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B crarbe npejicraBien 0630p COBPEMEHHOI'O COCTOSIHUSI U3YUEHHOCTH OCODEHHOCTEH Ie0I0rMIecKoro
CTpOoeHUsI U He(TEra30HOCHOCTU IOXKHOIO cermeHTa KypuiibCKO OCTPOBOJLY?KHOM CHUCTEMBI, J0-
TIOJTHEHHBIN pe3yabTaraMu COOCTBEHHBIX HaOJOIeHn. Paciinpenne MuHepaIbHO-CHIPbEBOi 6a3bI
VAAJIEHHBIX PErMOHOB UI'PAET BaXKHYIO POJIb JIJIsi UX SKOHOMUYECKOro passurus. Hedrerazonoc-
vHocth MOxkubix Kypusn siBisieTca mpemMeToM MHOXKECTBEHHBIX JucKyccmit. Ha ocHoBe anasmsa
HaKOIJIEHHBIX U IOy YeHHBIX aBTOPAMU JAHHBIX YTOYHEHBI OCOOEHHOCTH T'€OJIOTUIECKOTO CTPOCHUS
FOXKHBIX 0CTPOBOB bosbmoit Kypunbckoit rpsaapl. B norennmanbao HETEra30HOCHBIX HEOTE€HOBBIX
OTJIOYKEHUSTX HA OCHOBAHUH MPSIMBIX W KOCBEHHBIX MTPU3HAKOB BBIJIEIEH BEPXHEMHUOIIEH-TIJTHOIEHOBBIN
MEPCIIEKTUBHBIN HE(PTEra30HOCHBIN KOMILJIEKC, B KOTOPOM BO3MOXKHO (POPMHUPOBAHUE JTUTOJIOTH-
YEeCKUX M CTPYKTYPHBIX JIOBYIEK. B pe3yibrare CpaBHUTETHLHOIO aHAJIU3A MEPCIEKTUBHBIX OT-
JIOYKEHUI OCTPOBHOI cyru, akBaropun CpennaHo-Kypnibckoro nmporuba u CMEKHBIX 00bEKTOB
Cesepo-3anaanoit [Tannduku npenmosaraercss Bo3MOXKHasT HedTEra30HOCHOCTD TOPOJL (DYHIAMEHTa,
OCTPOBHOI1 ayTu. Boieienbl Hanbosiee MePCIEKTUBHBIE YIaCTKU C TOUYKU 3PEHUsT HeTEra30HOCHOCTH
Ha CyIlle U aKBaTOPUM, KOTOPBIMU SIBJISIOTCs KyiiObimeBckuit 6,I0K, pacioioyKeHHbIi Ha 0. VTypy,

n 3ayimB Kacarka Cpenurno-Kypuibckoro nmporuba, COOTBETCTBEHHO.

Kumrouessie cioBa: Kypunbckas ocrposrast jnyra, Urypyn, Kysamnmp, 06beKThl JTUTOJIOITIECKOTO

TUMa, He(PTEra30HOCHOCTh KAWHO30MCKUX oTyoxkeHuit, Cpequuano-Kypuabckuii mporub.

Ournposanme: Kpukyn, H. C., 1. A. Babernko, U. B. Tanosuna, u A. M. lypsruaa OcobennocTn
Te0JIOTUYECKOTO CTPOEHUST U MEPCIEKTUBLI HE(DTEra30HOCHOCTH HEOT€HOBBIX OTJIOXKEHUI FOKHOTO
cermenTa Kypuibckoit ocrposomykuoii cucrembl // Russian Journal of Earth Sciences. — 2024. —
T. 24. — ES2001. — DOI: 10.2205/2024es000905 — EDN: MRFSKL

Bsenenue

Teostornyueckoe nzydenrne KypuabCKux OCTPOBOB OTEYECTBEHHBIME CIEIMAJIUCTAMU Ha-
YaJIOCh CO BTOPOI TOJOBHHBI XX B. HecMoTps Ha TO, YTO B Ipe/eaX OCTPOBOJLY2KHBIX
cucrem cesepo-3anauoi ITanuduku BisBIEHbI KPYIIHbIE IPOSBICHNST yIIIeBOAOPoIoB [Xaun
u Ioasaxosa, 2004], mepcrekTuBbl HedTerazoHoCHOCTH KypHIIbCKOI OCTPOBHO# JIyru 110
CUX IIOP OCTAIOTCS BOIPOCOM JIUCKYCCHOHHBIM. Ha JaHHBIM MOMEHT OTKDPBITHAE KPYIIHBIX
[ePCIEKTUBHBIX 00bEKTOB IIPEUMYIIIECTBEHHO BO3MOXKHO B IIesib(OBBIX 30HaX [Egorov et al.,
2021; Mingaleva et al., 2022; Prischepa et al., 2021]. Tem He MeHee, Pe3yIbTATHI MOCJIE]I-
HUX Teodu3nIecKnx paboT, IPenMyIeCTBeHHO MOpCKuX [Maves u dp., 2009; Kposywruna
u dp., 2005], CBUIETEILCTBYIOT O CYIIECTBOBAHUU BO3MOXKHBIX HE(DTEra30HOCHBIX CTPYKTYD
¥ TOTEHIAJIbHON HedrerazonocHoctu Kypuibckoit kKormosuabl. Kpome Toro, cymectByer
Psit T€0JIOTO-Te0PU3NIECKUX TPEJIIIOCHIIOK, YKA3BIBAIOIINX Ha OJIarONpPUSTHBIE YCIOBUS
st (pOpPMHUPOBAHUS ¥ HAKOILIEHHUS yTJIEBOIOPOMIOB B IIpeieax ocTpoBHoil cymu. Ha yaact-
ke naporuaporepm Lopsaunit mwisk (0. Kynamup) B KepHe CKBayKUH ObLIM OOHADYKEHBI
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YTIIEBOZOPOBI HEDTAHOTO psifia, & B MeTacoMmarutax ropel Ilymsra (o. Kynammp) — BbI-
COKOMOJIEKYJISIPHBIE yTJ1eBOI0pobl apadunosoro psama [Aynuves u Cesocmovanos, 1968;
yrunes u dp., 1974]. Kpome Toro, razopasi COCTABISIONAs TePMATbHBIX UCTOUHUKOB Ha,
octpose Urypyn (Topstane Kitoun) conepxxut 10 58 % MeraHa, a B TE€PMaJbHBIX BOJIAX
CrouboBckux ucTouHuKOB Ha ocrpose Kynamup nomumo merana (11,95 %) npucyrcrsyror
rskesbie yraesogopoast (0,3 %) [Aynuves u Tabosros, 1974]. BazkHo orMeTuTh, 910 U3Y-
YeHUe M PaclIipeHne MUHEPAJbHO-ChIPhEBOil 0a3bl YIAJEeHHOIO U CTPATErHnIECKH BasKHOT'O
permoHa, KOTOPhIM sBJISIIOTCsE KypHiIbCKre ocTpoBa, CIOCOOHO MTPUBECTH K €r0 SKOHOMUIe-
ckoMmy pocry u passuruio [Aleksandrova u dp., 2022; Litvinenko u Sergeev, 2019; Shishkin
et al., 2022].

JamHas paboTa MOCBAIIEHA U3YIEHUIO TIOTEHITHAIA HePTEra30HOCHOCTH U YTOTHEHUIO
PeOJIOTIIECKOrO CTPOEHMsT HEOTeHOBOM yacTu paszpe3a octpoBoB Kywarmmp u Urypyn. s
JIOCTUKEHUS IAHHOI 11eJT1 OBLIN PEIeHbI CJIe Y OIINe 33/1a9n: YTOYHEHe OCOOEHHOCTE! JINTO-
JIOTUYIECKOTO COCTaBa HEOTEHOBBIX OTJIOXKEHUN TEePPUTOPUH, UX (PUILTPAITMOHHO-eMKOCTHDIX
CBOWICTB; BBIJIEJIEHUE MIEPCIIEKTUBHBIX HE(DTETa30HOCHBIX KOMIIJIEKCOB; CDABHUTEIHHBIN aHa-
JIN3 MEePCIEeKTUBHBIX OTJIOXKEHHU ocTpoBHON cymm, akBaropun Cpemnuuuo-Kypuibckoro
nporuba u cMexkHbIX 00bekToB Ceepo-3amasnoit [lannduku; onpejesieHne crpaTeruu
JAJBHEHRINero n3yYeHust MePCIeKTUBHBIX 00bEKTOB.

Teosrornaeckoe cTpoenue paiioHa

Kypunbckas ocTpoBHast Ayra, PACIONOKEHHAS B CEBEPO-3aIaIHON JacTu THUXoro oke-
aHa, IpeJICcTaBisgeT cOOOI JyrooOpPa3Hyo Ielb OCTPOBOB, KOTOPhIE BEHYAIOT BBITSIHYTOE
IIO/IBOJIHOE TIOMHSATHE U OTAeNsA0T KypuibcKyo KOTI0BUHY OT riiybokosomuoro Kypuo-
Kamuarckoro xkenoba [Aedetiko u dp., 2000; Schellart et al., 2003]. B cocrase Kypuibckoit
OCTPOBOJIY2KHOI CUCTEMbI MOXKHO BBIIEIUTH Byakanndeckyio (Bosbias Kypuibckas rps-
1a) n Hepyakanudeckyto (Masast Kypuibckast rpsizia u mofsonsbiit xpeber Bursisst) ayru,
KOTOpBbIE oTjIesieHbl aApyr or apyra Cpenunno-Kypusiabckum nporutom (puc. 1).

Haubosee npeBHUE MeJIOBBIE U TIAJIEOTEHOBBIE OTJIOXKEHUS HA IOBEPXHOCTHU 3aKAPTUPO-
Banbl B nipejiesiax Masbeix Kypua. I[lpemmonaraercs, 9ro oHE Takzke (POPMUPYIOT HUMKHIOK
JacTh paspesda ocajodnoro dexsa Cpenuaao-Kypuibckoro mpornba m mepekpbIBAIOTCS
cpeze(?)-BePXHEMUOIEHOBBIMU OTJIOKEHUAME, C(OPMUPOBABIIUMUCA B MOPCKUX OCAJI0Y-
HBbIX HacceifHax, U aHAJOIMIHBIMU MeJI-IIAaJIEOIeHOBBIM 00Pa30BAHUSIM BOCTOYHOTO XOKKAMI0
[Hanagata and Hiramatsu, 2005].

ITo moBoy reostornteckoro pazpesa 00pa30BaHUil, BBIXOIBI KOTOPHIX 3aKAPTHPOBAHBI HA
ocrpoBax Bosbmmoit Kypuabckoit rpsijibl, CymecTByIOT aBe ToUKHU 3pernsi. CoryiacHO TepBoii,
B I€0JIOTMYECKOM CTPOEHHH OCTPOBOB IPUHUMAIOT yYacTHe IPEUMYIIECTBEHHO BYJIKAHO-
reHHble 00Pa30BaHUsl MUOLEH-YeTBEPTUIHOIO Bo3pacta [[ocydapemeentas 2eonozuseckas
xapma Poccutickoti @edepayuu macwmaba 1:200 000, 2002; Tocydapcmeennasn eeonozuveckas
kapma Poccutickot @edepayuu macwmaba 1:200 000, 2008; Talovina et al., 2022].

Teosrormyeckuit pa3pe3 OCTPOBHOM CyIIM IIPEACTABIEH CTPATHMUIINPOBAHHBIMA HEOT'€H-
9eTBEPTUIHBIMU 00PA30BAHUSIMU, B OCHOBHOM BYJIKAHOTE€HHO-OCAI0YHOI0, BYJIKAHOTE€HHO-
KJIACTUIECKOTO U 0Ca0uHOro no [Bozamukos u dp., 2008] reHesuca, KOTOpble IPOPBAHBI
KOMAarMaTHIHBIMU CYOBYJIKAHMIECKUMA U SKCTPY3UBHO-KEPJIOBBIMH Tesamu (puc. 1).

Hwmxnsas gacts paspe3a HEOT€HOBBIX MOPOJ, COMEPXKUT JUCTOINPOBAHHBIE OTJIOXKEHUST
poIbakoBckoil (BepxHemuoneH(?)-HIKHEILIMOIEHOBO ) CBUTHI, BKJIIOYAIONIEH (haruaabHo-
U3MEeHYruBble OCHOBHBIE, CpeJIHne u, B MeHbINEen CTeIlleH, KHUCJIble BYJIKaHUYECKUe
U BYJIKAHOI€HHO-OCaJIOUHbIe 1I0poJbl (puc. 2). PribakoBckas cBUTA MEPEKPHITA ILIAOLE-
HOBOI KaMyHUCKO# CBUTOH, IPEACTABACHHONA IIPEUMYIIECTBECHHO BYJIKAHOICHHO-0CaJ0YHbIMUA
00pa30BaHUSIMHI KHUCJIOTO COCTaBa.

HuxnenneitctoreHoBbie m1aToba3aabThl (DPEraTcKOit TOIIN 3aHIMAIOT TPOMEKYTOU-
HOE ITOJIOYKEHUE MEXKYy HEOT€HOBBIMU M U€TBEPTUIHBIMU IOPOIAMHU.

BynkauuTsl, chopMUpOBABIIMECS B Y€TBEPTUIHBIN IIEPHUOJ, XaPAKTEPU3yITCs [IECTPO-
TOM TTeTPOTrPadUIECKOr0 COCTABA U BKJIOYAIOT B ce0st 6a3aabThl U aHIe3UTHI OOraThIPCKO
TOJIIIH, 8 TAKKe JIAIUTH ¥ PUOIAIUTHI TOJIOBHIHCKON U POKOBCKOl CBUT.
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Puc. 1. YupoiernHast cxeMa Te0JIOTHIeCKOrO CTPOEHUsT I0xKHOIN dactu Kypuiabckoit ocTpoBHO# myru
(o [Kosmymnosuw u dp., 2002], ¢ ©3MeHEHUSIMA U JAONOJHEHUSIMY aBTOPOB). YCJIOBHBIE 0003HAYEHUS:
1 — cybBynkannaeckme obpasoBanms (a — BHEMACIITaOHBIE, 6 — MacmITabUpyeMble); 2 — IKCTPY3UBHO-
JKePJIOBbIE 00PA30BAHNUS YETBEPTHYHOIO BO3PACTa; 3 — BepXHEMUOIEH (7)-IIHOIeHOBbIE HHTPY3UBHbIE
00pa3oBaHms MPACOTIOBCKOTO KOMILIEKCa; 4-9 — crparnduIimpoBaHHble ByIKAHOTE€HHBIE 00PA30BAHUS:
4 — pBIGAKOBCKOI CBUTHI; 5 — KaMyHCKOIl CBUTHI; 6 — dpperaTckoit Tosu; 7 — TOJIOBHUHCKON CBUTHI;
8 — pokoBCKO#t cBUTHI; 9 — GoraTbipckoil Tommuy; 10-12 — pa3pbiBHble HapyIieHusi: 10 — rjaaBHbIE;
11 — BrOopocrenenunnie; 12 — npoune; 13 — KOJIbIEBBIE CTPYKTYPHI; 14 — NEPCHEKTUBHBIE yIaCTKA

(I — Banus Kacarka; II — Kyii6bimesckuii 6J10K).

CornacHo BTOpO# TOUYKe 3peHust Ha reosiorndeckoe crpoerne Fxupix Kypni, Byakano-
reHHBIMU 00pPa30BaHUSAME Ha OCTpoBax Boubmioit Kypuibckoil gyru ciioykeHa Juinb BEPXHSIs
JacTh pa3pe3a MomuocThbio 2000-2500 M, a HUXKe JeKaT MMaJleOreH-HIKHEMUOIIEHOBBIE
MOPCKHE 0CaJI0YHbIE TOPOJIBI MOITHOCTHIO 0KOJI0 4000 M. DTH mpejcTaBieHus 6a3upyOTCs
Ha nposesienHoM B 1985 r. Caxasmuckum TTY MarHMTOTE/LIypPHUYECKOM 30HIUPOBAHUU
B HeHTpaibHOl uacTu o. Urypyn B upesenax Kyiiboiesckoro 6ioka [ Tiompun u dynuues,
1985].

IIo pesysnpraraM MarHUTOTEJIIYPHYECKOTO 30HIMPOBAHUS YCTAHOBJIEHO, YTO:

e B OCHOBAaHWH pa3pe3a BBIIEJSETCs TOPU30HT € OYEHBb BBICOKMMHU 3HAYEHUSAMH 3JIEKTPU-
Y€CKOT'O COIPOTHUBJIEHUS 0PoJ (Py ), iybuHa 3ajeranust Koroporo okoso 6000-8000 .
Takune napamerpsl 3HaueHuil px Ha CaxajmHe XapaKTEPHBI JJid KPUCTAIINYECKOrO
dbyHmamenTa;

e  Boume 3aseraer MomHas (3000-3500 M) HuzkooMmHas (py ~3—4 Om-m) Tosmma. Io anaso-
UM ¢ U3y9IeHHBIMI paspe3amu CaxaJimHa MOXKHO [IPEJIIOJI0KATh, 9TO JIAHHBI TOPH30HT
CJIAral0T TEPPUTEHHBIE TIeCIAHO-TIINHUCTHIE OTJIOXKEHUS;

®  HHU3KOOMHYIO TOJIILY IIEPEKPHIBAET T'OPU30HT MOBBIIMIEHHOTO JJIEKTPHIECKOTO COIPOTUB-
senust (px ~30-60 Om-m) momtaocThI0 2000-2500 M, XapaKTEpPU3YIOIIHiT IPENMYIIIe-
CTBEHHO BYJIKAHOT€HHBIE OOPA30BAHUSI.
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Puc. 2. Cogusiit crparurpadundeckuii pa3pes ceBepHoil dactu o. Vtypyn. MoIHocT yKa3aHsl,
corsacHo obbsicauTesbHOMN 3amucke k ['TK-200/2 [Kosmynosuy u dp., 2002].
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MaTepI/Ia.TIbI 1N METO/bl

B 2019-2020 rr. Ha uccieyemMoil TeppUTOPUN aBTOpaMu ObLIO mpoiineHo 6osee 200 KM
re0JIOTUYECKUX MAPUIPYTOB B XOJE IIOJIFOTOBKH TPETHEro MMOKOJIeHns [ocyapcTBeHHON reo-
Jormdaeckoit kaprel MaciiTaba 1:1 000000 (Focynapcrsennoe 3amanue ®T'BY «BCET'EUN»
14.01.2021 r., 49-00016-21-00, BermanHoe PenepaabHbIM areHTCTBOM IO HEJIPOIOIb30Ba-
uuio). [losryueHHbIE B X071 TIPOBEIEHUST TIOJIEBBIX PAGOT IEPBUYHBIE M€0JIOTMIECKHE JAHHBIE
¥ KaMEHHBI MaTepuaJji, & TaKyKe APYTHhe CBEeIEHUsl O I'EOJIOTUIECKOM CTPOCHHH DAROHA
HCCJIEIOBAHUS, B TOM YHUCJE JIaHHBbIE NUCTAHIIMOHHOIO 30HIMPOBAHMNS, [TOCJIELYIOIIEee CO-
[TOCTABJIEHNE TIOJIyYeHHBIX JIaHHBIX C (DOHOBBIMU OTYETAMU U MaTepUaaMU, TTO3BOJIIIN
aBTOPaM YTOYHUTL BO3PACT, HeTPOrpadIecKuil COCTAB U IPAHUIIBI T€OJIOIMIECKUX [T0/IPA3-
nenennit FOxubrx Kypuit, T0m0oHATEIFHO U3YYUB ONTUKO-MUKPOCKOITMIECKUM METOIOM
[IOTEHINAJIBHBIE TTOPOJIBI-KOJIJIEKTOPBI yTJIEBOI0PO/IOB.

OrenbHbIil 610K paboT BKIIOYAT B cebst cO0p 1 aHasm3 (hOHJIOBBIX U OIyOJIHKOBAHHBIX
JAHHBIX IO MIEPCIIEKTUBAM He(MTEra30HOCHOCTH U I'e€OJIOTHIECKOMY CTPOEHHUIO HEOT€HOBOM
YaCTH pa3pesa TeppuTopun uccjenoBanuii. @oHIOBbIE MaTEPHUAIbl BKIFOUAIN B c€0sl OTYETHI
KaK II0 PErHOHAJBHOMY U3yYEHUIO TEPPUTOPUHU, TAK U OTYETHI 110 IIOMCKOBBIM U IIOUCKOBO-
OIEHOYHBIM paboTaM, pa3BeIKe MECTOPOXKIAEHUN TepMabHbIX ncTOIHUKOB. Ha FOxmbIx
Kypunax npobypeno 6ostee 20 pa3BelOUHBIX U MHIPOrEOJIOITIECKUX CKBAXKWH, TIPU pabo-
T€e C PeTPOCIHEKTUBHBIMU JTaHHBIMUA OCO60€ BHUMaHHUE YJIeJIsAJIOCh OT4Y9eTaM, COAepzKallluM
uadopMaImio 0 pe3yibrarax OypeHus (olmcaHus KepHa, luiama, pesyibrarsl [VIC, naneon-
Tosiorudeckoro anamusa) [Aynuues u Pusnuy, 1967; Kosmynosuyw u dp., 2002; Iledan u
Jyueuro, 1976; Hlanowruxos, 1974; IHlanownukos u Ydodos, 1974].

s vcce10BaHus JTUTOJIOIMIECKOH U (paIraaIbHOl N3MEHYNBOCTA HEOTEHOBBIX OTJIO-
JKEHWIA, BBIJIEJICHUs] TIEPCIEKTUBHBIX ITOPO/T KOJIJIEKTOPOB, ObLIIA IIOCTPOEHA, CXeMa, COTIOCTABJIE-
HUsI pa3pe30B 10 CKBaXXMHAM, POOYyPEHHBIM B IIpejieiax ocTpoHoi cymmu FOxubix Kypui
(puc. 3). Tak Kak B pejesIax u3y4aeMoil TepPUTOPHU OTCYTCTBYIOT OIIOPHbIE U IIapaMeTPUIe-
CKWe CKBaXXWMHBI, Pa3pe3 KOTOPBIX BCKPBIBAET O0Jiee ABYX MeOJOTMIECKUX OIPA3IEIeHN, TO
WX COIOCTABJIEHUE YJI00HEe BCErO MPOBOJIUTH, OMUPAsICh Ha TOJIOYKEHNE KPOBJIA PHIOAKOBCKOIA
CBUTBI MO3/[HEMHUOIEH-IIJIMOTIEHOBOTO BO3PACTa. DTO ODYCJIOBIEHO TEM, UTO JAHHOE I'€0JIOTH-
9eCKOe TIOPAa3/IeJIeHe UMeEeT BEChbMa IMUPOKOE PACIIPOCTPAHEHNE B MIPE/IEJIaX OCTPOBHOMN
cymmm (cM. puc. 1) u JOCTATOYHO HAJEKHO BBIAEISETCH 110 JINTOJOTTIECKAM OMUCAHUIM,
pesynbraram ['IC u 110 HaxoKaM KOMILIEKCOB JIMATOMOBBIX Bojopoceil 3oubl Neodenticula
kamtschatica n pammonsipuit 300 Luchnocanium nipponicum u Thecosphaera japonica |Bu-
myxun, 1989; Vwko u Joamamosa, 1986]. B npenenax Kypuibckux oCTpOBOB MaKCUMAJILHO
u3ydeHa OypeHueM ceBepHast 9acTh 0. UTypyn (puc. 3), KOppessiiust paspe3os [0 CKBasKIHAM
B COBOKYIIHOCTH C PE3Y/IbTATAME COOCTBEHHBIX IIOJIEBBIX HAOJIIOMEHII TO3BOJINIIA YTOIHATE
CBOJHBLI Teosorudeckuii paspes ganHoro peruona (cu. puc. 2). s naubosee uzydIeHHOrO
OypenueM 110c. KypuiibCk U OKpecTHOCTEH IPUBEIEH CBOAHBIN pa3pe3 1o ckBaxkuuam (6).
Kpome Toro, Ha cxeme oToOpazKeHbl OHOPHBIE pa3pe3bl PhIOaKOBCKOil cBuThl (1, 8) mis
TOr0, 9TOOBI OIEHUTH JINTOJIOTUIECKYI0 H3MEHIMBOCTH T'€0JIOTUIECKOr0O MOIPA3IEJICHNS 10
srarepasin. HeobXoammMo OTMETUTh, 9TO MECTOPOXK/IEHIE TePpMAaJIbHBIX UCTOYHUKOB [opstumii
ILISI2K, PACIIONIOZKEHHOE B IEHTPAJIbHON YacTu 0. KyHarmup, Tak»Ke JIeTaIbHO U3yYIeHO Oy-
perneM. OJIHAKO, TPOU3BOUTH COTIOCTABJIEHNE PA3PE30B JJIsi CKBAYKUH, PACIOJIOKEHHBIX
Ha, YIAJIEHUHU, TPEICTABJISETCS 3aTPYIHATEBHBIM, OCOOEHHO YIUTHIBas MAJIYIO BCKPBITYIO
MOIIIHOCTb PBIOAKOBCKOW CBUTHI HA MECTOPOXKIECHUN [ Opsiumii TIsiK.

Pe3ynbraTsl u obcy K IeHne

Bonpmaa Kypuniasckas rpana. Pesynbrars! uccienoBanus pa3pe3a HEOTEHOBBIX OTJIOZKe-
Huil B npejenax ocHoBuoit cymm FOxubix Kypui mo3Bosisior pacCMaTpuBaTh UX B KAYECTBE
MOTEHIUATHLHBIX KOJJIEKTOPOB, IIPU 9TOM MOXKHO BBIIEIUTE PsiJl IIEPCIEKTUBHBIX HedTeraso-
HOCHBIX KOMIIJIEKCOB.

BepxaeMuoneH-nnomneHoBbIi 1epCIeKTUBHBIN HedTera30HOCHBII KOMILIEKC MOXKHO
pa3IeuTh HA JIBE YACTU, HUXKHSASA — PECTABICHA 00PA30BAHUSIMN PBHIOAKOBCKOM CBUTHI
I103/IHEMUOIIEH-DAHHEIJINOIIEHOBOI'O BO3PACTa, & BEPXHssl YacTh CJIOZKEHA IIPEUMYIIECTBEHHO
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Puc. 3. Cxema comocrasiieHUsl paspe3oB 110 CKBaXKUHAM M ONOPHOro paspesa (1) pbibakoBCKoii

cButThl B npefesnax FOxubix Kypwui.

6oJ1ee KUCJIBIME ITOPOJAMU KaMyUCKON CBUTHI IJIMOIIEHOBOIO BO3pacTa. PhIOAKOBCKas CBUTA
XapaKTePU3yeTcs CUIbHON (harnaaIbHONR U JTUTOJIOTUIECKON M3MEHINBOCTHIO U CINTACTCS
HauboJIee JPEBHUM BCKPBITBIM T'eOJIOTMIECKUM MoapasesieaneM Bosbmoit Kypuibckoit
rpaasl. HikHaa rpaHuiia nmogpas/iesieHnsl B pajfioHe MCCile/IoBaHUil He BCKPBITa. BHYyTpH
CBUTBHI CMEHA JINTOJIOIMIEeCKIX PA3HOCTEN MMeeT JIMH30BUIHBIH XxapakTep. Kak mpasumiio, B oc-
HOBHOIT Macce TpyO000IOMOYHBIX TIOPOJ], BCTPEYAKOTCS JIMH3BI U IIPOCJION MOITHOCTBIO ITEPBhIE
METPBbI, IIPOTSXKEHHOCTHIO [IEPBBIE ECSITKA METPOB IICedpUT-IICAMMUTOBBIX pasHocreii. Kpome
TOrO, B Pa3pese CBUTHI OTMEYAIOTCH TIOKPOBHbIE 0OPA30BaHIS PHIOAKOBCKOIO aHIE3UTOBOIO
KOMIIJIEKCA, KOTOPBIE TPEICTAB/IEHB! JTUH30BUIHO-TIEPECTANBAIONIMUCS MAIKAMEI BYJIKAHO-
KJIACTUIECKUX U BYJKAHOT€HHO-OCAIOYHBIX MMOPOJ;: TY(OAJEeBPOIUTaAME, TY(MOIeCIaHuKaMH,
TydorpaseautamMu, TyQOKOHIJIOMepaTaMu, TydoKkoHrioMeparobpekunsivu. Ha Bo3MoKHYIO
HeTEra30HOCHOCTh CBUTHI YKa3bIBAET OMTYMHHO3HOCTH ITOPOJI B CKBAXKHMHAX, IIPOOYPEH-
HBIX B IIpeJieiaX NaporupoTepMalbHOrO MecTopoxKaenus Lopsianit Ilnsik (0. Kynarup)
[Aynuues u Tabosros, 1974].

Tydonecuanuku (puc. 4) OT CBETJIO-CEPOIO 10 YKEJITOBATO-OPAHKEBOIO IBETA, Xa-
PaKTEepU3yIOTCs AJIEBPO-IICAMMUTOBOM M IICAMMUTOBOI CTPYKTYPOU U CJIa00BBIPAYKEHHOM
TOPU30HTAJIBHON CJIOUCTOCTBIO. B numdax ormedaercs, 9to 0610MKu hopmupyioT ot 40 10
60 % or obbemMa TOPOABI, UMEIOT PA3HYIO CTEIEHh COPTUPOBKU U (POPMY OT YIJIOBATOM 70
nosryokaTanHoi. [IpeacraBiienb 00JIOMKE ByJIKAHHIECKAMU TOPOJIAME PA3JIMIHOTO COCTABA
ot ocHoBHOrO 10 Kucsoro (0,2-0,8 MM 710 30 %), pexke 0TMEUAIOTCS KIACTHI BYJIKAHOTEHHBIX
O0BJIOMOYHBIX TIOPO/JT C PA3JINIHBIM KOJIMYIECTBOM IIPUMECH 0CaJI0IHOro Marepuasa. Cpen
KPUCTAJJIOKJIACTOB BBLIEJISAIOTCS: [LJIArMOKJIa3bl, IPeUMyIecTBeHHo ane3unbl (0,1-0,6 MM 10
25 %); xksapi (0,1-0,5 mm o 20 %); kasmmessiit nosesoii mmat (0,3 MM 110 10 %). B Menbiem
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KOJIMYECTBE BCTPeUaloTCs 3epHa aMmduboira, pexke nupokcena f0 0,3 MM, MaraeTuTa, €Iu-
HUYHbIE WIACTHHKY Guoruta (puc. 5). OBJIOMKH CIIeMEHTUPOBAHBI CKPBITOKPUCTAJLIINIECKIM
arperaToM IVIMHUCTOrO WJIU CMEIIAHHOTO (KBAPII-TIOJIEBOIIIIATOBOI0) COCTABOB, KOJIUIECTBO
I[EMEHTA — OT KOHTAaKTOBOI'O J0 6a3aJIbHOTO THUIIA.

Puc. 4. Tydonecuannkn ppiOaKOBCKON CBUTHI, IPaBbIit OOPT cpenuero tedenus p. Kyiiboieska,

o. Urypym.

Puc. 5. Mukpodororpadust TydomnecaaHnkoB phIOAKOBCKOM cBUTHI. CjieBa — HUKOJIA TAPAJIIe/IbHEI,

CIIpaBa — HUKOJIN CKPEIIEHbI.

TydoaseBposuThl cepbie, CEPOBATO-YKEITHIE, IJIOTHBIE, MACCUBHBIE C JIMH3AMU U ITPO-
CJIOIMH TJIMHUACTOI'O MaTepHaJia IEeJUTOBOH M aJeBPOIEINTOBOM CTPYKTYDHI, II0 COCTABY
63K K TydOoIecIannKkaM, OTJINIAACH OT MOCAETHUX IPE0dIIalaHneM CPEIHEr0 KOJINIECTBA
KPHUCTAJIJIOK/IACTOB HAJ IUTOKJIACTAMU.

IloreHnuaTbHBIME TOPOJIAME-KOJLIEKTOPAME IIOPOBOTO TUIA B PA3PE3€ CBUTHI SIBJISIIOTCS
rydonecaarnkn (M. puc. 4), mecuaHuKH, aJIeBPOIUTHI, TY()OATeBPOIUTEL, CHOPMUPOBAHHBIE
B Pa3JIMYHBIX MOPCKHAX O0OCTAHOBKAX OCAIKOHAKOIIEHUS OT TJIYOOKOBOJHBIX JI0 MEJTKOBOJI-
wbiX. OOHApPYKEHNE TPEIUHHBIX ¥ TPEIUHHO-TIOPOBBIX TUIIOB MOPO/I-KOJLIEKTOPOB BEPOSITHO
B 30HaX BBIKJIMHUBAHUA HOPMAJIbHO-CJIOMCTBIX OCAJIKOB U B 30HAX PACIPOCTPAHEHUS JIMH30-
BuAHBIX Teqt |Egorov et al., 2021]. K HUM MOTyT GBITH OTHECEHBI KPEMHUCTHIE OTJIOYKEHUST
(rydoauaToMuThl), AaHAJOIMYHBIE MA30HACKIIEHHBIM 00pasoBanusaM JanaHoit Kamyarku
[Kaaunun u dp., 2022; 2023] u npuseratomeii K Heit akBaropun Oxorckoro Mopst [ Xapazuros,
2018].

B npenenax amxkHENl 9acTH BEPXHEMUOIEH-IIJINOIEHOBOIO EPCIIEKTUBHOIO HedTera3o-
HOCHOT'O KOMIIJICKCA, CJIOXKEHHOTO PBIOAKOBCKON CBUTOIl, IPE/IIOIAraeTCs HAJINIHIE JIOBYIICK
IJIACTOBO-CBOIOBOrO THIa. CHlbHAS JIaTepaJIbHAST MI3MEHIUBOCTD CBUTHI U HAJIMIUE YIACTKOB
BBIKJIMHUBAHUSI TTOPOJT, TIO3BOJISIET MIPEIIOJIOXKNUTE CYIIECTBOBAHUE JINTOJIOTUIECKIX JIOBYIIIEK.
MokHO TaK>Ke JIONYCTUTh HAJIUYINE TEKTOHUYECKU SKPAHUPOBAHHBIX JIOBYIIIEK, UCXO/S U3
TOr'0, YTO OCTPOBA PA3OUTHI KPYIIHBIME PA3JIOMAaMHU CEBEPO-3AIIaTHOIO IIPOCTUPAHUS HA CEPUN
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670x0B. IIpu aTOM, 00ITIAs CTPYKTYpa JAHHON YACTH OCAIO0UHOTO UeXJia TaKyKe KOHTPOJUPY-
€TCsl PA3PBIBHBIMU HAPYIIEHUSIMUA CEBEPO-3AIIATHOTO IIPOCTUPAHNS, KOTOPhIE 3AJI0XKUIINCE
B Hauaje HeOMeHa U MMEIT KOHCeMMeHTarnonHyo npupoy [Talovina et al., 2022]. Kpome
TOr'o, Ha I'PaHUIIE MUOIIEHa U IIJIMOII€Ha OTMeYaeTCdA YMEHbIIIeHUe ByﬂKaHI/I‘{eCKOﬁ AKTUB-
HOCTU M yBeJIMYeHUe TEPPUIeHHON cocrasisiiolnleii B cocrae mopog, [locydapemeennasn
2eonozuneckan xkapma Poccutickot Dedepavyuu macwmaba 1:200 000, 2002; Tocydapcmeen-
Haa 2eonozuueckas kapma Poccutickol Pedepayuu macwmaba 1:200 000, 2008], aro nenaer
OCHOBaHUE KAMYHCKOI CBUTHI HAnOOJIee IEPCIIEKTUBHBIM JIJIsI IOMCKA yTJIEBOIOPOIOB.

Ob6pazoBanust pPEIOAKOBCKOM CBUTHI MIEPEKPBITHI TIOPOJAMI KAMyHCKO#M CBUTHI, KOTOPAs
BBIIIOJIHEHA, BYJIKAHOT€HHO-OCAIOYHBIMY OTJIOXKEHUSIMU, XaPaKTEPU3YIOIIMMUCS] TOBBIIITEH-
HO#t 6uTymMuHO3HOCTHIO (10 0,05 %), mpraem HamGosbIee cofleprkaHne OUTYyMa OTMETEHO
B Tydomuaromurax [Jyrnuues u dp., 1974]. IlcammuToBbie TY(d)BI KUCIOIO COCTABA U BYJIKA-
HOMUKTOBBIE [TECIAHUKU KAMYWCKON CBUTHI XapaKTEPU3YIOTCsI XOPOIIUMH KOJIEKTOPCKAMMU
cBoiictBamu. IlopucrocTh HaCBIIEHNns UX cocTasiager 37-46 %, nporumaemocts 10 485 M/
Tun n1acToB KOJUIEKTOPOB U JIOBYIIIEK AHAJIOTUYEH IIOPO/IAM PHIOAKOBCKOW CBUTHI, 32 TEM
HUCKJIIOYECHUEM, YTO B Ka4eCTBE BYJIKAHOI'C€HHOI COCTaB/IAIONIEH B pa3pe3e KaMyHCKOil CBUTHI
1peobJIaJIatoT KHUCJIbIe IOPOJIbl, 8 0OPA30BaHUs JIAHHOTO I'E€OJIOTUYECKOrO TOJIpa3IeIeHusI
XapaKTEPU3YIOTCS MEHBIIEH CTEIEeHbIO AUCIONAPOBAHHOCTI U JIUTOJIOTO-(DANNAIHHON N3MEH-
YUBOCTHU. ITO MO3BOJISET CIPOrHO3UPOBATH HAJMINE TPEAMYIIECTBEHHO IIJIACTOBO-CBOIOBBIX
JIOBYIIIEK B PAMKaxX BepXHeil 4aCTH BepXHEMHOIEH-IIJIHOIEHOBOIO IIEPCIIEKTUBHOIO HedTera-
30HOCHOT'O0 KOMILIEKCA.

B poun mokpoItiek BO Beex MEPEUNC/IEHHBIX THIIAX PE3EPBYAPOB BBICTYHAIT TJIMHUCTHIE
¥ KPEMHHCTBIE apIUJIJINThI, HAKOIIUBIIKNECS B XOJl€ TPAHCI'PECCUBHBIX IUKJIOB. TOHKOO0O0JIO-
MOYHBIE TIOPOJIBI TAHHOTO KOMIUIEKCA (BYJIKAHOMHUKTOBBIE AJIEBPOJIMTHI) IIPU TIOPUCTOCTH
naceienus (~48 %) obuagaor HusKol nponunaemoctbio — no 10 mJI. Bynkanugeckue
¥ TIEeJIUTOBBIE BYJKAHOKJIACTUIECKHE 0Dpa30BaHusi, 0bJ/Iaa0e HU3KIM KO3 MUIMEHTOM
IIOPUCTOCTHU U IIPUCYTCTBYIOIINE B pa3pe3ax CBUT, MOI'yT TaK>K€ BBIIIOJIHATH POJIb (I).J'IIOI/I):LO-
YIIOPOB.

Kpome Toro, mpemmosiaraercss BO3MOXKHAsi  HEPTEra30HOCHOCTb  ITAJIEOTEH-
HUZKHEMUOIIEHOBBIX OTJIOXKEHU, KOTOpPble MOIYT IIOJCTUJIATH PACCMOTPEHHBIN BBIIIE
IIePCIIEKTUBHBIN HeTera30HOCHBIH KOMILIEKC, 1o anajoruu ¢ Llenrpansasivu Kypuaamu,
rie 3adUKCHPOBAHBI MOPCKUE TY(OTr€HHO-0CAI0YHbIE 00PA30BAHUS CPEIHEMHUOIIEHOBOTO
Bo3pacTa (IIyMHOBCKasl CBHUTA), OCOOEHHO €CJIM IPUHATH B PACCMOTPEHUE DPE3YJILTATHI
DIyOUHHBIX Teodu3maecknx nccaenopanuii | Triompun u Jynuues, 1985]. Hannas Tomma
TOJIKO HAYMHAET BCKPBIBATHCS 3po3ueil. Kpome Toro, mepcrekTuBbl HeTera30HOCHOCTH
TEPPUTOPUY 3HAUUTETHHO BO3PACTAIOT, €CJIM YIeCTb TOT (DAKT, 9TO paspe3 Kypuibckux
OCTPOBOB CXO0K ¢ aHajgormdHbiMu paspesamu Cesepo-Bocrounoro Xokkaiino |Takahashi
et al., 2020; Waseda and Nishita, 1998] n 3amannoit Kamuarku [Bolshakova and Fedorova,
2021], Ha KOTOPBIX M3BECTHBI HAaJIeOr€H-HIKHEMUOLEHOBbIE Ia30- U HedTecomepKaiye
OpO/IbI, cOOTBETCTBEHHO. C 3TON TOYKU 3PEHUS IIEPCIEKTUBHBIM yYACTKOM IIPEJICTAB/ISIETCSI
Hanbostee pUTOMHATEHINT Ky#ObIeBcknit 6JI0K, PACIONOKEHHBIN B MEHTPAILHON TacTh
o. Urypyn (cMm. puc. 1), B npejenax KOToporo 06HAPYKEHO MECTOPOKICHUE TEPMATBHBIX
HCTOYHUKOB [opsiune KJII04H, Ta30Basd COCTABISIONIAas B KOTOPLIX COAEPKUT 10 58 % MmeTana,
HO JIJIl YTOYHEHUS PE3YJILTATOB I'eOMDU3NIECKON CHEMKH U CEHCMUYECKOr0 IPOMUINPOBAHUS
HEeoOXo/MMa 3aBepPKa JaHHBIX OypoBbIMU cKBaxkuuamu |Gusev, 2022; Serbin and Dmitriev,
2022].

Bepxuennunornen-umkHeueTBEPTHYHBIE TIATO0a3a/ITHI (DPPETraTCKON TOJIIU C TOYKHU
3peHus MPOrHO3a KOJJIEKTOPOB TAKIXKE MPEJICTABISIOT HHTEpec. MecTopoxk ienns yrieBoio-
POIIOB B KOJIJIEKTOPax MOI00HOTO cocTaBa OTKPbITHL B Anonun. Hanpumep, nHedrerazosoe
mectopoxenne FOpuxapa [Inaba, 2001], rue 3aie:ku OTKPHITHI B MUOIEHOBBIX 0a3aJIbTax,
u Mecropoxkenue Alokasa [Kamitsuji et al., 2013], rie 3a1e2Ku cOCPEIOTOUEHDI B J0JIEPUTAX.

IIpennosaraercs, 9T0 HePTEMATEPUHCKUMY HA TEPPUTOPUU OCTPOBHOMN CYIITHU SIBJISTFOTCST
Te ke ToJmu, 9To u B Cpemauano-Kypuiabckom mnporube. lannbie obpasopanust (hopMupoBa-
JINCHh B XOJI¢ YCTOMIMBOTO TPOTHOAHUS 33 [yroBOTO Oacceitia Ha (oHe Bo3abiManusa MaJtoit
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Kypuiibekoit ocTpoBHOI yru B majieoreHoBoe Bpemsi. CHOC 0CaJI0UHOIO MaTepuaa ocy-
mecTBasics co croporsl Maneix Kyput, ograko, 3a caer 60bIneil yIaJIeHHOCTH OT IEHTPOB
BYJIKQHW3Ma, T€HEPAIMOHHBIE CBOCTBa OTJIOXKEHUIT Ha OCTPOBAX, BEPOSITHO, Oy/IyT BBHIIIIE,
Hexkesin B paiione CpennnHo-Kypuibsckoro nporuba. B aksaropun Cpennnno-Kypuiabckoro
nporuba BblIesseTcs naseoleH(?)-someHoBas ceiicmoroua [locydapemeennasn 2eonozue-
ckan kapma Poccutickot Pedepavuu macwmaba 1:200 000, 2002], cioxeHHasi, IO JAHHBIM
JparupoBaHusl JIHA CMEXKHOU aKBaTOPHUH, OCAJ0YHBIMU U BYJIKAHOI€HHO-OCAI0YHBIMU IIOPO-
mamu. O HAJMYIUE BYJIKAHOTE€HHO-OCAI0YIHBIX 1TOpoJt, B (byHmamente Bosbimoit Kypuanckoit
IPSBI MOXKHO CYIUTD 110 JINTOKJIACTAM, OOHAPYKEHHBIM B TY(OIECIAHNKAX PBIOAKOBCKOA
CBUTBHI.

C KOHI[a TIAJIEOTEHA HAYMHAELT MPOSIBJIATHCS MMOJBOIHBIN BYJKAHU3M HA TEPPUTOPUN
Boapmux Kyput, 9ro okaspiBaio [OMOTHUTEIFHOE TEMIIEPATYPHOE BO3MIEHCTBIE HA PACTBO-
PEHHOE OPraHUYEeCcKOe BEIECTBO.

Ha rpanune naJsieorena u HeoreHa B XOJe 33/yTOBOTO PUMTHHIA IIPOUCXOIUT 3AJI0KE-
rue Kypunbsckoit Kormosumbl, pacmomoxkernoit 3anaamnee octpoBoB Kymnamup u Utypym.
[Tocsre mogbema Bosbmoit Kypuibckoit rpsisibl BbIlle YPOBHS MOpsi B IIO3HEM HEOTeHE
B 3aJ1yropoM bacceiiie Bosbmux Kypus npoucxoauT nHTeHCUBHOE ocajikoHakomeHue. [1o
pe3ysbTaTaM CeCMOAKyCTHIECKUX UCCJIE0BAHNI B akBaTOpuu KypuiabCKoil KOTJIOBIHHBI BbI-
JIeJISIeTCS BEPXHEMUOIICH-TIJTNOIEHOBAS CEICMOTOIIINA, TIPEICTABICHHAS TY(MOAJIEBPOTUTAMHA,
aseBposuTamMn u Tydoauaromutamu. [locydapemeennas 2eosozuneckan kapma Poccutickod
Pedepayuu macwmaba 1:200 000, 2002]. Tlocrenane MOTYT PaCCMATPUBATHCS B KAIECTBE
BO3MOXKHBIX HedTemarepunckux o [Haves u dp., 2009)].

Takum 00pa30M, BO3MOXKHOCTH I'€HEpallii yIJIeBOIOPO/IOB B JIAHHOM paiioHe ObLIa
BO3MOXKHa Cpa3y B jByX Oacceiinax: B Cpeaunno-Kypuyibckom nporude u B Kypuibckoit
KOTJIOBHHE.

Cpemunno-Kypuabckuii mporu6. B mociieiHue rojgbl npoBeieHb! ceiicMuiecKne paboThl 1Mo
uccrnenosanuto Hedrerazonocuocrn Cpemuano-Kypuisckoro nporuta [JTommes u Ilampuike-
es, 2014; Egorov et al., 2021], no pe3yabraTaM KOTOPBIX BBIIEJIEHbI 90LEH-CPEIHEMHUOICHOBBIIT
U CPEeHEMUOIEH-ILJINOIEHOBLIN HeTera30HOCHbIE KOMILIEKChl. Hedrera3oHOCHOCTD IEPBOro
KOMILJIEKCA TTPEIIIOJIAraeTCs [0 AHAJIOIHH C Ta30COIEPKAIIAMY OPOJAME IPYIIIIBL Y PAX0po
Ha 0. XOKKAali/I0, KOTOPbIE IPEICTAB/IEHBI IECIAHNKAME U AJIEBPOJUTAMHI — KOJJIEKTOPAMU
noposoro tuna (Mecropoxaenue Taiixeiie). Pe3ynbraTsl [parupoBanus JHa I0r0-BOCTOYHEE
MaJioKy prJIbCKOIO TIOAHSTHUSI [TO3BOJISIFOT IIPEJIITOJI0KHUTh, YTO 3HAYUTEIbHBII 00beM aJIeo-
reHOBBIX OOpasoBanuil B npejenax Cpeaunno-Kypuibckoro mporuda, BeposiTHO, COCTABIISIIOT
KPEMHUCTBIE OTJIOZKEHMUsI, B KOTOPBIX BO3MOXKHO MTPEIIOIOKUTEH HAJININE TAKKE PE3EPBYyapOB
[TOPOBO-TPEIIMHHOTO U TPEIUHHOIO TUIIOB. [lepCrieKTHBHOCTh pe3epByapoB IMOJ00HOIO TUIIA
00bACHAETCS U T€M, 9TO KPEMHUCTBIE OTJIOYKEHUSI MHTEHCUBHO OOOTAIeHbl OPIaHUIeCKUM
BEIIECTBOM M XapPaKTEPHU3YIOTCs BBICOKOUW OUTYMHHU3ANMENl OPraHmYIecKOrO BelecTBa Ha
HU3KUX CTaJINAX KaTareHe3a. B TakoMm cjiydyae BBICOKOKaYeCTBEHHbIE HedTeMaTepUHCKUE
IIOPOJBI OJTHOBPEMEHHO SIBJIAIOTCSH M KOJIEKTOPAMH.

IIopoBblie KOLIEKTOPBI CPEIHEMHUOIEH-TIIIHOIEHOBOIO KOMILJIEKCA, [T0 BCel BUIMMOCTH,
WMEIOT COCTaB, aHAJIOTUYIHBIN ra3oHocHO# dopmaruu KaBakamu Ha 0. XOKKaiiI0, CI0KeEH-
HOIl ITeCYaHUKAMU U aJIEBPOJIMTOBBIME IIECYAHUKAMU, XapPaKTEPU3YOIMIUMUCT XOPOIINMUI
dbubTpanoHHo-eMKOCTHBIMU cBOjicTBaMu (niporumiaemMocts 10 100 M/I) Ha MecTOpOXK JeHrn
Uxkena [Haves u dp., 2009].

OrjiozkeHUsl  BEPXHEMHOIEH-TLINOIEH-YeTBePTUIHON vacTtu paspe3a CpeauHHO-
Kypusbckoro nporuba saBisioTcs nanbdosiee U3y4eHHBIME BBU/LY HIHPOKOI'O €€ PACIIPOCTPa-
HEHHs Ha CyIlle I0KHBIX OCcTpoBOB Bosbmoit Kypuibckoit rpsiapr. B 1iesmom, obcranoBku
0CaIKOHAKOIIJIEHUsI SIBJISIOTCsI OJIArOMPUSITHBIME J1JTsi (DOPMUPOBAHUSI [LJIACTOB-KOJLJIEKTOPOB
n duonnoynopos. [IpeanosaraemMble NIaCTHI-KOJIJIEKTOPBI IIOPOBOI'O THUIIA MOTYT OBITH
PaCIpOCTPaHEHBI B TOJIIAX, OOPA30BAHHBIX B YCJIOBUSX IIOJIOTOTO CKJIOHA BOJIbIIEKypriib-
CKOI'O TOAHsITHS BOMM3U ocTpoBoB Kynamup m UTypyn u Ha fore BHyTPEHHEIrO CKJIOHA
Mauteix Kypuii. CocraB 1opoj ciie/iyer OXKuJIaTh aHAJOTMIHBIM COCTaBY OJJHOBO3PACTHBIX
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OTJIO’KEeHUIT, n3ydeHHbIX Ha Bosbmoit Kypuibckoii rpse u CeBepo-Bocrounom Xokkaiiio.
[TokppIlIKaMy B ONMCAHHBIX TUIAX PE3EPBYAPOB ABJISAIOTCS PETHOHAIBHO PACIPOCTPAHEHHBIE
IUIOTHBIE APTUIINTHI U KPEMHUCTBIE aPTUIJINTBI, HAKOMUBIITAECST BO BPEMSI O3/ THEMUOIIEHOBO-
'O 1 paHHEIIJIMOIIEHOBOT'O TPaHCI'PECCUBHBIX TUKJIOB, BHyTpI/I(i)Opl\/IaLH/IOHHO 3alledaTbIBaroIe
MIOTEHINAJIBHbBIE 3aJI€2KU yIy1eBonoponoB. [lpu srom na Kynammpckom ydacTke mo pesysibra-
TaM ceficMudeckux pabor [Egorov et al., 2021 BBLAEAAIOTCS JIOBYIIKY ILIACTOBO-CBOIOBOTO
Tumna, Ha VTypylIcKoM ydacTKe, IOMUMO BBIIIEYIIOMSIHYTBIX, BO3MOXKHO (POPMHUPOBAHKE
JIOBYIIIEK CTPYKTYPHO-TEKTOHUYIECKOI'O TUIIA, BCJIEJICTBHE TOrO, YTO [IEPCIEKTUBHBIE CTPYK-
TYypBbI Ha aKBATOPUHU OCJOXKHEHBI pasyiomamu. Cepusi TaKOro poa JIOBYIIEK OTMEYAETCs
Ha ceficmuyeckom npoduie Ne 44-2 [Egorov et al., 2021], pacnoioKeHHOM FOI0-BOCTOUHEE
sammBa Kacatka (cm. puc. 1). Bamskoe pasmernenne yKa3aHHBIX CTPYKTYD K OeperoBoi
JIMHUY TIO3BOJIsI€T TPOU3BOIUTH OypPEHUe C CyIIH, 9TO JaeT BO3MOXKHOCTH PACCMATPUBATD
JAHHBIN YIaCTOK B KaIe€CTBE TPUOPUTETHOTO JJIS ITPOBEJIEHUS JAJTHLHERNTNX UCCIETOBAHUIA.
Boutee Toro, 3amus Kacarka pacrnosoxken Hemaaeko ot KyHObIeBcKoro 610K, siBJISIONIEr0Cs
OIHUM U3 HambOJIee MEPCIEKTUBHBIX 00LEKTOB HA OCTPOBHOM CYIIle, U OT OCEJKOB [opsidue
KJIIOYU ¥ BypeBecTHUK, YTO MO3BOJISIET COKPATUTH 3aTPAaThl HA JIAJbHEHINIE UCCIETOBAHIS
yKa3aHHOrO ydacTka. CJieyIonuM IIaroM Jijis JajbHeRInero n3yYeHusl mpeacTaBIeHHOro
paiioHa BHJUTCS [IPOBE/IEHIE JONOJHUTETbHBIX CEHCMIIECKIX, JIN00 Me03IEKTPOXUMUIECKUX
uccyepoBanuii [Putikov et al., 2020] ¢ neJibio moIyYeHUs aKTYAIBHBIX JAHHBIX O [€0JIOTUYe-
CKOM CTPOEHUHU BBIJIEJIEHHBIX CTPYKTYP U UX OKOHTYPHUBAHUSI.

3akiroueHue

Haxorutennsiit 06beM 1eosioro-reou3naeckoit nHMOPMAINI MOITBEPK IAeT MePCIIeK-
TUBHOCTH HEOT€HOBBIX OTJIOKEHUH I0XKHON JacTu KypuaIbCcKOl OCTPOBHOI AyTH IS TTOMCKA,
HedTEra30BbIX MECTOPOXKIEHUN 1 00YC/IAB/INBAET HEOOXOAUMOCTh IIPOBEIEHNUS JTAJIbHENIIIEro
KOMILJIEKCA T€0JI0ropa3BeIounbix paboT. [lomyueHmbie JaHHbBIE IO T€OJIOTUYIECKOMY CTPOCHHIO
ocrpoBHoit cymu FOxubix Kypuit, B TOM 4dncjie Haaudue MpsMbIX U KOCBEHHBIX PU3HAKOB
YTJIEBOJIOPOIOB, IO3BOJISIOT MIPEJIIOIAraTh CYIECTBOBAHNE HEMTEra30BbIX MPOSBICHUN HE
TosibKO B akBaropun Cpennaao-Kypuibckoro nporuba, HO U HA TEPPUTOPUUA OCTPOBHOM
cymmu. Ilo MHEHUIO aBTOPOB, B POJIM IOTEHIINAIBHBIX KOJIJIEKTOPOB MOI'YT BBICTYHATb OT-
JIOXKEHUS PHIOAKOBCKON M KaMyHCKO# CBUT, (DOPMUPYIONINE BePXHEMHUOIIEH-ILIMOIIEHOBBIN
[IEePCIEKTUBHBIN HepTera3oHOCHbII KoMmIieke. Hamaue 3aiexkeit HedTu u ra3a BO3MOXKHO
TaKXKe U B OTJIOXKEHUAX (DYHIAMEHTa OCTPOBOB, HE BCKPBITHIX CKBaXKMHAMH U JPO3UEi],
OCODEHHO €CJTH YIUTHIBATD PE3YJIbTATHI NCCIEIOBAHNI TTIyOMHHOIO CTPOEHUS] TEPPUTOPUN
MarHUTOTEJJIyPUYECKUM 30HJIUPOBAHUEM U I'€OJIOTMYeCKOe CTPOEHUEe CMEKHBIX PaliOHOB.
IIpenmosaraercst 3amokeHne TJIyOOKOM apaMeTpPUIecKOl CKBaXKUHBI B IIpejiesiax Hanbo-
Jsee npunonuaroro Kyiiboimesckoro 6ioka (B meHTpasibHoii dactu o. Typyn) ¢ nesipio
BCKPBITHS TOPOJT, DYHIAMEHTa BOoJIBIeKypPUILCKOrO TOJHSTHS W IPOBEICHUs TATbHENIITIX
UCCJIeJIOBAHUMN.

Bosmoxua nedrerazonocHOCTh 1 00JI€€ MOJIOMIBIX IIJIHOIEH-Y€TBEPTUIHBIX BYJIKAHUTOB,
110 AHAJIOTUH C MECTOPOXKICHUAMU TeHTpaabHoi Amonnn n Xokkaitmo. OaHako mMerna-
siCsl Ha JAHHBI MOMEHT T'e0JIOrO-Teodu3ndecKast nH(pOpMAIis He [TO3BOJIsSeT JOCTOBEPHO
CIIPOI'HO3MPOBATH BO3MOXKHOCTH OOHAPYIKEHUS 3/1eCh 3HAUUTEIHHBIX CKOIIEHUH yTJIEBOIOPO-
IOB. DTO 00bSICHAETCSI CUIIBHON JINTOJIOrO-(DaNaIbHON N3MEHINBOCTHIO T€0JIOTUIECKOTO
pa3pesa, IIpI KOTOPOIl ITOPOJIbI, SABJIAIOIINECS KOJAJIEKTOPaMU, He BBIJIEPKAaHBIL 110 JIaTePaJIu.
Kpome Toro, ycsioBust coxpaHeHHs IOTEHIIMAIbHBIX 3aJIe2Keil HeOJIaronpusaATHBI, TaAK KaK CO
BTOPOIi OJIOBUHBI ILJIMOIIEHA OCTPOBHBIE OJIOKU HCIBITHIBAIOT BO3/biManue. VHTeHcnBHO
MposBJICHHBIE B pejenax bosbmoit Kypuabckoil rpsaipl Mporecchl MarMaTuIecKol aKTHB-
HOCTHU, COITPOBOXKTaeMble INTyOOKOM IuIpoTepMasIbHON 1epepaboTKOil TTOPOJI, TAKKE MOTYT
MIPUBOJIUTDL K YHUYTOXKEHUIO 3aJIezKell yIIeBoJI0POI0B.

Bompoc #HedrerazonocHoCTH peruoHa sIBJASETCS CJIOXKHBIM U HEOTHO3HAYHBIM, TEM HE
MeHee, OCHOBHBIE IIE€PCIEKTHBBI OOHAPYKEHUSI 3aJieyKeil YTJIEBOIOPOIHOIO ChIPbs CBsI3a-
ubl ¢ CpenuaHO-KyprIbcKuM MeK/IyTOBBIM IIPOruOOM, B KOTOPOM BO3MOYKHO OTKDBITHE
KpYIHBIX mposiBiiernii. CyIieCcTBEHHBIM JOBOJIOM B IOJIO2KUTEJILHON OlleHKe HedTera3o-
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HOCHOCTH JIAHHON CTPYKTYPBI SIBJISIETCSI YCTAHOBJIEHHAS] TA30HOCHOCTH B WHbI KoH3€eH
ocTpoBa XOKKaiino, sisomeiics npogorkenneMm Cpenunnno-Kypuiabckoro mporuba. s
OKOHTYPUPHUBAHUsI 3aJI€7Kell U OIEHKN PECYPCOB IIPEJIaraeTcs IIPOBEIEHNE JIOMOJTHUTETbHBIX
CEeCMUYECKUX MCCJIEIOBAHUIL.

