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IIpemioxkena meromuka 3D ceficMoTOMOrpadUIecKOro Mpo3BYyYUBAHMSI MaCCHBA TOPHBIX TOPO/I,
npeTHA3HAYEHHAST JIJIsl BBISBJICHUS U JIOKAJIU3AIUU 30H PA3BUTHUs OIMACHBIX NEOJIOTMYECKUX IIPO-
11eCCOB, (POPMUPYIOMNUXCS B CKAJILHOM MaccuBe GeperoBoro Kiauda. JlaHo ommcaHme MeTO[MKU
MIPOBEJIEHUST CEHCMOTOMOTPadUIECKOrO MPO3BY YNBAHMUS JIJIsI M3YUYEHUsI COCTOSIHUST aOpa3snoOHHOTO
Kuda, pacroioKEeHHOro Ha yJacTke mobepexkbst Kpbima. [To marHBIM ceificMoTOMOrpadhuieckoit
VHBEPCUU CUHTE3UPOBAHBI KAPTHI PACIIPE/IeJIEHNsT 3HAUYEeHNI CKopocTeit P u S ceficMuIecKux BOJTH
B CKaJIbLHOM MAaCCHBE Ha pPa3HbIX IIybmHaX. PaccuuTaHbl JUHAMUYECKNAE MOJY/IU YIPYTOCTH, Xa-
pakTepusyonme (pU3NKo-MeXaHNnIeCKe CBOWCTBa TOPHBIX MOPOJI, caararomux Kiaud. Ha kaprax,
OTPasKAMIIMX IPOCTPAHCTBEHHOE PACIIPeIeIEHUE 3TUX IMapaMETPOB, JIOKAJIN30BAHbI OCIA0I€HHbBIE
30HBI MIPEIIIOJIOKUTETBHO CBA3aHHBIE ¢ (POPMUPOBAHMEM U PA3BUTUEM OIACHBIX IS YCTONYUBOCTH

K.J'II/I(b& HEraTUBHBIX I'€OJIO'HYECKUX ITPOIECCOB.

Kuarouessie cnoBa: CeiicmoTomorpadusi, ceiicMudeckoe npo3ByunBanve, 3D mHBepcusi, MomyIu

YIPYrocTH, HGU3UKO-MEeXaHUIECKNEe CBONCTBA, YCTOMYMBOCTL Oeperosoro kiuda, nobepexxbe Kpoima.

Huruposanme: I'nasynos, B. B., H. H. Ebumosa, /1. . 3esukman u A. A. Bykaros
Jlokanuzanust 30H pa3BUTHs OMACHBIX MEOJOTUYIECKUX MPOIECCOB H6€peroBoro Kimda mo gaHHbM 3D
ceiicmoTomorpadguaeckoro npossyumBanus // Russian Journal of Earth Sciences. — 2025. — T. 25.
— ES1001. — DOI: 10.2205/2025es000993 — EDN: ZNNZCA

BBenenune

B unxenepHoii ceficMopa3BeiKe B HACTOsIIEE BPEMs IITUPOKO U YCITEIITHO MPUMEHSIETCST
ceficmuueckast romorpadust (CT) st IeTaabHOro n3ydeHusl BePXHEH YacTy reoJornde-
CKOTO pa3pesa U MPO3BYIMBaHUS MEXKCKBAayKMHHOTO MpOCTpaHcTBa |Kosvipes u dp., 2022;
Paszymos u dp., 2021; Daniliev et al., 2022]. Hazemnas meroquka CT npemycmarpuBaer
nostyuerne 2D ceiicMOreoJIornIecKux pa3peson, XapaKTePU3YIOIINX Me0JJOrTIeCKOe CTPOEHNe
B IIPEJIIOJIOKEHNN, YTO CKOPOCTh PACIPOCTPAHEHUS CEICMIIeCKUX BOJIH B MAaCCHBE MOPHBIX
opoJ1, Bo3pacTaer ¢ rirybunoii [Jenckud u dp., 2019|. g nokajausaiyu 308 pa3yIIOTHEHUS
¥ TPEIUHOBATOCTH B CKAJIbHOM MACCUBE B PsiJie€ CJIydaeB IIPUMEHSETCs TeOpPaIuOIOKAIIHS
[Boavwyros u dp., 2023; Isakova et al., 2021].

esb ucciremoBammit CBsi3aHa C CEHICMOT€0JIOTTIECKAM U3y Y€HIEM CTPOEHUS U COCTOSHUS
GeperoBoro kJmda, BKIOYas ONEHKY MPOYHOCTHBIX CBOMCTB ITOPOJI CKAJBHOIO MAacCCHBA,
BBISIBJIEHIE 30H Pa3BUTHUSI OIACHBIX I'E€OJIOIMYECKUX [IPOIECCOB, BJIMSIONINX HA YCTOWYNBOCTH
CKAJIbHOTO MaCCHBa B 00J1aCTH OOPBIBA.

Metoauka pereHust aHAJOTTIHBIX 33[a9 METOJAMU T€OTEXHUKHN JIETAJIHLHO pa3padboTaHa
11t Kapbepos [Epemenko u Puaunnos, 2020; Madu u dp., 2022; Ilabapos u Kypanos, 2025).
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HOKA.HI/I3ALU/I$I 30H PA3BUTHUA OITACHBIX I'EOJIOTUYECKHX ITPOLIECCOB BEPEI'OBOI'O KJIM®A. . . I'naszyHoB u AP.

CorjiacHO UMEIIUMCS METOIMIECKIM PEKOMEHIAINAM, OIlEHKa YCTONYNBOCTH HOPTOB Ka-
PbEPOB, OTKOCOB YCTYIIOB U OTBAJIOB OCYIIECTB/ISIETCS PACYETHLIMU U IPadOaHAINTHICCKIME
MeTojiaMu. B KadecTBe BXOJHBIX XapaKTEPUCTUK UCIOJIb3YIOTCS (PU3UKO-MEXaHUIECKHEe CBOii-
cTBa Maccupa TOpHBIX opof, [Jawxo u Kapnewro, 2025]. N3yvuenne Gbusnko-MexaHUIeCKUX
CBOICTB MOPHBIX OO/ IIPOBOAUTCS JIAOOPATOPHBIMU U IIOJIEBBIMU METOIAMM, IIPEII0Iaramo-
[IUMU [TPOBEJIEHIE TOUETHBIX OYPOBBIX PAbOT C W3BJI€YEHNEM KepHa. TaKKe B METOIUIECKUX
YKa3aHUSX YIIOMUHAETCsI BO3MOYKHOCTD IIPOBEIEHNST Ie0(pPU3NIECKUX METOIOB UCCJIeI0BAHNUS
MaCCUBa Ha OCHOBE KOPPEJISAIMOHHBIX CBA3EH MeXKIy HAOJIIOIaeMbIM IIOKa3aTe/IeM U U3ydae-
MbIMU cBoiicTBamu [Aaekcees u dp., 2022a,b].

B orevecrBennbix [Onapun u dp., 2020; Pwbun u dp., 2023, 2015] n 3apy6e:KHbIX
[Beyene et al., 2023; Hussain et al., 2022; Kabeta et al., 2025 nybaukanusx paccMaTpu-
BaloTCd pe3yabrarsl npuMenenus 2D celicmuyeckoii Tomorpaduu (CT 2D) ¢ nosepxuocru
B KOMILJIEKCE C MeOPaJINOJIOKAIIME JIJTsl OIIPeIe/IeHNs] CTeleHN TeCTPYKIINU CKAJIbHOTO MaCCH-
Ba.

151 JIOKAIU3alIuy 30H PA3BUTHUSI OIACHBIX I'E0JOTMYECKUX IIPOIECCOB B 00JIACTH, IIPH-
MBIKafoIeil Kk 6eperosomy kiandy, meromuka nposegernusi CT 2D HepocraTrouno adbderkTuBHA
B CBSI3U C OIPAHUYEHHMSIMU, O0OYCJIOBJIEHHBIMU HAJIMYUEM BEPTHKAJIBLHOTO OOPBIBA, KPUBU3HOMN
6GeperoBoii JIMHUN U BO3MOXKHBIM IIPUCYTCTBUEM B pa3pe3e CJIOEB C MHBEPCHUEH CKOPOCTH.

st 9TUX yCoBuii 60J1ee MOAXOMUT IpeiaraeMast B crarbe Meronuka 3D ceiicmoTo-
Mmorpadmuaeckoro npossyunsanus (CTII 3D) maccuBa MOPHBIX MOPOJL, CAATAIONIMX KIUd.
Merouka ocHOBaHa Ha pa3MeIleHUH IIyHKTOB IpueMa ceiicmuueckux BosiH (IIIT) Brosn
ocHoBanug Kiuda, a myHKToB Bo30yzkaenus (II1B) Ha miomamu, npuMbikamonei K o0pbl-
BY, C IOCJIeytonieii 06paboTKOM JTaHHBIX HAOJIIOIEHUN B MporpaMMax, peajusyomux 3D
UHBEPCUI0 KHHEMATUYECKUX XaPaKTEPUCTUK CEACMUYECKUX BOJIH.

O6BbeKT mcceaoBaHMiA

O6mbekToM 3D ceficMoToMOrpaduaecKOro Mpo3BYYNBaHUS SIBJISIETCS KU} CeBEPHOTO
nobepexxbs Kpoiva (puc. 1). BeperoBas jimHusg HAXOIUTCs B TPEX COCTOAHUAX: abpa3uu,
AaKKpeIuu 1 craTuieckoM paBHoBecuu [Dede et al., 2023]. JJoMuHUDYIOMUM JJIsl palioHa
UCCJIeIOBAHUN SABJISETCA UMEHHO abpas3usl.

Teonoruueckoe crpoenne kinda chOPMUPOBAHO BEPXHEMUOIIEHOBBIME OTJIOKEHUSIMU
(N1), KoTopble IpeJCcTaBIeHbl IIOPOJAMHI CApMATCKOrO sipyca cpejiHero ropusonTta (N1SIT).
Tosmma ropHbIX OO/ cHOPMHUPOBAHA B OCHOBHOM XEMOI'€HHO-OPTaHOI'€HHBIMU U YACTUIHO
[IEPEKPUCTATNIOBAHHBIMU U3BECTHAKAMUA € IPOCI0AMA yinH. Kpome Toro, B CJIOUCTOM TOJIIIIE,
caararomnieil Kiund, HabIIONATCA TEKTOHMYeCKUe HapylneHus (puc. 1).

Ciioun, cJI0XKeHHBIE TJINHOM 3€JIeHOBaTO-CEePOii, N3BECTKOBUCTOM, TBEPJION, MMEIOT MOIII-
HOCTD, U3MeHsIoITyocs B npeaenax 0,2—0,3 M. [uHuCcThIe 0T/I0XKEeHNsT HANMEHee YCTONIMBDI
K BBIBETPUBAHUIO ¥ MOPCKOW adpa3uu, B HUX BBIPAOOTAHBI MHOTOYHMC/ICHHBIE TPOIOJIbHBIE
HUIIY B OCHOBaHUU OEPErOBOTO YCTYIIA.

N3Becrusku, ciaaramorme Kiand, OTHOCATCH K HOJIYCKAJIBHBIM U CKAJIHHBIM IIOPOJIaM.
W3BecTHSIK MOTyCKaIBHBIN 00/18/1a€T O9€Hb HU3KOHM MIPOYHOCTHIO, TAK KAK XaPAaKTEePU3YeTCst
cpeJiHell CTENEHbIO BBIBETPEJIOCTU U SIBJISIETCS Pa3MATrdaeMbIM. B CTPpYKTypHOM OTHOIIIE-
HUU CJION 3TUX IIOPOJ] IIPEJICTABIIEH OT/IEJbHBIMHI IIPOIJIACTKAME, JTHOO CIIEMEHTUPOBAHHOMN
Opekuneil KPYIHbIX 00JIOMKOB M3BECTHAKA. B 6eperoBoM 0OphIBE M3BECTHSIK BBIBETPEJIBIH,
BCTPEYAIOTCS KABEPHO3HBIE IMOJIOCTU Pa3MEPOM JIO OJTHOTO MeTpa. KaBepHBI M TPEINUHBI
BBIIOJIHEHBI JAPECBAHBIMU CYI'VIMHKaMU U TJINHOM. MOIIIHOCTB CJIOA 9TUX U3BECTHAKOB Bapbu-
pyerca B nipejenax 1,1-2,0 m.

3BecTHSK CKAJIBHBIN, OTHOCUTCA K KATETOPUU MAJIOIMPOYHBIX, TPENTUHOBATHIX, IOPU-
CTBIX U KaBEepHO3HBIX Mmopoj. Ilopona xapakrepusyercs rpy06oit CJIOMCTOCTBHIO, pa3dUTOi
CcyOBEpTUKATHLHBIMI TPEIMHAMA. DTOT U3BECTHSIK SIBJISETCS HAMOOJEE TIPOYHBIM U YCTOHIn-
BbIM K BbiBerpuBauuio [Katwxosa u dp., 2020]. [ToBepxXHOCTHBIN CJI0ii M3BECTHIKA CJIAraeT
HaBHCAIOINE KO3bIPbKU B OEperoBoM ycTylle W BbIpabOTaHHBIE MOpPCKHe Teppachl. [Ipo-
[IECC Pa3PYIIEHNs N3BECTHIAKA KOHTPOJIMPYETCH BOJIOHACHIIIEHHEM OTIEIbHBIX YYIACTKOB,
B CJIGICTBUU 9€ro MEHAIOTCS MX [POYHOCTHBbIE Xapakrepuctuku |Baozun u dp., 2021].
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Puc. 1. CrparudunupoBasubiii reoslorndeckuii pazpe3 abpasnonuoro kiauda.l — cyryimaku; 2 —
W3BECTHSK CKaJbHBIN; 3 — IVIMHA HaOyXarolas; 4 — U3BECTHAK ITOJIYyCKAJIbHBIN; KPACHBIM I[BETOM

IIOKa3aHbl JIMHU Pa3JIOMOB; OeJILIMU JIMHUSIMUA — I'PaHUIIBI CJIOEB.

Ilo mauHBIM BH3yaJbHOrO 0OC/IEIOBAHUS COBPEMEHHOIO COCTOAHNUS Kida U MHKEHEPHO-
re0JIOTUIECKNX U3bICKAHUI OCHOBHBIMU 9K30T€HHBIMHU (baKkTOpamu, 00yC/IaBIMBAIOITIMA
o6pymmenus Kiuda, saBisiorcest (puc. 2): BOJIHONPUOOHHOE BO3IeiHcTBIE Ha ocHOBaHUE Kjnda,
IIPOIECCHI BETPOBOI'O U TEMIIEPATYPHOIO BBIBETPUBAHUS Ha ycTyie Kinda; puibTpaus
[IO/I3EMHBIX BOJT B IIOPO/IaX, CJIATAONNX Kind; 00pa3oBaHme TPEIIH OTPHIBA U OCIa0IEHHBIX
30H B 00J1aCTH, IPUJIETAIONIEN K OOPBIBY; HAINYNE CyOrOpU30HTAIBHBIX CJIOEB N3BECTHSIKOB
HU3KOW IIPOYHOCTU ¥ HAOYXAIOIIMX TJIMH.

IIporecc paspyurenus: TOPHBIX IOPOJ, SBJISETCS CTAAUNHBIM U 3aKJI09aeTcs B dop-
MHUPOBAHUH U JIAJbHEHNIIEM Pa3BUTHU JePEKTOB CTPYKTYPhI HA PA3IAIHBIX MACIITAOHBIX
ypoBHsiX [Boso6os u dp., 2021]. TuapoquHaMudecKoe BO3eHCTBIE IPUBOIUT K PA3MBIBY
1 OCJIADJIEHHUIO CJIOS TIOJIYCKAJIBHBIX U3BECTHAKOB, UTO COIPOBOXKIAeTCs (DOPMUPOBAHUEM
TPEIuH B OPOHUPYIOIIEM CJIOe TTPOYHOr0 U3BecTHsIKA. ONACHOCTh MPEJICTABIISET PA3BUTHE
TPENUH He TOJIFKO BOJM3MU Kinda, HO U Ha YIAJEHUN OT JIMHUK OOPhIBA, TAK KAK PA3BUTHE
JECTPYKTHUBHBIX IIPOIECCOB IPUBOJIUT K OOPA30BAHUIO TPEIIUH OTPHIBA U ITOCIEIYIOEMY
paspyIeHunio Kanda.

ATMOCEPHBIE 0CAAKM

1
4924
-}

2
|

0 3
1

Puc. 2. 9x30rennbie HaKTOPHI, BIAUSIONINE HA pa3pyIleHne OeperoBoro yCryma. YCJIOBHbIE 0003HA~
geHust: | — npemmosaraemble Tpermnabl oTpbiBa; 11 — nBuxkenue nopzemubix Bog; 111 — BozeiicTBre

sK30reHHbIx hakTopos; IV — cucrema tpemun (1-4 npuseensl Ha puc. 1).

MeTo,mea 3D CeﬁCMOTOMOI‘pad)I/I‘IeCKOI‘O IPO3BYyYINBaHUA CKAaJIbHOI'O MacCUBa

OcHoBHag 3a7a4a CeHCMUYIECKOro obcaen0BaHus Kanuda CBOAUTCA K BBISBIEHUIO 00J1a-
creil (GOPMUPOBAHUSI M PA3BUTHUSI CKPBITHIX HAPYIIEHUN MACCHBA TOPHBIX MOPOJI, YCUIUBAIO-
[IIUX CTElEeHb BO3EMCTBUsI IIePEUNC/IEHHbIX paHee HEIaTUBHBIX 9K30I'€HHBIX (DAKTOPOB.

Teostormyeckoe cTpoenme u COCTOAHIE MACCUBA B IEJIOM HEOJIATOMPUSITHBI JJIsT IIPOBE-
JleHust ceficMoToMorpaduIecKux Mcce0Banuii mo cragnaprHoii 2D meronuke [[asyros
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u Op., 2022; Cucoes, 2021; Imani et al., 2021]. B nepByto o4epesib, 3TO CBA3aHO C TEM, UTO
CKOPOCTB PACIIPOCTPAHEHUs CEICMUIECKUX BOJIH HE YBEJIMIUBAECTCH C TIyOMHON HEIIPEPHIBHO.
B paspese mpucyTcTByIOT «MHBEPCHBIE CJIOU» CJIOXKEHHBIE TJIMHAMHU, CKOPOCTb B KOTOPBIX
YMEHbIIAaETCA IO OTHOIIEHNIO K BbIIIE3aJIeralonnuM U3BECTHAKAM. KpOMe TOTO, 6epeFOBOI>.I
OOPBIB OIPAHUYINBAET BO3MOYKHOCTH COOJTIOAEHUST TPEOOBAHMI K T€OMETPHIECKUM IapaMeT-
pam cetu pasmerienus 111 u 1B, npuagaTeiM npu npoBefeHnn ceiicMOTOMOTpapUIECKIX
HaOJIFOIEeHUI.

B stux ycnosusax mesmecoobpasHo IpoBeIeHNE CEHCMUYECKOrO MPO3BYYNBAHNAS MACCH-
Ba B Mmoguduraruu CTII 3D, koropoe moxkuo obecreunts, pazmectus 111 B ocHoBanum
Geperoporo obpeiBa ¢ marom 1 M, a I[IB B y31ax kBajgpaTHOil ceTu 2 X 2 M, CO3JaHHON Ha

npubpexxHoii Teppace (puc. 3).

hatée, M

Il
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7"~ - Nnuuns 6posku knnda
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(a) (6)
Puc. 3. Pazmermenue 111 u [1B Ha mroma u HabJt0IeHU B TPEXMEPHOM BUJIE OTHOCUTEIHLHO 0OpPBIBaA,
(a) u B wiane ¢ ronorpadueii (6). I — mynkrsr B3peiBa; 11 — mynakTsr npuema; 111 — Mopckas Boza;

IV — cyrnuuku; V — n3BectHsK ckaabHbId; VI — rymHa; VII — u3BeCTHAK MOJTyCKAJJIBHBIH.

Perucrparus ceficMudecknx BOJIH IPOM3BO/IMIIACH C ITOMOIIBIO 48-KaHAJIBHOM ceficMo-
cranmuu «uumce-2» (puc. 4a). B kauecTBe ceiicMOIPHEMHHUKOB UCIIOJIb30BAJIUCH BEPTH-
kasbHble reodonbl B nojieBoM Kopiryce PC-801 (GS-30CT). Bos3Gy:kaenne yupyrux BOJIH
[IPOU3BOJIMJIOCH YAaPOM KyBAJIIbl O MeTasuindeckuit . st obecriedeHnst CHHXPOHU3AIMN
HUCTOYHUKA U CEHCMOCTAHIIUN HCIIOJIb30BAJICS CECMOIIPHUEMHUK, yCTAaHOBJIEHHBIN BOJIM3M
nyHkTa Bo30yx/aenust. Tonorpaduueckas npussaska 11T u I1B ocymecTsisiach ¢ IOMOIIBIO
Taxeomerpa Leica MS-50 MeTO/IOM BBIHOCA PEIIEPOB B 30HY MPOBEJECHUS PAOOT OT paHee

M3BECTHBIX 0A30BBIX TOYEK.

Puc. 4. Ceiicmocrannusa «Dutnce-2» (a), nHabmogenHas ceificmorpamma (6) u ee TMKHpPOBAHUE

¢ ykazanueM roxorpados npoxoadmmx P- u S-BosH (B).

Jannbie ceficMuaeckux HaOJIIOJEHNI TIpeCTaBIeHbl B Bujie ceficmorpamm (puc. 46). Ha
ceficMOrpaMMax OTUETIIMBO IIPOSIBIIIMCH OCH CUHMbA3HOCTH MPOJOJILHBIX (P) 1 monepevHsx
(S) upoxomsImux cefCMUYECKUX BOJIH. Y DOBEHb [IOMEX, CBI3aHHBIX ¢ MOPCKUM NPUOOEM, HE
3aTPY/IHSLI BbISBJIEHUE IIEPBBIX BCTYILIEHUN TTOJIE3HBIX BOJH HA CEHCMOrDaMMAaX.

ITepBuunasi 06pabOTKa, BKIIIOYAOIIAsT YaCTOTHYIO (DUIBTPAIAIO JIJIsl YA leHnusl BBICOKO-
YaCTOTHBIX IIOMEX U KOPPEKIUIO AMILUIUTY, BBIIIOJIHEHA /i 598 3aperuCcTpupOBAHHDLIX Ceii-
cmorpamm. [TukupoBka rogorpadoB mepBbixX BCTyIieH P u S mpOXOISINX CeRCMUIECKUTX
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BOJIH OCYIIECTBJIAIACH BPYUHYIO (pHC. 4B), KOJMYIECTBO BPeMeH BCTyIieHuil P- u S-BoJiH co-
craBiser 7980 miist Kaxka0ro Tuiia BoJHbl. CeifcMoToMOrpaduieckast HHBEPCHs BBITOJHSLIACDH
¢ yaerom koopauuat 1T u I1B.

MNMusepcus mannbix 3D ceiicmoToMOrpaduyeckoro npo3ByYMBaHUs CKAJIbHOTO MaCCHBA
OCYIIECTBIIAIIACH ¢ noMomIbio porpaMmbl «ZondST3d» (OO0 «I'eonesaiic» ), KoTopas 1pe-
Ha3HaYeHa JIJIs TPeXMepPHON 00pabOTKU U MHTEPIIPETAINH JAHHBIX CeCMUYIECKOi TOMOTpa-
by Ha IPETIOMIIEHHBIX M IIPOXOJISIIAX BOJIHAX B HA3eMHOM (ILIONIAIHOM ) i MEXKCKBAYKUHHOM
TeoJIOTIIECKOM TIPOCTpaHcTBe |Asewsun u dp., 2021].
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Puc. 5. Kaprer 3nagennit ckopocreit pacnpoctpanennss P u S cefiCMUYeCKMX BOJIH B CKAJBHOM

MacCCHBEe Ha abCOJIIOTHBIX OTMETKAX BBICOTHI COOTBETCTBEHHO 27 3u4 MeTpa.

Pesynbrarb 06paboTKU TaHHBIX CHHTE3UPOBAHBI B Bujie 3D mudpoBbIx MoJIesell CKOpo-
creil pacupocrpanenus P u S celicMu4ecKux BOJIH B CKaJIbHOM Maccuse. [IpoTsikennast 30Ha
Ha KapTe, OKpAIlleHHas OeJIbIM I[BETOM, COOTBETCTBYIOT PACIIOJIOXKEHUIO OCTATKOB CTEHBI
3manus, rae myHKTo! 111 He paszmernanuco.

JlokaJsbHbIe, 6e/Tble SIelKN CeiCMOTOMOTPadUTECKON MOJIE/IN CBS3aHbI C HAJTUYIUEM
JIOKAJIBHBIX HEOIHOPOIHOCTEM, B IPEIEIaX KOTOPBIX JIYYH IMPOXOSIINX BOJIH IIPU HHBEPCUH
HE TIPOSIBUJINCE.

Ha ocuoBannu 3D KyO0B CKOPOCTHBIX MOJIE/IE TTOTYUYEeHbI KAPTHI-CPE3bI /It aOCOJTIOT-
HBIX OTMETOK 2, 3 n 4 M, XapaKTepu3yIOlie IIPOCTPAHCTBEHHbIE N3MEHEHNUsI CKOPOCTeH
P- u S-BosH (puc. 5).

Ckopocru pacupocrpanennst P Bojin uaMengaiores B npegesax or 1,1 10 2 km/c, a S-Bosn
or 0,5 10 0,9 kM/c. 3HaUEHHs YKJIAABIBAIOTCS B JIUANA30H CKOPOCTE PacCIpOCTpaHEHHs
YIIPYTUX BOJH B OCAI0YHBIX II0POJAaX BepxHeil yactu paspesa [2Kykos u Kysvmun, 2020).
Ob6J1acTy HU3KUX 3HAYEHUIT CKOPOCTel, OKpaIlleHHble Ha KapTaX B CHHE-3€JIEHYIO I[IBETOBYIO
raMmy, yKa3bIBalOT Ha MECTa JIOKAJIM3AIIN OCJIa0IeHHBIX 30H CKaJIbHOIO MaccuBa. B obura-
CTSIX, TPUMBIKAONIX K KaAudy, 00pa3oBaHme 3TUX 30H CBSI3aHO C BO3JEHCTBHAEM IIPOIECCOB
GUBMIECKOTO U XUMUIECKOTO BBIBETPUBAHUS. JTH 30HBI KJIM(MaA, BOZMOXKHO, OTHEJEHBI OT
OCHOBHOI'O MaccuBa (DOPMUPYIONIUMHUCS TPEIUHAMU OTPHIBA.
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Bo3MoKHOCTE MCHOJIB30BAHUS CEACMUYECKUX METOJOB JJIsI OIEHKU CTEIEHU YCTOM-
YUBOCTHU OIMOJI3HEBBIX CKJIOHOB 0a3MpyeTcs Ha B3aWMOCBA3U CKOPOCTEH PACIIPOCTPAHEHIS
YIPYIUX BOJH B CpeJie ¢ IIPOYHOCTHBIME XapaKTepucTHKamu 1opog, [Iocnodapuros u dp.,
20253; Aleksandrov and Krizsky, 2023; Bayo et al., 2021].

Ha pwuc. 6 mpeacraBienbl KapThl-Cpe3bl M1 aOCOIOTHON OTMETKHU 4 M, XapaKTepun-
3yIOINEe PacIpe/iesienne (PU3NKO-MEeXaHNIeCKUX CBOMCTB, ciararormux kiand. Ha xkaprax
IIyHKTUPHBIMU JIMHUSIMA OKOHTYPEHBI aHOMAJIUHU, yKa3bIBAIOIINE HAa OCJIa0JIEHHBIE 30HbI
TOPHBIX IIOPO/I.

R, m R, M R, m

104 i 4 F1o- 10
,‘/, ’ x ' 4 \/

10+ 10~ 10 -

T T T T T T T T T T
250 260 270 280 290 250 260 270 280 290 250 260 270 280 290
Ea, Ma Ened, 10° Na s/p

1,6 2,2 2,8 34 4 4,6 002 004 006 008 01 0,12 0,14 039 0,42 0,45 0,48 0,51 0,54

Puc. 6. Jlokammsanus ociabIeHHBIX 30H CKAJIHLHOIO MAaCCHBA HA KapTax-CPe3aX PACIPeeTCHUS
3HaueHnil JuHaMudeckux momyJei FOnra (a), obueit gedopmanuu (6) U OTHOLIEHUST CKOPOCTE

Vs/ V) (B).

Pacuér qunamuaeckoro moaysist FOura (puc. 6a) Boinosten mo dbopmyiie:

_ VBA(L+ (1 -2p)
L-p

’

pi§

rze V), — CKOpOCTb pacnpoCTPaHeHNsl IPOJOIBHBIX BOJIH, M/c; A — IIOTHOCTD, KI'/MS; U — Ko-
sabdunment Iyaccona [3yes u dp., 2021; Hadi and Nygaard, 2022]. st cpe3oB Ha Ti1yOuHAX
2,3, 4 u 5 M npuHATH cpenHue 3HaUeHUd 1oTHoctu 2200, 1990, 2050 u 1990 KF/M3 co-
OTBETCTBEHHO, YCTAHOBJIEHHbBIE 110 JAHHBIM Ja0OPATOPHBIX ucciaemoBanuit. Hapyrmenubim
yYacTKaM COOTBETCTBYIOT obsiacTi 3HavdeHuit Moxysst FOura menee 2,9 T'Tla (puc. 6a).

Mouynb gedopmanuu (puc. 66) coorsercrByer K03(DMOUIUEHTY IPOHOPIUOHAIBHOCTH
MeKJTy HArpy3KOii, IIPUJIOKEHHOI K 00beMy mOpoIbl, u ero medopmarueir. Popmysta pacaera
BEJIMYUHBI MOJLYJIsI CIIPABEINBa, JIJIsi U3BECTHSIKOB ILJIOTHOM 1 oc/iabJieHHOl 30HbI. Pacuér
BBITIOJIHEH 110 (popMyiTe:

-2 1,157
E e =4,337-1072 . EL17,

rae E, — punamvuaeckuit moxyis FOwura, Ha [CIT 11-105-97, 2004). Ha ucciemyemom ygacrke
ocabJieHHbIE 30HBI BBIJEJSIOTCA B Ipejesax 3HadeHuil momyns aedopmaruu ot 20 10
70 xITIa.

B ceiicmopasBeske jij1si OleHKHM HAPYIIEHHOCTH MaCCUBa, UCIIOJIB3yeTCsl OTHOIIEHUE
CKOPOCTE MONEPETHBIX U IIPOJIOJILHBIM BOJH [[opaunos u dp., 1987; Candupos u Cmenanos,
2022]. PazyiorHenue opoji MacCUBa OPUBOJAUT K YBEJUIEHUIO ITOIO HapaMeTpa.

Ha kapre-cpese, coorBeTcTByfOIEil abCOTIOTHON OTMeTKe 4 M, KPACHON IIyHKTHUD-
HOIl JINHME! OKOHTYPEHBI YUaCTKH, XapaKTePU3YIONINeCss HU3KUMU 3HAYEHUSMU (PU3UKO-
MEeXaHUYIeCKHNX CBOICTB. B mpesiesiax mccsie1oBaHHOIO y4yacTka Kianda n3MeHeHne BBIIUCIIeH-
HBIX TIAPAMETPOB OIPEIEJISIETC B OCHOBHOM MHTEHCUBHOCTHIO U XapPAKTEPOM Pa3yIIOTHEHUS
ropabIX opoj. Cpe3 3HaYeHni Ha aDCOFOTHON OTMETKe 4 M IIPOXOJMT Ha YPOBHE 3aJjIeraHusl
OPOHUPYIOIIErO0 NOPU30HTA M3BECTHAKOB. KapThl XapakTepus3yioT CTelleHb COXPAHHOCTU
9TOrO CJosi. Pacmpesiesienne 3naveHnit pacCINTAHHBIX TAPAMETPOB HA KAPTaX yKA3bIBAeT HA
OJIOKOBYIO 30HAJILHOCTb CTPOEHMS MaCCUBA.

Broigenennbie 6,T0KU COOTBETCTBYIOT 0C/Ia0I€HHBIM, HAN0O0I€€ 0OBAIOOTACHBIM YIACTKAM
CKAJIbHOT'O MACCUBa, PACIOJJIOKEHHBIM BOJIM3N Kinda.
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BriBoapt

Beimosinennbie uccieopanus mokazasm, uro meroguka CTII 3D sisiercs sdpdek-
THUBHBIM METOJIOM H3YyUY€HUsl CTPOEHUS U COCTOsIHUsT OeperoBbix Kianudos. OcobeHHOCTHIO
MIpeJyIaraeMoil METOINKH SABJIAETCS Pa3MeIleHne CeliCMOIIPUEMHNKOB BIOJIb OCHOBAHUS KJIU-
da, 9TO 3HAYNTEJIBHO YIIPOIIAET IIPOBEJIEHNE TI0JIEBBIX PADOT.

Pazpaborannast MeTosinKa ceficMuiecKux HaOJIIOIEHUN TTO3BOJIET ¢HOPMUPOBATD J1e-
TAJLHYIO O0BEMHYIO MO/IEJb CKAJIBHOIO MACCUBA, OTPAYKAIOILYIO T€0JIOTMIECKOe CTPOEHHE,
COCTOSTHVIE U HAJUYINE 30H PA3BUTHS OIMACHBIX T'€0JIOTUIECKUX IIPOIECCOB.

Cunresuposannbie 110 ganabiM CTII 3D ceiicmuyeckue MOeIu OTPasKaOT pasMerne-
HEE 30H OCJIA0JIEHHBIX TOPHBIX ITOPO/I, IIPE/IIOIOKUTEIHHO 00yCIOBIEHHDBIX OBBIIIEHHON
TPEIMUHOBATOCTHIO U3BECTHHAKOB. JIMATHOCTUICCKIMU IPU3HAKAMU STUX 30H ABJISIOTCS JIO-
KaJIbHbIE YMEHbIIIeHNsT CKopocTeil P u S ceficMuyecKux BOJIH, & TaKyKe COOTBETCTBYOIINE UM
U3MEHeHHsT 3HaYeHnit MojtyJieil yrupyroctu. Ocobyio OmacHOCTD Jjis yCTONIUBOCTH Kiinda
MIPEJICTABJISIOT 30HBI AECTPYKIMKA U3BECTHAKOB, IPUMBIKAIOIINE K OOPBIBY.

Tlostygaemble ¢ TOMOIIBIO STOI HOBOW TEXHOJIOTMM WHXKEHEPHOI CeficMOpa3Be/IKU Jie-
TaJIbHble 00 bEMHBIE MOJIEJTN CKAJIBHOIO MAaCCUBA ABJIAIOTCS OCHOBOW JJISt N3y YeHUs TUHAMIKH
Pa3BUTHS OMACHBIX I'€OJIOTMIECKUX MIPOIECCOB. MOHUTOPUHIOBBIE HAOJIIOIEHUS C [IPUMe-
HEHMEM IIPeJIjIaraeMOoil TEXHOJIOTUU TIO3BOJIST BBISBIISATH aBapUilHbIe yIacTKU Kiauda, Tje
CKOPOCTDB €r'0 pa3pylleHnd MaKCUMaJIbHA.

Texuonorust CTII 3D mpejicraBiisieTcst IepCIEKTUBHBIM HAITPABJICHIEM DA3BUTHS WHKE-
HEPHOI CefiCMOPAa3BEeIKU JIJIsi UCCJIE0BAHNS YCTONYMBOCTU HE TOJIBKO KJINGOB, HO 1 6GOPTOB
KapbepoB.

BaaromapaocTn. ABTOpBI cTaThby 0JIATOAAPAT CTAPIIEro HAYYHOrO COTpyaHuKa HcTUTyTa
ucropun marepuanbuoit kynbrypsl PAH B. B. Baxoneesa 3a mpejocraBieHue JI0CTya K
nporpamme ZondST3D
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The article presents a methodology for conducting 3D seismic tomography of rock massifs. This
technique has been developed for the identification and localisation of zones of development of
dangerous geological processes formed within the rock massif of a coastal cliff. An example of the
application of the technique is provided by the results of seismic tomography, which were used to
study the state of a coastal cliff in Crimea that is subject to abrasion. The seismic tomographic
inversion process has been utilised to generate maps depicting the distribution of P and S velocity
values of seismic waves within the rock massif at varying depths. Furthermore, the dynamic moduli
of elasticity, which are indicative of the physical and mechanical properties of the rocks constituting
the cliff, have been calculated. The maps that have been generated by the seismic tomographic
inversion process reflect the spatial distribution of these parameters, and the maps also localise the
zones that have been weakened, presumably as a consequence of the formation and development of
negative geological processes that are dangerous for the cliff's stability.
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A. H. EBokumos!® u A. IOcyd)saJ‘zi*’l’2

1CaHKT—HeTep6prCKHﬁ ropusiil yausepcurer umueparpuisl Exarepuns! 11, r. Caukr Ilerepbypr, Poccus
2Ka6ym,cm/n71 MOJIUTEeXHUIECKUl yHuBepcuret, I. Kabyn, Adranucran
* Konraxr: Araysia FOcydaaii, ata.yosufzai@gmail.com

PenkomerasibHable TErMATHTHI ¢ TPOMBITIIIEHHBIMU COJIEP?KAHUSIMU JINTUS, TAHTAJa, HUOOUSI, 116~
3ust, GEPUIIIAS U OJIOBA IPUOOPETAIOT PACTYIlee 3HAYEHNE B KAUECTBE CHIPHEBBIX OOBEKTOB JIJIsT
NIPOU3BOJCTBA JIEKTPOOOOPYIOBAHU, AKKYMYJISTOPHBIX OaTapeil 1 3J1eKTPOHUKYU. B 3Toit cBsA3n
aKTyaJbHBIM SIBJISIETCS U3yI€HNE 3aKOHOMEPHOCTEH MX I'€0JIOrO-CTPYKTYPHOIO IIOJIOXKEHUSI, ITO
MIO3BOJINT YCTAHOBUTH ITOMCKOBBIE IIPU3HAKH JIJIsT OOHAPYKEHHUs HOBBIX PECYPCHBIX OObEKTOB U Ha-
palBaHUs 3aIIaCOB y?K€ M3BECTHBIX IIEIMATHUTOBBIX MECTOPOXKIAEHUN PEIKNX METAJIJIOB B 30HE
Hypucran B CeBepo-Bocrounom Adranncrane. 31ech merMaTuToBbIe OIS IPOCTPAHCTBEHHO aC-
COLMUPYIOT C OJIMI'OLEHOBLIMU I'DAHUTAMM KOMILIeKca JlarMaH M pacIiosio’KeHbl B IIPOBHUHIMSX
Adranncrana: Hypucran, Kynap, Jlarman, Kabyn, Hanrapxap, Kanuca, [Tanmekmep n Bagaxman.
OHU U3BECTHBI C IPEBHEHINNX BPEMEH KaK MCTOYHUKU JPArOleHHbIX KaMHell u cioapl. ['panuro-
UJIHBIA KOMIUIEKC JlarmaH xapakrepu3yercs [OCIeq0BaTe/bHBIM BHEJIPEHUEM TPEX UHTPY3UBHBIX
da3: 1 — TMOpUTHI, KBAPIEBbIE JUOPUTHI, I'PDAHOIUOPUTHI U IJIATMOTPAHUTHI; 2 — HOP(PUPOBUIHBIE
omoTnuTOBBIE, aMGUOOJI-OHOTUTOBBIE I'PAHUTHI U IPAHOUOPHUTHI; 3 — JBYCJIIO/SIHbIE 1 ONOTUTOBbIE
CPAHUTHI, TPAHUT-TIOPGUPHI, AIIJIUTOBbIE U IIETMATOUIHBIE TPAHUTEL. PeIKoMeTaIbHbIe ITerMaTUThI
puypodYeHbl K Tperbeil (asde BHeipeHusi rpaHuToB Jlarmas. 37ech IPDAHUTHI XapaKTePU3YIOT-
Csl HEOJIHOPOJTHON TEKCTYpoil — OT rpaHobJIACTOBOM JI0 I'PAHUTHON ¢ dparMeHTaMu aIlJIUTOBOMN
¥ MIOMKUINTOBOM. BMermaromMu mopogaMu merMaTuTOB SIBJISIOTCS TPHUACOBbIE (DUIIIMTOBUIHBIE
KBapII-CJIIO/IAHBIE CJAHIBI U IPOTEPO30HCKIe THENCH 1 KBApIuThl. Kpome Toro, mermMaTuThl Ha-
XOATCS B MHTPY3UBHBIX MTOPOJIAX, & UMEHHO B MAaCCHBaX rabOopo-aumopuToB KoMmiuiekca Hwumay.
Mopdouiorust Tes1 peIKOMETANTBHBIX TErMATUTOB pa3dHoobpasHa. [IpeobiaamaroT Kuael ¢ pa3ayBaMu
¥ IATOOOpA3HBIE TeJIa, MEHBIIE JIMH30BUIHBIX (POPM U PA3HOOPUEHTHPOBAHHBIX KUJI. MOITHOCTH
HEerMaTUTOBBIX KU1 oT 1 10 60 M, JjIMHA OT JAECATKOB METPOB 10 2—5 KM. IIpeamonaraercs, 4ro
dbopMupOBaHe TPAHUTOUIHOIO KOMILIEKCa Jlarman ecThb ciencTBue KoJutn3un VHIOCTAHCKOTO

KOoHTHHEHTa ¢ EBpa3swueii.

KiioueBsie citoBa: PenkomerasnabHble TEMMATUTDI, T€OJIOTMIECKOE CTPOEHUE, TEKTOHUKA, CIOYMEH,

TPAHUTOU, TpAHuT, guopuT, Hypucran, Adranucran.

Huruposanme: Esmoxkumosn, A. H., A. FOcydszait ['eosiornyeckasi mos3uiyst peKoMeTaJIBHBIX
[erMaTUTOB IPAHUTOUIHOrO KoMiutekca Jlarman, Adranucran // Russian Journal of Earth
Sciences. — 2025. — T. 25. — ES1002. — DOI: 10.2205/2025es000998 — EDN: CRXZQL

Bsenenue

Cupoc Ha peJiKue MeTaJuIbl, TAKUe KaK JIATHHA, PACTeT, B MUPE HAOJIIOIAeTCs OTIeTIMBAS
TEHICHINSA K CHIZKEHUIO 3aBUCUMOCTH OT UCKOIMAEMOTO TOILUIABA. DJICKTPOMOOUIN, B KOTOPBIX
B KQ4eCTBE BAYKHOIO KOMIIOHEHTA MCIIOJIb3YIOTCH JINTUH-MOHHBIE aKKYMyJIaTOpbI [ Bibienne
et al., 2020; Kavanagh et al., 2018; Tadesse et al., 2019], HAXOAATCSI B aBaHTapJie «3eJEHBIX»
rexuosoruit [Chen et al., 2023; Gourcerol et al., 2019; Miiller et al., 2022].

PenkoMeranabHble IMerMaTUTHl TPAHATOMIHOIO KOMILIEKCa JlarMaH, JIOKaJIM30BaH-
Hble B 30He Hypucran, o6pasyoT oHy U3 KpyIHEHIINX MerMaTUTOBIX MPOBUHINANA MHUpa

Russ. J. Earth. Sci. 2025, 25, ES1002, https://doi.org/10.2205/2025es000998 https://rjes.ru/


https://elibrary.ru/crxzql
https://creativecommons.org/licenses/by/4.0/
https://rjes.ru
https://rjes.ru/
https://orcid.org/0000-0002-8121-0426
https://orcid.org/0000-0001-6549-4409
10.2205/2025es000998
https://elibrary.ru/crxzql
https://doi.org/10.2205/2025es000998
https://rjes.ru/

I'EOJIOrMYECKAST O3ULUsI PEAKOMETAJIJIBHBIX [IETMATUTOB. . . EBpokumoB u HOcvesan

[Mashkoor et al., 2022] ¢ npoMBINIJIEHHOM MUHepaJM3aIyell TanTana, HuOOus, JINTHsl, Te3us,
OepuiLnst, 0JIOBA M AParoleHHbx Kamueii. OHa M3BeCTHA ¢ ApeBHEHINX BpeMeH. Bajaxina-,
Hypucran, Yurpan u Kammvup [Soret et al., 2019] 06pa3yor euHY0O Ie0I0rnIecKyo 06-
JIACTB, TJIe U3 IIETMATUTOB U3/ABHA JIOOBIBAINCH JPArolleHHbIe KaMHU U cattoga [Rossovskiy
and Chmyrev, 1977].

B Adranucrane BbljiesisieTcst YeThIpe MerMaTUTOBbIE Tosica: HypucTtanckuil JJTHHOM
400 xm, M'maaykymckuit — 180 kM, Bagaxmanckuit — 150 kv u ['mibmanackumit — 200 Km
[Rossovskiy and Chmyrev, 1977). Hypucranckuii, Tuamyxkymeknit  Bagaxmanckuii mer-
MaTHTOBBIE II05ICA PACIOJIAralOTCs B LEHTPAJIbLHON, ceBepo-BOCTOYHOM YacTu Adragucramna
B nepejieniax Hypucran-IlamMmupckoro cpepmaHOro mMmaccusa, a ['mibMaHICKUIl 1TOSIC HAXO-
murest B LlenrpasibHoMm Adranucrane B mpesesax IlaxpucrancKoro CpeJnHHOIO MacCUBA.
B npenenax BbllleHA3BAHHBIX [IECMATUTOBBIX II0SICOB BBIAEJIEHBI 24 IerMaTUTOBLIX 10JIs, 21
13 KOTOPBIX COCPEIIOTOYEHO B CEBEPO-BOCTOYHON YacTu Adranucrana u 3 B IEHTPAJBHOM
qactu [Mycasat, 1988; Mashkoor et al., 2022].

MsBecTHO, YTO HErMATUTOBBIE YKUJIbI PA3MEINAIOTCs, KaK IPABUJIO, IOJIAME, KOTOPbIE
[IPUYPOYEHBI K OIPEJIEJICHHBIM TEeKTOHMYIECKIM CTpYKTypaM [Aaexcees, 2022; Popov et al.,
2020).

esb 1 381898 JAHHON CTATHY — OIPEIEIUTH 3aKOHOMEPHOCTH PAa3MEIEHNs [TeIMATUTOB
TeKTOHUYECKOI 30HbI Hypucran B reojiormdeckoii crpykrype Adranucrana. AKTyaabHOCTD
U3y4eHUs] TEKTOHUIECKO MMO3UIUU TPAHUTOUIOB U IIErMaTUTOB Ha Teppuropun Hypucrana
OIIPEJIEJIIeTC PACTYINeil MOTPeOHOCTBIO B JIMTHEBOM ChIpbe. B MOJIOABIX CKJIAIIATHIX 00-
JIACTSAX, K KOTOPBIM OTHOCAT U PErHMOH Pa3BUTUS I'PAHUTOUIOB U IETMATUTOB KOMILIEKCA
JlarmaH, OOBITHO, OOHAPYKUBAIOT HEIIOCPEICTBEHHYIO CBSI3b C MATEPUHCKUMU I'DAHUTAMU
[Beckun v Mapun, 2019; Cumonros, 2020).

B coorBercTBUN ¢ COBpEMEHHBIMEU KOHIENIUAMNA TEKTOHUYECKOI'O PA3BUTHS PECMOHA,
[Bypmman, 2013; Shroder et al., 2021; Siehl, 2015], rparurounsbiit Komiuteke Jlarman obpa-
30BAJICS B yCJIOBUSIX HAJICYOyKIIMOHHON MeoMHAMUYIECKO 0OCTAHOBKY. 3/€Ch ITPOSIBUJINCH
JINHEHHBIE CKJIQIUAThle CTPYKTYPhI CEBEPO-BOCTOYHOIO IIPOCTUPAHUS, KOTOPBIE IIPUYPOUEHBI
K KOJUIM3MOHHBIM HAJBUIOBBIM 30HaM MHjocTanckoro konrunenTa u Espasun [Aaexcees u
Pebeuxuti, 2021; Pebeyrut u Aaexcees, 2014; Tpugdonos u dp., 2021].

00630p JTuTEpaATYpPHI

IlepBbie cBesenusi 0 nmermarurax AdraHucrana usBecTHbl u3 nybsmkanun 1911 1.
X. Xbrobepra [Hayden, 1911], rae onucanbl 1J1aCTOBBIE TeJIa HErMATUTOB MOMTHOCTHIO 100
fAPJIOB U IPOTSKEHHOCTHIO B HECKOJIbKO MHJIb. IIpocTupanue Takumx Tesl CyOIIUPOTHOE.
X. Xaiizen onpeesui 911 Teda, Kak ['nmadnaiickuit tun nermaruTos [3azopekud u dp., 2014]
KBaPII-TIOJIEBOIIIIATOBOIO COCTABA C MYCKOBHTOM, IIIEPJIOM M OEPUILIOM.

B 1928 r. 06 stux mermarurax ymnomuHaer JI. A. Hukomaesuu [Jlabyryos, 1930).
B 1958 r. B neonybnukoBarnuom ordere C. X. Mupsajia Brepsbie ObIJIO CKA3aHO O JINTUEBON
MUHepaau3ammu merMatutos, B 1962 r. [Coaodos, 1962; Trawes wu dp., 2019 m3yanmm
3onaabHOCTE TlermMaTuToB apait-Iled, B 1965 1. 66110 OTKPBITO TIerMaTuToBOE Tosie Huay,
a TaK»Ke YCTAHOBJICHO IUPOKOE PA3BUTHE PEJIKOMETAJIIBHBIX [IEMMATUTOB B JIOJIMHAX PEK
Baiira, [Tapyn u Anuarap.

B 1971-1974 rr. JI. H. Poccorckuit, . FO. Hyiickos, B. M. Umbipes, A. ITlapek u npyrue
COCTABHJIN OTYET — IEPBYIO CBOJHYIO PAOOTY — MOHOTPAMUIO O PEIKOMETAUILHBIX IIEIMATHTAX
Adranucrana [Poccosckuti w dp., 197/], B KOTOpOil paccMaTpuBaeTCsi 3aKOHOMEPHOCTH
WX pPa3Melenns, IJIaBHble OCOOEHHOCTH U MUHEPAJIbI, UMEIOIIIe TPAKTHIECKYIO [IEHHOCTD.
B stu ronpt B Adranncrane BeMCh CIENNATN3MPOBAHHBIE TONCKOBO-OIIEHOIHBIE PAOOTHI
Ha peJKOMeTaJlJIbHbIe ITerMaTuThl. B pe3ysibraTe ObLIN OTKPBIThI HOBBIE KPYIIHBIE IIOJIsI
MErMaTUTOB, 06PA3yIOIIe YeTHIPE TIETMATUTOBBIX nosica [Mashkoor et al., 2022; Rossovskiy
and Chmyrev, 1977], BbISIBIEHbI MECTOPOXKICHUSI JINTUSI, YCTAHOBJIEHA TAHTAJIOHOCHOCTH
merMaTuToBOM npoBuHIUN Bocrounoro Adranucrana n oOHaApYKEHBI IIePCIEKTUBHBIE HA
TaHTa] 00beKThI. B 9T0T nepuos Biepsble B Adranucrane ObLI HARIEH MOJLIYIUT, OTKPHITO
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YHHUKAJIbHOE MECTOPOXKIEHNEe KYHITUTA — PEJKOTO JIPArOIeHHOTO KaMHsT 4 KJIacca M BBISIBJICHBI
O00'BEKTHI, MEPCIIEKTUBHBIE HA MBE30ONTHIECKOE ChIPbE — IMHE30KBAPI] U TYPMAJIH.

B 1988 r. Adranckue reosorn H. Caxak [Cazax, 1988 u A. M. Mycazaii [Mycasadi, 1988
3alMUTUIIN KaHAUJATCKHE JJUCCEPTAIUU O IIerMaTUuTaX I'PaHUTON/IHOI'O KOMILJIEKCa ﬂaFMaH.
Iloce aTOro paboThl MPOBOAMIN CHEIINAIUCTHI T€OJOTHIECKUX CIyKO Benukobpuranum
u CIHTA. B 2007-2011 rr. Teonoruueckas ciayxba CIITA cobpasia reodpusndeckue JaHHbIe
0 YACTsIX [ErMaTUTOBBIX MECTOPOXK/IeHNi Ha ceBepo-BocToke Adranucrana [Cocker, 2011;
Orris and Bliss, 2002; Peters et al., 2007).

Poccuiickue ucciieiopamust merMaTuToB OTpaxkeHsl B Tpynax A. E. @epcmana, a mo3aee —
A. U. T'unzbypra, B. JI. Hukutuna, B. B. Topauenko, FO. B. Mapuna, B. 1. Ajekceea
U JIPpYTHX.

PasBuTue u BHeIpeHWE B TMPOU3BOJCTBO HOBBIX TEXHOJOIUH MOTPEGOBAJIO GOJIBIIIO-
0 KOJIMYECTBa PEJIKUX DJIEMEHTOB: HUOOWSI, TaHTaJIa, [e3Usl, JINTUsI, OEPUJIINsI, a8 TAK¥Ke
MUHEPAJIOB [IEIMATUTOB: MIbE30KBAPIIA, TYPMAJINHA, ONTUIECKOro (hJIIOOPUTA, MyCKOBHATA,
W MUKPOKJIMHA, OCTAETCS DOJIbINas BOCTPEOOBAHHOCTh B KEPAMUIECKOM CBHIPhE.

Ilo muenuto B. JI. Hukutnna obpaszoBaHue NErMATUTOB IIPOUCXOIMIO B OTKPBITOMN
CUCTEME U COIPOBOXKJIAJIOCh METACOMATUYIECKON KPUCTAJIIN3AIINEN PeIKOMeTaJIbHBIX M-
HEpAJIOB B XOJIE TIEPEKPUCTAJTH3ATINN COOCTBEHHO IPAHUTOB U armToB | Mopososa, 2018;
Ozopodruros u dp., 2020).

B ocHoBy Takoii koumerun Jjiersin Bo33spenust Ha pyuaorenes JI. C. Kopxkunckoro, a 10
uwero — A. H. 3asapunkoro 1944 r.

A. U. Tunzbypr u I'. I. PonuonoB npeajioKuim pa3aesisTh MerMaTiuThbl M0 TIyOUHHOCTH
ux obpazoBanusg Ha Yerbipe popMmanuu: 1) nbezokBapiesbie (2-2,5 KM); 2) peKoMeTa IbHbIe
(3,56 xm); 3) MmyckoBuTOBBIE (6-8 KM); 4) penkozemenbhble (cBbime 8-9 xm)[lunsbype u dp.,
1979; Ozopodnuxos u dp., 2020).

I'paruTHbIE IErMaTUTHI TpoBUHIUN HypucTan — 370 KpyITHO3EPHUCTHIE MATMATHIECKIE
Iopo/bl C MUHEPAJIOTUIECKUM COCTaBOM I'DaHUTOB. OHI/I O6OFaHLeHbI PeAKUMU dJIEMEHTaMU:
Li, Cs, Ta, Nb, Rb, Y, REE, Sc, U, Sn, F, B, Be [Gavrilchik et al., 2022; Liu et al.,
2023; Sirbescu et al., 2025]. To ecTb OHM OTHOCATCA KO 4eTBEPTON (GOPMAIMAM 110 YPOBHSIM
rIyOUMHHOCTH.

He Bcerya peIkoMeTa/IbHBIN TPAHUT ACCOIUUPYET C PEIKOMETAIBHBIME TIEMMATHTAME
[Beckun u Mapun, 2019; Tunsbype u dp., 1979]. Kpyumble npoMbIILIEHHbIE MECTOPOXKICHHUSI
PEIKUX METAJIJIOB YaCTO CBSI3aHBI C MEMMATUTOBBIMU MOSICAMHU PA3JIMYHON PY/IHOMN CIieIruain-
sammu [Aaexcees, 2022; Taspusvwur u dp., 2021; Mopososa u dp., 2020]. Tak, Hanmpumep,
KPYITHOE JINTHEBOE MECTOpOXKIeHrne BeitHeOene B ABCTpUE PACIIONIOKEHO B AJBIUICKOM 30He
rekrorenesa |Gourcerol et al., 2019; Tkachev et al., 2018], B KOTOPOil 4aCTh MErMATHTOBBIX
JKUJI HE HeCeT PeJIKOMEeTAJIbHON MuHepasau3anuu. [lermatuTtoBslil mosic Monrosbsckoro Ajt-
Tas COIEPKUT MECTOPOKJIEHUE PelKOMeTa IbHbIX ermaTuToB Kokrorait [Beckun u Mapun,
2019). 31ech, KpoMe peKOMeTaUIbHBIX [IEMMATHTOBBIX YKUJI, TAKXKe IPUCYTCTBYIOT YKIJIbI
CJIFOJIOHOCHBIX U 6e3pyHbIX nerMaTutos [Mopososa u dp., 2020]. AHaIOrHUHBIM TPUMEPOM
spiistiorcst Hypucrancknit, ['uamykymickuit u Bagaxmmasckuit pejikoMeTayibHbIe TerMaTHTO-
BBIe Mosica Adranucrana, B KOTOPBIX MPeod/IaIaloT MerMaTUThI ETATUT-CIIOy MEHOBOTIO
THIIA, HO BCTPEYAOTCs U Oe3pyIHble IerMaTuToBble Tea. [Ipu sTom, Hanpumep, Hypucran-
CKUIl TIETMATHTOBBII TIOSIC COMEPKAT CEMb TOJIEH PEIKOMETAJUIBHBIX merMaTuTos |Mopososa
w dp., 2020; Cocker, 2011; Rossovskiy and Chmyrev, 1977.

B 1977 r. JI. H. PoccoBckum u B. M. UmbipeBbiM ObLIO OOHAPY?KEHO JBAJIATH YEThIPEe
MECTOPOXKJIEHUST PEKOMETAUIBHBIX [TerMAaTHTOB. JIBaarh o/iHo — B mpoBuHnusx Hypucram,
Kymnap, Jlarman, Hanrapxap u Bagaxman u rpu — B Lenrpansuom Adranucrane [Rossovskiy
and Chmyrev, 1977]. B 1988 r. A. M. Mycazail u coaBTOpbI OTKDPBUIN €IIe IIIeCTHA/IIATH
MmecTopoxaernit [Mycasat, 1988; Mosazai et al., 2017.

B npesieniax pasBuTHSI METMATUTOBBIX TIOJIEH PEKOMETAIIHHOM CIEIUATN3AIINN BbLIEIIsI-
10T JIBa THIA TPAHUTHBIX ermMaTuroB. Ilepsoiit — kommwiekcubiii, LCT Tun (Li,Cs,Ta) [C’erny’
and Ercit, 2005; Miiller et al., 2018; Steiner, 2019], rae Wbl 30HAJIBHBIE U CJIOKEHBI KPYII-
HOKPHUCTAJITTIECKIM ArpDEraToM CIIOJlyMeHa, aMOJIMTOHUTA, TeTajinuTa, Oepuiia, TaHTaIITa,
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U KaCCUTEPHUTA B IIEHTPAJBHON YacTU IerMaTUTOBBIX Tesl. [IpumMepoM KOMIIJIEKCHBIX ITerMa-
TUTOB ABJISIOTCA MecTOpoXKAenus: bukura, Kokrorait, Kapu6oub. Bropoit — 6e330HaIbHBIA,
aJBOUT-CIIOJIyMEHOBBIH, IPeICTaBIIeH IPOTsizKeHHbIME jtaiikaMu [Beckun u Mapun, 2019;
Kuznetsova et al., 2021]. 91o mecropoxgaenust: Tacreirckoe, lombriosoe, Kommoszepo.

ITo upexncrasnennsm A. V. Tunsbypra u coasropos [lunsbype u dp., 1979] crpykrypHas
[PUYPOUYECHHOCTh PA3MEIIEHUs PEIKOMEeTALIbHBIX rpanuTHbix merMarutros LCT [Cardoso-
Fernandes et al., 2022; Jonsson, 2018; Morozova et al., 2020] Tuna onpeensieTcst HAJIAIHEM
MPOTSI?KEHHBIX IMOBHBIX 30H MEXKJIy KOHCOJIMINPOBAHHBIMU OJIOKaMu 3eMHO# Kopbl. OHu
UMEIOT JIMHERHoe MPOCTUPaHue JIJIUHON B JIeCATKHA KIWJIOMeTpoB 1 mupunoit ot 10 1o 30 kM.
3/1eCh POSIBJIEHBI: CJIBUT'OBO-HAIBUTOBBIE JUCIOKAINH, CKJIATIATOCT U METAMOP(MU3M OT
3€JIEHOCTAHITEBOM 710 amdubouToBo# damun. K TakuM 30HaM TprypodeHbl (haHepo30ii-
ckue nerMaruthl [Pyones u dp., 2009; Hpmonrox u dp., 2013; Guozdenko et al., 2022].
CTpyKTypHas IPUYPOIEHHOCTh JOKEMOPUICKAX PEIKOMETAJILHBIX IIErMATATOB CBsI3aHa,
C HAJIMYUEM TPOTOBBIX MOHUKEHWH B KPUCTAJIMIeCKOM ocHoBaHuu 1iatdopm | Tpugdoros
u dp., 2021; Scibek and Annesley, 2021; Tkachev et al., 2018]. Ilo muenuto C. JI. Xancona,
[Hanson, 2016], B. E. 3aropckoro u jp., [Bazopckuts u dp., 201/] nonsi peKOMeTaIIbHBIX
[ErMaTUTOB [IPUYPOYEHBI K IMOCTKOJUIN3UOHHBIM CTPYKTYpaM, 0Opa30BAHHBIM B 36MHOI KOpe
B pe3yJibrare PUMTOreHHbIX AedOPMAIUil U CABUTOBO-HAIBUTOBON TEKTOHIKH.

l'eostormyueckuii 0YepK TeppPUTOPUA

ITermarursr Ha TeppuTopun Adranucrana pacnpoCTPAHEHBI IPEUMYIIIECTBEHHO B IIpe-
JleJlaX CPEIMHHBIX MACCHUBOB, IIPETEPIIEBIINX Me30301CKO-KAWHO30MCKYI0 TEKTOHOMAIMATHIE-
ckyto akrupusanuio H. Caxak [Cazax, 1988, A. M. Mycasait, [Mycasat, 1988], JI. H. Poccos-
ckuii u coaBropos |Rossovskiy, 1981; Rossovskiy and Chmyrev, 1977; Rossovskiy and Kono-
vafenko, 1979). Tlo B. U. CiiaBuny, K HACTOSIIEMY BPEMEHH U3BECTHBI J[BA CPEIUHHBIX MACCU-
Ba: [Haxpucranckuit [Caasun v Mupsad, 1963; Mosazai et al., 2017; Shroder et al., 2021]
n Hypucran-TIlamupckuit |Cmastcuno-Asexcees, 2012; Abdullah et al., 2008; Siehl, 2015].
Hypucran-Ilamupckuii oxsarsiBaer paiion Cesepo-Bocrounoii yactu Adranucrana (puc. 1).
B npenenrax Hypucran-Ilamupckoit 06s1acTi BBIIESIIOTCST CTPYKTYPHO-MarMaTHIeCKue 30-
ue: Hypucran, FOxuwiit Bagaxman u Baxan [Caasun, 1976; Cmastcuno-Aqexcees, 2012;
Mosazai et al., 2017).

3ona Hypucran npocrupaercst BIioJb ropHbix xpedToB ['muaykyira B npegenax Hy-
pucTanckoil TopHoit cucrembl. OHA OPUEHTUPOBAHA B CyOMEPHUIMOHAIBLHOM U CEBEPO — BO-
CTOYHOM HampasieHusx. Ee nporsikeraHocTs — 400 KM, MAKCHUMAaJIbHAS [MIAPUHA HA IOTO —
zanase 130 km. CrioykeHa MPenMyIIeCTBEHHO BBIXOJAMU JIPEBHETO NOKEMOPUHCKOTO OCHO-
Bauus |Cmasrcuno-Asexcees, 2012; Mosazai et al., 2017; Rossovskiy and Chmyrev, 1977,
a TaK»Ke, TaCTUIHO, KOMILIEKCOM IaJIe030MCKO-Me3030MCKIX OT/IOKeHut. JlokeMOpuiicKmit
KOMILJIEKC OCHOBAHUSI TIPEJICTABJIEH HeficaMu, MpaMopamu, aMduboIuTaMu, KBapIuTaMu,
KPHUCTAJINIeCKUME CIaHaMu amdubonnrosoit danun Meramopdusma [Axbapnypar u dp.,
2020; Abdullah et al., 2008; Yosufzai, 2020|. O6mas MOIHOCTE TTPOTEPO30HCKOTO KOMILIIEKCA
Hypucrana cocrasiser or 8500 xo 10000 m [Peters et al., 2007). A. Ulapex, B. M. Umbipes,
. U. Hponos [A60yara u dp., 1980] 3nech Boaensitor nsarh cutr: Hemkpab (800-2500 M),
Yobax (1500-2100 m), Kammem (2500 ), Baiiran (1000-1500 M), Kamax (1500-2200 ).
Ocaio9HbIil 9eX0JT CJIOKEH KAMEHHOYTOJIbHO-TPUACOBBIMU MPAMOPU30BAHHBIME M3BECTHSIKA-
MU, KBAPIUTAMU, CJIIOAIHBIMU CJIAHIIAMI MOIMHOCTHIO 0KOJ10 1000 M. DTH mopoasl ciaabo
JIMCJIOIIMPOBAHBI M 00PA3yIOT IOJIOTHE IIPOTS2KEHHbIe CTPYKTYPHI. Ilepmo-Tpracosas Tosrma
MpeJICTaBIeHa KBAPI-CJAOAUCTHIMA U TPAHAT-CTABPOJMTOBLIMU CJIAHIAMHI C HEOOJIBIIAM KO-
JITYECTBOM U3BECTHSKOB U KBAPIUTOB. DTHU CJIOM OTHOCAT K KAIIMYHJICKO# cepun [Jlesawosa
w dp., 2024; Skublov et al., 202/]] sunnor-amduOOINTOBON U 3eJIEHOCTAHIEBON harusim
meramopdusma [Shroder et al., 2021|. Hypucranckuii TOJMUXPOHHBINH CPEIMHHBIN MACCUB
pa36ur Ha psjg KpynHabix 6,0k0B. [IIupoko pacrnpocrpaHeHbl IPaHUTOUIbLI, KaK JPEBHUE,
PaHHEIPOTEPO30ICKIe, TAK U MeJI-IIaJI€ON€HOBBIE.

Bospacraast mocsie10BaTesIbHOCTh OCHOBHBIX T'€OJIOTHIECKIX O0pPA30BAHUN DPErHOHA
cJlellyIomasi: THelChbl paHHenpoTepo3oiickoro Bozpacra (PRygn), ruelicsl u ciaanmpl O3HETO
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IZI IlermaTnTs @ [IMaxpucTaHCKHUI CpeIUHHBIN MacCHB
IZ OCHOBHbIE Pa3IOMBI | (@' | KaGymbckuit crabumbhbrit 6ok

HeoreHoBble-4eTBepTHUHbIE TPOTHOBI U B i :
BIIAMTHA P P Hypucran-Ilamupcknit cpeJUHHBIN MacCHUB

I:l Pexn Adranckas ITleTMaTHTOBas IIPOBUHIUA

Puc. 1. Cxema pasmerenust Adranckoil merMaTuTOBOi MPOBUHIINN HA TeorpaduaecKoi
ocHoBe pecryosinku Adranucran. CocraBiieHa apropamu 1o matepuasiam JI. H. Poccosckoro
[Rossovskiy and Chmyrev, 1977; Rossovskiy and Konovafenko, 1979], A. apex [Abdullah
et al., 2008] u M. J1. Kokepa [Cocker, 2011; Peters et al., 2007, tae: I — Illaxpucranckoit
cpenunnbit Mmaccus; 11 — KaOynbckuit crabmnbabiii 6510k; 111 — Hypucran-Ilamupcknit
CPEAVHHBIA MaCCUB.

nporeposost (PR3gn), nosiHeTpuacosble aJeBpOJIMTHL, IECUaHUKN 1 KOHIoMepatsl (Tgnrsls),
paHHeMeJIOBble Tabbpo, TMOpUThI, MOHIOHUTH 1 nermaruthl (Kqgbm), onuronenosbie rpano-
jwopuThl U rpasocuennTsl (P3gdy), onuronenossle rpanutsl (P3gr) (puc. 2).

Pannenporeposoiickue  rHefichl  IpeACTABJIEHBl  JABYCJHIOASAHBIMU,  T'PaHAT-
CHUJUIMMAHUTOBBIMI M KOPJIMEPUTOBBIMU PA3HOBUTHOCTSIMH.

TTozauenporeposoiickue 0b6pa30BaHUsT MPEJICTABIECHBI TEMHO-CEPBIMU  CUJITUMAHUT-
IrpaHaT-GHOTHTOBBIMY THeflCAMM, KPUCTAIUINYECKUME CIaHmaMu u MurMaratamu [Abdullah
et al., 2008; Peters et al., 2007; Rossovskiy and Chmyrev, 1977).

TTozaHeTpHAacoBbIEe TOMINKM OTHOCAT K YEPHOCJAHIEBONW (hOpMAaIuu KBapPI-XJIOPUT-
MYCKOBUTOBBIX U KBapI-OHOTUT-IPAHAT-CTABPOJUTOBBIX CJIAHIEB aM(ubOIUTOBON aruu
meramopduszma [A60yana u dp., 1980; Rossovskiy and Chmyrev, 1977.

Marmatusm B 30He Hypucran GbLT IPOSIBIIEH ¢ TPOTEPO30sT 10 KaitHo30i | Cmascuno-
Anexcees, 2012; Abdullah et al., 2008; Shroder et al., 2021]. IIporepo3oiickue Marma-
THYecKre 0OPAa30BAHUS IIPEJICTABICHBI ITAJIUHI€HHO-METACOMATHIECKUMU IPAHUTONIAMM,
PACITOJIOXKEHHBIMI B BBICTYIIAX KPUCTAJUIMYECKUX TOJII B 3al1a/IHOM YacTu MaccuBa Hypu-
craH, 310 KoMmiuieke [lammkmrep. ['pannTonmos Gosibilie B mpeenax OJI0Ka MOTINHEHHOTO
nopsizika — Kanuca, pacrioioxkeHHOro npernMyInecTBeHHO B bacceiinax pex Ajmimanr, AjmHrap
u Ha jeBobepexbe p. [lanmxmep [Abdullah et al., 2008; Peters et al., 2007].
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B 3ome Hypucran BecbMa IIHPOKO PA3BUTHI HHTPY3UU TPAHUATOUIOB MeE30-
KafHO30MCKAX TEKTOHO-MArMATHIECKUX ITANOB, C(OOPMUPOBAHHBIX BO BPEMS ABTOHOM-
HOIM aKTWBHU3AIUU 3TOU CTPYKTYPhI. BBIIEISIOTCS yCJIOBHO paHHEMEIOBBIE TIOPO/IbI TabbpO-
IVIOHL[OHI/IT-)II/IOPI/ITOBOfI CI)Opl\/IaL[I/II/I (KOMIIHQKC HI/I.Ha.y) 1 OJIMI'OII€HOBbIEC I'PAHUTON/IbI 6a.TO-
JuroBoii popmanun-komiuieke Jlarman [Abdullah et al., 2008; Machevariani et al., 2021;
Rossovskiy and Chmyrev, 1977 . Tlo muenuio C. M. Beckuna, 10. B. Mapuna, C. Xamemu
u coaBTopoB, B. V. Asekceesa [Asexcees, 2021; Beckun u Mapun, 2019; Ghasemi Siani
et al., 2021|, oHM MO BO3HUKHYTbH TIPH ANBIUHACKIX TEKTOHUIECKUX JBUKEHUSIX.

Kowmmnexke Hunay mpencraBies TUH30BUIHBIMEA U IITOKOOOPA3HBIMU TejIaMu Tabopo-
muopuToB. OHE PUYPOYEHBI IPEMMYIIECTBEHHO K IeHTPY 30HBI HypucraH, pexke HabJIO1a-
IOTCSI B ee KpaeBbIX JacTax. Hambosiee KpymHble MAcCUBbI rabOpPO-TIMOPUTOB OMMUCAHBI HA
npaBobepexbe p. dapait-Iled u B Bepxuem Tedenun p. Ajunrap. Vx miomaaps u3MensieTcst
or 40 1o 200 xkm?. Bosee MesKme MACCHBBI raGOPOIIOB OTMEYEHBl B BEPXOBbsIX peK Ta-
rao, Aymmanr, Myszkan u apyrux. @opMa MacCUBOB CJIOXKHASI — OT JIOIIOJIUTOOODA3HOI,
MITOKOOOPA3HO /10 JINH30BUIHON B ILJIAHE.

ITasreorenosnie rpanutonibl 1 daswr u 11 daser BHEIpEHUiT OTHOCAT K OJIMTOIIEHOBOMY
koMiiekcy Jlarman. OHE IPOHU3BIBAIOT AJIBIIMICKYIO CKIaadaryio obyacts CB npocrupanus
B perunone Hypucran, Koropasi TpaHryauT: HA CEBEPO-3aII1aJI€ — C TEPIIMHCKIME COOPYKEHUSIMH,
a Ha 10re U I0r0-BOCTOKE C OMOJIOZKEHHBIMU B AJIBIIUIICKOE BpeMsl reprimauiaMu | Bunnuyenko,
1979; Egorov et al., 2021; Yang et al., 2022).

I'ytaBHBIM 3BEHOM I'DAHUTHOrO KOMILIEKca Jlarman siBjsiercst AJIMHrapCKuil ILUIYTOH,
BHEJIPUBIININCS B METAMOP(MUIECKIE TOPOJIBI apXesi-IIPOTEPO30si M BEPXHErO Tpuaca. 1eso
LIy TOHA HEOIHOPO/IHO, BhITsiHYTO B CB HalpaBjieHun COrJIaCHO ¢ ODIIUM HAITPABJIEHUEM OCeil
ckaa0K. Takas ero CTpyKTypHasl [IO3UINS CBUIETEIBCTBYET O CHHXPOHHOM 00pa30BaHUU
IPAHUTOB U AJNbIMHACKON criaxgaroctu [Abdullah et al., 2008; Shroder et al., 2021; Siehl,
2015]. TLnyToH COCTOUT U3 HECKOJBKUX PA3HOBHIHOCTEH MarMarndeckux nopo. 1o nepude-
PHH OH CJIO2KEH I'PAHUT-aIlJIMTaM1, KOTOPbIE C 3alla/la 1 BOCTOKa O6’be)ZLI/IHeHLI B I10£1C IHI/IpI/IHOﬁ
35-40 KM C TEKTOHHYECKAMU KOHTAKTAMU C BMeManmuMu moponamu. LleaTpaibHas 9acTb
IUIYTOHA CJIO2KEHA, T'PAHOIUOPUTAMU C KCEHOJIMTAMHU BMEIIAIONINX METaMOP(MUIECKUX IT0-
pozx (puc. 5). @uaHru, IPUMBIKAMOIINE K IEHTPY Iy TOHA, BBIIIOJIHEHbBI TIOPMUPOBUIHBIMY
rpauntamu 11 dazer Komzekca JlarmMan u cpeaHe3epHUCTHIMU JIBYCJIIOASTHBIMA TPDAHUTA-
mu 1T dazer komiutekca Jlarman. 371ech MMUPOKO PA3BUTHI YIACTKY TEHEBBIX MUTMATHUTOB
U CJIeJIbl METACOMATUIECKON 11epepabOTKN KCEHOJIMTOB KPUCTAJIJINIECKUX CJIAHIIEB HUKHErO
[IPOTEPO305.

I'parunTsr 111 dhazer paccekaoT mpoTepo30iiCKIe KPUCTAJLINIECKUE TOPOIbI U B BUCTIEM
6OPTY HECOTJIACHO KOHTaKTHUPYIOT CO CJIAHIAMH TPUACOBOTO BO3PACTA, TO €CTh IIPEICTABIIS-
10T co00i MeXX(pOPMaAIMOHHbIE UHbEKIMH. JIJIs1 HUX XapaKTepHbl KPYIHOKPUCTAJIINYECKTE
Pa3HOBUIHOCTH, IpeicTaBiennble kuinamu B [lapyukcom u Ilaumrpamckom monsx pej-
KOMETaJUIbHBIX HerMaruToB (puc. 2). 3mech ymecruo ormeruts crarbio C. M. Beckuna,
1O. B. Mapuna [Beckun u Mapun, 2015] 0 ToM, 9TO pesKOMeTaIbHbIE IETMATHUTHI, IIPUYPO-
YeHHbIE K KOJUIN3NOHHBIM, HA/IBUTOBBIM 30HAM, HA CAMOM JIeJI€ He SBJIAIOTCH THIUIHBIMA
MerMaTUTAMU KakK OHM NpejcTaBisaiuck A. E. GepcMaHOM U MOCIEI0BATEISIMEA, 8 CTPYK-
TYDPHOI Pa3HOBUHOCTBHIO IPAHUTHOTO paciuiaBa [Aaexcees, 2021; Pepemarn u Tunsbype,
1936.

Baxno orMeruTh KpyIHBIE Pa3pBhIBHBIE HAPYIIEHUS, OHU UMEIOT, B OCHOBHOM, CEBEPO-
BOCTOYHOe Ipocrupanue. Kpyromnagatomue riybunnabie pasyiombl [lanmkinep, epupyn Ha
Jieobepexbe p. [lanmxkinep, Capodu, Kynap B mosmne p. Kynap — orparnyusator Hypu-
CTAHCKUI CPEJIMHHBIA MacCuB ¢ Tpex cTopoH (puc. 2 u puc. 3xk). MarepecHsl cyOmupoTHble,
WHOI/IA CeBepO-3allafHble UCJIOKAINNA B IOT0-3AIIaTHOI 9acTh, ITOBTOPSIOIIEe KOHTYD pas3-
sioma Capobu. Ha KocMuyeckux CHEMKax, KPOMe TOI'O, OTYETIUBO JIeMn(PYeTcsi CUCTEMA,
CcyOMepUINOHAJIBHBIX U CEBEP-CEBEPO-BOCTOUHBIX PA3JIOMOB, IPOTATHBAIONIIXCS HaPAJLJIEIHHO
pasBuTbiM ceBepHee Bamaxmanckum crpykrypam [Cmaotcuno-Aaexcees, 2012].
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Pesynbrarsl ncciieqoBanmit

OJInrorieHoBbIe TPAHUTOUIBI KOMILIEKCa JlarMaH MMeT BeCchbMa MIUPOKOE PA3BUTHE
B 30He Hypucran. OHu cjaraior HECKOJBKO KPYIHBIX M MHOXKECTBO MEJKUX MACCHBOB,
Pa3BUTHIX cpean MeTaMopdudeckux ToJi cepun Hypucran n BepXHETPHACOBBIX CJIAHIIEB.

Maccusbl Komiutekca Jlarman tpexdasubie [Mashkoor et al., 2022; Mosazai et al.,
2017; Yosufzai, 2020]. Tlepsas dasza npencrapieHa JUOPUTAMI U KBAPIEBBIMA JMOPUTAMH,
BTOpast — HOPMOUPOBUIHBIMA IPAHUTAMU U T'DAHOIUOPUTAMU, TPETbA — ABYCJIOASHBIMA
7 OMOTUTOBBIMU T'PAHUTAMU, AIJITMTOBUIHBIMU U TIETMATOUIHBIMU IPDAHUTAMU. XAaPAKTEPHOI
0CODEHHOCTHIO KOMILJIEKCA, JIarMaH sIBIISETCS HAJIMINE MHOTOYUCICHHBIX YKIJI PEIKOMETATIIb-
HBIX METMATUTORB, TIPOCTPAHCTBEHHO CBSI3QHHBIX C IPaHUTOMAAMU TpeTheil dasnr [ Mashkoor
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T

Hypucran

35°20'0"N

Vi

KYII/I?J' y
-

s

CapyOuiic
S

0 10 =~

— KM Hamnrapxap

[ 12 J2 [~ 3 [+ [t |5 B 6
i 1 [ > R [ 14 [7 7 715 LD o L@ 17 [ Ji8 [ 194 20

Puc. 2. Teonoruyeckas kKapra pasMenieHus peIKOMETAJUIbHBIX IETMATUTOB B TEKTOHUYIECKON
3oue Hypucran: a — OO1ee noJiozkeHne TeKTonndeckoit 30ub1 Hypucran B Adranucrane;
1 — rpaHuna cTpaHbl; 2 — IPAHUIA MPOBUHIUN; 3 — PaAiOH UCCIEI0BaHUs; O — reojorude-
ckast kKapra. CocraBiena apropamu mo marepuanam JI. H. Poccosckoro, FO. 1. Hyuckosa
[Rossovskiy and Konovafenko, 1979, Ix. JI. Jo6pex u P. P. Bams [Doebrich et al., 20006],
M. . Koxkepa [Cocker, 2011]; 8 — MecTonaxoxkaeHrne paifioHa MCCIETOBAHUNA B TOPHBIX
maccuBax ['munykym-I'umanan: Tamxk — Tajpkukucran; IT — ITamupckue xpebrer; 'K — [N'un-
nykymickue xpedre; KK — Kapakopymckue xpebror; Adr — Adranucran; [Tak — [Takucran;
I'um — lN'umastaiickue xpeOTHI.

Russ. J. Earth. Sci. 2025, 25, ES1002, https://doi.org/10.2205/2025es000998 7 of 23


https://doi.org/10.2205/2025es000998

I'EOJIOrMYECKAST O3ULUsI PEAKOMETAJIJIBHBIX [IETMATUTOB. . . EBpokumoB u HOcvesan

Puc. 2. (Ilpomoskenne) 1. Q4 — TOJIOIEH, AJUTIOBHUii, MECKH, TAJETHUKM, KOHIJIOMEDA-
TBI, AJIEBPOJINTHI, Mepreji U TJnHbl; 2. Q3 — OJIONEH, MO3MHUI IJIEHCTOIECH, AJLTIOBUI;
3. Ny — koursiomepatsl; 4. Ty — mo3aHMit Tpuac, ajeBpOJIUT, MECUAHUK, KOHTJIOMEpAT; 5.
PT — mepmpb u Tpuac, ByJIKAHMYIECKHE U OCAIOYHBIE TOPOIbl, w3BecTHsiKM; 6. CP — kapbon
U [I€PMb, [IECYAHNK, aHIe3uT, 6a3asbT; 7. PR3 — mo3auumit mporepo3oit, GMOTUTOBbIE U TPAHAT-
OMOTUTOBBIE THENCHI U CJIAHIBI, KBAPIUThI, amdubdoautsr; 8. PRy — cpexuuit mporeposoii,
MPaMOpBI, THEHCHI, caaHel], KBapuutT, amdudonnt; 9. PR; — pannmnit nporeposoii, buoru-
TOBBIII U TPAHAT-OMOTUTOBBII THEliC u caaner, KBapuutT, ambubdoaut; 10-14. uHTpY3UBHBIE
komitekehl; 10-12. kommreke Jlarman (Asmarapekuit 6arosmmr): 10. Pggr — onuronen, 111
daza, nycsronsubiit rpanut; 11. Pggdy — osmmronen, 11 dasza, rpanomnopur u rpaHOCHEHNAT;
12. P3dip — onmronen, I dhaza, nuoput un mnarunorpanut; 13. Kigbm — panuunii mesn, Humaycunii
KOMILJIEKC, TaO0PO U MOHIIOHUTHI B OOJIbIIEM KOJIUYIECTBE, €M JUOPUTHI U IPAHOIUOPUTEL; 14.
PRgng — [Tanmximepekuii KOMILIEKC: MeTarpaHnuThl u rHelicel; 15. [lermarutoBbie xxubr; 16 —
Ilermarurosernit nosic Hypucran; 17 — Ilermarurosstit nogc ['maaykymr; 18 — IlermaruToBere
mecropoxienus: 18.1 — Capy6wu; 18.2 — ITlamaxar; 18.3 — Aymmanr; 18.4 — Tara6; 18.5 — I1a-
qaram; 18.6 — Hemxpab; 18.7 — Kosatan; 18.8 — Kypras; 18.9 — Masu; 18.10 — Huray-Kymawm;
18.11 — Manmys; 18.12 — Manganera; 18.13 — Taranr; 18.14 — Bexcym; 18.15 — Yapbar;
18.16 — Hapait Hyp; 18.17 — Hayxkaii; 18.18 — Banesn; 18.19 — /Iypaxu; 18.20 — Bapagerr;
18.21 — Asapraur; 18.22 — [uraur; 18.23 — I'yabcasrak; 18.24 — I'apanras; 18.25 — Hanrasaw;
18.26 — Manyrait; 18.27 — Baiiraur; 18.28 — JleBaz; 18.29 — Ilurau; 18.30 — Mapen; 18.31 —
Bonn; 18.32 — Bawma; 18.33 — Unmaxap; 18.34 — Kanrusa; 18.35 — Apuram; 18.36 — Ilamku;
18.37 — Hawmraur; 18.38 — Hpywmrad; 18.39 — Ilacrymrra; 18.40 — JIxamanak; 18.41 — IIpamrad;
18.42 — Kamperr; 18.43 — ITanpyk; 18.44 — Bazrau; 18.45 — Ilauurpam; 18.46 — Baprumarait;
19 — MeCTO Te0JIOruYIecKOro pa3pe3a U TOUYKN 0TOopa 1pod Ha TEePPUTOPUN UCCIIEIOBAHUS
(puc. 4 u puc. 5); 20 — Kpyunbie u cpeaane pas3jioMbi.

et al., 2022; Mosazai et al., 2017; Rossovskiy and Chmyrev, 1977]. Penkomerajuibabie
[erMaTuThl 00Pa3yIOT MErMaTUTOBbIE IO0JIS, KOTOPbIE I'PYIIIUPYIOTCS B KPYIIHBIE IIOSICA.
C 6arosurom Asmmnrap ceszanbl Hypucranckmit u ['mHIyKyIIckuii merMaTuToBbIe MOsI-
ca. Haubosiee KpymHBIM MACCHBOM 3TOI0 KOMILIEKCA, ABJISAETCsT AJTMHTapCcKuii 6aTo T Ha
pucysake 2 — 10, 11 u 12. OH umeer CHJIBHO BBITSHYTYIO (POPMY, KOTOpasl IIPOTSTUBAET-
cst Ha 250 KM C 1ora Ha CeBep-ceBepo-BOCTOK OT p. Kabys mo cenennst 3ebak B Hacceiine
p- Haumx. [Mlupuna ero xosmedsercs or 10 mo 50 kM. YUuTBIBasi, 9TO B [IEJIOM IIPOCTUPAHUE
WHTPY3UBHBIX TeJl KOMILIEKCa JlarMaH ceBepo-BOCTOYHOE, B OCHOBHOM, COTJIACHOE C OOIIMM
IIPOCTHUPAHUEM CTPYKTYD 30HBI Hypucran, cjienryer OTMETUTH HHTEPECHYIO JIETAJb B OPHEHTH-
poBke barosura Asmarap. FOxkuas ero gacts, Ha nporskennn 120 KM, ©MeeT TPaKTHIECKA
MEPUIUOHAIHHYI0 OPUEHTUPOBKY U OYeHb CJIOXKHYIO KOH(MUTYPAIMI0 KOHTAKTOB C BMEIAI0-
MU TIOPOJIAMHU, COBIIaJIas ¢ MpocTupanHueM 30HbI [lerTpaibHo-Bamaximanckoro pasioma
[Cmastcuno-Anexcees, 2012; Abdullah et al., 2008; Shroder et al., 2021]. Ilpyras, ceBepHast
YaCcTh MACCUBa, Ha nporskernu 130 KM, OpUEHTHDPOBaHA HA CeBEPO-BOCTOK 45° (puc. 2),
[TO/[YMHSIETCs] HAITPABJIEHUIO TEKTOHUYECKOIO HAPYIIIEHUsI, PA3IeJIsIonero 30a6 Hypucran
n FOxubiit Bagaxman. FOxkuas gacTs MaccuBa, Ha HAII B3TJIS, ele pa3 MOJIePKUBACT Ha-
smane B Hypucrane yHacaem0BaHHBIX MEPUIMOHAIBHBIX MArMOKOHTPOJUPYIONIUX CTPYKTYD
TPAHCPErnOHAJIBHOTO XapakTepa. OHu 00yCJIOBJIEHBI, IIPEJITOJIOKUATETHLHO, IIPOCTUPAHUEM
CKPBITBHIX Pa3/oMOB DYHIAMEHTa, apaUIeJIbHBIX pa3joMmy Damaxmian. /Ipyrue kpynnble
MaCCHUBBI 3TOr0 KOMILIeKca — 3ebak u Jlanrap umetor miomaas 400 u 500 KMZ COOTBETCTBEH-
HO [A6dyana u dp., 1980; Cmastcuno-Anexcees, 2012; Yosufzai, 2020]. Meskue Maccussl,
mtommapo 50-60 KM? XapaKTepu3yioTes JIMH30BHIHON U MITOKOOOPA3HON (hopMaMu.

