ©3TepiCTepIiH
xoHe CeMell SAPOJIBIK MOJIMTOHBIHBIH KAJIBIK PaHaIsUIBIK dCEPiHiH
Kypaeni e3apa OaiinanbIchiH Kopcerei. 1965 xpuirbl 15 KaHTapaa KyaTsl
140 kwroTOHHA OOJATBHIH MKEP aCThI SIPOJIBIK KAPBUIBIC HOTHIKECIHIC
teperairi 100 merpaen acatbiH xoHe nuamerpi 430 meTpai KypalTbiH
kpatep maiiga 6osael (Glasstone & Dolan, 1977).

byn oxura KCPO-HbIH «XanblK NIapyallbUIbIFbIHA apHAJIFaH
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sapodbiK kapbuibictapy (PNE) Oarmapnamacel OoiibiHIIA Cy KOWMAalapbhlH jKacay MaKcaTbIHa
KYprisuireH  anmramkbl chiHaK — Oomnmel.  byn  ceiHak  AKL-teiH - «Project  Plowshare»
OarmapinamaceiHgarel  Sedan kparepiik kapeUIBICHIHBIH (104 KT) «aepiik KIOHBI) PETiHIC
CHUIIATTAJAbl, MAaKCaThl YJIKEH KOHYCTBIK KpaTepal jkacay Oomnel. Kparep kexTemri cymeH
TOJITHIPBUIFAHHAH KEWiH maiia OoiFaH «ATOM Keili» OYyriHAe SKOJOTHSIBIK TYPFbIIA €peKIie
OakpuTayIarbl aiMak Oostbin TadbuTa bl (Abdrakhmanov et al., 2019).

KnumatTeiH xahaHabIK ©3repyi, TpaHCIBAIIOPAIMSIHBIH apTYhl )KOHE aliMaKThIK Cy aFbICBIHBIH
azarobl [1laran KeJiHIH THAPOJIOTUSUIBIK Tele-TeHIirine arapibikrai acep eryne (IPCC, 2021).

OpTtasiblk A3USHBIH KYPFaK aliMaKTapbIHAAFbl Cy aliIbIHAAPbIHBIH MOHUTOPUHTI yiniH NDWI
(Normalized Difference Water Index) >xone Google Earth Engine (GEE) cusikTbl OVITTBHIK ecentey
maTgopMalIapbiH KOJIJIaHY CY PECYpPCTapbIHBIH KEHICTIKTIK-YaKbITTBIK ©3repiCiH OaraiayiblH THIMII
re0aKIapaTThIK dJIiCi peTiHe KapacTeipbuiaabl. Anaifa, [llaran kel CUSKTBI TEXHOTCH/IIK TeHE3UCl
0ap KoHE paIualMsIIBIK JTaCTaHybl 0ap CYy HBICAHJAPBIHBIH Y3aK Mep3iM/Ii TUHAMUKACHIH KEUICH I
Tangay — SKOXKYHENiK Kayirnci3mikTi Oaranay YIIH ©3€KTi FBUIBIMH MiHAET OOobin Kanauel. by
ueicanpl  Koldobskaya et al. (2018) cuskTel 3eprreymiiiep SAPOJBIK KAPBUIBICTAPIBIH
THJIPOTEOJIOTUSUIBIK CaJIapbIH 3€PTTEY KOHTEKCTIH/IE KapacThIPFaH.

Byt 3epTTeyiH MaKkcaThl - FaphIIITHIK J)KOHE Ie0aKIapaTThiK Tajaay Herizinae llaran ke cy
anpHbHBH 1995-2025 xbpuinapaarbl MOpQOMETPUSIIBIK AUHAMHUKACHIH Oaranayra OaiylaHBICTHI
(bakTopyiap MEH KOPPEISIIHUICHIH aHBIKTAY.

2. MaTepuaaaap MeH daicTep
2.1. 3epmmey atimazol

[laran kexi AGaii 00IBICEIHBIH OaThIC Oeirinae, OypbiHFbl CeMel SAPOIBIK ChIHAK ITOJUTOHBI
aymarbinia (Balapan aiimarbr) opuanackan (49.9°N, 79.1°E). Kesnix y3bIHabFbI aMaMeH 1,5 Kk,
eai 400-800 m apaneirpiHna, oprama Ttepermiri 90-100 M. AWMaKTBIH KIUMAThl - IIYFBUI
KOHTHHEHTTIK, Ka3bl BICTBIK opi Kyprak. ByJl KIIMMAaTTBIK €peKIIeNiK KOFapbl OylaHyFa KoHE Cy
Qi IBIH/IAPBIHBIH YJIKSH MayChIMJIBIK ayBITKYbIHA OKEJIE/II.

2.2. Jlepexmep xo30epi

3eprrey Oapbichiga 1995-2025 xbuanap apasiblFblH KaMTUTBIH KOIl JKbUIJIBIK CIYTHUKTIK
MoriMeTTep maiinananbuiasl. bapisik cyperrep Google Earth Engine (GEE) mmardopmaceiHan
ansiarad. Cy aliibIHIapBIHBIH AWHAMUKACHIH aHbikTay yinin Normalized Difference Water Index
(NDWI) xonnaubuiasl. CoHbIMeH KaTap, lllaran kesiHiH aifHaIaChIHIAa TEXHOTSH K YHIH/IIJIep MEH
MUHepaJIJJaHFaH TONBIPAKTHIH O0achIM OOJIYbIH €CKepe OTBIPHII, CYy MEH KYPJIBIK LIIeKapachlH, acipece
Tas3 CyJbl aiiMakTapaa aanipek anbikray makcatbinga MNDWI (Modified Normalized Difference
Water Index) unaekci KochiMIla 3epTTey Kypalibl peTiH/Ie KapaCThIPBLUIIBL.

GEE mmardopmackl OWITTBUIBIK TeH aTMoc(epaliblk KeAepTiepAiH 9CepiH a3alTy YIIiH
MeIMaHalIbIK KOMIO3UTTEP/l KYpyFa MYMKIHIIK Oepei, Oy KeH ayKbIMJIbl KOHE y3aK Mep3iMIi
TUIPOJIOTUSIIBIK MOHUTOPUHI JKYpri3yle epekiie THUIMIlI Kypahl Ooibin caHanaibl. CIyTHHKTIK
JIepeKTep aJJbIH ajla PaAMOMETPHSUIBIK JKOHE aTMoc(hepasblK Ty3eTylepleH oTTi. ATan alTKaH/a,
Landsat muccusiceiabig mamimerTepi Surface Reflectance (SR) popmarsiaza, an Sentinel-2 nepexrepi
Level-2A enimzaepi Typinzae KoimaHbuiabl. by ¢opmartap armocdepanblk MIamibpipay MeH
abcopOuust ocepiH a3aiThIN, kep OeTIHIH HAKThl MIAFbUIBICY KOA(G(UIUEHTTEPIH ajdyFa MYMKIHJIIK
oepei.

Google Earth Engine opraceinma gepekTepi alablH aa eHaey OapbIChIHIa OYITTHUIBIK TTEH
KOJICHKeIep/1i JKoto ymIiH cana mackanapsl (quality masks) kommaneiinel. CoHbIMEH Katap, apoip
3epTTey >KbUIbl YIIIH OlpHeIlle CHYTHUKTIK CyperTep OIpiKTIpuliN, MeAWaHalblK KOMIIO3UTTEp
KaJIBINTACTRIPBUIIBI. MyHIal TOCUI Ke3AeWCOK HIyMAapibl a3ailThil, Cy albIHBI IIeKapajiapblH
TYPAaKThl TYP/I€ aHbIKTayFa MYMKIHJIIK Oepei.

3epTTeyae yakbITTBIK KE3CHJI TaHAay MaHbBI3MbI 9MIICTEMENIK Ke3eHuaepaiH Oipi Oomnmael. Cy
aWJIBIHBIHBIH KOKTEMIT MAaKCHMAaJIbl JCHICHIH eMecC, as3Fbl MayChIMAAFbl (IIiJAe—TaMBbI3)
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CAJIBICTBIPMAJIBI  TYpJE TYPAKThl THUAPOJOTHSUIBIK JKAFAalJbl CHIIATTAWTBIH KOMIIO3UTTEP
naiganaHeUIAbL. byt ke3eHae Kap epireHHeH KeWiHT1 MayChIMIBIK TACKBIHIAP assKTAJIBII, KOJI JCHT i1
CaJTBICTBIPMAJIBI TYPAC TYPAKThI Kyiire Kene/i. COHIBIKTaH Ka3Fbl KE3€HI'e HeT13/1eIreH KOMITO3UTTEP
KOIDKBUIABIK TUAPOJIOTHSUIBIK TPEHATEPAl AHBIKTAY YIUIIH aHAFYpJIBIM PENpe3eHTATUBTI OOJIBII
TaObUIAIBI.

Kecre 1. Cy aliipIHIapbIHBIH TUHAMHUKACHIH aHBIKTAY

Jepexk keo3i Cnytauk / Cencop YakpIT apajibIFbl KenicTikTik pykcar
USGS Landsat 5 TM Multispectral 1995, 2000, 2005 30 M
Landsat 8 OLI/TIRS Multispectral 2010, 2015 30 M
Copernicus Sentinel-2A/B MSI 2025 10-20 m

Cy aiinplHapblHBIH JAMHAMHUKAchiH aHbikray yimiH Normalized Difference Water Index
(NDWI) konmausuiasr (Carlsson, Ramebéck, 2001):

Crnekrpanipl KoMOMHanusIap:

° Landsat 8 OLI: (Green = Band 3; NIR = Band 5) (Carlsson, Ramebéck, 2001)
o Sentinel-2 MSI: (Green = Band 3; NIR = Band 8)
° Landsat 5 TM: (Green = Band 2; NIR = Band 4)

NDW!I > 0.1 GonatbiH MOHJEp Cy aiMarbl peTiHAe OMHAPIIbI )KIKTEeyIeH oTKi3unai. by mekri
MoH NDW!I-ni konnany GoiibiHiia Makdutepc YChIHFaH OacTaIKbl 9/1iCTEMEre Heri3/eNireH KoHe CY
00BeKTIepiH (POHIBIK LIyJIapJaH COTTI axbIpaTyFa MyMmKinaik oepai (Carlsson, Ramebéck, 2001).

ArcGIS Pro 6armapnamaceinga NDWI wotmkenepi Union Overlay tomomorusiislk Tanaaybt
apKbLIbI K6J1 OCTiHIH KEHICTIKTIK KMBUIBICY KapTachlH )kacayFa MyMKiHaik oepai. Overlay tannay op
KBUIJIAFbI Cy aliIbIHBI TOJIMTOHAAPBIH OIPIKTIPY apKbLIbl KOJ ayJdaHbIHbIH KaHIIA MMaibI3bl TYPaKTh
€KEHIH oHE KaHIlIa MaibI3bl YaKbITIIA (TPAH3UTTIK) CUIIATTa €KEHIH aHBIKTAY YILIIH KOJIaHbUIAIbI.

ATMOcdepanblK Keeprijiep/ii *Kok YIIH KeJleci anropuTMIep KONIaHbUIIbL:

e LaSRC (Landsat Surface Reflectance Code): Landsat 8 momimerTepi YImiH a3po30JbIiK
OTITHKAJIBIK KAJIBIHJIBIKTHI )KOHE Cy OYBIH €CKepe OTBIPHIN, OETKI MIaFbuTbICy KoddduitnenTiu (Surface
Reflectance) any yurin naiganaHbuiabl.

« Sen2Cor: Sentinel-2 momimertepi yurin 2A aeHreifine aeiin aTMocdepalblK Ty3eTy Kacay
YIIiH KojjaHbUiabl. byn anroputm penbedTi, Tporocdepanblk a’po30ibIepll *koHE cy OybIH
eckepesi.

Cy MeH KYpIJBIK apachlHIarbl LIeKapaHbl Admipek aHbikray yurH Omy (Otsu) amroputmi
naiinananeuiael. Oy 9Mici THCTOTpaMMaIaFbl KilacapajiblK TUCTIEPCHSHBI MaKCUMAIAy apKbUTBI op
CYpeT YILiH OHTAMJIbI MIEKTI MOHI aBTOMATTHI TYpAE TaHAayFa MYMKIHIIK Oepesi, OyJ1 MayChIMJIBIK
KAPBIKTaHABIPY MEH TONBIPAK BUIFAJIBUTBIFBIHBIH 9CEPIH a3aiTapl.

HonnikTti 6aramay (Accuracy Assessment)

Knaccudukanus HOTYOKEISpiHiH JoIIITiH Tekcepy yiiH 100-1eH actam ke3/1elcoK TaHIaIFaH
Oakpliay HykTenepi apkbuisl Karemikrep marpunacel (Confusion Matrix) kypeuiner. Landsat 5 (30
M) xone Sentinel-2 (10 M) cnyTHUKTEpiHIH KEHICTIKTIK PYKcaT ailbIpMallbUIBIFBIHBIH HOTH)KEre
ocepin capanay ymin Kanma (Kappa) xoagdunmenti op 3eprrey keseni (1995, 2010, 2025 xok.)
OolipIHIIA JXeKe ecenTenai. Heri3ri kepceTkimrep:

o OOBEKTIHIH IIBIH MOHIHE KAHIIATBIKTHI TYPBIC JKIKTEIT€HIH KOPCETe .

o Kapranmarel aknmapaTThiH CEHIMILTIK ICHTEHI.

e Kanma kosddummenti: JKikTeyaiH Ke3AecOK COMKECTIKTEH KAHIIATIBIKTHI JKaKChl €KEHIH
OUIIIPETIH CTATUCTUKAIIBIK OJIIIEM.

I'maponorusuieik Tpenarepai tangay (Mann-Kendall xone Sen's Slope)

Ken aymaHbIHBIH KOIDKBUIIBIK ©3T€py YpAiCiH Oarajmay YIOIIH IapaMeTpiiK eMec
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CTaTHUCTUKAIIBIK TECTTEP KOJITAHBUIIbI:
1. Mann-Kennamn (Mann-Kendall) tecti: YakpIT KatapbiHaarbl MOHOTOH/IBI TPEHITIH Oap-

KOFBIH aHBIKTAy YIIiH Haiinananeuisl. CraTucTukamblk Manb3asuibk aenreiti (p < 0,05 men
QJTBIH/IBL.

2. Cen (Sen's Slope) kesnbeyinin Oaranaymbichl: TPEHATIH KapKbIHIBLIBIFBIH, SFHH YaKbIT
Oipmirigaeri (KbUT/OHXBULABIK) ayIaHHBIH HAKTHl ©3Tepy IaMaChIH €CeNTey YIIiH KOJIIaHbUIIbI.

3. HoTtmkesiep
3.1. Cy 6emi ayoanvinbiy OUHAMUKACHL

NDW!I tannaysr 6oiibiaina, [laran kesninig cy 0eti aynansl 1995 xpuinan 2025 xburra aeitin
y3aK Mep3iMai kezene 17,3 %-ra KpickapraH (2-kecte). Byt KbicKapy KIMMaTThIH KYpFaKTaHYbIHBIH
AMKBIH THUAPOJIOTHSUIBIK PEAKIUSChI OOJIBINT TaObLIa/Ibl, COHBIMEH KaTap aiMaKTarbl OyJaHYIbIH
KYIICIOIMEH JKOHE Cy OallaHCBIHBIH TEPIC ©3repiCTepPIMEH THIFBI3 OAMIaHBICTBI. 3€PTTEY HATHXKEIEPi
KOJI 9KOKYHECIHIH KJIMMATTBIK ©3repicTepre KOFaphl CE31IMTaNl €KCHIH KOPCETE 1.

Kecre 2. lllaran ke cy 6eti aynanbiHbiH quHaMukachl (1995-2025 sxok.)

KoL Cy 6eri aymansl (km?) Osrepic (%0) Eckeprme

1995 1.82 — Bacrankpl ke3eH

2000 1.94 +6.6 JKaybIH-manibia KoFaphl Ke3eH
2005 1.88 -3.0 Kanpimrer Mmayceim

2010 1.73 -8.0 Bynany aptyst

2015 1.62 -6.4 Kyprak ke3eq

2025 1.50 7.4 KiumatTteik acep

Kenniy cy aliIbIHBIHBIH K€3€HIIK e3repici 1-cyperTe aiikblH KOpCETIITeH.

Mann-Kenpgann tecti Ooitbinmia Illaran kesniHIH ayJaHbIHIA alKbIH TEPIC TPEH] aHBIKTAJIbI
(p < 0,05), 6y y3ak Mep3imzi cy GeTiniH KbicKapybiH kopceTeni. Ex yiken cy Geti aymans 2000
KBUTBI TipKence, eH TeMeHTi jneHreid 2025 bputbl OaiiKamabl, SFHU 25 KBUT IMIHIC KOJ ayJaHbl
mramamed 22.7 % temenneni. Overlay tammayel OoiibiHIA Cy alabiHBIHBIH 60 %-maH actambl
yakpITIIIa CUTIATKA W€, OYJT OHBIH KJIMMATTHIK KYOBUTMAIIBUTBIKKA dKOFAPBI TOYEJIUIITIH pacTaiIpbl.

MaychIMABIK THIPOJIOTHSUIBIK Tajay KOpCeTKeHJIEeH, *kKa3Fbl KyprakK Ke3eHJeple KeJiH
opTama cy KeyieMi KbICKapaibl, al KOKTEMIl Kap epireH Ke3e YakbITIIa apTHIKIIBUIBIKKA He
aitmaxTap maiina 6onaapl. Cy AeHreiiHIH TOMEH eyl HEeTi31HEeH jKaybIH-IIANIBIH MOJIIEPIHIH a3at0bl
MeH OynaHy KbUITaMIBIFBIHBIH apTybIMEH OaimaHbIcThl. AnbiHFaH HOTHXKemep lllaran kerniHiH Cy
KOpbIH THIMII Oackapy >koHE KIMMATTBIK e3repictepre OeHiMIeny cTpaTervsuiapbliH o3ipiey
Ka)KeTTIT1H KepceTe/Il.
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[Haran keminin 1995 xeiman 2025 xputFa AEWIHTI apabIKTarbl Cy OETiHIH YaKBITTBIK
e3repicTepiHe JKYPri3UIreH KapTorpausulblK Tajljgay HBICAHHBIH aWKbIH THAPOMOP)OIIOTUSIIBIK
TpaHcQOpMaIMAChIH KepceTTl. l-cypeTTeri AepekTepial FhUIBIMU capanTtay HITHUKECIHAE Kol
aKBAaTOPHSICHIHBIH JIAMYBIH €Ki HEeT13r1 (yHKIHOHAIIBIK aiiMakka 0eJin KapacTelpyFa 00Jaabl.

bipiniifeH, cy aif IbIHBIHBIH €H TYPaKThI 06J1irt HeMece ruapostorusibik sapock! (hydrological
COre) KeJIiH OpTaJbIK KpaTepiiK 30HACHIHAA IIOFBIPIAHFaH. byl cerMeHT Oakpuiay KyprisiireH
OapibIK  Ke3eHJEepAe ©O31HIH Cy IKUHAKTAyIIbl KaOUIeTIH >KOFaITIIaFaH €H TEPEeH JKOHE
THJIPOT€OJIOTUSIIBIK TYPFBIAAH OPHBIKTHI O6ilik OonbIn TaObuiaabl. OpTanblK OHNATTHIH MyHAAl
TYPaKTBUIBIFBI JKE€PACTHI CYIApPBIHBIH JPEHAXKIBIK TOJBIFYbl MEH OylaHy yaepicTepi apachIHIAFbl
Tene-TeHAIKTIH CaKTaJlybIMeH TYCIHZIpiaeai. Byl «e3ekTik» 30Ha cy JeHrediHiH €H TeMeHTI
perpeccusuiblK  (pazamapelHOa Ja CTATHKAIBIK Cy KaOaThIH YCTall TYPHIN, HBICAHHBIH IKAJIIBI
HKOKYHMECIHIH Jlerpaianusra Kapcbl 0ydepiik KaOineTiH aliFaKTai bl

ExiHini karblHaH, KOJAIH NMepUPEepUsIIbIK KOHE MapruHai/bl aliMaKTapblH/la MaKCHMaJIbl
JTUHAMHKAIBIK TepOelicTep MEH KOFapbl ASKOJAMHAMUKAIBIK TpaaueHT Oaiikamanbl. 1995 KbUirbl
0a3zanbik KOHTYp MeH 2025 KbUTFBI IIeKapaiap apachlHAAaFbl AIAKTHIK CY aiIbIHBIHBIH d(hemepi
cunatelH Kepcereni. ['mcrorpammansik Manmimertep Ooitbiama, 2010 sxone 2020 sxpuigapsl OpbIH
alFaH TpaHCrpeccusuiblK  ¢azamap (cy O€TiHIH MaKCHUMaJIbl KEHEH1) JKaybIH-IIAITbIHHBIH
HKCTEHCUBTI MeJIepine Toyeni 6oinca, 2005 xone 2025 xpuigapaarbl perpeccHsUIbIK KyObIIbICTap
MEPUMETPIIIK KYpPFayJIblH OaChIMIBUIBIFBIH aWKbIHAAWABl. bByn karmalima Tas3 IKarallaylsiblK
30HaNmapaa OynaHyablH MHQUIbTpanMsIaH OackiM TYCyi eceOiHEeH «Cy alHACBHIHBIHY KHBIPBUTYHI
(water mirror contraction) opbIH anajsl.