Bunaromaproctun. Apropsl Beipaxator 6iarogaproctsh A. FO. Komaposy 3a Bkia B paboTy
HaJ[ CTaTbhEN.
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The article reviews the current state of knowledge about the geological structure and oil and
gas bearing of the Southern Kurils, supplemented by the results of the authors’ own observations.
Expansion of the mineral resource base of remote regions plays an important role for its economic
development. The oil and gas content of the Southern Kurils is a subject of debate. Based on
the analysis of the data accumulated and obtained by the authors, the geological structure of the
southern islands of the Greater Kuril Ridge has been clarified. The Upper Miocene-Pliocene complex
has been identified in potentially oil and gas bearing Neogene sediments on the basis of direct and
indirect signs, in which lithological and structural traps may be formed. As a result of comparative
analysis of prospective deposits of onshore, offshore areas of the Mid-Kurilsk Trough and adjacent
objects of the North-West Pacific, rocks of the basement of the island arc are assumed to be oil and
gas bearing. The most perspective areas from the point of view of oil and gas potential onshore
and offshore have been identified, which are the Kuibyshev Block, Iturup Island, and Kasatka Bay,

respectively.
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Abstract: The earthquake of January 1, 2024 with the epicenter at Noto Peninsula of Ishikawa
Prefecture, Japan, and the moment magnitude Mw = 7.5 obviously represents an intermediate case
between weaker earthquakes with relatively small sources, like the 1995 Kobe and 2000 Tottori
earthquakes (Mw ~ 6.7-6.8), showing nonlinear soil response and soil softening (reduction of shear
moduli) and stronger earthquakes, like the 2003 Tokachi-Oki and Tohoku earthquakes (Mw ~ 8.3-9.0)
with extended sources and source directivity effects, accompanied by soil hardening and generation
of high peak ground accelerations (PGA) > 1g. In this research, based on KiK-net vertical array
records (11 sites), models of soil behavior in the near-fault zones of the 2024 Noto earthquake are
constructed, i.e. vertical distributions of stresses and strains in soil layers changing with time during
strong motion, which showed nonlinear soil response and reduction of shear moduli in the near-fault
zones. At the same time, the waveforms of acceleration time histories indicate the effects of source
directivity, when seismic waves, radiated by the crack tip propagated along a rather long section of
the fault plane, arrived to remote sites almost simultaneously, overlap, harden subsurface soils and
generate high accelerations on the surface, PGA ~ 2828 Gal at remote ISK006 station.

Keywords: 2024 Noto earthquake, directivity effects, abnormally high PGA, nonlinear soil behavior.

Citation: Pavlenko, O. V. (2024), Effects of Source Directivity and Nonlinear Soil Behavior During
the January, 1 2024 Noto Earthquake (Mw = 7.5), Russian Journal of Earth Sciences, 24, ES2002, EDN:
WAAWML, https://doi.org/10.2205/2024es000909

Introduction

Dense networks of seismic observations operating in Japan since 1996, K-NET (~ 1000
surface instruments) and KiK-net (~ 800 vertical arrays), provide us with valuable records
of strong-motion that allow studying effects of strong earthquakes in the near-fault zones.

The observations indicate that during large earthquakes with extended sources (with
moment magnitudes Mw ~ 8.0 and higher), the distributions of peak ground accelerations
(PGA) in the near-fault zones usually possess a complicated, mosaic character [NIED, 2024].
During the 2003 Tokachi-oki and 2011 Tohoku earthquakes, maximum PGA exceeding
~ 1g were recorded at rather large epicentral distances, which is obviously due to the
effects of directivity of seismic radiation from extended earthquake sources [Pavlenko, 2017,
2022].

Archuletta and Hartzell were among the first seismologists to draw attention to the
effects of directivity [Archuleta and Hartzell, 1981]. Analyzing records of the 1979 Imperial
Valley earthquake, where abnormally high accelerations of ~ 1195cm/s? were recorded, by
means of numerical simulation of high-frequency ground motion, they revealed a strong
influence of directivity effects on the acceleration in the near-fault zones [Archuleta and
Hartzell, 1981].

As noted by Somerville et al. [1997], directivity effects occur when the propagation of
a rupture toward a site at a velocity that is almost as large as the shear wave velocity causes
most of the seismic energy from the rupture to arrive in a single large pulse of motion,
representing the cumulative effect of almost all seismic radiation from the fault. This
should be taken into account when predicting the ground motion in the near-fault zones
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[Somerville et al., 1997]. Attempts are being made to introduce accounting for directivity
effects to seismic hazard assessment [Abrahamson, 2000; Rowshandel, 2006; Shahi and Baker,
2011, etc.].

With the development of strong motion networks and accumulation records of strong
earthquakes, the number of observations of directivity effects is increasing. Such effects
were observed in Japan, and during the last earthquakes in Turkey on February 6, 2023
(Mw ~ 7.5-7.7) the directivity effects were also observed and caused large-scale building
destructions [Pavlenko and Pavlenko, 2023; Rosakis et al., 2023]. Evidently, the earthquakes
with a moment magnitude Mw ~ 7.5 possess sufficiently large sources for directivity effects
to occur.

Such effects were clearly seen on the recordings of stations of Japanese strong-motion
networks during large 2003 Tokachi-oki earthquake and 2011 Tohoku earthquake. Ab-
normally high accelerations (> 1g) recorded during these earthquakes at stations that
were far enough from the epicenter can be explained by the fact that the crack in the
earthquake source propagated at a high speed (~ 4-4.3km/s) along large parts of the fault
plane (~ 100-120km) towards these stations, and seismic waves radiated by the crack tip,
came to the stations almost simultaneously. Shock wave fronts were formed that gave some
additional compression to soil layers beneath the stations, so that amplification of seismic
waves in the layers increased, and high PGA on the surface were generated [Pavienko, 2017,
2022].

During these large earthquakes, nonlinear soil behavior was not as widespread as dur-
ing the weaker 1995 Kobe and 2000 Tottori earthquakes (Mw ~ 6.7-6.8), when significant
nonlinearity of the soil response was observed in the near-fault zones [Pavlenko and Irikura,
2003, 2006].

On January 1, 2024, a strong earthquake with a moment magnitude Mw ~ 7.5 struck
the northern part of the Noto Peninsula in Ishikawa Prefecture, Japan; it was accompanied
by landslides and tsunami of more than 6 meters in height. Figure 1 shows the locations of
the epicenter, KiK-net and K-NET stations in the near-fault zones and the estimated bound-
aries of the fault plane according to USGS. High PGAs > 1 g were recorded throughout the
peninsula, with the maximum of > 2.8 g at ISK006 station in its western corner.

As seen from the figure, the Noto earthquake had an extended source, with the length
of ~120km, and high PGA at ISK006 site may indicate the effects of source directivity.

Records of KiK-net stations located in near-fault zones allow us to study soil behavior
in strong ground motion in order to understand the mechanisms of generation of such high
PGA values.

In this research, models of soil behavior during the Noto earthquake are constructed
at five KiK-net sites closest to the source plane, such as, ISKHO01, ISKH02, ISKHO03, ISKH04
and ISKHO6 sites. Also, the waveforms of acceleration time histories at sites located in
the near-fault zones are analyzed to study possible effects of source directivity and their
relation to abnormally high accelerations recorded at ISK006 site.

Method and data

Tables 1 and 2 present information on the KiK-net and K-NET stations closest to
the source of the 2024 Noto earthquake: their coordinates, epicentral distances, ground
conditions, i.e., average S-wave velocities in the upper 10 m and 30 m of soil, and PGA
values recorded on the surface. Parameters of the soil profiles are shown in Figure 2.

As seen from the tables, many stations are located on soft soils, including ISH006
station, recorded the highest PGA ~ 2828 Gal: at this site, the upper 8 meters are composed
of volcanic ash clay with Vs ~260m/s, and below are denser layers with Vs ~390m/s.

A seismic vertical array KiK-net consists of two three-component accelerometers, one
of which is installed on the surface and another in a borehole at a depth of ~100-120m
(sometimes more). Strong motion records provided by KiK-net seismic vertical arrays allow
us to reconstruct soil behavior in strong ground motion in small time intervals and estimate
time-dependent vertical distributions of stresses and strains in the layers from the surface
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Figure 1. Map showing the locations of the 2024 Noto earthquake epicenter (circle), KiK-net
(triangles) and K-NET (squares) stations in the near-fault zones and the estimated boundaries of the
fault plane.

Table 1. Information on the studied KiK-net stations

Site code  Latitude Longitude 131:;::;‘22‘1 ‘r/ri}g’ ‘I/;?g’ PGA, Gal 5:;:1}11?15
km
ISKHO1 37.53 137.28 8 261.7 344.9 1006.7 203.5
ISKHO03 37.35 137.24 18 171.9 310.9 936.3 210.0
ISKHO02 37.36 137.04 21 590.6 720.8 790.8 105.0
ISKH04 37.19 136.72 55 440.0 443.5 1220.5 119.5
ISKHO06 37.05 136.82 60 375.0 500.0 803.8 203.45
Table 2. Information on the studied K-NET stations
Site code Latitude Longitude dil:it:;t'r& Vs10, m/s PGA, Gal
ISK001 37.5 137.18 2 304.2 1468.7
ISK002 37.45 137.29 10 177.6 917.4
ISK003 37.39 136.91 28 378.2 1632.2
ISK005 37.23 136.90 40 70.9 1279.7
ISK015 37.23 136.91 40 294.7 1000.5
ISK007 37.04 136.97 55 773.9 459.0
ISK006 37.16 136.69 59 278.6 2828.2
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Figure 2. Parameters of the soil profiles at the studied KiK-net sites.

down to the location of the deep device. The method was developed by Pavlenko and
Irikura and described in detail in [Pavienko and Irikura, 2003]. It was previously applied
to study soil behavior during past strong earthquakes [Pavlenko, 2016, 2022; Pavlenko and
Irikura, 2003, 2006]. The constructed models illustrate the behavior of soil layers during
strong motion at various time periods.

The algorithm of nonlinear analysis by Joyner and Chen [Joyner and Chen, 1975] is used
to calculate the propagation of vertically incident shear waves in soil layers. To describe
the behavior of soil layers, nonlinear stress-strain relations of soft- or hard- types are used,
i.e., relations declining to the strain or to the stress axes at large strains. Series of hysteretic
stress-strain curves of various shapes and slopes are generated, and the curves providing
the best fit to the records on the surface are selected. Records of deep devices of the vertical
arrays are used as input motion to soil columns, and for calculations, they are divided
into small time intervals of 2's duration, to account in temporal changes in soil behavior.
Calculations are performed successively, interval by interval. The records were modeled in
the frequency range up to 15 Hz.

Parameters of the soil profiles are taken from the website, and soil densities, maximum
shear stresses T,,y, and attenuation coefficients are selected based on the soil composition
and depth, accounting for the lithostatic pressure. The stress—strain relations are normal-
ized in the way proposed by Hardin and Drnevich [1972], i.e., stresses are multiplied by
1/Tmax, and strains are multiplied by G ax/Tmax, Where T, is shear stress in failure, and
Gmax is shear modulus in the low-strain range. Differences in the behavior of the layers are
due to differences in 7,,x and Gy, values in the layers. The best-fit relations are selected
by the deviations of the simulated accelerograms on the surface from the recorded ones.
Thus, soil behavior during strong motion was simulated in 32 two-second intervals (64 s of
strong motion).

Based on the constructed models, changes of shear moduli in soil layers during strong
motion were estimated. Shear moduli were calculated as the ratios of the normalized
stresses, averaged over all hysteretic curves within each 2 s time interval, to the normalized
strains, averaged in the same manner; then the ratios were averaged over the entire soil
thickness, from the surface down to the location of the deep device. To trace the effects of
source directivity, changes in the waveforms of the acceleration time histories recorded by
K-NET and KiK-net stations in the near-fault zones at various distances from the epicenter
were analyzed.

Results

The constructed models of soil behavior during the 2024 Noto earthquake at five
KiK-net sites closest to the epicenter are shown in Figure 7 (3-7). As seen from Figure 1, all
these sites are located within or just near the projection of the fault plane on the Earth’s
surface. The estimates of shear moduli in soil layers at these sites, changing with time
during strong motion are shown in Figure 4.

Russ. J. Earth. Sci. 2024, 24, ES2002, EDN: WAAWML, https://doi.org/10.2205/2024es000909 40f 14


https://elibrary.ru/waawml
https://doi.org/10.2205/2024es000909

PavLENKO

7.5)

a, Gal

ISKHO1

ErrECTS OF SOURCE DIRECTIVITY AND NONLINEAR SOIL BEHAVIOR DURING THE JANUARY, 1 2024 Noro EarTHQUAKE (MW

a, Gal

1

NS-component

Pwﬂ”?”““%WW$W%hWMW¢Nﬁ WA AT

EEEEEEEEEEEEE
mmmmmmzmﬁszssﬁazuﬂz
I s 3E8REEIBRE
E g , .18 o -

o 1 .M 1"
< Gm A S T B R
8 w,u 2 " O e L e (R
AW s \ T T T T S e
MM W ........ {rf;l’.nﬂw‘ﬁlr-.l-lll..ﬂlnffllﬂllf
~ e T T S T

M b

,..f.f}/,_, inllrf.fl-li
n oy e f!r;!f!ﬂﬁwll:!!llflll.ll!ill..

B e e N

/
/
&

< o =
g m Y T A T e e S
1] e —_—— e —
~ Ny S e ey ——————
~ = = g R R e
...... ~ S e N N ————T—

o m L om o e e e e mecme

- e t-r.:rrf.rfllrl..rrrrl.lhl.l-ﬂ'.llhnﬂl.!

bl

f!i

B VAR S v < | G WA 1
20.0

e
-3
A B T S
PR A S S N
PR SV A L P SRR o . g

’

“45
el

- l...f.rllw..mw;._ffjf — i — —— ———
-~ ....r..mu.r‘......,,.........”......r..l.. ———————

e T e e e e e e e

.
|

§§58858°555s

%89

g8888°

<200

g5es

..................

60.0 Time, s

GL-0m

MNwWW@MWﬁWWW% WA prons

,,,,,,,,,, S e

60.0
GL-2035m

........ — L e, e, e = m o= e

EW-component

- R . e ey e, e o e

e T e e S

LA |

- e e o e e m e e e

40.0

e e T, el T, T e s e e
-, e e e e e e
— o ML ML e e e

NN . — e — = = =

Ao o F & F

PR S A B T

M MM MM e M = = m m e

A LY LR S SR R SR RN clET B B B S

e e
.lIljll.l-lI.njj-ll.Ill:l.l.le.l.Ill.lu!
ffffﬁﬁ?
W T ——
/ﬁfﬁﬂ?ff{f:#ﬁ.}

f,ﬁﬂ.f/lf:f;f: ————— ——

e T m m m m m me e e e

o o

/’/f{r,\‘rf:

|

200
200
. KIS

S S S

L . T N

L |
< F R B
Fall SR S S

N wm Y ey TR, T TR m e T —

Mo m L TR TRy, T TR MM e e

i .....rlm.u.ﬁub ffffff

o e e e e e

F A
G T AN A

_A“MMWWMW”HwM%M

-
e,

200 =
400
600
B00
10045
500
300
100
100
300
B
IEE

000
m-
200

LR

Time, s

60.0

Fons

200 30.0

“ 100

(a) at ISKHOL1 site.

50.0

200

100

 FET T WA WL GO S SO |

00


https://elibrary.ru/waawml
https://doi.org/10.2205/2024es000909

PavLENKO

7.5)

ErrECTS OF SOURCE DIRECTIVITY AND NONLINEAR SOIL BEHAVIOR DURING THE JANUARY, 1 2024 Noro EarTHQUAKE (MW

EEEEEEEEEETE
mmmmmmwmsjnnszﬁa...zS
TINTE3I3dgNEaRBEREE ] .
& = T | W Ry oA ST R R S ke R S .“qm
E |
IFR FF g, conaiIiEniieiil o
m& IMll N 1B v ow o B ow o RS s S & e R W ..__w
m T g “ 1 1 L T W W m m e om om wm m owm om ﬁ
i = 18 i {SseRERiREsan
Z = T & @ % % & & & = = & '= =mw = = = = = = ._WO
.llwm E = W 1 RN Y R mE e - - - ._m
= = 1 l T S R T T L
M&n M 1 VN Y Y r e e e ——— e - - 1
= = | TRT P A
|HIJM H% A_n. v\ _’ ~ N ———————— JO
e —_— B o v N NS sSsS—— 8
— E il f 4§ 8 % G N SRS |
= = | %y N s o e
— | ,¢////
%I _—— ._,zl_ﬁ
— p— — 1
lJmﬂ[hIWr[ JW:M.! ] _..,._..,.
— | &~ td
= == | |=]
—— \
— i wm ; ,///
I”li.l...l.l —— . ..m a//,/
= MW mh ,,J»//
e =] Vs
w i ;,/II. R ——— = = = = = —
| B O N RN AR e s e Vi R R
w ! O R e —_ m
| IR O . T TR T T &
— ] .;a//,..l”lllllllt.rrull
|“.|l.l.|!l.|.,...l..i| ] I T T e
| e e B WY B RnE e e = e 1
I*l w bubidaluulenl & m ......... m ..... u

0
100
100
300
8
E+5
6,
EE'GQ
0.0

mmmmmm mmmmmmmm mmmwmm

")
- = T ] G EREieSsiuE 1€
| = I~ 1 L% o o g 1F
o £ £ B oo i 8
=| . | o ¥y XSmRS R Foaml s 1
o = 3 1 i N T S T - ]
m...r_ .Wlumﬁ 1 £ A o3 ¥ rEiEsmeeSTE RS E RS _
= _ 1
B B A LR e
w m MM __ R R U YRR, S W TV S T, W, e e ..0
| CHEE R O O e e —————— .“
- lml M.WI w 1 NV s N N —— e — Hm
£ 3 B et
.,.u..,nwvﬁll “w A ’ \ ’ T i, PR S _n
= = M ;JWWHﬂwﬂmmW?L
—— JHMWWW. == UNM ¢ by ]
— i 1 RS H
MWW = J 6 K%K 1
.MWP f ,,,m’ R ﬁ
= MI.IF| _ A H
= = ,”ﬁ
= = E SR
= = PEEREL)
= [ v =
= = | v
= — _ PR N NN 1
Mﬂs.. . ' L T T .,”
< | B RS 5
I # . L T T T T ) .__
PO L] T

3 - B MR 0 8 Fa s @ sy e & oA
CEETeECRTIIITIICRTINy aneeyy’ g ®

(b) at ISKHO3 site.


https://elibrary.ru/waawml
https://doi.org/10.2205/2024es000909

PavLENKO

7.5)

ErrECTS OF SOURCE DIRECTIVITY AND NONLINEAR SOIL BEHAVIOR DURING THE JANUARY, 1 2024 Noro EarTHQUAKE (MW

wn

& 32 0 ¥ 1llws® | e sresennmaesn s e
x| 2
%2 32 00 2 OTIBE lg 52 »nmr s pomss la
2° i suge |
g 2 o w e |
= - S e - 1
nm _- e = e L e .4_
=l HE 0 OBE 0 T EE T o comis o s s L

observed
R O
simulated

i
i

on A
i

S T S S
fffff ...lf..-]......hr.f!’.r. ..-.....f.r

-_ II.I.l...lll....I.l

Mﬁw.,.y.maww,wwm

u".-.

—————

00

_——— e — .
— e e |ll-llullnllr...-.ﬁc.f..dlr

e e e e, .
S fjf.l.fr{rukaf,
- — ST
— e e e ——— T —

SORRN— S

—,

R

| e T i i e, T S A
e e

[ e TR

TE-F0IE-3
" . . . )
00

0 AR
‘ AN

OgEsR 85838858 85888 gaE8gp SV
: £
5 By 1. TR biehe Asimas I
|3 :t B3 Sl @
2 = ] 1
m. - o o o o e, e, e,
m e 4 2 ®mE E RESAEE S SR
2 : ¢ bbb |
3 M p———
lﬁ..i. - e

. e = e e e e e —

40.0

s, [

1
{
1
1
=
=

ISKHO02

AN

W‘WMWWWW

IR 55§58 garee oF

a, Gal

(c) at ISKHO2 site.


https://elibrary.ru/waawml
https://doi.org/10.2205/2024es000909

ErreECTS OF SOURCE DIRECTIVITY AND NONLINEAR SOIL BEHAVIOR DURING THE JANUARY, 1 2024 Noto EARTHQUAKE (Mw = 7.5) PAVLENKO
5,0 ISKHO4 EW-component s NS-component

a0k GL-0m w00f- 6L-0m

800 - E

400 =

e | ’ observed : observed

-200 1 !

400
600
800

600
o i . . e ; ; .
500 500
300 & N GL-1195m 300 |- . GL-1185m
100 ..,_.J.AIW W. R - . ] 100F e n imposed motion
400 ad. | J Ll b 100E x2 &
-300 |- ¢ -300
%80 200 0.0 800 8.0 200 40.0 60.0
H m
:EET o ET S W T ‘:E‘ﬂ ¥ B R ik a e Om
: 1 vk o Fofod F ko ¢ o 15 G Y e S R R R R ; 25m
AR 5 /=< A A A A ‘ A ¢ ‘ 69m
I f’ﬂﬁ/ A ' ' i N V- 4 A " / [ B ' T 1.3m
thoCBL L PP o xe g v s aa KRR L E o noma boraa b e 204 m
T | / 4 //,f ¥ (i ] TR R I v f /g”yﬁj/ / , , g £ 0 ' PR Y A A 246 m
| / 7 { // " ' b [ B B T P ' [ I / ’m, | ’ ’ Bk A ' (O I B S T 203m
F ] 7r /ﬂ[ A 5 il [ S o ’ S I /| ’ £l i 1 A P4 s 392m
! [ )."/ f i o} Fed i 8a tot oot ' 0 ff !‘{ [ F F i / A A roao 49.4m
ve oo | I Efha f By FoBA ow W e 0 1 g Fa v kad bai bdd ko d 752m
i |1 | | R O B peaa v g} Ed R N 919m
! | I ﬂ I' | bl L e F g &% b4 1 o g oox g I ] Bl oE B I R A S A T [
00 100 200 =0 00 500 800 Time,s 00 100 200 00 400 500 &0 Time, s

(d) at ISKHO04 site.
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(e) at ISKHOG6 site.
Figure 3. Acceleration time histories of the 2024 Noto earthquake, observed and simulated, and estimated stress-strain relations in soil layers, changing with time during strong
motion: a — at ISKHO1 site; b — at ISKHO3 site; ¢ — at ISKHO2 site; d — at ISKHO04 site; e — at ISKHO6 site. The stresses are given in Pa, and strains in strain.
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Figure 4. Changes of shear moduli in soil layers at the studied KiK-net sites during the 2024 Noto
earthquake. Dots are the estimates of shear moduli in successive time intervals (grey and black points
correspond to EW and NS components), black lines show these estimates smoothed and averaged over
two horizontal components. Thin lines are the intensities of motion (root-mean-square accelerations)
on the surface (solid lines) and at depths of locations of the deep devices (dash lines).
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The figures show a rather long duration of strong motion at sites closest to the epicen-
ter, which decreases with increasing distance from the epicenter.

At soft-soil stations, such as, ISKHO01 and ISKHO03 (at epicentral distances of 8 km and
18 km), and at denser-soil stations, such as, ISKH02 and ISKHO04 (at epicentral distances
of 21 km and 55 km), except the remote ISKHO6 station (at epicentral distance of 60 km),
we observe substantially nonlinear soil behavior, indicated by nonlinear stress-strain
relationships at depths below ~ 6 m at stations ISKHO1, ISKH03 and ISKHO04 (Figure 7),
and reduction and recovery of shear moduli in soil layers during strong motion (Figure 4).
At ISKHO?2 site, S-wave velocity Vs ~ 420m/s in the upper 4m, Vs ~ 810m/s in the
underlying ~ 72m and decreases to Vs ~ 530m/s below. The observations show that in
such a soil profile, seismic motions do not intensify, but weaken on the surface, and the
lower layer (Vs ~ 530m/s) behaved nonlinearly during strong motion (Figure 5).

At the remote ISKHO06 station, the soil behavior was close to linear, and shear moduli
in soil layers did not reduce, but remained high during strong motion.

Similar substantially nonlinear soil behavior was observed in the near-fault zones
during the 1995 Kobe and 2000 Tottori earthquakes possessing moment magnitudes
Mw ~ 6.7-6.8.

During the stronger 2003 Tokachi-oki (Mw ~ 8.3) and 2011 Tohoku earthquakes
(Mw ~ 9.0), high peak ground accelerations were recorded at rather large distances from
the epicenter, and were associated with the effects of directivity of the extended earthquake
sources. Nonlinear behavior of soft soils and reduction of shear moduli in soil layers were
observed at stations located in the closest vicinity of the fault plane, whereas at a large
number of remote stations recorded high PGA exceeding > 1g, soil behavior was virtually
linear. The linearity of soil behavior was due to shock, or Mach fronts, which produced
some additional compression to the soil layers, causing soil hardening; shear moduli in
soil layers increased and reached their maxima at the moments of the maximum intensity
of strong motion, so that high accelerations were recorded on the surface. The effects of
directivity were traced by the waveforms of the acceleration time histories: the duration
of strong motion decreased with increasing distance from the source, and the wave trains
seemed to contract into one point, while peak accelerations did not decrease [Pavlenko,
2017, 2022].

During the 2024 Noto earthquake, abnormally high accelerations were recorded at
remote ISK006 station (Table 2), which may also indicate the effects of radiation directivity
of the extended earthquake source. At the same time, at KiK-net station ISKHO04, closest
to ISK006 site, we clearly see a decrease in the duration of strong motion and high PGA,
as well as signs of soil hardening, i.e., stress-strain relations in soil layers declining to the
vertical axis at the final parts of strong motion (Figure 6) and the corresponding increase of
shear moduli, which is not observed at other stations (Figure 4).

Directivity effects during the 2024 Noto earthquake can be traced by changes in the
waveforms of the acceleration time histories with increasing distance from the source
towards ISKO006 site; the waveforms are shown in Figure 5. The fault plane shown in
Figure 1, was inclined to the Earth’s surface at an angle of ~ 45°, with its western side
located near the surface and its eastern side extending to the depth [Fujii, Yu. and Satake,
2024; Ishikawa, Yu. and Bai, 2024]. So, all the studied stations were located at similar
distances from the fault plane. In Figure 5, the stations are arranged in the order of their
distance from the epicenter, which can be considered as the projection of the rupture origin
to the Earth’s surface.

From the figure, we can see a gradual decrease of strong-motion duration with increas-
ing distance from the epicenter, while peak accelerations do not decrease and reach their
maximum at ISK006 station, where the duration of strong motion is minimal (ISKHO03,
ISK015 and ISKHO6 stations are located somewhat away from the direction to the ISK006
site, so their waveforms are slightly shifted). This indicates the effects of radiation directiv-
ity in the extended source of the Noto earthquake: obviously, the crack propagated along
the fault plane from the epicenter to the south-west, towards ISK006 station (Figure 1), so
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Figure 5. Acceleration time histories of the 2024 Noto earthquake (at two horizontal components)
recorded by K-NET and KiK-net stations on the surface in the near-fault zones and arranged in
ascending order of the epicentral distance (2-60 km).

Russ. J. Earth. Sci. 2024, 24, ES2002, EDN: WAAWML, https://doi.org/10.2205/2024es000909 12 of 14


https://elibrary.ru/waawml
https://doi.org/10.2205/2024es000909

ErrFeECTS OF SOURCE DIRECTIVITY AND NONLINEAR SOIL BEHAVIOR DURING THE JANUARY, 1 2024 Noto EARTHQUAKE (Mw = 7.5) PAVLENKO

that seismic waves radiated by the crack tip came to the station almost simultaneously;
they overlapped and produced abnormally high PGA ~ 2.8g. Similar effects were ob-
served during the stronger 2003 Tokachi-oki and 2011 Tohoku earthquakes [Pavlenko, 2017,
2022]; such effects occur due to the velocity structure of the medium, when seismic waves
propagate into deeper layers with higher propagation velocities.

Note that the waveforms of the acceleration time histories at K-NET sites ISK005,
ISK001 and ISKO015 (to a lesser extent) show significant nonlinearity of soil behavior, i.e.,
spikes in the waveforms, which are usually related to cyclic mobility and soil liquefaction.

Conclusions

Thus, the near-fault records of the 2024 Noto earthquake show both a significant
nonlinearity of soft soil behavior and clear effects of directivity of the extended earthquake
source, which produced abnormally high accelerations PGA ~ 2.8 gon the surface.

In this respect, the 2024 Noto earthquake is similar to the 1999 Chi-Chi earthquake
(Mw ~ 7.6) [Pavlenko, 2008]; both earthquakes evidently represent intermediate cases
between weaker earthquakes with magnitudes Mw ~ 6.7-6.8 (like 1995 Kobe and 2000
Tottori earthquakes) that showed substantially nonlinear soft soil behavior in the near-fault
zones, and stronger earthquakes with magnitudes Mw ~ 8.3-9.0 (like 2003 Tokachi-oki
and 2011 Tohoku earthquakes), the main features of which were directivity effects, shock
wave fronts, and predominantly linear soil behavior, with soil hardening and generation of
abnormally high PGA.

Data and Resources

Records of the 2024 Noto earthquake and soil profiling data used in this study are
provided by the National Research Institute for Earth Science and Disaster Prevention
[NIED, 2024] in Japan, and can be obtained from the Kyoshin and Kiban-Kyoshin Networks.

Acknowledgments. I thank the K-NET and KiK-net Digital Strong-Motion Seismograph
Network of Japan for the records of the 2024 Noto earthquake and the profiling data. The
work was supported by RSF grant 23-27-00316.
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Abstract: It is shown that during reversals in geodynamo models the minimum amplitudes of the
dipole, quadrupole and octupole coincide. Since the characteristic time of the reversal is close to the
oscillations of the large-scale geomagnetic field, a similar analysis was carried out for the minima of
the amplitude of the dipole magnetic field over the past 100 thousand years. It turned out that in this
case such synchronization also occurs. It can be assumed that reversals and large scale variations of
the geomagnetic field between the reversals have a lot in common. The wavelet analysis carried out
indicates that the concept of the main geodynamo cycle is very arbitrary: the period of oscillation
can vary from 8-10 thousand years to 20-30 thousand for a dipole. Analysis of the evolution of the
Mauersberger spectrum allows us to conclude that magnetic field fluctuations observed at the Earth'’s
surface are associated with the transfer of the magnetic field to the surface of the liquid core and can
hardly be described by functions periodic in time.
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Introduction

Variations of the geomagnetic field penetrating to the Earth’s surface from the surface
of the liquid core cover a wide time range: from decades to hundreds of million of years
[ Valet et al., 2005]. It is assumed that variations up to 100 thousand years are directly related
to processes in the Earth’s core, in which the magnetic field is generated. Variations with
longer times correspond to processes in the Earth’s mantle that changes the magnitude of
the heat flow at the core-mantle boundary.

According to observations, the magnetic field on the Earth’s surface is 90% dipole. The
axis of the magnetic dipole at times greater than several tens of thousands of years coincides
with the geographic axis. As follows from archeo- and paleomagnetic observations, the
amplitude of the magnetic dipole can change with a characteristic time of 8-12 thousand
years (the so-called main period of the geodynamo).

However situation in the liquid core is different. Firstly, note that from a mathematical
point of view, the dipole component is not distinguished in any way in relation to neighbor-
ing modes, which also oscillate due to the turbulent motions and change its sign. In the
core itself, the dipole component is only slightly larger in amplitude than the dipole and
octupole, hardly standing out against neighbor harmonics in the spectrum.

The other point, is that as follows from the three-dimensional geodynamo modeling,
there is a transition from oscillations of an axisymmetric dipole ¢? with a non-zero average
to appearance of geomagnetic field excursions and then reversals with increase of the
energy sources available to geomagnetic field generation [Christensen and Aubert, 2006].
he similar situation takes place in the mean-field dynamo models adopted to the Earth
[Reshetnyak, 2017]. We emphasize, that characteristic duration of reversals is of the same
order of magnitude as the main cycle ~ 10* years [ Valet, 2003].
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It can be assumed that, by their nature, reversals are not much different from magnetic
field oscillations with a non-zero mean level, i.e. between reversals. Below we consider
behavior of the first modes in expansion in spherical functions in observations over the
last 100 thousand years that do not contain reversals, and the sequence of the reversals
in dynamo models, in order to identify common behavior as the amplitude of the modes
decrease.

Dynamo Predictions

As was mentioned in Introduction, the magnetic field reversals start with an increase
in the intensity of the energy sources [Christensen and Aubert, 2006; Reshetnyak, 2021]. De-
pending on the model, this can be either an increase in the heat flux in the liquid core in
the case of thermal convection, or due to change in the growth rate of the solid core in the
case of compositional convection. In the both cases, there is a transition from quasi-periodic
oscillations of the magnetic dipole with the period of the main cycle of geodynamo without
sign alternation to the regime with the reversals, in which the polarity of the axi-symmetric
magnetic dipole g9 changes.

The time interval between reversals decreases as convection intensity increases. The
characteristic time of the reversal itself is close to the main period ~ 10* years. Based on
this, it can be assumed that reversals are in some sense close in nature to the main cycle.
The difference between reversals and the main period of the geodynamo stands in existence
of a non-zero mean level in the oscillations of the main period, which is two times larger for
the last 10 thousand years than the amplitude of the oscillations.

The phenomenon of reversal can be easily predicted from the symmetry properties of
the geodynamo equations. Due to quadratic form of the Lorentz force, dynamo equations
are symmetric to the sign alternation of the magnetic field: B — —B. Generally speaking,
realization of such a change of the sign of the total magnetic field B assumes simultaneous
change of the sign of the magnetic field at all the scales in the multipole decomposition. The
more realistic suggestion is that reversal happens when the majority of the modes change
the sign. The number of these modes depends on the spectrum of the magnetic field and
the energy contained in the modes.

Following this scenario and provided that the modes are not correlated in time [ Hulot
and Le Mouél, 1994], we can suggest that reversals occur randomly, interval between the
reversals depends on the amplitude of mode oscillations, and duration of reversal is of the
same order of the oscillation’s time scale.

In this sense, dipole and its reversals are not something extraordinary: the magnetic
dipole fluctuates as well as the higher harmonics. Note that this statement does not contra-
dict with the mean-field dynamo theory [Krause and Ridler, 1980], which makes a distinction
between large-scale fields and turbulence, since the core does not exhibit the separation of
fields by scale used in the theory. As follows from the three-dimensional models, continuous
spectrum of the magnetic field is observed [ Christensen et al., 1999].

Depending on the model parameters, the dipole poloidal magnetic field observed at
the Earth’s surface is slightly larger or smaller than the quadrupole one, which generally
does not change the conclusion about similarity of the modes. Let us also note the fact
that exceed of the dipole component of the field at the Earth’s surface is caused with two
circumstances: the more rapid decrease in high modes in the mantle and the absence of
the toroidal component of the magnetic field, which does not penetrate beyond the core.
Taking into account the toroidal component of the magnetic field leads to decrease in the
relative fraction of the dipole magnetic field in the core.

To prove the statement of similarity of reversals and geomagnetic field oscillations
between the reversals, including the geodynamo main cycle, the analysis of some general
properties of magnetic field oscillations between the reversals and the reversals itself is
performed below. For the first case, data from the spherical-harmonic analysis of GGF100k
model [ Panovska et al., 2018] for the last 100 thousand years were used. To analyze the
behavior of the magnetic field during reversals, MAGIC geodynamo model was used [ Wicht,
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2002] In particular, we check below whether there is similarity (synchronization) in the
behavior of the first modes (dipole, quadrupole and octupole) during reversals and during
periods of a quiet magnetic field between reversals. The latter is not limited to the study of
the main cycle of the magnetic dipole and includes the analysis of long-term variations in
the magnetic field.

Magnetic Field Minima in Observations and Models

To synthesize the geomagnetic field over the last 100 thousand years GGF100k database
[Panovska et al., 2018] was used, presented as a set of Gaussian coefficients g;*, hj". The
model allows one to calculate the components of the magnetic field B = —VU, where the
scalar potential U is given as an expansion in spherical harmonics:

lo Ri+2 l
U= &0 > (glm cos my + hj™" sin m<p) P/ (cosb),
=1 m=0
(r, 8, ¢) — spherical coordinates, R. = 6381 km is the Earth’s radius, ;" — associated Leg-
endre polynomials, [y is the maximum harmonic number. Using the bispline interpolation
allows one to calculate the magnetic field at an arbitrary moment in time.
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Figure 1. Evolution of the axisymmetric dipole ¢§ and quadrupole g3 (a) and octupole g§ (b) over the last 100 thousand years

according to observations. For convenience, the quadrupole values are increased by 5 times, and the octupole values by 10 times. Zero

time value corresponds to the beginning of a new era. The numbers in circles denote the positions of |gf| minima.

The evolution of the first three axisymmetric harmonics ¢ (dipole), g9 (quadrupole)
and g9 (octupole) from GGF100k model are presented in Figure 1. Firstly, the above-
mentioned main geodynamo cycle (for ¢?) is weakly expressed: it is observed only in the
last 10 thousand years. The latter is clearly visible in Figure 2, with the decimal logarithm
of the Morlet wavelet spectrum in the Fourier normalization. The choice of wavelet analysis
is associated with its lower tendency to appearance of false peaks in the spectrum and
ability to detect evolution of the spectrum over the time. The abscissa axis represents time ¢,
and the ordinate axis represents the time scale a of the process. If there was a constant in
time periodicity, a horizontal band would be observed in the spectrum. Instead, for ¢? only
recently the existence of a periodicity of the order of 10-15 thousand years has been observed,
the duration of this event is comparable to the value of a. A more pronounced periodicity
is the 30 thousand years oscillation. With that, the quadrupole’s curve demonstrates traces
of 10 thousand years periodicity with exception of the time interval [—40, —30] thousand
years, when the 5 thousand years periodicity dominated. During this period of time in
the spectrum of the octupole a set of waves with periods from 4 to 8 thousand years was
observed as well. The rest of the time there was quasi-periodicity with a characteristic time
of about 7 thousand years. For the last two harmonics an oscillation with a characteristic time
of 25 thousand years is observed. All considered oscillations demonstrate non-constancy of
the periodicities. In many cases the lifetime of the process is comparable to the characteristic
oscillation time.

Secondly, two local minima are observed for the dipole intensity, separated by 20 thou-
sand years and denoted in the Figure 1 by number in circles. The greatest decrease in the
magnetic dipole strength was observed at time ¢, = —38,950 years indicated by the num-
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Figure 2. Wavelet spectra with Fourier norma: g9 (a), g3 (b) and g3 (c).

ber 2. This minimum corresponds to the Leschamps excursion [ Bonhommet and Zihringer,
1969]. At this moment, the other two harmonics g9, gJ had small absolute values as well.
To estimate decrease of Gauss coefficients at the minimum, it is convenient to normalize
each curve at Figure 1 at its maximal absolute value. Then values of g%, 99,and gJ att = t,
are —0.25, 0.12, and —0.24, correspondingly. Such a decrease of ¢! is of the same order
of magnitude as the decrease of the dipole during the reversal or excursion due to the
pure resolution of common observations. These minima correspond to the short-period
processes in Figure 2.

Such a coincidence of minima reminds situation in the three-dimensional geodynamo
model during reversals, Figure 3, see for details Appendix A. The behavior of ¢{ and ¢
modes, which are antisymmetric relative to the equator plane, is similar: both modes change
sign simultaneously. Additionally, in g9 mode the high-frequency component is observed.

The evolution of the ¢g§ quadrupole differs from antisymmetric modes in that the
oscillations occur at a zero average level. However, even for this harmonic, at the moment
when ¢{ = 0 the amplitude of ¢3 is small as well. The analysis shows that all the magnetic
field energy in the model on the Earth’s surface also has a minimum during the reversal. It
can be concluded that reversals occur when all the minima of the modes coincide. At the
moment of reversal, synchronization of the different modes is observed. Such a behavior of
the magnetic field could be expected for the dynamo regime in vicinity of the generation
threshold, where the break of generation of the dipole field during the reversal means decay
of the total magnetic field in the core. In this case correlation of the different modes between
the reversals is provided by the non-linear interaction between the modes. For the larger
energy sources it is the coincidence of the minima of the energy of the modes during the
reversals is important. So far, the time scales decrease with increase of heat sources, time
interval between the reversals decreases as well.

Returning to the observational data, we note that for the time moment 1 (in circle),
t1 = —59,500 years, which is close to the Norwegian-Greenland Sea excursion [Liu et al.,
2020], there is no correlation between |¢?| and |g9| in Figure 1. The corresponding normal-
ized values of coefficients ¢?, g9, g3 at t = t; are —0.46, 0.35, and —0.14, correspondingly. It
is possible that this difference is due to the fact that the decrease in magnetic field strength at
time moment 1 in GGF100k model is less than at the moment 2. Nevertheless, the minimum
g? coincides with decrease in the amplitude gJ. Let us recall that the asymmetry of the
spectrum of a modern magnetic field is well known: the spectrum has a sawtooth structure,
so that antisymmetric harmonics are slightly larger in amplitude than neighboring symmet-
ric ones [Lowes, 1974]. According to the considered scenario, the lack of synchronization
between ¢? and g3 makes reversal impossible.

The extent to which different modes are correlated was studied over timescales of
several hundred years [ Christensen and Aubert, 2006; Hulot and Le Mouél, 1994]. The answer
was negative: for different [ and m modes are statistically independent. Formally, we also
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Figure 3. Evolution of the axisymmetric dipole g9 (a), quadrupole g3 (b) and octupole g3 (c) in
geodynamo model. The numbers denote the reversals under consideration.

prove this result for GGF100k: the Pearson linear correlation coefficients for (¢7, ¢9), (¢¥, 93),
(g9, ¢9) are too small: 715 = —0.10, 713 = 0.18, 793 = 0.16. Then, conclusion about absence
of correlation remains valid, although for now the characteristic times of variations are
much longer than that ones in [Christensen and Aubert, 2006]: 7, = 535/1 years.

For the model time serries in Figure 3 the following Pearson coefficients are estimated:
rig = —0.02, 113 = 0.84, ro3 = 0.01. Such a large coefficient 713 is associated with the
appearance of reversals. The more pronounced correlation of ¢? and ¢§ is demonstrated
using the scatter diagram, see Figure 4. Between the reversals, r is less than 0.5. This value,
although higher than those observed in the GGF100k model, is still too small to say about
correlation of ¢¢ and ¢ between the reversals. We remind that r can be interpreted as
the cosine of the angle between two vectors in n-dimensional space. A complete lack of
correlation with r = 0 corresponds to an angle of 90°, and a value of r = 0.5 corresponds to
an angle of 60°, that corresponds to the negligible correalation.

Therefore, it can be assumed that the observed coincidence of the decrease in harmonic
amplitudes during reversals, Figure 3, and in the observations for the stable field (between
reversals) in Figure 1, may indicate the similarity of the processes occurring. In any case,
such a point of view can be stated by an observer on the Earth’s surface who knows nothing
about the properties of the magnetic field in the Earth’s core, where this field is generated
by dynamo processes. The difference lies in the existence of a non-zero dipole field between
the reversals, against the mean-level of which the magnetic dipole oscillates.
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Figure 5. Evolution in time of the decimal logarithm of the magnetic field spectrum, 1g S; at the
Earth’s surface. GGF100k model (a) geodynamo simulations (b) presented in Figure 3.

It is instructive to compare the change in the spatial Mauersberger spectrum

—(+1) i ( )2) (1)
m=0

over the time for observations GGF100k and dynamo model, discussed above, see Figure 5.
The spectra have a band structure. The stripes are located not along the time axis, as if
periodic processes with a fixed spatial scale ~ 1/I were observed, but perpendicular to
the time axis. From a physical point of view, this means that there were magnetic field
fluctuations that contributed to all I. Obviously, this picture has nothing to do with the
wave propagation, but corresponds to the ascent/sinking of hot/cold regions of the liquid
core, carrying with them a magnetic field. This information, in common with the analysis
of the pure potential field at the surface of the Earth, let us assume some new knowledge
about convection at the surface of the liquid core. The model case corresponds to the
magnetic Reynolds number R,, = 350 and Pm = 20, and hardly can be considered as the
well-developed turbulence regime from the strict point of view. However the behaviour of
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the Gauss coefficients is already very similar to the well-known turbulent noise scenario.
The additional analysis of the total kinetic and magnetic energy fluctuations in the liquid
core, which are quite large and not regular in time, supports this statement. The more
realistic point of view that such flows can be classified as the boundary turbulence. The
analysis of the Mauersberger spectrum of the secular variation, in the definition of which in
(1) instead of g and h there are their time derivatives, demonstrates no essential changes.'

Conclusions

Similarity of the characteristic times of geomagnetic field reversals and large-scale
magnetic field variations between reversals suggests existence of the deeper connection be-
tween these processes. According to calculations, a simultaneous decrease in the amplitude
of the first modes in the expansion in spherical functions of the potential field outside the
core is observed. With that, the correlation of these modes at long times is close to zero. It
can be concluded that the reversal occurs as a result of the coincidence of the amplitude
minima of the first few modes at least. In the absence of such a coincidence, quasiperiodic
variations of the large-scale magnetic field are observed at the same time scales ~ 10* years
at a non-zero level for an axisymmetric dipole ¢. Such variations, according to observations,
are characterized by partial coincidences of minima, for example, dipole and octupole.

Apparently, the amplitude of the variation itself is also important: when a certain
threshold value is reached, the reversal occurs. In its turn amplitude of variation depends
on the energy sources of dynamo in the core. The above leads to the conclusion that reversals
are a fairly ordinary coincidence of circumstances from the point of view of magnetohydro-
dynamics. This phenomenon is the intrinsic nature of the dynamo mechanism and no other
external trigger is needed. It is worth to note, that this scenario assumes, that temporal
spectra of the magnetic field before and after the reversal is the same. Than follows that
the start and the end of, e.g., superchrone is the same from spectral point of view and no
prediction of the superchrone is possible at the times larger than ~ 10? years.

Acknowledgements. The geodynamo modelling part of the work was supported by the
Russian Science Foundation grant # 23-17-00112 and analysis of observational data was
performed within the framework of a State Assignment of the Institute of Physics of the
Earth of Russian Academy of Sciences.

Appendix A

Let us consider the dynamo equations in a spherical layer r; < r < rg, rotating with
the angular velocity (2 around axis z, where (r, 6, ¢) is a spherical coordinates, 7y = 1 and
r; = 0.35. Entering the following units for velocity V, time ¢, pressure P and magnetic field
B, v/d, d*/v, pvQ and \/Qpnp, where d = ro — r; is the unit of length, v is the coefficient of
kinematic viscosity, p is the density of matter, 1 is the magnetic permeability, and 7 is the
coefficient of magnetic diffusion, we write the system of dynamo equations in the form

B
%:vX(VxBHPm—lAB

ov 1 2 Ra 1

aa% +(V-V)(T +To) = Pr 'AT.

The dimensionless Prandtl, Ekman, Rayleigh, and magnetic Prandtl numbers are given

oTd3
Ra = 290924 and Pm = Z, where « is the coefficient
n

12
in the foorm Pr = —, E = —;,
K wd? V2

1" The secular variation spectrum is used to filter a large-scale magnetic field that has long characteristic times.
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of molecular thermal conductivity, « is the coefficient of volumetric expansion, g, is the
acceleration of gravity, 07" is the unit of temperature perturbation T’ relative to the “diffusion”
ri(r—1)

System (A1) is closed by vacuum boundary conditions for the magnetic field at r¢, 7;
and by zero boundary conditions for the velocity field and temperature perturbations. We
used the pseudo-spectral, MPI-code Magic [ Wicht, 2002] adapted for the Gentoo operating
system. For expansions in 65 Chebyshev polynomials and 128 spherical functions, 16 cores
were used on Intel® Xeon® CPU E5-2640 computers.

For simulations presented in Figure 3 the following values of parameters were used:
Pr=1,Pm=20,E=6.5x10"% Ra=5 x 10°.

(non-convective) temperature distribution 7'y =
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Abstract: An algorithm for identifying seismic generation zones or “seismic domains” using fuzzy
logic has been developed and tested on the island of Sakhalin. Initial data were obtained from
diagrams of the distribution of “weak” zones, relief elevation distribution skewness, and magnitude
of recent area deformation for one year. These data were processed using a y-operator in fuzzy
logic with y = 0.9, which allowed us to identify areas with high seismic activity. The areas where
these active areas intersect with zones with increased compressive stress values, as determined by
computer modeling, were considered to be seismic zones. It was shown that, if there are not enough
source materials available, it is possible to exclude information about the recent deformation field
from consideration and use an assumed grid of active faults for computer modeling. This approach

may be useful when analyzing areas that have not been studied well.

Keywords: morphometric analysis of relief, fuzzy logic, neotectonics, seismotectonics, seismod-

omains, seismic generation zone, GNSS.
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Introduction

Currently, research is underway to formalize the methodology for identifying earth-
quake foci in different regions and to clarify lineament-domain focal models. This could
be achieved by complex geological and geophysical data processing with a fuzzy logic
algorithm [Dzeboev et al., 2019; Gvishiani et al., 2021; Kulchinsky et al., 2010]. Due to the
fact that a significant portion of the Russian Federation’s territory has not been sufficiently
studied in terms of seismology, we have developed an algorithm for identifying areas
that encompass homogeneous geological features and dissipated seismicity, which we call
seismic generation zones here or “seismodomains”, “seismic domains” in Russian [Ulomniov,
1987]. This is achieved by processing geological and geomorphological data using the fuzzy
logic y-operator. The effectiveness of this approach is justified by comparison with data on
the modern seismic activity of Sakhalin Island, where during the instrumental observa-
tion period, more than 300 earthquakes have occurred with a depth up to 45 kilometers,
including 13 that were sufficiently strong with magnitudes of M > 5.5.

Russ. J. Earth. Sci. 2024, 24, ES2004, EDN: JZBFTU, https://doi.org/10.2205/2024es000906 https://rjes.ru/


https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.rjes.ru
https://rjes.ru/
https://orcid.org/0000-0003-4656-6694
https://orcid.org/0000-0002-9157-8099
https://orcid.org/0000-0001-6742-3524
https://orcid.org/0000-0001-7489-2951
https://orcid.org/0009-0002-4474-4899
https://orcid.org/0009-0003-5889-9477
https://orcid.org/0000-0003-1037-6821
https://orcid.org/0000-0003-4626-8662
https://orcid.org/0000-0001-7670-3851
https://orcid.org/0000-0002-6182-114X
https://orcid.org/0000-0003-0324-9795
https://elibrary.ru/jzbftu
https://doi.org/10.2205/2024es000906
https://elibrary.ru/jzbftu
https://doi.org/10.2205/2024es000906
https://rjes.ru/

Seismic DomAIN IDENTIFICATION ALGORITHM UsING Fuzzy LoGic METHODS. . . SOBISEVICH ET AL.

Materials and Methods of Research

The initial data consisted of an Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) digital elevation model (DEM) with a resolution of 1 arc second
(~ 30 m) [United States Geological Survey, 2023], river hydrography [Lehner and Grill, 2013]
and a database of active faults [Zelenin et al., 2022]. The DEM and hydrography were
used to calculate morphometric relief parameters, which are related to the nature of
neotectonic movements. These parameters include: 1) density of “weak” zones, identified
by the method [Kostenko, 1999]. 2) elevation distribution skewness. 3) steepness of slopes.
4) absolute curvature of the relief. 5) The difference between the basic surfaces of the
2nd and 3rd orders. 6) average elevation. 7) difference between the base surfaces of the
1st and 2nd orders. 8) difference in the of the relief elevation and the base surface of the
3rd order. 9) depth of vertical dissection. Seismically active zones have been identified
according to their positive anomalies, where the corresponding values exceed the median
or third quartile. In these zones, more than half of earthquake epicenters (for the median)
or more than a quarter of earthquake epicenters (for the third quartile) are located (see
Table 1). Calculations of skewness, average elevation, and depth of vertical dissections
were performed using a 15 x 15km grid.

Due to the fact that the current stress-strain state determines the nature of seismicity,
the values of the areal deformation (&) of the covering elements were calculated. These
covering elements are Delaunay triangles [Delone, 1934], the vertices of which correspond
to the global navigation satellite system (GNSS) points. Data on the location, velocity and
direction of displacement of the latter are given in [Gridchina et al., 2023]. The values of
g are determined by the formula 5 = 523_151 , where S is the area of the triangle, S, is the
area of the triangle but with annual displacement of its vertices accounted.

Table 1. The relationship of positive anomalies of morphometric parameters of the relief of the
Sakhalin Island with modern seismicity

The proportion of earthquake
epicenters located in the areas
where the values of the

The proportion of earthquake

Morphometric parameters of epicenters, where the values

the relief morphometric parameter of the morphometric
>Q2 parameter >Q3
1 0.62 0.35
2 0.57 0.31
3 0.51 0.29
4 0.51 0.28
5 0.54 0.27
6 0.55 0.22
7 0.56 0.28
8 0.54 0.25
9 0.58 0.23

Note: Q2 - the median, Q3 - the 3rd quartile. The numbers indicate: 1) density of "weak” zones, identified by the
method [Kostenko, 1999]. 2) elevation distribution skewness. 3) steepness of slopes. 4) absolute curvature of the
relief. 5) The difference between the basic surfaces of the 2nd and 3rd orders. 6) average elevation. 7) difference
between the base surfaces of the 1st and 2nd orders. 8) difference of the relief elevation and the base surface of
the 3rd order. 9) depth of vertical dissection.

The analysis of morphometric parameters of the relief and the modern deforma-
tion pattern by fuzzy logic was performed using the y-operator [Zimmermann, 2001]
in the ArcGIS environment. The corresponding bitmaps were transformed by a lin-
ear algorithm and stacked-up into fuzzy sets. Then, we use the fuzzy gamma function:
(%) = (Psum)? % (ypmduct)(l’w, where y are set in the range from 0 to 1, pg,, — fuzzy set
sum, and pproduct — fuzzy set product. If the value of y is close to 1, then the result is close
to the fuzzy sum, and vice versa: if y is close to 0, then the result is close to the fuzzy
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product. Assuming that this gamma function is parametrized with relief morphometrics
and modern horizontal displacement indicators we apply this function to each cell to
acquire the neotectonics activity index I. The values of y equal to 0.25, 0.50, 0.75 and
0.90 were tested.

Confidence analysis was performed with Receiver operating characteristic (ROC)
binary classification method parametrized with integral parameter I and earthquake epi-
center map. Each dataset was gridded with cell size of 15 x 15km and adjusted. Thus,
each cell was assigned with two values: maximum integral parameter I and 1-or-0 value of
earthquake epicenter(s) presence, zero being not.

In addition, the proposed algorithm for isolating seismic generation zones involves
the use of the results of computer geodynamic modeling, which allows us to identify areas
with increased relative compressive stress values. The methodology of the algorithm and
the results obtained for Sakhalin Island are described in [Steblov et al., 2023]. It should
be noted that the scheme of active faults, as given in [Zelenin et al., 2022], was used as
initial data. Due to the fact that the active faults in a number of regions in Russia have not
been studied sufficiently, we use the example of Sakhalin to assess the effectiveness of their
identification by DEM according to the method of Y. V. Nechaev [Nechaev, Yu. V., 2010].
This method involves determining the degree of tectonic fragmentation by the specific
length of the “weak” zones within a cell with side a for a depth of h = a/2. The specific
length of these “weak” areas is calculated as the ratio of the total length of these areas
to the area of the cell (a). By varying the values of 4, the degree of fragmentation was
estimated in the depth range of 2.5-20 km and the vertical profiles were compared for this
parameter with data on active faults.

Results and Discussion

As the most informative parameters, 2 morphometric parameters were selected — the
density of “weak” zones and the skewness of relief elevation distribution. These parameters
are based on the number of earthquake epicenters falling into areas where the values of
these parameters exceed the median (Q2) or the 3rd quartile (Q3). The proportion of
earthquake epicenters located within areas contoured by values >Q3 is 0.35 for density
of “weak” zones and 0.31 for elevation distribution skewness, respectively. This exceeds
similar values for other morphometric characteristics that were considered. Additionally,
during the transition from Q2 to Q3, the proportion of epicenters decreases by less than
a factor of 2 (see Table 1). In general, areas with positive values of elevation distribution
skewness have a high potential energy in the relief, while areas with increased density of
weak zones correspond to regions where brittle deformations occur (Figure 1).

At the first stage, three parameters were processed by the y-operator — the density of
“weak” zones, the elevation distribution skewness, and the magnitude of modern dilation
at y = 0.9 (Figure 2B). The choice of this gamma value is due to the fact that it provides
the largest range of values for estimating the degree of belonging of parameter I to set
mu. Seismically active regions are characterized by elevation values of I from 0.6 to 0.9,
occupying 47% of the studied area. This is 19% less than the entire island, due to the lack of
data on the values for its northern and southern extremities. 44% of epicenters fall within
these limits, including 70% with Mw > 5.5, while 78% of events and 92% of high magnetic
events fall within the uncertainty zone, which varies from 0.4 to 0.6 at this stage. At the
second stage, a simplified methodology for allocating seismically active areas was tested.
In this case, with y = 0.9, only two parameters were processed: the density of “weak” zones
and elevation distribution skewness. It was discovered that 47% of epicenters, including
30% of earthquakes with Mw > 5, occur in areas with elevated values of I (between 0.6 and
0.9) that occupy 66% of the area of the island (Figure 2C). The reliability of these models
was confirmed through ROC analysis. The first model’s prognostic accuracy was analyzed
for both all earthquakes (Figure 3I) as well as events with M > 5.5 (Figure 3II). For the first
case, Area Under the Curve (AUC) value is 0.60 and for the latter it is 0.70 For the second,
the corresponding values are 0.66 and 0.86 (Figures 3III and 3IV).
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Figure 1. Mapped parameters derived of initial data for the analysis with the y-operator: relief
elevation distribution (A), density of “weak” zones (B) and modern areal deformation (eg) of the
island of Sakhalin (C). 1-2 — epicenters of earthquakes with magnitude: 1 - M <5.5; 2 - M > 5.5;
3 — GNSS points. In the round inset on C we show the reconstruction of the main normal stress axes
by Y. L. Rebetsky method of cataclastic analysis of discontinuous displacements for focal mechanisms
of earthquake foci [Rebetsky, Yu. L. et al., 2017] (lower hemisphere): 1-3 are the main normal stress
axes: 1 —stretching, 2 — intermediate, 3 — compression.

Compressive stresses predominate on Sakhalin Island, as evidenced by the nature
of the field of modern area deformation. This is confirmed by the reconstruction of the
main normal stress axes by Y. L. Rebetsky method of cataclastic analysis of discontinuous
displacements for focal mechanisms of earthquake foci [Rebetsky, Yu. L. et al., 2017]
(Figure 1C, inset). Overall, the configuration of seismically active areas identified by
increased I values is consistent with the contours of areas of compressive stress localization
previously established by computer geodynamic modeling [Steblov et al., 2023]. The zones
with increased relative compressive stress values, where the calculated I ranges from 0.6
to 0.9 for 3 parameters, are considered here as seismic generation zones. This approach
validates the allocation of all previously identified seismic generation zones (Figure 2D,
I-VIin Table 2), as described in [Steblov et al., 2023] and also allows for the identification of
5 new seismic generation zones (Figure 2D, VII-XI in Table 2). Estimates of the maximum
magnitude of the expected earthquake for each domain were made according to RB-019-18
[2018] by adding 0.5 magnitude units to the magnitude of the strongest known earthquake.
The exception is seismic generation zone XI, where no seismic events were recorded during
the entire observation period. However, based on the results we obtained, it is considered
an area where earthquakes with M > 5.5 are possible. It should be noted that the proposed
seismic domain model is consistent with the Lineament Domain Model IMGiG-97 [Oskorbin,
1997], complementing and clarifying it.
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Figure 2. Map of tectonic fragmentation of Sakhalin (A), the results of processing by the y-operator
with GNSS (B) and without GNSS data (C), seismic generation zones (D). 1-2 — epicenters of earth-
quakes with magnitude: 1 - M < 5.5; 2 - M > 5.5; 3 — “weak” zones; 4 — active discontinuous
disturbances, according to [Zelenin et al., 2022]; 5 — the position of tectonic fragmentation profiles;
6 — areas of localization of maximum compressive stresses, according to [Steblov et al., 2023]; 7 — seis-
mic generation zones, according to [Steblov et al., 2023]; 8 — seismic generation zones highlighted by

the algorithm considered in the text.

Table 2. Estimation of the maximum expected magnitude (Mmax) within the limits of the Sakhalin

Island seismic generation zones

Seismic Generation

Zone Number Mmax
I 8
I 6.1
111 6.8
v 7.6
v 5.5
VI 6.7
Vil 6.1
VIII 6.1
X 6.1
X 6
XI 5.5

The construction of vertical sections of the tectonic fragmentation field (Figure 2A,
Figure 4) showed that most of the active faults considered in [Zelenin et al., 2022] are
manifested in them. The 5 profile lines in Figure 2A show between 60 and 80% active
faults with an average of 74%. This result shows that with an insufficient level of insight to
use data on suspected active faults identification using method as in [Delone, 1934] one can
use the Y. V. Nechaev method [Nechaev, Yu. V., 2010] with DEM data.
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Figure 3. ROC curves (blue lines) constructed for the neotectonic activity index (I) and earthquake
epicenters of Sakhalin Island: I-II for the first model (explanations in the text): — I taking into account
the entire magnitude range under consideration, II — only for earthquakes with M > 5.5; III-IV — for
the second model: III - taking into account the entire considered range of magnitudes, IV — only for
earthquakes with M > 5.5. Diagonal lines are the boundaries of a random distribution. Specificity
and sensitivity are two important characteristics of an algorithm. Specificity refers to the ability of
the algorithm to accurately identify objects in a sample that have a specific feature, while sensitivity
refers to its ability to differentiate between objects that have and do not have the same feature [Belyaev
et al., 2023].

