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K Teopun neTepMUHUPOBAHHOTO MIPOTHO3a 3€MIIETPSACEHU I
metogom LURR

© 2021 FO. JI. Pebeykuii

Huemumym ¢puzuxu 3emnu um. O.FO. [HImuoma PAH, Mocksa, Poccus
*E-mail: reb@ifz.ru

Pe3tome. PaccmarpuBaroTcsi TEOpEeTHUECKUE BOIMPOCH! TPUITEPHOTO BIUSHHS 3€MHBIX HPWINBOB HA WHU-
nuanuio 3emierpscenus B pamkax noaxona LURR. TlokazaHo, 4TO poCT KyJOHOBBIX Halps>KEHUH, BO3HU-
KaIOIIMK IpU 3TOM SIBJICHUH, IPOMCXOIUT HE AJISl BCEX PEXKUMOB HANPSKEHHOTO COCTOSIHUS, ACHCTBYIOLIE-
ro B U3y4aeMoM peruoHe. Hanbonpuiee nx yBelnUeHHE OTBEYAECT PEKUMY TOPH30HTAIBHOTO PACTSKEHUS
U CABWra, KOTOPHIM OTBEYAIOT Pa3jiOMbl C KMHEMAaTHKOH cOpoca W cABHra BIOJbL NpocTUpaHus. Huskuii
YpOBEHb TOTOJHUTENBHBIX KyJIOHOBBIX HAMPSHKEHUH IS peXXUMa FOPU30HTANBHOTO CXKaTHA MO3BOJISAET YT-
BEPIKAaTh MAIYIO BEPOSITHOCTD TPUITEPHOTO 3(hexTa s pa3ioMoB ¢ KWHEMATHKON B30pocoB. OTMeUeHO,
YTO JJISI OCTPOBHBIX JIYT M MPHOPEKHBIX YIACTKOB KOHTHHEHTAIBHOMW KOPBI KpOME IPSIMOTO (haKTopa BIUsI-
HUS 3eMHBIX IPUITMBOB Ha Ie()OpMaIiiy B TBEPAOH 3eMIie UMeeTCs elle M KOCBEHHBIH (hakTop B BUAE JOTO-
HUTENIBHOTO JABJIEHUS, BBI3BIBAEMOTO MOPCKUMU MIPUIMBaMH. [|J11 OKEaHCKOTO JIHA 3TO — JOTOJIHUTENBHOE
BEPTUKAIFHOE JIaBJICHHE, a JJIS1 KOPbI OCTPOBHBIX AYT U MPHUOPEKHBIX YIaCTKOB KOHTUHEHTOB 3TO — OOKOBOE
nasienue. KocBeHHbIE PaKTOPHI CYIIIECTBEHHO YCIOKHSIIOT 3(PPEKT BO3IEHCTBIS 3eMHBIX TPUIIMBOB Ha 3€M-
HYIO KOpY, B KAKUX-TO CIy4asxX IIOJHOCTbIO HUBEIIUPYS BIUSHUE OPsAMOro (Gaxropa.

KuroueBble c10Ba: 3¢MHbIE IPUIIUBBL, TPUITED, 36MIIETPSICEHUS, KyJOHOBBI HAPSKEHUS

Concerning the theory of LURR based deterministic
earthquake prediction

Yury L. Rebetsky

Schmidt Institute of Physics of the Earth of the Russian Academy of Sciences, Moscow, Russia
*E-mail: reb@ifz.ru

Abstract. This paper considers theoretical aspects of a trigger effect of earth tides on earthquake initiation
under the LURR approach. The growth of Coulomb stress, which appears resulting from this phenomenon, is
shown to occur not for all regimes of stress state acting in the studied region. Its greatest increase corresponds
to the regime of the horizontal extension and shear associated with the faults with kinematics of the normal
and strike-slip faults. The low level of additional Coulomb stress for the horizontal compression regime al-
lows asserting the low probability of the trigger effect for the faults with kinematics of the reverse faults. It is
noted, that there is also an indirect factor in the form of additional pressure caused by the sea tides in addition
to the main factor of the earth tides effect on deformations in the solid earth for island arcs and coastal areas
of the continental crust. This is an additional vertical pressure for the ocean floor, and a lateral pressure for
the crust of island arcs and coastal areas of the continents. Indirect factors significantly complicate the effect
of earth tides on the Earth’s crust, completely neutralizing the influence of the direct factor in some cases.
Keywords: earth tides, trigger, earthquakes, Coulomb stress

Mna UUMUPOBAHUA: PeGenxuii 10.JI. K TEOPUH JETePMU- For citation: Rebetsky Yu.L. Concerning the theory of LURR
HUPOBAHHOTO MPOTHO3a 3emieTpsacenuii meTomom LURR.  based deterministic earthquake prediction. Geosistemy pere-
Teocucmemvi nepexodmvix 3om, 2021, 1. 5, Ne 3, ¢. 192-222.  hodnykh zon = Geosystems of Transition Zones, 2021, vol. 5,
(Ha pyc. u anr.). no. 3, pp. 192-222. (In Russ. & in Engl.).
https://doi.org/10.30730/gtrz.2021.5.3.192-208.208-222  https://doi.org/10.30730/gtrz.2021.5.3.192-208.208-222

bnaronapHocTu u puHAHCHPOBaHME
Pabora BrImonmHeHa B paMKax OIOMKETHOH TEMBI TOCYJapCTBEHHOTO 3ajaHus MHcTHTyTa (GU3UKH 3emiin
M. O.10. IImuara PAH.

192



TEO®U3UKA, CENCMOSTOrusi

FeocucTEMBI NEPEXOAHBIX 30H, 2021, 5(3)

BBenenue

Co3znanue IeTepMUHUPOBAHHOW TEOPUHU TIPO-
THO3a 3eMJICTPSCEHUN Oa3upyeTcsi Ha TUIOTE3e
0 KpUTHUYECKOM COCTOSSHUM MOPOJHOTO MaccHBa
nepea CeMCMHUUYECKUM paspylieHueM [Sornette,
Sammis, 1995; Bowman et al., 1998]. Cuuraercs,
9TO B CEHCMOTEHHBIX 30HAX 3€MHOU KOPHI Pa3Jio-
MBI TIOCTOSSHHO HAaXOASTCS B MPEIKPUTHUECKOM
CcOCTOSTHUU. BO3HHKHOBEHUE CUIILHOTO 3eMJIETPSI-
CEHUS B PETHOHE PACCEUBAET YaCTh HAKOTICHHOM
YOpPYTOi HEPTUU U BBIBOIUT PA3JIOM U3 KPUTH-
YEeCKOTO COCTOSHUSA. BrociencTBuu TeKToHHYe-
CKasi Harpy3ka CHOBa MPUBOJIUT Pa3jioM B KpH-
THYecKoe coctosinue. B paborax [Bufe, Varnes,
1993; Jaume, Sykes, 1999] Obi0 MOKa3aHo, YTO
KyMYJISITUBHOE BBICBOOOXKIEHHE CEHCMHYECKOTO
MOMEHTa OT CJa0BIX M CPEIHECHUIBHBIX 3eMIle-
TPSICEHUH TIepe]] OUeHb CUIIBHBIM 3€MIICTPSICEHU-
€M MpUOIMKAETCA K CTEIEHHOMY COOTHOILIEHHUIO
OT BpEMEHH.

OTH B3MIsB1, CHOPMYITHUPOBAHHBIE HECKOIBKO
NECATUICTHI Ha3aJl, CICIyeT JOTOJIHUTHh COBpe-
MEHHBIMH 3HAHUSIMU O MEXaHHU3MaX TUCCUMIAINH
yIpYyrou sHepruu Ha pasiomax. [locne cepun pa-
oot [Gao et al., 2012; Jordan, 1991; Linde et al.,
1996; Peng, Gomberg, 2010; Sacks et al., 1978;
Sekine et al., 2010; Wei et al., 2013] cTamo moHsT-
HO, YTO CTaHJIAPTHOE 3eMJIETPSICCHUE SIBIISICTCS HE
€IMHCTBEHHBIM CIIOCOOOM pa3psiIKU YHEPrUH, Ha-
KOIJIEHHOW B 3€MHOM Kope. 3eMJIEeTpsCEeHUs: Mo-
T'YT pa3BUBAThCS 32 CYET MEATICHHOTO, OUY€Hb ME/I-
JICHHOTO CKOJILKCHHS (HU3KOIIEPHOIHBIC ¥ OYCHb
HU3KOTIEPUOHBIC 3E€MIICTPSICEHHUSI) U CBEPXME/I-
JIEHHOTO (THXHE 3EMIICTPSICEHUS) CKOJBKEHUSI.
EcTth Takke TpeMOphl U TEPUOTUIECKOTO ME/I-
JIEHHOTO CKOJBKEHUS. DTU COOBITUS TEHEPUPYIOT
yOpyTrue KojeOaHus, perucTpupyeMble IIHPOKO-
MOJIOCHBIMU CEMCMOJIaTYNKAMH, W 3aBEPIIAIOTCS
KPUIIOBBIM — aCEHCMHYECKUM CKOJIBKEHHUEM I10
paznomam. Kpome yka3zaHHOW HEOAHO3HAYHOCTH
MOCJIEZICTBUI TOCTHKEHUSI KPUTHUYECKOTO COCTO-
SIHUSL TIPH CO3JIAaHUU JIETCPMUHUPOBAHHOM TCOPUH
IPOTHO3a HEOOXOAUMO pa3Inyarh CIOCOOBI AUC-
CUNIAIIMK YIIPYTOM 3HEpPrHM 3a CYET MHOXKECTBA
CMa0bbIX 3eMIIETPSICCHH WU OJHOTO CHIIBHOTO
[Kouapsn u ap., 2014; PeGenkuii, 2018; Rebetsky,
Guo, 2020].

B pamMkax neTepMUHUPOBAHHON TEOPUU IIPO-
rHO3a CUUTAETCS, YTO PA3JIOMbl, HaXOMAIIUECS
BOJIM3M KPUTHYECKOTO COCTOSHUS, IMO-pa3HOMY
pearupyroT Ha HarpyxeHue u pasrpysky. [lpu
VBEJIMYCHUH HArPy3KH MPOUCXOIUT YIPYTo-
KBa3uIUIaCTHUECKoe nehopMHUpOBaHUE, a TIpH
ee CHWXKEHMM — yIpyras pasrpyska. Haubonee

SAPKO 3TU Pa3JInyus MOBEIEHUS T€0CPENbI 10JIXK-
HBI MPOSABIATHCS MPHU IEHCTBUU MEPUOANUECKUX
MPOLIECCOB HAarpy>KeHus M pasrpysku. B skcne-
puMmenTanbHOU padote [Yin et al., 2004] momny-
YEeHB! MOATBEPKAAIOIINE 3Ty TMIIOTE3Y PE3yib-
tatel. B paborax [Huxomaes, 1994; Yin, 1995;
Yin et al., 2001] npennokeHO rpaBUTAIMOHHOE
Biusinue Jlynsl u CosiHIIa HAa IPWJIMBHI B TBEPIOH
3emiie (3eMHbIE IMPWINBBI) paccMaTpuBaTh Kak
JOCTaTOYHbIE 110 NHTEHCUBHOCTHU JJIs1 TOTO, 4TO-
ObI CO31aTh mpuezepubili dhgexm A 3eMIIeTpsI-
cenusl. Takoii moaxon paKkTUUECKU MpeAnoaaraet
HaJM4Mue KOppeIsuuu Mexay (a3aMu 3eMHBIX
IPWINBOB U CEHCMUYECKUM PEKUMOM.

Cunraercs, 4To NPUOIIIKEHUE K KpUTHUE-
CKOMY COCTOSIHMIO BO3HMKAET Ha (pa3e JAOMOIHU-
TeapHOro Harpyxenus. llpemnoxen mapamerp
LURR, koTopslii onpenensercss Kak OTHOIIEHUE
BBICBOOOXKIeHUs nedopmanuu  berpodda BO
BpeMs LIUKJIOB 3arpy3KH 10 CPaBHEHUIO C IIUKJIa-
MU pa3rpy3kH, BI3BaHHBIMU 3€MHBIMH NTPHJINBA-
MU HA ONMUMANILHO OPUEHMUPOBAHHBIX PA310-
max. 3nadenus napamerpa LURR >1 ykasbiBator
Ha TO, YTO PErMOH MOATOTOBJIEH K O0JIBIIOMY WU
CHJIBHOMY 3€MJIETPSACEHHUIO.

bonpmias rpynma ucciegoBarenedl B Haullei
ctpane [3akynun, 2016; 3akynun, XKepnesa,
2017; 3axynun, Kamenes, 2017; 3akynuH, Ceme-
HOBa, 2018; 3akynuH u ap., 2020; u ap.] u 3a py-
oexxom [Métivier et al., 2009; Tanaka et al., 2004;
U JAp.] pa3BUBAaeT 3TO HAlpaBICHHUE IIPOrHO3a
CHJIBHBIX 3€MJICTPSICEHHI.

Hacrosimass pabora He sBnsieTcss 0030poM
pEe3yabTaTOB UCCIEIOBAaHUM KOppENaluu ceic-
MHYECKOTO pexkuMa ¢ (azaMu 3eMHBIX NPHIIU-
BOB. [1o100HBIN 0030p MOXHO HaiTu B padoTax
[demepeBckuii, Cunopun, 2012; bapanos u ap.,
2019]. B HuX mOKa3aHO, YTO UMEETCSI MHOTO pa-
00T, B KOTOPBHIX NOJYYEH KaK IOJIOKHUTEIbHBIH,
TaK U OTPULIATEIbHBII Pe3yIbTar.

[TpencraBisiemyto paboTy criexyer paccma-
TpUBaTh Kak aHaJUTHYECKOE HCCleoBaHUE Oa-
3uCHBIX TojioxkeHnid nmoaxoma LURR ¢ mo3ummm
U3yYEHHUsl 3aKOHOMEPHOCTU M3MEHEHMs IPUPOJI-
HOTO HaIpPSDKEHHOTO COCTOSHUS Ha pa3iioMax,
BbI3bIBAEMbIX 3€MHBIMH MpHinBaMu. OnTumMaib-
HOCTh OTBETa Pa3JIOMOB Ha MPOIIECC HArpy3KH
U pa3rpy3Kd OLIEHUBAETCS Ha OCHOBE KpUTEPUS
Kynona—Mopa [Cochran et al., 2004; Métivier et
al., 2009]. IlocnenHee NonoXXeHUE KpaifHe BaXKHO,
TaK Kak JJIsl KOPbI, HAaXOsMIEICs B pa3HbIX THUIAX
HaANPSHKEHHOTO COCTOSHUS (TOPU30HTATIBHOE CKa-
THE, pacTsHKEHUE WK CABUT), (pa30il Harpy>KeHHUs
W pa3rpy3Kd MOTYT OBITH pas3Hble (ha3bl 36MHBIX
TIPUITHBOB.
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BaxxHo oTMeTuTh, UTO, COMIACHO OMpPEEIIsIIO-
memMy nonoxxennto LURR, koppensnus cericmuue-
CKOTO PeKUMa C ONpeACTICHHBIME (Da3aMi 36MHBIX
MPUIMBOB Il CNAOBIX 3eMJIETPSICEHUN JOIKHA
IMPOABIIATECA AJId 30H pa3jioOMOB, HpI/I6J'II/I)K€HHBIX
K KpUTHUECKOMY COCTOSIHMIO. B Tex paznomax, Jiis
KOTOPBIX TAaKO€ COCTOSTHUE JaJIeKO OT KPUTHYECKO-
T0, TaKas KOpPEeJsIys He JOJHKHA HaOTIOIAThCA.

O BJIMSAHMHU 3eMHBIX IPHUIMBOB
HA CTALMOHAPHOE 110JIe
HAIIPSIZKEHU pa3jioMoB

[TockomnpKy BausiHUE 3eMHBIX MPHIKUBOB (3I1)
OT rpaBUTAIIMOHHOTO Bo3aekcTBUsA JIynbl u ComnH-
11a UMEET OJHY M Ty K€ MPHUPOIY, HO pa3/ieiser-
Csl MO0 WHTEHCUBHOCTH, MEPUOAMYHOCTH, IMPO-
CTPAaHCTBEHHOMY IPOSIBIICHUIO Ha 3¢MHOH cepe
[ABciok, 1996], B aToii pabore OyneT mpoBeneH
aHanu3 BIUStHUS ToJbKO JIyHbl. CymMMapHoOe JTyH-
HO-COJTHEYHOE BJIMSHUE COXPAHUT BCE BbIJICJICH-
Hble 11 JIyHbl 0COOEHHOCTH, U3MEHUB TUIOIIAI-
HOE€ M BPEMEHHOE pAaCIpE/Ie]IeHNE MaKCHMYyMOB
3TOTO BIHUSHHUS.

CornacHO UMEIOLIMMCS IIPEACTABICHUSM O Jie-
(dopmary, BO3HHMKAIOUIEH B KOpE NPH 3€MHBIX
MIPUIIMBAX, CYUTACTCS, UTO B (pase MaKCUMaIbHOTO
TIOHATHS TOPOIHBIN MAaCCHUB UCTIBITHIBAET Je(op-
MaIli1 — yBeJTM4eHUs 00beMa, a B IPOTUBOMOJIOXK-
HOW (aze — nedopmalvu yMEHbIIEHUS o0beMa.
MaxkcuManbHbIe aMIUTUTYABI 3TUX AedopMaruii —
nopsimka 1-3-10%. Ecnu momarars, uto aedop-
Malliu B OCHOBHOM SIBJISIFOTCSl YOPYTMMHU, TO, HC-
MOJIb3ys 3Ha4YeHHe 00beMHOro Momyist 5-10° Oap
u mMonayas FOura 7.5-10° 6ap, Haxoaum, 4To B TO-
pOAax BO3HHUKAIOT JOMOJHUTENHFHOE CXKUMAIOIIEe
WIN PACTATUBAOIIEe U30TPOIHOE JaBIEHUE OKOJIO
0.075 Gap wim 7.5 Klla (ans koapdunuenra Ily-
accona 0.25). D10 cOOTBETCTBYET OIIEHKaM Harpsi-
KECHUH, clIeNlaHHbIM, HaripuMep, B padorax [Klein,
1976; Emter, 1997; Wilcock, 2001; Cochran et al.,
2004; Stroup et al., 2007].

ITpu onenke Bausnus nedopmanuii 311 B TBEp-
JOW 3eMiIe 3a OTCYETHYIO0 MOjEeb NPUMEM Ha-
IPSDKEHHOE COCTOSTHME, OTBEYAlOIIee HYJIEBOMY
BIIUSHUIO PUIIMBOB. DTy MOAETb Janee OyaeM Ha-
3bIBaTh CMAYUOHAPHLIM HAYATLHLIM HANPSIHCEH-
noim cocmosanuem (CHHC). Takas Mmonens npexe
BCEro OyJeT OMpeNeNsTh pecUOHANbHbIU 2e00UHA-
MUYECKU MUN HANPAACEHHO20 COCMOSIHUSL 3eMHOU
Kopbl, 3aBUCALINI OT WHAEKCAa INIABHOTO Hamps-
KEHUsI, OPUEHTUPOBAHHOTO CyOBEPTHKAJIBHO, T.C.
BO3MOXHBI HAlpsDKEHHbIE COCTOSIHUSI TOPH30H-
TAJIFHOTO CYKaTHsl, PaCTSHKEHHS WITH CIIBHTA, a TaK-
xe ux coueranue [Pebenkwuii u np., 2017].
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Bynem wucmonp3oBaTh TMpaBUIIO 3HAKOB IS
HaMPsHKCHUH, TPUHATOE B MEXAHHUKE CILIOIIHBIX
cpel, T.€. HaNpsHDKEHHE PaCTSHKEHUs TOJIO0XKH-
TenbHOe. COOTBETCTBEHHO IVIaBHbIE HampsKe-
HUS G, > G, > G, ONPENEIIAIOTCS KaK HANPSKEHUS
HAaMMEHBIILIETO CXKaTHsl, IPOMEKYTOUYHOE TIIaBHOE
U HaNpsHKEHHE HAauOOJbILEro CHKaTHsl.