[laran keJiHIH Cy PeXHUMI - KIUMATTHIK apUITeHY YAepicTepl MeH XKeprilikTi JaHamadThIK
EPEKIICTKTEPAIH 9CEpPIHEH KaJbIMTacaThlH KYpAeal TMHAMHUKAIBIK xyihe. KenmaiH conTycTik-0aThic
’KOHE OHTYCTIK OOJIKTEpiHACT Tas3 CyJbl ayMaKTap bUIFaJl TANIIbUIBIFbIHA OIPIHII KE3EKTe jKayan
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OepeTiH MHAUKATOPJIBIK 30HaIap OOJIBIN TaObLIA IbI.

3.2. Kenicmixmik guwtivicy (Overlay) manoayuo
Union Overlay Ttanmaysl (2-cypeT) KeJiiH ayMakThIK JUHAMHKACBHIHAAFbl KCHICTIKTIK
reTePOreHIUTIKTI HAKThIIa/IbI.
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Cyper 2. lllaran xemi cy aiibIHBI IIeKapalapblHbIH KEHICTIKTIK KubLIbICYbl (Overlay) sxone
aymauablK quHaMukackl (1995-2025 sxok)

Union Overlay (0ipikTipy) TanmayblHbIH HOTIIKEJICPiHE CYHEHe OTBIPBIN, Keleciel Herisri
KOPBITBIHIBIIAP KacayFa 0omanel: KemmiH ayMarsl yakbIT ©Te KeJle TYpaKChI3 O0FaHbl OalKasabl.
JlnHaMHKaHBI €Ki HeT13r1 Ke3eHre Oexyre 00mIaabl:

¢ 1995-2005 k. (Tapteuny keseHi): Cy alABIHBIHBIH ayJaHbl alTapibIKTall KbICKapFaH.
Ocipece KoJiH 0aThIC KOHE CONTYCTIK-IIBIFBIC OOJIKTEpiHaEe Cy JCHreili TOMEeHJIEeN, KeKellereH
KIIITIpiM cy aiibIHIapbIHa (PparMenTaiys) 6e1iHreH1 KopiHel.

¢ 20102025 xxk. (Tonbiry sxoHe Typakrany): 2010 sxpuiman Oacram kel aymarbl KaiTa
KeHeWreH. baThic MIBIFaHAFBIHBIH ayIaHbl YIIFaibi, ken OipTyrac (gopmara keime Oacraran. 2025
KBUTFBI Oomxam/kepceetkin kenaiH 2010-2015 xpinaapaarsl KaabllIThl JEHI€HiH CaKkTan TypFaHbIH
KepceTesi.

Overlay omici apKbUTBI KOJJIiH Kail 0eJiKTepi K1l 63repicKe YIIBIPAUTHIHBIH (T€TEPOTreHITIK)
aHBIKTayFa 00JIaJIb:

Typakcwiz atimakmap. Kennin 6aTbic KaFbl MEH OHTYCTIK "KYHPBIFBI" €H JKOFapbl KEHICTIKTIK
e3reprimTikke we. byn aiimakrapaa cy TepeHIiri Tas3 00Jybl MYMKIH, COHJIBIKTAH KJIMMATTBIK
HEeMece aHTPOIIOreH 1iK (pakTopiapra Te3 xkayan Oepei.

Typaxmet 03ex (Core): Oprabik 06K OapIIbIK JKbUTAAPBI CAKTaIFaH, OYJI KOJIIiH HETIi3T1 TepeH
Ka3aHIIYHKBIPHI OChI ailMaKTa OpHAJIACKAHbIH OUIIipesi.

Mymxkin 6onamvin cebenmep men canoap: 2000-KplnaapabiH OackIHIAFBl KYPFAKIIBUTBIK
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HEMece JKaybIH-IIAITBIHHBIH a3al0bl CY/IbIH TAPTHUTYbIHA oKeTyl MyMKiH. [llaran kemiHiH (ATOM Kei)
»KacaH]Ibl IIBIFY TET1H €CKEPCEK, Cy JCeHreiine xeprutikti e3ennepaiy (Illaran, Ambicy) aFbIChl MEH
naMObanap IsIH JKai-Kyii Tikesei acep eremi. Overlay Tanmaysl cy skaranaybIHIAFbl SKOXKYHETEPIiH
(KampIC, *xKaranay eciMIIKTepi) Jie TYpaKChl3 €KeHiH KepceTeli. byia OMONOTHsIIBIK OpTYpPIiTIKKe
KOHE JIACTAYIIBI 3aTTap IbIH KOHIICHTPALUSICHIHA 9CEP €Tyi MYMKIH.

Tannay GapbIChIHAA KeJleCl TEXHUKAIIBIK TPUHIIUNITEP KOJTAHBLI/IbI:

. Cracking sxone Clustering: byt mpoiiecc MoJUroH »KUEKTEPIHIH KUBUIBICY HYKTEIEepiHIe
*aHa TebOenepai (vertices) enrizyni xoHe OepinreH Te3imaurik mrerinzeri (tolerance) ryiinaepai
OlpikTipymi KaMmTuiabl. Byn omic cy aiablHBI IIEKapaldapbIHBIH YaKbITTBIK BIFBICYBIH JKOFapbI
TQIIKIICH aHBIKTAayFa MYMKIHIIK Oep/ii.

o Kemnicriktik kikrey: Overlay TammaybslHbIH HOTH)KECIHIE KOJIIH €Ki HETi3ri aiMarbl
AHBIKTAJIbBL:

Typaktel cy aitnsinel (Core Water): BapibIk 3epTTenreH jkKbuiaapaa Cy acThiHaa OoJFaH
aymakrap. by aiimak kesiiH OopTajbIK KpaTepiik OeiiriHe coiikec keneni, MmyHnaa tepenaik 80-90
METP/i KYpau/Ibl )KOHE Cy aJIMacybl IICKTEYJIi.

VYakpiTina (TpaH3utTik) cy aiapiae! (Transient Water): Kinumartsik (hakropiiapra OailiaHbICThI
ME3T1I-MEe3T1J1 KYpFall KajlaThlH HeMece ¢y OacaTblH nepudepHsulbIK aitMakTap. 3epTTey MaaiMeTTepi
Ooiibiama, Illaran kemiHIeri yakpITIIa Cy aWabHIApBIHBIH Yieci 60 %-man acambi, Oy1
THIPOJIOTUSIIBIK PEKUMHIH KJIMMATTHIK KYOBLIMANIBUIBIKKA ©T€ >KOFaphbl TOYENIUIIH KOpCeTei.
KeHICTIKTIK KMBUTBICY KapTachl Cy JE€HIreli TOMEH/ETeH Ke3/1e ePUMETPIIIK KYPFayIblH HETi31HEeH
KOJIJIH IIBIFBIC YXOHE OHTYCTIK-IIBIFBIC >KaWBbLIMAJIBIK OOJIKTepIHIE KYPETiHIH KepceTTi. by
aiimakrapna sxaranay cbi3bIFbIHBIH merinyi 30 sxpuiaa 100-150 meTpre neifin xKeTKeH.

4. Tanpay
4.1. Knumammulx demepmunanmmap

[laraH KesiHIH Cy alJIbIHBIHBIH KbICKApybl AalMaKTBIK KIUMATThIH KbUIBIHYBIMEH TBHIFbI3
OaiimaHbICcThL. JKBUTBIHY 9BallOTPAHCTIMPALIASHBI KYIIEHTII, KOJIIIH Cy OaJaHCHIHIAFbl TalIIBUTBIKTHI
apTThIpasl. COHBIMEH KaTap, cy kejeMiHiH a3atobl CHIRPS nepextepi 6olibIHIIa aiiMaKThIK XKaybIH-
HIallIbIH MOJIIIEPIHIH TOMEH/IEYIMEH /i€ ThIFbI3 OaillaHbICThI, kKoHE OYJ1 allHbIMAJIbLIIap apachIH/1aFbl
koppensius (ITupcon xone CrpMeH) KIMMATTBHIK (DakTopiapAblH Cy alfJbIHbIHA TiKeleH acepiH
TONeNeH L.

[Ilaran xemiHJETr1 JIacTaHy JIEHTeHl CyIbIH TepeHIiriHe O0alIaHbICThl TeTeporeHi. TypakThl
motonTaps! (°H xoue'®0) seprTey KommiH rHAPONOTHSIIBIK PEKUMIH TYCiHyre MYMKIiHJIK Gep/i.

Keu cybIHBIH BepTUKaIABI CTPaTU()UKALIUACHL:

« Koraprel kabaT (0-20 M): ATMOChepabIK KaybIH-IIAIBIHMEH OSJICeH/I1 anMacasl. MyHaa
tputnii (3H) xonnentpamuscer 160-500 Bx/kr, munepannanys 10 r/1.

e Tomenri kabat (20-90 m): Cy ammacysl 5KOK CTarHaIWsUIbIK aiimak. TpuTuii OenceH Iimiri
20,000 Bk/kr-ra neitin xereni, Mmunepainany 20 r/a Gonaabl.

3eprreynep lllaran kesiHeH HIBIFATHIH )KepacThl cyitapbl LllaraH ©3¢HiHIH TOMEHT1 aFbIChIH (2—
14 xm) tputniimen (300,000-350,000 Bx/kr) TypakThl TYpAe JIaCTaHTHIHBIH PACTAIbI.

4.2. TexrozeHOIKk MYpa JHcaHe 2UOPO2eOXUMUSLIILIK Kayinmep

1. Kenmin renesuci >xoHe OMOJOTHSIBIK TYPakChI3AbIFbl: [llaraH KeJiHIH TEXHOTEHJIK
TeHEe3UCl OHBIH OacTankbl HSKoXkyheciH Oy3apl. 1960 KbplmmapAblH COHBIHAA KOJAe KaJIbIK
panuaIysIHBIH Tipi aF3ajiapFa 9CepiH 3epTTey YIIiH dKCIIEPUMEHTTEp Kyprisiuin, 36 Oanbik Typi, 27
MoJuttocka JkoHe 150-re kybIK cy ecimiiktepi eHrizingi. bym typnepain 90 %-b1 sxepcinOei,
KEeWIHHEH OUBUIIBI, OYJT KOJTIH KAIJIBIK PaIHaIHsIIBIK OPTACHIHBIH OMOJIOTHSUTBIK TYPAKCHI3BIFBIH
i) (S (20100

2.  PamgmonykmuarepiiH nactaHybl: Balapan alimareiHAaFbl TONBIPAK YITUIEPIiHAE KAPYIIBIK
IUTYyTOHUMMEH OalIaHBICTBl TUTYTOHUWIH JKOHE IIE3WHMIH JKOFaphl JEHTeHIeri JacTaHybl
anpIkTaFad. Kemre cy skeTkizerin apHanapaa tputuiiain (H) sKorapsl KOHICHTPALHUSCH TipKEIreH
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(S_R19). Tpuruiigin ©0mybl KepacThl CYIAPBIHBIH JKOHE SAPOJBIK JKAPBUIBICIICH TYbIHAaFaH
KapBIKTap JKyHeci apKbUIbl JIaCTAaHFaH AaFbIHIAPJBIH JIATEPaIAbl MUTPAIUSICBIHBIH HETI3Ti
WHIUKATOPBI OOJIBIT TaOBLIa/IbI.

3. Ayslp MerammapnabliH morsipianyel: Cy ainbiHbIHBIH 17,3 %-Fa KBICKApybl CYABIH
TY3/bUIBIFBIH JKOHE ayblp METAAAPAbIH KOHIICHTPAIMACHIH apTThIpaabl. MUKPOIJIECMEHTTEPIIH
MOJIIIIepl SNEeMIIIK ©3€H CYyJapbIHBIH OpTalla KOHIIEHTPAIMSCHIMEH CaJbICThIPFAHIA Kemecinei
perien tapanran: Ypan (U) > Kopraceir (Pb) > Meipbii (Zn) > Jlantan (La) > Crponrwmii (Sr) >
Mapraner (Mn) (S_R19).

I'MIpOIOTHSIIBIK YKOHE MeONPOCTPaHIBIKTHIK HHTeprpeTanus: [llaran ke OOHBIHIIA aJTbIHFAH
17,3 % xpickapy notmkeci (l-kecre) Opranblk AB3HSHBIH apuUATI aiMaKTapbIHAAFbl Kb
KIMMATTBIK KyprakTaHy ypaiciMmen koppemsuusiianansl (Huang et al., 2023). Overlay Tammay
HOTIKeC] (2-CypeT) Cy aiIbIHBIHBIH KbICKapybl KOJIIH TEPEeH KpaTepJlik OeJirine KaparaHjaa, Tass,
MapruHaJIbl aiiMaKTapia alKbIHBIPAK JKYPIll KATKaHbIH KepceTTi. byyn OynaHyra >koHE aybip
METaJIap/IbIH IeTyiHe eH ce3iMTall aiilMakTap OOJIBIN TaObLIAIbI.

[ToreHnuanapIK KayinTiH >korapbuiaybl: Keseri cy KeJieMiHiH a3arobl ayblp MeETallap.IbiH
KOHE PaIMOHYKIHITEPIIH Cy-TyHOA XKyieciHeri Teme-TeHairin 0y3anpl. Cy neHreliHiH ToMeHIeyl
Ke3iHJe MapruHallbl JacTaHFaH aiMakTapAblH (onapabiH 60 %-1aH acTambl yakbITIIA CUTIATKA HE)
aIIBUTYBI KOHE OJIAPBIH JKeJl IPO3USCHIHA YIIIBIPAyhl apKbLIbI JTACTAHYIBIH KalTalaMa Tapainy Kayri
TyblHAai b1 Cy KeJemi a3aifran caiibIH Cy-IIOriHAl KYHeCIHIeTT TPUTUIIIH (3H) KOHIICHTPAIIHSITBIK
JTUHAMHKACHI apPTHIT, SKOJIOTHSUIBIK TOyEKeIAepi OJIaH opi KYIICUTe/I.

4.3. I'eoaxknapammuix MOHUMOPUHSMIY 60IAUAK OABIMMADbL

[Ilaran kel CHSAKTBI TEXHOTEHIIK TeHe3Huci Oap Cy HbICaHAAphl YIIIH Y3aK Mep3iMai
re0aKIapaTThlKk MOHHTOPHHT €peKIle MaHb3Fa ue. Kasipri yakbITTa KallbIKTBIKTaH 30HJTAy
TEXHOJOTUSUTAphl MEH OYITTBIK ecentey Iuiardgopmanapbl TaOWFU JKOHE aHTPOIOTEHIK
NpPOIIECTEeP/IiH JTUHAMHUKACBIH KYWeni Typae Oakpiiayra MyMKiHAiK Oepeni. Google Earth Engine
1aTGOpMachIHBIH 0aCThl APTHIKIIBUIBIFBI - KOIDKBUIABIK CIYTHUKTIK JAEPEKTEp apXUBIHE KbIIAaM
KOJI KETKI3y ’OoHE YJKEH KeJIeMJETrl JepeKTep/ll aBTOMATThl TypJle eHAey MyMKIHJIrl. byn Tocin
allMaKTBIK JKoHE ahaHIBIK JEHTeWIeri THUIPOJOTHSIIBIK ©3TepiCTepi CalbICThIPMANBI TYpIe
Tangayra MYMKIHAIK Oepefi. COHFBI KbUITAPHI KACAHIBI MHTEIUIEKT XOHE MAIIMHAIBIK OKBITY
ITOPUTMJIEP] Cy aillIBIHAAPBIH aHBIKTAY JKOHE OJapAblH TUHAMHUKACBHIH TalAay CalachblHAa KeHIHEH
Konganbutyna. Meicaias, Random Forest, Support Vector Machine sxone HeHpOHABIK JKeiijep
CUSIKTHI KJIacCU(UKALUA OMAICTepl CHIEKTPAIJIbIK HHIEKCTePMEH Oipre KONJAaHbUIFaHAA Cy MEH
KYpPJIBIK apachlHJaFbl LIEKapaHbl JAIIpEeK aHbIKTayFa MYMKIHIIK Oepexi. Mynnait onictep NDWI
Hemece MNDWI cusKTBI A9CTYpJli MHAEKCTEPJIH HOTIDKENEPiH TOJBIKTBIPBIN, CYypeTTepieri
CHEKTPAJABIK IIyAbIH ocepiH aszaiitanpl. bomamaxkra Ilaran keml  CHAKTBI  Kypaeml
THIPOTEONIOTUSIIBIK ~ HBICAHAAPABl 3€pTTEyle THUOPUATI adrOpuTMIEpPAi KOJAAHY FBUIBIMU
HOTWDKEJIEPIIH JONAITIH apTThipa anansl. COHBIMEH KaTap KOICHEKTPJIl KoHE THIEPCIEeKTPII
CIYTHUKTIK JIEpEeKTepAIH MJaMybl Cy camachlH OaralaynblH >KaHa MYMKIHIIKTEpiH amryja.
['unepcnexTpiii ceHcopap CyAblH XUMUSUIBIK KYpaMbIHAFbI ©3repicTep/ii, 0aapIpiaapAblH KeOetoiH,
MUHEpaIaHy JEHIeHiH KOHE ayblp METalJap/blH BIKTHMAJl TapalyblH jkKaHaMa Typhe Oaranayra
MYMKIHAIK Oepei.

Bbyn onmictep paguoHYKIUATEpMEH JacTaHFaH Cy JKYHelepiH 3epTTey YIiH epeKile MaHbI3bl,
OUTKEHI MYHAAM Karjaiyapaa JOCTYpJl THUAPOXHMMHUSIIBIK OJIIeyJIepMeH Karap KEHICTIKTIK
nepektepai OipikTipy Kaxer. IllaraH kemiHIH »aFgalblHIA TYpaKThl MOHUTOPHUHI JKYPri3y TeK
THAPOJIOTHSIIBIK ©3repicTep/Ii Oakplaay YIIIiH FaHA eMec, COHBIMEH KaTap paaualiisiIbiK Kaylrci3 ik
TYpFBICBIHAH Aa MaHb3bl. Cy AeHreiiHiH ToMeHIeyl Ke3inae OYphIH Cy acThIHA KATKaH JKarajay
aifMaKTapbl ~alllbUTBIT, JKEJT JPO3WACHIHBIH ocepiHe VIIbIpaybl MYMKIH. Byl KyObLIBIC
PaIMOHYKIIUATEPIH KaiiTa TapalyblHBIH oJIeyeTTI Ke3iHe aifHamybl BIKTUMal. COHIBIKTaH
re0aKNnaparThlK TalJgay HOTIKEIEPIH PaTUuOJIOTHSIIBIK MOHHUTOPHHT JEPEKTEpiMEH OIpIKTIpYy
allMaKTBIH KOJIOTUSIIBIK KAYINICI3IT1H OaFranayablH MaHBI3IbI 2JIEMEHTI OobIn Tabbu1a bl bomamrak
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3epTTeyJIepe CITYTHUKTIK IEPEKTEPIi KIMMATTBIK MOICIIbIEpPMEH OIpIKTIPY MaHBI3Abl OaFBITTAPIBIH
Oipi Oonmak. Mpicanbl, >KaybIH-IIANIBIH, TEMIIEpaTypa oHE OylaHy CHSKTBl KJIMMATTHIK
alHBIMAJIBLIAPIbI  TUIPOJIOTHSUIBIK MOJEIBJAEPMEH OIPIKTIPE OTBIPBIN, KOJIAIH OOJallaKTaFsl
JMHAMUKAChIH Ooipkayra Oomajsl. MyHIail cleHapuilllik MOJENbICY Cy pecypcTapbiH Oackapy
CTpATETHUsJIAPBIH 93IpJIeyre JKOHE HKOXKYHENIK TOyeKeAep/l alJbiH aja Oarajayra MYMKIHIIK
Oepeni. Ocpuiaiiia, TeoaKnapaTTbIK TEXHOJOTHIAP TEK OakplIay Kypaibl FaHa eMec, COHBIMEH
KaTtap dKOJIOTHSUIBIK JKOCTIapiiay MeH OacKapy/IbIH FRUIBIMH HET131 pETiH/Ie KapacThIPbLUTYHI THIC.