Conclusion

We have proposed an algorithm for identifying seismic generation zones. It involves
analyzing 3 parameters: the density of “weak” zones; elevation distribution skewness; and
values of modern areal deformation. We use the y-operator from fuzzy logic to analyze
these parameters and compare them with the configuration of areas with increased relative
values of compressive stress, which were identified by computer modeling. It is shown that,
without initial data, an analysis of only 2 parameters can be acceptable (without considering
modern areal deformations). It is also possible to carry out modeling using information on
potential active faults identified using the Y. V. Nechaev method [Nechaev, Yu. V., 2010]
with DEM data. The testing of this algorithm using the example of Sakhalin Island has
shown its effectiveness and allowed us to expand our knowledge of the configuration of
seismic zones or, in Russian, “seismodomains”.
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Abstract: Interior Fars region is an important geological province of Zagros basin due to historical
events. The present paper focused on the time span of the Asmari deposition (Oligo-Lower Miocene)
in Fars area bounded by Kazerun and Nezamabad faults. The studied samples of Asmari Formation
were collected from 3 different stratigraphic sections A, B and C. The area is discussed in view of
microfacies variation, sequence stratigraphy and environmental factors such as diagenetic processes
and sea level changes. Microscopic studies led to identification 13 carbonate facies in this area. The
results showed that the Asmari Formation has been deposited in a carbonate shelf in 5 sedimentary
sub-environments including open sea, bar, lagoon, shoal and tidal flat. Basin changes were also
compared with global sea level changes. Sequential stratigraphic evidence showed that the Asmari
Formation consists of two sedimentary sequences of third order. The unconformity in the lower
boundary of Asmari Formation with Jahrom Formation in sections-B and C can be ascribed to the
result of Pyrenean orogenic phase activity in this area. The Asmari Formation in this area has been
undergone extensively by diagenetic processes. Micriticization, dolomitization, cementation, hemati-
tization, stylolitization, neomorphism and dissolution are among the important and noteworthy
of diagenetic processes. The intensity of each process is a function of facies characteristics (fabric
control). Microfacies data and sea level changes curve in local (the area), regional and global scales
revealed that these facies are more correlated to the local sea level variation than others. The present
study resulted to new main points related to the Fars basin evolution. Reactivation of faults (such
as Kazerun and Nezamabad), regional sea level changes and Alpine orogenic phases impact (i.e.,

Pyrenean phase) have involved a major role in sedimentary facies distribution and basin evolution.

Keywords: Asmari Formation, Interior Fars, Pyrenean phase, sea level changes.
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During Asmari Formation (Oligocene-Lower Miocene) Deposition, South Iran, Russian Journal of
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Introduction

The Zagros Basin has long been considered by researchers due to its significant
hydrocarbon reserves and very young tectonic activity, as well as due to the shallowest oil
horizon in southwestern Iran. Among these, the sedimentary carbonate platform sediments
of the Asmari Formation (Oligo-Lower Miocene) deposited in the Zagros Basin have the
greatest development in the Dezful embayment, including some of the largest oil reservoirs
in the world and are therefore of particular importance Bordenave and Hegre [2005]. The
Pyrenean orogenic phase has caused the gradual rise of the mountains of Central and
Eastern Iran, Alborz and the formation of the central basins of Iran, the uplift of the
Kopedagh and the regression marine of Zagros region. The inland basins of Iran have
become playa after the Pyrenean phase. The orogeny phase activity is contemporaneous to
the Asmari deposition in the Zagros region.
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The type section of Asmari Formation (in Tang Gol Torsh) in Khuzestan province
[Richardson, 1924] recorded two evaporitic members of Kalhor (southwest of Lorestan
and northwest of Dezful embayment) and Ahvaz sandstone (south of Dezful embayment)
[Haidari, Kh. et al., 2020; Yarem Taghloo Sohrabi et al., 2019]. The main lithology of Asmari
Formation is limestone, dolomite and dolomitic limestone. What is acceptable today about
the Asmari Formation was founded by Lees [1933]. Asmari base anhydrite, which lies
beneath the calcareous layers, is also classified as a part of Asmari. In general, the Formation
is continuously deposited on the deeper marine sediments of Pabdeh (Paleocene-Oligocene)
and overlain by Gachsaran formations discontinuously in most areas.

The Asmari Formation in the interior Fars region has been studied by various re-
searchers in view of sedimentary environment [Ahmadi et al., 2011; Akhzari et al., 2015;
Mahmoodabadi, 2014], microfacies [Dehghanian et al., 2012, 2013], facies and biostratig-
raphy [Adabi et al., 2008; Allahkarampour Dill et al., 2010; Amirshahkarami et al., 2007a,b,
2010; Bahrami, 2009; Ehrenberg et al., 2007; Hakimzadeh and Seyrafian, 2008; Karami et al.,
2020; Laursen et al., 2009; Nadjafi et al., 2004; Rahmani et al., 2009; Seyrafian and Hamedani,
2003; van Buchem et al., 2010; Vaziri-Moghaddam et al., 2005], paleoecology and biostratig-
raphy [Sooltanian et al., 2011], biostratigraphy, paleoecology and diagenesis [Seyrafian and
Hamedani, 2003].

Therefore, according to the extensive studies of the Asmari Formation in the interior
Fars Basin, it seems that there are several geological sections that should be studied.
The present study is one of these cases. The main goal of this study is to analysis the
microscopic facies, sedimentary environment and the influence of diagenetic processes on
the microfacies of Asmari Formation in interior Fars in sections-A, B and C as well as the
possible influences of Pyrenean phase activity on the related stratigraphic sequences.

Studied Stratigraphic Sections

To study the sedimentary environment of Asmari Formation in the study area (interior
Fars), 3 stratigraphic sections of A, B and C were studied (Figure 1).

Section A is located 140 to 150 km to the SW of Shiraz. Asmari Formation with
a thickness of 172.62 meters is located on Pabdeh Formation and below Gachsaran.

Section B is located 86km far from Shiraz in sought-eastern part of the province.
The lower boundary of Asmari Formation with Jahrom Formation is discontinuous and
its upper boundary with Razak Formation is steep and discontinuous. The thickness of
Asmari Formation was 140 m.

Section C is marked on 35 km northwest of Shiraz. The Asmari Formation overlaps
Jahrom Formation and its upper boundary is with Gachsaran Formation. The thickness of
Asmari Formation in this section is 180 meters (Figure 1).

In view of geological structure, the area understudy is limited by two major faults,
Kazerun and Nezamabad which will be described in brief.
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Figure 1. The position map and stratigraphic sections understudy.
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Kazerun fault. The Kazerun Fault is known as an active fault zone and defined to be
an ancient (Early Cambrian) structural lineament in Zagros region [Sepehr and Cosgrove,
2004, 2005, 2007; Talbot and Alavi, 1996]. The zone activity controls the characteristics of
structure, sedimentation, and subsidence as well as the hydrocarbon system of the belt.
The Kazerun Fault has also a major effect on the distribution of the Cambrian Hormuz
salt in two areals (more than 100 salt domes in the east and no traces in the west). Its
reactivation during the geological time resulted in major sedimentary thickness and facies
variations in Zagros and Fars regions.

Nezamabad. Nezamabad fault zone in despite of Kazerun fault is a sinistral strike-slip
fault type with the strike of NE-SW. This fault along with Kazerun fault activities have
caused complex structural deformations such as variation in axial plane and fold axis or
facies changes in the region [Hosseinpour et al., 2019; Maleki et al., 2014, 2015]. However
it is claimed that the activity of the Nezamabad fault in this area is limited to Jurassic
and Cretaceous periods (Coniacian and Cenomanian) [Hosseinpour et al., 2017], but it is
possible to be related to the Kazerun Fault and they have formed a fault system together.
The Razak fault is also considered as another structural lineament in the eastern part. All
these controlled the geometry of the sedimentary Fars basin as well as later structural
deformation.

The final movement of the Iranian-Arabic plates has led to the closure of Neotethys
and the creation of a foreland basin. Tectonic activity has played the most important role
in the spatial changes of the Zagros Basin, while eustasy has been affected merely in the
formation of stratigraphic geometry. It seems that these movements eventually led to the
closure of the basin (i.e., after subduction and collision) [Allahkarampour Dill et al., 2010].

Materials and Methodology

In order to study the microscopic facies of Asmari Formation, about 450 thin sections
were prepared and studied. The Dunham method [Dunham, 1962] has been used to
characterize carbonate samples. Fliigel [2010] and Wilson [1975] methods have been used
in petrographic study and recognition of mirofacies.

Based on field and petrographic studies of Asmari Formation in all studied sections,
a wide range of carbonate facies was identified. To distinguish and identify carbonate
facies, factors such as the type of components of carbonate rocks including orthochem,
allochem, skeletal and non-skeletal grain types, grain size and their frequency percentage
have been used.

Skeletal grains are more common including of miliolid, algae, nummulitid and alve-
olinid families, as with a higher percentage of milliolide and algae than others. Non-skeletal
grains are mostly pellet and intraclast grains, the frequency of which in some samples
reaches 50%.

Discussion

Basin analysis is essentially based on sea level changes in local and global scales which
is reflected on microfacies frequency in the basin. Therefore, the purpose of this research
paper is to compare the effects of Pyrenean orogeny phase in the Asmari Formation in
terms of vertical changes of microfacies in different parts of the interior Fars sedimentary
basin. In general, according to sequence stratigraphic studies, two sedimentary sequences
of third order were identified for Asmari sediments [Yarem Taghloo Sohrabi et al., 2019].

Determined Microfacies

Microscopic examinations of Asmari Formation samples in the studied sections were
resulted to identification of 13 carbonate microfacies. According to their vertical change
observed in stratigraphic column, these facies were generally deposited in a carbonate shelf
type basin during the Oligocene-Miocene period. These facies are classified in the five
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sedimentary belts including (1) open marine, (2) back reef/barrier, (3) lagoon, (4) shoal
and (5) tidal flat (Figure 2).

1. Open marine microfacies

Perforate and imperforate foraminifera packstone (MF1): The facies contains of 85%
allochems including the usual hyaline perforate foraminifera of Nummulitids and porcelain
imperforate foraminifera including Miliolids and Austrotrilina and a small percentage
of intraclast and red algae which are indicating a transitional zone between lagoon and
open marine (Figure 3a). Due to the coexistence of red algae and perforate and imperforate
foraminifera in the mud, they can be interpreted as a lagoon part adjacent to the platform
shoal. Nevertheless, wide spread of hyaline-walled foraminifera can be attributed to the
initial parts of the shallow open sea and the middle ramp [Burchette and Wright, 1992]. The
facies is comparable to RMF-14 and SMF-9.

Perforate foraminifera packstone (MF2): The facies having large benthic foraminfera
is hyaline perforate type. Nummulitidae form about 80-90% of the main allochem of
this facies (Figure 3b). The facies is indicating a micritic matrix that has been partly
glauconitized (Figure 3c). The abundance of perforate foraminifera indicates that these
sediments have been deposited in a shallow open sea environment between two key levels
(normal waves (fair weather wave base- FWWB) and storm wave base-SWB) [Beavington-
Penney et al., 2005]. The environment is characterized by normal salinity and somewhat
turbulent. Hematitization process is occurred along stylolites (Figure 4j), dissolved veins,
intragrains or vugs (due to weathering) and oxidation of iron bearing minerals as well
[Scholle and Ulmer-Scholle, 2003; Tucker et al., 2001]. This microfacies is equivalent to
RMEF-2 and SMEF-3.
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Figure 2. Microfacies and sedimentary belts detected in cross sections understudy of the Asmari

Formation.

Operculina wackestone (MF3): The facies is defined by the frequency of hyaline
perforate foraminifera, especially Operculina and large and elongated Lepidocyclinides
(Nephrolepidina and Eulepidina) in the amount of 40 to 50% and other skeletal (such as
echinoderm and bivalve) and non-skeletal (such as pellet) components are less than 10%.
Generally, due to the large size of benthic foraminifera, the texture can also be considered
as floatstone (Figure 3d). The sedimentary environment is between normal waves and
storm surface in a shallow open sea of the middle ramp. The facies is comparable to RMF-2
and SMF-7, 8, 13.
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Nummulitidae packstone/wackestone (MF4): It is characterized by the abundance of
large perforate benthic such as Nummulitidae and large and elongated Lepidocyclinides
with an average frequency of about 20 to 30% and a size of 1.2 to 1.6 mm in the pack-
stone/wackestone matrix. Other skeletal components include coral, red algae, echinoderm,
and mollusk (Figure 3e). Sorting and rounding are generally low. The presence of hyaline
perforate tests indicates that sedimentation has taken place in the front part of the bar
towards the sea [Vaziri-Moghaddam et al., 2010] These are indicating an environment with
normal salinity and the lowest sunlight on a carbonate ramp platform. The thinning and
widening of these foraminifera occurs with increasing water depth, indicating a decrease
in ambient light and energy. The facies is equal to RMF-13 and SMF-2.

Figure 3. Photomicrographs of selected thin sections of determined microfacies: (a) Perforate and
imperforate foraminifera packstone (MF1); (b, c) Perforate foraminifera packstone (MF2); (d) Op-
erculina wackestone (MF3); (e) Nummulitidae packstone/wackestone (MF4); (f) Mudstone (MF5);
(g) Coral boundstone (MF6); (h) Miliolidae bioclastic grainstone (MF7); (i) Miliolidae wackestone
(MF8); (j, k) Bioclast wackestone/packstone (MF9); (1) Bioclastic (such as Peneropolis sp. and Borelis
sp.) grainstone (MF10); (m, n) Austrotrilina packstone (MF11); (o) Peloidal Grainstone (MF12);
(p) Quartzeous mudstone/packstone (MF13).

Mudstone (MF5): The facies presents entirely of micritic limestone with less than 10%
of planktonic foraminifera (Figure 3f). The presence of deep-sea plankton bioclasts and
abundance of micrite indicate a deep sedimentary environment. It is equivalent to RMF-1
and SMF-3.

2. Back reef microfacies

Coral boundstone (MF6): The facies is defined by the presence of in situ coral skeleton,
without any fractures or skeletal debris. Granular cement and sometimes calcareous mud
have been deposited in inter skeletal grains (inter granular porosity) of corals (Figure 3g).
The MF6 was formed in the margin of the platform as patchy reefs which are located above
the normal wave level [Wilson, 1975]. The porosity types are vuggy, intragranular and
fracture. The sedimentary environment is the back reef/barrier and lagoon. The facies is
equal to RMF-12 and SMF-7.

Miliolidae bioclastic grainstone (MF7): Skeletal allochems of benthic foraminifera
such as Miliolidae and Alveolinidae families are identified with an average abundance
of about 60 to 65% in a sparry cement (Figure 3h). This assemblage indicates grains
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transportation and sedimentation in a barrier island environment [Ehrenberg et al., 2007].
The presence of Miliolidae in grainstone is a marker of very shallow waters, semi/hyper
saline state (relatively restricted and high energy) [Langer and Hottinger, 2000] MF7 is the
most important and abundant microfacies in the Asmari Formation. The cementation
process is predominant as sparry calcite which is supported by aragonite dissolution [Adabi
and Rao, 1991; Choquette, Ph. W. and James, 1987; Tucker and Wright, 1990]. Furthermore,
fenestral porosity is also reported in this condition [Choquette, Ph. W. and Pray, 1970] and
detected in this area (Figure 40). The facies is equal to RMF- 8 and SMF-7.

3. Lagoonal microfacies:

Miliolide wackestone (MF8): It is characterized by the frequency of small benthic
foraminifera such as Miliolide (0.6 mm) and Ostracod with a less frequency (Figure 3i).
The sponge spike is another skeletal component. The size of the components is in the
range of lutite (silt to clay size sediments) and sorting is moderate. Bioturbation is the
most important sedimentary structure. The sedimentary environment is a restricted lagoon
having a relatively high stress conditions [Fliigel/, 2010]. The facies is equal to RMF-20, 26
and SMF-9 and 17.

Bioclastic wackestone/packstone (MF9): It is characterized by a variety of different
benthic porcelain imperforate foraminifera including Peneropolis, Dendritina, Miliolidae
and Borelis with an average frequency of 40 to 45% in a mud support packstone/wackestone
(Figure 3j, 3k). The most important non-skeletal components are peloids and intraclasts
with an average frequency of 10 to 15%, which are formed during the micritization process.
The sedimentary environment is a lagoon that is confirmed by the lack of normal marine
organisms and the abundance of imperforate foraminifera. Comparing to the Miliolidae
wackestone, the facies has been deposited in the unrestricted parts of the lagoon due to the
higher fossil diversity. This microfacies is equal to SMF-16 and RMF-20.

4. Shoal Microfacies

Bioclastic grainstone (MF10): In this microfacies, the size of foraminifera is high
compared to other cases. The amount of lime mud is completely reduced while bioclasts
make up the largest amount (55%). In addition to bioclasts such as Bryozoa and Echinoid
spines, porcelain crust foraminifera such as Peneropolis and Borelis can be observed with a
frequency of 30 to 35%. These bioclastic bars are formed above wave level but lower than
the bar height. The intraclast percentage in this facies estimated to 15%. Due to the remove
of lime mud, the porosity of the facies increased. All porosity types such as vug (Figure 3I)
and fractures can be observed. RMF 26 and SMF-11 and 16.

Austrotrilina packstone (MF11): The facies presents about 40% of the skeletal al-
lochem of the Milliolidae family, and Austrotrilina, which is deposited in a micritic matrix
in a shoal environment (Figure 3m, 3n). This is comparable to RMF-26 and SMF-11 and 16.

5. Tidal Flat Microfacies

Peloidal Grainstone (MF12): This belt characterized with individual fauna including
of gastropods, red algae and Ostracods. The environment defined by special structures
such as lattice or fenestral, gradual graded bedding as well as regular and very thin bedding
(Figure 30). The facies represents a relatively high-energy tidal flat. The facies is equal to
RMF-23 and SMF- 21.

Quartzeous mudstone/ packstone (MF13): The facies consists of lime mudstone/
packstone having fine quartz grains (up to 5-15%) in the size of silt to sand (Figure 3p).
The frequency of 30% intraclast is significant. Lime to dolomitic mudstones are formed in
the interior of tidal mud zones [Warren, 2010]. Dolomitization process was developed and
dolomite crystals size vary between 16 and 62 microns. The facies is equal to RMF-22 and
SME- 25.
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Diagenetic Processes

Thin sections petrographic study indicated that micritization, hematitization, cemen-
tation, compaction and pressure solution, dissolution, neomorhism and dolomitiztion are
dominant in intervals understudy (Figure 4 and Figure 5).

0.5 mm

Figure 4. Selected thin sections displaying mirofacies and diagenetic processes in stratigraphic
cross sections understudy: (a) Peripheral micritization of the cortex. Micitization is controlled by
the location of microborings (arrow), pyritization, stylolitization, (b) pyritization and dissolution,
(c) Hematitization and micritization, (d) boring, pyritization and pore filling, (e) boring and pyriti-
zation, (f) moldic and equant pore filling, (g) pendant cement beneath a Miliolide, hematitization,
(h) Pervasive micritization of allochem, microdisplacement, stylolitization, fracturing, and glauconite,
(i) microdisplacement, sparry and equant cement, fracture filling, (j) fracture filling, stylolitization
and hematitization, chamber filling, (k) micritization and ghost allochem, (1) compaction and su-
turing contacts, (m) compaction and fracturing and intragrain porosity, (n) suturing contact and
compaction, (o) fenestral and vuggy porosity, (p) sparry and equant cement and dolomite crystals.
Abbreviations are: pyr — pyrite; styl — stylolite; dis — dissolution; bor — boring; frac — fracture; intgr —
intragrain; mat — matrix; equ — equant; fen — fenestral; sut — suturing; dol — dolomite; he — hematite;
shel — shelter; mic — micrite; comp — compaction; ch — chamber; fil — filling; glau — glauconite; mol —
moldic; micdis — micro-displacement.

Micritization. Bathurst [1966] invented the term micritization to a process of original
skeletal grain fabric alteration. The process believed to occur predominantly in shallow
marine, or possibly meteoric to shallow burial environments [Wilson and Evans, 2002], and
marine phreatic environment [El-Saiy and Jordan, 2007; Longman, 1980]. Micritization is
common in the Asmari carbonates (Figure 4e, ¢, h, k). The data indicated two mechanisms
are responsible for the process. The first one involved by micro-borer organisms living at
or near the sediment-water interface [Brigaud et al., 2009; Garcia-Pichel, 2006; Llinas, 2002;
Tucker and Wright, 1990; Vincent et al., 2007]. Micrite envelopes mostly developed around
and within bioclasts as well as in matrix (Figure 4a, i, Figure 5c, j). The second is attributed
to thermodynamic variation (alteration process) of environment [Alexandersson, 1972;
Carrera, 2018; Reid and Macintyre, 1998; Salih et al., 2019]. In new conditions, the stability
of previous large crystals is a function of pressure, temperature and fluids. Therefore,
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allochem or sparry calcite replaced by micrite which is stable in new conditions. It means
that products those are formed as a new fabric and having lower Gibbs energy.

As a main point it should be mentioned that in the studied sections, in most samples
(MF-1 to MF-4; MF-8 &9; MF-11 & 13), the micritization process was observed extensively.
The process can be occurred during late diagenesis [Ahmad and Bhat, 2006; Sherman et al.,
1999], or may be due to the microboring activity of endolithic cyanobacteria [Tucker and
Wright, 1990]. In some cases the micriticization is so severe that only a ghost of allochem
remains (Figure 3¢, Figure 4h, k).

Hematitization. In some facies of the Asmari Formation cubic pyrite/their hematite pseu-
domorphs scattered crystals were observed (Figure 4a-d, g, j). These opaque mineral
represented reddish color in facies. Their origin is assigned to diagenetic process (teloge-
netic stage) in the base of DS1 after an erosion period which was dominated by an oxidation
environment [Shogenova and Kleesment, 2006; van Houten, 1973] as well as arid climate
[Shogenova and Kleesment, 2006]. Therefore, hematite was formed as pore filling (secondary
origin) or scattering crystals (authigenic origin) in different diagenetic stages (early or
late). Dolomitization process leading to increase of the Fe/Mg ratio and so decreasing the
saturation degree of Fe-ion in solution. The process results in to precipitate iron oxides
minerals.

Cementation. Cements in the Asmari sediments display a variety of fabrics in different
lithofacies comprise of microsparry cement, isopachous cement, granular mosaic cement
and pendant cement. Microsparry cement is characterized by microcrystals of relatively
equal size (Figure 4i, p, Figure 5d). This cement is observed as pore and fracture filling
cement which is most common in marine/meteoric phreatic zones [Adabi and Rao, 1991;
Fliigel, 2010], or in burial conditions where meteoric water is more saline [Fliigel, 2010] as
well as in anoxic conditions [Scholle and Halley, 1985].

Isopachous cement presents rims growing with equal thickness around allochems
(bioclasts or grains) as microcrystalline crystals (Figure 5g—h). This cement is common
in marine/vadose environments [Aghaei et al., 2014; Fliigel, 2010; Heckel, Ph. H., 1983].
Isopachous cements indicate oversaturated fluid environments [Hosa and Wood, 2020].
Isopachous fibrous calcite (marine origin) and / or the equant calcite spar (meteoric vadose
and phreatic origin) retarded the effect of chemical compaction. Parameters that control
the geometry of cemented zones include permeability variations, and the fluids residence
time [Claes et al., 2018; Menke et al., 2016, 2017].

Granular mosaic cement is a calcite cement that forms in interparticle pores or in
the chambers of bioclasts. The crystals are small (less than 10 pm) and length and width
are approximately the same. This cement is the characteristics of the meteoric-vadose and
meteoric-phreatic zones as well as burial diagenesis [Madden et al., 2017]. Fractures cutting
micritic and clay-rich matrix are filled by a later stage of calcite cement (Figure 4i—j).

Pendant or micro-stalactite-like cement [Longman, 1980] forms as droplet beneath
the grains within vadose zone. This type of carbonate cement forms in deeper parts of
the vadose zone, where more fluid is available, droplets of water can accumulate on the
bottoms of grains [Morse and Mackenzie, 1990] reflecting the gravity impact (Figure 4g).

Drusy cement forms the lining and pore-filling (intraskeletal chambers) that is com-
mon in meteoric and burial environments. The crystal size increases towards the center of
pore spaces (Figure 5c, 1). This cement is commonly observed in allochem molds such as
algae (Figure 5f) and other bioclasts molds.

Compaction (Physical and Chemical Types). The Asmari sediments display compactional
effects as physical (mechanical) and chemical features. Physical compaction caused different
mechanical mode such as slippage, deformation contact and fracturing and also decrease
of primary interparticle porosity in grain-supported facies (Figure 4i, 1, m-o). Skeletal
(e.g., foraminifera, and echinoderms) and non-skeletal grains (pellet and clast) have been
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fractured. In view of burial chemical compaction some of the sediment characteristics were
changed. The main feature is pressure solution and stylolitization (Figure 4a, h).

Figure 5. Selected thin sections indicating diagentic processes in area under study: (a) Intergrains

porosity, (b) vuggy and moldic porosity, (c) drusy and sparry cements, pore filling, (d) peloidal and
sparry cements and pore filling, (e) moldic porosity and micritization, (f) algae moldic and drusy
cement, (g, h) isopachous cement, (i, j) dissolution, peripheral dogtooth cement and pore filling,
(k) porphyroid neomorphism, (1) micritization, dolomitization and drusy cement. Abbreviations are:
mic — micrite; dol — dolomite; por — pore; fil - filling; dis — dissolution; isopach — isopachous; intergr —
intergranular; pel — pellet.

Dissolution. The process is extensively occurred as partial dissolution (Figure 5a—f) or
oversize pores. Moldic dissolution in the studied samples was pervasive. The moldic pores
are filled with blocky cements, indicating a very early process [e.g., Arzaghi and Afghah,
2014; Brigaud et al., 2009]. Secondary porosity was generated by dissolution of grains and
may be filled by blocky calcite. In some cases peloidal cement is also observed (Figure 5d).

Neomorphism/Recrystallization. Neomorphism is occurred in two types: dissolution and
recrystallization [e.g., Lakshtanov et al., 2018] and solid state crystallization [Bathurst, 1972;
Dickson, 1978]. In the first mechanism, recrystallization requires dissolution in pore fluids
and precipitation on existing pores. The process is dominant in burial diagenesis. The
presence of organic compounds has an important influence on recrystallization kinetics and
acts as an inhibitor factor [Lakshtanov et al., 2018]. The second process which is common
during diagenesis is solid state recrystallization. Recrystallization refers to any change
(crystal volume, crystal shape or crystal lattice orientiation) in the fabric of a mineral or
monomineralic sediment [Bathurst, 1972]. The most visible characteristic of limestone in
diagenesis is the increase of calcite crystal size (sparry content). The neomorphism process
is pervasive and observed in most samples understudy as pore filling (Figure 5a—f, j-1) and
porphyroid states (Figure 5k). Peripheral dogtooth replacement (cement) was also formed
(Figure 5i, j).

Dolomitization. Dolomitization is not pervasive in the Asmari sections except in individual
horizons (MF-9 and MF-13). Based on dolomite fabric study [e.g., Sibley and Gregg, 1987],
dolomites are fine to medium euhedral crystals (16-62 pm) and the size is up to 60 pm
These crystals are separated by mud (Figure 4p, Figure 51) which are the residue of initial
matrix. The euhedral dolomite rhombs mostly having cloudy or dusty cores resemble
possible chemical variation from Fe rich in the inner core to Mg rich in outer parts of cores.
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This is documented using Alizarine red-S to differentiate calcite and non-ferroan dolomite
[Coniglio et al., 2004]. Clear dolomite cements forms the edges of the rhombs.

Porosity. Porosity type depends on the facies and should be fabric control, and in some
cases also related to deformation stresses. As evident from microscopic study, grains
contain microfractures that those are straight-curvature traces, and in some cases formed
veins (Figure 4h, i, j). These veins have been filled by sparry calcite. Compaction and
tectonic stresses are responsible to produce these fractures [Poursoltani and Harati-Sabzvar,
2019]. Vuggy (Figure 5a), moldic (Figure 5b, e-f, 1), dissolution (Figure 5i-j), intergrain
(Figure 5a) and intragrain (Figure 5b, e), fenestral (Figure 50) porosity types as well as
fracture type (e.g., Figure 4h) can be observed in samples studied.

Depositional Sequence (DS) of the Studied Sections

Sedimentary sequence boundaries are the result of subaerial discontinuities [Vail and
Mitchum, 1977; Vail et al., 1977a,b,c] The discontinuity is spatially equal to the sea water
fall stage at the lowest level on the shoreline [Catuneanu, 2002]. Correlation concordance
(sediment surface is equal to the terrestrial discontinuity surface) can be adapted to the sea
floor at the beginning of a regression phase [Hagq et al., 1987, 1988; Posamentier and Jervey,
1988; Posamentier and Vail, 1988]. Nevertheless, there is another interpretation invoked by
other researchers that this level is compatible with the sea floor at the end of the regression
phase [Christie-Blick, 1991; van Wagoner et al., 1988, 1990, 1991]. Although this idea agreed
upon by some, Hunt and Tucker [1992, 1995], Hunt and Tucker, 1992, 1995, as well as Plint
[1990] and Plint and Nummedal [2000], introduced a term of Falling stage systems tract
(FSST), which is equal to a regression phase. Correlation is however difficult to detect in
the shallow sea and can be detected through seismic data, but in the deep sea, it is easy
to detect the submarine cone system below the sea level fall [Catuneanu, 2002; Catuneanu
et al., 2009a,b].

Two types of depositional sequences (DS) were identified through sedimentary facies
analysis in this area including DS1 and DS2 (Figure 6). Sequence boundaries (SB) are
determined by facies changes. In this regards, SB as either type 1 or type 2 are considered
as a function of the rate of global sea-level fall or local sediment accommodation and
[Catuneanu et al., 2011; McLaughlin, 2005; Patzkowsky and Holland, 2012; van Wagoner
et al., 1988]. It can be also inferred that the subsidence rate is different in two types.
Type 1 sequence boundary reflects an intense subaerial erosion comparing to type 2 which
is characterized by a change in facies-stacking patterns as well as is minor in view of the bas-
inwards shift in facies. So type 2 sequence boundary exhibits in contrast to type 1 sequence
boundary, only little subaerial exposure [van Wagoner et al., 1988].

First Depositional Sequence (DS1). In the section A (Rupelian to Chattian) in Oligocene,
this sequence is limited by the Pabdeh Formation in the lower part as SB2 type and
Gachsaran Formation in the upper part as SB2 type (falling sea level with a slow rate)
(Figure 6 section A). The Asmari Formation with 102 m thick consisting of a sedimentary
sequence of two strata of Transgressive Systems Tract (TST) (presents offshore environment
sediments with the thickness of 40 m), and Highstand Systems Tract (HST) (the sediments
of back reef/barrier and lagoon environments forming a thickness of 62 m) deposits. In
view of overlapping parasequences the pattern of TST facies is a regressive one, and in
HST is a fixed or growth form. The frequency of foraminifera are marked by agglutinated,
hyaline and macrospheric shells in TST and microspheric forms in HST.

In section B (Rupelian-lower Aquitanian), this sequence with the thickness of 70 m
presents SB1 type with Jahrom Formation and SB2 type boundary in Asmari Formation
(Figure 5, section B). The thickness of TST facies (is about 20 m of sediments that are
deposited in open sea condition. HST sediments with the thickness of 50 m are composed
of bar and back barrier facies with the increasing layer thickness upward.
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Figure 6. Lithostratigraphic facies and stratigraphic columns correlation of the Asmari Formation in different sections under study along with the sea level changes in the section
comparing to the patterns of global sea level changes [Ogg et al., 2016] and Arabian plate [Haq and Al-Qahtani, 2005].


https://elibrary.ru/sajhwh
https://doi.org/10.2205/2024es000868

New CONSTRAINTS OF INTERIOR FARS SEDIMENTARY BASIN ANALYSIS DURING AsmMaRT FORMATION. . . SOHRABI ET AL.

In section C (Rupelian to Chattian) with a thickness of about 80 meters which are
deposited in two parts that 30 m in TST (open sea facies) and 50 m during HST period
(barrier and the back barrier facies) (Figure 6, section C). These sediments show an increase
in the layer thickness. The lower boundary of the sequence with the Pabdeh Formation is
erosive (SB1 type) while the upper boundary is (SB2 type).

Second Depositional Sequence (DS2). The thickness of this sequence (Aquitanian) in the
section A is 70 m, the lower and upper border is of SB2 type. The sequence presents thin
layers. The thickness of TST facies (lagoon) is 21 m and HST facies (shoal and tidal flat) is
49 m. In view of the type of parasequence pattern, TST and HST facies show a regressive
trend. The abundance of porcelain foraminifera in the HST facies is a main characteristic
(Figure 6, section A).

Section B: This sequence with a thickness of 70 m consists of TST facies with a thickness
of 30 m of middle to thick limestone layers with the sequence boundary of SB2 type
deposited in lagoon and shoal environments. The TST sediments is followed by the HST
facies with a thickness of 40 m of sediments deposited in lagoon and tidal flat environments.
The HST sediments are limited by Jahrom Formation and Razak Formation (SB2) (Figure 6,
section B).

Section C: This sequence (Aquitanian-Burdigalian) with a thickness of 100 m com-
posed of TST facies (40 m) including thin to medium layer of limestone with the SB2
and HST facies (60 m) which are deposited in lagoon and shoal environment. The lower
boundary of the sequence (with Pabdeh Formation) is SB1 and upper boundary (with
Gachsaran Formation) is SB2 (Figure 5, section C). In general, the erosive discontinuity
in the lower boundary of Asmari Formation in sections B and C can be ascribed to the
Pyrenean phase activity in this region.

Sea Level Changes in the Area Understudy

The basin evolution in the area understudy is a geological part which is influenced by
the Arabian platform events. The Arabian plate is undergoing a complex transformation
history that has been strongly influenced by global sea level change. Although the Arabian
shield remained relatively constant during the Phanerozoic period, the stratigraphy of
the Arabian platform and pre-existing basin before the platform origin show a record of
second- and third-cycle sequences differentiated by extensive local discontinuities. These
erosive hiatus, or sediment-free hiatus, are created by large tectonic events on the margins
of the platforms. An indication of these tectonic events is a change in the subsidence
rate that has created or destroyed the sediment accumulation surfaces. Therefore, both
eustasy and tectonic play a major role in the development of sedimentary sequences, the
identification of the characteristics of reservoir and caprock facies on the Arabian plate
[Haq and Al-Qahtani, 2005].

In the Late Eocene, the Arabian plate, after colliding with Asia, caused the closure
of Neotethys Ocean and ended near the Late Oligocene. The movement of the Arabian
plate to the northeast led to rifting of the western margin and exerted pressure to the
northeast. The rifting process of the Gulf of Aden and the Red Sea may have begun in the
Late Oligocene [Hughes and Beydoun, 1992; Hughes and Filatoff, 1995; Hughes and Johnson,
2005; Hughes et al., 1991, 1992, 1999] but was fully apparent in the Middle Miocene-Late
Miocene. It is likely that the pressure exerted by the eastern part has supported the bending
of the plate [Sharland et al., 2001].

The basins of Iran and Turkey have been subjected to a number of tectonic events
that are partially responsible for reactiviation local tectonic structures and the diversity
of platform deposits. Platform maximum flooding surfaces (MFS) or transgression of the
shelf are first detected by TST sediments that is covered by HST sediments. LST sediments
equivalents are maintained only on the platform within the valleys (as residual sediments).
Although Sharland et al. [2001] did not recognize sequence boundaries, but they did attempt
to classify the main MFS events and connect them locally. Detection of main local MFS
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events is very useful for drawing onlap curves. The effects of major tectonic events are
divided into two categories: local (Arabic plate) and global responses [Geert et al., 2001;
Grabowski and Norton, 1995; Haq and Eysinga, 1998; Sharland et al., 2001].

Long-term paleo-climate and paleo-oceanographic events are among the events that
have taken place in surrounding of the Arabian platform, just like global events. Most
of these events, based on the theories of Sharland et al. [2001], have been applied to local
glaciers or to other global events [Haq and Eysinga, 1998]. The earliest period of the original
hiatus (over 10 m.y.) occurred in the Oligocene, which may be a sign that the Arabian plate
collided with Eurasia plate and the easternmost part of the Neotethys Ocean closed. A sea
level fall also began during the Late Eocene, due to the expansion of the main ice cap ridges
at the poles [Haq and Al-Qahtani, 2005].

The fault movement during the Middle Cretaceous using the isopach and facies
maps of the Zagros indicates that the Kazerun fault zones and other basement faults (N-S
trending structures) has also been generated several paleohighs [Koop and Stoneley, 1982;
Setudehnia, 1978]. Salt diapirs upwelling along the fault zone is also another factor which
are controlled the structural deformation style [e.g., Player, 1969]. All evidences indicated
that there is no oil potential in the Fars region. It seems that the combination of all these
parameters involved to introduce different subsidence rates in the basin. However, in the
Late Cretaceous and early Tertiary the onset of collision was added as another important
factor to support more heterogeneity in sedimentary sequences.

The role of pre-existing structures such as Kazerun, Nezamabad and Razak faults is
important during the building of the Zagros-Fars basins. Reactivation of these inherited
pre-existing faults occurred at the Cretaceous time [Razavi Pash et al., 2021]. Therefore,
sea level changes pattern in different geological section understudy revealed that those
trends are relatively similar to that of Arabian plate during the time span of the Asmari
deposition. These patterns are also comparable with the global sea level changes. However,
there is some dissimilarity (such as sedimentary facies changes, the formation below the
lower boundary of the Asmari Formation, the lack of coral deposits during the Rupelian of
the section B) due to the local variation affected by internal factors.

Sedimentary Facies Changes and Pyrenean Orogeny Phase Relation

Microfacies analysis in the studied stratigraphic sections shows two sedimentary
sequences of third order with differences in the thickness of stratigraphic sections. In
sections B and C, it is affected by regional tectonics and starts with erosion discontinuity.
Also, in section C, the essential conditions have been developed for the formation of coral
facies. This stratigraphic correlation reveals that factors other than eustasy process have
controlled the distribution of Asmari facies. However, the small-scale changes of global sea
level variation on the Asmari Formation are highly influenced locally.

The changes in the relative curves of the sea level for the studied sections are in
good agreement with the sequences of the Arabic plate pattern. In these stratigraphic
sections, the upper and lower contact surfaces of the Asmari sequence correspond to the
decrease in sea level on a global scale; the observed differences are probably due to internal
tectonic processes (Figure 7). In this regard, reactivation of faults such as Kazerun and
Nezamabad faults along with changes in sea level and the effects of Alpine orogenic phases
(i.e., Pyrenean phase) have played a major role in changes in stratigraphic thickness and
geometry of the basin (Figure 8).

These faults reactivation seems to be the main controlling factors of the basement
deformation [Razavi Pash et al., 2021]. It seems this feature has been affected on the
sedimentation rate and microfacies distribution in the interior Fars Basin during Asmari
deposition. As well as they impacted on the hydrocarbon potential of this area [Hosseinpour
et al., 2017]. These activities are most probably more intense in the northern section
(section C) than other parts in the area understudy respect to observed sequence boundary
type and sediments thickness.
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Figure 7. (a) Structural cross sections of the Asmari Formtion during Oligo-Miocene period [Maghfouri
et al., 2020] and (b) faults positions which are bounded the Fars platform [Razavi Pash et al., 2021].
*Notes: UDMA - Urumieh-Dokhtar Magmatic Arc, SSZ - Sanandaj-Sirjan Zone.

Therefore it seems that several factors such as local and global sea level scales, and
fault activity (due to Alpine orogeny in particular or with emphasis to Pyrenean phase)
during the Asmari deposition influenced on sedimentary facies distribution. Thus, it is
impossible to ignore them in the interpretation of microfacies development, sedimentary
sequences, and basin analysis.

Conclusion

Microfacies distribution and sea level changes in 3 studied stratigraphic sections of
Asmari Formation provided the following main points concerning to the sedimentary basin
analysis in the interior Fars region (south of Iran).

There is a specific discontinuity between Asmari Formation and Jahrom Formation (in
lower part) in section B which is not observed in the other stratigraphic sections.

Microscopic thin sections study of the Asmari Formation samples led to identify
13 microfacies that were deposited in 5 belts on a carbonate platform (carbonate shelf type)
during the time span of Oligocene-Miocene. Sedimentary environment and microfacies
variation from the basin towards the shallow conditions are of (a) Open sea (including of
MF1 - packstone with perforate and imperforate foram, MF2 — packstone with perforate
foram, MF3 — Operculina wackestone, MF4 — Nummulitidae wackestone/packstone, and
MFS5 - Mudstone), (b) bar (MF6 — coral boundstone, MF7 — Miliolide bioclastic grainstone),
(c) Lagoon (MF8 — Miliolide wackestone, MF9 — bioclast wackestone/packstone), (d) shoal
(MF10 - intraclast bioclast grainstone, MF11 — Austrotrilina grainstone), (e) tidal flat
(MF12 - pelloidal grainstone, MF13 — Quartz bearing packstone/mudstone).
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The Asmari sediments was affected intensely by diagenetic processes such as mi-
critization, hematitization, cementation, compaction and pressure solution, dissolution,
neomorhism and dolomitization. These processes are dominant in 3 geological sections
understudy. Porosity is also varied and controlled by sedimentary fabric. The porosity
types are including of vuggy, moldic, dissolution, intergrain, intragrain, and fenestral as
well as fracture type. The presence of fractures along with fine dislocations is evidence of
active tension in the area.

Microfacies variation and global sea level changes of sequence stratigraphic under-
study not only appeared two sequences of third order but also revealed the effect of
Pyrenean phase activity in this area as well as reactivation of faults. This activity is sup-
ported by the presence of the erosion discontinuity in the lower boundary of Asmari
Formation with Jahrom and Pabdeh formations in geological cross sections of B and C.

The present results evidenced that several factors such as local and global sea level
changes, and fault activity (Pyrenean phase) during the Asmari deposition are influenced
on sedimentary facies distribution. Thus, fault activity analysis is so important in this
province to get the accurate facies interpretation and structural deformation. Therefore,
it is proposed to involve their effects in the Fars basin analysis and petroleum aspects
interpretation.
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Abstract: The paper provides original data that shed light on the formation dynamics of Lake
Chaika, which is situated in the central part of the Curonian Spit and is the only large water body in
the sand spits of the southeastern Baltic. Based on the multi-proxy approach, incl. investigation of
the lithological structure of the bottom sediment cores, loss-on-ignition analysis, diatom analysis,
study of macrofossil remains, and radiocarbon dating, we revealed that Lake Chaika was formed
already in historical time, around 200 years ago. Before this period, the lake kettle, presumably,
has not submerged during the Littorina transgressions, enabling the terrestrial development of
the ecosystems on the moraine protrusion. During the mid-late Holocene (6700-150 cal BP), this
depression was occupied by the peat-forming fen and alder carr communities. The peat deposits are
separated from the overlying layers of gyttja by the thin sand horizon. We consider it a time marker
for the so-called “sand disaster”, which occurred on the territory of the Curonian Spit in the 18th
century (=1700-1800). The change in the hydrological regime of the lake launched the ecosystem
shifts during the last two centuries: from the water body to a wetland and vice versa. It is stated eight
formation phases of the lake’s ecosystem: the terrestrial development without wet habitats (8900-
6700 cal BP), the period of alder carrs (6700-3400 calBP), the sedge fen period (3400-450 cal BP), the
period of inundated forest (1500-1700 AD), the “sand disaster” period (1700-1800 AD), the period
of eutrophic water body (1800-1900 AD), the period of terrestrialised wetland (1900-1950 AD), and
the period of secondary development of eutrophic water body (after 1950 AD).

Keywords: palaeogeography, South-Eastern Baltic, paleolimnology, bottom sediments, diatoms,
Curonian Spit, Holocene.
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Reconstructing the Holocene Development of Lake Chaika as an Example of Wetland Formation
within the Sand Spit Environment Dynamics: A Case Study from the Curonian Spit, Southeastern
Baltic, Russia, Russian Journal of Earth Sciences, 24, ES2006, EDN: CJKFBG,
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Introduction

The Curonian Spit, as well as the other sand spits in the southern and southeastern
Baltic coast, is a specific geological formation vulnerable to anthropogenic impact. De-
spite numerous studies that have been carried out over the last two centuries, the origin
of the Curonian Spit and the historical patterns of its landscape change are still under
scientific discussion. In terms of the landscape heterogeneity of the Curonian Spit, it be-
comes essential to reconstruct the development history of its different parts and associated
ecosystems.

One such area is located in the central part of the spit near Rybachy, where the Late
Pleistocene moraine deposits form a rather broad plateau-like protrusion exposed on
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a surface, determining the development of vegetation different to the other parts of the
sand spit. The main feature of this spit sector is the location of a freshwater Lake Chaika
(Figure 1), with a surface area of about 0.22 km”. This is the only relatively large water
body on the entire Curonian Spit, which — together with areas of wet black-alder forests and
lowland meadows — constitutes a peculiar natural complex unparalleled in other sandbars
of the Baltic Sea.

Given that lake sediments are a reliable “natural archive” of past environmental
conditions, the bottom sediments of Lake Chaika can serve as a source of data for the recon-
struction of the development regarding both individual ecosystems and the environment in
the whole area of the central part of the spit. It may also indicate anthropogenic influence
that played a crucial role in the formation of the landscape on the Curonian Spit.
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Figure 1. The location of the research area: Kaliningrad Province (a), a study site — Lake Chaika (b),
coring and sampling points (c).

The human activity on the Curonian Spit was already noted in manuscripts from the
15th-16th centuries [Mager, 1938; Paul, 1944; Schlicht, 1927]. In particular, the authors
pointed out the significant role of the territory as a transport route and settlement site (the
number of settlements was several times higher than today). In the 17th and 18th centuries,
massive clearance of the primary forests began, resulting in almost complete deforestation
of the area and triggering the movement of the sand material. This event has gone down in
history as the “sand disaster” that caused a radical change in the relief of the spit. Only in
the middle of the 19th century, the sand movement was stopped by the construction of an
alongshore foredune (the sand dyke) and seeding of the sand stabilising plant species. One
of the earliest human settlements on the Curonian Spit originated in the area near Lake
Chaika, and therefore, the ecosystem development may have been significantly affected by
economic activity.

The previous investigations of Lake Chaika were mainly focused on estimation of its
ecological state, biological diversity, and hydrochemical characteristics [Gerb et al., 2014;
Gubareva, I. Yu. and Gerb, 2014; Kuzmin, S. Yu., 2006; Tsibaliova and S. Yu. Kuzmin, 2009].
There have been no palaeolimnological studies until the present day, except for particular
aspects [Napreenko et al., 2020].
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This work aimed to identify the change in ecological conditions in Lake Chaika during
the ecosystem development in the Holocene.

Material and Methods

The field survey on Lake Chaika was carried out in May 2018 and August 2019 from
a makeshift floating platform attached to a catamaran for mountain rafting (model “Monya”,
Triton ltd.). To select coring locations, we preliminary performed depth measurement and
probed the thickness of deposits in 25-50 m increments using a graduated Russian peat
corer with a probe chamber (TBG-66 model).

Since the water level in the lake may differ in spring and summer due to seasonal
changes in precipitation, we provide two depth scales for comparison (Figure 2) — for the
higher water level in spring (May 2018) and the lower one in summer (August 2019). In
the text, we refer to the summer depth scale, as this is the basis of the bathymetric and
bottom relief map of Lake Chaika [Napreenko et al., 2020].

Sediment cores were retrieved using the Russian peat corer equipped with semicylin-
drical sampling chambers of 100 cm in length, and 50/75 mm in diameter (TBG-66 model).
Six sediment cores were collected for further laboratory analyses: Ch-1 (N 55.151,95°%
E 20.8212°) 80 c¢cm; Ch-2 (N 55.150,84° E 20.823,32°) 121 c¢cm; Ch-3 (N 55.151,21°%
E 20.825,47°) 100 cm; ChB0O (N 55.152,36°; E 20.829,56°) 250 cm; Ch-4 (N 55.151,77°;
E 20.830,21°) 100 cm; Ch-5 (N 55.152,31°; E 20.831,46°) 100 cm (Figure 1C). Sampling was
carried out at locations as far away as possible from sites where dredging was conducted in
the 1980s and 2017.

The loss-on-ignition analysis (LOI) was performed for 105 samples from Ch-2 and
ChBO00 using the standard methodology [Santisteban et al., 2004; Sergeeva, 2011]. The
samples were dried at 100 °C for 12 hours and then ignited at 550 °C for 4 hours.

Radiocarbon dating for 12 samples was performed using the accelerator mass-spectro-
metry method (AMS) at the Radiocarbon Dating and Electron Microscopy Laboratory,
Russian Academy of Sciences (Moscow, Russia), together with The Center for Applied
Isotope Studies (CAIS), University of Georgia (USA). The obtained radiocarbon dates were
calibrated using the CALIB software, version 8.20 [Stuiver et al., 2021] and the calibration
curve IntCal20 [Reimer et al., 2020].

The age-depth model for the sediments of the core ChB00 was generated with OxCal
software, version 4.4.4 [Bronk Ramsey, 2021].

The diatom analysis was performed for the sediment core ChB00. The lab pretreat-
ment followed the standard procedure, including organic matter removal by oxidation in
30% H,0; and subsequent washing in distilled water [Davydova, 1985]. The size-fraction
separation was made using repeated decantation. The slides were analysed with oil im-
mersion at Xx1000 magnification. At least 400 diatom valves were counted where possible.
In other cases, valves were counted in 5 parallel horizontal transects. The percentages of
each diatom species was subsequently calculated relative to the total diatom sum. Other
siliceous microfossils, i.e. chrysophyte (golden algae, Chrysophyceae) cysts, spicules (skele-
ton elements of sponges, Porifera) and phytoliths (siliceous structures formed in plant
tissues), were counted alongside with diatoms. Absolute abundances (concentrations per
gram dry sediment) of each microfossil group were calculated following Davydova [1985].
Diatom diagrams were plotted using the palaeoecological software C2 Version 1.5 [Juggins,
2014].

A preliminary plant macrofossil analysis was performed for some peat samples from
the core Ch-2 [Napreenko et al., 2020]. The elutriation of peat was carried out on a 250 mm
sieve (No. 025K). For the identification of plant macrofossils, a range of identification
keys and guides were used [Dombrovskaya et al., 1959; Katz et al., 1977; Korotkina, 1939;
Matyushenko, 1939a,b]. An estimation of peat decomposition degree was performed ac-
cording to Piavichenko [1963].
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Results

Structure of bottom sediments. Figure 2 shows the 6 sediment cores of Lake Chaika
correlated with each other in terms of their lithological structure.

Based on the lithological structure of the cores, the sediment sequence of Lake Chaika
may be divided into four nominal parts: clays and loams, a thick layer of peat and peaty
gyttja, a thin sand horizon, and an upper thin layer of gyttja.
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Figure 2. Lithological structure of bottom sediment cores from Lake Chaika: 1 — gyttja, 2 — sandy

gyttja, 3 — fen/alder carr peat, 4 — fine-grained sand, 5 — peaty gyttja, 6 — transition layer (peat and
loam), 7 — brown loam 8 — grey-blue loam, 9 — grey-blue clay, 10 — dated layer.
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Radiocarbon dating. The AMS-dates for 12 bottom sediment samples from Lake Chaika
are presented in Table 1.

The core ChB00 was chosen as a representative for the age-depth model (Figure 3) as
the most complete one covering all sediment layers of Lake Chaika, including underlying
deposits. The radiocarbon dates of the core Ch-2 were excluded from the age calculation
as it showed a repeated inversion of the sediment age. This result may be related to the
disturbance of the bottom sediments during dredging operations in Lake Chaika. Due to
the same reason, the uppermost date in the core ChB0O (horizon 82-84 cm) was not used
in the calculations.

Table 1. The absolute age of sediment samples from Lake Chaika based on radiocarbon dating

Calibrated age interval for 1s, cal yr BP

Core Description of sample IGANAMS Radiocarbon age, BP
beginning—end probability
460-4 .
Ch-2 139-140 cm, TOC 6839 385+ 20 60-499 0-865
340-347 0.135
Ch-2 170-171 cm, Plant. rs 6835 420+ 20 436-522 0864
333-350 0.136
2792-2831 722
Ch-2 190-191 cm, TOC 6836 2740 + 20 ? 83 0
2837-2853 0.278
Ch-2 234-235 cm, Plant. rs 6837 1890 + 20 1823-1865 1.000
4973-5022 7
Ch-3 247-248 cm, Plant. rs 6840 4430+ 20 >0 0.755
5027-5044 0.245
Ch-4 190-191 cm, Plant. rs 6838 2730 + 20 2790-2833 0.846
2836-2845 0.154
904-925 0.468
ChBO00 82-84 cm, TOC 7766 980 + 20 805-808 0.050
827-847 0.333
856-866 0.149
288-306 0.814
ChBO00 110-112 cm, TOC 7767 245+ 20
157-163 0.278
1710-1747 0.872
ChB00 160-162 cm, TOC 7768 1840 + 20
1766-1780 0.128
4398-4422 0.495
ChBO00 205-207 ¢m, TOC 7769 3940 + 20 4299-4327 0.297
4353-4372 0.208
5936-5976 0.640
ChB00 258-259 cm, TOC 7770 5240 + 25 5984-6000 0.241
6092-6103 0.118
6551-6637 0.954
ChBO00 267-268 cm, TOC 7771 5780 + 25
6505-6511 0.046

Organic matter content. Using the loss-on-ignition analysis (LOI) for two sediment cores
(ChB00 and Ch-2), we obtained data on the percentage content of mineral and organic
matter that showed good correlation with the lithological structure of the cores (Figure 4).

The lower part of the core ChBO0O is represented by loam and clay (300-260 cm). The
percentage of organic matter is minimal and tends to zero. The lower part in the core
Ch-2 (185-183 cm) contains highly decomposed ligneous peat with an organic content of
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Figure 3. Age-depth model for the core ChB00, Lake Chaika.

75 to 82%. Further up the core (183-140 cm), the percentage of organic material drops
sharply to 40% and gradually continues to decrease. The deposits are represented by brown
loam. After this section, the LOI-curve changes are very similar in both cores.

The overlying deposits in the middle part of both cores are thick layers of the alder
carr peat, fen peat, and peaty gyttja (256-91 cm in ChB0O and 140-93 cm in Ch-2) with
the highest values of organic matter content. The sharp increase in the organic matter
(50-60%), which indicates high rates of bioproductivity, could be associated with the
changing environments in this period.

The minimum values of organic matter content (6-17 %) were registered in the
very thin but distinct horizons of sandy gyttja that cover thick peat layers in both cores
(91-89 cm in ChB00 and 91-87 cm in Ch-2). In core Ch-2, the sandy gyttja horizon is also
underlain by the distinct horizon of the pale fine-grained sand (93-91 cm). The deposits of
these horizons probably have the aeolian origin that has caused the allochthonous input of
sandy material into the ecosystem.

The uppermost deposits in both cores (89-50 cm in ChB00 and 87-64 cm in Ch-2)
consist of homogeneous water-logged gyttja with an organic matter content increasing to
25-50%.

In contrast to ChB0O, the curve of Ch-2 has many small abrupt peaks despite the
homogeneity of sediment layers. These differences may be related to disturbances in the
continuous layering of the sediments caused by dredging near point Ch-2.

Diatoms. Four local diatom assemblage zones (DZ) were visually distinguished in the
sediment core ChB0O based on the shifts in the composition of the diatom assemblages and
siliceous microfossil concentrations (Figure 5).
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cores ChB00 and Ch-2.

In the DZ-1 (270-116 cm), only sporadic valves and valve fragments of mainly benthic
diatoms were found. In the 270-189 cm interval, no diatoms were recorded after examin-
ing five parallel transects. The diatom concentrations are low, and their increased values
(17-37 thousand valves g*1 dry sediment) were observed around 132-120 cm. Chryso-
phyte cysts were found in almost all sampled intervals (Figure 5b). Their concentrations
are generally low, increasing to 0.18-1.4 million around 142-120 cm. In some samples,
sponge spicules and phytoliths were also sporadically observed. Their absolute abundances
are also low, slightly increasing in the upper part of the DZ-1.

The DZ-2 (116-86 cm) is characterized with the rapid increase in abundances of all
groups of the siliceous microfossils. Their highest concentrations were recorded around
102-100 cm (3.4 million diatom valves, 1.2 million chrysophyte cysts, 339 thousand
sponge spicules, and 193 thousands phytoliths). Benthic species dominate in the diatom
assemblages, with small-celled colonial periphytic halophilous Fragilaria sopotensis (to
43%) and alkaliphilous salinity-indifferent Staurosirella pinnata (14-24%) being the most
abundant (Figure 5a). In the lower part of DZ-2 freshwater periphytic Eunotia implicata and
Cymbella cuspidata, and bottom-living Navicula vulpina and Pinnularia spp. were recorded
as well.

In the lower and upper parts of the DZ-3 (86-56 cm), the diatom concentrations do
not exceed 1 million while increasing to 5.9 million around 72-70 cm (Figure 5b). Chrys-
ophyte cyst and phytolith abundances increase upwards (to 1.2 million and 0.6 million,
respectively). Spicules concentrations vary from 0.16 to 0.2 million in g'1 dry sediment.
F. sopotensis disappears from the diatom record, while S. pinnata decrease in abundance
(Figure 5a). Other small-sized colonial freshwater periphytic Fragilariaceae (Staurosira con-
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struens, S. binodis, S. venter) dominate. The percentage of planktonic halophilous Cyclotella
meneghiniana rapidly increases around 72-70 cm.

In the DZ-4, diatom concentrations rapidly decline to 0.15 million. A decrease in
the abundance of the other siliceous microfossils is also recorded. Chrysophyte cysts are
the most abundant in this zone (0.8 million). Periphytic Fragilariaceae and Gomphonema
spp.-, as well as bottom-living Amphora libyca and Pinnularia spp., are found sporadically
(Figure 5).
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Figure 5. Diatom diagram in the sediment core ChB0O of Lake Chaika: (a) — proportions of the main
diatom taxa, (b) — proportions of the diatom ecological groups and absolute abundances of the
siliceous microfossils (in g*1 dry sediment). @ (filled diamond) — presence in a sample. Lithology:
1 - silt, 2 — ligneous-sedge peat, 3 — peaty gyttja, 4 — sandy layer, 5 — gyttja.

Composition of plant macrofossils. The taxonomic analysis of plant macrofossils, per-
formed for the six samples of the peat from the core Ch-2, revealed the structure of the
peat and the nature of the peat-forming ecosystems.
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The lower part of the peat core is represented by the alder peat with a very low
percentage of herbaceous plants. In the higher horizons, we see the increases in percentage
of sedges and other mire herbaceous plants while the abundance of alder residues decreases.
The alder peat is replaced by several types of fen peat: ligneous-sedge peat, ligneous-sedge
peat with Menyanthes, and sedge peat.

The similar structures of the peat cores were identified in Ch-3, Ch-4 and ChB00. The
cores Ch-1 and Ch-5 have no peat parts. The detailed botanical composition of the peat
samples from core Ch-2 is given in our previous paper [Napreenko et al., 2020]

1. Discussion

The results obtained during the research enabled us to reveal the main periods of
ecosystem development and characterise the depositional environments in the kettle of
Lake Chaika.

Stage 1. Terrestrial environments (~8900-6700 cal yr BP). This stage is considered the
earliest period of ecosystem evolution in the study area, which we correlate with a section
300-270 cm of the core ChB0O represented by a grey-blue loam. These sediments contain
no biogenic palaeoindicators, and the character of the ecosystems existed here could not
be ascertained. According to the published data on deglaciation in the south-eastern
Baltic Sea [Kazakauskas and Gaigalas, 2004; Lasberg and Kalm, 2013; Rinterknecht et al.,
2008; Uscinowicz, 1999], this area became ice-free between 13600-13300 cal yr BP and
should have developed in the terrestrial regime after the glacial water drainage. The lake
kettle was presumably not submerged during the Littorina transgressions of the Baltic Sea,
being located on a protruding moraine plateau. Nevertheless, the small absolute heights
of the terrain and the sea level rise during the Littorina transgressions [Damusyte, 2011;
Uscinowicz, 2006] may have increased the groundwater level and further development of
wet biotopes thereafter.

Stage 2. Black alder carr (6700-3400 cal yr BP). This stage corresponds to the lower
diatom zone DZ-1 (270-189 cm). The most unfavourable environments for the diatoms
are inferred most probably due to moisture deficiency. It correlates with the sediment
composition that is mainly ligneous peat except for the lowermost part represented by
loam. Such peaty sediments could form under the black alder carr that are typical of the
present-day Curonian Spit. The development of alder carrs has apparently launched more
intensive peat accumulation [Napreenko et al., 2020], which is reflected in the sharp increase
of the organic matter content (Figure 4).

Although the development of a carr ecosystem requires wet or waterlogged soils, the
open-water environments with sufficient depths suitable for aquatic biota could hardly
exist in the area during this period. Thus, the “aquatic” microfossils sporadically found in
the sediments, i.e. diatom valves, chrysophyte cysts, and sponge spicules (Figure 5), are
apparently allochthonous.

Stage 3. Sedge fen with local aquatic environments (3400-450 cal yr BP). The stage corre-
sponds to the upper DZ-1 (189-116 cm). Increased diatom and chrysophyte concentrations
suggest gradual inundation of the area, resulting in the appearance of waterlogged habitats
favourable for the colonisation of microalgae, primarily chrysophytes. The composition
of the deposits, represented by the sedge-bogbean-ligneous peat [Napreenko et al., 2020]
indicates the transition from the black alder-dominated ecosystem to a fen with diverse
herbaceous vegetation. The inundation of the area is probably associated with occasional
flooding, which may have led to the formation of locally restricted aquatic environments
where the microalgae could thrive. However, low abundances of “aquatic” microfossils
indicate that subaerial conditions still prevailed in the area.