TpaekTopun KpUTHYECKUX KYJOHOBBIX Ha-
NpPsKEeHU MoJIeJIM 3¢eMHBbIX NPUJIMBOB B BHJIE
M30TPOITHOIO C:KaTUs M pacTsikenus. [Tpu npo-
BE/ICHUM aHAJIM3a BIMSHUS 3E€MHBIX TPHIUBOB
yI00HO KOOpAWHATHI Ha 3eMHOU cepe mpencTaB-
JSITh HE B T€OLIEHTPUUYECKON CHCTEME KOOPIUHAT,
CBSI3aHHOM C OCBIO BpAIlIEHUS 3€MIIY, a B CUCTEME,
CBSI3aHHOM C MOJIOKeHHEM JIyHbBI IO OTHOILIEHUIO
K 3emuie (puc. 1). Ochb Takoii CUCTEMBI, HAITPABIICH-
HyI0 Ha JIyHy, MO)XHO HMCIIOJIB30BaTh I pa3Oue-
HUS cepbl 3eMIIM Ha IHUPOTH U MEPUANAHBI, KaK
9TO MOKa3aHO Ha pucyHke 1. bynem Takyro cucre-
My KOOpJIMHAT UMEHOBAaTh WHEPLIUATIHHOM.

Ecnu ucxoauth U3 ynpoIieHHOro npecTaBiie-
Hus o BiausHUU 311 BONH TOJNBKO HAa U3MEHEHHE
00BeMHBIX fedopmaluii u, CIe10BaTeIbHO, TOIb-
KO Ha M3MEHEHUE M30TPOITHOIO JaBJICHUS HA Ma-
JyI0 BeJIMUUHY 0o (Tak npeamnonaraercs B [Yin X.,
Yin C., 1991;Yin, 1993, 1995; Yin et al., 2001]),
TO COBEpLICHHO 0€3pa3InyHO, KaK OpPUEHTHPO-
BaH CEMCMOTIEHHBIN Pa3JIOM 110 OTHOILICHUIO K Ha-
IPABJIECHUIO MEPUANAHA UHEPLUAIbHON CHUCTEMBI
Ha 3eMHOi1 cepe (puc. 1) u kakoil reoguHamMHuye-
CKUU PEKUM HANPSHKEHHOTO COCTOSIHUS pealin3y-
€TCsl B 36eMHOM KOpE pEeruoHa.

Cnenyer OTMETUTb, 4YTO TPEACTABICHHOE
Ha puc. | cooTHOIIEHNE MaKCUMyMa IIPUIIMBHOTO
s dexra B 3emiie U nonoxenus JIlyHbl yrpolieH-
HOE, HE y4HThIBaroliee 3(dekra CyTouHOro Bpa-
meHus 3emiid. M3-3a 3TOro MakCuMyM TOJTHSTHS
ot 3I1 cmeliieH B HanpaBJIeHUH CYTOYHOTO Bpalle-
HUs 3eMJTU IPUOIM3UTENBHO Ha JIBa Tpajayca.

JUI1 OLIEHKM ONAacHOCTH HaNpsKEHHOIO CO-
CTOSIHUS OyZIeM HCIIOJIb30BaTh KPUTEPUN TPOUHO-
CTU TOPHBIX MOPOJl, OCHOBAaHHBI Ha Teopuu Ky-
noHa—Mopa. B gactHOCTH, Oy/ieM HCIOJIB30BaTh
MOHATUE KYJTOHOBBIX HAIIPSHKCHUI:

T.=7 + kfa w7 1Opu o =0 -p,. (1)

3nech T,u k,,— TIPEIeITbI TPOYHOCTH CIETIIICHUS
¥ KOO PUIMEHTHI CTAaTUYECKOTO TPEHHS Ha pas-
pBIBE, a7 U 0" — COOTBETCTBEHHO, KACATENIbHbIE
U 3¢ (eKTUBHBIE HOPMaJIbHBIE (YUTEHO pa3ynpouy-
HSIOIIEE BIMSHAC (IIOMIHOTO TABICHHS p,) Ha-
MpsDKEHUST Ha BO3HUKIIIEM WM aKTHBU3WPOBAB-
nieMmcst paspeiBe (puc. 2). B HacTosmiei crarbe,
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Puc. 1. Pacrionoxxenue Ha 3eMHOI chepe MepuauaHOB (pPa3pe)KSHHBIN MyHKTUP) B WHEPLHMAIbHOW CHCTEME KOOpAMHAT
1 M3MEHEHHEe 3eMHOI (opMbl 1ox BiusHUEM JIyHHBIX npuiauBoB 3[1. JlehopmupoBanHas 3eMHBIMH NpHWIMBaMHU cdepa
3eMiIM MOKa3aHa YacThIM ITyHKTHpoM. BOmm3n touek A u b Ha 3eMHO# cdepe MpoUCXOasIT MaKCHMaIbHBIE OAHATHSA,
muanst CC (yIIMHEHHBIE IMTPUXH) — MaKCUMallbHBIe ommyckanus. lllupora 45°, Ha KOTOpOH MPOMUCXOAWT CMEHA 3HaKa
BEPTHUKAIBHBIX ABWXeHUI npu 311, n300pakeHa yAIMHEHHBIM ITyHKTHPOM. [Toka3aHa rmuiockocTs opouTs JIyHs! 1 3emnu
(TOpU30HTANBHBIA KOPOTKHUH ITYHKTHP) OTHOCUTEIBHO UX 0apUYeCcKOro IIeHTpa (BepTUKANIbHAS YTONIIECHHAS M MyHKTHP-
Has JIUHUS) ¥ OCh CyTOYHOTO BpalleHus 3eMiH (HaKJIOHHAs pa3peXeHHas MyHKTUpHas TuHus). [IpencraBieHo cocTosHue
KOCMHYECKUX TEJI B MOMEHT, KOTIa OCh BpalIeHUs] 3eMJIM COBIMAAAET C IUIOCKOCTBIO, MPOXO/IIEH Yepe3 EeHTPhl 3eMITu

n .HyHLI, 1 OCb UX B3aMMHOTO BpallICHUS.

MCXOJISl M3 MPaBUJIa 3HAKOB MEXaHWKH CTUIONTHOM
Cpe/ibl, HOpMaJIbHBIC HANPSDKEHUS PACTSDKEHUS TI0-
JIO)KUTETIbHBIE, a CKUMAIOIIIE — OTPULIATENIbHBIE.
HauOonpiine 3HAa4YeHUS KyJOHOBBI Hamps-
Kenust 7, nocruraor B touke C (puc. 2). Hop-
MaJlb TUIOCKOCTH, oTBeuarouiei Touke C, JeKUT
B IUIOCKOCTH JCHCTBUS JABYX IVIaBHBIX Hamps-
KEHUH G| ¥ G,, OTKIIOHAACh OT OCH MHHHMAJlb-
HOTO CKaTus (G, ) Ha yrojl BHYTPEHHETO TPEHHUS
¢, = arctan k . KyJIOHOBBI HalPSDKCHHs, Paccyu-
TaHHbIE Ui 3TOH TOukHu 1o ¢opmyne (1), dax-
TUYECKH TPEICTABISIOT COOOW Pa3HHILy MEXKIY
HaNpsHKEHUSIMH, CTPEMSIIIIMUCS CMECTUTH OopTa
TPELIUHBI, U HanpspkeHusiMu TpeHus. Korna Ha-
NpsOKEHUS TPeHUs OOJIbIlle KacaTelbHbIX Harpsi-
YKEHUH, KyJIOHOBBI HAIPSDKEHHS OTPHUIIATENIbHBIE.

Puc. 2. luarpamma Mopa ¢ NOACHEHUSIMU K pacyeTy Ky-
JIOHOBBIX HampspkeHWH. HakimoHHas cIutomHas JIWHUS —
IIpesieNl XPYIKOH MPOYHOCTH, IIyHKTUPHASI — MHHUMAJIBHOE
COTIPOTHBIICHHE TpeHUs. HanpaBo OTKIIa(bIBalOTCS OTPHUIIA-
TEeNbHbIE 3HaUEHHsI HOPMAJIbHBIX HaNpPsDKEHUH.

B aToM ciyuyae Touka HapSYKEHHOTO COCTOSIHUS
Ha auarpamMMe Mopa (puc. 2) HaxXOAWUTCS HUXKE
JIMHUYM MUHUMAJIBHOTO CONIPOTHUBIICHUS TPEHUS.

g toukn C Takoe UMEET MECTO TOTAA, KOTa
Oob1ION Kpyr Mopa HIKE JIMHUM MUHUMAJIbHO-
ro conpotuBieHus: TpeHus (puc. 2). Korma 60mb-
mo kpyr Mopa BbllI€ JIMHUM MUHUMAaJIbHOTO
COIIPOTUBJICHUS TPEHUS, HO HE COIPHUKACAETCs C
JIMHUEN TpenesibHOM MPOYHOCTH, KYJIOHOBBI Ha-
IPSKEHHS MONOKUTEIBHBI, HO MeHbIIe 7. Eciu
UCIIOJIb30BaTh HOPMUPOBAHHOE 3HAUEHUE KYIIO-
HOBBIX HAIIPSKCHUHN

2)

TO TPU3HAKOM TPHONMKEHUS KYJIOHOBBIX Ha-
NPSOKCHUH K KPUTHYECKAM 3HAUCHHSIM SIBIISICTCS
7.> 0, 4TO ompeseNdeT mepecedeHue OONbIIIM
KpyroM Mopa JTHMHUU CONPOTHBICHUS TPEHHUS, U
7.— |, 94TO COOTBETCTBYET NPUOTIKEHHIO 6Ob-
moro kpyra Mopa K JTUHHY Tpeiesia MPOYHOCTH.
B pamkax ynpomeHHOTO TpeACTaBICHUS
o posiu 311 npu mogbemMe MOBEPXHOCTH MOTYyHAEM,
YTO JIOTIOTHUTEIHHBIE H OTMHAKOBBIC HAITPSKEHHST
PaCTSKEHUS TOJKHBI TIPOSIBIATHCS AJIS1 BCEX KOM-
MMOHEHT TIIaBHBIX HaNpspkeHul (oo > 0). D10 mpu-
BOJIUT K CMEIICHUIO Ha TuarpamMMe Mopa 60b1io-
ro Kpyra Mopa HaJileBO, MOCKOJIBKY H30TPOITHOE
TaBIICHHE ¥ HANpsDKEHUS CHKATUS CHIDKAIOTCS.

T.= Tc/‘[f,
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Co0TBETCTBEHHO HAJIEBO MEPEMECTUTCS M TOUKA
C (puc. 3 a), T.e. paccurTaHHbIE JJIs1 HEE HOPMU-
POBaHHBIE KyTOHOBBI HATIPSDKEHUS 7, TIPHOIH-
3aTCA K 1.

[Ipu onyckanuu noBepXHOCTH 00 < 0, M0O3TOMY
Touka C mepeMeraeTcs BIpaBo OT JIMHUH ITpefiesnia
XPYTIKO# mpounHOCTH (prC. 3 6) U 7, yMEHbIIAETCS.

Takum oOpa3oM, B COCTOSIHUM MOAHATHSA T10-
BEPXHOCTU MPOUCXOIUT NPUOIMKEHHE K KPUTHU-
YEeCKOMY, a TP Mporudax — oTaajieHue 0T KPUTHU-
YECKOTO COCTOSTHUS. JTO O3HAYAET, YTO Pa3PHIBEI
M000M KMHEMaTHKH B 001acTsAX MOJHATUH, e
COIVIACHO BBICKa3aHHOM BBIIIE THIIOTE3€ HMEET
MECTO BCECTOPOHHEE PACTSIKEHHE, MOTYT HCIIBI-
THIBaTh TPUITEPHBIN dPPexT u3z-3a BausHus 311,
a B 001acTsax mporuboB Takoro 3¢ ¢exra HeT.

O TeH3ope 100aBOYHBIX HANPSKEHUH OT
3eMHBIX IPUWJINBOB. [IpescTaBneHHas BbllIE CXe-
Ma oueHkH BiausiHus 311 sABIsSIETCA yNpOIIEHHOM,
TaK KaK HE Y4YMTBIBaeT TOro (pakra, yTo JIOMOJI-
HUTEIbHBIE TPWINBHBIC ASPOPMAIH SBISIOTCS
TEH30POM, T.€. OHU HE MOTYT OBbITh TOXKJJECTBEHHO
OINUCAaHBl OJJHUM CKAaJSIPHBIM [AapaMeTpoM IpH-
pauieHusi naBieHMs. B peanpHOCTH JIMHEWHbIE
KOMIIOHEHTBI NMPUIMBHBIX JIOMOJHUTEIbHBIX JIe-
(dopmanuii 3aBUCAT OT HampasieHus [Menbxuop,
1964], Tak 4TO B NIPUHATON BbIIIE HHEPLUATBLHOM
cUCTeME KOOpIMHAT B HAIIPaBICHUU MEpHIUaHa
(M) oHM B HECKOJIBKO pa3 0oJbIle, YeM B HMIUPOT-
HOM (F') HanpaBieHuu. [Ipu 3TOM B BepTUKAJIbLHOM
(R) nampaBieHuu aedopmaruu UMEIT IPOTHBO-
MOJIOKHBIHM 3HAK MO OTHOLICHHUIO K Ae(popMarisim
B JlaTe€paJIbHOM HaIlpaBJICHUU.

Takum ob6paszom, B (ase moxHATUs AN AO-
MIOJIHUTEJIBHOTO  HANpPSDKEHHOTO  COCTOSIHHUS
BJOJIb MEpUJMaHa U ILIUPOTHl HHEPIHUATbHOU
CUCTEMBI JCHCTBYET INIABHOE HANpsKEHHE MaK-
CUMAJIbHOTO PACTSDKEHHMSI U IPOMEKYTOUHOE
IJIaBHOE HAaMNpspKeHHE (TOXKE pacTskeHue). Mu-
HUMaJbHOE (HYJIEBOE€) HamNpsKeHHE IeHCTByeT
B HaNpaBJIeHUU Ha 3eHUT. [[1s ha3sl nmporubanus

BJI0JIb MEPHUIMAHA U IIUPOTHI ICUCTBYET INIaBHOE
HAMpsHDKEHHE MAaKCUMAalIbHOTO CXKaTUsl U MpOoMe-
KYTOYHOE IJIaBHOE HampsikeHue (cxarue). Mu-
HUMaJIbHOE (HYyJIEBOE) HaIpsDKEHHE AeHcTByeT
B HAIPaBJICHUH HA 3CHMUT.

[IpuHuMast 175 OLIEHKH MapaMeTpoB IOIOJI-
HUTEJHHOTO HAIMPSDKEHHOTO COCTOSHHS 3€MHOM
Kophl, Bo3HHKatouiero npu 3I1, moaens ympyro-
ro c(hepuyecKoro ciost C HyJIeBBIMH BEpTHKAIb-
HBIMM HanpsokeHusMu (do, = 0), HAXOIUM, 4TO
obbeMHas aedopmarus CBsI3aHa ¢ JIaTepaTbHBIMH
nedopmanuamu 60 = 2 (de,, + de,)/3 (pu 3Have-
HUsAx kodddurmenta [lyaccona v = 0.25). Ilpu
9TOM HANpSOKEHUS B JIaTepaTbHOM HampaBIeHUH
CBSI3aHBI C JIATePATLHBIMU Je(POPMALIUSIMH CIICY-
IOIIMM 00pa3oM:

oo, =E(e, +voe )(1°), o0, =E(de +voe, )[(17).
3)

Cy1ecTByomI1e OIeHKU OKa3bIBAIOT, YTO CO-
OTHOIIICHHUE JIaTePaIbHBIX MPOJOIBHBIX JAehopMa-
uuii ot 311 (e, : de,) MOKET MEHATHCS B IPEENAX
MOPSIKA, IPH ATOM JIJIsl 00JIaCTH CHKATHUS UITU pac-
TSDKEHUSI OHM UMEIOT OJIUH U TOT ke 3HaK (puc. 1).
Ha puc. 1 atu o6nactu pacTskeHUs U CKaTHs pas-
JeTISFOTCS. MPUOTU3UTENBHO BAOJNb IIUPOTHI 45°
B MHEPILIUATHLHONU CUCTEME KOOPAMHAT.

Jns myHKTa MpWIMBHBIX HaOmonenuit Ocaka-
ama [Menbxuop, 1964, puc. 81, c. 284] umeror-
Csl CIIEAYIONINE JaHHBIE O IJIABHBIX JIaTepabHBIX
nedopMmarusax B ¢daze MaKCHMaJIbHOTO TPHINBA
(mommsaTHA) de, = 1.8:107%, de, = 0.3-10°°. Ecim ux
MPUHATH 32 Je(opMaIii, COOTBETCTBEHHO, B Ha-
npasieHud M u F vHepuuanbHOU CUCTEMBI KOOP-
nuHar, To npu moysie KOura E="7-10° 6ap nomy4aum
CIIEAYIOIINE OICHKH JUTsI MOMYJeW NarepaibHbBIX
HanpsbkeHui: 6o, = 0.015 6ap u do, = 0.005 Gap.

[TockonbKy BEpTUKAIbHOE HANPSKEHUE MOXK-
HO CYUTATh PAaBHBIM HYJIO, TO PaCCMaTpPHUBAEMOe
HaNpsHKEHHOE COCTOSIHUE XapaKTepusyeTcsl 3Ha-
yenneMm koddduinmenta Jloge—Hamam paBHBIM
—0.66. Ilomyuyennble 3HaueHHsT KOd(pUIMEHTA

Puc. 3. Msmenenne CHHC ot 3eMHBIX IpMiIMBOB Ha (haze MaKCUMaJIBbHOTO MOAHATHSA (a) U omyckaHus (6). [lyHKTHpHEBIE
Kpyru Mopa OTBEUarOT M3MEHHUBIIEMYCS HAMPsHKEHHOMY COCTOSIHUIO, CTPEJIKa IMOKa3bIBaeT HAIMPABICHUE CMEIICHUS Ha-
MPSDKEHHOTO COCTOSHUS B TOuke C, OTBEUYAOIIETO TUIOCKOCTH CKAJIBIBAHUS (MAKCHMAJIbHBIN YPOBEHB KYJIOHOBBIX HAIPsDKE-
HUH), CIUIONIHAS IPsiMasi — alMPOKCUMAIINS KPUBOW Tpeieia BHYTPeHHeH mpouyHocTy. HarmpaBo o ropu30HTaIN OTKIIAIBI-
BAIOTCsI OTPUIIATEIbHBIC 3HAYCHHST HOPMAIbHBIX HANPSDKeHUH (Cokatue).
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Jlone—Hanan xapakTepusyloT MyHKT HaOirone-
Husg OcakasiMa pacIioIOKEHHBIM B JIOCTaTOYHO
BBICOKMX IIMPOTAaX IPHUHATON HHEPLUHUAIBHOMN
cructembl koopauHar. Ha momrocax 3Toil cucre-
MBI JTaHHBIA KOd(GPUIMeHT mpuodimmkaeTcs K +1,
a Ha ’KkBaTope —1.

CornacHo mnpexncrasiaeHussM 0 BiausHUM 311
Ha nedopmanuu 3emHoi chepsl (puc. 1), B 00-
JaCTH TIOIHATUS MOBEPXHOCTHU BJOJIb MEpHIHUa-
HOB Y IIMPOT MHEPLUAIBHON CUCTEMBI JIEHCTBY-
IOT JIONOJHUTENIbHBIE HANPSDKEHUS PaCTSKEHUS
(puc. 4 a). 3neck copocst CHHC moryT paccma-
TPUBAThCS KaK BO3MOXHBIC I aKTUBHU3AIMH OT
neiictBus 311. [Tockonbky HaubobIlEe pacTsKe-
HHUE JEHCTBYeT BIOJIb MEpHUAMaHa, TO HAUOOIb-
mee Bo3/AecTBUE OyAeT Mpu CyOIIMPOTHOM pac-
MoJIOKeHUH cOpoca.

CoOTBETCTBEHHO B 00JIACTH MPOTHOa BAONb
MEpPUNAHOB U IIUPOT UMEET MECTO TOTIOTHUTEIb-
HOE€ HaIpsHKEHUE CXKaTHsl, olpeaessonee 00b-
IIyI0 BEPOSTHOCTb akTHBU3aImu B3opocoB CHHC
(puc. 4 B). [TockonbKy HanOOIMbIIIEE CHKATUE TOTION-
HUTEJIBLHOTO HAINPsKEHHOT'O COCTOSHUS AEHCTBYET
BAOJIb MEpHJMaHa, TO HaWOOJBUIYIO OMNAcCHOCTb
HUMEIOT B30POCHI CyOIITUPOTHOTO MPOCTHPAHUSI.