5. KopbITBIHABI

JXKypri3iiren rapelITHIK jKOHE TeoakmnapaTThik 3eprrey (1995-2025 xok.) Illaran kemiHiH
THJIPOIKOJIOTHSUTBIK KYHECIHIH KypJeli opi TYpakChl3 JIMHAMUKAFa YIIbIPaFaHbIH IOJEIICII.
ATBIHFaH HOTIIKENEP HETi31H/1e KeNeCiIel Heri3ri FRUIBIME TY)KBIPBIMAAP KacalIbl:

MopdomeTpusiblK  koHe KeHIcTikTiK auHamuka: NDWI sxone Overlay Ttanmaymapbt
kepceTkeHel, [llaran kemiHiH cy OeTi ayaanbl 0ThI3 XKoL immiHae 17,3 %-ra (1,82 km?-1en 1,50 km?-
re jeitin) Kpickapran. Overlay tanmaysl cy aiiIbIHBIHBIH €H YikeH e3repicrepi (70 % naeiiin) Tass,
nepueprsIbIK MapruHAIIBI aliMaKTapia OpbIH allFaHbIH, ajl KpaTepIiH TEePeH OpPTAIBIK Oeiri
(«TUIPOIIOTHSUIIBIK ©3€T1») CabICTBIPMAJIbI TYPJIE TYPAKTHI OOJIBIN KAJFAHBIH aHBIKTAIBI.

KimuMaTTBIK JKoHE THIPOIOTHSUTBIK AeTepMuHaHTTap: Cy KeJleMiHiH a3atobIHBIH HEeTi3ri ce0e0i
- KIIMMATTBIK XbUIbIHY. TpaHCIBANOPALIUSHBIH KYIICIOI MEH JKaybIH-IIAIIBIH MOJIICPIHIH a3arobl
KOJIJIiH Cy OaIaHCHIH/IaFbl TAIIIBUTBIKTEI APTTHIP/IBL.

TexHOreH K JKOHE PATMOIKONOTHUIBIK KayinTep: Cy JCHTreWiHIH TOMEHJCYl MapruHalIbl
JaCTaHFaH alMaKTap/bl AllbI, PAIMOHYKIHITEPIIH KN JPO3HSICHl apKbUIbI KalTajama Tapaiy
KayIliH apTThIPAJIbI.

Bonamak reoakmaparThlKk MOHUTOPHHT: AJIAFbl YaKbITTa 3€PTTCYIIH 9iCTEMENK 0a3achiH
KeHeWTy Makcateinaa Random Forest skoHe HeHpOHIBIK XKeJTiiep CHSIKThI MamuHaIbIK OKbITY (JKI1)
QITOPUTMJICPIH KOJIAaHy IKOcHapiianyna. by ofmicTep pajaMOHYKIHITEPMEH JIaCTaHFaH Cy
KYHeepiH KeIlleHi 3epTTeyAe >KOHE JKOJOTHUANBIK ToyeKenaepAl Ooipkayna »KOFapbl JONAIKTI
KamMTaMachl3 eTe/ll.

6. Kochimma maTepuangap: Koceimia Matepuaniap oK.

7. ABTOpJIapABIH YJIeci:

Konnenryanuzanus — [LIIL.; ogicteme — HI.I11.; Garmapnamansik kaMmramacs3 ety — LILII.,;
3eprrey — HLII., M.M.; pecypcrap — IL.II., M.M.; axmictemeHi a3ipiiey, 3epTTey MaTepHallJapbIMEeH
KaMTaMachI3 €Ty, keTeKuIiaik — M.M.; MoTiH/1 AalibIHAay, OHACY KoHe Tannay xkyprizy — LI

8. ABTOpJIap TypaJbl aKnapar

MycabaeBa, Mepyept - r.r.1, aouent, JLH. DI'ymuneB arbingarel Eypasusi yiTThIK
yauBepcuteTi, Kaxxpimykan kemr., 13, Acrana, Kaszakcran, 010000; mussabayeva mn@enu.kz,
https://orcid.org/0000-0003-4318-9950

[axap6ek, [ankap - maructpant, JI.H. 'ymuneB ateingarsl Eypasust yATTBIK YHUBEPCUTETI,
Kaxeimykan  kemr., 13, Acrana, Kasakcran, 010000; shalkar.shex11l@gmail.com,
https://orcid.org/0009-0006-5472-7389

9. Kapakblianapipy: ChIpTKBI KapKbIIaHIBIPY OOJIFaH KOK.

10. Aarbic 6iaaipy: ABTOpiap FapBIITHIK ACPEKTEpAl alllblK KOKeTiMAl Typrae ycbiaFaHn USGS
xoHe Copernicus OarmapiamainapbiHa anrbic Oinmipeni. CoHbIMEH KaTap 3epTrey OapbIChIHIA
KOHCYJIbTAIIMSUIBIK KOJI/1ay KOPCETKEH Kadeipa YKbIMbIHA PU3AIIBUIBIKTAPbIH OUTIIpei.
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Study of the hydroecological dynamics of Lake Chagan over the last 30 years
using remote sensing and gis methods

Meruyert Musabayeva, Shalkhar Shakharbek

Abstract: This research article is dedicated to the analysis of the spatio-temporal dynamics of Lake
Chagan. The primary scientific goal is the quantitative assessment of the spatial changes in the water
surface area over the period 1995-2025 and the identification of the climatic determinants, as well as
the anthropogenic stress factors linked to the lake's nuclear heritage, that influenced these changes.
The research methodology involved processing Landsat 5, 8 and Sentinel-2 satellite data on the
Google Earth Engine (GEE) platform to calculate the Normalized Difference Water Index (NDWI).
Comparative analysis was carried out using the Union Overlay geospatial analysis tool in the ArcGIS
Pro environment. The main results of the study reveal that the lake's water surface area decreased by
17.3 % (from 1.82 km?2 to 1.50 km?) over three decades. This shrinkage is directly linked to regional
climatic warming (with an average warming trend in Kazakhstan of 0.31 C per decade) and increased
trans-evaporation. The scientific value of the work lies in demonstrating the ecosystem instability of
this unique hydrogeological feature within the Semipalatinsk Test Site and contributing to the
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assessment of its ecological safety in the context of radionuclide (tritium, plutonium) contamination.
The practical value of the results provides a crucial scientific and methodological basis for developing
sustainable water resource management strategies.

Keywords: Chagan Lake; NDW!I; ArcGIS; climate change; water balance; geospatial analysis;
nuclear heritage.

HccaenoBanue ruipo3KkojJorudeckoil nmuaMuku ozepa Yaran 3a nociaennue 30
JIET € UCINO0JIb30BAHMEM KOCMUYECKHUX U reOnH(POPMAIIMOHHBIX METO/I0B

Mepyept MycabaeBa, lllaaxap Illaxapoex

AnHoTamms: JlaHHas MCClIEAOBATEIbCKasi CTaThsl IIOCBAIICHA aHAIU3y MPOCTPAHCTBEHHO-
BpeMeHHOM uHamMuku o3epa [llaran. OCHOBHOI Hay4YHOU LIEJIBIO SBISAETCS KOJMUECTBEHHAS OL[CHKA
MIPOCTPAHCTBEHHBIX W3MEHEHHWH IUIOIAAM BOJHOW ToBepxHOCTH 3a mepuon 1995-2025 rr. m
BBISIBJICHUE KIMMAaTHYECKUX JAETEPMHHAHT, a TAK)Ke aHTPOIIOTCHHBIX CTpecc-(PaKTOPOB, CBA3aHHBIX
C SICPHBIM HACIEIUEeM 03epa, KOTOpbIC OKa3ajiHM BIUSHHAE HAa 3TH W3MEHEHHs. MeTonosorus
UCCIIeI0BaHMs BKITIOUaia 00paboTKy CIyTHUKOBBIX AaHHbIX Landsat 5, 8 u Sentinel-2 na o6nautoii
wiatpopme GoogleEarthEngine (GEE) ¢ pacuerom muzekca NormalizedDifferenceWaterindex
(NDWI). CpaBHUTeNbHBII aHAU3 PE3yJIbTaTOB ObLT MPOBEICH C HCIIOJIB30BAHUEM HHCTPYMEHTA
npoctpaHcTBeHHoro ananusa UnionOverlay B reoumndopmarmonnoit cucreme ArcGISPro.
OcHOBHBIE pe3yNnbTaThl pabOTHI IOKAa3bIBAIOT, 4YTO IUIOMIAAb BOJHON TIOBEPXHOCTH 03€pa
cokparuiack Ha 17,3 % (¢ 1,82 xm? mo 1,50 xM?) 3a TpUANATHICTHUI TIEPUOA. DTO COKpaIICHUE
HaIMpsIMYIO CBSI3aHO C PETHOHAJIBHBIM MOTEIUICHHEM KJIMMaTa (CO CPeIHUM TPEHAOM IOTEIJICHUS B
Kazaxcrane 0.310C 3a pmecsTmiieTHie) W yBeTMYEHUEM TpaHCABamopanuu. HaydHas 3HaUMMOCTh
paboOTBl 3aKJIIOYaeTCsl B JIOKA3aTENbCTBE SKOCHCTEMHOM HECTaOMIIBHOCTH A3TOTO YHHKAJIbHOTO
THJIPOTEOIOTUYECKOT0 00BbeKTa Ha TeppuToprH CeMUTIAITATUHCKOTO IMOJTUTOHA ¥ BHECCHUH BKJIA/A B
OLIEHKY €ro IKOJOTWYEeCKOW Oe30MacHOCTH B YCIOBHUSX 3arps3HEHUS paJluOHYKIHIaMU (TPHUTHH,
wiytonuil). [IpakTudeckas EHHOCTh PE3yJIbTATOB CIY)KUT BaXKHOW HAay4HO-METOJ0JOTHYECKON
OCHOBOW IS pa3pabOTKK CTPAaTETuil yCTOMYMBOTO YIIPABICHUS BOAHBIMU PECYPCaMH.

KuaroueBbie cioBa: osepo Illaran; NDWI;, ArcGIS; usmenenuwe knumaTa; BOAHBINA OanaHc;
T'eONPOCTPAHCTBEHHBIN aHATN3; AICPHOE HACTIE/IHE.

167



XFTAP 39.21.02
I'eorpadus
FrubivMu Makana

A3BIK-TYJIIK OesiieyiH 3eprreyaeri reorpausjiblK aJFbIIIAPTTAP KYHeCiHiH
dlicHAMAJIBIK Herizaepi

I'yasnapa Ocnanosal, Anum Mpuikaiinapos?, Aiirepum Cancbiz6aesa’™

Jloiiexco3: OcmanoBa, I,
Mputkaiinapos, A.,
Cancei3b6aeBa, A. (2026).
ABBIK-TYJK Oenzeyin
3epTTeyAeri  reorpagusuIbIK
AIFBIIAPTTAP KyHeciHiH

omicHamanbIK Herizgepi. JIL.H.
I'ymunes atbigarsl EYY-HiH
Xa0apIIbIChL. Xumus.
Teorpadust cepusicer, 155(2),
168-185.
https://doi.org/10.32523/3107 -
278X-2026-155-2-168-185

AKaJeMHUYEeCKHI
H.E. PamazanoBa

penakTop:

Penakrusra tycti: 19.02.2026
Tyzerinmi: 18.05.2026
Kaowsumanapsr: 11.06.2026
BachuibIMFa MIBIKTHL:
30.06.2026

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/)

JILH. Tymunes arteiagarsl Eypasust yITTBIK yHHBEpPCHTETi, AcTaHa,
Kazakcran; ospanova_l4@mail.ru, sansyzbayeva.ab@mail.ru
Zon-dapabu  atelHgarsl  Kasak  yITTHIK  yHHBEPCHUTETI,
Kazakcran; mylkaydarov@mail.ru

*Koppecnonaenius: sansyzbayeva.ab@mail.ru

AnMarsl,

AnpaTna: Makanana a3bIK-TYJIIK OeNeyiH 3epTTeYiH TEOPHSUIBIK KOHE
olicCHAMaJbIK  Heri3i  periHme reorpadusyiblk  (akropiap  MeEH
reorpadUsaiIbIK QIFBIIAPTTAP JKYHECl KapacThIpbUIa[bl. 3epTTeyIiH
©3CKTUIr ipi KajalblK arjoMepanyusuiap MaHbIHIA —a3bIK-TYJIK
KayiNCI3[IriH KaMTaMachl3 €Ty, OHIM KEeTKI3YAIH TYPAKThUIBIFBIH CaKTay
JKOHE Kajla MEH aybll apachlHIAFbl KEHICTIKTIK-DKOHOMHUKAJIBIK
OaiiaHpICTEl THIMII YHBIMIACTBIPY KAKETTLIINMEH alKbIHAa b,
['eorpadusnblKk ETEPMUHU3MHEH Oactam Kas3ipri IKYHelmiK KoHe
Kemn(paKToOpibl TanAay TOCUIAEpiHE NEHIHT1 FBUIBIMH KO3KapacTapiblH
HBOJIIOIMSICH JKHHAKTAJIBII, OJapAbIH a3bIK-TYIIK Oenaeyin Oaranay arsl
KOJIIaHOAIbI MOHI allIbUIIBL. 3epTTeY o/licTeMeC CaNbICThIPMAIbI-TAPUXHU
TaJIay, TCOPHSUIBIK KUHAKTAY, KYHeNey )KOHE KOTICHI eI (PaKTOPIIBIK
Tajujay Tocuiepine Herizfensi. JYMBICTBIH HEri3ri HOTHXecl peTiHie
TaOUFU-arpOdIKOJIOTHSUIBIK,  QJIEYMETTIK-DKOHOMHUKABIK, KEHICTIKTIK-
JIOTUCTUKAJBIK JKOHE HMHCTUTYLHOHAIIBIK (hakTopiapabl OipiKTipeTiH

«paktopiap — JOEHreunIep — KOPCETKIITEp — HOTIKE» Karuaachl
YCHIHBUIIBL. Bynm KarFupa  a3pIK-TYJiK  OenjeyiH  oOJbic,  aybLl
HlapyambUIbIFbl  aiiMarbl, OKIMIIUIIK  ayJaH JKOHE  KOCIIOPBIH

JieHreinepinae Oaranayra, KOpCeTKIIITEep/lI HOpMallay MEH CalMakray
apKblJIbl HMHTErpaijibl KOPBITBIHABI KacayFa MYMKIHIIK Oepei.
¥YcoiHplFaH Tocin  ocipece Kaszakcran MeH Optaiblk  A3usgarsl
ypOaHmany ynepici KYyIIEWreH, Cy >KoHE XKep pecypcTapbl MIEKTEYi,
JOTHCTUKAJBIK ~TOyEKeJAep OJKOFapbl ailMakrap YUIIH MaHbI3/bI
onicHaMalbIK Heri3 0oJia ajajbl.

3epTTeyaiH MakcaThl - a3bIK-TYJIK OenjieyiH 3epTTeyae reorpadusibik
aNFpIIIAPTTAP KYWECIH o/ICHAMAJBIK TYPFBIJAH HETI3JIey KOHE OHbI
KEHICTIKTIK JKocmapiay, arpOeHEpKaCill KelleHIH OpHaJacThIpy, a3bIK-
TYJIIK KayIlCI3AINiH KaMTaMachl3 €Ty MiHJETTepiMEeH OailiaHbICThIpa
KapacTeIpy.

Tyiiin ce3nep: dakTop; a3pIK-TYNIK Oenjeyl; pecypc; AETEPMUHHU3M,;
SHBapOMEHTAIU3M; OpPTAJIBIK-TIepUpepHs.

1. Kipicne

OneMaik reorpadus FRUIBIMBIHAA TApUXU TYPFBIIAH aJamM3aTKa
KOIKBIPJIBI dCep €TeTIH TIeorpaQusuiblK KardalaapAblH KYpbUIBIMBI,
KypaMbl MEH JKaJllbl Ma3MyHBIH TYCIHIIpeTiH OipHeme Hycka
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KajbinTacTel. COHBIH HOTHXKECIHAE TreorpadusuiblK OpTaHbl OPTYPJi KbIPBIHAH TYCIHAIPETIH
OarbITTapAbIH BIKNANE! 1970 sKbU1iaphl «KOpIIaraH OpTa» YFBIMBIHBIH KeH KOJIIaHBICKA CHYIHE aJIbIIl
KeJai. AgaM3ar KOFaMbl MEH TeorpadusuIbIK OPTaHBIH ©3apa dpeKeTTeCcyiHe KaThICThI pobaemarnap
KCIICHIH/IE €Ki aCMeKT aMKBbIHAANAAbl, OJNIApIbIH OpPKAHCHICHIHA JETeH KBI3BIFYIIBUIBIK KOFaM
JaMyblHa Kapail esrepin oteipabl (Zaitsev, 2019).

Taburu >xarmaiimap MeH TaOWFU pecypcTap KOFAaMHBIH JKEKE JKOHE Y)KBIMABIK KbI3METIHIH
AIIFBIIIAPTHI OOJBIN TaObUIAABI. 3epPTTEyLIIep MEH FaIbIMAAPABIH €HOEKTepiHie «reorpadusiibk
ANFBIIIAPTTAP» )KOHE «reorpadusuIbIK (GaKTopIap» YFeIMIAphl KOOiHECE dJIeyMETTIK, 9KOHOMHUKAIIBIK
’KOHE MOJICHM OMIpJiH TYPJIi KbIpJIapblHa, COHIAN-aK opTYpJ MOJICHHETTEP MEH YITTapblH Oiay
TociIaepine BIKIANbI TYpFBIChIHAH KapacThipslaansl (Nisbett, 2004).

Conpaii-ak KIMMaT, pecypcrapFa KOJDKETIMIIUIIK JKOHE TaOWFW KeIeprijiep CHSKTHI
reorpadusUIbIK  (aKToOpiIap OPKEHUETTEPIiH TapuxW JaMyblHa, COHJAH-aK eNJepAiH Jamy
JCHTeHIHIeT] aifbIpMAIIBUIBIKTAP IbIH KaJblnTacybiHa acep erti (Diamond, 1999).

Koram namybiHarsl reorpadusiibik (Taburn) hakTopiapra JereH Kke3Kkapac IdyipAeH Ioyipre
©3Tepil OTHIPAAbl JeTeH TYKBIPBIM aWThUIaAbl. Byl e3repic FHUIBIM MEH KOFaMHBIH JaMYbIHA,
COHMaii-ak TaOWFW KarnaiyapAblH e3repyl MEeH TaOWFU pecypCTapiblH a3aloblHA OailJIaHBICTHI
TYCIHAIpiTei.

Kazakcran meH Opranblk A3us jkargaiiblHAa Oyl Mocelne epeKile MoHre ue. ANMakra
ypOaHgaly KapKbIHBIHBIH ©Cyi, acTaHa >KOHE ipl Kamajap arjioMepanysulapblHbIH KEHEwi, Cy
pecypCTapbIHbIH MEKTEYIIUTIr, aybll IapyalIbUIbIFbI XKEePIIEPiHiH OPKEJIKi OpHAIacybl )KOHE CHIPTKEI
HapbIKTapFa TOYeNAl JIOTHMCTUKAIBIK apHalap as3bIK-TYJiK OenjmeynepiH FBUIBIMH  HeETi3ze
Kocmapnayabl Tanan eremi. COHABIKTaH 3€pTTEYAiH KoJnaHOAmbl OarbIThl TeorpadHsuIbIK
QIFBIIIAPTTAPIBl  TEK TEOPHSUIBIK KaTeropust periHige emec, KazakcraHmarbl — KaJlaJbIK
araoMepanusuiapAblH  a3bIK-TYJIIKIIEH TYpPaKThl KaMmMTaMachl3 eTUTyiH OarallalThlH KEHICTIKTIK-
o/liCHAMaJIBIK KYpaJl pETiH/Ie KapacThIpyFa HeTi3eNe/i.