ITo MuHEPAIOIUIECKOMY COCTABY BBIIEJIAIOT TPHU THIA JUTUEBBIX HermaTuTos: (1) cro-
JIyMEHOBBIE — TIpeobiiagaoniye, (2) merajur-cuoiayMeHoBbie, (3) adaHuTOBbIE CIIOLYMEHOBBIE
naiiku [[TamakaTckoro mermMmaTuToBOro 1moJisi. IlojieBbie HabJIIOIeHUs TIO3BOJINIA HAMETUTH
CJIEJIYIONIYIO CTAJUITHOCTD B IIPOIecce erMaTuToodpasoBanus (puc. 3).

1. Breipenue rpaHUTHOTO paciiaBa B MeTaMOPMOUIECKUIT KOMIIJIEKC U3 CJIAHIIEB U THEII-
COB ¢ 00pa30BaHUEM TOHKO3EPHUCTHIX AILJINTOB KBAPI-AJIbOMTOBOIO COCTaBa 0e3 CIIOIyMeHa.

2. ObpaszoBaHue JlaeK aIlIATOB IEPBOl CTa NN ¢ 06PA30BAHUEM CIIO/LYMEHA.
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3. BHesipeHne BBICOKOKAINEBOro paciuiaBa (6e3 aurust) ¢ obpa3oBaHueM TUOPUIHBIX
AJIBONT-CIIOYMEHOBBIX IIETMATUTOB. B THOPHIHBIX Tesrax OeCcCIoqyMEeHOBBIE 30HBI Pa3MeIe-
HBI B KOPDHEBBIX YaCTSX ITUX TeJl.

CriomyMeHCcoIepKalie KUJIbl SBJISIOTCS TO3JHUMU [TeIMATOUIHBIMU 00Pa30BAHUSIMH,
BO3HUKIIIIMH B IIPOIECCE COOMPATENHHON IePEKPUCTAJIIIN3AINN.

Kosarau(Asnusrap)

Puc. 3. CTpyKTypHbIE B3aMMOOTHOIIEHUST IETMATUTOBBIX »KUJI W BMEIIAIONIUX TOPOJ], TeT-
maruToBbix noJieit Konaran (a, 6, B), laxunan (r), Jurau (i, €), Clly THUKOBBIH CHUMOK
[ErMaTUTOBOIO 110J1sl MecTOpoKieHus JIpymras (3) u ciry THUKOBbIHA cHUMOK 30HbI Hypucrana

(doro A. FOcydszait).
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Puc. 3. (Ilponosmxkenne) a — Kynomosunasiit rparut 111 dhassr kommiekca Jlarman osmro-
1ieHoBoro Bospacra (1) u 6e3pyzHbiii mermaTut (2) BHEJIPEH B CIAHIBI TO3IHETPUACOBOTO
BospacTa (3) U MMeeT ¢ HUMHU PE3KUE UHTPY3UBHbIE KOHTAKTHI; 6 — rpanutsl 111 dbassr
KoMIUTeKca JlarmaH omroreHoBoro Bospacra (1), MEKPOKJ/IMH-aIb0MTOBbIE HerMaTuTh! (2)
7 BMEINAIOIIIE TTOPOBI YEPHOCIAHIIEBOI (hOPMAIN, KBAPI-XJIOPAT-MYCKOBUTOBBIE W KBAPII-
GUOTUT-TPAHAT-CTABPOJMTOBbIE CIAHITBI TO3IHETPHACOBOTO Bo3pacTa (3); B — MUKPOKJIUH-
aspOuTOBBIe TTerMaTUTHI (1), PACIONOKEHHBIE B THEHCaX II03/IHENPOTEPO30HCKOrO BO3PACTa
(2) UMerT ¢ HUMH pe3KKe MHTPY3UBHBbIE KOHTAKTHI; ' — PE3KUI KOHTAKT MUKDPOKJIMH-aJIb0HT-
IIE€PJI-MYCKOBUTOBBIX IIETMATUTOB U OnoTuTOBBIX rpanuToB 111 daszer kommiekca Jlarman,
B HEM KPHCTAJII OGEPUILIIA ¢ TeKCATOHAIBHBIM CEYEHUEM; JT — KPYIHOKPHUCTAJIINIECKAN KaJn-
eBbIil 0J1eBOIl AT (MUKPOKJIMH-OJIUTOKJIAa3) B IlerMaTuTe 11oJis Jluras; e — nerMaTuToBoe
nosie JTuras, rie o6HAYXKAIOTCsI TPAHOAUOPUTHI KOMILIEKCa Hulay u B HUX merMaTuThl ¢ TO-
PHU30HTAJIBHBIM 3aJIeraHUeM — OJINTOKJIA3 — MUKPOKJIMH-IIEPJ-0HOTHT-MyCKOBUTOBBIE (1),
AJILOUT-MUKPOKJIMH-CIIOZAYMEHOBbIE (2), CIIOLyMeH-a b0 T-MUKPOKJIMHOBbIE (3); 2K — CIyT-
HUKOBBII CHIMOK DEJKOMETAJIBHBIX TIErMATUTOB 30HBI HypucTaH, re KpyTonaIaionme
rury6unubie pasiombl [anmxmep-Tepupyn (I1.P.) na nesobepexpe p. Nammkinep, Capobu
(C.P.), Kynap (K.P.) 8 momuue p. Kynap — orpannumsator Hypucranckuit cpeuHHbII
MACCHB C TPEX CTOPOH; 3 — KPYIHbIE KPYTONAJIAIOIIIE IIUTOOOPA3HBIE TeIa MUKPOKIHUHOBBIX
nermaTuToB (1), aJbOUTOBBIX IerMaTuTOB (2) M CHOJYMEHOBBIX IIerMaTUTOB (3) KpyIHOTO
MecTopoxkiennst JIpymran B mermatutosoM nose Ilapyn.

Paspes mo muann A-B

A BM 0 05 1 2 KM
4500 HHIlﬁy'- M 0 5 10 20 KM ¥
B

Hapaii-Ileu § :

U omMm

Puc. 4. Teosioruaeckuii pazpes pailoHa pa3BUTUs PEJKOMETAJIbHBIX IIEFMATUTOB B TEKTOHIYe-
ckoii 3oue Hypucrana. Cocrasyien aropamu 1o marepuajam JI. H. Poccosekoro [Rossovskiy
and Chmyrev, 1977; Rossovskiy and Konovafenko, 1979, dx. JI. Jobpbix u P. P. Baan
[Doebrich et al., 2006], M. 1. Kokep [Cocker, 2011; Peters et al., 2007], A. M. Myca3zait u co-
aBTOpoB [Mosazai et al., 2017). Jluaus peabeda B paspese nosydena B mporpamme «Google
Earth». 1. Qg 4 — rosornen, ajutoBuii, eCKu, raJedHUKN, KOHIJIOMEPATHI, AJI€BPOJIATHI, Mepre-
s u rymabl; 2. CP — kapOoH — miepMb, TleCYaHuK, aJleBpoJuT + anae3ut, 6asansr; 3. PRggn —
MMO3IHUI TTPOTEPO30ii, OMOTUTOBBIE W TPAHAT-OMOTUTOBBIE THEHCHI U CJIAHIIBI, KBAPIIATHI,
amduboutsr; 4. PRombg — cpeauunit nporeposoii, cBura Baiirasa, mpamopsi, 6HOTHTOBBIE
U I'PaHAT-OMOTUT-CTABPOJIUTOBLIE THEHCH U caanipl; 5. PRy — panuunit nporeposoit, buorut-
aMpuboJI-rpaHaT-CULIMMAHUTOBbIE, TNPOKCEH-aM(pUOOJIOBbIE THEHCHI U CJIAHIIbI, KBAPIUTHI,
amdubonTel, MurmaTuThl; 6. P3gr —osmronen, rpanut 111 dasza; 7. P3gdy — onurores,
rpanomuoput u rpanocueHut 11 daza; 8. Kjgbm — mes, mermarutsr, rabbpo + MOHIIOHUATEI
B DOJIBITIIEM KOJIMYIECTBE, 9€M JUOPUTHI U rpaHoauoputsl; 9. Pa3zimomer u TekTonnaeckune rpa-
uunpl; 10. IlermaruTossie xumbl: 10.a — MUIMPOBbIE MUKPOKJIMHOBBIE, IIIE€PJI-MYCKOBATOBBIE,
MUKDOKJIMHOBBIE, OJIMIOKJIA3- MAKPOKJINH-OMOTUT-MyCKOBUTOBBIE (Ge3pyaubie); 10.6 — ajb-
OUTU3MPOBAHHBIE MUKPOKJIMHOBbIE U ajib0uTOBBIE; 10.B — CIIOLyMEH-MUKPOKJINH-a 160U TOBbIE
¥ CIOIyMeH-aIb0UTOBBIE, CIOMYyMEH- MUKDPOKJ/IMH-KJIEBEJIAHIUTOBBIE.
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B pesynbrare nuddepeHnuanyun oCTaTOYHBIX PACILIABOB, Kak 310 onucano A. E. ®ep-
cvanoM |Q@epeman u Tunsbype, 1956; Deng et al., 2022], Ha 3aKIIOIATETHHOM STAIIE
poucxouio (opMUpoOBaHre rpybo- U TUMraHTOKPUCTAIINIECKIX 30HAIBHBIX TEMMATHTOBBIX
TeJl.
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Puc. 5. l'eosmorngeckue paspe3bl MECTOPOXKIECHUI PEIKOMETAJIbHBIX ITIEIMaTUTOB JIOJIMHBI
Mapyn (suaua C-D); gonun Hunay u Kynam (sunnsg E-F). Cocrasiien aBropaMu no mare-
pumanam JI. H. Poccosekoro |Rossovskiy and Chmyrev, 1977; Rossovskiy and Konovafenko,
1979], Ox. JI. Ho6peix u P. P. Bamnb [Doebrich et al., 2006], M. 1. Kokepa |Cocker, 2011;
Peters et al., 2007, A. M. Mycazaii u coasropos [Mosazai et al., 2017]. 1. T3 — no3auuii
TpHAaC, CJIAHIBI, AJIEBPOJIUTHI, IIECIAHUKN U KOHIIIoMepaThl; 2. PR3 — nmporepo3soii, rueficor,
CJIAHITBI, KBAPIUTHI, aM(UOOJIUTHI 1 MpaMopbl; 3, 4 u 5. MHTPY3UBHbIE KOMILIEKCH: 3. P3gr —
onurorieH, aBycaioasabie rpanntsl, [I1I-daza kommutekca Jlarmam; 4. Pygdy — omurores,
rpanonuoputsl u rpanocuenut, 1I-dbaza kommekca Jlarman; 5. Ky — men, rab6po, MOHIIOHU-
TBI B OOJIBIIIEM KOJIMYECTBE, 9eM JMOPUTHI U TPAHOIUOPUTHI, KoMiutekca Humay; 6, 7, 8 u
9. merMaTUTOBbIE XKUJIBL: 6. IMIJIMPOBbIE MUKPOKJIMHOBBIE, IIEPJI-MyCKOBUTOBBIE, OJIUTOKJIA3-
MUKPOKJIMH-ONOTUT-MYCKOBUTOBBIE C OEPUILIOM; 7. aJIbONTU3NPOBAHHBIE MUKPOKJIMHOBBIE
¥ aabOUTOBBIE ¢ GEPUIIIOM, KYHIIUTOM U MOJUXPOMHBIMU TYpMaJuHAMK; 8. aJILOUTOBBIE
MMErMATUTHI CO CIOYMEHOM, KYHIIUTOM U TIOJUXPOMHBIMUA TypPMaJIMHAME; 9. JIETHI0INT-
CIIO/TyMEH-KJIEBEJIAHIUTOBbIE TIETMATHUTHI C [TOJIMXPOMHBIMUA TYPMAJHHAME, KYHIIUTOM, I0JI-
JIYIIATOM, TAHTAJIUT-KOJIYMOUTOM U BOJZKUHUTOM; 10. pa3/IOMbl U TEKTOHUYECKHE TPAHUIIBI.

30HAIBHOCTD BHYTPEHHETO CTPOEHNUS KU (pUc.6) HAIPSMYIO CBSI3aHA ¢ UX MPOTSKEH-
HOCTBIO U MOITTHOCTBIO, (DUBUKO-MEXaHUIECKUME XaPAKTEPUCTUKAMU BMEIAIOIINX TOPOT,
U PACIIOJIOKEHUEM YKUJI BO BMeNaronux nopogax [Mycasat, 1988; Mosazai et al., 2018,
2017).

B nermaruroBeix mossix: ['yascanakckoe, Kosaranckoe, ITapyrckoe n Ilaxunamckoe,
PaCIpOCTPAaHEHBI IErMATUTOBBIE TEJIa CJIEIYIONNX MUHEPAJBHBIX COCTABOB: OJINTOKJIA3 —
MUKPOKJINH-OHOTUT-MYCKOBUTOBBIE (6e3py/IHbIE); MIEPJIOBO-MYCKOBUT — MUKDPOKJIMHOBBIE
C PEIKVMHU KPHUCTAJIAMHE OEPHUJLIa; cIab0 ajbONTH3NPOBAHHBIE MUKDPOKJINHOBBIE IIEPJIOBO-
MYCKOBUTOBBIE C OEPUJLJIOM M AJLOUTOBBIE CO CIIOLYMEHOM, IMOJUXPOMHBIM TYPMAJIAHOM
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Puc. 6. CTpyKTypHO-TEKCTYpHBIE OCOOEHHOCTH U TOJIE3HBIE UCKOIIAeMbIe TIErMATUTOB IPAHU-
rouauoro komiiekca Jlarman (poro A. FOcydaait). Mecropoxnenus: duranbckoe (a, K,
x5, 8-13); Komnaranckoe (6, B, 1, e, xk6, 7, 14, 15); 'ynbcanakckoe (3); Ilapynckoe (r,
:k1-4). FOBenupuble KadecTBa KpUCTAJLUIOB B MHUApPOJIOBBIX IIErMATUTAX IPAHHTOUIHOTO
komrutekca Jlarman (xk1-15): 1-3 — cnoaymen; 1 — KyHIUT JABYXIIBETHBIN; 2 — IIPO3PATHBII
KyHIUT; 3 — PpuoseToBblit KyHIuT; 4 — rpanar; 5 — 6epusut; 6-14 — nBETHbIE TYPMAJIUHBI;
6-9 — pybesumr; 10-11 — sapbaut; 12-13 — Bepmenur; 14 — apOy3ubiit Typmasms; 15 —
nosurynut. CokpateHubie obo3nadenust MuaepayioB: Ab — anpbur, Amb — ambauronur,
Clv — xneBenangur, Elb — sspbant, Grt — rpanar, Pl — minarnoksias, Kfs — kanuessrii na-
seBbrit mmat, Ms — myckosut, Ptl — meramut, Qz — xBapr, Spd — cnogymen, Srl — mrepor,
Ta — ramrayur, Tur — rypmasus, Lpd — Jsrenugosmrt.

U KYHIIUTOM; CIIOJyMEH-MUKPOKJIMH-aJIbOUTOBBIE U CIIOILYMEH-aJIbOUTOBBIE C MTOJTUXPOM-
HBIM TYPMaJIUHOM, KyHIIUTOM M IOJIIyIUTOM; CIIOAYyMEH-MUKDPOKJIMH-KJIEBE/IaHIUTOBbIE;
JIETITOJIAT-CIIO/Ly MEH-AJIBOMTOBBIE € TOJUXPOMHBIM TYPMAJIMHOM, KYHIIUTOM, HOJLIYIIUTOM,
TAHTAJATOM U KOJIYMOUTOM.

OO6cyx/1eane pe3yabTaToB

lene3uc JIMTHEBBIX MEIMATUTOB M UX B3AUMOCBS3b C TPAHUTHBIME MACCUBAMU aHAJI3U-
poBaJIcst U 06CYKTaJICst BO MHOTUX ITyOJuKaIusx, B ToMm uucyie B padborax /. B. Crioapra
[Stewart, 1978], d. Cunrx u coasropos [Singh et al., 1991], II. Jlounona, 1. M. Bepra
[London and Burt, 1982).

B uactaoctu, . B. Crioapr oHUM U3 HEPBBIX IPEIIIOIOXKUI, 9TO «0DOTaIieHHast
JTHEM Marma o0pasoBaJiaCh B PE3YJIbTATE MAaPIIUAJIBHOIO TJIABJIEHUST HACBIEHHBIX JIH-
THEM MeTaMOP(MU30BAHHBIX OCAJIOYHBIX MOPOJ, IIPU TEMIEPATypaxX HUXKe MUHUMAJTHLHBIX
TEMIEPATYP CYIECTBOBAHUSI BOJIOHACKHIINIEHHOIO IPAHUTHOTO PACILIABAY.

B nmenasnreii padore K. Jlora u coasropos [Koopmans et al., 2023 aBrops! 3asBuim,
9TO «PACIIABBI METACEIMMEHTAIMOHHBIX UCTOYHUKOB HE MOIJIM MOBBICUTDL COIEPIKAHUS
JINTUST B UTOMOBOM TiermMarutes. OHU CUUTAIOT, YTO «ECJU KPUCTAJIIU3AIUs TPAHUTHOTO
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pacIiiaBa IMOBTOPHO IPeTepIIesia IIABJIEHNEe U IIePEKPUCTAJIN3AINI0, TO ITOT I'PAHUT MOXKET
COJIEP2KATH TPOMBIILIEHHYIO KOHIIEHTPAINIO JINTHUS.

B pesysbrare nccieoBaHust IErMaTUTOB B ABCTPUICKIX AJTBIIAX, B CXOMHBIX YCJIOBUSIX
¢ paccMaTpuBaeMbIMU Hamu nermartutamu Jlarman B Adranucrane, B mapre 2023 romga
T. Kuost u coasropol [Knoll et al., 2023 upu 1mosieBbIx HaOJIOAEHUAX HAILIA J[OKA3a-
TEJILCTBA F€HETHYECKON CBS3M MEXKJY IPOCTBHIMU HerMaTUTaMHU, JIEHKOIDAHUTAMHE, IBOJIIO-
[IMOHUPOBABIIUMUCS IIETMATUTOM U aJIbOUT-CIIOLYMEHOBBIM IIEIMATHTOM C OJHOM CTOPOHBI
U «CyOCOJINIyCHBIMY MEeTaCeINMEHTAIMOHHBIM PACILIABOM, C JAPYTOil CTOPOHBI.

ITosTomy HabJIOMAEMAS IBOJIIOIIS TPAHUTHOTO PACILIABA B COCTABAX ITEIMATATOBBIX TEJI
Adranucrana, 10 Mepe UX yJaJjeHus OT I'PAHUTOMIHOIO KOMILIeKca JlarMan, corjiacyercs
U TIOJITBEPKIAET IUIIOTE3Y OOOTAINEHUs JUTHEM 3aKII0UNTENbHBIX (a3 MerMaTruToodpas3o-
BaHwUs, BbicKazanHyo B pabore T. Knosn u coaBropos B 2023 rogy B UTOre MCCJIEIOBAHUS
06pasIoB U3 MOJIOJALIX AJBIUACKUX MErMaTuToOB B ABCTpHiicKuX AJbIax.

B cooTBercTBHEU C COBpEMEHHBIMEU KOHIENIUAMU TEKTOHMYECKOI'O PA3BUTHSI PETNOHA
PeIKOMeTAJIbHBIE TErMATUTHI TPOBUHITNKA HyprcTan MOXKHO OTHECTH K TEKTOHUIECKOMY
THIry, cOPMUPOBAHHOMY B HaJICyOIYKIIHOHHON MeOIMHAMIIECKOi 00CTaHOBKE B Xo/ie hop-
MUPOBaHUS JIMHEHHBIX CKJIATIAThIX CTPYKTYP CEBEpPO-BOCTOYHOrO IpocTupanus. To ecthb
XapaKTepHOU KOJIU3MOHHBIM HaaBuroBbiM 30HaM 110 C. M. Beckuny u FO. B. Mapuny
[Beckun u Mapumn, 2019] u, B coorBercrBuu ¢ kouuenuueir A. 3uias [Siehl, 2015], A. Illapek
u coaBropos [Abdullah et al., 2008], a Takxke K. ®@. Craxumno-Anekceesa [Cmasicuno-
Aunexcees, 2012], npuypOUEHHBIMY K KOJJIM3MOHHBIM MOJBUATOBBIM 30HAM, BOSHUKIIINM TIPH
TEeKTOHMIECKUX HAIPSKEHUIX I0r0-BOCTOYHOIO BEKTOPA B AJIBIIUICKYIO JIIOXY.

ITo mameMy MHEHWIO, TEKTOHMYECKUH ACHEKT TeHEe3Uca JUTUEBbIX IerMaruTos Adranu-
cTaHa 0OYCJIOBJIEH KOJIJIM3UOHHBIMHU JIBU2KEHUSIMU KPYIIHBIX OJIOKOB 3€MHOI KODBI, TaK KaK
Pe3yIbTATHI HAIINX IOJIEBBIX HAOJIIOIEHI CBAIETEILCTBYIOT O IUCIOKAIISAX C 00PA30BaHIEM
JIMHEWHBIX CKJIATIATHIX CTPYKTYP OPTOrOHAJBHBIX FOTO-BOCTOYHOMY BEKTODPY HAIBUTOBBIX
nedopmarmii. B 310l cBsA3U 3asieranne peIKOMEeTA/LIBHBIX TerMaTUTOB B TEKTOHUYIECKOIT
3one Hypucran KOHTPOIUPYETCs OPTOrOHAIBHBIM — CEBEPO-BOCTOYHBIM IIPOCTUPAHUEM DPYIO0-
KOHTPOJINPYIONINX KOJUIM3NOHHBIX CKJIATIATHIX U PA3PBIBHBIX HAPYIIEHU.

ILnomane pacupocTpaHeHns MErMATHTOBBIX IOJIEil OXBATHIBAET 00JIACTD PACIIPOCTPaA-
HEHUsI PA3HOBO3PACTHBIX BMEIIAIONINX [I0PO/I, BOBJIEYEHHBIX BO BPEMS [1AJIEOTE€HOBBIX TEK-
TOHOMArMaTUIeCKUX COOBITHI B IIPOIECCE MErMATATOOOPA30BAHUS: OT IPOTEPO3ONCKUX HA
IOr0-BOCTOKE JI0 TPUACOBBIX Ha CEBEPO-3allajie IPOBUHIINU C OTUETIINBBIM PUCYHKOM HAJIBUTOB
MOJIOZIBIX TOJIII C CEBEPO-3aI1a/la Ha I0r0-BOCTOK Ha JIDEBHHE IIPOTEPO30UCKNE KOMILJIEKCHI.

Takoif BBIBOJ MOATBEPKIACT HAJAYNE HETMATUTOBBIX TEJI AILIMTOBOIO OOJIMKA CO
CTPYKTYPHBIMU XapaKTEPUCTUKAMU OJIU3KUMU K CTPYKTYpPaM I'PAHUTOB.

He uckiroueno, uro nermaTuTsl nposuHnuy Hypucran He siBJISIOTCS IPOIYKTAME OCTa-
TOYHOI'O IECMATUTOBOIO PACILIABA, & MPEICTABIISIOT COOOI BBHIILIABKH IPAHUTHOTO PACIIIABA
C PeJIKOMETaJIbHON crieruasu3anyeil. B 9Toil ¢BsI3n sABJIA€TCS JIOTUIHBIM 3aKIIOUUTD, ITO
pPeKOMeTaJUIbHBIE TIEMMATUTHI IPOBUHINN HyprucTan MMeT reHeTHIecKoe POJICTBO C IPAHH-
TaMu Tperheil haspl rpaHnTONIHOrO KoMILIekca Jlarman. Tak kak B Ipe/ieax merMaTuTOBBIX
nosieit Huay-Kynam u Ajimarap rpaHuThbl TpeTbeii (ha3bl MepexoiarT B IMIIUPO-IIerMaTUThI,
a 3aTeM B IJINPO-CEKYIINEe U CEKYIIHe IerMATUTOBBIE TeJa, YXOJIINe BBEPX BO BMEIAOIIIE
HOPO/JIBI, IEPEKPBIBAIOIINE TPAHUTHBIE MACCUBBL (puUc.2).

CTpyKTypHOE PACIIOIOKEHNE IErMATUTOBBIX YKIJI B PA3JINIHBIX MOJISX OIPEIEIISeTCs
B MEHBIIEH CTEIeHN MUHEPAJIbHBIM COCTABOM BMEIIAIONIEH TOPO/Ibl, 1 B OOJIbINEH cTeleHn
TEeKTOHUYECKUMHU CTPYKTypamu, Jubo u teM, u npyruMm. Mopdosorus nmermMaTuToB xapakTe-
pH3yercs CJAAYIONUME PA3HOBUIHOCTAMU: 1) KPYTOIAJAIONIUMY KUTAMH, 2) [OJOMMME HJIH
[OJIOTOIAJAIONIUMY YKUJIAME U 3) HEGOILIINMEI BHY TPU(MOPMAIMOHHBIMY JIMH30BUIHBIMU
tesamu. lostoromnamaroniue merMaTHTOBBIE YKUJIBI, XapakTepHble i noselt Hummay, Kymam,
Hapait [leq u apyrux, pa3BUTH B OCHOBHOM B Tab0OPOBBIX M JUOPUTOBBIX TEJIaX KOMILIEKCA
Huay (puc. 4 u 5). Hekoropbie 110JI0ronaiaioniyie u nepeceKaronue uxX KUjbl BCTPEYaroTcst
TaK2Ke B [IPOTEPO30#ICKuX rHeficax B nmermaruToBoM mnoste Ilapyn. Kpyromnagatomniue merma-
TUTOBbBIE YKIJIBI B IIErMaTUTOBOM m1oJie [lapyH BcTpevyaroTcs B MO3HETPHACOBLIX CJIAHIIAX
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1 00pA3yIoT JIMHEITHO-BBITSHY ThIE€ 30HBI, KOTOPbIE COOTBETCTBYIOT CJIAHIEBATOCTH U CKJIATUa~
roctu BMemaoomux nopox (puc. 4 u 5). Kpyronazgaroniue »Kusbl 06pa3yioT GOJIbITHHCTBO
MECTOPOXK/IEHUI U TPOsiBJIeHnit JinTus. [10/10ro-1m10cKko3a1eraime IerMaTuThl COAepaKaT
IMOBBIINIEHHBIE KOHIIEHTPaIIUN 6epI/IJ'LHI/IH, TaHTaJIa, AparoleHHbIX KaMHell 1 Ibe30KBapIia.

Kak y»ke ormedasoch BbIlle, B IEIMATHTAX PA3BUTHI KOMILJIEKCHBIE PYJIbI — OEPUILINS,
JINTUsI, HIOOWSI, TAHTAJIA, II€3MUs], 0JIOBA U MUHEPAJIBI THE300IMTUIECKOI0 KBapIia, KyHIIATA,
3€JICHOTO MIPO3PAYHOIO TYPMAJIMHA, KACCUTEPUTA, MAHIAHOTAHTAJIATA.

Cyzist 1o 6OJIBIION MOIIHOCTH U BENECTBEHHOMY COCTaBY METAMOPMUTOB apxXest U HUK-
HEro MpOTepO30si, ITOT PANOH MIPEICTABIISAN B JIOKeMOpUH OacCETHOBYIO 30HY HAKOILICHUS
OCAJIKOB B PeKMMe TJIyOOKOT'O IOrPYyKeHUs, IMPOIIEIINX 3aTeM CTa/ U0 PErMOHAILHOIO
metamopdusma. Ilociiemyiomas oporenust mpusesa K GOPMUPOBAHUIO 3/1€Ch CKJIATIATHIX
CTPYKTYDP, K PA3JIOMHON TEKTOHUKE U COIPOBOXKIAIOIIEMY KOHTPACTHOMY MarMaTH3My
VJIBTPAOCHOBHOI'O M KHCJIOTO COCTABOB, TUIIMYHOMY J1JIsT HaCCEHOBBIX OKPAUH.

C maJseo30st JI0 MO3/IHETO TPUACA, KOTJ[A HAKOIUIUCH MOIIHBIE TOJIINA TEPPUTeHHBIX
0CaJIKOB, PACCMATPUBaEeMbIil perroH nposuniun Hypucran npejcrasiser cob0if KOHTHHEH-
TaJbHYIO CYIITY.

B mosaHekuMMepuiicKyo 310Xy TeKTOHOTeHEe3a IIPOU3OIILIO OXKUBJIEHNE U3 bIOHKTUB-
HBIX IIPOIIECCOB, COTPOBOXKIABINEECS BHEApEeHHEM rabOpo W JUOpUTOB KOMILIekca Humay
U B aJbIUICKYIO 310Xy — IpaHuUTONIOB Jlarman. MesioBble OTJIOKEHUsT OTKJIAIHIBAINCH
B JIOKAJIbHBIX ITOHKEHUSIX pesibeda.

3akiroueHue

IlermaTuToBbBIE XKUJIBI OOPA3yIOT JIBE IPYIIIBI, OTJINYAIOIINECH 10 XapaKTePy U I1apa-
MeTpaM 3ajieraHus XKUJIbHBIX TeJ: 1) KPYyTOLaJAIoue KUJIbl, 3aJeralollue, B OCHOBHOM,
cpeu GUIIUTOBBIX CJIAHIEB, 2) IIOJIOrONAJAIONIIE XKUJIbL. 1lepBble UMEIOT CUMMETPUYHYIO
30HAJIBHYIO CTPYKTYDY, IJie B KPaeBOil 30HE IPOSIBICHBI OTHOCUTEIHLHO MEJIKO- U CPEJIHe-
3epHHUCTbIE MUHEPAJIBI, a B s/Ipe Tejia OHHU IOCTEIeHHO CMEHSIOTCS CPEeIHEe3€PHUCTHIMU
¥ KPYITHO3EPHUCTHIMU. TaKne XKUJIbI PEJKO BCTPEUAIOTCS Cpeiy rabbpoIMOPUTOB KOMILIEKCA
Hunay.

Ilosioronanarorue KuJibl UMEIOT ACHMMETPUYHO 30HAJIBHYIO CTPYKTYDPY — B JI€XKa-
qeM OOKY 3aJIeraloT OTHOCUTEJHHO MEJIKO- U CPETHE3EPHUCTHIE TOPOIBI, & B BUCAIEM OOKY
OHU ITOCTEIIEHHO CMEHSIIOTCS KPYyIMHO3epHUCTbIMU. (OCHOBHAsI MacCa IOJIOr03aJIErAIOIITITX
HErMaTUTOB PACIIOJIATACTCS CpeJu JabpaIopuToB KoMiuekca Humay. 3iech n3BeCTHBI MeCTO-
poxgenust camonseroB Hapait [lea u Humay Kymam. Bropast paznoBuanocTs mermMmaTtnTos
PeJIKO BCTpedaeTcs B rHeficax W OYeHb PEJIKO B CJIAHIAX.

Oco0blit MHTEPEC TIPEJICTABIISET IIPOCTPAHCTBEHHOE TIOJIOYKEHNE KPYITHBIX rabOPOUIHBIX
rest Japait-Ilea u Hunas-Kynam u pacnpesenienne nerMaTruToBbIX moJieil. DT Tejia U KpyT-
HbIe N30METPUYIHBIE TEJIa TPAHUTOB TPEThel (a3bl JIATMAHCKOTO KOMILIEKCA, 3AJIETAIOIIIE
B I[EHTPAJIbHON YacTh AJIMHIapCKOro IJIyTOHA, IPUYPOYEHbI K IJIyOMHHOMY Pa3JIOMy CeBepo-
3aIa/THOTO TIPOCTUPAHUS. DTOT PA3JIOM MMAPAIIIESIEH KPYITHOMY PA3JIOMY, OrPDAHIIUBAIOIIEMY
Kabysibekyio 300y Ha CEBEpO-BOCTOKE, U SIBJISIETCS PYIOKOHTPOJIUPYIONIAM IO PA3MEIIEHUIO
[IErMaTUTOBBIX TeJI.

VcraHOBIEHA 3aKOHOMEPHOCTD Pa3MeEITeHNsI IEMATHTOB B 3aBUCUMOCTHU OT (a3 BHEJI-
PEHUS TPAHUTHBIX MACCUBOB U MX BHYTPEHHSS 30HAJIBHOCTH B IIPEJIEJIAX OT/IEJIHbHBIX IIeT-
MaTUTOBBIX Tejl. TecHoe poiICTBO ¢ TpeTbeil (ha3oil rpaHUTOMTHONO KOMILIEKCa JlarMmaH
JOIIOJIHUTEJIbHO IIOATBEP2KIaeT UX I'eHEeTUIeCKOe €JMHCTBO U BO3MOXKHOCTD d)OpMI/IpOBaHI/IH
73 CIENUATN3NPOBAHHOIO 110 PEIKIM MeTaJIaM — Li U Jp., FPAHUTHOrO PacCIiaBa. | paHuThI
Tperheil pasbl BHEIPEHUsI MOTYT OBITH MCIIOJIb30BAHBI B KAYE€CTBE MMOMCKOBOI'O MIPU3HAKA JIJIsT
OOHApPyKEHUsI HOBBIX PEJIKOMETaJIJIbHBIX IIEIMATUTOB B PEIHOHE.

Ilo rmaBHBIM TOPOIOO6PA3YIONINM MUHEPAJIAM U MecTaM IposiBieHus B 30He Hypucra-
HA BBIJEJISIOTC CJI/YIOIIUe OCHOBHBIE TUIBI IIETMATUTOB: 1) OJIMIOKJIa3—MUKPOKJIMHOBbIE
¢ 6OTUTOM, MyCKOBUTOM, IIEPJIOM U PEJKUM GepriuioM (6e3pyHbie); 2) MeprIoBo—MyCKOBAT—
MUKPOKJIMHOBBIE C PyZ000pa3yiomuM 6epuiuioM; 3) c1abo aabOuTH3MPOBAHHBIE MUKDOKJIH-
HOBBIE C KPYITHOKPUCTAJUIMIECKUM GepujuioM; 4) ajabOUTOBbIE HErMATUTBL CO CIOLY MEHOM,
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MOJMXPOMHBIM TYPMAIMHOM, KYHIIUTOM, TIOJUTYIIUTOM U TAHTAJIAT—KOIYMOUTOM; 5) CIIOy MEH—
MUKPOKJINH-AJILONTOBBIE U CHOYMEH-aIbOUTOBBIE C MOJIMXPOMHBIM TYPMAJUHOM, KyHITUTOM
U TOJULYIIUTOM 00pa3yloT caMmble KPYIHBIE XKUJIbI U IIPOJyKTUBHBIE B OTHOIIEHUU PeJl-
KX METAJJIOB; 6) CHO/YMEeH—JIeNNI0JUT—KIIEBEJIaHUTOBbIE ¢ KACCUTEPUTOM, TIOJIITYIIUTOM,
TAHTAJIATOM-KOJIYMOUTOM U IOBEJIMPHBIMEA KAMHAMA. 2KUJIBI TPEX MOCIEIHUX TUIIOB IIerMa-
TUTOB 3aHUMAIOT HanbOJiee BHICOKOE TUIICOMETPUIECKOE MOJIOKEHIE TI0 CPDABHEHUIO C TIerMa-
TUTAMU TPeX MEPBBIX TUIOB. 110 Mepe ymaieHus OT TPAHUTOB U IEPEX0JIa OT HUMKHUX KU
K BEPXHUM IEIrMaTHUTHI CyNIeCTBEHHO MUKPOKJIMHOBOI'O COCTaBa I1OCJIEI0BATEIbHO CMEeHsI-
FOTCs AJIbOUTOBBIMH, CIOYyMEH-aTbONTOBBIMUI U JIEIUIOJIAT-CIIOLY MEH-KJIEBEJIAH U TOBBIMU.
[TostHOE OTCYyTCTBHE GHOTUTA ¥ MOBBINIEHHOE COJEPyKAHNE MYCKOBUTA U KJIEBEJIAHJINTA B I€r-
MaTUTaX MOI'YT CJIyKUTb UHJIUKATOPaMU IIOUCKOB JParolleHHbIX KaMHeit.

3aKOHOMEPHOCTH pa3MeIeHns IeTMATUTOBBIX YKUJI B PAHI'€ MECTOPOXKIECHUHN, PYIHBIX
paitoHoB, y3J10B B ierMatuToBoM nosice Hypucrama obycioBiena He mporieccoM auddepenim-
aluy OCTATOYHOI'O MAarMaTUYeCKOro PacIliaBa, a auddepeHuanueil ICX0JHOrO I'PAHUTHOIO
pacIiaBa ¢ TPEHIOM KOHIIEHTPAIINN PeIKOMETAIbHON MuHepaaun3aryn. [Ipu sTom dopmupo-
BaJIICh Pa3JIMYHbIE 10 CTEIIEHN PACKPUCTAJIN3AIMA MIHEPAJIOTNYECKIe TUIIbl IPAHUTON/IOB,
3aII0JTHUBINIAE YK€ CYIEeCTBOBABIINE TPEITUHHbBIE ITPOCTPAHCTBA 30H PA3JIOMOB BO BMEIIAIO-
IIUX I0POJIaX.
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u A. B. Kanery 3a nomolnps B IIPOBeJIeHNN I0JIEBBIX paboT u orbope npob. Biaromapum
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noBanusix. Pabora BBITIOJHEHA 32 CYET CODCTBEHHBIX CPEJICTB aBTOPOB, 6€3 MPUBJICYCHUS
BHEIIHErO (DUHAHCUPOBAHUS.
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Rare-metal pegmatites containing industrial concentrations of lithium, tantalum, niobium, cesium,
beryllium, and tin are becoming increasingly important as raw material objects for the production
of electrical equipment, batteries, and electronics. In this context, studying the patterns of their
geological and structural setting is highly relevant, as it allows the identification of prospecting
criteria to discover new resource-bearing sites and expand the reserves of known rare-metal pegmatite
deposits in the Nuristan zone of northeastern Afghanistan. Here, pegmatite fields are spatially
associated with the Oligocene granites of the Laghman complex and are located in the provinces of
Afghanistan: Nuristan, Kunar, Laghman, Kabul, Nangarhar, Kapisa, Panjshir, and Badakhshan.
They have been known since ancient times as sources of gemstones and mica. The Laghman
granitoid complex is characterized by the sequential intrusion of three intrusive phases: 1 — diorites,
quartz diorites, granodiorites, and plagiogranites; 2 — porphyritic biotite granites, amphibole-
biotite granites, and granodiorites; 3 — two mica and biotite granites, granite porphyries, aplite,
and pegmatoid granites. Rare-metal pegmatites are confined to the third phase of the Laghman
granite intrusion. Here, granites are characterized by heterogeneous texture, from granoblastic to
granitic, with fragments of aplitic and poikilitic texture. The host rocks of pegmatites are Triassic
phyllite-like quartz-mica schists and Proterozoic gneisses and quartzites. Additionally, pegmatites
are found within intrusive rocks, specifically within gabbro-diorites massifs of the Nilaw complex.
The morphology of the bodies of rare-metal pegmatites is diverse. Veins with swells and plate-like
bodies predominate, while lens-shaped forms and irregularly oriented veins are less common. The
thickness of pegmatite veins ranges from 1 to 60 m, and their length varies from tens of meters to
2-5 km. It is assumed that the formation of the Laghman granitoid complex is a consequence of
the collision of the Indian continent with Eurasia.

Keywords: Rare-metal pegmatites, geologic structure, Tectonic, spodumene, granitoid, granite,
diorite, Nuristan, Afghanistan.
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1,2

0. A. I‘yﬂennq*’ ) 1

, JI. B. Boakomuapckas! ) u E. II. Kaiiropomos3

1YncruTyT 3eMBOro MarHeTHaMa, MOHOCKEpHI U pacupocTpaHeHns paguosons uv. H. B. ITymkosa PAH,
. Mocksa, Poccust

2000 «Taitmep», r. Mocksa, Poccust

3AY «HAIL PH um. B. U. Illnuasmanas, r. Tomens, Poccust

* Konrakr: Okcana Asiekcaniposaa ['yiesud, o.a.gulevich@gmail.com

PazpaboTan aaropuTM OIEHKH yJeabHOrO 3JeKTPUIecKoro conporusienus (YDC) ropHbIx mopos Ha
OCHOBE CKOPOCTHOTO aHAJIN3a JAHHBIX METOJa OTPAXKEHHBIX 9JIEKTPOMATHUTHBIX BOJIH C U3MEHSIEMO
6a3oii pasnoca npuemanka u nepegaranka (MODMB-OTI'T). IIpu mocTpoeHNH reoIeKTPUIECKOi
MOZEIH B TOYKE («BHPTYaJbHON CKBaxKUHBI») 10 paHHbiM MODMB-OI'T, B ornuuane oT aaro-
puTMOB 0OpabOTKU TAHHBIX METOIOB JIEKTPOPA3BEIKHU, HE TPeOYeTCs anpuopHas WHAMOPMAIUST
0 INeoJIOTMYIECKOM W CTPYKTYPHOM CTPOEHHH yYIaCTKa, JOCTATOYHO JAaHHBIX m3Mepenuit. [IpuBomurcs
MpUMEP BUPTYAJTBHON CKBasKWHBI M0 mapamerpy Y DC raybunoit 500 MeTpoB, TOCTPOEHHOHN B X0/1€

IKCIIEPUMEHTAJILHOTO MCCJICIOBAHUA B KPUOJIMTO30HE.

Kmrouessie ciioBa: MODMB-OI'T, rmybunnas reopamuosokarusi, ¥ 9C, BUpTyaIbHAS CKBAXKIHA.

urupoBanme: ['ynesudu, O. A., JI. B. Boakomupckas, E. I1. Kaiiropomgos OrneHka 3/IeKTPUIECKUX
CBOMCTB TOPHBIX TIOPOJI, HA OCHOBE CKOPOCTHOI'O aHAJM3a JAHHBIX METOJA OTPAYKEHHBIX
snexrpoMarauTHeiX BosiH (MOSDMB-OI'T) // Russian Journal of Earth Sciences. — 2025. — T. 25.
— ES1003. — DOI: 10.2205/2025es000933 — EDN: FEVYKC

BBenenne

Henbio reodusmaecknx UCCIEIOBAHUN sIBJISIETCST BOCCTAHOBJIEHIE TAPAMETPOB pa3pesa
1 00pa3yIoIuX €ro rOPHBIX MOPOJ, U TEXHOTEHHBIX OObEKTOB 10 JIAHHLIM U3MEPEHHUii, TO
ecThb perneHne oOpaTHON 3aadu. B Kjacce 3JIeKTPOMATHUTHBIX METOJIOB YCJIOBHO BbIIE-
JISTIOT BOJIBIITYIO TPYIIITY METOJIOB 3JIEKTPOPA3BEIKM, PADOTAIONNX B KBA3UCTAIHOHAPHOM
NpUOIUKEHUH, ¥ METO]] MaJIOTIyOMHHOM Te0paIMOIOKAIINHN, TPUMEHSIEMON B TPUOTMKEHIN
HEeIpOBOJIsAIIell cpeibl B 4acTOTHOM Juaria3oHe Boiine 30 MI'.

ITocTpoenne reo’eKTPUIECKON MOJETH pa3pe3a B METOJIaX 3JIEKTPOPA3BEIKU Tpe-
OyeT amprOpHOi T€0JI0TrO-TeoU3MIEcKO nHPOPMAINNA 00 OCHOBHBIX Ue€pTaX MHXKEHEPHO-
TeOJIOTUIECKUX U THUIPOre0JIOTHIECKUX YCJIOBHil uccyeayeMoro pernona. [loaromy mpobiiema
JIOCTOBEPHOCTH I'€09JIEKTPUIECKOI0 MOJEJIMPOBAHUS OCTAETCS OJHON M3 CAMBIX AKTYAJbHBIX
reoU3nIecKuX MpodIeM HeCMOTPST Ha UCIIOJIb30BAHNE KOMIIBIOTEPHBIX T€XHOJIOTHIT 1 HOBbIE
ajropurmel uusepcuu |Christensen, 2000; Doyoro et al., 2022; Gautier et al., 2023; Hou
et al., 2020; Olayinka and Yaramanci, 2000).

MeTo/1 OTpazKeHHBIX JIEKTPOMATHATHBIX BOJH OTJIMIAETCS OT KJIACCHUYECKON reopa-
JITOJIOKAIIY PSIJIOM TEXHOJOTHIECKUX OCODEHHOCTEN, B TOM YHCJIE: CIIOCOOOM TEeHEPAIH
1 (HOpPMOil 30HIUPYIOIMIETO CUTHAJIA, BBICOKUM JIMHAMUYIECKUM JIMAITA30HOM allllapaTyphl,
Gostee mmpoKoit mostocoit pabounx wacror (1-1000 MI't), ocoGoit TexHOMOTMEl perucTpanuy
CUTHAJIA B MIPUEMHOM YCTPOHCTBE M NPYTrUMU OCOOEHHOCTSIMU allapaTypbl U 00paboTKH
JAHHBIX [Boakomupckas u dp., 2019; Volkomirskaya et al., 2021]. PazsuTue TexHOIOrNM
METO/Ia, OTPaKEHHBIX JIEKTPOMATHUTHBIX BOJIH Ha 06ase TexHojoruu reopasapos I'POT
[I03BOJISIET IPOBOUTD UCCJen0Banus Ha riaybuny csbiie 500 merpos [Kuavnuo u Llepbaxos,

2029).
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OLEHKA 3JIEKTPUYECKUX CBOMCTB I'OPHBIX ITIOPOJ. . . I'viEBUY u ap.

B nacrosieit pabore mpeicTaB/IEHO TTOTAITHOE TTOCTPOEHNE «BUPTYAJLHON CKBAXKU-
ubl» (pacupezesnenue ¥YIC mo riaybune B rouke OI'T) Ha ocHOBe pe3yJbTATOB CKOPOCTHOIO
aHaJIn3a SKcrnepuMeHTaIbHBIX JaHHBIX MODMB-OI'T B 30He pacnpocTpaHeHus: BETHOI Mep3-
Jiotbl B MupauackoM yiyce, Axyrusi. JlaHHbIE «BUPTYaJIbHOI CKBaXKUHBI» COIIOCTABJISIIOTCS
C TEOJIOTUIECKUMHE CBEJICHUSIME 00 yIACTKE MCCJIeTOBAHISI.

Meromuka pador

Tloneswie paborsr MODMB nposogmiuch Ha TeppuTopun ydactka Henp B 30 KM OoT
r. Mupmnsiii, dxyTus B okTsabpe 2023 roja npu OTPUNATEBHBIX TEMIIEPATYPAX BO3IYXA.
B reokpunosornieckoM OTHOIIEHNN yIACTOK pabOT HAXOAUTCS B OOJACTH PACIPOCTPAHEHUS
BEYHOI MEp3JIOTHI C MOJIONIBOI Mep3JIbIX opot Ha rirybune okosio 150 M. Conocrasjenne
MMOJTy YeHHBIX JAHHBIX C AllPUOPHOI mHMOpMAaIeil 00eCIIeYnBaIOCh N3y Y€HHOCTBIO PaloHa
paboT MeTomaMu CeicMOPa3BEIKHU, JIEKTPOPA3SBEIKH U OYPEHUEM CKBAYKUH.

TTosteBble pabOTHI TPOBOIUINCH € MOMOIIBIO IKCIEPUMEHTAIBbHON anmaparypsl MO-
OMB, paspatorannoit OO0 «Taiimep» [Boakomupcran u Lyaesus, 202/]. MoHOUMITYILCHBII
IIMPOKOIIOJIOCHBII alapaTHO-IIporpaMMHbIil Komiieke MOIMB Bxirodas mepegarduk mo-
BBINIIEHHOW MOIITHOCTHU C IHKOBON aMILIUTY/I0N mMIrysibca 48 kB, Monudukanum npueMHuKOB
I'POT 12 u TPOT 12H, skcnepuMeHTa bHBIE AHTEHHBI HA IPUEMHUK U repeaarauk 50 M.
Ipu cwvemre romorpados mMeromoMm obmeit riaybunuoit Touku (MOIMB-OT'T) upousso-
JUJIOCH PA3/IBUKeHNe OJIOKOB IPUEMHHUKA U IIE€PeIaTdNKa 10 MPOMUI0 OT HAYAJILHOTO
nostozkerns B 100 m o 280-740 M 11 pa3HBIX PACCTAHOBOK, C IIATOM II€PEMEIEHIs OJIOKOB
Mex Ty Toukamu m3meperus — 10 M. CHHXpOHU3AIMS 3aIUCH B TPUEMHUKE OCYIIECTBIISIIACh
6ecnpoBOAHBIM CIIOCOGOM (BJIOKU He COeMHEHBI MEKLy COOOI ).

Perucrpamus Bomnosbix hopM Ha BCIO TUIyOHMHY BPEMEHHDLIX 3aJE€PXKEK IS PA3HBIX
roforpadoB AIUTebHOCTBI0 0T 10 /10 32 MUKPOCEKYHJI, B KaXKJ0# TOYKEe M3MEePEeHuil ocy-
[IECTBJISJIOCH TIOCPEJICTBOM HAKOILJIEHUI n3Mepennii N ¢ yBeJIMYeHHeM YKCJIa HAKOILJIEHUN
110 MakcuMmaJibHOro Koamdectsa N = 50.

Oo6paboTka u pe3yabTaThI

Cxkopocrroit anaju3 moaydenabix gadabix MOIMB-OI'T 6bu1 npousBenén Ha oc-
HOBE aJICOPUTMOB OOPabOTKU JIAHHBIX CEHCMOpPAa3BEeIKN B IAaKeTe TUIIOBON 00paboTKH
SeisSpace/ProMAX. IIpu 0o6pafoTke JaHHBIX IPUMEHSUIICH CJIEIYONIHE TIPOIELYPhI: OO
coBas PUIBTPAIUs, TAITUBHOE [IO/IABJIEHIE [TIOMEX, CIIEKTPAJIHHOE OTOEIMBAHIE, PACIET
¥ BBOJI KOPPEKTUPYIOIIUX CTATUIECKUX IOMPABOK, & TAKYKe TPOTPAMMBI IO YJIyIITEHUTO
hOpMBI AMILIUTYIHO-YACTOTHOIO CHEKTPA, COOTHOIIEHUsI CUTHAJ/TIOMeXa U JIPyTUe, MeHee
3HAYUMBbIE TIPOIETYPHI.

Ha puc. 1 mmoctpupyercst oauH 13 OCHOBHBIX 3TaloB 0bpaboTku rogorpada MODMB-
OI'T Ne7C, cusitoro psimom co ckBaxkuuoit 2751 — Boypaaxckast. [IpencraBiien Bepruka/bHBII
CIIEKTD CPETHEKBAIPATHIECKON CKOPOCTH JIEKTPOMATHATHOTO CUrHATA (Vipg) MOCTE MHTEp-
MPeTAIu U CyMMapHas IUHAMUIYIECKAs TPACCA.

XapakKTepHOl 0COOEHHOCTBIO BCEX IOJIYyUYeHHBIX Ha ydacTke JaHHbIXx MOIMB-OI'T
ABJITETCS 30HA MHBepcuu cKopocTu B obsactu 1500 He ¢ pazbpocom 3uadenuit 100-200 me
(puc. 1). lanHasi uHBEpCHUS SBJSETCH HPU3HAKOM HEOIHODPOIHOCTH CTPYKTYPbI TOJIIIH
MEpP3JIbIX TTOPOJI,.

Ha puc. 2 npusogurcs pamaporpamma rogorpada Ne7C mocie obpaborku. BumgHo, 4ro
yBeJM4YeHre pasHoca nardukoB (L) HeraTMBHO BJMsieT HAa KAYECTBO 3AIIMCH BOJHOBOI'O IIOJISI
CUTHAJIA. DTO CBSI3aHO C PSIOM IIPUYWH: BJIUSHUEM ITapaMeTpa CHHXPOHU3AIUN IPUEMHUKA
U TIepelaTunKa, KOTOPbI HEOOXOIMMO PeryJupoBaTh Ipu OeCIPOBOIHON CHHXPOHU3AIMA 110
Mepe yBeJIMYeHnsl Pa3Hoca OJIOKOB, ITOCTEIEHHON OTepell OTPayKEeHHOr0 CUIHAJIA 33 IIpee-
JIaMU KPUTHYECKOTO yTJIa, BIUSHUEM pejibeda U HEOTHOPOTHOCTHIO JIEKTPOPUITIECKIX
CBOIICTB B IIPUIIOBEPXHOCTHOM cJjioe. Kpome Toro, rnpu 60/bIIux pa3Hocax OJIOKOB yXy/IIa-
€TCsl COOTHOIIEHNE CUIHAJ/IIyM BO BCeM MHTepBaJie IiyouH. IIpuMensieMoe HaKoIUIeHMe
Pe3yJIbTATOB CEPUN MOCEIOBATEILHBIX PETUCTPAINI HA KAYKIOM IIare M3MEPEHN yiTy IIaeT
OoOHapy KeHne OTPaKAIIINX TPAHNI U yBejuduBaer riyouny 3ouaupoBanus MOIMB-OI'T.

Russ. J. Earth. Sci. 2025, 25, ES1003, https://doi.org/10.2205/2025es000933 20of9


https://doi.org/10.2205/2025es000933

OLEHKA 3JIEKTPUYECKUX CBOMCTB I'OPHBIX ITIOPOJ. . . I'viEBUY u ap.

Vms» CM/HC
10 20 30 Dyn

T T T T T T O A R B !

o

AlllllIIAll‘IIIIIIIIIlVIIAI‘\IIIl’

1000

2000

3000

4000

5000

6000

Bpemsa, HC

7000

8000

9000

10000

Puc. 1. Pe3ysibTarhl CKOPOCTHOTO aHAIN3a: CIEKTDP CKOPOCTU Vi U CYMMAapHAs JUHAMUIIC-
cKas Tpacca.

B pmannoMm ciydae, KauecTBO 3aIUCU IIPUEMJIEMO BILUIOTH JO PACCTOSHUSA MEXKIy OJI0KaMu
B 520 M, 9TO BIIOJIHE JIOCTATOYHO JJIs JIAJIbHEHIIIEro aHaIn3a.

st mocTpoenust reopu3NIECKOl MOJEN pa3pe3a U COIOCTABJIEHUs PE3YJIBTATOB CKO-
POCTHOT'O aHAJII3a C TAHHBIMU JIPYTUX METOIOB YI00Hee ePeiTH K NHTEPBATIbHBIM CKOPOCTSIM
JIEKTPOMATHATHOTO CUTHAJIA, TAK KAaK MHTEPBAJIbHBIE CKOPOCTH Haubosee auddepeHnupo-
BAHHO OTOOPaXKAIOT M3MEHEHNE CKOPOCTHBIX 3aBUCHMOCTEN B UCCJIEyeMOM pa3pe3e C Bbl-
OpaHHBIM IIATOM U OIPENEJISIOTCS JIeKTPOMDUINIECKIMI XaPAKTEPUCTHKAMI TOPHBIX IIOPOJ,
B 9TuX nHTepBasiax. Ha puc. 3 npusemeno pacupeesienne 3b(GEKTUBHBIX NHTEPBAIBHBIX
3JIEKTPOMATHUTHBIX CKOPOCTEi 1o maHHbIM rogorpada Ne7C. MHTepBasbHble CKOPOCTH 31E6Ch
paccauTaHbl ¢ maroM (mHTEpBasoM) 50 HC. DTOT IAr 3aJaET HOTPENTHOCTD OIIPe/IeJIeHNUsT
IEKTPOPU3NIECKUX [1APAMETPOB U PA3PEIIEHUS [IJIACTOB C PA3HBIMU JIEKTPODUINIECKIMU
mapaMeTpaMu.

I'padux urrepnaibabix ckopocteiit MODIMB-OI'T obsiagaer 60JibInoii H3MEHIUBOCTHIO
Ha BCEM HMHTepPBAaJIe IVIyOMH, YTO ITOKA3bIBAET BBICOKYIO PA3PEIIAIOILYI0 CIIOCOOHOCTH METO/IA
TUIyOMHHON re0paIMOIOKAIINN B CDABHEHNN C ITOBEPXHOCTHBIMU U JUCTAHITHOHHBIMEI METO/Ia~
MU 3JIEKTPOPa3BeIK. B KauecTBe OCHOBHBIX XapaKTEPUCTUK pa3pe3a MOYKHO yKPYITHEHHO
BBIJIEJIUTH OOJIACTH BBICOKMX CKOPOCTEH ¢ 00JIacThio MakcmMyMma Ha riryomae 120-150 m
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Puc. 3. aTepBasibHble CKOPOCTH CUTHAJA O U TOCTIE CTIaYKUBAHNS.

(IpEIIOJIOKUTEIBHO COOTBETCTBYIOIIEMY CJIOI0 PEJIMKTOBON MEP3JIOTHI ¢ BHICOKUM YDC).
Haunnasa ¢ Bpemenu 3500 HC Ha rpaduke MOSABISIOTCA yIACTKHA SKCTPEMAJBHO HU3KUX
3HAYEHUN CKOPOCTEll, B aOCOIOTHOM BBIPAXKEHUN 3HAYEHUS] MHTEPBAJILHON CKOPOCTU, pac-
CUNTAHHBIE ¢ TPUMEHEHNEM MEeTOa CTJIaXKUBAIOININX I'PAIUEHTOB, PEAJTN30BAHHOIO B ITaKEeTe
obpaborku SeisSpace/ProMAX, nagaror g0 0,2-1 cm/Hc.

OO6cyx/1eane pe3yabTaToB

Paccmorpum mepcerieKTHBBI JabHEHIEro aHaaIn3a MOJIyIeHHOTO pacipeie/IeHIsT HHTep-
BaJIbHBIX CKOPOCTEH 3JIEKTPOMATHUTHOTO CUTHAJA JIJIsT OIIEHKN CBOMCTB MOPHBIX TIOpos. JLs
9TOr0 BOCIIOJIb3YEMCsl MATEMATHYIECKON MOCTAHOBKON 3a/a49u PACIPOCTPAHEHUs] CUTHAJIA,
B Cpejie, KOTOpas ONMCHIBAETCS CUCTEMOil ypaBHeHuit MakcBesuia, JOMOJHEHHONR MaTepu-
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aJbHBIMU ypaBHeHusMU 1 3akoHOM Owma. J[jisi OqHOPOIHOM, JINHEHON cpebl 6e3 y4uera
IUCIIEPCUN UMEEM:

rotE = —%—]?, rotH = %—? +J,

divD =0, divB =0,

D=¢E, B =uH, J=0E,

e H u B — 570 BeKTOpBI HAIPS?KEHHOCTH MATHUTHOTO IOJIsI U MArHUTHOW WHLYKITH,
coorBercTBeHHO; E 1 D — BEKTOPBI 971€KTPUYIECKOTO TIOJIsT U IJIEKTPUIECKON WHIYKIINH,
COOTBETCTBEHHO; J — INIOTHOCTB TOKA IIPOBOJIUMOCTH, { U € — aOCOTIOTHBIE MArHUTHAS
U JIU3JIEKTPUYecKasi TPOHUIIAEMOCTh CPEJIbl, 0— JIEKTPOIPOBOIHOCTD CPEJIbl, | — BpeMs .
[Tocse mpumenenus oneparopa porop K 3akony Papaies:

rotrotE = rot(—%—]t')’), YIUTHIBAsI, ITO

rot(%—?) = i(rotB). W3 maTepuasibHOrO ypaBHEHUSI:

Jt

%(rotB) = y%(rot H).

ITocste mOICTAHOBKY TTOJIyI€HHBIX BBIPAYKEHUI B 3aKOH AMIIEpa MOJIyIHM:

J°E JE
AEZSyw'FI/lO'E; (1)

riae A — oneparop Jlamaca. Ypasrenue (1) Ha3biBarOT TeserpadHbIM 110 AHAJOIHMHA C yPaB-
HEHUSMH, IPUMEHSIEMbIMIA B TEOPHUH IepeJladll JIEKTPOMArHUTHBIX CUT'HAJIOB B BOJTHOBOJE
[Aavnun u dp., 1985]. HacTHBIME CJIydasiMu 9TOIO yPABHEHUS sBJISIOTCA BOJHOBOE yDPaB-
HEHUe, [IPUMEHsIeMOe B KJIACCUYIECKOI reopa/IMoJIoKanyuu, u ypasuenue juddysun, nin
TEIIOPOBOIHOCTY, IPUMEHSIEMOE B jIeKTpopa3Be/ike. Pertenne TeserpadHoro ypaBHeHUs
7Tl TApMOHIYIECKOTO 10/, IpeacTasiaenaoro dopmymoit E = Eqye’“!, roe Ey — ammmmTyga
KoJiebaHUi, @ — KPyroBasl 9acTOTa, OIpeeJIseTCsl KOMIIJIEKCHBIM BOTHOBBIM YHCJIOM, KOTOPOE
MOXKHO 3amucarb B Buze k = a +if. Torma pemenue st MJIOCKOW BOJIHBI B OJJHOMEDHOM
npubmKeHun nmeer Bu (2):

E(z,t) = Ege %%/ @t=F2), (2)

B sroMm ciydae nosydaror BblparkeHue Jis Hpa3oBoil nmocrosHHON B (3), KOTOpas
XapaKTepusyeT (azoByio CKOPOCTD 3JIEKTPOMATHATHON BOHBI V), (4) [Aavnun u dp., 1985]:

B He o 2
B=w 7[1/1+(E) +1], (3)

v, = —. (4)

B menposossiieit cpesie u B IpUOIMKEHUN MAJIOT0 3aTYXaHUA 0 <K €W BBIPAXKEHUE JIJIs
$a30BoIT TOCTOAHHOM CBOAUTCA K ff = WA/}, TOLIa

1

Vp—\/T_lu.

()TCIO‘,ZLa7 Ipu yCcJIOBUA HEMAaTrHUTHOM CpeJabl, IMOJIYy9alOT BbIpazK€eHHUe JJjisi CKOPOCTHU

SJ'IGKTpOMaFHI/ITHOﬁ BOJIHBI, TPaJUIIUOHHO IIpPUMEHAEMOe B I'eOPa IO IOKAIIUN:
(5)

IJie ¢ — CKOPOCTb CBETA B BaKyyMe, & — OTHOCUTEJIbHAs JUIJIEKTPUUecKasl IIPOHUIIAeMOCTh
cpeabl. B mepBoM pubIMmKeHn CKOPOCTh PACIIPOCTPAHEHUST 30HIUPYIOIIEro MMITY/IbCa Te0-
pajilapa B BBICOKOOMHBIX CJIOSIX pa3pe3a, B TOM 4YUCJIe B MEP3JIbIX ITOPO/IaX, MOXKHO OIIEHUBATH

no dopmyse (5), MOMHsI O TIOPEITHOCTSIX, KOTOPBIE MOTYT OBITH CBSI3aHBI C JIUCIIEPCHE,
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a TaKKe CTATUCTUYIECKUMHU IOMPABKAMU, B TOM UHCJIE CBSI3aHHBIMU C PA3HOCOM OJIOKOB
¥ TOTEPSIMU TIPU CUHXPOHU3AITUN.
Jlist mpoBOJIAIIE Cpeibl, B YCIOBUAX KBAZUCTAIIMOHAPHOCTU 0 3> £w, U3 (3) mosrydaeM:

_ WO U

2w /chp
Vp—\/’/[:o_— 2 T, (6)

rue f — 9acToTa IPUIOKEHHOIO IEKTPOMArHUTHOIO IIOJIE, P — YJIEJIBHOE JIEKTPHIECKOe
conporusierne (YIC) cpenpl. B 9T0M cirydae cKOPOCTh CUTHAJA He 3aBUCUT OT JUSJIEKTPH-

Torna

9eCKOI IMPOHUIIAEMOCTH CPEJIBI.

YuanrsiBas ToT dakt, uro Merox MOIDMB paboraer B mepexomHoil 30HE MeXK Ty JBYMsI
KpaleI/IMI/I paCCMOTPpEHHBbIMU YCJIOBUAMU, MO2KHO O2KH/IAaTh ITOJIyYEHHE ITPOME2KYTOIHBIX
3HAYEHUH JJIsT CKOPOCTU JIEKTPOMATHUTHOI'O CUTHAJIA B IKCIIEPUMEHTE, & OIEHKY CKOPOCTH
o dopmysie (6) paccMarpuBaTh KaK KPARHIOW CHU3Y.

Hanpumep, mis gacrorst f =3 MI' 1 0OTHOCHTEIBHOI AU3JIEKTPHYIECKO IIPOHUIIAEMO-
CTHU, B CPEIHEM XaPAKTEPHOH JIJIsT MeP3JIbIX MOPOJ, & = 4, YINTHIBas, YTO AUIIEKTPUIECKA
IPOHUIAEMOCTD BaKyyMa &) = 8,854187817 x 10712 @ /m, yciioBue KBasucTanumoHapHOCTH
MOXKHO Ilepenucarh B napamerpe ¥YOC B Buze p < 1/ew = 1500 Om-M, aHATOTWYIHO It
€ = 9 ycyioBUe KBa3UCTAIMOHAPHOCTU UMeeT BuJ P < 660 Om-M.

U3 dopmyist (6) mis oneaku YIC ropHbIX MOPOJ, IO JAHHBIM CKOPOCTHOI'O aHAJIN3a
MOSMB-OI'T nosnyuaem:

oy
p= inf

ILHSI HEMarHATHOM Cpeabl MO2KHO ITIOJIO2KUTH MarHUTHYIO IIDOHUITa€MOCTb paBHOﬁ Mar-

(7)

HUTHOIT TToCTOsTHHOM Hg = 470 x 1077 T /M.

Pacuer addexkrusnoro YIC no dopmyiie (7) mo3BoJsger MOMYIUTh TPUOIUKEHHYTO
KOJIMYeCTBEHHYO OIeHKY ¥ DC ropHbIX mopoj B 4actoTHoM juanazone MOSMB-OI'T.

Cremyer oTMETUTH, UYTO B ODIIEM CJIydae 9acTOTHAsI 3aBUCUMOCTDH SJIEKTPUIECKUX
CBOYICTB TOPHBIX TIOPO/T B €CTECTBEHHBIX YCJIOBHUAX MOYKET OBITH BECHbMa CJIOYKHOMN, OHAKO
KOJIMYECTBEHHAS OIEHKA UMEET OOJIBIILYIO TIEHHOCTD JIJIsl PEIEeHUsI TPAKTUIECKUX 3aJ1a4.

Ha ocHOBe mpousseeHHOro pacyera MOoCTPOEHa reoU3nIecKasi MOJIEIb CKBAXKUHBI —
BUpTyasbHasd ckBaxkuna B najurpe ¥YIC (puc. 4). Teosornveckue jgaHHble IPUBEIEHBI IO
JaHHbIM OJzKaiiedt 6ypoBoil ckBaxkuubl. 3uadenus ¥ IC mosyuenst 1o dopmysie (7) mjs
HEMarHUTHON Cpebl U NeHTpasibHol JacToTel 3 MI'm. IlepeBos BpeMeHHON MIKAJIbI B MIKAJLY
riry6uH (M) Hpou3BeeH 0 Pe3yJIbTaTaM CKOPOCTHOI'O AHAJIM3A.

CoracHo MoJIyYeHHBIM JaHHBIM (puc. 3, 4); pazpes3 uMeeT JOCTATOYHO KOHTPACTHDLIE
JIEKTPUIECKHUE XaPaKTEPUCTUKU, B OCHOBHOM OOYCJIOBJIEHHBIE 3aBUCUMOCTBIO CBOHCTB TOp-
HBIX TTOPOJT OT TeMIEPATYPHI (Tasblil/Mepasbiit) n Baaxkuaocru. Cioit (a) ¢ Beicoknm YIC
(~ 900 Om-Mm) nepexomut B 30HY (b) ¢ moHmkenubsiM YIC (200-500 Om-m), B cioe (c)
¥YIC Bospacraer 10 940 Om-m, 3aTeM, BIJIOTH 10 KpoBju Mererepckoii ceutet (mt), ¥YOC
camkaercs. Croit (¢) COOTBETCTBYET IMOJIOXKEHUIO CJIOsi PEJUKTOBON MEP3JIOTHI, IPUIEM
nostydennbie a¢ddexrusnbie 3uadenus YIC (cpime 800 OM-M) HAXOAATCS B IIpeeIax
JIMANIA30HA 3HAUYCHU YIEIBbHBIX JJEKTPUIECKUX COMPOTUBJIEHUN MEP3JIBbIX TIOPOJI, U3BECTHBIX
10 GOJIBIIIOMY KOJIN4IecTBY MCTOIHUKOB. [TosiBiienne npocsost (b) ¢ mormkenabivMu YOO
POPHBIX IIOPOJL MOXKET OBITH IIPUYPOUEHO K YIACTKY PacTellieHusl/PAacCanBaHus MeP3JIOThI,
B cioe (b) BO3MOXKHO Tak»Ke HaJudre MeKMep3JoTHbIX Boj (YIC mojzeMHbIX Boj B 061a-
CTAX Pa3BUTHS MHOTOJIETHEMEP3JIBLIX TOPHBIX MOPOJ Bapbupyercs B npejgenax 40-300 Om-m
[dnexrpopassenxka. .., 2005]).

Mererepckasi cBuTa (mt) HAXOAUTCHA HUXKE TPAHUIIBI MEP3JIBIX HOPOJL U [IPEICTABJICHA
HECKOJILKUMHU CJIoAME ¢ Y DC, UBMEHSIIOMUMCS B IIMPOKOM guanasone ot 3 1o 400 Om-M,
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1 50 160 330 560 850 1200

B [ T o

500

Puc. 4. Bupryanbras ckBaxkuna 1o napamerpy Y 9C.

9TO MOXKET OBITH 00YCJIOBJIEHO HAILIACTOBAHUEM OCAIOYHBIX TOPHBIX IIOPOJT C PA3IMIHBIMU
ceoticrBamu. Muepckas cuta (ich) mpejcrasiena mopojgaMu ¢ OTHOCUTEIBHO MOBBIIIEHHBIM
cpeaanMm YIC (~ 600 Om-m).

Ornoxenust Yapckoit cuter (chr) Ha BCéM MHTEpBase €€ pacpocTpaHeHusl (Pa3BUTHS)
B II€JIOM XaPaKTEPU3YIOTCs MOBBINMIEHHBIMU 3HAYEHUSIMA JAHHBIX METOJ0B re0(OU3MIeCKOro
uccienosanus ckaxkud (I'MIC): meiirponnoro ramma-kaporaxka (HI'K), kasepaomerpun
(KB) u moHM>KEeHHBIMU 3HAYEHUSMU KPUBOH TaMMa-KapoTazka M0 CPABHEHUIO ¢ OTJIOKEHUSIMH
MOPOJI, IEPEKPBHIBAIONIUME JTAHHYIO CBUTY. DTOT WHTEPBAJI JJIsI «BUPTYAJbHON CKBAYKUHBI»
no napamerpy ¥Y9C xapakrepusyercsa auskumu suadenugmu (ot 1 10 160 Om-m). Tlo namnabiv
merosa MODMB-OI'T uckiitouenue cocraiisieT cjioil Ha riryouse mopsiika 500 M, B mpejieax
KOTOPOTO (PUKCUPYIOTCs MOBBINIeHHbIE 3HadeHnst Y DC IJId «BUPTYAJbHON CKBAXKUHBI».
[IpumeuaresbHO, YTO U O pe3yJbTaraM onepaTuBHOl 00paboTku marepuaaoB [ MC st
ckBaxkuHbl 2751 — Boypaxckas B ipejieiax BbIIIEHA3BAHHOTO MHTEPBAJIA 3aPEruCTPUPOBAHBI
MOBBIIEHHBIE (TI0 CPABHEHUIO ¢ BMEIAMNME Topojgamu) 3HadeHust Y IC 1Mo JaHHBIM
GOKOBOr0 MUKpOKapoTaxa 1 6okosoro kaporaxka (BK).

Peskoe nosbimenne 3uadenunit kpusbix HI'K u KB omnpenensor mosoxkenne rpanu-
el <hality (rmy6una 340 M), KOTOpPast, TIPEIOIOKUTEILHO, OT/IEsIeT HeTeHACHIIIIEHHbIE
KOJUIEKTOPBI OT BOJIOHACBHIIIEHHBIX C ITOBBIIIEHHON 3JIEKTPOIIPOBOIHOCTHIO. TakmM 0b6pa3oMm,
naTepBaJ ryour 340-500 M «BUPTYaJbHONU CKBAXKWHBI» C MUHUMAJIBHBIMUA 3HAYEHUSIMU
¥Y3C coorsercryer mopogaMm Yapckoii cBUTHI (KAMEHHAsI COJIb, MOJIOMUTHI, U3BECTHIKMN),
HACBIIIEHHBIM BOJIOI.

VaureiBast mupokwit auamna3oH Y DC TOpHBIX TOPOJI, MOJYIEHHbBIH PE3yIbTaT CKOPOCT-
Horo aHaymmza MODMB-OI'T ocobeHHO BaxKeH Jjisl MPAKTUIECKUX 33189 I10 BbISIBJIEHUIO
aHOMaJIHI 1 00bEKTOB, MAJIOKOHTPACTHBIX IO JIEKTPUIECKUM CBOMCTBAM KO BMEIIAOITIM
TIOPOJIAM.

IIpu mocTpoenun BupTyabHOR ckBaxkuHbl 110 jgaHHbIM MOSDMB-OI'T, B oTimune
OT aJITOPUTMOB 0OPAOOTKH JAHHBIX METOJIOB JIEKTPOPA3BEIKN, HE TPEOYeTCsS arpuopHast
nHMOPMAINS O TEOJOTHIECKOM U CTPYKTYPHOM CTPOEHUHU yUIACTKA, JOCTATOYHO JAHHBIX
n3mepennit. OIHAKO, JIJIsI TIOBBIMIEHUS] TOYHOCTU I'e0JI0r0-re0(U3NIECKON MOJIEIIH 110 JAHHBIM
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MOSMB-OTI'T, pekoMeHIyeTcsi aHAJIU3UPOBATD IIOJIYYEHHBINA PE3YJILTAT, COIIOCTABIISASA €0
¢ IPpYTUMU JAHHBIMEA O pafioHe UCCIIeIOBAHUS.

BriBoap!

Brepsrie monydeno pacrpenenerne 3¢bOEKTUBHBIX HHTEPBAJIBHBIX CKOPOCTEH 3JIeK-
TPOMarHUTHOI'O CUTHAJIA 0 Pe3yJibTaTaM CKOpocTHOro aHnajmsa JaHHbix MODMB-OI'T ua
rirybunax csbimre 500 MeTpoB.

Pazpaboran amropurm onernkn Y DC ropHbIX TOPOJ HA OCHOBE CKOPOCTHOTO aHAJIN3a
nanaupix MOMB-OI'T.

TMonyuennas reodusnaeckas moaesnb paspesa B Touke OI'T no mapamerpy YIC («Bup-
TyaJibHasg CKBaXKUHA») COOTBETCTBYET MMEIOIeiics alpruopHoil uHdopMalmu o pa3pese,
nauabiM Oypenuns u I'MC.

JLj1s1 IpOBeIEHIST CKOPOCTHOI'O aHAJIN3a B 3JIEKTPOMArHUTHBIX 30H/IMPOBAHUSIX HEOOXO0 -
MO IPHMEHEHHE CIIEIUAIBHOM AlapaTyPhl, TO3BOJISIONIE TPOU3BOIUTD BHICOKOCKOPOCTHYIO
JINHEIHYIO PETUCTPAIINAIO BOJTHOBBIX (POPM OTPAYKEHHBIX 3JIEKTPOMATHUTHBIX CUTHAJIOB C HEO0-
XOJUMOM JIJINTEJIbHOCTBIO 3aIlUCH BOJIHOBOW KApPTHHBI.

Bericokoe nipocrpancreernoe paspererrne MODYMB-OI'T u mosbimennast 3a cuer ycoBep-
MIEHCTBOBAHHOI'O CKOPOCTHOI'O aHAJIN3a WH(MPOPMATHBHOCTD EPCHEKTUBHBI JJIsI IIPUMEHEHUST
MeTO/a B IPAKTUIECKON reodusuke.

Baaromapaoctu. Pabora BhImosiHeHa B paMKax roc3ajianus VHCTUTYyTa 3eMHOTO MarHeTu3-
Mma, noHocdepsl u pacnpoctpanerust pajguoosta um. H. B. Tlymkosa PAH npu dunancupo-
BaHUHU U opranusanuonnoil momaep:kke OO0 «Taiimep».

Crmcok JmTepaTypsl

Anenun JI. M., Taes 1. C., Kapunckuii A. /1. Teopusi mosieil, npuMeHsieMbIX B pa3Bel049HOil reodusuke. — Mocksa :
Henpa, 1985. — 407 c.

Bonkomupcekas JI. B., I'ysresua O. A. Crnoco6 rryGHHHOI reopauo/IOKAIINE U YCTPORCTBO JIJIst €ero ocytiecTsienus. [larenr
Ha nzobperenne NeRU2816128C1 ot 26.03.2024 1. — Mocksa : OO0 «Taiimep», 2024.

Boukomupckas JI. B., T'ynesuu O. A., Jlaxos I'. A. u np. leopaguosnokanus 6osbmux rry6oun // 2Kypuad paguossiekTpo-
aukn. — 2019. — T. 2019, Ne 4. — DOI: 10.30898/1684-1719.2019.4.6.

Kuibimo E. 10., Ilep6akos . A. O mayunbix pesysabrarax B o0aactu pusmiecKux Hayk, nojaydennnix 8 2020-2021 rr. //
Hoxnaasr Poccuiickoit akajgemun Hayk. @usnka, rexundeckne Hayku. — 2022. — T. 506, Ne 2. — C. 3—33. — DOL:
10.31857/52686740022070069.

DJIeKTPOpa3BeKa: M0cobUe 10 IJTEKTPOPA3BEIOUHON IIPAKTUKE JJIs CTYJAEHTOB IeO(U3NICCKUX CIEIUAILHOCTEN / 1o, pe.
B. K. Xwmenesckoro, . H. Momuna, A. I'. dkosiesa. — M. : TEPC, 2005. — 311 c.

Christensen N. B. Difficulties in determining electrical anisotropy in subsurface investigations // Geophysical Prospecting. —
2000. — Vol. 48, no. 1. — P. 1-19. — DOI: 10.1046/j.1365-2478.2000.00174.x.

Doyoro Y. G., Chang P.-Y., Puntu J. M., et al. A review of open software resources in python for electrical resistivity
modelling // Geoscience Letters. — 2022. — Vol. 9, no. 1. — DOI: 10.1186/s40562-022-00214-1.

Gautier M., Gautier S., Cattin R. PyYMERRY: A Python solution for an improved interpretation of electrical resistivity
tomography images // GEOPHYSICS. — 2023. — Vol. 89, no. 1. — F23-F39. — DOI: 10.1190/ge02023-0105.1.

Hou D., Wang X., Zou J. Inversion of soil resistivity by using CSAMT method // 2020 IEEE International Conference on
High Voltage Engineering and Application (ICHVE). — IEEE, 2020. — P. 1-4. — DOI: 10.1109/ICHVE49031.2020.
9279948.

Olayinka A. I., Yaramanci U. Assessment of the reliability of 2D inversion of apparent resistivity data // Geophysical
Prospecting. — 2000. — Vol. 48, no. 2. — P. 293-316. — DOI: 10.1046/j.1365-2478.2000.00173.x.

Volkomirskaya L. B., Gulevich O. A., Reznikov A. E., et al. Impact of Signal Registration Technology on GPR Data //
Engineering and Mining Geophysics 2021. — European Association of Geoscientists & Engineers, 2021. — P. 1-9. —
DOI: 10.3997/2214-4609.202152005.

Russ. J. Earth. Sci. 2025, 25, ES1003, https://doi.org/10.2205/2025es000933 8 of 9


https://doi.org/10.30898/1684-1719.2019.4.6
https://doi.org/10.31857/S2686740022070069
https://doi.org/10.1046/j.1365-2478.2000.00174.x
https://doi.org/10.1186/s40562-022-00214-1
https://doi.org/10.1190/geo2023-0105.1
https://doi.org/10.1109/ICHVE49031.2020.9279948
https://doi.org/10.1109/ICHVE49031.2020.9279948
https://doi.org/10.1046/j.1365-2478.2000.00173.x
https://doi.org/10.3997/2214-4609.202152005
https://doi.org/10.2205/2025es000933

RUSSIAN JOURNAL of EARTH SCIENCES

ASSESSMENT OF ELECTRICAL PROPERTIES OF ROCKS BASED ON
VELOCITY ANALYSIS OF ELECTROMAGNETIC CDP DATA
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An algorithm for estimating the specific electrical resistance of rocks has been developed based
on the velocity analysis of data obtained using the method of reflected electromagnetic waves
with various offset distance between the receiver and transmitter — electromagnetic CDP (ECDP).
Assessment of the interval electrical resistivity at a point (“virtual well”) based on ECDP data, in
contrast to the algorithms of electrical exploration methods, does not require a priori information;

measurement data are sufficient. An example of a virtual well 500 meters deep is given, describing
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the dependence of electrical resistance on depth, obtained during an experimental study in the
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IFeO(bnsmquKHix’l nenTp Poccuiickoit akajgemun Hayk, r. Mocksa, Poccust
2Feod)n3nqecxm‘/’1 nHCTUTYT BiiagukaBka3cKoro Hay4HOro neHrpa Poccuiickoil akaaeMun HayK,
r. Bragukaska3z, Poccust
3I/IHCTI/ITyT duzukn 3emsu um. O. FO. [MImuara Poccuiickoit akamemun Hayk, r. Mocksa, Poccust
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* Konrakr: Bopuc Buranuesnu [Izepanos, b.dzeranov@gcras.ru

B crarbe paccmorpen Ocermuckuii cekrop Bosbinoro Kaskaza ¢ ToUkM 3peHust u3ydeHus: ero
CEeIICMUYHOCTU U aHaJIM3a OLICHOK CEACMUYECKOHU OIIaCHOCTH, IIOCTPOCHHBIX paHee Ha BCEX yPOBHAX
ceiicMuaeckoro paiiormposanus (o6mero ceficmmaeckoro paiionuposanus (OCP), nerambhoro ceii-
cvmaeckoro paiiormposanus (ICP) u ceitcmuaeckoro mukpopaiionuposanust (CMP)). O6cyzxnenbt
MeCTa BO3MOXKHOI'O BOBHUKHOBEHUsI CUJILHBIX 3€MJIETPSCEHUM, UIEHTU(DUIMPOBAHHBIE METOIAMUI
pacno3HaBaHus 00pa30B. Pe3ybTraThbl IPOBEJEHHONO aHAJIM3a MOYEPKHYJIM BLICOKUNH yYPOBEHDL
CEeHCMUYIECKONH ONMACHOCTU TPEATNOPHBIX M TOPHBIX TEPPUTOPUIl peruoHa. [IpuBeseHo omucaHue
CeHCMUYIECKUX ceTell, OCYIECTRISIONUX HEIIPEPBIBHBIA MOHUTOPUHT PEruoHa. AHAJIN3 paHee Co-
3/IaHHOTO aBTOpaMy HamboJIee IPEICTABUTEILHOIO KATAJIOTa 3eMJIETPSCEHIH ¢ YHU(MUIUPOBAHHOM
MArHUTYIHON MIKAJIOf U MPOCTPAHCTBEHHBIX BAPUAIUI MATHUTY/IbI TOJHONW PErUCTPaIiy OKa3aJIu,
YTO yPOBEHb PErHCTPAIUU CEACMUIECKUX COOLITHI Ha BOocTOKe OCETHMHCKOTO ceKTopa BoJibInoro

KaBka3za Bce erie xy»Ke, 9eM B €ro IIEHTPAJILHON U 3aIaTHON JacTsIX.

Kimouessie ciioBa: Ocerunckuii cekrop Bosbimoro Kaskaza, ceficMUYHOCTD, ceficMruyecKkasl ormac-
vocts, OCP, JICP, CMP, ceiicmuueckue ceTr, KaTaJIOTH 3€MJIETPSICEHUI, TPEICTaBUTEIHLHOCTh

KaTaJiora.