J11s Takux B3OPOCOBBIX U COPOCOBBIX Pa3phIBOB
B (hazax pacTshKEHMsS U CKaTusi HauOosee OnacHbI-
MH SIBIISIFOTCS YIJIBI IOTPYKEHUS, Onu3kue K 45°, Ha
TUIOCKOCTSAX KOTOPBIX BO3HUKAIOT JOMOTHUTEIbHbIC
KacarellbHbIE U HOPMAIIbHBIE HANPSHKEHNS 0T, 1 00,

B CHJIy TOTO, YTO BEPTUKAJIbHBIC JOTIOJIHUTEIILHBIC
HaNpsHKEHUsT PaBHbl HYIO, |00 |=| 7 |. TIpn sTom
IUIsl IIUPOTHOM M MEPUAMOHATBHON OpHUEHTAIMH
Pa3IOMOB ATH HANPSDKEHUS UMCEOT 3HAUCHUS:

B11071b IHPOT 07 = 0.5E(Je, + voe,) / (1 —v?),
do = 0.5E(0e,+ voe,) / (1 =1?), (4)

BJIOJIb MepHmanoB ot = 0.5E(de,+ voe, ) / (1 —1?),
do =0.5E(de,+ voe, )/ (1 -1?). (5)

[TonoxxutenbHble 3HAYEHHUS KacaTelbHBIX
HanpsokeHuil B (4, 5) B oOmacTsax pacTsKEeHUS
03HAYaIOT, YTO OHU JACHCTBYIOT B HalpaBICHUU
MOTPY’KEHHUS JIe)Kauero Kpblia pa3pbiBa a B 00-
JACTAX CXKaTUsli — B HaANpaBJIE€HUM BOCCTAHUS
Je)Kayero Kpeuta paspeiBa. To ecTh B oboux
ClIy4asix IONOJHUTEIbHbIE KacaTellbHble Hampsi-
KEHUSI UMEIOT HaMpaBJICHUS, COOTBETCTBYIOIINE
HampaBJIeHUIO cMmenieHus Ha paspeiBax CHHC.
JlomonHUTENbHBIE HOPMAJIbHBIE HAMPSKEHUS Ha
pa3pbiBax OyayT pacTsaruBarolue B 001acTu pac-
TSOKEHUS U CKUMAIOILKE B 00JIaCTU CyKaTHSl.

Jns paspeieoB B Buje casuros CHHC B 06-
nactsax nomHATus M mporuba ot 31 Hambomee
OTIaCHOM SIBNIAETCS Kocas (45°) ux opueHTanus
M0 OTHOIICHHIO K IIMPOTaM M MepuJIruaHaMm
uHepuuanpHoi cucremsl. Ha puc. 4 6, r noka-
3aHbl MpaBble U JIEBbIE CIBUTU COOTBETCTBYIO-
el Hanboliee oracHoil kuHeMatuku. OOBIYHO
CABUTH CYyOBEpTHUKAIbHBI. [T TaKuX pa3pbIBOB

Puc. 4. Jlo6aBouHOE HANpsKEHHOE COCTOSHUE B 00NACTSX MOMHATHA (2, 0) 1 mporuda (B, T). LLIupoTHBIE pa3inoMsl B BUAE
cOpocoB (a) u B30pocoB (B) OKa3aHBI COOTBETCTBEHHO IS O0JacTel MOTHATHA M MPOruda, Tak KaK I HUX TOTIOTHU-
TeJIbHOE HanpshkeHHoe cocTosine koppenupyer co CHHC. Knnemaruka KoCOOpHEHTHPOBAHHBIX MPABBIX U JIEBBIX CIIBUTOB
(6, r) CHHC nns obnacreit nogHsATHS ¥ Iporuba Takke MPUHUMANIACh TOM, KOTOpasi COOTBETCTBYET JIOMOJTHUTEIBHOMY Ha-
npsbkeHHOMY coctosiauto oT 3I1. [TyHKkTHp — MepuanaH, ITPUXOBast JMHUS — NIMPOTa B MHEPIMAILHON CUCTEME.
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K TEOPUM BETEPMUHUPOBAHHOIO MPOrHO3A 3EMNETPSICEHMIA METOgOM LURR

AOMNOJHUTCIBHOC KaCaTCIIbHOC U HOPMAJIbHOC HaA-
MPSXKCHUA OIPEACIIATOTCA BhIPAXKCHHUEM

9t = 0.5E(J¢, + de,) / (1 +v),
do,=0.5E@e, +de)/ (1-v).  ©

[TonoxuTenbHble 3HAYEHUSI KacATEIbHBIX HaIps-
*KeHuH B (6) 03HAYAIOT, YTO OHU JEHUCTBYIOT B TOM
K€ HalpaBJICHUU, YTO U HAIIPABIIEHUE CMEIICHUS
no pa3peiBy B CHHC. JlokanpHas cuctema Koop-
JIMHAT, CBSI3aHHAs C pPa3pbIBOM, IPUHUMAETCS Ta-
KHM 00pa3oM, 4TOObI KacaTellbHbIe HalpsKEeHUS
CHHC nns npaBbIX M JEBBIX CABUTOB ObUIH TO-
JIOKUTEIIbHBIE.

Ha puc. 5 nokazaHo BiIusiHHE JOMOJHUTENb-
HBIX HaNpsHKEHHBIX COCTOSHUM MJisi pas3jioOMOB
Pa3IMYHbIX KHUHEMATUYECKUX THUIIOB (CM. puc. 4).
B omimume ot puc. 3, 31€Ch HE U300paKeHBI CMe-
IeHus1 KpyroB Mopa, a moka3aHo TOJIbKO Halpas-
neHue nepemenieHus Touku C, XapakTepusylo-
Ied caMo€ OIACHOE HaIpPsHKEHHOE COCTOSIHUE,
JEMCTBYIOLIEE BIOJIb TUIOCKOCTH CKAJIBIBAHUS.

Kak Bunno, miis B306pocos CHHC, nonanato-
LIUX B 30HY CkKaTusl, Touka C JOJIKHA CMELaTh-
Csl B IOJIOKEHHE TOYKU b M TPACKTOPHUS 3TOTO
CMEIICHMSI MTOYTH MapajulesibHa JIMHUU Mpefera
MPOYHOCTU. DTO CBSI3aHO C TEM, UTO B 30HAX CXKa-
tus ot 3I1 Ha B30pocax MpOMCXOIUT yBEIHUCHHE
HE TOJIbKO KacaTeJbHBIX HANpsDKEHUH, HO U Ha-
npsbkeHust cxatus (4, 5), HOpMaJIbHOTO K IUIO-
CKOCTHU paspbiBa. B takom ciyuae, cornnacHo (1)
u (6), mpupanieHUe KyJIOHOBBIX HaIPSKEHUM
ONpENIENACTCS BEIPAXKEHUEM

1-k,

ST E|8g,, +vS¢ | mpu Je,,, de,< 0. (7)
—v

0T, =

Ecmn kosddumment tpenns k> 0.6 [Byerlee,
1978], TOo npupaleHrne KyJOHOBBIX HaIpPsHKEHUM
IIOJIOKUTEJIBHOE, HO OHO JIOCTaTOYHO MAJIOE.

st copocoB CHHC Touka C mjist COCTOSTHUS
pPaCTSDKEHUSI CMEIaeTcsl B MOJOKEHHUE TOYKH 4,
U TPAEKTOpHS 3TOr0 NEPEMELIEHHSI OPTOTOHAIbHA
JIMHUM TIpejiesa MpoYHocTU. B 30Hax pacTskeHus

Puc. 5. Tpaexkropust Toukn C B (a3ax MOTHIATUSA U MPOTH-
6anwst ot 3I1: ms B36pocoB (C-b), mist copocos (C—a). Jmst
C/IBUTOB BO3MOXKHBI 00a BapHMaHTa M3MEHEHHH HallpsKeH-
HOTO cocTosiHMs, Oonee onacHble (C—a) B pazax momHsATHS.
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ot 311 Ha cOpocax mpH yBEIIMICHUH KacaTEIbHBIX
HaprI)I(eHI/Iﬁ OJHOBPEMECHHO IPOUCXOAUT CHH-
YKCHUE HanpspKeHUH cxarus (4, 5), HOpMaJIbHOTO
K TIOCKOCTH pa3peiBa. B 3ToM ciryuae, cormacHo
(1) u (6), nns mpupaIIeHus KYJIOHOBBIX HaIpsiKe-
HUI NMEEeM BBIpaKEHUE

I+k,
S
0T, = (e E|58M +V5€F| npu de, ,0¢, > 0. (8)

Cornacho (8), st cOpocoB mpupalieHue Ky-
JIOHOBBIX HAIIPsDKEHUN B 4-5 pa3 BhIlIE, YEM VIS
B30pOCOB.

Hns casuroB CHHC ¢ toii opreHTanuei, ko-
TOpasi MpeJcTaBlIeHa Ha puc. 4 B 00IacTsIX pac-
TSOKCHHS, TIPOMCXOUT YBEIUYCHUE KacaTeIbHBIX
HaNpPsHKEHUH OTHOBPEMEHHO CO CHIXKEHHUEM HOp-
MaJIbHOTO K pa3pbIBaM Cxkarus, T.e. Touka C nepe-
MeIIaeTCs B MOJIOKeHUE TOUKH a. Jlimsa obOmacTeit
C)KaTusl YBEJIMUYEHHUE KacaTelIbHBIX HaNpsHKEHHM
COMPOBOXK/IAETCSI POCTOM HOPMAJILHOTO K pas-
pBIBaM cxkarus, T.e. Touka C nepeMeniaeTcs B no-
noxenue Touku b. Jlng vux, cornacuo (1) u (6),
MPUPAIICHHUS KYJIOHOBBIX HANpPSOKEHUH ompee-
JISIIOTCSL BBIPAXKEHUEM

—1 K E(é +0 )n u o€, 0. >0
= : Y ¥ , ,
2(1 V) M F p M F

1-k
517, = 2(1—+(/)E|§,9M +0e,| npu Oe,,, 06, <0. (9)

07

N3 (9) caenyert, uyTo cABUrK B 001acTAX pac-
TSDKEHUSI CTAaHOBSITCS CYILECTBEHHO OoJiee orac-
HBIMU 110 BO3MOXXHOCTH pealln3aluil TPUITEPHO-
ro a¢ddekra ot 311, uem B obnactsax cxarus. s
HUX B O0JACTSX PACTSKEHUS JOTOJHHUTEIbHBIC
KYJIOHOBBI HalIPsDKCHUS BBIIIIE, YeM JIJIsl 00macTeit
cxkarus, B 4-5 pas.

BaxxHo oTMeTHUTB, UTO Kak st cCOPOCOB B 00-
JACTAX PAcTsHKEHUS, TaK U Ui B3OpOCOB B 00Ma-
CTSIX CXKATWs HOPMUPOBAHHBIC KYJIOHOBHI HAIPS-
JKEHHs BO3PACTAlOT U 7, — | HE3aBHCHMO OT HX
OopHeHTauK. IT0 00yCIIOBIEHO TeM, YTO 00a Ja-
TEpaJbHBIX TNIABHBIX HAPSIKCHUS JTOTIOJIHUTEITh-
Horo cocrtosiHus oT 3II nubo monmoxuTenbHbIE
(obmactu mogHATHS), MO0 OTpULIATENbHbIE (00-
JacTy mporuda), a BEpTUKAIBHOE BCET/Ia HYJIEBOE.
[Tpu 5TOM camMoe onacHOe COCTOsTHHE, KOT/a TUI0-
CKOCTh pa3jioMa CyOIIMpOTHAa B HWHEPIHATBHOM
cUCTeMe KOOPJIMHAT.

Jlns cnBUroB cutyaius uHas. 31ech Hauboee
OIIACHOE COCTOSIHWE, KOTJa MX IUIOCKOCTb BEPTH-
KaJbHa M OpUEHTHPOBaHa 1oJ yrioM 35—45° k ocu
HauOoJbIero cxarust (obmactb mporuda) WM
HAaUMEHBIIIETO PaCTDKeHUs (00JacTh TOTHSTHS)
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JIOTIOTHUTEIBHOTO ~ HAINPSKEHHOTO  COCTOSIHUSI.
[ToBopot mockocTH caBuroB Ha 90° ot 3TOTO Ha-
TpaBleHys NPHBOAUT K ToMmy, uto Tipu 3I1 7, Gy-
YT CHIKAThCA U COCTOSIHUE OyIeT OTHANAThCS OT
MPEAETHHOTO.

Takum oOpazom, BeisicHseTcs, 4To 311 oka3bl-
BaIOT M30MpaTEIIbHOC BIUSHUE HA PA3JIOMBI, H 3Ta
M30MPATETPHOCTh 3aBUCUT OT WX KHHEMaTHye-
ckoro tuna paspeiBa. CymecTBeHHO OoJee orac-
HBIMH JUTSI pean3aiiu TpUrrepaoro pruusiaus 311
sBisitoTest copocsl v casuru CHHC, ams koTopsix
BO3MOYKHO MPUOIMKEHHUE COCTOSHUS K MPeaeib-
HOMY B MOMEHTHI UX HaxOXJeHus B ¢aze moji-
HaTus. /s B36pocoB u cBUroB B ¢aze mporuda
ot 311 peanmzanus Tpurreproro 3¢ dexra npu 311
MeHee BepOsITHA, HO BOBMOXKHA U3-3a CYIIECTBEH-
HO MEHBIIIETO TPUPAIICHUS KYJIOHOBBIX HaIpsDKe-
HUH. 3/1ech Ba)KHO OTMETHTb, YTO JJIS CJIBHIOB,
KOTOPBIC MOTYT aKTUBH3UPOBATHCS B (ha3e Mo HS-
Tus wim B (aze nporudanus ot 311, B aze coort-
BETCTBEHHO NPOTHOAHUS WITU MOTHSATHUS IPOUCXO-
JUT YMEHBIICHNE KyJTOHOBBIX HAMPSKCHHSI.

Crnenyer emie pa3 oOpaTUTh BHUMaHHE Ha TOT
¢dakT, 4TO MOJTyUYEHHBIC B 3TOM pa3zielie BbIBOJbI
oTHocsATCA K Tem ciydasm 311, korna cosznaBae-
MbI€ UMH JIOTIOJIHUTEIbHBIC KacaTeabHble HAIps-
KCHHS Ha pa3pbIBax COBITAJIAIOT C KaCaTeIbHBIMH
HanpsokeHusimu ot CHHC (puc. 4).

IBosaonua gegopmanui

OT 3eMHBIX NPUJIMBOB Ha Pa3JjioMax

HOCKOHLKy B PCAJIbHBIX YCJIOBUAX BO3MOXK-
HbI pa3HOO6pa3HBIC OpUCHTaAllUKU CEHCMOTIeHHBIX
pas3jioMOB, TO BaAXXHO IIOHATH, HACKOJIBKO p€ajibHa

CUTyalusi, U300pakeHHast Ha puc. 3, s pa3ioma
mo6oii opuenTanuu. Kak yacto Moryt Bo3HUKaTh
TaKhe ONAacCHbIE PACIOJIOXKEHHsI Pa3jIOMOB 110 OT-
HOILICHUIO K HAMPSKEHUSM JOIMOJHUTENILHOTO Ha-
IPSDKEHHOTO COCTOSIHUSA ?

Ha camom pene, u3MeHEHUsT HampaBJICHUS
JICUCTBUS IIIABHBIX HANPSKEHUW JIOMOJIHUTEIb-
HOTO HAINpSKEHHOTO COCTOSHUS 10 OTHOIICHUIO
K KOHKPETHOMY pa3jioMy B IIPOLIECCE CYTOYHOI'O
BpaleHus1 3eMJIM U B3aUMHOTO BpaieHus JIyHbl
1 3eMJIM HE OYEBMJIHBI. BbINONIHUM aHanu3 Tpa-
EKTOPUH JIBUKEHHSI XapaKTEPHbIX TOYEK, B KOTO-
PBIX 3aJacTCsl HallpaBJIEHUE MIPOCTUPAHUS pas-
JIoMa, Ha 3eMHOM cdepe B mpolecce CyTOYHOIO
BpallleHHuss 3eMJIM IO OTHOILEHUIO K Halpaslle-
Huto Ha Jlyny. Ha puc. 6 mokaszana tpaekropus
TOYKH PpACIOJIOKEHHUS HM3Yy4aeMoOro pasjioMa Ha
3eMHOM c(pepe B MPOESKIIMHU Ha TUIOCKOCTh OPOUTHI
Jlynsl. lns ynpouieHus aHanu3a OyJieM CUUTarh,
yto JlyHa Bpamaercst BOKpYyr LeHTpa 3eMJid, a He
BOKpYr LeHTpa Macc 3emist—JIyna (puc. 1). by-
7€M TaKKe MPUOIMKEHHO CUUTaTh, YTO HAKIIOH
ocwu Bparienus 3emiu (Touka N) K MI0CKOCTH Op-
ouTtsl JIyasr 30° 1 B HauaJdbHBI MOMEHT HAIIIETO
aHaJu3a MPOEKIMA ATOI OCH Ha IIOCKOCTh OpOH-
Th1 JIyHBI coBmagaet ¢ ocbio LL (puc. 6). bynem
€ro UMEHOBATh HA4YaJbHBIM COCTOSIHHEM. 3a(uK-
CUPOBAB 3TO PACHOJIOKEHNE 10 OTHOUIEHUIO K Ha-
npasiieHuIo Ha CoJlHLe, MTHEPLUAIbHYIO CUCTEMY
(L—C) aToro MomeHTa BpeMEeHH HAa30BEM Hayajlb-
HOM MHEepLMAIBHON cucteMoil koopauHar. Cuu-
TaeM, YTO B 3TOM CUCTEME KOOPIAMNHAT MOJO0KEHUE
OCH CyTOYHOTI'O BpalleHUs 3€MJIM HE U3MEHSETCS.

Puc. 6. Cxema, 00BsICHAIONIAs H3MEHEHUE TTOJI0XKEHUS M HAIIPABJICHHS Pa3phbiBa HA 3eMHOI IIOBEPXHOCTH B HAYaJILHOI HHEP-
LMaIbHOM CHCTEMe KOOPIMHAT NIPH BpallieHnH JIyHbl OTHOCHTEIBHO LIEHTpa Macc 3eMitu (YIpoILeHHOE [TPEICTaBICHUE) U IPU
ee cyTouHoM Bpaienun. OpoOura BpateHust JIyHbI J€KUT B INIOCKOCTH PUCYHKA. N — ITPOEKIHS Ha IUIOCKOCTh PUCYHKa Ce-
BEPHOTO MOJII0CA OCH CYTOYHOTO BpAILeHUsI 3eMIIH. 4, b, ¢, d — 1onoxeHne pa3pbiBa Ha 3eMHOHU cdepe uepes KaxIple 4 CyToK.
[MyHKTHpHAS MUPOTA B HHEPIHATIBHON cucTeMe (45°) pa3menser 3eMHyIo chepy Ha 00IIacT pacTshKeHHs (OSNbIi [IBET) U CKa-
T (cepsiit mBeT) ot 3I1. ToHKHMIT MyHKTHP AT TIMPOT 45°, 0TBEYAIOIINX PacIIoNoKeHHIo JIyHbI yepe3 CyTKH OT HadaJlbHOTO
cocrosinus (d). I300paxkeHre TpaeKTOPUH TOUKY U HAIMIPABJICHUE pa3phiBa aeTcs B cTepeorpapuuecKix npoekimsax Bymnbda.
[Moka3zaHo Takke N3MEHEHHE MOJIOKEHHsI TPOSKIIUK OCH CYTOHHOT0 BpaiieHus 3emin Ha JlyHy uepes Kaxable Y4 CyTOK.
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PaccMoTpuM TpaekTopuio ABMKEHUS TOUKH 4,
KOTOpasi B HauyaJIbHbI MOMEHT Halero aHajiusa
Haxoauiach Ha mupotre 30° reoeHTPUUYECKON CH-
CTeMBbl KoopauHar 3emud. s mpuUHATOro yria
HaKJIOHA OCH BpalleHUs 3eMJIM TOYKa @ COBIMaJia-
€T C MOJIOCOM MHEPIUAIbHON cucTeMsl (puc. 1).
[Tonaraem, 4TO B TOUKE @ UMEETCS Pa3JIOM ILIHPOT-
HOTO MPOCTUPAHUS B T€OIIEHTPUUYECKON CUCTEME
KoopauHat 3emin (puc. 6), KOTOpbIN HampaBieH
BJIOJIb MEpHJMaHAa WHEPIHUAIbHON CUCTEMBI KO-
opavHatr. BeiOpaHHas a1 aHanu3a IMOBEACHUS
paznoma mupotra 30° reOHeHTPUIECKON CUCTEMBI
KOOPIHMHAT 3€MJIU COOTBETCTBYET MPUOIU3ZUTEIb-
HO CepeIuHe CEHCMOIreHHOW nosockl EBpa3umn
Mexay 15°u 45°.