2. Martepuajnaap MeH dicrep

Makasa omiCHaMaNbIK MOy JXKOHE TYKBIPhIMIAMAIBIK MOJeNb YCBHIHY CHIAThIHA We.
CoHJIIBIKTaH 3epTTey asAChIHJIa HAKThl OHIp OOMBIHINA TOJBIK 3MITMPUKAIIBIK €CENTey KYpri3iaMeni;
YCBIHBUIFAaH MOJEJIbJII anpodanusiay Kejecl 3epTTey KEe3eHIHIH MIHAETI PEeTiH/e KapacTbIpbLiabl.
bonamiak sMNUpHKaIBIK TEKCEpyAe PECMM CTATUCTHKA, OKIMIIIIIK JEpeKTep, KOCIMOPBIHABIK
aKmapar, >kep naijanany Kabarrapsl, KeJliK *keJlici, Cy pecypcTaphl )kKoHE HapbIKKa KOJKETIMILUTIK
KOpCEeTKIIITepi MaiaanaHpuybl MyMKiH. KepceTkimrepai canmpICThIpy YIIiH MiN-max Hopmanay,
capanTaMaiblK HEMece aHAIWTHUKANBIK CajMaKTay, COHIal-aK CajJMaKTapAblH e3repyiHe
Ce3IMTAIIBIK TaJAaybl KOJAAHBUTYbI YCHIHBIIA/IBL.

Koram MeH TaOuFaTThIH apakaTblHAChl Typajibl FRUIBIMHM OWJIBIH OacTaysapbl €XKemri 19yipJeH
KajblnTaca Oactanpl. KoraMHBIH pyXaHU eMipiHie Taburar OeiiHeci opAallbiM MaHBI3Jbl OpBIH
aIFaHbIMEH, OHBI (UIOCODHUTBIK-TEOPHSUTBIK JCHTEHIe KyHenl TYCIHAIpY KEeHiHT1 Ke3eHIep/e
Kkymeiai. Oceiran GaiyaHbICTBI 3epTTey/e reorpadusuiblK (aKTOPAbIH KOFaM JaMybIHA BIKIAJIbI
KOHIH/IET1 KO3KapacTapIblH TapUXH IBOJIOIIICH KE3CHIIEY, CATBICTRIPMaJIbI-TAPUXHU TajIay KOHE
JIOTHKAJIBIK JKMHAKTay TOCUIAEpl apKbUIbl KapacThIPbUIABL. ©OneduerTepi ipikTey OapbIChIHAA
«reorpadusuIbIK GaKkTop», «reorpadusuIbIK OpTa», KKOpLIaFaH OpTa» YFbIMIAPbIHBIH Ma3MYHBbI KOHE
oJappl TYCIHAIPY JIOTUKAChl CalbICTHIpbULABI. Temenneri l-kectene op noyipae reorpadusiibk
(bakTop KOHIHJEr1 TYCIHIKTI KaJIBINTACThIPyFa BIKIAJI €TKEH HEri3ri OWIbUIIap MEH eHOeKTeperi
©3€KT1 TY)KbIPbIMJIAp JKYHENEHII, oJlapblH Ka3ipri KojjaHOassl 3epTTeyaepaeri 9iCHaMalbIK MoH1
KOpCeTUII.
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Kecre 1. FruipiMu reorpadusuiblk MEKTENITEpAETI TeorpadusiIblK HeTi3r1 akTopiap

FrinbiMu reorpagusiabik MekTenTepaeri reorpagusiabik ¢gakrop

KepHexkri exinnep MeH

Herisri unes

OJIicHaMaJIbIK MaHbI3bI

Burpyswuii (6.3.1. | £.)

Ke3eHIep
| |
AnTuk noyip (6.3.0. V-1 ££.)
Apucrorens  (6.3.1. 384-322), | Knumar nen taburu >karmainapabie | @akTopiblK — TYCIHOIpYMiH ~ OacTamksl
[TonnOuit (6.3.1. 200-120), | xanmbIKTBIH JAcHE OiTiMi, OJET-FYPIIbI, | IOTUKACKIH Oepesi: TaOWFW IIapTTapIbl
IMocumonuit  (6.3.1.  135-51), | mapyambuibEs! JKOHE casiCH | KepceTkinke  (kiumar, Ccy,  JKep)
Crtpabon (6.3.n. 64/63-23/24), | popmanapsiHa bIKIaIb! (TaOUFU OpTa - | altHAIABIpYFa JKOHE ceberm-canmap
lunmokpar  (6.3.1.  460-370), | KoFaM epeKxIieniri) OalTaHBICHIH KYpyFa HETi3

Opma 2acvip

No6n Xanayn (1332-1406) XampIKTap MEH TaiinanapasiH | Taburu OpTaHbI QIICYMETTIK
TaOUFaTbl MEH  OIeT-FYPIBIHJAFbl | KyOBUIBICTApMEH OalnaHBICTBIPY
aflbIpMalIbUIBIKTApABl TaOWFM JKOHE | TOKipuOeci: Kasipri kyiemik  yirige
KJIMMaTThIK JKarIainapablH | TAOMFH KOHE QJIeyMETTiK-DKOHOMHKAJIBIK
BIKITAJIBIMEH TYCIHIIpY OJIOKTapabI OalimaHbICTBIpYFa

o/liCHaMaJIbIK HeTi3
XVI eaceip

Kan Bonen (1530-1596),
«MeMIIeKeT TypaJTBl ajIThl KiTam»

[eorpadusuiblk GaKTOpABI MEMIIEKET
neH OacKkapy MocelleciHe eHTizy (opTa
MEMIIEKETTIK KYPBUTBIM)

WucTHTYynHOHANIBIK —exmeMaepai  (kep
maiianaHy, SKocmapiiay, MEMJICKETTIiK
Kosiay) (hakTOpJBIK TajjayFa KOCYAbIH
JIOTUKACHIH KAJIBIITACTHIPAIbI

XV zacvipoasvl kesxapacmapowiy 0amysi

XKIK. Pycco (1712-1778), A.P.
Tropro (1727-1781), 118
Mosmureckbe (1689-1755), «3anmap
PYXBI TypaJbh»

TaOurar

- OPKCHUET KaTbIHACHI,

QJIEYMETTIK YHWBIMHBIH [IapyallblIbIK

TocLIIepMeH
reorpausuIbIK  JKOHE

casiacu

[IAPTTaNYBI;
QJIEyMETTIK-
(dakropmapaslH  OaiIaHBICHI

(meTepMUHI3M SIIEMEHTTEP1)

dakropnapabl  KONKBIPIBl  TYCIHIIpYi
Kylieiteai: Taburu + MIapyamibuiblk +
casgcar. Byn kazipri «Omokrapra Oemy»
JKOHE KOPCETKIIITepIi Kylieney
KaruJachlHa HeTi3

XIX eacvipowiy Oipinwi scapmuvlcbindavl KO3Kapacmapovly 0amyvl

Kapn Purrep (1779-1859), «XKep
Typansl FbUIBIMY; Bukrtop Kysen

leorpaduss MeH Tapux OailIaHBICHL;
SJIZIIH TapUXTAaFrbl POJIiH TeorpadusIIbIK

AWMaKTapbl CaNBICTBIPY MCH 30HAaNayFa
HETi3: ayMaKTapAbl «KOJIAaWIbl, IEKTSYITi»

JIaMBITY

(1792-1867) epeKIIeNiKTepiMeH OaillaHbICThIPY 30HaJapra Oeny JIOTUKAChIH
KaJIBIIITACTBIPA/IBI
XIX 2acvipoviy exinuti scapmulcblHOa2bl KO3KAPACMAPObIH 0AMYbl
I'enpu Boxus (1821-1862) leorpadusinblk  GakTopapl  KOFaM | OJEYMETTIK-MOJIEHH  allHbIMasbLIap/ibl
KYpBUIBIMBI, [T[iH, MOpalb CHSAKTHI | CHTi3y ToXxipubeci: KOJITaHOAITBI
eIIIeMAEePMEH 0alIaHBICTHIPHIN | 3epTTEyIe QIIeyMETTIK 61ox
TYCIHIIpY; AETEPMUHHM3M HJSSUIAPBIH | KOPCETKIMTEepiH (enbex, TYTBIHY,

KOOTIepallysi) TaHIayFa HeTi3
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XIX 2. Mapkcucmix mexmen

I'B. [IlnexanoB (1856-1918), | ['eorpadmsubik (aktopasl memiekeT | «bip fana cebem» emec, IAPTTapIbIH
«Tapuxka MOHHCTIK KO3KapacThl | TAaFABIPhl MEH KOFaMIBIK IaMyJaFbl | KUBIHTBIFBI MAESCHI: (DaKTOpiapabl xyhe
JAMBITY MACEJIECIHE mapTTapably Oipi peTiHAe TYCIHIAIpY | peTiHAe eIley JKOHE calMaKTajFaH
WHAWKATOpJIapMeH OarajiayFa Heri3

XX 2acvipowiy 6acvinoasel 3epmmey Oa2bimblHblH 632epyi

Iepbepr Crmencep (1820-1903), | FeubiMmmap — ToFbichl,  Tocimmepmid | KeHicTikTik — Tammay  MeH O Ky#enik
®punpux Parmens (1844-1904) JKaHApYBI; TeorpadusblK (HaKTOPABIH | CHHTE3AiH (KapTorpadusiiay, MOICIBALY)
KOFaM JaMyblHA BIKIANBIH OPTYPNi | KAKSTTUNITiH  OfiCHAMANBIK  TYPFBIIA
MOHIEpMeH Oipre TyCiHIipy aKTa b1

Kasipei sepmmeynep (XX-XXI eaceipoviy b6acwt)

Apuonsn  Toinou (1889-1975), | Opkenuertep Teopusichl; | Taburu pecypc (Ccy) MEH HMHCTHTYT
«TapuxTel TYCIHY»; Kapn | reorpadusuibik Karnainap/ablH | OaliaHbICBIH KepceTeli: Cy pPecypchl,
Burdorens (1896-1988), «llIbirpic | (ocipece Cy pecypCTapblHBIH) CasCH | HPPHUTALHsI KOHE Oackapy
necnoti3Mi» (1957) KYpBUIBIMIAP MEH Oackapyra | HHIHKATOPJIaphIH OMICTEMEIIK MOJEIbIC
BIKIAJIBIH CUIIATTay EHri3yTe Heri3

Eckepry - Onebuertep Heri3inae aBropiaap Kypacteipran (Hippocrates, 1994; Montesquieu, 2011; Mukitanov, 1985)

XKorapsina 6epiiren 1-kectene reorpadusuibiK GakTop Typaibl Ke3KapacTapAblH JaMybl YII ipi
ypaic apkpuibl Oaidikamazipl. bBipiHmni ke3eHnue (aHTHK-opTa Facelp) TaOWFU OpTaHBIH, dcipece
KJIMMATTBIH KOFaM eMipiHe ocepi Oacramkbl ceOenTik OaiaHbIC PETIHAC TYCIHAIPUII: TaOUFH
JKarJail — XaJbIK epeKIIeNir — mapyalblUIbK )koHe Oackapy dpopmanapsl. Exinmi kesenae (XVI-
XIX fr.) reorpadusiblK (aKTOPABIH Ma3MYHBI KEHEHIlN, TaOUFH MIapTTap MEMIIEKET KYPBLIBICH,
KOFaMJIBIK YIBIM, ODKEHHETTIK JaMy CHSKTHI ipi KaTeropusuiapMeH OaiIaHbICTBIPBUIIBI, OCHI APKBLIBI
reorpadusuIbIK opTa Oip FaHa «TaOUFU POH» emec, KOFaM JaMybIH TYCIHJIIPETIH KONKbIPIIbI MIapTTap
JKUBIHTBIFBI PETIHJEC KapacTeipbuia OacTamsl. YmriHmi kedeHae (XX f. OachiHaH OyriHre IeiiH)
FBUIBIMJIAp TOFBICHI KYIIEHiMN, reorpadusiblk (akToOpabl TaJjayAa JIeyMETTIK-9KOHOMUKAIIBIK XKOHE
MHCTUTYIHMOHAIABIK eJIILIeMAepMEH Oipre KapacThlpy KaKeTTIrl alKbIHaNIbI.

Ocbl Tapuxu 5BONIONMSA Ka3ipri KojjaHOajabl 3epTTeysiep YIIIH MaHbI3Jbl dAiCHAMAJIbIK
KOpBITBIHBI Oepeni. ['eorpadusansik daxTopabl «Oip ceOem» peTiHAe eMec, KOICHTrein xyiie
perinae yreiHy KaxeT. COHIBIKTAH a3bIK-TYJIK OenjeyiH 3epTTey OapbIChiHAA reorpadusiibK
AIIFBIIIAPTTAP/IBI JKYHeney (TaOMFH-arpOdKOJIOTUSIIBIK, 9JCYMETTIK-9KOHOMHUKANBIK, KEHICTIKTIK-
JIOTUCTUKAIIBIK, MHCTUTYIIHOHAIIBIK OJIOKTAp), Op OJIOKTHI OJIIICHETIH KOPCETKIIITEPMEH CHIIATTAY
’KOHE HOTIDKEHI KEHICTIKTIK miemriMre adHamaelpy (kaprorpadusiiay, 3oHanay, OachIMIBIK
aliMaKTap/Ibl Oenrisey) Heri3ri oliCHaMaIbIK TalalKa aiHasa bl

Ochbl TypFBIIaH anFaHna, «pakTopiap — JIEHTeIep — KOPCETKIMTEp — HOTHKE» KaFuIachl
TapUXH TEOPHSUIBIK YCTaHBIMIApZbl KoJAaHOanmbel Oaranay TuUliHE Kewripendi, (akropiap xyieci
HAKTBhI WHIAKATOPJIAP apKbUIBI OJIIICHE ], AeHreinep OoibiHIIa (KepriTiKTi-ayJaH/IbIK-aiMaKThIK)
CaJIBICTBIPBUIAJIBI, Al MHTETPaj/ibl HOTHXKE KEHICTIKTIK JXKOcmapiiay MeH Oackapy LemmiMiepiH
Herizneyre Kpi3MeT ereni. Jlemek, kecrene OepiiareH uaessap dBOIIONUICH a3bIK-TYJIK OenaeyiH
Oaranay/bIH Ka3ipri olicHaMalIbIK YJTICIH HEri31eUTiH TEOPHUSIIBIK ipreTac peTine KapacThlpbUIabl.

byn Gemimae makana aschIHAA aJbIHFAH HETI3T1 TEOPUSUIBIK JKOHE OJ[ICHAMAJIBIK HOTIKEIEP
Oepineni: reorpadusablK (AKTOP YFBIMBIHBIH HBOJIOLUACH, OHBI KOI(paKTOpJbl Kyile peTiHne
TYCIHAIPY JIOTHKAChl >KOHE a3bIK-TYJIK OenjeyiH Oaranayra OeMiMIENTeH TYKbIpbIMIaMalbIK-
o/liCHAMaJIbIK HETi3.

3. HoTu:keuep

benrini 6ip enaiH oneyMeTTIK-9KOHOMHUKAIIBIK TaMybl TaOUFH (pakTopiiapra TiKeIeH Toyemni
JereH OoJbKaMFa CYMEHreH IYHHETAaHBIMIBIK TYXKBIpbIMIAMa JOCTYPIL TYPAC 2eoepahusiivbiy
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OdemepmuHuzm JeN atanajabl. TaOUFATTHIH BIKNAIBIHA OAaCBIMABIK OepreH Oyl OarbITTBIH OKijaepi
[I. Monteckbe MeH [I. Jluapo XabIKTBIH TaOMFATHIH €H aJJbIMEH KJIMMATTBIK >KaFrJal apKbLUIbI
aHbIKTayFra 00J1aibl AereH mikipai yesiaas (Montesk'e, 1955).

['eorpadusnabiKk IeTEPMUHU3M HACSUIaphl KalTa epliey AdyipiHeH OacTaln jkaHa CEpITiH aJIbII
XVI raceipna XXan boaeHHiH eHOekTepiHae aWKblH KopiHic TanThl. O  XambIKTapIbIH
epEeKILETIKTEePIH KIMMATTHIK JK9HE 03T¢ Jie reorpadusuIbIK KargaiiapMeH TYCIHAIpyMEH KaTap, OChl
(bakTopiIapIbiH OPTYPJII MEMIIEKETTEPIIIH OJICYMETTIK-CasiCH KYPBUIBIMBIHBIH KaJTbIITACYBIH IAFbI
peuti )eHiHAe KOpbIThIHABLTAp kacaabl. Ketinipek XVIII racsipga MoHTeckbe reorpadusiibK KoHE
QNIeyMeTTIK-cascu (akTopyapblH OalIaHbICHIH XYHeNl TypAe Taujar, Oyl OaFbITTHIH TEOPHUSIIBIK
HEr131H KEHENUTTI.

Koram MeH KopiiaraH opTa apacsiHaarsl 6ainanbic Macenenepi 1960-1970 xpuiapsl epexiie
e3eKTUTKKe ue 001161, OCchl Ke3eH ae TeorpadusIbIK (paKkTopiapaplH KOFaMFa BIKITAJIBIH TYCIHIIPETIH
KaHa TCOPHUSUTBIK OAFBITTApIABIH Oipi PETIHIE 9HEAUPOHMEHMAaau3M KATBIITACHII, 0aThIC FHUIBIMH
MEKTEITEePiH/Ie JaMbIIbI.

Hotmwxkecinne KoraM MeH TaOWFAaTTBIH ©3apa OpEeKETTeCYiH 3epTTeyAe TIeorpadusuIbIK
bakTOpIbIH peJiH Kyieni Typae Oaramay >KOHE OHBI Kaszipri oleyMeTTiK-reorpadusiibIK
yaepicrepMeH OailTaHbICThIpa Tajiay FHUIBIMH TYPFbIJIAaH MaHBI3AbI MiHACTKE aiHamabl (Anuchin,
1982).

Koram MeH TaOuraTThlH 63apa OpeKeTTeCyiH TyCiHAipeTiH OipTyTac reorpadusIIbIK-
JNETEPMHUHUCTIK TYXbIpbIMaaMmanapasiH 0ipi XIX raceipabiy OipiHmn sxapTeickiHga K. Putrepaig
eHOekTepinae KaibmracTel. OChl Ke3eHHEH Oactam reorpadusiga Typiai OarbITTap MEH FhUIBIMU
MEKTenTep naiga OOJbII, OJapablH eAdyip 06eiri JeTepMUHHUCTIK YCTaHbIMFa cyiienai. ConapIbiH
immiHgeri eH bIKnanabl OarbITTapAsiH Oipi — anTponoreorpadus, on K. Purrepnin maesmapbiMeH
cabakracei, keiiin I'. Criercep meH ocipece ®. Patiensain enbexrepinae xyienenai (Gladkii et al.,
2021).

XX FacwIp/IbIH €KiHIII KapThIChIHIA Eypasusiibik reorpadusuiblK 1eTepMUHA3M MEKTe01 KaifTa
xannanael. by ypaic X1X — XX racbIp/ibIH 0achIHIaFbl OpbIC TeorpadusIbIK MEKTEO1HIH FHUIBIMU
Mypackl MEH TOCTKEHECTIK KE3€HJET1 OpPBIC ONEYMETTIK OWBIHJA KaJbIMTaCKaH TeorpadusIbIK
JCTEPMUHU3M  OAFBITTAPBIHBIH ~ WACSUIBIK  CA0aKTaCTHIFBIMEH THIFBI3  OalIaHBICTBI  OOJIIBI
(Abdurazakov, 2011).

Ocsl Typreiian Pecelinig Oenrimi reorpagel B.A. AHyuuH o3 3epTTeynepiHie TaOuru
XKarjainap MeH TexHocepaHBbIH aJamM3aT KOFaMmblHA TIKeJeH BIKMANBIH 2eocpagusanvlk (axkmop
petinne cumartaiinbl. Conpaii-ak, M. Me4HMKOB KOFaMHBIH JaMybIHAA Cy KEHICTIT opKaliaH
ey Gpakrop 6osranbl Typansl mikip aiTtel (Mechnikov, 1995).

4. Tanpay

XIX raceipapiH asfbl MeH XX FachIpJbIH OachIHAAFbl KaJBINTACKAH PECEIIIK FHUIBIMU-
reorpadusIbIK  MEKTENTEpIiH Ke3KapacTtapbl reorpadusuiblk  (pakTop MeH TeorpadusibK
QIFBIIIAPTTAP YFBIMAAPBIH KaJBIITACTHIPYAa MaHBI3IbI PO aTKapaasl. byn ke3eHnme aranmrad
YFBIMAAPABIH JaMyblHa YJeC KOCKaH KOITEreH FalbIMAApAbIH EHOEKTEpl TOMEHJIETi KecTene
KyleneHin OepuireH.