IuruposBanme: [I3epanos, B. B., A. JI. I'Bumnanu, B. A. JI3e6oes, B. B. Saanumsuin,
A. A. Cagnmna, . A. Menbkos, A. ©. T'abapaes u H. A. ®omenko CelcMUIHOCTD U OIEHKH
ceficmugeckoit onacHoctu Ocernnckoro cekropa Bosbioro Kaskasza. O630p // Russian Journal of

Earth Sciences. — 2025. — T. 25. — ES1004. — DOI: 10.2205,/2025es000959 — EDN: ORHUOZ

1. BBenenne

B macrosmeit pabore paccmarpuBaercst Ocernnckuii cekrop Bosbimoro Kaskasza, Britio-
varoruii reppuropuio Pecnybiiku Ceseprast Ocerust — Asanus (PCO — Asanus), sBisionty-
10CSI OCHOBHBIM OO'bEKTOM M3yUeHUs, U IpuJeramoliue K Heit paitonst (puc. 1). PCO — Ananus
pacIoJIoXKeHa Ha ceBepHBIX ckioHax [taBHoro Kaskasckoro xpebTa u ee TeppUTOPUST SIBJIsI-
ercsa dactwio llerTpansbaoro cermenta Bosbimoro Kaskasa, xapakTepu3yomnerocsi BHICOKIM
ypoBHeM ceticmudeckoit aktusaoctu. Ormernm, aro Ceseprbiit KaBkas B celicMoreomHamu-
YECKOM OTHOIIEHUU SABJIsieTcs YacThio Vpan—KaBkaz—AHATOJIMHACKOTO PETHOHA, B IIpeIesiax
KOTOPOTO WM3BECTHBI Pa3pyIIUTeNbHbIe 3eMyerpsicerusi. B crarbe [Yiomos u dp., 2007
ommcoiBarorcst Kunp-Kaskasckas n Kpeim—Konernarckas simaeaMeHTHBIE CTPYKTYPBI, IPEI-
cTaBJIsIIoNIMe ceficMudeckyio onacHocThb st CeBeprnoro Kaskaza u IlpegkaBkasbsi.
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Cormacao [Pozootcur u dp., 2004] TOBTOPsieMOCTh CUIBHBIX 3emMiierpsicenuii B Oce-
TuHCKOM cekTope coctasyser H500-1000 ser. B pesysnbrare maseoceiicMOIOrnIecKux UCce-
JIOBaHUII Ha OCHOBE METO/Ia Pa/INOYIJIEPOIHOrO JATHPOBAHUS CEfIMON€HHBIX HapyIICHUI
B ropuoii vactu PCO — Ananust jijist mepuojia 9 ThICSY JIET BBIABJIEHBI CJIEIbI T CUJIBHBIX
3emiierpsicenuii ¢ nepuogomM nosropsemocru or 500 mo 3000 ser [Oscrouerko u dp., 2008).

B pamkax peammsaruun Mexayrapomaoro mpoekTa «[iobasibHast TporpaMmMa, OIeHKT
ceficmuueckoit onacHoctu» (Global Seismic Hazard Assessment Program, GSHAP) [Giardini,
1999| mns Beeit Teppuropnn Kapkasa 6b1Ir IPOBEIEHBI PAGOTHI TIO OIEHKE CEHCMUIECKOTt
onacuoctu [Balassanian et al., 1999]. Cornacuo ux pedynbraraM, B upegenax OceTHHCKOro
CEKTOpa BO3MOYKHBI CECMUYIECKUE COOBITHS ¢ HHTEHCUBHOCTHIO 8—9 HAJLIOB.

> “‘“.“l'!p’oxnanuhl‘ﬁ = . Me3pok
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o _‘
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Puc. 1. Ocerunckuii cekrop Bosbimoro Kaskasza u stunenTpsr 3emserpsicenuit ¢ M > 5,0:
1 —3emuterpsicenus u3 [Hospiit..., 1977); 2 — 3emiierpsiceHust U3 COBPEMEHHBIX UHCTDYMEHTAb-
HBIX KaTaoros. lludpamu ykazaHa MaruHuTy/ia cOObITAM. UepHBIMU TOYKAMHU O00O3HATEHBI
HauboJiee KpyIHbIEe TOPO/IA U HACEJIEHHBIE TYHKTHI PErHOHA.

Kagkaz xapakrepusyercst 6JI0KOBO# TEKTOHHYIECKON CTPYKTYPOil ¢ MHTEHCUBHBIMU BEp-
TUKAJBHBIMU ¥ TOPU30HTAJbHBIMY JIBUXKEHUSIMU ¥ 00Pa30BAHUEM JIMHEHHBIX TEKTOHUYECKUX
JIETIPECCH, BBITSIHYTHIX B0Jb [nasroro Kaskasckoro xpedra. B pa6orax | Tamapuros u dp.,
202/; Kaftan et al., 202/] nokazana npoCTpaHCTBEHHO-BPEMEHHAS B3AMMOCBA3b [OHEMOB
Boubmmoro u Majioro KaBkasza ¢ CHIBHBIMU 3eMJIETPSICEHUSIMU, OYard KOTOPBIX HAXOMATCS
IPEUMYIIECTBEHHO B 30HAX BBICOKHUX I'PAJINEHTOB CKOPOCTEH BepTUKAJIBHBIX jBuzKenuit. C 1ie-
JIBIO JIETAJILHON UACHTUMUKAIINYA 30H T'PAIHEHTOB COBPEMEHHBIX JIBUKEHUN 36MHON KOPBI
leopuszuueckum nearpom PAH ma teppuropun PCO — Ananus B 2023 1. cdpopmupoBana
cetb nedopmarmornoro 'HCC-mouutopunra [Manesuy u dp., 2024).

Banada agekBaTHON oleHKN ceficmudeckoil omacHocTu PCO — Ajanust u npuseraonmx
K Heil paifloHOB 3aKJIIOYAETCS B AHAJIN3E U [IPOTHO3E MapaMeTPOB CeHCMIIeCKOT0 BO3IEHCTBIS
OoT OYIyIUX CUJIBHBIX 3eMiieTpsiceruii. Hacrosiimast craThsi MOCBsIeHa aHAIU3y CefCMMUI-
HOCTHU U 0030pY CYIIECTBYIONIUX CErOHsI ONEHOK celcMmraecKoit omacHoctu OceTnHCKOro
cektopa Bbombmoro Kaskaza.
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2. CuiibHBIE 3eMJIeTpdaceHnsd

B karagsiore [Hoserit..., 1977] numeercst nurdopManus o usitu 3emierpsicernsix ¢ M > 5,0,
IPOM3OIIEIIINX B TIpefiesiax paccMmarpuBaeMoro namu Oceturckoro cekropa bosbioro Kas-
ka3a (puc. 1). DuuneHTpsl ABYX cobbiTuil pacnosoxkenbl Ha Teppuropun PCO — Ajanus —
310 Tepckoe 3emyerpsiceane ¢ M = 5,3, mpousoriesiiee B 1688 1. toro-socrouynee c. Kues-
ckoe Mosmokckoro paitona u Cajtonckoe 3emiterpsicerre 10.02.1929 ¢ M = 5,3. DuuiieHTpbl
Hapbsnbekoro 3emserpsiceanst 14.01.1915 ¢ M = 5,4 u ero adrepmoka 21.01.1915 ¢ M = 5,2
HaxoAsaTcst Ha Teppuropun Pecrnybiuku Warymerus Bosse cena xeiipax. K paccmar-
puBaeMOMY HaMM PErMOHY MOYKHO OTHECTH U SMHUIEHTP ['y1aMakapCKOro 3eMJIeTPsICEeHUs
15.08.1947 ¢ M = 5,5 na reppuropun Peciybsmku ['pysus.

N3 waCTpyMeHTaIbHO 3apEerucCTPUPOBAHHLIX, HadumHas ¢ 1962 T., 3eMiteTpsiceHmit
¢ M > 5,0 na reppuropun PCO — Ananus pacroso:KeH SIUIEHTD COOBITHS, ITPOU3O0IIEIIIEr0
29 ampesst 1991 r. ¢ M = 5,9 u asasommerocs adrepriokoM Pada-JIykaBckoro 3emserpsice-
nus [Apegves u dp., 2000]. Ilpu 3roM HEOOXOAUMO OTMETHTD, YTO I0JKHEE U I0r0-3alajiHee
PCO — Asnanust pacoyioxKeHbl MUIEHTPBI HECKOJIBKUX JIECSITKOB 3emJierpsicernii ¢ M > 5,0,
B OOJIBIITMHCTBE TPEACTABIAIONNX coboil adrepmiokn Pada-/[;KaBCKOTO 3eM/IeTPSICEHUST
(puc. 1).

T'oBopst 0 CHTBHBIX 3eMJTETPSICEHUSIX, IPOU3OIIEIINNX 38 IPEIeIaMU PACCMATPUBAEMOIO
(puc. 1) OceTrHCKOrO CeKTOpa, OJJHAKO OKA3BIBAIOIINX CYIIECTBEHHOE BJIMSIHAE Ha €ro COTDS-
cennsi, HeOOXOUMO OTMETHUTD J[BA COOBITHS, SIMUIEHTPHI KOTOPHIX PACIIOJIOXKEHBI HA IOXKHBIX
ckjoHax Bosbmoro Kaskaza — camo Pada—/IxxkaBckoe 3emierpsicerne 1991 r. ¢ M = 7,0,
COIIPOBOXK IABIIIEECsT GOJIBIITIM KotmuecTBoM adTepinokos [Apefdives u dp., 2006; Oscrouerko
u dp., 20253; Ilanasawsusu v dp., 1997 n Bapucaxckoe semserpsicerne 1992 . ¢ M = 6,4
[Oscrouenro u dp., 2023; Gomez et al., 1997). 3amerum, aro Paua—lzkaBckoe 3emiierpsicerne
SIBJISIETCsI CUJIBHEINIINM WHCTPYMEHTAJIBHO 3aPEruCTPUPOBAHHBIM CEACMUIECKUM COOBITHEM
Ha TeppuTtopun Beero Kapkasa [Oscrouenko u dp., 2023]. B 2009 . K 10ro-BOCTOKY OT TpaHU-
bl PCO — Ananus npousonuio Ouuiickoe 3emierpsicenne ¢ Mg = 5,8, cOpoBOXK IaBITieecst
MOIIHBIM abTEPITOKOBBIM POIECCOM, npogosKubmmuMces u B 2010-2011 rr. [Iabcamaposa
u dp., 2015]. K BOCTOKY OT paccMaTpuBaeMoro peruoHa (puc. 1) Ha TEpPUTOPUM COBPEMEHHOI
Yeuenckoit Pecrybsiuku B 1976 r. mpousonuio Yeproropckoe 3emserpsicenune ¢ M = 6,2
[Kepumos u dp., 2017 n B 2008 r. Kypuasoiickoe 3emierpsicerne ¢ M, = 5,8 [[abcamaposa,
201/4]. B 1970 r. nupousonuio paspymureabHoe Jlarecranckoe semierpsicenne ¢ M = 6,6
[Vaomos u dp., 2007).

3. 30HBI BO3HNKHOBEHUS 0YAroB 3€MJIETPSICEHU

B 2006 r. mox pykosojgctBoMm E. A. Poroxkuna Oblaa mocTpoeHa JIeTAJIbHAsT KapTa
AKTUBHBIX PA3JIOMOB U 30H BO3HUKHOBeHMsI 049aroB 3emyerpscenuii (BO3) mis Teppuropun
PCO — Ananus [Pozootcun, 2007). Tlozxke ona Gbla 0OHOBIIEHA IyTeM cOOPa HOBBIX U yTOY-
HeHUs paHee IIOJIyYEHHBIX JIAHHBIX O IIOJIOXKEHUAX paszjioMoB |Pozoowcun, 2009]. Ha wmeii
kaprupoBan Kapmaonckuii pa3jioM cyOITIPOTHOIO HAIIPABJIEHUS, PACIIOJIOKEHHBIN I02KHee
r. BiiajiukaBkaza u umeronuii celficMudeckuit moreHmans M ., = 6,5. Kpome storo, yroune-
HO TIOJIOYKEHUE 3aIaJHOM M BOCTOIHON BeTBell BuragmkaBkaszckoro pasimoma ¢ M.y = 6,5
u M. = 7,1 coorBercrBenHo (puc. 2).

OTMernM, YTO MPU MOCTPOEHUU KapT UCIIOJIb30BAJINCH JaHHbBIE, MOIydeHHble B 2006—
2008 rr. TIpuU TPOBEJEHUH ITOJIEBBIX MAJIE0CEHCMOreoIorndecknx padbor. OHM MO3BOJIMIIN
BBISBUTH OYEBU/IHBIE CJIEIbI JPEBHUX CEHCMUIECKUX KATACTPOd — MATEOCEHCMOMUCTIOKA-
muu. [locieHre mpeacTaBIeHbl, MIPeXKJIe BCEro, IPaHIUO3HBIMU OOBAaJIAMU, OIMOJI3HSIMU
U IPEBHUMH CEHCMHYECKHUMU Pa3pbIBaMU, CTPYKTYPHO IIPUYPOUYEHHBIMHE K 30HAM Pa3Jjio-
MOB, JIEMOHCTPUPYIOIIUX TPU3HAKH MOJIOJON TeoJIorndeckoit akrusnoctu. CeficMuyeckne
COTPSICEHUSI B IIPOIIJIOM OBLIN JIOKAJIM30BAHBI B JOCTATOYHO Y3KUX 30HAX HA AKTUBU3UPO-
BaHHBIX yYaCTKaX M3BECTHBIX PA3JIOMOB, oOpa3yromux Biannkaskasckyo u KapmaaoHcKyio
3oubl BO3. JlatupoBatne ceiiCMOreHHBIX HAPYIIEHUIT pesibeda paroyrIepOIHBIM METOIOM
[IO3BOJIMJIO BOCCTAHOBUTH BO3PACT JIPEBHUX ceficMmuaeckux KaracTpod [Pozoorcun, 2009).
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Ilepeuens BbizesleHHBIX 30H BO3, ux riybnHa W KMHEMAaTHKa [IPUBEIEHBI B TabJ1. |
[Pozootcun, 2009). MakcumaibHast MAarHATY/a OXKHUIAEMBIX 3€MJICTPACEHUH (ceficMIaecKuii
noreHnua, M., ) OIEHUBAJIACH HA OCHOBE BHEPEIMOHAJILHOTO CECMOTEKTOHUYECKOIO METO-
Jla OIEHKH ceficMmaeckoii onacHocTH, npeasoxennoro I. V. Peiicaepowm [Petichep u Hozancon,
1997; Pozooicun u dp., 2001]. 3amerum, uro Jyis BbiaereHHbIX 300 BO3 nabionaercs obiiee
yBeJIMYeHrne CeCMUIECKOro TIOTEHINAIA C CeBepa Ha, IoT. 3/1ech HeoOX0IuMO 0Cc000 MMOIIepK-
HYTb, 9TO HAUOOJIBIIYIO OMACHOCTD Jjist ypObaHusupoBanubix Teppuropuit PCO — Ananus
upezcrasisior Biuagukaskasckast, Tepckas, Cynxkenckas u Mosmokckast 3ousr BO3 (puc. 2,

Tabir. 1).
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Puc. 2. Kapra 30H 30H BOSHUKHOBEHUSI OUAroB 3emiierpsicennii mo [ Pozootcun, 2009).

Tabuuna 1. 3ousr BO3 1o [Pozoorcun, 2009

N Soma BO3 R
1 Mosnokckasi BocToOIHAST 5,0 10 B30pOC
la Mosaokckast 3amaHast 4,0 5 C/IBUT
2 Tepckast ceBepHast 4.5 5 B36pOC
2a  Tepckas roxxHast 4,5 5 B36poC
3 CyHKeHCKasi CeBepHast 6,1 15 B3OpOC
4 CymxeHcKasi I00KHasi (3alaHasi BETBb) 6,5 15 caBur
4a  CymkeHCKasl 102KHAsl (BOCTOYHAsI BETBb) 6,1 15 B3OpOC
5 Buagukaeka3sckasi (3amaHasi BETBb) 6,5 15 B36pOC
ba Bulagukaska3sckasi (BOCTOYHAsI BETBb) 7,1 20 B36pOC
6 Hasnpankckas 5,5 10 CJIBUT
Musypckas 6,2 15 CJIBUT
8 I'maBHOTO XpebTa 6,2 15 B36pOC
9 Boxkosoro xpebra 6,3 15 B36pOC
10 KapwmamoHnckast 6,5 15 B30pOC
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4. Ob1ee ceiicMuieckoe paioHEPOBaHUE

Kaprsr O6iero ceficmmudeckoro paitoruposanusi (OCP) reppuropun Poccuiickoit @e-
JepaInn sIBJASIOTCS 0a30BOM OCHOBOI I'PAJIOCTPOUTEIHHON AeATEILHOCTH B HaIlleil cTpame
[CIT 14.13330.2018, 2018]. Cospemennbie kaprer OCP (OCP-97, OCP-2012, OCP-2014,
OCP-2015, OCP-2016) nocrpoennt Ha ocHoBe BepositHocTHOI Meroauku PSHA (Probabilistic
Seismic Hazard Assessment) [Cornell, 1968; Ulomov, 1999]. OTMeTnM, 9TO KOMILUIEKTHI
kapt OCP-97, OCP-2015 u OCP-2016 B pa3mble 1iepuo/ibl OBLIN MPUHSTHI B KAYECTBE HOP-
MaTuBHbIX. B padore [Ilebarun u dp., 2022] nokazano, uro kaprel OCP-2015 u OCP-2016
B 3HauuUTENbHON Mepe noBTopsaior OCP-97 u hakTuuecKu JUNIb YIYATHIBAIOT T€ MPOIYCKA
CHJIBHBIX 3emiieTpsiceruii, Kotopsele jomnyiensl B OCP-97. TIpu sToMm, B mpomecce pa3Butust
kapt OCP, HecMoTpst Ha cHEUKeHUE OAJTBHOCTH OTJEbHBIX TEPPUTOPHiL, B IEJIOM ILIOMIA A
30H COOTBETCTBYIONIEH GAIIIbHOCTH MEHSIJIUCh HE3HAYNTEIHHO.

Ha puc. 3 nokazansr dpparmentsr kKapr OCP-97A, OCP-2015A u OCP-2016A, npema-
3HAYEHHBIX JIJIsi MACCOBOTO CTPOUTENLCTBA, B OcernrckoM cekrTope Kaskaza. Uzyuaembrit pe-
I'MOH PaCIIOIOXKeH B 8-9-6anbHbIX 30HaX. [Ipn stom Ha Kaprax OCP-97A u OCP-2015A Bes
TOpHas U [peJIrOpHast YacTh OTHeCeHbI K 9 HastaM. B cBoto ovepesp, na kapre OCP-2016A
9-6asbHAs 30HA COKPAIAETCS IPUMEPHO BJIBOE, U 10yKHast okoneunocts PCO — Ananus
cranoBuTcs 8-6asuibnoi. [loguepkueM, yTo Hanbosee KpyIHbIe HACEJEHHbIE ITYHKTBI U TOPOJIa
PacCIIOJIOXKEHBI B IpejiesiaX 8-0a/IbHBIX 30H. BaxkHo orMeruth, uro crojuia PCO — Ajianus
r. Bragukaskas na kaprax OCP-97A u OCP-2015A pacrosio:keH B HEOCPeICTBEHHON
6sm3ocTr 0T 9-0aJIBHO 30HBI.

OrmerumMm, yro Ha Kaprax OCP-97B;, OCP-2015B u OCP-2016B peruon takxe ot-
HOCHUTCH K 8—9-6aTbHBIM 30HAM, HO yKe C CYIIECTBEHHBIM MpeobiiaganneM 9-6asiTbHbIX
(B menbmeit mepe na OCP-2016B). Ha kaprax OCP-97C, OCP-2015C u OCP-2016C pac-
cMmaTpuBaeMbIil pernon Kaskasza orHocurest K 9-10-6asutam. ITpu sTrom ropoma Biagukaska3
u Astarup pacrosioxkenbl Ha rpanutie 9- u 10-6aIbHBIX 30H.

B pab6ore [Ileb6anrurn u dp., 2022 upoBeseHo CpaBHEHUE NJIOIIAIU 30H OXKUIAEMOLT
6asutbrOoCcTH Ha Kapre OCP-97A ¢ miomaasio n3oceiict 0T 3eMJIETPSICEHUIT, TTPON3OIIIE X
nocste mybsukanuu kapTel. Ha (oHe 0TMeYeHHOro BBl 3HAYUTEIHHOTO CXOJICTBA KOMILJIEK-
toB kapr OCP-97, OCP-2015 u OCP-2016 6nu10 mokasamno, aro Ha CeBeprom KaBkasze
OIIeHKa CEHCMUYECKON onacHocTH, orpaykentast Ha kapre OCP-97A| B cpejneM 3aBbiieHa
KaK MUHAMYM Ha OJUH MOPSIIOK.

5. JletaibHoe ceficMudecKoe paiioHEpOBaHUE

B pabore |Baasvwsuaiu u dp., 2011] Ha OCHOBe aHAIN3a CEHCMOIOINIECKUX, TEOJIOTIIe-
CKUX U Teodu3MIecKux JaHHbIX i Teppuropun PCO — Ayanus mOCTpOEH KOMILIEKT KapT
JeTaJgbHoro ceficmudeckoro paitonuposanus (JICP). KommiekT npeacrasisier coboit Habop
BEPOSATHOCTHBIX KAPT CEHCMIYECKON OMACHOCTH, OTPAYKAIOIINX OYKIJIAEMbIe TPEBBIIIEHUST TIH-
KOBBIX TOPU30HTAJIBHBIX YCKOPEHUN U MAKPOCEHCMUIECKON WHTEHCUBHOCTU C BEPOSITHOCTHIO
1%, 2%, 5% u 10% u nosropsiemocTnio 50 JieT.

IIpu mocrpoeHnn KapT aBTOPaMU UCIOJIb30BaJIACh METO/I0JIOTHsI BEPOSITHOCTHOI OIeHKU
ceficMUIeCcKOil OnacHOCTH, npezjoxennas Kopraemaom B 1968 roay m onmparormasics: Ha
[IPEJIIOJIOKEHNE, YTO CeHCMUYHOCTD noguunngercs [lyacconosekomy pacrpenenenuio [Cornell,
1968; McGuire, 2004]. IpyruMu cJI0BaMu, UCIOIb3YEMBbIH KATAJIOT 3eMJIETPSICEHU HE JT0JKEH
comepkaTh 3aBucuMbIe (HopIoku, adbTepuiokn u pon 3eMierpsicernii) cobbrrust [Musson,
1999]. Mapamerpsr 3on BO3 6pasuch uz [Pozoorcun, 2002, 2009]. Vcnonb3oBaauch 1aHHbIE
10 3HAYUMBIM 3eMmJjieTpsiceHusiM KaBkasa, a Tak:Ke rOpU30HTAJbHBIE YCKOPEHUSI U CIIEKTPhI
peakIuu, ToJIyIeHHble HA OCHOBE 3alncell CHIbHBIX JBrKeHnil (yckopennit). IIpu pacuerax
ucnoJb3oBasiach KomibiorepHas nporpamma SEISRisk-3 [Bender and Perkins, 1987).

B crarbe [Baaavwsusu u dp., 2011] obocHOBaHA HEOOXOINMOCTD HCIOIb30BAHUS KAPT
5%-11 BEpOATHOCTH 1T MAaccOBOrO (OCHOBHOI'O CTPOUTENBCTBA), a KapT 2%-it BeposiTHO-
CTH — JJIsl CTPOMTEJILCTBA OO'bEKTOB IOBBIIIEHHOH orBercTBenHocTH (puc. 4). Tak, corsacHo
uM, Gosbinas yacts Teppuropun PCO — Ayanus pacnosiokera B 7 u 8-6a/IbHBIX 30HAX
(puc. 4a). HeGosbime 6-6ajuibHbIe 061aCTH PACIIOJIOXKEHbI HA ceBepe U 3amaje PecryGianku.
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Puc. 3. Kapret O6miero ceficmuueckoro paiioruposanusi: a) OCP-97A; 6) OCP-2015A; 8) OCP-2016A.

FOxmnee r. Biiajgnkaskasa nmerorcs: jise 9-6ajijibHbIe 30HBI, IIPUYyPOYEHHBIE K BOCTOYHOI
BeTBu Bianukaskasckoii 3ousl BO3 n Bokosoro xpebra.

B pa6ore [Pozootcun u dp., 2015] aust reppuropun seero Cepeproro Kaskasa nocrpoex
komiekT Kapt JICP (A — 10%, B — 5%, C — 1%) B esuaMIIaX MAKpOCEHCMUIECKON HHTEHCHB-
woctu ¢ marom 0,5 6asta. Ha kapre JICP-A 6ostee nonosunsl reppuropun PCO — Ajanus
PACIIOJIOZKEHO B TIPEJIeNIaX 30H MHTEHCUBHOCTHIO 7,5-8,0 Gasutos (puc. 5a). IIpu srom nourn
BCe ropojia 1 HauboJiee KPyIIHbIE HACE/IEHHbIE IIYHKThHI BCEI'O PACCMATPUBAEMOI'O CEKTOPA
Bosbmoro Kaskaza pacmosiozkersl B 30Hax 8,0—8,5-0a/IbHOCTH UM B HETIOCPEICTBEHHON
6IM30CTH OT HUX.

Ha xapre JICP-B (puc. 56) nouru sest teppuropust PCO — Anasust npejicTaBieHa 30HON
8,0-8,5 6asoB. 31mech HEOOXOMUMO 0COO0 OTMETUTD, UTO MPU CYIIECTBYIOMUX PA3THINIX
¢ 5%-it kaproit u3 |3aaavweusu u dp., 2011| (puc. 4a) r. BragukaBkas B 060ux Crydasx
OBLI OTHECEH K 30HE, IJle BO3MOXKHO IIPOSIBJIEHUE CEHCMUYIECKUX COOBITUIl MHTEHCUBHOCTBIO
Gosee 8 Gastos. Ha kapre JICP-C (puc. 5B) mo4Tn BeCh PACCMATPUBAEMBIH DErHOH OTHECEH
K 30HE C OXKUIAaeMOM MHTEeHCUBHOCTHIO 8,5-9,0 6asios.
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(a) (6)
Puc. 4. Kapret JICP reppuropuun PCO — Ananus ¢ 5% BepOsSITHOCTHIO NPEBBIMICHUS: a) B €IUHUIAX MAKPOCEHCMUIECKOIT
MHTEHCUBHOCTHU; 6) B €JIMHUNAX IIUKOBBIX FOPU30HTAJBHBIX YCKOPEHHUIA.

Hekoropsie onenku ceiicmuueckoit onacuaocru yposas JICP mias reppuropun Kas-
Ka3a MOXKHO HaiiTu u B paborax B. U. YiomoBa, B KOTOPBIX paccMaTpUBaeMbIil HAMU
OceTnHCKAN CEKTOP OTHECEH K 30HAM C BO3MOXKHOCTBIO ITPOSIBJICHHST CEHCMUIECKAX COOBITHIA
HHTEHCUBHOCTBIO 8-9 6aios [Yaomos u dp., 2007).

6. CelicMuueckoe MUKPOpailoHUPOBAHTE

B paborax corpymaukos ['eodusnaeckoro macturyTa BriagimkaBKa3cKoro HayvHOTO
nenTpa Poccniickoit akagemun wHayk (I'®U BHIL PAH) cosmasbl KapThl CefiCMUIECKOTO
mukpopaitornposarus (CMP) [Awewun, 2010; Baaruweusru, 2000; Salsabili et al., 2021;
Yamin et al., 2018 reppuropuii roposios u HanboJee KPyNIHbIX HaceJleHHbIX IyHKToB PCO —
Ananus [Baasuweuan u dp., 2012]. Tlpu pacuere 0xKniaeMoit HHTEHCUBHOCTH COTPSICEHMUIT
VUUTBHIBAJINCH WHXKEHEPHO-TEOJIOTNIeCKNe, THIPOTeOIOIHIECKne U IreOMOPQOIOTTIECKIe
ycaosusi. Ilpu sToM 11715t Ties1eil yTOYHeHns mapaMeTpOB I'PYHTOBOI TOJIIIYU OBLI TPOBEIeH
KOMIIJIEKC TIOJIEBBIX PafoT, BKIIOUAOHi ceficMopasseiounble [Bepnazosckan u ITusunenxo,
2018; T'ambypues, 1959; Ilneepcon, 2019], 37€KTPOPA3BEIOTHBIE U TEOPAJIAPHBIE UCCIIE-
nosanus [3amsamun, 2000]. OTMeTnM, 9TO KOMILIEKC UCCJIEA0BAHUN 110 IIOCTPOEHUIO KAPT
celicMuyeckoil omacuocTu HacejeHHbIX MyHKTOB PCO — Ajtanus 6a3upoBaJicst Ha MCIOJIB30-
BAHWU WHCTPYMEHTAJIHOTO U MHCTPYMEHTaJIbHO-pacueTHoro Mmetonos CMP [3aaruwsuan,
2009).

Kaprter CMP roposos u HacejieHHBIX IIyHKTOB rmocTpoersl B Mactrrabe 1:10000. Orme-
THUM, 9TO TieHTpasbHast JacThb crouibl PCO — Amanus ropona BiagukaBkasa paciionokena
B IIpeJeJIaX 30H, OTHECEHHBIX K 7 u 8-6asuibHoil unTencusuocru (puc. 6a). IIpu sTom BRoss
3aIaIHOM M BOCTOYHOI OKparWH ropo/ia BhIIeIeHb 9-0asIbHble 30HBI. B mpeeax mocaeHnx
KaApTUPOBAaHbI I'PAHMIIBI PACIIPOCTPAHEHNS] IIMHUCTBIX I'PYHTOB TEKyJeil KOHCUCTEHIINU, KO-
TOPbIE MOI'YT OBITH HOJABEPKEHBI IPOCAIOYHOCTH IPH CHJIHHBIX CEICMUYECKUX BO3AEHCTBUAX.

Teppuropuu roponos Asarup (puc. 66) u Becnan (puc. 68) upencraBieHbl 30HAME
C UHTEHCUBHOCTBIO 7, 8 1 9 Gasuios, a r. duropa 8-9 6asuios (puc. 6r). Best reppuropust
r. Mo31oK orHeceHa K 9-0abHO 30HE.
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()
Puc. 5. Kaprer JICP Cesepuoro Kaskaza |Pozoorcun u dp., 2013): a) 10%, 6) 5%, B) 1%.

7. MecTa BO3MOXXHOTO BO3HMKHOBEHHS 3eMieTpsicenuii ¢ M > 6,0

O1HOM U3 OCHOBOITOJIATAIOIINX KOMIIOHEHT CEICMUYIECKOr0 PailOHUPOBaHUSI SBJISIETCSI
ompejiesieHne PaioOHOB, B IIPeJesiaX KOTOPBIX MOT'YT BO3HHUKATD CHJIBHBIE 3€MJIETPSICEHMUSI.
Haunnasa ¢ 1970-x 3¢ dekTuBHBIM WHCTPYMEHTOM UX UACHTU(MDUKAIINN SIBISIOTCS METOJIbI
pacriosHaBanusi 06pa30B [[suwuaru u dp., 2020; Teavgand u dp., 1972, 1973; Dzeboev et al.,
2020]. B patorax akagemukos CCCP 1. M. Tenbdanna u B. 1. Keimnc-Bopoka, akamemuka
PAH A. /1. T'summmanu u wr.-kopp. PAH A. A. CosioBbeBa CO3/IaH U PA3BUT MOIXO/T, IOy~
qusiuii Haspanue EPA (Earthquake-Prone Areas) [[suwuanu w dp., 1988, 2020; Gorshkov
and Soloviev, 2021]. OH MO3BOJISIET, NCTIONB3YsI B KAYeCTBE OObEKTOB PACIIO3HABAHUS MOP)O-
CTPYKTYPHBIE y3JIbI W TIEPECETeHnsT Ocell MOphOCTPYKTYPHBIX JIMHEAMEHTOB | Aaexceesckasn
u dp., 1977; N'suwuanu w dp., 1986; Topwkos, 2010; Alekseevskaya et al., 1977], oupenensits
MecTa BO3MOXKHOIO BO3HMKHOBEHUsI CUIIbHBIX (M > M) semserpsicennii. Mcropust 6osee
oJryBekoBoro npuMenennst EPA B 11e10M psijie TOPHBIX CTPaH MUPa IMOKA3aJ1a €ro BBICOKYIO
acpdexrrBrOCTL. OKO010 90% SMUIEHTPOB CUIBHBIX 3€MJIETPSICEHUI, TPOM3ONIE/IIAX TTOCIE
BBIMIOJIHEHUsT PACIIO3HABAHNSI, PACIIOJIOXKEHBI B paiioHax, miaeHTuGuImpoBanubix EPA kak
BhIcOKoceticmuanbie [Conosves u dp., 201/4; Gorshkov and Novikova, 2018).
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Puc. 6. Kaprert CMP: a) r. Bnagmkaskas; 6) . Anarup; B) r. Becnan; r) r. Jduropa |3aaavweuau w dp., 2012].
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B EPA s knaccudukaiyy 00beKTOB PACIO3HABAHUS HA T€, B OKPECTHOCTU KOTOPBIX
MOTYT WJIN HE MOI'YT BO3HUKATH CUJIbHBIE 3€MJIETPSICEHUsI, B IMOJABJISIONIEM OOJIBITUHCTBE
caydaeB ucmoJibsyercst anroput™m «Kopa-3». B ero ocuose jiexxut dhopmupoBanue 1ByX 00y-
YJAIOIUX BBIOOPOK — BBICOKO- U HU3KOCEHMUYIHOrO KJ1accoB. Pe3ysnbraTroM paboTh! ajaropurma
«Kopa-3» sBiisierca pa3OneHne MHOXKECTBA O0BEKTOB PACIHO3HABAHUSA HA JBA HEIIEPECEKAIO-
IUXCsl KJIACCA U PeITalolnee IPaBujIo, Ha OCHOBAHUN KOTOPOI'O 9TO pa3bHeHne Peam30BaHO
[Fsuwuaru w dp., 1988, 2020).

B cepenune 2010-x B paborax akajgemmka PAH A. J. I'summanu, C. M. Arasna
u B. A. JI3e60€eBa ¢ 1eJIbI0 MOBBIIIEHUs JIOCTOBEPHOCTU PE3YJILTATOB PACIIO3HABAHUS MECT
BO3MOXKHOI'O BOBHUKHOBEHUSI 3€MJIETPSICEHUH MTPEJJIOYKEH TPUHIUITAAIBHO HOBBIA aJrOpUTM
«Bapbep-3». OGydenne B 1mocJyielHEM OCYIIECTBIISETCS [0 IMHCTBEHHOMY BBICOKOCEHCMUY-
HOMY KJIACCY, UTO MO3BOJISIET U30eraTh aCUMMETPUIHOCTH OOYUIEHUs, CBI3aHHOIO C [TOTEH-
IaJLHBIMU OIMOKaMu B 00yuaroieil BRIGOpKe HU3KoceecMuaHoro Kiacca [Dzeboev et al.,
2021]. Ceronusi «Bapbep-3» moxer addexTupHO ucnoab3osarbes B EPA [lsuwuanu u dp.,
2017; dseboes u dp., 2019).

Ha puc. 7 nmokazanbl MecTa BO3MOXKHOTO BO3HUKHOBEHHS 3eMJeTpsaceHuit ¢ M > 6,0
B OcerunckoMm cekrope Bosbmoro Kaekasa, njaenrudunupoBatnnbie MeTogoM EPA ¢ ucrosib-
30BaHUEM B KadecTBe GJioKa pacrosHasanus agropurmoB «Kopa-3» (ssumncsl ¢ kpacHoi
mrpuxoBkoit) [Cososves u dp., 2016] n «Bapbep-3» (ssumuncst ¢ cuanmu rparunamu) [Dzeboev
et al., 2019]. Pe3aynbrarhl, MOTyUeHHbIE IBYMSs AATOPUTMAMHE, OYTH UIEHTHIHBL. 3aMETUM,
410 TOpojia Biagukaskas u Ajarup pacnosioXKeHbl Ha JinHEaMeHTe [-ro panra, siBJISTIOIIEMCs
TpaHUIE TOPHOU CTPAHBI.

Bocrounas (BkJrouasi . BiiaJuKaBkas), I0ro-BOCTOUHASI, 3allaJiHAsL ¥ FOT0-3aI1a/[HAsl
YaCTH M3Y4aeMOro PernoHa (II0YTH BCs TEPPUTODUs, HOIAIAI0NIAs BHYTPb CXeMbl MOPQO-
crpykrypHoro pajionuposanus (MCP), 3a uckiodyenueM 1eHTPaIbHO 9aCcTH) PACIIOIOKEHBI
B paifoHaX, IJIe COIJIACHO Pe3yJIbTaTaM PACIIO3HABAHUS MOTYT BO3HUKATH 3€MJIETPSICEHUS
¢ M > 6,0. 3a uckjroueHreM coOBITHS B paiioHe I. M03/I0K, IPOU3O0IIE/IIIEr0 3a peIeIaMu
cxembl MCP, amunientpsr Bcex 3emiierpsicenunit ¢ M > 5,0 pacrmosioxkeHbl BHYTpU HIeHTADU-
IUPOBAHHBIX 30H. OTMETHM, UTO COBOKYITHOCTH PACIIO3HAHHBIX BBICOKOCEHCMUYIHBIX 30H,
PACIIOJIOZKEHHBIX Ha [OIepeYHoM JimHeaMmeHTe [I-ro panra (3amajHasi 9acTh PacCMaTpUBa-
€MOro permona), obpasyer B mpezeiax TpaHCKaBKa3CKOIO HOIEPEUHOrO MOJHATUS CyOMe-
PUIMOHAJIBHYIO 30HY, COEJIMHSIONLYI0 MECTa, BO3MOYKHOTO BOBHUKHOBEHUST 3EeMJIETPSCEHUN
¢ M > 6,0 na Bossmmom u Masiom Kaskage.

8. CeiicMu1ieckuit MOHUTOPHUHT

Ceiicmuuecknii MoruTopuar Ocerurckoro cekropa Bosbimoro Kapkasa ocyIecTBisoT
QenepaJabHBI UCCIeq0BATENbCKHI TeHTp Ennmas reodusndeckas ciyxkba Poccuiickoii
akagemun Hayk (OUI ET'C PAH) u l'eodbusuveckuit nacruryT BiiaqukaBKa3ckoro HaydHOro
nerTpa Poccuiickoit akanemun Hayk (I'OUV BHIL PAH).

Ha Teppuropun u3ydaeMoro pernoHa B HacTosiiee BpeMst (DyHKITMOHUPYIOT 14 MyHKTOB
HEIPEPBIBHOTO CEHCMOJIOrNIeCKOr0 MOHUTOPUHTa (puc. 8), HAXOIAIIUXCS 110 yIIPABICHUEM
Ceepo-Ocernnckoro dhunnaia PegepabHOrO UCCIIEI0BATEIBCKOrO TIeHTpa «EauHas reo-
dusnyeckas ciyxba Poccuiickoii akanemun nayk» (COD OUIT EI'C PAH). Tpu u3 nux
MIPEJICTABJISIOT CODOM TesleceficMrIecKue CTaHIUI, 000PYIOBAHHbBIE BLICOKOUYBCTBUTEIbHBIMU
A POKOIIOJIOCHBIMU BEJIOCHMETPAMU, TOr/a KaK OCTajbHbIe 11 SIBJISIOTCS PErHOHAIBHBIMA
CTAHIIUSAME ¢ KOPOTKOIepuoHo# annaparypoii [Caanuna u dp., 2025]. Kpome Toro, B pac-
cmarpuBaeMoM OCETHHCKOM CEKTOPE PACIIOJIOKEHA TejieceiicMuaecKas cTaniust « Haubanky,
Haxongmascsa B Begennn Llenrpansuoro ornenenus OUIT ET'C PAH.

Bce ykaszaHHBIE IIyHKTBI OCHAIEHBI COBPEMEHHBIMH IM(PPOBBIMU CHCTEMaMU pe-
TUCTPAIUU W 3allWINEeHbl HAJEKHBIMU KaHAJAMU Tepeladr JIAHHBIX B PErHOHAJIbLHBIN
nHGOPMAIMOHHO-00pabaTkiBatomuil eHTP BO BiaankaBkaze. 9T0O MO3BOJISET OCYIIECTBIISTD
ceficMUIeCKUii MOHUTOPUHT B YCJIOBUSIX, TPUOJINKEHHBIX K PEXKUMY PEAJIbHOIO BPEMEHU.
Ceitcmuueckast cerb CO® OUIT EI'C PAH no3Bossier peructpupoBarh ceiicMuieckue coObl-
T, mpoucxojgiue Ha Teppuropun PCO — Ajanus u B npujieraionux pafoHax, a TaKkKe
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Puc. 7. Cxema mopdocTpyKTypHOro paiioruposanust [Conrosves u dp., 2015 n mecra BO3-
MOXKHOTO BO3HUKHOBeHUs1 3emjierpsiceanit ¢ M > 6,0 B Ocerunckom cekrope Bosbimoro
Kagxka3za. Temno cepbie auaun — MOpOCTPYKTYPHBIE JITHEAMEHTBI: TOJICTBIE — -0 paHra,
cpemaue — II-ro panra, Torukue — [II-ro panra, CIIONIHBIMU JTUHASME TTOKA3aHBI TTPOIOIHHDBIE
JINHEAMEHTBI, ITyHKTUPHBIMU — [IOTIEPEYHbIE. 3eJIeHbIe TOYKY — SMUIEHTPbI 3eMJIeTPICEeHNN
¢ M > 5,0 [Hossiit..., 1977; Vorobieva et al., 2025)].

FOxk#noit Ocerun n npurpanundHoii mojocsl I'pysuu. Ha puc. 8 npuBegeHbl perucTpamon-
HbIe BO3MOX>KHOCTU CUCTEMbI HAOJIIOIEHN C YIETOM FeOMEeTPUYIeCKO KOH(MUTYPAIU CETH
U CPEJIHEro YPOBHS MUKPOCEHCMUYECKOro IiyMa Ha eé crannuax [Bazaesa u dp., 2022). Okon-
TYpPEHHbBIE M30JIMHUSIMU 0DJIACTH COOTBETCTBYIOT MUHIMAJILHON BEJINUMHE MATHUTY/] HAIEXKHO
PErucTpUpyeMbIX 3eMJIETPICEHUit CO cpeaueil TiryouHoi runorenTpa 10 KM, Ipu ycaoBun
nx (HUKCAINA HE MEHEe UeM TPeMsi CEHCMUIEeCKUMU CTAaHIusIMu ogHOoBpeMenHo. O01acThb
HaMbOJIbINel IyBCTBUTEILHOCTH CETU TIPUXOJAUTCI Ha IeHTpaabhyio yacTh PCO — Ajanus
¢ HAUOOJIBITEN TJIOTHOCTHIO CECMUYIECKUX CTAHIUIL; ee oKaiiMseT usoauausd M, = 1,2.
[paktugecku st Beeit reppuropun Ocerunckoro cekropa Bosbioro Kaskasa ceth obecrie-
YUBaeT yBEPEHHYIO PErucTpanuio coobituii ¢ My, = 1,6.

HeobxoauMo 0TMETUTh, ITO MIATH TYHKTOB CEHCMOJIOTHIECKIX HAOJIOIECHUN OCHAIIEHDI
cospemennbivu ['HCC-nipuemunkamu, bOpMUPYIONUMEI CETh HEITPEPBIBHOTO T'€O/IMHAMU-
geckoro mouutopunra [Cdesvrukxosa u dp., 2025, nBa U3 KOTOPBIX IKCILIYATUPYIOTCS
COBMECTHO ¢ BiaITuKaBKa3CKUM HaydIHBIM IeHTpoM Poccuiickoit akajgemun nayk. [locien-
Hee II03BOJISIeT TOBOPUTH O KOMIIJIEKCHOM reOU3NIECKOM MOHUTOPUHTE, OCYIIECTBIISEMOM
CO® OUII EI'C PAH.

Ilox, yupasnerunem '@ BHIT PAH dyHKIMOHUPYIOT ABE CETU CEACMUIECKOrO MOHU-
TOPHHTIA: CeTh KOMIIJIEKCHBIX HabJsonennit «Kapmanonckuii napaMeTpudecKuil IOJIroHy,
cocrosimas u3 6 ceficMudeckux cranmit (puc. 8) u cerb «Biagukaskass (4 crannnm) [3a-
aruweusy u 0p., 2014]. CraHnun mocsesiHeli PACoOIOXKEHbI Ha, yUaCTKAX € PA3IHIHBIME
IPYHTOBBIMH YCJIOBUSIMY, TUIIMYHBIME JIJIsE TeppuTopun I. BirajnkaBkasa, 9To 1103BOJISET
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MCIIOJI30BAaTh WX JIAHHBIE JIJIsT OIEHKU BJIMSIHUSI TPYHTOBBIX YCJIOBHT Ha (hOPMUPOBAHUE
WHTEHCUBHOCTH W CIEKTPAJBLHOTO cocTaBa 3emierpsicenuit. Cers «KapmagoHckuit mapamer-
pUYECKUI TIOJIUTOH» CO3/IaHa, JIJTsl TleJTeil MOHUTOPUHTA, OACHBIX T€0JIOTMIECKHX ITPOIECCOB HA,
reppuropnn PCO — Ananus [Baaavweuau v Meavkos, 2017). 3nech HEOOXOANMO OTMETHTH
crannuio «Koskay (KLK, puc. 8), ycranosiennyio B 2012 roay na Bbicore 2970 MeTpoB
BO/IM3M Jioka jeganka Kousika, katactpoduaecknit cxon koroporo B 2002 romy moapobHO
OIIMCAH B MHOTOYUCJIEHHOM jiureparype [Komasaxos u dp., 2014; Jlemuuk..., 201/; Ianos
u dp., 2002].

Kak Bugno u3 puc. 8 ceitcmuuaeckue ceru UL EI'C PAH u I'OU BHIL PAH ueznaun-
TeJILHO JyOJIUPYIOT JPYT Apyra.
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Puc. 8. Mouuropunrossie ceru OUIL EI'C PAH (cuHuMyu m30JMHUSAMYI IIOKA3AHBI PEIH-
crpanmonHble Bo3moxkHocTn cetn) u '@U BHIT PAH («Kapmasonckuit napamerpudeckuit
TIOJIUTOH» ).

9. O6beMHEHHBII KAaTAJIOT 3€MJIeTPICEeHMIA

B pabore [[Nsuwuanu u dp., 202/] m0Ka3aHO, 4TO [0 HACTOSIIEIO BPEMEHU OCTAETCS HE
J10 KOHIIa PEIEHHON 3ajia9a CO3IaHusl, JJIsi N3y9aeMOro CeiCMOAKTUBHOTO PErMOHA, HAN-
0oJIee TOJTHOTO TIPEICTABUTEILHOTO KATAJI0Ta 3eMJICTPSICEHUH ¢ OTHOPOIHON MAarHUTYIHOM
mkaJoit. CBsA3aHO 9TO, B TOM YHUCJE, C TeM, 9TO HHMOPMAIU O CJIAOBIX 3eMJIETPSICEHUIX
MIPENMYTIECTBEHHO COJIEPYKUTCH B PETHOHAJIBHBIX KATAJIOraX M HE BKJIIOYAECTCS B HAIIHO-
HaJIbHbIE U MEK/[YHAPO/IHbIE KATAJOI'M B KOTOPBIX XOPOIIO OTPaYKEHbI CUJIbHBIE COOBITHUSI.
Taxk, Hanpumep, mis n3dydaemoro Hamu OcernHckoro cekropa Bosbinoro Kaskasa B Ka-
tasiore Mexynapoguoro ceiicmosiorudeckoro mnearpa (ISC) orcyrerByer sHaduTesbaast
9acTh CJIaOBIX COOBITHUIT, MHGMOPMAIUsI O KOTOPBIX COJEPKUTCS B PEFHOHAJBHOM KATAJIOTe
OUIIL EI'C PAH, noarorapimBaeMoM, B 1IepByio odepeib, CeBepo-OceTuHCKUM (PUIAATIOM.

B crarbe | Vorobieva et al., 2022] myrem moaudukanuy KJIaccuaeckoro MeTojia OJmzKaii-
1miero cocegia [Zaliapin and Ben-Zion, 2013, 2016] co3/iaH NHHOBAIMOHHBILH METO] CHCTEMHOIO
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WHTErPpUPOBAHUST KATAJIOIOB 3emiterTpsicennii. OH mo3BosisieT 3 MEKTUBHO UIeHTHMUITIPO-
BATh U YIAJIATH 00PA3yIONINecs IPU O0bEeIMHEHIN KATAJIOIOB JIy0JIH, a TAKKe MPUBOIUTD
cobbITust K enuHOi MarauTy/Hoi mkaste. C ero nomosio B padore [ Vorobieva et al., 2025
co3/1aH HamOoJIee MOJIHBIN U IIPEeICTaBUTEbHBI HHTErPAJIbHBIN KaTaJIor 3eMJIeTPICEHUt
Ocerunckoro cexkropa Bosbmoro Kaskaza ¢ yHUDUIIMPOBAHHON MATHUTYMHON MIKAJION.
KaraJsor co3zman juist peruona HECKOJIBKO OOJIBINEro, YeM PacCMaTPUBAEMbIN B HACTOSIIIEH
pabote (puc. 9), 1 MHTErpUPYET JAHHBIE O 3eMJIETPSICEHUSX W3:

e  Karanor Kaskasza us coopaukosB «3emnerpsicenuss B8 CCCP», 1962-1991 rr.

e Karamor Cepeproro Kaskasa u3 cO0pHUKOB «3emjeTpsiceHusi ceBepHoii EBpasums,
19922017 rr., u «3emuerpscenus Poccum», 2018-2021 rr.
Karamor I'py3un u3 cbopankos «3emiterpsicenus ceBepuoit Espasuns, 1993-2004 rr.
Karasor zemnerpsicennit Kaskaza uz cbopuukon «Ceiicmudecknit 610/11erens KaBkaszay,
1971-1986 rr., HOArOTABINBAEMBIN IO/, HAYYHO-METOINYIECKAM PYKOBOACTBOM MHCTHTY-
ra reodusuku AH I'pysunckoit CCP (ceromus Uncruryr reodusuku um. M. Homnus).

e  Karasor MexryHapojHOro ceficmosnorunueckoro renrpa (ISC), 1962-2022 rr.
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Puc. 9. Unrerpasnbblii karasor semierpsicernii (M > 2,0) Ocerusckoro cekropa Bosbinoro
Kaskasza.

WuTerpanabHbIit KaTaior 3eMIeTpsaceHnit coaepkut 16285 cobwituit 3a mepuox 1962—
2022 rr. (puc. 9). IIpu 3T0M aBTOpCKas yHUDUIMPOBAHHAS MAIHUTYHAS IIKAJA, CBEICHHAS
K proxy-M,,, sBjisieTrcs OJTHOpPOIHOI. KaTayior BBLIOXKEH B OTKPBITHINA JIOCTYII Ha caiire
Mupogoro neHTpa JaHHbIX 10 dbusnke TBepaoit 3emun (http://www.wdeb.ru/sep/seismology /
Ossetia/Ossetia.html, nara obpamenus: 14.08.2024).

Heobxoaumo orMeTuThb, 910 B X0/€ cO3MaHus 00bequHEHHOrO KaTrajgora OCeTmHCKOro
cekropa BoJibiioro Kaskasa cyIiiecTBeHHO IIOMOJITHEHO HAYAJI0 A(DTEPIIOKOBOI MOCIEI0BaA-
resnpHOCTH Paumnuckoro semuterpsicerns [Oscrouenko u dp., 2025|. Anamms karasora okasad,
9TO B PACCMATPUBAEMOM PETrHOHE YPOBEHb PErHCTPAIUU CYIIECTBEHHO U3MEHSLICS BO Bpe-
MEHH: 3HAUUTEJbHBIH HeJoCcTaToK coObituit B 1967-1970 rr. u 1988-1991 rr. [ Vorobieva
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et al., 2025]. Ha puc. 10 mokazana MarHuTyma nojHON perncrpaimu M. B 1995-2004 rr.
u 2005-2022 TT., paccanTaHHAs C TTOMOIIBIO BHICOKOKOHTpAcTHOTO MeTona | Vorobieva et al.,
2024]. OrMernM, 9TO ypOBEHb PEIUCTPAIIN CEHCMUIECKUX COOBITHUI Ha BOCTOKE PErMoHa BCe
elle XyzKe, YeM B ero IeHTPAJIbHON U 3allaHoi JacTaX. BeposaTHO, 3TO CBA3aHO C MaJIbIM

KOJIMIEeCTBOM IIYHKTOB CceICMIYIEeCKOT0O MOHHUTOPHWHTI'a BOCTOYTHEE I'PAHUI] U3yTIaeMOro HaMH
OCeTHHCKOTO CEKTOpA.

Bakcan
.
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CﬂEHhIE OBO3HAYEHUA
== [patusl PCO-Ananys
Mc
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(a) (6)
Puc. 10. Maraurysa mosHoit peructpanuu M.: a) npocrpancTsentbie Bapuanunu 1995-2004 rr.; 6) mpoCcTpaHCTBEHHBIE
Bapuanuu 2005-2022 rr.

10. Ob6cyxaeHue U BBHIBOJIBI

B crarne paccmorpen Ocernnckuit cekrop Bosbioro Kaskasa ¢ Touku 3penusi pa3imd-
HBIX IIOJIXOJ0B U3YYCHU er'0 CCICMUYHOCTU U OLICHOK CefICMUYECKON OIIaCHOCTH, B YACTHOCTU —
Ha BCeX ypoBHsX ceficmndeckoro paioruposanust (OCP, JICP u CMP). IIposeeHHbIi COB-
MECTHBII aHaJIN3 IIOATBEPANII BBICOKAY YPOBEHb CEICMIUYIECKOI OITACHOCTH PACCMaTPUBAEMOTO
peruoHa B, MEPBYIO OYEPE/ib, €r0 MPEATOPHBIX U NOPHBIX paitoHoB. [lociemree momreep-
2KJIAeTCs U PEe3yJIbTaTaMU OIIPEeJIeIeHIsI MeCT BO3MOYKHOI'O BOSHUKHOBEHUS 3€MJIETPSICEHUS
¢ M >6,0 (puc. 7).

Kommiekcuplit anaims pe3ysibTaToB PA3JINIHBIX TOIXO0I0B IEMOHCTPUPYET HANOOJIBIITYIO
CeficMIYEeCKYI0 OITACHOCTDb 30HBI coujieHeHust BocTounoit u Sama Hoil BerBeil Biajgukaskas-
ckoro pazsioma (puc. 2). CyIecTBEHHYIO ONMACHOCTD TIPEJCTABISIOT U CEHCMOreHEPUPYOIIIe
CTPYKTYPBI, PacIoJIOKeHHbIe 10yKHee rpanut; OceTUHCKOro ceKTopa. B mpenerax mociie/-
Hux npousonuin Paua-/[zxaBckoe, Bapucaxckoe, OHuUiicKoe u Jp. CHJIbHBIE 3eMJIETPSICEHUSI,
CYIIECTBEHHBIE COTPSICEHUsI OT KOTOPBIX OIIyIiaanch Ha Bcem Ceseprom Kaskase.

C npyroit cTOpoHBI, pe3yabTarhl paboTs! [[Ilebasun u dp., 2022 MOKA3BIBAIOT, UTO
HECMOTPsI Ha CHUXKeHue obieit bautbHocTu npu nepexoqe or OCP-97 k OCP-2016 cy-
MECTBYIOT OCHOBAaHUSI CIUTATDH OIEHKY ceficMutaeckoii onacHocTu OCETHHCKOTO CEKTOPa
Boabmoro Kaskaza wa kaprax OCP 3aBbimentoit. B 31oit cBsi3n MoxkeT ObITH HHTEPECHBIM
U TIOJIE3HBIM KCCJIEIOBAHUE, HAIPABJICHHOE HA BEPU(DUKAINIO ITPOU3OIIEIINMA U Oy Ly IIMA
3eMJIETPSICEHUSIMU CYIECTBYIOIINX JJIsi paccMarpuBaeMoro pernotna xkapt ICP.

Briepsbie cosmanubiit HanboJiee TMOMHBIN U MPEICTABATEILHBIN KATAJJIOT 3eMJIETPSICEe-
unit peruona [ Vorobieva et al., 2023] (puc. 9) u upoaHaju3upoBaHHbIE HA €r0 OCHOBAHUL
[IPOCTPAHCTBEHHO-BPEMEHHBIE Bapuanuy mojHoi perucrpanuu M. (puc. 10) yKasblBaroT Ha
HEOOXOIMMOCTD CYIIECTBEHHOI'O PA3BUTHUSI CeTell CeiCMUYIECKOr0 MOHUTOPHHTa Kak B Oce-
THHCKOM CEKTODE, TaK U B €r0 CONPEE/bHBIX pernoHax. JlasbHeiiee pa3surue HEOOXOIUMO
u cersim nioctosiaHO AeiicTByonux ['HCC-crannuit. CoBepiiieHCTBOBAHUE MTOCIEIHUX B COBO-
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KYITHOCTH ¢ pacuupsiionumucst cetsvu nepuoandecknx ['HCC-nabirogenuit mo3BomT BecTr
CHUCTEMATUIECKUIl TOJTOBPEMEHHBII MOHUTOPUHT 338 COBPEMEHHBIMU JIBUYKEHUSIMU 3€MHOMN
KODBI, 9TO HEOOXOIUMO [IJIs YBEJIMIEHUsI TOYHOCTHU [TOJIEBBIX U3MEPEHUil u pa3paboTKu MO/Ie-
JIV HaIIPsI?XKeHHO-1e(POPMUPOBAHHOI'O COCTOsIHUST peruoHa. Ilocseanee BaXKHO JJIsi OLEHKA
CefICMIUYIECKO OIACHOCTH, HO HE HMCIIOJIb3YeTCsl CEro/iHs B JOJIKHOM MAacIITabe.

OTMmeTnM, 9TO pelleHne 3a1a9n aJeKBaTHON OIeHKN ceficmmyeckoil omacHoctn OceTnH-
ckoro cekropa Bosbioro Kaskasza 3akirogaercst B perpoCIEKTUBHOM aHaJIU3€e U IIPOrHO3€e
mapaMeTpoB CEHCMUYIECKOTO BO3AEHCTBUs OT OyIyIINX CHJIBHBIX 3eMiierpsiceruit. Omnenkn
CefiCMUIEeCKOIl OMACHOCTH C OJHOI CTOPOHBI, JOJIXKHBI OIUPATHCA HA HAJIEIKHBIE PE3YiIb-
TaThl JETAJBHBIX CEHCMOJIOTMIECKUX, T€0JIOr0-Te0O(U3NIECKUX, Ne0IE3UIECKAX U JIPYTHUX
uccieoBanuii. C npyroifl CTOPOHBI, yIUTHIBasE MHOIO(AKTOPHOCTD MEOIMHAMIIECKUX PO~
IIECCOB B PErHOHE, HEITOJTHOTY HAINX 3HAHUN O TeOJIOTMIECKON Cpejie U HEeOIHO3HAYHOCTD
CYIIECTBYOIIIX CEACMOTEKTOHNYIECKUX MOJEJIeil pelleHne 3aa9n OIeHKNA CeHCMUYIECKO
OIIACHOCTH MOKET OBITH JIOCTUI'HYTO TOJIBKO Ha OCHOBE KOMILJIEKCHPOBAHUS I'€0JIOIMYECKUX,
reoJIe3NIeCKuX, re0(pU3MIECKUX METOIOB U METOJIOB YUCJIECHHOTO MOJETUPOBAHUS. 3aKIIIOUN-
TEJIbHBIM IIIANOM IIPOIECCa MHTErPUPOBAHUS 3HAHUN O CEICMUIECKON OITacCHOCTHU JOJI2KEH
CTATh CUCTEMHBII aHAJIN3 COOTBETCTBYIOMMX BOJIBIINX JTaHHBIX.

Pesynbrarsr HacTosiero 063opa sipko WIIIOCTPUPYIOT HEOOXOINMOCTD CO3/IAHMUST BBICO-
K09 HEKTUBHOTO CHCTEMHO-aHAJINTHIECKOTO METO/Ia OIEHKY CECMUIECKON OIMaCHOCTH HA
OCHOBE MHOT'O(paKTOPHOI'O CUCTEMHOI'O aHAJIN3a CEHICMOJIOIMIECKIX, ME0JIOr0-Te0(DU3NIECKUX,
reo/Ie3NIECKUX U APYTUX JaHHbIX [[suwuaru u dp., 2019]. OTMeTnM, 9TO Ha CETOMHSIITHMI
JeHb YKA3aHHBIN 3aKII0YATEIbHBIN mar He peasn3oBaH. CeroiHs y HAC HET CHCTEMHOTO
IIOX0/a K OIleHKe ceiicMuaeckoil onacHoctu. CoBpeMeHHasi reopu3nKa CMOXKET OTBETUTH
Ha 3TOT BBI30B mpuBjekas K mpobseme Hayky o Jlanubix B ee gacTu co3faanus boabimmx
ITAHHBIX KAaK 0a3bl CHCTEMHOTO aHAJIN3a CEHICMUYIECKON OIMACHOCTH.

Baaromapraoctu. Pabota BeinosiHeHa pu nojiepkKe Poccuiickoro HayaHOTO (hOH I8, TPOEKT
Ne23-17-00176 «CucremHast OleHKa CeCMUIECKOI OIACHOCTH IEHTPAJIbHON YacTu BoJibioro
Kaskaza (Ocerunckuit cekrop)». B pabore uCI0/1b30BaIUCh JAHHBIE U CEPBUCHI, LIPEIOCTAB-
sennsie IIKIT «AnajnTuyeckuil eHTp reOMAarHuTHBLIX JAaHHLIX» 1€0(hu3nIecKoro meHTpa
PAH (http://ckp.gcras.ru).
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The article considers the Ossetian sector of the Greater Caucasus from the point of view of studying
its seismicity and analyzing seismic hazard assessments previously constructed at all levels of
seismic zoning (GSZ, DSZ and SMZ). The areas prone to strong earthquakes identified by pattern
recognition methods are discussed. The results of the analysis emphasized the high level of seismic
hazard of the foothill and mountainous areas of the region. The description of seismic networks
that continuously monitor the region is given. The analysis of the most representative earthquake
catalog with a unified magnitude scale that was previously created by the authors, and spatial
variations of the magnitude of full registration, showed that the level of registration of seismic
events in the east of the Ossetian sector of the Greater Caucasus is still worse than in its central
and western parts.
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Abstract: The Arctic Zone of the Russian Federation is characterized by the rapid growth of the
mining industry, aimed at the extraction of oil, gas, coal, and ores, including rare earth metals.
Railways are essential in the transportation of these resources to different regions of Russia for
processing and export. Part of the cargo delivery is performed via the Arctic ports connected to
the railway network. Rapid climate change, including regional climate warming, is among the
compromising factors for the operation of the Arctic transport infrastructure. System analysis of
climatic processes and assessment of potential hazards that they may induce requires adequate
geoinformation support. This paper presents the results of spatio-temporal variability analysis of
various hydrometeorological parameters for selected railway mainlines within the Arctic region. For
this purpose, a new geoinformation method based on the Hovméller diagrams was elaborated. This
tool is useful for representing climate dynamics along the specified railway mainlines over several
decades. It allows us to determine railway sections affected by anomalous climatic conditions on
the variable time scale. The presented Hovmoller diagrams proved to be an efficient instrument
for the regional climate change representation. It might be quite useful for railway infrastructure
maintenance, planning, operation, and adaptation.

Keywords: Climate change, Russian Arctic, railway development, hydrometeorological parameters,
GIS, Hovmoller diagrams, railway mainline analysis, transportation.
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1. Introduction

The Arctic zone of the Russian Federation (AZRF) is an interesting region in terms
of its industrial and socio-economic development. Its area is about 4.2 million km”.
Here, indigenous peoples coexist, oriented toward preserving their traditional way of
life, alongside rapidly developing modern projects interlinking industrial, tourism, and
transportation growth. Severe weather conditions, climate change, and other features in
the region impose constraints and demand heightened attention in conducting any activity
[Yagova et al., 2023; Zonn et al., 2016, 2017]. The region's economic development is closely
associated with the extraction of natural resources (oil, gas, coal, ores).
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The Arctic contributes 15-20% to Russia's gross domestic product (GDP) [Kovalenko
and Sibileva, 2023]. High transportation expenses considerably impede the advancement of
remote northern regions, notwithstanding their abundant natural resources. The estimated
share of freight traffic through the Northern Sea Route related to transporting these
resources is 183.78 million tons by 2035, out of a total volume of 238.11 million tons.
These aspects and “north delivery” practically account for 100% of the region's freight
traffic through the Northern Sea Route [Decree..., 2022]. According to data in Transport
of Russia [Ministry..., 2023], in 2022, railways accounted for 2639.4 billion ton-kilometers
in total in Russia, which is 86.5% of the total cargo turnover by all modes of transport
(excluding pipelines).

Many works note the impact of changes in climatic parameters on both planned
railways and existing ones. For example, the effects of extreme temperatures on urban
railway infrastructure assets are widely described in the work of Garmabaki [Garmabaki
et al., 2024]. The study of climate change in railway areas is also considered using various
models to create climate characteristics to determine the associated risks. For example, the
approach of integrating meteorological parameters and operational factors to predict the
degree of impact of various climate parameters on railway infrastructure [Kasraei et al.,
2024].

As shown in [Guishiani et al., 2023b,c], climatic changes in the Western and Central
parts of the Russian Arctic are not uniform. Overall, warming in the Arctic region occurs
at a rate of 2-3 times faster than the global average. Despite the Earth's general warming
by approximately 0.8 °C, the Arctic has experienced a warming of up to 3 °C [Overland
et al., 2014]. According to [Post et al., 2019], if the Earth's temperature rises by 2 °C, Arctic
warming could reach an average of 4 °C, and during winter periods, it could reach up to
7°C by 2100.

These changes have implications for the ecological, social, and economic systems
of the region. Climate warming widens the scope for industrial activities and extends
the available shipping periods by water transport. On the other hand, Arctic warming
brings a range of negative consequences. It may lead to an increase in water levels and
precipitation, intensification of stormy and wave activity, and permafrost degradation
[Kattsov, 2022]. This will place greater stress on the existing infrastructure, including
transportation networks [Kostianaia and Kostianoy, 2023].

The paper considers selected lines of the main railway lines that have access to the
promising ports of the Northern Sea Route, forming together a common logistics system
(Figure 1). To select and correctly display the railway lines and major ports, the “Atlas of
Railway lines” created by the Research and Design Institute of Informatization, Automation
and Communications in Railway Transport (Moscow, Russia) and the Decree on Arctic
Development Trends [Decree..., 2014; Rozenberg et al., 2019] were used (see Figure 1).

One significant inference drawn from the investigations conducted by [Gvishiani et al.,
2023b,c] is that climate warming, along with alterations in other meteorological factors
within the studied region, exhibits substantial irregularity on both temporal (monthly) and
spatial scales, including variations along individual railway segments. It became clear that
it is necessary to thoroughly study the climatic parameters along each railway section using
so-called Hovmoller diagrams. The performed analysis has shown significant spatial and
temporal heterogeneity of the considered parameters variability during the past 40 years.

The present study examines the changes in climate parameters (air temperature, at-
mospheric precipitation, wind speed, soil temperature, soil moisture content, air humidity,
and snow thickness for 1980-2021) along the 7 major railway mainlines in the North-
Western part of Russia (Table 1). This was done using the Hovmoller diagrams, which
proved to be a very useful tool for such analysis.
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Figure 1. Physical-geographical scheme of the study region. Dashed lines show the main railways.

Yellow and red dashed lines show the location of the existing and planned railways studied in the

present paper.

Table 1. Characteristics of the examined mainlines (see Figure 1 for location)

. . Total length of S Cargg n 2.023 by
Examined lines - Main railway main railway,
lines, km o
million tons
101.9
St. Petersburg—Murmansk 1385 Ok;}; aillz)vl;,sakaya [Russian
Y Railways, 2024b]
56.8
Yaroslavl-Arkhangelsk 833 I}I{(:i;:;m [Russian
y Railways, 2024a]
56.8
Kirov-Vorkuta-Salekhard 1621 I}I{(;ﬁ}v:;m [Russian
Y Railways, 2024a)
Sverdlovsk 143.3
Saint Petersburg-Perm 1563 Railway / Gorky [Russian
Railway Railways, 2024c]
143.3
Tyumen-Novy Urengoy—Yamburg 1596 S‘;{e:i(li‘l::d( [Russian
Y Railways, 2024c]
143.3
Yekaterinburg-Serov-Priobye 895 S\;::ﬁlvl::sk [Russian
Y Railways, 2024c]
Salekhard-Novy Northern
Urengoy-Igarka-Dudinka (under 1269 Latitudinal -
construction) Railway
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2. Data and Methods
2.1. MERRA-2 Reanalysis

The research was based on the MERRA-2 reanalysis which was effectively used to
analyze regional climate change in the AZRF [Guishiani et al., 2023b,c]. The following
monthly averaged meteorological parameters were considered: air temperature, atmo-
spheric precipitation, wind speed, soil temperature, soil moisture content, air humidity,
and snow thickness for 1980-2021.

The MERRA-2 reanalysis is the large catalog of climatic and meteorological data,
which was recollected and reprocessed from the previous version —- MERRA. Initiated by
NASA's Global Modeling and Assimilation Office (GMAO), it aims to obtain and analyze
historical meteorological and climatological data that was compiled over the last 40 years.
The original MERRA project, starting in 1979, synthesized satellite measurements into
a unified climate catalog. Discontinued in 2016 due to limitations, MERRA-2 emerged
to ensure continuous near real-time climate monitoring, enhancing sensors and models
[Gelaro et al., 2017; Ma et al., 2021]. MERRA-2 reanalysis data is an example of Big Data
in Earth Science that is openly accessible to the global community, following the FAIR
paradigm [Gvishiani et al., 2021, 2022, 2023a; Rybkina et al., 2018].

MERRA-2, an advanced atmospheric data collection, features upgraded equipment
for measuring parameters and offers comprehensive temporal coverage since 1980. It
emphasizes integrated methodologies to ensure data precision. The compilation process
involves complex steps like data collection, assimilation, and validation [Ma et al., 2021].

Satellite observations, utilizing instruments like CrIS (Cross-Track Infrared Sounder)
and ATMS (Advanced Technology Microwave Sounder), provide insights into air tempera-
ture and humidity at various altitudes [Han et al., 2013; Kim et al., 2014]. Modern precipi-
tation measurement, incorporating radar satellite technology, enhances global atmospheric
circulation models. MERRA-2 also utilizes surface data from GHCN (Global Historical
Climatology Network) and CAMS (Climate Anomaly Monitoring System) [Bosilovich et al.,
2016; Chen et al., 2002]. Specialized thermometers and remote sensing methods measure
soil temperature, while soil moisture data are obtained through SMAP (Soil Moisture
Active Passive Observatory) satellite observations [Dee and da Silva, 2003; Ma et al., 2021].
MERRA-2 employs normalized pseudo relative humidity for consistent atmospheric water
content depiction. Snow cover thickness measurements consider snow characteristics and
are presented with various adjustments [Bosilovich et al., 2016]. A more detailed description
of specific observational and processing systems could be found in our previous works
[Guishiani et al., 2023b,c].

2.2. Hovmodller Diagrams

The Hovmoller diagrams are a convenient data representation for simultaneous analy-
sis of spatial and temporal variability of various parameters for linear spatial objects. Such
a chart was first described by Ernest Aabo Hovmoller (1912-2008), a Danish meteorologist,
in 1949. He introduced a special type of meteorological diagram showing the longitude
and intensity of cyclonic and anticyclonic systems in middle latitudes as a function of time
[Hovmaller, 1949].

For decades the Hovmoller diagrams served for climatologists for the analysis of
spatio-temporal variability of meteorological data [Hovmaoller, 1949]. The original diagrams
are plotted as follows. Time is usually recorded along the horizontal axis, while longitude,
latitude, depth, height, pressure, etc. are plotted along the vertical axis. The alternate orien-
tation of axes may also be used. The contour values of one of the physical or meteorological
parameters may be presented through color or shading on this plot.

Definition 1. Extending the notion [Hovmadller, 1949] we can present a Hovmoller
diagram as a function of two variables (1):

H,y = f(s.t), (1)

where s is a parameter that takes values along a certain direction or line on a plane, t is
time, and f is a 3D surface, represented by color or shading.
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The domain of s is limited by the range of possible values of the plotted parameter
(temperature, pressure, precipitation, etc.), and ¢ is limited by the time interval for which
the data for the parameter are available. The range of the function f is the space of qualita-
tive or quantitative characteristics of the plotted parameter. The effective interpretation
of the range of the function f is a color palette (e.g., from red — “dry” to blue — “wet” for
precipitation, Figure 2) or a shading scheme for black and white schemes.

Such diagrams have been used for a long time to analyze climate change. Jury et al.
[1991] have described wave-organized convective features in the Southwest Indian Ocean
using Hovmoller composites of satellite imagery. Chang and Orlanski [1993] depicted the
eddy vertical mean kinetic energy on Hovmoller diagrams and also showed the meridional
component of the wind at 300 hPa. Astafyeva and Rayev [2009] have studied the Earth's
radio-thermal field and the distribution of moisture and water storage in the troposphere
based on similar spatial and temporal diagrams. For this purpose, the authors plotted
the displacement of the most intense part of the intertropical convergence zone over the
Atlantic for the period 1999-2005 along the 30°W meridian. The years were plotted
along the horizontal axis and the latitude in degrees along the vertical axis. Hocke and
Kampfer [2009] have used atmospheric and oceanic reanalysis data for the past 60 years
for the construction of the time latitude cross sections which inform about temporal and
latitudinal variability, changes, and meridional circulation of the climate system on time
scales from years to decades. Shokurov and Germankova [2015] used the diagrams of
spatial and temporal variability to model the propagation of the gravity current in the
compressible atmosphere. The diagram allowed them to describe the evolution of the
potential temperature perturbation at 100 m in an experiment with an initial height of
the cold region of 2 km. The propagation of the gravity current front was represented as
a clear boundary separating air masses with different potential temperatures. In [Prants,
2021], Hovmoller diagrams were used to study the peculiarities of formation and behavior
of synoptic anticyclonic eddies of deep-sea troughs. Hovmoller diagrams were also used by
Rankova et al. [2022] to study the peculiarities of the temperature regime near the Earth's
surface in 2021. In this work, the features of global warming were considered in the form
of two-dimensional diagrams, where months were plotted on the horizontal axis and years
on the vertical axis. Such a representation facilitated the study in detail of the changes in
the surface temperature regime during the selected time interval.

The authors presume that the presented research is the first case of using the Hov-
moller diagrams for the analysis of regional climate change along railways, which may have
any orientation in space, any form, and any curvature. As a rule, parameters are analyzed
either along parallels and meridians or for average values of a parameter over the whole
selected study area. For railway construction, elevation profiles are often used, where
the horizontal axis shows the kilometers of the selected railway line and the vertical axis
shows the elevation. However, according to the results of the scientific literature search,
the Hovmoller diagrams showing changes in climate parameters along the railway over
time have not been previously constructed for railways. This paper uses the Hovmoller
diagrams to study the spatial and temporal variability of hydrometeorological parameters
along the selected main railways. The diagrams were compiled for the selected railway
mainlines, see Table 1. This provides a more detailed analysis of climate behavior regarding
railway stations and an assessment of the influence of climatic parameters on the railway
functioning at a particular point. This new methodology can be regarded as our know-how.
Hovmoller diagrams in their modern interpretation can be used as an efficient tool in
geoinformatics, which is successfully used to solve problems in geophysics, geodynamics,
climatology, and other disciplines of the Earth sciences domain [Gvishiani et al., 2019].

The process of preparing the source data for the diagrams can be divided into several
main stages: compiling a database for each climatic parameter for each railway line,
combining the data into a single file, creating the final image, and subsequent processing.
Golden Software Surfer was chosen as the main tool for creating Hovmoller diagrams
[Golden Software LLC, 2024].
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At the initial processing stage, shapefile (. shp) format GIS-compatible files containing
coordinates of points along the railway line are generated. A smaller discretization step than
the original MERRA-2 resolution was set to enhance field trend detail and consider track
curvature. Sampling was performed at intervals of 5-10 km. Each shapefile was then used
to sample monthly average hydrometeorological parameter values from a general dataset,
resulting in files with discretization for each month. Data sampling was facilitated using
a software module developed with Golden Software Surfer's Grid Slice function [Golden
Software LLC, 2024]. The program automatically extracted values along the specified line
from initial raster files, saving the results in .dat format. For each combination of climatic
parameters and railway mainlines, were computed 504 files. Subsequent postprocessing
was carried out using a specialized Python script. This script combined monthly files for
selected railways and selected parameters into a unified database. These databases were
subsequently converted through encoding modifications into files suitable for Hovmoller
diagrams.

The third step involved constructing a single raster illustrating climatic parameter
changes along the railway over time. Notably, the horizontal interval did not always align
with the initial data grid, and the interval along the line was measured in kilometers. The
minimum curvature gridding method was selected for constructing Hovmoller diagrams
[Surfer Help, 2024]. This gridding method minimizes distortion in the interpolation area
and represents data with maximum accuracy. The spatial resolution of the compiled
diagrams is 15 km.

The obtained raster files were processed in the Surfer software package. For each
climatic parameter, the color palette was set the same as in the schemes of climatic parame-
ters (Table 2) used in [Gvishiani et al., 2023b,c]. This provides a comprehensive analysis of
changes in hydrometeorological parameters for the entire study area, as well as separately
for each railway mainline.

Table 2. Description of color palette

# Parameter Data limits Color palette (min-max)
1 Air temperature —26to +25°C blue-white-red

2 Total precipitation 0 to 270 mm red- yellow— blue

3 Wind speed 0to5m/s white—purple-blue

4 Soil temperature —12to +22°C blue—yellow-red

5 Soil moisture 18 to 44% yellow-red—purple

6 Air humidity 0to1l4g/kg yellow—green-blue

7 Snow cover thickness Otol.2m orange—green—purple

At this stage, the diagrams are ready for compilation into a single atlas and further
analysis. Depending on the task, the diagram can be made more or less detailed on the
vertical axis (t — time). Thus, if it is necessary to assess a parameter monthly variability
along the railway track, the diagram is made for the specified year (Figure 2). In addition to
analyzing changes in climatic parameters over time along the entire railway line, Hovmoller
diagrams are convenient for estimating changes at different points on the railway at the
same time. For example, from the beginning of July till August 2017 (Figure 2), low
precipitation (10-20 mm) was recorded along almost the entire length of the railway,
but the section of the railway from Igarka to Dudinka was more humid (30-40 mm of
precipitation). Then, if it is necessary to analyze changes in the parameter over several
years, there were diagrams for periods of not only one year but also 5 years. Displaying
a longer period, e.g., 40 years, on the vertical axis provides an overall analysis of the change
in the climatic parameters along the railway mainline over a long period. Such a graph is
an apparent representation of climate warming or cooling, how chosen parameters change
in a specified region over several decades, and whether there is a shift of seasons over time.
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As a result, the entire Hovmoller diagram construction algorithm can be divided into

several main stages:

1.

Period of analysis, months

Selecting a database considering the required catalog resolution (both in space and
time). Defining the lines of interest along which the diagrams will be constructed.
Compiling a catalog, where a separate file is created for each time slice along the
profile.

Combining files for each time slice into single files for each profile and each climatic
parameter into . grd format files.

Formatting the resulting files into ready-made diagrams.
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Figure 2. Hovmoller diagram of temporal variability of total atmospheric precipitation along the

Salekhard-Novy Urengoy-Igarka-Dudinka railway mainline for the period January-December 2017.
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3. Results
3.1. Hovmoller Diagrams for Railway Sections

In this article, we present the results of the analysis of Hovmoller diagrams of temporal
variability of different hydrometeorological parameters along the seven-railway main lines,
mentioned in the Introduction. In total, 49 diagrams have been constructed (7 railway
lines by 7 meteo parameters), but in the paper, we demonstrate 7 of them which present
the St. Petersburg—Murmansk mainline (Figs. 3-9) and additionally provide some inter-
esting findings about other mainlines. To reduce the number of figures in the paper, the
appropriate diagrams were presented in the Appendix A.

3.1.1. Air Temperature

At the Saint-Petersburg—Murmansk railway mainline there is an evident increase in
air temperature, which is not linear, but from year to year we observe that the Hovmoller
diagram becomes redder (Figure 3). It means that at any point of the distance from Saint-
Petersburg to Murmansk and in any season all months get to be warmer and warmer. For
instance, the summer of 2010 which was the hottest during the previous decades, seems
not to be very exceptional in comparison with the next summers in terms of the length
of the warm period of the year and its temperature values. In general, air temperature
decreases towards the north (Murmansk), and we did not find any exceptional (in terms of
air temperature behavior) regions at this line.

So, for example, for the railway mainline Salekhard-Novy Urengoy-Igarka-Dudinka,
which is under construction (see Figure 1 for location), the Hovméller diagram of air
temperature from 2017 to 2021 (Figure Al, Appendix A) shows that: (1) the winter of
2020-2021 was significantly colder than in previous years; (2) the area to the east of Novy
Urengoy is significantly colder in winter than the western section of the railway line;
(3) the summer of 2019 was warmer than other years; (4) in the summer of 2020, the
air temperature in the section between 700 and 1200 km of the track was higher than in
the western section of the track; (5) in the summer of 2021, on the contrary, maximum
temperatures were observed on the western section of the route, gradually decreasing from
Salekhard to 900 km of the route.

3.1.2. Total Precipitation

The variability of the total precipitations in Figure 4 shows the spatio-temporal
variability of monthly mean total atmospheric precipitation along the Saint-Petersburg—
Murmansk railway mainline. The diagram displays significant heterogeneity in time and
along the distance from Saint-Petersburg to Murmansk. We do not observe evident drying
or wetting of this region, but during years with significant positive or negative anomalies
of precipitation, this occurs very irregularly along the railway and in time. Again, we did
not find any exceptional (in terms of precipitation behavior) regions at this line.

Hovmoller diagram of temporal variability of total precipitation along the Kirov—
Vorkuta-Salekhard railway mainline displays significant heterogeneity in time and along
the distance from Kirov to Vorkuta (Figure A2, Appendix A). This is similar to the same
diagram for the railway line between Saint-Petersburg and Murmansk (Figure 4). But we
could detect a region between Pechora (1050 km) and about 1300 km where, in general,
atmospheric precipitation is more intense. The second specific region is located between
about 1500 km and Salekhard where total precipitation is an average low.

Analysis of the spatio-temporal variability of total precipitation Salekhard—Novy
Urengoy-Igarka-Dudinka (Figure A3, Appendix A) showed that: (1) the spatio-temporal
variability of precipitation on a given railway is very heterogeneous both in space and time;
(2) minimal precipitation was observed in the winter of 2017/2018 and 2020/2021, and
in the latter case from Salekhard to Novy Urengoy this period lasted from October 2020
to April 2021, and between Igarka and Dudinka — from December 2020 to April 2021; (3)
the most wet periods (both in magnitude and duration) were observed in 2019, 2020 and
2021, with the highest precipitation values were in the western part of the road, and 2020 -
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Figure 3. Hovmoller diagram of temporal variability of air temperature along the Saint-Petersburg—
Murmansk railway mainline for the period 1980-2021.

in the eastern part; (4) in certain years, the wettest period may be briefly interrupted by
a minimum of precipitation, for example, in July 2017 along the entire railway line, in July
2018 only in the section from Salekhard to Novy Urengoy, in July 2019, on the contrary,
only from Novy Urengoy to Dudinka, in July 2020, only in the section from Salekhard to
approximately 500 km of the track, and in 2021, the wet period was not interrupted at all.

3.1.3. Wind Speed

The spatio-temporal variability of monthly mean wind speed at Saint-Petersburg—
Murmansk railway mainline is presented in Figure 5. There is an evident seasonal vari-
ability of wind speed with a maximum in wintertime. The diagram displays significant
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Figure 4. Hovmoller diagram of temporal variability of total atmospheric precipitation along the
Saint-Petersburg-Murmansk railway mainline for the period 1980-2021.

heterogeneity along the railway line in the form of vertical bands with relatively higher or
lower wind speeds in comparison with neighboring regions. For example, stronger winds
are observed between 150 and 250 km, 750 and 950 km, and 1250 and 1450 km of the line.
This phenomenon could be explained due to the proximity of the railway main line in these
sections to large water bodies, such as Lake Ladoga, the White Sea, Lake Imandra, and
Kola Bay.

Hovmoller diagram of temporal variability of wind speed along the Saint-Petersburg—
Perm railway (Figure A4, Appendix A) has evident two vertical bands with, in general,
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Figure 5. Hovmoller diagram of temporal variability of wind speed along the Saint-Petersburg—
Murmansk railway mainline for the period 1980-2021.

higher wind speed values between 400-500 km and 1250-1400 km of the railway mainline.
The high wind speeds between 400 and 500 km could be related to the fact that the railway
runs along the shore of the Rybinsk Reservoir. Anomalous zone from 1250 to 1400 km
could be described by a sharp change in elevation and the border zone with a forest belt.
Seasonal variability of wind speed with the highest values in winter and lowest in summer
is displayed in the diagram.

Spatial heterogeneity of wind speed along the Tyumen-Novy Urengoy—Yamburg
railway mainline (Figure A5, Appendix A) is displayed by a strong difference in wind
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regime over the first 250 km from Tyumen, as well as from about 1100 km to the end of the
line in Yamburg, where wind speed is much higher than in the central part of the railway
mainline. The high wind speed values from 1100 km onwards may be related to the railway
approaching the ocean. We can pay attention to a separate band of higher wind speed
between about 900-1000 km which confirms that a significant heterogeneity of wind speed
does exist on the climatic periods on the scale of the order of 100 km.

3.1.4. Soil Temperature

Changes in soil temperature and its monthly variability at the Saint-Petersburg-—
Murmansk railway mainline are presented in Figure 6. It is similar to the diagram for
air temperature, and, in general, shows progressive warming of soil as well. There are no
exceptional locations at this railway line similar to that found for wind speed.

Analysis of the spatio-temporal variability of soil temperature Salekhard—Novy Urengoy—
Igarka-Dudinka (Figure A6, Appendix A) showed that: (1) soil temperature was maximum
in the summer of 2019; (2) in the summer of 2018 and 2021 maximum soil temperatures
were observed on the western section of the route, and in the summer of 2020, on the
contrary, on the eastern section; (3) the winters of 2017 and 2021 were the coldest over these
five years, and in the winter of 2018 a pronounced maximum of negative temperatures was
observed only between Igarka and Dudinka.

3.1.5. Soil Moisture

Figure 7 shows the spatiotemporal variability of monthly mean soil moisture at Saint-
Petersburg-Murmansk railway line. We do not observe evident drying or wetting of this
region with time, but we found evident heterogeneity along the railway line in the form of
vertical bands with relatively higher or lower values of soil moisture. High soil moisture
occurs between about 100 and 350 km of the line with a sharp boundary with the next
track section. This is explained by the close location of Ladoga and Onega Lakes as the
railway line passes between them. Other less pronounced two regions are located between
about 550 and 750 km and around 900 km. Along these sections, the railway runs along
the banks of bodies of water, such as the White Sea-Baltic Canal, or in areas with a large
number of lakes.