B mponecce cytouHoro BpaueHust 3emin 1o-
JIOKEHUE pa3jioMa B HAYAIBHOM WHEPLHMAIBHOMN
cucreMe M3MeHseTcs. Uepe3 KaxAble YEeTBEPTb
CYTOK TOYKa @ IOCJEI0BATEIbHO MEPEMEILIAETCS
Y3 HAYaJIBHOTO €€ IMOJIOKEHUs B TOYKH b, ¢ U d.
COOTBETCTBEHHO ATHM MEePEMEIIECHUSM U3MEHSIET-
cst Ha chepe opueHTanus pasiaoma. [ papudeckuii
aHaJIu3 Ha cTepeocdepe MoKa3bIBAET, YTO B TOUKAX
b u d npocTupaHue paziomMa COCTaBUT ¢ ochbio LL
yroi okoiio 18°. B Touke ¢ pazinoM napasuieneH ero
HayaJIbHOMY TOJIOKEHHUIO B TOUKE d.

[Tonaras, uto Jlyna oGparaercst BOKpyT 3eM-
mu 3a 30 cyTok (emie oHO MPUOIIKEHUE), TTOTy-
YUM, YTO Ka)Jbl€ 4 CYTOK OHa MOBOPAYMBAETCS
OTHOCHUTENbHO LeHTpa 3emiu Ha 3°. Ilpu stom
BCJIENl 3a U3MEHEHHEM MoJlokeHus JIyHbl m3Me-
HSETCS U NIOJIOKEHHUE IIUPOTHI 45° HHEpLUAIBbHON
CUCTeMBI (paz/esieHre olnacTeit cokaTust U pacTsi-
xenust ot 3I1), oTBeyaronieit HOBOMY B3aUMHOMY
pacnionioxxennio JIyasl u 3emnu. 3a 7.5 3eMHBIX
cytok Jlyna mpoiiner nyry B 90° OTHOCHUTENHHO
LIEHTpa 3eMIJIU.

Takum o0Opa3om, BpallleHHE 3a/JaHHOTO B TOY-
K€ a pa3jiioMa M ero MoJOKeHHe B TeKyIleil nHep-
LMAJIbHOW CHUCTEME KOOpAMHAT CKJIaJbIBACTCS
U3 JByX (paKTOPOB: CYTOYHOIO BpallleHHUs 3eMIIH

u BpaeHus JlyHnsl Bokpyr nentpa 3emiu. CyTou-
HOE BpALEHUE JTOJDKHO CO3/1aBaTh MEPUOINIECKOE
HepeMEILEHNE TOYKU @ BJIOJIb MEpUAMAaHa Hadallb-
HOM MHEPLMAIBHOM CUCTEMBI KOOPIUHAT.

Ha puc. 6 noka3aHo, Kak U3MEHSETCS MHAPOTA
TOYKH PACIONI0KEHHUS pa3jioMa B IIPOLIECCE CYTOY-
HOTO BpallleHHs 3eMJIM B MTHEPLUATIbHON CUCTEME
KOOpJIMHAT, CBSI3aHHOU ¢ nepemenieHueM JIyHbl.
Bynem Takyroo mHEpLUATIbHYIO CUCTEMY KOOpPIU-
HaT Ha3bIBaTh TEKyIIeH. BUAHO, 4TO OCTENIEHHO
3a c4eT pa3Bopora ocu Ha JlyHy B Touku b, ¢ u d
ee OpOMTHI MPOUCXOAUT M M3MEHEHHE PACIOIIo-
XKEHMsI TUIOCKOCTH pa3jioMa OTHOCHUTEJIbHO Ha-
YaJIbHOTO MX PACIOJIOKEHHUS B HAYAJIBHOM MHEp-
nuanbHoOM cucreme. Ha puc. 7 mo ropusoHTanu
nokasanel ymisl noBopora JlyHel. Ilockonbky
MBI paCCMaTpUBacM PaBHOMEPHOE €€ IBUKEHHUE,
TO KakJple 12° BIOJIb TOPU3OHTAIIN COOTBETCTBY-
10T OJJHUM 3EMHBIM CyTKaM.

Kak BuaHO, Kaxable CyTKH pas3jioM B 00JIacTH
CKaTHsl HAXOAUTCA OONBLIYI0O YacTh BPEMEHH.
B sT0it ob6nmacTu pas3ioM MEHSET CBOIO OpPHEHTa-
nuro nmouty Ha 180° MeHee 4eM 3a OHU CYTKH.
B oOnactu pacTsokeHMs TOJBKO B OTAEIbHBIE
nepuoabl (Hadajlo ¥ KOHELl BpEMEHHOIO OTpe3Ka
puc. 7) pa3ioM MEHSET CBOI OPHEHTAllMI0 Ha
yribl, Onu3kue K 90°. B OCHOBHOM 3TH U3MEHEHUS
HeOobIue, 0koi1o 40—60°.

B Hamem npumepe Mbl BBIOpaJId pasiioM IIU-
POTHOrO IpoCTHUpaHus B Touke a (puc. 6). Cornac-
HO puc. 7, OOJBIIYIO YacTh BPEMEHH B 30HaX pac-
TSDKEHUS. ATOT Pas3jiioM OCTaeTcsl CyOLIMpPOTHBIM
WIA OTKJIOHSIIOIIMMCS OT 3TOTO IIOJIOKEHMSI Ha
yroi okoso 45°. Toibko B MOMEHT BPEMEHHU, OTBE-
yaromuii yriry nosopora Jlynst B 139, 154 u 166°,
UMEET MECTO OTKJIOHEHHE OT CYOLIMPOTHOIO MoY-
Td Ha 90°. DTO 0O3HA4aeT, YTO B OIpEIETICHHBIX
ciydasx (Takux, Kakue U300pakeHbl Ha puc. 4),
pasiom, UMeroIni kuHeMatuky copoca B CHHC,
MOXET PETYSIPHO KaXKIbleé CYTKH OKa3blBaTh-
Csl B COCTOSSHUM POCTa KYJOHOBBIX HaIpsDKEHHM

Puc. 7. Tpackropusi TOYKH Ha 3eMHOU cdepe B TEKYIIeH MHEPIUAIEHOW CHCTEME KOOPIMHAT M IPOCTUPAHUS Pa3phiBa
0 OTHOIIIEHHUIO K Hanpasienuto Ha Jlyny (LL Ha puc. 6). [To BepTHKanyu Noka3aHa IUPOTa B UHEPLHUAIBHOM crcTeMe (I10-
JIOKUTEIIbHBIC 3HAYCHHS ISl TOJTYIIapusi O CTOPOHBI JIyHBI), IO TOPU30HTANIM OTKIIA/IBIBACTCS YIroj, Ha KOoTopbii JIyHa
MOBEPHYJIACh OTHOCUTENBHO IIeHTpa 3emid (12° 0TBeUaroT OJJHUM 3€MHBIM CYTKaM), >KUPHBIM IIPU(TOM BBIIEICHBI YIJIBI,
OTBEYAIOLINE MOJOKEHUIO pa3iioMa B Touke ¢. CepbIM I[BETOM BhIJielieHa 001acTh cxkatus. JIMHEHHBINH OTPE30K MOKa3bIBAET
MPOCTUPAHKE YYACTKA PAa3phiBa B TEKYIICH HHEPIUATBHON CUCTEME KOOPIUHAT.

200



TEO®U3UKA, CENCMOSTOrusi

FeocucTEMBI NEPEXOAHBIX 30H, 2021, 5(3)

ot 3II, xak 310 mokazano Ha puc. 5. Ho moryr
ObITh U Apyrue ciydyau. Hampumep, B Mepuamo-
HaJIbHOM PACIOJI0’KEHUH Pa3jioMa B TOUKE @ TaKast
OMacHas CUTyalllsi MOXKET BO3HUKHYTh 3a JIyH-
HBIA MeCsI| HECKOJIbKO pa3 (ABa pa3a B TEUCHHE
3 cytok). To ke camoe MOXKHO CKazaTh U O C/BH-
TOBBIX pa3jioMax.

W3 naHHBIX puc. 7 cienyer, 4yTo pasjioM Io-
CTOSIHHO MEHSIET CBOIO OPUEHTAIMIO 110 OTHOLIE-
HUIO K TVIABHBIM HAIPSKEHUSM JTIONOJHUTEIBHOTO
HanpsikeHHoro coctosaus ot 311. B kakue-to Mo-
MEHTBI BPEMEHH 3Ta OPUEHTALIMS [JIABHBIX HAIPS-
J)KEHUH MOJKET MOBBIIIATH YPOBEHb CYyMMAapHBIX
KYJIOHOBBIX HANpsKEHUN Ha pa3pbiBe, a B KaKue-
TO UX YMEHbLIATh.

B npeasiaymem pasnene Obuio oKa3aHo, YTO
JUIS CIIBUTOB M COPOCOB MHOTOKpPATHO OoJblliee
[0 CPaBHEHUIO CO B30pocaMu MpHpalICHHUE Ky-
JIOHOBBIX HANpPSDKEHUN MOXET BO3HHKAaTh B 00-
nactax pactspkeHus ot 3I1. [loatomy nanee Mbl
OyZeM CBSI3BIBATH BO3MOJICHbIL MPUL2EPHBILL -
gexm om 311 monvko ¢ obracmamu pacmsaricenus..

Ecnu Tenepp mnoiaydeHHbI Ha pUC. 7 pe3yiib-
TaT MPOUHTEPIPETUPOBATh C MO3ULUHU OLIEHKH
W3MEHEHUS NPENEIbHOIO HANPSHKEHHOIO COCTOS-
HUs, JAHHOTO HA PUC. 5, TO MO>XHO TOBOPUTH, UTO
OMNACHBIMM C TOYKH 3PEHHUSI TPUITEPHOTO BIISHUS
MOKHO paccMaTpuBaTh TOJIBKO MOMEHThI Bpeme-
HU, KOT/1a Pa3jioM HaXOAUTCS B 30HE PACTSKECHMUSL.
B stom cnyuae paznomsl, 1 kotopeix B CHHC
UMeJ MECTO cOpOC U CIIBUT, MOTYT HUCIBITHIBATh
JIOTIOJIHUTENbHBIE HANPSKEHUsI, TPUOIMKAIOLIIE
UX COCTOSIHUE K IIPEJECIIBHOMY.

[Tpu 3TOM COpOCHI 0600 MPOCTUPAHUS B TO-
MOLEHTPUYECKOW CHCTEME KOOpIMHAT 3a 7.5 cy-
TOK JIBaXKJIbl OKa3bIBAlOTCS B COCTOSIHUM, KOTJa
3I1 OynyT co3maBaTh JIOMOJIHUTENBHbBIE HaIpsiKe-
HUS, PUOIMKAIONIUE UX COCTOSHHE K Ipe/elib-
HOoMy (puc. 5). JInst cABUTOB Tako# ke pe3ysbrar
IPOUCXOIUT 3a 15 3emMHbIX cyTOK. FIMeHHO 3a 310
BpEMSI Pa3JioM B BHJIE CABUTA BJIOJIb IPOCTUPAHUS
st CHHC ¢ nro6o#i opueHTanuei B TOOIEHTPU-
YECKOW CHCTEME KOOPJIMHAT OIUH pPa3 OKAKETCS
B OIIACHOM COCTOSIHMU [yl peasli3alludl TpUITep-
Horo s¢dexra ot 311

Ecnu MBI pacnonoxum pa3jioM B HadyaJlbHbII
MOMEHT aHaju3a Ha mmpoTe Oonee 60° wm me-
Hee 0° (T.e. Oonee 60° i menee 0° B reoeHTpU-
YECKOM CHCTEME KOOpPAMHAT), TO AJUTEIBHOCTD
BPEMEHHU PACIHOIOKEHHUs pa3jomMa B 00JacTu pac-
TSDKEHUS CYIIECTBEHHO yMeHblIaercs. B cBs3u
C OTUM BO3HUKHOBEHHE ONACHOM CUTyallUd JyIs
pasiiomMa OyneT NPOUCXOAUTH 3a CYIIECTBEHHO
Ooubliee BpeMsi, HO 3a JIYHHbBIN MEeCSIl TaKas CUTY-
anusi 00s3aTeNbHO BO3HUKHET. V3 mpoBeneHHOro

aHaJI3a CJICAYCT, YTO PA3JIOMbI, HAXOAAIIHUECCA Ha
BBICOKHUX IIMpoTax Oosiee 60° u meHee 75°, BOOO-
e HE MOT'YT IIoIiaaAaThb B O6H3_CTI/I PaCTAXKCHHUA U,
crienoBarenbHo, i Hux 311 He co3aaroT BO3MOXK-
HOCTHU JIA YBCJIIMUCHU A KYJIOHOBBIX HaprI)KeHI/If/'I.

Biusinue MOPCKUX NPUJIUBOB H OTJIUBOB
HA HANpPsi’KeHUs B JIUTOC(epe 0KeaHOB
U KOHTUHEHTAJIbHBIX MO0epexuii

PaccmoTpenHoe BbIle ge(opMaiioHHOE BIIM-
sSIHUE MPWJIMBOB B TBEP/OH 3eMJie Ha HaNpsHKEH-
HOE COCTOSTHUE PA3JIOMOB IIPEXKE BCErO OTHOCUT-
Csl K KOHTUHEHTAJIbHBIM O0JIaCTSIM, OTAAJIEHHBIM
OT MOPCKHMX U OKEaHCKUX NoOepexuid. DT0 Tak
HazbIBaeMbIi npsiMoit s ekt Biustaus 311

PaccmoTpuM Temepp KOCBEHHBIE 3((EKThI
OT TPaBUTALMOHHOTO BiMsHMS JIyHBl Ha Hamps-
KEHHOE COCTOSIHHUE KOPBI M3-3a HAJIMUYUS BOAHBIX
Macc OKeaHoB. B paMkax paccMarpuBaeMoy Ipo-
0J1eMbI OCHOBHOE Pa3NIune ¢ KOHTHHEHTaMH CBSI-
3aHO C IOSIBJICHUEM JOINOJHUTEIBHON Harpy3ku
OT KoJIeOaHUsI BOJHOM MMOBEPXHOCTH OKEAHOB.

KocBeHHBIX (paKTOpOB, CBA3aHHBIX C BO3IEH-
CTBHUEM BOJHBIX MAacC, HECKOJIbKO [Menbxuop,
1964]: (A) cOOCTBEHHO IOTOTHUTEIBHBIE MACCHI
Bonbl; (B) mporu6 nHa okeanos; (B) nedopmarim
IIOPOJ] KOPBI, OIPEEIISAIONNE N3MEHEHUE I'PaBU-
TallMOHHOro noreHnuaia 3emin. Eciu uckiro-
YUTH TOOEPEXbs, TO AUATIA30H KOJIEOaHUN YPOBHS
OKEaHOB B IEPUOABbl MAKCUMAJIBLHOTO HOIHITHS
u nporuba oyzner ot 5 10 70 cm. Cpennsis amiuiu-
Tyna konebanuil coctaBnsger okono 0.5 m. bydem
nonazams, 4mo AamnaumyObl ONYCKAHUS OKedaM-
CKoll nogepxHocmu 0Jis (hazvl NOOHAMUSL CO8NAOA-
rom ¢ amnaumyoamu 0is pazvl npo2uda.

Ecnu ocraBarbcsi B pamMKax BbILIE IPUHATON
cuctemnl orcuera B Buae CHHC, omenka Bims-
HUSI KoJIeOaHM ypOBHSI OKEaHOB CTa/IMU MPUIIUBA
u omMBa Oynet orBevars 0.5 M mogbeMa U CHUXKe-
HUS YpOBHs BOAHBIX Macc. [lepeBoss 310 B BepTH-
KaJbHYI0 Harpy3ky, noxyuum 0.05 6ap umm 5 Klla,
YTO B HECKOJIBKO pa3 OoJjibllle, YeM ypOBEHb Ha-
NpsDKEHUH OT TMHEHHBIX nedopMaluii, BeI3bIBae-
MbIx 3II. [TomyyeHHble 3HaYEHUS COOTBETCTBYIOT
YPOBHIO HaNpsKEHUH, pacCUMTaHHBIX B paboTax
[Wilcock, 2001; Stroup et al., 2007], u Ha nopsi-
JIOK HM)KE 3HAUCHUH, MCIIOJIb30BAaHHBIX B paboTax
[Cochran et al., 2004; bapanos u np., 2019].

OOparuM BHUMaHUE, YTO OKEAHCKUE PUITUBHI
B JIFOOOH TOYKE TUTOC(HEPHI CO3AI0T OAMHAKOBBIH
TUIl HANpsKEHHOT'O COCTOSIHUS, XapaKTepU3ylo-
muiics 3HaueHueM kodddunmenta Jlome—Hanam
OMM3KUM K +1, 4TO CyIIECTBEHHO YIPOIIAET pac-
YeT KYJIOHOBBIX HAIPSDKEHUN JOIOJHUTEIBHOIO
COCTOSIHHS.
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BrinonHeHHbIE OLIEHKH BEIHYUHBI JOTMOJHU-
TEJIHHOTO BEPTUKAIHHOTO HANpPSKEHUSI, BbI3BaH-
HOT'O BECOM OT M3MEHSIOIIEroCs YPOBHS OKEaHOB,
MOKa3bIBAIOT, YTO B MOMEHT MAaKCUMAJILHOTO MO/~
HATHSL B OKEAHCKOM KOpe M3-3a yBEJTUYMBLIETO-
Csl YPOBHSI OKE€aHa BO3HUKAIOT JOMOJHUTEIbHBIC
BEpPTHUKAJIbHbIE HANpPSOKEHUST CXKaTHsl TMOpsiaKa
—0.05 Gap u OTMONHUTEIbHBIE HANPSIKCHUS JIa-
TepaibHOro cxarus okono —0.017 Gap (ynpyruii
3¢ dexT or 60KOBOTO CTECHEHHUS I Kodduiu-
enta [lyaccona 0.25). CooTBETCTBEHHO, B MOMEHT
MaKCHMaJbHOTO HpPOTruda 3TH JOMOJHHUTEIbHEIE
HANPSDKEHUS] CTAHOBATCS MOJIOKUTEIBHBIMHU.

[TomyueHHble HampsKEHUST HEOOXOAUMO TPO-
CYMMHUPOBaTh C HaNpsOKEHUSIMH, BO3HUKAIOLIU-
MU H3-32 U3MEHEHHs (HOpMBI 3eMJIH B MPUIIHBHI,
YTO M JIaeT OOILIMe JOMOJIHUTENbHbIC HalpshKe-
Hus. B cuity nuHelHOCTH ynpyroi 3a1auu U aj-
JTUTUBHOCTU €€ PElIeHHs] UMEETCs BO3MOXKHOCTb
OT/IETIPHOTO aHaJM3a BKJIaZa B W3MEHEHHE Ha-
MPSDKEHHOTO COCTOSIHUSL OT 00omX (haKTOpOB.
[ToaTomy 37€ch ObUIM BBIMOJHEHBI OIEHKU H3-
MEHEHUS HaNpsKEHUH TOJIBKO 32 CUET IPUTPY3KH
Y pasrpy3Kd OT HU3MEHEHUs YPOBHS OKeaHa.

[TomydeHHbIe 3HAYEHUS JOMOTHUTEIBLHBIX Ha-
MPsHDKEHUN OTBEYa0T 00JIACTSIM OKEAHCKOTO CIIpe-
JIMHTa, YIAJIEHHBIM OT KOHTHHEHTOB. 3/1€Ch, KaK
MPAaBUJIO, BO3HUKAIOT 3eMJICTPSICEHHSI C MEXaHU3-
MaMH cOpoca UM CABHUIra, YTO COOTBETCTBYET pe-
KUMY TOPU30HTAIBHOTO PACTSKEHUSI U TOPU30H-
TaJbHOTO CABUTA.