Stage 4. Alder carr with the open inundated sites (450-250 cal yr BP / 1500-1700 AD).
The stage corresponds to DZ-2 where further increasing concentrations of diatoms and
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chrysophytes point out to sedimentation in subaquatic/aquatic environments as the in-
undation of the area proceeded. Thriving of the small-celled colonial diatoms from the
Fragilariaceae family is characteristic of this period. High abundances of halophilous
Fragillaria sopotensis, commonly inhabiting the coastal marshes along the Baltic Sea coast
[Witkowski et al., 2000], might indicate somewhat increased concentrations of mineral
salts and periodically occurring moisture deficiency typical of such habitats. Periphytic
Staurosirella pinnata and Eunotia implicata, abundant in the diatom record, can also thrive
both in water bodies and in wet habitats [Dam et al., 1994]. The former, however, is
salinity-indifferent and tolerates a wide range of trophicity, while the latter is a halofobous
species, preferring oligo- and dystrophic environments. Other common species in the
diatom assemblages include oligotrophic Cymbella cuspidata, that can be found in periodic
water, and meso-eutrophic Navicula vulpina, never occurring outside water bodies. The
composition of the diatom assemblages may thus reflect the alternation of periods of higher
and lower inundation, which is consistent with the structure of the deposits represented by
peaty gyttja.

Among the macrofossil residues, the wood remains became again dominant here
(> 40%), and the percentage of non-arboreal residues was also considerable [Napreernko
et al., 2020], while the organic matter content was still high (Figure 4). Such composition
may reflect the development of a typical wet alder carr with some open places. One can
also suggest that diverse habitats were characteristic for this time interval as permanently
and periodically wet sites with different concentrations of nutrients and mineral salts
could co-exist in the area. The presence of permanently wet (aquatic) habitats is also
inferred from high abundances of sponge spicules, i.e. siliceous skeleton elements of
aquatic invertebrates inhabiting lentic and lotic waters.

The above-mentioned ecosystem changes can be reasonably attributed to increased an-
thropogenic pressure. Higher concentrations of grass phytoliths may indicate an expansion
of the open treeless sites in the surrounding area, probably resulted from the deforestation.
It is also confirmed by historical literary sources [Mager, 1938; Paul, 1944; Schlicht, 1927]
indicating on an active distribution of agricultural land plots in the vicinity of Rossitten
village (nowadays, Rybachy) in the 16th and 17th centuries, which was associated with
deforestation and the construction of drainage ditches. All this may have enhanced nutrient
leaching and their release from the fields into the depression of the wetland ecosystem.

Stage 5. Active dune migration: the “sand disaster” (250-150 cal yr BP / 1700-1800 AD).
The stage corresponds to the upper DZ-2 (91-86 cm). The macrofossil analysis [Napreenko
et al., 2020] revealed no textured plant residues in samples, as the LOI diagram (Fig. 4)
showed an abrupt decline in the organic matter content. Decreased concentrations of all
groups of the siliceous microfossils may reflect an increased input of the allochthonous
material that resulted in the formation of the thin layer of sand or sandy gyttja. This layer,
separating the lower thick peat deposits from the upper gyttja, can be attributed to the
so-called “sand disaster” that resulted from the mass deforestation of the Curonian Spit.

The main developments during the “sand disaster” took place in the 17th and 18th
centuries [Mager, 1938; Paul, 1944; Schlicht, 1927], which is in line with our age model.
It was, presumably, during the period 1700-1800 AD, after forest destruction, when
significant unstable masses of sand came into motion and swept up the territory around
Lake Chaika in a short time. This event may have caused the loss of wetland communities
and resulted in the deposition of a thin layer of fine-grained sand and sandy gyttja in Lake
Chaika, which we met in all sampled sediment cores.

Deforestation of the lake’s surroundings and degradation of mire communities may
have led to the rise of the ground-water table and accumulation of water in the natural
depression of Lake Chaika, where the permanent water body formed. It resulted in a change
of depositional environments when peat-forming processes stopped, and the formation of
lacustrine gyttja with occasional admixture of aeolian sand started.
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Stage 6. Shallow eutrophic lake (150-50 cal yr BP / 1800-1900 AD). The period corre-
sponds to DZ-3 (86-56 cm). The sediments rapidly turn to liquefied gyttja at this stage,
where the textureless particles are predominant as the organic matter content (Figure 4)
showed a distinct increase. This sediment type was found above in the sandy layer in all
sediment cores collected in Lake Chaika. The sediment character and diatom assemblage
composition indicate a shallow eutrophic lake with at least 1 m depth occurred in the area.

High abundances of planktonic Cyclotella meneghiniana, preferring higher nutrient and
salt concentrations suggest larger water depths than during the previous stages. This species
is also common in the freshwater parts of the Baltic Sea [Snoeijs, 1993]. The disappearance
of Fragillaria sopotensis from the diatom record and the declined proportions of Staurosira
pinnata reflect the reduction of periodically wet habitats. Small-celled periphytic Staurosira
construens, S. binodis and S. venter, that form ribbon-like colonies on the submerged
substrate, became abundant in the diatom record, indicating stable aquatic environments.

High concentrations of grass phytoliths and diatom-inferred nutrients may indicate
the expansion of deforested areas along the lake shores. It may reflect the increased
agricultural activity on the lake’s catchment and the use of the lake as a sink, receiving
catch-water from the local drainage system contributed to the eutrophication of Lake
Chaika.

Stage 7. Terrestrialised wetland with mosaic helophytic vegetation: Moéwenbruch/
Chaika Mire (50-0 cal yr BP /1900-1950 AD). The recent stage of ecosystem development
corresponds to DZ-4 (56-50 cm). The gyttja sediments became more liquefied, but the
environments were unfavourable for diatoms, as suggested by their decreased concen-
trations. A simultaneous decline in abundance of the other siliceous microfossils may
reflect increased sediment accumulation rates, which might result in the lake shallowing.
New conditions, presumably, accelerated the processes of natural lake ageing, which trig-
gered the mire-formation and caused the transition from the lacustrine to the wetland
environments.

The shallow depths and high nutrient load of the water body have led to a rapid
development of hygrophytes in the coastal zone and their gradual expansion towards the
centre of the water body. As evidenced by literary sources [Mager, 1938; Schlicht, 1927]
and archival data, the ecosystem was a mosaic of biotopes during this period, including
patches of riparian and fen-like herbaceous vegetation, shallow areas with open water, and
outcrops of gyttja.

Numerous photographs of the early 20th century indicate abundant gull colonies
bred here and harvesting of gull eggs by local inhabitants. Toponymical data also support
this suggestion indirectly since the pre-war name for Lake Chaika — “Mowenbruch” - is
German for “gull mire”, but not “lake”.

Such environmental status of the ecosystem seems to be a result of both the gradual
development of the natural lake ageing during the preceding phase and a rapid accumula-
tion of nutrients from the fields in the Lake Chaika kettle. The low level of the groundwater
table probably impeded inundation of the kettle due to a well-developed drainage system.

Stage 8. Shallow eutrophic water body — Lake Chaika (after 1950 AD). This stage is
a recent period in the development of the ecosystem that has again become a shallow eu-
trophic water body. The changes were possibly caused by the abandonment of agricultural
activities, poorly maintained drainage system and dredging operations. The average depths
in the present-day lake are about 0.5 m, even in the places with thickest deposits (about
2 m). The deepest zones in the lake are located in the places of dredging, which do not
exceed 1.6 m [Napreenko et al., 2020].

The habitat alterations during stages 4-8 enable us to suggest that, over the last
500 years, the development of ecosystems in the kettle of Lake Chaika was determined
by human activities, which might substantially change their hydrological regime and
ecological characteristics, resulting in the transition from an aquatic habitat to a wetland
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and vice versa. On the other hand, the Lake Chaika of the present day is a highly vulnerable
site, affected by both environmental factors and anthropogenic activity.

Conclusions

Based on the results of our investigation, which embrace the lithological structure of
the lake bottom sediment cores, loss-on-ignition analysis, diatoms, macrofossil remains,
and radiocarbon dating, the following conclusions were made:

1.  The development of Lake Chaika shows eight phases during the last 9000 years.
The recent lacustrine environments were preceded by the period of terrestrial en-
vironments (~8900-6700 cal yr BP) and the long-term period (6700-150 cal yr BP)
of alternating peat-forming ecosystems of the black alder carrs and sedge fens that
formed thick layers of ligneous and sedge peat.

2. As a water body, Lake Chaika was formed in the recent past, around 200 cal yr BP
(early 19th century).

3. The sand horizon, separating the gyttja layer from the peat deposits in the lake kettle,
is considered to be a time marker for the “sand disaster”, which occurred in the 18th
century (~1700-1800 AD) on the Curonian Spit.

4.  The formation of Lake Chaika was influenced by both environmental and anthro-
pogenic factors. The former defined the ecosystem development during the most
period of time (8900-450 cal yr BP, stages 1-3), while the latter factors dominated over
the last 500 years (450 cal yr BP — present time, stages 4-8) and included agricultural
activities, maintaining the drainage system, and dredging operations.

5. Changes in the hydrological regime of Lake Chaika over the last 200 years have
presumably caused the transition of the aquatic ecosystem into a wetland and vice
versa.
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Abstract: Investigating variability in phytoplankton primary productivity as a key component of
the “biological pump” is critical to quantifying flux in the marine environment. We hypothesized
that under certain hydrological conditions, changes in phytoplankton productivity are greater with
changes in photosynthetic efficiency (the ratio of primary production (PP) to the rate of electron
transport in the phytoplankton photosystem, PP/ETR) than with changes in chlorophyll content.
This study showed that increase of PP during sharp changes in hydrological parameters in the
temporary frontal South-East Baltic (SEB) is achieved by increasing the efficiency of photosynthesis,
i.e., the degree of use of light energy captured by chlorophyll a (Chl a). In the Gulf of Finland (GF),
an increase in PP followed an increase in salinity from the Neva mouth to the sea and controls
chlorophyll contents with low variability in photosynthetic efficiency. For SEB and GF, measurements
of parameters of phytoplankton productivity and chlorophyll a content in late autumn (November)
are carried out. The first stage of carbon flow (in biological pump), expressed in terms of primary
production, was higher in the SEB than in the GF.

Keywords: primary productivity, carbon flux, photosynthetic efficiency, active chlorophyll fluores-

cence, frontal zone, Baltic Sea.
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1. Introduction

Primary productivity is a key parameter of the current state and dynamics of ma-
rine ecosystems, since it determines the trophic dynamics of marine organisms and the
biogeochemical cycling of nutrients. The climatic role of the primary productivity of
phytoplankton is also important as the main process of the biological pump [Laws and
Maiti, 2019], which ensures the entry of atmospheric CO,; into the sea (in the form of
synthesized suspended and dissolved forms of organic carbon) with subsequent sedimenta-
tion into the deep layers of the water column and bottom sediments. Thus, the value of
primary production (PP) can characterize the initial stage of the flux of carbon from the
atmosphere (in the form of CO,) into the upper layers of the water column (in the form of
phytoplankton biomass or suspended organic matter).

Primary productivity at a particular point in the sea depends on the concentration
of chlorophyll a (Chl a), the level of illumination and the activity of the photosynthetic
apparatus, which is associated, first of all, with the efficiency of light absorption by
pigments and its conversion into chemically bound energy. This energy is used to synthesize
organic matter through photosynthesis. The efficiency of using captured solar energy in
the processes of synthesis of organic matter depends on such environmental factors as the
content of nutrients, temperature and salinity, as well as on the gradients of these factors. It
was previously shown that photosynthetic efficiency increases significantly along gradients
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of hydrological conditions, including in frontal zones of different nature in the Kara Sea
[Mosharov et al., 2019].

For several decades, to assess the variability of primary productivity, a parameter such
as the assimilation number (AN) has been used — PP normalized by Chl a [Behrenfeld and
Falkowsk, 1997; Eppley, 1972]. Platt and Gallegos Platt and Ch. L. Gallegos [1980] introduced
the “scaled rate” of photosynthesis, or P? (production normalized by biomass), which is
equivalent in size to AN. It was assumed that this value better characterizes the variability
of productivity depending on the state of phytoplankton, environmental conditions or
season than simply the rate of primary production, since it takes into account changes in
phytoplankton biomass. However, it was later shown that AN depends on light and Chl a
[Cullen, 1990]. With increasing Chl a concentration, cell size also increases [Ciotti et al.,
2002]. At the same time, the packaging of Chl a in cells increases, which leads to a decrease
in the efficiency of light absorption and a decrease in AN [Marra et al., 2007].

In the article [Marra et al., 2007] extensive observations of primary productivity, Chl a
concentrations and absorption characteristics of phytoplankton, as well as ocean optical
properties were analyzed. As a result, it was shown that in many areas of the ocean, AN
decreases with increasing Chl g, i.e., the variability of primary productivity in this case is
not directly related to environmental conditions. The authors suggested that, across the
wide range of trophic conditions found in the world's oceans, changes in productivity are
more closely related to changes in the rate of light absorption by phytoplankton than to
changes in Chl a concentrations.

However, methods for measuring the rate of light absorption by phytoplankton pig-
ments (primarily Chl a) do not provide a reliable estimate. In our opinion, to understudy
the variability of primary productivity and its relationship with environmental conditions,
it is most effective to study productivity normalized to the rate of electron transport in
the phytoplankton photosystem. First, the linear rate of photosynthetic electron trans-
port (ETR) can be viewed as the net process of capturing and absorbing light energy and
converting it into a chemically bound form for subsequent use in the synthesis of organic
matter. ETR changes are a cumulative response to environmental factors such as light,
temperature, and nutrients. Secondly, measuring this key photophysiological parameter is
quite simple using modern fluorimeters — pulse amplitude modulation (PAM) fluorometer
[Schreiber et al., 1986] or fast repetition rate fluorometer (FRRf) [Kolber et al., 1998]. Active
fluorescence provides a non-invasive and rapid assessment of the conversion of photon flux
to electron transport rate in photosystem II (PSII).

ETR is the rate of solar energy conversion into chemical energy, which provides the
biosynthesis of organic matter by phytoplankton. PP is the result of this biosynthesis,
expressed by the amount of synthesized organic matter using light energy captured in
reaction centers with the participation of Chl a. Each of these parameters characterizes the
intensity of stages of photosynthesis — light (assimilation and conversion of light energy
into chemically bound and available for biosynthesis — Relative electron transport rate
(rETR)) and dark (use of stored energy for the synthesis of organic matter, PP). The degree
of use of light energy captured in the processes of synthesis of organic matter can be
expressed through the ratio of PP and rETR values (photosynthetic efficiency, PP/rETR).
Lawrenz et al. [2013] conducted the first analysis of the variability of the ETR and PP ratio
based on 17 published results of expeditionary studies in different regions of the World
Ocean. Our research in the Baltic Sea areas contributes to the general knowledge of these
processes.

The hypothesis we want to test from this study is that primary productivity in areas
of sharp hydrological gradients (frontal zones) is determined primarily by photosynthetic
efficiency.
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2. Materials and Methods
2.1. Study Area and Sampling

The studies were carried out in the south-eastern part of the Baltic Sea (SEB) and
in the estuary of the river Neva in the Gulf of Finland (GF) during the 54th cruise of
the R/V Akademik Sergei Vavilov from November 4 to November 13, 2022 (Figure 1).
Water samples were collected using a Multi Water Sampler Hydrobios MWS 12 Slimline
with a set of Niskin bathometers (Hydro-Bio, Altenholz, Germany). The temperature and
salinity profile was obtained using a Sea & Sun CTD48Mc hydrophysical probe (Sea & Sun
Technology, Trappenkamp, Germany).

Water samples were divided into subsamples, which were used to measure Chl a
concentration, active fluorescence, and to experimentally measure the rate of primary
production.
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Figure 1. Research areas and station location.

2.2. Nutrient analysis

Samples to determine pH, nutrients (phosphates and nitrogen forms) and alkalinity
were selected in 0.5 L plastic bottles without preservation and were treated immediately
after sampling. For work in the areas with a considerable quantity of POM (bays and river—
sea interfaces), the water samples were preliminarily filtered through a 1 ym Nuclepore
filter. The dissolved inorganic phosphorous (P-POy), nitrite nitrogen (N-NO,), nitrate
nitrogen (N-NO3) and ammonium nitrogen (N-NH,) concentrations were measured by
using standard procedures [Grasshof et al., 1999].

2.3. Primary Productivity Parameters

Primary production was measured onboard using the '*C uptake method [Steemann
Nielsen, 1952]. The samples were incubated in polycarbonate flasks (50 ml) for 3 h in the
original incubator with lighting and temperature maintenance. In the incubator, to simulate
the light conditions corresponding to the sampling depths, each flask was illuminated by
an individually adjustable LED panel (white light) with illumination level controlled using
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a LI-192SA quantum sensor. The light flux of each LED panel was regulated by changing
the current.

After incubation, the samples were filtered through a 0.45 pm filter (Vladipor, Russia).
The samples radioactivity was determined using a Triathler liquid scintillation counter
(Hidex, Turku, Finland). The biomass-specific PP (AN, mgC/mgChl a per h) was calculated
by dividing the PP value by the Chl a concentration in the corresponding depth.

Chl a concentration was determined by fluorometry [Knap et al., 1994]. Seawater
samples (500 ml) were filtered onto GF/F filters (Whatman) at a vacuum of <100 mmHg.
Filters were placed in tubes with acetone (90%) and stored at +4 °C in the darkness up
to 24 h. The extracts was measured with a MEGA-25 fluorometer (MSU, Moscow, Russia)
[Mosharov et al., 2019] before and after acidification with 1N HCI. Calibration of the
fluorometer was carried out before and after each cruise using standard Chl 4 (Sigma). The
concentration of Chl a and phaeophytin a was calculated according to [Holm-Hansen and
Riemann, 1978].

The underwater irradiance profile in the PAR range (photosynthetically active radi-
ation, 400-700 nm) was measured using a complex including Li-190R quantum sensor,
Li-193 underwater sensor, and Li-1500 DataLogger (LI-COR, Lincoln, USA). The depth of
the euphotic layer was determined from the depth of 1% surface PAR.

2.4. Measurement of Fluorescence Parameters

Active fluorescence of Chl 4 was measured with a fluorometer WATER-PAM (Walz,
Germany). Prior to measurement, the samples were kept in the dark for at least 20 min
[Schreiber et al., 1995]. The minimum (Fy) and maximum (F,,) fluorescence of the samples
was measured. The maximum quantum efficiency of PSII (F,/F,,) was calculated as [Krause
and Weis, 1991]:

Fy/Fi = (Fy—Fo)/Fp.

As shown earlier, the maximum F,/F,, values for phytoplankton under optimal
conditions correspond to 0.70, with a significant difference between taxa [Juneau and
Harrison, 2005; Suggett et al., 2009]. The F,/F,, value indicates the potential photosynthetic
capacity of phytoplankton.

Measuring the active fluorescence of phytoplankton cells after light adaptation at
illumination level E allows us to calculate the effective quantum yield of PSII (AF/F;,)
[Genty et al., 1989]:

AF/F,, =(F,,— F;)/F,,

where F), is the maximum fluorescence of light-adapted cells, F; is the fluorescence yield
of light-adapted cells.
The rETR value at a certain light level is calculated as:

rETR = AF/F), x Ex0,5,

where E is the actinic light level (nmol photons/m? per s), and the factor 0.5 is to correct
for the partitioning of photons between PSI and PSII [Lippemeier, 1999; Schreiber, 2004].

2.5. Statistical analysis

Standard statistical methods of descriptive, correlation and ¢-test analyses were used.
Averages in the text below are presented with a standard deviation (+ SD). Correlation is
given with the coefficient of correlation (r), number of measurements (1) and the probability
of the null hypothesis (P). Statistical analyses were performed using PAST 4.12 [Hammer
et al., 2001].

3. Results
3.1. Research area Hydrological and Hydrochemical Peculiarities

Based on the results of the analysis of TS diagrams using CTD data, the hydrophysical
characteristics of the studied areas were established. The upper layer of the water column
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in the GF was colder and less saline than in the SEB (Table 1). In the SEB, by November,
as a result of autumn cooling and vertical convection of water, the seasonal thermocline
deepened to 25-45 m. On the longitudinal section of the GF in November, the upper quasi-
homogeneous layer (UML) deepened to 30-40 m and had a weakly pronounced increase in
temperature with distance from the Neva Bay. The seasonal thermocline reached a depth
of 50-55 m.
During our studies, the total daily solar radiation on the sea surface varied from 4 to
12 mol photons/m? per day. The depth of the euphotic zone, i.e., the penetration depth
of 1% of surface illumination varied from 10 to 20 m (average 16.7 m) in the SEB and
from 12 to 15 m (average 13.2 m) in the GF. Thus, during the study period, the UML was
much deeper than the euphotic layer, which could contribute to the periodic removal of
phytoplankton from the upper illuminated zone and a decrease in overall productivity.
In terms of the relationship between tem-

12.6 - o1 perature and salinity on the surface (Figure 2),
stations 25, 27, 28, 38 differ significantly from
12.4 1 other stations in this area. These measurements
o <O 36 are quite similar to each other; the differences
12.2 4 3 in TS characteristics between them are signifi-
o cantly less than with measurements outside this
Too12 - < 34 zone. It is possible that between the indicated
group of stations and the remaining stations
11.8 - 25 in this area, a temporary frontal zone may be
o 27 observed [Demidov et al., 2011], associated with
11.6 - 28 the interaction of desalinated water from the
o 13 Vistula Lagoon with sea water. In the section
11.4 ] : ¢ 38 : ] in the GF from the mouth of the Neva (station
7.10 7.20 7.30 7.40 7.50 55) to the central part (station 49), the surface
salinity gradually increased from 2.8 to 4.9 psu,
5 psu and the water temperature — from 7 to 8.5 °C.
Figure 2. TS diagram for stations in the Southeastern Baltic Sea (surface). Nutrient content varied significantly be-
Dark diamonds are stations in the temporary frontal zone. tween the two study areas (Table 1). The phos-

phate content in the surface layer of water in
the GF was five times higher, and DIN = (NO, + NO3; + NH,) was four times higher than
in the SEB. All differences were statistically significant (¢-test, P < 0.05). Surface phos-
phate concentrations in the SEB were uniform, and dissolved inorganic nitrogen (DIN)
concentrations showed a slight increasing trend from the coast to the open sea (from
3.5 M at station 1 to 5.4 uM at station 13). The surface concentration of DIN in the GF
was maximum near the mouth (29.5 pM) and decreased in the central part by 2—4 times
(7.5 1M at station 47 and 14.8 pM at station 42). The change in the phosphate content in
the GF was insignificant (0.74-0.95 ptM).

Nutrient content (dissolved inorganic nitrogen and phosphate concentrations) varied
slightly within each study area. The nitrate significantly exceeded the level limiting
phytoplankton growth. The phosphate content was below the limiting level in the SEB and
higher in the GF.

Table 1. Average surface values and standard deviations of hydrophysical and hydrochemical
parameters for two regions of the Baltic: the southeastern part and the Gulf of Finland

Area T S P-POy4 DIN
SEB 11.9+0.4 ASES O8] 0.17+0.03 43+0.7
GF 7.9+£0.6 42+0.8 0.83+0.09 17.2+£8.0

Note: T — surface temperature, °C; S — surface salinity, psu; P-PO4 — concentration of phosphorus in phosphate,

pM; DIN - dissolved inorganic nitrogen concentration (DIN = NO; + NO3 + NHy), pM.
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3.2. Parameters of Primary Productivity

The vertical distribution of Chl a was relatively uniform within the upper 30 m layer
of the water column in both the SEB and the GF (Figure 3a). The Chl a concentration
here varied from 0.68 to 1.22 mg/m?>. In the layer below the thermocline (30 m), the
Chl a concentration decreased significantly. In the SEB with a pronounced thermocline, this
decrease was sharp and significant — on average 1.02+0.21 and 0.09+0.04 mg/m3 above and
below the thermocline, respectively. In the GF, the thermocline was less pronounced and the
decrease in Chl a concentration with depth was not sharp —on average 0.77 + 0.22 and 0.27+
0.15 mg/m3, respectively. As can be seen in Figure 2, the variability of Chl a concentration
within the upper mixed layer at different stations in the GF was greater than in the SEB
(0.45-1.21 and 0.72-1.28 mg/m?3, respectively).
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Figure 3. Vertical distribution of the parameters of primary productivity: a) chlorophyll 4, b)
maximum quantum efficiency of PSII, F,/F,,, c) relative electron transport rate (rETR), d) primary

production (PP).

The maximum quantum yield of PSII (F,/F,,), which characterizes the potential
photosynthetic capacity of phytoplankton, was high at all stations of the SEB (0.61-0.68)
and GF (0.54-0.74) (Figure 3b). The lowest surface F,/F,, value (0.54) was recorded at
station 55 near the mouth of the Neva. At most profile stations, a constant or slight decrease
in F,/F,, was observed with depth in the 0-30 m layer, with the main decrease being below
30 m.

The rETR value in PSII within the euphotic zone ranged from 0.24 to 28.7 a.u. in the
SEB and between 0.21 and 21.3 a.u. in the GE. At all stations, rETR decreased exponentially
with depth, which is associated with a decrease in underwater irradiance (Figure 3c). rETR
values were more variable at the surface than in the water column (Figure 3a). The highest
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surface rETR values in the SEB (more than 27) were at coastal stations 3, 4 and 34. In the
GF, surface rETR values were at an equally high level in the mouth zone (18.7-21.4 a.u.)
and were minimal at the mouth of the Neva river (8.21 a.u.) (Figure 4b).

The bulk of PP (62-89%) was concentrated in the upper 5 m layer of the water column.
A decrease in illumination with depth in the water column leads to an exponential decrease
in PP (Figure 4d). Moreover, such a decrease was very sharp in the upper 5 m layer — PP
values on the surface and at a depth of 5 m differed by 3-12 times at different stations
of the SEB and GF. Surface PP varied from 8 to 32.6 mgC/m? per day in the SEB and
from 6.1 to 16.7 mgC/m3 per day in the GF. In the SEB, maximum values of surface PP
(26.1-32.6 mgC/m?> per day) were observed in the middle part of the study area (stations
25,27, 28 and 38), and lower values with significant variability were observed in the coastal
zone (Figure 3a). In the GF, the surface PP increased significantly from the mouth of the
Neva towards the sea (Figure 4b).
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Figure 4. Distribution of surface values of primary production (PP) and electron transport rates in
photosystem II of phytoplankton (rETR) in the Southeastern Baltic Sea (a) and in the Gulf of Finland
(b).
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20 m highest values (more than 3 mgC/mgChl per

0 1L UNI AND IRN INY NND UNN UNY AN1 femmmi NE0 AN ARLEE 0 hour) were detected in the middle part of the
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Station The lowest AN values (less than 1 mgC/mgChl

Figure 5. Depth-integrated Chl a4 and PP values in the Southeastern

per hour) were also found in the SEB at coastal
stations 1 and 34.
The depth-integrated Chl a content

OPP MChl

Baltic Sea (stations 1-38) and the Gulf of Finland (stations 42-55). in the euphotic layer varied three times

(7.4-21.0 mg/m?) at different stations of the
SEB and two times (5.5-11.1 mg/m?) in the GF (Figure 5). The average values of
this parameter for SEB and GF differed twofold (16.3 + 4.0 and 8.3 + 1.2 mg/m?, re-
spectively). Similarly, the depth-integrated PP values differed by three times (41.2—
132.2 mgC/m? per day) at different stations of the SEB and by two times in the GF
(19.8-55.6 mgC/m? per day) (Figure 5). The average values of this parameter for each
region differed twofold (79.1+31.0 and 37.3 + 13.2 mgC/m? per day, respectively). The
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differences between SEB and GF for the average values of Chl a and PP content were
statistically significant (t-test, P < 0.05).

During the period of our research, the maximum photosynthetic activity of phyto-
plankton, expressed in terms of rETR and PP, was observed in the surface layer (see
Figure 3). The average values of surface water productivity parameters are presented in
Table 2. As can be seen from the table, the maximum quantum efficiency F,/F,, (potential
photosynthetic capacity of phytoplankton, characterizing its “health”) is almost the same
in both areas. However, the biomass of phytoplankton (based on Chl a content) and its
production activity (rETR, PP and AN) were on average significantly higher in the SEB
than in the GF.

Table 2. Productivity parameters (average and standard deviation) in surface waters (0 m) for two
regions of Baltic Sea

Area Depth Chla % Phaeo Fy/Fp rETR PP AN
SEB 71+£32 1.07+£0.31 52+4 0.65+0.02 24.8+3.1 20.4+8.48 2.26+1.15
GF 41+15 0.83+£0.21 62+7 0.64+0.1 16.9+5.1 12.0+£3.99 1.78+0.28

Note: Chl a — concentration of chlorophyll a, mg/m3; % Phaeo is the proportion of pheophytin in the sum of
Chl a + pheophytin concentrations; F,/F,;, — maximum quantum efficiency, rETR — relative of electron transport
rate in PSII, PP — primary production, mgC/m?> per day, AN — assimilation number, mgC/mgChl per hour.

Analysis of the relationship between PP and rETR, measured in parallel at the same
light levels for samples from the euphotic layer, shows a strong positive correlation for all
pairs of values in the GF (r = 0.95, n =19, P = 0.05) (Figure 6a ) and the absence of such
a general correlation in the SEB (Figure 6b). However, at each station, for samples from

different horizons, a very high positive correlation between PP and rETR was observed in
both regions.

18 - ® 25
y=0.67x + 0.39 . ]
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27
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+ 38
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(a) (b)

Figure 6. Relationship between primary production, PP, and relative electron transport, rETR, in
Gulf of Finland (a) and Southeastern Baltic Sea (b). Different shapes of dots in figure (b) correspond
to different stations according to the legend.

The minimum values of the regression coefficient a (0.33-0.38) were at station 1 (east-
ern part of the Gulf of Gdansk) and at station 13 (open sea) (orange lines in Figure 6b).
Higher values of light energy efficiency (0.55-0.74) were observed at stations located in the
coastal zone (stations 3, 4, 34, 36) (green lines in Figure 6b). The highest values (1.01-1.48)
were found in the middle part of the study area with depths of 78-93 m (stations 25, 27,
28, 38) (blue line in Figure 6b), where PP values were also the highest.
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It should be noted that the coefficients a in the regression equations based on parallel
measurements of rETR and PP within the euphotic layer coincide for each station with the
ratio of the surface values of these parameters (PP/rETR). This allows the ratio of surface
values to be used to determine the efficiency coefficient for the entire euphotic layer.

Salinity and nutrients (DIN and phosphate) are considered to be the most important
factors influencing the values and distribution of rETR and PP. The influence of the nutri-
ent concentration on the current production capacity of phytoplankton is most effectively
assessed for the surface at the same illumination. A strong negative correlation between
surface values of rETR and DIN was found in the GF (r = -0.97, n =5, P < 0.05) (Figure 7b)
and no correlation between rETR and DIN in the SEB (Figure 7a). The same strong negative
relationship was observed in the GF and between DIN and PP (r =-0.68, n =5, P < 0.05),
while in the SEB such a relationship was absent.

A strong positive correlation was established between rETR and salinity in the GF
(r=0.95,n=>5, P<0.05) and a strong negative correlation in the SEB (r = -0.63, n =9,
P <0.05). Also, a high positive correlation (r > 0.8, n =5, P < 0.05) was between salinity
and other production parameters (PP, AN and Chl a) in the GF.
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Figure 7. The relationship between the electron transport rate (rETR) and the content of mineral
forms of nitrogen (DIN) in the Southeastern Baltic Sea (a) and in the Gulf of Finland (b).

The influence of nutrients on the photo-
synthetic efficiency coefficient was not revealed
in this study. A strong negative relationship
was found between photosynthetic efficiency
(PP/rETR) and water temperature (r = —0.83,
n =38, P =0.05) (Figure 8).

4. Discussion

The bulk of Chl a4 was in the upper
25 m layer of the water column in both regions
(see Figure 3). Likewise, the potential photosyn-
thetic capacity of phytoplankton, expressed as
F,/F,, values, was uniformly high in the upper

114

11.6

' ' ' ' ' 40 m layer. However, the realization of produc-
118 120 122 124 126 tive potential was observed only in the surface
layer of the water column. The rETR and PP

T,°C . .
’ values were maximum in the surface layer. The

Figure 8. The relationship between photosynthetic efficiency (PP/rETR) leading factor for PP is light energy. A decrease
and temperature (T) for stations in the Southeastern Baltic Sea. in illumination with depth in the water column

leads to an exponential decrease in PP. There-
fore, the main part of PP (62-89%) was concentrated in the upper 5 m layer of the water
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column. A similar distribution of PP values over depth and relatively high F,/F,, values
were shown for various areas of the Antarctic Peninsula at the end of summer [Pereira
Granja Russo et al., 2018].

The depth-integrated PP value in the SEB in November was lower than in the south-
ern part of the open Baltic in summer — early autumn (381-617 mgC/m? per day [Pi-
ontek et al., 2019]. The results of our PP measurements in the coastal zone of the SEB
(Gdansk Bay and the northern coast of the Sambian Peninsula, stations 1, 2, 4 and 34)
(6.7 +4.8 mgC/m? per day on average for the upper layer 0-10 m) correspond to the av-
erage long-term winter values for this area (4.6 + 5.9 mgC/m? per day) [Kudryavtseva and
Aleksandrov, 2019]. The PP values in the GF in November, obtained in our studies, were
an order of magnitude lower than the results of PP measurements in July—August in the
period 2003-2007 [Golubkov et al., 2017]. There is no information for comparison for other
seasons.

The highest values of depth-integrated PP (100-130 mgC/m? per day) were in the
middle part of the SEB with depths of 78-93 m (stations 25, 27, 28, 38). The maximum
values of AN, which characterizes the specific photosynthetic activity of phytoplankton,
were confined to the surface layer. The surface concentration of Chl a at most stations
(except for coastal stations 1, 34 and 38) was at the same level (0.77-1.03 mg/m?), therefore
variations in PP were determined by differences in photosynthetic activity. In the GF, the
depth-integrated PP increased in the direction from the mouth of the Neva and was in the
range of 19.8-55.6 mgC/m? per day, which corresponded to the PP level in the coastal
zone of the SEB (41.2-69.1 mgC/m? per day). The rETR values are comparable to those for
phytoplankton of the North Sea and South Atlantic (2-40 a.u.) [Rottgers, 2007].

Primary productivity parameters (tfETR and PP) negatively correlated with the content
of mineral forms of nitrogen (DIN) in water in the GF. It is likely that at very high DIN
values in the GF, both light (light energy absorption, rETR) and dark (organic matter
synthesis, PP) processes of photosynthesis are inhibited. The strong positive correlation
between rETR and salinity in the GF suggests that the observed dependence of rETR on DIN
is based on an increasing salinity trend (from the mouth to the outer estuary), reflecting the
degree of mixing of river (biogen-saturated) and sea waters, at which DIN values decrease
and, consequently, their inhibitory value decreases. In the SEB, at a lower range of DIN
values, a similar inhibitory effect was observed only for rETR.

The surface PP values in the SEB were more variable (the difference between the
minimum and maximum PP values is 4 times) than rETR (1.4 times), which may reflect
a greater influence of environmental factors on the efficiency of using absorbed light energy
in biosynthesis processes, than the solar energy conversion rate in this region. We observed
a similar situation (PP was more variable than rETR) in the Kara Sea [Mosharov et al., 2019].
In the GF, the variability of surface PP was negligible (1.4 fold) and comparable to that for
rETR (1.2 fold).

Empirical data obtained in different regions of the World Ocean demonstrate a linear
relationship between ETR and the rate of C fixation and/or O? production [Kromkamp
et al., 2008; Lawrenz et al., 2013; Suggett et al., 2009], but deviations from linearity have
also been reported [Harncke et al., 2015; Suggett et al., 2010]. This allows us to consider
rETR and PP as values that reflect the intensity of different stages of photosynthesis —
the light and dark stages, respectively. ETR is the rate of conversion of solar energy into
chemical energy of the cell, which provides the processes of biosynthesis of organic matter
by phytoplankton. Primary production is the result of this biosynthesis. The PP/rETR ratio
(photosynthetic efficiency) can serve as an indicator of the efficiency of using energy stored
in the reaction centers of the photosystem during the synthesis of organic matter at the dark
stage [Mosharov et al., 2019, 2022]. On the other hand, the value of the PP/rETR parameter
can be used to calculate PP from the results of active fluorescence measurements.

In the SEB, photosynthetic efficiency is specific to each station, i.e., different regions are
characterized by a certain ratio of the activity of the processes of assimilation of light energy
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(light stage of photosynthesis) and its use for biosynthesis (dark stage of photosynthesis),
apparently associated with a different combination of natural factors.

The spatial distribution of photosynthetic efficiency values (PP/rETR) is shown in
Figure 9. In the SEB, the maximum values of this parameter in the area with depths of 78—
93 m are possibly associated with the formation of a temporary frontal zone. Depending on
the wind regime, the Baltic Strait, connecting the Vistula Lagoon with the sea, can serve as
a powerful source of fresh water [Aleksandrov, 2010]. The flow of water from the strait can
spread both along the coast and at some distance from it, which can lead to the formation
of a pronounced frontal zone [Demidov et al., 2011]. At the same time, the strengthening
and stabilization of the alongshore current is clearly evident, which corresponds to lower
temperatures and higher salinity. The TS diagram for the SEB (see Figure 2) clearly shows
that stations 25, 27, 28 and 38 are located in an area with a corresponding combination of
temperature and salinity.

Our previous studies of photosynthetic efficiency on the Kara Sea shelf showed that
areas with increased PP/rETR are characterized by sharp gradients of hydrophysical
conditions corresponding to frontal zones of various origins [Mosharov et al., 2019]. The
maximum values of this parameter were observed in the zone of interaction between the
river flow of the Yenisei River and sea water.

As the present study showed, an increase in photosynthetic efficiency in the central
zone of the SEB with a significant thermohaline gradient led to a local increase in PP
(see Figure 4a) at the same level of Chl a content and rETR value (see rres 4a and 5a).
In the GF, with a pronounced increase in salinity from the mouth to the sea and the ab-
sence of sharp gradients, the PP/ETR values at different transect stations varied slightly
(0.61-0.78) (Figure 9). At the same time, all indicators of phytoplankton productiv-
ity (Chl a, rETR and PP) increased almost synchronously with the increase in salinity
(Figures 3b and 4). Thus, the local increase in PP in this region was due to both an increase
in the abundance of phytoplankton and an increase in its light-catching activity. It is
interesting to note that the values of photosynthetic efficiency in the GF correspond to the
values in the coastal zone of the SEB.
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o
& 0.80 & A
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Figure 9. Distribution of surface values of photosynthetic efficiency PP/rETR in the south-eastern
part of the Baltic (a) and the Gulf of Finland (b).

Earlier in 2021, we conducted studies of the seasonal variability of primary production
and the formation of carbon flows in the eastern part of the Bay of Gdansk at the offshore
site of the Kaliningrad Carbon supersite [Mosharov et al., 2022]. A significant seasonal
difference in photosynthetic efficiency and primary production values was shown, which
determined the seasonal variability of the initial stage of carbon flux. The maximum
photosynthetic efficiency was observed in summer and early autumn, and the minimum
in late autumn in November. At the same time, seasonal differences reached 8 times. In
the present study, conducted in November 2022, Station 3 was located adjacent to the
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Carbon supersite, allowing estimates of interannual variability in primary production and,
consequently, the magnitude of the carbon flux from the atmosphere to the sea. It was
found that the PP/rETR value in November 2022 was twice as high as in November 2021.

5. Conclusions

In the south-eastern part of the Baltic Sea and in the Gulf of Finland, in the zone of
interaction between river and sea waters, primary productivity increases with increasing
salinity. With a significant thermohaline gradient in the central part of the SEB, an
increase in PP occurs due to an increase in photosynthetic efficiency (PP/rETR) with minor
fluctuations in the Chl a concentration and rETR in this region. On the other hand, in the
GF, with a gradual increase in salinity from the mouth of the Neva to the outer estuary,
PP values increase due to an increase in the Chl a concentration, while photosynthetic
efficiency changes slightly.

Potential photosynthetic capacity of phytoplankton, measured by maximum quantum
efficiency (F,/F,,) (phytoplankton health), was high at all stations in both areas. The bulk
of PP (62-89%) was in the upper 5 m layer. Chl a and F,/F,, were evenly distributed in
the upper 30 m layer in both areas. Thus, the high potential of phytoplankton productivity
and, accordingly, the initial stage of carbon flow, which persists at the end of the growing
season, is realized to varying degrees in the shelf zone of the SEB, reaching a maximum in
the frontal zone with a sharp thermohaline gradient. The abundance of phytoplankton (in
terms of Chl a content) and its production activity (rETR, PP) in the SEB is significantly
higher than in the GF. Based on this, we can reasonably assume a higher carbon flux from
the atmosphere to the upper layers of the water column (at the initial stage of the biological
pump in the process of primary production) in late autumn in the central zone of the SEB,
compared to the estuarine zone in the GF.
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Introduction

It is known that the ocean and the atmosphere are a single interconnected system.
Large-scale processes in this system have a decisive influence on the formation of weather
and climate in South America, mainly in Peru [Brink et al., 1983; Karstensen and Ulloa,
2009].

The Peruvian upwelling (PU) is driven by the interaction of oceanic and atmospheric
factors and is one of the four highly productive upwelling areas in the oceans and the
largest one in terms of fish catches [Bakun and Weeks, 2008; Gutiérrez et al., 2016; Heileman
et al., 2009]. The PU is formed by the cold Peruvian Current, which comes from southern
Chile and flows northward the equator. As a result of the wind blowing in the direction of
the equator, the Coriolis force in the trade wind deflects the current to the west [Karstensen
and Ulloa, 2009; Ramos et al., 2022].

Upwelling process (the rise to the surface of high-nutrient water) contributes to the
formation of important biological productivity of the area. In the waters of the Peruvian
upwelling, it is about 0.02% of the area of the oceans, where almost 20% of the world’s fish
catch is produced [Agiiero and Claveri, 2007; Bakun, 1996; Bakun and Weeks, 2008; Bakun
etal., 2010, 2015; Bertrand et al., 2004; Brink et al., 1983; Castillo et al., 2018; Chavez et al.,
2008; Espinoza-Morriberén et al., 2017; FAO, 2022; Nixon and Thomas, 2001].

Figure 1 shows the distribution in million tons of fish catches of the 10 largest fish-
producing countries according to FAO data [FAO, 2022]. It is easy to see that their total
catch reaches 57% of the world fishing. At the same time, the largest fishing country is
China, which is twice ahead of Indonesia that is in the second place. It is China and Peru
that get the most fish in the Peruvian Upwelling region.

For Peruvians, fishing is of great economic importance. Therefore, studying factors
on bioproductivity in this region is not only important for scientific knowledge, but also
practical. Therefore, the purpose of this article is to study the variability of sea water
temperature because it has an important impact on the vital activity of marine organisms.
Temperature changes can manifest itself in an explicit and indirect form since it can
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Figure 1. Distribution in million tons of fish catches of the 10 largest fish-producing countries in
2020 according to FAO data [FAO, 2022].

accelerate or slow down growth, and even lead to mass death during sudden temperature
changes [Bohle-Carbonell, 1989; Malinin, 2002; Penven et al., 2005; Ramos et al., 2022; Zavala
etal., 2019].

With regard to modelling work off the coast of Peru, there were several publications
in which oceanographic variables were considered as interconnected with each other. For
example, [Tarazona and Arntz, 2001] proposed a joint model of satellite data on sea surface
temperature (SST) and tidal sea level anomalies to study their interannual and interdecadal
variability. [Penven et al., 2005] and [Aguirre, 2015] were constantly working on modelling
upwelling characteristics in different seasons of the year. In addition, [Huaringa, 2020;
Wang et al., 2019] modelled the wind and its effect on the surface waters of the sea.

[Bakun, 1996; Bakun and Weeks, 2008; Bakun et al., 2010, 2015; Bertrand et al., 2004]
hypothesized that an increase in greenhouse gases will result in considerable changes in
land-sea pressure gradients, which would affect global wind patterns and in the natural
state, would eventually increase the upwelling pressure in the oceans. Then, in the case of
developing a predictive ocean temperature model, it would be possible to determine fish
landings to a certain extent [Castillo et al., 2021; Massing et al., 2022; Penven et al., 2005;
Ramos et al., 2022; Swartzman et al., 2008; Zavala et al., 2019].

It was also said that there was no clear evidence of associated changes in wind dynam-
ics [Abrahams et al., 2021].

On the other hand, according to recent modelling [Chang et al., 2023], upwelling
systems in the Southern Hemisphere showed a future strengthening of coastal winds with
rapid coastal warming, which cannot be explained by the Bakun hypothesis.

In addition, [Krasnoborodko, 2018] described the relationship between the displace-
ment of the pole of the Earth’s rotation axis relative to its geographic pole and fishing in
the Peruvian subzone of the southeastern Pacific Ocean.

As a result, such processes would take part in the uncertainty on the construction of
a predictive model.

The main goal of this work is to statistically analyze the interannual variability of SST
in the Peruvian upwelling area, which includes a description of linear trends, zoning of
the PU water area according to annual SST values using the methods of factor and cluster
analysis, identification of cluster centres and their statistical analysis with an assessment
of the relationship with the El Nino indices (ENSO).
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Materials and Methods

For this purpose, the GODAS (Global Ocean Data Assimilation System) database was
used. The GODAS system is based on the quasi-global configuration of the GFDL MOM.v3
(Geophysical Fluid Dynamics Laboratory Modular Ocean Model). The model area extends
from 75°S up to 65°N and has a resolution of 1°x1° magnified to 1/3° north-south within
10° of the equator. The PU area is accepted within the boundaries from 4°S up to 40°S
[Tarazona and Arntz, 2001] (Figure 2). A total 216 points of the grid area were identified,
for which the average monthly values of SST for the period 1980-2020 were selected from
the GODAS database. We consider a spatial resolution of 1°x1° optimal for studying
large-scale SST variability.

-90 -86 -82 -78 -74 -70
04 : Y 0

South America

Figure 2. Selected region of the Peruvian upwelling (PU) and distribution of annual mean SST values
for the period 1980-2020, computed from the GODAS database [http://apdrc.soest.hawaii.edu/
dods/public_data/Reanalysis_Data/GODAS/monthly/].

Initially, statistical characteristics of annual SST values (arithmetic mean, standard
deviation, trend value and its coefficient of determination) were calculated at grid nodes.
The coefficient of determination was used to determine the contribution of the trend to
the dispersion of the original series. The significance of the trend was assessed using
the Student’s t test at a p level of less than 0.05 [Malinin, 2002]. Multivariate statistical
analysis methods were used to study the spatiotemporal variability and zonation of the
SST field. Using the method of principal factors (PCA), it was possible to dramatically
compress the information and move from a 216 x 41 matrix to a 216 x 4 matrix, i.e., to
identify 4 quasi-homogeneous regions (clusters) in the interannual SST variability. The
use of k-means cluster analysis method made it possible to optimally draw boundaries
between regions. For each cluster, statistical centres were identified that best characterize
large-scale SST variability within the cluster.

All analyses were performed using R Statistical Software (v4.1.2; R Core Team 2021)
[R Core Team, 2021].
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Results and Discussion
On the Spatial Distribution for the Average Annual SST Values

Figure 3 shows the spatial distribution of trend coefficients for annual mean SST
values. From Figure 3 it is clear that negative SST trends are observed throughout the entire
water area of the PU. Their maximum values (numbers in absolute value) are concentrated
in a narrow coastal strip of the ocean in the northern part of PU between 6° and 16°S.

It can also be noted that for almost the entire PU region, with the exception of local
hotspots in the north and south of PU, SST trends are significant. The reason for the
negative trends in SST is the cold Peru Current, which is formed from the northern branch
of the Antarctic Circumpolar Current.

At first glance, the relative cooling of the PU waters
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- ol -7% contradicts the well-known fact of the warming of the
ocean waters. However, ocean warming is uneven. Al-
though there is a well-defined increase in SST in most of
the ocean, there are areas with negative trends. Accord-
ing to the Copernicus system [ECMWF, 2021}, for the
period 1993-2021, in the PU region and adjacent areas
of the southeastern Pacific, a decrease in SST is observed,

°C /10 years which is due to the cold Peruvian Current. It is also con-

L_12 firmed by [Aiken et al., 2011], whose results showed that

the alongshore wind increase off Peru and Chile led to

=0 a year-round upwelling intensification, then nearshore

—-0.1 SST decrease.

In work [Jebri et al., 2017] mentioned a conceptual
hypothesis that the winds, that favour coastal upwelling,
—-0.3 intensify with anthropogenic global warming. In fact,
L 1.04 this hypothesis was examined by such authors for the dy-
namics of the Peru-Chile upwelling, covering the entire
period of 1940-2014. They found evidence for intensi-
—-06 fication of upwelling-favourable winds in such a region.
28 —-0.7 Furthermore, there are also evidences of wind-driven up-
welling intensification continuously for 34 years (from
1980 to 2014) [Jebri et al., 2020]. It is happening off
-32 Chile since the 1980s [Falvey and Garreaud, 2009] and off
central-south Peru since the 1950s [Abrahams et al., 2021;
Gutiérrez et al., 2011]. Other eastern boundary upwelling
systems (EBUS) of the Southern Hemisphere such as the
Benguela system off southern Africa [e.g., Lamont et al.,
40 2018] and the one west of Australia [e.g., Rousseaux et al.,
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Figure 3. Spatial distribution of trend coefficients for average annual Although there are different views on the reasons for
SST values in the Peruvian upwelling area. The thick red curve the cooling, it would be triggered by the intensification

separates the local foci of insignificant trends.

of the zonal circulation of the atmosphere [Malinin and
Vainovsky, 2020], the main parameter of which is the
Southern Annular Mode (SAM), calculated directly from data on atmospheric pressure
at meteorological stations between 40° and 65°S. Due to the intensification of the SAM,
the Antarctic Circumpolar Current strengthens, including its northern branch, which
forms the cold Peruvian Current. Evidence of the strengthening of the Peruvian Current is
positive trends in sea level along the coast of South America [Malinin and Smirnov, 2022].
As a result, the vast water area in the PA zone is getting colder.

Spatiotemporal Variability and Zonation of the SST Field

In order to reveal the spatiotemporal connection of interannual variability of the SST
field, the method of principal factors was used, the first stage of which is the method of
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Table 1. Estimates of eigenvalues and the rate of their convergence of average annual SST values for
1980-2020, obtained by the method of principal factors

First rotation Second rotation
Aj Aj AjlAj % ke, % Aj AilAj % ke, %
1 152.8 70.7 70.7 80.4 37.2 37.2
2 31.2 14.4 85.2 76.23 35.3 72.5
3 9.5 4.4 89.6 18.4 8.6 81.1
4 7.0 3.2 92.9 25.6 11.8 92.9

Note: Aj — Eigenvalue, k. — Rate of convergence

principal components (PCA). A matrix of average annual SST values sized 216 x 41 was
subjected to decomposition. A very high rate of convergence (k) of the eigenvalues A; was
found. Thus, already 1 eigenvalue A; described more than 70% of the total dispersion
of the SST field. In total, the first four Aj described 93% of the dispersion of the SST
field (Table 1). Analysis of the field values of the first expansion eigenvector showed that
significant correlation coefficients cover the predominant part of the PU water area, i.e.,
the SST field looks homogeneous.
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Figure 4. Results of zoning of the PU area according to the nature of
interannual variability of SST. The numbers correspond to the factor
numbers. Black dots indicate the centres of quasi-homogeneous
regions, which optimally describe the variability of SST within the
region.

Taking into account the large spatial extent of the
PU region, such a result seemed unobvious. Therefore,
the decomposition eigenvectors and the principal compo-
nents of these 4 A; were subjected to a second rotation by
Kaiser’s varimax method. As a result of this rotation, the
variance was transferred from the 1st common factor to
the rest, and the 2nd factor increased by more than twice.
Analysis of principal factors showed that more than 80%
of the PU water area is described by the first three factor
loadings (FL), which have estimates of more than 0.70.
In the rest of the water area, FL estimates are “smeared
out” relatively evenly, i.e., they are less than 0.65. The
estimates of the fourth FL at all points of the PU water
area turned out to be less than 0.65, i.e., it practically
does not participate in the formation of the variability of
the SST field.

According to the spatial distribution of FL values
of more than 0.70, four territorially connected quasi-
homogeneous regions are quite clearly distinguished in
the PU water area. At the same time, four areas mainly
include points with FL estimates less than 0.65. Note
that, in this case, there is some uncertainty in drawing
the boundaries between the regions. Finding the exact
boundaries can be done using the k-means cluster anal-
ysis method, which minimizes the sum of squared in-
tracluster distances to the cluster centre [Malinin et al.,
2002]. Distances between points were found using the
traditional Euclidean metric. In Figure 4 the results of
zoning of the PU area, according to the nature of the
interannual variability of SST, are shown.

The highest FL is noted for region 1 (cluster 1) high-
lighted in Figure 4 in green. It included 59 points, which
were located at the extreme northern position in the PU
region. The centre of this cluster has coordinates 8.5°S.
and 81.5°W, and its value (0.97) was the maximum for
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the entire FL matrix. The second FL mainly forms the 2nd cluster (red color), which
partially occupied the central and southern parts of the PU region, consists of 74 points,
and the centre of the cluster has a value of 0.95. The smallest cluster 3 (22 points) was
located in the extreme south of the PU.

Finally, cluster 4 is formed from FL values, mostly less than 0.65, and occupied an
intermediate position between clusters 1 and 2. So, as a result of using the method of main
factors, it was possible to reduce the dimension of the initial SST field to 4 points, which,
in fact, describe the interannual variability of the SST field in the PU area.

Table 2 shows the statistical characteristics of the annual SST values in the cluster
centres and the correlation coefficients between them; Figure 5 gives the interannual
variation of SST in the centres of each cluster. It is easy to see that SST consistently
decreases towards the south. The maximum amplitude is typical for region 1 (cluster 1).
During El Nino, there was a sharp increase in SST. In the interannual course of the SST, for
each of these clusters, a negative trend was manifested, which was most pronounced in the
SST for cluster 4. For clusters 1 and 3, the trend was insignificant. As for the correlation of
annual SST values in the centres of clusters, it varied from 0.67 between clusters 1 and 4 to
0.30 between extreme clusters 1 and 3.

Table 2. Statistical characteristics of annual SST values in cluster centres and correlation coefficients
between them

Tr, Correlation
Cluster X,,°C  A4,°C C °C/10 R?
years 2 3 4
1 21.6 4.9 0.05 —0.17 0.04 0.41 0.30 0.67
2 17.3 1.6 0.02 —0.13 0.18 1 0.43 0.65
3 15.2 1.5 0.02 —0.04 0.02 1 0.46
4 20.8 2.7 0.03 —0.26 0.32 1
Note: X,y — average, A — amplitude, C - coefficient of variation, Tr — trend coefficient, R? — trend determination
coefficient
26
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Figure 5. Interannual variation of SST in the centres of each cluster.

On the Peruvian Upwelling System and ENSO Region

The El Nino-Southern Oscillation region (ENSO) is a unique hydrometeorological
phenomenon. It is the largest and most powerful energy-active zone of the World Ocean,
which has an extremely important influence on the formation of long-term weather fluctua-
tions and short-term climate fluctuations not only in the Pacific Ocean, but also far beyond
its borders. At the same time, ENSO is the most powerful source of CO, flow from the
ocean to the atmosphere, which is characterized by a significant positive trend [Malinin and
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Vainovsky, 2022]. Given the proximity of ENSO to PU, it is natural to expect a relationship
between them. More than a dozen different ENSO indices are known, but the central place
among them is occupied by the Nino 3.4 region (5°N-5°S, 120°W-170°W), which is most
closely related to other indices and is most often used in research.

What is also important for us is the N1+2 region (0°~10°S and 80°W-90°W), which is
located in the northern and central part of the Peruvian Sea and is partially included in
the PU zone, which is under consideration in this research. It is influenced by the strong
Equatorial Undercurrent (EUC), which reaches the Peruvian shelf [Rosales Quintana et al.,
2021] and most clearly determines the occurrence and extent of the El Nifio event in coastal
Peru [SENAMHI, 2014].

Figure 6 shows the interannual variation of annual SST values in areas N3.4, N1+2 and
in the centre of the first cluster of Peruvian upwelling. It is easy to see that there is a high
degree of identity between these variables: positive (El Nifio phenomenon) and negative
(La Nina phenomenon) SST practically coincide. However, the strength of the relationship
between the variables varies markedly. Naturally, the connection between the SST in the
N1+2 region and the centre of cluster 1 is almost functional (r = 0.92). The connection
between SST in the region N3.4 and the centre of cluster 1 is noticeably lower (r = 0.70).
Note that the connection between SST in N3+4 and SST in more southern clusters sharply
decreases and becomes insignificant for clusters 2 and 3. Thus, the influence of ENSO, as
expected, extends predominantly to the northern PU zone.
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Figure 6. Interannual variation of SST in the centre of cluster 1 of PU (1), at the regions N1+2 (2) and
N3.4 (3).

Conclusions

It is shown that the PU water area is characterized by negative trends in annual SST
values for the period 1980-2020, imported from the GODAS (Global Ocean Data Assimi-
lation System) system. Although there are different views on the reasons for the cooling,
the most realistic, in our opinion, is the assumption that it is caused by the intensification
of zonal atmospheric circulation, the main parameter of which is the Southern Annular
Mode (SAM), calculated directly from data on atmospheric pressure at meteorological
stations between 40° and 65°S. As a result of the intensification of the SAM, the Antarctic
Circumpolar Current strengthens, including its northern branch, which forms the cold
Peruvian Current. As a result, the vast water area in the PU zone is getting colder.

To zonate the SST field according to the nature of interannual fluctuations, the methods
of principal factors and k-means cluster analysis were used. It is shown that the first four
eigenvalues of the expansion of the original matrix of annual SST anomalies of size 216 x 41
describe almost 93% of the variance of the original SST field. As a result, it was possible
to reduce the dimension of the SST field to 216 x 4. Then, the resulting matrix of factor
loadings was subjected to clustering using the k-means method, which minimizes the
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sum of the squares of intracluster distances to the cluster centre. This made it possible to
obtain an optimal partition of the SST field (216 points) into 4 quasi-homogeneous areas
territorially connected to each other. Naturally, cluster 1 included a larger number of points
with the highest factors (0.70-0.97). In each cluster, a statistical centre was identified that
optimally characterizes the interannual variability of the SST field within the cluster. Thus,
the combined usage of the main factors method (PCA) and the k-means cluster analysis
method made it possible to reduce the dimension of the original SST field to 4 points,
which essentially describe the interannual variability of the SST field in the PU region.