Hovmoller diagram of temporal variability of soil moisture along the Yaroslavl-
Arkhangelsk railway mainline (Figure A7, Appendix A) shows a significant large-scale
heterogeneity along the line with many humid soils between about 300 and 550 km and
650-750km. Year-to-year and seasonal variability modulates the limits of these two re-
gions, this is why there are no strict boundaries for them. The increased soil moisture in
these sections of the railway may be related to the large number of wetlands in this area.
The diagram displays an interesting event between Yaroslavl (0 km) and about 250 km of
the distance when in 2001-2004 there was a period with very dry soils which was not
observed before or later, and it was not recorded during the same years at other parts of
the railway line.

The spatiotemporal variability of soil moisture along the Ekaterinburg—Serov-Priobye
railway mainline (Figure A8, Appendix A) does not observe evident drying or wetting of
this region with time, but some years seem to be drier along the whole distance of the
railway. For instance, this occurred in 1987, 1988, 2010, and 2013. We found evident
heterogeneity along the railway line in the form of vertical irregular bands with relatively
higher or lower values of soil moisture. In general, high soil moisture is observed at the
first 200 km of the railway and from about 550 km to the end of the line in Priobye.

Analysis of the spatio-temporal variability of soil moisture content Salekhard—Novy
Urengoy-Igarka—-Dudinka (Figure A9, Appendix A) showed that: (1) the minimum soil
moisture is located in the area between Nadym and approximately 850 km of the track
(apparently, this is due to the physical and geographical features of the local landscape); (2)
there is clear seasonal variability in soil moisture with a maximum from April to July each
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Figure 6. Hovmoller diagram of temporal variability of soil temperature along the Saint-Petersburg—
Murmansk railway mainline for the period 1980-2021.

year; (3) in certain years, for example, in winter 2018/2019 and 2019/2020 increased soil
moisture was also observed in the area of Salekhard and Dudinka.

3.1.6. Air Humidity

The variability of monthly mean absolute air humidity at the Saint-Petersburg-—
Murmansk railway line is presented in Figure 8. There is an evident seasonal variability of
air humidity with a maximum in the warm period of the year and a minimum in the cold
period of the year. The diagram does not display evident humidification or drying along
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Figure 7. Hovmoller diagram of temporal variability of soil moisture along the Saint-Petersburg—
Murmansk railway mainline for the period 1980-2021.

the railway line with time. In general, the southern part of the line is more humid than the
northern one, which is explained by the proximity of the Baltic Sea, Ladoga, and Onega
Lakes.

Analysis of the spatio-temporal variability of air humidity Salekhard—-Novy Urengoy-
Igarka—Dudinka (Figure A10, Appendix A) showed that: (1) there is a clear seasonal
variability of air humidity with a maximum in the warm period of the year and a minimum
in the cold period of the year; (2) there is no significant spatial variability of air humidity
along the entire section of the track from Salekhard to Dudinka.
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Figure 8. Hovmoller diagram of temporal variability of air humidity along the Saint-Petersburg—
Murmansk railway mainline for the period 1980-2021.

3.1.7. Snow Cover Thickness

In Figure 9 we present the spatio-temporal variability of monthly mean snow cover
thickness (snow depth) at the Saint-Petersburg—Murmansk railway line. It is evident
that snow is observed only in the wintertime, and with decades we have much longer
snowless periods and snow depth goes down. It must be stressed, that a serious snow depth
was observed in 1980-1984 in the southernmost part of the railway mainline (0-400 km),
which we do not record in all subsequent years. On the other hand, significant year-to-year
variability of snow depth remains in the northernmost part of the railway mainline (from
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1100 km) with the largest snow depth anomaly in winter 2020, which was something
exceptional since 1980. This fact confirms that with regional warming of the region
anomalies in different meteo parameters may have significant values.
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Figure 9. Hovmoller diagram of temporal variability of snow depth along the Saint-Petersburg—
Murmansk railway mainline for the period 1980-2021.

Hovmoller diagram of temporal variability of snow depth along the Salekhard-Novy
Urengoy-Igarka—Dudinka railway mainline (Figure All, Appendix A) for the period
1980-2021) showed that: (1) there is an obvious seasonal variability of snow cover with
a maximum in winter; (2) a significant maximum in snow cover is observed only in the area
from approximately 900 km to Dudinka, and in the winter of 1985, 1999, 2010, 2013, and
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2017 this maximum (blue colors) was not observed at all; (3) very snowy winters occurred
in 1989, 1992, 1993, 1995, 1996, from 2002 to 2008, 2014, and from 2018 to 2020. Thus,
snow depths of more than one meter can be found in the eastern part of the railway and
this may occur very frequently. It seems that this factor will be the most important for the
operability of railways in this planning part of the railway.

4. Discussion

The work of Gvishiani, Rozenberg, Soloviev, Kostianoy, et al. [Gvishiani et al., 2023b]
has compiled an “Electronic atlas of climatic changes in hydro-meteorological parameters
of the western part of the Russian Arctic for 1950-2021 as geoinformatics support of railway
development”. Then, the improved version of this Atlas was used to study the impact
of climatic changes in 1980-2021 on railway infrastructure in the Central and Western
Russian Arctic [Gvishiani et al., 2023c]. In this paper, we went further and investigated
the regional climate change that occurred during 1980-2021 in the Central and Western
Russian Arctic namely along six existing railway mainlines and the one (NLR) that is under
construction. All of them are in the northern part of the AZRF which is characterized by
the rapid growth of the extractive industry. Railways play a key role in the transportation
of these resources to different regions of Russia for processing and export. Part of the cargo
delivery is performed via ports located on the Arctic coast of Russia, which are connected
to the selected railway mainlines.

49 Hovmoller diagrams for 7 meteorological parameters listed in Table 2 for 7 railway
mainlines were built. Being too bulky to provide and describe in this paper, they are
presented as supplementary materials. The most distinctive findings after their analysis
are the following.

Diagrams of atmospheric precipitation show large heterogeneity in time and space
along the chosen railway mainlines.

The diagrams of wind speed and soil moisture display significant heterogeneity along
the selected railway mainlines (Saint-Petersburg—Murmansk, Saint-Petersburg-Perm, and
Ekaterinburg—Serov—Priobye) in the form of clear vertical bands of the order of 100-
250 km with relatively higher or lower values in comparison with the neighboring regions.
Sometimes these bands have relatively strict boundaries related to specific landscapes
(lakes, mountains, valleys, etc.). In other cases, year-to-year and seasonal variability
modulates the limits of these specific regions, which is why there are no strict boundaries
for them.

The spatial stability of these bands during decades confirms that a significant hetero-
geneity of wind speed, soil moisture, and other meteo parameters exists on the climatic
periods on the scale of 100 km.

The Hovmoller diagrams of temporal variability of different meteo parameters can be
used for railway mainlines under construction or planning. It will allow us to assess the
ongoing regional climate change along the future railway lines and to take measures for
adaptation to future changes in the environment [Kostianaia and Kostianoy, 2023; Kostianaia
etal., 2021].

We built Hovmoller diagrams for the railway mainline Salekhard-Novy Urengoy—
Igarka—Dudinka (the NLR). Some sections of this mainline are under construction, and
the other ones are under planning. In the Results, we described in detail the peculiarities
of the ongoing changes in the regional climate between 2017-2021. Also, for the same
railway mainline we built a graph of spatial variability of linear trends of changes of meteo
parameters that occurred in 1980-2021 (Figure 10), which showed that the fastest changes
occurred at the section Novy Urengoy-Igarka—Dudinka, which is under planning.

Figure 10 shows linear trends (per 10 years) of temporal variability of air temperature,
total precipitation, wind speed, soil temperature, soil moisture, air humidity, and snow
depth along the Salekhard—Novy Urengoy-Igarka—Dudinka railway mainline for the period
1980-2021. This representation of spatial variability of trends in temporal variability of
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Figure 10. Linear trends (per 10 years) of temporal variability of air temperature, total precipitation,
wind speed, soil temperature, soil moisture, air humidity, and snow depth along the Salekhard—Novy
Urengoy-Igarka—Dudinka railway mainline for the period 1980-2021.

meteo parameters is also very important because it shows in what locations these changes
are the strongest.

For instance, we can conclude that air temperature is rising everywhere and the largest
growth of air temperature (over 0.25°C/10 years) is observed eastward of Novy Urengoy.
Atmospheric precipitation is increasing everywhere as well, except in a narrow region
between approximately 600 and 700 km of the distance. Wind speed is decreasing with
time everywhere except in the region between Igarka and Dudinka. Soil temperature is
increasing along the whole line with a maximum in the interval between 600 and 950 km
of distance and a minimum from 1150 km to Dudinka. Relative soil moisture is increasing
everywhere (except for the first 100 km of the line) with two maxima at around 400 km and
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750 km of the distance. Absolute air humidity is increasing as well with the highest rates
in the eastern parts of the railway. With regional warming, snow depth is decreasing along
the whole distance of the railway with the largest rates from Novy Urengoy to Dudinka.
This type of plot is a more efficient way of representing regional climate change which
might be very useful for railway infrastructure planning and adaptation.

5. Conclusions

The Hovmoller diagrams, introduced in 1949 [Hovmdller, 1949], are currently widely
used by climatologists to study the variability of meteorological or climatic parameters
along specific longitudes or latitudes. The authors presume that in this paper they were the
first who proposed to use the Hovmoller diagrams for charting the temporal variability of
meteorological parameters along selected railway mainlines which can go in any direction
and have any number of bends in space. Thus, on the X-axis of the diagrams we plotted
the railway track distance from the starting to the final station of the mainline. We used
GIS software elaborated for this task to straighten the railway into a line (along the X-axis)
and complete the Hovmoller diagram.

The compiled Hovmoller diagrams have a spatial resolution of 15 km of the railway
line. The analysis of these diagrams for 1980-2021 for total atmospheric precipitation (on
Kirov—Vorkuta—Salekhard and Saint-Petersburg—Murmansk railways), temporal variability
of soil moisture (on Saint-Petersburg—Murmansk and Yaroslavl-Arkhangelsk railways),
temporal variability of snow depth (on Saint-Petersburg—-Murmansk and Salekhard—-Novy
Urengoy-Igarka—Dudinka railways), and others showed significant spatial heterogeneity
of the order of 100-250 km in the form of bands (specific parts of the railway) persistent
during decades.

A comparison of locations with anomalous meteorological parameters with geographic
maps of the region showed that they relate to specific regions in the vicinity of seas,
bays, lakes, etc., where the meteo regime of weather is different from the neighboring
regions on a climate scale. One of the important conclusions based on this fact is that the
spatial resolution of modern climate models often does not fully convey the variability of
climate parameters depending on local geographic features. Since the spatial resolution
of the models is on average 100-500 km, the detected bands of spatial heterogeneity of
meteorological parameters may be lost due to the coarse mesh of the models.

The detected specific (anomalous) locations at the analyzed railway mainline must
be taken under special control of railway operators with the establishment of additional
weather and technical monitoring systems, especially in regions with higher precipitation
and soil humidity, larger snow depth, and stronger wind speed. We believe that these
locations will remain unchanged geographically in the future, but, unfortunately, future
climate projections will probably not resolve them.

This new geoinformation climate methodology of the analysis of interannual variabil-
ity of key meteo parameters, important for sustainable operability of railway infrastructure,
can be applied to other regions of Russia and other countries where railway lines exist or are
planned for construction. In the latter case detection of specific (anomalous) locations at
certain segments of railway lines will allow in advance to take additional design decisions
and safety measures during the construction of railway lines. It seems that such kind of
Hovmoller diagrams must be constructed first for the historical period to detect these
specific locations, and only then for future projections. The same geoinformation climate
methodology can be applied to automobile roads which are subject to climate change as
well.

Further research in this direction should be focused on the construction and analysis of
Hovmoller diagrams showing anomalies of meteo parameters relative to the corresponding
months. We expect that interesting results can be obtained from the Hovmoller diagrams
constructed only for months that are key for certain parameters, for example, when air and
soil temperatures pass through zero degrees Celsius or are below or over certain critical
values. All this will make it possible to remove all seasonal variability from the Hovmoller
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diagrams and leave only the interannual variability of the parameters under study, which
will highlight the ongoing climate changes on certain sections of the railways. Finally, the
application of such kind of Hovmoller diagrams for future climate change projections, for
example, from the Coupled Model Intercomparison Project Phase 6 (CMIP6) is of vital
importance for adaptation of the railway infrastructure to climate change in the Arctic
conditions.
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Appendix A

This section contains additional figures (Hovmoller diagrams) that were not included
in the main text of the paper (Figures A1-A11):
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Figure Al. Hovmoller diagram of temporal variability of air temperature along the Salekhard—Novy
Urengoy-Igarka—Dudinka railway mainline for the period 1980-2021.
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Figure A2. Hovmoller diagram of temporal variability of total atmospheric precipitation along the

Kirov—Vorkuta-Salekhard railway mainline for the period 1980-2021.
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Figure A3. Hovmoller diagram of temporal variability of total atmospheric precipitation along the
Salekhard-Novy Urengoy-Igarka—Dudinka railway mainline for the period 1980-2021.
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Figure A4. Hovmoller diagram of temporal variability of wind speed along the Saint-Petersburg—
Perm railway mainline for the period 1980-2021.
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Figure A5. Hovmoller diagram of temporal variability of wind speed along the Tyumen—Novy
Urengoy—Yamburg railway mainline for the period 1980-2021.
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Figure A6. Hovmoller diagram of temporal variability of soil temperature along the Salekhard—Novy
Urengoy-Igarka—Dudinka railway mainline for the period 1980-2021.

Russ. J. Earth. Sci. 2025, 25, ES1005, EDN: OAMXSW, https://doi.org/10.2205/2025es000956 26 of 34


https://elibrary.ru/oamxsw
https://doi.org/10.2205/2025es000956

GEOINFORMATION ANALYSIS OF REGIONAL CrLiMaTIC CHANGES. . . KosTiANOY ET AL.

2019

2016

2013

2010

2007

2004

2001

1998

Period of analysis, years
Soil moisture content, %

1995

1992
1989
22
1986 20
1983 18
1980 16
(] S S S S S () S o S
() S (] (e S S o S
— N on < e O ~ 0
> A
fa— e (0]
E 2 2 g 2
g £ 2 =
= S . o <

Railway distance, km

Figure A7. Hovmoller diagram of temporal variability of soil moisture along the Yaroslavl-
Arkhangelsk railway mainline for the period 1980-2021.
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Figure A8. Hovmoller diagram of temporal variability of soil moisture along the Ekaterinburg-Serov-
Priobye railway mainline for the period 1980-2021.
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Figure A9. Hovmoller diagram of temporal variability of soil moisture along the Salekhard—Novy
Urengoy-Igarka—Dudinka railway mainline for the period 1980-2021.
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Figure A10. Hovmoller diagram of temporal variability of air humidity along the Salekhard-Novy
Urengoy-Igarka—Dudinka railway mainline for the period 1980-2021.
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Figure A11. Hovmoller diagram of temporal variability of snow depth along the Salekhard—Novy
Urengoy-Igarka—Dudinka railway mainline for the period 1980-2021.
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Abstract: The verification of statistical models of sea surface elevations based on the decomposition of
the wave profile into degrees of a small parameter (wave steepness) and in terms of multidimensional
integrals of wave spectra was carried out. For verification, wave measurement data were used
to calculate the skewness and excess kurtosis of surface elevations, as well as the distribution of
crests and troughs. Two factors are identified that limit the use of estimates of skewness A; and
excess kurtosis E; obtained from existing models. First, the model estimates A;; and E; are always
non-negative, although the measurement data show that the lower limit of the ranges in which the
skewness and excess kurtosis change is in the region of negative values. Secondly, almost all existing
models are one-parameter models, using wave steepness and wave age as predictors; whereas the
measured data indicate that there is no clear relationship. The values of A; and E,, vary greatly
for fixed values of the predictors. Existing statistical models can only describe average changes A,
and Ej;. This limits the scope of their application. The analysis of the probability density functions
of the troughs Frj and crests Fc, showed that the function calculated for Ay <0in the region
above the distribution mode exceeds the values corresponding to the Rayleigh distribution, and the
relationship Frj, = Fcr holds. The second order nonlinear model is inconsistent with this result.
Negative skewness values are observed much less frequently than positive ones, so the functions
F1p and Fcy calculated for the whole ensemble of situations are consistent with the second-order

nonlinear model.

Keywords: sea surface, statistical models, skewness, excess kurtosis, crest distributions, trough
distributions.
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Introduction

Despite the fact that Stokes published a paper in 1849 [Stokes, 1849] showing the
kinematic nonlinearity of the profile of finite amplitude surface waves, the linear model
remained the dominant model of sea surface waves for a long time. The linear model
represents the wave field as the sum of a large number of independent sinusoidal compo-
nents, the whose amplitudes are random variables, and the whose phases are uniformly
distributed over [0, 27c]. Such a model assumes, according to the central limit theorem,
that the elevation and slope of the surface follow a Gaussian distribution [Longuet-Higgins,
1957]. Within the linear model, the distribution of wave heights and the distributions of
crests and troughs are described by the Rayleigh distribution [Longuet-Higgins, 1952; Naess,
1985].

At the beginning of the second half of the last century, an active research on the
nonlinear effects in the wave field was started. It was found that the nonlinear interaction
between the components of the wave field leads to deviations from the Gaussian distri-
bution [Longuet-Higgins, 1963; Phillips, 1960]. Wave measurements have shown that the
distribution of sea surface elevations is better described by the Gram-Charlier distribution
than by the Gaussian distribution [Kinsman, 1965]. Laboratory experiments have confirmed
that the statistical moments of the elevations of the water surface created by the waves
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deviate from the values corresponding to the Gaussian distribution [Huang and Long, 1980].
The theory of modulation instability of Stokes waves was developed [Benjamin and Feir,
1967; Zakharov, 1967].

The senior statistical moments (or cumulants) of sea surface elevations are indicators
of the nonlinearity of sea waves. Several types of models are used to calculate them. The
most widely used models based on the Stokes wave [Huang et al., 1983; Jha and Winterstein,
2000; Tayfun and Alkhalidi, 2016]. As a general rule, these models take into account the
second term in the Stokes expansion, that is, they are second order nonlinear models.
Models based on the approximate third order Stokes expansion are not commonly used
[Boccotti, 2000]. In this paper, we will limit ourselves to analyzing the possibility of
calculating the senior cumulants of sea surface elevations using a second order nonlinear
model. Also in the last two decades, models have been created in which skewness and
excess kurtosis are calculated from wave spectra [Annenkov and Shrira, 2013, 2014; Janssen,
2003; Janssen and Bidlot, 2009; Mori and Janssen, 2006].

Waves on the sea surface are always random in the sense that the topography of
the surface changes in an irregular manner in both time and space. The main criteria
used in the verification of statistical models of sea surface elevation distributions is the
correspondence of the statistical moments calculated within their framework to the data of
direct wave measurements. An additional criterion is the deviation of the distributions
of heights, crests and troughs from the Rayleigh distribution. To verify statistical models,
this paper summarizes the results of experiments conducted at the Marine Hydrophysical
Institute of the Russian Academy of Sciences on a stationary oceanographic platform
located in the Black Sea [Zapevalov, 2024; Zapevalov and Garmashov, 2021, 2022, 2024].

Statistical Description

This section defines the main characteristics of waves that are used for statistical
analysis of non-Gaussian sea states. Here we are going to use the useful statistical moments,
which can be calculated from measuring the surface elevations at a fixed point, as follows

Hn = (Un(t»

where 7(t) is the surface elevation, t is the time, the angular brackets mean averaging. It
is assumed that the mean value of a random variable 7 is zero (y; = 0). To analyze the
effects associated with wave nonlinearity, skewness and excess kurtosis are commonly us

Ay = y3/y;/2 and E; = pq/y% — 3. The energy of the wave field is determined by the second
statistical moment. Usually in oceanography, instead of y;, the significant wave height Hg
is used, equal to the average height of 1/3 of the highest waves, which is determined by the

ratio
Hg = 4/p. (1)
Given (1), the wave steepness can be defined as € = %kp, where k,, is the wave number
of the peak of the wave spectrum. The inverse wave age is defined as C = % where
p

Ujp is the wind speed at an altitude of 10 m; C, is the phase velocity of a wave with a
wave number k, [Donelan et al., 1985; Young and Donelan, 2018]. The smaller the value
of (, the later the stage of development of the waves corresponds to. The value Cy = 0.83
corresponds to a fully developed wave, at C < (g the wave field will create a swell, at C >
wind waves will be created.

The changes in the wave steepness at different stages of the wave field development
are shown in Figure 1. For the swell, the correlation coefficient between the parameters
C and ¢ is 0.15, the dependence of the wave steepness on the stage of development is
approximated by linear regression [Zapevalov and Garmashov, 2021] € = 0.016 + 0.0061C.
For wind waves, the correlation between these parameters is much higher and equal to
0.65, the linear regression equation has the form & = 0.021C.
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Figure 1. The correlation between the inverse wave age C and wave steepness ¢.

A Second-Order Nonlinear Model

The analysis of nonlinear effects is usually carried out within the framework of
models that are based on the decomposition of the wave profile by degrees of a small
parameter ¢. The steepness of the sea waves lies within the limit 0 < € < 0.1 [Zapevalov and
Garmashov, 2021]. The profile of the wave is represented as the sum of the linear and non-
linear components #(x,t) = yy(x,t) + yn(x,t). The linear component is a superposition
of sinusoidal waves n(x,t) = ZZZI a,cos,, where x is the spatial coordinate, a, are
amplitudes of the wave components, 1, = k,,x — w,t + @, k, and w, are a wave number and
an angular frequency, ¢, is the phase. The amplitudes are Rayleigh distributed random
variables. In a second order nonlinear model, terms proportional to ¢ are considered. In
recent years, a model has been widely used in which the nonlinear component is given in
the form [Gao et al., 2020; Jha and Winterstein, 2000; Toffoli et al., 2007].

172(x,t) = Z Z {aman[B;m COS(Ebm - #)n) + B:—nn COS(¢m + 4’11)}}:
m=1n=1

where transfer functions B, and By, are obtained from solution of Laplace’s equation for
the velocity potential with nonlinear boundary conditions.

Relationships linking skewness and excess kurtosis to wave steepness are obtained in
[Tayfun and Alkhalidi, 2016] for a second-order nonlinear model

Ay =3¢+ 0(63), (2)

E, =12¢7+0(e*). (3)

Let's compare the model dependence (2) with the results of calculations based on
wave measurements (Figure 2). For a swell, the statistical relationship between skewness
and wave steepness is approximated by linear regression

Agpels = 2.52¢ + 0.02. (4)
For wind waves (ww), the linear regression has the form
Apw = 1.79¢ + 0.05. (5)

The values A,7 calculated within the framework of nonlinear models, including within
the framework of the second-order nonlinear model, are always positive [Huang et al., 1983;
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Figure 2. The dependence of asymmetry on steepness. The points are measurement data, lines 1, 2
and 3 correspond to equations (2), (4) and (5).

Naess, 1985; Tayfun and Alkhalidi, 2016]. This is in contrast to field measurements where
the lower limit of the range in which skewness values are found is in the region of negative
values [Guedes Soares et al., 2004; Jha and Winterstein, 2000; Zapevalov and Garmashov,
2022]. In laboratory experiments, negative skewness values were also observed. [Huang
and Long, 1980; Zavadsky et al., 2013]. In addition, the model dependencies provide a clear
link between A, and ¢, whereas Figure 2 shows that for fixed values ¢ the values Ay, and
Ay vary within wide limits.

Similar contradictions between model calculations and measurement results occur for
excess kurtosis and wave steepness. In Figure 3, in addition to the model dependence (3),
linear and quadratic regressions are shown. These are described by the equations

Egperr = 0.93¢ = 0.02, (6)
Eswell = 32.63¢% —0.43¢ — 0.01, (7)
Eyw =1.01¢, (8)
Eyw = —11.63¢" + 1.87¢ — 0.01. 9)
0.8 | 0.8
L ; Swell ~ Wind wave

-0.4 B -0.4 L
0 0.02 ¢ 0.04  0.06 0 005 ¢ 0.1

Figure 3. Dependence of the excess kurtosis on the wave steepness. The points are the measurement
data, line 1-5 correspond to equations (3), (6), (7), (8) and (9).
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Spectral Wave Model

Currently, global and regional spectral wave models have become a working tool
for sea wave forecasting [Grigorieva et al., 2020]. Comparison with in situ and remote
measurement data shows that these models describe the spatial and temporal changes in
wave energy quite well [Mikhailichenko et al., 2016; Stopa et al., 2016]. In [Janssen, 2003;
Janssen and Bidlot, 2009], on the basis of the canonical transformation in the Hamiltonian
theory of water waves, relations were obtained linking skewness and excess kurtosis with
the characteristics of the wave spectrum. If these relationships are correct, then the results
of calculations using spectral wave models can be used to correct the data from altimetric
measurements by reducing the sea state bias [Badulin et al., 2021; Cheng et al., 2019]. They
can also be used to predict dangerous water areas, since the excess kurtosis is a relevant
parameter in the detection of freak waves [Luxmioore et al., 2019; Pelinovsky and Shurgalina,
2016].

It has been shown that the skewness calculated in terms of the directional wave
spectrum is always positive [Longuet-Higgins, 1963]. In [Mori and Janssen, 2006], for a
narrow-band wave train, the dependence of the skewness and the excess kurtosis on the
steepness of the waves is obtained as follows

A, =3, (10)

2
E, = 24¢’. (11)

For the wave spectral model, the dependence of the skewness on the wave steepness
coincides with the dependence (2) obtained in the framework of a second-order nonlinear
model. In equations (3) and (11) the numerical coefficients for ¢* differ by a factor of two.
The limitations of using equations (10) and (11) were shown in the previous section.

In a special case for the modified JONSWAP spectrum, whose parameters are explicit
functions of the age of the waves, the following dependence was obtained [Annenkov and
Shrira, 2014]

E, = 0.04+0.082¢". (12)

The modified JONSWAP spectrum for wind waves satisfying the condition 0.83 < < 5
is [Donelan et al., 1985]

ol (5} s

0.55

where 6 is the azimuth angle, ap = 0.006C ", op = 0.08(1 + i),

CS

’

YD =

1.7 if 0.83<(C<1
1.7+6.0lgC if 1=<C<5

©(0) is a spreading function. The spreading function is defined as ©(0) = %ﬁsechz(ﬂ()),

1.3
261(@1) if 0.56=<-*<0.95

P u)p

h _ -1.3
where § = zzg(wi) if 0.95=2<1.6
P P

1.24 if 1.6< ¥
w

The agreement of formula (12) with measurement data is shown in Figure 4. The same
figure shows a linear regression relationship, which looks like this:

E, = 0.029C.
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Figure 4. Dependence of the excess kurtosis on the inverse wave age. The points are measurement
data, the line 1 is a dependence (12).

Distribution of Crests and Troughs

The deviation of the wave height distribution due to nonlinearity is small for the
main part of the distribution, but not for the tail, and is therefore of great importance
in predicting the occurrence of abnormally high waves [Stansell, 2004]. This statement
also applies to crests and troughs. The height of the crest Cr is the maximum value of the
surface elevation 7(t) between the moment when it crosses the zero level from bottom
to top and the moment when it crosses this level from top to bottom [Forristall, 2000].
Similarly, the depth of the trough Th is determined. The depth of the trough is the absolute
value of the minimum value 7(t) between two successive intersections of the zero level
from top to bottom and from bottom to top.

In the linear model, the probability density functions of random variables Cr and Th
coincide and are described by the Rayleigh distribution, which has the form

2
Fr(x) = %exp _x_2 ,x 20,
Xy 2xq

where x is scale parameter.

For waves propagating in deep water, a simplified second-order nonlinear model can
be used in the narrowband spectrum approximation, which is described by the amplitude-
modulated Stokes wave equation

1
n(x,t) =a,(x,t)cos€+Ekpaf(x,t)cos(ZG), (13)

where a,(x,t) is a wave envelope. The local maxima of the second term in (13) coincide
with the crest and trough of the linear wave, so the maximum values of the crest and trough
are respectively equal to Cry,x = a, + %kpaf, Thmax = a4y — %kpaf, Thus, in the second-order
nonlinear model, the peaks are higher and the troughs shallower than predicted by linear
theory [Toffoli et al., 2008].

Let us compare the distributions of the crest and trough calculated from the measure-
ment data with the model prediction. To use the measurement data obtained in different
situations, we introduce normalization

it =12,

Probability density functions Fc, and Frj, depend on the range A, for which they are
calculated [Zapevalov, 2024]. As can be seen from Figure 5, the probability density functions
Fc, and Fry, for A;; > 0 correspond to a second-order nonlinear model. Contradictions arise
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when A, < 0. In this case, when x is greater than the distribution mode, the inequality
Fri > Fr holds. Negative values of skewness are observed much less frequently than
positive values [Zapevalov and Garmashov, 2022]. Therefore, if we calculate the averages
over the full range A, functions Fc, and Frj, then they are consistent with a second-order
nonlinear model.

10
F 4,>0
10°

Full range 4,

107!
107
102

10'3 1 1 1 1 1 |
0 05 , 1 15 0 05 5 1 15 0 05 » 1 1.5

Figure 5. Probability density functions Fcr and Frp, calculated for three ranges of skewness A;. The
blue curve is Fc, the red curve is Fryj, the black curve is Fp.

Conclusion

A wide range of fundamental and applied problems are concerned with the descrip-
tion and prediction of nonlinear effects in sea surface waves. Verification of statistical
models based on wave measurement data showed the following. Models based on the
decomposition of the wave profile by wave steepness, as well as models based on multidi-
mensional integrals of wave spectra, do not describe changes in the skewness and excess
kurtosis of sea surface elevations in the range where these parameters change at sea. These
models can only describe average dependencies on the wave steepness or inverse waves
age in a limited range (A, > 0, E;, > 0). This is not sufficient for their use in engineering
applications, where load calculations require information about the limits of changes in
parameters characterizing the impact of waves on an object.

The non-linearity of sea waves is determined by several physical mechanisms; there-
fore their correct description requires the construction of multi-parametric models.

Acknowledgments. The work was completed within the framework of the state assignment
on the topic FNNN-2024-0001 “Fundamental studies of the processes that determine fluxes
of matter and energy in the marine environment and at its boundaries, the state and
evolution of the physical and biogeochemical structure of marine systems in modern
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C 1mesbio M3yYeHHs SBOJIIOINNA ATMOC(EPHBIX MIPUINBOB OBLIN TPOBEIEHBI MOJECIbHBIE PACIETHI
0011eit aTMOCHEPHOI IMUPKYJISIIANA C TTOMOIIBIO 3-MEPHON HEJTUHENHON MEXaHUCTUIECKON MOIEIN
MCBA. B kadecTBe eCTECTBEHHBIX TPONUYECKUX OCIMJLISINN PACCMATPUBAIOTCA: KBA3UIABYXJIETHEE
kosiebanmne skBaTopuanabHOro 30HAIBHOTO Berpa (KIK) B crparocdepe m Dnp-Hunbo HOxmoe
konebarme (QHIOK). sMeHennsa aMIIATY,T TPUIMBOB AHAJIU3UPYIOTCA Ha Tpex 10-THEBHBIX WH-
TepBaJlax BPEMEHU NepeJ], BO BPEMS W IMOCIe BHe3amHoro crparocdepnoro norernenus (BCII).
Paccmarpusatorcst kommosurabie BCII, cocrosimue u3 6 coObITHi, HallIGHHBIX B aHCAMOJISIX pacde-
TOB, st Kaxk ot komOuHarmu dasz KK /9HIOK. Vccnenyorcst MUTpUpPYIOLie U HEMUTPUPY 0L
CyTOYHBIE U TIOJIYCYTOYHBIE MPUJIUBBLI C 30HAJBHBIMU BOJTHOBBIMU unciamu, 1 u 2. HucieHHbie
KCIIEPUMEHTHI, B YACTHOCTH, MTOKA3aJIM, YTO CTPYKTYpa MPUIUBOB BOCIIPUUMYINBA K BO3JIEHCTBUIO
BCII, upu srom Bo Bpemsi BCII ammmuTy bl npuiansoB npu pasubix komonaanmsax KJIK — 9HIOK
MeHHI0TCs 1o-pa3Homy. Hampumep, npu Duab-Hunbo n Bocrounoit daze KK 3amerno ocsrabire-
HHe CyTOYHOro Murpupytomero npuiausa Bo Bpems BCII, a npu Jla-Hunbs u BocTouHO# haze
KJIK, Hao6opoT, aMILIUTY/1a CyTOYHOrO NMPUJINBA yCUJIMBAETCS BO BpeMsi cobbiTus, a mnocjiae BCIT —
ocstabursiercst. AHAJIN3 YUCJIEHHBIX SKCIIEPUMEHTOB IIO/TBEPXKIAET CYIIECTBYIOIINE IPEICTABICHS
0 CYIIECTBEHHON M3MeHYMBOCTH punBoB Bo Bpemsa BCII u memMoHCTpUpYyeT BasKHEHIINI NCTOTHUK

3TOI M3MEHUYNBOCTH, CBSI3aHHBINA ¢ KOMOMHAIUsAMK JauHaMudeckoro Bosueiicreust KJIK — 9HIOK.

KunroueBsie ciioBa: JUHaMHUKa a.TMOC(i)e]Z)I:I7 a.TMOC(i)eprIe IIPUJINBBI, TPOIIMYIECKHNE OCIIUJIJIAIIUN,

BHE3aIITHOE CTpaTOC(i)epHOG IIOoTeIlJIeHue.

Huruposanme: Kosann, A. B., I1. H. Baprun, H. M. Taspunios, K. A. Tunenko, T. C. Epmakosa,
M. M. Edumos, A. B. CokosioB YHucjiennoe MoJeMpoBaHre BO3IEHCTBUS €CTECTBEHHBIX
TPONUYIECKUX OCHUJIANANA HA aMILIATYIbl aTMOC(EPHBIX TPUIMBOB BO BPEMsI BHE3AITHOTO
crparocdeproro noremserns // Russian Journal of Earth Sciences. — 2025. — T. 25. — ES1007. —
DOI: 10.2205/2025es000939 — EDN: SXAGIY

BBenenune

Inobanbabie arMocdepHble BOJIHBI, BKIIOYAs COTHEIHBIE TEPMUAIECKHE TIPUIUBBI, OKA3bI-
BalOT CYMIECTBEHHOE BJIMSHIE Ha IUHAMUKY aTMOCQEPDI, IIPU 3TOM Ha BBICOTaX Me30Chephl
u Hukueil repmocdepsl (MHT) npusmBel urpaior OCHOBHYIO POJib B (DOPMHUPOBAHUU TEP-
MOJMHAMUYIECKOTO pexkuMa armocdepst [Forbes, 1982; Hagan et al., 1995; Jacobi et al.,
1999; Manson et al., 1989; Pancheva et al., 2002; Smith, 2012]. CosHeqHbIe IPUIUBBI — 5TO
KoJiebaHust TJI06aIBLHOr0 MAcIITaba ¢ ePUOJAMI COJHEYHBIX CYTOK (24 4) U ero rapMOHUK
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(12, 8 u 6 1), KOTOpBIE B OCHOBHOM BO3HHKAIOT B PE3yJIbTaTe HOIVIOIIEHUsI COJIHETHON Da-
JIMAIUH BOJSIHBIM [ApOM B Tporocdepe u 030H0oM B crparocdepe [Xu et al., 2012). Uz-3a
YMEHBINEHNS IIJIOTHOCTU aTMOC(EPHI U COXPAHEHUsI BEPTUKAJIBHOTO IMOTOKA BOJTHOBOI SHEP-
UM, aMIUIATY/bI IPUJINBOB YBEJIMYUBAIOTCA € BBICOTOH 1 jocTuraoT Mmakcnmyma 8 MHT
obstactu. ITomrmo cobCTBEHHO OOMEHA MMITYJILCOM CO CPEIHUM TEUEHHEM, MPIINBLI UI'PAIOT
BaXKHYIO POJIb B HEJIMHEHHBIX B3anMOJeicTBIAX IianeTapubix BosH (I1B), Momyaupys nx
curgas B MHT obnactu u, Takum obpa3oM, criocobcTByst pactupocrpanenuio [1B B BepxHioo
repmocdepy |Lastovicka, 2006].

Honromepuonubie armocdepHbie Kosebanus, Takue Kak Jab-Huuabo — KOxkuoe koite-
6anne (QHIOK), kBasusyxiernee kosebanune (KJIK) crparocdepHOro sKBaTopuaabsHOrO
30HAJILHOTO BETPA, & TAKXKe MUKJIMIHOCTH COJTHEIHOM aKTUBHOCTH BJIUSIOT HA PETHOHAIBHYIO
7 1VI00AJIBbHYIO IUPKYJISIIIAIO, BKIIIOYAs YCIOBUS [IJIsi TEHEPAINN U PACIIPOCTPAHEHUS ATMO-
cdepHBIX BOJH pa3ingaHoro Macmrada [Baldwin et al., 2001; Gan et al., 2017; Hitchman
et al., 2021; Koval et al., 2019, 2022b|. B yacTHOCTH, TaKue eCTECTBEHHBIE TPOMMIECKIE
ocrmmutsitinn, Kak KJIK n 9HIOK, oka3piBaioT CymiecTBeHHOE BIMSIHIE U HA CTPATOCHEPHBIIA
HOJISIPHBII BUXPb [TOCPEJICTBOM JaJIbHUX CBsizell [Garfinkel and Hartmann, 2007).

9HIOK renepupyercsi B pe3ysbTaTe B3auMOJIEHCTBUs OKeaHa ¢ aTMOChepoii B TPOIu-
qeckoit obstactu Tuxoro okeana. [lojoKuTesbHBIE TEMIIEpATYPHBIE AHOMAJIMHA B BOCTOYHON
WK TIEHTPAJIBHOM SKBATOPUABHON YacTu THUX0ro okeana, XapaKTepHBIE JJIsi SBJCHUS OJib-
Hunbo (nosoxkurenbras dasza DHIOK), yMeHbIIAIOT 00IMHO GOJIBIIYI0 PA3HUILY TEMIIEPATYD
moBepxHOCTH MOpsi. Kak ciemcrsue, maccatbl ocsabeBaior, uHaeke FOxkHOro xosebanust
CTAHOBUTCST AHOMAJIbHO OTPHUIATETHHBIM, & YPOBEHb MOPS MAJAET HA 3AIaJI€ W MOJHIMAECTCS
Ha BOCTOKE II0 Mepe passurust noremienus | Trenberth, 1997). VIaMeneHust BHETPOIMIECKOI
[UPKYJIAIUNA BO BpeMst Diib-HUHBO pasanyuHBIX TUIIOB 00Cy:KaatoTest B padore [Ermakova
et al., 2022). Jla-Hunbst npeacrasisger coboii NPOTUBOIOIOKHYIO (OTPUIATENBHYIO) (ha3y
FOzkHOTrO KOJIEbaHUs, TP ITOM HAOJIIOIAeTCS HU3KOE JIABJIEHNE K 3aI1a Ly OT JIMHUU [TepeMe-
HBI JIaT, & BBICOKOE JIABJIEHUE — K BOCTOKY B IIEPUOJIBI AHOMAJIbHO HU3KUX SKBATOPHUAJIBHBIX
Temrieparyp nosepxuoctu Tuxoro okearna. OTpoMHOE BHUMAHUE YIAEJSIETCS U3YIE€HUIO 0CO-
6ennocreit Businng DHIOK na riobanpnyio arMocdepHyo JUHAMUKY BBICOKHX IMAPOT
[Bapzun u dp., 2021; Koaennukosa u dp., 2021; Ermakova et al., 202/; Wang et al., 2010].

KK npostBisteTcss B TpOIUYIECKO# cTpaTocdepe Kak N3MEHEHNE HAIPABICHNUST 30HAIb-
HOT'O BETPa CO CPEIHUM IEPHUOJIOM IOPSIKa 2 JIET, YTO TaKKe OKA3bIBAET CYIIECTBEHHOE
BJIMsIHUE Ha IVIOOAJIBHYIO IUPKyianuio armocdepsl. KJIK xapakrepusyercs: mormepeMeHHBIM
3aIa/(HBIM U BOCTOYHBIM PEKUMAMU BETPA, MPAHUIIA MEXK/y KOTOPBIMH ITOCTEIIEHHO OITyC-
kaercs. Kak nokazasmu Xonron u Taun [Holton and Tan, 1980], KIK Biuger Ha mupuny
¥ PACIIOJIOXKEHNE BHETPONMMYECKUX BOJIHOBOIOB, 110 KOoTOphiM [IB pacnpocrpanstorcst us
Tporocdepsl B BepxHue cjion armocdepbl. Cunraercsi, Y70 BO BpeMsi O0peasibHOM 3UMBI 10~
JIFpHBIHA Buxpb Bo BpeMs Bocrounoit dazel KK (BKIK) ciabee u Gosiee Bo3MyIreH, 4eM BO
Bpems 3anaauoil dbassl (3KIK) usz-3a nosbimenHoii Bosnosoit akrusnocru [1B. Dro noarsep-
JKJIAIOT U Pe3yJIbTaThl YMCJIEHHOro Mojesmposanust [Koval et al., 2022b]. PacupocrpaHsisich
PA3HBIMU IIyTSMHA 110 MOIUMDUIMPOBAHHBIM BOTHOBOIaM, 1B pacnpocrpassior Bo3MyIeHwst
u3 KJIK B BbICOKHE IMUPOTHI U BepxHUE cJiou arMocdepsbl, BKrodas Tepmocdepy [Koval
et al., 2022q.

B nmacrositiiee BpeMst Bce 6oJIbIiee KOJIUIECTBO PAOOT MOCBSIIEHO U3YIEHUIO OCODEHHO-
creit coBmectroro Biausgansg KK n DHIOK na nupkyssimio crparocdepsl n Tpornocdepsl.
Hanpuwmep, B [Kumar et al., 2022] aBropbl pacCMOTpeIH COBMECTHOE BJIMsIHEE cTpaTocdep-
noro KJIK nu 9HIOK Ha nosisipHbIii BUXpb, CyOTPOIIUYECKHe 3alla/Hble CTPYHHbIE TeYeHUsI
¥ BOJTHOBBIE CTPYKTYPBI. BBIIIO BBISIBJIIEHO yCHiIeHHE CTPATOCKHEPHOTO MOJISIPHOTO BHXPS BO
pemsi 3K/TK. Takke aBropsl yKasaju Ha TO, 4To nposibjieane KJIK B crparocdepe cunbhee
B ycsiousx Jla-Hunbst. Ma et al., 2022 rakzke n3yunyin copmectHoe Biusiare KJIK u 9HIOK
HA& B3aMMOCB3b MEXKJIy MPOTIKEHHOCTHI0O MOPCKOT'O JIbJIa ¥ eBPA3UHCKAM KJIMMATOM 3UMOM
qepe3 IUIAHETAPHYIO BOJIHOBYIO aKTHUBHOCTH W CTPATOCHEPHBIH TOISPHBIA BUXPb.

DopmupoBaHue U pasBUTHE BHE3AHBIX cTparocdepnbix noreriennii (BCII), B cBoro
ovepeib, BAUSET Ha TEPMOTUHAMUYIECKAN PEXKUM BCel cpeueii arMocdepsbl, a Tak»Ke Ha
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dbopMupoBaHUE TTOrOJHBIX AHOMAIWI 1 M3MeHeHne Kaumara B Tporocdepe [Salminen et al.,
2020]. BCII gBiisieTcst OZHUM U3 CAMbBIX 3aMETHBIX [POIECCOB AMHAMUYECKOIO B3aUMOJIE-
cTBUsT MeX Ty Tporocdepoit u cpeaneit armocdepoii. BCII npoucxomsar B 3suMmHIit iepmo;t
Ha BBICOKHX IUPOTAX. 30HAJIBHO OCPEIHEHHBIH MEPHUINOHAJIBHBIN T'PAJIMEHT TEeMIIEPATYPHI,
00BIYHOE HAITPABJIEHNE KOTOPOTO 3UMOii K 9KkBaTopy, Bo BpeMsi BCII mensier B crparocdepe
HaIpaBJIeHNe Ha IPOTHBOIOJIOKHOE. B ciryuae ritaroro (major) BCIT Hanpas/ieHHbIH Ha
BOCTOK CPEJHUII 30HAJIBHBII BeTep B CPEIHEIINPOTHON cTparocdepe Tak»Ke MeHsIET Ha-
npasjenne Ha nporusomnosiokuoe. Biusane BCIT Ha dhopMupoBaHie TOrOHBIX aHOMAJAN
u u3MeHeHnii KimMara B Tponocdepe aKTUBHO n3ydaercd ¢ Hadaia XX Beka [Baldwin et al.,
2007, 2001; Hong and Reichler, 2021; Nath et al., 2016; Sun and Robinson, 2009]. BCII
MOI'YT CYIIECTBEHHO BJIMATH Ha JMHAMHUKY U TEPMUYECKUIl PEKUM BepxHell armocdepsl
[Fuller-Rowell et al., 2010; Pedatella and Liu, 20153; Pedatella et al., 2010], upencras-
Jisist CODOI BasKHBIN IIPEMET UCCJIeIOBAHNS BEPTUKAJIBHBIX B3aNMOAEHCTBIIT B aTMocdepe
B IVI0DAJIBHOM MacIITabe.

WNamenenns: aMmuTy 1 aTMOChEPHBIX PUJINBOB Ha pa3Hbix craguax BCII uzydgasmcn
KaK Ha OCHOBE PaJIapHbIX JaHHbIX [He et al., 2020; Hibbins et al., 2019], Tax un Ha 6a3e Jmuc-
JIEHHOTO MojienpoBanust | Limpasuvan et al., 2016; Pedatella and Liu, 2015 n Ciiy THUKOBBIX
mamepenwuit [Siddiqui et al., 2022]. OTmeqaeTcsa CymecTBEHHAS N3MEHINBOCT B TIOBEJICHAN
npwmBoB, B gactHoctH, ipu BCII 3a mociieiame rompl HAOTIONAINCH PA3HOHAIIPABICHHBIE
TeHJeHIK B cTpyKTypax npuiansos B MHT o6mactu. Hanpuwmep, [He et al., 2020] no
JAHHBIM CETH PaJaPHBIX CTAHIUN JTUATHOCTUPOBAJIA OCJIab/IeHIe MUTPUPYIOIIETO HOJIYCY-
TOYHOrO IpmwinBa B Me3ocdepe Bo Bpemsi obpazoanus BCII 2018 roga. Ogxako mo npyrum
pallapHbIM JIAHHBIM ObLIN BBISIBJIEHBI M OOpATHBIE TEHIEHIIUN: YCUJIEHUE MUIPUPYIOIIEro
nosrycytounoro npuiausa Bo Bpemsi BCIT 2006 r. u 2009 rr., 9TO, 110-BUINMOMY, CBSI3aHO
¢ u3aMeHeHusiMu crparocdepHoro ozona [Sridharan et al., 2012].

Ilens mamuoit paborTbl — uccienoBanune Biusinus paziandabix da3z IHIOK n KK
Ha U3MEHEHNe IIPOCTPAHCTBEHHO-BPEMEHHON CTPYKTYDPBI IIPUJIUBOB Ha Pa3HBIX CTaAUAAX
dopmuposanus BCII Ha ocHOBe 9nCIEHHOTO MOJICJIMPOBAHUS C UCIOJIB30BAHUEM 3-MEDHON
Mojiesn cpesueit u Bepxueit armocdepsr MCBA.

MeTtoapt 1 TTOAX0IBI

Mogeas MCBA. [[ist MmonenupoBanust o0I1eil arMochepHOi UPKYJISIUT B pa3indHbie (hasbl
OHIOK u KJK wucnoJib3yercs MeXaHUCTUYECKasl HeJIMHEeHAasl YNCJIEHHAasT MOJIeJIb O0Iei
nupKyJsinuu cpejaneii u Bepxueit armocdepst MCBA [Pogoreltsev et al., 2007], aktuno
ucroJb3yeMas JIJIsl U3yUeHHsi KPYITHOMACIITaOHBIX BOJIHOBBIX TpolieccoB |Geifiler et al.,
2020; Koval et al., 2022b; Medvedeva et al., 2019]. Koneuno-pasnocraas mogeas MCBA
OCHOBAHA HA PEIIEHUU yPABHEHUI I'MIPOINHAMUAKU B CHDEPUIECKO CrCTeMe KOOPIUHAT, C TO-
PU30HTAJIBLHON ceTKOU 36 X 64 y3JI0B 1O MUPOTE U JOJTOTe U H6 BEPTUKATHLHBIMUA yPOBHSIMHI
oT 3eMHOI oBepxHOCTH 710 puMepHo 300 kM B log-uzobapuyeckoii cucreMe KOOP/IMHAT.
Mogiens MCBA ajiekBaTHO BOCIPOU3BOJIUT CTPYKTYPY ATMOCKEPHBIX MPUJIMBOB U MHO-
POKPATHO UCIOJIb30BAJIACD JIJIs U3y UYeHUs PA3IUYHbIX MoJ, Murpupytomux |Geifiler et al.,
2020; Lilienthal and Jacobi, 2019; Lilienthal et al., 2018] n nemurpupytomux [Cysoposa
u Iozopeavyes, 2011 npunusos. B Mozenn reHeparyst IPUIABOB TPOUCKOIUT CAMOCOTIIA~
COBAHHO: 3a CYeT NapaMeTPU3alNN COJHEYHOI'O HArPeBa W HEJIMHEHHBIX B3aMMOAEUCTBIN
MeKJIy TPABUTAIMOHHBIMU BOJTHAMU ¥ NpujinBaMu. IIpocTpaHCTBEHHAsST CTPYKTYPa MOJEJIH-
pyembix npuiauBoB B MCBA coorBercTByeT HabJIIOIEHUSIM, XOTS AMILIATYIbI MOT'YT OBITH
HEJIOOIEHEHbl, KaK U BO MHOIHMX Apyrux momensx |Lilienthal and Jacobi, 2019]. B Tekymeii
pabore aHaM3 CHOKYCUPOBAH HA OTHOCUTEIBHBIX M3MEHEHUsIX aMILIATY]] IPUJINBOB.

®azpr KJIK. Jlna onpenenenus KK ucnob3yercss MeTO/I, OCHOBAaHHBIN HA PACCMOTPEHUN
BEPTUKAJIHHON IBOJIIONNH SKBATOPHAJIBHOIO 30HAJIHHOIO BETPA C UCIIOJIH30BAHUEM SMITHPH-
YeCKUX OPTOrOHAJBHBIX (DYHKIWIA, npeyiokenublit B crarbe [ Wallace et al., 1993] u pea-
Ju30BaHHBI Hamu panee [Koval et al., 2022D]. Ucnonp3oBaHue 9TOro MeTOa O3BOJIMIIO
0/I00PaTh TOJBI, COOTBETCTBYIOINE BocTOIHON u 3amaamnoit dhaszam KJIK. IIpu yncaenubix
pacuerax juia yaera KJIK B Momen uCIOIb3yeTcsl HbIOTOHOBCKas pesiakcalms (nudging)
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MOJIEJIUPYEMOTO CPETHE30HATIHLHOIO ITOTOKA B 9KBATOPHAJIBHOM cTpaTocdepe K COOTBETCTBY-
IOIUM OCPEJIHEHHBIM pacipeiesieHusM Ha ocHoBe peanannza MERRA2 npu pazmnaabrx
dazax KJK.

®a3zp1t IHIOK yurens: B mozgesn MCBA nocpencTBoM BHEAPEHUsT B MOJIEIb TIAPAMETPU3AIIN
BbLJIEJIEHUSI CKPBITOIO TeIUIa 110 METOJLY, IpejiozkeHHOMY B pabore [Ermakova et al., 2019).
Jns Boigenenus dasz DHIOK ucnosbsyerca mynbrusapuarusubiii nngexce (Multivariate
ENSO Index, MEI, [Wolter and Timlin, 2011]). Ncnons3yst Tabauiy 3nadernit MEI, Boi-
buparorcst Tojpl, coorBeTcTByomue dazam Dab-Hunbo u Jla-Hunbsa. Ocpennennbie 1o
STUM TOJAM JJIsi OTJEJIbHBIX CE30HOB IOJIS TEMIIEPATYPHI U N€OMOTEHINAIIA UCIOIB3YIOTCS
B KauecTBe HadaJibHbIX ycsioBuit B MCBA.

BCII. Cobbirust BCII renepupytorcs B MCBA 3a cyer BHyTpeHHeH U3MEHUYNBOCTH T'UIPOIH-
HaMUYECKUX ITOJIe U HEeJINHENHBIX B3aUMOAEUCTBUN CpeIHero TeUYeHUd C IJIaHeTaPHBIMUI
BOJIHAMHU. AJIEKBATHOCTH BOCIPOU3BEIeHUs TIaBHBIX 1 MUHOPHBIX BCIIT momeanio MCBA 06-
cyxKjaJjiach B 6ojiee paHHUX paboTax, B 4aCTHOCTH, Mojeaupyemble cobbrrust BCII, cxoxue 1o
MIPOCTPAHCTBEHHO-BPEMEHHBIM XaPAKTEPUCTUKAM C HADJIIOIAEMBIMH, [TPOIEMOHCTPUPOBAHBI
B paborax [Koval et al., 2019; Medvedeva et al., 2019)].

Hnst apromarusaiuu u cradgaprusanun noucka BCII B paborax [[aspu.nos u Efumos,
2021; Eftimov and Gavrilov, 2025| paspaboTan MeTOZ, OCHOBAHHBI Ha TIOMCKE MOMEHTOB
MakcuMasbHOi ckopoctu uamenenusi (MCU) remmeparypsl u cpeiueii 30HAIBHON CKOPOCTH
BO Bpemst coObiTust. B Hagase BCII MoKHO HalTH MOMEHT MAKCHMAJIBHOI'O POCTA TEMITEPa-
TypBbI, t7, KOTJa IepBast IPOM3BOIHAS 110 BPEMEHH IOJIOKUTEIbHA 1 MAKCUMAJIbHA, & BTOPAsI
MIPOU3BOHAS OJTHOBPEMEHHO PaBHA HYJIIO. 3aIlaHbII 30HAJIBHBIN BeTep BO BPEMs HATAJIA
BCII yObiBaeT 1 MOXKET MEHsITh HaIlpaBjieHne. B MOMEHT MaKCHUMaJIbHOW CKOPOCTH yMEHb-
IIIeHNs 30HAJIBHOTO BETPA, ty/, IepBasd IPOU3BO/HAS OTPHUIATENbHA, a BTOPas IPOM3BOIHA
IIPOXOIUT HyJIeBOe 3HadeHue. HeoOXOmMMbIM yCIOBHEM IKCTPEMAJIbHONW CKOPOCTH POCTA
v yObIBaHUS sIBJISIETCsI PABEHCTBO HYJIIO BTOPOI ITPOM3BO/IHOM IO BPEMEHH.

st mpoBepku MeTona aBTOphl B pabore [E¢umos u Taspunos, 2024] oupenennim
xapakrepuctuku BCII ma Beicore 30 kM 3a mepuop, ¢ 1958 mo 2017 r no 6a3e JaHHBIX
SINOHCKOT'O MeTeopoJiorndeckoro peanajmia JRA-55. JIjist yMeHbIeHUs [IIyMa JIJAHHBIE peaHa-
JIN3a, YCPEJHSINCH 110 IMUPOTHOMY KOJibIly 60°—90° c.m. CpaBHeHMe ¢ BpeMeHAMU Hadajia
32 rnasubix BCII, fg, TpauiinoHHo HANIEHHBIX IO BPEMEHU PA3BOPOTa 30HAJIBHOIO BET-
pa B Tabauue [Butler, 2023], nokasajo, 9ro cpeauee 3uadenue fp —t, = 3.6 + 0.5 cyT, T.e.
MaKCHMAaJIbHAsI CKOPOCTb YMEHBIIIEHUs] 30HAJILHOI'O BeTpa HaDJII0IAeTCsl PAHbBIINe, YeM Pas3-
BopoT Hamnpasjenus Berpa. Cpemnee 3Hadenue pasnocrtu t, —tr = 1.5+ 0.5 cyr, T.e. poct
TeMIIEPATYPHI OmepexkaeT yoObiBanume 30HaabHOrO Berpa Bo Bpemsi BCIIL. B konre cobbrrus
BCII o aHajoruu ¢ BBIMEN3/I02KEHHBIM MOYKHO HATH MOMEHTBHI MaKCUMAJBHON CKOPOCTH
yOBbIBaHUS TEMIEPATYPHI U POCTa CPEJIHET0 30HAJBHOI'O BETPA, KOTOPBIE XapaKTEPU3YIOT
Bpemst okondanus cobbrtus. Onenku gmurenbaoctu BCII, ompenesieMoit Kak pasHoCThb
MEXKJIy YKA3aHHBIMU BBIIE BpEMEHAMHI HAYAJIA M OKOHYAHUS COOBITUI MEHSIFOTCS B IIPEIeIax
6-9 cyr.

CxeMa 4YHCIIEHHBIX 3KCIIEPUMEHTOB. [Ipn mHUIIMAIN3AIIMN MOIEIH 33/IaI0TCs KJIMMATOJIO-
ruyeckue riodanabubie npoduim remmneparypbl. B reuenune mepsbix 120-129 aueit MCBA
UCTIOJIB3YET CPEJIHECY TOUYHBIE CKOPOCTHU COJTHEUHOTO Harpesa. Mex iy 120 u 129 MomebHBIMEI
JHSIMY BKJIIOYAIOTCS CyTOYHbIE BAPUAIMKA HATDEBA U MCTOYHUKU IJIaHETAPHBIX BOJIH. Haun-
Has ¢ 300-r0 MOZIEJIBHOTO JHS 3AIyCKAIOTCS Ce30HHBbIe n3MeHeHus 3eHuTHOrO yruia CosrHia,
a quu 300-390 coorBercTBYOT JieKabpio—despaio. C 1e/bio 0beciedeHns: CTaTHCTHIECKON
3HaYUMOCTH, JIst Kazkoil komouHarmu KJIK-9HIOK 06bin paccuyuTaHbl KOMIIO3UTHBIE
BCII, cocrosimue u3 6 cobbiTHil B paMKax aHcamOJieil MojeabHbIxX peasusaruii. OcobeHnocTr
cozmanus ancam6sieii B8 MCBA ¢ nesibio mostydenust OCpeJHEHHBIX PACIPEIEICHUN, CTaJuu
MHUIIATN3AIAN MOJIEJIN U CTATHCTHYIecKas o0paboTKa B meTansx onucanbl B [Koval et al.,
2019|. Cpennemecsaunbie aMIuIATY (bl 1B, MHT€HCUBHOCTD CPEIHErO MOTOKA U TEeMIIEPATYPa
B crpaTtocdepe 3UMON OT OJIHOTO YJIEHA MOJIEJIBHOIO aHCaMOJs K JAPYTOMY MOTYT CyIIe-
CTBEHHO MEHSIThCsI, UTO MHTEPIPETUPYETCsI KAK MEXKI0I0Basi U3MeHInBoCcTh |Cysoposa u
ITozopeavuyes, 2011]. C nomompio MCBA B nauHO# paboTe HCCIIEIYIOTCS CPETHTE «KINMATH-
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qecKue» pacIpeseseHus THIPOIUHAMUYECKUX T0JIefl, TI0JyYeHHbIe B PE3YJIbTATE OCPEIHEHNS
1o ancambiam Jyist kKombunarmit dib-Hunbo u BKJAK (Bocrounas dasza KIK), Dub-Hunbo
u 3KJIK (zanmammas daza KJIK) u Jla-Hunba u BKJIK (Bocrounas daza KIK).

OrmeTnM, 9TO U3-3a OrPAHUYEHHOCTH HENPEPLIBHBIX JAHHBIX HADJIIONEHUN CpeHei
u BepxHeit armocdepst npumepro 40-50 romamu u TeM, YTO PACCMATPUBAEMBIE TPOIMIECKIE
ocimmutsanmu KK u 9HIOK nosronepuomnabie, UMeHHO aHAIN3 PE3YJIbTATOB YUCIEHHBIX
IKCIIEPUMEHTOB UMEET BaXKHOE IMPEUMYIIECTBO 10 CPABHEHUIO C AHAJIM30M JAHHBIX HAOJIIO/IEe-
HUIA.

Pesyabrarst

a) U (m/c), 40xm, 62,5° c.1.

100 El/eQBO_6
El/eQBO_7
20 El/eQBO_8

|t Eivac80787
60 z%l/e 0_10
: w\f\A
20
0 A

VV VARV,

6) T (K), 40xm, 77,5° - 87,5° c.m.
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220
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Puc. 1. BpemeHHOIl X0J1 CpeIHE30HAIBHOIO 30HAJIBHOIO BeTPa Ha 62,5° c. 1. (a) u remiepa-
Typbl Ha 77,5°-87,5° c. 1. (6) B TeUeHNe 3UMHHUX MECSIIEB JJIsl PA3HBIX YJIEHOB aHCAMOJIs
MOJIEJIBHBIX PacdeToB. BepTuKa/bHBIMA KPACHBIME JIHHUSME HOKa3aHbl 10-IHEBHBIE IIpOMe-
JKyTKH BpeMeHH riepes, Bo Bpemst u nocste BCII na npumepe 6-ro MozmepHOrO pactera /st
Quib-Hunbo + BK/IK (uepnas xpusast).

Jtst u3yvueHusi 0COOEHHOCTE M3MEeHEeHUsI CTPYKTYPhI IIPUJINBOB HA PA3HBIX CTAIUIX
BCII 6bumn BeIOpans!l 10-aHeBHBIE MHTEPBAJILI BpeMeHH mepes, Bo BpeMs u mociae BCII.
[Ipumepsl BpeMEHHBIX PsAJI0B 30HAJIHHOTO BETPA U TEMIIEPATYPBI, CMO/IEINPOBAHHBIX JIJIsi
3UMHUX MecsreB npu kombunarmn Jib-Huapo + BKIK npencrasiens: Ha puc. 1. Bepru-
KaJIbHBIMU KPACHBIMU JIMHUSMU TTPOJIEMOHCTPUPOBaHbBI 10-/IHEBHBIE TTPOMEXKYTKH BPEMEHU
HA TIPAMepe MOJIEJILHOTO pacuera 6 (uepHast KpuBast). [1epBblil TPOMEKYTOK COOTBETCTBYET
cocrosinuio neper Hauagom BCIL. Bropoit mpomexyTok mexay Hadaaom BCII u ero nu-
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KOM, COITPOBOXKTAIOTIHUIICS OBICTPBIM POCTOM MIPHUIIOJSIPHON CTPaTOCHEPHON TeMIIepaTyphl
U 3aMeJJIeHHeM 30HAJIbHOTO BeTpa. DTOT IMPOMEKYTOK COIPOBOXKIAETCS, KAK IIPABUIIO, MaK-
CHMaJIbHO BOJIHOBOM aKTUBHOCTBIO IIJIAHETAPHDLIX BOJH. TpeTnil IpoMeKyTOK — BPEMEHHON
uaTepsads nocse nuka BCIL. Beero, mis tpex kombunanuiit KJIIK 1 9HIOK 65110 BBIOpano
o 6 MozesIbHBIX pacderoB, cojepzkaiux BCII. Tosbko mrst yenoswmit Jla-Humba n 3KIK
HE yJIaJIOCh BBIOPATH COOTBETCTBYIOIIEE KOJIUIECTBO roTeriennii. Kak obcy»K/1a,10ch BbIIIe,
Takasi KOMOMHAIINST HE CIIOCODCTBYET OCJIAOJEHUIO CTPATOCHEPHOrO MOJSIPHOTO BUXPS U,
caenoBaresibHo, hopmupoBannio BCIL.

CIT1: Dab-Hunbo/BKK CIT1: Dab-Hunbo/3KJIK CIT1: Jla-Hunbs/BKJIK
a) Z,KM —

I
8

100+

80

nepen BCIT — BCIT

60

6) 7, KM

120

60

B) 7K

- -
8 8

nocie BCIT - BCII
2

[upora, ° [upora, °

Puc. 2. BeicOTHO-IMPOTHBIE paCIIpeeeHns aMIIATY, (bl Bapuanuit remneparypst (K) cyrou-
Horo murpupyiomiero npuiusa (m=1) o spemst BCII (6), a Takxke u3MeHEHHs AMILIUTY/IbI
nepes (a) u nocite (B) BCII. Crosbip! ciieBa HAIPABO COOTBETCTBYIOT KOMOHHAIMSAM DJIb-
Hunvo + BKAK, Duab-Hunbo + 3K/IK, Jla-Huubs + BKJIK. CepbiM (pOHOM BBIIEIEHBI

CTaTUCTUYIECKU 3HAYUMbIE ITPDUPAIIICHUA.

T'maponunammdeckue mosist JJist KayKJI0r0 U3 BBIOPAHHBIX BPEMEHHBIX HHTEPBAJIOB U KaXK-
JIOT0 MOJIEJIHOTO pacdeTa BHYTPH aHCAMOJIs OBLIN PAa3/I0KEHbI HA 30HAJIbHBIE TAPMOHIKHI
¢ momotnbio Oypre-pasnoxkenns. Jaee, Ha OCHOBE AIIIPOKCUMAIIAHI IO METOLY HAMMEHBIITNX
KBaJIpaTOB, PACCYUTHIBAJIUCH aMILIATYIbI U (pasbl HpuauBoB. Jjis n3ydyenus: ocobeHHOCTEH
U3MeHEeHUsI TPUJINBOB Ha pasubix cragusx BCII, mosrydeHHble aMITUTYIBI OBLIH OCPETHEHBI
10 COOTBETCTBYIOIIUM aHCAMOJISIM. BBITI PACCMOTPEHBI CJIeIyIOIINE IPUJINBBI: MUTPUPYIOIIIE
CYTOYHBII U [TOJIYCYTOYHBIN IPUJIUBBI C 30HAJILHBIMEI BOJTHOBBIMHU YHCJIAMHU, COOTBETCTBEHHO,
1 u 2, a TakKe HEMHUTPHUPYIOIIHE CYTOYHBI U IOJIyCYTOYHBIA MPUIUBLI C 30HAJIBHBIMUI
9HICJIaMU, COOTBETCTBEHHO, 2 1 1.

Ha puc. 26 npejcraBieHbl aMIIUTYbI CYTOYHOI'O MUTPUPYIOIIEro IPUINBA, JIJIsl YCJIOBUIA,
coOTBeTCTBeHHO (csteBa Hanpapo), Jab-Huubo + BKK; Dub-Hunso + sKK; Jla-Hunbs +
BKJIK, Bo Bpemst BCII. puc. 2a,B 1eMOHCTPUPYIOT MPUPAIIEHHAs] COOTBETCTBYIONUX BEJIHIHH
oraocurebHO nepuoa BCIL. Bumano, 9To B 11€/10M CTPYKTypa MPUINBOB BOCIIPUUMYUBA
K BoseiictBuo BCII Bo Bcex kombOuHarusx. CTpyKTypa CyTOYHOIO IIPUJINBA XapaKTepHa
st 60peasbHOM 3UMBI: MAKCUMYM AMILUIATYIbI BOJIU3M 9KBATOPA, B TPOIMUIECKUX IIHPOTAX
HAOJIIOIAIOTCsT BTOPBIE MAKCUMYMbI, TPIHYEM B I02KHOM IOJIYIIAPUHA AMILIATY1a OOJIbIle, YeM
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B ceBepHOM. [Ipu 3TOoM BuHO, 4TO BO BpeMsi BCII aMIinTyapl 1pu pasHbIX KOMOMHAIUSIX
KIK — 9HIOK wmensiorcs no-pazuomy. Hanpumep, upu Dub-Hunvo + BKIK (puc. 2, seBast
KOJIOHKA) 3aMeTHO ocjabjenue cyTogHoro npuausa Bo Bpemst BCII, uro memoHcTpupyior
[I0JIO’KUTEJIbHBIE TIPUPAIEHUsT aMILIATY Ikl Tiepe u nocje BCIT (pu(:. 2a, B). Takoe moBejieHmE
HeXapaKTePHO, HAIIPUMED, JIJIs CTAIMOHAPHBIX ILUIAHETAPHBIX BOJIH [nanpumep, Gavrilov
et al., 2018], omHAKO COBIIAJAET ¢ UPEILIILYINIUMEI UCCICA0BAHUAMU [Hanpumep, Siddiqui
et al., 2022). B wactHoCcTH, juIs OTAenbHBIX paceMmorperubix BCII [Siddiqui et al., 2022
06CY K TaJIN yCUJIeHNe TIPUINBA, TPOJIOJIKABIIeecs mocye coobiTusi. CXoxKne TeHIEHITIN TT0CIe
BCII nabsmonainucs rakeke o ganasiv SABER B 2009 roxy [Jin et al., 2012]. MakcuMaibHbie
n3MeHenust B ammnTyae npusmsa (10 40%) o Bpemst BCIT Haburonatorest Takxke mpu dase
Duib-Huuno + BKIK, xoTs cam npuius ciabee, 9eM B Jpyrue pacCMOTPEHHBIE KOMOUHAIIWN.
Ecau pacemarpusars apyrue kombunanun KJIK/9HIOK, to upu Dub-Hunso + 3KIK
(puc. 2, cpeHgAst KOJIOHKA) B CEBEPHOM IOJIYyIIAPUM HADJIIONAETCSA YCUICHUE IPUINBA BO
spemst BCII, B nipu Jla-Hunbs + KK (puc. 2, mpaBas KOJIOHKA), aMILIUTY/a CyTOIHOTO
npumBa Boire 90 KM yCHIIBAeTCsT BO BpeMst coobiTus, a mocsie BCII — octabisiercst B 102KHOM
MIOJTY A PUH.

T112: Dnb-Hunbo/BKJIK T112: Dnb-Hunbo/3KJ1K T1112: Jla-Hunbs/BKIK

W __\z

o
Nl
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T T1
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80+

@
~
~
3 I =
3 8 E
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Puc. 3. BeicoTHO-IIMPOTHBIE pacHpeie/eHnsT aMILIATYAbl Bapuanuii Temueparypsl (K) mo-
JIyCYyTOIHOTO Murpupyomero npuiusa (m=2) o Bpemst BCII (6), a Takyke m3MeHeHUs
ammunTy el nepest (a) u nociste (B) BCIL. Crosbupl ciieBa HAIIPaBO COOTBETCTBYIOT KOMOH-

narusaM iib-Hubabo + BKJIK, Dab-Husro + 3K/IK, Jla-Huabs + sBKIK. Cepbim dorOM
BBIJICJIEHBI CTATUCTUYECKN 3HAUUMBIE IPUPAIICHIS.

Ha puc. 3 mnpejcraBieHbl Te e BeJIMYUHBI, 9TO Ha PUC. 2, TOJLKO I II0JIyCyTOYHOIO
MUTPUPYIOIIEro IPUINBA ¢ 30HAJIBHBIM BOJHOBBIM YHCIOM 1 = 2. Boime 90 KM aMILIATYIa
HOJIYyCYTOYHOrO IPUJINBA TOXKe IMeeT 3 MAKCHMYMa, B 9KBATOPUAJILHON U TPOIMMYECKOL
06J1aCTSAX, IPU 3TOM aAMILIUTYAbI II0JIyCyTOYHOrO IPUJINBa B 9KBATOPUAJILHON 06J1aCTH Ha
puc. 36 COMOCTABUMBI ¢ AMILIMTYJAMU CYyTOYHOIO IPHJIUBA Ha puc. 26, a 3a IpeieaMu
9KBATOPUAILHOI 00JIACTH aMILIUTYABI MOJYCYyTOYHOTO MIPUINBA TPEBLINAIOT TOKA3ATeIN
cyTognoro. Taxme 0ocOGEHHOCTH CTPYKTYPHI MATPUPYIOMNX IPHIIBOB MHOTOKPATHO 0OCY K-
naimcek B uccyenoBanusx [He et al., 2020; Pedatella and Liu, 20135].
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[Tepe norerienneM, Ha prc. 3a, BO BCEX KOMOWHAITUSAX TEHJICHIINN H3MEHEHUS TPUIIABA
CXOXKU € T€MHU Ke JjIsi CyTOIHOTO puuBa; yeuienue npu Dib-Hunbo + BKJIK, ociabienne
B ceBepHOM mosrymapun upu Jiib-Huapo + 3KJIK u obmee ocitabiienne st Jla-Hunbs
+ BK/IK. Ycuienne npumsa nocje BCII ormedeHo jjisi mepBbIX JIByX KOMOWHAIMil Ha
puc. 3B (aeBas u cpejuss nanesn). OTHOCUTEIbHbIE U3MEHEHU AMILIUTYIbI, KAK U B CJIydae
CYTOYHOIO MPUJINBA, TPOIEMOHCTPUPOBAHBI HA JIEBBIX MAHEJISIX HA PUC. 3 a, B, MAKCUMAJIbHBI
Bo BpeMst KomGuHanmu dub-Huubo + BKJIK. B paGore [He et al., 2020] aBropbl oneHUBAIN
U3MEHEHHsI B CTPYKType npuinBoB Bo BpeMsi BCII, Bkiiouast CyTOYHBIE U TIOJIyCyTOYHBIE,
Ha OCHOBE PAaJapHBIX JAHHBIX O ckopocTu BeTpa B cpenuemuporaoir MHT obnacru, wu,
B YaCTHOCTH, JEMOHCTPUPOBAJIN OCIabJIeHNe [T0JTyCyTOIHOro pusinBa Bo Bpemsi BCII, cxoxkee
¢ TeM, YTO BHJIHO Ha JIEBBIX MaHeJsX puc. 3 a,06. Ocirabienne moryCyTOYHOTO MPUJINBa,
TakKe JIEMOHCTPUPOBAJIOCH B UCCJIEIOBAHIN Ha Oa3e 00paboTKu manHbix Super Dual Auroral
Radar Network (SuperDARN) [Hibbins et al., 2019]. Bmecre ¢ TeM, H3MEHUYHBOCTD IPHJIMBOB
Bo Bpemsi BCII 3aBucuT or MHOXKeCTBa (PAKTOPOB U IIPU ONPEJIEJIEHHBIX YCJIOBUSIX MOYKHO
HabJIIOIATh ycujieHue moJsycyrodnoro npususa Bo Bpems BCIL [Sridharan et al., 2012),
CXOXKee C HAIllMMU IIPaBbIMU ITaHejsiMu puc. 3a,0. Takum o6pazomM MBI JIeMOHCTPUDPYEM
OYeHb BarkKHbIil (PaKTOP, BIIUSIOMUN Ha M3MEHYNBOCTh CTPYKTYPHI IIPUJIUBOB, BHIPAXKEHHBII
B KoMbuHamuu Bosaeiicteusa KJIK — 9HIOK.

CI12: Dap-Hunbo/BKJIK CI12: Dnb-Hunbo/3KJ1K CI12: Jla-Hunbs/BKJIK
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Puc. 4. BBICOTHO-IIUPOTHBIE paclpejiesIeHnst aMIIUTY/ bl Bapuanuii remmeparypst (K) mo-
CPEICTBOM CYTOYHOIO HeMurpupyioriero npuiusa (m = 2) Bo spems BCII (6), a takxke
M3MeHeHus aMIIHTy 6! tepe/ (a) u mocie (B) BCIL. Croabus! cieBa HAIIPABO COOTBETCTBYIOT
koMmOuuanusaM diab-Huabo + BKJIK, Dap-Hunvo + 3K/IK, Jla-Hunabsa + BK/IK. Cepbim
(POHOM BBIJIEIEHBI CTATUCTUYECKHN 3HAUUMBIE [TPUPAIIEHMUSI.

AMIUIITYIBI CYTOYHOrO HEMUTPHUPYIONIETO PHINBA (C 30HAIBHBIM BOJHOBBIM IHCJIOM
2) na pasubix crajguax BCII npezacrasienst na puc. 4. CTpyKTypa 9TOr0 IPUIMBA CXOXKA CO
CTPYKTYPOIl MUTPUPYIOIIErO CYTOYHOI'O NMPUJINBA, TOKA3AHHOTO HA PUC. 2, 9TO OObSICHSIETCS
OCHOBHBIM MEXaHU3MOM €r0 T'€Hepallud 3a CYeT HEJIUHEHHOTO B3aMMOJIEHCTBUSI CYTOIHOIO
[PUJINBA CO CTALMOHAPHOI ILIAHETAPHON BOJIHON ¢ 30HaMBHBIM uncjaoM 1 [Angelats i Coll
and Forbes, 2002; Hagan and Forbes, 2002; Hagan et al., 1995]. Bropoii BaxKHbBI!l Mexa-

Russ. J. Earth. Sci. 2025, 25, ES1007, https://doi.org/10.2205/2025es000939 8 of 18


https://doi.org/10.2205/2025es000939

Yuc/IEHHOE MOJEJINPOBAHUE BO3;LEI"/ICTBI/IH ECTECTBEHHBIX TPOIIMYECKHNX OCLLI/IJ'IJ'IHLU/II/"I HA. .. KoBasnb u HAP.

HU3M (POPMUPOBAHUSA HEMUTPUPYIONIETO IPUJINBA — 30HAJIBHO-ACUMMETPUYHOE TEIJIOBOE
BO3/I€eiicTBHE, 00YC/IOBJIEHHOE TOOrpadueil MOBEPXHOCTH, TeOrPAMDUIECKN N3MEHAIONNECS
HCTOYHUKH TeIljia, U3MEHEHNe COJIHEYHOrO Harpesa ¢ josroroit [Pancheva et al., 2020).

T111: Jla-Hunbsa/BKJIK

)
=
N

)
S

nepen BCIT— BCII

6) 7, KM

=
O 10

B

B) %KM

CII

nocne BCIT-B

-60 -30 0 30
lupora, © Ilnpora, © Llupora, ©

Puc. 5. BBICOTHO-IIUPOTHBIE paCHpeIeIeHnsT aMILITUTY bl Bapuanuii remmeparypbl (K) mo-
CPEeJICTBOM TIOJIyCyTOYHOIO HeMurpupytormero npuiansa (m = 1) Bo spemst BCII (6), a Takxe
n3MeHeHus aMIInTy bl epe/ (a) u nocse (B) BCIL. Croabus! cieBa HAIIPABO COOTBETCTBYIOT
romOuHausM iib-Huabo + BKAK, Dab-Huavo + 3K/IK, Jla-Huabs + BK/IK. Cepbim
(POHOM BBIJIEIEHBI CTATHCTUYIECKN 3HAYUMBIE TTPUPAIIEHMUS.

Ha puc. 5 npezcraBiieHbl CTPYKTYPBI IIOJYCYTOYHOTO HEMUTPUPYIOIIETO IPUIMBA (C 30-
HAJILHBIM BOJIHOBBIM vucsioM 1). Kak u B cilygae CyTOYHOrO MUIDUDYIOIIErO U HEMUIPUPYIO-
IIET0 MPUJIKBOB, CTPYKTYPa MOJIYCYyTOYHOIO IPUJINBA HA PUC. 3 U PUC. 5 B IEJIOM CXOXKA.
AMIIHTY 1Bl HEMUTPUPYIONIUX TPUIMBOB 3aMETHO MEHbIIE, YeM MUTPUPYIONIUX, [IPH STOM
Pe3yJIbTAT HEJIMHEHHOrO B3aMMOJIEHCTBIUS TIEPBUYHOIO TIOJIYCYTOYHOTO MUTPUPYIONIETO MTPH-
JINBA C IJIAHETAPHON BOJIHOW BBIPAYKAETCs B CYNIECTBEHHOM OCJIA0JIEHUN HEMUTPHUPYIOIIEro
npuusa mocsie BCII npu Bcex kombunanusx. B ciryuae Dub-Hunvo + BKJIK u Jla-Huubs
+ BKJIK 310 ocmabnenne Mmoxker mocturarh 50% B 3KBATOPHUAIBHON 00JIACTH, HA BBICOTE
okoJio 120 kM (J1eBblit u npaseiit puc. 58). B ceBepHoii Tepmocdepe Ha cpeHeM puc. 5B npu
Dib-Hunbo + 3KJK mnocsie BCII Habsromaercs: yBeudeHne aMILIATY/IbI IPUJINBA, He XapaK-
TepHoe Jis Jpyrux komOuHarmii. Ecin pacemarpuBats Tensennuu tepes BCIL, Gosbmas
U3MEeHIUBOCTL npuwinBoB 1pu iib-Hunbo + BKIK u Qub-Huubo + 3KIK (neBbiii u cpen-
Huil prc. 5a) 0ObICHSET OTCYTCTBAE CTATUCTHIECKON 3HAYMMOCTH TIPUPAIIEHAH aMILIATY/IbI
soime 100 ku. [lemaresma u @opbe [Pedatella and Forbes, 2010], n3yvasi BApHAIMA TIOJHOTO
JIEKTPOHHOTO COJEPKAHUS, IPE/ITOJIOKIIIN, ITO B3ANMOIEHCTBIE MEXKIY MUTPUPYIOMIAMA
MOJIYyCYTOYHBIM IIPUJIMBOM U cujibHOM akTuBHOCTHIO 1IB BO Bpems BCII cniocoberByer ycuite-
HUIO HEMUT'PUPYIOIIEro IOJIyCyTOYHOro npuinsa u ociaabsenuto nociae BCII. Pacemorpernoe
umu BCIT 2009 roma coorBercrByer KoMbunanuu Dib-Hunwo + BKJIK, npencrasiennoil na
HaIllMX PUCYHKAX CJIeBa. YCUJIEHUE ITOJIyCYyTOYHOIO HEMUTPUPYIONIETO IPUINBA B CEBEPHOIA
HUXKHel Tepmocdepe JIeMOHCTPUPOBAIOCh Takke B [Hibbins et al., 2019).
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Cy1ecTBeHHOE OTJINYNEe HEMUTPUPYIOIIEr0 CyTOYHOrO MPUJINBA OT MUTPUPYIOIIEro
NpUInBa 3aKaodaercs B ToM, uto nocsie BCII wemurpupyromumii mpuins ocaabJisieTcs mpu
Beex kombunanuax KJIK/9HIOK. 910 MOXKHO BUAETH [0 OTPULATEIHHBIM IIPUPAIIECHY-
M amiuaTy el tocje BCII Ha puc. 4. D10 siBjieHUEe 00bsICHSAETCS PE3KUM OCJIaDJIeHUEM
BOJIHOBOI aKTUBHOCTH IJIAHETAPHON BOJIHBI mocae npoxoxkgenus: nmuka BCII. Ha puc. 6,
[IPOJIEMOHCTPUPOBAHO HoBejenue cranuonapuoii I1B ¢ 3onanbabiv guciaom 1 (CIIB1) na
pasubix cragusx BCIL. Crpykrypa IIB mist Beex kombuuanuii KK /9HIOK (puc. 66) Tu-
NMUYHA, JIJI9 yCJIOBUit 60peaabHO# 3UMBI: B cTpaTocdepe HADIIOMAETCSI MAKCUMYM B CEBEPHOM
moJtytapuu, HaunHast ¢ me3ocdeps, [IB pacnpocrpansercss Bioib BOJHOBOIA U B I0KHOE
nostymapue. VMenHo pe3kum ycuteHneMm BojHOBOM aktuBHOCTH CIIB 00bsicHsieTcs dop-
muposanue BCII, cieoBaresbno, epes u mocse coobirus ammumryga CIIB wa puc. 6a, B
yMeHbImaeTcsi. Takum 06pa3oM, 0CIabIISAeTCsA U TPOIECC MeHePAIN HEMUTPUPYIOIIErO MPUJIN-
Ba 3a CUET HEJIMHEHHOTO B3aMMOJEHCTBUST MUTPUPYIOIIEr0 MIPUJINBA € IUIAHETAPHON BOJIHOM.
Cxozkee noBejieHre Hemurpupyitorero npuinsa mocie BCII obcy»kmaaoch B uccjeoBaHun
[Pedatella and Liu, 2015|, B KOTOPOM [IPOBOIUIIOCH YUCIEHHOE MOJEJIUPOBAHUE BIIMAHUS

100aJIbHBIX aTMOC(EPHBIX BOJIH M IIPUJINBOB HA MOHOChEPHBIE HEOHOPOJHOCTH BO BPEMsI
BCIIL.

3akiroueHue

Hammass paboTa MOCBSINEHA U3YIEHUIO IBOJIONNN aTMOCHEPHBIX MPUINBOB B IMIEPUOT,
BCII B Apkruke B yCJIOBUSX PA3IMIHBIX (Da3 JOJTONEPUOJHBIX TPOITUIECKUX OCIUJIIAIAI:
KBa3UIBYXJETHETO KOJIebaHusl 30HAIBHOIO BeTpa B 9KBaTopuaabuoii crparocdepe (KIK)
u Dib-Hunbo F0xuoro konebanns (YHIOK) Ha oCHOBe YMCIIEHHBIX PACUIETOB IUPKYJISIANL

CIIB1: Dab-Hunbo/BKJIK CIIB1: Dnb-Hunbo/3KJIK CIIB1: Jla-Hunps/BKJIK
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Puc. 6. BbicoTHO-IMPOTHBIE paCIpe/Ie/IeHAsT aMILUINTY/Ibl BapUaluii NeOnOTeHIIHATbHOM
BBICOTHI (ITIM) TOcpecTBoM cranmoHaproit IIB (m = 1) Bo Bpemsi BCII (6), a Takxke
u3MeHeHns ammuTyasl nepex (a) u nocse (8) BCII. Crosnfup! ciesa HAIPABO COOTBETCTBYIOT
romoOuHausM ib-Huabo + BKK, Dab-Hunvo + 3K/IK, Jla-Hunabs + BK/IK. CepbiM
(bOHOM BBIJICJICHBI CTATHCTUIECKY 3HAYMMBIE IPUPAIICHUSI.
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aTMocdepbl, MPOBEIEHHBIX ¢ ucrosb3oBanneM MCBA. DBosonust mpunBoB paccMaTpuBa-

Jiach Ha npumepe Tpex 10-IHeBHBIX WHTEPBAJIOB BpeMeHH nepes, Bo Bpems u mocje BCII.