B TO xe Bpemsi ypoBeHb BEpPTHUKAJIbHBIX Ha-
NPSDKEHUH OT OKEAHCKUX IMPUIMBOB, MCIOJIB30-
BaHHBIH B paboTax [Cochran et al., 2004; bapanos
u np., 2019], Gombiie COOTBETCTBYET KOHTHHEH-
TaJBHBIM CKJIOHAM (3ajJMBaM M MOPCKUM IIeIlb-
¢dam). 31ech aMIUIUTYZbl MOPCKUX TPHIUBOB
MOTYT Aocturath 2—7 M. B 3Tux 30Hax B 00Ib-
mmHcTBe CHHC siBnisieTcst rop30HTaIbHBIM CXKa-
THE, YTO COOTBETCTBYET 30HaM CyOTyKITUH C KHHE-
MaTHUKOW pa3prIBOOOpPA30BaHMA B BUE B30POCOB.

OO6nactssMu OONBLIOTO BIUSHUS KOCBEHHBIX
(akTOpoB Ha rPaBUMETPUUYECKUE U3MEPEHHUS SIB-
JSIFOTCS. ¥ TIPUOPEKHBIE KOHTUHEHTAJIbHBIE 00J1a-
CTH, U OCTPOBA. 31€Ch U3 MEPEUUCIICHHBIX BBILIE
JUISL OKEaHWYECKOW KOpPbI KOCBEHHBIX 3(PQEKTOB
octratorcst (b) m (B). O6Ga dakropa, onpenes-
fone (U3NYECKYI0 MPUPOAY ITHUX KOCBEHHBIX
3¢ PEeKTOB, HAXOAATCS HETMOCPEACTBEHHO B MOp-
CKOW YacTW M MOATOMY HE MOTYT CYIIECTBEHHO
BIUATH Ha AehOpMalMKi KOPbl IPHOPEKHON Ya-
CTH KOHTHHEHTOB U O0CTpOBOB. CyIlecTBYeT erie
OoH (aKTOp, KOTOPHIA CHOCOOCH MOBIHSITH Ha
pe3yabTaThl TPAaBUMETPUUECKUX U3MEPEHUN U Ha
HanpsDKEHUS. B KOPE yKa3aHHBIX o0yacTeil, — 3To
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JIOTIOJTHUTENbHBIE HAMPSKEHUS TOPU30HTANIBHO-
TO CXKaTHsl, KOTOPbIE MOSBISIIOTCS B IPUOPEKHOM
YaCTH KOHTMHEHTAJIbHOW KOpBI M3-3a KoJeOaHHi
YPOBHSA MOPCKOM M OKEaHCKOM OBEPXHOCTU. AM-
IUIMTYABl 3TUX KOJeOaHUH H3-32 OCOOEHHOCTH
U3MEHEHUs! JHA BOJM3M OKEaHCKOTo MOOEpeXbs
MOTYT OBITh CYyIIECTBEHHO OOJIbIIIE, YeM IS y/a-
JICHHBIX OT HUX OKEaHCKHX 00JacTeil, J0Xoas 110
1.5 M (mpumewm 3a cpennee 1 m). Takum oOpazom,
B/I0JIb KOHTUHEHTAJIBHOT'O CKJIOHA KOPbI B MOMEHT
NPWIMBOB B BOAE JEHUCTBYET IOMOJIHUTEIBHOE
nasnenue 0.1 6ap. Ilonacaem, umo ananoeuunoe,
HO NPOMUBONONOJCHOE (YMeHbuleHUue) DOK0B020
oasnenuss omuocumenvho CHHC umeem mecmo
80 8peMsl OKEAHCKUX OMIUBOS.

BoinonHeHHble OLIEHKH BIMSHUS Ha moOepe-
b€ OOKOBOTO JABJICHUS, BHI3BAHHOTO JOIOJIHU-
TEJIbHBIM JIaBJICHHEM BOJIbl, [IOKA3bIBAIOT, YTO OHO
B KOpPE MOXET 3aXBaTbIBaTh NIyOuHbI 10 10-20 kM
(CerCMOTeHHBIN CIIOH), CHUXAasACh (0OpaTHO Mpo-
MOPIMOHANILHO) KaK C TIIyOWHOM, Tak U C TOpu-
30HTaJIbHBIM paccTosiHuEM oT Oepera. Ha paccro-
sani 100 KM OT KOHTHHEHTAJILHOTO Oepera 3To
nasnenue B 100 pa3 OGosbliie BEpTUKAIBHBIX J10-
MOJIHUTEIBbHBIX HANPSKEHUI U COCTaBISET OKO-
70 0.01 6ap. DTO MO MOPAAKY BEIUYHUH COOTBET-
CTBYET OILICHKaM HamnpsbKeHUM, MHULUHAPYEMbIX
3I1 B TBepaoii 3emiie. B ciaydae manbix n3ome-
TpUYHBIX OCTPOoBOB (MeHee 100 kM) UM ocTpo-
BOB, UMEIOIIKUX OJMH U3 XapaKTepPHBIX pa3MepoB
B 100-200 km (Caxanun, SImOHCKHE OCTpOBa),
OOKOBOE JaBJICHUE OyJIET CHUKATHCS CYIIECTBEH-
HO MEHBIIIE.

Takum oOpa3oM, OKeaHCKHE NPUIIUBBI CIIO-
COOHBI CO37aTh JOTMOJHUTEIHHOE TOPHU30HTAIIb-
HOE C)KaThe WM pacTsHKeHHe, KOTOpOoe B 3aBH-
CUMOCTH OT T€OMETPHUHU OCTPOBOB MOXKET OBIThH
00 W3O0TPOMHBIM, JHOO OTHOHAMPABICHHBIM.
[Tocnennuit TN JOTIOJHUTEIBHOTO TOPU3OHTAIIb-
HOTO CXKaTHs TaK)Ke OTBEYaeT KOHTHMHEHTAJIbHOM
KOp€ MPUOPEKHBIX 30H.

JUis u3ydeHus BKJaJa 3TOrO THIA JOIOJI-
HUTEJIBHBIX HAIPSKEHUH MOXKHO HCIIOJIb30BaTh
CBOMCTBO QUINTUBHOCTH YIIPYTUX JePOpMaIUi.

TpaexkTopnu KpUTHYECKHX KYJOHOBBIX
HAIIPSIZKEHUi B Kope modepeskuii
KOHTHHEHTOB, BbI3bIBaeMble
OKeaHCKHMHM NPHJINBAMH U OTJIMBAMHU

dopmupyromeecs: B OKEaHCKOH KOpe Hampsi-
’KEHHOE COCTOSTHHE CYKATHSI 1 PACTSHKEHUS OT OKe-
AHCKOI'O ITPpHUJIMBA U OTJIMBA OTIIMYACTCA OT ClIydas
M30TPOITHOTO BCECTOPOHHETO CHKATUS M pacTsiKe-
HUS, PACCMOTPEHHOI0 Ha puc. 3. DTO CBI3aHO
C TEeM, 4TO Ul YHPYTOi MOJENN BO3HUKAIOIIUE
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B OKEAaHCKOH KOpe JaTepalibHble HaNpsKEeHUs
MEHbIIIE BEPTUKAIBHOW HArpy3KH OT MU3MEHEHUS
YPOBHSI OKe€aHa B Tpu pasza (i kodhduimeHTa
[Tyaccona 0.25).

Ha puc. 8 mokazaHbl M3MEHEHHUS Pa3MEpOB
U TIOJIOKEHHsI KpyroB Mopa [Isl HampsiKeHHBIX
COCTOSTHUII TOPH30HTAIBLHOTO CXKaTusi (B30po-
COBBII pPa3OM), TOPU3OHTAIBHOTO PACTKEHUS
(cOpOCOBEII Pa3JIoM) B TOPU3OHTAIBHOTO CIBHUTA
(cnBuroBerii paznom) CHHC. JlomomHutensHOe
BEPTUKAJIbHOE HANpsKEHHUE COBIAAAET C HAIPaB-
JICHHEeM Ha 3€HMT, KOTOpoe Ha nuarpamme Mopa
JUTSL K&KJIOTO U3 TUTIOB HAMPSKEHHBIX COCTOSTHHIMA
OTMEUEHO Kak: Z, 7P, 7. Cuuraercs, 4To OCh
OJTHOTO W3 TJIABHBIX HANPSDKCHHM COBMAJAeT C
OCBIO Ha 3€HUT. [[ononHuTENbHBIE TOPU30HTAb-
HbIe HaNpsDKEHHs] B 3 pa3a MEHbIIE BEpTHKAIb-
HBIX U Ha pPHC. 8 JIUIIb HEMHOTO CMEIIAIOT COOT-
BETCTBYIOIINE TOYKH INIABHBIX HATPSIKEHUI.

s B30pOCOB  (TOPU30HTAIIBHOE —C)KATHE)
BIIUSIHUE W3MEHEHUS YPOBHSI OKEaHOB HAuOOIb-
mee. [ cOpocoB (TOpPU3OHTAIBHOE paCTsIKE-
HUE) U CIBUTOB (TOPU30HTAJIBHBIN CIABUT) BIIHS-
HUE U3MEHEHUS YPOBHS OKEAaHCKON MOBEPXHOCTH
MPAKTHYECKH OTCYTCTBYET.

Takum o0pa3oMm, HauOoIbllee BIUSHUE O-
MOJIHUTENBHOTO HAIPSKEHHOTO COCTOSIHMSI, BbI-
3bIBAEMOTO OKEAHCKUM OTJIMBOM M MPUBOSIICE
K POCTY KYJOHOBBIX HAIpPSDKEHUH, TOJDKHO CKa-
3bIBaThCsl Ha B30pocax, OTBEUAIOIIUX PEKUMY
ropuzoHTanbHoro cxkaruss CHHC. B stom ciy-
yae Ha pa3joMax BO3HUKAIOT JIONOJHUTEIbHBIC
KacaTellbHbIC HAIPSDKCHUS B HAINPaBICHUU BOC-
CTaHUS €ro IJIOCKOCTH U YMEHBIIAIOTCS Hamps-
JKEHUsI HOPMAJIBHOTO CKaTusi. B 3TOT e MOMEHT
BPEMEHH B OKEAHCKOW KOpE OT BIIUSHHS TMPSMO-
ro a¢dexra 311 Ha nedopmanuu TBEPAOH 3eMITH
UMEET MECTO PACTSKEHHE, YTO MPUBOJIUT COIJIac-
HO BBIpaXEeHUIO (7) K YMEHBIICHUIO KYJIOHOBBIX
HanpsDKeHUH M3-32 CHIDKEHUSI KacaTelIbHBIX Ha-
npsbkeHud. CyMMHpPOBaHHE ITHX JBYX (PaKTOpOB

BiusiHuA 311 cyliecTBEHHO CHMYKaeT BO3MOYKHO-
CTH TpHUTTEpHOTO Y deKTa.

Jns  peXuMOB TOPH3OHTAIBHOTO CJIBHTA
u pactspkenuss CHHC, koTopbIM OTBEUaroT cIBU-
i u cOpockl, kocBeHHBIH 3¢ dexT ot 3II, cBs-
3aHHBIN C OKCAHCKWMH MPUINBAMH H OTIUBAMH,
MOKHO HE YUUTHIBATH.

BnusiHue TOOMTHUTENBHOTO U30TPOITHOTO WU
OZHOHAIPABIEHHOTO OOKOBOTO C:KaTHs WM PACTs-
KEHUsI, KOTOPOE BO3HUKAET i1 OKEAHCKUX OCTpPO-
BOB U NPUOPEKHBIX YacTell KOHTUHEHTOB, MOYKHO
UCCIIEIOBAaTh, WCHONbB3Ysl pE3Yy/bTaThl aHaJN3a,
MIpeACTaBIEHHbIE HAa pHUC. 5. DTO CBSI3aHO CO CXO-
KECTHIO KOHEUHBIX BBIPAKEHU KYJIOHOBBIX Hampsi-
KEHUH OT 3TUX KOCBEHHBIX 3(p(hpeKTOB ¢ BbIpake-
uusimu (7)—(9) ans npsmoro 3¢ dexra Biavstaus 311

OxeaHCKH€ MPUIKMBBI, CO3AIOIINE AOMOIHU-
TEJbHOE JIaTepajbHOE CHKAaTHe, IPUBOJAT K POCTY
KacaTeJIbHBIX HAPsHKESHUH 1 HOPMAJILHOTO K pas-
nomy cxarus st B3opocoB CHHC. Beipaxkenue
JUISl TIPUPAILEHUN KYJIOHOBBIX HANPSHKEHUH IS
HUX 10A00HO (7) U uMeeT coMHOXUTENb (1 — kf).
To xe camoe Habmromaercs u a1 copocoB CHHC,
37eCh, KaK U B BbIpakeHUU (8§), COMHOXHUTENb
1+ kf). AHAJIOTMYHOE CXOACTBO BBIPAXKCHUSI Ha-
omronaercs u anst casuros (9). Pasuuna cocrout
B BEJIMYMHAX, 3aBUCAIINX OT TOTO, SBISICTCS JIH
3TO OOKOBOE JTaBJIEHHE U30TPOIHBIM — OJUHAKO-
BBIM (OCTpOBa) WJIM OJHOHAIIPABICHHBIM (IIPH-
OpeHbIe YacTH KOHTUHEHTOB). B nepBoM citydae
OHHU HE 3aBHCST OT MPOCTUPAHUS PA3TIOMOB, a BO
BTOPOM 3aBHCST, TaK KaK HauOoJjbllnee OOKOBOE
CKaThe WJIM PACTSHKEHUE OPTOTOHAIBHO MPOCTH-
paHuio OeperoBoil JIMHUH.

[Ipu 3TOM ciemyeT yuuThiBath Takxke, 4to 311
CO3JAI0T JIOTIOTHUTEIBHOE PACTSDKEHHE WM CKa-
THE HEMOCPEICTBEHHO B TBEPIIOH 3eMIIe, a B ATUX
*e (hazaX OKeaHCKHUE MPIITUBBI M OTIIUBHI [T 3TUX
&Ke oOmacTell Co3qal0T JOTMOIHUTEIBHOE CXKaThe
U pacTsDKEHUE COOTBETCTBEHHO. CaMu 3HaYCHHs
JIOTIOJTHUTENBHBIX KYJIOHOBBIX HAMPSKEHUH B KOpe

Puc. 8. N3menenne CHHC u nonoxenust Touku C B KOpE OKEAHOB OT OKEAHCKUX MPUJIMBOB U OTJIUBOB JJIs1 PEXKUMOB: IO-
PHU30HTAIBHOTO CXKATHS U pa3jioMa ¢ KHHEMaTHKO# B30poca (a, T); TOpH30HTAIFHOTO PacTsHKEHHUS U pa3jioMa B BUIE copoca
(6, 1); TOPH3OHTAIEHOTO CIBUTA U Pa3jioMa CO CABUIOM BIOJIb MPOCTHPaHUA (B, €). CM. TIOAUCH K pHC. 3.
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KOHTUHEHTAJIBHOTO TOOEPEeKbs WM OCTPOBOB
OT OKEAaHCKOTrO TMpWIMBA U PACCTOSHUM [0
100 kM oT GeperoBoii TMHUU COMIOCTABUMBI C TEM,
YTO MOTYT UMeTh MecTo oT 3II B TBepaoil 3eM-
ne (mpsimoit a¢dpdexr). ITorToMy MOXKHO Tpemo-
JIOKUTh, YTO B IpuOpexHoi 30He aanee 200 kM
Y Ha OCTPOBax, pa3mepsbl KOTOphIx Oosee 200 km,
TpurrepHsbiii 23pdexT 311 nposBIATHCS HE OTKEH.

OOcyxnenue

B pabore [Hewmepesckuii, Cugopun, 2012]
JlaH JAeTajJabHbII 0030p COCTOSAHUS MPOOJIeMbl B3a-
MMOCBSI3M CEHCMHUYECKOT0 PeKMMa C IpaBUTaLU-
OHHbIMU TpuiauBaMu. IlpuBenensl myOnUKaIUK
JIBYX TPYIII aBTOPOB, B OJHOM M3 KOTOPHIX YT-
BEP)KIAETCs, YTO CYIIECTBYET B3aMMOCBS3b ITHUX
JBYX SBJICHHMH, B TO BpeMs Kak Jpyras rpymnmna
paboT MmoKa3bIBaeT, YTO TAKOH B3aWMOCBSI3M HET.
Ectb Taxxe aBTOpHI, KOTOpPBIE B IIPOLIECCE CBOUX
WCCIIeIOBaHUI MEHSUIM TOYKY 3pEHHUs Ha TpoOiie-
My. Crienyer crenualbHO OTMETUTh, 4TO B 00e-
UX Tpymnmnax paboT ecTh MyOJMKaIMKd CaMoro T0-
CJIEZIHETO BPEMEHH.

B uem npuumHa Takoro AuaMeTpaibHOIO pac-
XOXKACHUS B pe3yilbTaTax 3THX HCCIeIOBAHUMN?
Ona MOXeT ObITh CBsI3aHA C HECKOJIBKUMU (hak-
Topamu. Bce OHHM ompenensorcss MoKa3aHHBIM
BBIILIE Pa3HbIM BIMSHHUEM (Da3 MOAHATUS U IPO-
rubanus ot 311 Ha HanNpsKEHHOE COCTOSHUE pa3-
JIOMOB Pa3HOr0 KUHEMaTUYECKOTO TUIIA.

1. OObIYHO cuMTaeTCs, 4TO JUIsl KOHKPETHOTO
pas3iomMa WM odara IpOM3OLIEIIEro 3eMIIeTps-
CEHHS TIEPUOJ HAUOOIBIITNX aMIUTHTYJT TTOTHATHS
WK IPpOruOaHus OTBEYAET CTa MU MAaKCUMAaJIbHO-
TO OIMACHOTO BIIMSTHUS TPUIINBHOTO BO3ICHCTBHS
(MpUIIMBEI B TBEPAOH 3eMIle WM OKEAHCKHUE MpH-
muBbl). Kak ObUTO BBINIE MOKa3aHO, KPUTEPHEM
BIIMSIHUSL SIBIISIIOTCS JIOTIOJTHUTENBHBIE KYJIOHOBBI
HalpsHKEHUs OT,, BO3HUKAIONIME Ha Pa3phiBeE.
[Ipuyem Kk UX pacueTy OTHOCATCS KakK K CKaJsp-
HOM BEJIMYMHE.

Ha camom niene KylOHOBBI HapsKEHUS — 3TO
BEKTOp, OINpPENENAIOUINA, YTO B HalpaBlICHUU
KacaTeJIbHOTO HaIpsDKeHUs (Hampumep, r), Iei-
CTBYIOILIETO Ha Pa3pblB€ C HOPMAJbIO 71, MOXKET
MIPOU30UTH CMEIICHNE eT0 OOPTOB.

ITockonbKy OMOJIHUTENbHBIE KYJIOHOBBI Ha-
NPSDKEHUS  JIOJDKHBI  CYMMHPOBATBCSL € KYJIO-
HOBbIMU HanpsukeHusmu 7, or CHHC, To pe-
3yJABTUPYIOIINE KYJIOHOBBI HAIMPSDKEHHUS OymayT
YBEJIUYMBATbCA TOJBKO TOTZAA, KOTJA JOIOJHU-
TEJIbHBIE KACATENbHbIE HANPSKEHUs 0T Ha pas-
PBIBE COCTABIISIOT OCTPBIN YroJ ¢ KacaTelbHbIMU
nanpsbkenusamu 7, ot CHHC (r — Bexrop, coBna-
JAIOIIMM ¢ HamnpaBiICHUEM [EHCTBUS KacaTellb-
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HBIX HamNpsDKeHUH Ha pa3pbiBe). Takum oOpaszom,
JIOTIOJTHUTENbHBIE KYJIOHOBBI HAIIPSKECHUS MOTYT
paccMaTpuBaThCs Kak TPUITEP TOINA, KOrga HX
KOMIIOHEHTa B HAIpPABICHUM 7 TOJOKUTEIbHA.
Jlna pacdera 3TOM KOMIIOHEHTBI KYJIOHOBBIX Ha-
IPSDKEHUH JOJDKHO MCIOJB30BAaThCs CIENyIoLIee
BBIPAJKECHHUE:

(10)

Ecnmu dt,  monoxuTensbHble, TO U KOMIIOHEHTA
KYJIOHOBBIX HAIIPSUKEHUH 0T [, MOXKET OBITh 1OJIO-
KUTEITBHOU (TIpH 5an>kf|5ann|)'

Kak Bplie Ob1710 0OTMEUEHO, B MPOLIECCE U3Me-
HEHUS aMIUTUTY]l BO3/I€CTBUS MPUITUBHON BOJHBI
MEHSETCSI HE TOJBKO MHTEHCUBHOCTD MPUITUBHBIX
HaIlpsUKEHW, HO W HalpaBJICHUs] JACHUCTBUS UX
[JIABHBIX KOMITOHEHT IO OTHOLIEHHIO K MPOCTHU-
PaHMIO AaHATM3UPYEMOTO pa3pbiBa. ITO MPUBOIUT
K TOMY, YTO WHTEHCUBHOCTb KOMIIOHEHTHI J0-
MOJIHUTENBHBIX KYJIOHOBBIX HANpPsHKEHUH MOXKET
OBITh MAKCUMATBHON HE TOT/IA, KOTJa IPUITUBHOE
BO3/EHCTBUE MAaKCHMAaJIbHO.