The statistical characteristics of annual SST values in the centres of clusters and the
correlation coefficients between them are considered. The highest amplitude of oscillations
is characteristic of cluster 1. Southward, the amplitude of SST fluctuations decreases.
A high degree of connection between the SST of the northern cluster and the ENSO indices
(N3+4 and N1+2) is shown. There is a complete evident correspondence of SST to the
El Nino and La Ninha phenomena. As expected, the connection between SST in the N1+2
region and the centre of cluster 1 is almost functional (r = 0.92). The connection between
SST in the N3.4 region and the centre of cluster 1 is noticeably lower (r = 0.70). For more
southern clusters, the correlation decreases sharply and becomes insignificant for clusters
2 and 3.
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O0ObEKThI KOPEHHOTO 6JIar0pOJJHOMETAJIBHOTO OPY/IEHEHUsI CKJIaIUaThIX 10s1coB nepudepun CeBepo-
Aswuarckoro u Cuno-KopeiicKoro KpaToHOB XapaKTepusyloTcs HeGOJBLIMUMUA PEeCyPCaMi U ILJIO-
MAIsAMU, 9TO TpebyeT Ay uX OOHAPYKEHUs HAPAIIUBAHUSA HAYIHO-TEXHUIECKOTO MOTEHITHAJIA.
B npegenax Cuxors- AMHBCKOrO HAACYOAYKIIMOHHOTO TOPHO-CKIIQIIATOrO COOPYZKeHUsl (THINI-
HOT'O IPUMEPA YIOMSIHYTBIX CKJIQIIATHIX IIOICOB) yCTAHOBJIEHBI TEPPEHHBI PA3IMIHOIO BO3PACTA,
IPEJICTABJISIONINE COOOM TUCIONUPOBAHHBIN (DYHIAMEHT aKKPEIHOHHOTO, OCTPOBOIYKHOTO HJIN
TypOUIUTOBOTO T€HE3UCA, MPOPBAHHBIN WHTPY3USIMU U MEPEKPBITHIA BYJIKAHOTE€HHO-OCAIOTHBIM
gexjoM. [IpoBeneHHbIe HCCIEIOBAHNS OXBATBIBAIOT TEPPUTOPUIO OCTPOBOMYKHOr0o Kemckoro Tep-
peiiHa, KOTOPBIIT 3aHUMAET TPOTSI?KEHHbBIE IO KOHTHHEHTATLHOTO TTobepexkbsi Tarapckoro
mpoJsinBa. 30JI0TOCEpeOPSTHbIE MECTOPOKIEHUST 3/IeCh CBIA3aHBI ¢ (POPMUPOBAHMEM U PA3BUTHEM
AKTUBHOW BYJIKAHUYECKOW OKpAWHBI. ['€HEe3UC PyJAHBIX 0OBEKTOB — SIMUTEPMAJILHBIN, CBSI3aHHBII
C MHTPY3UBHO-3(pDY3UBHBIMU CEPUSMU BEPXHETO MeJja-TajeoreHa. /lerajbHble MOJIeBbIe JINTOIEOX M-
MUYECKUE MCCJIEIOBAHUST TTPOBOIUINCEH HA MEPCIeKTUBHOM KoiyMOMHCKOM ydYacTKe, Tje pa3BUTHI
BEPXHEIOPCKO-HIKHEMEJIOBbIE KDEMHHUCTO-TEPPUT€HHBIE ITOPO/Ibl, IPOPBAHHbIE MEJIOBBIMU UHTPY3US-
MU I'PAHUTON/IOB TATUOMHCKOI'O U OJIbI'MHCKOI'O KOMILJIEKCOB. V3ydYeHne reoxuMuvIecKux 0CobeHHOCTeH
BBIIIOJIHSJIOCH C TIOMOIIIBIO METO/Ia IVIABHBIX KOMIIOHEHTOB, 3 @MEKTHUBHOIO CIIOC00a YMEHBIIEHUSI
pa3MepHOCTH 1 DUIBTPALNH JAHHBIX. VIMIIeMeHTaIUs 9TOr0 MeToIa IIpU 00paboTKe pe3ysibTa-
TOB CIIEKTPAJILHOTO aHAIN3A MOMCKOBBIX IT'€OXUMHYECKUX IIPOO IIO3BOJISIET BBIABUTDH ACCOIUAITUN
JIEMEHTOB, 0ObEIMHIEMBIX B IJIABHbIE KOMIIOHEHTDI, 1 YCTAHOBUTH MX IPOCTPAHCTBEHHOE PaCIpesie-
JIeHue, KOTOpOe O0YCJIOBJIEHO Pa3MENIeHHEM CTPYKTYPHO-BENIECTBEHHBIX KOMILIEKCOB U3y YaeMOit
Teppuropuu. Haxoxaenne uuciia ryIaBHBIX KOMIIOHEHTOB ITPOMU3BO/INJIOCH C ITIOMOIBIO BEJTMINHBI
00111€it COBOKYTIHO MMCIEPCUH, BHIYICIEHHOMN /IS 9TUX KOMIIOHEHTOB. llocTpoeHHbIe KapThI IPO-
CTPAHCTBEHHOI'O paclpejie/leHNd IVIAaBHBIX KOMIIOHEHTOB, BKJIIOYAIOIINX aCCOIUAIIUMN 3JIeMEeHTOB,
TIO3BOJIMJIM YTOYHUTD TOJIOYKEHME JIOKAJIBHBIX TEOXUMUIECKIX SKCTPEMYMOB. [ pynmupoBka /1eMeH-
TOB B IVIABHBIX KOMIIOHEHTAX C IIOMOIIHIO 3HAYEHUI NX BEKTOPHBIX HArpy30K IIO3BOJIMJIA ClIEIaTh
BBIBOJT O HAJWYUHU STANHOCTU B PyJ00OPA30BAHWM Ha MEPCIEKTUBHOM KOTyMOWHCKOM yYacTKe.
B nambHeitiem mpoBeeHHOE MCCIETOBAHUE MOXKET MOC/IYKUTH CTHUMYJIOM JJjIsi JOCKOHAJIBHOTO

1 0OCTOSITETLHOTO U3YJIEHUsT MUHEPATEHUH PACCMATPUBAEMOIN TEPPUTOPUU.

KrodeBbie ciioBa: ByJIKaHHYECKUE T0siCa, MAITMHHOE OOyU€HWE, T€0JIOTMIECKOe KapTUPOBAaHUE,

MeTOI I'NIaBHBIX KOMIIOHEHTOB, ITIOMCKOBasd I'€OXUMUA.

Huruposanme: Illeswipes, C. JI., H. I. Bopuckuna, u B. B. Isun Vcnons3osanue meToia
[JIABHBIX KOMIIOHEHTOB J[JIsl aHAJIN3a PeOXUMUYECKUX JIAHHBIX M ACCOLMAIMIT 9JIEMEHTOB
Kosymbunckoro nepcrekrussoro yaacrka (Kemcknit reppeiin, Cuxors- AJIMHbCKMI CKJIIa19aThIH
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M crnob30BAHUE METOJA TJIABHBIX KOMIIOHEHTOB [J1d AHAJIM3A TEOXMMHWYECKHWX OTAHHBIX H. .. IHIEBBIPEB U AP.

1. BBenenne

Dxonomuyeckoe paszsurue Jlaibaero Bocroka Poccun Tpebyer Bo30OHaB/IEHNST TOUCKO-
BBIX PabOT U HAPAIIMBAHUS PECYPCHOI'O IMOTEHIINAIA PYIHOrO U 6JIArOPOJHOMETAJLILHOTO
cbIpbst. PaboraMu mpe/iiecTBEHHUKOB OIUCAHBI OCHOBHBIE 3aKOHOMEPHOCTH Pa3MEICHUsT
KPYIHBIX W CPEJIHUX MECTOPOXKJIEHUN B rpejiesiaXx T MX0OKeaHCKOil KOHTMHEHTAJIBHON OKpau-
Hbl [[eodunamuka, mazmamusm u memannrozerus Bocmoka Poccuu: 6 2 xn. 2006; Jlwszanos
u dp., 2013; 2020], B yacTHOCTH, UX PUYPOYEHHOCTD K JUIBIOHKTUBAM OBIIEIIAHETADHOIO
¥ PErmoOHaJIbHOIO 3HAYEHUS, & TAKXKE I'PDAHUIAM KOHTYPa MPOEKIIUNA OKEAHMIECKOI'O CJI3-
6a, CTAarHMPOBAHHOTO B TPAH3UTHOW 30HE MaHTHU |Ymxun, 2005; Khomich et al., 2014].
[Inomanmble reoxuMudecKre MOUCKU IO BTOPUYHLIM OPEOJIAM PACCETHUS SABJISIIOTCH WC-
TOYHUKOM JAHHBIX 00 IBOJIIOIUN NEOXUMUYIECKUX IMPOIECCOB M COBMECTHOM HAXOXKJIEHUN
XUMHUYECKUX DJIEMEHTOB B IPUIIOBEPXHOCTHON 30HE 3€MHON KOPBI. TeppuTopus UCCJIelo-
BaHNl, BK/oYaomas KosyMOnHCKUT yIaCcTOK IIPOBEIEHIS TeOXUMUIEeCKAX PaboT, pacio-
Jlaraercst B npejienax Kemckoit merajioreandeckoit 30ab1 Bocrouno-Cuxors- AJTMHBCKOro
Marma-MeTaJJIONeHIYECKOTO 0sICa, COBIIAJIAOIIET0 MPOCTPAHCTBEHHO U CTPYKTYPHO C OCT-
poBomyubiM Kemckum Teppeitarom CuxoTy- AJIMHBCKOTO TOPHO-CKJIATIATOro0 mosica. 1lenbo
IIPOBOMMOTO HCCJIEIOBAHUST SBJISIETCS OMUCAHNE 3aKOHOMEPHOCTEH paCIpeIeIeHus XUMI-
YEeCKHUX IJIEMEHTOB B JIFOBAAJIBHO-JIETIOBUAJIBHBIX OTJIOXKeHUAX KOJTyMOMHCKOM ILTOIIA 17
1 (pOpMUpPOBaHKME UMU BTOPUYHBIX OPEOJIOB PACCEsiHUsI, COBMECTHOE TIOBEJIEHNE 3JIEMEHTOB
7 COOTBETCTBUE BBISIBJIEHHBIX AHOMAJIHII XUMAIECKUX JIEMEHTOB CTPYKTYPHO-BEIECTBEHHBIM
ocobennoctsiM Teppuropun. IlocraBiieHHast 11e1b IPEIONPE/Ie/INIa BEIOOD PerraeMbIxX 3a-
Jad: [peBapuUTeIbHYI0 00pabOTKy M OYUCTKY JAHHBIX IIOMCKOBOI M€OXUMUYECKONH ChEeMKU;
yMeHbIIIeHHe PA3MEPHOCTH JIAHHBIX € IIOMOIIBI0 MeToza riaBHbIx KommnornenTos (MI'K, PCA);
obocHoBaHue BHIGOPa ONTUMAILHOrO KojmdecTsa riasabix kommnonentos (I'K, PC); onenka
CcOOCTBEHHBIX 3HAYEHUIl TJIABHBIX KOMIIOHEHTOB W AHAJINA3 POJIM OTIAEJIbHBIX XUMUIECKHUX
3JIEMEHTOB B KOMIIOHEHTAaX; IpadrudecKoe IIpe/ICTaBIEHUE U UHTEPIIPETAINS IOy Y€HHBIX
pPe3yJIbTaTOoB.

2. MaTtepuaJjbl 1 METOABI MCCJIe0BAHUS

TlosteBoit MaTepuas Ay MPOBEIEHUsT UCCIIEIOBAHUS OBbLI TOTydYeH Ha KoyMOMHCKOM
[IEPCIIEKTUBHOM y4YacTKe, KOTOPBIIl pacIiojioxkeH B mpejenax Kemckoro reppeitna Cuxors-
ANTMHBCKOTO TOPHO-CKJIAIATOrO COOPYIKEeHUs. TeppUTOpHs TIONCKOB IIPUJIETAET K MECTOPOK-
neausm Baarogarnoe (ITuonep) u Tiryxoe, u, no-suauMomy, o6/aagaer ¢ HUMEU OBIIHOCTHIO
HUCTOPUH I'e0JIOTMYECKOr0 PA3BUTHsI M MUHEpareHnn. B KadecTBe MCTOYHUKA T'€OXUMUIECKUX
JIAHHDBIX B3SATHI PE3yJIbTaThl AHAIN30B MITY(MHBIX TPob, oToOparHbix KoyMONHCKONH TTONCKO-
Boit maprueit OAO «IIpumreosiorusi» B 2011-2013 romax. Uccnenosanus npob GbLm mpoBe-
JIEHBI C TIOMOIIBIO CIIEKTPAJIBHOTO, CIIEKTPO30JIOTOMETPUYIECKOr0, ATOMHO-a0COPOIIMOHHOTO
U XUMHUYECKOro aHAJIM30B. Tabiuia aHaJIuTUYeCKUX JaHHBIX BKJIo4daeT 898 3Ha4YeHwMil, ornu-
chIBAIOIUX cojiep:kanue B mrydax 17 xumudeckux snementos (Sn, Pb, Zn, Cu, Ag, V,
Cr, Ni, Mn, Ti, Co, Mo, W). IIpo6bI 6bL1 0TOOPAHBI [0 HEPErYJIAPHOM CeTH C MIAroM
onpo6osanust 30-500 M, oxBaTuseii okosto 400 km? Teppuropnu. Ilomma,m onpoGoBaHMst
BKJIIOYAJIAa apeajl PACIPOCTPAHEHNUS MEJIOBBIX I'DAHUTONIOB TATUOMHCKOIO U OJIBI'MHCKO-
0 KOMIIJIEKCOB, & TaKXK€ JIMOPUTOB U rabbpO IaJbHErOPCKOrO KOMILJIEKCA. Y Ka3aHHbBIE
MarMaTHUThl IPOPBHIBAIOT BEPXHEIOPCKUE U HUYKHEMEJIOBbIE TOPO/Ibl (pyHIaMeHTa BocrouHo-
CuxoTa- AJIMHBCKOTO BYJIKAHO-TIIy TOHUYIECKOT'O IOsICA, C Y€M CBSI3aHO Pa3BUTHE OPEOJIOB
BTOPUYHBIX THAPOTEPMAJIBHBIX U3MEHEHUI BO BMEIAIOIINX TOPOIaX. 1eppUTOPUS MMEET
pa3BEeTBJIIEHHYIO IM'MIpOCceTh, obpasoBanuyto p. Kosymbe (npassiii nputok p. Bou. Yecypka)
U ee NpUTOKaMu. AJIIIOBUI MHIPOCETH MMEET CYIIeCTBEHHYI0 MOIHOCTE (puc. 1). B reoso-
TMYECKOM CTPOEHUN YYacCTKa UI'PAIOT POJIib ocanodnblil dymmament Kemckoro reppeiina,
BKJTIOYAOIINI CJIOYKHOIUCIONUPOBAHHBIE TOPOIBLI KOJIyMOUHCKOWM TOJIIIU BEPXHEH IOPHI,
pa3BHUTOI HAa TEPPUTOPHUH UCCJIEIOBAHUSI IIOYTH UCKJIFOUUTEIBHO B mpejeax KosrymOuH-
CKOro cBOJa, orpanndennoro Kysummosckum u Bopucosckum paziiomamu, »KypaBiieBCKOI,
KJTIOUEBCKOM, yCTBKOJyMOWHCKOW ¥ TPUMAHKUHCKON CBUT, CPEIM KOTOPBIX OIMUCAHBI TIEC-
YAHWKY, aJIeBPOJINTHI, KDEMHUCTO-TJIMHUCTBIE TIOPOJIbI, 6a3a/IbThl, TY(dbl U TYHOUTHL. DTU
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MIOPOJIBI IPOPHIBAIOTCS TPAHUTOUIAMA TATHOMHCKOTO (HUXKHUN MeJT), OJIbIMHCKOTO U TIPH-
MOpcKoro (Bepxuuii mes1) komiuiekcoB. Ha reppuropuu, nupuseraomeii Kk Koaymbunckomy
YYACTKY, TATHOMHCKUI KOMILIEKC ITPEJICTAB/IeH JIBYMsl (DAa3aMU BHEJIPEHUS: IIepBas BKJIIO-
JaeT MHOTOYUCJIEHHBIE KN ceBepo-BOCTOUHOrO npocrupanus (40-60°), cocrosamux us
IUOPUTOB, TUOPUT-IIOPGUPUTOB, rabbPO, MOHIIOAUMOPUTOB; BTopas (aza obocabimBaeTcs
B Bujle KpynHOro [IpunckoBoro MaccmBa rpaHUTONIOB, OOHAYKAIOIIETOCT HA CEBEPO-3aIIaIe
TeppuTopun ucciegopanuit (puc. 16). Paguonorndeckue natupoBKu mopos nepsoit dbasbi
U-Pb (SHRIMP) cocrasasror 103,2-107,1 muta Jet; suist Bropoit daser (IIpunckossrit
maccus) 1o pesyiasraram SHRIMP U-Pb wucciiesoBanuii MpKOHOB [OJIyY€HbI JIATUPOBKU
97-101,5 mutH ster [JIwszanos u dp., 2020].

B Dowon

B Cunyp

T Kewmtpi

I Bepuxuii MpoTeposof
B Hiowsd NpoTeposcd
B Apxei

TEKTOHHHBEKHE MM HEAK
W (PABHTALISHIES CTYIEHR
2o Mo GarHe

PErHOHanEHbE
fmtn [ T T A p———
[TV—— NGACTOLEH-FOROUAH KoMIIKE
Annkh =] -
Dtpuc 16) . E e ¥ W B
[ KarmpBimicean Tonus sepsres apa. (oY)
r‘ wnwroa, & N
bbb 73 Bosin BTopsrsti massansi
[———— [ womyumsesid yacrox
(0] Huwseanmonen TEDDI 8-S NODOIN: = vouki npoBooTBapa
[ Hiowianil wagn K RAPURALS MONLIITMCEHTS = a1 {60 IMOPUTORRE NOPAHEHT,
L [ ——
1 Beroiedt men. Grarancrisd sounnees
FRRKOKPATOR FRAHATOR ’ﬁ’ PAANGMH HEFT HEHMEHOBAHHE

Puc. 1. Cxemarudeckue reoJIorndecKue KapTel. a — pacrnosoxkenne KosmyMOnHCKOTO yvyacTKa uccie-
JOBaHUs B reojornydeckoit curyanuu ora Jlaasnero Bocroka Poccun; 6 — reostormdeckoe crpoenne
n rparunsl KosyM6uHCKoOro yuacrtka ¢ Mectamu or6opa 1pob (no [/Iwszanoe u dp., 2020] ¢ namene-

HUSIMA).

OJIBIIHCKHIT KOMILJIEKC T'PAHUTOUIOB, IIPEJICTABICHHBI HA T€PPUTOPHUH, BKIIIOUAET
qacTb [IpurckoBoro MmaccuBa JIEHKOKPATOBBIX aMOUO0I-ONOTUTOBBIX IPAHIUTOB M OTHOCHT-
cst Ko BTOpPOIi (base BHeapenus. 11o vemy 6butu mosryderns: SHRIMP U—Pb abcosrorabre
JIATUPOBKHU, BO3pACT cocTaBusl 73—86 muH ser [/Iwszanos u dp., 2013; 2020] PuonuTer
[IPUMOPCKOTO KOMILIeKCa (BepXHUIl MeJl) IPEJCTaBIeHbl HA TEPPUTOPUU HE3HAYUTEIHHO
U BKJIIOYAIOT HEOOJIBIION MITOK Ha foro-3anaje (npasbiii 6eper p. Ilpumanka). Takzke 3mech
IIPUCYTCTBYET IAJIbHETOPCKUI KOMILJIEKC, BBIPDAXKEHHBI B HAJIMYNK BEPXHEMEJIOBBIX JIaeK
JMOPHUTOB, TUOPUT-TIOPMUPOB U CIIECCAPTUPOB, IIPOPHIBAIOIINX OJILIMHCKUE JIEHKOKPATOBLIE
rpaauThbl [IpunckoBoro maccusa [JIwszaros u dp., 2020]. Opeosbl BTOPUYHBIX U3MEHEHUH
MIPUYPOYEHBI K PA3PBIBHBIM CTPYKTYPaM M KOHTAKTaM MarMaTUIeCKUX TeJI U BMEIIAIOIIAX 110~
POJT ¥ BKJIIOYAIOT 30HBI CEPUIUTH3AINN, JTUMOHUTU3AINN, OKBAPIIEBAHNS 1 OPOTOBHKOBAHUS.
Ha rore uccienyemoit Teppuropun onncana JoOKaabHAs CI0KHOAUCIONAPOBAHHAS CTPYKTYPa
Komymbunckoro ceoga, orpanndentnoro bopucoBckum u KymuimoBckuM pa3jioMamMu, B 30He
BJIMSIHUSI KOTOPBIX 3aKAPTUPOBAHBI OPEOJIbl BTOPUYHBIX M3MeHeHuit (puc. 16).

B 3o0me, nputeraromeit k KomymbunckoMmy y9acTKy, OMUCAHBI PYIONPOSBICHUS OIaro-
poaubix Meta/ioB (Au, Ag) u komiuiekcuoro coipba Sn—W, Be, Mo, Sn, Pb-Zn, a Takxke
3os0TocybduHOe MecTopoxkaeHne [inyxoe (Au) 1 3010TOKBapIEBOe MECTOPOXK IeHusl Bira-
rogarroe (ITuorep) (Au). TToMmumo 30510Ta, Ha TEPPUTOPUE ONEHEHBI MECTOPOXKIECHUS OJI0BA
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Kyamuuckoe, Tyernuckoe n Cunaryackoe |[[eoduHamura, Maemamusm U MeMasL02EHUSL
Bocmoxa Poccuu: 6 2 xn. 2006; JIwseanos u dp., 2020].

st 06pabOTKU MreOXUMUYIECKUX JTaHHBIX HaMU ObLIa BbIOpaHa OMOJIMOTEKa MAIIMHHOTO
o0yuennst scikit-learn si3bika nporpammuposanus Python [Scikit-Learn, 2021]. Hayumbie
pacyeTsl, MocTpoeHne TPaUKOB U JUATPAMM BBIIIOJIHSIOCh B Opay3epHOIl Cpejie TporpaM-
MupoBanus Jupyter. Tabsmna pe3ynbTaToB mTy(dHOrO onpodoBaHus ObLIa OYNIIEHA OT
HETIOJIHBIX 3alliceil, KOOPAUHATHI TOYEeK OrpoboBaHus 661 npuBeeHbl B I IC-coBMecTuMbIit
dopmar (necsTudHbIE TPALYCHl BMECTO I'PAyCOB, MUHYT, CEKyH]). Berpedarommuecst B reoxu-
MUYECKUX JAHHBIX 3HAYCHUsI MeHee U 00Jiee TIopora 1y BCTBUTEILHOCTH OBLIN TPe00pa30BaHbI
B 3HaYeHUd, OTJIMYaonmecs Ha seauanHy oT 0 qo 10% B MeHbIIyI0 niau GOJILIIYIO CTOPOHY,
COOTBETCTBEHHO. B MpoTUBHOM cjiydae He0OXOINMO OBLITO ObI yIAJIUTh PAcCMATPUBAEMbIE
3anucu. Pe3ynbraThl aHAIN30B OBLIN CTAHIAPTU3UPOBAHBI, UTO TPEOyeTCs I IIpUMeHe-
Husl MeTosa TyaBHbIX KommoHeHToB (MI'K) [Ileswpes u Topobetixo, 2021; VanderPlas,
2016]. IepBble maTh CTPOK U3 898 CTAHIAPTU3MPOBAHHBIX JAHHBIX ITOKa3aHbl B Tabimie,
OKPYTJIEHUE CHMBOJIOB ITPOU3BEJICHO 10 4 3HAKOB MOCJIE 3AISITOM.

Tabauna 1. CranmapTu3npoBaHHbBIE PE3YILTATHI AHAJIU30B MITY(MHBIX Mpob KosyMmbuHckoro yaactka

Sn Pb Zn Cu Ag \% Cr Ni Mn
0 -0,1361 -0,0713 -0,0818 -0,1982 -0,1266 1,2785 0,2143  -0,0305 -0,2853
1 -0,1361 -0,1004 —-0,2160 0,0286 -0,1194 0,0754 -0,0618 —-0,0305 1,5418
2 -0,1361 -0,1004 -0,0818 -0,5156 -0,1194 0,0754 -0,0618 —-0,0305 0,3237
3 -0,1489 -0,1470 -0,0818 -0,5156 —0,1266 1,2785 -0,0618 -0,1684 0,3237
4 -0,1361 -0,0713 -0,2160 -0,5156 —0,1194 0,0754 0,2143  -0,0305 -0,2853
Ti Co Mo W As Bi Sb Au Ba
0 0,3838  1,0822 -0,0886 -0,0815 —0,1583 —0,0972 —0,0896  0,5955  1,3094
1 -0,4900 1,5291 0,1510 -0,0815 -0,1605 -0,0852 -0,0978 0,5502 0,5793
2 0,3838 0,4567 0,0012 -0,0672 -0,1739 -0,0816 -0,0978 -0,3563 —0,2967
3 0,3838 0,0098 —-0,0886 -0,1053 -0,1505 —-0,0822 -0,0841 0,3236 1,3094
4 0,3838 0,0098 —0,0886 -0,0894 -0,1505 -0,1172 -0,1388 -3,0757 —0,2967

Hust onpenesnenus gucsia roaBabix KomionenTos (I'K) 6blia onpejiesieHa HAKOIIEHHAST
nMu coBokynHas jucnepcnust | VanderPlas, 2016]. HaxoxjeHre onTHMAIBHOTO YHCJIA KOMIIO-
HEHTOB BO3MOXKHO OIEHKOI JIOJIU JIUCIIEPCUH, OIMChIBAEMON KOMIIOHEHTaMu. B coorBeTcTBUA
¢ mocrpoernsimu (puc. 2), 90% amenepenn oxBaThBAIOTC 11-10 KOMIIOHEHTAME, TOT/IA KAK
8 KOMITOHEHTOB OXBaTBHIBAIOT y2Ke 78% mucrepcun. BBumy TOTO, 9TO yMEHBIIEHHE THCIA
KOMIIOHEHTOB Ha 3, T.€. IIOYTH HA YETBEPTb, IPUBOJUT K YMEHBIIEHUIO OXBATA COBOKYITHOM
jucniepcun Ha 12%, GbLI0 BBIOPAHO YUCI0 KOMIIOHEHTOB 8.

Bkaan ormenpabix snementos B 'K MaccuBa JaHHBIX OIEHUBAJICH B IIOMOIIBIO CO3/IAH-
HOI1 C TIOMOIIBI0 OUOJIMOTEKN Seaborn TEIIOBO KapThl, I/l€ MHTEHCUBHOCTD I[BETA SBJISETCS
WHJIMKATOPOM BEKTOPHOW HAI'PY3KH KOMIIOHEHTOB M €ro COOCTBEHHOTO 3HadYeHHs. BekTop-
HbIE HATPY3KH SBJISIIOTCS WHUKATOPOM BKJaja ssieMeHToB B 'K, Torna kak coOCTBEHHBIE
3HAYEHUs TTOKA3BIBAIOT JIOJII0 KOMIIOHEHTa B JIUCIEPCHAN TAaHHBIX. [[BeToBast wHIMKAaIms
3JIEMEHTOB B KOMIIOHEHTE, OTMeYaeMasl B TEIJIOBOIl KapTe IMOCTPOYHO, ITO3BOJISIOT OIEHUTH
IPPYIIIMPOBKY 3JIEMEHTOB B OTJIEJIbHBIX KOMIIOHEHTAX, WX COHAXOXKJIEHUE W COBMECTHYIO
9BOJONKI0 B DOPMUPOBAHUYN PYIHBIX KOHIEHTpaNuii Ha ucciaeyeMoil reppuropun (puc. 3).

Ha ocHoBaHMEN BEKTOPHBIX HAIPY30K XUMUYECKUX JIEMEHTOB JIJIsi MHTEPIIPETAIIUN UX
acconmaluii okazaJsuch npumedareabusl 'K 1, 2, 4, 6, 7, 8. [lepBbiit TyiaBHBIT KOMITOHEHT
(T'K1), BHecumit B iucnepcuio HanbOJIbINUN BKJIaJl, OObEAUHSIET, B OCHOBHOM, JIMTOMDUIbHBIE
(V, Mn, Ti, Cr) u nekoropsie cunepoduibnbie saemerts (Co, Ni), a rakzke Cu. Bropoii
riaBHbIi komnonedT (['K2) srimovaer xamprobumnet (Sn, Pb, Zn, Cu, Ag, B MeHbInei creme-
uu As, Bi). Takke BoO BTOPOM KOMIIOHEHTE OTMEYAIOTCsI HEMHOT'O IIOBBINIEHHbIE BEKTOPHbIE
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Ob6bACHEHHaA COBOKYMNHAA AMCNepcusa

0 2 4 6 8 10 12 14 16
YMCNo KOMMOHEHTOB

6

from sklearn.decomposition import PCA
PCA=PCA(n_components=8) #co3aaHue 8-KOMNOHEHTHOK Moaenu
Transformed_PCA=PCA.fit_transform(scaled_features)
Transformed_PCA

Puc. 2. Oupenenenne uucaa I'K (a), kox Python mis cosznanust u o6yuenust mogesm PCA (6).

HArpy3ku JuTopuabHbIX djgementoB W u V. Yerseproiii riasubiii kommonent (I'K4) mpume-
JaTesieH BBICOKUMU BeKTOpHbIMEU Harpy3skamu As (0,6349) u Bi (0,6213). B cenpmom (T'K7)
u BocbMmoM (I'K8) kommonentax ygacrsyer Au. ITomumo mero I'K7 Briowaer W, Cu, Zn,
a I'K8 — cumepodun Mo, a Takzke xanbkoduisl Zn, As, Sb.

WnuTrepecHble 3aKOHOMEPHOCTH TIOJTYY€HbI BBISIBIIEHHEM BBICOKUX OTPUIATEIHHBIX HATDY-
30K sinrobuabHbIX ssemenToB V, Ti (I'K3), a takxke W (I'K8) (puc. 3). Ormevaercs, 1aro
YKa3aHHbIE 9JIEMEHTHI BHOCST CYIIeCTBEHHBIH BKIal B (hopmupoBanue ceoux I'K. Haxomsmu-
ecs B accormanun W u Mo GopMupPYIOT [IPOSIBIICHNS, CBSI3AHHBIE C OJIBIMHCKAM KOMILIEKCOM
JIEIKOKPATOBBIX TPAHUTOB, & TaKyKe HAXOJAIIEECs 38 MIpeJIeJIaMIi TeEPPUTOPUH UCCIIeTOBAHNN

- Il B 2 I
- 5| |-
- o :

-0.2

-0.0

- -0.2

-0.6

Sn Pb Zn Cu Ag V Cr Ni Mn Ti €Co Mo W As Bi Sb Au Ba C3,%

Puc. 3. Temwoas KapTa BEKTOPHBIX Harpy30K 3JIEMEHTOB, a TaKXXe HUX CcOOCTBEHHbBIE 3HAYEHUS

(C3, B %), paccanTanuas sl TEOXUMUHYECKUX JAHHBIX KOmyMOMHCKOTO y9IacTKa.
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F'K1(V, Mn, Cr,Co, Ni, Cu)

'K6(Mo, W, Sb, Mn, Au)
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KOHTYPbl MHTPY3UiA

MecTopoxienne 3abbiroe (Sn—W, + Mo, + Be). Duementsr V u Ti, xoggamue 8 ['K3 Ha
TEePPUTOPUH UCCJICTOBAHNN, 3SHAUUMBIX IIPOABJICHNN He 00pa3yIoT.

Pe3yJ]])TaTLI HUCCJIeI0BAHNAI N X oﬁcy)K/:[eHne

Boruuciennsie 3navenus 'K 1, 2, 4, 6, 7, 8, mosyuenHbie o pedysibratam 00paboTKu
PeOXUMUYECKUX JIAHHBIX, OBLIM UCIIOJIb30BAHBI JIJIsl CO3JAaHUS KAPT WX PaCIpeeIeHUs] Ha
Tepputoprn KoryMOMHCKOTO y9IacTKa W MpUJIeraiomnieil miaoma . VHTepnosanusa 3Hade-
HUIi KOMIIOHEHTOB B TOYKax 0TOOpa Mpob W BU3yaM3aIus pe3yIbTATOB MPOU3BOJIMIACH
B cBOOOIHO pacipocTrpanseMoii mporpamMme I'MIC QGis ¢ moMoIIbio aaropurMa 0bpaTHBIX
B3BemeHnbix paccrosauit (IDW) [GIS Geography, 2023], npuMeHEMOro sJisi HEpPeryJsip-
HO pacCIIpeJIeJIeHHBIX TodeK onpoboanus. B QGis jyist 9Tux 1eseil ucrnoab3yercs MOLyIh
Interpolation. Ilosy4ueHHBIE KAPTHI aHAIM3UPOBAJINCEH BU3YaJbHBIM COIIOCTABIEHIEM CO
CTPYKTYPHO-BENECTBEHHBIMI KapTaMU UCCJIE/LyeMOil TEPPUTOPUH, & TaKXKe ¢ YIeTOM OT-
HOCHTEJILHOI'O Pa3MelreHns To4uek onpodosanus. [loss pacupocrpanenus Boiopanubix 'K,
KOTOpBIE OOBbEIMHAIOT JIEMEHTHI, CBSI3aHHbIE 0COOCHHOCTSIMU PACIIPEIE/ICHUS] 1 U3MEHEHWS
X COOCTBEHHBIX 3HAMEHMUI, BBIJIESLIUCH B JIOKAJIBHO BBIPAXKEHHBIE MAKCUMYMBbI I MUHUMY MbI

(puc. 4).

MK2(Sn, Pb, Zn, Cu, Ag, As, Bi) 'K4(As, Bi)

rKi rK2 rK4
B -1,7060 l-2,3073 B -5,1655
12,6798 ~ 13,0992 ~]-2,0428
| 7,0657 8,5058 | 1,0800
1 11,4515 13,9124 14,2027
Bl 15,8373 19,3190 |~ Il 7,3255
FK7(W, Cu, Zn, Au)
rKé rKs
B -6,9692 > B -11,8794
] -3,4693 [ ]-8,0605
| 0,0306 [ 1-4,2416
13,5304 [1]-0,4227
Bl 7,0303 Il 3,3962
NnonoXuTenbHblE oTpuuaTenbHble ("'"} KnacTepbl NOKanbHbIX

I "
NoKaneHble 3KCTPEMYMBI NoKanbHbIE 3KCTPEMYMBI I'\ ’,’ MaKCUMYMOB 3HAYEHMUH

Puc. 4. Kapror 3nagennit ['1aBabIx KOMTOHEHTOB 1 KOTyMOHHCKOTO yIacTKa.

IIpexx e Bcero xoresroch ObI OTMETHUTH, YTO IO JAHHBIM MITY(MOHOIO OIPobOBAHUS B IIPEie-
stax KoJtyMOMHCKOTO y9IacTKa JIOKAJbHBIE SKCTPEMYMbI, KAK MAKCUMYMBbI, TAK U MUHUMYMBI,
UMEIOT HeDOJIbIINE IIJIONAIN U, KaK CJIeJICTBHE, MAJIO BBIDA’KEHbI B MacinTabe KapTol. Tem
HE MeHee, B COBOKYITHOCTHA OHU (POPMUPYIOT KJIACTEPHI, KOTOPHIE CBOUM MMPOCTHPAHUEM OT-
paXKaroT IPHYPOYEHHOCTDb K PYIONEPCIEKTUBHBIM PErHOHAJBHBIM CTPYKTYPAM — PA3JIOMAaM
[IEPBOro TOPsIJIKa, (CeBEPO-BOCTOYHOTO MPOCTUPAHNUS) M BTOPOTO TOPSJIKA (CEBEPO-3alIaJHOTO
npocrupanus) no B. I1. Ymxuny [2005]. Ha puc. 4 BugHO, 9TO JOKAIBHBIE TIOJ0KATETbHBIE
srcrpemymbl 'K 1, 2, 4, 6, 7, 8 bopMupyoT 1nenoukn, BHITAHYTHIE B CEBEPO-BOCTOTHOM
HaIlpaBJIEHNH, KOH(OPMHOM OCHOBHOMY HAITPABJIEHUIO [IPOCTUPAHUST PETMOHAJIBHBIX Ie0-
JIOTUYECKUX CTPYKTYD, U B IPOCTPAHCTBEHHOM OTHOIIEHUH COBIAJAIOT C HOJISIMU JIaeK
7 CBSI3aHHBIMA C UX BHEJPEHMEM OPEOJIAMU BTOPUIHBIX U3MEHEHUN B IIPEJIEIaX TePPUTOPUN
Koustymbuackoro cBoga, orparmdentnoro Kysumosckum u BoprucoBckum pasiomamu. VH-
tepecro, uro mis I'K 2, 4, 8 (xanbkoduIbHbIE 97I€MEHTHI 1 All) IPOSIBIISIIOTCST KJIACTEPHI
JIOKAJIBHBIX ITOJIOYKUATEIbHBIX SKCTPEMYMOB, OPHEHTUPOBAHHBIE OPTOIOHAJIBLHO B CEBEPO-
zanaguoM Hanpasseaun (puc. 4). MoKHO IPeAIoJoKUTh, 9T0 CTPYKTYPHO ITU KJIACTEPHI
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COOTBETCTBYET ODCTAHOBKAM DACTSIZKEHHUS, SBJSIIOIIUMUCS CTPYKTYPaMU BTOPOTO MTOPSIIKA,
[ Vmxun, 2005; Hlesvipes u Xomuu, 2013]. B sposuonnom cpese oGHAXKAETCsI UHTPY3U
KBaPIEBBIX MOHIIOJMOPUTOB 1epBoii (ha3bl BHEJIPEHHs TATHOMHCKOrO KOMILIeKca [/Iuw32ahos
u dp., 2020], 9TO MOXKeT KOCBEHHO CBHUJETEIBLCTBOBATH O €ro CBA3M ¢ opyjeHeHuneMm. Ha
reosiormdeckoit kapre macirraba 1:200,000 k sToit daze BHEApPEHNS] TATHOMHCKOTO KOMILJIEKCA
oTHeceHa 6oJblIag 9acTh naek [Jozanos u dp., 2020].

3akJiroyeHume

AHaM30M reOXUMUYECKUX JAHHBIX TeppUTOpuu, npuieraioniei Kk Koxymbunckomy
YYIACTKY, XUMUYIECKHE SJIEMEHTHI ObLIN CIPYIIUPOBAHBI B TJIABHBIE KOMIOHEHTHI, KOTOPBIE
€CTECTBEHHBIM 00PA30M OTPAXKAIOT IOBEICHUE STUX JJIEMEHTOB B IIPOIECCE MUTPAIIMH U PYI0-
obpaszoBanus. Tak, XaabKO(MUJIbHBIE U JUTOMDUIBLHBIE — 00bEINHEHBI B OT/IEIbHBIX [VIABHBIX
KOMITOHEHTaX, KOTOPbIe (DOPMHUPYIOT HECKOJIBKO OTIHYAIOIINECs 110 MOP(OJIOTUN U pa3Mellie-
HUIO KJIACTEPBI. DT HADJIIOIEHIS MOI'YT FOBOPUTH 00 ACHHXPOHHOCTHU OTJIOXKEHUSI ¥ HAJTUIUN
HECKOJIBKUX MeHepaIuii PyJIHBIX MUHEpaJIoB. [IpoBepKa IrumoTe3sl 0 COOTBETCTBUU ITATHOCTH
Pya006pa3oBaHus IPYIIUPYEMbIM B IJIABHBIX KOMIIOHEHTAX 3JIEMEHTaM, OIIPelejeHHbIM
KOBapuaIyeil ux JUCIepcuii, TpedyeT MpoBejieHnsl JTONOJHUTEILHBIX MUHEpArpapuIecKux
HCCJIEIOBAHUI, YTO B CBOIO OYePeb MOXKET CJIy?KATh OCHOBAHUEM JJIsi Peajn3aruu doJee
JIeTAJIbHBIX UCTOPUKO-I€0JIOTTIECKUX U MUHEPAreHUIECKUX UCC/IEOBAHUI HA TEePPUTOPUM
Kemckoro Teppeiina.

Baaromapraoctu. Pabora BhimosiHeHa B pamkax roc3aganus JlaopHEBOCTOYHBIN Me0I0TH-
vyeckuil uacruryr JIBO PAH (Perucrparmonnsit Ne HIOKTP 122040800199-8, mmdp
Hay4Hoi Tembl FWMF-2022-0003).

Cumcok JmTepaTypsl

Teomunamuka, MarmMaru3aMm u Mmerajuiorenuss Bocroka Poccum: B 2 xku. / mox pen. A. WM. Xanuyk. — Biagusocrok :
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Native manifestations and deposits of precious metals of folded belts of surrounding of the North
Asian and Sino-Korean cratons are of lesser resources and areas; that requires growth of research and
technological potential for discoveries of the mineralizations. In Sikhote-Alin folded belt, which is
typical example of boundary folded belts developed over a subduction zone, terranes of different age
are described. Basements of these terranes are of accretion, island arc and turbidite origin, intruded
by magmatic rocks and overlain by volcanic-sedimentary cover. Conducted researches consider area
of island arc Kema terrane, which occupies large territories of the Strait of Tartary continental coast.
Au-Ag deposits here are related to the origin and development of the active volcanic boundary.
Genesis of the ore objects here is epithermal and related to intrusive and effusive complexes of Upper
Cretaceous and Paleogene ages. Detailed field lithogeochemical surveys were held on a prospective
Kolumbe site where Upper Jurassic-Lower Cretaceous siliceous and terrigenous rocks are intruded
by Cretaceous granites of Tatibinski and Olginsky complexes. Research of the geochemical features
was done using Principal Component Analysis, the effective method of dimensional reduction and
data filtration. Implementation of that method in geochemical data analysis facilitates outlining
of the associations of the elements by unifying them into principal components and discover their
spacial distribution related to geological complexes of the research area. Determining of the number
of principal components used explained variance covered by these components. Derived maps of the
spatial distribution of principal components that include elements associations allowed to determine
the locations of the local geochemical extrema. Grouping of elements into principal components
made it possible to assume the staging in ore deposition in a prospective Kolumbe site. Conducted

studies could invigorate further more detailed researches of the minerageny of the considered area.
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exploration geochemistry.
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PASBUBAIOIIEI'OCA BOJIHEHUA

K. B. ®okuna®2 u JI. B. Yammkos!3

1I/IHCTI/ITyT okeanosiorun uM. 1. IT. IITupmosa PAH, Mocksa, Poccus

2Pocenitckmit roCyIapCTBEHHBIN ruapoMereoposiorndeckuit yuusepcurer, Cankr-IlerepOypr, Poccus
SyHI/IBepCHTeT Mensbypua, Bukropusi, ABcrpasus

* Konrakr: Kapuna Biamumuposna ®@okuna, fokinakarina@yandex.ru

IIpoBenennl HOTOIEPHOIHBIE PACIETHI IBOJIOIUN TPEXMEPHBIX BOJIH, HAYMHAS OT DAHHEH CTa-
MU U 3aKaHIMBas cTabuim3ariueil SHEPTUu, Ha OCHOBe (ha30-pas3pelraronieil 1By XMEPpHOH MOJIEIIH.
Ananusupyercs SBOJIONMS OCHOBHBIX MHTEIPAJbHBIX XapPAKTEPUCTUK U CIEKTPAJIbHBIX XapaKTePH-
CTHK, & TaKyKe PACIIpeie/IeHIe BEPOSITHOCTH JIJIs MTOJIsI BO3BBIIIEHUST U BEPTUKAJIbHON ckopocTu. Ha
HpUMepe MEPBBIX UE€THIPEX CTATUCTUYIECKUX MOMEHTOB JIjIs HOPMUPOBAHHBIX HOJIEH BO3BBIIIIEHUS
¥ MTOBEPXHOCTHOM BEPTUKAJIBHOW CKOPOCTH MOKA3aHO, YTO BOJHOBOE II0JIE, MTO-BUIMMOMY, 0018/ 1aeT
CBOIICTBOM aBTOMO/IEIBHOCTH, T. €. HE3ABUCUMOCTBIO CTATUCTHYECKON CTPYKTYPHI HOJIsI OT CTEIeHN

Pa3BUTHUSI BOJIH. DTOT BBIBOJL IOATBEPKIAEH PACUETAMU C TPEXMEPHON MOJEJIBIO.

KmroueBsie cioBa: aso-pasperraoriee MOJAEIUPOBaHNe, BOJHOBOW CIEKTP, BETPOBBIE BOJIHBI,

IIPUTOK 9HEPIruu, JUCCUIIAIINLA BOJTHOBOIT 9HEPIruur, CTATUCTUYICCKHNE XapaKTEPUCTUKU BOJIH.

Huruposanme: Pokwuna, K. B., u /1. B. HasmukoB YwucjaenHnoe uccieoBaHue CTATUCTAIECKUX
XapaKTEePUCTHK pasBuBaomerocs sonHenus // Russian Journal of Earth Sciences. — 2024. — T. 24.
— ES2010. — DOI: 10.2205/2024es000878 — EDN: SNFMCI

BBenenune

Mopckue BOJHBI OTHOCATCS K SIBJICHUSM, KOTOPbIE B HAMOOJIBINEH CTEIEHN BIUSIOT
Ha, 9€JIOBEUECKYIO JIeSITEIbHOCTh B MOPE U SBJSIOTCS MPUINHON HANOOJIBIIEr0 KOJIMIECTBA
xkepTB U KaracTpod. OcobeHHOe 3HAUEHNE U3YUeHe BOJIH TPUOOPEJIO B CBSI3U C PA3BUTHEM
MOPCKOit TOOBIBAIOIIEil TPOMBINILIEHHOCTH. B HacTOsIIee BpeMsT BOJTHBI PACCMATPUBAIOTCS
KaK BO30OHOBJISIEMBII NCTOYHUK SHEPTHH.

Haub6osiee BazKHBIM IIPAKTUYECKUM JIOCTH2KEHUEM B 9TOi1 00J1acT reou3ndecKoi Tui-
POTUHAMUKY SBJISIETCS CO3aHUEe MTPOTHOCTUYECKUX MOJIeielt BeTPOBOro BoJsiHenus. B Takmnx
MOJIEJISTX, OCHOBAHHBIX HA CIIEKTPATHHOM IIPEJACTABICHUN BOJHOBOTO I0JIsT, OOOOIIEHBI OC-
HOBHBIE 9KCIIEPUMEHTAIbHBIE U TEOPETUIECKUE JIOCTUXKEHUSI, IOy IeHHbIE 32 MPOIIIE e
JIBECTH JIET CYIIECTBOBAHUS TEOPUU MOBEPXHOCTHBIX BOJIH. CHEKTPAJIbHBIE MOJIEN THUIIA
WAVEWATCH |[Tolman, 2009] saBJs0TCS OCHOBHBIM MHCTPYMEHTOM UCCJIEIOBAHUS U [IPO-
THO3a BOJIH OJIarofjaps CBOei SKOHOMUYHOCTH U CIIOCOOHOCTH BOCIHPOU3BOINTH BOJHEHUE HA
HEOTPAHUYIEHHO OOJIBIINX TEPPUTOPUsiX. BMecre ¢ TeM, CIeKTPaJbHBIN IOIXO0, [IPEIITojia-
TaloINif, YTO BOJIHEHUE COCTOUT M3 HADOPA JMHEHHDBIX MO C PA3TUIHBIMUA AMILIATY/IaMI
" CAydaiiHBIME (pa3aMU, YIPOIIAET MPEICTABICHNE BOJH BILIOTH JI0 TOTO, 9TO HE IMO3BOJISET
BOCIIPOU3BOJIUTH CTATUCTUYECKHE XapPaKTEPUCTUKU BOJIH, 0OYCJIOBJIEHHbIE HEJTMHEITHOCTHIO.
[TosTomy, mapaJutelbHO C CO3/TaHUEM W PA3BUTHEM WHXKEHEPHBIX MPOTHOCTUIECKUX MOJIEJIENt,
AKTUBHO BEJIUCH PAbOTHI 110 npsiMoMy (bazo-paspernaionieMy) MOJEJUPOBAHUIO BOJIH.

B nocnenaue nBa mecsaTuiieTrsi OSBUINCH YUCIEHHBIE TPEXMEPHBIE MOJIEIN, OCHOBAH-
HbIE Ha, TOJHBIX YPABHEHUSIX TOTEHITNAIHLHOTO IBUKEHUS CO CBOOOIHO MOBEPXHOCTHIO. Takue
MOJIEJI OCHOBAHBI HA PA3IUIHBIX TUCIEHHBIX METOIAX, CPEIN KOTOPBIX METOJ, KOHETHBIX
passocreii [Engsig-Karup u dp., 2009; 2011], meros koreunbix 00béMos [Causon u dp., 2010],
MeTOJI KOHEUHBIX 351eMeHTOB | Greaves, 2010; Ma u Yan, 2010], MeTox rpaHUYHOrO 3JeMeHTa
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[Fructus u dp., 2005], meron kpynubix suxpeit (LES) [Issa u dp., 2010; Lubin u Caltagirone,
2010], nosynesaBHbIit MeTox ABUKYIIUXCA dacTull [Kim u dp., 2014], merox dyHmaMenTaIb-
HbIX pemtennit [ Young u dp., 2010], HOS meron [Ducrozet u dp., 2007; 2016; Kim u dp., 2023].
Bonpinas yacts Takux Mogesieil 6pl1a pazpadoTaHa s Pa3INIHbIX NHKEHEPHBIX IIPUJIOZKe-
HUU, U JIUIIb HECKOJIBKO ITOIXO/I0B ObLIM HAIIPABJIEHDBI HA HCCiemoBaTeabckue mesan. Moaenn
TAKOTO POJia YHUBEPCAJIBHBI, HO 00JIAJAIOT CYIECTBEHHBIM HEJOCTATKOM: CJIOXKHAS CXEMa,
UCIIOJIB3yeMasi JJIsl pellleHus TPEXMepHOro ypapHerus [lyaccoHa, Hy>KHA TOJIBKO JJIsl TOTO,
4TOOBI BHIYUCAUTH BEPTUKAJIBHYIO CKOPOCTh HA IIOBEPXHOCTH (T. €. IEPBYIO IPOU3BOIHYIO 110
BEPTUKAJIM OT HOTEHIKAIA). BBUIy TOro, 9410 npobjieMa JUKTYeT UCHOJIb30BAHNE MAICHbKIX
[IIArOB 110 BPEMEHU, MOJIE/Ib OKa3bIBAETCS IIPUMEHMMON TOJIBKO JjIsi HEOOJIBINUX ILIOMIAIeH,
COZIEPZKAIINX JIUIIb HECKOJIBKO THICAY BOJIH, IIO9TOMY, CIIEKTPAJIbHBIE U (ha30-pa3peIIaioiye
MOJIEJTA UMEIOT MPUHIIUIUAAIBHO PA3JINIHBIE 00JIACTH IPUMEHEHUS.

HenarHo Haiifen moIxo K MOJEIUPOBAHUIO, OCHOBAHHBIN ITEJTMKOM Ha, TOBEPXHOCTHBIX
XapaKTEPUCTUKAX U AHAJIOIUYIHBINA (POPMYIUPOBKE 3TO K€ IIPOOJIEMBI JIJIsd JBYXMEPHOIO
BOJIHOBOI'O JIBU2KeHUsI B KOHGOPMHBIX Koopaunartax [Chalikov, 2021a]. Takum o6pa3om, TpEx-
MepHasi IpobJjiemMa 00paaercs B ABYXMEPHYIO, YTO MPUBOIUT K KAPJAUHAJIBHOMY YIIPOIIEHUIO
Ipo0JIEMBI U YCKOPEHUIO PEIIEHUs] Ha JBA MTOPSIIKA.

Takast cxema OCHOBBIBaETCS Ha yPABHEHWUU JJIsl IMOTEHIUAJA HA TTOBEPXHOCTU. DTO
YPaBHEHME TOYHO, KaK JjIs IMOJIHOI'O IOTEHIINAJa, TaK W Jijis HEeJIMHEINHOW KOMIIOHEHTHI,
HO KOHCTPYKTHBHBIM OKa3bIBAETCsl YpPaBHEHWe JIJIs HeJMHeiHO#l monpaBku. TpymaHOCTH
COCTOUT B TOM, 9TO YPaBHEHNE IOMUMO BEPTHKAJILHOI CKOPOCTH COAEPIKUT €€ BEPTUKAILHYIO
npounzBonuyio. OHAKO B TEKyIeM rofy Oblia HafieHa cxema 3aMblKaHUs ypaBHeHwuil. M aes
3aMBIKAHUS BO3HUKJIA IIPY JIETAJIBHOM PACCMOTPEHUHN BEPTUKAIBHON CTPYKTYPHI IIOTEHIIUAJIA
CKOPOCTH BOJIM3HM IIOBEPXHOCTH pasfesa. 1IoCKOoIbKYy CTPyKTypa IOTEHIINAJIa IIEPBUYHO
omnmchIBaeTcs ypasuenueM Jlarmiaca, pemenune T0KHO OBITh JOCTATOIHO MPOCTHIM, HECMOTPSI
Ha TO, YTO I'PAHUYHBIE YCJIOBUsI CTABSTCS HA KPUBOJIMHEHHON moBepxHOCTH. B KadecTBe
TUIIOTE3bI IPEAIIoJ/IarajoChb, 9TO 1IepBasd U BTOPasl IIPOU3BOAHBbIC ITIOTEHIINAJIa Ha IIOBEPXHOCTHU
CBSI3aHBI MEXKIy cO00# (DYyHKIIMOHAIBLHON 3aBUCHMOCTDIO.

Hag onpenenenus dyuxiuu B padore [Chalikov, 2021a, cMm. pasmen 2| UCIOIL30BAIACH
TOYHAs TPEXMEPHAsI MOJIE/Ib. AHAJIN3 JIECSITKOB ThICAY BEPTUKAJIBHBIX IIPOdUIeil HeJIMHEeHHO
KOMIIOHEHTBHI IIOTEHI[HAJIAa CKOPOCTH, PACCUMTAHHBIX 110 MOJEIH C BHICOKUM BEPTHKAIBHBIM
pa3spelnenneM, MOKa3aJl, ITO BePTUKAIbHAST CKOPOCTb U €€ IIPOU3BO/IHAS 110 BEPTUKAJIU CBSI-
3aHBI MEXKJLy COOOI JIMHEIHON 3aBUCUMOCTBIO C OTHOCHTEJIBHO MaJioil ormubkoii. [Tosryyennast
3aBUCHMOCTD HCIIOJIb30BAJIACH IIPU MO/IEJIUPOBAHNAN SBOJIIOIUN BOJIHOBOIO IIOJISI U [IapaJI-
JIEJIbHBIX PACYETOB C TEMU 2K€ IIapaMeTpaMiu o MoJiHoi mozaesn. HemuueitHast koMnoneHTa
BEPTUKAJBLHON CKOPOCTHU SIBJISIETCS MaJIOil MOMPABKOl K MMOJTHOM BEPTUKAJIBHONW CKOPOCTH,
BXOJAIIE B ypPaBHEHUs, UTO ODECIIEYMIIO XOPOIIee COBIAJEHNE PACYETOB. YIIPOIIEHHAS
CHCTeMa yPABHEHUIl BKIIIOYAET IBOJIOIUOHHBIE YPABHEHUSI [IJIsI IOBEPXHOCTHOTO IIOTEHITHATIA
¥ BO3BBIIIEHUS U JOMOJHATETHHOIO KHHEMATHIECKOT'O YCJIOBUS, IOy YeHHOTO IMPOEKITHei
ypasHenust [lyaccoHa jijis HeJIMHEHHONW KOMITIOHEHTHI [TOTEHIINAJIA, Ha [IOBEPXHOCTD.

Taxkum 06pazoM, TpEXMepHAs 381248 IBOJIONNN TOTEHIIUAIBHBIX BOJH CBOJUTCH K JIBYX-
MEpHOH 3ajiade, KOTOpas PEIaeTcs C OTPOMHOIl 9KOHOMUEH BBITUCIUTEIHLHBIX PECYPCOB.
WsBecTHO, 9TO CYET IO TIOJIHON MOJIEJIM ITPOUCXOJUT OYEHb JIOJINO, TaK YTO padoTa HaJl
yCOBEPILEHCTBOBAHMEM MOJeau ([VIaBHBIM 00pa30oM, B €6 (DU3NYIECKON YacTH) CBOIAMTCS
K HEIIPEPBIBHOMY OXKUIAHUIO PE3YJIBTATOB, UTO JIMIIAET BO3MOYKHOCTU MHOTOKPATHOTO IT0-
BTOPEHUsI PE3YJIbTATOB M MOAOOPA MMapamMeTpoB. Y TOYHEHHBIE C IIOMOIIbBIO YIIPOIIEHHON
MOJIEJTH CXEMBI TIapaMeTPU3AINN MOXKHO BKJIOYUTH B TOYHYIO MOJIEJIb. Y IPOIIEHHAS MOJIETh
MO2KET OKa3aThCs HE3aMEHUMOIl PN MOJIEIMPOBAHII COBMECTHON NMHAMUKU JIBYXMEPHBIX
BOJIH 1 BosiHOBOrO morpannysoro ciost (BIIC), ocaoannoro Ha LES rexnuke. B HacTostmeit
cTaThe MPUBOJISITCS HOBBIE CTATHCTUYECKHE Pe3yJIbTAThl, OATBEPXK 1amnme 3(hdeKTUBHOCTL
VIIPOIIEHHOTO TIOJIXO/IA.
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®opmMyIMpoBKa Mojesei

B mammx paboTax UCIOIB3YIOTCH JIBE MOJEIN TPEXMEPHBIX BOJH. Ilepsast u3 mux (Full
Wave model, FWM, [Chalikov, 2016]) ocHOBaHA Ha MOJHBIX yPABHEHUSAX MOTEHIMAIBHOL
JUHAMHUKY KUJIKOCTH CO CBOOOIHOI oBepxXHOCTHIO, Bropas (Accelerated Wave Model, AWM,
[Chalikov, 2021a]) ncnosnbayer yupomgHuyoo GOpPMYINPOBKY, O3BOJSIOILY0 MHOIOKPATHO
YBEJMYUTH CKOPOCTH Bhraucyenuii. O6e MoJe/n 3ancanbl B HECTAIMOHAPHOM, CJIe yTommedt
MOBEPXHOCTH CHCTEME KOOPIUHAT

é:x) ‘9:}}; C:Z_T](E,S,T), T:t; (]-)

rie dyuknust 1(x,v,t) = n(&, 9, T) onucsiBaer GopMy HOBEPXHOCTH

n(&,9) = Z Nk,1Ok 1

—-M<k,IsM

(O, — 6azoBble QyHKIUE pasnoxkenus Pypoe).
WurerpupoBanue 10 BpeMEHU IIPOBOJUTCS JJisi KUHEMATHIECKOIO U JMHAMUYIECKOTO
[IOBEPXHOCTHBIX COOTHOINEHUI, KOTOpbIE B cucreMe Koopjuuatr (1) npuHUMAOT B

n=-1cps ~nsps+(1+17 +13)0c, (2)

Pe==3(9F + 93~ (112 +13)02) =1 - po, ®)

rje @ — TpéXMepHbIi IOTEeHNUA CKOPOCTH, P — BHEIIHEE NABJICHUe, ¢ — 3HAYEHUe [IOTEHIIa-
sta ckopoctu @ na noBepxHocTu ¢ = 0. YpaBHeHUs MOJIE/IN MHBAPHAHTHBI K IIPe00PA30BAHIIO
MacmTaba [JJIUHBI, I09TOMY OHHU 3aIlMCAHBl B Oe3pa3MepHOil hopMe C UCIOIH30BAHUEM
caeyromux MaciTabos: mmHet L, Bpemenn L/2gl/2 norenmmara cxkopoctn L¥?gl/? (g —
yCKOpeHue cBOGOIHOrO najenus). JJaBienne py OTHECEHO K eIUHUIE [IJIOTHOCTH BOJBI, €0
MaciTad paBeH Lg.

Vpasaenust (3) u (4) BBINISLAAT KaK JABYXMEPHBIE, OJHAKO OHU COJEPIKAT BEPTUKAIBHYIO
IPOU3BOJHYIO OT noTeHimana Oy y mosepxnoctu ¢ = 0, nnas pacdéra koropoit B FWM
permaercst TpPEXMEPHOe SJUIMIITHIECKOE YPaBHEHUE JIJTsl IOTEHINAIa CKOPOCTH:

CDE‘S +(D39+CDCC ZT(CD), (4)
rae Y — omeparop:
_ 2, .2
Y (@) = 27D + 219 Pog + (e + 1798 )P - (’75 +15)Pec-

YucsienHoe perenue cucreMbl ypaBHeHuil (2)—(4) CYIIECTBEHHO YIPOIIEHO IIPEIIIO-
JIOXKEHUEM, 9YTO TOTEHIINAJT CKOPOCTU MOXKET OBITh TOYHO MPEJCTABJIEH CyMMOM aHAJIM-
TUYIECKUX KOMIIOHEHTOB (I_)(E, 9,0), (¢ = (I_)(E, 9,0)) u menuneitnoro Bo3mMytienus @(&,9,C),
(@ =D(&,9,0)). BerancmreipHbie TPEEMYMIECTBA JOCTHTAIOTCS TEM, UTO BCE MPOU3BOIHbIE
AHAJIUTUIECKON KOMIIOHEHTHI BBIYUCIISIIOTCS TOYHO, & HeJIMHEHAsT TONPaBKa OKA3bIBACTCS Ha
JIBa HOpsi/IKa, MeHbIre. AHamuTrdecKas KoMmnoHenTa @ onucsiBaercst ypaBHenneM Jlariaca:

q_)gé +(I_)99 +q_)(;c =0
C U3BECTHBIM DEIICHUEM:

D(E,9,0,1)= ) @ri(t)exp(klC)Oy, (5)
k1

pu 3ToM ypaBHeHue (4) npuHUMAaeT BH/L

®55+q399 +q~)cc :T(®)+T(ci)) (6)

Russ. J. Earth. Sci. 2024, 24, ES2010, https://doi.org/10.2205/2024es000878 3of 17


https://doi.org/10.2205/2024es000878

YucAEHHOE UCCJTEOOBAHUE CTATUCTUYECKUX XAPAKTEPUCTHUK PASBUBAIOIIEIOCA BOJIHEHUA DOKUHA U HAJMKOB

U pelllaeTcs IPU I'PAHUYHBIX YCJIOBUAX:

=0 d=0
> -0 QSC—>0,

Ypapuenne (6) mJisi HeJUHEHHON KOMIIOHEHTHI IOTEHIIUAJA CKOPOCTH ) pemiaercs
B npocrpancrse Pypbe ¢ HOMOLIBIO TPEXMATOHAIBHOIO MATPUYHOrO ajropurMa | Thomas,
1949]. Asropurm 06061IEH HA TPEXMEDHbIH ciiydail Ha ocHOBe Dyphe-IPeICcTaBIeHus 110
[IPOJIOJIBHBIM KOOPAMHATAM & U . YpaBHEHNE PEIlaeTcs UTEPAIUSIMUA C [TOCJIEI0BATEIbHON
KOppekImeit mpaBoit yacTu. TOIHOCTH permeHnss KOHTPOJIUPYETCsT MaKCHMAJTBLHON HEBA3KOM
€~ (10_4 - 10_6)||17|| (llmll — mopma mms BO3MyImenust mosepxmocTn). JleTann dncienHoi
CXEMBI M PE3YJIbTATH BCECTOPOHHEN MPOBEPKH Mozen MoxkHO Haiitu B | Chalikov, 2021a,b].