B ucciienoBannn paccMaTpuBarOTCI MUTPUPYIONINE CYTOYHBINA U TOJIYCY TOUHBIA TPUIHBHI

C 30HaJIbHBIMUX BOJIHOBBIMU YHCJIaMU, COOTBETCTBEHHO, 1lu 2, a TaK>Xe HEeMHUI'DUDPYIOoIne

CYTOYHBIN U MOJIyCYTOYHBIA MPUJIUBbI ¢ 30HAJHLHBIME YUCJIAME, COOTBETCTBEHHO, 2 1 1.
Boiu nmonydens! ciaemyromniue OCHOBHBIE PE3YIbTATHL:

e  Crpykrypa npuiauBos Bocipunmunba K Bozzeiicreuio BCII Bo Beex cityuasix, mpu 3ToM
Bo Bpemst BCII ammumuryabt npu pa3ubix komouHarmsx KK — 9HIOK menstorcs
mo-pasunomy. Hanpumep, nipu Dib-Hunbo + BKJIK 3amerHO ociabiienne CyTOIHOTO MU-
rpupytorero npuiansa Bo Bpemsi BCII, a npu Jla-Hunpsa + BKJIK, Haobopor, ammuryia
CYyTOYHOTO IPWJINBA YCUJINBAETCs BO BpeMs cobbitust, a nociae BCII — ocabisiercs.

e Ilepen morensienneM BO BCeX KOMOWHAIIMAX TEHIEHIINUA U3MEHEHUS II0JIyCYTOYHOTO
MUT'PUPYIOIIEro MIPUJINBA CXOXKH C TEMHU Ke JIjIs CyTOYHOIO MPUJINBA: yCUJIEHUE TPU
Dub-Hunaro + BK/IK, ocnabienue B ceBepHoM nostymapun ripu iib-Huaso + 3KJIK
u obree ociabsenune st Jla-Huubs + BKJIK. OTHOCHTE/IbHBIE N3MEHEHUST aMILIUTY/IbI,
KaK U B CJIydae CyTOYHOIO IMPHUJINBA, MAKCHMAJIbHBI BO BpeMs KOMOMHAIMYN DJib-HuHBO
+ BK/IK.

e  Eciu paccMarpuBaTh HEMUTPHUPYIOIINE CYTOYHBIN U [IOJIyCYTOYHBII IIPUJIUBBI, TO CYIIle-
CTBEHHOE OTJINYUE OT MUTPUPYIOMNX MPUJINBOB 3aKJodaercs B ToM, ato nocje BCIT
HEMUTPUPYIOIINiI TpUinB ocaabisercs npu Becex kombuaarusx KK — 9HIOK. 9rto
sIBJIEHIE MOYKHO OOBSICHUTH PE3KUM OCJIabJIEHNEM BOJIHOBOWM aKTHBHOCTH IIJIAHETAD-
HOIt BostHBI TTocste poxoxkaenus nka BCIIL. B cBa3u ¢ stuMm, ocaabiisieTcst U mporecce
HEJIMHENHO TeHepaIuu HeMUTPUPYIONIErO TPUINBA.

e CpaBHeHMe paCcCYNTAHHBIX HAMU aMILIUTY] IPUJIMBOB C JAHHBIMU HAOJIFOIEHUI JIst
ornenpubix kKoMbOnuanmit KJIK — 9HIOK, a taxke ma passbix cragusx BCII, mpo-
JEMOHCTPUPOBAJIO &JIEKBATHOCTH UCIOJIB3YyEeMOl HAMU METO/IOJIOTUN U KOPPEKTHOCTH
BOCITPOM3BEJIEHUsI PACCMATPUBAaEMBbIX KoJiebaruii B Mojesin MCBA.

IIpoBenennble pacyeTbl aMILUIUTYJI, TPUJINBOB Ha pasHbix crajausax BCII mokazasm,
9TO M3MEHEHUE CTPYKTYPBI II0OAIbHON MUPKYIIINT B Me3ocdepe-HnKHel Tepmocdepe
MOXKET OKa3bIBATh CYIECTBEHHOE BJIMSHHME HA TaKUE KPYITHOMACIITAOHBIE BO3MYIIEHUSI.
[Tpu onpeseeHHbIX yCJIOBUSIX, HAaIpuMep, Bo BpeMsi riraBaoro BCIL, ammmryna npuinsa
MOKET MEHSTHCS B 2—3 pa3a, CIOCOOCTBYsI M3MEHEHUIO TEMIIEPATYPHOIO U JHHAMUIECKOTO
Gasarca arMocdepbl. BaxXHOCTh n3ydenns B3anMOAEHCTBUS IPUIUBOB C JOJTOTIEPUOTHBIMA
aTMOChEPHBIMI OCIMJUIAIIASAMA CBd3aHa C TE€M, ITO KPOME HEIOCPE/ICTBEHHOI'O OOMeHa
UMILYJIbCOM CO CPEJHUM Te€YEeHUEM, IPUJIUBBI yIACTBYIOT B HEJIMHENHBIX B3aNMOIEACTBUSIX
C IJIAHETAPHBIMU BOJTHAMHY, SIBJISISICH MTOTEHITHAIBLHBIM MEXAHU3MOM IIE€PEIAdN SHEPIUH ITUX
BO3MYIIEHU [JIAHETAPHOrO MaciTaba (B 9aCTHOCTHU, KBA3UCTAIIMOHAPHBIX IIJIAHETAPHBIX
BOJIH) U3 cpegneii armocdepsl B Tepmocdepy /uonocdepy.

BroisiBiieHHOE B XOJIe YUCJIEHHBIX SKCIIEPUMEHTOB OTJIMYHE B TEPMHUYECKOW W JIMHA-
MUYECKOI CTPYKType BepxHeil arMocdepbl 060X MOYIapuii TPU Pa3HBIX KOMOMHAIHSX
€CTeCTBEHHBIX TPOIUYECKUX OCIUJLISIUI SBJISIETCS BAXKHBIM PE3YJIbTaTOM. DTU OCIIUJLIISI-
[UU, HAIIPUMED, MOTYT OObSICHATH CYIIECTBEHHYIO U3MEHUYHBOCTH IPHUJIUBOB HA Pa3HBIX
cragusix BCII B Bepxueit armocdepe, MHOrOKpaTHO 06CyKIaeMyIo B Gojiee paHHUX paboTax,
U BBIpAXKAEMYyI0, HAIIPUMED, B YCUJICHUH /O0CTabIeHUN OJIyCYyTOYHOrO IPUJIMBA BO BPEMs
BCII. B uacrtrocTH, B pabore [Medvedeva et al., 2019 obcyxRnaercss BOSMOXKHAs CBA3b
"Hemurpupyomux npuansos B MHT obsactu ¢ BapuanusaMu BepTUKAILHON KOMIIOHEHTHI
Berpa BO Bpems BCII. B cBs3u ¢ aTuMm, manbHeile nccjie10BaHus B HAIPABICHUHN TIPsi-
MOT'O BO3JIEACTBUSI IIPUJIMBOB Ha aTMOCHEPHBIE ITUPKYJISIIUOHHBIE IOTOKH [IPEJICTABIISIOTCS
HamboJIee TEePCIEeKTUBHBIMU B OJIMKaliIee BpeMsl.

Baaromapraoctu. UcciemoBanue BBIOTHEHO 3a cder rpanta Poccuiickoro HayaHoro hoHIa
Ne 24-17-00230, https://rscf.ru/project /24-17-00230/.
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In order to study the evolution of atmospheric tides, model simulations of the general atmospheric
circulation were carried out using a 3-dimensional nonlinear mechanistic model “MUAM”. The
following are considered as natural tropical oscillations: the quasi-biennial oscillation of the equatorial
zonal wind (QBO) in the stratosphere and the El Nifio Southern Oscillation (ENSO). Changes
in tidal amplitudes are analyzed at three 10-day time intervals before, during and after a sudden
stratospheric warming (SSW). Composite SSWs consisting of 6 events within the calculation
ensembles are considered for each QBO/ENSO combination. Migrating and non-migrating diurnal
and semi-diurnal tides with zonal wave numbers 1 and 2 are studied. Numerical experiments have
shown in particular, that the structure of tides is susceptible to the effects of SSW, while during
SSWs the amplitudes of tides for different combinations of QBO — ENSO change differently. For
example, during El Nifio and the easterly QBO phase, there is a noticeable weakening of the diurnal
migrating tide during the SSW, while during La Nina and the easterly QBO phase, on the contrary,
the amplitude of the diurnal tide increases during the event, and after the SSW it weakens. Analysis
of numerical experiments confirms existing ideas about significant variability of tides during SSW
and demonstrates the most important source of this variability associated with combinations of
QBO-ENSO dynamic effects.
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Abstract: On the basis of statistical analysis, studies of the features of the distribution of typhoons
in the Spratly Archipelago (the South China Sea) for the period 1884-2020 were carried out using
satellite information. As a result, it was revealed that 229 typhoons were observed over the water
area of the Spratly Islands during this period. Of these, 27 had a maximum speed of over 33 m/s.
A clear trend is identified towards an increasing number of typhoons, which could be a major source
of regional climate risks in the future. This is probably due to the intense development of the East

Asian Monsoon with a strong tropical convergence zone under current climatic conditions.
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Introduction

At present, in the context of the formation of a multipolar international system and
the shift of the center of power to the Asia-Pacific region (APR), contradictions between
states in maritime foci of instability are becoming more acute. The South China Sea (SCS)
is one of such hotspots in the Asia—Pacific region, where the interests of many countries
collide [Vasiliev and Shavlay, 2020].

The Spratly Archipelago is located in the southeastern part of the SCS (Figure 1). The
name “Spratly” (the full name is “Spratly Sand Islands”) was given in 1843 by Captain
Richard Spratly [Hancox and Prescott, 1995]. It occupies the territory of 6°50’-12° N and
111°30°-117°20" E. The total area of the region is more than 400 thousand km2, its center is

RESEARCH ARTICLE located 400 km from the islands of Palawan and Borneo, 500 km from the coast of Vietnam,
and 1000 km from of the Hainan Island (China).
Received: 17 May 2024 The archipelago consists of more than 100 small islands, reefs, and atolls with a total

Accepted: 27 January 2025
Published: 28 February 2025

area of less than 5km”. Two islands (Spratly Island and Southwest Cay Island) in this
archipelago, which represent the northern and southern regions of the Spratly Islands

waters (Figure 1, Figure 2) [Le et al., 2015]. Vietnamese meteorological stations are located
on these islands, where regular observations of meteorological parameters are conducted
by scientists at Southern Regional Hydrometeorological Centre, belong to National Centre
for Hydro-Meteorological Forecasting (NCHMF) under the Ministry of Natural Resources

and Environment of Vietnam (https://en.monre.gov.vn/). A brief description of these
islands is given below.

Copyright: © 2025. The Authors.
This article is an open access article
distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https:// Spratly Island is an atoll in the Spratly Islands Cluster, which is the fourth-largest
creativecommons.org/licenses/by/ island in the archipelago (Figure 2a). The length of the island is 1300 meters and its width
4.0/). is 500 meters.
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Figure 1. Spratly Islands Map [Wikipedia, 2024a].

Southwest Cay Island — Southwest Reef at the northwestern tip of the Spratly Islands
in the SCS (Figure 2b). It is part of the North Danger Reef Atoll, located just 1.75 nautical
miles southwest of the Northeast Reef. It is the sixth largest among the Spratly Islands.

The study of the hydrometeorological conditions of the Spratly Archipelago is very
important because it influences the climate of the entire SCS. The general feature of the
climate of the study area is its tropical monsoon climate-northeast and southwest monsoons,
and characterized by storms. From February to May is the dry season, and from May to
January the following year is the rainy season.

The first surveys and scientific research in the Spratly Archipelago were conducted on
Nam Yet Island at the end of the 19th century. Marine research in the Spratly Archipelago
began in 1924 after the French founded the Indochina Institute of Oceanography in Nha

Trang (1922).

This institute was headed by the French government, which used the ship De Lanessan
(launched in 1924) for scientific research. A French expedition first took place on the above
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Figure 2. Satellite images: a — the Spratly Island [Wikipedia, 2024b], b — the Southwest Cay Island
[CSIS, 2024].

ship to the Spratly archipelago in July 1927. Then the Institute of Oceanography of
Indochina made expeditions until 1939. The main investigations of the period 1927-1939
focused on geology, hydrology, biology, and tidal conditions [Chevey and Carton, 1934;
Institut Océanographique de L'Indochine, 1931; Krempf, 1927; Robson, 1928].

The advances in understanding SCS oceanography have been reviewed in the middle
of the 20th century with the works of the American scientists [Dale, 1956; Wyrtki, 1961].

The most outstanding studies of SCS oceanography were the joint NAGA program
(1959-1961) with participation of the USA, Vietnam and Thailand, and the US Navy
program (1965-1966). Expeditions under these programs obtained a lot of meteorological,
hydrodynamic, geological, biological, and acoustic data in the SCS, including the Spratly
area [Wyrtki, 1961].

One of the first investigations of tropical cyclones (TC) hazards over the SCS was
the work of McGregor [McGregor, 1995] for the period 1970-1989. Analysis reveals that
the inter-annual variations in the areal extent and spatial dispersion of tropical cyclone
activity can be used as an index of tropical cyclone hazard potential in the South China
Sea. Implications for the general assessment of the tropical cyclone hazard potential in the
South China Sea are discussed.

The paper [Hang et al., 2010] used TC data from 1945 to 2007 within the coastal
waters of Vietnam. Results were obtained indicating an increasing trend in the number
of TCs and more TC activity during La Nifia than during El Nifio. The paper [Uu, 2011]
used tropical cyclone data from 1959 to 2010. The result showed that almost all TCs made
landfall in North Vietnam. It was concluded that there was a decrease in the number of
TCs in the 1980s. This is probably due to the Pacific Decadal Oscillation. In the article
[Duy et al., 2016] TCs for the period 1978-2015 were analyzed. The result showed that 59%
of tropical cyclones retained their intensity when moving from the Pacific to the SCS. This
figure is 25% for typhoons. The Paracel Islands region is directly affected by an average of
11-12 TCs per year, while the Spratly Islands region is directly affected by 5-6 TCs per
year.

Joint Vietnamese-Soviet oceanographic research (Institute of Marine Research of the
SRV - Far Eastern Scientific Center of the USSR Academy of Sciences) in the SCS was
conducted under the SCS project from 1979 to 1995 on Soviet vessels. Many joint papers
were published and PhD thesis were defended. But all these works were carried out on the
shelf of Vietnam, and in passing touched the Spratly Archipelago.

Vietnamese scientists conducted research in the Spratly Islands within the framework
of the national project “48B” in 1986, 1988, 1989-1998. A collection of scientific articles on
natural conditions and natural resources in the Spratly Islands was published in Vietnamese
by Science and Technology Publishing House in 1998 (Hanoi, Vietnam) [Tran et al., 1998].

In the period 1996-2001, the China government was carried out the program “South
China Sea Monsoon Experiment (“SCSMEX”) to investigate the oceanography conditions
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in the SCS and the Spratly Archipelago in particular, especially on the ocean-atmosphere
interaction processes. In recent years, Chinese oceanographers have published many papers
on meteorology and hydrodynamics in the SCS [Cai et al., 2002; Chao et al., 1995; Shaw and
Chao, 1994, et al.].

Oceanographic studies in the Spratly Islands area were carried by Vietnam-Philippines
Joint Oceanographic Marine Scientific Research Expedition in the South China Sea (JOMSRE-
SCS: 1996-2007). Four expeditions “JOMSRE” (1996, 2000, 2004, 2007) were conducted
(Figure 3).

Latitude (°N)

106 108 110 112 114 116 118 120 122 124
Longitude (°E)

Figure 3. Vietnam-Philippines Joint Oceanographic Marine Scientific Research Expedition in the
South China Sea of JOMSRE-SCS (JOMSRE 11, 2000).

Vietnamese scientists, under various international and national marine research
programs, have published a number of papers during 1993-2018 [Bui et al., 2009; Do et al.,
2018; Nguyen and Dang, 2008; Nguyen et al., 1999; Nguyen, 2000; Nguyen et al., 1993; Pham,
2003].

Vietnam-Russia cooperation on meteorologic and hydrodynamic investigations in the
SCS and the Spratly Islands area was carried out in 2011-2012 and in 2019-2020 between
IO VAST and POI FEB RAS [Le, 2005; Le et al., 2020, 2021b].

It should be noted that almost all published papers analyzing various aspects of
atmospheric and marine physics, including tropical cyclones (typhoons), focused on the
entire South China Sea and touched in passing on the Spratly Archipelago. The Spratly
Archipelago is a disputed area of water between the countries surrounding the SCS, so
investigations are classified information. Published papers on the study area are generally
published in local languages in local journals. However, these were works on individual
islands of the Archipelago. It is only recently, with the appearance of Japanese (JMA), Hong
Kong Observatory (HKO) and American databases (NOAA), that more global studies have
become possible. So meteorological parameters such as solar radiation, air temperature,
monsoons, tropical cyclones, water evaporation, etc. were studied in the paper [Le et al.,
2020] directly over the water area of the Archipelago for the period 1884-2018. During this
period, 218 tropical cyclones were identified, including 24 typhoons with the maximum
wind speed of 64 m/s. However, this paper was published in a Vietnamese journal.

In recent years, studies on meteorological and hydrodynamic conditions in the Spratly
Islands area have been carried out under the national project of Vietnam [Le et al., 2021a].

In general, reviews and studies of the Spratly Archipelago are rather few and mainly
focused on topography, geomorphology, coral reefs, and some marine species, without
detailed studies of meteorological and hydrodynamic processes or climate change. In view
of the above, marine research in the Spratly Archipelago is not sufficiently detailed, so
further in-depth study of the area is needed.
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It should be noted that the most dangerous hydrometeorological phenomenon in the
SCS is the typhoon season, which brings catastrophic consequences for the surrounding
countries. In addition, a significant number of typhoons travel to the Russian Far East,
carrying a large amount of destructive energy and reaching the Bering Sea in a transformed
form. As a rule, TC come to the Far Eastern Seas not in the phase of maximum development
but in a weakened form (ex-typhoon). Nevertheless, they regularly lead to catastrophic
consequences for the Russian Far East and have a significant impact on the general state of
climate in this region. Thus, the importance of studying the interconnection of hydromete-
orological processes not only in the SCS but also in the Far East becomes obvious. This has
determined the joint efforts of Vietnamese and Russian scientists in this direction.

The Spratly Islands are the first to be hit by the typhoons that originate in the Western
Pacific Ocean. Additionally, a number of typhoons originate directly in the SCS. Therefore,
the study of the peculiarities of TC distribution is extremely important for the entire SCS
and especially for the economic zone of the coast of Vietnam. We have for the first time
statistically analyzed the variability and intensity of typhoons in the Spratly Archipelago
over a period of more than a century.

The purpose of this paper is to analyze the inter-annual variation in the number and in-
tensity of tropical cyclones in the Spratly Archipelago to determine possible environmental
risks due to modern climatic changes.

The novelty of the work is that in addition to the well-known JMA, HKO and NOAA
sites, meteorological data from Vietnamese meteorological stations of the islands (Spratly
and Southwest Cay) of the Spratly Archipelago for the period 1987-2020 were used for
the first time, providing more detailed information about this region. Moreover, this is the
first this paper is published outside Vietnam.

This work is dedicated to the 100th anniversary of IO VAST in 2022 (Figure 4a), the
50th anniversary of POI FEB RAS in 2023 (Figure 4b), and the 70th anniversary of GC RAS

in 2024 (Figure 4c).
A\
i)

\’IEMONG HOC POI FEB RAS
a b

Figure 4. Anniversary emblems: a — IO VAST, b — POI FEB RAS, c — GC RAS.

Data and Methods

In accordance with the research objective, we analyzed interannual changes in the
number and intensity of tropical cyclones (TC) in the Spratly Archipelago without detailing
their structure and internal dynamics.

In order to realize this goal, the necessary information for the period 1884-2020
was obtained from the available Internet resources: Regional Specialized Meteorological
Centre Tokyo — Typhoon Center of Japan Meteorological Agency (JMA) (https://www.
jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/besttrack.html); National Hurricane
Center and Central Pacific Hurricane Center of the National Oceanic and Atmospheric
Administration (NOAA), USA (https://coast.noaa.gov/hurricanes/). The data obtained
include wind speed, radius of maximum wind speed, pressure at the center of the tropical
cyclone, its position and trajectory. In addition, meteorological data from weather stations
in the Spratly Archipelago for the period 1987-2020 was used, providing more detailed
information about this region. It should be noted that the 1884-1944 data are not regular
and not always accurate due to the small amount of data.
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We used the Saffir-Simpson tropical cyclones scale used in National Weather Service,
USA (Table 1), where tropical cyclones are considered those cyclones that have passed from
a tropical depression to their filling. Tropical cyclones with speeds of 33 m/s or more in
the Far East and Southeast Asia are called typhoons, and in North and South America they
are called hurricanes.

Table 1. The Saffir-Simpson tropical cyclones scale used in National Weather Service, USA

Type Category Pressure, Maximum wind speed
(mbar) (knots) (m/s)
Tropical Depression D - <34 <17
Tropical Storm TS - 35-63 17-32
Typhoon/Hurricane 1 > 980 64-82 33-42
Typhoon/Hurricane 2 965-980 83-95 43-49
Typhoon/Hurricane 3 945-965 96-112 50-58
Typhoon/Hurricane 4 920-945 113-134 59-69
Typhoon/Hurricane 5 <920 > 134 70+

Results and Discussion
Quantity of Tropical Cyclones
Tropical cyclones affecting the Spratly Islands area were found from the collected data,

and then typhoons with wind speeds greater than 33 m/s on the Saffir-Simpson scale were
selected (Table 2, Figure 5) [Le ef al., 2021b].

Table 2. Statistics of tropical cyclones based on Saffir-Simpson scale crossed in and adjacent the
Spratly Islands area for period 1884-2020

Tropical Tropical
Depression Storm Typhoon Total
Numbers of occurrence 146 58 25 229
Percentage (%) 63.76 25.32 10.92 100

The Table 2 shows that there were 25 typhoons (10.92%) with maximum wind speed
(Vmax > 33m/s), 58 tropical storms (25.32%) with 17m/s < V. < 33m/s, and 146
subtropical storms (63.76%) with V., < 17m/s. On average, there are 1.68 storms per
year and this is quite high.

229 tropical cyclones were observed in the Spratly Islands area during the period
1884-2020 (Figure 5). Most of the tropical cyclones originated in the Northwest Pacific
near the Philippines (60%), with the remainder forming in the SCS. Not all TC passed
through the Spratly Archipelago, but they had a significant impact on the study region.

Annual Distributions

Figure 6 shows that the annual distribution of tropical cyclones in the study area is not
regular. From 1884 to 1944 (data is not regular and not always qualitative), there was on
average one tropical cyclone per year, but from 1945 to 2020, there was a rapid increasing
trend in the number of tropical cyclones to about 2.5 per year. Specifically, in 2013 and
2017, there were six tropical cyclones per year each. In 1983, 1962, 1993, 1998, and 2019
there were five each year. In some years, tropical cyclones had no impact on the Spratly
Islands area.

The trend is determined using a moving average over two periods. The value of
reliability of approximation is equal to R*=0.3132. Consequently, the scatter deviation
of the data relative to trend is low because the data were uneven and not of high quality
during the period 1844-1944.
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Figure 5. The tracks of the tropical cyclones that crossed and affected directly to the Spratly Islands
Area (1884-2020).
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Figure 6. Yearly distribution of tropical cyclones affected to the Spratly Islands areas for period
1884-2020.

To sum up, trend is that the number of tropical cyclones developed gradually from
1884 to 2020.

Thus, a clear trend towards an increase in the number of typhoons over the Spratly
archipelago is revealed. One of the possible reasons for this may be the intensive develop-
ment of the East Asian monsoon with a strong tropical convergence zone under present
climatic conditions. The noted trend in the future may become a serious source of regional
climatic risks, so it requires, in our opinion, purposeful study.

We compared the annual distribution of typhoons in the SCS and the Spratly Archipelago
for the period 1951-2019 (Table 3) [Le, 2005; Vlasova et al., 2022]. 178 tropical cyclones in
the Spratly Islands region versus 851 in the SCS. This suggests that the Spratly Archipelago
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receives a fifth of all tropical cyclones of the SCS. Moreover, the number of typhoons
affecting the Spratly Islands region was almost 20 times less (25 against 464). This is
because typhoons were more frequently observed in the north of the SCS (over 12° N, i.e.,
above the Spratly Islands) and were more intense than in the rest of the sea. Nevertheless,
these typhoons, not included in the statistics, also had a strong influence on the studied
water area.

Table 3. Statistics of tropical cyclones based on Saffir-Simpson scale in the SCS and the Spratly
Islands area (1951-2019)

Tropical Tropical

Depression Storm Typhoons Total
South China Sea
Numbers of occurrence 89 298 464 851
Percentage (%) 10.46 35.02 54.52 100
Spratly Islands
Numbers of occurrence 102 51 25 178
Percentage (%) 57.30 28.65 14.04 100

Seasonal Fluctuations

The Spratly Islands area experiences two main storm seasons throughout the year:
September through January the following year and February through August (Figure 7,
Table 4). In the first storm season, the number of tropical cyclones was more than four
times higher than in the second one. November is the month with the highest occurrence of
73 tropical cyclones (31.88%). Followed by December with 55 tropical cyclones (24.02%).
Accounting for the third-highest frequency in October with 35 tropical cyclones (15.28%).
January and September have a number of 12 tropical cyclones. The least TC month is July
(3). Thus, it can be said that tropical cyclones occur frequently in the study area. The main
storm season coincides with the strong northeast monsoon season. Therefore, tropical
cyclones with heavy rain, high winds, and high waves cause many hindrances to economic
and defense activities in the region's waters.

80 —

60 —
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H
o
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Figure 7. Monthly distribution of tropical cyclones affected to the Spratly Islands areas for period
1884-2020.
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Table 4. Monthly distribution of tropical cyclones in the Spratly Islands area during 1884-2020

Storm season is from September through January next year

Months IX X XI XII I

Numbers 12 35 73 55 12

Percentage, (%) 5.24 15.28 31.88 24.02 5.24
Storm season is February to August

Months II 111 v \% VI VII VIII

Numbers 6 6 6 9 6 3 6

Percentage, (%) 2.62 2,62 2.62 3.93 2.62 1.31 2.62

We compared the monthly distribution of typhoons in the SCS for the period 1951-
2019 [Le et al., 2020, 2021b] and in the Spratly Archipelago at the same period. The peak
month in the SCS was September (146 TC). Such a month in the Spratly Archipelago was
November (53 TC). The shift of the peak occurred after 2 months.

The reason is that the months with maximum storm frequency in the SCS are July,
August, and September (between mid-summer to mid-autumn) that the period has the
Inter-Tropical Convergence Zone (ITCZ) in the Northern Hemisphere, especially September.
However, after that because the ITCZ ridge of continental high pressure moves to the south
of the SCS, the time for storms to pass the study area occurred two months later than the

northern part (Table 5, Figure 8).

Table 5. Monthly distribution of typhoons along the SCS and Spratly Islands area during 1951-2019

South China Sea Spratly Islands
Months Numbers Percentage, (%) Numbers Percentage, (%)
1 16 1.88 11 6.18
II 7 0.82 4 2.25
11 10 1.18 6 3.37
v 18 2.12 6 3.37
\% 33 3.88 7 3.93
VI 67 7.87 6 3.37
VII 127 14.92 2 1.12
VIII 125 14.69 6 3.37
IX 146 17.16 7 3.93
X 121 14.22 29 16.29
XI 119 13.98 53 29.78
XII 62 7.29 41 23.03

The approximation reliability value for the SCS is R® = 0.5891 and for the Spratly
Archipelago R%is 0.4919. The value of reliability of approximation for the SCS is R* =0.5891,
for the Spratly Archipelago - 0.4919. Consequently, the deviation of data scatter relative to
the trend is acceptable.

Strongest Typhoons in Spratly Islands Area

The Spratly Archipelago is located in the southeastern part of the SCS, where tropical
depressions can develop into tropical cyclones. 83 tropical cyclones formed in the Spratly
Islands for period 1884-2020, of which 25 were typhoons (Table 6). Seven very strong
typhoons with maximum wind speeds of more than 50 m/s were observed in the study area.
These typhoons were AMY (December 1951), ELSIE (May 1954), LUCY (December 1962),
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Figure 8. Comparison of monthly typhoon distributions in the South China Sea and Spratly
Archipelago for the period 1951-2019.

SARAH (October 1979), AGNES (November 1984), ZACK (November 1995), and HAIYAN
(November 2013). It can be seen that the highest category typhoons mainly occur during
the fall and winter season. The causes of these cataclysms should be studied in a separate
article, which will provide an additional option for possible forecasts. The weakest were
typhoons DAMREY (November 2017) and NAKRI (November 2019). It should be noted that
typhoon DAMREY moved very fast and unpredictably quickly reached the coastal waters
of the economic zone of Vietnam, causing great socio-economic damage to its territory.

Figure 9 shows the path of 20 out of 25 strongest tropical cyclones to the Spratly
Islands area for the period 1884-2020. The maximum wind speeds are summarized in
Table 6 above. 20 high-intensity typhoons (shown in yellow, orange, red and purple colors)
directly were affected the economic zone of Vietnam's Central Coast.
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Figure 9. The track of 20 strongest typhoons effected Spratly Islands area during 1884-2020.
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Table 6. Information of 25 strongest typhoons effected Spratly Islands area during 1884-2020

Maximum wind

No. Name Time, Maximum wind speed in the
month-year speed, (kn) Spratly Islands,
(kn/m/s)
1 AMY 12-1951 120 100/51.4
2 ELSIE 05-1954 100 100/51.4
3 GILDA 12-1959 150 90/46.3
4 LUCY 12-1962 100 100/51.4
5 KATE 11-1964 80 80/41.2
6 FREDA 11-1967 85 85/43.7
7 NINA 11-1968 70 70/36.0
8 HESTER 10-1971 90 85/43.7
9 SARAH 10-1979 110 110/56.6
10 PERCY 11-1983 70 70/36.0
11 AGNES 11-1984 120 100/51.4
12 CECIL 10-1985 100 95/48.9
13 TESS 11-1988 65 65/33.4
14 ANGELA 10-1992 90 90/46.3
15 LOLA 12-1993 105 90/46.3
16 TERESA 10-1994 80 65/33.4
17 ZACK 11-1995 120 120/61.7
18 FAITH 12-1998 90 90/46.3
19 MUIFA 11-2004 115 90/46.3
20 HAGIBIS 11-2007 85 85/43.7
21 NEOGURI 04-2008 100 70/36.0
22 BOPHA 12-2012 140 80/41.2
23 HAIYAN 11-2013 170 125/64.3
24 DAMREY 11-2017 90 65/33.4
25 NAKRI 11-2019 65 65/33.4
Conclusion

The analysis of changes in the number and intensity of tropical cyclones over the

Spratly Archipelago for the period 1888-2020 has shown the following;:

A clear trend is identified towards an increasing number of typhoons, which could
be a major source of regional climate risks in the future. This is probably due to the
intense development of the East Asian Monsoon with a strong tropical convergence
zone under current climatic conditions.

229 tropical cyclones affected the study region. 25 strongest typhoons accounted for
near 11% of the total number of TC, 58 tropical storms accounted for more than 25%.
146 tropical depressions, respectively, were near 64%.

The frequency of TC is quite high: 1.68 tropical cyclones per year. The highest number
of tropical cyclones per year (6) was observed in 2013 and 2017. Five tropical cyclones
per year were observed in 1962, 1983, 1993, 1998, 2008, and 2019.

The formation of tropical cyclones can be roughly divided into two seasons: September-
January of the following year and March-August. The fall-winter season coincides
with a strong northeast monsoon and more than four times the spring-summer season.
November was the month with the highest frequency of TC occurrences, followed by
December, and October was the third most frequent. The weakest month was July
(3 TC).
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*  Aclear trend towards an increase in the number of typhoons over the Spratly Archipelago
has been revealed. One of the possible reasons for this may be the intensive devel-
opment of the East Asian Monsoon with a strong tropical convergence zone under
current climatic conditions. The noted trend may become a serious source of regional
climatic risks in the future and requires, in our opinion, a targeted study.

Heavy rains, strong winds, and high waves always accompany tropical cyclones, which
cause great hindrance to economic and defense activities in the study area, as well as
bringing catastrophic consequences for nearby water areas.
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C. 0. Pomanckmuii , E. M. BepGunxas!

! Ta/IbHeBOCTOMHEIH PErMOHAIBHbIH HayTHO-ICCIIeJ0BATENbCKHIl THIPOMETEOPOIOrNIeCKU HHCTHTYT,
r. Binagusocrok, Poccust
* Konrakr: Cranucnas Ouierosuy Pomanckwuii, khvrom@ya.ru

[IpencraBiena sKcuepuMeHTaIbHAsI CUCTEMa BBIILYCKA KPATKOCPOYHBIX YHUCJIEHHBIX NIPOIHO30B
noroasl (UIIIT) st Xabaposcka Ha ocHoBe Mogesn Weather Research and Forecasting (WRF) na
cerke ¢ maroM 1 kM. OCOGEHHOCTSIMU CUCTEMBI SIBJISETCs yYET B YMCJIEHHON MOJEJIM MOPOICKOM
MIOJICTHUJIAIOIIEH TOBEPXHOCTH IIPU UCIIOJIB30BAHNN TapaMerpusamnun single-layer urban canopy model.
Topozckast 3acTpoiika IpeICcTaB/IeHa TPeMsl TUIAMU TIOJICTUJIAIONIECH TTOBEPXHOCTHU: TPOMBIILIEHHBIE
30HBI, HU3KO- U BBICOKOITAaXKHas 3aCTPOiika. PaccMarpuBaercs 3a/iada UHTEPIPETAIUH YUCTEHHBIX
IIPOI'HO30B BBICOKOT'O MIPOCTPAHCTBEHHO-BPEMEHHOI'O Pa3PeNIeHus B KPYITHOM HACEJEHHOM IIyHKTE.
Pacuersr Ha cerke ¢ marom 1 kM o mogesin WRE mokazamu 6ostee BBICOKOE KA4eCTBO KPATKOCPOIHBIX
IIPOTHO30B I10 TOPOYy B CPABHEHUHU C CETKOI C marom 5 KM 3a WioHb — fekabpb 2023 r. Ha stom
Iepro/ie Ha CETKaX C ImaraMu 1 KM U 5 KM OCpeJHeHHAasi abCOJIIOTHASI OMNOKA [IPOrHO3a CKOPOCTH
U HAIpaBJIeHHWs! IpU3eMHOro Berpa Bbime 10 M/c cocraBasier 2,9 M/c u 3,2 m/c, u 14° u 32°
COOTBETCTBEHHO, JJIsI IIPU3EMHOI TEMIEPaTyphbl OCPeJHEHHAs abCOIOTHAs OMIMOKA JOCTHIAeT
1,6° u 3,1°.

KmrodeBbie ciioBa: YHCIEHHBIN MMPOTHO3 MOTOAbI, ME30MACIITAOHBIN MPOIECC, CUIbHBIE OCAIKU,

CHJIBHBIA BeTep, moacTuIamas nosepxunoctb, WRF-ARW, Xabaposck.

Iuruposanme: Pomanckuii, C. O., E. M. Bepbunkas Kparkocpounoe nporaosupoBanue
METEOPOJIOTUYECKUX YCJIOBUN U SIBJIEHUI IIOIO/bI BLICOKOI'O IIPOCTPAHCTBEHHOI'O Pa3pPeNIeHus 0
Xabaposcky // Russian Journal of Earth Sciences. — 2025. — T. 25. — ES1009. — DOI:
10.2205/2025es000942 — EDN: MQMDJW

BBenenune

IIpon3BoUTEIHHOCTD COBPEMEHHOI BBIMUCIUTEHHON TEXHUKN TTO3BOJISIET UCIOJIB30-
BaTh Ha IPAKTUKE PErHOHAJILHBIE MOJIEJIN YUCaeHHOro mpornosa moroabl (UIIIT) na cerkax
C BBICOKHM ITPOCTPAHCTBEHHBIM paspernenneM. Hampumep, cucrema COSMO-Ru I'mapomer-
nenrpa Pocenu [Pusun u dp., 2020] Beraucisier nporaos no Teppuropun P®, B Tom umcie,
Ha cerke ¢ marom 6,6 kM. B CIIA ucnosnssyercs High-Resolution Rapid Refresh (National
Centers for Environmental Prediction, NCEP) [Dowell et al., 2022] ¢ ceTkoii maroM 3 KM.
O/mHAKO KPYIIHBIE TOPOJIA JIazKe IIPU TAKOM TOPHU30HTAJIHHOM IAre OKa3bIBAIOTCS MOKPBITHI-
MU HEJIOCTATOYHBIM KOJUIECTBOM Y3JIOB CETKU MOJEIHU JJIsl JeTaIu3uPOBAHHOIO TIPOrHO3a
MOTOHBIX YCJIOBHUI 110 TEPPUTOPUM TOPOJIA. DTO OCOOEHHO BAYKHO JIJIsl TTPOrHO3UPOBAHUST
OIACHBIX METEOPOJIOTHYECKUX SIBJICHUI, T. K. UX JIUHEHHBIE pa3Mepbl MOI'YT OLITH COIOCTa-
BUMBI C Pa3MepoOM std9eiiku ceTKu. Kpome Toro, Bapuanuu 3HAIEHUN METEOPOJOTHICCKIX
mapaMeTpoB B IIpeJiejiaX TePPUTOPUN KPYITHBIX HACEJEHHBIX MYHKTOB JOCTATOYHO BEJIUKH.
Tak, HAIpUMED, OJTHOBPEMEHHBIE U3MEPEHHST B PAJIMIHBIX TOUKAX XabapOBCKa IMOKA3BIBAIOT
IPOCTPAHCTBEHHBIE BAPUAIMH TEMIIEPATYPHI JI0 6°, a HAJIMYNE U WHTEHCUBHOCTD OCAIKOB
MOKET BAPbUPOBATKLCS OT MOJIHOTO UX OTCYTCTBHS B OIHOM paifoHe Topojia IpH sICHOM Hebe
¥ COJTHEYHOM TIOrojie JI0 JINBHEBBIX OCAJIKOB BBICOKON MHTEHCHBHOCTHU B JIDYTOM.
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C apyroit cTOPOHBI, KPYIHbIE HACEJIEHHBIE IIYHKTHI CAMH OKA3BIBAIOT CYIIECTBEHHOE
BJIUSTHIE HA XapaKTEPUCTUKH OKPYKAIOIeil MpupomHoil cpefbl u (hopMUPYIOT MECTHBIE
IIOTOJTHBIE YCJIOBHUS 38 CYET OCODEHHOCTEHN rOpOJICKOI 3aCTPONKM: BHICOT U TUIOB 3AHMUIA,
X Pa3MelleHnusl OTHOCUTEJILHO APYT JAPYyra, PaCIOJIOXKEHUs KPYIHBIX IIPOMBIIIIEHHBIX
MpeIpUsITHi 1 MHOPACTPYKTYPHBIX CTPOEHUMN, JIECOTAPKOBBIX 30H U BOJHBIX O0HEKTOB.
Toposckast 3acTpoiika n3MeHseT GU3nIecKne XapakKTePUCTUKH TI0/ICTUIIAIONIEH TOBEPXHOCTH:
TEIUIOIPOBOHOCTD, TEIJIOEMKOCTh, OTPasKaTeJbHYI0 CIOCOOHOCTH, CKOPOCTb HUCIAPEHUS
U Jpyrue. DTO BIUSHUE MOXKET MPUBOJUTH K YCUJIEHUIO MHTEHCUBHOCTH ONACHBIX STBJICHUN
MOTO/IbI, TOPOXKJIEHIIO OCTPOBOB TEILIA, M3MEHEHUIO CKOPOCTH U HAIPABJICHUS ITPU3EMHOIO
BeTpa, PACIIPeJIesIeHHs] OBIATHOCTH 1 OCaJIKOB B TOPOJIe U ero okpecTHocTsx [Masson et al.,
2020).

TTosTomy mjisi MHOrEX KPYIHBIX TOPOJOB Pa3padaThIBAIOTCS CIEUaTu3nPOBaAHHBIE
CHCTEMBI YHCIEHHOTO NPOrHo3a norois! [Kwok and Ng, 2021]. Haupumep, jnist Mockos-
ckoro peruona noarorosyiera cucrema COSMO-RulM ¢ marom cerku 1 kM [Pusun u dp.,
2020], B Toukonre (Kurait) oneparusnas cucrema Aviation Model paccuurbiBaercs Ha aByx
BJIOXKEHHBIX ceTKax ¢ maramu 600 u 200 m [Hong Kong Observatory, 2022]. Ha HanbHem
Bocroke Poccnn takzke numeercs ONbIT pacdeTa YUCIEHHBIX ITPOTHO30B MOTOJbI B MACIITAabe
ropojia: Bo BpeMsi cammuTa Asznarcko-THX00KeaHCKOTO 9KOHOMIIECKOTO COTPYTHIIECTBA
B 2012 1. BBIIYCKAIUCH MPOrHO3BI HA ceTke ¢ maroM 500 M mo Biagusocroky [Pomancrul
u Bepbuyran, 2014]. Bosee Toro, Becemuprasi Mereoposiornyeckasi opraausanust (BMO)
noarorosuna pekomerganuu [Mills et al., 2021], B KOTOpBIX Ha TpEMeEpPE GOMBIIOTO MEPETHS
TOPOJIOB MHPa PACCMOTPEHA KOHIIETINSA U METO/I0JOTHsT MHTEIPUPOBAHHOIO CEPBUCA JIJTsT
ypOaHN3UPOBAHHON TEPPUTOPHUH C HOJACUCTEMAMHU: [IPOTHO3UPOBAHIE OIMACHBIX SIBJICHUI I10-
rojibl B MaciiTabe ropojia, KJIUMAT TOPOJIa, OMACHBIE THAPOJIOIMIECKUE sIBJICHUST U KAIeCTBO
armocdepHOro Bo3myxa B ropoje. Takmm 06pa3om, 3aa9a HOCTPOECHUS CHCTEMbI YHUCIEHHOTO
IIPOTr'HO3a MOTOJIbI II0 TeppUTOpUK KpynHbIX roposos lainsaero Bocroka Poccun siBiasiercst
BeCbMa aKTyaJIbHOM.

Ilenbio mpeacTaBIEHHBIX B JaHHOM paboTe MCCIeIOBAHUN ABJISIETCS OIEHKA 3(PPEKTUB-
HOCTH BBIIIyCKa KPATKOCPOYHBIX UUCJCHHBIX TPOTHO30B IIOTOJIBI IO KPYITHBIM HACEJIEHHBIM
nyukTam Jlanbaero Bocroka Poccun ¢ yueroMm XapakTepuCTHK HOJICTUIAIONIEH TOBEPXHOCTH
ropoacko#t cpeabl. JIist 9TOTO TOATOTOBIEHA W AlIpPOOMpOBaHa Ha IMpuMepe XabapoBCKa
c6opka mojesn Weather Research and Forecasting (WRF) [Skamarock and Klemp, 2007
Ha, BBIYUC/IMTEILHON CETKE C TOPU30HTAIBHBIM ITaroM 1 KM.

B nmannoit pabore mpUBOAMTCS aHAJN3 KAYeCTBa MMPOTHO30B OCHOBHBIX 3JIEMEHTOB
norozipl (IIPU3eMHON TeMIepaTyphbl BO3/yXa, OCAIKOB, CKOPOCTH U HAIPABJIEHUS IPU3EMHOIO
BeTpa), paccunTanubix no mMogean WRE Ha cerke ¢ marom 1 KM, BBIIIOJHEHHBIH 110 JAHHBIM
IKCIIEPUMEHTAJIBHBIX PACYETOB 3a JOCTATOYHO [POJOJIZKUTEJBHbII 1epUoJ BpeMeHH (HIOHb —
Jiekabpnb 2023 1.).

MarepuaJibl 1 METOJbI MCCJIEIOBAHUS

O6beKT uccireioBanns. XabapoOBCK — KPYIHBIH mpoMblnieHHbIi ropos Janbaero Bocroka
Poccun, pacmosioxkennsrii Ha tore CpegHeaMypCcKoil HU3MEHHOCTH, BOJIU3U MECTa CJIUSIHUST
Yecypu u Amypa. [opog npoTsinyJicst Bj1oJib ipaBoro 6epera Amypa Ha 45 KM, IIUPUHA FOPOJIA
oT 3-5 10 20 KM, IJIOMAIb COCTABIISET OKOJIO 372 KMZ. Topon HaxomuTCst Ha BO3BLIIIEHHOM
paBoM Oepery pesbed KOTOPOro pa3HooOpa3eH U CJI0xKeH. LIeHTD paciioioxKeH Ha, ITOJIOTUX
BO3BBIIIEHHOCTAX € abCOMOTHBIMU oTMeTKaMu 70-90 M Ha/ ypOBHEM MODPSI U OTHOCUTEIb-
HbIMu TpeBbIennsiMu MectHocTr 20-30 M. FOKHast 9acTh mpocTUpaeTest BIOIb ITPABOrO
Gepera AMypCKOIl IPOTOKH, 3aHUMAasi B OOJIBIIEH Mepe TPUOPEXKHBI HU3MEHHBIH yIaCcTOK
CO CPEJHUMU OTMETKAMH BLICOT Mopsiika 40 M, 1 OrpaHUYNBAETCSA HA IOT€-BOCTOKE U IOTe
xpebramu Masbiit u Bosbimoit Xexiup (MakcuMasbHast BbicoTa 0K0JI0 950 M), yIajleHHBIME
ot nieaTpa ropoga Ha 20-30 kM. CeBepHas 9acTb mpocTupaercs: Ha mporsizkeann 10-15 km
BJIOJIb [IPABOro Oepera AMypa IMpenMyIIeCTBEHHO Ha BO3BBINIEHHOW PABHUHHOW MECTHOCTHU
¢ ormerkamu BbicoT 80-100 M, okanunBaiomeiicss BoponexkcknMu BbicoTaMu (MaKCUMAJIbHAS
BbIcoTa 710 200 M).
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Kpymunsie npombinuientsie npeanpustus (TOL, 3aBoapt 1 habpuKn) TOCTPOEHBI TIpe-
WMYIIECTBEHHO y Oepera u BIIOJIb YKeJIe3HOI JOPOrd, KOTOPas IIEPEeCEKaeT ropoJl C I0ra Ha
ceBep. B 102KHOM OKpyTe pacrosioyKeH OTAe/IbHbBIN ITIPOMBINLIEHHBIN y3ea. B ropoje umerorcst
KpYyIIHBIE TapKoBbie 30HbL HapK uM. H. H. MypasbeBa-Amypckoro u mpueramoniuii K Hemy
craguon uMm. B. U. Jleanna B npuOpeKHO# 30HE HCTOPUUIECKON YacTu ropoaa; napk Jlumamo
B IIEHTpE; NOPOJICKOI fenapapuii u mapk uMm. FO. A. Tarapuna ua wore; CeBepHbIil mapkK
B CEBEPHOIi YacTu ropoja. VIMeTcst 1 JIpyrue JiecorapKoBble 30HbI.

Kondurypamuga momenu m objactm pacdera. B KadgecTBe MHCTPYMEHTA MCCIETOBAHMIA
HCIIOJIB30BaHa, HETHIPOCTATUIECKAsT MOJEb ruaporepmoanaaMuku arMmocdepsr Weather
Research and Forecasting ¢ munamudeckum gapom Advanced Research WRF (WRF-ARW)
[Skamarock and Klemp, 2007]. K mocTomHCTBaM MOJEIN OTHOCUTCSI OTKPBITHIH MCXOTHBIH
KO/T, BO3MO>KHOCTb HCITOJIb30BAHNS, KAK JJIsi OMEPATUBHBIX PACIETOB, TaK M JJIsT HAYIHBIX
WCCJIeIOBaHMI U OOJIBIITOE KOJTMIECTBO IAapAMETPU3AIHii [IOICETOYHBIX [IPOIECCOB, KOTOPHIE,
KaK [PABUJIO, [TOJIJIEP’KUBAIOTCS aBTOPAMU U TIPOJIOJI?KAIOT PA3BUBATHCS.

B ucnonnzyemoii coopke mogenn WREF-ARW 3amanbr pekoMeH IyeMble 1 IMTHPOKO MPUMe-
HsieMble TIapaMeTpu3alui. bajlaHc KOPOTKO- U JJTMHHOBOJIHOBOI pa/Malliil PACCINTHIBAETCS
cxemoii Rapid radiative transfer model (RRTM). XapakTepucTuky MOrpaHuIHOrO U IPH3EM-
HOT'O CJI0€B aTMOChEpPBI BBIYUCISIOTCS mapamerpusamnusymu Yonsei University m Mesoscale
Model 5, KoTOpBIE MO3BOJISIOT JOCTATOYHO TOYHO BOCIIPOM3BOIUTH BEPTUKAJIBHOE PACIIPEIe-
JIEHWE TIOJIs BeTpa Ha CeTKe BBICOKOTO IIPOCTPAHCTBEHHOrO paspertenus [Shin and Dudhia,
2016]. XapakTepueTnkun MUKPOMDU3NIECKAX TPOTECCOB BRIMUCIAIOTCS cxeMoit Single moment
6-class ¢ mectpio rugpomereopamu. Cxema Noah land-surface model obecieanBaer momenmm-
pOBaHIe MPOIECCOB B BEPXHEN YaCTU MOYBEHHOIO CJIOSI.

st yaeTa Bo3meficTBUSA TOPOJICKONH 3aCTPOMKN B COOPKE MOJEN HUCIOJIB3YeTCS OJl-
HOYPOBHeBas napamerpusanus single-layer urban canopy model (SLUCM) [Chen et al.,
2011; Kusaka et al., 2001]. Cxema SLUCM 1mIMpoKO IPUMEHSIETCSI B 9KCIIEPUMEHTAJIBHBIX
pacderax, IOCKOJBKY [TO3BOJISIET B YIIPOIIEHHOH (DOpPME ONEHUTH XapAKTEPUCTUKH TEILJIOBOTO
GasiaHca, 3HAas THIL U MeOMEeTPUIECKUe Pa3Mepbl MACCUBOB rOpPOACKOil 3acrpoiiku [Tapacosa
u dp., 2023; Garuma, 2018; Kim et al., 2021]. 1iusg Takux MacCUBOB B MOJIEJIN BBEJIEHBI
crienuaJjbHble 0003HAYEHUsI [IPYU OIMCAHUN IOJICTUJIAIOIIEH TOBEPXHOCTH, YIUTHIBAIOIINE
IJIOTHOCTH 3aCTPOMKM, BBICOTHOCTD 3/IaHUI U COOPYKEHUl B swelike ceTke. I Kazkmoro
THUIA TOACTUIAONIEH TOBEPXHOCTH 3a/IaHbl 3HAYEHUS AJIH0EI0, TapaMeTpa IIepPOXOBATOCTH,
TEIJIOEMKOCTH U JIPYTU€ XapaKTEPUCTUKU.

DKcIIlepuMeHTaIbHbIE PACYeThI 10 XabapOBCKy W €ro OKPECTHOCTSIM ITPOBOJISITCS HA
BJIOZKEeHHOIT ceTke pazmepoM 340 ua 340 kM ¢ ropusonTaibHbIM maroMm 1 kM (Xab-1, puc. la),
IIEHTP CETKU PACIIOJIOKEH B IEHTPAJIbHON YacTU ropoja. B kadecTBe BHemrHeil obJactu
HCIIOJIb3YETCsT CETKA MOJIEJH, [IPETHA3HAMEHHON /I BBIITYCKa KPATKOCPOYHBIX ITPOTHO30B
00I1Iero moJIb30BaHus B JAJbHEBOCTOYHOM permone Poccnu: oHa oxBaTbiBaeT dacTbh EBpasun
u Tuxoro okeana mpumMepHo Mexk Ty 38° m 68° c. mr. m or 100° 1o 180° B. A. M MOKPHITA
Y3JIaMH ¢ TOPU30HTAJIBHBIM IaroM 5 kM (Xab-5). B pacuerax 1o BepTHKAIN OT ITOBEPXHOCTH
3emun J10 n3obapuyeckoii mosepxuoctu 50 rlla 3azan 51 yposens ¢ Hanbosiee 10 IPOOHBIM
pa3pelnreHneM B HIKHEM JIBYXKAJIOMETPOBOM CJIOE.

B kauecTBe HavaJbHBIX U I'PAHUYHBIX JAHHBIX JJIsI BHEIIHEN 00JIacTH pacdera UCIOJIb-
3oBanbl porHo3bl cucrembl Global Forecast System (NCEP, CIIA) pasperienuem 0, 5°
U IUCKPETHOCTHIO 6 |., /Jist BHyTPEHHE! CeTKU I'PAHNYHBIE JAHHBIE BHIONPAIOTCS U3 BHEIITHEH.

B cocrase mogern WRF-ARW wnmeercst 1Ba HabOpa JaHHBIX O IMOACTUIAIONIEH TOBEPX-
uHoctu. OuH u3 HUX ocHOoBaH Ha mHOpMarmu [eosoruaeckoit ciryk061 CIIIA | Bropoit — Ha
JIAHHBIX KocMudecKux Habuonenuil ciuekrpopaauomerpamu MODIS (HACA, CIIIA). Un-
dopmanus Mo ykazaHHbIM HabopaMm maHHbIX npejcrasicna B WRF-ARW ¢ makcumasbHbIM
paspemenuem 30” u 15” coorsercrsenno. B6amsu XabapoBcka 3T JaHHbIE HEJIOCTATOYHO
aeKBaTHBI (PAKTUIECKOMY COCTOSIHUIO, IIOTOMY II0JIE€ TOJICTUJIAIONIEH IOBEPXHOCTA B TO-
POJie U ero OKPECTHOCTSIX OTKOPPEKTUPOBAHO BPYUHYI0. B yacTHOCTH, /JIsT 0OJIACTH CETKH
¢ maroM 1 KM ¢ puc. 16 y XabapoBcKa Bpy4YHYIO YTOYHEHO IIOJIOXKeHUe pycia Amypa,
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PaCHaAIoIIerocst Ha OT/IeJIbHbIE TPOTOKHU, Pa3jeJIeHHbIE OCTPOBAMMU: 3a/aH KPYITHEHIIi 13
octpoBoB — Bosbmmoit Yecypuiickuii. [Ipu MmomenupoBannu ropojickast 3acTpoitka XabapoBckKa
[IPEJICTABJICHA TPEMsl TUIIAMU: HU3KO-, BHICOKOITAXKHAS U IIPOMBIILICHHbIE 30HbI (puc. 16),
uro coryiacopano ¢ napamerpusarueiit SLUCM. Kiaccudukaliyst 3Tux 30H B TOPOJIe TaK-
JKe BBIMIOJIHEHA BPYYHYIO B HAOOPE JAHHBIX, IMOJIOTOBJICHHOM ITPEIPOIIECCUHIOM MOJIEJIN.
L1t yTOYHEHMST OMUCAHUST TOJCTUIAOIIEN TTOBEPXHOCTH TPUBJIEKAJNCH KPYITHOMACIITAOHBIE
KapThl U JIaHHbIE eBpoleiickoii cayxk6e1 Copernicus Global Land Service [Buchhorn et al.,
2020).

< s . >
134°s.0 136°5.1 mBona B CMelanHbIe Jeca
@ Mo3sauka nyroB u Kycrapuukos B XBoifHbIe eca O Huskooraxuas 3actpoiika O onst u nacr6nvma
B [1IupoKONUCTBEHHBIE JIECa [ TpassiHucTEIe G0MOTA i el e L S
P p M [IpoMBbIIIIeHHAS 30HA O Mos3awuka roseit u J1ecoB
a 6

Puc. 1. MojiesibHbIe aHHBIE ¢ TOPU3OHTAIBHBIM H1arom 1 Km: (a) pesbed ¢ ykazaxnuem
BOJIHBIX 00'bEKTOB, (6) OCHOBHBIE THIIBL IIOJICTUIIAIONIEH OBepXHOCTU BO/IM3H XabapoBCKa
(GestbIMM KPY’KKAMHA YKa3aHO NPUMEPHOE TIOJI0YKEeHNe TIyHKTOB HAOJMIOJIeHni B 4epTe ropoja,
CHUDEHEBBIMH — B CEJIbCKON MECTHOCTH).

Cucrema Xab-5 BBIIyCKaeT MPOTHO3BI HA TPOE CYTOK BIIEPEJ], HO BBIYUCJICHUS BO
BJIOKeHHOM ceTke Xab-1 BBUY ee MAJIbIX T€OMETPUIECKUX PA3MEPOB MIPOBOJATCS TOJBKO HA
OJTHU CYTKU BIIEpe[l, HaumHas ¢ 12 4. oT cpoka crapra Mojeau. Takoil moaxo Mo3BOJIsieT
[IOJIy9aTh YHCJIEHHBIE [TPOTHO3bI BHICOKOI'O IPOCTPAHCTBEHHOTO PAa3pEIleHns] Ha 3apaHee
OTIpEJIEJIEHHBIX BJIOYKEHHBIX CeTKaxX B paMkax cymectsyioreit cucrembr UIIIT myist 3amannoro
WHTEPBAJIa BPEMEHH.

MoienbHbIE TIPOTHO3BI TPU3EMHON TEMIIEPATYPBI, CKOPOCTH U HAIIPABJICHUST IPH3EMHOTO
BEeTpa, HAJIMIKMSA U KOJUIECTBA OCAJIKOB Ha BBIYUCIUTEIBHBIX CeTKaxX ¢ ImaramMu 1 u 5 KM
CPaBHUBAJINCH MEXKTy cO0Oil U C JAHHBIMU HA3EMHBIX WHCTPYMEHTAJbHBIX U3MEPEHU B Xa-
6apOBCKe M ero OKpPecTHOCTsIX. IIporHocruieckue 3HaYEHNsT METEOPOJIOIMIECKUX DJIEMEHTOB
1o 00erM BepCHsiM MOJIEJIA B COOTBETCTBHM ¢ pekoMmenparusivMu BMO BeiOupasuce n3 6im-
JKAMIIEro K IyHKTY HAOJIOMEHUI y3/1a MOJIEIbLHON CETKH ¢ YIeTOM TOJIOXKEHUS KPYITHBIX
pek. IIporuossr Xa6-5 uCIo/b3yI0TCs B KA4eCTBE KOHTPOJIBHBIX IIPU OIEHKE CTeleHn -
GEKTUBHOCTH PACIETOB HA BJIOXKEHHBIX CETKAX BBICOKOI'O ITPOCTPAHCTBEHHOTO Pa3penieHust
¢ 60J1ee TOYHBIM U TIOAPOOHBIM OIMICAHUEM MTOJCTUIIAIONIEH TIOBEPXHOCTH U YIETOM TOPOJICKOM
3aCTPONKMU.

Jannbre Habmogennii. /lanHble HHCTPYMEHTAJIBHBIX NU3MEPEHHIA, UCIIOIb30BAHHBIE JIJIsI
OIEHKM Ka4eCTBa MIPOTHO30B M0 XabapOBCKY, MOJIYIEHbI ¢ METEOPOJOTMIECKUX CTAHITUN
u aBromarndeckux jarankoB PT'BY «/laasreBocrounoe YI'MC». Apromarnyeckue JaTIuKu
BBITIOJIHSAIOT €KEeYaCHbIE U3MEPEHUsI TEMIIEPATYPhl BO3/IyXa, TOYKHA POCHI, CKODOCTU U Ha-
[IpaBJIeHns TPU3EMHOTO BeTpa. B uepre ropojia OHM PACIIOIOZKEHBI Y asporiopTa XabapoBCKa
(uamexec BMO: 31735, Beicora 74 M), y Amypckoro mocra (31739, Boicora 57 M), y 3aBoja
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Hanbmusens (31738, soicota 37 M), B Mukpopaiionax JIOC (31 640, Beicora 68 M), Kpacrast
peuka (31720, Boicora 53 M) u Oomecosxo3 (31734, seicora 90 M, 3/1eCh UMeETCs JOIOJIHU-
TeJIbHBII TPUOOP — ITIOBHOrPad — MOCTABJISIIONINI e2KeIacHbIe ABTOMATHIECKIE HAOJTFOIEHNST
38 MHTEHCHBHOCTBIO 0caJKOB). B okpectrOoCcTH 100 KM OT TOPO/IA HAXOMSITCS METEOPOJIOTH-
qeCcKre CTAHINN C ABTOMATHIECKUMU JATINKAMU, PACIIOJIOKEHHBIE B CEJIbCKON MECTHOCTH:
B nocesikax Beranxa (31726, Boicora 89 M), Kuaze-Boskonckoe (31740, soicora 59 M), Xop
(31791, BBICOTa 72 M), Jlenutckoe (31710, Beicora 54 M) u Cymugosuu (31725, Beicora 50 M).
Asromaruieckue exxkedacHble HAOIOIeHNsT BepU(MUITIPOBAIICH JAHHBIMEA H3MEPEHHUi, TTOCTY-
maformumMu B Ko1oBoit popme SYNOP or cooTBeTCTByOMUX METEOPOJIOTHIECKUX ITyHKTOB
HaOJIrOIeHM KaxK iple 3 4. JIJ1st KOHTPOJIs JJAHHBIX HAOJIIOIEHNN PACCIYNTHIBAJIUCH U aHAJIU3H-
POBAJINCH CPeIHIE, MAKCUMAJIbHBIE 1 MIHUMAJIbHbIE 3HAYEHIS METEOPOJOTNIECKUX BEJIUIIH
3a cyTku. Ilpomycku B psimax HaOJIIONEHMIT HE BOCCTAHABINBAJIUACD.

Pesynbrarst u obcyxaeHue

KagecTBO IIpOrH030B IpM3eMHOI TeMIepaTyphl  BeTpa. B 1a01. | mpuBeieHb! OCpeIHEHHBIE
10 BCEM YKA3aHHBIM BBIIIE IIyHKTAM HAOJ/IIOAEHUI OIEHKN KadecTBa IIPOrHO3a IIPU3EMHON
TEMIIEPATYPHI U BETPA [0 MOJEJIbHBIM CETKAM C FOPU30HTAJIbHBIMY IIaramMu 1 u 5 KM I
3abJraroBpemMenHocredt ¢ 6 mo 24 4. 3a uoab — Aekabps 2023 r. U3 nanapix tads. 1 BugHO,
YTO Ka4eCTBO IPOrHO30B Xab-1 BhIllle, YeM 110 BHEIHEH CeTKe pacdera C IaroM 5 KM.

Tabauna 1. OcpeHeHHBIE OIEHKHM KAYeCTBA [IPOTHO3a TEMIIEPATyPhl BO3IyXa U CKOPOCTH
BeTpa Jijis 3abyiaroBpeMentocteii ¢ 6 1o 24 4. 3a wioHb — jAeKabpsb 2023 1.

[Ipusemuas Temmeparypa IIpusemusrit BeTep
BapunanT O6ecnieuennoctb, %
pacuera 5, ° E ° E<1° E<2° E<3° 5, M/c E,m/c  J,M/c
Xab-1 -0,7 1,6 36 58 70 1,1 2,0 2,8
Xab-5 -1,6 3,1 21 34 61 1,2 2,2 3,2

Ipumeuanne. § = N1 Zfi 1 A — cpennsia cucremaruieckas ommnbka nporuosa, E=N -1 Z{i 1 1Al = cpennaz
abCoTOTHAA OMMOKa MPOTHO3a, A =porHo3 — dakT, N — KOJu9IecTBO map «(haKT-TPOTHO3», & — CPETH
KBa/[paTUIeCKas OUIMOKa IPOTrHO3a BEKTOPa IIPHU3EMHOTO BETPA.

IToBbImerne KadecTBa MPOTHO30B 00Jiee BHIPAYKEHO [IJIs IPU3EMHON TEMIIEPATYPHI, T. K.
Ha ee (pOPMHUPOBAHUE 3HAYUTEILHOE BIUAHIE OKA3BIBAIOT XapaKTEPUCTUKU TOJICTUIAIONIEH
TOBEPXHOCTH, & JIJIsT CETKU 1 KM TOMEIMO TOPOJICKOM 3aCTpoiikKn XabapoBCKa YTOYHEHO U TIO-
Jioxkenue pycyia Amypa. OcpeHeHHbIe cucTeMaTuyeckast U abCOMIOTHAs OIMUOKY ITPOrHO3a
MIPU3EMHOM TEeMIIEPATYPBI IIPU TIEPEX0JIe K CeTKE C IMaroM 1 KM YMEHLITUINCH IIPUMEPHO
B 2 paza (or —1,6° 10 —0,7° u or 3,1° 1o 1,6° coorsercreenno). IIponenT ciyuaes, Korua
abCOTIOTHAS OIMMUOKA ITPOrHO3a, MPU3EMHON TEMIIEPATYPhl HAXOAUIACH B 38 JaHHOM HHTEPBA-
Jie (06eCIIeueHHOCTD) 3HAYNTENBHO YBEJINIUIICS JJIsl OJIHO- U JIBYXT'DaJLyCHOTO HHTEPBAJIOB:
¢ 21% mo 36% (ua 15%) u ¢ 34% no 58% (ma 24%) coorsercrBenno. B TpexrpasycHoM
MHTEpPBAaJe BO3PACTAHUE Y2Ke HE CTOJb BEJIMKO — IPHUPOCT COCTABIII TOJIBKO 9%, 94TO CBA3AHO
C yBeJIMYEeHWEM MHTEPBaJIa JJIsl pacdeTa 00ecIiedeHHOCTH.

O1eHKY IPU3EMHOIO BeTpa 110 000MM BapUAHTAM CETOK MaJjiO0 OTJIUYAIOTCS: CPeTHsIsI
KBaJpaTuieckas ommbka cocrassier 2,8 u 3,2 M/c, /sl CKOPOCTH BETPa CUCTEMATHIECKAs
ommbka npunumaer 3uadenusa 1,1 u 1,2 m/c, abcomornas — 2,0 u 2,2 m/c ma Xab-1
u Xab-5 coOTBETCTBEHHO. DTO 0DYCJIOBJIEHO JIBYMsI IPUYMHAMU. BO-11€PBBIX, 0CODEHHOCTHIO
PAacCIIoJIoyKeHNs TyHKTOB HAOIOIEHUIT TPENMYIIECTBEHHO Ha, PABHUHHON MECTHOCTU 0e3
OOJIBINKUX TIEPENaOB BHICOT, TAK UTO PA3JIUUIUS B AlIPOKCAMAIINN (DAKTUIECKOTO pesibeda
MECTHOCTU B OKPECTHOCTU IYHKTOB HAOJIOJEHUI MO ceTKaM 1 M 5 KM MaJio BJIUSIOT Ha
CKOPOCTDH BeTpa. Bo-BTOPBIX, KANMATHIECKIMU OCOOEHHOCTSIMU BETPOBBIX XapaKTEPUCTHK
B XabapoBcKe: JI0JIsl CILy4aeB cO CKOpocTsMu Berpa MeHee 10 M/c B UCHBITBIBAEMOIl BHIGOPKE
cocrapiisieT okoso 95%. IlosToMy 1 BLISIBJIGHNs IIPEUMYIINECTB pacdera Xao-1 ciemyer
PaccMOTpETh CIyYan C CUJIBHBIM BETPOM OTIEIBHO.
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Temneparypa B ropojie u CeJIbCKOIl MECTHOCTH. XapaKTEPHON 4epToil MECTHOIO KJIMMAaTa,
KPYIHBIX TOPOJIOB SIBJISIETCS BOSHUKHOBEHME ODJIACTHU TIOBBIINIEHHBIX 3HAYCHUI TEMIIEPATY-
DBl BO3/yXa, PACIPOCTPAHSIONIENCsS OT ropoJia B IOJBETPEHHYIO CTOPOHY [I'puzopves u
Ozopoduukos, 2001; Lin et al., 2022; Wang and Li, 2021]. TIo JaHHBIM HCIBITHIBAEMOIT
BBIOOPKH 1ostyueHo (Tabu. 2), uro ¢ 19 1o 9 4. B ropoje daxTuueckas TeMIEPATypa BO3LYXa
B cpenueM Boimie Ha 1,0—1,7 °C, 4eM B CeIbCKON MECTHOCTH, T. €. TIOJIYYeH CJIab0BBIPAYKEHHOM
ocTpoB Tema. s cpaBHeHUs, B KPYIHBIX ropojax EBPOIbI 1 UX NPUTOPOJax Pas/Indus
B TemmepaType MoryT mocturath 5—7 °C gerom, 2-8 °C sumoit [[puzopves u Ozopodruxos,
2001]. Hanpumep, 1o gauusim [Kysneyosa u dp., 2017 B Mockse jHeM BO BCe CE30HbBI
B 90% ciydaes pazHocTh TeMueparyp cocrasiser 0-2 °C, HOULIO TIOBTOPSIEMOCTh HHTEPBAJIA
0-2 °C — okomo 60%, Ipu 3TOM OTMEYAIOTCS U IKCTPEMATbHO Gosbine 3Havenust (ot 8 °C
u Boie). B XabapoBcke 3a paccMaTpuBaeMblil IepUOJ BpeMeHH HauboJIbIlee MpeBbIleHne
TemIepaTypbl Bo3ayxa cocrasmwio 4,6 °C (B aBrycre).

9 =

N

(9]

w

[—,

1
[

T T T T T T T T T 1

0 2 4 6 8 10 12 14 16 18 20 22
MecTHOe BpeMms, 4.

T T

IIpuzemnas Temieparypa, °C

Puc. 2. Cpemuss o myHKTaM HabJIOIeHUN exxedacHas dakTuieckaa u MojeabHas (Xab-
1) npusemuas Temmeparypa 3a uioHb — Jekabpb 2023 1. YepHblil 1BET COOTBETCTBYET
CPEIHMM 3HAYEHUSAM 110 IIyHKTaM Haburonenuit B Xabaposcke (nHAeKChl IyHKTOB: 31640,
31720, 31734, 31735, 31738, 31739), ronyboii — B cesibckoii mectroctu (31710, 31725,
31726, 31740, 31791). ®akTudecKue JaHHBIE YKA3aHBI CIUIONIHBIMHA JIMHUSIME, MOJIEJIBHBIE —
[y HKTUPHBIMU.

B sroil cBa3u cieayer oTMETHTB, 9TO AMYyp, IIMPHHA KOTOPOIro y XabapoBCKa CO-
cTaByseT Oosiee 1 KM, OKa3bIBaET 3HAYUTEILHOE BJINSHUE HA IIEPEHOC TOPOJCKUX TEILIOBBIX
BBIOPOCOB U CIUIaKUBaeT KOJIeOAHUsT IPU3EMHON TeMIIEPATYPhI MEXK/Iy PafiloHaMU rOPOIa
U CeJTBCKON MECTHOCTBIO. JJoOMUHUpYIOIEee I0ro-3amalHOe HAIIPABJICHUE BETPA COOTBETCTBYET
HAIIPABJIEHUIO pycjia AMypa, a TeMieparypa BOJbl 3HAYUTEBHO OTJIMIAETCA OT TEMIIEPATY-
PBI BO3/LyXa, 9TO OIPEEJIsAeT CyTOUHbIe KOJIeDAHNsT BHY TPUTOPOJICKOTO IIEPEHOCA BO3LY IITHBIX
Macc: jgHeM oT AMypa Ha Geper, HOYbIO B 0OpaTHOM HampasjieHuu. CMeHa HAIPaBJIEHUST
IIePEeHOCA MECTHBIX BO3JIYIITHBIX MACC IIPOUCXOIUT OKOJIO 22 4. MECTHOTO BPEMEHU, KOTA
TeMIEePATYPbI IOBEPXHOCTU BOJBI U BO3/LyXa CYIIECTBEHHO COJMKAIOTCH.

Ilo MOmeTbHBIM TAaHHBIM PA3JIMIHe B TEMIIEPATyPe BO3IYXa MEXKIY TOPOJOM U CETbCKON
MECTHOCTBIO TaK2Ke BBIABJIEHO: ¢ 19 10 9 4. MojespHas TeMIepaTypa BO3/yXa B IOpPOJIe
B cpejaeM Boime Ha 1,0-1,5 °C, gem B cenbckoit MmectHOCTH. MosienbHas TeMiiepaTypa, Kak
paBUJIO, HIKEe (QAKTUIECKOl, 38 UCKIIoYeHneM mepuoza ¢ 17-18 4. Beuepa mo 0-1 4. HOUwm.

CunbHbif Berep. B 1abi1. 2 mpejicraBjieHbI OIEHKN Ka9eCTBa TPOrHO3a CKOPOCTU U HAIIPAB-
JIEHUsT TIPU3EMHOTO BeTpa Juist rpajarmn dbakTuaecknx ckopocteit or 10 M/c u Bbime (3a
paccMaTpuBaeMblil epros 3aduKCupoBaHo 537 ciydaes).
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Tabmuna 2. ONeHKH KauecTBa MPOrHO3a CKOPOCTU M HAIIPABJIEHUsI TIPU3EMHOTO BETPa B TPa-
naruu ckopoctr ot 10 M/c u Beime (537 ciyuaes)

Ckopocrb Hanpasienue
Bapwuant pacdera o, M/c E, m/c E, °
Xab-1 -1,8 2,9 14
Xab-5 —2,1 3,2 32

TTpumeuanune. O6o3HaAYEHUST COOTBETCTBYIOT TabII. |

Ha kadecTBO porHo3a CKOPOCTH U HAIIPABJIEHUsT IPU3EMHOTO BETPa CYIIECTBEHHOE
BJIMSIHUAE OKA3bIBAET 1Al CETKU, 0COOEHHO B pajioHax co cji0xKHOi oporpadueii [Pomarckui
u Bepbuukaa, 2023; Siuta et al., 2017; Solbakken et al., 2021]. Husa paccMarpuBaeMoil
TEPPUTOPUM B CPeJIHEM CKOPOCTb IIPU3EMHOI'0 BeTpa B 3aJaHHOI I'DaJallui 3aHUKaETCA 110
obouM BapHaHTaM MoOJeIu. TeM He MeHee, HA CETKe C TOPU30HTAJIBHBIM ITaroM B 1 KM J10-
CTUTHYTO HEKOTOPOE YMeHbIleHre abCoMIOTHON 1 apudnMeTndeckoii omubok nporuosa (¢ 3,2
10 2,9 m/c mor —2,1 no —1,8 m/c coorBercTBEHHO, T. €. puMepHO Ha 10%). HanGosbmmit
3 deKT OT yMEHbINEHNsT TOPU3OHTATIHLHOTO MAra MOJIyIeH JiJIsl TIPOTHO3a HAIIPABJIEHUS BETPA!
abCcoTIIOTHAsT OIMmMuOKa, yMEHBITNIACH OoJiee 4eM B JiBa pasa: oT 32 m0 14°, 9ro ocobeHHO
BaXKHO JIJIs IPOTHO30B Ha a’3pPOJIpoOMax, T. K. CUJIbHBIN OOKOBOIl BETEP CYIIECTBEHHO BJIASIET HA
6e30IaCHOCTD B3JI€Ta M MOCAJIKN BO3MIYIIHBIX CYJ0B. Y TOYHEHHE [TOJIOKEHUS PYCes KPYITHBIX
PEeK B ceTKe ¢ maroMm 1 KM ompeiesieHHO uMeeT 3D MEKT Ha MOJEIbHOEe HAIIPABJIEHIE BETPA
U, BEPOSITHO IIPUBEJIO K POCTY OIIPABIBIBAEMOCTH.

Cunbable ocasiku. [lpu amam3e cTemeHw yCHEINTHOCTH MPOTHO30B (PaKTa U KOJUIECTBA
OCaJIKOB HY2KHO YUIUTBIBATH, 9TO, OCAJKU HE SBJSIIOTCS HEIMPEPBIBHON (DyHKITMeH TpoCcTpaH-
CTBEHHBIX M BPEMEHHBIX KOODJUHAT U /WU HapaMeTpoB cocTosiaus armocdepsl. Haubosiee
HEeOJIArONIPUSATHBIM U JIa2Ke OITACHBIM $IBJIEHHEM CUYUTAIOTCH IIPOJIOJI2KUATEJIbHBIE OCAJIKU BBICO-
KOl MHTEHCHUBHOCTHU, TIOITOMY MOJIEJb JOJKHA MPEICKA3aTh He TOIBKO (PAKT M KOJUIECTBO
0CaJIKOB, HO U IIPABUJIBLHO JIOKAJU30BATh UX BO BPEMEHM U IpocTpaHcTBe. [Ipornocrudeckue
0CaJIKM, PACCUNTAHHBIE HA CETKAaX BBICOKOI'O IMPOCTPAHCTBEHHOI'O Pa3peIleHusl, KaK IIPaBUJIO,
IOCTATOYHO A/IeKBATHO OTPAYKAIOT MHTEHCUBHOCTDH (DAKTUIECKHX OCAIKOB, HO IO BpeEMe-
HU ¥ MECTY BBINAJEHHUsI OHU MOI'YT HE COOTBETCTBOBATH JIAHHBIM HabJojgenuii [Jeworrek
et al., 2021; Wang, 2014]. 9T0 NPUBOANT K 3aHUKEHUIO OIEHOK KaueCTBa NPOTHO3a IPU
CTAHJAPTHOM II0JIXOJI€ K PACUYETY OIEHOK: OJIMKAUINNI y3€eJ CeTKU — IIyHKT HAO/IIOAeHui
7 CPOK B CPOK. JlJis TaHHOTO WMCCJIeIOBAHUST NMEIOTCS HAOIONEHNS TOJIBKO OJHOIO JATYINKA,
KOTODBIHl PErUCTPUPYET €:KeYacHOe KOJUIECTBO OCaIKOB B Xabaposcke (31734), mosro-
MY OTPDAHUYUMCH PACCMOTPEHUEM CJIydaeB (DUKCAIMHM OCAJIKOB BBICOKON MHTEHCUBHOCTU
(tabu. 3).

N3 namabx Tabs1. 3 BugHO, 9T0 Xab-1 B OOJBIIMHCTBE C/IyYaeB I'eHEpUPYeT OCAIKU
GoJsiee BBICOKOW mHTeHCHBHOCTH, yeM Xab-5. Ho B aByx ciaydasx (27 mtosst u 1 aBrycra)
Omzkadimmii y3es Xab-1 okasascs HeyJadHbIM JJIs OIEHKH MECTOIIOJIOXKEHIS U BPEMEHU
BBINIAJICHNUS OCAJIKOB MaKCUMAJILHON MHTEHCHUBHOCTU B OKPECTHOCTH ITYHKTa HAOJIIO/ICHMUIA.
Bapuant ¢ marom 5 KM 3a cuer GOJIBIIEr0 pasMepa sYeifiKu CeTKU B 9THX CJIydasixX JaJl
6oJstee TouHbIN nporuo3. s wiutocTparun, Ha PUC. 3 IPEJACTABIEHBI ITPOTHO3bI JIMBHEBBIX
noxkeit 22 arycra u 19 cenrsiops 2023 r. OHu 0TpakalT THUIUIHBIE OCOOEHHOCTH IIPO-
THO3UPOBAHUSI MHTEHCUBHBIX OCAJIKOB HA CETKAaX BBICOKOI'O pasperineHus. Tak, 22 aBrycra
[IOJIyYeH IIPAKTUYIECKU UJI€AJIbHBIN IPOIHO3 — HA 00enX CeTKaxX, BEPHO, CIIPOTHO3UPOBAHA
[IMKOBas MHTEHCUBHOCTH 0CaIKOB (MexKy 7 u 8 4. yrpa), xorsd Xa6-5 ee HeCKOJIbKO 3aHU3UIIA.
Hpyras curyarus Obuta 19 centsiopsi: mo Xab-1 BpeMst BblltajeHns HanboJiee NHTEHCUBHBIX
0CaJKOB B OJIMKaiilieM y3Jjie CeTKM O0Ka3aJoCh CABUHYTBIM Ha 3 4., a 1Mo Xab-5 ocajaku,
CyMMapHO COOTBETCTBYIONNE (PaKTUIECKON MIKOBON YaCOBOIl MHTEHCUBHOCTH, BBHIIAIAJIN
B OJmKaiiieM y3je ceTKd B TedeHue aByX 4dacos: ¢ 10 mo 12 4.
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Tabmura 3. YncmeHHublit TpOrHo3 0caIkoB B XabapoBCKe

DakT Xab-1 Xab-5
Hara 26 nrons 2023 r.
MectHoe Bpems 14-15 4. 13-14 4. 11-14 «.
KosmmuecTBo 0cagkoB, MM 15,0 10,2 10,1
Hara 27 miona 2023 r.
MectHoe Bpems 4-6 . 1-9 4. 1-9 .
KoaugectBo ocaakoB, MM 13,1 0,4 7,6
Hara 29-30 wmronsa 2023 r.
MecTtHoe BpeMms 234 . 234 u. 20-7 .
KommuecTBo ocagkoB, MM 32,0 26,7 24,9
Hara 1 aBrycra 2023 r.
MecTtHoe Bpemst 7-11 4. 10-12 4. 10-12 4.
KommmuecTBo ocagkoB, MM 10,9 0,7 5,8
Hara 11 aBrycra 2023 r.
MectHOe Bpems 1-6 4. 2—4 . 0-6 u.
KommmuecTBo ocagkoB, MM 27,0 20,1 14,1
Hara 22 aBrycra 2023 1.
MecTtHOE BpeM# 3-13 u. 3-13 4. 3-13 4.
KonugecrBo ocaakoB, MM 35,2 447 28,9
Hara 19 centsibps 2023 .
MecTtHoe Bpemst 7-13 4. 7-13 . 7-13 .
KommmuecTBO ocagkoB, MM 17,4 22,3 11,1
Hara 2-3 Hos16ps1 2023 1.
MectHOe Bpems 19-7 4. 17-3 4. 17-3 u.
KommmuecTBo ocagkoB, MM 16,5 13,5 12,3

O6paboTka pacueToB MO/IeJIN BHICOKOTO MPOCTPAHCTBEHHOTO pa3pemieHus. Ha mpumepe
0CaJIKOB [TOKA3aHa CJI0XKHOCTh MHTEPIIPETAINN MOJIEIbHBIX JAHHBIX IIPH HOATOTOBKE IIPOTHO3a,
110 TEPPUTOPHUY TOPOJIA U €r0 OKPECTHOCTSIM.

Cerka ¢ mrarom 5 KM mOKpbIBaeT XabapoBck 15 y3jiamu, 9T0 0YeBUIHO, HEIOCTATOTHO
JIJIST TeTATM3UPOBAHHOTO MTporHo3a. [Ipu nepexo/ie K mary 1 KM KOJTMYIECTBO Y3JI0B BO3PACTAECT
J10 HECKOJIBKUX COTEH, YTO II03BOJISIET C(POPMYJIMPOBATH IIPOTHO3 110 OT/IEJIBHBIM OKPYTaM
ropoga (rabut. 4). s 9Toi nesu y3Jibl CeTKH 00beJMHEHbl B IPYIIILI 10 OKPyTraM Iopoja:
CEBEpHBI, MEHTPAJIbHBIN U IOXKHBIA. FrkedacHble JaHHBIE B y3JIaX CETKHU, OTHOCSIIUXCSI
K KaKOMY-JIN0O OKPYTY, aBTOMAaTHYECKH UHTEPIPETUPYIOTCS B IIPOTHO3 IIOTOJLI HAa HOYb
¥ JIEHDb 1O CJIEIYIONNM ITPABUIIAM:

e  JIHEBHAasl U HOYHAsI TEMIIEPATYPa BO3/LyXa COOTBETCTBYIOT MAKCUMYyMYy U MUHUMYMY
TeMIIepaTypbl B y3J1aX CETKHU 3a TEKYIUe CyTKU;

Ha JIEHb U HOYb OIPEJIE/IsIeTCss MUHIMAJIBHOE aTMOC(EpHOe JaBJIeHIE B y3J1aX CeTKH;
®  KOJMYECTBO BBINABIINX OCAJKOB PACCUUTBHIBAETCS KAK CPEJHee I10 y3JiaM, IIPU STOM
HAJIMYHE OCAJIKOB COOTBETCTBYET BBIMAJIEHUIO OCAJIKOB XOTsI OB B OJTHOM Y3JI€;

e B IIPOTHO3€ JIONOJTHUTEJHLHO IPUBOIUTCH (Pa3a OCAIKOB U MAKCAMAJIBHAS YACOBas
MHTEHCHBHOCTD, €CJI OHA He MeHee 3 MM/d, C YKa3aHUeM IIepHoJia BPEMEHH, KOTJIa OHA
[OJIyYeHa B MOJIEJIH;

e  onpejessieTcs MakcuMaJibHas (110 y3J1aM) CKOPOCTh IPU3EMHOrO BETPa U HOPBIBOB [n0
Pomancrut v Bepbuyras, 2025 npn ux HaJIn9uu;

e  HaIpaBJIEHHE BETPa OIPEJEIISIeTCsl KAK MPeodIaIaioliee /s y3JI0B, B KOTOPBIX CKOPOCTh
BETpa COCTABJISET HE MeHee 3 M/cC.
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Puc. 3. ®akruueckue u MojesbHble ocaiku B Xabaposcke (31734). Kpyxkamu — akr.

Yepnoit 1 Tosrybo#l TUHUAMI yKa3aHbI IPOTHO3BI IO CETKAM C TOPU30HTAJILHBIMU TITATaMI
1 m 5 KM COOTBETCTBEHHO.

Tabauna 4. [Ipumep cyrounoro mporuosa mo XabapoBCKy

Okpyr ropoja Houn Henn
-6 °C, 757 MM pT. T, 0 °C, 744 mMm pr. cT.,
[lenTpasbHbIi 5 M/c 3anajHblii, 12 Mm/c 3amazamerii, nopsis 10 15 M/c,
TBEpbIE OCATKUA: 5 MM CMeIIIaHHbIE OCAJIKHA: 8 MM
-5 °C, 760 MM pT. cT., -1 °C, 753 mm pr. crT.,
Cesepubrit 5 M/c 3anaaHbIii, 10 M/c 3amnagHbIii,
TBEpP/Ible OcaaKu: 4 MM CMeITaHHbIe 0CaJIKu: 6 MM
-6 °C, 757 MM pT. cT., -1 °C, 751 mm prt. cT.,
Ok HbI 3 M/C I0XKHBIA, 3 M/c I0XKHBIH,
TBEpIbIe OCAIAKU: 4 MM CMeITaHHbIE OCAIKU: 4 MM
3akrouenue

B pabore mpogemoHCTpIpOBaHA BO3MOXKHOCTH HCIIOJIb30BAHUST BJIOXKEHHBIX CETOK C Ma-
JIBIM TOPU3OHTAJIBHBIM maroM B obmieit cucreme UIIII mo 6osbinoit Tepputopun Ha 6a3e
moziesin WRF-ARW jjis1 reraim3upoBaHHOTO MPOTHO3a TOTOJIBI B KPYITHBIX HACEJICHHBIX
nyukrax. B mojgesn WRF-ARW npeycmorpena BO3MOKHOCTD OIPEJIEIEHUST HECKOTbKIX
HEIIePECEKAIOIIIXCs BJIOYKEHHBIX CETOK C OJIMHAKOBBIM IIArOM 110 TOPU30HTAJIU, UYTO [TO3BOJIs-
€T OJIHOBPEMEHHO PACCUYUTHIBATH IIPOTHO3BI BHICOKOI'O IIPOCTPAHCTBEHHOI'O PA3PEIIeHHs 10
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HECKOJIbKUM HaceeHHbIM myHkTaM. Ha mpumepe XabapoBcka ampoOHpOBAHO UCIOJIH30BaHNE
cuenuasibHOi mapamerpusanuu SLUCM u 1anabIX 0 HOACTUIAIONIEH TTOBEPXHOCTH C yIETOM
TOPOJICKO# 3aCTPOUKHU JIjIsi BJIOYKEHHON CETKM ¢ TOPU30HTAJIBHBIM ITaroM 1 K.