B pab6ore [Cochran et al., 2004] nns uzyue-
HUSI BIIUSHUS 3€MHBIX U OKEAHCKHX MPWIMBOB Ha
CEMCMUYECKUN PEXKUM HCTOJb30BAJIUCh HE MPO-
CTO KaTaJIOTH 3eMJIETPSCEHUH, a KaTaJloru Mexa-
HU3MOB ouaroB 3emuerpsicennii (Global CMT).
DTO Jenalioch C LEIbI0 pacyeTa JOMOTHUTEb-
HBIX KYJOHOBBIX HaMpsHKCHUH, BO3HUKAIOIIUX
oT pwinBOB. [10CKOIBKY peann3oBaHHAS B BUJIC
CEMCMUYECKOTO pa3pbiBa MJIOCKOCTh HEU3BECTHA,
TO pacyeT KyJIOHOBBIX HAIPSKEHUIN BBIMOIHSICS
IUIsE 00erX HOMAJIBHBIX TUIOCKOCTEH (POKAIBHOTO
MexaHu3Mma. [Ipu 3ToOM MOBBIIIEHUE OMACHOCTH
M3-3a MPUIUBOB CBS3BIBAIOCH C U3MEHEHUEM KY-
JIOHOBBIX HAMPSHKEHUM, @ HE C TOW €ro KOMITOHEH-
TOH, KOTOpAasi YBEJIUYHUBAET BEKTOP KYJIOHOBBIX
Hanpsbkernit or CHHC.

2. Cnengyer OTMETUTh, YTO MPAKTUYECKU HET
PErHoHOB MaciTada MepPBbIX COTEH KUJIOMETPOB
u Oojee, B KOTOPBIX B KOpe JEHCTBYET €AMHBIN
PEKHUM HANPSHKEHHOTO COCTOSHUS: TOPU30HTAIIb-
HOE CKaTue, TOPU3OHTAIILHOE PACTKEHUE WIH
TOPU30OHTaJbHBIN caBur. Kpome Toro, yacrto 3tu
PEXUMBI COUETarOTCs (CKaTue CO CIBUTOM, pac-
TSOKEHUE CO CJIIBUTOM, CIBUT B BEPTUKAJIbHOMN
MJIOCKOCTH).

Kak mokazano B pabore [PeGemkwmii, 2015],
JUIsl BHYTPUKOHTUHEHTAJIBHBIX OPOT€HOB HMEET
MECTO COYETAaHHE PEKUMOB TOPHU3OHTAIHLHOTO
CXKaTUs J11 KOPbI TOPHBIX HOJHATUH aJbIIMICKOTO
TUIA C TOPU3OHTAIBHBIM CIIBUTOM B KOPE BHYTPHU-
TOPHBIX BIAJIUH U TOPU3OHTAIBHBIM PACTXKEHU-
€M B KOp€ KPYITHBIX MEXIOPHBIX BHaJuH. B Kope

ot L= 5rnr + kféo'nn.
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TOPHBIX MOAHATUN THUMA TJIATO U HATOPbS MOTYT
NEICTBOBaTh PEXUMBbl TOPU30HTAIBHOTO pPACTS-
KEHUS WM ciaBura. [l akTUBHBIX KOHTHUHEH-
TaJbHBIX OKPAWH (30HbI CYOIYKIIMH) PEXKUM TOpH-
30HTAJILHOTO CXKaTUsl B KOPE KOHTUHEHTAJIbHOTO
CKJIOHa CMEHSETCS PEXKHMOM TOPU30HTAIBHOTO
pacTshKeHHsI B OKeaHCKou uTocdepe [Pebenkuid,
[Tonen, 2014; Rebetsky et al., 2016]. B ciygae
Kocol cyonykimu (AneyTckas ayra) B KOpe KOH-
TUHEHTAJILHOTO CKJIOHa MOXET HUMETh MECTO CO-
YeTaHWe TOPU3OHTAJIBHOIO CXKaTUig M TOPU30H-
TaJbHOIO cBUTa. B 30HaX OKEaHCKOro CIpearHra
TaK)K€ HET €IMHOIO PEKMMa HANpPSKEHHOI'O CO-
CTOSIHUS. 37IeCh YYacCTKU TOPU30HTAIBHOTO pac-
TSOKEHHUS MOTYT CMEHSIThCSI y4acTKaMU T'OpU30H-
TanpHOTO capura [Pebenxuii, 2020].

Takass HEOJHOPOAHOCTh PEXHMa HaIPSKEH-
HOTO COCTOSIHUSI OTPaKaeTcs B HEOJHOPOTHOCTH
KMHEMaTHYeCKUX THUIIOB AaKTUBHBIX PAa3lIoOMOB
pernoHoB. [lockonpKy AOCTaTOYHO YacTo 3a Io-
JOXKUTENbHBIA 3 dekT npuHuMaeTcs cam (akT
BO3HUKHOBEHUS 3€MIIETPSICEHUS (CM., HAIIpUMED,
[Métivier et al., 2009]), To ogauM pa3iaoMsl (cOpo-
Chbl U C/IBUT'M) UCCJIEIYEMOIO pErMoHa MOTYT HUC-
MBITHIBATh AKTUBU3AIMIO B (a3e MOIHATHUS, B TO
BpeMsl Kak Jipyrue (B30pochl U cABUTU) — B (haze
npurunbanus. Takum oOpa3oMm, TPOCTON aHaIW3
WHTEHCUBHOCTU PETHOHAIBHON CEHCMHUYHOCTHU
B pa3HbIxX (azax 31 6e3 TOUHOTro MOHMMAaHUS Ku-
HEMATUYECKUX THUIIOB aKTUBU3HUPYIOIIUXCA pa3-
JIOMOB HE IMO3BOJIUT YCTAHOBUTH IPAaBUJIbHbIE
KOppEJSLMOHHBIE CBS3U. B wacTHOCTH, B paboTe
[Métivier et al., 2009] anpuopHO BceM 3eMIIeTps-
ceHusiM (aKTUUECKU MPUCBAUBAJICS B30POCOBBIi
MEXaHU3M, 4YTO HE COOTBETCTBYET PEaJIbHOCTH,
0 4yeM BbIIIe ObUIO cKa3zaHo [PeOenkwuid, Ilomer,
2014; Rebetsky et al., 2016].

3. Ham onbIT n3y4eHus 3aKOHOMEPHOCTH pac-
NpeAeIeHrs KyJOHOBBIX HAIpsSHKEHH B Celc-
MOakTUBHBIX obOnactsax CesepHoro Tsup-lllans
[Pebenkuii, Ky3ukos, 2016] u 3anmannoro Celay-
aHs (paboTa MpUHATA K MyONUKAIlMU B XKypHAae
«l'e0TeKTOHMKAY») TTOKA3aJl, YTO OT IOJIHOW IMpO-
TSOKEHHOCTH aKTUBHBIX PAa3JIOMOB, BBIACIISIEMBIX
B PETrHOHE TeOJIOTMYECKUMU U CEUCMUYECKUMU
MeTogaMu, ToJbKo okono 20 % g Tauae-1lans
1 okoJ10 30 % 115t ChluyaHsi UMEIOT TTOJIOKUTEIb-
HbIE 3HAUYEHMsI KYJIOHOBBIX HampspkeHui. 13 Hux
Tonpko y 10-20 % ypoBeHb KyJOHOBBIX HaIps-
JKEHHH OJIM30K K KpuTuueckomy. J{ist ykazaHHBIX
TEeppUTOPUIl TEeKTOHO(U3NYECKas UHBEPCHUs MPU-
POIHBIX HAIPSKEHUN U3 CEMCMOJIOTMYECKUX JIaH-
HBIX TO3BOJIsJIa BBIMOJHUTH PAcueThl B MACIITAa-
O0e ycpenHEeHHUS HaNpsOKEHUH COOTBETCTBEHHO
20-30 kM (Tsap-Illanp) u 30-50 kM (Chrayans).

DTO0 03HAYAeT, 4TO TOJIBKO 3—5 % OT oO1Ieii mpo-
TSOKEHHOCTU aKTHBHBIX Pa3JIOMOB MOTYT paccMa-
TPUBATHCA KaK OIACHbIE, HAXOJALIUECs BOIHU3U
KPUTHYECKOTO COCTOSIHUS, CIIOCOOHBIE T'€HEpH-
pOBaTh 3eMJICTPSCEHUS C MATHUTYIaMu Oosee 6.5
st Taup-1lans u 7.0 nua Ceiuyass.

[ToHsATHO, YTO TIPEACTABIICHHBIC PE3YIBTATHI
WCCIEI0BAHUM HE OTMEHSIIOT BO3MOXHOCTh BIIU-
STHUSI TIPUJIMBOB HAa TEHEpAIUIo ClIaObIX U Cpell-
HECUJIBHBIX 3eMJIETPICEHUN (U TPUBEICHHBIX
BBbIIIIE pernoHOB ¢ M < 6.0), HO mMOIy4YeHHBIE
3HaHUS JOJKHBI U3MEHUThH CTPATETHI0 MPOrHO3a
CWJIbHBIX 3€MJIETPSICEHU U, B YaCTHOCTH, TpeOy-
10T OINpPEACIICHHBIX MPaBUJI MPAKTUYECKOTO IMPH-
MeHeHus nporHosza meronomM LURR. Tak, ecnu
JUTSl YKA3aHHBIX TEPPUTOPHI aHATU3UPOBATH BCIO
IUIOIIA/Ib PETMOHOB, TO YHUCIIO CIa0bIX 3eMIIeTpS-
CEHUH ISl aKTUBHBIX, HO HE OMACHBIX YYaCTKOB
pa3noMoB (TIOJOKHUTETbHBIC KYJIOHOBBI HapsiKe-
HUS C HU3KUM UX YPOBHEM) OYy/IET CyIIECTBEHHO
(Ha mopsAmOK) OoJblIe YHCTIa 3EMIICTPACEHU,
MPOUCXOIANINX I OMAcCHBIX YYacTKOB pasiio-
MOB. B cnydae mpuMeHeHHs MeToia MpOrHosa
CUJIBbHBIX 3eMiieTpsacenuid Ha ocHoBe LURR Takast
JTUCIIPOTIOPIIUST IPUBEAET K TOMY, YTO OCHOBHOM
BKJIaJ] B aHAIM3 OyIyT AaBaTh 3€MIICTPSICEHUS BHE
OMACHBIX yYaCTKOB.

Jlns Toro 4To0OBI ATOr0 M30EkKaTh, HEOOXOIU-
Mo npuMeHTh TexHojoruto LURR He k miioma-
JISIM, @ K CEICMOT€HHBIM Pa3jioMaM, CKaHUPYs UX
[0 MPOTSKEHHOCTU B CKOJIB3SIIIIEM OKHE, pa3Mmep
KOTOPOTO COOTBETCTBYET pa3Mepy ouara MporHo-
3upyeMoro 3emierpsicenus. Tak, kak 3To Jenaer-
Csl, HAPUMeEp, MPU MIPOTHO3E CHUIIBHBIX 3€MJIETPSI-
cenuii mo metoxy M8 [Kossobokov et al., 1997].

3aKkJaoueHmne

[IpencraBnennslii Boile aHanu3 BiausHUs 311
Ha HANpsHKEHHOE COCTOSTHUE KOPHI MOKAa3all, uTo
BO3MOXKHOCTh TPUTTEPHOTO d(PeKTa 3aBUCUT OT
KMHEMaTH4ECKOIO THIIA CEMCMOIEHHBIX paslio-
MOB, T.€. OT T€OJJUHAMUYECKOT0 TUIIa COBPEMEH-
HOT'O HaIPsKEHHOTO cocTosiHus. [Ipu 3TOM nmeer
MecTO Kak npsmoii adexr Bausaus 311 3a cuet
nedopMali TBEpAOH 3eMJIH, TaK U KOCBEHHBIH,
BBI3bIBAEMbIA OKEAHCKMMU NpwinBaMu. Ha 3Tum
BONPOCHI O0Opamanock BHUMaHHE B paboTax
[Smith, 1974; Wahr, 1981; M¢étivier et al., 2009].

[Tokazano, yro mpsmoii (3II) U KocBeHHBII
(oxeaHCKH MPUIIKBBI) (PaKTOPbl BHOCST B JOMOJI-
HUTEJIbHBIE KYJIOHOBBI HAIPSDKEHHUS, BO3HMKAIO-
[I1e OT TPaBUTALMOHHOTO BIMsIHMS JIyHBI, BKIa1bI
MIPOTUBOIOJIIOKHOTO 3HaKa. [loaToMy MoXxeT mpo-
HCXOIUTh B3aMMHAasl KOMIIEHCALUsl JTONOJHUTEIb-
HBIX HanpspDKEHUM, HUBenHpymomas ausaue 31
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Tonbko I KOHTMHEHTAJbHBIX CeHcMO(OKab-
HBIX 30H, yAaJlEHHBIX OT MOOEpeXuii Ha paccTo-
ssaust 6osee 200 KM, BIUSHUE OKEAaHCKUX MPUITHU-
BOB OTCYTCTBYET.

AHam3 JONMOJHUTENBHBIX KYJIOHOBBIX HAIPS-
KEeHUH, pOopMUpPYIOIIKXCS OT HpAMOro (akropa
BozzaeiictBus 311, mokazan, uro Haubonblias Be-
POSITHOCTh BO3HUKHOBEHUSI TPUTTEPHOTO dPPek-
Ta UMEET MECTO B KOPE C PEKUMOM FOPU30HTAIIb-
HOTO pacTsbkeHus (pas3ioMbl B Buie cOpOCOB),
KOTOPBIM Ha KOHTMHEHTaX OTBEYAIOT 30HBI pu-
TOB, KPYIIHbIE MEXTOpPHBIE BIAJUHbI, IEPEIOBbIC
nporuObl, MmiaTo W Haropbs [Pebeuxuit, 2015].
[ToBeiieHHast 3pGHEKTUBHOCTh TPUTTEPHOTO -
(exTa 115t cOpOCcOB MposBIsieTcs B (hazax TBEPIO-
TEJIBHOTO PACTSKEHUS U CBSI3aHA C POCTOM YPOB-
HS KacaTeJbHBIX Ha pa3pbIiBE HANPSDKEHUN MpH
OJTHOBPEMEHHOM CHU)XEHUU YpPOBHS HOPMAaJIbHO-
TO K pa3pbIBY COKATHSL.

Crnenyrouieil 1o ypoBHIO OBBIILIEHUS KyJIOHO-
BbIX HanpsbkeHuil ot neicteus 311 sBnsercs kopa
C PEKMMOM TOPH30HTAILHOTO CABHTra (Pa3jioMbI
B BUJIE CIIBUTOB BJOJb NMPOCTHPAHUS), KOTOPHIHA
Haubosee YacTo BOSHUKAET ISl KOPHI IUIHT, IIaT-
dopm [Cum, 1996], KpymHBIX BHYTPHUTOPHBIX
BIIAIMH, BOBJICYCHHBIX B IMOIHATHE, U HHOTA JUIS
MEXTOpHBIX BraawH [Pebenxuii, 2015], a Takxke
B 30HaX TPaHC(HOPMHBIX Pa3IOMOB.

HanmMenee BeposiTHO TIPOSIBIICHUE TPUTTEPHOTO
addexra ot 3I1 s KOHTUHEHTABHBIX PETHOHOB
C PEKUMOM TOPU30HTAILHOTO CXKATHA (Pa3IoOMBbI B
BHUJIE B30POCOB), KOTOPHIE B OCHOBHOM COCPEIOTO-
YeHbI B KOPE TOPHBIX MOTHATHI B BUJIE XpEOTOB U
umrtoB miaargopm. Huzkas s3ppexkTuBHOCTH TpUT-
repHoro A dexTa AJist B3OPOCOB 00yCIOBICHA TEM,
4yto B (hazax cxkarus (MporudOaHue MOBEPXHOCTH)
MIPOUCXOMIUT POCT YPOBHSI KacaTeIbHBIX Ha pa3phbl-
BE€ HAIPSDKEHMS, HO MPH 3TOM TaKXKe MPOUCXOIUT
Y yBEIMUCHHE YPOBHS, HOPMAJIBHOTO K pa3pbIBy

Cnucok Jureparypbl

doi:10.31857/S0205-96142019167-72

ckue npubopwi, 48(4): 5-26.

Teounpopmamuxa, 1: 34—43.

ouocgepa, 19(1): 66-78.
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ckarus. B dasze pacTsokeHHMs TOTIOTHUTENBHbBIE
HAIlPSDKCHUS] YMEHBILIAIOT YPOBEHb HAIPSKECHUI
CXKaTus Ha pa3pbiBe, HO NIPU ITOM YMEHbBIIAETCS U
YPOBEHb KacaTelIbHbIX HalpsLKEHUH, YTO B CyMMe
HE MIPUBOJIUT K POCTY KYJIOHOBBIX HalpsHKEHUI.

Crnenyer 3aMeTUTh, YTO MOKa3aHHAsT OOJbIIast
npenpacnonoXkeHHocTs BausgHus 311 Ha BronHe
OIpeZIeTICHHbIE KMHEMAaTHMYEeCKHE THIIbl Pasjo-
MOB oTMevanack B pabotax [Cochran et al., 2004;
Meétivier et al., 2009].

Takum oOpa3om, Hanbosnee NepCreKTUBHBI Ha
Tepputopuu Poccun B MCHOJIB30BaHUM MPOTHO3a
o LURR ceiicmoakTuBHbIE paiioHbl balikanbckoit
pudToBoii obmactu, CaxanuHa (U1 CABUIOBBIX
pasiioMoB B 30He fanee 50 KM oT OOepexbs), OT-
NEeNbHBIX pernoHoB Autas—CasiH (KpyIHbIE MEX-
TOpHBIC BIAJUHBI) C PEXUMOM TOPU30HTAILHOIO
pacTsHKeHHUS.

Jnist okeaHCKo#l kopbl KocBeHHbIN (axrop 311,
CBSI3aHHBI C TOJBEMOM M TIPOTHOOM MOPCKOM
IIOBEPXHOCTH, CO3/1a€T JOINOJHUTEIbHbBIE Halps-
KEHUs, IPSIMO MPOTUBOIOIOXKHBIE TEM, YTO BO3-
HHUKAIOT M3-3a NOAbEMa M Mporuda TBEpIOoW IOo-
BEPXHOCTH OKEAaHCKOro JHa. B cuity 3Toro MoxHo
NPENNONIOKUTh HU3KYI0 3(PQPEKTUBHOCTh TPHT-
repHoro BozzaeicTeus 311 s celicMopoKanbHBIX
30H OKEaHCKOH KOpBI U B KOPE KOHTUHEHTAJILHOTO
CKJIOHA 30H CYOTyKITHH.