Mogears FWM B pamkax ycjaoBuil HOTEHIIUAJTHLHOCTA W IIEPUOIUIHOCTA HE WMEET
OrpaHWYEHNil, 38 UCKJIOYEHHEM OIPDaHUYEHWUIl, CBSI3aHHBIX C ycToiiunBocThio. Hambosiee
OYEBHUHO IIPUMEHEHNEe STON MOJIEJIH JIJIsl MCCJIEOBAHUS CTATUCTUYIECKIX CBOWCTB MHOI'OMO-
JIOBOTO BOJTHOBOTO ITOJIsI Ha OOJIBINUX ILIOMAIsX. HemocraTkoM MOfesin SBaseTcs e€ Hu3Kast
BBIUUCIUTE/IbHAS 9D (PEKTUBHOCTD, BBI3BaHHAST HEOOXOINMOCTHIO UTEPATUBHOTO DEIIEHUST
TPEXMEPHOTO ypaBHeHHUs Jist moTeHmasia (6) Ha KayKOM IIare 1o BPEMEeHN.

MsBecTHO, ¥TO TpEéXMEpHAs CTPYKTypPa BOJHOBOTO mojs B Mojgesn FWM paccunrsiBa-
€TCd 10 TPEXMEPHOMY YPABHEHUIO Jijig 1oTeHnuaa (6) TOJbKO JJist TOro, YTO0bl PACCIUTATE
BEPTHKAJILHYIO CKOPOCTH Ha IOBepXHOCTH W = @ (C = 0). Taxum o6pa3oM, OKa3bIBaeTCs, UTO
TaK 2Ke, KaK U B KOH(MOPMHOI (pOPMYyINPOBKE, SBOJIIOINUS BOIH ITOJTHOCTHIO OIPEIe/ISeTCs
IMOBEPXHOCTHBIMU XaPaKTEPUCTUKAMU, BKJIIOUAsi TIOBEPXHOCTHYIO CKOPOCTh, a TPEXMEPHAs
CTPYKTYpa IOTEHIIHAJIa CKOPOCTHU He UCIIOJIb3yeTcsi. Bo3HUKaeT ecTecTBeHHASI MBIC/TH CHOPMY-
JINPOBATH 33/[a4y TOJIbKO B TEPMUHAX [TOBEPXHOCTHBIX XaPAKTEPUCTUK O€3 BOCIIPOM3BE IEHIS
TPEXMEPHOI CTPYKTYPHI pereHus. KIioToM K MOCTPOEHUIO0 TAKOM CXeMbBI OKA3AJICs IIPUEM,
OCHOBaHHBII Ha pa3J/ieJIeHUU TOTEHIMAIa Ha JIMHEHHYIO U HeJIMHEHHY0 KOMIIOHEHTHI.

IIpu C = 0 ypaBHeHUe JJ1 HEJIMHENHHON KOMIIOHEHTHI IOTEeHIINAJIa IIPUHIMAET BHJ;:

We = 2(17514/5 + 2;79w3) +Anw —swe. (7)

37ech NCIOIb30BAHLI 0003HAYEHH: W = Qr, Wr = Prr, S = 17% +13. Ypasuenne (7)
ABJIseTcs TOUHbIM. [IpuHnMas Bo BHEManue, 90 We = 0 u wy = 0, ypasuenue (7) MOKHO
IpeCTaBUTEL B popMe

(1 +S)7I/S 22(11511’/5+17‘9w‘9+A177I/+T), (8)
e cjaraeMoe 7 3aBUCUT TOJIBKO OT JIMHEHHOW KOMIIOHEHTBI W,
r=2(ngbe +1n9Ws ) + Ay — s, (9)

BhrancsgemMoii o coornomenuto (5). Tounoe nByxmepnoe ypasHenue (8) COUEPKUT JBE
IIepeMEeHHbIE — IIEPBYIO U BTOPYIO IIPOU3BO/IHbIC HEJIMHEHHON KOMIIOHEHThI IIOTEHIIAaJIa 110
BePTUKAJI, T. €. W U Wy. B owimdue or TpéxmepHoro ypasaenus (6), mepeMeHHble W 1 Wy
OTIPEIEJISIIOTCST ACUMITOTUIECKUM TTOBEJEHNEM MTOTEHITNAJIA CKOPOCTH BOIM3H TOBEPXHOCTH.
B pabore [Chalikov, 2021D], BBIIOJHEHHON Ha OCHOBE TOUHON TPEXMEPHOI MOJIENH € BEICOKIM
BEPTUKAJIBHBIM Pa3peIleHreM, TOKa3aHO, UTO BEPTUKAJIbHBIE Ipoduan @(C) UMeoT yHH-
BEepPCAJIbHBIN BUJI, U B JIOCTATOYHO IMAPOKO OKpecTHOCTH ¢ = 0 0YeHb OJIM3KU K JIMHEHHBIM.
Anayms npodusieil, pacCINTAHHBIX IO IIOJHON MOJIE/H, ITOKa3bIBAET, YTO W U Wy OKa3bl-
BAIOTCs BCET/A OJHOTO 3HAKA, HO3TOMY IPOMUIIb ITOTEHIINAIA Y/I0OHO alIIPOKCUMHUPOBATH
caemyrommeit popMyIIoii:
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KOTOpag OIIpeJiesiseT 3aBUCUMOCTDb MeXKJIy W U Wy:

W = Ay, (10)

rie A — ko3 uimenT, 3aBUCSIIUI OT TapaMETPOB MOJIEIN U JIOKAJIBHBIX XapaKTePUCTHUK.
Huist 060brienust suueitnoii 3apucumoctu (10) Heo6xoauMo BLIGPATH 110 KpaiiHeil Mepe

JBa I1apaMeTpa C Pa3MEPHOCTHIO JIJIMHBI, yYUTBHIBAIONIEHl BHYTPEHHUE XapaKTEePUCTUKHI

BOJIHOBOI'O IIOJI.

W e
][]-S f =
10° B 1
]_[]_ll}....l.. el g L....!-

0 50 100 150 200 250
k

Puc. 1. OpaOMeEpHBIE CIIEKTPHI MOJHON BEPTUKAJIBHON CKOPOCTH
Ha [I0BEpXHOCTU W (BepXHsisl KpUBAasl) M HEJIMHEHHON KOMIIOHEHTBI
BEPTUKAILHON CKOPOCTH (HUKHSAS KPUBAs), KaK (DYHKIIUA BOJHOBO-
ro YUCJIa pacCUYnTaHHble B Xojle nHTerpupoBanust ¢ FWM. Besbie
KpUBbIE TOJIyYeHbl TpaHchOpMaIel JByXMEPHOIO CIIEKTPa U3 IPO-
CTPAHCTBA BOJHOBBIX YHCE B MOJISPHYIO cucreMy Koopaunar (0, k)
u cymMMupoBaHueM 1o yriay 6. Yépublit hoH Jj1s1 06enx rpymi co3ia-
0T 10000 KpUBBIX, ITOTYIEHHBIX TPAHCHOPMAITHE TBYXMEPHOTO
CIIEKTPa U3 IIPOCTPAHCTBA BOJHOBBIX YUCEJI B MOJISIPDHYIO CUCTEMY
koopauuar (6,k) u cymMmupoBanumeMm 10 yrioy 6 UM pacCIATAHHBIE
10 JIOCTUXKEHUU PexKMnMa OJIM3KOro K KBa3UCTallMOHApHOMY. Bejbie

KPUBBIE — OCPEJIHEHHBIE 110 BCEM PeasIn3allusiM CIEKTPBHI.

Hawrydamme pe3ysbrarsbl ObLIA TOTYI€HbI B CJIEYIO-
meit popme:
A=0F(p), (11)

rJie IapaMeTp } OIPEIeIEH COOTHONICHHEM:
u=ooyg, (12)
a dyHKIua A anmpoKCuMupyeTcs: popMyIoi

d d
F= dortdy

]l+d2 (13)

e dy = 0,535, dq = 0,0414, d, = 0,00321.

Db PeKTUBHOCTH TOrO YIPOIIEHHS 00YCIOBJIEHA TEM,
qTO HeJMHENHad IOIPaBKa K BEPTUKAJIBHOII CKOPOCTU Ha
ITOBEPXHOCTU OKA3bIBAETCsI OYEHb MaJjia 0 CPABHEHUIO
C JIMHENHOIl KOMIIOHCHTON BEPTUKAJIBLHON CKOPOCTH.

71t MILTIOCTPAIK STOTO YTBEPKIEHIS UCIIOIb30Ba-
JIaCh MOJIEJIb, onucanHas B paborax [Chalikov, 2021a,b].
UcnonbzoBasiock pasperierne 1024x512 Moj1, IUCTIO yPOB-
Heil 110 BepTukasau pasusaiaock H0. s Toro 4Tobs! pesyib-
TATHI OTPAXKAJIN CUTYAINN C PA3HBIMI WHTETDAJTbHBIMA Xa-
PAKTEpUCTUKAMU, B MOJEJIb ObLIN BKJIIOYEHBI aJIIOPUTMBI,
OIIMCBHIBAIOININE IIPUTOK SHEPIUU K BOJHAM U JIUCCHUIIAIHUIO,
T. €. BOJHBI MOIEJIUPOBAJIUCH B IMPOIECCE X PASBUTHS.
Anropurmbl (pU3HYIECKUX IIPOLECCOB IMOAPOOHO OIMMCAHDI
B [Chalikov, 2016]. PacuéTsl IPOU3BOANINCH ¢ BPDEMEHHBIM
marom A = 0,01 ma mepuox T = 2000.

Ha puc. 1 mpuBeneHbI CIIEKTPHI JUHEHHON KOMIIO-
HEHTBI CKOPOCTHU ¥ IIOJIHO BepTUKaJIbHOM ckopocTu. Kak
BHUHO, IIOJIHAS BEPTUKAJIBHAST CKOPOCTDH IPEBOCXOIUT HA
2-3 nopsaKa HEJIMHEWHYIO TOMPABKY, ITO ITOITBEPKIAET
CIIPABEJINBOCTD IIPUHSITOTO 1Moaxoaa. MaJsiocTs HeuHel-
HO! IIOIIPABKU K BEPTUKAJIBLHOI CKOPOCTU HE O3Ha4YaeT
HeOOJIBIITYIO POJIb HEJTMHEHHOCTH B BOJIHOBOI JUHAMUKE,
ITOCKOJIBKY B JIBYXMEPHON MOJIEJIM UCIOJIb3YIOTCS TOJIHBIE
HeJIMHEHbIe IOBEPXHOCTHBIE yeioBust (2) u (3).

Haubomee ybeauTenbHoe CBUIETETHCTBO TOYHOCTH YCKOPEHHON MOIEIN MOYKET OBITH I10-

JIy9EeHO CPABHEHUEM IIOJHON KOMIIOHEHTBI W, PACCIUTAHHOM 110 TpéXMepHOMY ypasHeHuIo (6)
1 TAKOI 2Ke BeJWIUHbI W4 = W+ W, PACCIUTAHHON 10 JBYXMEPHOMY ypasHeHu:o (8). Pesyiib-
TaThl 9TUX PACUYETOB NPUBEJEHBI Ha pric. 2. 2KupHast KpuBas TOKa3bIBAET OCPEIHEHHBIE JIJIsI
kaxkoro uarepsaia Aw = 0,001 3nauenus w,, paccunrannbie ¢ yuérom (9). Ceasp Mexiy
W U Wy OIPEJIEIAeTCS JIMTHEHHBIM yPaBHEHUEM

wy=9x107+0,995w. (14)
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I3 I o R R R i OxaiiMIsIONe JTHHAN ONMCHIBAIOT JUCIIEPCHIO all-

[ _;J ! ] HPOKCHMAIAN. 3aBUCHMOCTD (14) m300parkeHa TOHKOI JH-

0.04F [} I'. B HUeil, KOTopas Be3Jie COBIaJaeT ¢ KupHoii munneit. Cpes-

r |j 1 ] HsIsl IUCTIEPCHUsT OMUOKYN MEHbIIE, YeM 6 X 1()747 TIO3TOMY

I [ 1." - BCe KpUBBbIE PA3JNIUTh Ha rpaduke HEBO3MOKHO. Pac-

0.02F I] ' 3 npeJiesieHne BeposATHOCTH Jist w (IlyHKTUPHAsl KPUBas)

I : \ ] [TOKA3bIBAET, YTO BEJIUYUHBI IIOJIHON KOMIIOHEHTHI BEPTH-

g‘ 0.00 L ; l~I ] KaJbHOM CKOPOCTH TPUXOJISITCSI, B OCHOBHOM, HA WHTEPBAJ
[ f 1 ] -0,05 <w < 0,05.

- ) 1 1 HawubGosiee ybeuTe/IbHBIM sIBJISIETCSI CDABHEHHE JIBYX

—0.02 i ! "] i HE3aBHUCHUMBIX METO/IOB PacU€Ta BEPTUKAJIBHON CKOPOCTU

[ ," “ W, T. €. METOJ[a, OCHOBAHHOT'O HA PEIIEHUN TOYHOTO yPaBHe-

—0.04 /—’ \ - aust (6) (IToMeueHo Kak wy, ), U JIPyroro — OCHOBAHHOTO Ha

L ’ i ] LIOBEPXHOCTHOM ycsioBun (8) u coorHomenusx (11)-(13)

—0.06 ____,I._"f D e f R M (moMeveHo Kak w.). DTO CpaBHEHHE [IPUBEJIEHO Ha PUC. 2.

—0.06 —0.04 —=0.02 0.00 0.02 004 006 Konn4aecTBo nucnonb3yemMbIx nap w,, 1 w, paBHO 2 X 10°.

) . ' ‘-‘;’m ] L . CpenHekBaIpaTudIHasl pa3sHOCTb MEXKY W,, U W, paBHA

0,0017.

Puc. 2. CpaBHeHme MOJTHOM BEPTUKAJIBLHON CKOPOCTU Wy, PACCUU-
Heagnabarudeckue 3¢p@HeKThI 1 IBOIOMHAT

TaHHOU c omonbio FWM, ¢ Toit 2ke CKOPOCTBIO W, PACCIUTAHHOMN
MHTErpaJIbHBIX XapaKTEPUCTUK BOJHOBOIO IIOJIS

¢ nomonsio ypasrennit (8) u (11)—(13). Z2Kupnast iuaust coorser-

CTBYeT YCPEJIHEHHOI 3aBHCHUMOCTH, B TO BpeMsI KaK TOHKHE JIMHUHI [osmas ajmabaTuieckas MOJIe/b MOKET HCIIOJIb30-
BaTbCsl TOJIBKO JJISi OTHOCUTEIHBHO KOPOTKUX BPEMEHHBIX
UHTEPBAJIOB WK cj1aboil HesmHeitHOCTH. PeasibHble BOTHBI
IIOJIy9aIOT SHEPTHUIO OT BETPA, YBOJIONUOHUDPYIOT U JIVC-
CHIUPYIOT. AJITOPUTMBI, ONIUCHIBAIOIINE IPUTOK SHEPIHH

OT BeTpa U JIUCCUIIAIAIO BOJIH, OBLIN pa3pabOTaHbl I

MMOKA3BIBAIOT AMCIEPCUI0. PacdéT mpoBOAMIICS MyTEM yCpETHEHMS
o sgeiikaM pa3mepoM 0,001. [lyEkTupHas KpuBas IOKa3bIBAET pac-
npejiesieHue BepOATHOCTHU JijId W, HODMHUPOBAHHON MaKCHUMaJIbHBIM
3HaYeHUEM BepoATHOCTHU. HyseBble 3HaUYeHNS BEPOATHOCTU COOTBET-

cTBytoT 3HadeHuto w = —0,06. .
MOJIeJIell TPOrHO3UPOBAHUS BOJIH, HO 9TU CXE€Mbl IIPUMEHU-

MBI JIJII OTHOCUTEIFHO HIU3KMX BOJIHOBBIX 4mces. B obenx
MOZEISIX ObLIN HMCIIOJB30BAHBI CXEMbI TapaMeTpu3aun pu3ndecKnx 3HdEeKTOB, MpeIio-
»keHHble B MoHOrpadun |Chalikov, 2016], ¢ HeGombIMMEI MOIUMDUKAIUSIMUI, OMICAHHBIMU
B [Chalikov, 2021D]. TIpuTok sHeprum paccunThIBaeTCsl Ha OCHOBe Teopun Maiirsa [Miles,
1957]. Corytacuo 9T0it TeOpuU, IPUTOK SHEPIUU B HEGOJILIIIOM HHTEPBAJE B IPOCTPAHCTBE
®ypbe MPOIOPIINOHAJIEH TIJIOTHOCTU ITOTEHIINAJIBHON JHEPIUA B 9TOM WHTEPBaJie ¢ KO-
dUIMEHTOM, 3aBUCSIIUM OT OTHOIIEHHsI CKOPOCTU BeTpa K cpejHeill (ha30BOil CKOpOCTH
B cuekTpasibHoM nHTepBaJie. Popma sroro Koadduiuenra (TpajUuInoHHO Ha3bBaEMOro beta
dyukiumeit) u3BecTHA ¢ HU3KON TOYHOCTDHIO.

HeJiunelinblil IOTOK SHEPIUN, HAIIPABJIEHHBIH K MaJIbIM BOJTHOBBIM YHCJIAM, IPUBOIUT
K CMEIEHHIO CIIEKTPA, B TO BPEMsI KaK IIPOTUBOIOJIOKHBIN TOTOK opMupyer Gpopmy CIek-
TPAJBLHOTO XBOCTA. B UMC/IEHHOM MOMIEn BTOPOii MPOIECC MOYXKET MPUBECTH K HAKOILIEHUIO
SHeprum BOJIM3M IIPEIeIbHOrO BOJIHOBOrO yncia. Oba mporecca cTaHOBSTCS 0OJiee MHTEH-
CHUBHBIMHU C yBEeJIMYE€HHEM IIPUTOKA, SHEPIUU. 38 POCTOM aMILTUTYJ, IPU BBICOKUX BOJIHOBBIX
9HCJIaX CJIEAYET POCT JIOKAJIHHOW KPYTHU3HBI U IUCJICHHON HECTAOMIHLHOCTH.

OCHOBHBIM IIPOIIECCOM JIMCCHUTIAINN SIBJISIETCSI OOPYIIEHUe BOJIHBI [Babam'n7 201 1].
HeycroitunBocTh IrpaHuilbl pasjesia, MPUBOIsIas K OOPYIIEHNUIO, sIBJISIETCS BaXKHOM U €J1abo
pa3paboTaHHOi MPOOJIEMO MEXaHUKU YKUIKOCTH.

B mesrom, mpobiiema napamerpusanun (PU3NIECKUAX IIPOIECCOB JTaaeKa OT 3aBEPIIEHNUS.
Bce cxembl comepkar K03 MUIUEHTDI, 3HAYEHNS KOTOPBIX U3BECTHBI ¢ HU3KOM TOYHOCTHIO.
Onrako, HAaCTpamBast 3T KOIDOUIMEHTHI, MOXKHO HoJiee UM MeHee MPaBIONo00H0 UMUATH-
pOBaTh PA3BUTHE BOJIH IIOJ JeiicTBIEM BeTpa. KOHTPO/Ib pernenus yaI00HO OCYIIEeCTBIATh HA
OCHOBE pacyéra WHTErpajibHOM SHEPIHUH.
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DHeprusi BOJHOBBIX JBHKeHUIT E = E,+Eg (Ep — NOTeHIAJbHAas SHeprus, Ej — KuHe-
TUYeCKasl SHEPrusl) MOXKeT ObITh paccuuTana no GopMmyJiaM:

E,= 0,5<F>, (15)

Er = <(1 +1E+13)epc - 20(n:ps +n99s) - 0,5An<p2>, (16)

rje yrJIoBble CKOOKM 00O3HAYAIOT OCPEIHEHHE 110 FOPU30HTAJN. Y PaBHEHUE 3BOJIOIUN
MHTErpaJIbHOM SHEPTUHM MOKET OBITH IIPEJICTABJIEHO B BUJIE:

E
(fi_t:N+I+B+T’ (17)

rjie | — MHTerpajibHBI MPUTOK dHEPTUU OT BeTpa, B —

CKOPOCTD JMCCUIAINN BOJTHOBOI SHEPIUH 33 CIET 00pyIITe-
- HUsT BOJIH, T — CKOPOCTb JIMCCHUIIAIINN BOJIHOBOI HEpruu
3a, CYET PUIBTPAINU BBHICOKOYACTOTHBIX MOJI. BosHoBoit

CITEKTP MOXKET M3MEHSIThCA 3a CIET HEJTUHEHHBIX B3AMMO-
ngeiictBuiit N MeXK/Iy BOJIHOBBIMHU MOJAMU, OJTHAKO WHTE-
rpajibHBIN 9P EKT ITUX B3AUMOIEHCTBUN JIOJI2KEH OBITH
paBen Hy/0. CTporo roBopsi, KOHCEPBATUBHOCTL 3IHEP-
UM MOXKET OBLITHL obecIieyeHa, TOJILKO JIjIsl IIOTeHIUAILHO-
ro aguabaTUIeCKOro JBUYKEHUS B OCCKOHEUHON 00JacTH.

HesmmueiftHOCTD 1 ONIUOKHU AIIIPOKCHMAIINE MOTYT BBI3bI-
BaTh (DIIYKTyaI[Mi BO BPEMEHH IIOJIHOI SHEPIHH C AMILIUTY-
JIOM TTOPSIIKA, (10_6—1 073)E. Nurerpaaberii 53¢ dekT Tmx
daykTyanumii, Kak IpaBUiIO, JUCCUIATHBHBIN. C HCIOIDb-
3oBaHueM ypasHenuii (15) u (16) Tpers moHON SHEPrUN
JIETKO YCTPAHSIETCA. Y DABHEHUST JIJIsi CKOPOCTH IBOJIIOIIN
06erX BHJIOB S9HEPIHU MOTYT OBITH BBIBEJEHBI U3 II€PBUY-
HBIX ypaBHeHuii (2)—(4), 0HAKO B YUCJIEHHBIX PACYETax
BO3MOKHA 60JIee IIpocTast cxeMa: IPUTOKU SHEPIUU MOTYT

-1.5

ETTETETE FETETTETTY PETETTETTE LI SFPTT P STTVer revd ren Y OBITH BBIYKCJIEHBI 10 OT/JIEJILHOCTH, HAIIPUMED, BEJIUINHA,

[
0 30r00 4000 =K i I Beramcngerca mo gpopmye:
U (ptsat gt
Puc. 3. Dpononus HHTErpaIbHBIX XAPAKTEPUCTUK, HOJIYCHHbIX I= A_(E -k )' 19
t

C IIOMOIIBIO YCKOPEHHOM AByxMepHoi mozenn AWM, yMHOXKEHHBIX

Ha 108 : 1) — mpurok sHeprum ot Berpa I[; 2) — AUCcUIAIAS XBO- e Et+At HHTErpajibHasl SHeprusi BOJIHOBOTO MOJIsL, T10-
croBoit yactu crnekrpa T; 3) — quccunanyst 3a cuér obpyieHus B; JIyH4EHHOIO 3a OJUH IIAT 110 BPEMEHH C IPABOIl 9acTbio,
4) — 6amanc suepruu I + B+ T; 5) — Henuneiinble B3auMoneicTeust N; ¢ JIep2KalIeil TOIBKO TOBEPXHOCTHOE [JaBienue po. s
6) — u3MEeHeHUe [OJIHOI SHeprun 10%E; 7) — B3BEIIEHHOE CIIEKTPOM pacuéra pasamaHBX 3hdexTor mo mporeaype (18) B ypas-

-2 o
BOJTHOBOE 1mcJyio 10 kw CIIEKTDa. MrHoBeHHbBIE 3HAYECHUS — CEPbIN HeHUAX VAEP>KUBAIOTCA 4JICHBI, OTBETCTBCHHDLIE 33 9TOT

IBET.

3 deKT.

B nacrosimeit padbore momeas AWM unTerpuposaiack ¢ pasperinenunem 513 x 257 mop,
(2048 x 1024 ysiyioB cerku). Ha puc. 3 mokasana 3BOJIONUS UHTEIPAILHBIX XapaKTePH-
CTHK BOJIHEHUsl, 33/IJAaHHOTO B HadaslbHBIX ycs1oBugax crnekrpom JONSWAP upu U/c, =1
(U — ckopoctb Berpa, ¢p — asoBas CKOPOCTH B IMKe CIIEKTPA) C MAKCHMYMOM Ha BOJIHOBOM
quciie kp =120 u yrJIoBBIM pacIIUPEHNEM B SHEPTOHECYIIEH YaCTH CIEKTPa MPONIOPIIHOHAIb-
ueM (cosh (¢))2>°

BOBMYHIICHUAMU. ,Z[aﬂee noJiarajioCb, 9TO CKOPOCTHh BE€TpPa yBE/JIMIUJIACH 10 5Cp 1 BOJIHBI

, T. €. IPAKTUYICCKH OJHOMEPHbIC BOJIHBI C O9€Hb MAaJIECHbKUMU ITOII€PEITHBIMUI

Ha4YaJIl Pa3BUBATHCS.

DroT npouece BocupousBoamiicd B Tedernu uHTepBaia T = 6000 (600 Thicay maros
¢ marom 1o Bpemenu At = 0,01), mia gero norpeboBasoch 0kosi0 20 CyTOK BBIYUC/ICHU
na komuboTepe DESKTOP-JGP2771 ¢ TakroBoit wacroroit 3,2 I'T'nm. Takum obpasom,
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YUCJIEHHBIE SKCIIEPUMEHTBI JTarKe ¢ YCKOpeHHOU Momesibio AWM TpebyioT 3HAYNTETbHBIX
BBIYUCJATEIbHBIX pecypcoB. [lomobubie pacaérsl ¢ mosHON TpéxmepHoit mogeapio FWM
nmoTpeboBain ObI OKOJIO MTOJIyTOPa JeT. PasyMeercs, pu MOANOTOBKE K JJINTETLHOMY THC-
JIEHHOMY 3KCIIEPUMEHTY IIPOBOJIMJIOCH MHOI'O PacdéToB ¢ mojesibio AWM mpu MeHbieMm
pasperieHnn u Ha 6oJiee KOPOTKHE MHTEPBAJIBI BDEMEHU. DTU PACIETHI ¢ Mojieibio FWM
ObLIH OBl TAKXKe HEBO3MOXKHBI. K coXKasleHNio, Ipu CYNMECTBEHHOM yMEHbIEHIN Pa3pPeIleHus,
HY KHBIIl PE3YJIbTAT YaCTO He JOCTUTAaeTCsl U3-3a YXYIIIeHus annpokcumanuu. cmoib3oBa-
HIE€ MHOTOIIPOIIECCOPHBIX KOMIIBIOTEPOB JJIsi YCKOPEHHON MOJIe/IN HEeleecoodpa3Ho m3-3a
OBICTPOrO POCTA JIOJU BPEMEHH, 3aTPAINBAEMOrO Ha OOMEH MEXKJLY IIPOIECCOPAMU.

Ha mpoTsizkeHnu BCero pacuéTHOro nepuoja nosHas sneprusi E (puc. 3, kpusasi 6)
BBIpOCTa Gostee 1eM B 45 pas. IIpu sToM cpeiHEeB3BEIIeHHOE BOJTHOBOE THCIIO ki)

_ YiikS(kD)

Lyt S(k1)

YMEHBINAJIOCH OT 3HadeHus k,, = 160 no k,, = 24, a BOJIHOBOE YHCJIO B MHUKE CIEKTPA OT
kp =115 5o k, = 15. Isomonus 1072k, nokaszama Ha puc. 3, kpusas 7. CKOPOCTb JHCCH-
[AIAN SHEPIUH B BBICOKOYACTOTHON YaCTH CIEKTPa OYeHb MaJia, HO 9TOT BHJL JUCCUIAIINN
HEOOXO/IMM, TIOCKOJIBKY OH 0DeCIIeYnBaeT BBIYUCIUTENBHYIO0 YCTORINBOCTh. VIHTErpa bHbIi
3 deKT HEeNUHERHBIX B3AUMOJIEHCTBUN MTPAKTUYECKU PABEH HYJII0, HECMOTPsI HA TO, UTO
KaKas-TO YacTh SHEPIUU IOKHUIAET PACUYETHYIO ODJIACTh 3a CUYET ITUX B3aUMOIENCTBUI.
Haubosbimast guccnnarust oCyIecTBIseTcs Yepe3 mpoIecc oOpyIINeHusl BOJH. DTOT BUJ
JIMCCUTIAIIE KOMIIEHCUPYET GOJIBIILYIO YaCTh MPUTOKA SHEPTUU OT BETPA, IPHU STOM OAJIaHC
SHEPIUU OCTACTCS MOJIOKUTEIHLHBIM, HO YMEHBIIIACTCA 110 Mepe NUPUOJIMIKEHUs IHEPIUn
K CTAIIMOHAPHOMY yPOBHIO.

Bce kpuBbie Ha puc. 3 s HANISAHOCTH CIVIAYKEHBI, HO JJIs JIUCCUIIAIIIN O0PYIITCHS
n OaJiaHca SHEPruu MOKa3aHbl 3HAYEHUs, OCPEIHEHHBIE 110 0TPe3Ky At = 2. /laxke ocpennén-
HBIE 110 MAJIOMY IIEPHOJLY KOJIEOAHUSI IOTEPH SHEPIUH 33 CIET OOPYIIEHUSI MOT'YT JIOCTUTATH
Gosibinux 3HadYeHuil. Anasorndnbie Kosebanus, (bUKCUpyeMble Ha KayKJIOM Iare Mo BPeMeHH,
BBIIVISLIAT KAK HEKOPPEJIUPOBAHHBINA BO BPEMEHU IIyM eIé 60JIbIIel aMITATYIbl. DTO COOT-
BETCTBYET IIPEJICTABJIEHUSIM O MIPOIecce OOPYIIEHHsI, KaK O JIOKAJIbHO HEKOPPEJITUPOBAHHOM
BO BPEMEHHU CliopajudeckoM mpouecce [Babanin, 2011].

B macrosmmx pacyérax uCnosb30BaIach CXeMa, OCHOBaHHAS Ha MUMQY3MOHHOM OTepa-
TOpE CryIaXKUBaHUA ¢ KOI(DDUIMEHTOM CIVIAXKUBAHUS, 3aBUCALNIIM OT JIOKAJbHON KPUBU3HBI
nosepxuocru |Chalikov, 2016].

CHeKprI A CTAaTUCTUYECKHE XapaKTE€PUCTUKHN PAa3BUBAIOIIEroCcd BOJIHEHUA

JIByXMepHBIE CIIEKTPBI OBLIN MOy YeHbI OCPETHEHNEM MTHOBEHHBIX CIIEKTPOB 3a TepH-
onbl At = 20. OHOMEpHBIE CIIEKTPBI PATINIHBIX XAPAKTEPUCTUK OBLIN MOy IEHBI TPAHC-
dopmarmeit nmpoussosbHOTO AByxMepHoro cruekrpa S(k,l) B mosspubrii ciektp S’(0,1)
(6 — naupasiienue; v = |k| — MOZyJIb BOJTHOBOIO 4mcja) U ocpenHenueM 1o yriy 60 (puc. 4).
[TockobKy 00BEM MOJTyIeHHON TakuM 00pa30M HHMOPMAIUH CJIUIIKOM BEJIUK JIJIS TPECTaB-
JIEHVSI, OJTHOMEDPHBIE CIEKTPHI OBLIN YCPETHEHBI 10 KaXKIOMY U3 6 MEPHOIOB ¢ IPHUMEPHO
PABHBIMU TTPUPAIIEHUSIMI TOJHON SHEPTUN.

B Teuenme mepBoro u Broporo mepuosoB MpONCXOania Hanbosree ObICTpast TpaHchopMa-
Ul BOJIHOBBIX CIHEKTPOB (IaHe b 1), CBA3aHHAS C POCTOM YHEPIMU U CMEIICHUEM CIIEKTPA
K HU3KUM BOJIHOBBIM “ncJiaM. [IpuTok sueprum (naHess 2) IpH ITOCTOSHHOM BETPE U CKOPOCTh
JIUCCUIIAIMHU 38 CIET 00pyieHus ([aHe b 3) MOJHOCTHIO OUpeeseTcs (POPMOl BOJIHOBOIO
criekrpa. CleKTphl HeJIMHEHHBIX B3auMOJIeHCTBII (nane/ib 4) npecTaBaeHbl HEOTIETIUBO,
HO Ka)Kﬂblf/’I N3 HUX O6.HajlaeT F.Hy6OKI/HVI MUHUMYMOM Ha BBICOKO9aCTOTHOM CKJIOHE CIIEKTpa
7 06JIACTHIO IIPUTOKA HEPTUU HA, MPOTHBOIOJJOKHOM CKJIOHE. DTOT MOTOK SHEPTUU U OIpe-
JleJifieT CMelTeHne crekTpa. Jluccumnanust B «XBOCTe» CHEKTpa BBeJEHA Jjisi 06eCIedeHmst
YCTORUMUBOCTH CIETA, HO OHA COOTBETCTBYET (PU3MUECKOMY IIPOIIECCY MOTJIOIIEHUsT HETNHETHO-
r'0 TIOTOKA IHEPTUH, HAIIPABJIECHHOTO B ODJIACTH BBHICOKUX BOJTHOBBIX YHCEN. DTa JUCCHUITAIIHS
3aTyXaeT BOJIM3U MPEJIEIbHONO BOJTHOBOIO YUCJIA TIPOCTO TIOTOMY, YTO TAM 3aTYXaeT SHEPIHUs.
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Puc. 4. OgHoMepHBIE CHEKTPBI: 1) — BO3BBIIIECHUS 109S(r), 2) — IpUTOKa SHEpPruu 107S;(r),
3) — muccunanuy 3a €T OOPYIIEHUsT BOJIH 109S,(r), 4) — HeJIMHEHHDBIX B3aMMOACHCTBUI 109S,(r),
5) — AuccumalMy XBOCTOBOM dactu crexkrpa 10118 ,(r), 6) — GasnaHca sHeprun 10%(Sp(r)+S¢(r)+S;(r)),
7) — TOPU30HTAJILHOM IIPOU3BOAHON BO3BBIIIEHUS IOBEPXHOCTH 108S &(r), 8) — BepTHKAIBHOM CKOPO-
cru ma nosepxuoctu 109S,,(r), 9) — HeIMHEAHON KOMIOHEHTHI BEPTHKAILHON CKOPOCTH HA IIOBEPX-
socru 10°S,,(r). Bee clieKTphbl PACCYMTAHBI [0 IIECTH PA3IMIHBIM HHTEPBAIAM BPEMEHH, DA3HbIE
THIIBI JIMHUH COOTBETCTBYIOT PA3HBIM BPEMEHHBIM OTPE3KaM, KaXKJBII N3 KOTOPBIX OKAHIUBAETCS
fa ppemst: 1. — £ = 500; 2. — £ =900; 3. — t = 1600; 4. — t = 2300; 5. — £ = 3800; 6. — t = 6000.

Basanc sueprun (nasesb 6) OTYETIMBO JEMOHCTPUPYET XOPOIIO U3BECTHBINH 3dhdeKT «Iie-
PEKPBITUS» — SHEPI'Usl Ha CPEJIHUX BOJIHOBBIX YHCJIAX HE PACTET, & YMEHBIIAETCS C POCTOM
pasrona Ha ¢done pocra 1moJHO sueprun. Ilanesas 7 moKa3bIBaAET, YTO BOJHBI HANOOJIbINIEH
KPYTHU3HBI COCPEIOTOYEHBI B O0JIACTU CIIEKTPAJIBHOTO muka. Ha 3Ty 2Ke 00/1aCcTh MPUXOIUTCS
MAKCHMYM CIEKTPa MOJIHON BEepTUKAJIBHON CKOpOCTH Ha 1oBepxHocTd (manens 8). Haubosee
WHTEPECHbI JaHHbIC O HEJIMHEHMHON KOMIIOHEHTE IIOBEPXHOCTHONH BEPTUKAJIbHONU CKOPOCTU
w (nanesnb 9). Kak Bujno, €6 MaKCUMAJIbHbIE 3HAYEHHs IPUXOZATCS He Ha 00JacTh MAKCH-
MaJIbHBIX 3HAYEHUl MOJTHON BEPTUKAJIBLHOW CKOPOCTH, a HA BBICOKWE BOJHOBBLIE umcia. [Ipu
9TOM XapaKTepHbIE 3HAUEHUs W Ha 2—3 MOPsIKA MEHbIE, YeM W. ITO Pas3indue 0ObsICHIeT
yclex IMpUMeHeHNsA YCKOPEHHOI MO/Jie/Id: NHTEI'PUPYIOTCA Te K€ YPaBHEHHs, YTO U B IIOJIHOI
MOZeJIH, 8 HeJInHeiHad KOMIIOHEHTa OKa3bIBaeTCA MaJIOHA IOIPABKOR K IOJIHON BEPTUKAJILHONI
ckopoctu. [loguepKHéM, 9TO B CIéTe BOCIIPOU3BOIMINCH BOJTHBI ¢ KPYTU3HOMN, TUITUIHON JJIsT
peaJIbHBbIX BOJIH.
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SBO.HIOILI/IH IIePBbIX tIeTI:IpéX MOMEHTOB IIOJId BO3BBIINICHUA ITOKa3aHa Ha PUC. 57 riae

WCTIOIG30BAHBI 0003HAYEHUST: JJIs CpeHel Benaunnl Av, qucnepcun Var, acummverpuu Sk
u sKcrecca Ku onpemenseMbiMu (hOPMYJIAME:

Av=2zVar=(z-2)%, Sk=|—-|, Ku=|—2-| -3.
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Puc. 5. DBosronus MOMEHTOB, PACCYNTAHHBIX 110 II0JISIM yPOBHs: 1) — acMMMeTpHH; 2) — 9KCIecca,;
3) — aucnepcun CIIydaiHON BEJIMYIMHBI, yMHOXKEHHON Ha 104; 4) — cpejHell BEJIMUUHDI, YMHOKEHHOIT
Ha 10%.

JLj1st TMHEHBIX TPOIECCOB aCHMMETPHUsI U IKCIIECC paBHBI HyJt0. ucnepcus Var xapak-
Tepu3yeT MOTEHIINAIbHYO0 SHEPIUIO BOJIH, KOTOPasi IOYTH TOYHO PaBHA IOJIOBUHE IOJIHOMN
SHEPruu, IMO3TOMY IBOJIONUSA Var mogo0Ha IBOIONNN KPUBOH 6, TOKA3aHHON HA DUC. 3.
Cpenuss BesimanHa Av Majia U MPAKTUIECKH HE MEHSETCS CO BpeMeHeM. BeTmanHbl acuMMeT-
puu Sk u 3kcrecca Ku ¢ TeueHneM BCEro MEPHOa BHIYUC/IEHUN COXPAHSIOT CBOU 3HAYEHUS,
XapaKTepHbIe JJIs yMEPEHHO HeJIMHEHHOro mporecca. Bosee netanbaast nadOpMaIys Ipe-
craByieHa Ha puc. 0, Tje MOKa3aHO PaCHpeeSIeHNe BEPOSATHOCTEN I TeX 2Ke UeTHIPEX
MOMEHTOB TI0JIsI BO3BBIIIEHUS, PACCIUTAHHBIX JIJIsI IIECTU IIOCJIEI0BATEIbHBIX IEPUOJIOB,
HCIIOJIB30BaHHBIX B puc. 4.

Jamabie HA puc. 6 MOKA3BIBAIOT, ITO IIOCJIE€ HOPMUPOBKHU Ha Hg BCe MOMEHTBHI TOJISA
BO3BBIIIEHNUS IPAKTUIECKU COBIanaroT. CIIONHAs KpUBas Ha IMaHe u 1 OTHOCUTCS K HaYaJIb-
HOMY IIE€PHOJY, B KOTOPOM HeJIMHENHHbIe CBONCTBA BOJIHEHUS C(ODOPMUPOBAJIICH HE TIOJTHOCTHIO.
OcrajibHble KPUBbIE PA3IMIAIOTCS HE3HAYUTEIHHO. JIT0GOIBITHO, YTO Jjist BTOPOro u 6oJiee
BBICOKOI'O TIOPsIJIKA HOPMUPOBAHHBIX MOMEHTOB PACIpPeeieHIe BEPOATHOCTEH JIsi PA3HBIX
CTa/IMii pa3BUTUsI BOJTHEHMSI OKA3bIBAETCsI YHUBEPCAJIBHBIM: BCE IIECTh KPUBBIX COBIIAIAIOT
C TOYHOCTBIO JI0 TOJIIIMHBI JINHAU Ha T'PadUKe.

Pacnpenenenne BeposTHOCTEI 11151 IEPBBIX YETHIPEX MOMEHTOB IIOJIsI BEPTUKAJIBHOMN
CKOPOCTH W, AHAJIOTUYHOE MIPUBEIEHHOMY Ha puc. 0, IOKAa3aHO Ha PUC. 7.

Beprukanpnass ckopocTh w, Kak BCe IIepeMeHHbIe MOJesIH, Oe3pa3MepHa, T. €. HOPMUPO-
BaHa Ha BHemHWI Macmrab ckopoct y/¢L (L — BHemmmit MacmTab JUIMHBL ), OJHAKO, JIJIs
[peJICTaB/IeHNs Pe3yJIbTATOB YI00HEee UCII0Ib30BaTh BHY TPEHHIN MACIITab JIJINHBI, HATIPUMED,
6e3pa3MepHYIO BBICOTY CyIeCTBeHHOM BOHBI H,. JITs mepexoia K 3TOMY MacIITabupoBa-
HUIO BMECTO IIO/IPA3yMEBAEMOr0 MaCIITada JIUHBI 6e3pa3MepHyI0 BEPTUKAJIBHYIO CKOPOCTD
W HAJI0 HOPMUPOBaTh BeJuauHOl H §/ 2. Kak BHIHO, CBOIICTBO ABTOMO/IEILHOCTH XOPOIIO
MIPOSIBJISIETCST U JIJIsl TAKOM CJIOXKHOU XapaKTEPUCTUKM, KAK [TOBEPXHOCTHAsI BEPTUKAJIbHASI
CKOPOCTB: KPHUBBIE I PA3JIAIHLIX 6 MePUOIOB TPAKTHIECKNA HEPA3IUINMBIL.
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Puc. 6. Pacnipenenenne BeposTHOCTEH 71 9€THIPEX MOMEHTOB 1Ol Bosebimenus Z" (n=1,2,3,4,),
Z =nH3!, tne 1 — BosBbimenue, Hg — BHICOTA 3HAYHTE/IBHON BOJIHEI, HOPMUPOBAHHBIE C MOMOIIBIO
BHEIIHEr0 MacCITaba JUIMHBL L W yCKODEHUs! CHJIbI TS?KECTH ¢ JUIS IECTH IOCTIE0BATEIBHBIX
MIePUOJIOB, UCIIOJIb30BaHHLIX B puc. 4. Ha Kak10it manem Bce 6 KPUBBIX JJIsl PA3IMYHBIX MEPUOIOB

COBITQIAIOT.

IlepBuvHble JaHHBIE I 1] U W 0€3 HOPMUPOBKH IIOKA3BbIBAIOT, YTO PacIlpeesieHne
MOMEHTOB CHJIBHO 3aBUCUT OT pa3roHa. [Ipm BBeleHNN HOPMUPOBKH pacIpeeieHne MO-
MEHTOB OKa3bIBAETCS MPAKTUIECKN HE 3aBUCSIIIAM OT PA3rOHA U OT IOJIOYKEHUs CIEKTPA
(T. e. BOJIHOBOT'O UHCJIa IIMKA CIIEKTPA). DTO YKA3bIBAET HA CYIIECTBOBAHHUE aBTOMOJEIBHOCTH
II0JIsI BOJIH, KOTOPO€E COXPAHAETCS HECMOTPS HA MHOTOKPATHOE M3MEHEHNe UX SHepruu. Y Hu-
BEPCAJIbHOCTD PACIIPE/IEIEHUS JIJIsi TIEPBBIX MOMEHTOB Z u W He IpeIonpeiesisieT TAKOBYIO
JIJTsI BBICOKIX MOMEHTOB, KOTOPBIE TOpa3/io 0ojiee 4IyBCTBUTEIBHBI K JIETAISIM. DTOT PE3Yilb-
TaT IOJIyYeH C YIPOIIEHHON MOJIENIBIO, B KOTOPOIl BEPTUKAJIbHAS CKOPOCTH OIIPE/IEJIAeTC s
He U3 TPEXMEPHOI'O YPAaBHEHUs JJIs MOTEHITHAA, 8 IePe3 JIOMOJTHUTEILHOE TOBEPXHOCTHOE
rpanuanoe ycjosue (11), mononnennoe runore3oit 3ambikanus (13)—(17).

7151 TpOBEPKU COXPAHEHUs CBOWCTBA aBTOMOJIEJIBHOCTH OBLIN MTPOBEECHBI JIOTIOIHHU-
TeJIbHBIE JJTUTEIbHbIE PACUETHI C TOJHON Tpéxmepnoit mozaesnbio FWM. Paspermenue, ucrons-
30BAHHOE B JEMOHCTPUPOBAHHBIX BBIIIE PACIETax, ObLIO HEIOCTYITHO, TOITOMY YUCIO MO/,
PUHUMAJIOCH paBHBIM 513 X 257. CooTBeTCTBYIOIIEe CETOYHOE I10JI€é OKA3bIBAJIOCH MEHbIIE
B 4 pa3sa, Ho 3aTpeboBaHHas MAMATH YBEJIUMYNIACH Ha MTOPSIOK M3-3a TpExXMepHOoCcTH. Bee
ocTaJibHbIE TapaMeTpbl 66 3auMcTBOBaHbl 13 AWM. BeposiTHOCTH BO3BBINICHUST U BEPTH-
KaJIbHOU CKOPOCTH, PACCUNTAHHBIE JJIsI JIBYX IPOJOJIKATEIHLHBIX [IEPUOJIOB IIOKA3aHbI HA
puc. 8 m 9. Ha oboux puCyHKax KPHUBbIE, OTHOCSIIIECS K PA3HBIM [I€PUOJIAM, IOJTHOCTHIO
COBIIQIAIOT.

Comnocrasiienne puc. 8 ¢ puc. 6, a Takyke puc. 9 ¢ puc. 7 MOKa3bIBAET, 9TO PACIPEIETIEHUE
BEPOSTHOCTEN CTATUCTUYECKUX XaPAKTEPUCTUK COOTBETCTBYIOIINM 00Pa30M HOPMHPOBAH-
HBIX ITEPEMEHHBIX HOATBEPKIAET CBOMCTBO aBTOMOJEIHLHOCTH BETPOBBIX BOJIH. Kpome Toro,
HCKJTIOUNTEIbHAS OJIM30CTh PE3YILTATOB, IMOJIYIEHHBIX C MIOJIHON M YCKOPEHHON MOIE/ISIMHU,
YKa3bIBaeT Ha TO, YTO YCKOPEHHAs JBYXMEPHAsl MOJIEIb MOXKET [IPUMEHSIThCS JJIsi MOJIEJIH-
pOBaHUS TUHAMUKH MHOIOMOJOBOI'O BOJTHOBOI'O IIOJISI B IIPEJIIOIOKEHUH O [IEPUOUTHOCTH.

Russ. J. Earth. Sci. 2024, 24, ES2010, https://doi.org/10.2205/2024es000878 11 of 17


https://doi.org/10.2205/2024es000878

YucAEHHOE UCCJTEOOBAHUE CTATUCTUYECKUX XAPAKTEPUCTHUK PASBUBAIOIIEIOCA BOJIHEHUA

DOKUHA U HAJMKOB

100 1

10-2f 1
10} 1
106} 1

10!

102

-

1
-0

10 =5 0 5 10

A, 02 a8

102w+

02 04

10!

107

10+

]

0,0

0.2

0.4
10°W?

06 08

10!

105}

10

0,0

0,1

02 03 04
104w+

0,5

Puc. 7. PacnpegeneHI/Ie BepOHTHOCTeﬁ JJIA '-IeTI)IpéX CTaTUCTUYIECCKUX MOMEHTOB II0JIA BepTHKa,HbHOI?I

ckopoctu W, (n=1,2,3,4), W = wHS_l/z7 re W — BEPTUKAJIbHAsA CKOPOCTh, Hg — BBICOTA CyIIe-

CTBEHHOM BOJIHBI, HOpDMUPOBAaHHBIE C IOMOIIBIO BHEUIHEr O macmTabda, JAJINHBI Lu YCKOpEeHUA CUJIbL

TAXKECTU g JJId MIECTHU I10C/IeI0BaTeJIbHbIX IEPUOIO0B, UCIIOJIb30BaHHBIX B PUC. 4. Ha Ka.)KﬂOI';I IIaHeJIn

Bce 6 KPUBBIX JIJIsT PA3JIMIHBIX [IEPUOJIOB COBIIAIAIOT.
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Puc. 8. Te ke xapakTepucTuKk#, 4TO0 Ha puc. 6, HO paccauTtaHuble ¢ Mojeabio FWM. lanubre

TIOJTIy9€eHBI JJIA PAa3JIMYHBIX IEPHUOIOB C PA3HON SHEPTHeil, HO Pa3/lnIUTh UX HEBO3MOXKHO, T. K. IIOCJIE

HOPDMHPOBKU Ha HS KpHUBbIE COBIIQ/IaXOT.

Russ. J. Earth. Sci. 2024, 24, ES2010, https://doi.org/10.2205/2024es000878

12 of 17


https://doi.org/10.2205/2024es000878

YucAEHHOE UCCJTEOOBAHUE CTATUCTUYECKUX XAPAKTEPUCTHUK PASBUBAIOIIEIOCA BOJIHEHUA DOKUHA U HAJMKOB

100 A 10 >
107 1 102 ]
10*F L
103
105 1
10+
1 5 0 5 10 0.0 02 04 06 08
10W 10°W?2
-1 -1
10 3 10 1
102 102 3
10 103} ]
10+ 10+
D4 0F G0 B2 0.4 00 @1 02 03.04% 05
102w+ 104W*

Puc. 9. Te ke xapaKTepuCTUKH, YTO HA PHUC. 7, HO paccauTaHHble ¢ Mojenbio FWM. lanubre
TOJTy IEHBI JIJIsI pa3JIUIHBIX IEPUOJOB C PA3HON dHEPTHell, HO TaK Ke, KaK W Ha pUC. 8, pa3IuvInuTh

UX HEBO3MOXKHO, T. K. IIOCJIe HODMHUPOBKHU Ha VHS KpHUBBIE COBIIa/Iar0T.

3akJroueHue

B nacrosieit pabore npuBeIeHbI PE3YJIBTATHL PACIETOB SBOJIIONNN IBYXMEPHOI'O MOPCKO-
0 BOJIHEHHsI HA OCHOBe YIIPOIEHHO nByxMepHOi Momean (AWM). Pesysbrarsl 1OMOIHEHBI
AHAJIOMMYHBIMU PACcYETaMU C IOJIHON TpéxMepHOoil Mogeabio (FWM). AWM umeer siBaoe
MIPEnMyIIecTBO B ObicTpomeiicTun. O6e Momenn cHabXKeHbl OqUHAKOBOI dusukoit. Oana
mar 1o Bpemenn g AWM ¢ cerounbiMm paspermnenuem 2048 x 1024 yzioB Tpebyer 2,8 ¢,
a it FWM c¢ paspemenunem 1024 x 512 yziioB 13,2 ¢. AWM c¢ yBenuvyeHnHbiM B 4 pa3sa
o cpaBuenuio ¢ FWM pa3zperiernem nmeer ObicTposeiicTBue B 5 pa3 Boire, vem FWM.
Takum obpazom, adpderruHoe 6bicTposeiictBue AWM npumepro B 20 pa3 Bbile, dem
FWM. Cnenyer oTMETHTDb, UTO 3TH OIEHKH SIBJISIIOTCSI OPUEHTUPOBOYHBIMU, HOCKOJBKY
JAHHBIE [T CPDABHEHUS OBICTPOIENCTBUS ABYX MOJIEEN 3aBUCAT OT JIOJIM BBIYUCJIEHUN, He
3aBUCSIIUX OT CXEMBI DEIeHNs], HAIIPUMED, BBIYUCIeHN Gu3ndecKux 3P@PEeKTOB U ore-
paTuBHOII OOPAbOTKU U 3AIMCH PE3YJIbTATOB. VICIIOIb3yeMble UCCIIeI0BATE/ILCKIE BEPCUN
MoO/IeJIell CHAOXKEHBI OYeHDb TOAPOOHBIME AJTOPUTMAMH IIPEIBAPUTEHHOIO AHAIN3A U 3AINCH
pe3yJIbTaTOB B CIIEKTPAJBHOM W CETOYHOM ITPOCTPAHCTBAX, KOTOPHIE 3aMEJISIIOT IIPOIIECC.

IIpuBeiéHHbIE BHIUKUCIEHNS TIOKA3BIBAIOT, YTO YIIPOMIEHHAS MOJIE/Ih CIIOCOOHA BOCIIPOM3-
BOJIUTH PA3BUTHE U CTAOMJIN3AIIIO BETPOBOrO BOJIHEHN:. K cOXKajleHnio, B HACTOsIIIEee BpeMsi
OTCYTCTBYIOT HaJIEKHBIE JTAHHBIE O CKOPDOCTH PAa3BUTHUs BOJIH TOJ JeiictBueM Berpa. Hambo-
Jiee TIOAPOOHBIE JAaHHBIE O PA3BUTHUM BOJHOBOIO crekTpa gaér anmnpokcumarms JONSWAP,
COIJIACHO KOTOPOIl aHeprus BoJH E pacTET IpsMO IPOIOPIUOHaILHO pasrony F, T.e. E = yF,
rze pa3MepHbBII Ko3hdUIIEHT Y 3aBUCAT KBaIpaTUIHO OT cKopocTd BeTpa. Ilomaraa nna

.. . t
OIIEHOK, YTO pa3roH F moxer ObITh onenén dopmymnoit: F = f 0 de t (rme Cp U t — pa3sMepHbIe

azoBast CKOPOCTH B IIMKE CIIEKTpa U BpeMsi), moaydaem: E =y fot cdt OTKyJa CJIeYeT, 9To
dE/dt = yc,. OueBnjHO, 9TO €, yBEJIUYMBAETCS BO BDEMEHH, CJI€/IOBATE/IbHO, SHeprus E
pacTér O6pIcTpee, YeM JuHeHo. B Hammx pacaérax HeJTMHEHHBI pOCT HAOJIOIAETCST TOIBKO
Ha HAYAJBHOM 3Talle, a Jiajiee POCT 3aMeJJISIeTCs] U B KOHIE KOHIIOB HEPIUs yCTAHABJIN-
BaeTCsl Ha, OTHOCUTEIHLHO MOCTOTHHOM YPOBHE. DMIUPUIECKUE JAHHDBIE, OCBENIAIONIIE BECh
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9TOT IIPOIECC Ha BCEM €ro OPOTAXKEHUU, OTCYTCTBYIOT, a €IMHCTBEHHBIM NCTOTYHHUKOM TaKoi
ndOPMAINH SABJISETCS, TI0KA, TOJIHKO IUCICHHOe MOJenpoBanue. Kro pe3ysibraTel He O9eHb
Ha,ILé}KHbI, TIOCKOJIBKY CIIEKTpaJIbHbIE CBOIICTBa IIPOIIECCOB IIPUTOKAa SHEPIr'un U eé JAUCCUIIalI
U3BECTHBI HEJIOCTATOIHO XOPOIIO. B HaCTOdIIee BpeMd Halllun pa6OTbI ITIOCBLAIIEHBI CKOpee
CO3JaHUIO TEXHUKHU TaKUX I/ICC.HG,D;OBaJHI/IIL/'I7 9eM JeTaJIbHOMY HU3YYCHUIO PDEaJIbHBIX IIPOIECCOB.
Tewm ne menee, dazo-pazpematorias (GOPMYINPOBKA MOJIETN BOJH OE3yCIOBHO H0JIee HAIEXKHA
U moJpobHa, UeM CIeKTpasbHas. B HacTosiee BpeMsi (ha30-paspenaroriue MOJIEIH MOIyT
IPUMEHATHCA IJId MOAEJIMPOBaHNA PeaJIbHBIX IIPOIIECCOB B He6OJIbHII/IX aKBaTOpUAX.

C touku 3penus HU3NKH BETPOBOTO BOJHEHUS HAMOOJIEE BAYXKHBIM PE3YJIbTATOM, MTOJIY-
YEeHHBbIM B HaCTOAIIUX pacqéTaX, ABJIAETCA MaJiad 3aBUCUMOCTD CTATUCTUYICCKUX XapaKTe-
PHUCTUK, HOPMUPOBAHHBIX COOTBETCTBYIOIAM O0OPA30M IMEPEMEHHBIX OT CTEIIEHN PA3BUTHSI
BOJIHEHHUS. DTO CBOICTBO MPOAEMOHCTPUPOBAHO HA IIPUMEPE I0JIsi BO3BBINIEHNUS U BEPTH-
KaJBHON CKOpOCTH Ha MOBepXHOCTH. [loc/eHsst XapaKTepucTiKa 0COOEHHO TOKA3aTeThHA,
TaK KaK OHA SIBJISIETCS TJIABHBIM O0OBHEKTOM TpaHCchOpMaInd TPEXMEPHOt (POPMYITHPOBKHI
B IByxMepHYyI0. [Ipemcrasisiercs, 9T0 3aMedIeHHOe CBOMCTBO ABTOMOIEIBHOCTHA COXPAHUTCS
U IJId IPYTruX XapaKTepUCTUK.

B oeJIoM, IIpe/JjIozKeHHasl YCKOPpEeHHasd MO/IEJ/Ib He ABJIAETCA TOYHOI ¢ MaTeMaTHUYIeCKON
TOYKM 3pEHNsI, TOCKOJIbKY OCHOBaHAa Ha SMIIUPUYECKON CBI3W MeXK/Iy BEPTHUKAJIBHON CKOPO-
CTBIO U €€ BEPTUKAJIbHOI mpon3BoaHoit. Crielyer, OJHAKO, YTOUYHATD, YTO UMEETCS B BUILY
110/f TEpPMUHOM «TOYHOCTDb». TO‘IHOﬁ MOZKHO Ha3BaTb aﬂl/la6aTI/IquKyIO MOJeJIb C 6eCKOHe'-IHO
BBICOKHM pa3peleHueM HJJId MOJEJ/Ib C KOHECYHbIM pa3pelieHrueM Ha MaJibIX HHTEPBaJiaxX
Bpemenn. [Ipu mpakTHIecKr BO3MOKHOM Pa3pPeIeHNN UJIH yBeJIMIeHUN WHTEPBAJIA WHTEIDH-
pOBaHUA MOJE/Ib OCTaeTCsI peaﬂI/ICTI/I‘{HOfI, ecJIn B Helt Y4TeHbI IIDUTOKU U CTOKH 9HEPIuu,
KOTOpbI€ TPOTUBOpEYAT IIPEIIIOJIO?KEHNIO O IIOTEHIITNAJIbHOCTHU. Ba}KHO, 9TO B HacCToOdIIee
BpeMd pPe3yJbTaThbl, IIOJIYICHHBIE ABYMA MOIC/IAMU, OKA3bIBAIOTCA IIPAKTUICCKU HEPA3JIUIN-
MBbIMMU. yCKOpeHHaH MOZEJIb IIO3BOJIACT IIPOBOJUTH HCOOIHOKPATHBIC BHIYUCJICHUA C IEJIBIO
YCOBEPITIEHCTBOBAHUSI AJITOPUTMOB TTApaAMETPU3AINU (PUINIECKUX TPOIECCOB. B manbHeiiem
HHUYTO HE MeIIlacT HCIIOJb30BaTh IJIA paC‘{éTOB TOYIHYIO MOIEJIb.