Kecte 2. Peceliik FBUIBIMH MEKTENTEP/IiH KOPHEKTI OKUIACPIHIH TeorpadusiibiK (akTopiapra
KOe3KapacTapbl

KepHekTi 3epTTereH rajpiMaap FouabiMFa KOCKaH yieci I'eorpadusansbik pakTopra
KO3Kapac

I1. I1. Cemenog Tan-ILllanckuii eeocpaghusnnvix mexmeoi
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ILIL. CemeHOB Tan-1Hanckuii, | Pecetinin KeIICH i | AHTPOIIONEHTPU3M HACATIApHl KOHE
H.M. IIpxeBansckuii, C.B. OOpyues, | reorpadusuibk 3epTTCYyiHiH | TAOMFaTTaFrbl 3aH/IBUIBIKTapIbIH
N.B. MymxkeroB, A.Il. dequeHko, | HETi3iH Kalaabl OaliIaHbICHI

ILLA. Kponorkun, H.H. Muxkayxo-
Makmnaii, U. /1. Yepckuit

Anyuun ynusepcumeminiy mexme6i (1884 ac.)

A.C. bapxkos, JI.C. bepr, B.B. bornanos, | Jlanamadrrapasr, enrany MeH | ['eorpadusnbik  ¢axTopaslH — ocepi

M.C. Bbommapckmii, A.A. bopzos, C.I'. | pusuKambsiK reorpadusiHEI | TAOUFH KOHE KOFaMJIBIK
I'puropees, A.H. JlxaBaxumsmin, b.I1. | 3eprreyre kemeHai Ke3KapacThl | DIEMEHTTEpAE,  KOFAMABIK  JKOHE
Hutmap, B.®. Jo6pwemmH, A.A. | ZaMBITKaH TaOWFH 3aHIAPABIH 63apa OpeKeTi

WBanosckuii, II.I. MWrmaros, A.A.
Kpy6ep, .M. KpamieHnHHHKOB

Hoxyuaes ceoepapusinviy mexmebi (XIX &.asevt)

A.H. Kpacuos, I''1I. Taudpuases, H.M. | Mekren TombIpakThiH Toyencis | KoramM TaOWFaTTBIH MaTepHAIBIK

Cubupriies, K. I'munka, B.U. | GuokocTsl JieHe CKCHIH | oJIeMiHiH OeJiri peTiHAe, OHBIH
Bepnanckuit, I.®. Mopozos, [I'H. |monenneni, TOTIBIPAKTHIH | KOMIOHEHTTEPI MEH agaMm
Briconxuii, JI.C. bepr 30HAJIBLIBIK 3aHJBUIBIKTAPbIH | apachIHAAFbI OaifmaHbICTap IBI
MOnvIpaKmaHyuivl-eeocpagpmap OpHATTHI  XOHE  (UBHKANBIK | OeneKTey
B.b. IlonsHoB, C.C. Heyctpyes reorpadusi, TeoOOTaHHWKA KOHE

reoMopOIOTHS HeTi3/IepiH

KaJIBIITACTHIPIBI

Kenecmix sxonomuxanvix ayoanoacmoipy mexmedin gypywntiap (1920-1930 orcorc)

WU.I'. AnexcanapoB, H.H. bapanckuii, | DxoHomukainbik reorpadusasie | H.H. bapanckuii, H.H.Konocosckuii
H.H. Konocosckuit HETI3r1 9[IiCTeMEeNIK Macenenepin | reorpadusiiblK  (aTaau3MHiy —peui,
3epTTEyMEH alfHAJBICTHI TaFAbIPBl acklpa alTBUIFAH KaFaaiina
JKAFBIMCBI3 ~ KYOBUTBIC ~ Oap  jem
TYXKBIPBIMAABI eNJep Kol araaiina

TaOUFrn Kargaimapra Toyeni
0onMaybpl MYMKIH JeTeH Ke3Kapac
TaHBITTHI

bepe-bopszos pusuranvik-eeocpapusnvik mexmeoi

S.A. Connues, C.B. Kanecuuk, [[.JI. | Kenecrik ¢usukansk | JlanamadTTapabH 00BEKTHBI
Apmang reorpausiHbIH JaHAWA(THIK | apKbUIbl  TaOWFATTBIH ~ KONTereH
OaFrbITBIH 1aMBITTHI KOMITOHEHTTEPIH reorpausuIbIK

TYpFBIIAaH  KapacThIPYMEH  JKOHE

TaOUFATTHIH oenrini 6ip

KOMIIOHCHTTEPIHIH  Tapuxbl  MCH
reorpadusCIHBIH ~ 3aHIBUIBIKTAPEI
asicbIHAA TaHAmadTTapIs!
3epTTEyMEH CUMaTTala bl

Eckepty - (Anuchin, 1982; Baransky, 1980; Kolosovsky, 1958; Saipov et al., 2016; Kolosovsky, 2006; Kuzyakov,
2019)

Kecrene Peceit xone Kenec moyipiHAeri FbUIBIMH-TEOTpaQUsIBIK  MEKTENTEepIiH
«reorpa@usuIbIK GaKkTop» YFBIMBIH TYCIHIIPY 3BOMIONUACH kuHaKTaibi oepinared. I1. I1. Cemenos
Tau-Ianckuit  MekTebi AKCHETUIMSIIBIK-CNTAHYIBIK JKOHE KELIeHJl 3epTTey JoCTYpiH
KaJIBIITACTBIPBIT, TAOWFAT 3aHJBUTBIKTAPBIH aJaM KOFaMBIMEH OalTaHBICTBIpa KapacThIpyFa HerTi3
KajaJapl. AHYYUH YHUBEPCUTETI MeKkTeOi reorpadusuiblk (pakTopasl TaOWFH KOHE KOFaMIIBIK
AJNIEMEHTTEP/IIH e3apa 9peKeTl peTiHAe TyCiHAaipin, (u3MKalblK reorpadus MeEH elTaHyAa
MHTETPATUBTI YCTaHBIMIBI KYyweHTTi. JlokydyaeB MekTeOl TONBIPAKTHIH JepOec TaOUFu JieHe
CKEHJIIIH OHE 30HANBUIBIK 3aHIBUIBIKTAPBIH JQJEAEY apKbUIbl TaOWFU-FBUIBIMM 1preTacThl
HBIFAUTHIN, KOFaMJbl TaOUFH >KYHEHIH Kypamjac Oejiri periHae KapacThlpy TOCUIiH OekiTTi. A
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KEHECTIK SKOHOMHKAIBIK ayfaanaacteipy mekteOinae (U.I'. Anekcanapos, H.H. bapanckuii, H.H.
KonocoBckuit) reorpadusiiblk (haTaau3M ChbIHFa albIHbII, €IJEPIH JaMybl TEK TAOUFU JKaFJainapra
TOyeNJli eMec, oJCYyMETTIK-DKOHOMHUKAIBIK YHBIMIacy MeH OacKapyAblH peii KOFapbl eKeHi
ankpiHganabl. bepr-bop3oB Gu3uKanbIK-reorpadusIbK MEKTeO1 JaH madThIK OaFbITThI JAMBITHII,
reorpadusiblK  QakTOpAsl TAaOWFAT KOMIIOHEHTTEPIHIH KEHICTIKTIK-TApUXU 3aHIbUIBIKTAPBIH
KELIeH 1 Talliay apKbUIbl TYCIHAIpYre YMThULAbL. JKammsl anFana, kecte reorpagusuiblk GakTopibl
Oip>KaKTbl JETEPMUHUCTIK TYCIHAIpYIACH >XyHenmik e3apa OailaHbIC MEH KOm(aKTOPIbl Tainay
KaruaTblHa Kapail aybICKaH FBUIBIMU YPAICTI KOpPCETE/I].

XIX FachIpabIH eKiHII KapThIChl XX FaCBIPABIH OaChIHIIA 2e02pahusivlK OemepMurusM KeH
Tapajbll, FEUIBIMHA JTUCKYPCTa JKOFaphl bIKIANFa e Oosasl. bys GarbITKa opTypii JeHreine yiec
KockaH 3eprreyuriiep katapoina XK. K. Dnuza Pekity, Kapa Purrep, ['eapu Tomac boki, DmicBopT
XantunartoH, A.I1. [Tapmes sxoHe T.0. FanpIMaapabl atayra 00a bl

XX fFacblpblH 0achlHIAa YKOHOMHKAJIBIK reorpa(bTap reorpa(pﬂﬁnbm JEpeKTepAiH anyaH
TYPJIUIITIH )KUHAKTAIl, )KYI/IGJ'IeyI[lH OipbIHFall 9ICTEMENIK Tscumele 1371ecTipyre alTapibIKTai KyII
canabl. OCHI 13€HICTep KEHECTIK IKOHOMHKAJIBIK-IeyMeTTiK reorpadus asceiana H.H. bapanckuii
meH H.H. KonocoBckuii eHOekTepiH/ie HaKThUIAHBII, SKOHOMHUKAIBIK ayJaHIaCThIPy TEOPUSICHIHBIH
Kanbinracybira Heri3 6ozl (Tikhomirov, 2023).

H.H. Bapauckuiiig KenTereH eHOCKTEPiH/IE alaM3aT KOFaAMBIHBIH TAOUFATKA BIKIAIBI, TAOUFH
OPTaHBIH «KOpIIaraH opTara» alHaly yiepici, coHlai-aK reorpadusiblK OpTaHbIH KOFaM JlaMybIHa
Kepi ocep eTy TEeTIKTepi TaiiaHabl.

XX FachIpIbIH EKiHIII KAPTHICBIHAA Teorpadusi FHUIBIMAAPBIHBIH (QHIOCOPHSIIBIK JKOHE
o/liCHAMaJIblK MacelesiepiH JaMbITyFa OaFbITTaliFaH 3epTTeysep Kyweial. byn kesenne BL.A.
Anyunn, W.II. I'epacumos, 10.I'. Caymkun, B.b. CouaBa, II. Xarrer, JI. XapBeii xoHe Oacka
FaNIBIMJIapAbIH eHOeKTepl reorpadusuibIK TEOPUSHBIH HBICAHBI MEH MOHIH HAKThUIAyFa, KEHICTIKTIK
TaNgay MEH XKYHENiK CHHTE3 TOCUIIEPiH JaMbITyFa BIKIIa €TTi.

CoHFBI KbUIJAphl YKOHOMHUKAJIBIK, OJIEYMETTIK, MOJCHU JKOHE CasiCH YIepicTepl e3i1H-e31
YUBIMIACTBIPY TETIKTEP1 TYPFBICBIHAH Ie0orpaQUsUIbIK KEHICTIK (PAaKTOPBIHBIH POl K11 TaJKbUIaHY/ A,
KoraMHBIH AaMybIHIaFbl reorpadusiiblk (AKTOPABIH peji Typaslbl Ke3KapacTapiAblH e3repyi
MPAKTUKAIBIK opl TEOPUSJIBIK MOHIe He, OMTKeH1 Oy pesji TYCiHy KoraM MeH TaOufu opTa
apachIHAAFbl KaThIHACTAPABIH 3aMaHayH UJCOJIOTUACHIH KaJbIIITACThIPYFa jKoHE KOFaM-TaOUFu opTa
KyHeciHaer: 6achIMABIKTap/Abl aHbIKTayFa MYMKIHIK Oepesi. CoOHbIMEH KaTap TaOuFH karjailiap,
pecypcTapra KOJDKETIMIUTIK, KOJIK-KEHICTIKTIK OpHAJIacy >KOHE CasCU-dJICYMETTIK HMHCTHTYTTap
CHUSIKTBI TeorpausiIbIK aJIFbIIIApTTap MEMIIEKETTEP MEH OPKEHUETTEP/IiH SKOHOMHUKAIIBIK 1aMybIHA,
cascH IIeNIiMIepiHe XKOHE dNICYMETTIK e3repictepiHe erneyini biknan ereni (Rahman et al., 2015).
I'eorpadusanblk ¢dakTopiapAblH BIKNAIb apTKaH CailblH, OJap/blH KOFaMIBIK JKyHeneri OpHBI,
acipece eHIPTINI KYIITEP KYPBUILIMBIHAAFHI yiteci Kyieiieai (Czuczor et al., 2023).

I'eorpadus FeUTBIMIAPHI asiChIHA TeorpadusiblK GaKTOPAbIH MEMJIEKETTEP/IH TapuXbl MEH
cascaThlHA BIKIAN €Ty JOpeXeCiH TYCIHAIpyre OaFbpITTalFaH OW aFbIMbl KajblITaca OacTasbl.
MewmekeTTep MeH XaJIBIKTapAbIH TApUXH JaMyblHa TeoTpadusUIBIK KaraaiaapIpIH CEPiH TalIaFraH
II.JI. ne MoHTeckbeHIH eHOeKTepiHeH Oacray ainfaH reorpausulblK JETEPMHHHU3M KeHiHipek
CBIPTKBI casgcaT cajachblHIa Ja KOJIJaHBUIBIN, Te0ocascu MHalbIMIayaapiblH TEOPUSUIBIK HeTi3iHe
aitHan b1 ['eorpadusuibIk pakTOp/Ibl casicl TajlayFa €Hri3y ChIPTKBI CasiCH CTPATErHsIHbI HEeT13/1eyTe
KOHE alKbIH/AayFa, COHJai-aK >kahaHJBIK casicu ylepicTepai TYCIHIIpyre OarbITTajfaH reocasich
TEOpHsUIap MEH YIITLIEp/IiH KalbinTacybiHa sikmain erti (Artamoshin et al., 2024).

['eorpadusanbik OpTaHBIH KOFaM JaMyblHa BIKIAJIBIH TajAayda HEMIC FBUIBIMH JIOCTYPIHIH
opHbI epekiie 601 Hemic reorpadsr @punpux Patiens enin Tapuxsl MEH MOIGHUETIH TYCIHAIPY
YIIiH aJJIbIMEH OHbIH reorpadusUIbIK OpHAJIaCybl MEH KEHICTIKTIK JKaF1aiIapblH 3€pTTey KaKETTIrH
aTar KepceTin, MoJIeHH OailiaHbICTapAb! Aa reorpausIIbIK OpTa apKbUIbI MalibIMIayFa 00J1a /1l 1ereH
UJCSHBI aJFa TapTTHI.

XKanmer reocasicu oiablH AamybiHa Xoidopa MakuHaep eneyii yJiec KOCTBI, OJ QJeMJIIK
KEHICTIKTI TyTac )XYyie peTiHe KapacThIPhIN, kahaHbIK ACHT €U IeT1 T€0CasCH ClIeHApU YChIHIBI.
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XX racwipabiy 1960-xkbpuigapeiHan O6acramn reorpadusiga KYHETiK TOCUT KalbinTaca 6actaipl,
OJ TaOWFU KoHE KOFaMIBIK KYOBUIBICTapIbl ©3apa OailJIaHBICKAH >KYHe peTiHae TYCIHAIpyre
MYMKIHIIK Oepin, <oKep Typalbl FBUIBIMAAPABIH» CHHTE3iHE BIKOAT eTTi. OCbl OaFbITTaFbI
TEOPUSIIBIK-O/IICHAMAIIBIK, 137IcHICTEp OaThiC reorpadusChIHIA Ja JaMblll, KeHICTIKTIK TaJIayablH
KaHa KypaJlaapblH KYHMIEUTTI (MbICaJIbl, KEHICTIKTIK YJTUIEp, alMaKTBIK >KyHemnep, *Keliep xKoHe
1.0.).

AybUT mapyambUIBIFbl OHIIPICIH 3€pTTEY/IC CaJaHbIH MaMaHJaHybl MEH OpHajacybl KeOiHe
KCHICTIKTIK (TeorpadusiblK) (akTOpJapMeH aWKbIHAANAbl: TAaOWFW Karmaujap, Cy MEH JKep
pecypcTapbiHa KOJDKETIMIUTIK, 1pi TYTBIHY HapbIKTapblHa (Kajamxapra) JKaKbIHIBIK JKOHE
MH(PPaKYpBUIBIMHBIH ~ AaMy JeHredi. OcblFaH OaiJIaHBICTBI  OHIIPTIII  KYIITEPAIH  aybLl
IIapyalIbUIBIFBIH/A OHTAMIIBI OPHAJIACYBIH TaJ/1ay/1a KeHICTIKTIK-ayMaKThIK TOCUIIIH MYMKIHIIKTEpi
orapbl. byt 6aFpITTa «KEHICTIKTIK arpapJibIK 3KOHOMHKa 5KeJIiCl KAJIBIITACHII, OHBIH KJIACCUKAJIBIK
Herizaepinin 0ipi Morann I'enpux ¢on TroHeH yChIHFaH arpapiblK opHamacy yuiricimen (1826)
OaiimaHbICTRIPBLUIAAB, KeiiH Oy oitnap Bunsrensm Jlaynxapar sxxone Anbdpen Bedep enbexrepinmae
OpHAIACTBIPY TEOPUSIApHI AeHreiiHae nambIThiiasl (Thiinen, 1826). M. ®don TioHEHHIH KOIDKBIIIBIK
MPaKTUKAJIBIK OaKplIayjgapra CyleHe OTBIPBIN, MIAPTThl OPTAIBIKKA KATHICThI aybl IIAPYyallblIbIFbI
OHJIIPICTEPIHIH ayMaKThIK OpHAJIACy EPEKIIENIKTePiH CHIATTaWThIH OipKaTtap Karugaaap.sl
TYKBIPBIMIAJIBI, OYJI YJIT1C aTajFaH OpTAJbIK aiMaKThIH HET13T1 KaJlachl (HApBIK OPTAJIBIFbI) PETIH]IC
kaObuHanaael (Poljan, 2001).

. ®on TioHeH yiricinne Kana (HapbIK OPTaJIbIFB) AWHANACHIHAAFBI JKEpP PECypCTaphIH
naiianany >KoHE aybUl IIApyallbUIBIFBI OHIIPICTEPiHIH KEHICTIKTIK OpHAJacybl XYWem Typle
MojJenbieHeIl. bysl KEHICTIKTIK OpHanacThlpy JIOTHKAachl KeWiH A. Mapmann eHOekTepiHaeri
arJoMepanysUIbIK TYCIHIKTEPMEH TOJBIKTBIPBULIBL: OJ OHIIpiC ayKbIMBIHAH TYBIHIAWTHIH CBHIPTKBI
YHEMHIH (CBIPTKbI THIMALTIKTIH) KaJallbIK IIOFBIPIAHY/IBIH OCYIH KeIeIAeTeTIH HEeri3r1 KO3FayIlbl
daxtop exenin kepcereai (Marshall, 1919). Conbimen karap /Ix. B. Xennepcon kananapasl e3apa
OaiimaHbICKaH Kajanap >KyHecl peTiHe KapacThIPBII, Kalla eieMaepi MEeH MaMaHJIaHy TUNTEpiH
IKOHOMHUKAHBIH KCHICTIKTIK yibIMIacybiMeH Oaitnanbicthipanbl (Henderson, 1974). Aranran
TEOPUSIIBIK HEri3Ziep a3bIK-TYMIK OenyeyiH Oaranayla «HAapbhIKKa >KaKbIHIBIK—TAChIMAall LIBIFbIHbI—
MH(PaKypbUIBIM—arJIOMEPALUAIBbIK THIMAUIIK» OallIaHbICBIH KOPCETKIIITEP apKbLIbl eJIeyre
MYMKIHJIK Oeperi.

OJIeyMeTTIK-9KOHOMUKAIIBIK Teorpadusiarbl 3epTTeyep iiHae alMakTapAblH YKOHOMUKACHI
MEH QJIEYMETTIK CallaChIHbIH J1aMy 3aHJIbIIBIKTApbIH TYCIHAIpYre apHAJIFaH €HOSKTep epeKIle OpbIH
anajpl. OJNEYMETTIK KOHE SKOHOMMKANBIK YyJAepicTepre OIpTyTac TYKbIPbIMIAMAaJIbIK YCTaHbBIMJIbI
aliKpIHAAQy alMaKTBIK JaMy MocelelepiH HIeuryre OarbITTanfaH reorpadusuiblK 3epTreyiepie
apHaiibl 9/1ICHAMaHbl KOJIJIaHy/ bl TaJIall €Tel. OJNEeyMETTIK-DKOHOMUKAJIBIK reorpadus caaachlHIarbl
3epTTeyNepAiH iliHAe alMakTapAblH HSKOHOMHMKAChl MEH QJEYMETTIK CaJlaChIHBIH Jamy
3aHJIBUTBIKTApPBIH TYCIHIIpYTe apHaJIFaH eHOeKTep epekiie opbiH anaasl (Kuznetsova, 2014).