Pacuersr Ha cerke ¢ marom 1 KM 1mokasaJsu 60jiee BBICOKOE Ka9eCTBO IIPOIHO30B IPH-
3€eMHOIl TEMIIEPATYPHI 10 TOPOLY B CPABHEHUNU C IIPOTHO3AMHU ODIIETO MTOJIb30BAHUS HA CETKE
¢ maroM 5 KM. KadecTBo pormosa CKOpOCTH MIPU3EMHOI'0 BeTPa BO3POCIO HE3HAYUTEIHHO
JuIst o0IIeil BBIOOPKHU € IpeobiiaJaloluMe CKOPOCTSMI Berpa MeHee 10 M/C ¥ HECKOJIb-
KO boJiee CyIIeCTBEHHO Jyisi BBIGOPKH €O ckopocTsMu oT 10 M/c u Bbime. Hanbosbimii
3ddEeKT 0T MAJIOro mMIara CeTKM MOJIYY€eH JJIsi IPOrHO3a HAIIPABJICHUs! CUJIBHBIX BETPOB —
cpejgas abCoIOTHASA OIMOKA, IPOTHO3a YMEHbINIUIACh OoJiee, 4eM B 2 pasa (¢ 32° mo 14°).
VTouHeHNE MOJIOKEHUs PyCesl KPYIHBIX PEK B CETKE C IaroM 1 KM OIPeJeIEHHO UMeeT
3 dexT HA MOIETPHOE HAIIPABJICHNE BETPA U, BEPOSTHO IIPUBEJIO K POCTY OMPABIBIBAEMOCTH.
DTO 0COOEHHO BaXKHO JIJIsT METEOPOJOTUIECKOTO OOCTYKUBAHUS aBHAIIIN HA adPOIPOMaX,
(GYHKIMOHNPOBAHUS BOJHOI'O TPAHCIIOPTA, IPOTHO3UPOBAHUS HEOJIArOIPUSATHBIX METEOPOJIO-
TUYeCKAX YCJIOBUIL I HAKOILUIEHUS 3arPA3HSIONINX BEMIECTB B HIKHEM CJIO€ aTMOCKhEPDI
HaJl TeppuTopueil ropozna.

Ha npumepe aHa/m3a pe3ysibTaToB IPOrHO3UPOBAHMS 0CAJIKOB OOJIBINON HHTEHCUBHOCTH,
IMOKA3aHbI 331291 00PADOTKH JTAHHBIX MOJIEJIM BHICOKOTO IIPOCTPAHCTBEHHOI'O PA3PEIIEHUS.
[Ipencrasiien cocob WHTEpPIPETAIINN MOJETBHBIX JTAHHBIX B KPYITHOM HACEJEHHOM ITyHKTE
JIJISI BBIIIYCKa, POI'HO3a OCHOBHBIX 3JIEMEHTOB IIOTOJBI 110 OTIEIBHBIM OKpYTraM I'OpO/JIa.

Janbueiinee pa3BuTne BCTPOEHHOM CUCTEMBI IPOTrHO3UPOBAHUS BHICOKOI'O IIPOCTPAH-
CTBEHHOT'O Pa3peIeHus Jisi KPYIHBIX TOPOJIOB MaJIbHEBOCTOIHOrO perumona Poccnn mianm-
pyercst B CJIEAYIOIMNX HAIPABIEHUSIX: YTOYHEHNE TUIIOB IOJCTU/IAIONIENH TTOBEPXHOCTH U UX
CBOICTB; anpobalusl CUCTEMBI Ha APYTUX KPYIHBIX HaceJeHHbIX IyHKTax Jlamapnero Bo-
croka Poccnn; mpormno3 HeOIAronpUATHRIX METEOPOJOIHIECKUX YCIOBHI, CIIOCOOCTBYIONIX
HaKOILJICHUIO BEIECTB 3arPsi3HSIONINX BO3IYX.

Baarogapuoctu. Biarojapum pereH3eHTOB 3a IEHHBIE COBETHI M 3aMeYaHUusi K CTAThE.
Pabora Boimosimena mo Bayrpennemy mwiany PT'BY « IBHUT' MU ».
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Experimental short-term numerical weather prediction system based on the Weather Research and
Forecasting (WRF) model with grid spacing of 1 km for the city of Khabarovsk, Russia is presented.
Single-layer urban canopy parametrization is used in the model runs and takes into consideration
urban land use. Urban land surface consists of three types: low-rise, high-rise buildings and industrial
zones. Niceties of forecasts’ interpretation in a large city based on data of a high-resolution numerical
grid are considered. Simulations of the WRF model with the grid spacing of 1 km have shown
better quality of prediction in the city than forecasts on the grid spacing of 5 km for the period of
time from June to December of 2023. Mean absolute errors of the forecasting speed and direction of
surface wind with a velocity above 10 m/s are 2.9 m/s and 3.2 m/s, and 14° and 32° and absolute
error of the forecasting air temperature is 1.6° and 3.1° for the WRF model with the grid spacing
Recioved: 6 June 2024 of 1 and 5 km respectively for the considered period of time.
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Abstract: Over the past 20 years, increasing temperature and receding ice-cover have led to changes in
the Arctic ecosystem. Our study aims to create models that predict the position of high chlorophyll-a
concentration (Chl-a) zones in the European Arctic Corridor (the Barents, Norwegian and Greenland
Seas) to monitor these changes. Firstly, we use remotely sensed data to assess spatial and temporal
changes in correlation between Chl-a and environmental parameters that could influence Chl-a in
the region — Photosynthetically Active Radiation (PAR), Sea Surface Temperature (SST), Mixed Layer
Depth (MLD) and Sea Surface Salinity (SSS) — over the 2010-2019 time period. We found significant
correlation (|r| = 0.6-0.8) between Chl-a and PAR and SST, and medium correlation (|r| = 0.4-
0.6) between Chl-a and SSS and MLD, correlation was highest during spring periods. Then, using
a Random Forest Machine Learning algorithm in the Classifier modification, we created models for
each sea to predict the position of high-productivity zones (Chl-a > 1 mg m73) using environmental
parameters. Our results suggested that Chl-a variability in the European Arctic Corridor is mostly
determined by PAR (28-32% of Chl-a class variability), SST (25-29%), and SSS (26-31%); MLD
played a lesser role (12-17%). According to validation, all the models showed high performance
scores (F1-score = 66-95%) and slightly underestimated the total area of high productivity.

Keywords: chlorophyll-a, ocean productivity, Arctic Ocean, modeling, ocean colour, remote sensing,

Barents Sea, Norwegian Sea, Greenland Sea.
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1. Introduction

The European Arctic Corridor, or EAC, (Figure 1) accounts for about 50% of the total
primary production of the Arctic, making it a highly productive region [Oziel et al., 2020,
2022; Sakshaug et al., 2009; Siegel et al., 2002]. This is due to several factors. Firstly, two
types of water masses meet in the area: warm and salty Atlantic waters, and cold and
relatively fresh Arctic waters that form frontal zones characterized by high productivity
[Hansen et al., 1990; Longhurst, 2007; Makarevich et al., 2022; Qu and Gabric, 2022]. Sec-
ondly, energy associated with the North Atlantic Current contributes to the breakdown of
stratification in summer, and therefore, a flux of nutrients into the surface layer necessary
for phytoplankton growth [Sakshaug et al., 2009]. Finally, the area is partially covered
in ice, which adds to the formation of phytoplankton blooms specific to polar latitudes,
including ice-edge blooms that contribute significantly to the overall productivity of the
region [Anderson, 1986; Borstad and Gower, 1984].
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Over the past 20 years, productivity of polar seas has been changing due to the
instability of the climate, which is the most pronounced in the Arctic [Arrigo and van Dijken,
2015; Oziel et al., 2022; Wassmann et al., 2010]. Rising temperature and reduced sea ice
cover add to the changes in overall conditions contributing to a phytoplankton bloom:
higher overall temperature and earlier warming of the water column could lead to an
earlier bloom onset; lessening sea-ice cover could lead to a greater surface area available for
phytoplankton to bloom [Oziel et al., 2020]. An earlier phytoplankton bloom with a larger
surface area could lead to a higher overall productivity for the region [Lewis et al., 2020]. To
assess and monitor these changes accurately, it is necessary to have an extensive database
of ocean productivity. The biggest problem in studying ocean productivity in the ocean,
and in the Arctic especially, is the lack of in situ data needed for a statistically significant
analysis of its spatial and temporal variability: a possible solution is using remotely sensed
data to study the productivity of the Arctic [Lee et al., 2015a].

Ocean productivity can be estimated via its relationship with chlorophyll-a concentra-
tion (Chl-a), since organic matter production is a result of photosynthesis, which utilizes
chlorophyll pigments (mainly Chl-a) [Delafontaine and Peters, 1986; Lee et al., 2015a; Ryther
and Yentsch, 1957]. The study of ocean productivity based on satellite data provides the
basis for modeling PP for the Arctic as a whole: once one has determined the contribution of
multiple environmental factors to Chl-a variability in the surface layer, one would be able
to develop models for assessing Arctic waters’ productivity — in our case, the productivity
of EAC [Kuzmina et al., 2022, 2023; Lee et al., 2015a; Martyanov et al., 2018; Oliver et al.,
2018; Skogen et al., 1995; Slagstad and Stole-Hansen, 1991; Vernet et al., 2021; Wassmann
et al., 2006].

80°N

74 Fram Strait

64°N

60°N LN
20°W 0° 20°E 40°E 60°E

Figure 1. Map of the European Arctic Corridor. Surface currents are: polar waters in blue, coastal
waters in green, Atlantic waters — in red. Dashed black line is the Barents Sea polar front. From [Oziel
et al., 2020].

Defining the term “ocean productivity” is divided into two schools of thought: viewing
productivity (1) as a process occurring at a certain rate in a single volume —i.e., the rate of
synthesis of organic matter, or photosynthesis [Behrenfeld and Falkowski, 1997; Platt and
Sathyendranath, 1988], and (2) as an amount of substance (for example, carbon or Chl-a
pigment) formed in a single volume per unit of time — i.e., the amount of photosynthetic
products produced in a single time unit [Behrenfeld et al., 2005; Carr et al., 2006; Falkowski
et al., 1998; Nielsen, 1963; Riley, 1940].
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Following the second definition, a higher Chl-a would suggest a higher value of ocean
productivity in an area. While we acknowledge that there is a complex and non-linear
connection between Chl-a and ocean productivity, we believe that Chl-a is still a good
indicator of overall ocean productivity on a monthly scale [Bode et al., 2011].

Therefore, in this study we assess the productivity of the EAC by assessing the position
and overall total area of high-productivity zones (HPZs) in the EAC. We define these HPZs
using a threshold value of Chl-a in a grid cell (4 X 4 km) — greater than 1 mg m > [Balch,
1992; Carr, 2001], — and zones with Chl-a below that threshold value are assumed to be
low-productivity zones (LPZs) [Lee et al., 2015b)].

It is worth noting that in this case we model only part of the region’s productivity,
mostly so for the Barents Sea [Kondrik et al., 2017]. This is the part that is mostly attributed
to algae like diatoms and dinoflagellates, i.e., algae that do not have a calcium skeleton,
algae that we observe using ocean color Chl-a images. The presence of coccolithophores —
another very abundant species for the EAC - is reflected in other parts of the color spectra
(with wavelengths not used in this study [Balch et al., 1991]), and their productivity cannot
be assessed through standard ocean color products. It means that in this study, the produc-
tivity of the region can be estimated to be somewhat less than in situ productivity. One
must also take into account the fact that coccolithophore presence affects the optical prop-
erties of the waters: during a coccolithophore bloom, higher R,;(1) in the blue and green
areas of the spectrum have been observed in the Baltic, North and Celtic Seas, although
usually the accuracy of ocean color products is not degraded significantly [Cazzaniga et al.,
2021].

Because autotrophic organisms’ productivity is determined by photosynthesis, occur-
ring via the pigment Chl-g, it is influenced by those environmental factors that contribute
to the maximum rate of photosynthesis and phytoplankton growth. These are, in order of
highest contribution: light [Morel, 1978; Odum, 1971], nutrients (which enter the upper
ocean layers as a result of upwelling, horizontal advection (surface currents, polar fronts),
with river runoff, ice sheet melt, and precipitation [Chandler et al., 2015; Sverdrup, 1953]),
and sea surface temperature (SST) [Talling, 1957; Teira et al., 2005].

The study region is characterized by two phytoplankton blooms: in spring and autumn
[Ardyna et al., 2014; Kahru et al., 2011]. In the Greenland and Norwegian Seas, the bloom
occurs later than in the Barents Sea (June and May, respectively); the autumnal bloom
is usually more intense than the spring one, and this intensity is ever-increasing due to
overall climate changes in the Arctic [Ardyna et al., 2014; Lewis et al., 2020; Longhurst, 2007;
Vernet et al., 2021]. In each sea, a spring bloom peak occurs firstly in the southern part of
the sea, gradually moving northward [Qu and Gabric, 2022]. Maximum Chl-a is observed
in the southern parts of the seas, near ice edges [Perrette et al., 2011], on the shelf, as well
as in the frontal regions [Reigstad et al., 2002]. Chl-a is often higher in the Barents and
Norwegian Seas than in the Greenland Sea [Qu and Gabric, 2022]; however, the duration of
the spring bloom in the Norwegian Sea is shorter [Borsheim et al., 2014].

The purpose of this work is to identify environmental factors that determine Chl-a
in EAC waters (case study for the Barents, Norwegian, and Greenland Seas), as well as to
create and validate models for the position of HPZs using the Random Forest machine
learning algorithm in the Classifier modification (RF). This work has, as far as the authors
are aware, for the first time, used RF to predict the position of HPZs and LPZs (as Chl-a
classes) in the European Arctic Corridor and identify the remotely-sensed factors that
influence it.

2. Materials and Methods

The following satellite and reanalysis data were used in the study: 1) ocean color
data from the Ocean Colour Climate Change Initiative database, version 5 (https://www.
oceancolour.org) — chlorophyll-a concentration (Chl-a, mg m ) and euphotic layer depth
(Zeu, m), monthly data in 4 X 4 km pixels; the latter was calculated as a function of a diffuse
attenuation coefficient at 490 nm (K3490) described in [Lobanova, 2017]; 2) mixed layer
depth (MLD, m) calculated using a method by Dukhovsky D.S. presented in [Bashmachnikov
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et al., 2018] on the basis of vertical density profiles obtained from temperature and salinity
data from the EN4 Hadley Center and ARMOR data bases, monthly data in 4 X 4 km pixels;
3) sea surface salinity (SSS, psu) from the Microwave Imaging Radiometer with Aperture
Synthesis (MIRAS) satellite Soil Moisture and Ocean Salinity (SMOS) from the European
database Space Agency (ESA) (https://earth.esa.int), monthly data in 25 X 25 km pixels;
4) sea surface temperature (SST, °C) from NASA's Physical Oceanography Distributed
Active Archive Center MUR SST database (https://podaac.jpl.nasa.gov/MEaSUREs-MUR),
daily data in 1 X 1 km pixels; 5) photosynthetically active radiation (PAR, Em’ dayil)
from the MODIS-Aqua spectroradiometer from NASA's Ocean Biology Processing Group
database (https://oceancolor.gsfc.nasa.gov), monthly data in 4 X 4 km pixels.

All data were interpolated to a grid with a spatial resolution of 4 X 4 km using the 2D
linear interpolation available in MATLAB, and averaged monthly for the period from 2010
to 2019. This was done to eliminate gaps in data caused by atmospheric interference such
as, for example, cloud cover for ocean color data.

To estimate the connection between Chl-a and environmental parameters we used
Pearson’s correlation coefficient:

r(A,B) = ﬁ 2511 (A’;—A”A) . (Bi;—B’AB), where pis/p and o4 /p are the mean and standard
deviation of A/B.

In each 4 X 4 km pixel we created vectors with a value of the parameter for each month
in the time period from 2010 to 2019 for all available data and calculated the correlation
coefficient between the Chl-a vector and the environmental parameter vectors. For each
pixel we had between 20 to 30 available data points, 5-20 for autumnal data, and the data
availability was the most limited in the northernmost parts of the region, where sea ice
cover and clouds prevented data access the most (see Appendix A, Figure Al).

To predict the position of HPZ, for the first time a Random Forest machine learning
algorithm was used in the Classifier modification, which has already proven itself to be
a useful research tool in different environmental studies [Cutler et al., 2007; Kuzmina et al.,
2023; Rivero-Calle et al., 2015].

Random Forest Classifier is a machine learning algorithm that uses decision trees to
classify data. The advantages of using this algorithm in particular are that it 1) allows
for non-linear connections between data points, 2) allows for spatially and temporally
non-continuous datasets and 3) is resistant to overfitting.

When modeling, to define the position of high- and low-productivity zones all Chl-a
values were divided into two data sets distinguishing these zones, resulting in two classes:
the HPZ class and the LPZ class, the positions of which were later predicted by the
proposed models. The allocation of classes was determined by a threshold value for Chl-a
of 1 mg m ° [Balch, 1992].

The resulting data sets were divided into training and test data sets using a ratio
conventional for machine learning of 2:1 respectively for each sea. For the second validation
set, we used all available data except year 2019 as a training set to maximize the accuracy
of our models’ performance by maximizing the amount of training data available to the
algorithm [Joseph, 2022; Nguyen et al., 2021].

Three models were developed: one for each sea in the EAC.

Based on our results, we obtained quantitative estimates (precision, recall, and F1-
score) of the quality of the models:

Precision = TP/(TP + FP) - 100%,

Recall = TP/(TP + EN) - 100%,

Fl-score = (2 - Precision - Recall)/(Precision + Recall) - 100%,

where TP is true positive (correctly predicted class), FP — false positive (incorrectly pre-
dicted class in terms of overestimation, i.e., detection of a class where there was not one
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in the test data), and FN - false negative values (incorrectly predicted class in terms
of underestimation, i.e., non-detection of a class where there was one in the test data),
F1-score — the weighted average between precision and recall. Resulting metrics describe
the proportion of correctly predicted cases: thus, 100% is the best indicator for each metric,
0% — the worst.

3. Results
3.1. Relationship Between Chlorophyll-a Concentration and Environmental Parameters

To estimate the relationship between Chl-a and environmental factors we analyzed
spatial and temporal variability of the correlation coefficients between the parameters for
the entire study period (Figures 2-3). The closest relationship between the parameters can
be seen in spring: at this time, the correlation between Chl-a and PAR is positive, between
Chl-a and SST is positive in open waters, negative — in coastal waters (|r| > 0.4). Following
high correlation between Chl-a and SST, dynamically active Atlantic waters can be traced;
as their effect weakens when going further northward, correlation decreases.

In summer, correlation between Chl-a and SST is negative in the Norwegian and Green-
land Seas, and positive in the southern and central part of the Barents Sea (|r| = 0.4-0.6).
The reverse is typical for Chl-a and PAR: the correlation is positive in the Norwegian and
Greenland Seas and the northern part of the Barents Sea, negative — in the coastal part of
the Barents Sea (|r| = 0.6-0.8).

During autumn, spatial variability of correlation between Chl-a and environmental
parameters becomes more non-linear: correlation between Chl-a and SST in open waters
of the Barents and eastern Greenland Seas is positive, but lower than in spring. In coastal
waters, the Norwegian Sea and the western part of the Greenland Sea correlation is reversed.
The correlation between Chl-a and PAR is mostly negative in contrast to the spring period,
and less pronounced.

The correlations between Chl-a and SSS, Chl-a and MLD are the most homogenous in
spring (Figure 3): correlation between Chl-a and SSS is positive, between Chl-a and MLD -
negative (|r| = 0.4-0.6).

In summer, the correlation between Chl-a and these two parameters is mostly low
(|r] < 0.2), positive moderately high correlation between Chl-a and SSS is observed in the
east of the Barents Sea, and between Chl-a and MLD - in the Greenland Sea. For SSS,
negative moderately high correlation is also observed near the coast and in the east of the
Greenland and Norwegian Seas, while an area characterized by positive correlation shifts
to the west towards a mixing zone of the Norwegian (warm) and the East Greenland (cold)
currents.

In autumn, the correlation distribution between the parameters appears to be the
most non-linear. For Chl-a and SSS, in the central part of the Barents and Norwegian Seas,
positive correlation is observed (r > 0.4), in the Greenland Sea and in the north of the
Barents and Norwegian Seas there is negative correlation (|r| = 0.4-0.6). For Chl-a and
MLD, the areas of positive correlation are: the southern part of the Barents Sea, a border
between the Barents and Norwegian Seas, and the Greenland Sea frontal zones, where
active mixing occurs; in other areas correlation is predominantly negative.

3.2. Development and validation of the models

Using the Random Forest machine learning algorithm, we developed models to predict
the position of high- and low-productivity zones in the study area. Model Quality Metrics
(MQMs) exceed 90% for each sea for the initial test sample (Table 1). The models for the
Greenland and Barents Seas show slightly higher MQMs (by 3-5%) than the model for the
Norwegian Sea.

In the preliminary testing, we also considered Zeu as a predictor. However, this
resulted in the contribution of Zeu to the variability of Chl-a classes being more than 80%
of all predictors’ (Zeu, PAR, SST, SSS, MLD). Almost 90% of Chl-a class’ variability was
accounted for by Zeu and PAR (81-82% and 6-8% respectively), and SST, SSS and MLD
accounted for between 3 to 5% of variability. We made the decision to then remove Zeu
as a predictor, as, firstly, the Zeu data is available with the same discrepancy as Chl-a
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e

Figure 2. Spatial and temporal variability of a correlation coefficient between chlorophyll-a con-
centration (Chl-a, mg m73) and environmental parameters: sea surface temperature (SST, °C), and
1) in 2010-2019. The correlation coefficient is
grouped and calculated by seasons. All correlation coefficients have a p-value < 0.05.

photosynthetically active radiation (PAR, E m? day

data — therefore, our models would not expand our understanding of HPZs’ positions in
high cloud-cover, low-light areas. Moreover, we came to the conclusion that this would be
a falsely strong connection, seeing as Zeu was calculated through K4490 — a parameter that
accounts for the amount of suspended particles in the water. Seeing as most of the study
area is type I waters — where most suspended matter is phytoplankton — we believe that
this connection is mostly artificial [Morel and Prieur, 1977]. Therefore, we have made the
decision to remove Zeu as a predictor to better understand how environmental factors —
PAR, SST, SSS and MLD, - account for Chl-a variability.

Based on the results of the models, the contribution of the environmental parameters
to the variability of the position of high-productivity zones (i.e., Chl-a classes) in the
area was estimated (Table 1). Here, the greatest contribution to the spatial and temporal
variability of HPZs was made by PAR, SSS and SST: for PAR, this contribution is 28-32%,
depending on the sea, for SSS it is 26-31%, and for SST it is 25-29%, however, MLD
accounts for only 12-17% of the variability.

To further evaluate the models” performance, we validated them for the year 2019,
which is the last year available for the analysis. For this, the training set consisted of all
available data except for 2019, and the test one was the 11 available months of year 2019
(January — November). MQMs for this data set retained high values, although decreased
slightly: precision: 67-71%, recall: 66-68%, F1-score: 66—-68%. This is the dataset that
shall now be discussed in further detail.
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Figure 3. Spatial and temporal variability of a correlation coefficient between chlorophyll-a concen-
tration (Chl-a, mg m73) and environmental parameters: sea surface salinity (SSS, psu) and mixed
layer depth (MLD, m) in 2010-2019. The correlation coefficient is grouped and calculated by seasons.
All correlation coefficients have a p-value < 0.05.

Based on the analysis of the models, all three quite accurately represent the general
nature of both temporal (Figure 4) and spatial (Figure 5) variability of the distribution of
high- and low-productivity zones. The model for the Greenland Sea achieves this best in
terms of overall performance (highest MQMs), seeing as it almost always correctly shows
the position of HPZs, however, it lacks in quantitive assessment, as it underestimates total
HPZ area during an autumn bloom. The model for the Norwegian Sea generally correctly
predicts the position of HPZs, but underestimates the total area of HPZs, especially during
spring and autumn blooms. The Barents Sea model does not always correctly predict HPZ
position, however it predicts the total area of HPZs during a spring bloom (March — June)
the best out of the three models and only during the autumn bloom does it underestimate
it.

As can be seen from Figure 5, the most accurate results for the models are characteristic
for months with lower Chl-a. For the Norwegian and Greenland Seas, the greatest bias both
in the extension of HPZs and in their position occurs during a spring bloom (May - June);
for the Barents Sea, the greatest bias in predicting the total HPZ area is characteristic of the
autumn bloom (September — October); in predicting the position of HPZs — for the spring
bloom.
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Table 1. Contribution (in %) of environmental parameters to the variability of chlorophyll-a con-
centration classes in the seas. Here PAR is photosynthetically active radiation, SST is sea surface
temperature, MLD is mixed layer depth. To assess the accuracy of the models, the following model
quality metrics were used: precision, recall, and F1-score. Metrics in brackets refer to the metrics for
two classes — LPZ and HPZ, metrics in bold refer to a mean metric between the two classes

Parameter Barents Sea Norwegian Sea Greenland Sea
PAR 29% 28% 32%
SST 28% 29% 25%
SSS 31% 26% 28%
MLD 12% 17% 14%
Model Quality Metrics
Precision 0.96 (0.95; 0.97) 0.93 (0.95; 0.90) 0.96 (0.97; 0.95)
Recall 0.96 (0.93; 0.98) 0.91 (0.97; 0.86) 0.95 (0.97; 0.93)
F1-score 0.95 (0.94; 0.97) 0.92 (0.96; 0.88) 0.95 (0.97; 0.94)

Data set size in
4 x 4 km pixels, 1,774,134/887,067 613,026/306,513 862,802/431,401
training/test data

5 <104 Barents Sea 2 <104 Norwegian Sea . « 104 Greenland Sea

Precision: 67% Precision: 71% Precision: 70%
Recall:68% Recall:66% ' Recall:68% A
107 Fi-score: 66% " L 107 F1-score: 68%

Fl-score: 67%

o

HPZ, 4x4 km cells

o

Months

Figure 4. Validation results for the proposed models. Comparison of the estimated and remotely
sensed total area of high-productivity zones (total sum of high-productivity cells in the region) based
on chlorophyll-a concentration in 2019. Solid black line is satellite data (test set), dotted blue line is

data estimated by the models for the same period.

4. Discussion
4.1. Sverdrup’s Critical Depth Hypothesis

According to Sverdrup's theory, a bloom can begin when MLD becomes shallower
in the late spring — early summer period, when most of the phytoplankton concentrate
inside the euphotic layer above the critical depth [Sverdrup, 1953]. The theory has been
confirmed many times both by Sverdrup himself and by other researchers for different
water bodies [Brody and Lozier, 2015; Delafontaine and Peters, 1986; Sathyendranath et al.,
2015; Siegel et al., 2002]. However, in recent years, more and more researches have argued
against it [Behrenfeld, 2010; Chiswell, 2011; Fischer et al., 2014; Lewandowska et al., 2015].
The theory describes an idealized, uniformly mixed layer; it does not take into account
convection rate and turbulent flows within the layer, and it does not consider changes
in composition in auto- and heterotrophic communities; a phytoplankton spring bloom
often does not coincide with the formation of steady stratification, but begins somewhat
earlier [Behrenfeld, 2010]. Despite the criticism of the theory, according to the results of
our study (the relationship between Chl-a and MLD, see Figure 3), this hypothesis could
be confirmed when describing the general annual cycle of phytoplankton growth: the
correlation between Chl-a and MLD is negative in spring, when at the beginning of the
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Spring bloom Barents Sea Summer

Model Satellite Chl-a Model Satellite Chl-a
1
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Greenland Sea
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1
o
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Figure 5. Validation results for the proposed models. Comparison of the estimated and remotely
sensed position of high-productivity zones during a spring bloom and summer less productive
months in 2019. Here “1” is a high-productivity zone with chlorophyll-a concentration greater than
1 mg m °,“0”isa low-productivity zone with chlorophyll-a concentration less than 1 mg m °.In
each month, the left map refers to modeled results and the right map - to satellite data (test set).

bloom, Chl-a is dependent on MLD (i.e., a pycnocline needs to become shallower for the
onset of a bloom). At the same time, correlation between the parameters is positive in
summer: a decrease in MLD indicates stronger stratification, which prevents inflow of
nutrients from the lower layers, thus, Chl-a decreases. In autumn, correlation is positive in
areas where MLD is deepened, and vertical mixing occurs further: with deepening of MLD,
nutrients can enter the surface layer, and Chl-a can increase.

4.2. Phytoplankton as the Main Suspended Matter in the Open Ocean

According to the results of our study, the relationship between Chl-a and Zeu is
predominantly negative (r : —0.9... — 0.7), as has already been found in previous studies
[Delafontaine and Peters, 1986; Estrada et al., 1993; Smith and Baker, 1978].

This relationship is explained by several processes: firstly, during a bloom phytoplank-
ton tends to shade itself (self-shading effect) [Shigesada and Okubo, 1981]. That in turn
leads to a decrease of productivity in spring, when water turbidity increases due to abun-
dant phytoplankton blooms (Zeu is shallow at this moment). Secondly, in summer, when
Chl-a decreases due to nutrient limitation, Zeu increases since a decrease in dissolved and
suspended matter allows light to penetrate into deeper layers. In autumn, two factors work
together: a decrease in Zeu due to a decrease in surface illumination, and a decrease in Zeu
due to an increase in the concentration of suspended matter (here once again suspended
matter is mainly phytoplankton starting its autumn bloom).
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4.3. Influence of Environmental Factors on Chlorophyll-a Concentration and the
Formation of Highly Productive Zones

In this study we analyzed the correlation between Chl-a and environmental factors
that affect phytoplankton’s ability to photosynthesize and grow.

We found significant correlation between Chl-a and SST, Chl-a and PAR.

The nature of the relationship between Chl-a and SST can be explained by the sea-
sonal variability of these parameters. In spring and early summer, when SST increases,
a phytoplankton bloom begins and Chl-a rises. However, that is not always the case: in
the northernmost parts of EAC a spring bloom does not occur, as the abundant ice-cover
and light-limitation prevent phytoplankton growth until early summer [Qu and Gabric,
2022; Silva et al., 2021]. Furthermore, in coastal regions the correlation is mostly inverse:
warmer waters in the Norwegian shelf have been found to have a negative correlation with
the onset of a spring bloom [Hansen et al., 2010].

In summer, SST continues to increase, however, stratification is established, and
phytoplankton stop actively growing, hence, the relationship is reversed. The positive
correlation between Chl-a and SST in summer can be explained by abundant continental
waters runoff. In this case, SST is an indicator of the influx of warm, nutrient-rich water
from rivers or warm Atlantic waters, which cause a slight destruction of stratification,
an influx of nutrients to the surface layer [Ardyna and Arrigo, 2020; Qu and Liu, 2020].
Additionally, positive correlation in the high latitudes could indicate a summer bloom that
occurs in polar regions [Silva et al., 2021].

Finally, in autumn, SST decreases, and Chl-a can increase again, due to the destruction
of stratification, and upwelling of nutrients from underlying layers [Ardyna and Arrigo,
2020; Dalpadado et al., 2020]. Alternatively, together with decreasing of SST, there is
decreasing of Chl-a due to reducing phytoplankton photosynthetic activity.

Overall, we believe that remotely-sensed SST is more so an indicator of the variability
of Chl-a, and less so a parameter that directly determines Chl-a in the area.

The correlation between Chl-a and PAR is determined both by the dependence of
photosynthesis on light during bloom seasons — spring and autumn, — and by the parallel
seasonal evolution of Chl-a and PAR during the summer season, when photosynthesis is
less intense. During a spring bloom, the relationship between the parameters is positive:
photosynthesis starts rapidly with a rise in light availability, and thus, Chl-a rises. Similar
conditions have been described for the Barents and Greenland Seas in [Qu and Gabric,
2022], for the EAC —in [Silva et al., 2021].

In summer, as light intensity decreases after the solstice, the maximum rate of pho-
tosynthesis decreases as well. Meanwhile, Chl-a decreases due to nutrient limitation, as
strong stratification is established [Ardyna and Arrigo, 2020]. Moreover, at this time the
waters are mostly dominated by coccolithophores, not diatoms and small flagellates, and
they cannot be observed via Chl-a ocean color images [Qu and Gabric, 2022; Silva et al.,
2021]. Overall, correlation between the parameters is mostly positive, however we believe
that at this time light availability is not the driving factor for the changes in monthly Chl-a.

Finally, in autumn, the relationship is mostly negative, since Chl-a increases with
destruction of stratification through wind and convective mixing and the following nutrient
influx, while PAR continues to decrease [Silva et al., 2021].

We found some significant correlation between Chl-a and SSS, Chl-a and MLD.

The correlation between Chl-a and SSS almost always illustrates salinity as either
an indicator of the intrusion of salty Atlantic waters into the region or an influx of fresh
continental or glacial waters: in the first case, the relationship is positive, in the second,
it is negative. The salty and dynamically active Atlantic waters mix the water column,
destroying stratification; additional nutrients upwell from underlying layers and contribute
to the increase of Chl-a [Ardyna and Arrigo, 2020]. Fresh water is an indicator of continental
runoff (in summer and autumn), sufficient amount of nutrients is essential for diatoms
blooming (mainly nitrates and silicates), as well as melting of the sea ice contributing to
the phytoplankton bloom in a thin, well-lit fresh water layer that forms consequently in
spring [Perrette et al., 2011; Silva et al., 2021].
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Through analyzing the correlation between Chl-a and MLD, which is the most spatially
universal in spring, a complex connection between Chl-a and the euphotic and upper mixed
layers can be observed. In spring, as stratification is established, MLD becomes shallower
and, after some time, coincides with the euphotic depth; phytoplankton, having “settled”
on the pycnocline, begin to photosynthesize, when a sufficient amount of solar radiation
and nutrients (accumulated during winter months) is reached. This relationship between
the shallowing of ML and increase in Chl-a has been observed in the Labrador and Irminger
Seas in the North Atlantic [Naustvoll et al., 2020].

To further enhance our understanding of the conditions that influence Chl-a in each
sea, we produced hexagonal binning plots (Figure 6) that show two of the most prevalent
factors influencing productivity for each sea and their relationship to Chl-a: for the Barents
and Greenland Seas SSS and PAR are the more important factors, while for the Norwegian
Sea — SST and PAR take the lead.

In the Greenland and Norwegian Seas just before the start of the spring bloom, when
phytoplankton are still limited by light, a thin layer above the shallow pycnocline can
form due to the relatively fresh waters that come from glaciers melting on land as well as
from sea ice melting [Levasseur, 2013]. This layer is relatively fresh and warm; it lies very
close to the surface, so phytoplankton can comfortably photosynthesize in it even during
limited light conditions [Borstad and Gower, 1984; Tremblay and Gagnon, 2009]. Moreover,
mainland meltwater is rich in nutrients that are necessary for the growth of phytoplankton.
These are, for example, silica compounds, which are the base for the diatom skeleton
[Anderson, 1986; Hegseth and Sundfjord, 2008; Perrette et al., 2011]. [Oliver et al., 2018]
modeled the same conditions for the Labrador Sea, confirming the increase in PP when
glacial Greenland water flowed into the sea.

Furthermore, melt ponds that form on sea ice can provide phytoplankton with con-
ditions that could lead to an increase in productivity due to the nutrients dissolved in
the meltwater and abundant light comfortably penetrating the shallow ponds [Chandler
et al., 2015]. Under-ice blooms have also been detected in the Arctic containing high
diatom concentrations that exhibited high growth and production rates [Arrigo et al., 2012].
Conditions indicating such blooms are seen in Figure 6 in areas where PAR is between
10-20 Em’ dayil, salinity is below 33 psu, and SST is above 6 °C. Similar conditions were
also observed at the end of June 2021 during the 83rd cruise of the RV “Academic Mstislav
Keldysh” in the Kara Sea [Demidov et al., 2022] at stations where ice melted within a month
from the measurements taken.

During summer, photosynthesis is limited by nutrients. Thus, in spite of high illumi-
nation, there are low Chl-a values corresponding to data points with relatively high PAR,
SST and salinity (Figure 6).

Local phytoplankton blooms are observed during the intrusion of dynamically active,
nutrient-rich and salty Atlantic Ocean waters into the area [Haug et al., 2017; Torres-Valdés
et al., 2013]. Similar conditions happen after vertical water mixing in the deep convection
regions and in the frontal zones of the Greenland and Norwegian Seas (high illumination,
high salinity and low temperature zones in Figure 6). For example, [Hansen et al., 2010]
described an increase in PP in anticyclonic eddies observed near the Norwegian Sea fronts.
Vertical mixing can cause an upwelling of nutrients into the surface layer, which are then
utilized by phytoplankton for photosynthesis.

In autumn, when illumination decreases again and salinity is relatively high, the
second bloom can occur due to the beginning of winter convection. This is especially
relevant for the Barents Sea (see Figure 6): high Chl-a is characteristic for the light-limited
areas (PAR is about 20-30 Em’ dayfl) with salinity above 30 psu. It is important to
mention that high Chl-a coinciding with low PAR could be caused by errors in ocean color
data characteristic of low-light conditions beyond 70°N, however most of these errors
tend to be flagged as such at the L3 processing stage for MODIS and SeaWiFS sensors,
whose data was used in this study [Babin et al., 2015]. Conversely, some studies described
conditions in the North Sea where under low-light conditions satellite sensors have failed
to accurately detect the exact date of the onset of a bloom [Silva et al., 2021].

Russ. J. Earth. Sci. 2025, 25, ES1010, EDN: SDYCMN, https://doi.org/10.2205/2025es000943 11 0f 17


https://elibrary.ru/SDYCMN
https://doi.org/10.2205/2025es000943

SPATIAL AND TEMPORAL VARIABILITY OF CHLOROPHYLL-A AND THE MODELING OF... KuzMmiNA ET AL.

Barents Sea Norwegian Sea

14

12 A

10 A

555, psu
SST, °C

0 10 20 30 40
PAR, E mZday?

P
Chlorophyll-a, mg m™3

0 10 20 30 40 50 60
PAR, E m2day?

Figure 6. Hexagonal binning plots for the Barents, Norwegian and Greenland Seas: chlorophyll-a
concentration (in color, mg m73) and environmental parameters: sea surface salinity (SSS, psu), sea
surface temperature (SST, °C) and photosynthetically active radiation (PAR, E m? dayil) in 2010-
2019. Figure adapted from [Kuzmina et al., 2023].

4.4. Models’ Performance and its Affecting Factors

There are many models predicting the productivity of the Arctic seas, especially the
European Arctic Corridor seas. Previous studies [Martyanov et al., 2018; Wassmann et al.,
2006] have used physically-biologically coupled 3D modeling to predict PP and carbon
flux in the Barents Sea; this model underestimated the vertical carbon export of the sea
and, similarly to our models, had higher variability of results in the more ice-covered
areas of the region. Another study found that PP in the region was influenced by nutrient
availability, ice coverage and temperature- and wind-induced stratification [Mousing et al.,
2023]. A recent study of PP in the Greenland shelf has found that sea ice coverage was
better seen and felt in models that used ocean color data as compared to models that used
coupled 3D modeling [Vernet et al., 2021].

Ocean productivity in this region is influenced by warm Atlantic waters and cold
Arctic waters, as well as river and ice runoff, light availability and sea ice extent [Mousing
et al., 2023]. Our results showed greater variability of model performance (assessed through
MQMs and quantitively through the sum-total area of HPZs in 2019) during spring, when
the productivity is more influenced by sea ice extent [Mousing et al., 2023; Wassmann et al.,
2006]. We did not use ice extent or sea ice concentration data in our models, so perhaps
part of the variability and bias of our models could be explained by this. This could be
further investigated in future projects.
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5. Conclusions

In this study we describe the spatial and temporal distribution of the connections
between Chl-a and environmental parameters in the EAC. We confirmed that Chl-a is
greatly dependent on light availability: the best correlation is noted between Chl-a and
PAR, and it is predominantly positive. The relationship between Chl-a and SST is positive
in spring, but almost strictly negative in summer. A somewhat weaker relationship is seen
between Chl-a and SSS, it is positive in spring. The relationship between Chl-a and MLD
is strictly negative in spring and mostly positive in summer.

According to the results of our modeling, the greatest contribution to the variability
of Chl-a is made by the variability of PAR (contribution — 28-32%), SSS (26-31%) and
SST (25-29%), the contribution of MLD is almost twice as low (12-17%). Together, these
parameters describe the conditions that most favorably affect the productivity of the area:
the availability of light in the spring and autumn periods and the availability of nutrients
with vertical mixing in the summer and autumn periods.

Modeling the position of high- and low-productivity zones (HPZ and LPZ, respec-
tively) in the studied seas showed that: 1) all three models predict the overall temporal
and spatial variability of the distribution of HPZs and LPZs with an accuracy compara-
ble to observed values (depending on the sample, 66 to 96% of the results were correct);
2) the model for the Greenland Sea has the best overall performance, since it showed the
highest quality metrics and almost always correctly predicted both the total area and the
location of HPZs; 3) the model for the Norwegian Sea on the whole correctly determines the
position of HPZs, but underestimates their total area; 4) the model for the Barents Sea does
not always correctly predict the position of HPZs, but it is the best at predicting the total
area of HPZs. The models’ performance might in the future be improved by introducing
more factors (sea ice concentration and thickness, wind stress).
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Figure Al. Size of dataset (N) used to calculate correlation coefficients between chlorophyll-a
concentration (Chl-a, mg m73) and environmental parameters: sea surface temperature (SST, °C),
photosynthetically active radiation (PAR, E m’ day*1 ), sea surface salinity (SSS, psu), mixed layer
depth (MLD, m) and euphotic layer depth (Zeu, m) in 2010-2019.
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Abstract: Prospecting for kimberlite pipes can be challenging due to their small size in plan. One
potential solution to this problem is to search for kimberlite-controlling faults. In addition, informa-
tion on the depth structure of kimberlite-controlling faults is important for studying pipe formation
patterns. However, this approach is rarely used in practice due to the complex structure of the host
environment. This issue is particularly pressing in areas where there is a large layer of rocks overlying
the pipes, such as the Arkhangelsk diamondiferous province. The paper presents a review of the host
environment structure of pipes in the Arkhangelsk diamondiferous province using the microseismic
sounding method. The method was selected for its high horizontal resolving power, which enabled
us to obtain more detailed information. The study reveals that the controlling structures consist of
a sequence of vertical elementary faults that traverse the entire thickness of the Vendian sedimentary
cover and extend into the crystalline basement. Additionally, the controlling structures do not
penetrate above the Ust-Pinezhskaya formation of the Vendian sediments when at a distance from
the pipes. Shear wave velocities within these faults are reduced by more than two times compared to
the undisturbed medium. The pipes are interconnected with one of the elementary faults. Therefore,
the method of microseismic sounding can confidently identify kimberlite-controlling structures in
a complex host medium. Further application of these results could enhance the efficiency of both the

search for new deposits and the study of the patterns of formation of pipes.

Keywords: Microseisms, Velocity analysis, Passive method, Faults, Kimberlite pipe.
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1. Introduction

Kimberlite fields occupy territories of tens of square kilometers. However, the pipes
themselves have dimensions ranging from tens of meters to a few kilometers [Milashev,
1984; Stogniy and Korotkov, 2010]. The small size of these prospecting objects in relation
to the entire territory significantly complicates the discovery of new deposits. Diamond
deposits are characterised by their complex geological structure and poorly contrasted
prospecting features [Gubaidulin, 2001; Stogniy and Korotkov, 2010; Ustinov et al., 2022]. In
the Arkhangelsk diamondiferous province (ADP), prospecting of pipes is further compli-
cated by a thick overlying layer, which reduces the contrast of kimberlite bodies in potential
fields. Furthermore, the thick layer of sediment contains numerous “false” objects that
have geophysical images similar to the search object. These factors significantly reduce the
efficiency of prospecting works, both during the implementation of geophysical methods
and drilling stages. Currently, there is a sharp decrease in the efficiency of prospecting
[Stogniy and Korotkov, 2010]. To increase the efficiency of diamond deposit development, it
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is necessary to introduce new approaches to prospecting pipes. One promising direction
for improving efficiency is analyzing controlling faults.

The pipes are characterized by their cone-shaped structure with the top facing down-
wards [Milashev, 1984] and their confinement to the intersection of faults [Stogniy and
Korotkov, 2010]. Previous studies have demonstrated that the cone-shaped structure of
pipes and the host environment's structure are reliably detected through the microseismic
sounding method (MSM). The main advantage of MSM over other geophysical methods is
its ability to allocate subvertical objects. Additionally, the method's results are not affected
by “false” objects [Danilov et al., 2021, 2022; Frantsuzova and Danilov, 2016; Gorbatikov
et al., 2009], which significantly increases the informativeness of the study of the host
environment.

Previously, the application of MSM on pipes revealed several faults in the host envi-
ronment. Additionally, MSM enabled the reconstruction of detailed images of the complex
host environment. It is important to note that the reliability of MSM test results on the
pipes was confirmed by drilling, which allows for confident interpretation of information
about the host environment. The reliability of each result in particular is discussed in
a series of relevant articles. Therefore, the obtained results can be considered for further
analysis [Danilov et al., 2021, 2022; Frantsuzova and Danilov, 2016; Gorbatikov et al., 2009].
Determining the features of manifestation of controlling faults by MSM can increase the
efficiency of prospecting for pipes. However, in the past, the host environment of each
pipe was analyzed separately. To identify consistent features, a more in-depth analysis of
the results is required. Therefore, this paper reviews the features of the host environment
based on MSM data.

2. Objects of Research

This paper analyses five pipes shown in Figure 1: the Lomonosov [Danilov et al., 2021;
Frantsuzova and Danilov, 2016] and Pionerskaya [Danilov et al., 2017] — both part of the
Lomonosov deposit, Chidvinskaya pipe of Chidvinsko-Izhmozerskoe field [Kiselev et al.,
2017], C10 pipe of Nenokskoe field [Frantsuzova and Danilov, 2016], and Verkhnetovskaya
pipe of Verhotinskoe (Megorskoe) field [Danilov et al., 2022]. As a result, the objects under
consideration cover the majority of the kimberlite and melilite-pecrite fields in the province.
The respective publications for each pipe provide a detailed description of the study objects.
Below is a description of the faults that control the ADP pipes.

In the Late Devonian-Middle Carboniferous, formation of a submeridional system of
ore-controlling deep faults and intensive magmatic activity occurred in the ADP territory,
which is associated with the formation of pipes of alkaline-ultrabasic (kimberlites, melil-
itites) and basic (tholeiitic basalts) compositions. This emplacement coincided with the
global manifestation of alkaline magmatism of the Kola Peninsula. The Zolotitskoye and
Melskoye kimberlite fields, the Verkhotinskoye and Kepinskoye kimberlite and melilitite
fields, the Izhmozerskoye and Nenokskoye melilitite fields, and the Turyinskoye, Poltin-
skoye, and Pinezhskoye basalt fields are distinguished based on their spatial distribution
and material composition [Bogatikov et al., 1999].

The structural criterion requires that pipes be confined to fault zones. Geological
and geophysical studies have identified two types of fault zones. The first type has a wide
zone of deformed rocks but insignificant vertical displacement amplitude. The second
type consists of faults that form broad grabens [Kalinin, 1989]. Only fault zones of the first
type are identified in this paper. Accordingly, this discussion will focus on the first type of
fault zone. These zones are typically complex, wide (1.5-2km), and extended structures
that include several elementary faults [Kalinin, 1989]. A zone of this type was identified
within the Lomonosov deposits based on seismic data [Kalinin, 1989] shown in Figure 2
and electrical exploration [Stogniy and Korotkov, 2010] shown in Figure 3. Based on seismic
and electrical survey data, the fault zone is identified as a complex heterogeneity. However,
reliable identification of elementary faults was not possible.
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Figure 1. Scheme of the distribution of igneous rocks of the Arkhangelsk diamondiferous province
[Tretyachenko et al., 2013] with addition. 1 — kimberlite fields; 2 — explosion tubes; 3 — pipes examined
using microseismic sounding. (1 — Nenokskoe, 2 — Izhmozerskoe, 3 — Zolotitskoye, 4 — Verkhotinskoye,
5 — Kepinskoye, 6 — Turinskoye, 7 — Poltinskoye, 8 — Melskoye).
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Figure 2. Common Depth Point Method time sections highlighting fault zones (shown in dotted
lines) in areas where kimberlite pipes were introduced [Kalinin, 1989]. a — Snegurochka pipe;
b — Pionerskaya pipe. F, Up0, Upl are reflected waves characterizing the surface of the crystalline
basement and two boundaries in the Ust-Pinega formation, respectively.
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Seismic studies have shown that the integral value of P-wave velocities in the first
type of fault zones is 3-5% lower than in normal conditions. Elementary faults are sub-
vertical discontinuities with a width of several tens of meters, likely consisting of three
sub-zones: abrasion, compression, and physical property alteration. It is important to note
that the elementary faults that constitute the controlling structures have not been reliably
investigated [Kalinin, 1989].
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Figure 3. Geoelectric section through the kimberlite-controlling fault (1) and the Lomonosov pipe (2)
Lomonosov kimberlite pipe [Stogniy and Korotkov, 2010].

The Arkhangelsk diamondiferous province is located in the northern part of the East
European platform, in the zone of its junction with the Baltic crystalline shield. This
determines the presence of two structural floors. The lower structural level is a crystalline
basement, represented by the Lower Archean formations with an age of 3.5 billion years
and the Proterozoic with an age of 2.7 billion years [Gubaidulin, 2001]. The upper structural
layer is a sedimentary cover. It is divided into the Riphean, Vendian, Upper Paleozoic, and
Cenozoic stages [Bogatikov et al., 1999; Shirobokov, 1997; Stankovsky, 1997]. The Riphean
stage combines weakly metamorphosed deposits of the Middle and Upper Riphean up to
2 km thick. The Vendian stage is represented by sandy-argillaceous deposits with a total
thickness of 0.5-1.0 km. The Upper Paleozoic includes carbonate deposits of the Lower,
Middle and Upper Carboniferous. Study of xenoliths of sedimentary rocks in kimberlite
pipes of the M. V. Lomonosov showed that the region was represented by terrigenous-
carbonate rocks of the Lower Paleozoic (Lower Cambrian-Lower Ordovician) with a total
thickness of about 100 m [Sablukov, 1987].

On the pipes of the Zolotitskoe kimberlite field, the tectonic signs of the near-pipe
space in the form of faults and fractures are clearly distinguished. This aspect has been
studied most thoroughly on the Arkhangelskaya pipe, because this pipe is developed by
a quarry. On other pipes of the Zolotitsky field, tectonic features of the near-pipe space
are recorded in the cores of exploration wells [Ignatov et al., 2009]. Thus, local tectonic
elements accompanying the exocontacts of kimberlites are revealed in the Arkhangelskaya
pipe [Ignatov et al., 2008, 2012]. The pipe is bounded by the zones of mylonites and steeply
dipping fractures, including low-amplitude overfaults and subsidence faults. Tectonic
disturbances are accompanied by enclosing and overburden deposits and are reliably
determined in the Urzugskaya Carboniferous and Padunskaya Vendian suites [Vasilyev,
2010]. Endogenous vein lightening develops along these fracture zones. The dimensions of
the spreading aureole of secant clarification reach the diameter of the pipe and are fixed
along the perimeter of the near-contact space, both directly on the tectonic contacts of the
crater part of the pipe, as well as at up to 300 m from the pipe. The lightening develops
along the cracks and has a thickness of up to 20 cm [Ignatov et al., 2015].

3. Microseismic Sounding Methods

The most contrasting changes in physical properties in the first type of fault zones
are expected in the abrasion subzone of elementary faults [Kalinin, 1989]. In the abrasion
zone it is fair to expect a decrease in the shear modulus. Consequently, the abrasion
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subzone have the most contrasting effect on transverse wave velocities. One of the effective
methods for studying such structures is the microseismic sounding method [Gorbatikov,
2006; Gorbatikova and Tsukanov, 2011].

The microseismic sounding method (MSM) is based on the proposal that the vertical
component of ambient seismic noise is presented, predominantly, by the fundamental
mode of Rayleigh waves. This assumption is true for natural microseismic oscillation [Bath,
1974]. According to [Eddy and Ekstrém, 2014; Gorbatikov et al., 2008, 2013; Gorbatikova
and Tsukanov, 2011; Lin et al., 2012], the fundamental mode of Rayleigh wave increases
its amplitude above low-velocity inhomogeneity and decreased amplitude above high-
velocity inhomogeneity. The variations of intensity of microseisms were recorded on
the surface, while inhomogeneity was located under the surface in some depth. Also,
analysis of amplitude information allows for improving the resolution of the method in
the horizontal [Gorbatikova and Tsukanov, 2011; Lin et al., 2012]. The MSM does not require
the medium to be layered. As a consequence, the MSM can be used in complex geological
environments near kimberlite pipes. On the other hand, the method will not allow us to
identify horizontal layering without significantly changing the depth of the layers. Besides,
it is necessary to control a quality of signal at preliminary conduction. In particular, at
high frequency signal can be distorted by man-made source.

MSM is a differential amplitude technique where measurements are conducted succes-
sively at the points of a profile. Simultaneously, the microseismic signal should be recorded
at the reference point located around the studied area to apply a correction to eliminate
the non-stationary sounding of the microseismic signal.

The result of the processing is the geophysical cross-section, a distribution of relative
intensity of microseisms along the profile and in depth. Zones with a higher relative
microseism intensity represent an area with relatively reduced velocity properties and
vice versa. A more detailed description of the method is presented in [Danilov et al., 2017;
Gorbatikov et al., 2013; Kugaenko et al., 2018].

Measurements were made along profiles crossing the pipes. Also considered are
sublatitudinal profiles from the north of the Lomonosov pipe, at a distance of 50 m
and 1 km. The distance between microseism measurement points varied from 30 to
70 meters. The signal accumulation period ranged from 1.5 to 3 hours. The profiles ranged
in length from 0.8 to 2.8 km. This paper considers sublatitudinal profiles crossing the
Lomonosov, Chidvinskaya and C10 pipes. Submeridional profiles crossing the Lomonosov
and Pionerskaya pipes are also considered.

4. Theoretical Valuation

According to the results of mathematical modeling [Gorbatikov et al., 2013; Gorbatikova
and Tsukanov, 2011], the MSM allows to identify objects with dimensions of about 0.07 of
their depth with a horizontal resolution of about 0.6 of the depth. Considering that
fault zones have a width of 1-2km, we can assume that they can be identified down
to depths of 15-30km, i.e. practically across the entire thickness of the Earth's crust.
However, this requires profiles of 60 km or more in length. Elementary faults probably
have a characteristic width of 50 m and can therefore be identified to depths of 700 m. And
their shape and size can be studied to depths of 100 m.

It is important to note that it is reasonable to expect a “super-resolution” effect of the
MSM in the abrasion subzone of the elementary fault. In this case, the resolution becomes
close to the minimum size of heterogeneity identification. This effect has been described in
the study of an extinct volcano and confirmed by the results of mathematical modelling
[Gorbatikov et al., 2013]. As a result, it is reasonable to expect that elementary faults can be
traced to depths of 1 km and more. The spacing between measurement points for reliable
identification of elementary faults should be less than the resolution of the method at the
depths investigated and comparable to the width of the faults, which is 30-50 meters.

The thickness of the sedimentary cover in the studied areas is 1-2 km. Thus, for the
Lomonsov, Pionerskaya and Verkhnetovskaya pipes, the thickness is 700-900 m [Danilov
et al., 2021, 2022]. This is consistent with previously published data [Baluev et al.,
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2012; Gubaidulin, 2001]. For the C10 and Chidvinskaya pipes, the thickness ranges
from 1 to 2 km [Baluev et al., 2012]. In summary, it is reasonable to expect that the avail-
able data will allow us to analyse the entire sedimentary cover. In addition, in case of
super-resolution effect, it is possible to study elementary faults.

5. Results

The structure of the host medium is known for the Lomonosov, Pionerskaya, Pio-
nerskaya, Chidvinskaya, Verkhnetovskaya and C10 pipes by the microseismic sounding
method (MSM) shown in Figure 1 [Danilov et al., 2017, 2021, 2022; Frantsuzova and Danilov,
2016]. This set of pipes covers the majority of the ADP kimberlite fields. At the same time,
the most information is available for the Lomonosov and Pionerskaya pipes as they are part
of the Lomonosov diamond deposit. The Lomonosov pipe has been studied in the most
detail using the MSM method. As such, the data for it are known along the sublatitudinal
and submeridional profiles, as well as along the sublatitudinal profiles at 50 m and 1 km
north of the Lomonosov pipe. Therefore, more attention is paid to the Lomonosov and
Pionerskaya pipes.

5.1. Lomonosov and Pionerskaya Pipes

According to microseismic data shown in Figures 4 and 5, the Lomonosov and Pio-
nerskaya pipes appear as low-velocity inhomogeneities. At the same time, blocks with
properties close to those of the host medium are found inside the pipes. In all cases, the
pipes appeared in the form of a deformed cone with the apex pointing downwards at
depths up to 2 km [Danilov et al., 2021, 2022; Frantsuzova and Danilov, 2016]. In this
respect, the qualitative character of the pipe contrast with respect to the host medium is
not a stable feature.

Contrasting faults are highlighted in the host medium to the west of the Lomonosov
pipe shown in Figure 4a. In Figure 4a these anomalies are numbered 1-3. The pipe itself
corresponds to anomaly number 4. These faults form a series of linear vertically contrasting
low velocity anomalies at depths greater than 2km with anomalies approximately 50-200 m
wide. All of the highlighted faults have a contrast of up to 16 dB. According to the results
of mathematical modeling [Gorbatikov et al., 2013], this contrast may be due to a decrease
in velocity by more than a factor of two. The tracking of these anomalies to depths
of more than 1 km with almost no blurring indicates that they are due to the effect of
“super-resolution” [Gorbatikov et al., 2013]. The presence of the “super resolution” effect
suggests that the observed anomalies could have been generated by sub-zones of abrasion
of elementary faults. It is interesting to note that the most contrasting narrow and extended
disturbance is highlighted in close proximity to the pipe.

Further investigation of the Lomonosov pipe has shown that it is located directly on top
of an elementary fault, as reported by [Danilov et al., 2021]. This fault exhibited a contrast
from the north of the pipe and was less distinct from the south. Similar observations were
made for the Vrekhnetovskaya pipe [Danilov et al., 2022].

Based on the submeridional profiles crossing the Lomonosov and Pionerskaya pipes
shown in Figure 4b, no linear vertical faults were detected. Pipes had less contrast. The
lack of linear faults may be attributed to the co-direction of the profiles and controlling
faults. It is worth noting that, at a depth of approximately 500m, the root section of the
pipe appears to have shifted towards the north. At depths between 500 and 1000 meters,
the pipe root is associated with the low-velocity zone of the sedimentary cover located to
the south of the pipe. Additionally, a low-velocity zone has been identified to the north of
the Lomonosov pipe. It is likely that these low-velocity zones are caused by controlling
faults.

Figure 5 presents a comparison of three sublatitudinal profiles: one crossing the
Lomonsov pipe, another located north of 50 m from the pipe, and a third located north
of 1 km from the pipe. The comparison confirms the continuation of the highlighted
fault system northward for at least 1 km. The selected strike of the controlling structures
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Figure 4. Results of data processing along profiles crossing the explosion pipes: a — Lomonosov
[Frantsuzova and Danilov, 2016]; b — Verhnetoskaya [Danilov et al., 2022]; ¢ — Lomonosov ; d —
Pionerskaya [Danilov et al., 2017]; e — Chidvinskaya [Kiselev et al., 2017]; f = C10 [Popov et al., 2014];
1 — boundary of pipes and intrusion phases according to drilling data; 2 — identified linear vertical
heterogeneities according to the microseismic sounding method; 3 — boundaries of pipes on the
surface.

coincides with the results of electrical exploration [Stogniy and Korotkov, 2010], which
confirms the reliability of the results. It is worth noting the uniform distribution of linear
faults. Thus, the average distance between the faults is about 200 m.

We also see from Figure 5 that the elementary faults penetrate to varying depths, all
of which are deeper than 1 km. These faults cross the Vendian deposits of the sedimentary
cover and continue into the crystalline basement, where the depth is 700-900m. It is
possible that the faults penetrate deeper, but their small size makes them indistinguishable
at such depths. At depths greater than 4 km, a number of faults can be confidently
distinguished. It is reasonable to assume that these faults can also be traced at even greater
depths, indicating the potential for conducting deeper studies.
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Figure 5. Structures controlling the Lomonosov pipe according to MSM data along the profiles:
a — crossing the Lomonosov tube; b — 50 m north of the pipe [Danilov et al., 2022]; ¢ — 1 km north of
the tube; 1 — elementary fault controlling the pipe; 2 — identified anomalies. Vpd, Vmz, Vup-Vendian
suites, respectively Padunskaya, Mezenskaya and Ust-Pinezhskaya.

At a distance of 1 km from the Lomonosov pipe, elementary faults were observed
at depths greater than 400 m. When in close proximity to the pipe, elementary faults
are observed at depths of 100 m, with the maximum contrast also located at depths
of 400 m to 1000 m. Depths greater than 400 m correspond to the Ust-Pinezhskaya
Formation of Vendian sediments. Figure 6 shows that the upper boundary of the control
zone, as identified by the MSM data near the pipe, is in agreement with the results of
electrical exploration [Stogniy and Korotkov, 2010]. This confirms the reliability of the MSM
results. Figure 2 shows that the boundaries of the Ust-Pinezhskaya formation were most
distinct in the sedimentary cover, according to the Common Depth Point Method. These
boundaries lose their contrast and experience distortions near the pipes of the Lomonosov
deposit. Which confirms the development of faults in the strata above the Ust-Pinezhskaya
Formation [Kalinin, 1989]. Several elementary faults are visible on the surface, which
appear as near-surface contrast anomalies. It is likely that these manifestations of faults
above the Vendian sediments are caused by the unloading of mineralized water [Stogniy
and Korotkov, 2010].

In summary, the MSM data confidently revealed a controlling fault zone consisting of
a series of elementary faults. These faults were observed as linear, vertical, narrow, and
equidistant low-velocity contrast anomalies. They can be traced from depths of 100-200 m
to 4 km or more. The fault zone has a meridional strike in terms of plan. Consequently,
this structure appeared most confidently according to the data of sublatitudinal profiles.
The elementary faults have most likely developed abrasion subzones, causing anomalous
velocity lowering and a “super-resolution effect”. The pipes are directly associated with one
of these faults. The controlling fault zone is most clearly manifested in the Ust-Pinezhskaya
Formation of the Vendian sediments.
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Figure 6. Results of the microseismic sounding method along a profile intersecting the Lomonosov
pipe, with the overlay of boundaries identified based on the results of electrical prospecting [Stogniy
and Korotkov, 2010].

5.2. Pipes Chidvinskaya, Verkhnetovskaya and C10

Figure 4 shows that the Chidvinskaya, Verkhnetovskaya and C10 pipes were identified
as high-velocity anomalies, unlike the Lomonosov pipe. Additionally, a system of linear
vertical faults similar to the controlling fault zone of the Lomonosov deposit was observed
in the host medium of the Chidvinskaya and Verkhnetovskaya pipes. However, the contrast
of these faults was significantly less than that of the faults of the Lomonosov deposit. The
location of the profiles within the fault zone may explain the reduced contrast. Therefore,
the average velocity is determined by the velocity of this fault zone.

Thus, the defining difference between the Chidvinskaya, Verkhnetovskaya, and
Lomonosov pipes is their position relative to the edges of the controlling zones. The
Lomonosov pipe is situated at the edge of the fault zone, while the Chidvinskaya and
Verhnetovskay pipe are located within the fault zone. Figure 4 shows that the contrast
between the pipe body and elementary faults is similar in all cases, ranging from 5-12 dB.
The relative contrast between elementary faults and the medium is consistent at 3—6 dB
for both cases. The width of elementary faults and the distance between them are also
uniform, at 50 m and 200 m, respectively. Therefore, the Lomonosov, Verkhnetovskaya, and
Chidvinskaya pipes are associated with fault zones of the first type, which have a similar
structure and close relative contrasts.

Only one elementary fault, located at the edge of the profile at point 19 in the vicinity
of the Chidvinskaya pipe, exhibits anomalous intensity values. This suggests that different
elementary faults experienced different stresses during their formation and activation.
A similar fault is located in close proximity to the Lomonosov pipe. To gain a more
comprehensive understanding of the causes, it is important to conduct studies over a larger
area in order to determine the boundaries of the fault zone and potential causes of the
anomalous values.

The C10 pipe is situated in an inclined low-velocity zone, and its host medium differs
significantly from the cases discussed above. No linear vertical abnormalities were detected.
The contrast between the C10 pipe and its host medium is pronounced, measuring more
than 20 dB, as well as with the fault. Additionally, high contrast is observed even between
separate parts of the pipe. At the same time, the size of profiles and density of points
outside the pipe is significantly lower than in studies of other pipes, which makes it difficult
to compare the data.

6. Discussion

The upper boundary of the control zone of the Lomonosov deposit is delineated at
various depths. Elementary faults do not extend above the Ust-Pinezhskaya Formation
at a distance from the Lomonosov pipe. However, near the pipe, faults cross all Vendian
sediments, with the most contrasting fault sections also located in the Ust-Pinezhskaya For-
mation. It can be assumed that the controlling structure was formed in the Ust-Pinezhskaya
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Formation before the formation of the Mezenskaya Formation. The controlling structure
formed during the Neoproterozoic period (650-610 Ma) [Stankovsky et al., 1985], coinciding
with the formation of the White Sea rift system [Baluev et al., 2022]. During the Devonian-
Carboniferous period, the fault system was activated, resulting in the uplift of kimberlite
and the development of faults in the overlying Mezenskaya and Padunskaya formations of
the Vendian.

Therefore, the formation of ore-controlling faults resulted from the development of
previously formed faults. This is necessary for the explanation of the observed variations
in control zone structure at different distances from the kimberlite pipe.

The elementary faults can be traced to different depths. It is interesting to note that
the fault confined directly to the pipe has a minimum depth of 1.5 km. At the same time,
the fault extending to depths of more than 4 km is located 1 km west of the pipe. However,
it is clear that the kimberlite has been exhumed from greater depths. Furthermore, in
paper [Danilov et al., 2021] showed that the elementary fault controlling the Lomonosov
pipe can only be traced to the north. It is reasonable to assume that the controlling faults
have a complex geometry and are probably interconnected. This assumption is consistent
with the results of independent studies of the Tolbachinsky volcano [Kugaenko et al., 2018],
where it was shown that the volcano has a complex system of vertical and horizontal supply
channels. In this regard, it is important to continue studying the maximum trace depth of
elementary faults at different distances from the pipes.

Figure 5 shows that diamondiferous pipes appear as low velocity inhomogeneities,
while non-diamondiferous pipes appear as high velocity inhomogeneities.

Nevertheless, the velocity contrasts between the pipes and the elementary faults, as
well as between the elementary fault and the medium between them, are quite close in all
observed cases. Thus, the differences in the manifestation of the pipes on the MSM results
are most likely related to the position of the pipes relative to the edges of the first type
control zone. For example, the pipes of the Lomonosov deposit are located at the edge
of the controlling fault zone [Stogniy and Korotkov, 2010]. Accordingly, about half of the
profiles exit into the consolidated block of Vendian sediments, resulting in the pipes being
characterised by reduced velocities compared to the undisturbed environment. Thus, the
main difference between the studied diamondiferous and non-diamondiferous pipes is
their position relative to the controlling fault zone. On the other hand, this may be due to
the difficulty of detecting diamondiferous kimberlite pipes within fault zones. In particular,
the probability of missing pipes using traditional methods is described in [Kutinov and
Chistova, 2004].

According to seismic studies, the integral velocity reduction in fault zones of the first
type is 5% [Kalinin, 1989]. At the same time, according to the MSM data, the velocity
reduction in elementary faults is more than twice as high. At the same time, elementary
faults extend throughout the depth of the sedimentary cover. The small contribution to the
integral velocity characteristics of the fault zone can be explained by the fact that the fault
zone has a small width. For example, there are 4 elementary faults in the 1200 m section.
Accordingly, the average width of the fracture zone can be estimated to be 25 m. This
estimate is consistent with the observed width of the elementary faults of 50 m. Thus, the
observed velocity contrast, the density of elementary faults and their widths are consistent
with the results of active seismic methods for estimating integral velocities. This agreement
confirms the reliability of the observed data.

The structure of the host medium and the pipes is most contrasting in the sub-
latitudinal profiles. This is most likely related to the fact that there are more contrasting
changes in physical parameters when studies are conducted across controlling structures.
In addition, sublatitudinal profiles cross the maximum number of elementary faults.

The exception to the observations made is the C10 pipe of the Nenoksa field. It belongs
to a contrasting extensive fault zone, within which no elementary faults are identified.
Perhaps the absence of pronounced elementary faults is a peculiarity of the Nenoksa field.
In particular, it may be influenced by the fact that up to four phases of activation have been
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identified in the Nenoksa field [Gubaidulin, 2001]. To answer this question, more detailed
studies of different pipes of the Nenoksa field are required.

7. Conclusion

The first type of kimberlite-controlling fault zones were manifested in the MSM data
as a series of vertical, narrow, linear elementary faults. A distinctive feature of the observed
seismic pattern is the uniformity of the distribution of elementary faults, which can be
traced from depths of 150 m through the entire sedimentary cover and into the crystalline
basement. The average distance between elementary faults is 200-300 m, and their width
is about 50 m. At the same time, the velocity of the share wave decreases more than twofold
in an elementary fault. Most likely, the velocity reduction occurs in the abrasion subzone.
The pipes are connected to one of the elementary faults. Thus, elementary faults play
a leading role in the formation of pipes. This fact emphasises the need for a more detailed
study of such structures.

The controlling structures were probably originally formed in the Neoproterozoic.
Activation in the Devonian-Carboniferous resulted in the formation of faults in the over-
lying Mezen and Padun formations in some areas. As a result, elementary faults can be
traced through the entire thickness of the Vendian sediments in the vicinity of the pipes.
At the same time, away from the pipes, the elementary faults do not extend above the
Ust-Pinezhskaya Formation. Thus, the depth of the faults may be an indirect indication of
the distance from the pipelines.

It is reasonable to assume that these faults must continue into the crystalline basement
or be associated with other faults in the crystalline basement, which will require the
implementation of larger scale studies.

The regularities revealed can be additional criteria for the selection of promising
anomalies. During prospecting, it is advisable to identify structures with seismic patterns
close to the established structure of the first-type fault zone, with subsequent tracing of
elementary faults. The most effective controlling structures will be identified using data
from sub-latitudinal MSM profiles. Particular attention should be paid to elementary faults
on the sides of the control zone.
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Beimonmneno uccieqoBanme 3HAYNMOCTH TeOrpapUIecKOil IMUPOTHI B U3MEHYNBOCTH IIPOIIECCA BbI-
XOJIa’KUBaHUs BOJ Basruiickoro Mmopsi y ero Boctouubix 6eperoB B 2016 u 2018 romax Ha ocHOBe
HATYPHBIX JAHHBIX U MACCHBOB peaHasmn3a. [lokazaHa mpOTSIKEHHOCTh O IMAPOTE aHOMAJIBHOTO
PEXKMMa BBIXOJAXKMBAHWs, paHee oTMedeHHOro y 6eperos Kypmickoit kochr (Kammaunarpanackas
obsactb, P®). TlosyIeHpl ONEHKN CKOPOCTH M3MEHEHUS TEMIIEPATYPBI TPAOPEKHBIX BOJL JJIsl TUITAY-
HOT'O ¥ aHOMAJIBHOT'O PEXKMMOB BbIXOJIaKuBaHUs. [loKazaHa 3aBUCUMOCTH CKOPOCTH OXJIAXKICHUS
NpubpEeKHBIX BOJ, OT TeMIieparypbl Boasl 9,5 °C. JlocTuKeHune 3TO# TeMIIEPATYPhI C CEBEPO-BOCTOKA

Ha IOro-3alla/i IPOUCXOAUT C 3alla3/IbIBaHUEM IIPDUMEPHO Ha MECHAIL.

Kiro4deBblie ciioBa: BBIXOJIAXKUBAHUE BOJBI C IOBEPXHOCTH, reorpaduiecKasl MupoTa, KOHBEKITNS,
BETPO-BOJIHOBOE IIEPEMEINBAHNE, TOBEPXHOCTHLIN cj10#l, BaaTuiickoe Mope, IMJI0THOCTh MOPCKOM

BOZBI, TeMIlepaTypa BOIbI.

Huruposanme: Kopo6uenkosa, K. /1., A. B. Kuneco, A. E. Kynpusinosa IIlupornsbiii (paxTop
B IIPOIIECCE BBIXOJIAKUBAHUs NPUOPEXKHBIX BOZ, BOCTOYHON uacTu Basrruiickoro mops // Russian
Journal of Earth Sciences. — 2025. — T. 25. — ES1012. — DOI: 10.2205/2025es000984 — EDN:
OTFDPK

BBenenune

Ussectro [Tuan, 1986; @edopoe u Iunsbype, 1988; Dijkstra, 2000], aro nosiBieHne
TOPU3OHTAJIHHON HEOHOPOIHOCTH TEMIIEPATYPHI HA MOBEPXHOCTH BOJMBI IIPUBOIUT K BO3-
HUKHOBEHUIO TOPU30HTAJIBHBIX I'PAINEHTOB IJIOTHOCTH BOJbI U JIABJICHUS, TTOPOKIATOIITIX
JIBU2KEHHE HEOTHOPOHOI 110 IJIOTHOCTHU BOjbl. Ha MacmiTabax okeaHa pa3jindus B IOJIy YeHUN
COJIHEYHO SHEPIUHU U B IPOrPEBE MOBEPXHOCTHBIX BOJ, B 3aBHCUMOCTH OT reorpaduaecKoit
[IUPOTHI IPOSBIAIOTCS B BUe TJI0OAJBHON TepMoxXajnuHoil nupKyasiuu [Heanos, 1981;
Mowun u dp., 197].

Hust Basrruiickoro Mopst ¢ ero 3Ha4UTEIbHOI IMUPOTHON IPOTS?KEHHOCTDIO (II0YTH HA JIBE
TBICAYU KM C I0r0-3aI18Ia Ha CeBEPO-BOCTOK) U OOIIMPHBIM MEIKOBOIBEM, FOPU3OHTAJIbHbIE
I'PaJIMEHTHI TEMIIEPATYDHI 10 JIAHHBIM CILyTHUKOBBIX Haburojenuii [Jlasposa u dp., 2011]
KaK II0 HAIIPABJIEHUIO OT Oepera K OTKPBLITON YacTH MOPs, TaK U IO IIUPOTE C I0ro-3araja
Ha CEBEPO-BOCTOK CYIIECTBYIOT BO BCE CE30HBI. B mepmombl OCEHHE-3MMHErO MOHUKEHUS
TeMIepaTypbl IPUOPEXKHBIX BOJ (J1a/1ee BHIXOJIAKUBAHUS) TEMIIEPATYPHBIE TPAIUEHTHI BO
(bPOHTAIBHBIX 30HAX MOTYT JOCTHIaTh OOJIBINMX [0 BesmdnHe 3Havenuii (10 2-3 °C/km
u 6onee) | Qybapenro, 2010|. V3-3a Gosbiioil nporszkenHocTy bajTuku akBaTopuu MOpst
pACIIONIATAIOTCS B PA3JINIHBIX KJIMMATHIECKUX 30HAX M HEOIMHAKOBO 110 BPEMEHU Pearupyer
Ha IIPOIECC OCEHHE-3UMHEI0 BBIXOJIa’KUBAHUS BOJL C TOBEPXHOCTH.

Paznuvne norogapIx ycaoBuil B 3aBUCHMOCTH OT reorpaduyecKoil MupOThl KOHKPET-
HBIX aKBATOPUU MOPsI €CTECTBEHHBIM 0OPAa30M 3a CUET BETPO-BOJTHOBOIO U KOHBEKTHUBHOIO
nepemenuanus [@Dedopos u [unsbype, 1988] criocobeTBYIOT pasanyunio GOPMUPOBAHUSI
Ha IOBEPXHOCTH OO0JIiee XOJIOJHBIX BOJ. B 9acTHOCTH, cpeIHEKINMATHYIECKNE TOKA3ATEIN
TEeMIIEPATy Pl BOIbI B HaYaJI€ OKTAOPS B CAMOIl CEBEPHOI 9aCTH MOPS COCTABJISIOT OKOJIO
12 °C, a B camoii 10kHOii — 6ostee 15 °C [Feistel et al., 2008; Hersbach et al., 2018; Majewski
and Lauer, 199/].
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IIIUPOTHBII ®AKTOP B ITPOLECCE BBIXOJIAYKUBAHWA MMPUBPEXKHBIX BO. . . KoPOBYEHKOBA U HAP.

N3ydennio ocobeHHOCTEl BBIXOIAKUBAHNSA IIOBEPXHOCTHBIX BOJ, B OCEHHUI IIEPUO,
st 6m3KuX 110 cBonM bu3uKO-reorpadudeckuM ocobennoctsm Kacruiickoro nu Yepmoro
MOpeii, TIOCBSIIEHO JIOCTATOYHOE KOIndecTBo pabor [Batidun u Kocapes, 1986; Iunabype
u dp., 2004; E¢umos u dp., 2014, 2015; Kacnuiickoe mope..., 1990; Tumos, 2004; Tumos
u Yacosnurosa, 2012]. Pokyc BHUMaHUs MCCIIEIOBAHUIT COCPENOTOUEH HA CE30HHDBIX U3-
MEHEHHSX XapPaKTEPUCTUK MOBEPXHOCTHOTO CJIOS MOPSI IO, aTMOCKEPHBIM BO3JAEHCTBIEM.
B wacrrocTH, st Kacnuiickoro Mopsi, Tak »Ke MeJIKOBOJHOI'O C COJIOHOBATOMN BOJOM, KaK
u BanrTuiickoe, mupoTHAsT 3aBUCUMOCTH CE30HHOTO XOJ[@ TEMIIEPATYPHI IIOBEPXHOCTHBIX BOJ,
oruersiuBo BugHa (cM. puc. 2 u3 [lunsbype u dp., 2004]). Jnua peruona HepHoro mops
BHUMaHIE OBLJIO COCPEIOTOYEHO Ha (DOPMUPOBAHIY KBA3HOIHOPOIHOI'O TIOBEPXHOCTHOT'O CJIOST
B ocennnii epuon | Tumos, 2004).

Bwmecre ¢ Tem, o cpaBrenuio ¢ Kacnuiickum n HYepusim Mopsimu, Basruiickoe mope
obstaztaer crienuuaeckumMu MopdoMeTprudecKuMu ocoberHoctsmu. Ha akBaropunm Mopst
¢ rybunamu Menee 50 M mpuxomuTcsa okoso 60% Beeil ero miomamu, a ¢ TaIyOMHAMEI
6ostee 200 M — okousto 3% [ludpomemeoponoeus..., 1992]. Uzsectro [Moposos u dp., 2007;
Cmenanosa u dp., 2015; ybapenxro, 2010], 4To mponecc BHIXOTAKUBAHUS B IPUOPEIKHBIX
BOJIAX MOPsI IIPOTEKAET ObICTpee, a (POPMUPYEMBbIE Ha TIOBEPXHOCTU O0BEMBI XOJIOJHBIX BO/I
MOTYT JIOCTUTATH JIHA U HAYNHATH [IBU2KEHHE 110 €ro CKJIOHYy. Pasjimine BO BpeMEHN OTKJINKA
MpUOPEKHBIX BOI HAa aTMOC(EPHOE BO3JAEHCTBIE MOXKET 000CTPATH IIUPOTHBIE T'DAINEHTHI
TEeMITEpaTyPbl BOJALI B IPUOPEXKHOIT 30HE MOpsi. B pesy/brare, KOHBEKTHUBHbBIE JBUYKEHUSI,
BO3HUKAIOIINE TPU OCEHHE-3UMHEM BBIXOJAKUBAHWH, COBMECTHO ¢ 3dderTom Kopuosuca
MOT'YT BHOCUTH BKJIJ] BO BIOJILOEDErOBbIE JIBUKEHUS 00JI€e TIOTHBIX BOJ.

st Bog MupoBoro okeaHna XOpOIIoO U3BECTEH UPKYMKOHTHHEHTAJIbHBIN (DAKTOP, Olpe-
JIeJIIeMbIi TIOBCEMECTHO HAOJTI0IaeMOl PA3HUTIEit TeEMITEPATYP BOJ B IPUOPEKHON U OTKPBITOI
qacTdAX CBOUX akBaTopwii. Jljis JMOCTHKeHUsT TOJTHOTHI TIOHUMAHMUSI IIPOTIECCa OCEHHEe-3UMHEro
BBIXOJIAYKUBAHUsT TPUOPEKHBIX BOJ, BaaTuku HEOOXOINMO PACCMOTPETh BO3MOYKHOE BJIHSIHUE
pasHUIBL B reorpaduyecKoil mmupoTe PacIoIoKeH!sI TPUOPEKHBIX aKBATOPHUI MODs (astee,
MUPOTHBI (haKTOp) HA M3MEHEHUE BO BDEMEHU TEMIIEPATYPbl UX BOJ.

Ilenbro mamHO pabOTHI CTaja OINEHKA BO3MOYKHOTO BJIUSIHUS PA3HUILI B Teorpadu-
YeCKOIl IMPOTE PACIIOIOKEHNs] AKBATOPUI MOPsl (MM MUPOTHOrO (PAKTOPa) B COUETAHUU
C HEJIMHEWHBIM XapaKTEPOM 3aBUCHMOCTH IIJIOTHOCTH BOJBI OT TEMIEPATYPHI HA CKOPO-
CTH BBIXOJIA2KUBAaHUsT TPUOPEIKHBIX BOJT Y BOCTOYHOIO Oepera 1oro-BOCTOYHOM, BOCTOIHOMN
U CeBEPO-BOCTOYHON dacTeil Basruiickoro mops.

MaTepI/Ia.TIbI n METOo/bl

BrmostHennpiit B pabore aHaaIn3 U3MEHYUBOCTU TEMIIEPATYPHI TTOBEPXHOCTHBIX BOJT
MOpsT OIIUPAETCST HA MACCHUBBI JAHHBIX 3a mepuoj ¢ 1 centsadbpsa mo 30 mHosiOps myist 2016
u 2018 romos. PaccmarpuBaemMble iepuo/ibl BEIOPAHBI HA, OCHOBAHWY PAHEE BBITOJTHEHHBIX
UCCIIeZIOBAHUN 110 M3YYEeHWMIO BBIXOJIA’KMBaHUsSI IPUOPEXKHBIX BOJ Bantuku [Kynpusanosa
u Op., 202/; Muvicaenxos u dp., 2017 mo JAHHBIM ¢ TEPMOKOCHI, PACTIOJIOKEHHON y Geperos
Kyprmickoit kocbl. AHaims JaHHBIX TEPMOKOCHI 3a 6 jer, nadnnas ¢ 2015 mo 2020 roja,
nokaszaia [Kynpusanosa u dp., 2024], 9ro no xapakrepy M3MEHIMBOCTU BO BPEMEHH [IPOIECC
BBIXOJIAYKUBAHUS IIPUOPEKHBIX BOJL B 9TOM paifoHe MOXKET ObITH I10/Ipa3/iesieH Ha TUIHIHBIN
7 aHOMAJIbHBIN. B 1manHoll paboTe B KA4eCTBE MPUMEPA TUIIMIHOTO PEXKUMA BBIXOJIA2KUBAHUS
B3ar 2018 rox (oceHHee BBIXOJAXKUBAHUE [0 MO3JHEOCEHHUX TEMIEPATYD INPOTEKAET 34
1,5-2 mecsina), a aHOMaIbHOrO pexknmMa — 2016 rox (BbIXOJaKUBAHUE TPOU3OIIIO BCETO 38
7-8 nmeit).

B kauecrse paiiona mccienoBaHusi BEIOPAH IIPOTS2KEHHBIN YIaCTOK BOCTOYHBIX OEPETOB
FOTO-BOCTOYHOI, BOCTOYHOI U CeBEPO-BOCTOYHON dacTeil BaJituitckoro mopst ot I'marbCcKOro
sasmBa mo Boramveckoro (ot 54 mo 63 rpamycos c.mr.) [leonozus..., 1991]. Ha namrom
ydacTke ObLIO BEIOPAHO CEMb TOYEK HAOJIIOJIECHNS, KOTOPhIE 00ECIeUeHbI JOCTYITHBIMU apXUBa-
MM MeTeopOJIOrnvIeckoit nadopManun Ha TpuOpeRHbIX MereocTaniusx [O00 «Pacnucanue
IToz00wi», 2004]. B ka1ecTBe paccMaTpPUBAEMOTO MAPAMETPA UCIIOIB30BAJIACH TEMIIEPATYDA
BO3/IyXa Ha TOPU30HTE 2 METPa OT MOBEPXHOCTU 3eMJid. 1OYKM BBIOMPAJINCH TAK, YTOOBI

Russ. J. Earth. Sci. 2025, 25, ES1012, https://doi.org/10.2205/2025es000984 2 of 14


https://doi.org/10.2205/2025es000984

IIIUPOTHBII ®AKTOP B ITPOLECCE BBIXOJIAYKUBAHWA MMPUBPEXKHBIX BO. . . KoPOBYEHKOBA U HAP.

MaKCUMAaJbHO PABHOMEPHO MOKPBHITH BECHh PailOH MCCJEIOBAHUS C IOTa JI0 ceBepa: paiion
kochl Xenb (Ioabma), r. [Muonepckuii (Kamununrpazckas obsacts, Poccus), r. Kiaifinena
(JTursa), 1. MaBunocra (Jlarsus), o. Buncanmu (dcronus), o. Pyccapo u o. Crpommunrcta-
nad (@uanstaus ). O6muit B BBIOPAHHOTO pailoHa MCCIeI0BAHNN U TOYeK HAOGIIOIeHNMIT
npuBesieH Ha puc. 1. JIMCKpeTHOCTh M3MEpeHnii METEOJaHHbIX IO BPEMEHN — 3 Jaca.