Baaromapaoctu. lcciiemoBanue ObIIO BBIOJHEHO B PAMKaX OCYAAPCTBEHHOIO 3a/IaHUS 110
Teme NeFMWE-2024-0028.
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Long-term calculations of the evolution of three-dimensional waves ranging from the early stage
to energy stabilization were made on the basis of a two-dimensional phase-resolving model. The
evolution of the main integral and spectral characteristics is analyzed along with the probability
distribution for the elevation field and vertical velocity. The apparent property of self-similarity (i.e.
the independence of the statistical structure of the field from the degree of wave development) for
the wave field on the example of the first four moments for normalized fields of elevation and surface

vertical velocity is shown. The conclusion is confirmed by the calculations with a three-dimensional

model.
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Buepsbie nposesieHo nccaenoBanue reoxumun mupkora (merox SIMS, 2 npobel, 20 Tovek) u3 Jeitko-
IPaHUTOB KOMILIeKca Jlarman, pacmnosoxkentnoro B nermarutonocHoil (LCT-tun) nposuanun Hypu-
cran (Adranucran). Ilupkon xapakrepusyercs moBbImeHHEbIM cogepxkananem Hf (mo 34500 mxr/T),
VIMEIOINM TEHIEHITNIO YBeJIMINBAThC K Kpako 3epeH. C poctom Hf koppesmpyercst poct comepkanmst
Li, Ca, U. Conep:xanne Ti BapbupyeT HE3HAUNTEIHHO U OTBEYAET TEMIIEPATYPE KPUCTAJITUIAIIII
nupkonra 0koJsio 700 °C. HeoObI9HBIM ABJISETCS XapaKTep PACIPEIE/ICEHUS PEJIKO3EMEIbHBIX 3JIEeMEH-
toB (REE). B GosbmuacTBe 3epen nosoxkurenbaag Ce-aHOMAJMs OTCYTCTBYET, ITO HETUIIUTHO JIJIst
MarMaTHIecKoro nupkoHa. Jljist psiga 3epeH KpaeBble 30HbI OTJINIAIOTCS TOHNKEHHBIM COJIEPyKAHIEeM
REE u «mmockuMs» xapakTepoM pacupefienenus jerkux REE. Ilpuannoil Takoro pacrpenenerus
REE u orcyrcrBus Ce-aHOMAJIME BBICTYIIAET, BEPOSITHO, COBMECTHA KPUCTAJUIN3ALMS [IMPKOHA C TH-
TaHUTOM, KoHIeHTpupylomuM REE n Biausronmum va dpaknnonnposanue serkux REE. Cpasuenue
M3YYEHHOI'O IMPKOHA C IUPKOHOM U3 JIPYTHX JIEHKOIDAHUTOB, B TOM YHCJIE, PACCMATPUBAEMBIX KaK
marepunckue st LCT-mmermaTnToB, IoKa3ajao BLICOKYIO CTEeHb (PPaKIMOHUPOBAHUSI PACIIaBa,
JIEHKOIPAHUTOB KOMILTIeKca JlarMaH, IpOsSBIEHHYIO B BBICOKOM COJIEPYKaHUH PsA/Ia PEIKUX SJIEMEHTOB
(Hf, U u apyrux). ITosroMy BbICKa3aHHOE paHee IPEIIOIOXKEHNE O MeHETUIECKOH CBA3M JIEHKO-
IPAHUTOB KOMILJIEKCA JlarMaH M KPYIHBIMU IErMaTUTOBBIMU MECTOPOXKIEHUSAMU JIUTHS, IIIHPOKO
[peJICTaBJIeHHbIME B npoBuHImy Hypucran, Ha ceBepo-BocToke Adranucrana, I0ITBEPKIAETCs

HOBBIMU JJaHHBIMHU 110 I'€OXHMMHUU ITUPKOHA.

KimoueBbie ciioBa: IIUPKOH, I'eOXUMUA PEJIKHUX JJIEMEHTOB, '€OXUMUA PEIAKO3EMEJIbHBIX 9JIEMEHTOB,

JelikorpanuTsl, Komiutekc Jlarman, Hypucran.

Ouruposanme: Jlesamosa, E. B., C. I'. Cky6sos, H. Xammapa, M. A. Usauos, u B. C. Cratusko
Teoxumusi IMPKOHA U3 MErMATUTOHOCHBIX JIEHKOIPDAHUTOB KOMILIEKCA JIarMaH, IPOBHUHILHST
Hypwucran, Adranucran // Russian Journal of Earth Sciences. — 2024. — T. 24. — ES2011. — DOI:
10.2205/2024es000916 — EDN: PRIEFZ

BBenenune

TnobaspHast mpobsiema BO3pOCHINX TOTPEOHOCTEN IPOMBINLJIEHHOCTH B JJUTHEBOM ChIPbE
B HACTOsIIIlee BpeMsl MMUPOKO n3BecTHa. Ha (poHE HEMUHYEMOIO MCTOINEHUsI 3alIaCOB AKTHUBHO
pa3pabaTbIiBAEMbIX THAPOMUHEPATHHBIX JUTUEHOCHBIX PaIl 03€p W PACCOJIOB TOI3EMHBIX
BOJI, 3HAYUMOCTDH TAKUX DPYIHBIX OObEKTOB, KAK JUTHEBbIE (CIOAYMEHOBBIE) HErMATUThI,
TOJILKO BO3pacTaer. Acdranucran objiagaer KPYITHBIMU IETMAaTUTOBBIMU MECTOPOK IEHY-
AMU JINTUS, TPOCTPAHCTBEHHO U T'€HETUYIECKH CBA3AHHBIMU C JIEHKOIDAHUTAMU TPETHEH
daspr komiuiekca Jlarman Mes-iaeoreHoBoro Bospacra [Rossovsky, 1986]. Penkomerasib-
upie nermaruTbl LCT-Tuna (cnenuasmsuposanubie Ha Li, Cs u Ta), K KOTOPBIM OTHOCATCS
CITOJlyMEHOBDbIE TTETMATUTDI, IHUPOKO IIPEICTABJIEHBI B CEBEPO-BOCTOYHON YACTU CTPAHBI,
B ocHOBHOM, B npouninuu Hypucran. CylnecTBeHHbIH BKJIaI B X OTKPBITHE U IIOCJIELYIONIee
HCCaeI0OBaHNe BHeCIn coBerckue reosiorn B 70-e roapl XX Beka. OIHAKO KOMILJIEKCHOIO
MUHEPAJIOrO-TeOXMMIIECKOT0 UCCJIEOBAHNS ITUX PYIHBIX 0ObEKTOB HE IIPOBOJIAJIOCH, TAKKE
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MPAKTHIECKN HEU3YUIEHHBIMU OCTAIOTCS U JICHKOIPAHUTHI KOMILIEKca JlarMaH, paccMaTpuBa-
eMble KaK MATEPUHCKUE JJI MErMATHTOBBIX MECTOPOXKICHUH.

B macrositiieit craTbe mpecTaB/IeHbl PE3Y/ILTATHI BIIEPBBIE IIPOBEIEHHOIO MCC/IEI0BAHUST
reoxXmuMmnm IMUpKOHa U3 HeﬁKOFpaHI/ITOB KOMIILJIEKCa ﬂaFMaH, IIerMaTUTOHOCHAsA ITPOBUHITN A
Hypucran, Adranucran. [Tupkon sBjsleTcss MEHEPAIOM-KOHIIEHTPATOPOM PsiJIa HHINKATOD-
HBIX BBICOKO3apsAHbIX dieMenToB (rakux kak Hf, U, Th), ypoBens comep:kanus KOTOPBIX
[TO3BOJISIET OIEHUTH CTEleHb (PPAKIMOHHON KPUCTALIN3aIlid 'PAHUTHOIO PaciliaBa, KaK
IPABIJIO, 3aKaHIMBaIoOMIeticst o0pasoBanueM ermatutos | Yang et al., 2013]. Cocras mupkona
TaKKe sIBJISeTCS OJTHUM U3 CAMBIX HAJIE’KHBIX MHCTPYMEHTOB JJIsi OIEHKU TOTEHITUAJIBHON
PY/IOHOCHOCTH I'DAHUTOB.

Teosrormgeckoe cTpoeHme paiioHa M XapaKTEPHUCTHKA 00pa3IoB

K kommiekcy Jlarman oTHeceHbl 00pa30BaHUs TPEX CAMOCTOSITEIbHBIX UHTPY3UBHBIX
das, obpasyomux 10CTaTOUHO KPYIHbIE MACCUBBL rpanuTonioB [Rossovskiy and Chmyrev,
1977]. Tlepsag dasza npecraBieHa MeJIKO- U CPEAHE3EPHUCTLIMA I'PAHOJAUOPUTAME, BTOPAsI
daza — KPYIHO3EPHUCTHIMU TOPMOUPOBUIHBIMY IPAHUTAME, TPEThsI — CPEIHE3EPHUCTHIME MY-
CKOBHTOBBIMU (P€XKe JIBYCJIIOJSHBIME), YaCTO C TypMaJjMHOM, rpaHuTaMu. OObIYHO MACCUBBI
MPUYPOYEHBI K KOHTAKTAM HYPHCTAHCKON U KAIIMYHICKON CepHii 1 UMEIOT PE3KO BBITSHYTYIO
dopMy, apaJUIe/IbHYIO BBIIIEYKA3aHHBIM KOHTAKTAM.

IIpobBI cBETIO-CEPBIX CPETHE3EPHUCTHIX JIEHKOTPAHUTOB TpeTheil (ha3bl KoMILIeKca
Jlarman 6wt oTo6pansr H. Xamaapmzom B 2023 1. mpu poOBeI€HIN TOJEBBIX PAOOT B IerMa-
TUTOHOCHOI poBuHIME Hypurcran Ha MECTOPOXKIEHUH CIIOlyMEHOBBIX ImerMaTuToB llamnmku.
ITpoba 18 (35°18'49" c.m., 70°54'48" B.x1.) 6buTA OTOGPaHa U3 JIEHKOrPAHATOB (IITOKOOBPA3-
HbIE TeJIa BO BMEIIAKONINX OHOTUTOBDIX, CTABPOIUT-OMOTUTOBBIX U aM(pUOOIOBBIX CIIAHIAX ),
PACIIOJIOKEHHBIX BOJIM3HM MecTopoxkaenus; npoba 19 (35°13'01" c.um., 70°52'32" B.x1.) — u3
OOHaXKeHU, BCKPBITHIX [IPU CTPOUTENILCTBE HypHCTAHCKOrO II0CCe U PACIIOJIOKEHHBIX TPH-
MepHO B 12 KM ot ropoga Ilapyn, cromuisr nposunatiun Hypucran. MunepaibHbIil cocTaB:
KaJIHeBO-HaTpueBLlit mostesoit mmar (30-40%), kBapr (25-30%), mwiarnokiias (0JIHroKIIa3
An 25-27, okomno 30%), myckosutr (5-10%). AKIleCCOPHBIMI MUHEDPAJIAME SIBJISIFOTCS AllaTHT,
[UPKOH, TUTAHUT, u3peKa rpaHar (puc. 1). Bropuunble n3aMeHeHus: BbIPAsKEHbI B [IEJUTU3A-
[IUU U Pa3BUTHUH IOM3UTA [0 IJIAMKOKIa3aM. BusyabHo U nierporpadudecKu CyIecTBeHHbIE
pas3Inyust MeXK 1y IpobaMu He HabJIIOMAIOTCS.

MeTtozapl uccie0BaHIS

ITupkon u3 mpod JeitkorpanuTos 18 u 19 ObLT BbIJIEIEH B MUHEPAJIOTUIECKON JTa00PATO-
puu UTT/T PAH ¢ moMoIpio 3/IeKTpOMArHUTHON Celapaliiy U TSXKeJbIX KUJIKOCTel. 3epHa
IUPKOHA ObLIX MOMENIEeHbl B Ipenapar (11afiby) ropu3oHTaJIbHO [0 IIOCKOCTH YJIMHEHUS
1 conuindOBaHbl IPUMEPHO Ha IIOJIOBUHY TOJIIMHBI C TOCIEIYIOIIEN MOJIUPOBKOil. Bribop
TOYEK HA AHAJIM3 IPOU3BEJNIEH II0 ONTHYECKUM N300PaKEHUSIM B OTPaKEHHOM CBETE.

IIpegBapurenbHO BHyTpPEHHEE CTPOEHUE MUPKOHA UCCIenoBaaochk Merogom SEM-EDS
B 06paTHO-OTpaxKkeHHbIX dj1ekTpoHax (BSE) Ha ckanupyomeM 37eKTPOHHOM MUKDPOCKOIIE
JEOL JSM-6510 LA ¢ sueprogucnepcuonnoii npucraskoit JED-2200 (UT'T/ PAH). Pexum
KOMIIO3UIINOHHOTO KOHTPACTA SIBJIETCS BeChbMa NH(MOPMATUBHBIM IIPHU UCCIEIOBAHUN TeTe-
POIreHHOCTH BHYTPEHHErO CTPOeHUs MUHepaJsIoB [Hanpumep, [yavbun u dp., 2023; Skublov
et al., 2023].

Copnepzkanue peakozemesbabix sjieMenToB (REE) 1 penkux 2/1eMeHTOB B IIMPKOHE
ompeesieno Ha nonHoM Mukpozonge Cameca IMS-4f (510 ®TUAH) B Tpex nukIax usMepe-
HUI 10 cTaHgapTHON Meroauke [@Pedomosa u dp., 2008; Levashova et al., 2024]. Tounocts
onpenenenns cocrasiaser 10-15 % ma ssemenTos ¢ KornerTpanueir >1 mxr/r u 10-20 %
IJIs 97ieMeHToB ¢ KonienTpanueit 0,1-1 Mxr/r, npegen obunapyxkenust cocrasisger 5—10 ppb.
Pasmep kpatepa cocrapisier npumepro 20 MrMm. [Ipu mocTpoeHun CrIeKTpOB paciipe/ieieHust
REE cocras mupkona HopMuposaH K coctaBy xoHapura CI [McDonough and Sun, 1995].
Temmeparypa KpuUCTAIH3ANNNA [TUPKOHA PACCIUTAHA, C IIOMOIIBIO0 TepMoMeTpa Ti-B-nupkomHe
[ Watson et al., 2006].
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Puc. 1. ®ororpacdun mandos gefikorpaHuToB KoMILTEKca Jlarman (a, 6 — mpoba 18; B, r — mpobGa

19; a, B — 6e3 anasmzaropa; 6, I — ¢ aHAJIU3aTOPOM ). VICIONIB30BaHbI CTAHIAPTHBIE 0GO3HAYEHUS
MUHEPAJIOB.

PesynabraTst

ITupkron n3 obenx Mpod MpeICTABIEH YAJTHHEHHBIMI KPUCTAJIAMU TPU3MATHIECKOM
GOpMBI ¢ XOpOIIO BBIPAYKEHHBIMYU I'DAHIMHU JUIMPAMUIbI HA BepIIMHAX 3epeH (puc. 2).
Pasmep 3epen 1o yijimHeHHUIO cocraBiser, kKak npasmio, 200-250 mkm (koaddunment
yaymaenust 1:2,5-3). Ilo nanaeiv SEM-EDS Haburonaercst 30HAIBHOCTh: KPaeBble 30HBI
cojiepxKaT 6oJIbINee, M0 CPABHEHUIO ¢ TeHTpoM 3epeH, KoandectBo U u Hf. Ycranosieno,
9TO ITUMU dJIEMEHTaMu O0OTAIEHbI TOHKIE CBETJIbIe MTOJIOCKHU Ha Kpalo 3epeH, (hopMupyro-
mue B BSE-n300parkeHnn oCIMLISIITIOHHY IO 30HAJIBHOCT. MUKPOBKJIIOUEHNsI B IUPKOHE
[IPEJICTaBJIEHbI KCEHOTUMOM. Bcero 6b110 TpoaHaIM3uPOBAHO IO 5 3ePeH B KaxK oW 1Ipode,
0 2 TOYKK B 3¢PHO (TOYKA C HEYETHBIM HOMEPOM OTHOCUTCS IPUOIU3UTEIHHO K — IEHTDPY
3epHa, C MOCJIEYIONUM YeTHBIM HOMEPOM HaXOJUTCS B TOM K€ 3epHE, B 00JIACTH BEPIITHHBI
JUNAPAMUJIBL, DUC. 3).

Penkozemensurie 3itementol. B mpobe 18 B Tpex 3eprax crmekTpsl pacupenenenuss REE
UMEIOT CXOXKYI0 KOH(DUTYPAIMIO B IIEHTPAJBHONR U KPaeBOil 30HAX, XapaKTEPHYIO JJIsl IIp-
KOHa, MarMaTHYIecKoro rexesnca ¢ JuddOepeHnmpoBaHHbIM XapaKTePOM PaCIpeIesIeHUsT
¢ pocroMm OT Jierkux K TskesisiM REE, pu sToMm B KpaeBoit 30me cremnenb HhpakIimoHIpoO-
Banust (Luy/Lay OTHOIIEHNE) HECKOIBKO HUZKE, 110 CDABHEHHUIO C IeHTpasIbHOI. B Toukax
5 u 6 (puc. 3a) mposiBiersl nosoxkuresabHast Ce- u orpunartenbHas Eu-anomannu. B 3eprax
¢ Toukamu 1-2, 3—4 Ce-anoMasus HpakTHdecKu orcyrcryer (puc. 36), 9T0 HETUIMYIHO JIJIs
MarMaTuIecKoro nupkoHa. [Ipu aTom B Toukax 1 u 2 creKTphl pacupeseseHus B 0b1acTu
sierkux REE uMmeror HeTUIndHbIM JJIsT IMPKOHA HAKJIOH C [IaJIEHNEM HOPMUPOBAHHOI'O HA
xouzapuT conepkanust ot La k Nd (puc. 36). B 3epre ¢ Toukamm 7 u 8 crieKTphI pacmpesie-
sennst REE paszsimygaiorcst — B IeHTPaJILHON YacTH 3epHA IPUCYTCTBYET IIOJIOZKUTEIbHAs
Ce-anomaymsa (Ce/Ce™ = 21,1), B kpaepoit Ce-aHOMAJIUA OTCYTCTBYET TIPHU OJIU3KOM CO-
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Puc. 2. BSE-uzobpakenust iupkoHa U3 JIEHKOIPAHUTOB KOMILIEKCA JlarMaH ¢ IOJIOKEeHHeM aHaJIM-

TUYECKUX TOYEK MOHHOTO 30HMa (IMaMeTp KPATEPOB COCTABJsIET IpuMepHO 20 MKM).

e (@) (6) (8)

LiMpkon/xoHapuT
g

La Ce Pr Nd Sm Eu Gd Dy Er Yo Lu

100000
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% 1000

=]

'; 100
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Puc. 3. Cuekrpnl pacupenenenus REE, nopmuposanubie k xougapury CI, mjsg nupkona u3 Jjieiiko-
IrpaHUTOB KoMiuiekca Jlarman (a—r — npobGa 18; 1, e — mpoba 19).

nepzkanun apyrux jgerkux REE (puc. 3B). I3 nabmogaeMbix oTauduil 1jisi KpaeBoii 30HbI
cJieJlyeT OTMETUTh OoJiee rIyOOKYI0 OTPHUIATEIbHY0 Ku-aHOMaJINO, BBI3BAHHYIO TIOHUKEH-
HBIM cojiepkanrieM Eu, u MeHbIHil ypoBeHb cojeprkanus Tskeasix REE B paxy Er-Lu
(1033 u 550 mKr /T, coorBercTBenHO). B 3epHe ¢ Toukamu 9 u 10 pacupenenenne REE camoe
KoHTpacTHoe (prc. 3r). B kpaepoit yactu conep:kanve REE 3HaunTenbHO HUXKe, Y€M B IIeH-
tpanbHoi (753 u 1470 MKr/T, coorBeTcTBeHHO). Tak:ke M3MEHEH XapakTep CIeKTpa JJIs
KpaeBoil 4acTu, 0 CPaBHEHUIO C IEHTPAJIbHOM, — ucue3aeT nojoxureabHas Ce-aHoMaJHs,
cuekTp B obsactu Jyerknx REE cranoBuTcst cyOropn3oHTaabHBIM.

B npo6e 19 Ce-aromaJiust y UPKOHA OTCYTCTBYET BO BCEX ITPOAHAJIM3UPOBAHHBIX TOYKAX.
B nmByx seprax (toukm 15-16, 17-18) cmexrper pacupenesneanss REE st nenTpanbroit
U KpaeBoil 30H coBIaaaioT uiau nogobust (puc. 3i1). B Tpex 3epuax (rouxku 11-12, 13-14,
19-20) KpaeBble 30HBI IMPKOHA OTJINIAIOTCS TIOHUXKEHHBIM COJIEPXKAHMEM BCErO CIIEKTPa
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REE u BbIIOJIOXKEHHBIM XapaKTepoM pacupejiesiernst B obnacru jerkux REE (puc. 3e).
Smy /Lay orHomenue npu 3roM yMmenbluaercs or 29-59 mo 2,5-7,2, cOOTBETCTBEHHO.

Penkue snementel. [lupkon u3 mpobsr 18 ormyaercss BappbupyoOmuMcst cojgepzkanneM Hf.
MununmasnbHoe cogepkanue Hf (11190-15892 mxr/r) 3adbukcupoBaHo B Tpex TOYKax — 9,
5 u 6, B KOTOpBIX MposiBjieHa moJsiokuTebHas Ce-anomasusi. Makcumasbaoe cojepzkanue Hf
(B cpemem 33 674 Mkr/r, Touku 1 u 2) yeranosieno i 3epua ¢ orcyrersueM Ce-anomasmu
n «0bpaTHBIM» HAKJIOHOM CIEKTPOB B obsnactu jerkux REE. B 1Byx 3epHax ormedeHo 3Ha-
uyuresbHOE (IIPUMEPHO B J[Ba pa3a) yBejudenue coiaepxkanus Hf or nenrpasbHOil K KpaeBoii
3one (Touku 3-4, 9-10).

C pocrom Hf koppesmmpyercst poct couepzkanust Li. Tak, B nape Touek 9 u 10 npu
[epexojie OT IEHTPAJIbHON K KpaeBoil 30He IUpKoHa pocT comepxkanua Hf or 11190 mo
23949 MKr/r CONpPOBOXKIAETCd yBeJaudeHueM cojepxKanug Li B gecars pa3 (or 1,06 g0
10,7 MKr/T).

Kpome toro, B 1iupkone, ¢ pe3kuM yBejmdeHunem cojepxkanus Hf Kk kpaesoit gactu
3epen, pacrer cozgepxkanue Ca (nmpumepHO B Tpu pasa, ¢ 57-79 mMxr/r g0 158-220 Mkr/r)
un U (B 4-5 pas, ¢ 1389-2853 mkr/r no 7374-10703 MKr/T).

Conepxanne Th (cocrassitomee B cpegaemM 96 MKr/T), HAIIPOTUB, MMEET TEH IEHIIUIO
K CHUKEHUIO B KPAEBBIX 30HAX IUPKOHA. OCODEHHO 9TO 3aMETHO JIJTsl 3€PeH, TJe IeHTPAbHAS
qacTh uMeer mosioxkureabayo Ce-anomasmro. s maper Touek 7 u 8 comepxkanue Th
yMmenbmaercst ¢ 204 10 12,5 mxr/r, quist Togex 9 u 10 — ¢ 242 10 16,4 mkr/r. Th/U orHOmenne
B I[JIOM HEBBICOKOE — JIJIsl TOYEK ¢ MUHUMAJbHBIM coseprxkanue Hf n momoxxurensuoit Ce-
anomasiueii (Touku 5, 6, 9) ono cocrasuser 0,17-0,33, 1jis OCTAJILHBIX — HE IIPEBBINIACT
0,04. TIpu sTom, jyisa KpaeBbix 30H, oboramenubix Hf, Th/U orHomnienue He mpesbimaeT
0,01. B aTux ke Toukax, ¢ nojgoxuresabaoit Ce-anomasueil, 3apuUKCUPOBAHO HAMOOJIbITIEE
comepxanue Ti — 12,7-22,4 MKr /T, KOTOPOE COOTBETCTBYET TEMIIEPATYPE KPUCTAJJIA3AIAN
mupkoHa okoJio 800 °C. B ocranbabIX TOUKax cojepkanne Ti BapbupyeT HE3HAIUTE/THHO
U cocTaBiIsieT B cpejHeM 5,7 MKr/T, uro orBedaeT okoso 700 °C.

Cozepxanre Y B iupkone u3 npo6el 18 Bapbupyer ot 822 110 3453 MKI /T, HOJIOKATEIBHO
KoppeJsiupys ¢ ypoBHeM cojepxkanns Tsxkenabix REE. Comepxanue P Bapsupyer or 258 10
980 mxr/r (B cpegreM 597 MKI/T) U HOJOXKUTENHHO KOppeIupyercst Kak ¢ TsixkeabiMu REE,
Tak u ¢ Y.

ITupkon u3 npobsr 19 B mesiom xapakrepusyercs: 6ojiee BBICOKUM conep:kannem Hf —
or 17573 mo 29926 mkr/r, B cpeanem 24210 mxr/r. B aByx sepuax comepxkanume Hf
IPAKTHYECKU HEM3MEHHO B EHTPAJIbHOI U KpaeBoii 30HaX, B Tpex 3epHax (Touku 13-14,
17-18, 19-20) couepxxanue Hf nosbimaercs K Kpaio J0 MAKCUMAJILHBIX 3HAYCHUIA.

B roukax 18 u 20 Takxke nosbimaercst (10 15-20 MKr/T) coneprkanue Li, 110 cpaBHEHHIIO
¢ TeHTpaJIbHOM 30HO#. B memom, comepxkanne Li B nmupkone n3 mpodwl 19 oTHOCHTETHHO
BBICOKOEe U cocraBiger B cpeaneM 11,9 mrr/r. Comep:kanne Ca HAXOIUTCs HA BBHICOKOM
ypOBHE — B cpefaHeM 157 MKr/r, B psjie CIy9aeB YMEHbIIASCh K KPAIO 3epeH B 3-5 pas, JI0
40-60 MKr/T.

Conepxkanre U B 1upkoHe u3 npobbl 19 sin6o yMeHbInaeTcs K Kpako 3eped (Touku 11-12,
13-14, 15-16) B 2-3 paza, BwIOTH J10 2620 MKr/T, b0 yBeauuuBaercs (Touku 17-18, 19-20)
IPUMEPHO B 2 pa3a, MAaKCUMAJIbHO gocturasi 13865 Mxr/r. CpeiHuil ypOBEHb COEpIKaHMsI
U B nupkone u3 npobel 19 comocraBuMm ¢ npoboii 18 (6622 u 5629 MKr/T, COOTBETCTBEHHO).
[Tonmxkenne K Kpaio 3epeH comepxkanus Th ssisiercs obrreit Tenmeniueii. [l HEKOTOPBIX
3epeH oHO cymiecTBerHoe (Toukn 11 m 12) — 102 u 3,69 Mkr/T, myst apyrux (toukn 19 un 20)
meHee 3aMerHoe — 34,6 u 17,5 Mkr/r, coorBercrsenno. B nesom, conepkanue Th B nupkone
u3 upobbl 19 3ameTHO HUXKE, YeM B 11pobe 18, u cocrasisier B cpeanem 29 Mkr/r. Bo Bcex
IpoaHAIM3UPOBaHHbIX ToUYKax Besmauna Th/U ornomenus kpaiine nuskas — ot 0,001 xo
0,013.

Conepzkanue Ti B nupkone u3 npobet 19 Bapsupyer ot 2,6 10 9,2 Mkr/r (B cpeaHeM
4,3 MKI'/T), 4TO COOTBETCTBYET TeMIepaType KPUCTAJLIM3AINN TUPKOHa 0KoJ10 670 °C.
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Conepxanve Y mosropsier mnosejieHue Tsizkeabix REE B kpaepbix 30Hax (Touxnm 12,
14, 20), ornuuaomUxcsd HOHUXKEeHHBIM ypoBHeM Tszkesbix REE, conepxkanue Y nanaer
B 3-4 pasa u 6osee, 10 649 Mkr/r B Touke 12. Makcumaabaoe cojepKanue Y yCTAHOBJICHO
B 1eHTpasbHOi Touke 11 (14214 Mkr/T), B KOTOPOI#i comepxkanme Tsikenbix REE Takske
naubonbinee — 7407 mxr/r. Conepxanue P koppesupyercs ¢ comepzkanueM Y U TAZKEIbIX
REE, ypoBens ero cojiep:kaHust BbIIIe, YeM B IIUPKOHE U3 MPOOBI 18, a nuama3oH coCTaBJsieT
nopsioK — ot 472 o 4304 Mkr/r (B cpennem 1748 mxr/r).

O6cyxaeHre pe3yabTAaTOB

ITockoJIbKY TIMPKOH SIBJISIETCsSI OCHOBHBIM MUHEpPaIOM-KOHIeHTparopoM Hf B 3emHOi
KOpE, ¢ OJIHON CTOPOHBI, KPUCTAJIA3AIUS UPKOHA KOHTPOJMpyeT comepxkanne Hf B mar-
MATUYECKOM PacCILIaBe, ¢ APYroil cToponsl, comepxkanue Hf B nupKoHe HO3BOJIAET CyIUTH
00 ypOBHE COJICpPXKAHUSL ITOTO FJEMEHTA B PacIljIaBe U XapakTepe (PpPaKIUOHUPOBAHUS PAC-
miaga. [lo Mepe bpakIMOHMPOBAHUS IPAHUTHOTO PACILIABA U KPUCTAJIIU3AIMA ITAPKOHA
KOHIeHTpaIrmu Kak Zr, Tak m Hf B pacmmase Gyayr ymenbmarbes. OpHaKO mpu pocTe
IIUPKOHA, MPEUMYIIECTBEHHO «pacxojyercs» Zr, a He Hf, 94To NpuBoInT K yMEHbLIICHHUIO
Zr/Hf orHOIIEHNsI B COCYNIECTBYIOIIEM C IIMPKOHOM DAacIlIaBe. DTOT MPOIECC IIPUBOIUT
K yBeIUIeHnIo cojepykannst Hf B HOBOOGpa3oBaHHOM IIMPKOHE M JAXKe B MPEJIEIaxX OJHOTO
KkprcTasia (B KPaeBbIX 30HAX), UTO OTBEYAET YBEJUIECHHIO CTerneHN (bPaKIMOHNPOBAHUS
rparuTHOTO paciiasa |Claiborne et al., 2010].

B nupkoHe 3 TUNMUYIHBIX, YMEPEHHO (DPAKITMOHUPOBAHHBIX TPAHUTOUIOB COAEPKAHIE
H{fO5 cocrassier B cpenrem okoito 1,43 mac.% [ Wang et al., 2010], B T0 e BpeMsi B 'DAHUTAX,
06pa3oBaHHBIX U3 CUJIBHO (DPAKIIMOHUPOBAHHBIX PACILJIABOB, U B TPAHUTHBIX METMATUTAX
C PeIIKOMETAJJILHOI MUHepaJI3alueil OlicaH IUPKOH, oboramieHHbii raduueM (10 25 mac.%),
uro npubimxKaer ero cocras K raduony. Laduon, (Hf,Zr)SiOy4, kpaiine penxuit Mmunepa,
ObLI OOHAPY?KEH TOJILKO B HECKOJIbKUX IPOSIBJICHUAX B MHUpeE.

C nenbio oneHKn crenenn (ppakInOHNPOBAHUS MATEPUHCKOTO PACILIABA U IIOTEHIH-
amgpHOll cBsizu ¢ LCT-mermaruramu mectopoxkaenns llamkm peakoIeMeHTHBIN COCTaB
[IUPKOHA U3 JIeHKOrpaHnToB KoMIutekca Jlarman (20 anasnmsos) 6bl1 comocTtapien (puc. 4)
C AHAJIOTUYIHBIMU JAHHBIMU JJIs1 IUPKOHA U3 TYPMAJMH-MYCKOBUTOBBIX I'PDAHUTOB apXeii-
CKOTO TIErMATHTOBOTO T0sica Koamozepo-Boponbst, paccMaTpUBAEMBIX KAK MATEPHHCKUE

Puc. 4. CoorHollleHUe CONEP:KAHNST PEJKHUX SJIEMEHTOB (MKI'/T) JUIsl IMPKOHA U3 JIEHKOIDAHUTOB
KoMILIeKca JlarMaH u rpaHnTOB APYIMX PErHMOHOB: 1 m 2 — sieikorpanuThl KoMiuviekca Jlarman (1 —
npoba 18; 2 — mpoba 19); 3 — TypMaJuH-MyCKOBUTOBBIE TPAHUTHI IEMMATUTOBOTO Tosica Kosmoszepo-
Boponbs, Kosnbckuii -0 [Kudryashov et al., 2020]; 4 — nefikorpanursl 6aronura Lanrnese, Tuber

[Xia et al., 2021]; 5 — neitkorpanursr Typruackoro maccusa, Bocrounoe 3abaiikanne [Hoskin, 2005].
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st pegkoMerasuibHbIX LCT-nerMarnTos, paciosiozkeHHbIX B Ipeesax nosica (10 anainsos,
[Kudryashov et al., 2020]), nupKoHa U3 JICHKOIPDAHUTOB 3aK/IIOYUTENbHO (asbl 6aTomuTa
Tanrziese, pacnosokeHHOro Ha tore JIxacckoro Teppeitna B Tubere (54 ananmsa, [12]), mup-
KOHA M3 PEJKOMETAJUIbHBIX JieikorpanuToB Typrunckoro maccusa, Bocrounoe 3abaiikaiibe
(6 anamm3zos, [[vanova et al., 2019]).

Kax 6b1710 oT™MeIeHO BbIIlIe, HHANKATOPOM CTereHn (hPaKIMOHNPOBAHNS PACILIIABA SBJIsI-
ercs cojepxkanne Hf B riupkone, mosromy Hambosee nHGOPMATHBHBIM OYI€T COIOCTABIICHIE
JAHHBIX IO COJEPKAHUIO ITOTO IJIEMEHTA C APYTUMU HECOBMECTUMBIMU dJIeMEHTAMH. TaK,
Ha Juarpamme cootHorrenus cogepxkanud Hf u Ti (puc. 4a) nupkon u3 jefKOrpaHuToB
KOMILIEKCa JlarMan oTyimgaeTcs, 10 CPaBHEHUIO C JIPYTUME OO'bEKTaMU, TIOBBIIIEHHBIM COJIED-
xanneM Hf (B cpexsem 23180 mxr/r) u nonmkenusim — Ti (B ocHoBHOM, He Gostee 10 MKr/T).
Y mumpkona u3 JeiikorpannToB 6arosura [anrmese comep:kanme Hf cymecrBento mHumxke
(B cpemnem 15090 Mkr/T, He Gosee 24700 Mkr/1), conep:kanue Ti Toxke nuke (B cpegHem
2,4 Mkr/r). B nupkoHe u3 TypMaMH-MyCKOBHTOBBIX I'PaHUTOB 1osica Kosmozepo-Bopoubs
conepzkanue Hf takzke ke — (B cpenmem 13370 Mmxr/r), conepzkanue Ti, HAIPOTHUB, BbIIe
(B cpemuenm 18,9 Mkr/r). B nupkome u3 peKoMeTaLIbHBIX IPAHUTOB 3abaiikaibs COIepKaHne
Hf B cpenmem cocrasisier 15330 Mkr/r, cogepxkanue Ti Bappupyer B HIMPOKUX IIpeJIesiax
(or 5 1o 48 Mkr/r). B memom, st Bcex 00bEKTOB, 38 NCKIIIOYEHIEM TPAHUTOB 3abaiikaiibs,
HaOJIIOaeTCs OTpUIATeIbHAST KOppesisiiius cojepxkanust B nupkone Hf u Ti, uro ykaseiBaer
Ha 3aKOHOMEPHOE MTOHMXKEHHUE TEMIIEPATYPBhI B IpoIecce (DPAKIIMOHNPOBAHISI 'PAHUTHOIO
pacIiaBa.

upxon u3 nefikorpaHuTOB KOMILTEKCA JlarMaH, KaK 1 MUPKOH I3 TYPMAJIAH-MYCKOBUTO-
BBIX I'PaHUTOB 1osica Kosimozepo-Boponbst, IeMOHCTPUPYET MOJIOKUTEIBHYIO KOPPEJISIIHIIO CO-
neprkarus Hf u U (puc. 46). ITpu srom copepkanme U B IMPKOHE U3 TyPMAJINH-MYCKOBATOBBIX
rpaauToB Huke (B cpexrem 1300 MKr/T), 4eM B HUPKOHE U3 JICHKOIDAHUTOB KOMILIEKCA
Jlarman (B cpeanem 6130 mxr/r). upkon u3 rpanutoB 3abafikajibs OTINIAETCS TIOBBIIIEH-
HbIM coiepxkarneM U (B cpegnem 28 370 MKr/r), HE KOPPEIUPYIONMM ¢ cojepkanneM Hf.
Habuojaemast 3aKOHOMEPHOCTD JIjTsl TPAHUTOB, ¢Bsi3aHHbIX ¢ LCT-mermaruramu, yka3piBaer
Ha 00U TPeH,1 0OoTaIleHns IIMPKOHA YPAHOM IPU (DPAKIMOHUPOBAHUS PACILIABA.

ITo coornommenuto Th u U (puc. 4B) NUPKOH U3 BCEX CPABHUBAEMBIX OOBEKTOB JE€MOH-
CTPUPYET MOJIOKUTEIHHYIO KOPPEJISINIO MEXKIY STUMu demernTamu. [Ipu srom nupkon n3
JIEHKOrpaHUTOB KoMILIeKca JlarmMan orimyaercsa ymepeHHbIM cogepkanueM Th (B cpennem
62 MKr/r) u 3aHEMaeT 060cobieHHy0 061acTh co 3HaderneM Th/U orrommenust okosio 0,05.
Hupkon u3 seitkorpanuTos H6atosuta [anraese u rpaHuToB 3abaiiKayibs 06pa3yer euHbIiI
rpenz ¢ Th/U ornomenuem okosio 0,25-0,50. [lupkoH u3 TYpMaJMH-MYCKOBUTOBBIX [PAHUTOB
nosica Kosmvosepo-Boponba 3anumaer npomexxyroganoe nojioxkenue (Th/U orHomenne 0koyio
0,15).

Benamunna orpuraresnsaoit Eu-anomannu njis nupkona u3 JefKOIPAHUTOB KOMILIEKCA
Jlarman (Eu/Eu™ cocrasnsier B cpeaem 0,09) B IeJIOM CONOCTaBEMA CO 3HAMEHIEM aHOMAJTIN
TSI IUPKOHA U3 IPYTruX 00beKToB (puc. 4r). CpaBHUBaeMBIi [IUPKOH 06pa3yeT eINHbIi TPEeH/ I
C yBeJIMYEHUEM aMILIUTY/IbI OTPHUIaTe bHOl Eu-anoMmannu mo mMepe ppakiinOHUPOBAHUS
paciiaBa, 9TO TAKXKe OTPaXKaeTcs Ha yBeJandeHuu copeprxkanust Hf.

Benmauna nonoxurenbuoit Ce-aHOMAJIHH, € OJIHOM CTOPOHBI, SIBJISIETCST MHIUKATOP-
HBIM TIPU3HAKOM TIHPKOHA MarMaTHYecKOTO Mpoucxozxkienns (mpu srom orHomtenne Ce/Ce™,
Kak TpaBuio, npesbimaer 10 u comepxxanme Ce momoxkurensao Koppemupyet ¢ Ce/Ce™),
¢ apyroit croponsl, ymenbinenne ornomenus Ce/Ce™, BILIOTH 70 nCUe3HOBEHUST aHOMAJIHH,
XapakTepHO Jisl IUPKOHA T.H. MHIPOTepMasbHO-MeTacomaTnaeckoro tuna [Hoskin, 2005].
B mocierenm cirydae oTimYuTEIbHON OCODEHHOCTHIO TUPKOHA SBJISAETCS MOBBIMIEHHOE COJEP-
skanwme jerkux REE, npusrecennbix dbunongamMu u/mim rupoTepMaJbHbLIMU PACTBOPAMH,
IIPU 9TOM HaOJIoMaeTcs peryupoBanne monoxureabHol Ce-anomasmu. Takoe n3MeHenne
COCTaBa IUPKOHA BO3MO2KHO KAaK IIPH METACOMATUYIECKUX IPOIECCAX, TAK M HA IIO3[IHEMArMa-
THYECKUX ITAIMAX, KOTIA MAIMATHIECKUI IIMPKOH B3aNMOIEHCTBYET ¢ (DIIIOMIOHACKHIEHHBIM
ocTaToYHBIM paciiiaBoM. Ha guarpamme coornotnenust cojepxkannst Ce u ammumryasr Ce-
anomasmu (orromerne Ce/Ce™ | prc. 4;1) mupkon us JeitkorpannTos 6atosnnta [anraese
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JEMOHCTPUPYET BBICOKHE 3HAYEHHUS BEJIMYMHBI aHOMAJINHU, XapaKTEePHbIE JIJI MarMaTHde-
CKOT'O IIMPKOHA, He 3aBucsiue oT ypoBus cojepkanus Ce. Llupkon u3 peakoMeTayIbHbIX
rpaHuToB 3abaiiKajibsl OTJIMIaeTCsl TIOBBIIIEHHBIM cojepkanneM Ce U HU3KON BeTMIMHON
Ce/Ce™, uro xapakTepHO Jyisl MIPKOHA THIPOTEPMAIBHO-METACOMATHIECKOTro THITa. L[upKoH
u3 npoOsl 19 JeffkorpannToB KOMILIekca JlarMaH u TypMaJIHH-MyCKOBATOBLIX I'DAHUTOB II0s-
ca Kosmozepo-Bopombst 06pa3yior equHbIil TPeH I, YKA3bIBAIONINI Ha OTCYTCTBUE aHOMAJIAN
npu Jirobom ypoeHe cofepxkanusi Ce. Eciin jiyist TMpKOHA U3 IPpaHUTOB Iosica Komozepo-
Bopombst Takoe cooTHOIEHNE BO3MOYXKHO OODBSCHUTH BIUSHUEM (DITIOMIA, TPUBHOCSIIETO
aerkue REE, To cocras niupkona u3 jiefikorpanuros Komiuiekca Jlarman (npoba 19) ssisercs
HeTummaHbIM. 1lupkon u3 mpobsr 18 mveer mnoit xapakTep coornomernsa Ce n Ce/Ce™® —
pU HU3KOM ypoBHe cojepxkanust Ce anomasus orcyrcrByer (Kak u B upobe 19), npu 6osee
BBICOKOM cojiepxkannu Ce BeTMYIMHA aHOMAJIMH PACTET, KAK U B IUPKOHE U3 JIEHKOIPAHUTOB
barosnra [anrmese. ToabKo MUPKOH U3 JIEHKOTPAHUTOB KOMILIEKCA JlarMaH JeMOHCTpUpY-
€T OTCYTCTBHE MOJIOKUTEIbHOI Ce-aHOMaJMu IpU OTHOCUTEILHO HU3KOM cojiepkannu Ce
(B cpemmeM 5 MKr/T).

Kax npennosaranocs patee (0630p B [Loader et al., 2022]), BeandnHa MOJIOKATENTHEHON
Ce-aHoMaJ nu JIJIsi MAIMATHIECKOI'O IMPKOHA 3aBUCUT IIPEXKJI€ BCENO OT CTEIIEHU OKWCJICHUSI
MaTEPUHCKOIO PACILIABA, U3 KOTOPOI'0 KPUCTAJIN3YETCs IIUPKOH — IpH 00Jiee OKUCITE b~
HBIX obcTamoBKax yBemmamaerca orromernne Cett /Ce3T | aro obmeraaer pxoxmenme Ced™
C MEHBIIIIM HOHHBIM PaJiycoM, 1o cpasrennio ¢ Ce3T | B crpykrypy mupkona. O1HaKO He1aB-
HUE UCCJIeIOBAHMS TTOKA3aJd, 9T0 Ha Besuduny Ce-aHOMAaJIMU B IIUPKOHE MOXKET OKA3bIBATH
BJIUSTHAE COBMECTHAsI KPUCTAJIM3AIUS C TUTAHUTOM (B MeHbIIel crerenu, ¢ aMdubosoMm
U AIIATUTOM), [IPU ITOM CTEIEeHb OKUCJIEHUS MArMaTUIeCKOTO PACILIABA MOXKET U He U3-
mensThes [Loader et al., 2022]. TuraHuT, yCTAHOBJIEHHBIH TeTPOrpadUIECKUM CIIOCOGOM
B 00enx mpobax JIEHKOIPAHUTOB KOMILIEKCa JlarMaH, sBJIseTcss MUHEPAIOM-KOHIIEHTPATOPOM
He TobKO Jierkux REE, HO Takke coJiepKUT cyliecTBeHHOE KOIm4decTBO Tskeabix REE.
DTO coryacyercsi ¢ TeM, ITO KpaeBble 30HBI IUPKOHA U3 JIEMKOrPAHUTOB KOMILIeKca Jlar-
MaH obexnenbl He ToabKO Jerkumu REE, o Bcem cuekrpom REE (puc. 4r, e). ITostomy
npuunHy orcyTcTBusi Ce-aHOMAIMY B IIUPKOHE CJIEIYET CBSI3BIBATH C COBMECTHOM KPUCTAJI-
JIN3alyeil ¢ TATAHUTOM, & He C BO3JeiicTBueM (DJIIOUIOB Ha IO3HEMArMaTUIeCKON craauy,
IIPU KOTOPOM AHOMAJIUs TOYKE MCUE3AET, HO PE3KO YBEJUYNBAETCS YPOBEHDb COJEPIKAHUSA
serkux REE mpu BblmoslayKuBaHuM UX CreKTpa. AmaTuTt, KOTOPBI TakyKe ObLT OTMEYeH
B JIefIKOrpaHUTax KOMILIeKca Jlarman, eciu u Bjusil Ha dppaknuonuposanue Ce, To MeHee
3HAYUTEJIHHO, YeM TUTAHUT, IIOCKOJIBKY B DPsjie 3epeH cozepxkanue docdopa He MEHSIeTCs
K Kpalo, a B HEKOTOPBIX CJIydasX Jaxe yBeaudusaercd (Touku 9 u 10).

JlOmOJTHUTETEHBIM apryMEHTOM B [I0JIB3Y TOTO, UTO IIPU IBOJIIOIUN IPAHUTHOIO PaCILia-
Ba BPs/JI JIU IIPOUCXO/IMJIA CMEHA YCJIOBHUI KPUCTAJIN3AINK Ha 00Jiee BOCCTAHOBUTEJbHbIE
(B pe3yJIbraTe 4ero ToxKe MOXKET YMEHbIIATHCH MoJI0KuTesibHasd Ce-aHOMAaJIUs B IUPKOHE) Bbl-
cTynaer ToT (hakT, YTO B KPAEBOIl 30HE IUPKOHA, aMILIUTY/a OTpulaTebHoi Ku-anomam,
10 CPABHEHUIO C IIEHTPAJIbHON YacThi0, JIM0O He U3MEHSIETCsI, JIM0O YMEHbBINAETCsI, ITO, HAITPO-
TUB, TOBOPHUT O TOCTOSIHHON MJIM BO3PACTAIONIEH (DYTUTUBHOCTU KUCIOPOIa, HEOOXOIMMO
JUIST OKUCJIEHU ST Eu?t 0 EudT.

HauGosiee 9acTo uCHoIb3yeMoii i OLEHKN MeHeTHYECKOro THIIA [UPKOHA (MarMaTuyie-
CKUIl WM TUAPOTEPMAIBLHO-METACOMATHYECKUIT), a TaKXKe OLEHKHU HBOJIIOLUY €ro COCTABA,
SIBJIAETCS JIMCKPUMUHAIIMOHHAS JUArPAMMA 110 COOTHOIIEHUIO conepxkanust La u Smy /Lay
ornomenus (coornomenue yposus jerkux REE na npumepe La u crenenu ux dppakimo-
HUPOBaHUs ), npeyiokernast [Hoskin, 2005] u 1103/1Hee TOMOSHEHHAS TTOJIEM <IIOPUCTOTO»
nupkoHa (ucubiTaBinero JIIONIHOE BO3/elicTBre, HO PA3IMIHOro 1o reuesucy). Ha mnos-
HUX CTaJusiX (PPaKIMOHUPOBAHUS TPAHUTHOTO PACILIABA (PUTYPATUBHBIE TOYKU IIUPKOHA
MOTYT 00Pa30BBIBATH TPEH]I, HAIIPABJIEHHBIH U3 MAarMaTUYECKOrO I0JIsI B THIPOTEPMAJILHOE
[Cxybaos u dp., 2024].

Ha nammoit muarpamme UpKOH u3 JeiffkorpaHuToB baTosura ['aHrae3e, MMerommii Mu-
HUMAaJIbHOE cojiep:kanne La m MakcuMaJibHYIO cTerneHb nuddepennuanuu jgerknx REE,
IPEUMYIIECTBEHHO [ONAAeT B BEPXHIOI YaCTh IOJIS MAarMaTUIeCKOro MUpKoHa (puc. 5).
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ITupkoH U3 TypMaJINH-MYCKOBUTOBBIX I'DAHUTOB mosica Kommozepo-Bopoubs 1 peskome-
TAJIbHBIX TPAHATOB 3abailKasIbsi HAXOAUTCS B ODJIACTH IIOPUCTOTO» U THAPOTEPMAIHHOTO
UPKOHA OJIarofapsi BELICOKOMY ypoBHIO comepkanus REE u mosioromy xapakrepy ux crek-
TpoB. [lupKoH U3 JEHKOrpaHUTOB KOMILIEKCa JlarMaH HaXOJUTCS B HUXKHEH YACTU TOJIS
MarMaTUIecKoro MUPKOHA U JIaXKe BBIXOJUT 3a €ro TpaHullbl. [IpuMedaresibHO, 9T0 TOYKH
JJIsT KaYKII0M TTPOOBI JIEKOIPAaHUTOB 00pAa3yIOT WHINBUAYAJbHBIE TPEHJIbI, HAIPABIEHHOCTH
KOTOPBIX HE COIJIACYETCsl C ODINeli TeHJIeHIrell N3MEeHEeHNsI COCTaBa IIMPKOHA B IIPOIECce
dpakiponupoBanus paciuiasa (10 JUaroHa u rpaduKa 13 MarMaTHIecKoro moJs B IHl-
porepmasibaoe). OcobeHHO OTInYaeTcs IUPKOH U3 IPoObL 19 — yMeHbIeHne CoIeprKaHus
La npuBoauT K BbIojiazkuBaHuio criekrpa jerkunx REE. Takasi 3aKOHOMEPHOCTD sIBJISIETCST
KpaifHe HETUIMIHON JijIsi MATMATHIECKOTO IIUPKOHA, ITO TIOJITBEPXK/IAET IIPAKTUIECKH «IIep-
MEHNKYJISPHOE» K IUPKOHY U3 KOMILIEKCa JlarMaH moJI0yKeHne TPEH/ 1A yMEHbBIIIEHUS CTEIeHN
dpaknuonnposanus jgerkux REE ¢ pocrom ux comepkanust j1jisi IIPKOHA U3 JIEHKOIPDAHUTOB
OarosnuTa Lanrmnese.
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A LIMPKOH

100

10

Sm,/La,
Y

—
»/
\\<
y
|
®

- N
«MOPUCTBINY N
UMPKOH

0 1 i o aaaul M aaaal L I

0,001 0,1 10 1000
La, mkr/r

Puc. 5. Inuckpummnanmonnas auarpamma a — Smy /Lan s onpenesnenns renesuca nupkona. [Lomst
cocraBoB npusenersl 10 [Hoskin, 2005] ¢ mononHeHusMEA. YCIOBHBIE 0OO3HAYEHNS COOTBETCTBYIOT

puc. 4.

3akiroueHue

B pesysbraTe mpoBeieHHOTO UCCIIeI0OBAHNS YCTAHOBJIEHO, YTO IUPKOH U3 JIEHKOIDAHUTOB
KOMILIEKca JlarMaH, paciosIoXKeHHOro B erMmaTruToHocHoil nuposuniun Hypucran (Adra-
HUCTaH), XapaKTepu3yeTcs NOBbIIeHHbIM cofepkanneM Hf (10 34500 MKr/r), umeromum
TEHJICHINIO yBeJnIuBaThcs K Kpato 3eper. C pocrom Hf koppesupyercst poct conepzkamus Li.
Kpome Toro, B 1iupkoHe ¢ yBesmuenueM cojep:kanus Hf K KpaeBoit 30He pacTer comep:kaHue
Ca (upumepno B 3 pasza) u U (B 4-5 paz, g0 13850 mkr/r). Conepxanue Th, nanporus, ume-
€T TEHJIEHINIO K CHUZKEHHUIO B KpaeBbix 30Hax. Th/U orHomenue B neioM HU3K0e (B CpeHeM
0,05). Coneprkatrne Ti BapbupyeT HE3HAUUTEIBHO U OTBEIAET TEMIIEPATYPE KPUCTATLI3AIIN
nupkora okoJio 700 °C. Cogepxkanne P koppenupyer ¢ comepxkanneMm Y u Tszkesabix REE,
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JINAIIa30H ero Cojep:KaHus yKJaapiBaeTcs B unrepsas ot 250 10 4300 Mxr/r. Heobbraubim
saBigercsd xapakrep pacupeesenns REE (puc. 2). B 6osbmmncrse 3epen u3 npobor 18
nojtoxkuTeTbHast Ce-aHOMAJIMS OTCYTCTBYET, YTO HETUIIMYIHO JJIsI MAIrMATHIEeCKOTO IIUPKOHA.
Tak>ke n3MeHeH xapakTep CIIEKTpa JJIsT KPAaeBOl YacTh, MO CPABHEHUIO C IEHTPAJILHON, —
ucuesaer nojoxurenbuas Ce-anomadsus, crekTp B obsactu jerkux REE cranoBurcst cy6-
ropuzoHTabHBIM. B m1pobe 19 Ce-aHoMa/Ms OTCYTCTBYET BO BCEX MPOAHATM3UPOBAHHBIX
TOYKAX IMUPKOHA. B deThIpex 3epHax KpaeBble 30HbI OTIUYIAIOTCS MOHUKEHHBIM COJCPKAHU-
em Beero crekrpa REE (nerkue REE — 6ostee uem nHa nopsiiok, Tsxensie REE — B pasbr)
U «IUIOCKUM» XapaKTepoM pacupejesenus B objactu Jjerkux REE. Smy/Lay orHome-
Hue npu 3toM yMenbimaerca ot 30-60 mo 3—7. Ilpuunnoit Takoro pacupeneneaus REE
u orcyrcTBusi Ce-aHOMAJIMY BBICTYIIAET, BEPOSITHO, COBMECTHAST KPUCTAJIITH3AIS ITHPKOHA,
¢ TutanuToM, KournenrpupyomuMm REE u Bausromum va dpaknmornuposanue jgerknx REE.
DakTOp M3MEHEHUs CTEIEHN OKWCJICHUS IPAHUTHOTO PACIIABa, ONEHUTDH CJIOXKHO, BO3MOXKHO,
OH He IIPOSIBUJICS.

CpaBHeHIE PEJIKOJIEMEHTHOTO COCTABA IUPKOHA U3 JICHKOTPAHUTOB KOMILIeKca Jlar-
MaH C [UPKOHOM W3 JPYTUX JIEHKOTPAHUTOB, B TOM YHUCJI€, CIUTAIONIUXCST MATEPUHCKIMUI
st poayKTuBHbIX LCT-1merMaTnToB, OKa3a/10 BBICOKYIO CTEleHb (DPAKIIHOHUPOBAHUS
JIEMKOTPAHUTOB KOMILIEKCA JlarMaH, IIPOSIBJIEHHYIO B BBICOKOM COEPXKAHUU DA PEIKUX
astementos (Hf, U u apyrux). IlosroMy BbICKa3aHHOE paHee IPEIIIOI0KEHHE O TeHETUIECKOH
CBsI3M JIEMKOIPAHUTOB KOMILJIEKCA JlarMaH M KPYIHBIMU [TErMATUTOBBIMU MECTOPOKIEHUSIMU
JINTUS, IIUPOKO IIPEICTABJIEHHBIMU B IpoBuHIME Hypucran, B ceBepo-BOCTOYHON HYacTu
Adranucrana, moaTBEpKIA€TCA HOBBIMU JIAHHBIMU 110 TEOXUMUN TIUPKOHA.

BaaromapHoctn.  Asropst 6aarogapst O. JI. Tanankuny (UT'TI PAH), C. I'. Cumakuna
u E. B. IToranosa (1@ ®TUAH) 3a moMommp B aHAJIATHIECKAX MCCIIETOBAHUSIX [UPKOHA.
Pa6ora BbinosiHeHa B paMKax TeMbl rocyiapersennoro 3aganung UTTI PAH (FMUW-2022-
0005).
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GEOCHEMISTRY OF ZIRCON FROM PEGMATITE-BEARING
LEUCOGRANITES OF THE LAGHMAN COMPLEX, NURISTAN PROVINCE,
AFGHANISTAN
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For the first time, a study was carried out on the geochemistry of zircon (SIMS method, 2 samples,
20 points) from leucogranites of the Laghman complex, located in the pegmatite-bearing (LCT-type)
province of Nuristan (Afghanistan). Zircon is characterized by a high Hf content (up to 34500 ppm),
which tends to increase towards the edges of the grains. An increase in the content of Li, Ca, and
U is correlated with an increase in Hf. The content of Ti varies slightly and corresponds to the
crystallization temperature of zircon about 700 °C. The pattern of REE distribution is unusual. In
most grains there is no positive Ce-anomaly, which is not typical for igneous zircon. For a number
of grains, the marginal zones are distinguished by a reduced content of REE and a flat distribution
pattern of light REE. The reason for this distribution of REE and the absence of Ce-anomaly is
probably the joint crystallization of zircon with titanite, which concentrates REE and affects the
fractionation of light REE. A comparison of the studied zircon with zircon from other leucogranites,
including those considered as parental for LCT pegmatites, showed a high degree of fractionation
of the melt of leucogranites of the Laghman complex, manifested in a high content of a number of
trace elements (Hf, U and others). Therefore, the previously stated assumption about the genetic
connection of leucogranites of the Laghman complex and large pegmatite lithium deposits, widely
represented in the Nuristan province, in northeastern Afghanistan, is confirmed by new data on

zircon geochemistry.
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* Konrakr: Hukura Cepreesnu Kpukyn, nskrikun@gmail.com

CraTbsi NOCBSIEHA U3YYEHUIO JU3bIOHKTUBHBIX CTPYKTYD ocTpoBa KyHamup, B 4aCTHOCTH, UX KJIac-
cudukannu, MopdoJIOrny, KHHEMATHKY, BDEMEHN U IPUINHAM (POPMUPOBAHIS, YTO HMEET KJII0YEeBOe
3HAYEHUE [IJIsl TIOHUMAHWUs TEKTOHUYECKOI BOJIIONMH JAHHOTO paiiona. OTMedeHa MarMOIOaBOIs-
masi PoJIb PA3JIOMOB, YTO CIIOCOOCTBYET PACIIUPEHHIO 3HAHUM O PACHPE/ICICHUN BYJIKAHUIECKIX
u wiyronndeckux dpopmanmii Bosbimoit Kypuibekoit rpsaapt. Ouenena pyI0KOHTPOJUPYIONIAs POJIb
Pa3pBIBHBIX HAPYIIEHU, 9TO MOYKET CIIOCOOCTBOBATH OTKPBHITUIO HOBBIX MECTOPOXKIEHUN MOJIE3HBIX
nckonaeMbix. Kpome T0ro, ndydenne pa3ioMOB BaXKHO JJIs IOBBINIEHUST TOYHOCTH TPOTHO3UPOBAHUS
3emiieTpsiceHnit. MeTomoorust ncciieIoBaHnsi BKIIOYAET MHTEIPUPOBAHHBIN TOIXO, COUIETAIONTUN
TPAIUIINOHHBIE TEOJIOTUIECKIE HAOTIOICHIS M COBDEMEHHBIE UCTAHIIMOHHBIE METObI MCCJIEIOBAHNSI,
9TO MO3BOJISIET JETAIN3UPOBATh KAPTY Pa3pBIBHBIX HapyreHuit ocrpoBa Kyuammp. PesynpraTsr
paboOTHI TOATBEPXKIAIOT HAJUYINE TPEX CUCTEM JU3bIOHKTUBHBIX CTPYKTYP PA3HOTO MOPSIIKA, OT-
JIMIAIONUXCS TIyOWHOM 3a/I03KEHUsI, MTPOTIXKEHHOCTBIO, KHHEMATUKOM, BPEMEHEM U TPUIMHAMUA
dopmuposanus. VccmemoBanne BHOCUT BKJIa I, B IOHUMAHUE CJIOXKHOTO N€OJIOTHIECKOTO CTPOEHUST
octpoBa KyHarmmp u Bceit OCTPOBHOM JyTI' U IPEIOCTABIISET OCHOBY JIJIsl JAJIbHEHIINX U3bICKAHMI

B 9TOH obJiacTu.

Ktouessie cioBa: Kypuibckast ocrpoBHas jayra, Kyramup, JuHeaMeHTHBI aHAIN3, JaHHBIE JTH-

CTAHIIMOHHOTO 30HIMPOBaHUsST 3eMJin, COPOCHI, CABUTH, 33/ IyTOBbIi Oacceitn, Kypuibckass KOTIOBHHA.