CaMbIM Ba)XHBIM BBIBOJIOM M3 BCEX BBIIIE
NPUBEJICHHBIX SBIAETCI HEOOXOAMMOCTh OT-
HOILEHUS K pacyeTy KyJIOHOBBIX HaNpsKEHUM
KaK K BEKTOpY, @ HE KaK K CKaJIIpHON BEJIMUYUHE.
OT1o TpebyeT pacueTa KOMIIOHEHTHI KyJIOHOBBIX
HaNpsOKEHU B HANpaBiICHUM PEaln30BaHHOTO
CMEIIIEHNS B oyare IporHo3UpyeMoro 3emieTpsi-
ceHus. B mpencraBieHHOM B HacTosIel pabote
rpauuecKoM aHaJIM3€e Ha Auarpammax Mopa 31o
TpeOOBaHUE BBIIOIHAJIOCS.
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to the regime of the horizontal extension and shear associated with the faults with kinematics of the normal
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Introduction

The developing of a deterministic theory of
earthquake prediction is based on the hypothesis
of the critical state of the rock mass before seismic
destruction [Sornette, Sammis, 1995; Bowman et
al., 1998]. It is believed, that the faults are con-
stantly in the pre-critical state in the seismogenic
zones of the Earth’s crust. Large earthquake occur-
rence in the region dissipates a part of accumulated
elastic energy and brings the fault out the critical
state. Subsequently, a tectonic load brings the fault
into the critical state again. It was shown in [Bufe,
Varnes, 1993; Jaume, Sykes, 1999], that cumula-
tive release of the seismic moment from weak and
medium strong earthquakes before the large one
approaches the power-law relationship with time.

This concept, formulated several decades ago,
should be supplemented with modern knowledge
about the mechanisms of elastic energy dissipa-
tion on the faults. After a series of works [Gao et
al., 2012; Jordan, 1991; Linde et al., 1996; Peng,
Gomberg, 2010; Sacks et al., 1978; Sekine et al.,
2010; Wei et al., 2013], a standard earthquake be-
came evident not to be the only way to release the
energy accumulated in the Earth’s crust. Earth-
quakes can develop due to slow, very slow sliding
(low-period and very-low-period earthquakes)
and ultra-slow (silent earthquakes) sliding. There
are also tremors of intermittent slow sliding. These
events generate elastic vibrations, which are re-
corded by broadband seismic sensors, and end
with creep — aseismic sliding along the faults. Be-
side the indicated ambiguity of the consequences
of reaching a critical state, when developing the
deterministic prediction theory, it is necessary to
reveal the difference between the ways of elastic
energy dissipation due to many weak earthquakes
or single large one [Kocharyan et al., 2014; Re-
betsky, 2018; Rebetsky, Guo, 2020].

It is supposed in the deterministic predic-
tion theory that the faults, which are close to the
critical state, react differently to load and unload.
Elastic-quasi-plastic deformation takes place with
an increase in the load, and elastic unloading oc-
curs with its decrease. These differences in the ge-
ological medium behavior should be most clearly
manifested under the action of periodic loading
and unloading processes. The results, which sup-
port this hypothesis, was obtained in the experi-
mental work [Yin et al., 2004]. In [Nikolaev, 1994;
Yin, 1995; Yin et al., 2001] the authors proposed
to consider the gravitational effect of the Moon
and Sun on the tides in the solid earth (earth tides)
as sufficient in intensity in order to create a trig-
ger effect for an earthquake. This concept actually

assumes a correlation between the phases of the
earth tides and seismic regime.

It is believed, that the approach to critical
state appears on the phase of additional loading.
The LURR parameter was proposed, which is de-
fined as a ratio of Benioff strain release during the
loading cycles compared to the unloading ones,
caused by the earth tides on the optimally oriented
faults. Values of the LURR parameter greater than
1 indicate that the region is prepared to a great or
large earthquake.

A large group of researchers in our coun-
try [Zakupin, 2016; Zakupin, Zherdeva, 2017;
Zakupin, Kamenev, 2017; Zakupin, Semenova,
2018; Zakupin et al., 2020; etc.] and abroad [M¢-
tivier et al., 2009; Tanaka et al., 2004; etc.] develops
this direction of the strong earthquakes prediction.

This work is not a review of the results of stud-
ies of the correlation between the seismic regime
and the phases of earth tides. A similar review
can be found in [Descherevsky, Sidorin, 2012;
Baranov et al., 2019]. They show that there are
many works in which both positive and negative
results have been obtained.

The presented work should be considered as
an analytical study of the basic concepts of the
LURR approach in terms of studying the regulari-
ties of change in the natural stress state on faults
caused by the earth tides. The optimality of the
faults response to the process of loading and un-
loading is estimated based on the Coulomb—Mohr
criterion [Cochran et al., 2004; Métivier et al.,
2009]. The latter concept is extremely important,
since for the crust, which is in different types of
stress state (horizontal compression, extension, or
shear), the loading and unloading phases can be
different phases of the earth tides.

It is important to note that, according to the
defining position of the LURR, the correlation of
the seismic regime with certain phases of the earth
tides for weak earthquakes should manifest itself
for fault zones close to the critical state. In those
faults for which such a state is far from critical,
similar correlation should not be observed.

On the influence of the earth tides
on stationary stress field of the faults

Since the influence of the earth tides (ET)
from the gravitational effect of the Moon and
the Sun has the same nature, but is separated by
intensity, periodicity, spatial manifestation on
the Earth’s sphere [Avsyuk, 1996], this work will
analyze only the Moon influence. The total luni-
solar influence will retain all the features identi-
fied for the Moon, changing the areal and tempo-
ral distribution of the maxima of this influence.
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CONCERNING THE THEORY OF LURR BASED DETERMINISTIC EARTHQUAKE PREDICTION

According to the existing ideas about the de-
formation that occurs in the crust during the earth
tides, it is believed that in the phase of maximum
uplift, the rock mass undergoes volume increas-
ing deformations, and in the opposite phase, vol-
ume decreasing deformation. The maximum am-
plitudes of these deformations are of the order
of 1-3-10°%. If we assume that the deformations
are mainly elastic, then using the volume modu-
lus of 5-10° bar and Young’s modulus of 7.5-10°
bar, we find that additional compressive or ten-
sile isotropic pressure of about 0.01 bar and lati-
tudinal stresses of about 0.075 bar or 7.5 kPa (for
Poisson’s ratio of 0.25) appear in the rocks. This
corresponds to the stress assessments made, for
example, in [Klein, 1976; Emter, 1997; Wilcock,
2001; Cochran et al., 2004; Stroup et al., 2007].

When assessing the effect of ET deformations
in the solid earth, we will take the stress state corre-
sponding to the zero effect of tides as the reference
model. Further, this model will be referred to as the
stationary initial stress state (SISS). Such a model
will first of all identify the regional geodynamic
type of the stress state of the earth’s crust, that de-
pends on the index of the principal stress, which is
oriented subvertically, i.e. stress state of the hori-
zontal compression, extension or shear are possible,
as well as their combination [Rebetsky et al., 2017].

We will use the rule for the signs of stresses ac-
cepted in continuum mechanics, i.e. tensile stress
is positive. Accordingly, the principal stresses

0,> 0,> o, are defined as the stresses of the least
compression, the intermediate principal, and the
stress of the greatest compression.

Trajectories of critical Coulomb stress in the
model of the earth tides in the form of isotropic
compression and extension. When analyzing the
ET effect, it is convenient to represent the coordi-
nates on the Earth’s sphere not in the geocentric
coordinate system associated with the Earth’s rota-
tion axis, but in the system associated with the po-
sition of the Moon in relation to the Earth (Fig. 1).
The axis of such a system, directed to the Moon,
can be used to divide the Earth’s sphere into the lat-
itudes and meridians, as shown in Fig. 1. We will
call such a coordinate system inertial.

If we proceed from a simplified concept of the
ET waves effect only on the change in bulk de-
formations and, therefore, only on the change in
isotropic pressure by a small amount oo (as sug-
gested in [Yin X., Yin C., 1991; Yin, 1993, 1995;
Yin et al., 2001]), then it makes completely no dif-
ference how the seismogenic fault is oriented in
relation to the direction of a meridian of the iner-
tial system on the Earth’s sphere (Fig. 1) and what
geodynamic regime of the stress state is realized
in the Earth’s crust of the region.

It should be noted that the ratio of the maxi-
mum of the tidal effect in the Earth and the po-
sition of the Moon, which is shown in Fig.1, is
simplified and does not takes into account the

Fig. 1. The meridians location on the Earth’s sphere (loosely dotted line) in the inertial coordinate system and the change in
the Earth’s shape under the influence of ET. The Earth’s sphere deformed by the lunar tides is shown with a densely dotted
line. Maximum uplifts occur near the points A and B on the Earth’s sphere, the CC line (long-dashed line) corresponds to
the maximum subsidence. The latitude of 45°, at which the sign of vertical movements changes during ET, is shown with a
long-dotted line. The plane of the orbit of the Moon and the Earth (horizontal short-dashed line) relative to their baric center
(vertical thick dotted line) and the axis of the Earth’s diurnal rotation (skewed loosely dotted line) are shown. The state of
space bodies at the moment when the axis of the Earth’s rotation coincides with the plane, which passes through the centers
of the Earth and the Moon and the axis of their mutual rotation, is presented.
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effect of the Earth’s diurnal rotation. Because of
this, the maximum of the uplift of ET is displaced
in the direction of the Earth’s diurnal rotation by
approximately two degrees.

To estimate the hazard of the stress state, we
will use the rock strength criteria based on the
Coulomb—Mohr theory. In particular, we will use
the concept of Coulomb stress:

T.=1T, +ka nSrf,When o’ =0 Py (1)

Here 7. and £, are tensile bond strengths and
coeﬂicients of static friction at the plane of break,
t and o° ~are the shear and effective normal
(Weakemng effect of fluid pressure P, is taken
into account) stresses at the occurred or activated
fault, respectively (Fig. 2). The rule of signs in
continuum mechanics is used in this paper, i.e.
normal tensile stresses are positive, and the com-
pression ones are negative.

Coulomb stress 7. reaches the largest values in
the point C (Fig. 2). A normal to the plane, which
corresponds to the point C, lies in a plane of action
of two principal stresses o, and o, deviating from
the axis of minimal compression (¢,) by the angle of
internal friction ¢ = arctan k. Coulomb stress cal-
culated for this point using the formula (1) actually
represents the difference between stresses, tending
to displace the crack sides, and friction stresses.
When friction stresses are higher than shear ones,
Coulomb stress is negative. In this case, the stress
state point on the Mohr’s diagram (Fig. 2) is below
the line of minimum friction resistance.

Fig. 2. Mohr’s diagram with notes to the calculation of Cou-
lomb stress. An oblique solid line — brittle strength, dotted
line — minimal friction resistance. Negative values of the
normal stresses are plotted to the right.

In the case of the point C, this always occurs
when great Mohr’s circle is below the line of
minimum friction resistance (Fig. 2). When great
Mohr’s circle is above the line of friction resist-
ance, but does not contact with the line of ultimate
strength, Coulomb stress is positive, but less than

In the case of using the normalized value of
éoulomb stress:

=1,/ 7. (2)
7.>0 is a sign of the approach of Coulomb stress
to critical values, that determines the intersection
of great Mohr’s circle with the line of resistance
friction, and z.— 1, that corresponds to the ap-
proach of Coulomb stress to the line of strength.

In terms of simplified representation of ET
role when uplifting the surface, we obtain, that
additional and identical tensile stresses must ap-
pear for all components of the principal stresses
(6> 0). This brings to the shift of the great Mohr’s
circle to the left on the Mohr’s diagram, as the iso-
tropic pressure and compressive stress decrease.
Accordingly, the point C will also move to the left
(Fig. 3 a), i.e. the normalized Coulomb stress 7.,
which are calculated for it, will approach to 1.

When the surface is lowered do < 0, therefore
the point C moves to the right of the line of brittle
strength (Fig. 3 b) and 7, decreases.

In this way, an approach to the critical state oc-
curs when the surface uplifts, and a distance from
the critical state appears during subsidence. This
means that the faults of any kinematics in the up-
lift areas, where, according to the above hypothe-
sis, uniform extension takes place, can experience
a trigger effect due to the ET influence, but there is
no such effect in the areas of subsidence.

On the tensor of additional stresses due to
the earth tides. The above scheme for estimating
the effect of ET is simplified, since it does not take
into account the fact that additional tidal deforma-
tions are a tensor, i.e. they cannot be identically de-
scribed by a single scalar parameter of the pressure

Fig. 3. Change in SISS due to ET at the phase of maximum rise (a) and subsidence (b). Mohr’s dotted circles correspond to
the changed stress state, the arrow shows the direction of the stress state displacement at the point C, which corresponds to
the shear plane (maximum level of Coulomb stress), and the solid line is an approximation of the curve of ultimate internal
strength. Negative values of normal stress (compression) are plotted horizontally to the right.
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increment. Actually, the linear components of
tidal additional deformations depend on the di-
rection [Mel’khior, 1964], so that they are several
times larger in the direction of the meridian (M)
in the adopted above inertial coordinate system,
than in the latitudinal (F) direction. In this case,
there are deformations of the opposite sign in the
vertical (R) direction in contrast to the lateral one.

Thus, the principal stress of maximum extension
and an intermediate principal stress (also extension)
act in the lifting phase for an additional stress state
along the meridian and latitude of the inertial sys-
tem. The minimum (zero) stress acts in the direc-
tion to zenith. In the case of the subcidence phase
along the meridian and latitude, the principal stress
of maximum compression and an intermediate prin-
cipal stress (compression) act. The minimum (zero)
compression stress acts in the direction to zenith.

Taking the model of elastic spherical layer
with zero vertical stresses (60, = 0) into account
for estimating the parameters of additional stress
state of the Earth’s crust, which occurs during ET,
we find the principal bulk deformation to be as-
sociated with the lateral ones 660 = 2(de,, + de,)/3
(when Poisson’s ratio v = 0.25). In this case, the
stresses in lateral direction are associated with the
lateral deformations in the following way:

60, ~E(de, +voe,)/(1-V°), 6, = E(de ,+Vie, )/(17).
3)

Existing estimates shows, that the ratio of lat-
eral and latitudinal deformations from ET (Je,,
oe,) can vary within the order, while they have
the same sign for compression or extension area
(Fig. 1). In Fig. 1 these extension and compres-
sion areas are separated approximately along the
latitude of 45° in the inertial coordinate system.

There are the following data for Osakayama
tidal observing site [Mel’khior, 1964, Fig. 81,
p. 284] on the principal lateral deformations in
the phase of maximum tide (rise) de, = 1.8:10°%,
de,= 0.3-10°. If we take them as deformations,
respectively, in the M and F directions of the in-
ertial coordinate system, then we obtain the fol-
lowing estimates for the lateral stresses modu-
li: [6c,, [= 0.01 bar and |do, |= 0.005 bar, when
Young’s modulus E = 7-10° bar.

Since the vertical stress can be considered
equal to zero, the stress state concerned is charac-
terized by the Lode—Nadai coefficient value equal
to —0.66. The obtained values of the Lode — Nadai
coefficient characterize the Osakayama observa-
tion point located at high enough latitudes of the
adopted inertial coordinate system. At the poles of
this system, this coefficient approaches +1, and at
the equator —1.

212

Additional tensile stresses act in the area of
surface rise along the meridians and latitudes of
the inertial system (Fig. 4 a), according to the
concept of ET effect on the deformations of the
Earth’s sphere (Fig. 1). Here, the normal faults of
SISS can be considered as possible for activation
of ET action. Since the greatest extension acts
along the meridian, the greatest impact will be at
the sublatitudinal location of the normal fault.

Accordingly, in the subsidence area along the
meridians and latitudes, there is an additional
compression stress, which determines the high
probability of activation of the reverse faults of
SISS (Fig. 4 c). Since the greatest compression of
an additional stress state acts along the meridian,
the reverse faults of sublatitudinal strike are the
most dangerous.

The most dangerous for such reverse and nor-
mal faults in extension and compression phases
are the dip angles close to 45°, on the planes of
which additional shear 6z and normal 6o stress-
es appear due to the fact that vertical additional
stresses are equal to zero |dc | = |dt |. At this, these
stresses have the following values for latitudinal
and meridional orientation of the faults:

along the latitudes dz = 0.5E(de, + voe,) / (1 —v?),
do = 0.5E(¢, + voe,) [ (1 —v?), (4)

along the meridians 6t = 0.5E(de,+ vde, ) / (1 —1?),
do = 0.5E(0e,+ voe, )/ (1 —v?). (5)

Positive values of shear stresses in (4, 5)
in the extension areas mean, that they act in a di-
rection of the dip of the faults, and in the com-
pression areas — in a direction of dipping of fault.
That is, in both cases, additional shear stresses
have directions corresponding to the direction of
displacement at the faults of SISS. Additional nor-
mal stresses on the fault are tensile in the extension
area and compressive in the compression one.

For the faults in the form of SISS strike-slips
in the areas of uplift and subsidence from ET,
the mostdangerousis their skewed (45°) orientation
in relation to the latitudes and meridians of the
inertial system. Fig. 4 b, d shows the right-lateral
and left-lateral strike-slips of the corresponding
most dangerous kinematics. The strike-slips are
usually subvertical. For such faults, the additional
shear and normal stresses are determined by the
expressions

0t =+0.5E(d¢,+ de,) / (1 +v),

do = 0.5E(J¢, + de,) / (1 —v). (6)

Positive values of the shear stresses in (6)
mean that they act in the same direction as the
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direction of displacement along the fault plane
in SISS. The local coordinate system associated
with the fault is taken in such a way that the shear
stresses of SISS for right-lateral and left-lateral
strike-slips are positive.

Fig. 5 shows the influence of additional stress
states for faults of various kinematic types (Fig. 4).
In contrast to Fig. 3, the displacements of Mohr’s
circles are not shown here, but only the direction
of movement of the point C, which characterizes
the most dangerous stress state acting along the
shear plane, is shown.

As can be seen, the point C should be displaced
to the position of the point “b” and the trajectory
of this displacement is almost parallel to the ulti-
mate strength line in the case of the reverse faults
of SISS within the compression zone. This is due
to the fact that there is not only an increase in
shear stresses in the compression areas from ET
on reverse faults, but also an increase in compres-
sion stress (4, 5), normal to the fault plane. In this
case, according to (1) and (6), the increment of
Coulomb stress is identified by the expression
5z, = 1-k,

(e E|§5M +V55F| when Je , de, <0.
-V

(7

If coefficient of friction kfz 0.6 [Byerlee, 1978],
then the increment of Coulomb stress is positive,
but it is small enough.

In the case of normal faults of SISS, the point C
for the extension state is shifted to the position of

the point “a”, and the trajectory of this displace-
ment is orthogonal to the ultimate strength line.
There is a simultaneous decrease in compression
stresses (4, 5), which are normal to the fault plane,
in the extension areas due to ET on normal faults
during an increase in shear stresses. In this case,
according to (1) and (6), we have the expression
for the increment of the Coulomb stress

I+k,
/
ot = e E|§5M +V65F| when de, ,de, > (()8)

According to (8), the increment of Coulomb
stress for normal faults is 4-5 times higher than
for reverse faults.

In the case of strike-slips of SISS of the orien-
tation shown in Fig. 4 in the extension areas, an
increase in shear stresses occurs simultaneously
with a decrease in compression normal to the fault
plane, i.e. the point C is moved to the position of
the point “a”. For compression areas, an increase
in shear stresses is accompanied by an increase in
compression normal to the fault plane, i.e. the point
C moves to the position of the point “6”. According
to (1) and (6), the increments of the Coulomb stress
are identified by the expression for them:

5 1+h’Ew S, ) when 8,06, >0
- : ¢, +0¢, ) when d¢,,,0¢, >0,
T (T et e et
1=k,
61, = —— = E|0¢,, + S| when &g,,,8¢,. <0. (9)

2(1+v)

Fig. 4. Additional stress state in the uplift (a, b) and subsidence (c, d). Latitudinal faults of normal (a) and reverse (c) types
are shown for the uplift and subsidence areas, respectively, since additional stress state correlates with the SISS for them.
Kinematics of skew-oriented right-lateral and left-lateral strike-slips (b, d) of the SISS for the uplift and subsidence areas
has also been taken as the one, which corresponds to additional stress state due to ET. Dotted line is a meridian, dashed line
is a latitude in the inertial system.
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It follows from (9) that the strike-slips in the
extension areas become significantly more haz-
ardous in terms of the possibility of realizing the
trigger effect of ET than in the compression areas.
Additional Coulomb stresses are 4-5 times higher
for them in the extension areas, than in the com-
pression ones.

It is important to note, that normalized Cou-
lomb stress increases both for normal faults in ex-
tension areas and for reverse faults in compression
ones and 7. — 1 regardless of their orientation. This
is due to the fact that both lateral principal stresses
of the additional state due to ET are either posi-
tive (uplift areas) or negative (subsidence areas),
and the vertical one is always zero. In this case, the
most dangerous condition is when the fault plane
is sublatitudinal in the inertial coordinate system.