Mereoponornyeckas: nadopmalius ObLIa JOMOJHEHA JAHHBIMUA O TEMIIEPATYPE TTOBEPX-
HOocTH Mopst (nasee, SST — sea surface temperature) 3a nepuogst 01.09.2016-30.11.2016
rr. m 01.09.2018-30.11.2018 rr. Ucrounukom mauubix SST siBiistercs MaccwB peaHaIn3a
ECMWF ERAS5 [Hersbach et al., 2018], Bpementas TUCKPETHOCTb 1 9ac M MPOCTPAHCTBEH-
Hoe pasperenne — 0,25° mupotsl n 0,25° H0JTOTHI, TPAMOYTOJbHAS ceTKa. g KaxK ot
Toukn Hab/moeHns nanuable no SST Bebupamucs u3 Gumkaiimero K Heil y3mia (mukcess) us
JTAHHBIX peaHaAJIN3a.

mp T7_CtpommuHrc6anaH (20°45'E; 62°59" N)

L
-§
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(1]
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me T2_MunoHepckun (20°37' E; 55°07' N)
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,,,,, o . - MeTeocTaHuuMA
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Puc. 1. O6rmmuit Bux BEIOpAHHOTO /11 aHAJIN3a PAOHA U TOYEK HAOJIIOIEHUN Y BOCTOUHBIX
6eperos Banruiickoro mops. st KaxKI0i n3 TOUEK MPUBEIEHBI Ha3BaHNe U reorpaduaeckne
koopyuHaThl. OCHOBa JIJIsS KapThI B3sTa U3 MaccuBa JaHHbIX |OpenStreetMap contributors,
2012).

Ananmms gaHHBIX

B panee BrImostHEHHOM HCCaenoBannn | Kynpusanosa u dp., 202/] 6b110 TOKA3aHO, ITO
PEKUM BBIXOJIAXKMBAHNS TPUOPEKHBIX BOI y Oepero Kypickoit kockl B paiione HedTemo-
oniBaomeil miardopMbl D-6 nMeer aBa pexxuMa — TUOUYHBIA, Habmogasmmiics B 2017-2019
rojilax u aHoMaJibublil — B 2016 romxy. OT™MeTHM, 9TO IPU THUIMIHOM DPEXKUME BBIXOJIAYKU-
BaHUE JO0 MO3IHEOCEHHUX TEeMIIePaTyp IPOTEKAET 3a 7—8 HeJ/esb, a IPU aHOMAJBbHOM — 34,
7-8 mueit. CrarucTUYeCKUl aHAJIN3 BPEMEHHBIX PSIIOB TEMIIEPATYPhI BOJALI B BBIOPAHHBIX
JJTsT ICCIIEIOBAHUST TOUKAX HAOJIOMEHUH (prc. 2) MOKa3a, UTO PA3INIne MeXKIY THIHIHBIM
¥ aHOMAJILHBIM PEKUMaMU BBLIXOJAXKUBAHUS MPUCYINE I IIeCTH TOYeK m3 ceMu. Kak
0Ka3aJ10Ch, TOJILKO B Touke 16 (0. Pyccapo) sHaueHus cpeaHekBagpaTUIecKoro OTKIOHCHUS
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JIJIS TeMIIepaTypbl oBepxHocTH BOb! 3a 2016 u 2018 roma 6e3 yduera JTMHEHHON TPEHIOBOIT
COCTABJIAIONENl OKA3a/IMCh PaBHBIMU. JlanHas 0COOEHHOCTH MOXKET OBITH BLI3BAHA PErHO-
HaJIbHOI crenuuKoil mpubpesKHOi 30HBI MOPsA. Bo Bcex oCTabHBIX TOYKAX HAOIIOICHII
3HaAUEHUs CPeJHEKBAIPATUIECKOI'0 OTKJIOHEHUS JIJIsl TeMIIEPaTyPhl BO BpeMsl aHOMAaJIbHOT'O
pekuma BoixosiakuBanus 2016 roga okazasnuch cymecTBeHHO Boimre. Ha puc. 2 npusemena
TUCTOTpaMMa 3HAYEHUI CPEHEKBAIPATHIECKOrO OTKJIOHEHUS JjIs BCeX TOUEK HaOJIIOeHMI
2016 n 2018 rr.

T1 T2 T3 T4 T5 T6 T7

T1 2018
T2 2016
T2 2018
T3.2016
T3.2018
T4 2016
T4 2018
T5_2016

©o
—
o
~N
—
i

T5_2018
T6_2016
T6_2018
T7_2016
T7_2018

Puc. 2. T'ucrorpamMMa 3HaYEHUIT CPEIHEKBAIPATHIECKOTO OTKIOHEHNS JIJIS JTAHHDBIX TEM-
HepaTypbl IIOBEPXHOCTH BOABI (IO JAHHBIM DeaHaju3a) 6e3 ydera JIMHEHHON TPEHI0BOIl
COCTABJISIIOIIEH /I BBIOPAHHBIX TOUeK HabmomeHus. s Kaknoil TOYKM HabIIIOmeHUs
sesblit (KpacHslii) cronber — 2016 rox, npassrii (curnit) 2018 rog. O6osHavenns T1-T7 nHazx
CTOJIBIIAMHI COOTBETCTBYIOT TOYKAM HAOJIIOJEHHsT Ha puc. 1.

Beimmotnensbiit aHaIM3 BpEMEHHBIX PAIOB, OTPAYKAIOIINX IIPOIECC OCEHHETO BBIXOJIa~
KUBaHUsI TIOBEPXHOCTHBIX BOJ MOPsl U M3MEHEHUsI TeMIIEPATyPhl BO3/IyXa IMTOKA3aJ, 9TO
HEOOXOIMMOE YCJIOBUE JIJIsi BOSHUKHOBEHUST KOHBEKTUBHOTO IT€PEMEINNBAHUS B TPUIIOBEDX-
HOCTHOM cJtoe Mopst |Dedopos u Tunsbype, 1988; Dijkstra, 2000], a nMeHHO OTpHUNIATETBHAS
pa3HUIA MEXKTy JTHEBHBIMU 3HAYEHUSIMU TEMIIEPATYPbhI BO3/yXa U BOIbI, HAOIIOIAETCS BO
BCEX PacCMaTPUBAEMBIX TOYKAX, HAYMHAS ¢ KOHIIA ceHTsiOpsi. Hampumep, 1151 akBaTopun
Mopsd y 1. [lmonepckuit cpemmecyTounast reMmieparypa Bo3ayxa ocenbio B 2016 u 2018 rr.
IPaKTUYIeCKU Ha BeeM MHTepBaJie Habsonenus nmxke SST (puc. 3).

Nssectro Takxke [Bykpees, 2011, 910 HeJMHEHHBIN XapakTep 3aBUCUMOCTHU [JIOTHOCTU
BOJIBI OT 3HAYEHUN TEMIIEPATYPBI MOYKET OKa3bIBATH OIPEIEJIEHHOE BJIUSHUE HA CKOPOCTH
OXJIAKJIEHUST MOPCKON BOmbl. Bribop 3Hadenus temueparypbl Boabsl B 9,5 °C B KadecTBe
IIOPOTOBOI'0 MOTHBUPOBAH PA3JIMYNEM B U3MEHEHWH ILJIOTHOCTU MOPCKOI BOJBI JIO U IIO-
cJie 9Toi Temueparypbl. Pacdersl MIIOTHOCTH MOPCKOI BOJIBI C COJIEHOCTHIO B JIMAIA30HE
or 4 5o 7 psu [ludpomemeoporoeus..., 1992; Intergovernmental..., 2015], xapakTepHoii mjist
BOZl BasrTuku, mokasaJjim, YTO MPHU JOCTHKEHUH TEMIIEPATYPBI BOJIBI B IIPOIECCE OXJIAXK e~
Hust 3Ha4enus B 9,4-9,6 °C npoucxoauT n3MeHeHne CKOPOCTH MIPOIECCa BBIXOJIAXKUBAHUS
¢ —0,015 °C/cyrku Ha —0,013 °C/cyrku. Ha puc. 4 nupusesennl rpaduku 3HaAY€HHI ILIOTHO-
CTH MOPCKOI BOzbI (KpacHas JIMHUS JIJIsl COJIEHOCTH 7 PSU U KeJITas JIUHUS JIJIsl COJIEHOCTU
4 psu), rpajimenTa WIOTHOCTU (CUHSIsI JINHUS ), JIMHEHHOTO TIPUOJINKEHNsT TPAIMEHTa TJIOTHO-
cru (IITpUXOBasi JIMHKS) U PA3HOCTU MEXKJLy HUMHU (TOHKasl cepasi JIMHUS) B 3aBUCHUMOCTU
OT TEeMIIEPATYPHI BOIBI. PacyeT 3HAYEHMIT IIJIOTHOCTH BOJIBI ITPOBOIUIICS C UCIOJb30BAHIEM
MeK/[yHAPOJIHOTO TEPMOJIMHAMUIECKOTO yPaBHEHUsT cOCTOstHUs MOpcKoii Bozbl (TEOS-10).

Takum 06pazoM, yUueT HeTHHEHHOIO XapaKTepa 3aBUCUMOCTH IIJIOTHOCTU BOJBI OT TEM-
neparypsl [Majewski and Lauer, 199/] u 1oji0zKeHusi HOPOroBOro 3HAUEHMs TEMIIEPATY Dbl
moBepxHOCTH MOps B 9,5 °C B IpuOpPEKHBIX aKBATOPUSIX MOPsl HEOOXOIUM IIPU aHAJIM3E
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Puc. 3. I'pacduku u3MEHYMBOCTH CPEIHECYTOYHON TEMIEpPATypPbl BO3iyXa (ILyHKTHDHBIE
sunnn) u SST (cromuste suaun) s ocern 2016 (a) u 2018 (6) romoB miist Tpex TOYEK
HaOJIIO/IEHNsT U3 I02KHOM, IeHTPaJIbHOM U ceBepHoil yacteit Bantuku, T2, T4 u T6, coorBeT-
crBeHHO). ['opu30oHTAIBHBIE Cepble JMHUN 0TOOpazkaioT Temieparypy ozl B 9,5 °C.
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Puc. 4. T'paduku u3MeHINBOCTH 3HAYECHUI NJIOTHOCTH MOPCKO# BOJIbI (KpacHasl JIMHUS JIJIst
COJIGHOCTH 7 PSU U JKeJITasl JIMHUS JIJIs COJIEHOCTH 4 pSu), TpajiieHTa IJIOTHOCTH (CHHSIs JINHUS)
oT TemIiepaTypbl. BeprukasbHas TOJCTas cepasi JIMHAS 0D03HAYAET ITOJI02KEHHE [TOPOTOBOrO
snadenusi temmeparypbl B 9,5 °C. IllrpuxoBasi JuHUS TOKa3bIBaeT rpaduK JIMHEHHOIO
npubJIMKEeHNsI T'PANeHTa IUIOTHOCTH, & TOHKAs cepasi JIMHUSI — PA3HOCTh MEXK/1y 3HAUYEeHUSIMU
I'PAJIMEHTa JIOTHOCTH U €0 JIMHEHHBIM HpUb/InKeHneM (Jist JIydIIero paspenieHus JaHHas
BesmunHa yBesaudena B 10 pa3s).
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IITIPOTHON HEOIHOPOIHOCTH IIPOIIECCA BBIXOJIAXKUBAHUS NIPUOPEXKHBIX BOJ. JlanHble peaHa-
JIN3a CBUAETEIHCTBYIOT O HAJUYIUU TAKOI IMMUPOTHON 3aBUCHMOCTH JIOCTH2KEHUS [TOPOTOBOTO
3HavYeHus Temieparypbl Bojael B 9,5 °C (cM. ganube B tab1. 1). JlaHHOE HOPOroBOe 3HAUCHUE
TeMIIepaTypbl HABJIIOAI0Ch Ul BCeX 3HaUeHuil coseHocT Bogbl (or 4 710 7 psu), xapax-
TEPHBIX JJIs BLIOPAHHOIO paitoHa uccienosanust [[udpomemeoporoeus..., 1992). 3amerum,
910 0cobasi posib TeMreparypbl Boabl B 9,5 °C st yesioBuit BaaTuitckoro Mopst HaxoauT
CBOe OTpakeHre u B reomerpun T S-KpuBoii, mocrpoenHoit Ha ocaoBe CTD-30H1upoBaHust
B okTsiope 2004 roma (cMm. puc. 2B pabore |Cmenanosa u dp., 2015]): BerBb T S-KpuBoOit
B okpectaoctu T = 9,2 °C oTIeT/IMBO HEJTHHEHHA.

N3menunBOCTh TEMIIEPATyPhl MOBEPXHOCTH MOPS

Paccmorpum Teneph KOMMYeCTBEHHBIE XaPAKTEPUCTUKH ITPOTIECCA OCEHHErO MTOHMKEHU ST
TEeMIIEPATYPBI IOBEPXHOCTHBIX BOJI ¥ BOCTOYHBIX Gepero Basruku. Ilpu TunmanoM pexxume
BBIXOJIA’KUBAHUE IPUOPEKHBIX BO MOpst B 2018 romy B camoii ceBepHOI 13 PACCMATPUBAEMBIX
Touek B BorHmueckoM 3asmBe (63 c.111.) Temmeparypa BOjbl JOoCcTUINIA 3HadeHust B 9,5 °C
K 25 OKTSIOPsl, B IIEHTPAJbHBIX ToUKax (mpuMepHo 58 c.1.) — 11 Hosibpsi, a B caMoil F0XKHOM
touke (54,5 c.ur.) — Toabko 21 HoaA6pst. Takum 06pa3oM, 3ajepKKa [0 BPEMEHU CMEHbI
WHTEHCUBHOCTH BBIXOJIAYKUBAHUS BOJ[ C CEBEPa HA 0T cocTaBjsgeT npumepHo 1 mecs. [Ipn
aHOMAaJILHOM peKnMe Bbixosaxkuanus 2016 roga TemmepaTrypa BOJbI JIOCTUTAET IIOPOTOBOTO
sHauenust B 9,5 °C 1151 F2KHOI 9acTy UceseayeMoro paitona (koca Xesb) K 15 HOsIOpst, & st
MEHTPAJBHBIX U CEBEPHBIX TOYEK JAHHBIN IOKA3aTeJb JocTuraercd yxke K 15 u 10 oxTsabdps,
COOTBETCTBEHHO, TO €CTh IIPUMEPHO B J[Ba pa3a ObIcTpee.

Pacuyer jmHeHBIX TPEHIOB NOHUXKEHUS TEMIIEPATYPHI IPUOPEKHBIX BOJ, ITOITBEP/ NI
pasyinyane MeK/Iy THIUIHBIM U aHOMAJILHBIM PE2KUMAaMU BBIXOJIAKUBAHNS: TUMNIHBIA PEXKIM
MIPOMCXOJIAT C JBYMSsI XapaKTepHbIMU CKOpocTsimu Bbixoaxkuanus —0,015 °C u —0,013 °C
B cyTKH (Ha puc. 56 — mepuos 1 u 2, COOTBETCTBEHHO). AHOMAJIBHBIN PEXKUM UMEET TPU
macrraba ckopocru: —0,085 °C, —0,25 °C u —0,013 °C B cyrku (Ha puc. 5a — nepuon 1, 2 u
3, coorBercTBeHHO). OTMETUM TaKKe Pa3jniue B HOJOKEHUN IPAPUKOB 3aBUCUMOCTEl TeM-
epaTypbl BOJBI B TOYKAX HADJIFOIEHUIl OTHOCUTEILHO ITOPOIOBOIO 3HAYEHUsI TEMIIEPATYPhI
B 9,5 °C: B 2018 romay rpaduku Bech OKTIOPD U GOJIBIIYIO 9aCTh HOSIOPST HMEIOT TEMIIEPATYPY
GoutbIryto, ueM moporosas, a B 2016 romy — anajorndnble 3HaAYEHNS HAOIOIAIOTCA TOIBKO
B OKTsiOpe. 'pacdbukyn M3MEHIMBOCTH TeMIIEPATYPbl BOABI IJIsi BCEX TOYEK HAOJIIOIEHUIA,
a Tak>Ke JIMHEHHbIe TPEH/Ibl U3MEHEHU! 3HAYeHUl TeMIepaTyphl JIJIs OCEHHUX IIEPHOJIOB
2016 u 2018 rr. mpuBe/IeHBI Ha PUC. 5.

Ha obmem dhore mameHennii TeMepaTyphl MOBEPXHOCTHBIX BOJL, B 2016 romy BbIgessieTcst
camas I0KHasl TOUKa B paifoHe Kocbl Xesb. Temieparypa MOBEPXHOCTH BOJIbI OIYCKAETCS JI0
3uadenus B 9,5 °C mpuMepHO B TO ¥Ke BPeMsl, UTO U JIJIS TUITMYIHOIO PEIKMMA BBIXOJIAKTBAHIS,
K 15 nost6pst (2016 r.) u 21 mosibps (2018 1.). B menom ke, 3a/1epKKa BO BPEMEHH CMEHbBI
MHTEHCUBHOCTU OTKJIMKA, TEMIIEPATyPbI BOJbI HA TEMIIEPATYPY IMTPUBOIHOTO BO3/IyXa C CEBEPA

Tabauma 1. ara, B KOTOPYIO TeMIlepaTypa BO3ayxa W BOABLI ctaja =~ 9,5 °C, cormacHo
peanasmzy ERAD [Hersbach et al., 2018]. B nepsom crosible npuBeeHbl HA3BaHUSI TOPOIOB-
TOYeK HAOJIOEHN, BO BTOPOM — WX IUPOTa, B TPETHEM JaTa JOCTHKEHUsI TOPOrOBOI0
3HAYEHUs] TeMIIepaTypbl Bojbl B 9,5 °C

Touxa HabmOIEHUST [npora TquKH T et 9,5 °C
HaOJIIO/IEHUIA, C. III. Tara Tara

Koca XeJsb 54,36 21.11.2018 15.11.2016
r. [Tnonepckuit 55,07 16.11.2018 24.10.2016
r. Kiraiiriega 55,44 16.11.2018 25.10.2016
r. ITaBusnocra 56,53 12.11.2018 11.10.2016
o. Buncanan 58,23 11.11.2018 15.10.2016
0. Pyccapo 59,46 27.10.2018 10.10.2016
0. CrpoMmMmuHTCcHaIaH 62,59 25.10.2018 11.10.2016
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Puc. 5. I'padukn usameHINBOCTH TeMIlepaTypbl IOBEPXHOCTHBIX BOJ BajTWKu B TOYKax
nabmozenuii B 2016 u 2018 rogax: spemennbie psiypt SST (2016 . — a, 2018 1. — 6) mig Beex
paccmarpuBaembix Touek. Cepasi ropu3oHTaBHAS JHAA — 3Hadenue 9,5 °C, npu mocTmxe-
HAU KOTOPOU MEHSIETCs CKOPOCTH BBIXOJIAXKMBAHUSA BOJBI. 1€PHBIMU TOYKAME OTOODAKEHBI
rpaduku JUHEHHBIX TPEHI0B n3MeHenuit remmeparypb: 2016 1. — 1, 2 u 3 — COOTBETCTBYIOT
IIepuo/iaM BPEMEHH JI0, BO BPEMs U IIOCJTE CKAIKOOOPA3HOTO IMOHMKEHUST TEeMIIEPATYPhI
mTopMoBoit mpupobl; 2018 1. — 1 u 2 — 710 U mocJie MPEOJIOJIEHUs] TeMIIEPATYPOIl BOIBI
sunagenus B 9,5 °C.

Ha, IOT JIjIS aHOMAJIBHOTO PEXKMMA BBIXOJIA’KUBAHIS COCTABUJIA 15 JTHEH, TO eCTh B JIBa pasa
MEHBIIE, YeM IIPU TUITUTHOM PEKUME.

Pacuer nonogHUTENBHBIX CTATHCTUYECKUX XaPAKTEPUCTUK BPEMEHHBIX PsIIOB 3HAYEHUN
TEeMIIEPATyPbl BOJIBL Y BOCTOYHBIX Geperos Basruiickoro Mopsi (MeIuaHbl U CPEJIHEro 3Haue-
HUI, THTEPKBAPTUILHOTO Pa3Maxa U JUANIa30Ha MEXKY MAKCUMAJIbHBIMA U MUHIMAJIHHBIMHI
3HAYEHUSIMHU ) TIOJTBEP/NI PA3JIUINE TUITMIHOTO U AHOMAJIBHOTO PEXKIMOB BBIXOJIA KMBAHUS
JUIs BeeX ToueK Habsmogenuit (puc. 6), KpoMe CeBEPHBIX TOYEK.

Ha puc. 6 BugnaO, uTo syt 2016 rojia XapaKTepHO 3aMETHOE Pa3/Inurie CPETHUX U Me-
JIMAaHHBIX 3HAYMEHUI TEMIIEPATyPhl HA BCEM ITEPHUOE HAOJIIOECHI. 3a UCKIIOYEHNEM TOYEK
T6 u T7 (0. Pyccapo u o. Crpommunrcbanan), rae u B 2016 rony sTu 3HadeHus: OJIM3KH.
Takum 00pa30M, aHOMAJIBHBINA PEXKUM HE JIOKAJM30BaH B aKBATOPUU MOPs y HedTe 00bI-
Batorei wiardopmer D-6 [Kynpusanosa u dp., 202/], a uMeer JOCTATOUHYIO NIMPOTHYIO
nporsizkeHHocTh. st 2018 roma pacupenenenus 3uadennit SST GIM3KN K CUMMETPUTHOMY
OTHOCHUTEJILHO 3HAYEeHMI cBOUX MeauaH, a s 2016 roga Habaogaercs acuMMeTpus B 60/Ib-
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Puc. 6. Kopo6uatsie quarpammel (box-plot) juist Bpemenusix psiaos SST nonapro st 2016
u 2018 ro/10B, COOTBETCTBEHHO, JIEBBIE U IIPABBIE CTOJIOIBI AUArPAMMBL. 1 PeyroJbHIKOM
0003HAYEHO CpejHee 3HAYEHNe, TOPU30HTAIBHON 4epToit — Meauana. /[yimHa Smmka cooTBeT-
CTBYeT MHTEPKBAPTWILHOMY pa3Maxy, a TPaHUIbl yCOB — MUHUMYMY U MakcuMymy SST.

nryto cropory. OTMernM TakxKe pasjindue B MHTEPKBapPTUJILHOM pasMaxe JiJisi aHOMAaJIbHOIO
¥ TUIAYHOTO PEKUMOB BBIXOJIaXKUBaHus Ipubpekubix Bog Bamruku. B 2016 roxy mammbrii
mapamerp B 1,5-2 pasa Oousibirre, yem B 2018 romy.

MaxkcuMajibHbIE CKOPOCTH BBIXOJIAYKUBAHUSI [IOBEPXHOCTHOI'O CJIOSI 38, OCEHHUIT ITePUO/T
2018 roma ormeuarorcs B paiione I'manbekoro 3amusa y 6eperos Kasmaunrpasickoit obsactu
u Jlureet u gocruraior 3uadenuit —0,14 °C/cyrku. C yBeandeHneM MUPOTHI JAHHBINA apa-
merp usmensiercst j10 —0,12 — —0,1 °C/cyrru B BorHuueckom 3asmse (puc. 7). Takke Jyist
THIIMYHOTO PEKNUMa BBIXOJIAKUBAHUS IS KaXKI0H TOUYKN XapaKTEPHO IPUMEPHOE PABEHCTBO
CKOPOCTEll BBIXOJIAXKUBAHUs KAaK JJIs BCETO OCEHHErO IEPUO/a, TAK U JIJIs CKOPOCTEH, pac-
CUYMTAHHBIX JIJIsl KAXKJIOTO OCEHHEr0 MECSIa OTIEJIbHO, YTO He XapaKTEePHO JJjId aHOMAaJIbHOIO
pexkuma. Pacuer smHeitHOTO TpeHma (cM. puc. 7a, MTPUXOBbIE JIMHUA) MOKA3aJl HAJMINE
HIKPOTHOIO 3aMejjIeHust cKopocTH Bbixosaxkupanus B 0,004 °C/rpajyc c. 1. AHaJIOrMYHbILIH
nokasareJsb JIst aHoMadabHoro 2016 roma cocrasui 0,002 °C/rpagyc c. mr. (puc. 76). IIropm
BOCTOYHBIX PyMOOB, HEXapaKTepHbIil Jyisi janHoro perunoHa [Majewski and Lauer, 1994],
B TIepBO#t motoBuHE OKTAOps 2016 Toma TPUBEN K 3HATUTEILHOMY TTOHUKEHUIO TEMIIEPaTyPhI
[OBEPXHOCTHBIX BOJL 10 BCEMY BOCTOYHOMY mobepe:kbio Basrruiickoro Mopst (puc. Ha, mepuop
2). MakcumaJibHble CKOPOCTH BBIXOJIAXKUBAHUS B I02KHON 9aCTH PACCMATPHBAEMOIO PaloHa
cocraBmin —0,29 °C/cyTKu, 9T0 HIpaKTHYECKU B 2 pasa, a JJjid HEKOTOPLIX CTaHIMN U B
3 pasa, 6oJIbIlle, Y€M MPU TUIUIHOM BBIXOJIAYKUBAHUM BOJbI. Pe3Koe majieHne TeMuepary-
PBI TOBEPXHOCTHBIX BOJ K oTMeTKe B 9,5 °C mpuBesio K TOMY, YTO B HOsIOpe TeMIiepaTypa
BOJIbI IPAKTUYECKN HE MEHsIach, a Ha cTanmuax 12 u T3 Habiona10ch He3HAYUTEIHHOE
MIOBLIIIEHNE TEMIIEPATYPBI BOJIBI.

O6cyxenne

U3BecTHO, 9TO MOSABIEHUE OTPUIATEIBHBIX TEMIIEPATYPHBIX AHOMAJIHMH ([IOHUKEHUE TeM-
[epaTypbl WK BBIXOJIA KMBAHNUE) B OBEPXHOCTHBIX BOJAX PUOPEXKHO 30HBI MOPSI MOXKeT
MMETh Pa3INIHYy0 (QU3MIECKY0 IPUPOLy. KpoMe KOHBEKTUBHOTO TlepeMenmBanus (CBOGO-
HOI'O WJIM BBIHYXKJIEHHOI'O) M3MEHEHHE TeMIIEPATyPbl HOBEPXHOCTHBIX BOJ, B IPUOPEXKHOMN
30HE MOPsI MOXKET OBITH CBSI3aHO C aJIBEKIHeil BOJ IpeiipbOBBIMU TEUEHUSIMU, TIepeMere-
HUEM BJI0JIb OEPEroBOil JIMHUU Me30- U MEeJIKO-MACIITAOHbIX BUXPEll, & TaKKe IOABJIEHUEM
anBesuHros | XKypbac u dp., 200/; Kanycmuna v 3umun, 2021; Mowcaenkos u dp., 2017.
B wacrHOCTH, aHA/IN3 MHOTOJIETHUX W MHOTOTOPU3OHTHBIX HAOJIIOIEHUN MTOJIS TEMIIEPATYPHI
IpUOPEXKHBIX BOJ B 22,5 KM 0T KypIickoit KOChl TTO3BOJIMI OIIPEIETUTh HECKOJIBKO CIyYIaeB
anBesmaTa [ Moicaenkos u dp., 2017]. Opaako, TaksKe H3BECTHO, UTO €CTECTBEHHAS U3MEHIH-
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Puc. 7. CkopocTu BbIXOJIaKUBaHUS TPUOPEIKHBIX BOJ BAJTHIICKOrO MOps B TOYKaX Ha-
osrosiennii. ToYedHbIME JIMHUSIMU HA PUCYHKE ODO3HAYEHBI JIMHENHbIE TPEHIbI CKOPOCTEI
BBIXOJIA’KUBAHMSI MOPCKUX BOJL JIJIsl OKTSIODsI (UepHAast JIMHUS) U BCEro Iepuoja. (CuHsisl JIMHMS)

2016 rona (a) u 2018 rozxa (6).

BOCTb HAIIPABJIEHUIT U CKOpOCTeii BeTpa (IpeobaaaioT ceBepO-BOCTOYHBIE U IOI0-3alla HbIe
C KOCBIM IOJXOZOM K JIMHUK Gepera) He ABJIAeTCs OJArONPHUATHON JJIg HOSBJICHUS IUCTO
9KMAaHOBCKUX amBeJUmHTOB |3auenun u dp., 2016; Myslenkov et al., 2023 n nopoxmaer
OTHOBPEMEHHO CTOHHO-HATOHHBIE 3P (DEKTHI.

OOGIMpHKIi 1I0 BpeMeH! aHaJIi3 OJIaronpUsITHBIX YCIOBUIA JIJIsi BOSHUKHOBEHUSI allBe)I-
JMHTOB Tokazan [Kanyemuna u Sumun, 2021], aro B 2014-2019 rospl B Je€THHE MECSIIBI UX
9UCI0 COKpaTUIoch Ha 4-5% 1o cpasrenmio ¢ meprogom 2000-2009 rT., HpOIOIKATENTLHOCTD
alBeJJIMHIOB COKparuiach Ha 8 mueil. CpeHEromoBoe KOJINIECTBO JHEH C alBe UIMHIaAMU
B 2010-2019 roasr o cpasaenuto ¢ 2000-2009 rojmaMu yMeHBIITNIOCH TTOYTH HA IIOJIOBU-
HY, & CPeIHeCyTOYHas IIONA/ b AllBEJUIMHIOB yMeHbINuIach y oeperos Kamunuuurpamackoit
obJtactu GoJiee, YeM B J[Ba pas3a. Y BeJIMUEHNE TOBTOPSIEMOCTH ILIOMAJIEH OTPUIIATETBHBIX
aHOMAJTHI TeMmepaTypbl moBepxHocTr Mops B 2010-2019 rosiax MoKeT OBITh CBA3aHO KaK
C yBeJInUeHNeM «OJIarONpPUsTHBIX> BETPOBBIX BO3AENCTBUI HA TPUOPEIKHBIE AKBATOPUU MODSI,
TaK ¥ ¢ MHTEHCUBHOCTBIO OCEHHEro BbhixosaxKupanus [Kanycmuna u Sumun, 2021]. ABropn
TaKKe OTMEYAIOT, YTO UCIOJHb30BAHHBIX MIPU UCCJIE/IOBAHUSIX MACCUBOB JIAHHBIX HEJIOCTa-
TOYHO JIJIs PA3/IeJICHIsI CTENEHN BJINSAHUS BBIXOJIA2KIBAHUS BOJBI C IIOBEPXHOCTH, aIBEKIIIN
BOJIBI JIpeiichOBBIM T€UEHIEM U BO3MOXKHBIM AIIBEJJIMHIOM (IIOJIHBIM MJIU HEIOJIHbIM ). s
JIOCTUKEHUSI [TOJTHOTHI MOHUMAHUSI IPOUCXOJISIINNX B MPUOPEKHBIX BOJAX IIPOIECCOB HEOOXO-
JIIMO IIPOBE/IEHNEe KOMILIEKCHBIX ITOJIMTOHHBIX HAOJIIOEHN, KaK, HAIIPUMED, Ha IOJUTOHE
Ha Tpasep3e rouy6oit 6yxrol (r. lesenmxuk, P®) na Yepuom mope [Bauenun u dp., 20106].

Eie omauM 06CTOSITEIHCTBOM, OOBSICHSIIONIUAM IOsIBJIEHUE TEMIIEPATyPHBIX aHOMAJIUN
B IPUOPEXKHOI 30HE MOPsI MOXKET OBITh 3PpdekT nuddepeHnrasIbHOr0 OXJIaXKIEHN BO/T
HaJ| ckaoHoM nHa [Eciokosa u dp., 2017; Yybapenro, 2010]. ObcrosiTesbHOE UCCIIEOBAHKE,
BBIIIOJTHEHHOE Ha, OCHOBE aHAJIN3a, JAHHBIX CIIYTHUKOBBIX HAOJIIOIEHUI B OCEHHUI TIEPUOT,
2010-2014 rosoB Ha I akBaTOPUSAMHU I0r0-BocTOYMHON Bantuku y 6eperos KajumHuHrpacKoit
00J1aCTH, C COIYTCTBYIOIMIUMHU CY/IOBBIMU HAOJIONEHUSAMI U AHAJIUTHIECKIME OIEHKAMI TOKa-
3aJ10, 9TO Teperaj] TEMIIEPATyP MOPCKUX BOJ IIPU JBUKEHUU OT OTKPBITOIO MODsi K Oepery
umMeer BeJmunHbl nopsizika 2-3 °C, a B MakcuMmyMe — MoxkeT gocrurarb 4-6 °C [ Qybapenrko,
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Cumcok JmTepaTypsl

2010]. Ananus Bcell COBOKYITHOCTH MACCHBOB JIAHHBIX MO3BOJIMI ABTOPAM 3aKJIOUUTh, UTO
KapTuHa auddepeHnaabHOr0 BhIXOJAKUBAHNS HAJCKIOHOBBIX BOJ, (DOPMUPYETCsT 38 CIET
COBMECTHOI'O JIEHCTBUS BEPTUKAJIBHOIO M TOPU3OHTAJIBHOIO TerjioooMena. 3menenus: ropu-
30HTAJIbHBIX Mpoduseil TeMuepaTypbl Ha 15 paspesax 1o BCell MPOTAKEHHOCTH 0eperoBoit
JINHUU MOPCKOT0 100epexkbst KanmanHrpaickoit 00/I1acTi TOKA3aJ/d, ITO I HACKIOHOBBIX
BOJI, TIPOITECC TEILIOOOMEHA TI0 BEPTHUKAJHN «paboTaeTs ropasio ObICTpee, 9eM MOPU30HTAJb-
HBIT OOMEH: XapaKTepHbIe BpeMeHa JIJIsi IEPBOr0 COCTABJISAIOT MUHYTHI — JIECATKA MUHYT,
a JIJIsi BTOPOrO — JIECATKU YacOB.

Bce mpusenenmbie 06CTOSTENBECTBA TO3BOJISIIOT KOHCTATAPOBATH, UTO XapPAKTEPHBIE
MaCIITaObl IPOJIOJIKUTEIBHOCTH [MEPEUHNCIEHHBIX BBINIE (PU3NIECKAX MEXAHU3MOB He IIPEBBI-
IAI0T HECKOJIbKUX jHeil. U npu onenke ocpe/iHeHHBIX 33 0oJiee IIPOIOIKUTENBHBIN 1€PUO/T
BPEMEHN KarKJI0ro n3 (QU3NIECKNX MEXAHU3MOB HEsIBHO OyJ/IeT yUYTEH 3a CUeT MX BKJIAJA
B 00Illee M3MEHEHNE TeMIIepPaTypPhbl BOJbI. Takmm 06pa3oM, MOJIyUYeHHbIe B paboTe TPeHI0-
BbI€ OIIEHKN M3MEHYMBOCTHU TeMIIepaTyphl 3a 1nepuoisl o 10 go 20 jHeit MOryT oTpakarhb
peabHyI0 CKOPOCTD BBIXOJIA2KMBAHUSA MOPCKO# Bozbl y Oeperos Kypirckoit Kochr.

BriBoapt

IIponerannbiit aHaAIN3 U3MEHIUBOCTHA TEMIIEPATYPHI TPUOPEKHBIX BOJI Y BOCTOTHBIX
GeperoB BajiTuiickoro Mopst MOKa3aJ1, 9YTo MHUPOTHAS 32aBHCUMOCTH CKOPOCTU BBIXOJIAXKIBAHYST
npuOpeKHBIX BOJL (puc. 3 U 7) OupeJielisieTcsl He TOJIbKO PasHUIell TeMIIepaTypbl BO3/LyXa
HaJ| IOBEPXHOCTHIO MODs U BOJbI, HO W PA3HUIENl B CKOPOCTU OTKJIMKA ILIOTHOCTH BOIBI HA
armocdepnoe BozgelicTeue (puc. 4) B 3aBUCUMOCTH OT TEKYIIEr0 3HAUCHUsI TEMIIEPATYPhI
BOJIbL. 3HAYMEHUE TeMiiepaTypbl Boabl B 9,5 °C s yesouit Banruiickoro Mopst orpeessier
CMEHYy PeKMMa CKOPOCTHU BBIXOJIAXKUBAHUS IIOBEPXHOCTHBIX BOJ MOpsi. JIuneiinbie TpeH bl
U3MEHEHUs] TEMIIEPATYPHI JIO U MOCJe JIOCTUZKEHUS ITOr0 3HAUEHUS OKA3AJNCH PA3TUIHBIMU.
JJist TUIIMYIHOrO peXKMMa BBIXOJIaYKUBaHUS IPUOPEXKHBIX BOJ, Tper coctapui —0,015 °C
u —0,013 °C B cyTKH, a g aHoMajabHoro pexkuma — —0,085 °C, -0,25 °C u —-0,013 °C
B CYyTKH.

IIpu TUIMYHOM peXKuMe OCeHHero Bbrxosarkusauusi (2017-2019 rr.) MUHUMAJIBbHBIE
CKODOCTH BBIXOJIA2KUBaHUs HPUOpeKHbIX BoJ cocrapisiiu —0,1 °C/cyrkun u Habirona-
JIch Ha ceBepe Mops B BorHmueckoMm 3asmBe. MakcuMmasibHble CKOPOCTU BBIXOJIAXKUBAHMS
B —0,14 °C/cytru ormevasuch y 6eperos Jluresr u Kamuuuarpasckoit obnacru. [lluporHast
3aBUCUMOCTDH CKOPOCTH M3MEHYNBOCTU TEMIIEPATYPHI IOBEPXHOCTHBIX BOJ| 38 BECh OCEHHMUIA
nepuoy, cocrasisiia —0,004 °C/rpasyc c. nr. g 2016 roga ¢ JOKaJIbHBIM 110 BpEMEHU CKad-
KOOOpa3HBIM MMOHUKEHUEM TeMIIEPATYPhl IPUOPEXKHBIX BOJL B YCJIOBUSIX CHJIBHOTO IIITOPMA
MaKCUMAJbHBIE CKOPOCTH BBIXOJIAXKUBaHUs y OeperoB KasmHUHTpaCKOM 00TacTH cocTa-
Busm —0,29 °C/cyTKH, 9TO CyIIECTBEHHO BBIIIE AHAJOIMYIHOIO II0KA3ATeJsl IIPU THIITIHOM
BBIXOJIAXKUBAHUN BOJ[. 3HAYEHUS CKOPOCTH BBIXOJIAXKWBAHUsI BOJM, B 3aBUCHMOCTH OT IIIW-
porsl yMeHbInuiock 10 —0,002 °C/rpajyc c.1i., TO eCTh U3MEHEHHe JI0 U TOCIe CKaIKa
TEMIEPATYPHI BOJL U3-3& IITOPMa IPOTEKAJIO C MEHBIIEN CKOPOCTHIO.

Baaromaproctu. UcciemoBanne BBIOTHEHO 3a cder rpanTa Poccuiickoro HaydHOro (hoHIA
Ne23-27-00150, https:/ /rscf.ru/project /23-27-00150//.

Baiigun C. C., Kocapes A. H. Kacnuiickoe mope: I'maposiorust u rugpoxumusi. — Mocksa : Hayka, 1986. — 262 c.

Bykpees B. U1. Heipsiaue noroka, 06yC/I0BJIEHHOE HEMOHOTOHHON 3aBUCHUMOCTBIO IIJIOTHOCTH BOJIbI OT Te€MIIepaTyphbl //
Oxeanosnorust. — 2011. — T. 51, Ne 4. — C. 612—620. — EDN: NXXERJ.

Teostorust u reomopdostorust BaTuitckoro Mopsi: CBOJIHAsI OObsICHUTEJIbHAS 3aIICKA K NeOJIOTMYECKUM KapTaM MacIITada
1:500 000 / wox pexn. A. A. I'pursuiuca. — Jlenunrpay : M-so reosorun CCCP, JluroBckuii reostormyeckuii un-t, 1991.

T'uapomereoposiorust u rugpoxumus Mopeit CCCP. Tom 3. Basruiickoe mope. Boin. 1. Tuapomereoposnoruueckue yeaosust /
mox, pex. ®@. C. Tepsuesa, B. A. Poxxkosa, A. 1. Cmupnosoit. — CII6 : I'mapomereonsaar, 1992. — 449 c.

Tunn A. JTurnamuka armocdepst 1 okeana: B 2-x Tomax. Tom 1. — Mocksa : Mup, 1986. — 396 c.

Russ. J. Earth. Sci. 2025, 25, ES1012, https://doi.org/10.2205/2025es000984 10 of 14


https://rscf.ru/project/23-27-00150/
https://elibrary.ru/NXXERJ
https://doi.org/10.2205/2025es000984

IIIUPOTHBII ®AKTOP B ITPOLECCE BBIXOJIAYKUBAHWA MMPUBPEXKHBIX BO. . . KoPOBYEHKOBA U HAP.

T'unzoypr A. U., Kocrsnoit A. I, Illepemer H. A. Ce30HHast 1 MeKIro/ioBasi U3MEHIHMBOCTb TEMIIEPATYPhI IOBEPXHOCTH
Kacnmiickoro mopst // Oxeanosorusi. — 2004. — T. 44, Ne 5. — C. 645—659. — EDN: OWLNWH.

Eciokosa E. E., Uybapenko 1. II., Crour 2K. . Auseiunr win guddepeHnuajibHoe BhIXoJaXKuBanue? AHayms
cryTHUKOBBIX TTIM-n306pazkenuii roro-socrounoit actun Basgruiickoro mopst // Bomabie pecypest. — 2017. — T. 44,
Ne 1. — C. 28—37. — DOI: 10.7868/s0321059617010047.

Edumos B. B., Casuenko A. O., Auucumos A. E. Ocobernoctu Temmoobmena HYepHoro Mopst ¢ arMocdepoil B 0CeHHe-3UMHUA
nepuon // Mopckoit ruapodusuuecknii xypraaia. — 2014. — Ne 6. — C. 71—81. — EDN: TECBAN.

Edwumor B. B., CaBuenko A. O., Auucumon A. E. Drcrpemasbaoe BbIXOJIaXKuBaHue JepHOro Mopsi B 3UMHHIA 1iepuos //
Mereoposorust u rugposiorust. — 2015. — Ne 7. — C. 74—55. — EDN: TZZYQF.

2Kypbac B. M., Cruna T., Mankun I1. u ap. Mezomacmrabrasi "3MEHYNBOCTD AIBEJIJINHTA B IOTO-BOCTOYHON BasiTuke:
NK-n306paskenus n duciaeHnoe mojeauposanue // Oxeanosorusi. — 2004. — T. 44, Ne 5. — C. 660—669. — EDN:
OWLNWR.

Banenun A. I'.; Cuibeectposa K. I1., Kykses C. B. u ap. Haboenue nyuk/ia MHTEHCUBHOTO TPUOPEKHOTO AIIBEJLINHTA U
nayHBesunHTa Ha ruppodusnaeckom nosmrone 1O PAH B Yeprom mope // Oxeanonorust. — 2016. — T. 56, Ne 2. —
C. 203—214. — DOI: 10.7868/50030157416020222.

Uganos 0. A. Kpynunomaciirabaasi 1 CHHONITHYECKasi U3MEHUYUBOCT oJieil B okeane. — Mocksa : Hayka, 1981. — 168 c.

Kamycruna M. B., Sumuna A. B. [IpocTpaHCcTBEHHO-BpEMEHHBIE XapaKTEPUCTUKH AIlBEJIJIMHIOB B I0I0-BOCTOYHON BaJjruke
B 2010-2019 rr. // ®ynnamenrtanbHas u upukiagnas ruapodbusuka. — 2021. — T. 14, Ne 4. — C. 52—63. — DOL:
10.7868/52073667321040055.

Kacmuiickoe mope: Crpykrypa n munamuka sox / nox pea. A. H. Kocapesa. — Mocksa : Hayka, 1990. — 163 c.

Kynpusirosa A. E., I'punenko B. A., Kusieco A. B. u gp. O TunuaHOM 1 aHOMAJIBHOM PEXKUMAX BBIXOJAXKUBAHUST MOPCKUAX
BoJ B ipubpexkHoit 3oue Kypmickoit kocet // T'uppomereopodsiorust u skosorus. — 2024. — Ne 73. — C. 666—683. —
DOI: 10.33933/2713-3001-2023-73-666-683.

Jlagposa O. FO., Kocrsinoit A. T, Jlebenes C. A. u ap. KoMmijiekcHBIN CIIyTHUKOBBIT MOHMUTOPHUHI Mopeii Poccum. —
Mocksa : KW PAH, 2011. — 480 c.

Mounun A. C., Kamenxkosuu B. M., Kopr B. I. Usmenuusocts Muposoro okeana. — Jlenunrpay : ['ujapomereonsar,
1974. — 262 c.

Mopozos E. I, Illyka C. A., Toseaxko H. H. u up. Crpykrypa Temueparypbl B npubpexkHoii 3oue Basruiickoro mopst //
Joknansr Akagemun Hayk. — 2007. — T. 416, Ne 1. — C. 115—118. — EDN: TAQIOX.

Mgicsienkos C. A., Kpeuuk B. A., Bougaps A. B. Cyrounasi u ce30HHasI ©U3MEHUYNBOCTh TEMIIEPATYPhI BOJbBI B IIPUOPEXKHOI
3oHe Basruiickoro Mopst o JaHHBIM TePMOKOCHI Ha Iiardopme JI-6 // Dkosormueckue cucreMbl U NPUOOPHI. —
2017. — Ne 5. — C. 25—33. — EDN: YUSMLT.

00O <«Pacnucanue Iorogpr». Pacrucanne norogsr. — 2004. — URL: https://rp5.ru/ (mara o6p. 10.01.2023).

Crenanosa H. B., Hybapenko U. II., lyka C. A. CrpyKTypa U 9BOJIONHS XOJOJLHOTO TPOMEXKYTOIHOTO CJIOSL B I0I0O-
BOCTOYHOI YacTu Bajruiickoro Mops 110 JaHHBIM HATYpHBIX u3Mepenuii B 2004-2008 rr. // Oxeanosorus. — 2015. —
T. 55, Ne 1. — C. 32—43. — DOI: 10.7868/s0030157415010153.

Turos B. B. ®opMupoBanme BepxHEr0 KOHBEKTUBHOI'O CJIOSI U XOJIOJHOT'O MPOMEXKYTOYHOr'O CJIosi B UepHOM MOpe B
zapucumocTu or cyposoctu 3uM // Okeanosiorus. — 2004. — T. 44, Ne 3. — C. 354—357. — EDN: OWJTDH.

Turos B. B., HYacosaukosa JI. A. Tepmuueckoe B3anMojieficTBre MEK Iy MPUBOIAHBIM CJI0EM aTMOCHEPDHI U MOBEPXHOCTHBIM
CJI0EM BOJIBI Ha CeBEpPO-BOCTOUHOM mmienbde Ueproro mopsa // Mereoposorus u rugposorus. — 2012, — Ne 8. —
C. 79—88. — EDN: PBJCWE.

Denopos K. H., I'uuzdypr A. U. TlpunosepxHocTHBIH cj10it okeana. — Jlenunrpas, : I'mapomereonsaar, 1988. — 303 c. —
EDN: OSMMYO.

Yyoapenko U. I1. l'opu3onTabHBIIT KOHBEKTUBHBIN BOJIOOOMEH HAJI MOIBOJIHBIM CKJIOHOM: MEXaHU3M (DOPMUPOBAHUS U
axann3 passutus // Okeanosornst. — 2010. — T. 50, Ne 2. — C. 184—193.

Dijkstra H. A. Nonlinear Physical Oceanography. — Springer Netherlands, 2000. — DOI: 10.1007/978-94-015-9450-9.

Feistel R., Nausch G., Wasmund N. State and Evolution of the Baltic Sea, 1952-2005: A Detailed 50-Year Survey of
Meteorology and Climate, Physics, Chemistry, Biology, and Marine Environment. — Wiley, 2008. — 703 p. — DOI:
10.1002/9780470283134.

Hersbach H., Bell B., Berrisford P., et al. ERA5 hourly data on pressure levels from 1940 to present. — 2018. — DOI:
10.24381/CDS.BD0915C6.

Intergovernmental Oceanographic Commission; Scientific Committee on Oceanic Research; International Association for the
Physical Sciences of the Oceans. The International thermodynamic equation of seawater - 2010: calculation and use
of thermodynamic properties. [includes corrections up to 31st October 2015]. — 2015. — DOI: 10.25607/OBP-1338.

Russ. J. Earth. Sci. 2025, 25, ES1012, https://doi.org/10.2205/2025es000984 11 of 14


https://elibrary.ru/OWLNWH
https://doi.org/10.7868/s0321059617010047
https://elibrary.ru/TECBAN
https://elibrary.ru/TZZYQF
https://elibrary.ru/OWLNWR
https://doi.org/10.7868/S0030157416020222
https://doi.org/10.7868/S2073667321040055
https://doi.org/10.33933/2713-3001-2023-73-666-683
https://elibrary.ru/IAQIOX
https://elibrary.ru/YUSMLT
https://rp5.ru/
https://doi.org/10.7868/s0030157415010153
https://elibrary.ru/OWJTDH
https://elibrary.ru/PBJCWF
https://elibrary.ru/OSMMYO
https://doi.org/10.1007/978-94-015-9450-9
https://doi.org/10.1002/9780470283134
https://doi.org/10.24381/CDS.BD0915C6
https://doi.org/10.25607/OBP-1338
https://doi.org/10.2205/2025es000984

IIIUPOTHBII ®AKTOP B ITPOLECCE BBIXOJIAYKUBAHWA MMPUBPEXKHBIX BO. . . KoPOBYEHKOBA U HAP.

Majewski A., Lauer Z. Atlas morza Baltyckiego: opracowanie zespolowe. — Warsawa : Instytut Meteorologii i Gospodarki
Wodnej, 1994. — 214 p. — (in Polish).

Myslenkov S., Silvestrova K., Krechik V., et al. Verification of the Ekman Upwelling Criterion with In Situ Temperature
Measurements in the Southeastern Baltic Sea // Journal of Marine Science and Engineering. — 2023. — Vol. 11,
no. 1. — P. 179. — DOI: 10.3390/jmse11010179.

OpenStreetMap contributors. Planet OSM. — 2012. — URL: https://planct.openstreetmap.org (visited on 05/20/2023).

Russ. J. Earth. Sci. 2025, 25, ES1012, https://doi.org/10.2205/2025es000984 12 of 14


https://doi.org/10.3390/jmse11010179
https://planet.openstreetmap.org
https://doi.org/10.2205/2025es000984

RUSSIAN JOURNAL of EARTH SCIENCES

LATITUDINAL FACTOR IN THE COOLING PROCESS OF COASTAL
WATERS IN THE EASTERN PART OF THE BALTIC SEA

K. D. Korobchenkoval2(), A. V. Kileso™ "2 , and A. E. Kupriyanoval

LShirshov Institute of Oceanology, Russian Academy of Sciences, Moscow, Russia
2Immanuel Kant Baltic Federal University, Kaliningrad, Russia
**Correspondence to: Alexander Kileso, aleksandr.kileso@gmail.com.

A study of the latitudinal variation of the water cooling process along the eastern coast of the
Baltic Sea in 2016 and 2018 was carried out based on field and reanalysis data. The latitudinal
features of the anomalous cooling regime, previously noted off the coast of the Curonian Spit
(Kaliningrad oblast, Russian Federation), were shown. Estimates of trends in decreasing coastal
water temperatures were obtained for typical and anomalous cooling regimes. The role of a water
temperature of 9.5 °C on the cooling rate of coastal waters is shown. Reaching this temperature
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[TPOBEJAEHUS OUJILTPALIMOHHBIX UCIILITAHUN
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Mucruryt npobiaem mexanuku uMm. A. FO. Mmuuckoro PAH, r. Mocksa, Poccust
* Konraxr: Banepuit Baagumuposna Xumyis, valery. khim@gmail.com

B pabore mpejicTaBiIeHBl PE3yJIbTAThl HEPA3PYIIAIMUX IU(MPOBBIX UCCIEI0BAHUN OCTATOYHBIX
U3MEHEeHUH CTPYKTYPHBIX M €MKOCTHBIX CBOHCTB KOJIJIEKTOpa JastHIAMHCKOrO He(Tera3oKOHIeH CaT-
HOI'O MECTOPOXK/IEHUS B Pe3y/bTare 3aKadKU »KUJIKOCTH I'HJIPOopa3pbiBa IiacTa. [lorydeHbl CHUMKY
KOMIIBIOTEPHOH PEHTIEHOBCKOWH TOMOrpaduu ¢ MCIOIb30BAHNEM BBICOKOPA3PENIAIOIIET0 ToMorpada
ProCon X-Ray CT-MINI Uucruryra npobiaem mexanuku PAH. Ha 6aze cuumkos cosmanbr 3D
MOJIEJIU KOJIJIEKTOPA, JIJTs IPOBEIEHUs (P POBOTO aHAJIN3a U3MEHEHNsT CBOMCTB KOJLJIEKTOPA ITOCJIE KC-
neiTannii. [IpoBeseno cpaBHeHME CTPYKTYPHI U B3AUMHOT'O PACIIOIOXKEHUS 3€PEH TOPO/IBI 10 U [OCJIe
WCIBbITaHu. BhIosiHeHa OIeHKA JIOKAJIBbHBIX N3MEHEHUN TIOPUCTOCTH B 00beMe 00pa3IOB, BKIIOYAs
IIOCTPOEHME KAPT MOPUCTOCTHU JJIsi UHTErPAJbLHOTO aHAJM3a TOPOBOTO IPOCTPAHCTBa. [locTpoeHb
pacIpeiesieHns IIOp IO pa3MepaM, CAeJaHbl BBIBOABI O XapaKTepe M3MEeHEHN: TIOPOMETPHIECKIX Xa-
pakTepucTtuk mopoj. Ha 6a3e nudpoBoro moaxo/ia moJryI€Hbl 3HATEHUSI IOPUCTOCTH TOPO/I, TOKA3AHO
XOpOIITee COOTBETCTBHUE C NAaHHBIMU JTAO0OPATOPHBIX n3MepeHuil. Omucanbl 3MEHEHNsT PACTIPEIEICHIST
TMOPUCTOCTHU TI0 0ObeMy 00pa3Iiia KPYIMHO3EPHUCTOrO mecuyannka. QOOHApYKeHAa HEPABHOMEDPHOCTH
pacrpeieJieHus: IOPUCTOCTU B 06pasIie mocje ucublrannii. I1penioskenbl 060CHOBaHUS TTPUYUAH OIH-
ChIBA€MOI'O USMEHEHUA ITOPUCTOCTH. HOKa3a.HO, Y9TO IIPU HaAJUIUU CyH.IeCTBeHHOfI HEOJHOPOIHOCTHA
CTPYKTYDPBI U IIOPOBOI'O IMIPOCTPAHCTBa IIOPO/J, IPUMEHEHNE TPaJUITNOHHBIX CHOCO6OB U3MepeHud
(bHJIBTpaI_LI/IOHHO-eMKOCTHI)IX CBOWICTB MOKET OKa3aThCsI HEIJOCTATOYHBIM JJIgd TOYHOI'O OIIMCaHMA
u3MeHeHui B nopojax. [1oaTBepKIeH0, YTO IPUMEHEHNE METOJ0B HEepa3pyIalonero aHaIu3a, 1Mo3-
BOJIZIET 3HAYUTEJIbHO YTOYHUTH IIOJIyY€HHBbIC naﬁopaToprIM CHOCO6OM pe3yJ/ibTaTbl I/ISMepeHI/Iﬁ
E€MKOCTHBIX CBOHCTB TIOPOJ, & B OTJEIbHBIX CJIy4YasiX MOKeT CTATh HE3aMEHUMBIM UHCTPYMEHTOM

I UX KOppeKTHOﬁ OIIEHKU.

KaroueBbie cmoBa: 1ncppoBoOii aHAIU3 KEPHA, PEHTTEHOBCKAsI TOMOTPadUsi TOPHBIX ITOPO/I, MO~
PHUCTOCTb, EMKOCTHBIE CBOIICTBA KOJIJIEKTOPOB, PACIIPE/IeJIEHIE [IOPUCTOCTH, CTPYKTYpPa IIOPOBOI'O

IIPOCTPAHCTBA.

Huruposanme: Xwumyss B. B. Iludposoit anann3 mameHeHU XapaKTEePUCTHK ITOPOBOTO
MIPOCTPAHCTBA KOJUIEKTOPA YTJIEBOAOPOJIOB MOCJIE MPOBEICHNs (DUIBTPATNOHHBIX UCTILITAHAN //
Russian Journal of Earth Sciences. — 2025. — T. 25. — ES1013. — DOI: 10.2205,/2025es000988 —
EDN: HLIWKC

BBenenune

VccnenoBanust mopoBOro mMpoCTPAHCTBA U CTPYKTYPBI KOJJIEKTOPOB YIJIEBOIOPO/IOB
WUTPAIOT BaXKHYIO POJIb B Pa3paboTke 3PpDEKTUBHBIX MOENIell MECTOPOXKICHUN, TTPOrHO3UPO-
BaHUU JIOOBIYY U TIOBBIIEHUH [TPOYKTUBHOCTH CKBaXKWH. [ JIyDOKOE IMOHMMAaHUe CTPYKTYPhI
IIOP U UX PACIpeJIesIeHIs] B IIOPO/ie TI03BOJISIET TOYHO OIIEHNBATH KOJIJIEKTOPCKUE CBOMCTBA
IJIACTa, TAKUE KAK [IOPUCTOCTH U IIPOHUIAaeMocTh [ Ganat, 2020]. Dtu napaMerpbl OKa3bIBAIOT
KJIFOUEBOE BJIMSTHIE Ha MPOIECChl (DUIBTPAIMNA U HAKOILJICHNS, IOHNMAHNE KOTOPBIX BAYKHO
JUId CO3MaHnA U HAIIOJIHEHUA T'€OJIOTUICCKUX U I'MJIPOJNHaAMUNYIECCKUX MO):LeJIefI IIJIaCTOB.
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LLI/IQ)POBOfI AHAJIM3 UBMEHEHUI XAPAKTEPUCTUK IMTOPOBOI'O ITPOCTPAHCTBA. . . Xumviist

Tpaauimonnble METONBI OIEHKN (PU3UKO-MEXaHUYECKUX U (DUIBTPAIIMOHHO-eMKOCTHBIX
ceoiicts (PEC) nopoa, Takue kaxk jgabopaTopHble HCIBITAHUS KEPHA U KAPOTayK CKBAaXKUH,
HO3BOJISIIOT HOJIYIUTh MINPOKHUIT CIIEKTD JAHHBIX 0 KoJutekTope [Hsaros u dp., 2008]. Oaako
MHOI'I€ KJIaCCUYeCKHEe MeTO/bI .Ha.60paTOprIX I/ICCJ'[QJ:LOB&HI/IIZ MOTI'YyT BbI3bIBATb HeO6pa.TI/HVH)Ie
n3MeHeHnsI B 00pa3Iax mopoj, a CjIeI0BATE]bHO, TPEOYIOT U3rOTOBJIEHUS U3 3a9aCTYIO Or'pa-
HUYEHHOI'O KOJIMYeCTBa KEPHOBOTO MaTepuaJja JOMOJHATEIbHBIX 00pa3ios. Hepaspymatoriue
METOJIBI, B YaCTHOCTH, PEHTTEHOBCKasl KoMIbloTepHast Mukporomorpadus (KT), mossossor
[IOJIyYaTh JETAJbHYIO KAPTUHY BHYTPEHHEN CTPYKTYPBI IIOPO, a TaK¥Ke CO3/[aBaTh TOYHBIE
TPEXMEPHBIE MOJEJIHN TOPOBOrO ITPOCTPAHCTBA, YTO 3HAYUTEIHHO PACIIMPSIET BO3MOXKHOCTH
ananuza [Jia et al., 2013]. Co3nannble o canvkaM KT TpexmepHble MOZIEIN NOPOJ, MOI'YT
UCIIOJIb30BATHCS B KA9eCTBE CETKU JJIsl IPOBEJIEHNS KOMIIBIOTEPHOIO MOJEJIUPOBAHUS Pa3-
Horo poga uporeccos [Menke et al., 2022], a Tak»Ke KOJIMIECTBEHHOIO U CTATUCTUYIECKOTO
WCCJIeIOBAHNS TIOPOBOIO MIPOCTPAHCTBA U CTPYKTYPHI KojlieKkTopa. [IpuMenenne nudpoBbIx
METO/IOB II03BOJISIET OIIEHUBATH (DUJIBTPAIIMOHHO-eMKOCTHBIE CBOMCTBA IIOPOJ], U3y4aTh UX
JIOKAJIbHOE PaCIpeleSIEHNe B IPOCTPAHCTBE 0OPA3IIOB, & TAKXKE OTCJIEKNBATH N3MEHEHU
DEC nocsie MEXaHUYECKOTO WM IHJIPOJANHAMUYECKOro Bosuelicreuii [Mostaghimi et al.,
2012).

Muorue coBpeMeHHbIE UCCIEI0BAHNS M MHOTOJIETHIIT OIIBIT ITPOMBIIIIEHHON Pa3paboTKN
MECTOPOXKJIEHUN HEOTHOKPATHO MOIIEPKUBAJIN BayKHOCTDb yUYeTa AaHM30TPOINN U HEPaB-
HOMepHOro pactpejenennss PEC mpu onucaHun TPaHCIIOPTHBIX MTPOIECCOB B KOJIJIEKTOPAX.
B wacraOCTH, BRIpaXkKeHHAas CJIOUCTOCTH IJIACTA WJIM HAJWYHUE B IIOPOJI€ TPOCTPAHCTBEHHO
pacCIpeeIEHHBIX YIACTKOB PA3JIMIHON TIOPUCTOCTU MOTYT CYIIIECTBEHHO M3MEHSITh XapaKTep
nepenoca duronsa B wiacre [ Vajdova et al., 200/], a Tak:Ke BIMsTH Ha €r0 IIyTh K CKBaXKIHe
[Aaues u Komasposa, 2017].

IIpu sTOoM mporecchl, MPOTEKAONINE IPU PEATU3ANNNA MEXAHUIECKNX U THIPOIITHAMIA-
YeCKUX BO3IEHCTBUIl B X0/l TPOBEIeHNs JIADOPATOPHBIX UCIBITAHUI KOJIJIEKTOPOB, MOTYT
HPUBOJUTH K m3MeHeHusiM cTPYKTypbl 1 @PEC mopos, mposiBIsiomumMcst HepaBHOMEPHO
B obpazrax. XapakTep M3MEHEHHUIl MOXKET 3aBHUCETh KAaK OT CBONCTB HOPOIBI, TAK U OT
criocoba BozneiicTBus. HepaBHOMEpHOCTH pacipesesieHust (DUIBTPAIMOHHBIX WJIH €MKOCTHBIX
CBOWCTB B 00'beMe IOPOJIbI MOXKET IIPUBOIUTH K HEKOPPEKTHON OIEHKE ITHX XaPaKTEPUCTHK
TPAUINOHHBIMU CPEJICTBAMU U3MepeHnii. B Takux ciydasix mpuMeHeHre Hepa3pyIIaioniux
1 POBBIX METOIOB MOXKET OBITH CYIIECTBEHHBIM U HE3AMEHUMBIM JIOIIOJIHEHUEM K Pe3yJIbTa-
TaM TPAJIUIIMOHHBIX JIAOOPATOPHBIX U3MEPEHH XapaKTEePUCTUK KOJIJIEKTOPOB.

B pabore npescraBiensr pe3yabTaThl MudPOBOr0O aHaAIN3a U3MEHEHUH CTPYKTYPHBIX
¥ eMKOCTHBIX CBOHCTB KOJLTEKTOpa JasHINHCKOTO HePTEra30KOHIEHCATHOTO MECTOPOXK TEHNST
[IOCJIe TPOBE/IEHUS] UCIIBITAHUN TI0 3aKAYKe YKUIKOCTU TUIPOPa3pPhiBa IIacTa B OapUIecKuX
YCJIOBHSX C JaJibHeeit mpo/ryBKoii razoM. VccenoBaHo pacipeiesienne IOPUCTOCTA B TIOPO-
Jie, TOKa3aHa HePABHOMEPHOCTb M3MEHEHMI CTPYKTYPBI M eMKOCTHBIX CBONCTB MTOPOJIBI ITOCIIE
MEXaHMIEeCKOr0 U TUIPOINHAMUYIECKOro Bo3eiicTBus. [lokazaHno, 4To npuMeHeHne MeTO/I0B
HEPa3PYIIAOIIEr0 aHAJIM3a [T03BOJISET CYNIECTBEHHO YTOYHUTD IIOJIyYeHHbIE TPaIMIIMOHHBIM
criocobom pesysbrarel oneiku PEC mopo,.

1. Meroauka 1 00bEKTHI MCCJIEI0BAHMIA

O0ObeKTaMU HCCIIEIOBAHNUS SIBJISLIUCH TOPOJIBI KOJLUIEKTOPA TAJIaXCKOro ropu3onTa Ja-
STHIIMHCKOTO He(TEra30KOHIEHCATHOTO MECTOPOXK IeHusl. I3roToB/IeHHbIE N3 KEPHOBOIO Ma-
TepuaJjia 00pasibl MOPOJ, IIPEJACTABIIsLIA cO00M MUIUHIPBI ¢ pasMmepamu 30 MM u ObLIn
MIPEJICTABJIEHBI IBYMs JINTOTUIAMU: KPYITHO3EPHUCTHIM PBIXJIBIM IIECIAHUKOM, & TAK¥Ke KPell-
KOCHEMEHTUPOBAHHON MEJIKO3EPHUCTON IIOPOJOH, CoAepzKalllel BKpallJleHud MUHEPAJIbHBIX
COEJIMHEHN 1 MeTaJLIOB. Pe3y/ibTarhl OlUCAHBI HA [IPUMEPE XapaKTEPHOI'oO JJisl KOJIJIEKTOPa
obpaaria mecuyannka. Ilocse mpeaBapuTeIbHOTO CKAHMPOBAHMS 00PA3IIOB MTPOBOIUINCH IKC-
epuMeHTabHbIE JIADOPATOPHBIE UCcaenoBaHus 1Mo onpemenennto ocrarouabix PEC kepua
B pe3y/IbTaTe 3aKadKW YKUJKOCTH THIPOPa3pbIBa ILIACTa U MOCJIEAYOMEN TPOIYyBKU Ta30M
B Gapuyeckux (IU1acTOBBIX) yciaoBusX. Mcnbitanus peajm3oBanbl Ha ycranoBke YAYUK

(bunprpanuonnsiii 6ok PEC3A) OO0 «lazupom BHUUT'A3». HYepes obpazern B Gapu-
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YEeCKUX YCJOBHUSAX OCYIECTB/IANMach mpokaduka duonna ['PII ¢ manpreiimeit aaureabHOM
CTATUYIECKOI BBIJIEPXKKOIL, IIOCJIe I€ro B 0OPATHOM HAIPABJICHUH TPOU3BOIUIACH IIPOIYBKA
aszoroM. [Tapamerpbl Bo3eiicTBHs JJTst 0Opa3iia KPYITHO3EPHUCTOIO NECYAHNKA, [TPEJICTaB-
JIEHHOI'O B TEKCTE B KAUeCTBe IIPUMepa: 3aKadKa YKUJIKOCTH C YCTAHOBJIEHHBIM JIABJIEHUEM
penpeccun 10 MIIa npoBogmiacs B HaIpaB/IeHNN CKBaXKMHA-IIJIACT, BpeMsi Bo3eiicTBus 1,5 |,
CTaTUIeCKOe BpeMsl BBLIEPKKHU 12 9; mpoayBKa azoroM mpu Jenpeccun 1 Mlla mposoaniace
B HAIIPABJIEHUN I1JIACT-CKBAXKMHA B TedeHue 77 MuHyT. [0 U 10cjie mpoBeieHus UCIIbITAHUN
BBIIOJIHSIUCH JJA00PATOPHBIE M3MEPEHUs IIOPUCTOCTU 0OPA3IOB IO razy.

st nccaenoBanys BHyTPEHHEH CTPYKTYPBI U PETHCTPAIINN U3MEHEHHUT TOPOBOTO IIPO-
CTPaHCTBa IIOPO/L UCIOJIL30BAJICA HEePa3pPyLIAIOUNA II0AX0L KOMIIBIOTEPHON PEHTICHOBCKONI
Tomorpaduu ¢ JaabHeRIIM udpPOBBIM aHATH30M CHUMKOB. CheMKa U mojrydenne Habopa
MIPOEKINi TPOBOIUJINCH C UCIOJB30BAHIEM BBICOKOPA3PEIAIOIIEr0 PEHTTEHOBCKOTO MUKPO-
romorpada ProCon X-Ray CT-MINI [Khimulia et al., 202/] NHcTHTYTA TIPOGIEM MEXAHUKH
PAH. MukpodoKycHasi peHTIreHOBCKasl TPyOKa nmpubopa UMeeT JUAIIA30H BBIXOIHOIO Ha-
npsizkennst 20-90 kB, quanazon Toka cocrasiser 10-160 MxA. PenrrenoBckuii merekTop
obiamaer paspemtenneM 2940 x 2304 nukceseit, a pa3zMep MUKCEJIA IETEKTOPa COCTABIISIET
49,5 MKM.

Metomuka poBeIeHNS UCCIIEI0BAHUN C IPUMEHEHHEM ITU(POBOrO AHAJIN3A COCTOUT U3
TPEX ITAIOB: 0OPA3IILI TOPOJ], CKAHUPYIOTCS B KaMepe mpubopa; MpOM3BOANTCS KOMITbIOTEPHAS
PEKOHCTPYKIUsI Habopa MPOEKITUil JJIsl CO3IaHMsl TPEXMEPHOIO IIPOEKTA U3 THICSY N300parKe-
HUIi; ocyIIecTBIIsieTcs paboTa [0 MOArOTOBKe M300pazkeHuii K GuHapu3anuu (CerMeHTalN)
¥ HEMOCPEJCTBEHHO IpeBpalnenue npoekra B 3D momens ¢ majabHelmmM ee mudpPOBBIM
aHaJIM30M Ha 6a3e CIeIuaJu3UPOBAHHOTO IIPOIPAMMHOIO 00eCIIeueHus.

Pekoncrpykiinst mpoexIuit BBITOJHEHa B MOJIYPYyIHOM pexxume ¢ mnomornibio 110
VGSTUDIO. Iocne cozmanus 3D mpoekTa n3 peKOHCTPYUPOBAHHBIX M300parKEHUN yIKe
BO3MOXKHO IIPOBOJIUTH aHAJIN3 KPYIHBIX J1e(PEKTOB MATPHUIIGl U HEOJHOPOIHOCTENH CTPYKTYPBI
[I0OPO/I Ha, KayeCcTBeHHOM ypoBHe. Jlajiee IPOEKT MOJAIPYKAETCSA B CIEIUAJM3UPOBAHHOE
IT1O Geodict Math2Market GmbH [GeoDict, 202/], nosBoasioriee IPOBOAUTD JIE€TAILHY O
0bpaboTrky 3D m300parkeHuit, onpeiesieHe CBOWCTB MaTepraa, IUCJIEHHOE MOJIETUPOBAHNIE
[IPOIIECCOB U BBIMTOJIHSTH BU3YAJIU3AINIO JAHHBIX III(MPOBOro aHAIU3a.

O6paboTKa CHIMKOB 3aKJIIOYAETCS B BBIDABHUBAHUU TIBETOBOTO PACIIPEJIEIEHNST, KOPPEK-
TUPOBKE sIPKOCTHU, CHUZKEHUsI YPOBHsI IIIyMa, UCOpaBieHuu 1edeKToB ¢hbeMKu (apTedakTos).
ITocse wero BoIbupaeTcs crocod Gunapusanuy (cermeHTanuu) usobpaxenus [Blunt, 20106].
Cermenranusi 1300parKeHNUsT 3aKJII0IAETCS B IPUCBOEHUN SIPJIBIKOB OIIPEJICIEHHBIX BEIECTB
U MaTepuasoB BOKCEJsIM CHUMKA [0 NpUHIUIY 11BeToBoil muddepenimarun [Ar Rushood
et al., 2020]. PesysbraToM JaHHOrO STana siBisiercs codnanue mudposbix 3D Mozeneit
HIOPO/IBI C BBIJIEJIEHUEM B HUX KOHKPETHBIX MaTEPHAJIOB, IIOCJIE Yer0 CTAHOBUTCS BO3MOXKHBIM
npoBsezeHne udPOBOTO AHAIN3A U YUCIEHHOTO MOJEIUPOBaHUsA. B paMKax OIMHCAHHOTO
WCCJIEIOBAHUST TIPOU3BOIMINCH HECKOJIBKO BUJIOB CEIMEHTAIINN JIJTsT PA3JIE/ICHNUS LIOTHBIX
npumMeceil BHyTpu 00pa3I[OB, OCHOBHOI'O MaTepraJjia MaTPUIIbl IIOPOJbl U IIyCTOTHOTO IIPO-
crpanctsa. [{udposoit anain3 u onpeeieHne IOPUCTOCTH TOPO/IBI BHITOIHAINCH CPEACTBAMA
Mmonysst PoroDict nakera GeoDict [Becker et al., 2022].

2. PesymbraTs!

B pamkax mepBoro srana ucciaegoBanuil Jjisi 00pa3noB ObLI IPOBEJIEH IIPE/IBAPUTE b
HBII aHAIN3 BHYTPEHHEH CTPYKTYDBI 0 WCIBITAHUN, JAeTAIBHO ONUCAHHBIN B [Xumyas,
20235|. CkaHupOBaHUS UCXOAHBIX COCTOMHUI 006pA3IOB IOKA3aJM, YTO B IIOPOJIAX OTCYTCTBO-
BaJIl KPYIIHbIe KaBEPHBI U MakpoTpenuubl. JI1st obpasna rnecuanuka B pe3yJibrare Kade-
CTBEHHOTI'0 aHAJIN3a CHUMKOB ObLIM OOHAPYZKEHBI BBIIEJISIONINECH Yepeayomuecs 06JiacTu
€ BBICOKO ITOPHCTOCTDHIO, COBIIAIAIONINE C IIIIOCKOCTAMHE 3ajeranns. OHE MOTYT BBICTYIIATD
OCHOBHBIMU (DHJIBTPAIMOHHBIMU KaHAJIaMU ITOPOJIbI, TAK KaK BJIOJIb OOHAPYKEHHBIX CJIOEB
OBLIN 3aPETrUCTPUPOBAHBI YIIOPSIOYEHHBIE MUHEPAJIbHBIE BKPAIJICHUSI, [IPEJICTABIISIONIAE
co6oit HaIIpAaBJIEHHBIE CJIEBI JBUKEHUS I1acToBOro (dironna. CKeler MOpoabl MeCIaHnKa
HEOTHOPOJEH 0 MUHEPATBHOMY COCTaBY W BMeIaeT MUHUMYM 4 BeIecTBa ¢ Pa3/IMTHON
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IIOTJIOMIAIOIIEl CIIOCOOHOCTBHIO, BKJIIOYasl COEIUHEHNs] MEeTAJIJIOB, MUHEPAJIbHBIE IIPUMECH
u riinHy. OHU TIPEJICTaBICHBl SPKUMU OEJIBIMUA yIaCTKAMU Ha puc. la,T.

Ha puc. 16, 1 npeacraBiensl ¢horo obpasiia mecyaHuKa J0 U MOcje ncnbiTanmit. Pamka-
MU PA3HOI'O IBETA MTOKa3aHbI 06JIaCTH, OJJIEXKAIe CKAHUPOBAHUIO B Pa3HbIX MAacCIITabax.
Cresa, Ha puc. la,r, IEMOHCTPUPYIOTCS COOTBETCTBEHHBIE IPOEKITUHU TTOJTHOMACIITAOHBIX
CHUMKOB 00pas3Iia ¢ pa3MepoM Bokces (00beMuoro mmkcess 3D uzobpazkenus) 6osee 11 M.
CupaBa, Ha puc. 1B, e, MOKa3aHbl COOTBETCTBEHHBIE [TPOEKIINN CHUMKOB [EHTPAJIbHON YacTu
obpasra B MakcuMaJbHOM pazperteHun 4,957 mkMm. YepHbIit MBET HA MIPOEKIIUAX COOT-
BETCTBYET IIyCTOTHOMY IIPOCTPAHCTBY, CEPhIil — OCHOBHOMY MaTE€pPHAJIy ITOPOJIbI, CBETJIbIE
u Gejible yJ4acTKM — MUHEpaJjbHbIe IpuMmecu. Ha puc. 16,1 KeJaThIMu paMKaMu 00O3Ha-
YeHbl UJIEHTUYHBIE YYACTKU JI0 U IIOCJI€ UCIBITAHUN I OTCJIEKUBAHUS KaYeCTBEHHBIX
U3MEHEHUl PACIIOJIOKeHUsT 3epeH u mop. MOXKHO 3aMETUTh, 9TO KapAMHAIBHBIX NU3MEHEHMI
IIOPOBOTO IIPOCTPAHCTBA TOC/IE TTPOBEJIEHHBIX UCIIBITAHNIA He HabJroaeTcs. Berpedatores
TOUeUHBbIE M3MeHeHus (puc. la,r), 3aKII0Yaronmecst B: 1) HE3HAUNTENbHBIX M3MEHEHUSIX
bopMbl KPyIHBIX 1OD; 2) HEGOIBIIUX CMelleHu: 1 jedbopManuy HGUIBTPAIMOHHOIO KAHAJA;
3) u3MeHeHNY / PA3MBITUY I'PAHUIBI KPYITHOIO YIUIOTHEHUsT; 4) NOsIBJICHUY / UCIE3HOBEHUH 110D
MaJIoro pasmepa. TakuMm 06pa30M, MOATBEPKIAETCS OTCYTCTBUAE 3HAYNTE/IbHBIX U3MEHEHUN
CTPYKTYPBI U IIOPOBOI'O IIPOCTPAHCTBA B MACIITA0aX BCETO 00pa3lia, B CBA3M C U€M JIJIsi
OoJiee ETAIBHOIO AHAJIM3a WHTETPAJbHBIX N3MEHEHUN MCIOJIH30BAJIICH KOJIMIECTBEHHBIE
U3MepEeHUsl TIOPUCTOCTH, & TAaKKe aHAJN3 CHUMKOB BBICOKOI'O Pa3peIIeHus.

Pasmep Bokcens 11,231 Mkm O0pa3serr 10 HCIbITaHUH Pa3mep Bokcenst 4,957 MKkM
. . - .
v

Z: 633 /1288

Puc. 1. a — mpoekius mogHOMACITITAOHOIO CHUMKA 10 HCObITaHUit; 6 — doro obpasia
[MeCYaHUKa JI0 UCHBITAHWUN; B — MIPOEKIHs JAETAJIBHOTO CHIMKA MEHTPAJIBHON JacTu 06pasia
JIO UCIHBITAHUS; T — MPOEKITUS MOJHOMACIITAOHOIO CHUMKA IOCJIE€ UCIBITAHUIL; 7 — POTO
obpa3zia mecyaHnKa I0C/Ie UCIBITAHWI; € — IPOEKIUs JeTaJIbHOIO CHUMKA I€HTPaJIbHOM
9acTH 00pa3Ma MOCse UCITBITAHUS.

Ha puc. 1B,e mokazaHbl IPOEKIINNA CHUMKOB B BBICOKOM Pa3pEIIeHUH BHYTPEHHEN
MEHTPAIBLHON YacTH 00pa3Iia 0 U Mocje ucnbiranuii. KadecTBeHHO HAOIIOAAIOTCST N3MEHEHUS
TIOJIO’KEHUS 3€PEH TOJIBKO B OTE/IHHBIX 9aCTIX MPOEKINH: XKEJTHIMU PAMKAME BBIIEICHBI
Y4YaCTKH, Ha, KOTOPBIX IIPOU30IIJIa CMEHA, ITOJIOXKEHUsI 3€PEH U IIPUMeCEil, YMeHbIIeHne UX
pasmepon. Hauboistee mogBepkeHbl U3MEHEHUSAM OOJIACTH C M3HAYAJILHO 0OJIee METKUMU
dbpakmusaMu 3epeH, OJHAKO 3aMeTHbIE M3MEHEHUsI MOPUCTOCTA BU3YAJbHO OTCYTCTBYIOT:
MIPOU30IILIO, IIPENMYIIECTBEHHO, TIEPEPACIIPE/IeIeHIe MeJIKUX (PPaKInil 10 00beMy TOPOBOTO
[IPOCTPAHCTBA.

it nHTErpaIbHOM OIEHKHU MOPUCTOCTH 00PA3IOB ObliTa MPOBEICHA MPOIeaypa obpa-
OGOTKHM M CerMeHTaIuu n300paKeHuil, Ha OCHOBE Yero CO3JaHbl TPEXMEPHBIE MOJIEIN ITOPOJIHI,
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mojijIeskarnue nudpoBoMy aHAIN3Y. BB TOCTPOEHBI KAPTHI TIOPUCTOCTH BJIOIb KOHKPETHBIX
HAIPABJICHAII HA OCHOBE MOJHOMACIITAOHBIX CHUMKOB |Romano et al., 2020]. Ilpn srom
10 OCSIM TAaKOI KapThl OTKJIAJ/IBIBAIOTCS HAIIDABJIEHHs B 00pasie (B CM MM MM), & I[BETOM
0603HAUAETCsST CyMMapHasi TIOPUCTOCTD BJIOJIb TPETHETO HAlpaBiieHus: B obpasue [Naresh
et al., 2020]. Takum 06pa3zoM MOKHO TMPOAHAIM3UPOBATH CYMMAPHYIO MMOPUCTOCTH BIIOJH
Kaxk710r0 u3 HamnpasjieHuit B 3D momenu. s coznanmst Takoit KapThl CYMMUPYIOTCS BCe
[IPOEKIINU MOJIEJIH BJIOJIb BHIOPAHHOT'O HAIIPABJIEHHS U OLPEJIENISETCS CPEIHSIS UX IIOPUCTOCTD
10 KaXKJIOMy y9aCTKy BBIOPAHHOTO pasmepa. I3 CO3/JaHHBIX HA OCHOBE CErMEHTAINU TIAJINH-
npudecknx 3D Mopestelt 06pa3ioB ObLIN BBIPE3aHbI MAPAJLICJICIUIEb /I YIAJCHIS BCEX
YUACTKOB HAPY?KHOIO BO3/yXa BJIOJIb GOKOBOII ITOBepXHOCTH TmHpa (puc. 2).

Croii MOHMKEHHOM Bo3nyx nan Topuamu
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Z-Hanpaanemde, CM

LIMIMH/Ipa (KpacHbIH) /

»
=]

o
&

1,0

W
o
£
i=3
8
dor Iror KeHWO99(0)
z
=

Z-HarpaBiieHHe, CM
dotr 1o KeHWa19(0)

0 —
000 025 050 075 1,00 1,25 1,50
Y-HanpaBliieHue, cM Y-HanpaBiieHue, cM

Puc. 2. Nnrerpanbubie KapThl HOPUCTOCTH 00PA3Ia MECIAHNKA [TOC/I€ UCIBITAHUN C MOSICHI-
TEJILHBIMU CX€MaMU UX COCTABJICHMUSI.

Ha puc. 2 nokazans! JBe KapThl IOPUCTOCTHU, IIOCTPOEHHBIE JJIsI JBYX OOKOBBIX HAIIPaB-
JIEHUH TIOJIHOMACIITAOHOTO CHIMKA 00Pa3Iia MOC/Ie UCIBITAHNN: IPU IPOX02KIEHUH TPOEKITHI
CHUMKA B HAIPABJIEHUU CJI€Ba HAIPaBO (BAOJb ocu X, CXeMa CJIEBA), U [IPU IIPOXOKJICHUU
B OPTOTOHAJILHOM TOPHU30HTAJIBHOM HAIIPaBJeHUn (BJ0Jb OcH Y, cxeMa crpasa). B mpaBoit
9acTH KapT n300parkeHa IBeTOBasl IKaja MopucTocT. CTOUT OTMETHTH, 9TO abCOTIOTHBIE
3HAYEHUs TIOPUCTOCTU HA, KAPTAX, [IOCTPOEHHBIX [IPU AHAJIU3€E MTOJTHOMACIITAOHBIX CHUMKOB
00pa3IoB, HE OTPAYKAIOT TOTHOI MOPUCTOCTH 00PA3IA, TaK KaK UCIOIb3yeTCs rpybast MOe/Ib
nopoger [Kpusowéros u Kounes, 2015], O3BOISIOMAA JOCTATOTHO PA3IAYATD JIUIIL CAMbBIE
KpYyIHBIE TIOPBI. TeM He MeHee, KAUeCTBEHHAsI KADTUHA OTParKaeT PeabHOe PACIIPEIETICHIe
IIOPUCTOCTH B 00pa3sIle, 4TO MPEeJCTABIsSIeT OT/Ae/bHbIA nHTepec. [ljis TO4HOro n3MepeHus
3HAYEHUI TOPUCTOCTHU MOPOJ, OYLYT UCIOIB30BAHBI CHUMKHU BBICOKOTO pasperienus. ObHa-
Py2KEHHbIE paHee BBHICOKOIIOPHUCTHIE CJIOU B HOPOJE MPOXOAAT BEPTUKAIBHO CBEPXY BHU3
Ha DUC. 2, HO IPHU TEKYIEeM PACCMOTPEHNU OOKOBBIX HAITPABJIEHUN HE PErnCTPUPYIOTCSH
IIOJTHOIIEHHO B CHJIY yIVIa ITOBOpOTa Mojenu. VX anann3 n oOCyzK/ieHIe IIPUBEJIEHBI JeTaIbHO
B [Xumyas, 2023].