Huruposanme: Kpuxyn, H. C., . A. A6upaxmanos, u 1. B. Tajosuna Uzyuenwue
Iu3bIOHKTUBHOHN cetn 0. Kynamup (Kypusibckue ocTpoBa) ¢ HEJbI0 PEKOHCTPYKIUE 0COGEHHOCTEH
ero TekToHH4YecKoro passurus // Russian Journal of Earth Sciences. — 2024. — T. 24. — ES2012. —
DOLI: 10.2205/2024es000915 — EDN: QLROTE

BBenenne

IIpeacrasienus: 0 AU3BIOHKTUBHBIX cTPyKTypax Kypuibckoit ocrposroit ayru (KOZ)
HEIPEPBIBHO U3MEHSIOTCsI B TeUEHUe Mocaeqaux cemuecatu Jjer [Kopoaesa u Cmupros,
1971; Cepzees, 1976; Cmpeavyos, 1976]. IIpobremarnka, BKIIOYAOMAS KIACCUDUKAIIUIO,
MOpdoJIOruio, reorpaduiecKoe MoJIoKeHne, KHHEMATHUKY, & TaKKe BPEMEHHbIE PAMKU 3a-
JIOXKEHUS PAa3PBIBHBIX HAPYIIEHUN, TPOIOJIZKAET BBI3bIBATH aKTUBHBIE OOCYZKICHUS CPEIN
crrenrasinctToB. OJIHAKO, IOHUMAHME TUX ACIIEKTOB sIBJISIETCS] KPUTHUIECKU BAYKHBIM JIJIsT
U3ydIeHNs] TEKTOHUYECKOl 9BOJIIOINN JaHHOTrO paifiona. VcciemoBanie MarMonoiBo et
poJii pa3joMOB Ha Teppuropun 0. KyHaImmp mo3BoJiseT paclupuTh 3HAHUS O PACIIPeIe-
JICHUW BYJIKAHWYECKUX U IjryToHudeckux dopmanuit Bosbmoit Kypuibekoit rpsapt (BKT)
B II€JIOM C MOMEHTa UX o0pa3oBaHus. B j0N0ojIHEHNEe, U3yYeHnue PYIOKOHTPOJIUPYIOIIEi
PO/ Pa3PBIBHBIX HAPYIIEHUII OTKPBHIBAET HEPCIEKTUBDI JJIsi OOHAPYKEHI MECTOPOXKICHUIA
PA3IMYHBIX NOJIE3HBIX UCKOmaeMbix [Beygi et al., 2023] Ha ocTpoBax U B CONPEIEIHHON
aksaropun [Kaaunun u dp., 2023; Bolshakova and Fedorova, 2021]. Bosiee Toro, 3nanust
0 MEXaHU3MaX TEKTOHHYECKUX IIOIBUKEK U CTPYKTYPE PA3JIOMOB MOTYT IIOBBICUTH TOYHOCTD
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VI3VYEHUE AU3BIOHKTUBHON CETH 0. KyvHAmNP (KYPUIBCKUE OCTPOBA). . . KpukyH n gp.

[IPOT'HO3a, 3eMJIETPSICEHUIT U I[yHAMH, ITO KPUTUYIECKH BAYKHO JIJIsT HE30IIACHOCTH HACEJICHUST
7 uHOPACTPYKTYPHI TEPPUTOPUH.

Kypuno-Kamaarckast ocTpOBO/Iy)KHasT CHCTEMA SIBJISIETCS €IMHCTBEHHON aKTUBHON Ha
teppuropuu P®. B ee coBpeMeHHOIT CTPYKType BBIJIEJIEHO TPU CEIMEHTa ¢ PA3HON MCTOpHeit
TEKTOHUYIECKOTO PA3BUTHUSI U PA3HBIM Te0IHHAMUIECKUM pekuMoM: Bocrouno-Kamuarckuit,
FOxu0-Kamuarckuit u Kypuibckuii [Aedetixo u dp., 2001; Avdeiko et al., 2006]. B npese-
sax Kypusbckoro cermenta (Kypuiabckoit OCTPOBHON JIyT'H) BBIAEISAOTCS ByJIKAHATIECKAS
(BHYTpeHHsIs1) U HEBYJIKaHMYIecKasi (BHEIHsIs) JIyTH, IpeJIcTaBIeHHble Bombmoit Kyprbekoit
rpsanoit u Masioit Kypunbckoii rpsifioif, TpomoKeHueM KOTOPOi SIBJISIeTCs IOIBOIHBIN Xpeber
Bursizst. Ocrpos Kynamup pacronoxker Ha 10xkH0# okoreunoctn BKT (puc. 1). Ilomam
OCTPOBa U pa3BUTAasl, 10 CPABHEHUIO C JIPYTUMHU OCTPOBAMU, HH(MPACTPYKTYPA JIEJIAIOT €ro
TAJIOHHBIM 00beKTOM i m3ydenus reosiorun BKI, chopmuposasimeiics B pesyiabrare
cybaykun Tuxookeanckoii mumTsl 1o, Oxoromopekyto [Piip and Rodnikov, 2004; Schellart
et al., 2003]. BMecre ¢ 9TUM yIaJEeHHOCTh U TPYAHOAOCTYIHOCTh TEPPUTOPUU B COBOKYTI-
HOCTH € IJIOXON OOHAXKEHHOCTHIO U MPOXOIUMOCTBIO JIEJTAIOT YPE3BBIYAHO AKTYATbHBIM
[IPUBJIEYEHNE JAHHBIX JUCTAHIHOHHOrO 30Huposanus (JI/13) st usydenus: ocobeHHOCTEH
€e Te0JIOTUIECKOr0 CTPOEHHsI, & TaKXKe IPOBE/IEHNE TIOJIEBBIX MAPIIPYTOB ¢ UCIOIH30BAHIEM
IJIABATEJIBHBIX CPEJICTB U OECHUJIOTHBIX JIETATETHLHBIX AlaPATOB.

Puc. 1. PernonanbHoe mosioxkeHne reppuropun uccieposanust [https://www.gmrt.org/].

CrpyKTypHO-reosormieckne ocodeHHocTu crpoerns o. Kynammp

Teomoruueckuii paspes o. Kynammp, kak u seeit BKT B iestom [Pidp and Rodnikov, 2004],
CJIOXKEH CTPATU(MDUIMPOBAHHBIMY BYJTKAHUIECKIMHU, BYJTKAHONE€HHO-ODJOMOYHBIMU, PEXKE 0Ca-
JIOYHBIMU [TOPOJIAMU HEOT€H-YETBEPTUIHOIO BO3PACTA, KOTOPHIE IIPOPBAHBI KOMATMATHUIHBIMEI
uM CyOBYJIKAHUIECKUMH, PerKe HHTPY3UBHBIMU U SKCTPY3UBHBIMU oOpasoBanusmu |Krikun
et al., 2024] (puc. 2).

CoBpeMeHHBIE TPECTABICHNS O JU3IBIOHKTUBHON CETH OCTPOBHOI CyTIIN U COMTPEIETbHOM
aKBaTOPUU IIPUBEJIEHBI BO BTOPOM M3JaHuU [ 0CyIapCTBEHHON e IOrnYecKoil KapThl 110
aucram L-55 ¢ xnananom (K-55-IT) macmrra6a 1:200 000 [Iocydapemeennasn eeorozuqeckas
xkapma P®, 2002|. Asropamu Bbiiessiorcs 3anagubii 1 BocToubiit ¢c6poCchl — ryIaBHbBIE
[IPOJTIOJIbHBIE PA3JIOMbI, pa3rpaHnduBaoye ocHoBHble djteMerThl KO/l — Bosbiekypusbckoe
nojasATHe 0T Kypmibckoit koroBunbl u Cpeauano-Kypuiibckoro nmporuta cooTBeTCTBEHHO.
JlanHble pa3pbIBHbIE HAPYIIEHUST TPOSBICHBI KAK CHCTEMBI KPYTOMAJIAIONINX COMIKEHHBIX
IapaJjuIesIbHBIX ¢OpOCOB, cOPOCO-CIBUIOB, NMEKIIUX ceBepo-3anaaaoe (3amaaubiii c6poc)
u roro-poctounoe (Boctounslit c6poc) naseHusl.

B npenenax BosbiekypriibCKOro NOAHATHS BbIsIBJIEHA CJIOXKHAS OJIOKOBasi CTPYKTYPa:
MoTHSATHIE 0JI0KU (DOPMUPYIOT OCTPOBA U MOJIYyOCTPOBa, Hampumep, Utypynckunit u Kynammp-
CKUii, TOrjIa KaK OIyIleHHble OJIOKH, Takne Kak Kkarepussl 1 Hemypo, 00pa3yroT MpOJIUBEI.
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OTH CTPYKTYPBI, 0 MHEHUIO aBTOPOB, BO3HUKIINE U3-38 JIEBOCTOPOHHUX CJBUTOB, PACIIO-
JIOXKEHBI KYJIUCOOOPA3HO BIOJIb I02KHOM IPDAHUIIBI TIOIHATHUSI, YKA3bIBas HA JUHAMUIECKOE
dopmupoBanue OCTpOBHOU Jyru. I[loMuMoO 5TOro, Ha OCTpOBax BBIJIEJEHBI PA3IBUTOBHIE
peruoHaJibHble HapYIIIeHUd, CBA3aHHbIEe C BYJIKAHUYICCKUMU CTPYKTYpaMH, KOTOPbI€ Hau-
boJiee OTIETINBO JemuPUPYIOTCS Ha MaTepragax adpodoTOCHEMKH MEMOYKOil KpaTepoB
¥ 3KCTPY3Uil IPEUMYIIECTBEHHO CEBEPO-BOCTOYHOIO HarpasieHus. OTMEYaloTcs: MeJKne
TPEIUHBI, Yepe3 KOTOPhIE IIPOUCXOINIIO BHEIPEHNE TaeK, UMEIOIINX Pa3InYHOe IIPOCTHPAHIE
[[ocydapemeennan 2eonveuneckas xapma P®, 2002].

B zamucke x I'T'K-200/2 aBTopbl oTMeYaioT, 4TO MHOTUE PA3JIOMbl ObLIM 3aJ107Ke-
HBI B [T03/THEMEJIOBOE-TIAJIEOT€HOBOE BPEMSI, UTO OIPEJIEIUII0 CTPYKTYPHBIH IIJ1aH Oy ryIieit
OCTPOBHOI cucTeMbl. B 11epBoil 110JIOBUHE I1ajileoreHa IPeIoIaraeTcsa «MHTEeHCUPUKAIINAS
TEeKTOHUYIECKON aKTUBHOCTU», MPUBEIINAasd K (DOPMUPOBAHUIO MHOTOYNMC/IEHHBIX HapyIIe-
HUIT, TOBTOPSOIINX OOIINI CTPYKTYPHBIH 1j1aH Teppuropun. CpeHnii U MO3IHUN MUOIEH
OTMeYeHbI 3aJIOKEHHEM KJIIOYEBBIX CTPYKTYpP, Taknx Kak Kypuio-Kamuarckwmit xeso0,
Cpemnnno-Kypunsckuit mporu6, Kypuibckas KoTioBuHa U BoJbIeKy pruiIbCcKoe TOIHATHE,
BO3HUKIIIEE B Pe3yJIbTaTe aKTUBHOU BYJKAHUYECKOU JIEATEJLHOCTH, KOTOPas He MpeKpa-
maeTcs JionbrHe. [Ipesnoaraerces, ITO MHOTHE PA3JIOMbl YTPATHUIN CBOIO AKTHBHOCTb BO
BTOpOI#i mosioBuHe Heorena. OTHAKO MOMEHTHI BO30OHOBJICHUSI IBUZKEHUH ¥ MMOSIBJIEHUST HOBBIX
HAPYIIEHU! B Y€TBEPTUIHOM MEPUOJE (PUKCUPYIOTCH COBPEMEHHBIMU CEHCMO/INCIOKATIHSI-
MM, IPENMYIIECTBEHHO JIEBOCTOPOHHETO CGPOCOBO-CABUTOBOTO cMemieHust [[ocydapemeernas
eeonoeuneckan xapma P®, 2002].

MaTepnam,I n METOobl

Jli1si BBISIBIEHUS U KJIACCUMUKAIINN JIU3BIOHKTUBHBIX CTPYKTYD Pean30BaHA UHTe-
IPUPOBAHHAST METO/INKA, BKJ/IIOYAIONAs KaK TPA/UIMOHHBIE T'€0JIOTnYecKre HabJIIo/IeHusI,
TaK U COBPEMEHHDIE JINCTAHIMOHHBIE METO/IbI UCCJIEIOBAHNS, B TOM YHCJIE aHAJIN3 JAHHBIX
MYJIBTACHEKTPAIbHBIX CHUMKOB U P&/INOJIOKAIIMOHHOTO 30HIMPOBAHNS, KAPT HOTEHIIHAIbHBIX
moJsieii, ceficMosiornaeckux maHHbX u Ap. Vcnosp3zosanue /13 xopormo 3apeKoMeH10BajIo
cebst B KaUecTBe OCHOBHOIO MHCTPYMEHTA JJIs UIeHTU(DUKAIMI TPEITUHOBATHIX YIaCTKOB
3eMHO}i KODBI, HE TOJBKO B PA3JIMIHBIX TEKTOHUIECKU aKTUBHBIX pernoHax [Azees u Ezopos,
2017; Kaaurur u dp., 2022], vo u menocpenacrsenno B upegenax bKI [Xy6aesa u dp., 2020].
JInHeaMeHTHBIN aHaJIN3 OCYIIECTBIISIETCSI B IIOJIyaBTOMATHIECKOM DEyKUMeE JJIsT (DUIIBTPaA-
[N JIOYKHBIX CTPYKTYP U YIPOIIEHUs ONEPAIN PAHKUPOBAHUS JINHEAMEHTOB, KOTOPas
HeobXoMMa JJIsl aJIbHEero onpeieeHus Macirada pa3pblBHbIX HapymieHuil [Kpu-
kyn, 2022; Tanrosuna u dp., 2022]. Tlo pesyabraram penmdpuposanust 113 (Sentinel-1, 2)
[https://apps.sentinel-hub.com/sentinel-playground; https://earthexplorer.usgs.gov| moa-
TOTABJINBAIOTCS CXEMBbI JINHEAMEHTHBIX CeTell, IJIOTHOCTHOIO PACIIPE/IEIEHNAS JIMHEITHBIX
CTPYKTYP, hopMupyercs 6a3a JaHHBIX JTUHEAMEHTOB, (DYHKIIMOHUPYIOIIAs O CIEeINATbHO
paspaboTaHHOMY IIporpaMMHOMY Kouy [Kpukyn u dp., 2021].

Buzyaabubrit crmocod memudpupoBaHns UCIOIB30BAJICS /IS WHTEPIPETAIINN KapT aHO-
MAJIBHBIX TeO(PU3NIECKUX MOJIEH U X PA3JIMIHBIX TPaHCHOPMAIWil n ObLI OPUEHTHPOBAH HA
BBIJIEJICHUE XaPAKTEPHBIX OCOOCHHOCTEH 10J1ell (IpaiueHTHbIE 30HbI, U3MEHEHHUE [IPOCTUPAHUIN
aHomasnii u T.11.). s nnenTudukanuy paspblBHBIX HApYIIeHn# Hanbosaee nHGOPMATHB-
HBIMU HCTOYHHKAMHU B PAMKaX JAHHOW TEPPUTOPUM OKA3AJIUCH KAPTHI TOPU30HTAJIBHON
COCTABJIAIONIEHl IPaJNenTa aHOMAIBHOrO MATHUTHOrO 1o [Senchina et al., 2023] u yoxaib-
Hasl COCTABJIAIONIAs aHOMAJIBHOI'O I'PABUTAIIMOHHOIO IIOJIS.

Crey oM 3TaroM sIBJISIETCS TOJITBEPXKIEHNE TEKTOHUIECKON MPUPOJIBI KarXKJ0r0
BBISIBJICHHOT'O JInHeaMeHTa. Jljist 9Toro ero npocTpaHCTBEHHOE TIOJI0YKEHIE KOPPEJINPYyeTCst
C Pa3JINYHBIMYU WHMOPMAIIMOHHBIMU CJIOSIMU, BKJIFOUAIONIUME B Ce0si: KAPTh IOTEHINAIbHBIX
moJieit M pas3IudHbIX TPAHCHOPMAHT K HHUM; IIOCTPOEHHYIO IudPOBYIO0 MOJEIb peiibeda;
oJIeBble HABJIIOIEHNs COOCTBEHHDIE U [IPEIIIECTBEHHUKOB [lepBUYHbIE MaTepuasbl K Kosmy-
Hosuy u dp., 2002]; cyIecTByOIINe NeoJOTHIECKAe KAPThl U TEKTOHUIECKHUE CXEMbl, B TOM
YUCJIe IPUBE/IEHHbIE B (DOH/IOBBIX NCTOYHUKAX; JAHHBIE O PACIPEIEIEHNN METKOPOKYCHBIX
semsterpscenuit [https://www.bosai.go.jp/; http://neic.usgs.gov/] u ap. YIurbBaguch TOIb-
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Puc. 2. Bynkano-rekronndeckast cxema 0. Kynamup [[ocydapcmeennas 2eonoeuveckan kapma P®, 2002].
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KO 3eMJIETDSICEHUSI He BBIXOJAINE B ceficModOoKambHyo 30Hy (rmybunoit mo 100 kM) 3a
noceauane 10 jer. IlocTpoennbie hokambHbIE MEXAHU3MBI O9ArOB 3€MJIETPSICEHUI TAKXKe
HCTIOIb30BAJIUCDH JIJIsT YTOYHEHUS KUHEMATUKHN BBIIBJICHHBIX CTPYKTYD, C 9TOH Ke IEeJIbIo
6611 ncnosszosal dparment npoduist I'C3 2-1IB-M (puc. 3), mpoxosimero uepes nmpoJms
®pusa, pacroIOKEHHBII ceBepo-BocTOUYHee MexkTy octpoBamu Utypym um Ypyn. Takxke
TOPU30HTAJIBFHOE U BEPTUKAJIBLHOE CMEIIEHHE TI0 PA3JIOMaM MOYKHO OIEHUTH 1O CTPYKTYPHBIM
B3aMMOOTHOIIIEHUSM C JPYTUMU PAa3PLIBHBIMU HAPYIICHUIMU U MEXK/IY PA3JIUIHBIMU T'€0JIO-
TUYECKAMU ToApa3aeeHusMu. [Ipubin3nTebHO TPEAIONIOKATh AMILTUTY/IY BEPTUKAIBHBIX
TTO/IBUZKEK MOXKHO, OCHOBBIBASACH Ha KOPPEJIANNIO PA3PE30B IO TMONCKOBO-OIEHOYHBIM, CTPYK-
TYPHBIM ¥ TUIPOJIOTHYeCKNM ckBaxkuHaM [Krikun et al., 2024], npoBypeHHBIM B IIpeiesax
OCTPOBHOII CylIH.

Kypuiabckas ocTpoBHAag ayra
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Puc. 3. ®parment npoduns I'C3 no pesynpraram pador @I'V HIIII «CesBmopreos». Kpacubim

IIBETOM IOKAa3aHbl Pa3pbIBHbIE HAPYIIEHUs II€PBOTO MOPAIKA.

B T1abs1. 1 npemcrasiien cokparinennbiii pparMeHT COMOCTABICHUS PA3IUIHbIX HHMOP-
MaIlMOHHBIX CJIOEB. B 3aBUCHMOCTH OT MPOSIBJIEHHOCTH HA PA3JIMIHBIX WH(OOPMAIMOHHBIX
CJIOSIX sTUefiKu OKpallleHbl B pa3J/IMYHbI€ OTTEHKU 3€JIEHOI'O IIB€Ta, I'/le HauMeHee HaCbI-
MIEHHBIA OTTEHOK COOTBETCTBYET HAMMEHee 3HAIUMOMY KpuTepuio. OIpeessiontyo posb
npy uaeHTUUKAIMEA PA3PhIBHBIX HAPYIIEHUH UIPAJIH T10JIeBble HaO/IoIeHus (COOCTBEHHbIE
U IPEJIIECTBEHHUKOR ). BaxKubIM HHGOPMAIMOHHOM CJI0EM SIBJISLIUCEH IIPOjenn(PUpPOBaHHbIE
kocmuueckue cauMku (KC), KoTopble HCIoIb30BaInCh Jlsl 3aBEPKU IPEOBIaIAIoIIero Ipo-
CTHUPAHUS W OIEHKU MacITada BBIIEJEHHBIX B XOJI€ MOJIEBBIX pad0T cTpyKTyp. K coxasenuro,
IMOKPBITh T'YCTOI CETHIO T'e0JIOTMIECKUX MapIIPYyTOB TEPPUTOPUIO OCTPOBA HE IIPEICTABJIs-
eTcsi BOBMOXKHBIM. BoJiee TOro, 6OJIbIasi YacTh OCTPOBHON CyIIN XapaKTepu3yeTcsi OUeHb
IUIOXO# 0OHA2KEHHOCTBIO. [I1s1 BRIIEIeHrsT PA3PBIBHBIX HAPYIIIEHUI HA TAKOTO POIA yIACTKAX
MIPUBJIEKAJIICH KAPTHI TOTEHITUAIBHBIX Te0(pU3nIecKuX moJieil, 0COOEHHO MpU KapTUPOBAHUN
HanboJiee KPYIMHBIX CTPYKTYP, JAHHBIE O PACIPEIESICHIN 3eMIIeTPSCEHU , I poBast MOJIEh
peabeda (IIMP), cymecrsyomue reosiorndeckue 1 TeKTOHIYIECKHE cxeMbl 1 Jap. Uurerpanus
MOCTPOEHHBIX JIMHEAMEHTHBIX CXEM C IIPUBEJIEHHBIMU CJIOSIMU HH(MOPMAIIUH OCYIIECTBIISAIACH
yepe3 MHTEePAKTUBHBIN Iporecc. B Xoje sTux JeficTBuil, CBsi3aHHbIE KapTorpaduiecKue
JIaHHBIE HAKJIAJIBIBAJIICH Ha 9KPaHe MOHUTODPA B COMIOCTABUMON (hOpMe Jjist y100CTBa AHAIU-
3a. Kunemaruka Jjisi panee BBIIEIEHHBIX PA3JIOMOB OIPEIe/IsIach COTJIACHO PEe3y/IbTaTaM
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MIPEJBILYIUX PadOT U 110 B3aMMOOTHOINEHUSIM C JIPYTUMU Pa3PBIBHBIMU HapyIeHusaMu. JIs
CTPYKTYD, BBISBIIEHHBIX BIIEPBBIE, — II0 PE3YJIbTATAM COOCTBEHHBIX MOJIEBBIX HAOJIIOIEHNUIA,
rJe 970 OBLJIO0 BO3MOXKHO, JTOO IO JJAHHBIM B ITOJIEBBIX JHEBHUKAX MpeaecTBeHHUKOB. O1-
HaKO Jallle Ha OCHOBAHUU I'DAHUIl MeXK/Iy PA3JIMIHBIMU I'€0JIOTMUYEeCKUMU I10Pa3/le/IeHUSAMUI
Ha KapTaxX U [0 IOJIO?KEHHWIO B pa3pe3e MOPO/I, BCKPBITHIX B IIPOTUBOIOJIOXKHBIX OJI0KAX
Pa3pBIBHBIX HAPYIIEHUH, M OTHOCAIINAXCS K OJITHOMY T'€OJIOTMYECKOMY ITOAPa3/e/IeHHIO.

Ta6imma 1. CokpallleHHBI (DparMeHT COMMOCTABJIEHUsI PA3JIMIHBIX KOPPEJISIUOHHBIX CJIOEB JJIs

I/I,II;GHTI/I(bI/IKaLH/II/I AN3BIOHKTUBHBIX CTPYKTYD

Nudopm. cioit

Ne pazntoma 1 Henrtpamsro-Kynamupckun c6poc

(pic. 6) 8 CepnoBojickuii copoc (puc. 7-2)

IToste npeameCTBEHHUKN

T'eonnormueckue KapTel cxeMBbI

KC S1 Cnabo nposiien B FO3 wacTtu Cnabo nposiBiIeH

Ciabo mposiien B FO3 wactu
KO 52 (pne) Phiwireramcteutg

Cnabble parMeHTUPOBAHHBIE AHOMAJIIH

MaruautHO€E 11071€ Cnabast nuHefiHas aHoManus (puc. 7-2-B)

(puc. 6-B)
I'paBurarmontoe mose - -
3emiterpsiceHust = Ne 5049 6e3 Tenzopa
Hanexno npociie:kuBaeTcsi 10 JI0JIuHe
IIudposast Mogesnb penabeda [IposiBnen B CB wactu a ques e — a
I'TK-200/2 + (puc. 2)
oue Ormevaercst B pesbede B X0z

a.SpOI‘eOJ'IOI‘H‘-IeCKOfI CbEMKHN

TTopsimox 1 2
Kunemaruka C6poc C6poc, casuro-copoc (?)

FOro-zanansbrit cermeHT
[IPOCJIE’KUBAETCS CJ1ab0
(mpenmonaraercs). st
CEBEPO-BOCTOYHOIO CEIMEHTa yTOYHEHO
reorpaduyueckoe TMoJI0 XKEHU IO MOIIHBIM
30HaM OPEKYIMPOBAHUIO HA Oepery

IIo IMP yTouneHO reorpaduyeckoe
HIOJIO’KEeHUe (JI0IMHA Yepe3 BECh OCTPOB).
Bosmoxkio Hasmume onepsiomei
CTPYKTYDHI (110 MArHUTKE)
¥ TIPOJIOJIZKEHUST HA aKBATOPUIO

HonosHuTe15HO

TIpumeuanus k Tabmune: TH — Touka mabmonenus S1, S2 — kocMuyueckuit cHUMKY Muccuii Sentinel-1, 2

Pe3ynbraThl u o6Cy XK IeHMe

B pesymabrare gemudpupoBanus moArorosieHubx 1 obpaboranabix KC o. Kynarmmp
ObLIa IOCTPOEHA YIKCTEHCUBHAS CXEMa JINHEAMEHTOB (puc. 4), Ha KOTOPYIO BIHECEHBI OObEKThI
[TOJIE3HBIX UCKOIAEMBIX JIJIsl UCCJIEIOBAHUsI KOPPEJISIIIUU UX Pa3MeIleHNsl ¢ PaCIIpe/leJIeHrneM
TPEINUHOBATHIX YIaCTKOB 3eMHO#l KOPHI. JInHeaMeHTHI Ha cxeMe IMPOPaHKUPOBAHBI 110 UX
JJIMHE U KOHTPACTHOCTH IpOosiBjienusi. Ha cxeme 3aMeTHO, 9TO HAMOOJIbINAs KOHIIEHTPAINS
JITHEAMEHTOB, COOTBETCTBYIOIIAs 30HAM JIOKAJIBHOM TEKTOHUYECKON TPEITUHOBATOCTH, Xa~
paKkTepHa JJIsi COBPEMEHHBIX W IIAJI€0-BYJIKAHO-TEKTOHUIECKUX CTPYKTYP, K KOTOPBIM TaKKe
IIPUYPOYEHBI [TOJIE3HbIE UCKOIIAEMbIE TEPPUTOPHUH, B TOM YUCJIE IIYHKTHI MUHEPAIU3AIINH,
MIPOSIBJIEHUS W MECTOPOXKJIEHUST CEPBI, TEPMAJIBHBIX NCTOYHUKOB, OJIATOPOIHBIX, [TBETHBIX
¥ YEepHBIX MeTasIoB. VICKI/IoueHe COCTABIISIOT XKeIe30Py/HbIe 0ObEKThI, IIPE/ICTABICHHBIE
MJIBMEHUT-MATHETUTOBBIMU POCCHITISIMH.

JIuneameHTHBIE CXeMBI TI0 pedysbraTaM jenmdpupoBanus /I3 n uaTepnperanum Kapr
IMOTEHIUAJIBHBIX TIOJIEl SIBJISTFOTCST OCHOBHBIMU MH(MOPMAIIMOHHBIME CJIOSIMU JIJIsI JTaJIbHeii-
mero ucciieioBanus. Jlamee OCyIecTBIISIIOCh MOATBEPKIACHIE TEKTOHUIECKON MPUPOJIBI
J71s Ka)KJIOTO BBIJIEJIEHHOTO JIMHEAMEHTA, IIyTEM HHTETrPAJbHOIO aHAJIM3a 0 AJITOPUTMY,
MIPUBEJIEHHOMY B IIPEJBIAYINEM pa3jese. VITOroBbIM pe3ysibTATOM TAKOIO AHAJN3a, sIBJIs-
eTcsl CXeMa JU3bIOHKTUBHBIX CTPYKTYD ocTpoBa KyHAaImp, KoTopas IpuBeieHa Ha puc. 5
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146°20'8

PaHr nuHeameHTOB
1
—

m—3

Lkana packpacku 3HaYeHWin, KM/KM® et e
packp , ncKkonaembix

0 148 (@), TepManHbie CTOHHMKN
S‘ MpoABNEHWe cepkl

Hg MyHKTBI MUHEPaNU3ALMA
*  METANMUYECKUX NONE3IHLIX
WCKONaeMbIx

Puc. 4. Cxema pacrpejie/ieHust 30H JTOKAJbHON TEKTOHUIECKON TPEIIMHOBATOCTH BEPXHEN 9acTH
3eMHOI KOpbl 0. KyHammup ¢ o6beKTaMu pasMeIeHust IOJI€3HBIX NCKOIAeMBbIX (38 HCKIIIOUYEHNEM
CTPOUTEILHBIX MATEPUAJIOB W THTAH-MATHETUTOBBIX DPOCCHINEH), PA3MENIECHHAsT HA 9I€PHO-0EII0i

1mdpoBoit MojieHu peiibeda, MOCTPOEHHOMN 10 JJAHHBIM KOCMUYECKHMX PaJIAPHBIX CbEMOK.

B macmrabe 1:1000000. Ha cxemy Tak»ke BBIHECEHBI JIaHHBIE O XapaKTepe MeJKO(MOKYCHBIX
celicmuyeckux MmojBmKeK B nepuos ¢ 2011 1. mo 2021 r., 119 KOTOPBIX yAaJ10Ch TOCTPOUTH
doxabHble MEXAHU3MBI, IIEHTPHI COBPEMEHHOTO U MAJIEOBYJIKAHN3MA, & TaKKe O0bEeKTbI
pasmernenus noae3nbix uckonaembix (II1) st oneHKY PyIOKOHTPOJIUPYIONIEH PO BbI-
JIeJIEHHBIX Pa3pbIBHBIX HapyIIeHui. B xojie mocTpoeHnit B 3aBUCUMOCTHU OT TTPOCTUPAHUS,
BPEMEHU 3aJI0KeHUsI U MacuITada JIU3bIOHKTUBHBIX CTPYKTYD, OBLIO BBISBIIEHO 3 CUCTEMBI
Pa3pBIBHBIX HAPYIIEHUil: IEPBOro MOPSAKA ([IPEUMYIIECTBEHHO CEBEPO-BOCTOYHOIO IPOCTH-
paHusi), BTOPOro MOPsiIKa ([IPEnMYyIIeCTBEHHO CeBEPO-3alIa/IHOTO IIPOCTUPAHNS) U TPETHEro
nopsaKa (pa3sHOHAIPABJIEHHBIE PaINAJBHO-KOHIIEHTPUIECKHE).

PaspbiBHBIE HApYIIEHUS MEPBOTO MOPSAKA: SBJISIOTCA CAMBIMHU MTPOTSYKEHHBIME JUCJIO-
KanusMu Ha, Teppuropun ocrpoBa Kymammup. K mannoii rpynme ornecen IlenTpasbHo-
Kynammupcekuit pasiom B npesiesiax ocTpoBHOH cymu (puc. 6) u Samambrii (1 onepsironmit
ero Exarepununckuii) u Bocrounsiii ¢c6pocsl B akBaropuu (puc. 2).

PazioMbl IepBOro MOPsIKa NEPEKPHITH ILINOIEH-9€TBEPTUIHBIMU OTJIOYKEHUSIMHA, I10-
aroMmy cyabo dukcupyorea xa KC mo mHeHHOMY pacpeIe/IeHuo ITHEAMEHTOB BTOPOTO
u Tperbero paHros (puc. 6-A), HO ¢ Gosiblleli HAEKHOCTHIO OTMEYAIOTCS HA KAPTe MOPH-
30HTAJILHOM COCTABJIAIONIEN IPaIieHTa AHOMAJILHOIO MaruuTHoro noJg (puc. 6-B). B xone
MOJIEBBIX paboT OTMEYeHBl pa3phIBHLIC HapyIeHus, onepsromue IlenTpanbno-Kynamupekuii
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VYenosuble 0003Ha4UeHHA
Pasnomsl

Pa3nomsl TPETHETO NOPAAKA: @ - AOCTOBEPHBIE,
T, G-npeanonaracMbie
Kanbaeps
Painomel BTOPOro NOpaAKa: 4 - J0CTOBEPHBIC,
G-npeanoaaraeMele
Pasiiomel MCPBOro NOPAIAKA: 4 - A0CTOBCPHEIC,
O-npeanoaaracMeie
Bynkanuueckue annapatel: a-acicTeyowme,
G-notyxmme

(=]

oh 2 oh
n e I
5
I

MeTtananueckne noneiHble HCKONAEMbIe

a 0 B r IlyHKTH MHHCPANMIAUNM NPCHMYLICCTBCHHO!

¢ ¢ e a-cepebpa, 6-UBCTHBIX MCTANIOB, B-30/0T4,

a 0 B r r-ucpHBIX MCTANNOB

@ O @@ PyronpoasncHuA MPEHMYLLCCTBCHHO: a-cepebpa,

O-LBETHBIX METAANOB, B-10M0TA, r-PEHHA
‘ Manoe MeCcToposacHue 30107
'.’ Bi6poce /I»;:' Capuru
I ; ; ; ; ; i %
km 10 0 10 20 30 40 50 xm ('Tp}-‘rr_\,'pu OCTPOBOB BunMUCK'\'[}II!II:CI-'UI'U

noaHaTHA (GnoKH):

1 = Jlonmone kwdi 11 = Pypyiickmii 1 = pacosonckmit 1V = Tersencxmii
V- Housanoncewii V1 - Banenmmoncknii VII - thperavcmii
VI - Menseneencknil IX - osonmmuesuii

Puc. 5. Cxema JU3BbIOHKTUBHBIX CTPYKTYP OCTpoBa KyHarmup ¢ o0beKTaMu pa3MerieHus MeTaInde-
CKUX IOJIE3HBIX MCKOIMTaeMbIX. Pa3/IOMBI TIEPBOrO ¥ BTOPOTrO MOPSIIKOB U uxX HoMepa: 1 — [lenTpasbHo-
Kynammpckuit; 2 — Hazaposckuit; 3 — CesepsinkoBekuii; 4 — Mocrosckoit; 5 — Winommnckwmii;

6 — Orpagusrit; 7 — FOxuo-Kypunsckuit; 8 — CepHOBOICKMIA.

c6pOC, OIHO U3 KOTOPHIX MapKUPYETCs 110 HAJMIHUIO KPYIHBIX YCTYIOB B pejibede (BoIoIa,r
IMruanii) u dopmupyer pycio ompnonmennoii peku (puc. 6-B). Bona rinasmoro pasioma
COIIPOBOXK/IAeTCsT MOIIHBIME (IupuHOi 10 50 M) 30HaMu GpekunpoBaHust B Kiaude, BBICOTA
koroporo gocruraer 40 M (puc. 6-I"). Bepositree Beero, Lenrpanbuo-Kynamupcekuii pasiom
UMeeT MPOJOJIZKEHNE B aKBATOPUIO, OJHAKO JIJIsi DoJiee JIETaIbLHOTO aHAJIN3a, HEOOX0MMa
3aBepKa JIAHHBIX reodU3nIecKuMu u O6ypoBbiMU paforamu Ha menbde [Mingaleva et al.,
2022; Serbin and Dmitriev, 2022].

Cesepo-BocTounoe (IIPoI0JIbHOE) IPOCTUPAHKE 1 HAnboJiee paHHee, B CPABHEHUN C OCTAJIb-
HBIMU I'PYIIIAME, 3aJI02KEHNE, TI03BOJISIIOT CBS3aTh (DOPMUPOBAHEE PA3JIOMOB IIEPBOIO MOPSIJI-
Ka ¢ 3aj0KkeHneM ofmero crpykrypaoro mana KOJI u HauasoM ByJKaHU3Ma,/MATMATHA3MA,
B npejiesax Bosbrmoit Kypuiibckoii rpsizibl B KoHIe osuronena (?) — nagase muonena. [loabem
MarMaTUIecKOro PACIlIaBa M3 MAHTHITHOTO KJIMHA IPUBOIUI K 1e(pOPMUPOBAHUIO U BO3IbIMA~
HUIO TOHKOI cyOKOHTHHEHTAIBHOH [[Tasaenkosa u dp., 2018] 3eMHOl KOPBI. DTO 0ObSCHSIET
dopmuposanue 3anazuoro u Bocrounoro c6pocos (puc. 2). OMHOBPEMEHHO € 9TUM B DaH-
nem muorene (?) [Mapmomos u dp., 2015] B xome pudTorenesa IpOUCXOAMIIO 3AJI0KEHIE
TBLIOBOIY?KHOTO Gacceiina (KypuibCKoil KOTIOBUHBI), 9TO BBI3BAJIO 3aJI02KEHHE CEPUH IIPO-
JIOJIBHBIX cOpocoB, B akBaTopun OX0TCKOro Mopst B paitone nposusa Ppusa (puc. 3), Koropsie
TakyKe MOYKHO OTHECTH K mepBoMy mopaaky. OaHAaKO Ha TEKYyIIUi MOMEHT B 3a/yTOBOM
Gacceiine mpejonaraercst cxkarue [Baranov et al., 2002], 9410 1OTBEPXKIATCS AHATIN30M
doKaIBHBIX MEXaHU3MOB 04aroB MeJIKO(MOKYCHBIX 3eMileTpscenuii (puc. 5). D10 MoKeT
TOBOPHUTDH O CMEHE TEKTOHUIECKOTO PEXKUMA MMOcse (DOPMUPOBAHUS TTPOJIOIHHBIX PA3JIOMOB.
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KomMmnoneHTa IpaBoBOro CIBUTA PACCMATPUBAEMBIX CTPYKTYD IIpe/IIojaraeTcs UCXOs U3
TOT0, 9TO IPOJOJIbHAA OCh 0. ITypyl CMeleHa BIpaBo OTHOCUTEIBHO aHAJOIHMYHON och
0. Kynamup ExaTeprHuHCKAM pa3jioMoM B aKBATOPUH EKaTepUWHUHCKOTO mpoJmBa (puc. 2),
KOTODBIil orepsieT 3ama iHblii cOPOC U OTHOCUTCSI K IIEPBOMY TODSJIKY.

PazioMbl 1IepBOro HopsiKa KOHTPOINPYIOT Paclipejiesenne HHTPY3UBHBIX 00pa3oBanmii
IIPACOJIOBCKOTO KOMIIJIEKCA Ha, CEBEPO-BOCTOKE 0. KyHAImMp, MMEIomux, 10 pa3HbIM OIMEeHKAM,
osuroniel [De Grave et al., 2016] - muonenossiii [Kosmynosuy u dp., 2002] Bospact, 1ro

TaKKe yKa3bIBaeT HA BpeMs UX (DOPMHUPOBAHUS U TVIyOOKOE HIKHEKOPOBOE 3aJI0XKEHUE.

1 - npoaemmdpuposanxsii KC
2 - KapTa MOIYIA FOPHIOHTATBHOI
COCTARMAMOMIEH

rPAAMEHT MATHHTHOTO NONS

3 - ononan [lriunii B ceseproii
wacth 0. Kynawnp

|oro MMaakeuna O, ]

4 - MowHAA 30HA ApodICHH

B KBAPLCBLIX JHOPHTAX
AOKYUACBCKOND MACCHBA

[thoTo aBTOpOB]

Puc. 6. PazpoiBuble Hapylienns: nepsoro mopsiaka Ha npumepe lenrpansao-Kynammpcekoro c6po-
ca. CrpaBa BBepxy — CXeMa pa3JIOMOB IIEPBOIO W BTOPOT'O HOPSIJIKOB, Pa3MeIeHHAs Ha [[BETHOMN
IIMP, yciroBHBIE 0603HAYMEHNsT HA PUC. 5, PAMKOIl OTMEYEH yJIacTOK, H300pa’KeHHbIN Ha BPEe3Kax
1 [mo manaeiM KC Sentinel-1: https://apps.sentinel-hub.com /sentinel-playground] u 2 [Omuem o
pesyavmamax pabom no meme «Cozdarue KOMNAEKMOE 20cYdapcmEerHol 2e0402UNECKOT, KaAPMbL
macwmaba 1:1 000 000 (aemopcxud sapuarnm) aucmos L-55 — FOowcno-Kypuavck (¢ xaanarom
K-55), L-56 — 0. Cumywup», 2021]. Ha Bpe3ske 1 paMKoOii BbIIEIEHBI y9IaCTKU Ha Bpe3kax 3 u 4.

PaspeiBHbIe HAapyIlleHNs BTOPOrO MOPSAKA: K JIAHHOI IpyIIie OTHOCATCS JIMCIOKAIAN, TIPe-
UMYIIECTBEHHO CEBEPO-3aIaTHOIO IIPOCTUPAHNS, VINHA KOTOPBIX COCTABJISAET b KM U OoJiee.
DTO CTPYKTYPHI, sipKO Bhipakennble Ha KC, coorBeTcTByOmMe JimHeaMeHnTaM 1 paHra
(puc. 7-2A) wim juHEHHO pacIpe/IeJeHHbIM JIMHeaMeHTaM 0oJiee HU3KUX panros (puc. 7-1A).
Ha kapre ropu3oHTaJIbHON COCTABJISAMOIIEN I'PaIueHTa aHOMAJIbHOIO MATHUTHOIO TI0JIsI OHU
COOTBETCTBYIOT HOBBIIEHHBIM 3HaYenusM (puc. 7-1B, 2B). B xoze nosesbix pabor pasioMb
BTOPOTO IIOPS/IKa HAJEKHO MAPKUPYIOTCS B pesibede mo rirybokum U-0OpasHbIM J0JIH-
HAM PEK M PYUbeB, OCOGEHHO 110 MaTepUasaM a3POreoOTHIecKoit chemku (puc. 7-1B, 2B).
B 6oprax momui pUKCHPYIOTCS 30HBI TPEITUHOBATOCTHA U OPEKIUPOBAHMS, KaTaKIa3a, TH -
poTepMaIbHON U3MEHEHHOCTH TTOPOJT. OTMEYAIOTCST BBIXOIBI TEPMAJIBHBIX UCTOYHUKOB, ITO
[IOJITBEPXKIAET COBPEMEHHYI0 aKTUBHOCTD U3 bIOHKTUBHBIX CTPYKTYP BTOPOIO MOPSIIKA.

B pamkax ucciieioBaHusi Ha TIOCTPOEHHO CXeMe YTOYHEHO reorpaduvecKoe MOJI0KeHne
u Mopdosorust Hazaposckoro, CesepsinkoBckoro u FOxuo-Kypuibckoro ¢c6pocos, BbiieeH
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PSIJT HOBBIX CTPYKTYD B IEHTpaibHOM wactn o Kynamup (puc. 2, puc. 5), B 9acTHOCTH
Wnbrommuckuii u npemnoiaraeMpriit OTpaHblit pa3aoMbl. Bejeacrsue Toro, 9to jjisi panHee
BBIFIBJIEHHBIX CTPYKTYD Ha BYJKAHO-TEKTOHUYECKOH cxeme (puc. 2) HAMMEHOBAHUS JIJisi
pasHbIX pasnomos noeropsiiores (2 Hazaposckux, 2 FOxuo-Kypuiabckux cbpoca u T.11.)
YTOYHEHBI UX HA3BAHUA.

Paszombr BTroporo mopsiika COpoBOXKIAIOTCS CYOBYJIKAHUIECKIME TEJIAMU TLJTHOIIEHO-
BOT'O BO3PACTa U KOHTPOJUPYIOT UX pasMerienne [[ocydapcmeennas 2e0402uMeckas Kapma
P®, 2002], 94To TO3BOJISIET TPEANOIOKHATHh UX TIIYOOKOE 3aJI0KEHNE W HEOTEHOBOE BDEMsl
dopmupoBanusi. BaxKHO OTMETUTD, 9TO PA3PhIBHBIE HAPYIIEHUS JAHHON T'PYIIIHI MOJIOXKE
Pa3JIOMOB IIEPBOIO IMOPSIIKA, TAK KAK CMEIAIOT BIIPABO IOCJIEHNE B ceBepHOi yactu 0. Ky-
Hamup (puc. 6) u B akBaropun Cpemmano-Kypuibckoro nporuba (puc. 2), 9To TakKe
TOBOPUT O HAJWYUM IIPABOI, & HE JIEBOH, KAK CUMTAJIOCH PaHee, CABUTOBON KOMIIOHEHTHI
B KMHEMATHUKE JAHHBIX CTPYKTYP. [Ipr 3TOM 10 momepevyHbiM pasjioMaM TaKyKe 0TMEeYaeTCs
BepTHUKagbHOe cOpocoBoe cMmemenne |Cepeees, 1976]. B nenTpanbhoit wacru o. Utypyn
aMIUIATY/Ia TOMEPEYHBIX COPOCOB CEBEPO-3aIa[HOTO MPOCTUPAHUS, TAKHKE SIBJISIOIUXCS
pas3JjioMaMy BTOPOIO IIOPsi/IKa, IPUOJU3UTEIHHO OIIEHEHA 10 CXeMaM KOPPEJIAINU Pa3pe30B
1o ckpaxkuHaMm [Krikun et al., 2024] u cocrabisier nepeble coTHE MeTpoB. CXoxKye 3HAUEHUsT
MOXKHO IIPEJIIIOJIOKUTD U JjIs pa3pbIBHBIX Hapymieruit o. Kynmamup. Pazgombr Broporo
MOPSIKA OIPEIEISIIOT KJIABUIMHYIO CTPYKTYPY OCTPOBa W BCEH OCTPOBHOI JIyT'U B IIEJIOM.
BoJibIMHCTBO M3 HUX aKTUBHBI U CEYAC, YTO MOATBEPXKIAETCS HAJUYNEM 30H PA3rpy3KU
TePMaJILHBIX UCTOYHUKOB U sIPKOI BBIPA2KEHHOCTHIO B pestbede.

IIpuunna dopMupoBaHUs PA3IOMOB BTOPOTO IMOPSIKA MOYXKET OBITH CBsA3aHA C Jie-
dopMupoBaHEEM BUCsIEro 0J10Ka CyOyKIIMOHHOI 30HBI B PE3Y/ILTATE KOCOTO IOI'PYKEHUST
ca6a. Hanpasiienue, CKOpocTh U yroJsi nmorpy»kenust THXOOKeaHCKOH IINTHI OTJINYAETCS JIJIst
pazubix cermentoB KO/ [Avdeiko et al., 2006; Bergal-Kuvikas et al., 2023]. B upeznenax
FOxxubix Kypuir npeobiiajiaer cxkaTue B ceBep-ceBepo-3ama HoM Hanpasienuu [Krikun et
al., 2024]. Ha o. ITapamymup, pacrnosoxkernHom Ha cesepe BKT', ormeuaercss KoMmpeccust
B CeBepo-3alaJHOM Hanpasienun |Xybaesa u dp., 2020]. B kauectBe npyroro oobsacHeHMsI
MPUYIUHBI 3aJI0KEHNST PA3JIOMOB BTOPOTO TOPSIIKA MOYKHO PACCMOTPETh (POPMUPOBAHUE 30HBI
JecTpyKIimy (ppOHTAIBLHOIO CKJjoHa B paitone Ilerrpanbubix Kypui. Ilpuposa, Bpems: obpa-
30BaHUS U MEXAHW3M ITHX IIPOIECCOB OCTAIOTCS TIOKA HE BBIACHEHHBIMH |Bepeans-Kysukac,
2015; Hpowwuna u dp., 2017]. Tem He Menee, 3a/103Ke€HUE PEIMOHABHON 30HBI PACTZKEHUSI
B IOr'0-3aI1a/THOM HAIIPABJIEHUM B PE3yJIbTATE AlBEJIJIMHIa MAHTUWHBIX MAaCC B COYETAHUU
C HEOJIHOPO/IHOCTHIO IAPAMETPOB CYOILYKIINH, CJIeJ0BATEIbHO, HAIIPABICHHUS CXKATHS, BIOJIb
npoctupanus KypuiabCkoit OCTPOBHON yry MOTJIN CIIPOBOIIMPOBATE 3AJIOXKEHUE PA3JIOMOB
cOPOCOBOIi, COPOCO-CABUTOBOIA, pezke B3OPOCOBON KMHEMATHKNU. BoJiee JeTajibHas peKOHCTPYK-
ISl TIOCJIEIOBATEIBHOCTA TEKTOHMYECKUX COOBITHII BO3MOYXKHA IIPU U3YYE€HUU CTPYKTYPHI
U BEIIECTBEHHOI'O COCTABA I'€0JIONMYECKUX MOJPAa3/IeJIeHul, ciaraoimux ocTpoB [yavbun
u dp., 2023].

Pa3poiBHBIE HAPYIIIEHAS TPETHETO MOPS/IKA:  CPEJIU BBIJICJIEHHBIX IPYIII SIBJISIOTCS HANMEHEe
[IyOMHHBIMU U IPOTSXKEeHHbIME (puc. 8). DTO CITPYKTYDBI, CBA3aHHbIE [IPEKJIE BCErO C IeH-
TpaMu COBPEMEHHOro U mnajeoByakanuama. Ha npogenmdpuposannbix KC coorseTcTByIOT
JIMHEaMEHTaM BTOPOIO, PEXKe IIEPBOr0 PAHIOB UJIM JIMHEHHO PACIPEICJICHHBIM JIMHEAMEHTAM
rTperbero panra (puc. 8-1A; 2A). Onnako upentTuduKanys JaHHbIX cTpyKTyp 1o 13 mosmk-
HA COMPOBOXKIATHCS MOJATBEPIKICHUEM JIPYIUMUA WH(MOOPMAIMOHHBIMU CJIOSIMHU, B YACTHOCTH,
pe3yabTaTaMK MOJIEBBIX HAOJIIOIEHUN COOCTBEHHBIX M IIPEJIIIECTBEHHUKOB. Tak, HAIpuMep,
Ha OXOTOMODPCKOM 1100€epexkbe B LEeHTPasIbHOl JacTu ocrposa ropa Pperar, (puc. 3-2B),
CJIOYKeHHAsI CyOBYJIKAHMYIECKUMU 00PA30BAHUSIME TIJIMOEH-IJIEHCTOIIEHOBOTO BO3pacTa, COOT-
BETCTBYET JimHeaMeHTy Broporo panra Ha KC, To ecTh He saBJIsieTCs pa3pbIBHBIM HAPYIIIEHUEM.
Tak ke, Kak U Jailku Ha ceBepo-3amaiHoM ckJioHe ropbl Ha KC orMedeHbl B KadecTBe JIMHE-
AMEHTOB BTOPOI'O U TPEThero PAHIOB (3esieHble U cunue jmHun Ha puc. 8-2A, B). Oxnako
B OKPECTHOCTSIX TOPBI 110 Pe3y/IbTaTaM II0JIeBbIX HaOJIIOIeH 1 aHam3a udpoBoil Moje
pesbeda BBIJETIEHO JIBa PA3J0Ma, OTHECEHHBIX K TPeThbeMy HODsIKY (Ha CeBepo- W Hro-
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1A - npoacundpuposannbiii KC

| b - KapTa MOIYAA TOPH3OHTATRHOMH COCTABINIONMICH

I'pﬂJ.}lL'li']'ﬂ MArHHTHOIO 1MmoJd
- IB - nonuna p. CepepaHka MAPKHPYET 30HY paimoMa
|thoro asTopos|

2A - nponemmdprposannbiii KC

2b - kapra MOAYJIH FOPHIOHTAIBHOI COCTABIAIOILICH
rpPaZMEHTa MArHHTHOTO MOJIs

2B - 30ma paznoma, NPOXOIAIIETO 10 A0JHHE PyubH,
OTMEUAKOTCA BBIXOIBI TEPMATbHBIX HCTOUHHKOB, HECYLIHX
cynbhianyo munepannzaunio [poro Cemunerkuna C.]

Puc. 7. PazpoiBHble Hapynienus Broporo mopsiaka ocrposa Kynamup. CiieBa BHU3Y — CXxeMa Pa3JIOMOB
IEpBOTO M BTOPOTO MOPSAKOB, pa3MmerneHHas Ha npetnoit [IMP, ycaoBuble 0603HadeHnsT HA puc. 5.

1A, B, B — Cesepsinkoeckuii copoc; 2A, B, B — CeproBockuii copoc.

BocToKe). JlaHHbIe CTPYKTYPBI BCIEICTBHE MAJIOro MaciTaba He (DUKCUPYIOTCS Ha KapTax
HOTEeHIUAIBHBIX T10Jiel (puc. 8-2B). OgHako coBpeMeHHbIE BYJIKAHUUECKHE TIOCTPOHKH MO-
I'YT COOTBETCTBOBATH MAKCUMYyMaM Ha KapTe aHOMAaJIbHOrO MarHUTHOro 1ouis (puc. 8-1B).
B xose moseBbIx paboT U3 BIOHKTUBHBIE CTPYKTYPBI JAHHON IPYIIBI OTJINYIAIOTCS OT JIPY-
TUX MEHBINEH MOITHOCTHIO 30H JIPOOJICHUSA U U3MEHEHUs TOpoJ. Pa3pbIBHBIC HAPYIIIEHUST
TPETHErO MOPHAIKA UMEIOT PaINaIbHO-KOHIIEHTPUIECKYIO MOP(OJIOrUIO U COIIPOBOXKIAIOT
BYJIKAHO-TEKTOHUYECKUE CTPYKTYPBI y HOCTPOEK OJUMHOYHBLIX ByakaHoB (LosoBuuna, Tars),
B IIEHTPAJIBHOI YaCTH KOTOPBIX OTMEYAlTCs Kasbepsl (puc. 8-1B). Pajuanbable cTPYKTYpPBI
JAHHOHN T'PYIIIBI UMEIOT CJIOKHYIO KNHEMATHKY U PA3HOOOPA3HOE, OOl HEBBIIEPKAHHOE
MIPOCTUPAHMUE.

OcHOBHBIE TIPOSIBJIEHUsI TIOJIE3HBIX MCKOIAEMbBIX Ha ocTpoBe KyHammp mpuypodeHbl
K 30HAM IIepeceveHnsl Pa3JIOMOB BTOPOTO U TPETHEro ITOPSJIKOB. DTO CBA3AHO C TE€M, UTO
JMCJIOKAIINN BTOPOT'O MOPsIKa KOHTPOJUPYIOT Pa3MeNleHne HeOT€HOBBIX 00pa30BaHuil, KOTO-
pbl€e SIBJIAIOTCS PYJAOMATEPUHCKUMU JJIs TIEJIOTO P MOJIE3HBIX UCKOMAEMbIX U BBICTYIIAIOT
B KaueCTBe PYJIOBMENIAONIel Cpeibl U HAJIOXKEHHBIX PYJIOHOCHBIX nporeccax |KpukyH,
2024]. Iupkyssmusi METAJNIOHOCHBIX PACTBOPOB TAKIKE MPOMCXOJIUT IO TPEITUHOBATHIM
30HAM, CONPSI?KEHHBIM C Pa3PBIBHBIMU HAPYIIECHUSIMA BTOPOTO MOPSIKA W ONEPSIONUMA
ux crpykrypamu. C pa3jioMaMu TPEThEro MOPsijiKa, B CBOIO OY€peih, aCCOMUUPYIOT (DIIIon-
Ibl, pa3rpy3Ka KOTOPBIX IIPOUCXO/IUT B BUJIE TEPMAJIbHBIX UCTOYHUKOB U IIAPOTHIPOTEPM,
XapPaKTEPU3YIONMINXCsT TOBBIIEHHBIMU KOHIIEHTPAIIUSAMA PY/IHBIX KOMIIOHEHTOB.
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1A - npoaewndgpuposannsiii KC. 1B - kapra Moayns ropu3oHTalbHOH COCTABIAIOWICH MPAAHEHTA MATHHTHOTO MO
1B - 03. Kunswee s xanbacpe syaxana [onosunna [doto asropos]

2A - npoacumdpuposannsiii KC. 2b - kapra Moayns ropu3oHTaIbHOI COCTABINIOWICH MPAAHEHTA MATHHTHOTO NOJA.
2B - ropa ®perar UCHTP NaJCOBYIKAHN3MA HA rpaHKue naHoueHa n naciicrouena. Cydpyakannucckue obpasosanis
Ha ce ckioHe otMesatores Ha KC kak aiHeaMeHTBI nepeoro 1 Broporo panra [(oro arropog)
Puc. 8. PaspriBHbIe HapyIleHusl TpeThero mopsaka ocrposa Kynamup. CrpaBa BBEpxy — cxeMma,

pazioMoB, pa3Mmerennas na nsetnoit LIMP, yciaoBuble 0603Hadenns Ha puc. 5.

3akjroueHne

B pesysibraTe mpoBeIEHHOIO KOMILIEKCHOIO MCCJIeI0BAHNUS U3 bIOHKTUBHOM CETH OCTPO-
Ba KyHammp y1aioch TOCTUYb 3HAMUTETHHOTO [IPOrPECca B MOHUMAHUH €0 I'e0JIOTMIeCcKO
CTPYKTYDPBI U TEKTOHUYIECKOTO pa3BuTusA. VIHTEerpamus TpaJIuiInOHHbIX T€OJIOTTIECKIX Me-
TOJIOB M COBPEMEHHBIX METOIVK JIMHeaMeHTHOro anajm3a JI/I3 u xkapT moreHnmuaIbHBIX
reodU3NIECKUX MOJIEH TO3BOJINIIA JIETAJIN3UPOBATD CXEMY Pa3pPbIBHBIX HAPYIIEHUI 0CTPOBA
U BBISIBUTH TPH CUCTEMBI JU3IBIOHKTUBHBIX CTPYKTYP PAa3HOIO HOPsJKa: 1) IPOIOJIbHbIE
HIKHEKOPOBBIE PA3JIOMbBI IIEPBOTO TIOPSIIIKA, MPEUMYIIECTBEHHO COPOCOBOM KMHEMATUKU
C JIEMEHTAMHU [IPABOTO CJIBUTA, CBsI3AHHDBIE C HAYAJIOM BYJIKAHU3MA B IIPEJIeax BOoIbIoi
Kypuibckoii rpsyapt (N17) u dopMmuposanuem 3ayrosoro 6acceiina Kypuiabckoit Koriio-
BHHDBI; 2) [ONEPEYHbIE PA3JIOMbI BTOPOIO IOPSIKA KPYTONAJIAIONINE IIPEUMYIIECTBEHHO
c6pPOCO-TIPABOCABUIOBOM KHHEMATHKH, 00YCJIOBUBIINE KJIABUIIHOE CTpoeHne ocTpoBoB (Ng);
3) pasHOHAIPABJIEHHBIE PA3JIOMBI TPETHETO MOPSIKA, GOPMUPYIOIIIE PAUATbHO-KOIBIEBhIE
CTPYKTYPBI U IIPUYPOUYEHHDIE K HEHTPAM PAa3BUTHUS COBDEMEHHOrO 1 IaJseoByikanusMa (N-Q).
[Tosrydennble pe3yJibTaThl CIIOCOOCTBYIOT IIOHUMAHUIO TEKTOHUIECKOI 9BOJIIOIUN HE TOJIHKO
o. Kynammup, Ho u Bceit Kypuibckoii 0CTpOBHOI JAyT U BHOCSAT BKJIAJ B pa3pabOTKy HOBBIX
METOOJIOTHH 151 M3y I€HUsI OJOOHBIX T€0JIOTHIECKIX 00 bEKTOB.

Ocoboe 3HaueHIE NMEET PACIIMPEHNE IPEJICTABICHUIT O MarMOIIOABOIANIECH POJIH PA3JIO-
MOB, YTO OTKPBIBAET HOBBIE EPCIEKTUBDI JIJIsT TOUCKA TOJIE3HBIX NCKOIAEMBIX HA TEPPUTOPUN
Boubmoit Kypuabckoit rpsifpl n B COIpPenebHONl akBaTOprun. BhIsgBiIeHHAS KOPPEISIns
MEKJIy PACIpPeIeJIeHNEM TPENNHOBATHIX YIACTKOB 36MHON KOPBI U MECTOPOXKIEHUSIMH CEPHI,
TEepMaJIbHBIX UCTOYHUKOB, & TaKXKe Pa3JIMYHBIX METaJLJIOB IMOIYEPKUBAET PYIOKOHTPOJIH-
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PYIOIILYIO POJIb JIUIBIOHKTUBHBIX CTPYKTYD U IIPEJIOCTABJISET IIEHHYIO0 NHMOPMAIIIO JIJIs
IAJBHEHIINX Te0JIOrOPA3BEeIOIHBIX PAOOT.

Baarogapuoctu. Apropbl npusnarebubl FO. B. J[Io6poit 3a momomps mpu odpopMIeHun
rpaduieckoro MarepuaJia.
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The paper is devoted to the study of the faults on Kunashir Island, focusing on their classification,
morphology, kinematics, timing, and causes of formation, which are key to understanding the
tectonic evolution of the area. The magma-supporting role of these faults is noted, contributing
to the understanding of the distribution of volcanic and plutonic formations in the Great Kuril
Ridge. The ore-controlling role of the faults was evaluated, which may contribute to the discovery of
new mineral deposits. Additionally, studying these faults is important for improving the prediction
of earthquakes and tsunamis. The research methodology includes an integrated approach that
combines traditional geological observations with modern remote sensing methods, allowing us to
detail the map of the Kunashir Island rupture faults. The results of the work confirm the presence of
three systems of tectonic structures that differ in depth of emplacement, length, timing, kinematics,
and causes of formation. The study contributes to our understanding of the complex geological
structure of Kunashir Island and the entire island arc and provides a basis for further research in
this area.
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