3epTrey OapbIChIHIA QNEYMETTIK-DKOHOMUKAJIBIK JaMyJbl TYCIHIIPETIH TEOPHUSUIbIK-
omicCHAMaNBIK €HOCKTEP Il MAPTTHI TYP/Ie YIII TONKA 06T KapacTeIpyFa OOJaIbl:

Bipinwi monka aliMaKkThIK ©Cy TEOPUSTIAPBIH KOHE allMaKTBIK JaMYJIbIH JKaJIbl MOAETbAEPIH
KypyFa OarbITTaJIFaH 1preiii TEOpUsIIBIK 3epTTeyep KaTaabl. by katapra opTaibik—TepudepusibK
KaTbIHACTAp, KYMYJISATHUBTI ©CY jKOHE TOJIOCTIK JamMy TYXKbIphIMJIaManapblHa apHAJIFaH eHOCKTEep/Ii
eHrizyre Oonanel. ATanraH OarbpITTapAblH KanbinTacybiHa JKan-Pene byasuis, ['yarap Mriopaan,
@pancya Ileppy, [Isep IoTre, kon @puaman xkoHe 6acKa FaabIMAAP €Y YJIeC KOCTHI.

Exinwi monka oneyMeTTIK-d)KOHOMHUKAJBIK reorpadust aschblHAa OHIPJIEPIIH JaMy
(dakTopiapblH HAKThl KEHICTIKTIK OHE HHCTUTYLIIHMOHANJBIK TMapaMmeTpiiep apKbUIbl TalJalThiH
3eprTeynep karanbl. byn Oareitrra H.B. 3ybGapeBuu eHipiik aAaMyabl TYCIHAIPETIH ¢akTopiaapsl
KCHIPeK maibIM/Iam, oJjapibl YII ipl eJIIeM apKbpUIbl cunarraiapl: density - Xanblk TIeH
HKOHOMHKAITBIK O€JICEHIUTIKTIH KeHICTIKTIK MIOFBIPIaHybI oHe ayKbIM (MaciTad) acepi; distance -
reorpadUsIIBIK OpHAajIacy MEH HMH(PPAKYPBUIBIM CalachblHA TOYENJI «IKOHOMHUKAIBIK KAIIBIKTHIK)
(HappIKKa KOJDKETIMIUTIK, TachIMajd IIBIFBIHBI, yakbIT); diviSiOn - KeH  MarbIHaJaFrbl
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MHCTUTYLMOHAIIBIK Kenepriiep (KIMIILTIK meKapanap, peTTey, HapbIKThIH OOJIIeKTeHyi, KeliciM
HeMece Koornepanusaaarsl mekreyiaep) (Zubarevich, 2010).

CoHbIMEH KaTap KEHICTIKTIK JaMybl Oaranayna (akTopiapIbl MaHBI3IbUIBIFGI XKOHE ONapFa
BIKITAJl €Ty MYMKIHJIT TYPFBICBIHAH JKIKTEY ©3eKTi. ['eorpadusibik (axTopiapablH «KalCHICHI
0a3aiblK, KaiChICHl TYBIHJBD» €KEHIH Xyheney ymiH AOpaxam Maciioy YChIHFaH «Ka)KETTUIIKTEp
HepapXuschl» YITICIH capanTaMajblK aHAJIOTHS peTiHae Nakjamanyra Oomanbl. bynm Tocinme
(dakTOpiap TOMEHHEH >XOFaphl Kapai IIeKTeyIn Oa3alibIK JKarjaiiapiaaH (TaOUFU-KIMMATTHIK
AIIFBIIIAPTTAP, CYy JKOHE JKEP PecypcTaphl), OJaH KEiH KEHICTIKTIK yilbiMaacy (KOHBICTaHY Kyiieci),
MH(PaKYPBUIBIMMEH KaMTaMachl3 €TUTy, SKOHOMUKAHBIH KYPBUIBIMBI MEH JaMy JeHTeii, COHIai-aK
WHCTUTYIIUOHAIIJIBIK JKOHE CYOBEKTHBTI (akTopiapra JediH TeMmeHgeri l-cyperre caTbUIaHBII
Kapacteipbiia sl (Kuznetsova, 2013).

o 7»,,,//% DAKTOPTAP
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T \ e S— —
= e —
’ Taburu ‘ DKOHOMHUKAJIBIK ‘ MHCTHTYIHOHAIBIK Mo BanusuIbiK ‘ ‘ OeyMeTTiK ‘ ’ HHBeC THIMSUIBIK
‘ Mamannany OpHanacTeIpy
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(arpoeHepKacin KeIICHi) OPHAJIACTBIPY KOHE ayBIT KOHE ayBUT TAPYaTBUTHIFbI KCIMOPBIHIAPBIH

oHipapaJIbIK eHOeK OomiHiciHAe

- OHJIpiCTIH ayMaKTHIK-CaTIAJIBIK,
KYPBUIBIMBL

- MaMaHaHIBIPBUTFaH
cananap/bIH aybuUl
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HIapyabUTbIF BIHBIH
1IOFBIPIIAHY CXEMaChl

- AJMAaKTBIK arpOOHEPKaCiIl
KELICHIHIH ayMaKTBIK-CaJIa/IbIK
KYPBUIBIMBIH
KaJIbIITaCThIPY/IBIH
GachIMIBIKTaphl

- Tmki oGIBICTHIK KaHE
©HipapabiK a3bIK-TYIIK IICH
aybUT MIAPYAIIBUIBIFBI IHKI3AThI
HapLIKTAPBIH KAJIBIITACTRIPYFa
KaTbICY JICHTCIil

OH/IPICIHIH IOFBIPIAHY
CXE€Machl

- OKIMIILTIK ayJaHIapAbL aybUT
MIAPYaMIbUTBIFB] OHIMAEPIHIH
TayapIIbIK OH/IpIC ACHTIeHi
GOHBIHINA TOTITACTRIPY
(TuiKi Kadicemminikmepoi
KamMmamaculs emy xcame
OONBICTULINIK, O IPAPATILLK OHIM
anmacyea Kampicy)

SKOHOMHKAJIBIK JaMy ,']eH[‘eﬁi
GOJBIHILA PADKHPIICY

- AyBUT INapyaIIBLUTBIFBL
KOCIOPBIHIAPBIHBIN OHAIPICTIK
THIITEPI, CaJlaiap/iblH Yiiecimi,

OH/IIPICTIH MOFBIPIAHYBI

- AyBUI IIAPYaIIBUIBIFBL
KOCIOPHBIHBIH
TICPCIICKTHBAITBIK JICYMETTIK-
5KOHOMHKAJIBIK MOJCITi

- AYBUT/IBIH JICYMETTIK

JICHIeiii HHPPAKYPBUTHIMBI
OJIEVMETTIK-3KOHOMMKAJIBIK HOTITKE
v v v v
- A3BIK-TYJIK Kayineis/airi - Omytipic morkIpIanyb KoHE | - [1Ki cypambICTBI KAMTY JA€HIei - OHIMJIUTIK JKOHE calla 0ce/Il;
KYIICHe i, KOOTICPAIIHS 6CC/Ti; apTajp; - JKyMBICTICH KaMTy, STICYMETTIK
- MamMaHIaHy MeH KJIacTepriep - Tapaty THiIMALTITI apTazIBI. - JKeTKi3y IIBIFBIHBI KBICKAPa/Ibl. opTa jKaKcapaibl.
AMKBIH/IA1a/Tbl.

Cyper 1. Aybul mapyanbUIBIFBIHBIH MaMaHJaHy JKOHE OpHANACThIpy (hakTopiapbl MEH Kyheci
KepceTKimTepi

¥FeIMIappl KOJIJIAHYABIH 9IICHAMAJIBIK HET131 peTiHe chi30aga KepceTuiren «hakropiap —
JICHIefnep — KOpCeTKIITep — HOTHXKe» JIOrMKachl aiblHanbl. MyHzaa ¢akropiap (Tabufwy,
HYKOHOMHKAITBIK, THCTUTYITHOHAIIBIK, MHHOBAIIHMSUIBIK, 9JICYMETTIK, HHBECTHIIHSITBIK ) arpOOHEPKACIIT
kemeHiHiH (AOGK) mMamaHIaHybl MEH OpHAIACTBIPBUIYBIH ANKBIHIAMTHIH anfblLapTTap JKyHeci
peTiHae KapacThIppUIanbl. Tammay KemaeHreunai ¢opmarra Kypri3uvieni: oOJbIC, aybul
[IapYyalIbUIBIFBl aliMarbl, OKIMIIUIIK ayJlaH OHE KOCIOpBIH JEHIeiepiHne op JAeHrelre ToH
KOPCETKIIITEp 1PIKTEINIMN, OJlap apKbUIbl ayMAaKThIK albIpMAIBUIBIKTAP MEH 1K1 KYPBUIBIMJIBIK
epekuienikrep OaragaHasbl. by kenaeHreisni KypbulbIM HOTHKEHI «TOMEHHEH JKOFapbl» (KOCIIOPBIH
— ayJaH — aiiMaK — OOJIBIC) KMHAKTAY KOHE (OKOFapBIIaH TOMEH» (aliMaKTHIK casicaT HeMece
HapbIK — WHQPAKYPBUIBIM — KOCIMOPBIH/BIK IIEIIIM) BIKIAI €Ty apHalapbl apKbUIbl TYCIHAIpYyTe
MYMKIHAIK Oepei.

OjicHaMa/ia KepCeTKIITep KyHhecl TeK «oHIIpiC KeseMi» MHINKATOPbIMEH LIEKTeIMEH, OHBI
HapbhIKKAa KIpITy, TayapJbUIbIK, OHMIIPICTIH IIOFBIPIAHYbI, OHJCY JXOHE CaKTay KyaThl, KOJIiK-
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JIOTUCTUKANBIK OalIaHbIC, COHJAi-aK oJIeyMETTIK HH(PAKyphUIBIM CHUSKTHI TapaMeTpiepMeH
TOJNBIKTBIPY KaKETTIT1 HeTi3aeNei. OpTYpJii emeM OipIiKTEepIHACT] JePEKTEP/Il CATBICTIPY YIIiH
KOPCETKIITep HOpMalaHanbl, (DAKTOPJIBIK ONOKTap OOWBIHINA CAJIMAKTAIBIN, KOIMKPUTEPHIAIT
Oaranay apKbUIbI HHTErpaijibl WHICKCTEP €CENTeNe/l, OChIHBIH HOTHXKECIHAE ailMakTap MeH
JeHreinep OOMBIHIIA CalBICTBRIPMAIBl «KYLITI HEMEce oJICi3» alMakTapabl alKbIHIAy KOHE
KCHICTIKTIK OaChIMJIBIKTAp/Ibl HAKTHIJIAY MYMKIH OOJIa IbI.

Tynki KOPBITBIH/ABI ©JIIIEM PETiH/AE AICYMETTIK-9KOHOMHUKAIIBIK HOTHXKE KapacToipbuiaabl. O
MHTETpaNJIbl KOPCETKIII PETiHAe ONepalUsIaHbII, (a) XaJbIKThIH canajbl TaFaMFa (PU3UKAJIBIK JKOHE
HSKOHOMHKAJIBIK KOJDKETIMIUIr, (9) 0ara MEH JKETKI3YAiH TYpPaKTbUIBIFBI, (0) JOTHCTHKAIBIK
CEHIMIITIK (PKETKI3y YyaKbIThl, IIBIFbIH, OamaMa apHaiapabsiH 00ybl), (B) )KYMBICIICH KaMTy MEH
Tabbic ociMi, (T) OHIpPIIK TEHrepiM jkKoHE (M) eMip camachlHBIH JKAaKCapybl CHSKTHI HOTHXKEIEP
KUBIHTBIFBIMEH cumnaTtTanazbl. Ockl TYPFBIIAH a3bIK-TYIIK OenaeyiHiH (QyHKIUSCHI Kalla XaJlKbIH
OHIMMEH KaMTaMachl3 €TYyIMCH FaHa WICKTEIIMEW, TOTCHINE >Karmainapnaa (TaOWFU-KIUMATTHIK,
MaKpOIKOHOMUKAJBIK, OJEYMETTIK J>KOHE CBIPTKbI DKOHOMHUKAJBIK TOYEKeIAep) JKETKI3yIiH
Y3IIKCI3IriH CaKTaWTBIH TO3IMAUINK KAaOATHIH KAJIBINTACTHIPY €KeHi HakThuUiaHaAbl. COHJIBIKTaH
MOHHUTOPHHT, IIEKTI MOHIEP/Ii OeNriiey, KOp KaJlbIITACThIPY KOHE JIOTUCTUKAIBIK 9pTapanTaHiIbIpy
CUSIKTBI MEXaHU3MIEP/Ii KOJITaHYIbIH ©3EKTLIIT1 KOpCEeTIe .

Kazipri Tannma Oipkartap reorpadusulbIK 3epTTeyliep KEHICTIKTIK JaMyabl TYCIHIIpYIe
9KOHOMHCT, dKOHOM-Teorpad Ilonm Kpyrman ycelHFaH TYXKBIPBIMIAMANBIK HETi3[epre CyWeHeml
(Krugman, 1991). Ousir moneni peringe 1990 skpuimapabiH OachlHIa KalbIITaCKaH «OPTaIbIK-
nepudepurs» YITICIH JKOHE COHBIH asChIHIA KEH TaHbUTFaH <« KaHa 3KOHOMUKAIBIK reorpadus»
OarpIThIH aTayFa 0omanbl. by tocin menOepinae [loa Kpyrman cayna, KeHICTIKTIK IIOFBIpIaHy KOHE

QJICYMETTIK-DKOHOMUKAJIBIK ~ TCHCI3AIK  apachlHAarkl ~ ©3apa  OailIaHBICTBI,  COHJAM-aK
arJIoOMepalysUIBbIK dCepliep MEH KOJIK IIBIFBIHIAPBIHBIH POJiH Tajjayra OackIMABIK Oepei.
TonbiFbipak  TOMeHzAEri CypeT 2 — as3bIK-TYJIK OeNljeyiHiH arpoeHMIipiCTIK KYPBUIBIMBI
KapacThIPbIIFaH.

Cypert 2. A3bIK-TYIIK OenieyiHiH arpoeHAIPICTIK KYPhIIBIMBI

2-cypeTTe Kaja MEH OFaH BIKIMaJ €TeTiH KEeHICTIK apachbIHJIarbl OalJaHbIC «OKaKbIH - OpTa -
aJpICy aliMaKTap apKbUIbl KepceTuireH. by xkep/e «kana MaHbl aliMaFbD MEH «@3bIK-TYJIIK Oenaeyi»
YFBIMJIApbIH TEH MarblHaJa KoJJaHyFa OOJMaiiabl: Kajla MaHbl aiiMarbl keOiHEe Kajara ipresec
ayMaKThl OUTIIpesl, al a3bIK-TYJIIK Oeneyl Kaja CYpaHBICHIH KaMTaMachl3 €TETIH OHJIpIC, OHELY,
CaKTay >KOHE JKETKI3y JKYyHelepiH KAMTUTBIH KeH (QYHKIMOHAIJIBIK KEHICTIK OOyl MYMKIiH.
CoHIBIKTaH a3bIK-TYJIIK OCNIeYiHIH IMeKapachl SKIMIIUTIK Kaja MaHbIMEH IIEKTeIMEeN, Kel JKar/1aiiia
OipHemie ayJaH HeMece oOJIbIcapaliblK OaitmanpicTapapl KaMTuAbl. OpTachlHaa «Kajia» — Aapo, ajl
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chIpTKa Kapail JXKakpiH alimak — OpTa aiiMak — AJbIC aiiMak JeTl BIKIAI €Ty KYIli MeH OaiaHbIC
cumaThl OIpTIHIET ©3repe/i.

1) JKaxwin atimax

- Kanara eH ThirbI3 OaiilaHbICKaH Oenjey: KYHIENIKTI KaTbiHAY, KbI3MET KOpCeTy, JOIMCTHKA
€H YKOFapBhl.

- XKep Garacsl KOFapbl, COHABIKTaH KepJl MaijanaHy UHTEHCUBTI: JKbUIbDKal, KOKOHIC, CYT
OHIMJICpIH JKeleN JKETKi3y, KOWMa-TOHa3bITy, OHJILY, KOTepMe TapaTy TOpanTapbl CHIKTHI
(dbyHKUIMsUIAp KU1 OpHAaIacaIbl.

- A3BBIK-TyJIK Oenaeyl TYpFbICBIHAaH Oyl aiimMak '»kaHa >XoHE Te3 Oy3bUIaThIH eHiMIepAi"
(kekeHic, CYT, KYC OHIMJIEp1) Kajara Te3 KETKI3yre eH KOJIAMIbI.

2) Opma aiumax

- Kaslamen Gaitmanpic TYpakThl, Olpak >KaKbIlH aliMaKTaH QJICI3/ICY; anTalIbIK HEMece Mep3iMi
KETKi3y )KHipeK.

- XKep nmaiinanany apanac: arpapiblK eHAIpIC, OHJEY JKOHE CaKTay, COHJal-aK TYpFbIH HEMece
OHJIPICTIK QyHKIMATIAP KaTap Kypyl MyMKiH.

- AspIK-Tynik Oenpeyinae Oyin  aiimMak KeJemai OHIIpiC TEeH JIOTHCTUKaHbl  (ipi
[IapyalIbUIBIKTap, KOMa, OHJIeY, KOJIIK TOpanTapbl) OpHAIACTHIPYFa BIHFAMIIBL.

3) Anvic aiimax

- KananbIH Tikenen bIKIaIbl TOMEHIPEK, OaiiIaHbIC CHPEK HEMECEe MayChIMIBIK OOTYbI MYMKIH.

- Heri3iHeH SKCTEHCHBTI aybll HIAPYalllbUIBIFBI (aCTBIK, Mad a3bIFbl, >KAHbLUIBIM), TaOUFU
naaamadT, Keie pekpeanus 6achiM.

- A3BIK-TYNIK Oenzeyl yiliH Oy aiimMak KeOiHe IIUKI3aTThIK 0a3a KbI3METIH aTKapanbl (y3aK
CaKTaJIAThIH OHIMJEP, MaJT a3bIFHI, T.0.).

Cyperreri Heri3ri "uaes" Kamara >KakblHIAaraH calblH: OailaHbIC Kylueienai, JOrHMCcTUKa
KBITAMIANIBI, OHIM "KaHa )KOHE Te3 OY3bUTAThIH" JKaKKa aybICaJibl, )Kep/i Mai1aiany HHTEHCUBTI
6onansl. COHbIMEH KaTap Kajara ajlbICTaFaH CalbIH: OHJIPIC KeJieMi YJIKeH, OipaK >KeTKi3y KUUIIr1
TOMEH; IIMKI3aTThIK HEMECe KeH ayMaKThl IIapyalbUIbIK YJIeCi apTapl.

Temenneri 3-cyperTe a3bIK-TYNIK Kayilci3Airi *yHeciHiH HeTi3ri YFbIMIaphl, KypamJ1acTapshl,
TOyeKeNIepl MEH KaMTaMachl3 €Ty TETIKTEP1 )KUHAKTaJIbII OepLiIl.

3-CyperT 3epTTey/iH TYCIHIKTEMENIIK-TEpPMUHOIOTHSIIBIK allapaThlH HAKThIIalIbl. A3BIK-TYIIK
KAyIICI3JIr1 XaNbIKThIH (PU3HOJIOTUSIIBIK HOpMaJlapFa ColKec carajibl TaFaMFa TYPaKThl (PU3UKAJIBIK
KOHE SKOHOMUKAIIBIK KOJDKETIMIUTITIMEH CUIIAaTTaJICa, a3bIK-TYJIK TOYEJICI3/IIr1 ChIPTKbI )KETKI3UIIM
TOKTaFraH »Karjaiiia Ja Heri3ri eHiMmjep OOMbIHINIA 1Kl KaKETTUIIKTI KaMTaMmachl3 €Ty KaOuleTiH
oinaipeni.

Ochl yFbIMAAp a3bIK-TYJIK OejjieylH 3epTTey YIIIH 0a3ajblK Heri3 KaiblITacTbIpaJibl:
o0beKTIIep MeH cyObekTinep Oackapy JKYHMeciHiH KaTbICYIIbUIAPbIH, KpUTepuiliep MeH
KepceTkimTep Oaranay eJmeMIAepiH, MEKTI MOHIEP Kayil JEHTeHiH, al TOyeKelaep MEH KaTtepiep
KYHEHIH TYpPaKThUIBIFbIHA OCEp €TETiH ChIPTKbI XKOHE IIIKi IEKTeYyIepal KopceTe .