KpacabpivMu obiacTsmMu ¢cBepxXy U CHEU3Y Ha KapTax 0O003HAYEH BO3JYX CHAPYXKU TOPIIOB
obpasna (ero mopucToCTh paBHa 1 U BBIXOJUT 3a IpeJeiibl ocu nopucroctn). Isetom (or
TEMHO-CHHEr0 JI0 KPACHOI'0) OTParKeHbl CyMMapHbIe 3HAYEHUs [IOPUCTOCTH B KaXKJOH TOUYKe:
CHHUM OTTEHKAM COOTBETCTBYET MEHBINAsi MOPUCTOCTDH, KPACHBIM — Oosibinias. U3 jeBoit
KapThl BUJHO, UTO CPeJHee 3HAYEHHE ITOPUCTOCTH B IIEJIOM PABHOMEPHO 10 0Opa3Ily Hpu
CYMMHPOBAHIU B TaHHOM Hampapjernu. Ha mpaBoit kapre mopucTocTs 60Jee JIOKAIM30BaHA
¥ YBEJIUYNBAETCS HA OTIEJBHBIX YIACTKAX, 9TO SBJISIETCH CJEICTBUEM HAJNYUASA ITapaJl-
JIEJIbHBIX IJIOCKOCTEH HAILTaCTOBaHUs. [Ipu 9TOM 3aMeTHa TEHJIEHIUS [aJIeHUs] TIOPUCTOCTH
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cpasy HOJl IOBEPXHOCTSIMI TOPLOB IUJINHJPA (TEMHO-CHHUAE TOPU30HTAIbHbIE JINHUH CBEPXY
U CHU3Y HA KapTrax). DTHU JOKAJbHbIE YINIOTHEHHs UMEIOTCS [0 BCEHl MOBEPXHOCTH IO
TOpIAaMu 00Pa3Ia U MOPUCTOCTH HA ITUX YIACTKAX OKa3bIBAETCsI HUXKe cpejHeil B 1,5-3 pasa.
TousmuHa 3TUX yYaCTKOB COCTABJIAET 1-2 MM, OIHAKO HAJIMYWE JTAHHBIX YIIOTHEHHUI MOXKET
CKa3bIBATHC HA JIADOPATOPHBIX M3MEPEHUsIX MOPUCTOCTH U IpoHuIaeMoctu. [lpu ananmmse
OJTHOTO U3 ITUX YIACTKOB Ha CHUMKE JI0 UCIIBITAHNIA TAKKe ITPOCIEKMBACTCS HAJNINE TAHHOM
00JIACTH, OJTHAKO B MEHBIIIEH CTEIIEHU: TOJIIUHA CJIOS M BEJUYUUHA IaJ[€HUS] TOPUCTOCTU
3HAYUTEIHHO HEKe. TakuMm 00pa30M, MOXKHO YTBEDXKJIAThH, YTO PACIINPEHUE / [I0SBJICHIe
JAHHON MIPOCJIOMKH CBSI3AHO C IOCJIEICTBUAMUI TPOBEIEHHBIX UCIBITAHUN WUJIA IIPOIECCOM
W3rOTOBJIEHNS U TIOJATOTOBKU 00PA3IIOB.

Jeranu3upoBaHHble CHUIMKNA BHYTPEHHHX MaJIbIX 00JacTeil 00pa3ioB IPOBOIUINCH
¢ pazMepoM Bokcess 4,957 MKM JJIsT MAKCHMAaJIbHO BO3MOYKHOTO Pa3peleHns TPAHUIL 3epeH
u 1op. /3 mory9eHHbIX CHUMKOB OBLIN BBIPE3aHbI OJNHAKOBBIE OOJIACTH JIJIsi CDABHEHMUSI.
OmopHBIMU TOYKAMU JIJIsT TIOA00PA UJACHTHIHBIX 00JIACTell ABJISJINCH KPYIHbIE BKIIOYCHUS
B MaTpuile moposl. [Ipu sTom camu obracTu 661N BEIOPAHBI TAK, YTOOBI OXBATHIBATH 00JIACTH
KaK C IOBBIMIEHHOM, TAK U MOHW2KEHHON TOPUCTOCTSMU JjIsi BOSMOYKHOCTHA UHTErPAJIbHOM
OIIEHKU CPeJIHE MIOPUCTOCTH I10 y4yacTKy obpasna. Ha mepsom srarne /ij1d aHaIn3a H3MeHEHMH
ObLIH B34ATHI OOJIacTH U3 IeHTpa 00pasnos. Vx smHeitnble pa3Mepsl cocTaBuan 5—9 MM.
Cermenranusi, T.e. pa3/ieJieHie CHUMKA Ha IIOPbI 1 MaTepHaJ, IPOBOIIACH JJIs CJIydaes /10
U TI0CJIe CHHXPOHHO, COITOCTABJISAS UIEHTUYHOCTD IPAHUI] KPYIIHBIX 3epeH. TakuM obpa3omM
cO0JII0/1aIACh OIMHAKOBAS IIPOIEIYPa, MO3BOJIsONAas 3adUKCUPOBATL TOJIBKO Pa3IHIUL
MEXK/Iy CHUMKAMH 70 U TIOCJI€ UCIBITAHUIA.

C 11eJ1bI0 KOJIMYECTBEHHOIO AHAJIN3a U3MEHEHUIT IIOPOBOrO IIPOCTPAHCTBA ObLI IIPOBE/IECH
CTATUCTUYIECKUI AHAJIN3 PACIIpeiesieHtsl TIop 1o pasmepam [Nimmo, 2013] B neHTpaIbHON
obsractu obpasra. [lo pesyabraram aHam3a MOCTPOEHBI THCTOIPAMMBI OObEMHOM JIOJIH TTOP
B 3aBHCHUMOCTH OT UX JuamMerpa. Ha 6aze Takoro mojxojia BO3MOYKHO OIIPEJIEJINTh, OPbI
KaKHX Pa3MepOB COCTABJIAIOT OCHOBHYIO YaCTh IIyCTOTHOI'O IIPOCTPAHCTBA, a TAaKXKe HX
abCOIIOTHOE ¥ OTHOCHUTEJILHOE KOJIMYECTBO, ITOOBI OIMCATh XapaKTep M3MEHEHHUil 1mociie
ucnooitanuit [Njeru et al., 2024].
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Puc. 3. a — rucrorpaMmmbl pacipe/ieieHns mop IO pa3MepaM B IEHTPAIbHON 9acTu 00pa3IoB
MecYaHnKa JI0 W MOCTIe UCIBITAHNS; O — JCeTATU3UPOBAHHAS XBOCTOBASI 9aCTh THCTOTPAMMBI
pacipe/ieJieHus Mop M0 pa3MepaM J0 U MOCJEe MCITBLITAHMSI.
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Ha puc. 3 npencrasiensl HaJIO2KeHHBIE APYT HA Jpyra THCTOrPAMMBI O0BEMHOI 101
[IOP B 3aBUCHMOCTH OT UX XaPAKTEPHOTO IUaMeTPa 0 U mocie ucibirannii. Kpacubivm riseTom
n300paYKEeHO PACIIPEeIeJIEHUE JI0 UCIBITAHUN, cepbiM — mocie. Kak BuaHO u3 puc. 3a, popma
TUCTOr'paMMBbl IIPaAKTUYIE€CKU HE U3MEHNJIaCh, HaI/I60.HbIHee KOJIM9EeCTBO IIOPp MMEIOT pa3Mepbl
50-100 mxM. ['mcTorpaMMbpl TPAKTHIECKN UICHTHIHBI KaK 110 (hopMe, TaK U 10 BEJIHIMHAM
cTos1010B. Pazdbpoc pa3mepoB mop OYeHb OOJIBINON, KaK BUIHO U3 JJIMHBI XBOCTOBOHN 9acTh
(sHaueHnst Gosee 200 MKM) IECTOIPAMMBIL: IAHHBIH YIACTOK XapaKTepu3yeT HanGOJIbIINe
110 pa3Mepy MOPbI, IPUCYTCTBYIONINE IIPEUMYIIECTBEHHO B BBICOKOIIOPHUCTBIX CJIOAX 00pas3ia
(Bwiors 70 700 MM B smamerpe). Ilo 3HadeHnio 06beMHOI 0/ BUIHO, 9TO IIOPBI GOJILINO-
ro juamerpa (Gosiee 200 MKM) COCTABISIOT MAJYIO 9ACTh BCETO IIOPOBOIO IIPOCTPAHCTBA,
OJTHAKO, OYEBHHO, BHOCAT PEIIAIONIN BKJ/Ia/[ B TPAHCIOPTHBIE CBOICTBA MOPObl. st ux
BU3yaJu3alny Ha prc. 30 IpecTaBeHa OTMACIITAONPOBAHHAS XBOCTOBAs JaCTh HAJIOYXKE-
HUST TECTOrPAMM. BUIIHO, 9TO JI0 UCIBITAHUN PErHCTPUPOBAJIOCH OOJIbITEE KOJIMIECTBO MOP
¢ pazmepamu 10 300-350 MKM, a IOCJI€ UCHBITAHUN YBEJIHMINIOCH KOJTUIECTBO OOJBITUX
mop ¢ pazmepamu Gostee 400 MKM. AHAJOTUYHBIN TpeH T HAOJIIOIAETC U JJIsl JTUATA30HA
30-100 MKM Ha puc. 3a: B 3TOM IPOMEKYTKE IIPOU3OIIIO YMEHBIIEHUE YNCJIa MAaJIBIX IIOP
(30-60 MkM) B 10JIB3y TIOp € pasmepamu 70-100 MKM.

CpaBHUTEIbHAS WHTETPAbHAST CTATUCTUKA B TporeHTmisx |Merkus, 2009 moposoro
IPOCTPaHCTBa 06pa3Ia JI0 UCILITAHAN BBINIAIAT Ciemryrommm obpasom: 10% mop ¢ xapak-
TepHBIM AuaMeTpoM 10 36,6 MrM; 50% mop ¢ XapaKTepHBIM JHaMeTpPOM 10 77,867 MKM;
90% mop ¢ xapakTepHbIM Auamerpom 10 162,149 mxm [Xumyas, 2025]. Iocae nenbrranmit
10% mop mmeror qmamerp meree 37,848 mrm; 50% MOp MMEIOT XapaKTEPHBINA TUAMETD Me-
nee 79,043 mxm; 90% nop umeror xapakTephblii quamerp 160,583 mxm. Takum o6pazom,
[I€PEyCTPOICTBO TOPOBOTO IIPOCTPAHCTBA KOCHYJIOCh B OCHOBHOM IIOP OOJIBIIIOTO pPa3Mepa
¥ UMEET TEHJIEHITNIO K CJUSHUIO TDAHUI] UCXOIHBIX IOP.

Co3aHHbIEe MOJIEIN TaKKE MCIIOJIH30BAJIICH JIJIsi OIEHKN aDCOJIFOTHOW BEJIMIMHBI TOPU-
croctu nopos. I[Ipu sTom nudposoit anaau3 JaHHBIX TOMOrpaduu I03BOJISET OIEHNBATH
HE TOJIBKO OTKPBITYIO ITOPUCTOCTH, HO U MOJHYIO, 3aKPBITYIO, TYIIUKOBYIO, IIO3BOJIsIS IIOJTY-
quTh Gosbinnii crektp uadopmanuu o mopoge [Ren et al., 2023]. Tlonyuennbie 1udpoBbIM
c110co0O0M 3HAYEHUsI OTKPBITON IIOPUCTOCTU IEHTPAJIBHBIX YacTeil 00pas3lioB CPaBHUBAIOTCS
¢ J1abopaTOPHBIMU U3MepeHusAMU. J[aHHble IOPUCTOCTH IO ONUCAHHOMY B IIpUMepe 00pasiry
mpejicTaBieHbl B Tabur. 1.

Tabsuna 1. Pe3yabraTsl ONeHKE MOPUCTOCTH 00PA3Ia MeCIYAHUKA

Ob6mas OrkpbiTas 3akpbiTas Jlaboparopro
Ob6paser n3MepeHHast
MOPHUCTOCTD, % MOPHUCTOCTD, % MIOPHUCTOCTD, %
nopucTocThb, %
Jlo ucubrranmit 22,4417 22,2287 0,2129 23,3
ITocne ncnbrrannit 27,6784 27,5204 0,1580 18,5

3. OGcyx/ieHne pe3yIbTaToOB

IIpoBeneHHbINl HA OCHOBE CHUMKOB KOMIIBIOTEPHON TOMOrpadun aHAJIN3 U3MEHEeHU N
CTPYKTYPBI IIOPOJIBI IOATBEPANII OOHAPYKEHHOE pPaHee HAJIUIHE B 00pa3liax SBHO BbIPa-
JKEHHBIX CJIOEB ¢ PA3JIMYIHON HOPUCTOCTHIO [ Xumyas, 2025], pacioioKeHHBIX BIOJb HAILIA-
CTOBaHUSI U HAIIpaBjieHus GuabTparuu. JlaHHbIe TPOCIONKU BBHICOKON MTOPUCTOCTH BHOCSIT
pemaonuii BKJaJ B GUILTPAIMOHHYIO CIIOCOOHOCTD TOPO/IbI. IlepBUYHBIN KadeCcTBeHHbIH
aHAJIM3 JI0 U IIOCJI€ WCIBITAHUI MOKA3aJ OTCYTCTBUE PETYJISIDHBIX U3MEHEHUIl TOPOBOTO
MPOCTPAHCTBA U CMEIEHUs W J1ePOPMAINY 3€PEH.

Kak Bujgno nz tads. 1, mMeeTcs 09€Hb XOPOIIee COOTBETCTBUE BEJIMYMH [TOPUCTOCTH
JI0 MCIBITAHUI, T10JIydeHHBIX JaboparopubiM (23,3%) u mudposeiM MeTomamu (22,4%) miis
[EHTPAJIbHOI YacTu 00pa3ia. DTO TaKKe CBHUJIETEIHLCTBYET O PABHOMEDHOCTH HCXO/IHOI'O
pacipeiesieHust IIOPUCTOCTU B 0Opa3Ile M OTCYTCTBUU HU3KOIIOPUCTHIX 00JIaCTeld, IPesITCTBY-
OIUX KOPPEKTHOMY JIAOOPATOPHOMY M3MEpPEHUI0 mopucTocTh. IIpm aToM mudpoBoit moaxo
MTO3BOJISIET MOJIYYUTh DOJIee MIUPOKUI CIEKTP XaPAKTEPUCTUK, TO3BOJIsIsI IIPOBOIUTH OIEHKY
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3aKPBITOI TIOPUCTOCTU WU U3MEPEHUsI CBOWCTB BHIOOPOYHBIX 0bJjiacTeil B 06pasie. 3HaueHue
zakpbIToil nopucroctn Meree 0,25% roBOPHUT O BBICOKOI CBAZHOCTH MOPOBOTO MPOCTPAHCTBA
nopogsl [A6pocumos u dp., 2021]. Ilpu 3T0M 3aMeTHO PACXOXK/EHIE 3HAYECHUH OTKPBITOM
IIOPUCTOCTH, IOy I€HHBIX JIBYMsI CIIOCOOAMM, TIOCTIE TTPOBEIEHNST UCIBITAHU, ITO MOYKET
MMOATBEPIKIACT MPEMNOJIOKEHNE O HEPABHOMEPHOCTH U3MEHEHHUsT IIOPUCTOCTHU IO 00pasILy
oCJIe MEXaHUKO-TUAPOAMHAMIIECKOTO BO3eiCcTBIS. JIabopaTopHble M3MEPEHMsT TTO3BOJISAIOT
OIEHUTDb MTOPUCTOCTH UJIU MIPOHUIIAEMOCTDh UHTETPAJIBHO 110 BceMy 00pasily, U HAJIUYNe JaxKe
MaJIbIX YYaCTKOB IIOHUKEHHOM IMOPUCTOCTH MOYKET 3aHU3UTH peajibHble 3HadeHus OEC
TIOPOJIBI.

ITocTpoennbie Ha 6a3e MOJTHOMACIITAOHBIX CHUMKOB KapThl IOPUCTOCTH 0Opa3Iia mecda-
HUKA TIOCJIe UCIBITAHUI JIEMOHCTPUPYIOT B IEJIOM PABHOMEPHOE pacIpesesieHre TOPUCTOCTH
B OCHOBHO# yactu obpasma. IIpu sTom Oblim 0OHAPYKEHBI CJI0M TOHWKEHHOM ITOPUCTOCTH,
PAaCIIOIOYKEeHHBIE 0] IOBEPXHOCTSIMU TOPIIOB IIIJINHIPUYIECKOro obpasiia. Pacmosioxkenne
U TEOMEeTPHs JAHHDBIX ITPOCJIOEK YKA3bIBAET HA TO, UTO UX IOSBJICHUE SIBJISIETCS CJIEICTBUEM
BO3zelicTBHiT Ha oOpazer. Tak Kak 10 CHIMKAM C OXBATOM IIEJIOr0 0OPA3Ia HeJIb3sl IPOBECTH
TOYHOE U3MEPEHUe IMOPUCTOCTH B CHJIy HEJIOCTATOYHOIO PA3PEIIeHUsI CHUMKA, ObLIN ITPOBe-
JIEHBI JIOTIOJTHUTE/TbHbIE CKAHUPOBaHUs 0OJIacTell oI TOPIIaMy MUJINHIPA. DbLIN e/ TaHbl
JeTaabHbIe CHUMKH TOPIIOB 00pa3Iia MOC/Ie UCIIBITAHU, pa3Mep BOKCES TaKKe COCTaABUII
4,957 mxm. V3MepeHHast MOPUCTOCTD IPUTPAHUIHON K TOPILY 00pa3ia 00acTh ¢ JTUHEHHBIMI
pasmepaMu OKojio 7 MM cocrasuia 18,4%. Bolia Takke u3MepeHa IIOPUCTOCTH KOHKPET-
HBIX IIPOCJIOEK OOHAPYKEHHBIX JIOKAJbHBIX YIIOTHeHnH. [lopucTocTh JaHHBIX yIaCTKOB
H3MEHSAIACh B auara3oHe oT 5 1o 13%, omHako mx TOJIMUHA MaJia U COCTABJIAET IO 2 MM.
Ha puc. 4 npencrasiernsl (poTo 0b6pasia 10 U MOCIe UCIHBITAHUN ¢ HTOTOBBIMU 3HAYCHUSIMEI
M3MEPEHHO MOPUCTOCTH B PA3HBIX YaCTAX 00pa3Iia.

Jlo ucnbitanuii  [locne ucnpiTanuit
J1abopaTopHast MOPUCTOCTH 110 rasy 23,3%  jmadopatopHast HOPUCTOCTD 110 rasy 18,5%

Puc. 4. Cojiible pe3ysibTaThbl OIEHKH TOPUCTOCTH 0OPA3IOB.

Kaxk Bujao u3 puc. 4, n3MeHeHne TIOPUCTOCTH TI0CJIe TPOBEJEHHBIX MCIBITAHUN TPOU30-
710 HePABHOMEPHO 10 00beMy obpasiia. Habiogaercss oxumaemoe yBeImiaeHne TOPUCTOCTH
B OCHOBHOH 4acTu 00pasiia, IIPU ITOM IIPOU3OIIIO CHIKEHNE TIOPUCTOCTH y TOPIOB. Jlabo-
PaTOpPHO U3MepeHHasl IOPUCTOCTh 1I0Cje UCIBbITaHnit coctapuia 18,5% u nMeer xopoiiee
COOTBETCTBHE CO 3HAYEHUIMU [OpucTocTd BOaM3u Topuos numuaapa (18,4%). Kak ciemyer
U3 TOJIyYEeHHBIX PEe3YJIbTATOB, MOsBJIEHNE B 00pa3Iax IMocJjie UCHBITaHui obJsacTeil TOHM-
JKEHHOH IOPUCTOCTY U HAJIMYHE B HUCXOJHON CTPYKTYPE ITOPO/bl BEPTUKAJILHBIX TACTUIHO
M30JIMPOBAHHBIX BBICOKOTIOPUCTHIX YIACTKOB | Xumyan, 2025| He TO3BOIAIOT JOCTOBEPHO
U3MEPUTH WHTErPAJIBHYIO TIOPUCTOCTh 0OPA3Ia MO Ta3y, YTO MOXKET MPUBOIUTH K HEKOPPEKT-
HBIM BBIBOJIAM IIPH AHAJIM3€ PE3YJIbTATOB JaDOPATOPHBIX m3Mepenuit. HepaBHOMEpHOCTH
U3MEHEHU MOXKeT ObIThH CJIEJICTBUEM COBMECTHOTO BJIMSIHUS IPOIECCOB M3TOTOBJIEHUST U MO~
TOTOBKH 0Opa3sIia, MpoBeIeHnsI TpeaBapuTebubix u3Mepernit PEC uimm mocaeacTBusIMEI
UCHBITAHUI KaK C MUIPOJAUHAMUIECKON CTOPOHBI (BinsiHUE QIIIousa), Tak U ¢ YUCTO Me-
xanndeckoit. Ha xapakTep mposiBiieHus JaHHOTO 3P dPeKTa MOXKET BIAUATH COCTAB U THII
IOPOJIBI, OCOOEHHO TIPY HAJMYNN B COCTABE IIEMEHTUPYIONIIX IJIMHUCTHIX BerecTs. Kak ObL10
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OTMEYeHO paHee, OCHOBHOM ITOTOK (DUJIBTPAINK B IIPEJICTABJIEHHOM JJIs IIpHUMepa o0pasIie
WJET 10 BEPTUKAJIBHBIM BBICOKOIIPOHUIIAEMBIM ITPOCJIORKAM, JACTUIHO M30JIUPOBAHHDBIM
JIPYT OT JIpyTa HAIlJIACTOBaHUEM Hopojbl [Xumyas, 2025]. Benegcrsue aToro, eciu ¢ Topra
obpa3sia uMeercst YIJIOTHEHUE, JlaxKe HeOOJIBIIOe, OHO MOXKET OI'DaHUYMBATH WU 3aKPhIBAThH
JIOCTYII K KOHKPETHOMY KaHAJy (DUIIBTPAIAN, UCKJIIOYasi €r0 BKJIAJ B U3MepseMOe 3HAYEHUe
WHTETrPAJIbHON TOPUCTOCTH MPpH JIAOOPATOPHON OIEHKe IO CTaHAAPTHOM MeToauke. Kpome
TOrO, BBIHYZKJIEHHAsI IIEMEHTaIusl 00pa3Iia Iepell UCIBITAHUSIMUA TaK>Ke MOXKET BHOCHUTH
BKJI&J] B U3MePeHNe Jab0paTOPHO U3MEPSEMOil IOPUCTOCTU JIJIsI IOPOJ, C AHAJOTUIHBIMU
BBIPA2KEHHBIMU CTPYKTYPHBIME OCOOEHHOCTSIMUA B CHJIy YACTUIHOTO 3aKyIIOPUBAHUS [IPU
pa3MbIBAaHUU [EMEHTa BXOIHON IMOBEPXHOCTH TOPIOB JIO UJIM BO BPEMsI IIPOBEJIEHUsI OIBITOB.
B takom ciydae BKJa B 00IIM€E IIPOHUIIAEMOCTD U IIOPUCTOCTH KOHKPETHOI'O (DUIBTPAIMOH-
HOTO KaHaJja Oyzmer Jnbo OTCyTCTBOBATH IPU (PU3NIECKUX U3MEPEHUSX, JIMOO CYIECTBEHHO
YMEHBIIIEH B CUJIy OTCYTCTBUS IIPSIMOTO JOCTyIa K HeMy. JIJist KOHKpeTU3aIu OMUCAHHBIX
IIPE/IIIOJIOKEHNIT HEOOXOMMO IIPOBEJIEHNE JIOTOJHUTENbHBIX HUCCJIEIOBAHNN Ha OoJbIeit
BBIOOPKE aHAJIOTMIHOTO IO COCTABY U CBOMCTBAM KEPHOBOI'O MATEPHAJIA.

Pesynbrarhl mpoBeieHHOrO CpaBHEHUsI N3MEHEHU PACIIPE/IeJIEHHs [TOP 110 pa3MepaM
B 00paste (puc. 3) yKasblBAOT Ha IIPUCYTCTBHE HE3HAUNUTEIBHBIX U3MEHEHHUi TOpOoBOro mpo-
CTPAHCTBA B OCHOBHOII 1acTu obpasmna. VcxoaHoe pacipesesieHie Iop B IOPOJIE HEPABHOMED-
HO: IPeoBIIaJIAIOT TIOPhI MAJIOro u cpenunx pazmepos (50-100 MKM), OJHAKO IPUCYTCTBYIOT
1 KpynHble mopbl (6osiee 200 MKM), YIIOPsIZIOYEHHBIE B BBICOKOIIOPUCTBIX TIPOCIIONKAX U BHO-
camue pematonmii BKiag B PEC nopogst. IToce ncnbitanuit HabJ/IH01aeTCsl HESHAYNTEILHOE
yBesimdenne o6beMHOl 1oy KpynHbix (Gosiee 400 MKM) [IOD ¢ OJJHOBPEMEHHBIM YMEHbIIIE-
Hue oy 1op cpeauero pasmepa (150-300 MKM), 9TO CKa3bIBACTCS HA HE3HAIUTEIHHOM
YBEJINYEHNN eMKOCTHBIX XapaKTEPUCTUK OCHOBHON YacTu o0pasIia.

Kak Bumnao u3 tabs. 1, mo manasiM mudPOBOrO aHAJIM3A [TOCJIE UCIBITAHII 3aKPhITAasT
MMOPHUCTOCTH OCHOBHOI WacTm obpasna yMeHbImiach Ha 30% OTHOCHTENHHO MCXOIHOTO
3Ha4Y€HUA, B TO BpeMsd KaK OTKPbITas IIOPUCTOCTD yBeJININJIaCh Ha 20% CTOI/IT OTMETUTDb, 9TO
YYaCTKU ¢ HauMeHblIeli nopucroctsio (10 13%), perucrpupyemble y caMbIX TOPIIOB 00Da3Ia,
OB OOHAPY2KEHBI U B 00pa3Iie 0 MCIBITAHWIA, OJHAKO UX MPOBJIEHUE OBLIO CyIIECTBEHHO
MeHee 3ameTHO. ComocTaB/isisl JJAHHBIE U3MEPEHUIT JI0 U TI0C/Ie UCIIBITAHNN, MOYXKHO 3aKJIIOUUTh,
9TO BJIMSIHUE JTAHHBIX MAJIBIX IIPOCJIOEK HA JaOOPATOPHBIE U3MEPEHUS MAJIO B CHILY UX MAJIOH
Tosimuubl. [lomydennanie B paboTe pe3ysibTaTbl MOTYT OBITH JIOMOTHEHBI JAHHBIMU PACTIETa
Iy Teil MePKOJIAINHI B IIOPOJIe, TOYEYHOIO aHAJIM3a, 10D, TPAHYJIOMETPHUH, BKJIOYas aHAJIN3
N3MEHEHUsI XapaKTEePUCTUK 1 (POPMBI 3ePeH CKeJieTa opobl. TakuM 06pa3oM o ITBEPKIEHO,
9TO TOJIy9YeHHBIE [IPU IIOMOIIHA TEXHOJOTW HEPA3PYIIAONIEro aHAJN3a JTaHHBIE MOLYT
CYIIECTBEHHO JIOTOJHUTD U YTOYHUTD PE3YJIBTATHI TPAIUIIMOHHBIX JIA00PATOPHBIX U3MEpPEHUil,
a B HEKOTODBIX CJIydasX MOI'YT SBJIATHCS HE3aMEHUMBIM HHCTPYMEHTOM JjIs KOPPEKTHOM
OIEHKY XaPAKTEPUCTUK IIOPO/I.

4. 3akJro9eHne U BHIBOIbI

B crarbe npencraBieHbl pe3yabrarhl TOMOrPpa@UIECKUX UCCJIEIOBAHAN OCTATOTHBIX
M3MeHeHU KOJLIeKTopa JasiHIMHCKOro HeTera30KOHIEHCATHOTO MECTOPOKIEHUS TIOCIIe
MEXaHUYECKOr0 U THIPOIUHAMUYeCKOro BozzeiicTBuil. KommbioTepHas Tomorpadus mo-
POZ, IPOBOMJIACH C HCIIOJIb30BaHMEM PEHTTeHOBCKOro mukporomorpada ProCon X-Ray
CT-MINI Uucruryra npobiiem mexanuku PAH. IlpoBenena perucrpariusi KaaeCTBEHHBIX
U3MEHEHUN CTPYKTYPhI U B3AUMHOTO PACIIOIOKEHUS 3ePEH MOPO/Ibl TTocse ucubirannii. Ha
6aze co3manubix 3D Momesieit mopoIbl BHIOJHEHA OIEHKA JIOKAJIHHBIX M3MEHEHHIT TIOPUCTOCTH
B 00beMe 00Pa3IOB, TOCTPOEHBI KAPThI HOPUCTOCTH JIJIsI HHTEI'PAJBHOIO aHAJIN3a IIOPOBO-
ro npocrpancTsa. [IpoBesien craTucTuyecknii aHAIN3 PACIPeesIeHus [IOP 0 pa3MepaM,
CIeJIAHBI BBIBOJBI O TEHIEHIINN MU3MEHEHHUs IIyCTOTHOI'O IIPOCTPAHCTBA mopos. V3mepena
MIOPHUCTOCTD OO/ Ha 0a3e mudPoBOTo MOIX0A, IIOKA3aHO XOPOIlee COOTBETCTBUE C JAHHBI-
MU JabopaTopHbIX u3Mepennii. Onucano pacipe/iejieHre IOPUCTOCTH 110 00beMy 0bpa3ia
Ha IIpUMepe KPYIHO3EPHUCTOIO IIECYAHNKA, [T0KA3aHA HEPABHOMEDPHOCTH PACIIPEIeIeHUs
IIOPUCTOCTH TIOCJI€ UCIBITAHUN.
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TTosiBienne cj10eB MOHMKEHHOH MTOPUCTOCTH B COBOKYITHOCTH C HAJMYUEM B MCXOJIHOM
CTPYKTYPE MOPOJLI 9aCTUIHO M30JIMPOBAHHBIX BBICOKOIIPOHUIIAEMBIX YIACTKOB MOYKET IIPH-
BOJUTH K HEKOPPEKTHBIM BBIBOJIAM IIPU aHAJN3€ PE3YJIbTATOB JIADOPATOPHBIX M3MEPEHUt
UHTErPaJIbHOM ITOPUCTOCTHA 0OPA3IIOB 110 ra3y. DTO CBSI3aHO C BO3MOXKHBIM OIPDAHMYEHUEM
WIA 3aKPBITHEM TIPSIMOTO JIOCTYTA K YACTH MOPUCTBIX YYaCTKOB MOpOJbL. Ipesiokennr
000OCHOBaHUS MIPUYNH OIMACHIBAEMOTO U3MEHEHUSI TOPUCTOCTH.

IIpu HajU4YUU CyneCTBEHHON HEOHOPOIHOCTU CTPYKTYPhI U IIOPOBOI'O IIPOCTPAHCTBA
OpO/I, TIPUMEHEHIE TPAIUIUOHHBIX c11ocob0B m3Mmepenuss PEC MoxkeT 0Ka3aThCsl HEJIOCTa-
TOYHBIM JIJIsi TOYHOI'O OIUCAHUS U3MEHeHn! B mopoje. Vcmosib3oBanue MeToI0B Hepa3pyIina-
IOIIEr0 AHAJIN3a TO3BOJISIET 3HAMUTEIHLHO YTOUHUTD HOJYYeHHbIE JaO0OPATOPHBIM CIIOCOOOM
pe3yJIbTATHl M3MEPEHHIT eMKOCTHBIX CBOMCTB IOPOJ, & B OTJEIBHBIX CJIyUIasiX MOXKET CTATh
HE3aMEHUMbIM HHCTPYMEHTOM [IJIs X KOPPEKTHOM OreHKH. [IpuMeHeHne mory 9eHHbIX Pe3ylb-
TaTOB B COYETAHUU C TPAIUIUOHHBIM METOIAMU OIEHKU CBOMCTB TOPHBIX OPOJ, IPU3BAHO
paCIIUpUTH CYMIECTBYIONINE OAXO/Ibl K KOMILIEKCHOMY AHAJM3Y KEPHOBOTO MaTepuaa
KOJIJIEKTOPOB, & TAKXK€ JIOMOJHUTh U YTOYHATH MATEMATHIECKIE U OMEPAIIMOHHBIE MOJIEJIN
U3y9IaeMBIX 0OBEKTOB.

BaarogapaocTn. Pabora BbIIOSIHEHA B paMKaxX MOCYIapPCTBEHHOIO 33 IaHHs, HOMEP rocpe-
ructparuun 124012500441-6. ABTop BbIparkaeT OJIAr0JAPHOCTD HAYAIBHUKY JTabOPATOPUN
KOMILJIEKCHBIX UCCJIEJOBAHUI KEePHOBOrO MaTepraja MOCKOBCKOrO IEeHTPa MCC/Ie0BAHUS
macToBbix cucreM (kepH u durrorabl) OO0 «azmpom BHUMT'A3» Cemenory Esrenuro
OJteroBudy, a TakKe 3aMECTUTEI0 HAYaJIbHUKA J1abopaTopun (DU3NIECKOTO MOJETUPOBAHIS
MHOroa3HbIX TPOIECccOB MOCKOBCKOIO HEHTPa MCCIIEI0BAHUS [IJIACTOBLIX CUCTeM (KepH
u imoner) OO0 «Taznpom BHUUT'A3» Musuny Augpero Buranbesudy 3a nmpegocTaBieHue
MaTepUaJIa /I UCCJIEIOBAHNS U IIPOBE/IEHNE KA JTA00PATOPHBIX UCILITAHII 00PA3IIoB.
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DIGITAL ANALYSIS OF CHANGES IN HYDROCARBON RESERVOIR
PORE SPACE CHARACTERISTICS AFTER FILTRATION TESTS

V. V. Khimulia™*

Ishlinsky Institute for Problems in Mechanics of the Russian Academy of Sciences, Moscow, Russia
**Correspondence to: Valerii Khimulia, valery.khim@gmail.com.

The paper presents the results of non-destructive digital studies of remaining changes in the
structural and reservoir volumetric properties of the rocks of the Chayanda oil and gas condensate
field as a result of hydraulic fracturing fluid injection. Computed X-ray tomography images were
obtained using a high-resolution ProCon X-Ray CT-MINI scanner of the Institute for Problems in
Mechanics of the Russian Academy of Sciences. 3D models of the reservoir were created on the
basis of the images for digital analysis of the change in reservoir properties after the tests. The
structure and relative disposition of rock grains before and after the tests were compared. Local
porosity changes in the specimen volume were assessed, including plotting of porosity maps for
integral pore space analysis. Pore size distributions were drawn, and conclusions were made about
the nature of changes in porometric characteristics of rocks. On the basis of the digital approach the
porosity values of rocks were calculated, good agreement with the laboratory measurement data was
shown. Changes in porosity distribution over the volume of a specimen of coarse-grained sandstone
are described. Uneven distribution of porosity in the specimen after tests is found. Reasons for
the described changes in porosity are proposed. It is shown that in the presence of significant
heterogeneity of structure and pore space of rocks, the application of traditional methods of reservoir
flow properties measurement may be insufficient for accurate characterization of changes in rocks. It
is confirmed that the application of nondestructive analysis methods allows to significantly clarify
the results of measurements of rock reservoir properties obtained by laboratory method, and in
Recieved: 18 September 2024 some cases can become an indispensable tool for their correct assessment.
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Abstract: The content, distribution and speciation of gold in ores of the Natalka deposit (North East
Russia) were studied. According to atomic absorption spectrometry (AAS), the vein and veinlet-vein
ores are highest grade in gold, whereas veinlet-disseminated ores are lower grade and disseminated
ores are poor in gold. According to light microscopy and electron probe microanalysis, up to 85%
of gold in the Natalka ores is represented by large and small grains of free native gold associated
with gangue and sulfide minerals. The gold grains of 0.01 to 2 mm in size are dominated and their
fineness vary from 720 to 860 %o. Up to 20% of native gold is represented by finely dispersed particles
< 0.01 mm in size and a fineness of 750-990%o. Most of this gold is fixed and bounded mainly to
with sulfides. According to “phase” chemical analysis with AAS, arsenopyrite is richest in gold
whereas pyrite is poorer in gold. Using AAS with analytical data selections for single crystals, two
non-mineral forms of “invisible” gold were found in these sulfides, namely the structurally bound
(structural) and surficially bound (surficial) forms. The structural gold is incorporated into the
mineral structure. The surficial form is confined to nano-sized non-autonomous phases on the sulfide
mineral surfaces and often dominates over the structural form. The maximum gold concentrations
on the surface of arsenopyrite and pyrite were confirmed by LA-ICP-MS data. It is expected that not
all “invisible” gold is a refractory gold. The major part of gold contained in arsenopyrite and pyrite
as finely dispersed, micron- and submicron-sized particles, as well as the surficially bound gold, can
be extracted with modification of current flowsheet, which enhances the value of the gold ores at the
Natalka deposit.

Keywords: Natalka deposit, gold, ores, content, distribution, gangue minerals, sulfide minerals,

arsenopyrite, pyrite, speciation.
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1. Introduction

The territory of North East Russia is known to be the largest auriferous province that
is unique in terms of the count of gold deposits, many of which have no analogies either
in Russia or abroad. The Natalka giant gold deposit is one of the most striking examples.
Previous studies of the ore material composition of this deposit typically focused on the
native gold, most of which, is known to be in “free” form as the intergrowths and inclusions
(0.01 to 2.0 mm in size) in gangue (mainly quartz) and sulfide minerals [Goncharov et al.,
2002; Goryachev et al., 2000; Savva et al., 2022].

The study of ores and genesis of such deposits and, as a result, the assessment of
their commercial significance usually begins with the characterization of typical features
of large- and small-size gold. Less attention is paid to the problem of studying finely
dispersed (<10 um) native gold and, so-called, “invisible” gold. Most of this gold is fixed.
Numerous papers have shown that the study of such gold is extremely in demand when
identifying the composition of ores, mineralization stages, conditions of mineral formation
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and, in general, the genesis of gold deposits [e.g., Barker et al., 2009; Cabri et al., 1989;
Cambel et al., 1980; Cook and Chryssoulis, 1990; Ehrig et al., 2023; Fleet and Mumin, 1997;
Gao et al., 2019; Genkin et al., 1998; Koneev et al., 2020; Kravtsova, 2010; Kravtsova and
Solomonova, 1985; Kravtsova et al., 2022; Large and Maslennikov, 2020; Large et al., 2009; Liu
et al., 2019; Moiseenko and Kuznetsova, 2010; Morishita et al., 2018; Moskvitin et al., 2023;
Palenik et al., 2004; Shao et al., 2018; Sidorova et al., 2020, 2022; Simon et al., 1999; Tan et al.,
2022; Tauson et al., 2013; Wells and Mullens, 1973; Zhang et al., 2014; Zhao et al., 2011].

Only some papers contain information on the distribution of finely dispersed and
“invisible” gold in ores and minerals of the Natalka deposit [Goncharov et al., 2002; Kravtsova
et al., 2015, 2022; Plyusnina et al., 2003; Volkov et al., 2006]. According to the rational
analysis of ores given in [Goncharov et al., 2002], the amount of such gold usually does not
exceed 14.2% and is mostly associated with sulfides, mainly with arsenopyrite and pyrite.
Its losses during extraction from sulfide concentrates are unavoidable and often significant.
According to [Goryachkin et al., 1999], during the auriferous raw material beneficiation,
under the current flowsheet at the Natalka deposit, the losses of this metal in the sorption
tailings of sulfide concentrates reach 3.8 g/t, which is commensurable with the contents
in ordinary ores (2.5 to 5.0 g/t) and amount up to 30% of the total gold (8.03 g/t) in these
concentrates. For the Natalka deposit, which is relatively simple in terms of beneficiation
technology, such losses are very appreciable.

The gold lost during raw material processing together with the sulfide component
is mainly micron, submicron and “invisible”. Ores containing such gold are considered
to be “refractory”, requiring the use of special flowsheets. The study of its speciation is
directly related to such flowsheets, since it significantly affects the technological features
of ores and, as a result, the methods of their beneficiation. These features can already be
established at the early stages of the deposit research when studying both the native gold
(from its large particles to micron and submicron 1 pm and less in size), and its “invisible”
forms, which are difficult for recovering.

Our comprehensive approach to carry out such investigations has yielded good results.
In addition to the gold content and distribution, coarseness and fineness, impurities, min-
eral associations, etc., special attention was paid to the detailed study of the composition of
finely dispersed gold inclusions (primarily micron and submicron-sized) and the species of
so-called “invisible” gold. In ores of the Natalka deposit, the concentrators of such gold are
arsenopyrite and pyrite. The need for such research is important, not only for studying the
genesis of gold deposits. Finding out the reason for the loss of refractory gold contained in
sulfide concentrates during ore processing and the use of the results obtained in practice
are also much-in-demand.

2. Research objects

The Natalka deposit, the ores of which are the object of our research, is one of the
largest gold deposits in Russia. It is located in the Tenka district of the Magadan region
in North East Russia (Figure 1, inset). The deposit belongs to the orogenic sulfide-poor
type. It has a complicated and long-term development history and a metamorphogenic-
hydrothermal genesis. According to most researchers, magmatic fluids took an active
part in the ore formation [Goncharov et al., 2002; Goryachev et al., 2008; Mikhalitsyna and
Sotskaya, 2020; Savva et al., 2022; Volkov et al., 2016)].

Late Permian carbonaceous terrigenous rocks host ores. They include siltstone shale,
argillaceous siltstone and sandstone of the Omchak Formation, diamictite (argillaceous
and siltstone shale with an admixture of volcanic clastic material of various sizes) of
the Atka Formation, carbonaceous-argillaceous and siltstone shale, argillaceous siltstone,
sandstone and gravelstone of the Pioneer Formation (Figure 1). The ore lode in the silicified
sedimentary strata (mainly diamictite, siltstone and siltstone shale), traced along the strike
for a distance of about 4-5 km and with a width of 100-600 m, represents only a smaller
part of the mineralized zone (Figure 1). The lode consists mainly of quartz veins, a net of
branching or parallel veins and veinlets and areas of disseminated sulfide mineralization
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in the host rocks [Grigorov et al., 2007]. The highest grade gold ores include vein and
veinlet-vein ores, the lower grade are veinlet-disseminated ores and the poor ones are
disseminated ores (Figure 2).

In vein and veinlet-vein ores (Figure 2a, b) of the late hydrothermal stages of ore
formation, gangue minerals are quartz, carbonate, sericite, albite and K-feldspar. The
proportion of ore minerals, mainly sulfides, does not exceed 3%. The most common
are arsenopyrite and pyrite. Galena, chalcopyrite and sphalerite are less common and
pyrrhotite, ilmenite, rutile, scheelite, fahlores and native gold are even rarer. According to
[Goncharov et al., 2002], rare occurrences of boulangerite, bournonite, acanthite and stibnite
are also found. Fragments of host rock from breccia-like quartz veins contain carbonaceous
matter and graphite microflakes, which impart to the fragments color ranging from dark
gray to black (Figure 2b). Visible gold is often met (Figure 2a, b).

Veinlet-disseminated ores (Figure 2c) of the early hydrothermal stage are represented
by quartz and carbonate-quartz veinlets in carbonaceous diamictite, less often in siltstone
and siltstone shale. The proportion of sulfide minerals is higher here, up to 5%. As for the
ore minerals, arsenopyrite and pyrite are relatively common; less common are chalcopyrite,
pyrrhotite, ilmenite, rutile and scheelite. Single graphite microflakes and small aggregates
of weakly metamorphosed carbonaceous matter are found in the rocks hosting the veinlets.
Visible gold is rare.

Disseminated ores (Figure 2d) of the initial metamorphogenic stage are the part of
the ore lode and the entire mineralized zone. The latter are represented by zones of
disseminated sulfide mineralization (ZDSM) in carbonaceous diamictite, siltstone and
siltstone shale. Sulfides amount less than 3% and represented mainly by pyrite and rarely
arsenopyrite. No visible gold was found. Most rocks are impregnated with rare, finely
dispersed inclusions of graphite microflakes and carbonaceous matter. The disseminated
ores of mineralized zone are not currently of practical interest, despite the fact that this
zone is significantly larger in size than the lode (Figure 1).

A complete description of the ore composition and formation conditions of the Natalka
deposit is given in [Goncharov et al., 2002] and supplemented by later papers [Goryachev
et al., 2008; Goryachkin et al., 1999; Kravtsova et al., 2015, 2022; Mikhalitsyna and Sotskaya,
2020; Plyusnina et al., 2003; Savva et al., 2022; Volkov et al., 2006].

3. Materials and Methods

To determine gold content, distribution features and speciation in ores and sulfide
minerals, 75 large-volume mineralogical-geochemical samples were taken in different areas
and horizons of the deposit. These samples were analyzed for gold using atomic absorption
spectrometry (AAS), based on the extraction of gold from solution by organic sulfides.
Measurements of the Au content were carried out on the Perkin-Elmer M503 device (USA)
with a graphite atomizer furnace HGA-72. The detection limit of gold determination is
0.3 ppb [Method NSAM No. 237-S, 2016].

Along with light microscopy (LM), the method of X-ray electron probe microanalysis
(EPMA) was used when investigating mineral and chemical composition of ores, to study
the typical features of native gold, its size, fineness, trace elements, internal structure,
mineral associations, micro and finely dispersed inclusions in arsenopyrite and pyrite
crystals [Paviova, 2014]. The polished sections of ore samples were examined using a scan-
ning electron microscope mode on the electron probe microanalyzer Superprobe JXA-8200
(JEOL Ltd., Japan). The determination of the chemical composition of the found gold
particles available in the form of inclusions and micro-inclusions (>3 pm in size) in quartz
and sulfide minerals, was performed by monitored acquisition, recalculating the recorded
relative intensities in concentration using the microanalyzer software. The determination
of the basic composition, i.e., the fineness of micron (1 to 3 pm) and submicron-sized
(<1 pm) inclusions of native gold in arsenopyrite and pyrite, was implemented according
to a specially developed EPMA procedure [Finkelshtein et al., 2018], which gave an option
of eliminating the sulfide matrix influence on the determination of Au and Ag contents.
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Figure 1. The schematic geological map of the Natalka gold deposit. Constructed by the authors
using the data [Goncharov et al., 2002; Grigorov et al., 2007] and materials from geological funds
of the “Matrosov mine” public corporation (Magadan, Russia). 1-3 — Late Permian ore hosted
terrigenous rocks: 1 — siltstone shale, argillaceous siltstone and sandstone of the Omchak Formation
(Ppom), 2 — diamictite of the Atka Formation (Ppat), 3 — carbonaceous-argillaceous and siltstone shale,
argillaceous siltstone, sandstone and gravelstone of the Pioneer Formation (Pypn); 4 — faults; 5 — ore
lode projection; 6 — conventional boundaries of the mineralized zone.

The procedure is based on the extrapolation of relation between element contents in the
inclusion and matrix into the area where the matrix element content tends to zero. The
measurements were also implemented applying the Superprobe JXA-8200 device (micro-
analyzer). More than 350 measurements were taken to study the chemical composition of
gold.

To study the total content of Au in monomineral samples of arsenopyrite and pyrite,
which contained both crystals and their aggregates with different sizes and shapes, “phase”
chemical analysis with AAS (PCA-AAS) was used. The Au content determination was
carried out on one test charge or in parallel, on two test charges (15 to 20 mg each) of
different size fractions. The abraded material was decomposed with aqua regia under
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Figure 2. Ore types in the Natalka gold deposit: (a) — vein (massive quartz vein with a small amount of

fragments of hosting siltstone, with nests and inclusions of arsenopyrite and visible gold); (b) — veinlet-
vein (breccia-like quartz vein, quartz and carbonate-quartz veinlets in carbonaceous siltstone with
nests and crystals of arsenopyrite, pyrite and visible gold); (c) - veinlet-disseminated (carbonaceous-
argillaceous siltstone dissected by quartz and carbonate-quartz veinlets with arsenopyrite and pyrite);
(d) - disseminated (carbonaceous diamictite with fragments of different composition and dimensions

with fine pyrite inclusions).

heating. It was then treated with concentrated HCl and evaporated dry to remove nitric
acid residues and convert the salts to the chloride form. After cooling, the samples were
brought to a certain volume with a background solution of 2M HCl for measurements using
AAS method on the Perkin-Elmer M503 device with detection limit for gold of 0.3 ppb and
an accuracy of 12% [Tauson et al., 2002].

The speciation of “invisible” gold in the arsenopyrite and pyrite of the Natalka deposit
was studied using AAS with analytical data selections for single crystals (AAS-ADSSC).
The method developed by V. L. Tauson and co-authors [Tauson and Lustenberg, 2008; Tauson
et al., 2002] is based on rank-scaled statistical sampling of analytical data for a large number
of individual crystals of one and the same mineral sample, to separate the structurally
and surficially bound forms of impurity elements. Euhedral crystals with well-defined
morphology were selected from monomineral fractions of different sizes, from 0.2 to
2.0 mm. The crystals did not contain any visible mineral inclusions. The crystals of
arsenopyrite were shaped as pseudo-orthorhombic and monoclinic prisms. The crystals of
pyrite generally had the shape of a cube or parallelepiped. The samples complicated by
the facets of pentagonal dodecahedron and octahedron were excluded whenever possible.
The requirement for the shape is due to the fact that in the transition from size to specific
surface area of average crystal in size selection it is necessary to use the form coefficient
for the true polyhedron. In our case, the coefficient was six for cubes and parallelepipeds.
The Au content is determined in solutions obtained through the acidic decomposition of
well-faceted individual crystals of arsenopyrite and pyrite. The AAS-ADSSC technique is
designed to determine the content of the structurally and surficially bound trace elements
(in our case, Au) in the samples consisting of individual crystals with an uncertainty of
30 rel.% [Tauson and Lustenberg, 2008; Tauson et al., 2013]. The data obtained were
statistically processed according to the regularities of the distribution of different species
of the element [Tauson and Lustenberg, 2008; Tauson et al., 2018a].
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The study of Au content in the surface layer of arsenopyrite and pyrite crystals was
continued using the LA-ICP-MS method. A quadrupole inductively coupled plasma mass
spectrometer NexION 300D (Perkin-Elmer, USA) was used in combination with a laser
ablation system NWR-213 (New Wave Research, USA). The working and carrier gases
were Ar and He, at 99.999% purity. The laser burned continuous grooves (tracks) on the
natural surface of the crystals. The track lengths were limited by the size of the crystal
faces and varied in the range of 0.3—1.0 mm. The diameter of the laser beam was 100 pm,
the frequency — 10 Hz, the energy on the surface of the sample — 0.4 J/cm?, the laser
speed — 70 pm/s and the background measuring time — 20 s. The track depth per one
laser pass for all sulfide crystals was ~1.0 pm. The depth was measured using atomic
force microscopy with SMM-2000 scanning probe microscope (Proton-MIET, Russia). The
calibration graphs were constructed in compliance with the NISTSRM610, NISTSRM612,
NISTSRM614, BHVO-2G, TB-1G and NKT-1G international standards. It was possible to
verify the results for Au using the in-house sulfide reference sample — highly homogeneous
ferrous greenockite (a-CdS) crystals synthesized hydrothermally at 500 °C and 1 kbar
pressure [Tauson et al., 2019]. The instrument error determined for Au did not exceed 10%.

4. Results
4.1. Content and distribution of gold

According to the AAS data, the highest grade vein and veinlet-vein ores are charac-
terized by high average Au content: 29.2 ppm (within the range of 0.39-109.1 ppm) and
27.2 ppm (0.38-106.9 ppm), respectively. For the lower grade veinlet-disseminated ores,
less high Au content is common, on average 1.33 ppm (within the range of 0.45-2.90 ppm).
For the poor, so-called disseminated ores, which are part of the ore lode and the ZDSM,
the average Au content is 0.11 ppm (within the range of 0.05-0.6 ppm) and 0.08 ppm
(0.02-0.19 ppm), 1respectively.1

The Au content and distribution in arsenopyrite and pyrite of the Natalka deposit were
studied using PCA-AAS. These sulfides were taken from samples consisting of monomineral
fractions with different grain sizes. The results of summarizing the available and newly
obtained data are shown in Table 1. The highest average Au contents (ppm) were found
in arsenopyrite monofractions: from vein — 626.1 (within the range of 3.3-1383), veinlet-
vein — 42.5 (4.3-119.0), veinlet-disseminated — 30.2 (1.4-55.2) and disseminated ores of the
lode — 3.1 (2.5-3.8). Lower average Au contents (ppm) were found in pyrite monofractions:
from vein — 70.5 (within the range of 11.3-250.1), veinlet-vein — 8.5 (1.3-17.9), veinlet-
disseminated — 4.6 (0.5-18.1) and disseminated ores of the lode and ZDSM - 2.9 (2.1-3.4)
and 1.1 (0.8-1.7), respectively.

4.2. Gold speciation
4.2.1. Native gold in ores and minerals

According to our mineralogical studies (LM and EPMA methods), up to 85% of gold
in the vein, veinlet-vein and veinlet-disseminated ores is represented by large and small
grains of free native gold. It is associated with gangue minerals, primarily quartz and
feldspars (Figures 3, 4b,c, 5¢), and with sulfide minerals such as arsenopyrite, pyrite,
chalcopyrite, galena, sphalerite, less often pyrrhotite and tetrahedrite (Figures 4-7). The
native gold—arsenopyrite association is the most typical for the ores of the Natalka deposit
(Figures 4c, 5). Gold grains of 0.01 to 2.0 mm in size are prevalent. Structural etching
reveals a homogeneous polygonal-granular structure of gold with simple twins. Various
gold forms were observed: isometric, slightly elongated, vein-like, lumpy and partially
faceted, with crystal-like outgrowths. According to the EPMA, the fineness of the studied
gold is 720-860%o. The qualitative and quantitative composition of the inherent impurity
elements in native gold, established by the same method, is relatively poor. The impurities

L' Number of samples for vein, veinlet-vein, veinlet-disseminated and disseminated ores equaled 20, 20, 20 and

15, respectively.
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Table 1. Gold content in the monomineral fractions of arsenopyrite and pyrite of different sizes from
various ore types of the Natalka deposit. PCA-AAS data

Brief description of the samples from which

Sample No. Ore type sulfides were taken Cint (ppm) Cav (ppm) N (n)
Arsenopyrite

M-129/10 v Massive qgartz vein with inclusions, mainly 46.5-141.1 93.8 3 (3)
arsenopyrite

M-129/10-2 v .Quart.z vein with rare fr.agments of d%amlctlte and 33-310.1 918 3 (4)
inclusions of arsenopyrite, rarely pyrite

M-161/10 v Massive ql.lartz vein with 1n.clu510ns of 19.1-1383 626.1 4(5)
arsenopyrite, less often pyrite

M-131/10 vV Cf:lrbonate—quaﬁz veins 'fmd veinlets in diamictite 6.2-84.9 307 4(4)
with arsenopyrite inclusions

M-131/10-2 vV .Quart.z veins a.nd veinlets in filamlctlte with 43-119.0 425 4(8)
inclusions, mainly arsenopyrite

G-9/13 vV Cfirbonate—qual.rtz veins e.md veinlets in diamictite 11.3-24.0 15.4 4(4)
with arsenopyrite inclusions

G-9/13-2 vV 'Quart.z veins apd veinlets in qlamlctlte with 6.6-117.2 398 5(5)
inclusions, mainly arsenopyrite

TPM-1/1 vV .Quart.z veins and. veinlets in diamictite VYlth 9.7-53.3 26.3 4(5)
inclusions of pyrite, less often arsenopyrite

Nat-10 VD D1am1.ct1te with a rare net of quartz veinlets with 1474 38 2(3)
inclusions of pyrite and arsenopyrite

Nat-10-2 VD .DlamlFtlte with a dense net of quartz ve11.11ets with 2 7.552 302 3(3)
inclusions of pyrite, less often arsenopyrite

UV-3/13 VD Plaml.ctlte with quartz veinlets and strea.ks and 812372 23.2 3(3)
inclusions of pyrite, less often arsenopyrite

VK-2/10 D ?111c1ﬁ'ed sﬂtston? from the ore lode w1th' 2538 3] 3 (4)
inclusions of pyrite, less often arsenopyrite

Pyrite

M-161/10 v Massive qgartz vein with 1qclu310ns of 15.3-158.2 65.4 4(4)
arsenopyrite, less often pyrite

M-161/10-2 v .Quart.z vein w1.th rare fragments of diamictite and 11.3-250.1 705 4(6)
inclusions, mainly pyrite

TPM-1/1 vV Quart.z veins and. veinlets in diamictite VY1th 1.9-17.9 3.5 3 (4)
inclusions of pyrite, less often arsenopyrite

TPM-1/2 vV Q.uartz—c.ark?onatelvems and veinlets in diamictite 1.3-16.5 74 4(4)
with pyrite inclusions

Nat-10 VD Plaml.ctlte with a rare net of quartz veinlets with 1246 26 4(4)
inclusions of pyrite and arsenopyrite

Nat-10-2 VD Dlaml.ctlte with a dense net of quartz velplets with 0.5-18.1 35 5(10)
inclusions of pyrite, less often arsenopyrite

UV-3/13 VD Plamlf:tlte with quartz veinlets and strea.ks and 0.8-6.6 46 3(3)
inclusions of pyrite, less often arsenopyrite

VK-2/10 D ?111c1ﬁ.ed sﬂtston.e from the ore lode w1th 21-3.4 29 3(3)
inclusions of pyrite, less often arsenopyrite

VK-2/10-2 D Slightly altered siltstone shale from the ZDSM 0.8-1.7 11 4(6)

with pyrite inclusions

Notes: Here and in Table 2 and 3: V - vein, VV - veinlet-vein, VD - veinlet-disseminated, D — disseminated ore types. Cipt is the interval of Au contents
in samples (weight 15-20 mg) consisting of monomineral fractions of arsenopyrite and pyrite of different sizes represented by aggregates, crystals of
different morphological forms and their combinations; C,y is the average Au content in samples; N is the number of analyzed samples (# is the number

of measurements).
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in gold wt. %), in addition to Ag (10 to 28), are often Fe (0.17 to 2.34) and S (0.10 to 0.91),
less common are Bi (0.32 to 1.02), As (0.16 to 0.90), Hg (0.23 to 0.87), Cu (0.28 to 0.86) and
Se (0.46 to 0.59), and at single points - W (0.24, 0.37) and Pb (0.36).

According to the data, we obtained with the same LM and EPMA methods, up to 20%
of gold are finely and ultra-dispersed particles (<0.01 mm in size) of native gold. They
are both free and fixed. Fixed native gold predominates and is mostly included in sulfide
minerals, primarily arsenopyrite (Figures 5a, b, 8) and pyrite (Figures 6a,b, 7). Such gold
does not exhibit visible crystalline forms. It usually fills the space between the crystals
of these sulfides or occupies crystal defects. The fineness of finely dispersed inclusions
is higher compared to large and small gold (Figure 5b,c). According to the EPMA, the
fineness of the finely dispersed gold is 750-990%so.

Figure 3. Native gold in association with quartz. Images are given in reflected light. Here and
hereafter, Au — gold, Qz — quartz.

Figure 4. Native gold in association with ore minerals: (a) — inclusions of gold, chalcopyrite and

galena in sphalerite; (b) — inclusions of galena, sphalerite and gold in quartz; (c) — intergrowths of
gold with arsenopyrite and gangue minerals (quartz and K-feldspar). Images are given in reflected
light (a), secondary (b) and backscattered (c) electrons. Here and hereafter, Sp — sphalerite, Gn —
galena, Ccp — chalcopyrite, Apy — arsenopyrite, Fsp — K-feldspar.

@

iy

Au - Au N
1 (800%o) (770-800%o) -

u “ - \‘ v
10 pm (763—794%b) I\ Y

Figure 5. Large, small and finely dispersed native gold in association with arsenopyrite: (a) and (b) —

inclusions of galena and gold in arsenopyrite; (c) — gold in association with arsenopyrite crystals and
quartz. In parts (b) and (c) the gold fineness is indicated in parentheses. Images are given in reflected
light (a) and backscattered electrons (b and c).
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Shm § ? i |
Figure 6. Native gold in pyrite: (a) — gold, chalcopyrite, Ag-bearing tetrahedrite and arsenopyrite
in pyrite; (b) — finely dispersed and micron gold inclusions in pyrite; (c) — inclusions of gold and
arsenopyrite crystals in pyrite. Images are given in reflected light. Here and hereafter, Py — pyrite,
Ttr — tetrahedrite.

B

Figure 7. Inclusions of finely dispersed and small native gold in pyrite: a — gold in a pyrite crystal
embedded in arsenopyrite; (b) — gold inclusion in a pyrite cavity; (c) - numerous inclusions of gold
and galena in a pyrite crystal embedded in arsenopyrite. Images are given in reflected light (a and b)
and backscattered electrons (c). Pyh — pyrrhotite.

Figure 8. Inclusions of finely and ultra-dispersed gold in arsenopyrite. Images are given in backscat-
tered electrons.

4.2.2. “Invisible” gold in arsenopyrite and pyrite

Using the AAS-ADSSC method, the concentration levels and species of the “invisible”
gold in arsenopyrite and pyrite crystals were studied. The crystals of these sulfides were
taken from samples consisting of monomineral fractions of arsenopyrite and pyrite of
different sizes, which were previously analyzed by PCA-AAS for Au. The results of the
generalization of the available and newly obtained data are shown in Table 2.

Two non-mineral species of “invisible” uniformly distributed gold were found in
arsenopyrite and pyrite: structural and surficial (Table 2). The structural form corresponds
to a chemically-bound element in the mineral structure; the predominant surficial form
is confined to nano-sized non-autonomous phases (NAPs) and exists in a surface layer
of the crystal. The proportions of the last form of the total content of “invisible” gold
in arsenopyrite and pyrite from vein and veinlet-vein ores range from 81.8% to 99.9%
and from 90.4% to 98.1%, respectively. These proportions are slightly lower in sulfides
from veinlet-disseminated and disseminated ores sampled from silicified siltstone in the
ore lode. They are from 61.3% to 96.8% and from 44.0% to 95.7% in arsenopyrite and
pyrite, respectively. The smallest proportions of the surficial form of gold are typical for
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Table 2. The content of “invisible” gold in arsenopyrite and pyrite crystals from various ore types of
the Natalka deposit. AAS-ADSSC data

Sample No. Ore type Au (ppm) Psur (%)
Cint Cay Cstr Csur
Arsenopyrite
M-129/10 \% 24.1-141 (26) 55.9 6.77 30.43 81.8
M-129/10-2 \% 15.0-140 (41) 62.5 3.35 30.85 90.2
M-161/10 \Y% 2.3-20.1 (24) 18.9 0.07 6.12 98.9
M-131/10 \A% 1.9-146 (33) 62.6 0.01 17.05 99.9
M-131/10-2 Vv 3.1-31.0 (32) 11.6 0.23 6.45 96.5
G-9/13 \4% 1.9-59.3 (36) 14.4 0.21 5.53 96.3
G-9/13-2 \A% 2.2-59.3 (41) 18.5 0.26 5.41 95.5
TPM-1/1 \A% 31.5-124 (49) 125.1 5.01 54.59 91.6
Nat-10 VD 1.9-8.2 (38) 5.1 1.21 1.91 61.3
Nat-10-2 VD 2.1-7.9 (35) 4.8 0.42 2.19 83.9
UV-3/13 VD 0.8-5.9 (54) 2.2 0.12 1.30 91.5
VK-2/10 D 1.0-3.2 (29) 2.5 0.04 1.21 96.8
VK-2/10-2 D 0.9-2.9 (10) 2.1 0.56 0.55 49.5
Pyrite
M-161/10 \Y% 6.9-47.1 (43) 36.3 0.35 17.22 98.1
M-161/10-2 v 2.0-7.4(27) 4.5 0.18 3.60 95.2
TPM-1/1 \4% 1.8-7.9 (30) 6.2 0.32 3.40 91.4
TPM-1/2 \A% 1.7-7.6 (19) 5.9 0.33 3.10 90.4
Nat-10 VD 3.1-8.5(39) 5.3 1.80 2.71 60.0
Nat-10-2 VD 3.1-8.1 (32) 5.5 2.20 1.73 44.0
Uv-3/13 VD 1.0-6.0 (52) 2.7 0.29 1.41 82.8
UV-3/13-2 VD 1.3-5.0 (26) 2.6 0.47 1.31 73.7
VK-2/10 D 2.0-3.9 (18) 2.8 0.05 1.10 95.7
VK-2/10-2 D 1.1-2.0 (11) 1.6 0.39 0.37 48.6

Notes: Cjnt is the interval of Au contents in samples (weight 2—-5 mg) consisting of “ideal” arsenopyrite and pyrite crystals of different sizes with
a well-defined morphological form, the number of analyzed samples (crystals) is given in parentheses; C,y is the average Au content in samples; Cstr is
the content of the Au structural form; Cgy; is the content of the Au surficial form; Pgy; is proportion of the Au surficial form. For a brief description of
the samples from which arsenopyrite and pyrite were taken, see Table 1.

arsenopyrite and pyrite from disseminated ores sampled from slightly altered siltstone
shale in the ZDSM: 49.5% and 48.6%, respectively.

4.3. Gold on the surface of arsenopyrite and pyrite crystals

Using the LA-ICP-MS method, the first data were obtained through studies of Au
concentrations on the surface of arsenopyrite and pyrite crystals from the highest grade
vein and veinlet-vein ores. Two crystals of arsenopyrite (samples M-161/10 and M-131/10)
and two crystals of pyrite (samples M-161/10 and TPM-1/1) were analyzed. On the surface
of each of these crystals, the laser burned two to three tracks. In order to study the
distribution of Au contents with depth, the laser passed along each track six times. In one
pass, a layer of 1.0 um was burned. After six laser passes, the total depth of the tracks was
6.0 um. The results of the layer-by-layer distribution of Au contents in arsenopyrite and
pyrite crystals are shown in Figure 9 and Figure 10. The figures show that the maximum
Au concentrations are confined to the surface layer (surface) of 0.0-1.0 um. With each
subsequent laser pass (from 2.0 to 6.0 um), they gradually decrease. These patterns are
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evident in all tracks passed on all four sulfide crystals. The highest Au contents are typical
for the surface of arsenopyrite and pyrite crystals from vein ores: up to 92.3 ppm (average
is 44.3 ppm) and up to 52.7 ppm (average is 32.1 ppm), respectively (Figures 9a, 10a).
Lower Au contents were found on the surface of arsenopyrite and pyrite from veinlet-vein
ores: up to 19.8 ppm (average is 17.1 ppm) and up to 18.9 ppm (average is 15.1 ppm),
respectively (Figures 9b, 10b).

(@ (®
C (ppm) C (ppm)
125+ M-161/10 sample 251 M-131/10 sample
(vein ores) (veinlet-vein ores)
Arsenopyrite crystal Arsenopyrite crystal
1004 20 <—19.8 ppm
<«—92.3 ppm
\\¢<—17.1 ppm
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\\ Average (tracks 1-3)
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Figure 9. Distribution graphs of average Au contents (C) in surface layers (k) of arsenopyrite crystals
taken from samples M-161/10 (a) and M-131/10 (b), according to LA-ICP-MS analysis. Natalka

deposit. 9
(@) (b)
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701 M-161/10 sample 251 TPM-1/1 sample
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Figure 10. Distribution graphs of average Au contents (C) in surface layers (h) of pyrite crystals taken
from samples M-161/10 (a) and TPM-1/1 (b), according to LA-ICP-MS analysis. Natalka deposit.

4.4. Estimation of gold content in ore-forming fluid

When studying the distribution and segregation features of rare trace elements (in our
case, gold) during the growth of ore mineral crystals in hydrothermal systems to estimate
the Au content in the ore-forming fluid (C,q) of the Natalka and Degdekan (for comparison)
orogenic gold deposits, we used the Au content in the structural form in natural pyrite
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and the distribution coefficient (Dg,) for the same form, determined experimentally for
hydrothermal systems [Tauson et al., 2011, 2018a, 2019]. The results obtained are presented
in Table 3. The maximum Au contents were established in the ore-forming fluid of the
Natalka deposit (1.8-22.0 ppm), and the minimum ones were established in the ore-forming
fluid of the Degdekan deposit (1.3-2.1 ppm).

Table 3. Comparative assessment of gold content in ore-forming fluid based on pyrite composition of
the Natalka and Degdekan gold deposits (North East Russia)

Sample No. Ore type N Au (ppm)

Cstr Csulr Caq

Degdekan
DG-10/14 \A% 48 0.15 1.31 1.5
DG-10/14-2 Vv 44 0.13 1.12 1.3
M-163/10 VD 59 0.21 0.51 2.1
M-163/10-2 VD 45 0.19 0.43 1.9
Natalka

M-161/10 v 43 0.35 17.22 3.5
M-161/10-2 v 27 0.18 3.60 1.8
TPM-1/1 \A% 30 0.32 3.40 3.2
TPM-1/2 Vv 19 0.33 3.10 3.3
Nat-10 VD 39 1.80 2.71 18.0
Nat-10-2 VD 32 2.20 1.73 22.0
UV-3/13 VD 52 0.29 1.41 2.9
UV-3/13-2 VD 26 0.47 1.31 4.7

Notes: N is the number of crystals; Cgt; is the content of the Au structural form; Cgyy is the content of the Au
surficial form; Caq is Au content in ore-forming fluid. For gold, the average value of Dgt; is taken to be 0.1 [Tauson
et al., 2018a]. The Degdekan gold deposit is located 60 km north of the Natalka deposit and is also orogenic.

5. Discussion

According to the data we obtained (AAS method), the maximum Au contents (ppm)
are found in the highest grade vein and veinlet-vein ores: 109.1 (average is 29.2) and
106.9 (average is 27.2), respectively. For veinlet-disseminated ores, lower Au contents are
common: no more than 2.90 ppm (average is 1.33 ppm). For poor disseminated ores, which
are part of the ore lode and the ZDSM, the maximum Au contents (ppm) are 0.6 (average is
0.11) and 0.19 (average is 0.08), respectively.

According to the PCA-AAS data, not only arsenopyrite, but also pyrite of the Natalka
deposit is a gold concentrator (Table 1). The highest contents (ppm) are found in monofrac-
tions of arsenopyrite and pyrite from vein ores: up to 1383 (average is 626.1) and up to
250.1 (average is 70.5), respectively. The lowest Au concentrations are typical of dissemi-
nated ore sulfides. For arsenopyrite and pyrite from the ores, which are part of the ore lode,
the maximum Au concentrations (ppm) are 3.8 (average is 3.1) and 3.4 (average is 2.9),
respectively. For pyrite from disseminated ores of the ZDSM, the maximum Au content is
1.7 ppm (average is 1.1 ppm). Arsenopyrite in ZDSM is extremely rare.

Despite the fact that, at present, there is a depletion of the raw material base of easily
processed ores, poor disseminated ores of the ZDSM do not cause practical interest in terms
of gold mining at the Natalka deposit. In addition, these ores belong to the category of
“refractory” ores. However, if we take into account the volume of their occupied areas and
the fact that new modern methods of extracting refractory gold from sulfide concentrates
already exist, in the future such ores can become a promising source for gold in the mineral
resource base of noble metals in Russia. It is important to note that gold mining from
disseminated ores is already underway in the Russian North-East at such large deposits as
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Degdekan and Pavlik (Magadan region), Mayskoye (Chukotka), Nezhdaninskoye, Badran,
Malo-Tarynskoye, Khangalas, Sentachan and Kyuchus (Yakutia). At these deposits, as well
as at the Natalka, a significant portion of gold is present in dispersed form in arsenopyrite
and pyrite [Bortnikov et al., 2004; Fridovsky et al., 2022; Genkin et al., 1998; Litvinenko, 2009;
Moskvitin et al., 2023; Novozhilov and Gavrilov, 1999; Sidorova et al., 2020, 2022; Volkov et al.,
2016].

As was shown previously, in vein, veinlet-vein and veinlet-disseminated ores, the free
gold predominates. The main gold carriers are gangue minerals (primarily quartz), and the
main concentrators are sulfide minerals [Goncharov et al., 2002; Goryachkin et al., 1999].
The obtained data using LM and EPMA methods, confirm that up to 85% of gold in the
Natalka ores is represented by free native gold associated with gangue minerals (primarily
quartz, less often feldspars) and ore minerals, the main ones of which are arsenopyrite
and pyrite (Figures 3 -7). Gold grains of 0.01 to 2.0 mm in size are prevalent. Up to 20%
of gold is finely dispersed particles (< 0.01 mm in size) of native gold, most of which is
associated with sulfide minerals (Figures 4-8). The fineness of finely dispersed inclusions is
often higher (750-990%o) compared to larger gold (720-860%o). Free gold with an average
fineness of 700-850%opredominates (Figure 11).
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Figure 11. Fineness histogram of free native gold of the Natalka deposit according to [Savva et al.,
2022] with minor changes. Number of gold grains is 43.

According to previous researchers [Goncharov et al., 2002], chemical and spectral
analysis revealed (in addition to Ag) impurities of Fe, Ti, Al, Sb, As, Hg, Se, Mo, Cu, Pb, Zn,
Sn, Bi, Ni and Mn in native gold. The total content of these elements did not exceed 1%.
According to [Savva et al., 2022], the quantitative spectral method established impurities
of As, Sb, Hg and Pb. At the same time, the As concentrations varied in the range from
0.5 to 18.7 ppm, and the total concentration of all other impurities did not exceed 50 ppm.
According to our data, obtained previously using the EPMA method, most of the listed
elements are found in native gold in the form of micro-inclusions of their own minerals.
The qualitative and quantitative composition of the impurity elements, established by the
same method at the present time, is relatively poor. The impurities in gold, in addition to
Ag, are often Fe and S only, less common are Bi, As, Hg, Cu and Se, and at single points —
W and Pb. These admixtures, being in the invisible mode in native gold for the most part,
are probably also represented by proper mineral forms, but only ultra-disperse and nano-
dimensional ones (<0.1 um). It is assumed that W and Sn impurities are usually associated
with the influence of granitoids on the geochemical specialization of gold mineralization
[Goncharov et al., 2002; Savva et al., 2022; Volkov et al., 2016]. This statement confirms the
point of view of researchers who believe that magmatic fluids actively participated in the
formation of ores [Goncharov et al., 2002; Goryachev et al., 2008; Mikhalitsyna and Sotskaya,
2020; Savva et al., 2022; Volkov et al., 2016].
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Earlier, by scanning electron microscopy with energy dispersive X-ray spectrometry
(SEM-EDX), we determined the following impurities in one of the gold particles (wt. %):
Pt (0.42 to 0.73), Os (0.30 to 0.33), Ir (0.29 to 0.33) and Rh (0.10 to 0.16) [Kravtsova et al.,
2020a]. In detail, the distribution features and speciation of platinum group elements in
the ores of the Natalka deposit are given in [Kravtsova et al., 2015, 2020b]. It was shown
that arsenopyrite and pyrite are the concentrators of not only gold, but also platinoids. The
ability to extract these precious metals, primarily Pt, significantly increases the value of the
extracted auriferous raw materials. We consider it necessary to emphasize that the study of
the platinum-bearing gold deposits and the platinum group elements in the carbonaceous
rocks and black-shale strata in general, is currently one of the most promising areas of
research, both in Russia and abroad. These deposits are considered to be a new, promising
mineral resource by many researchers.

Using the AAS-ADSSC method, in addition to finely dispersed, micron and submi-
cron particles of elemental gold (Au’), two non-mineral species of “invisible” uniformly
distributed gold were found in arsenopyrite and pyrite, namely structural and surficial
(Table 2). The structural form corresponds to a chemically-bound element in the mineral
structure. The predominant surficial form is confined to nano-sized NAPs and exists in
a very thin surface layer of the crystal. The thickness of this layer, according to LA-ICP-MS
data (Figures 9, 10), is 0.0-1.0 pm; according to experimental data [Tauson et al., 2009], it is
<0.5 pm. Gold-rich NAPs are part of the so-called impurity component on the surfaces of ar-
senopyrite and pyrite crystals. The surficial form proportions of total content of “invisible”
gold in sulfides of the ore lode vary in arsenopyrite from 81.8% to 99.9%, in pyrite — from
94.4% to 98.1%. This feature is probably characteristic of the later hydrothermal stages of
ore formation. Relatively small proportions of surficially bound gold are found in sulfides
of the ZDSM: no more than 49.5% in arsenopyrite and no more than 48.9% in pyrite, which
is almost comparable with the proportions of structural gold (Table 2) and is most likely
associated with the formation features of the deposit at the early metamorphogenic stage.

Previously conducted SEM-EDX studies of the surface layers of arsenopyrite and
pyrite crystals confirmed the presence of high Au content in them [Kravtsova et al., 2020a].
An earlier detailed study of the surface layer of one of the arsenopyrite crystals using the
LA-ICP-MS (the maximum track depth for one laser pass was 100 nm, the total pass depth
was 600 nm) showed that the maximum average contents of “invisible” Au (23.6 ppm) are
characteristic of a thin surface layer of 0-100 nm (Figure 12).

According to previous studies, along with “invisible” gold in the Natalka deposit
ores, micro and finely dispersed inclusions of native gold are often developed on the
surface and in the surface layers of sulfide crystals taken from ore veins and veinlets
[Kravtsova et al., 2020a]. It is assumed that micro and nanoparticles of metallic Au’ can be
formed during post growth transformations of primary nano-sized NAPs. The appearance
of micro-mineral forms of native gold in sulfide crystals and within their near-surface
layers supports the assumption of partial transformation and directed aggregation of Au-
containing nano-sized NAPs [Tauson et al., 2014, 2018b]. As a result, Au’ particles are
formed, ranging from nano- to submicron-sized. This makes it possible to extract such
gold during ore beneficiation.

The existence of nano-sized gold in arsenopyrite and pyrite from deposits of different
genesis is confirmed by many researchers, but there is no single point of view about its
speciation in these minerals [Ehrig et al., 2023; Fougerouse et al., 2016; Gao et al., 2019;
Herrington and Wilkinson, 1993; Hough et al., 2011; Kravtsova, 2010; Li et al., 2019; Liang
et al., 2023; Palenik et al., 2004; Pals et al., 2003; Saunders and Schoenly, 1995; Sidorova
et al., 2020, 2022; Tauson et al., 2011, 2014, 2018b; Volkov et al., 2006]. Although there
are many examples, we will only consider a few of them. When studying gold from the
Natalka and Mayskoye deposits using the EPMA method, A. V. Volkov and his co-authors
came to the conclusion that impurity gold in arsenopyrite exists in the form of nano-sized
particles [Volkov et al., 2006]. The existence of “invisible” gold also in the form of an ionic
complex (Au") and various domain complexes cannot be ruled out. Thus, it is assumed

Russ. J. Earth. Sci. 2025, 25, ES1014, EDN: KAOXTP, https://doi.org/10.2205/2025es000990 14 of 21


https://elibrary.ru/KAOXTP
https://doi.org/10.2205/2025es000990

GoLp 1N Ores OF THE NATALKA GIANT DEPOsIT (NOrRTH EAST RUssia). .. KravTsova AT AL.

C (ppm)
351

304
257

\ <—23.6 ppm

20+

0 T T T T T 1
0 100 200 300 400 500 600

h (nm)

Figure 12. Distribution graph of average Au contents (C) in the surface layers (h) of arsenopyrite
crystal (M-129/10 sample) based on LA-ICP-MS data according to [Kravtsova et al., 2015] with minor
changes and additions. Natalka deposit.

that the “invisible” gold in the pyrite of the Emperor deposit (Fiji) is included in the pyrite
structure as an Au-containing complex. Gold is coordinated as ionic gold (Au™) [Pals et al.,
2003]. According to [Gao et al., 2019], depth profiles obtained by the LA-ICP-MS during
the study of trace elements in pyrite of the Huanxiangwa gold deposit (North China)
show that “invisible” gold occurs both as solid solution and as homogeneously distributed
nanoparticles of native gold, electrum or Au-Ag-Te minerals, as well as in the form of nano-
and submicron-sized inclusions of complex Au-Ag-Cu-Pb-Zn domains. According to [Li
et al., 2019], at the Baiyun gold deposit (North East China), “invisible” gold in pyrite of an
earlier generation exists, in addition to nano-sized or homogeneous inclusions, also in the
form of a solid solution. The appearance of visible gold in micro-fractures of later pyrite is
thought to be the result of mobilization of earlier nano-sized gold.

Gold nano-sized particles, most importantly, are present not only in sulfide minerals.
V. Yu. Prokofiev and co-authors [Prokofiev et al., 2020], while studying drill core of the
Kola super-deep borehole SG-3 at a depth of 9052 to 10744 m, found fluid inclusions
containing gold nanoparticles in vein quartz. It is assumed that the presence of gold in
the form of nano-sized particles in fluids formed during regressive metamorphism of host
rocks precedes metamorphic and magmatic fluids that form orogenic gold deposits. It
is believed that a significant portion of nano-sized gold can be transported in fluids in
the form of colloids in large quantities and that the main concentrators of such gold are
sulfides. This point of view is quite widespread [e.g., Herrington and Wilkinson, 1993;
Hough et al., 2011; Kravtsova, 2010; Saunders and Schoenly, 1995]. Experimental studies
have begun to appear on gold nanoparticles formed on the surface of quartz crystals in
the form of submicron islands [Akimov et al., 2024]. All of the above indicates the need to
study surficially bound forms of gold not only in sulfide but also in gangue minerals. The
relevance of continuing further research in this direction is obvious and important both
theoretically and practically.

The structural form of “invisible” gold in the crystals of the sulfides studied, like the
surficial form, is also extremely important, even despite its significantly lower concentration
compared to the second form (Table 2). It is shown that only data on the content of the
structural form of gold in pyrite crystals can be used as an indicator of activity of the
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element in a hydrothermal solution [Tauson et al., 2011, 2014]. Our assessment of the Au
content in the ore-forming fluid of two orogenic gold deposits located in relative proximity
to each other showed that the fluid of the Natalka deposit is enriched in gold (1.8-22.0
ppm) compared to the fluid of the Degdekan deposit (1.3-2.1 ppm). This difference in Au
content is consistent with the scope of the two deposits, as the Natalka giant gold deposit
is significantly larger in size and gold reserves than the Degdekan deposit (Table 3).

The first data on the study of Au concentrations on the surface of arsenopyrite and
pyrite crystals, obtained by the LA-ICP-MS method, confirmed the conclusions obtained
by other methods. These data revealed a high degree of enrichment of the surface layer
of crystals compared to the matrix: in arsenopyrite up to 92.1 ppm, in pyrite up to
52.7 ppm (Figures 9, 10). That is in principle agreement with the nature of the distribution
and concentration levels of “invisible” gold in surface-bound NAPs: up to 54.5 ppm in
arsenopyrite and up to 17.2 ppm in pyrite (Table 2). Previous detailed studies have shown
that the highest concentrations of “invisible” gold (23.6 ppm), due to NAPs, are confined
to the uppermost surface layer of arsenopyrite up to 100 nm deep (Figure 12). It can
be assumed that these features are characteristic of not only arsenopyrite, but perhaps
represent a general pattern.

6. Conclusions

The generalization and systematization of recent and newly obtained data on the
content, distribution and speciation of gold in ores and sulfide minerals of the Natalka
deposit are carried out. It is shown that vein and veinlet-vein ores are the highest grade
in gold, vein-disseminated ores are the fewer grades, and disseminated ores are poor.
According to the AAS data, high average Au contents are found in vein and veinlet-vein
ores: 29.2 ppm and 27.2 ppm, respectively. Low average Au contents are common for
veinlet-disseminated and disseminated ores, which are part of the ore lode: 1.33 ppm and
0.11 ppm, respectively. For poor disseminated ores of the ZDSM, these contents are the
lowest, 0.08 ppm. It has also been established that arsenopyrite is richest in gold, while
pyrite is less rich in gold. According to the PCA-AAS data, high average Au contents
(ppm) are found in monofractions of arsenopyrite and pyrite from vein ores: 626.1 and
70.5, respectively. Lower average contents (ppm) are typical for arsenopyrite and pyrite
from veinlet-vein ores: 42.5 and 8.5, respectively; as well as from veinlet-disseminated
ores: 30.2 and 4.6, respectively. Arsenopyrite and pyrite monofractions from disseminated
ores of the lode have low average contents: 3.1 ppm and 2.9 ppm, respectively. For pyrites
from disseminated ores, which are part of the ZDSM, the maximum average Au content is
the lowest, 1.1 ppm.

According to the LM and EPMA data, up to 85% of gold in the vein, veinlet-vein
and veinlet-disseminated ores is represented by large and small grains of free native gold
associated with gangue (primarily quartz and feldspars) and sulfide minerals. Gold grains
of 0.01 to 2.0 mm in size are prevalent. Up to 20% of gold are finely and ultra-dispersed
particles (<0.01 mm in size) of native gold. The fineness of such gold is higher (750-990%o)
compared to large and small gold (720-860%o). The qualitative and quantitative composi-
tion of the impurity elements in native gold is relatively poor. The impurities in gold (in
addition to Ag) are often Fe and S only, less common are Bi, As, Hg, Cu and Se. W and Pb
are also detected at single points. The presence of W impurities in gold, and according to
[Goncharov et al., 2002] also Sn impurities, usually associated with granitoids, confirms the
point of view of researchers who believe that magmatic fluids actively participated in the
formation of the Natalka ores.

Using the AAS-ADSSC method, in addition to finely dispersed, micron and submicron
particles of elemental gold (Au’), two non-mineral species of “invisible” gold are found in
arsenopyrite and pyrite, namely structural and surficial. The first one is incorporated into
mineral structure, the second (the predominant one), is confined to nano-sized NAPs on
the crystal surface. The first data on the study of Au contents on the surface of arsenopyrite
and pyrite crystals, obtained using LA-ICP-MS, confirmed the high degree of enrichment
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of the surface layer of crystals compared to the matrix. The proportions of the surficially
bound form of gold from the total content of “invisible” gold in sulfides of the ore lode
are from 81.8% to 99.9% and from 94.4% to 98.1% in arsenopyrite and pyrite, respectively.
Relatively small proportions of surficial gold are found in sulfides of the ZDSM: no more
than 49.5% and 48.9% in arsenopyrite and pyrite, respectively. The results obtained by the
LA-ICP-MS method are generally comparable with the data established by the AAS-ADSSC
method.

We assume that the features revealed by the AAS-ADSSC and LA-ICP-MS methods
are closely related to the conditions of the deposit formation, where at the early metamor-
phogenic stage the proportions of structural gold are almost comparable to the proportions
of surficial gold, and at later hydrothermal stages they decreases significantly, to almost
complete absence. Along with the “invisible” gold, micron inclusions of native gold are
often developed on the surface and within the near-surface layers of sulfide crystals. This
is consistent with the model of post-growth transformations of nano-sized NAPs, which
lead to the appearance of nano- and submicron Au’ particles. A comparative assessment of
the Au contents in ore-forming fluids of the Natalka and Degdekan orogenic gold deposits,
using concentrations of the structural form of gold in natural pyrite and distribution coeffi-
cient for the same form, determined experimentally, showed the full importance of this
form of gold. Only the structural form of gold makes it possible to conduct comparative
assessments of the content of this element in ore-bearing fluids that form gold ore deposits
of various composition and genesis and, as a result, to predict the scope of mineralization.

It is assumed that most of the gold contained in arsenopyrite and pyrite as micron- and
submicron-sized particles and as surficially bound gold in the form of non-autonomous
phases, can be captured with modification of existing flowsheets. To extract the fixed
gold, which is in the sulfides as a structural form, the use of more complex technologies
is required. Therefore, the need to apply new, modern methods for extracting gold from
“refractory” ores is becoming evident. In the long term, this opens up the possibility to
involve disseminated ores of the entire mineralized zone in the processing at the Natalka
deposit. Taking into account amount of space occupied by such zones, in the future they
can become one of the most promising sources for gold in the mineral resources base of
noble metals in Russia.
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