JKyMBICTBIH HET13T1 HOTIIKEJEpiHIH Oipl 3epTTEyNIH TYKbIphIMIaMalbIK pPaMKachl PETIHIE
aJIbIHFaH «(paKTopiap — JeHreiep - KOpCeTKIIITEp - HITHKE» KaFUAaChIHbIH FhIIBIMU-TOXKIPUOEIIK
THIMUTITIH KepceTy. Taburu, SKOHOMUKAIIBIK, HHCTHUTYIIMOHAIIBIK, WHHOBAIUSIIBIK, QJIEYMETTIK
KOHE MHBECTHIMAIBIK (akTopnapaslH AOK mMamaHgaHybl MEH OpHAlaCyblH KaJbIITaCThIPATHIHBI
TONIEN/ICHIN, TalJayablH OOJIbIC-aybUl IApyallbUIbIFBl  alMarbI-OKIMIIUIIK — ayJdaH-KOCIMOPBIH
JIeHreMnepine Xyprizilyl ayMakThIK aWbpMallbLIBIKTAp/Ibl HAKThl allyFa MYMKIHAIK OepeTiHi
KOPCETUIMl. OMIUPUKAIBIK OoJiMIe OYI TOCLI pecMHM CTAaTUCTHKA, OKIMIIIIK JepeKTep,
KOCIMOPBIHABIK aKMapaTr »KoHe KEHICTIKTIK KabaTTap Heri3iHjae iCKe achIpbUIbIN, HOTHXKEIep e3apa
TEKCEepPY JKOHE CE3IMTANIBIK TAIIAybl apKBIIBI pacTalla/ibl.
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(pH3NONOrHSIIBIK HOJ

A3BIK-TY.IIK KAYIIICI3TITT
OYJI eNIiH a3BIK-TYIIK TaYeNci3/iri KaMTaMach3
eTiIeTiH, XaIbIKTBIH Callallbl TaFaM eHiMIepiHe
caiikec u IK | —

OBLBLEKTLIEP
YIITTEIK, KaHe OHIPIIK JeHreiijieri, XallblK TOITaphl
MeH Yil MapyambUIBIKTaPBIHBH a3bIK -TYIIK

KaHe HKOHOMHKATBIK, KOJIAKeTIMIUTITL
KelULICHAIPLIETIH SKOHOMHKAHBIH HKa¥F1aiibl.

CYBBEKTLIEP

Kayincizairi. Onapra KaibiTsl eMip cypyai
KaMTaMachl3 eTeTiH JeHreiiae a3bIK-TYIIKKe JereH

l

A3BIK-TYJIK KayllCi3/[iNH KAMTaMAchl3 €Ty TeTITIHIH
JKYMBICBIH JKY3€T€ ACHIPATHIH YHBIMIAP, MEMICKETTIK

KaKeTTLTIKTI KaHAFaTTaHIBIPY Kemiiaenaipimyi h g HHCTHTYTTAP JOHE KRSMETTEP-
= EJIITH A3BIK-TY.TIK TOYEJICI3IITT
IKOHOMHKAHBIH Karaiibl, OHa [eTellleH a3bK-
— Tl | e e
A3BIK-TY/IIK KAYIICI3/ITTHIH, imil:}](e BMipﬂiKi{aHb}E:] aBHK-TYﬂi;( KYPAMAACTAPRL morecanan: guramrt

KPUTEPHIIEPI assik-Tyik Kayineisairia
KAMTAMACKI3 €Ty JKaFIailbIHbIH OPBLIHJATY JeHreiiin
Garazay YIIH KOAIaHBUIATHIH CAHIBIK HKIHE
CAMATBIK MEeKTi MOHACP.

@HiM/IepiHiH eH/Ipici XaIBIKTEIH OCHl 6HiMIepre
JIETeH KBULIBIK KAKeTTUNMHIH KeMisjie 80%-b1H
(H3HONOTHSIBIK TAMAKTAHY HOPMAIAPEIHA
caiiKec KAMTaMackls eTyl THic.

KOIDKeTIMIUTIK, SKOHOMHKATBIK MyMKIH/TiK, TAFAMHBIH
CAMAcKl MeH Kayilci3iri, aspIK-TyIik Tayemncisiri,
CeHIMI KOJGKeTIMAUIIK — a3bIK-TY/IIKT] TYPaKThl 2pi
Y3IiKei3 amy MyMKiHiri.

N,

A3ZBIK-TY. MK KAVIIICI3IITTHIH KOPCETKIIITEPT
A3BIK-TYJIK Kayilci3Airinin Karaaifbii CHIATTANTHIH CaH/IbIK KAHe CAMAIbIK
CHIATTaMATAp, olap KaOBULIAHFAH KPHTEPHIUIEP HETi31H/Ie OHBIH KAMTAMACHI3 eTiTY
akyiecin Garanayra MyMKiHuik Oepesi.

v

INEKTI MOHJIEP
a3BIK-TYIIK KYIHeCiHIH KAIbIITH JKYMBIC icTeyiHe KeZlepri KelTipeTiH #KaHe
KayilICi3ikKe KaTep TOHIipeTiH ayBITKYIApra dKeleTiH IIeKTi amanap.

v

ASBIK-TY.IIK KAVIIICI3IITTH KAMTAMACEI3 ETY TOVEKEIEPI:
Makpo3KOHOMHKAJIBIK, TAOHFH-KITHMATTRIK, aJleyMeTTiK,
CHIPTKBI3KOHOMHKATBIK.

1

A3BIK-TYJIIK KAYIICIIITTHE KATEPIEP
eIIiH a3BIK-TYIIK Kayincis/iri skyifeciie Tepic acep eTeTiH KYOBUIBICTap MeH
yaepicrep. Onap eMipiin 6acThi pecypehl — TaraMHbIH a3ai0biHa, GolMaybiHa
HeMece JKOMBUIYBIHA, COHIAf-aK OHBIH CAallaChIHBIH TOMEHIeYiHe Al Kele/li.

pd

A3BIK-TYJIK KAYIICI3IT KYHECK
KYPaMBIHA arPOeHEPKACINTIK KellleH: caTy KaHe Tapary kyileci, a3uK-TYIIK KOphI,
TYTBIHY, Gackapy. Ka/[pIbIK, aKapaTThIK, KAP/KBITHIK, MATEPHAT/IBIK ~TeXHIKABIK,
TeXHOMOTHANKIK KAHe FELTHIMA KAMTAMACK €TY.

¥

JKYHEHIH JK¥MBIC ICTEY MAKCATBI
XATBIKTBIH OMIPITIK MAHBIYIE MY/UIEIEPiH Y3IKCI3 CAH/IBIK KOHE Canaibik TYPFbia
A3BIK-TYTIKIIeH KAMTAMAackI3 eTy apKBLIH iIIKi K3He CHIPTKEI KaTeprepIeH Kopray.

1

A3BIK-TY.TIK KAVITICI3TITTH KAMTAMACHI3 ETY MEXAHH3MI
©HIM HAPLIKTAPEIHLIH TEHIepiMJIi JKYMBICHIH KAMTAMACKI? €TeTiH KaHe a3bIK -TYIIK
Kayinciznirine Karepreplin anIsH alaThiH YHEMIACTHPYIIBIIBIK -3KOHOMHKAIBIK

JKaHe KYKBIKTBIK IIapazap xyiieci.
Dnemenmmepi: aneyMeTTiK-I)KOHOMHKAIBIK KOPCETKINITePIiH NOPOITEIK MaHAEpPiH
a3ipuiey, KaTepiiepili aHBIKTay 5KaHe GOJrKay MAKCATBIHIIAFEI MOHHTOPHHT, KYHCHIH
TYPAKTHI JIAMYBIH KAMTAMACHI3 €Ty, KATEPICpIIl aHBIKTaY KOHE a/libiH a1y GoiibiHia
MeMIIEKeTTIK sKaHe KOFaM/IbIK YilbIMIapIbiH KEI3MeTi.

Cypert 3. A3BIK-TYJIK KayilCi3iri »KyHeciHiH Heri3ri TYCIHIKTepl MeH Kypamjaac 0esikTepi

Y CBIHBUTFAH TYXKBIPBIMIAMAITBIK-9TICHAMAITBIK HET13/1iH FRUIBIMU KAHAJBIFBIH HAKTHUIAY YIIiH
OHBI KOJIIAHBICTAaFbI KEHICTIKTIK XKoHE aifMaKThIK JaMy TOCITIEpIMEH CabICThIPy MaHbI3Abl. MyHai
CAJIBICTBIPY MOJEIIBJIIH TEK TEOPUSUIBIK IOy eMec, a3bIK-TYJK OenjeyiH Oaramayra OeimMienrexH
KosgaHOanbl Kypal peTiH/e epeKILIeNiriH Kepceryre MyMKiHaik Oepeni. OcbiraH OaillaHBICTBI
YCHIHBUIFAH OJ[ICHAMAJIBIK MOJENB/IH KOJIJIAaHBICTAaFhl TOCULIEPACH HETI3T1 aWbIpMAaIlbUIBIKTaphI

TeMeH ieri 3-kecTeze Oepini.

Kecte 3. ¥YcbIHBLIFaH Q,HiCHaMaJ'ILIK MO}IeJ'IBI[iH KOJIJaHbICTarbl TSCiJ’II[epILeH aﬁBIpMaHJLIJIBIFBI

CanpIcThIpy 0aFbIThI

KoapansicTars! Taciiaepaeri

Y CBIHBLIIFAH MOJEJb/eri

0acbIMIBIK epeKIesik
Knaccukanbsik opHanacTelpy | HapbIkka >kKaKbIHABIK, TachMaJl HIBIFBIHBI | Byt Jloruka aswIk-TyJiK Kayincisgiri,
TEOpUsIapEI XKOHE JKep NaijanaHy JIOTMKachl OachiM | MHQPAaKypbUIBIM,  CaKTay  JKoHE
KapacThIPbLIa bl HMHCTUTYLIMOHANIBIK Oackapy

KOPCETKIIITEPiMEH TOJNBIKTHIPBIIA/IbI.

AWNMaKTBIK 1aMy (aKTopJiapsl
TBIFBI3/IBIK,

WHCTUTYLIHOHAIIBIK
(akTopyap nepapxusChl TaJalaHaIbL.

3ybapeBnu meH KysHeroBa eHOekTepiHae

Ocsl (axTopnap a3BIK-TYJIIK

KaIIBIKTHIK, | Oenieyine — OediMaernin, — eHIipic,

KEAepriiep  JkoHE | eHJIeYy, CaKTay, JIOTHCTHKA >KOHE

KOJDKETIMILTIK HOTHKeJIepiMeH
0alITaHBICTBIPBUIIBL
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Teopusnplk  koHEe KojimaHOadel | BypelaFbl  3eprTeynep kebOine xammel | Momens a3pIK-TYNMiK  Oemneyin

JKAHAJIBIK, OHIPIIIK JIamy HEeMece aybll | OaranmaynplH — jgepOec  paMKachiH
IapyaIibUIbIFbIH OpHAJIACTHIPY | YCHIHABI: TAOUFH-arPOIKOJIOTHSLITBIK,

MOCeIeNIepiHe OaFbITTaa IbL. QJICyMETTIK-3KOHOMHUKAJIBIK,
KEHICTIKTIK-JIOTUCTHKAJIBIK JKOHE

WHCTUTYIIMOHANIBIK OJIOKTap OeJiek
JICHTC#l PEeTiHC KapacThIPBLIAIBL.

Eckepry - ¥CHIHBUIFAH OJiCHAMAIBIK MOJENb KOJJIAHBICTAFB TEOPHSUIBIK JKOHE aifiMakTBIK [amy TOCLIIepiH
canbICTRIPMANTBl Tajaay HeTi3iHae aBTopnap TapanbiHan Kypacteipsuiasl (Thinen, 1826; Krugman, 1991; Zubarevich,
2010; Kuznetsova, 2013; Kuznetsova, 2014)

Kecrene xepceTinreHieid, YChIHBUIFAaH MOJENbB/IIH JKaHAIBIFbI KOJJIAHBICTAFbl TEOPHSIIAPIbI
MEXaHHKAIBIK KalTajayaa emec, oJapibl a3bIK-TYJIK OeNAeyiHIH HaKThl (YHKIHSUIAPBIMEH
OaiiaHbICTHIPHIN, Oaranay OipiiriH «(pakTop - KOPCETKIII - KEHICTIKTIK HOTHKE» Ti30eri apKbUIbI
KYpYBIH/Ia KOPIHE/].

5. KopbITBIHABI

Ocphl 3epTTeyae a3bIK-TYJIIK OeNACyiH KaJIBIITACTRIPY MEH OaraiayablH O/iCHAMAJBIK HETi31
petinae «paxkTopnap — AEHreiliep — KOPCETKIIITEep - HOTUXKE» JIOTUKACHI YCHIHBULIBL. 3epTTey
HOTIDKECIHJIE a3BbIK-TYJIK Oeiyeyi Kaja MaHbl aybll IIapyallbUIBIFBIHBIH KapamnaibiM KEHICTIKTIK
KOpiHICI eMec, TaOuFU-arpodKOJIOTHSUIBIK pecypc 0a3achlH, OHIIPICTIK MaMaHAAHYAbI, KOJiK-
JIOTHCTUKAJIBIK KOJDKETIMIUTIKTI, OHJIEY-CaKTay HH(PAKYPBUIBIMBIH JKOHE HMHCTHTYIIHOHAIIBIK
Oackapyabl OIpIKTIpETiH KOMACHI il *Kylie eKeHl Her13aeN/Ii.

BipinmineH, a3pIK-TYIIIK KayilCi3Airi, a3pIK-TYIIK TOYEICI3/iri, a3bIK-TYJIK O€JIeyi kKoHe Kaa
MaHbl aliMaFrbl YFBIMIAPBIHBIH Ma3MYHBI HAKThl aXKbIPAThUIABL. ByJl aXbIpaTy 3epTTey HbICAHBIHBIH
KEHICTIKTIK IIeKapachlH IyphIC Oenrijieyre MyMKiHAIK Oepemi: a3pIK-TYJIiK Oeneyl Kajlara »KaKblH
ayMakIleH FaHa IIEKTEJIMEeH, Kaja CYpaHBICBIH KaMTaMachl3 €TeTiH OHIIpic, caKTay, OHJIEY KOHE
KETK13y OalaHbICTAPBIHBIH TOJIBIK KYHECIH KaMTH/IbI.

Exinmrigen, reorpadusibplk —anfFbIIapTTap TAaOWFU-KIMMATTHIK OKaFJaillapMeH FaHa
IIEKTEJIMEUTIHI  JoNenieHAl. Y ChIHBUIFAH MOJENbJe TaOUFU-arpO3KOJIOTUSIIBIK, JJI€yMETTIK-
HSKOHOMHUKAIIBIK, KEHICTIKTIK-TOTUCTUKAIBIK )KOHE MHCTUTYIIMOHAIBIK OJIOKTap e3apa OalIaHbICKaH
Kyle peTiHAe KapacTelpblianbl. byn Tocin reorpadusiablK JETEPMUHU3MHEH KON(aKTOPIIbI
KEHICTIKTIK TaJlJjayFa eTy/liH 9/liCHaMaJIbIK HEeT131H KepceTel.

YuriHmniaeH, KermJaeHrennl Ttangay Karugackl Herizaenmi. OOmbIic, aybul IIapyaliblUIbIFbI
ailMarpl, OKIMIIUIIK ayJaH J>XOHE KOCIMOPBIH JEHreinepiH Oip »xyilene KapacTbhlpy ayMakThIK
alBIPMAITBUIBIKTAPIbI, OHIIPICTIK MaMaHIaHY/Abl, HAPBIKKA KOJKETIMIUTIKTI KOHE JIOTUCTUKAIIBIK
HIEKTeyJep/i CabICTBIPMaIbl OaragayFa MyMKIH/IK Oepei.

TepTiHIIiEH, 91ICHAMAIIBIK MOJENIBIIH TYNKI HOTHXKECI QJIEYMETTIK-DKOHOMHUKAJIBIK dcepiiep
apKbUIbl TYCIHAIPUIAL: XaNBIKTBIH cCammaibl a3bIK-TYJNIKKE KOJDKETIMILIIri, 0ara MeH XeTKi3yIiH
TYPaKTBUIBIFBI, ayBUIBIK ayMaKTapAaFrsl )KYMBICTIEH KaMTy, OHIPIIiK TEHrepiM KoHE JIOTHCTUKAIIBIK
TO3IMAUIIK a3bIK-TYIK OemieyiH Oaranay/IbIH HET13T1 KOPBITHIHABI OJIIeMAep] peTiHAe alKbIHAAIbI.

becinmrigen, Makama HaKThl SMIHPUKAIBIK €CENTEYIl €MeC, OHBI KYPri3yre apHajraH
o/licHaManbIK Heri3al ycbiHaabl. COHIBIKTaH KeJeci Ke3eHIe MOAENbIi AKMoma, AIMaThl HEMece
0acka arJoMepanusuIbIK OHIpJep MBICATBIHAA ampolanusiiay, KOPCETKIMITEpAl IIEKTI MOHAEP
OOMBIHIIIA KAJIBITIKA KENTIPY apKbUIbl CANBICTHIPY, CATMAKTapbIH ©3TepyiHe CEe3IMTANBIK Tajaay
KYPTi3y *KoHE HOTHXKENEpAl KapTorpadusiyIbIK TYpIe KOpceTy KaxKeT.

Herisri tepmunaepain Oipi — azwik-mynix xayincizodiei. OJ XaJbIKTBIH (U3HOIOTHSIIBIK
HOpMaJlapFa COMKeC carajibl TaFaM OHIMJEpiHe (PU3MUKAIBIK KOHE YKOHOMHUKAIBIK KOJIKETIMIUTIT
TYpaKThl KaMTaMachl3 ETINEeTiH >karmaWael Ounmipeni. Ochl YFRIMMEH Ma3MYHJAc opi e3apa
OaiiTaHBICTHI KaTEropus — eJNIH a3bIK-TYJIIK TOYeJCI3Airi: Oy ChIPTKbI XKETKIZUIIMIEp HIEKTEeIreH
XKarjgaiiaa na enmaiH (eHIpAiH) eMipiliK MaHbI3BI 0ap eHiMmuep OOWBIHINA IIIKI KaXETTUIIKTI oTey
KabimeTi. A3BIK-TYJIK KayIICI3/iri )KYHENK CUITaTKa ue OO0JIFaHIBIKTaH, OHBIH OOBEKTIIEP] PETIH/IC
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WITTBIK KOHE OHIPIIK JCHIeHIeri XajablK TONTapbl MEH Y MIapyalbUIBIKTaphl, al CyObeKTiiepi
peTiHae Kayilci3AiKTI KaMTaMachl3 €TeTIH MEMJICKETTIK MHCTHTYTTap, YHbIMAAp MEH KbI3METTEP
KapacTeIpblIaapl. Kayilnci3miKTiH Heri3ri KypaMmjacTtapbl — OHJIIPICTIK oneyeT ((pHU3UKaIbIK
MYMKIH/IK), SKOHOMHUKAJIBIK KOJDKETIMIUTIK, TAFAMHBIH carachl MEH KayilCi3iri, TOYeJICI3IiK KOHE
ceHiMai (y37iKci3) KoymkeTiMaunik. by Kypamaacrapasl Oaranay VIIiH 3epTTeyle KpHTEpHiiep,
KOPCETKIIITEp KOHE IIEKTI MOHJEP YFbIMAApHI KOJJAAHBUIAJBL: KpUTEpHiliep — Oaranay eJjiemi,
KOPCETKIIITEp — OJIIICHETIH MHANKATOPIIAp KUBIHBI, aJl IEKTI MOHJEP — KYHEHIH KaJIbIIThI KYMBIC
icTeyiH Oy3aThlH Kayill ailMarblH aWKbIHAAWTBIH Mexenep. COHBIMEH KaTap a3bIK-TYJIK
KAyIICI3[IriHe ocep €TEeTiH ToyeKenaep (MaKpOIKOHOMHUKAIBIK, TAOMFU-KIMMATTHIK, OJICYMETTIK,
CBIPTKBl SKOHOMHUKAJIBIK) JKOHE HAaKThl KaTepyiep (KETKI3yIiH Y3Ulyl, TalIibLIbIK, Oara
TYPAKCBI3JIBIFBI, CAllaHBIH TOMEHJEYl XoHE T.0.) axkbIparbuiafbl. Onmapael O0ackapy a3bIK-TYIIIK
KayIlci3airii KaMTamMachl3 €Ty MEXaHW3Mi apKbLIbl ICKE acajbl, SSFHM MOHHTOPHHT, PETTEY, KOp
KAJIBIIITACTBIPY, HAPBIK TCHIEPIMIH KOJAAY JKOHE YHBIMIACTHIPYyIIBUTBIK-KYKBIKTBIK Iapasap Kyheci
peTiHae TYCIHIpUIeTi.

KeHICTIKTIK TYPFBIZAH 3ePTTEYIIH ©3€KTI YFBIMBI — a3blK-myiik Oendeyi. byl 3epTreyue a3bik-
TYJIIK Oenjeyi Ien Kajla arlioMepalusChiH a3bIK-TYIIK OHIMAEpIMEH KaMTaMachl3 eTyre OarbITTallFaH,
KaJla MaHBIHJA OpHATACKAaH MaMaHJAHJBIPBUIFAH aybll MAPYaIIbUIBIFBl OHJIPICI, OHJEY, CaKTay
KOHE KETKI3Y MHPPaKYPbUIBIMBI IIIOFBIPJIAHFAH ayMAaKTBIK KYiie TyciHaipineai. Ochkl YFbIMFa jKaKblH
KaTeropus — Kajla MaHbl ailMarbl: OJ1 sIpO-KaJlaFa reorpadusIblK )KaKbIH OpPHAJIACHIT, OHBIMEH €HOCK
KOIII-KOHBI, HAPBIK, KbI3MET KOPCETY KOHE KOJIK aFbIHAapbl apKbUIbl THIFBI3 (PYHKIIMOHAIBIK
OaifaHbpicTa OONATHIH KEHICTIK. AS3BIK-TYJIK Oenieyi YFBIMBIH HaKThUIAy YIIIH 3€pTTeyie
arpoeHepkocinTik kemeH (AOK) TyciHiri 1e MaHbI3bl OpbIH anaabl: AOK — aybul mapyanibuibIFbl
OHJIIpici, OHJCY, CaKTay, TACHIMAJI/Iay JKOHE OTKI3y OybIHIAPBIHBIH ©3apa OaillaHbICKaH >KUBIHTHIFBI.
Jlemek, a3bIK-TyJik Oenneyin Tangay AOK KypbUIBIMBIH KEHICTIKTE YHBIMAACTBIPYMEH TiKesen
acTacaspl.

XKyprizinren 3epTrey ypOaHany MeH arjoMepalysuIbIK JaMyAbIH KYIIEI01 )KaFAaibIHAa a3bIK-
TYJIKIEH KamMTaMmachl3 €Ty Macesecl TeK OHJIPICTIK KeJeMJl apTThIpyMEeH MIeKTEeIMENTIHIH
nonennaerai. Kazipri xkaraiiina a3pIK-TYJIIK Kayinci3iri MeH Kajixa MaHbl ayblUl [IapyanlbUIbIFbIHBIH
TUIMJIUIIT], €H aJIIbIMEH, OHIPICTIH KEHICTIKTE KaJlail YIBIMIaCThIPbUTFaHbIHA, KOJIIK-JIOTUCTHKAIIBIK
KOJDKETIMIUTIKKE, CakKTay-eHAey WHQPAKYpPhUIBIMBIHA, HWHCTUTYIIMOHAIABIK pETTeyre >KOHE
HAPBIKTHIK OalTaHBICTapBIH TYPAKTBUIBIFBIHA TOYe I Ii. OCHI TYPFBIZAH aJIFaH/Ia, a3bIK-TYJIIK OeIaeyi
YFBIMBI arpapJibIK OHAIpicTiH Oenrini Oip ayMaKKa IIOFBIPJIaHYbl FaHA €eMeC, KeHICTIKTIK, 9JICyMETTIK-
SKOHOMUKAJIBIK JKOHE O0acKapymIbUIBIK YIEPICTEpMiIH e3apa OallaHbICKAaH KEIIeHl pPeTiHAe
KapacTBIPBUIIBI.

3epTTeyAiH TEOPHUSIIBIK-oICHAMAIBIK OOirt Kajda MaHbl KEHICTITIH TallayablH FbUIBIMH
HeTi3/lepiH JKyileneyre MyMKiHIAIK Oepai. KeHICTIKTIK YHBIMIAcThIpy Typajbl KJIACCHKAJIBIK
tyxbipbiMaamanap (U. Tronen, B. Kpucrannep, A. JI€ur) a3pIk-Tynik Oenzeynepid KaJlbINTacThIpyaa
HapBIKKAa JKaKbIHIBIK, KOJIK HIBIFBIHIAPHI, JKEP PECYpPCTAphIHBIH camachl MEH arjoMeparusuIbIK
apTHIKIIBUIBIKTAp Ienymi (akTopiap €KeHIH aWKbIHIauael. byi Teopusiap Kajga MaHbBI aybll
[IapyanIbUIBIFGl OHAIPICIHIH KYPBUIBIMBI MEH MaMaHJaHYBIH TYCIHIIpyAe 1€ MaHbI3AbI: Kaiara
JKaKbIH ayMaKTa Te3 OY3bUIaThIH opl KU1 KETKI3Yy/l KaKET €TeTiH oHimaep 0achiM OOTybl 3aHIbI
KyObuibic. COHBIMEH Oipre, ecy MOJ0CTepl, ”HHOBAIUSHBIH KEHICTIKKE Tapalybl )KoHE aiiMaKapabIK
eHOeK OeIiHICI TeopHsuIaphl a3bIK-TYJIK OeNieylH TEeK OHJIpiC ailMarbl eMec, WHHOBAIHMSUIBIK-
TEXHOJIOTHUSUTBIK JKaHAPY, KIIACTEPIICHY KOHE JIOTHCTUKAIIBIK TOPAINTaHy OPBIH aJaThlH JaMy KeHICTIr1
peTinae Oaranayra Heri3 6epeni.

AcTaHa arjomepanusachl KOHTEKCIHJE a3bIK-TYMIK OenjeyiH KEHICTIKTIK TYpFbiaa 'KaKbIH—
opra—anpic" aiiMakTapra Oeinm KapacThIpy MPaKTHKAIBIK MoHTe He. JKakplH aiiMak, Heri3iHeH,
KYHJIENIKT1 JKETKI3UIeTiH Te3 OY3bUIaThIH OHIMAEpAl (KbUIbDKAN KOKOHICl, CYT, Kyc eHiMaepi T.0.)
OH/JIIPY MEH TapaTyblH >KOFapbl HHTEHCUBTI OeJjeyl peTiHae TYCIHAIpiIeal; opTa aiiMaK — cakTay
MEH eHjieyre OarapiaHFaH, )KOCIApPIIbl KETKI31IETIH OHIMIep MEH KeJIeM/i OHAIpIC YIIIH KOsl
KCHICTIK; aJl aJIbIC aiiMaK — y3aK CaKTaJIaTbIH OHIMJIEp MEH IIHKI3aTTHIK 0a3aHbl (aCTHIK, JKEMIIIOTI,
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KaWbUTBIMIBIK OaFbIT) KaMTaMachl3 €TETiH TYPaKTBUIBIK Oenieyi. MyHmal >KIKTey a3bIK-TYJIK
OenmeyiH jxo0ajayna eHIM TYpJIepiH, MH(PPAKYPHUIBIM OachIMIBIKTAPBIH KOHE JIOTHCTHUKAIIBIK
IIemiMaep/Ii KeHICTIKTE oI YIIIeCTIpyre MyMKIHIIIK Oepe/ti.

3epTTey HOTHXKETEP1 a3bIK-TYJIIK OCJICYiH JaMBITY JICYMETTIK-DKOHOMHUKAIBIK HOTHXKEIIEP IiH
KEH CIIEKTPiHE 9cep €TETiHIH KOpCeTTi. bipiHImiieH, Kaia XaJlKpl YIIiH OHIMIe KOJDKETIMAUIIK IeH
O0ara TYPaKTBUIBIFBI apTajbl, MayChIMAPAIBIK TOYSIUNK oJcipelai. EKiHmIimeH, aybUIIbIK
ayMakTapaa >KYMBICIICH KaMTy KEHEHim, Koomeparus MEH KIACTepJeHY apKbUIbl KOCBUIFaH KYH
ecei. YIIIHIIIIEH, OHJICY, CaKTay JKOHE TapaTy MH(MPaKYPBUIBIMBIHBIH JaMybl OHIPJIIK HAPBIKTHIH
YUBIMIACYBIH KAKCAPTHIM, JIOTHCTUKAIBIK MIBIFBIHAAPIBI KICKAPTYFa BIKMAT eTe/i. TepTiHIIiACH,
Kajla MaHbl ayblUl MIAPYyallbUIBIFBIHBIH AKOJOTHSMIIBIK KOHE KEHICTIKTIK (DYHKUIHMACHI Kylleeni:
arpapJibIK JJaHmadTTapAbl cakTay, "Kackll Oenaey" aneMeHTTepiMeH Yiliecim, pecypcTap bl THIMAI
naianaHy CHUSKTBI MIHIETTEP ©3€KTi OoJyianel. Jlemek, a3bIK-TYNIK Oenjieyl KajdaHbIH a3bIK-TYJIIK
casicaThlH OHIPJIK JaMy CTPaTEeTUSACBIMEH VINTACTHIPATHIH WHTETPAIMSUIBIK Kypal pPeTiHe
KapacTBIPBLIYHI THIC.

CoHbIMEH Kartap, 3epTTey IIeHOepiHae OipkKarap oJiCHaMaJbIK TYKBIPBIMAAD AWKBIHIAJIbL.
ABBIK-TYJIIK OenyeyiH Oaranay VINiH KepceTkimrep jkyieci minmerti typae: (1) emmipic meH
MaMaH/iaHy, (2) eHJiey ®oHe cakTay KyaTbl, (3) KeJiK-JIOTUCTHKA )KOHE JKETKI3y YaKbIThI, (4) HapbIKKa
KOJDKETIMIUTIK TeH Oara (akropnapsl, (5) MHCTUTYIHOHAIABIK Kosiday, (6) Toyekenmep MeH
TYPAKTBUIBIK WHIAMNKATOPJIAPBIH KAMTYBl KaXeT. ByJl TOcUT a3bIK-TYJIK KAyINCI3OIriH KaMTamachl3
eTyJeri HaKThl "o51ci3 OybIHaap sl (MbICaibl, KOMMA TAMIIBUIBIFGL, CATKbIH T130€K Y311yl, TachiMal
KYHBIHBIH 6Cyl HeMece HapblK MOHOIIOJIMSICHI) aHBIKTayFa MYMKIHIIK Oepei.

KopbITeIHIBIIAN Kele, 3epTTey a3bIK-TYIIIK OenieyiH Oaranay/IbIH KYHEeTiK ®KoHe KOIIeHT erIl
O/TICHAMACKIH YCBIHBI: OJ1 (haKTOpIap bl KYPBUIBIM/IAI, KOPCETKIMTEP apKbUTBI OIS, HHTETPaJIIbl
HOTH)KE WIBIFAPY apKbUIBI KEHICTIKTIK >KOcmapiay MeH OacKapyIblH MPaKTHUKAJIbIK MiHJIETTEpPiH
[Ienryre MYMKIiHIIK Oepeni. ¥CBHIHBUIFAH JIOTHKA OHIPMIK a3bIK-TYJIK KayillCI3AIriH KyleinTyre,
OHJIIpIC TEH JIOTUCTUKAHBIH THIMJIUIIIH apTThIpyFa, oJIEyMETTIK-DKOHOMUKAJIBIK TEHIepiMIi
KaMTaMachl3 €Tyre >XOHEe TYPaKThl JaMy MaKcaTTapblHA KOJ JKETKi3yre OarbITTalfaH FhIIBIMU
HETri3/IeNTeH MenrMaep Kadbbuiiayra KbI3MeT eTe/ll.

JKanmbl KOPBITBIHIBI PETIH/IE, A3bIK-TYJIIK Oenieyl — ypbanaany xaraalbiHaa KaJlaHbl OHIMMEH
KaMTaMachl3 eTYyAiH TaOuFM >Kalfachl FaHa eMeC, KEHICTIKTIK JKocmapiiay, SKOHOMHKAIBIK
TYPaKTBUIBIK, OJIEYMETTIK OAUICTTUIIK JKOHE YITTBIK a3bIK-TYJIK Kayllci3[iri MakcaTTapbliH
OipikTipeTiH kemjeHreini xyile. CoHIpIKTaH OoJyaliakra a3blK-TYJIK O€l/ieylH AAMBITY FhIIBIMU
TYpPFBIJa HETI3JIeNreH KEeHICTIKTIK MOJENbACY, WHHOBALUSIBIK arpOTEXHOJIOTHUSIApIbl E€HTi3Y,
"KbICKa KETKI3y Ti30eKTepiH" KYIIEHTY KoHe ToyeKenepre Te3imai 6ackapy MeXaHU3MIEpiH icke
achIPy apKBLIBI KY3€Te aChIPBITYHI KAXKET.

6. KochiMina MaTepuaizap: KOCbIMILIa MaTepHaIIap JKOK.

7. ABTOPJIBIK YJiecTep

Konnenryanuszauus, omicremenepii a3ipiey, skerekmiiaik — [.0.; omictemeHi a3ipiey,
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MaTepuajiapbIMEeH KamMTamachl3 ery, skerekmimik — A.C.; oxicteMmeHi a3ipiey, 3epTTey

MaTepualIapbIMeH KaMTaMmach3 €Ty, kerekmuik — [.0.; MoTiHal naibiHaay xoHe eHaey — A.C.;
Tangay xyprizy — A.b., A.M.
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Methodological foundations of the system of geographical prerequisites in the
study of the food belt

Gulnara Ospanova, Alim Mylkaydarov, Aigerim Sansyzbayeva

Abstract: The article examines the system of geographical factors and geographical prerequisites as
a theoretical and methodological basis for the study of the food belt. The relevance of the study is
determined by the need to ensure food security in the vicinity of large urban agglomerations, maintain
the stability of product supply and effectively organize spatial and economic relations between the
city and the village. The evolution of scientific approaches from geographical determinism to modern
systemic and multifactorial approaches to analysis is summarized and their Applied Value in the
assessment of the food belt is revealed. The research methodology was based on the approaches of
comparative historical analysis, theoretical accumulation, systematization and multilevel factor
analysis. As the main result of the work, the principle of "factors-levels-indicators-result” was
proposed, combining natural — agroecological, socio — economic, spatial — logistics and institutional
factors. This principle allows us to evaluate the food belt at the levels of the region, agricultural
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region, administrative district and enterprise, to draw integral conclusions by rationing and weighing
indicators. The proposed approach can serve as an important methodological basis, especially for
regions in Kazakhstan and Central Asia, where the process of urbanization is intensified, water and
land resources are limited, and logistics risks are high.

The purpose of the study is to methodically substantiate the system of geographical prerequisites in
the study of the food Belt and consider it in connection with the tasks of spatial planning, placement
of the agro - industrial complex, and ensuring food security.

Keywords: factor; food belt; resource; determinism; environmentalism; center-periphery.

MeToa010TH4YeCKHEe OCHOBBI CHCTEMbI reorpacpnqecmlx NpeaAnoCblJIOK B
HCCJICA0OBAHUN NTPOAOBOJBLCTBECHHOI'O IMOsICa

I'yabnapa OcnanoBa, Ainum Mblikaiinapos, Alirepum Cancbiz0aeBa

AnHoTaunus: B cratbe paccmarpuBaercs cucreMa reorpaduyeckux (akTopoB U reorpaduyuecKux
IPEINOChIIIOK KaK TEOPETHKO-METOJI0JIOTHYECKas OCHOBA MCCIEIOBaHMS IPOJOBOJIBCTBEHHOIO
nosica.  AKTyalbHOCTh  HCCIIEIOBAaHMSA  ONpENeNseTcss  HEoOXOAMMOCThIO  OOecHeueHHs
IIPOIOBOJILCTBEHHOM 0€301MacHOCTH BOJM3M KPYHHBIX TOPOJCKUX arjioMepauui, COXpaHEeHus
CTa0MIIBHOCTH TIOCTABOK MNPOAYKIMH ¥ A(PQPEKTHBHONH OpraHu3alii IpOCTPAHCTBEHHO-
HKOHOMHMUECKHUX CBA3EH MEXIy ropoaoM U JepeBHeil. O00011eHa 3BOIIOLUS HAyYHbIX OX0/10B OT
I‘eOFpa(i)I/ILIGCKOFO ACTCPMUHN3MA [0 COBPCMCHHBIX CI/ICTGMHO-MHOFO(i)aKTOPHI)IX IIoaxoJ0B K
aHAJIM3y U PACKPHITO MX IPUKIIAJHOE 3HAYEHUE B OLIEHKE IPOJOBOJBCTBEHHOrO Iosica. Meroauka
ucclieloBaHMsl 0a3upoBajIach Ha MOAX0JaX CPABHUTEIIBHO-UCTOPUUECKOTO aHAJIN3a, TEOPETHUECKOTO
0000111eHus, CHCTeMaTU3allid U MHOTOYPOBHEBOIO (PAKTOPHOrO aHainu3a. B kauecTBe OCHOBHOTO
pedynprata  paboThl  MPEAJIOKEH  NPUHIUI  «(aKTOPbI-ypOBHM-IIOKA3aTEIN-PE3YIILTATY,
O0BEIUHSIOMUN TPUPOAHO-ArPOIKOIOIMYECKHE, COLMATbHO-3KOHOMUYECKHE, MPOCTPaHCTBEHHO-
JIOTUCTUYCCKHUE W HHCTUTYHHWOHAJIBHBIC q)aKTOPI)I. JlaHHBIﬁ IDPUHOMUIT TTO3BOJIICT OLICHUBATH
IPOJOBOJBCTBEHHBIM  MOAC  HAa  YPOBHAX  00JacTH,  CENbCKOXO3SMCTBEHHOM  30HBI,
AAMHUHUCTPATUBHOT'O paﬁOHa U MPCANPpUATUA, 1€JIaTh HHTCTPAJIbHBIC BLIBOABI ITYTEM HOPMUPOBAHUA
U B3BEUIMBaHMSA Nokazarenel. [IpeanokeHHbIM NoAX0 MOKET CTaTh BaXKHOW METOIOJIOTHYECKON
OCHOBOM, ocobeHHO ayisi pernoHoB Kaszaxcrana u LleHTpanbHON A3suM, T YCWIEH MpoLecc
ypOaHu3aluu, orpaHiYeHbl BOAHbBIE U 3€MeNIbHBIE PECYPCHI, BBICOKH JIOTHCTUYECKHE PUCKH.

[enb nccienoBanus - METOJOJIOIMUECKOE 0OOCHOBAaHUE CUCTEMBI reorpa)uuecKuxX MpeArnoCcbUIOK B
UCCIIEIOBAaHUM IIPOJOBOJBCTBEHHOIO II0sicA M PAacCMOTPEHME €€ B CBSI3M C 3ajJadaMu
IMPOCTPAHCTBCHHOI'O INIAHUPOBAHUA, PaSMCIICHUS arpoOmpoOMBIIIJIEHHOT'O KOMIIJIICKCA, oOecrmeueHust
MIPOIOBOJILCTBEHHOM 0€30MacHOCTH.

KiawueBble  ciaoBa:  (akTtop;  NPOJOBOJBCTBEHHBIM  TMOSC;  pecypc;  JAETEPMUHU3M;
SHBaNPOMEHTANIN3M; LIEHTP-TIepUepHsl.

185



Pepakropaap: 3.E. Konumes, H.E. PamasaHoBa

ABToOpJiapFa apHa/IFaH HYCKAyJIbIKTap,
»KapusJIaHbIM 3THUKAChI )KypHaJl calThIH/a eHrisiareH: http://bulchmed.enu.kz

JLH.TymusneB aTbinAarbl Eypa3us yITThIK YHUBEPCUTETIHIH XabaplIbIChL.
Xumus. l'eorpadus cepuscsl.
- 2(155)/2026 - Acrana: EYY. 186 6.
[lapTThI 6.T. - 20.43. TapanbIiMbl — cypaHbIC G0UbIHIIA.
Bbacyra Kos1 KoubLiabl: 31.03.2026
AIIBIK KOJIAaHBICTAFbI 3JIEKTPOH/BI HYCcKa: http://bulchmed.enu.kz

MasmyHbiHa munozgpagus xcayan 6epmetioi
Penmakius mekeH-xaibl: 010008, Kazakcran Pecniy6sinkacel, ActaHa K,, CoT6aeB Kereci, 2.

JLH.T'ymuneB aTbiggarsl Eypasus yaTTeiK yHUBepcuTeTi Te.: +7(71-72) 70-95-00(iwki 33-207)
JLH. TymuneB aTbiHarbl Eypasus yaTThIK YHUBEPCUTETIHIH 6acnacbiH/ia 6acbLI/b


http://bulchmed.enu.kz/
http://bulchmed.enu.kz/