The situation differs in the case of the strike-
slip faults. The most dangerous condition here is
when their plane is vertical and oriented at an an-
gle of 35-45° to the axis of greatest compression
(subsidence area) or least extension (uplift area)
of the additional stress state. Rotation of the plane
of the strike-slip faults by 90° from this direction
leads to the decrease in 7..by ET and the state will
move away from the ultimate.

Thus, it turns out that ET have a selective ef-
fect on faults, and this selectivity depends on
their kinematic type. The normal and strike-slip
faults of SISS, for which the state can approach
the ultimate at the moments of their presence in
the phase of rising, are much more dangerous for
the realization of the trigger effect of ET. For re-
verse and strike-slip faults in the subsidence phase
due to ET, the trigger effect is less likely to be
realized during ET, but still it is possible because
of the significantly smaller increment in the Cou-
lomb stress. It is important to note here that for
the strike-slips that can be activated in the rising
or in the subsidence phase due to ET, a decrease in
Coulomb stress occurs in the rising or subsidence
phase respectively.

It is necessary to pay attention once again to
the fact that the conclusions obtained in this sec-

Fig. 5. Trajectory of the point C in the phases of rise and sub-
sidence due to ET: for reverse faults (C—b), for normal faults
(C—a). Both variants of change in stress state are possible
for strike-slips, more dangerous (C—a) are in the uplift zones.
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tion refer to those cases of ET, when the additional
shear stresses at the faults created by them coin-
cide with the shear stresses due to SISS (Fig. 4).

Evolution of deformations
due to the earth tides at the faults

Since various orientations of seismogenic
faults are possible under real conditions, it is
important to understand how real the situation,
which is depicted in Fig. 3, is for a fault of any
orientation. How often can such dangerous fault
locations occur in relation to the stresses of the
additional stress state?

In fact, change in the direction of action of
the principal stresses of the additional stress state
with respect to a certain fault in the process of the
Earth’s diurnal rotation and the mutual rotation of
the Moon and the Earth are not obvious. Let us
analyze the movement trajectory of the charac-
teristic points at which the direction of the fault’s
strike is set on the Earth’s sphere in the process
of the Earth’s diurnal rotation in relation to the
direction to the Moon. Fig. 6 shows the trajectory
of the point of the studied fault position on the
Earth’s sphere in a projection onto the plane of
the Moon’s orbit. In order to simplify the analysis,
we will assume that the Moon rotates around the
Earth’s center, not around the mass center of the
Earth—Moon system (Fig. 1). We will also approx-
imately assume that the tilt of the Earth’s rotation
axis (the point N) to the plane of the Moon’s orbit
is 30°, and at the initial moment of our analysis, the
projection of this axis onto the plane of the Moon’s
orbit coincides with the LL axis (Fig. 6). We as-
sume, that the position of the Earth’s diurnal rota-
tion axis does not change in this coordinate system.

Let us consider the movement trajectory of
the point a, which was at a latitude of 30° of the
Earth’s geocentric coordinate system at the initial
moment of our analysis. The point a coincides
with the pole of the lunar-axial system (Fig. 1) for
the assigned angle of tilt of the Earth’s rotation
axis. We assume there is a fault of the latitudinal
strike in the Earth’s geocentric coordinate system
at the point a (Fig. 6), which is respectively di-
rected along the meridian of the inertial coordi-
nate system. The latitude of 30° of the Earth’s geo-
centric coordinate system selected for the analysis
of the fault behavior corresponds approximately
to the middle of the Eurasian seismogenic zone
between 15° and 45°.

The location of the fault in the initial inertial
system changes during the Earth’s diurnal rotation.
The point @ moves sequentially from its initial
position to the points b, ¢ and d every quarter of
a day. The fault orientation on the sphere changes
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according to these displacements. Graphical anal-
ysis on the stereosphere shows that the strike of the
fault will make an angle of about 18° with the LL
axis at the points b and d. At the point ¢, the fault is
parallel to its initial location at the point a.

Assuming the Moon to rotate around the Earth
in 30 days (one more approximation), we receive
that every % day it rotates about 3° relative to the
Earth’s center. In this case, following the change
in the position of the Moon, the position of the
latitude of 45° of the inertial system (division
of the compression and extension areas of ET),
which corresponds to the new relative position of
the Moon and the Earth, also changes. The Moon
will pass an arc of 90° relative to the center of the
Earth in 7.5 earth days.

Thus, the rotation of the fault, specified at
the point a, and its position in the current inertial
coordinate system is the sum of two factors: the
diurnal rotation of the Earth and the rotation of
the Moon around the Earth’s center. The diurnal
rotation should create a periodic movement of the
point a along the meridian of the initial inertial
coordinate system.

Fig. 6 shows how the latitude of the fault loca-
tion changes during the Earth’s diurnal rotation in
the inertial coordinate system associated with the
motion of the Moon. We will call such an inertial
coordinate system as the current one. It can be seen
that the location of the fault plane also gradually
changes relative to their origin location in the ini-
tial inertial system due to the rotation of the axis to
the Moon at the points b, ¢ and d of its orbit. Fig. 7

horizontally shows the angles of the Moon rotation.
Since we consider its uniform motion, then every
12° along the horizontal correspond to one earth day.

As one can see, the fault is in the compression
area most of the time every day. The fault changes
its orientation by almost 180° in less than one day
in this area. In the extension area, the fault chang-
es its orientation to angles close to 90° in certain
periods only (the beginning and end of the time
interval in Fig. 7). In general, these changes are
small, just about 40—60°.

In our example, we have selected a fault of the
latitudinal strike at the point a (Fig. 6). According
to Fig. 7, this fault remains sublatitudinal or devi-
ates from this position by an angle of about 45°
most of the time in extension areas. There is a de-
viation from the sublatitudinal position by almost
90° only at a time moment corresponding to the
angle of the Moon rotation at 139, 154 and 166°.
This means that in certain cases (such as those
shown in Fig. 4), a fault that has the kinematics
of normal fault into the SISS can regularly, every
day, be in a state of growth of Coulomb stress due
to ET, as shown in Fig. 5. But there may be the
other cases. For instance, such a dangerous situ-
ation can arise literally several times during the
lunar month (two times within 3 days) in the me-
ridional location of a fault at the point a. The same
can be said about strike-slip faults.

It follows from the data in Fig. 7 that the fault
constantly changes its orientation relative to the
principal stresses of the additional stress state due
to ET. At some moments of time, this orientation

Fig. 6. Scheme, explaining the change in location and direction of the fault on the Earth’s surface in the initial inertial coor-
dinate system during the Moon’s rotation relative to the Earth’s mass center (simplified concept) and during its diurnal rota-
tion. The Moon’s rotation orbit lies in the plane of the figure. N is a projection of the north pole of the axis of Earth’s diurnal
rotation onto the plane of the figure. a, b, ¢, d — location of the fault on the Earth’s sphere every %4 days. Dotted latitude in the
inertial system (45°) divides the Earth’s sphere into the areas of extension (highlighted in white) and compression (highlighted
in grey) due to ET. Thick dotted line for the latitudes of 45°, which correspond to the Moon position after 24 hours from the
initial state (d). The image of the point trajectory and direction of the fault plane are presented in Wolf stereographic projec-
tions. The change in the location of projection of the Earth’s diurnal rotation axis onto the Moon every 4 days is also shown.
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of the principal stresses can increase the level of
the total Coulomb stress at the fault, and at some
moments it can decrease them.

It was shown above that for the strike-slip and
normal faults, an increment of Coulomb stress
that is many times greater than in the case of re-
verse faults can appear in the extension areas of
ET. Therefore, we will further associate the pos-
sible trigger effect due to ET only with the exten-
sion areas.

And now, if we interpret the result obtained in
Fig. 7 from the standpoint of estimating the change
in the ultimate stress state, given in Fig. 5, then we
can say that only those moments of time when the
fault is in the extension area can be considered dan-
gerous in terms of the trigger effect. In this case,
the faults, for which there was a normal and strike-
slip fault in the SISS, may experience additional
stresses bringing their state closer to the ultimate.

At that, the faults of any strike in the topocen-
tric coordinate system for 7.5 days are twice in a
state where ET will create additional stresses that
bring their state closer to the ultimate (Fig. 5). The
same result occurs in 15 earth days for the strike-
slip faults. It is during this time that the fault of
strike-slip type for SISS with any orientation in
the topocentric coordinate system will once be in
a dangerous state for the implementation of the
trigger effect of ET.

If we set the fault at the initial moment of anal-
ysis at a latitude of more than 60° or less than 0°
(i.e., more than 60° or less than 0° in the geocen-
tric coordinate system), then the residence time
for the fault in the extension area is significantly
reduced. In this regard, a dangerous situation for
a fault will occur for a much longer time, but dur-
ing the lunar month such a situation will surely
arise. It results from the performed analysis that
the faults located at high latitudes of more than
60° but less than 75° cannot fall into the extension
area at all and, therefore, ET do not create an op-
portunity for them to increase the Coulomb stress.

Sea tides effect on the stress
in the lithosphere of oceans
and continental coasts

The considered above deformation effect of
tides in the solid earth on the faults stress state
is primarily related to continental regions remote
from the sea and ocean coasts. This is the so-called
direct effect of ET influence.

Let us now consider the indirect effects of
gravitational influence of the Moon on the stress
state of the crust due to the presence of water
masses of the oceans. In terms of the considered
problem, the main difference with the continents
is associated with the appearance of an additional
load from the oscillation of the water surface of
the oceans.

There are several indirect factors associ-
ated with the impact of water masses [Melkhior,
1964]: (A) additional masses of water actually;
(B) trough of the ocean floor; (C) deformations
of crustal rocks that determine the change in the
gravitational potential of the Earth. If we exclude
the coasts, then the range of ocean level fluctua-
tions during the periods of maximum uplift and
subsidence will be from 5 to 70 cm. Average am-
plitude of fluctuations is about 0.5 m. We will as-
sume the amplitudes of the ocean floor sinking at
the phase of rise to coincide with the amplitudes
for the subsidence phase.

The estimate of influence of fluctuations in the
level of the oceans of the ebb and tide stage will
correspond to 0.5 m of the rise and fall of the wa-
ter level, while remaining within the above adopt-
ed reference system in the form of SISS. Convert-
ing this into a vertical load, we get 0.05 bar or
5 kPa, which is several times higher than the level
of stress from linear deformations caused by ET.
The obtained values correspond to the level of
stress calculated in [Wilcock, 2001; Stroup et al.,
2007], and an order of magnitude lower than the
values used in [Cochran et al., 2004; Baranov et
al., 2019].

Fig. 7. The trajectory of a point on the Earth’s sphere in the current inertial coordinate system and the strike of the fault relative
to the direction to the Moon (LL in Fig. 6). The latitude in the inertial system (positive values for the hemisphere from the side
of the Moon) is shown vertically, the horizontal is the angle by which the Moon has rotated relative to the Earth’s center (12°
correspond to one earth day), the angles corresponding to the fault position at the point a are highlighted in bold. The compres-
sion area is highlighted in grey. The linear section shows the strike of the fault area in the current inertial coordinate system.
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Note that ocean tides at any point in the litho-
sphere create the same type of stress state, char-
acterized by a Lode—Nadai coefficient close to
+1, which greatly simplifies the calculation of the
Coulomb stress of the additional state.

The performed estimates of value of the ad-
ditional vertical stress, caused by the weight from
the changing ocean level, show that at the mo-
ment of maximum uplift in the oceanic crust ad-
ditional vertical compression stresses of the order
of —0.05 bar and additional lateral compression
stresses of about —0.017 bar (elastic effect of lat-
eral constraint for Poisson’s ratio of 0.25) occur
due to the increased ocean level. Accordingly, at
the moment of maximum subsidence, these addi-
tional stresses become positive.

The obtained stresses must be summed up
with the stresses arising from the change in the
shape of the Earth’s during tides, which gives
general additional stresses. Due to the linearity of
the elastic problem and the additivity of its solu-
tion, it is possible to separately analyze the contri-
bution to the change in the stress state from both
factors. Therefore, estimates of stress change only
due to load and unload from change in the ocean
level performed here.

The obtained values of additional stresses
correspond to the regions of oceanic spreading,
which is far from the continents. As a rule, earth-
quakes occur here with normal or strike-slip fault
mechanisms, which corresponds to the regime of
horizontal extension and horizontal shear.

At the same time, the level of vertical stresses
from ocean tides used in [Cochran et al., 2004;
Baranov et al., 2019], is more consistent with con-
tinental slopes (bays and sea shelves). The ampli-
tudes of sea tides can reach 2—7 m here. Most of
the SISS is horizontal compression in these zones,
which corresponds to subduction zones with fault-
ing kinematics in the form of reverse faults.

Areas of great influence of indirect factors on
gravimetric measurements are both coastal con-
tinental areas and islands. Of the indirect effects
listed above for the oceanic crust, (B) and (C) are
remained in this case. Both factors that determine
the physical nature of these indirect effects are lo-
cated directly in the sea part and therefore cannot
significantly affect the deformation of the crust
of the coastal part of the continents and islands.
There is another factor that can affect the results
of gravimetric measurements and stress in the
crust of specified areas — an additional horizon-
tal compression stresses that appear in the coastal
continental crust due to fluctuations in the level of
the sea and ocean surfaces. These fluctuations am-
plitudes, due to the peculiarities of changes in the

bottom near the ocean coasts, can be significantly
higher than for oceanic areas remote from them,
reaching 1.5 m (we will take 1 m as an average).
Thus, an additional pressure of 0.1 bar acts in the
water along the continental slope of the crust dur-
ing the tides. We believe that a similar, but oppo-
site (decrease) of the lateral pressure relative to
the SISS takes place during the ocean ebbs.

The performed estimates of lateral pressure ef-
fect on the coast, caused by additional water pres-
sure, show that in the crust it can capture depths
of up to 10-20 km (seismogenic layer), decreas-
ing (inversely) both with depth and with horizon-
tal distance from the coast. At a distance of 100
km from the continental coast, this pressure is 100
times greater than the vertical additional stresses
and is about 0.01 bar. In order of magnitude, this
corresponds to the estimates of the stress caused
by ET in solid earth. In the case of small isomet-
ric islands (less than 100 km) or islands with one
of the characteristic dimensions of 100-200 km
(Sakhalin, Japan), the lateral pressure will de-
crease significantly less.

Thus, ocean tides are capable of creating addi-
tional horizontal compression or extension, which
can be either isotropic or unidirectional depending
on the geometry of the islands. The latter type of
additional horizontal compression also corresponds
to the continental crust of the coastal zones.

One can use the additivity property of elastic
deformations to study the contribution of this type
of additional stresses.

Trajectories of critical Coulomb stress
in the crust of continental coasts
caused by ocean tidal motion

The compression and extension stress state,
which are formed in the oceanic crust from ocean
tide and ebb, differs from the case of isotropic
compression and extension considered in Fig. 3.
This is due to the fact that for the elastic model,
the lateral stresses arising in the oceanic crust are
three times less than the vertical load from change
in the ocean level (for Poisson’s ratio 0.25).

Fig. 8 shows the change in the size and posi-
tion of the Mohr’s circles for the stress state of
horizontal compression (reverse fault), horizon-
tal extension (normal fault), and horizontal shear
(strike-slip fault). Additional vertical stress co-
incides with the direction to the zenith, which is
marked on the Mohr’s diagram for each type of
stress state as: Z<m, Z&, Z*h It is believed that the
axis of one of the principal stresses coincides with
the axis to the zenith. Additional horizontal stress-
es are 3 times less than the vertical ones, and in
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Fig. 8 they only slightly displace the correspond-
ing points of the principal stresses.

The effect of change in ocean level is greatest in
the case of reverse faults (horizontal compression).
And it is practically absent for normal faults (hori-
zontal extension) and strike-slips (horizontal shear).

Thus, the greatest influence of the additional
stress state caused by the ocean ebb and leading
to an increase in Coulomb stress should affect
the reverse faults corresponding to the regime of
the horizontal compression of SISS. In this case,
additional shear stresses arise on the faults in
the direction of the uprising of its plane and the
stresses of normal compression decrease. At the
same time, extension takes place in the oceanic
crust due to the influence of the direct effect of
ET on the deformation of the solid earth, which
brings, according to expression (7), to a reduce in
Coulomb stress because of the decrease in shear
stresses. The summation of these two factors of
ET effect significantly reduces the possibilities of
the trigger effect.

The indirect effect of ET associated with
ocean tides and ebbs can be ignored in the case of
regimes of the horizontal shear and extension of
the SISS, which correspond to the strike-slip and
normal faults.

The effect of additional isotropic or unidirec-
tional lateral compression or extension that occurs
in the case of oceanic islands and coastal conti-
nents can be studied using the analysis results pre-
sented in Fig. 5. This is due to the similarity of
the finite expressions for Coulomb stress of these
indirect effects with expressions (7)—(9) for the di-
rect effect of ET influence.

Ocean tides, which create additional lateral
compression, bring to an increase in shear stress
and compression normal to a fault for the SISS
reverse faults. The expression for the increments
of the Coulomb stress for them is similar to (7)
and has a factor (1 — k,). The same thing is ob-
served for the SISS normal faults, there is a factor

(1+ kf) as in expression (8). The same similarity
of expression is observed for strike-slip faults (9).
The difference is in values depending on whether
this lateral pressure is isotropic — uniform (is-
lands), or unidirectional (coastal parts of the con-
tinents). In the first case, they do not depend on
the strike of the faults, and in the second, they do,
since the greatest lateral compression or extension
is orthogonal to the strike of the coastline.

It should also be taken into account that ET cre-
ate additional extension or compression directly in
solid earth, and in the same phases, ocean ebbs and
tides for the same areas create additional compres-
sion and extension, respectively. The values them-
selves of additional Coulomb stress in the crust of
the continental coast or islands caused by the ocean
tide for distances up to 100 km from the coastline
are comparable to those that can occur due to ET in
solid earth (direct effect). Therefore, it can be as-
sumed that in the coastal zone further than 200 km
and on islands with a size of more than 200 km, the
ET trigger effect should not manifest itself.

Discussion

A detailed review of the state of a problem of the
relationship between the seismic regime and gravi-
tational tides is given in [Descherevsky, Sidorin,
2012]. The publications of two groups of authors
are given, one of which claims that there is a rela-
tionship between these two phenomena, while the
other group of works shows that there is no such
relationship. There are also the authors who, in the
process of conducting their research, have changed
their point of view on the problem. It should be spe-
cially noted that there are publications of the most
recent time in both groups of works.

What is the reason for such a diametrical dis-
crepancy in the results of these studies? It can
be related to several factors. All of them are de-
termined by the above different influence of the
phases of rise and subsidence due to ET on the
stress state of faults of different kinematic types.

Fig. 8. Change in SISS and position of the point C in the ocean crust due to oceanic ebbs and tides for the regimes: the hori-
zontal compression and the reverse faults (a, d); the horizontal extension and the normal faults (b, ¢); the horizontal shear

and the strike-slip faults (c, ). See Fig. 3 caption.
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1. It is usually considered that the period of the
greatest amplitudes of rise or subsidence corre-
sponds to the stage of the maximum hazardous
effect of tidal influence (tides in the solid earth or
ocean tides) for a particular fault or source of an
earthquake that has occurred. As shown above,
the criterion for the effect is the additional Cou-
lomb stress dz . appears at the fault. And their cal-
culation is treated as a scalar quantity.

In fact, the Coulomb stress is a vector, which
determines that in the direction of the action of
the shear stress (for example, r) acting at the fault
with the normal #, its sides can be displaced.

Since the additional Coulomb stress must be
summed up with the Coulomb stress 7. due to
SISS, the resulting Coulomb stress will increase
only when the additional shear stresses dr at the
fault make an acute angle with the shear stresses
t due to SISS (r is a vector that coincides with
the direction of the action of the shear stresses at
the fault). Thus, additional Coulomb stress can be
considered as a trigger when their component in
the r direction is positive. The following expres-
sion should be used to calculate this component of
Coulomb stress:

ot = 5an+k50nn. (10)

If oz is positive, then the component of the
Coulomb stress 7" .~ may be positive too (when
ot >k oo, ).

"As noted above, not only the intensity of tidal
stresses changes in the process of changing the
amplitudes of the tidal wave effect, but also the
directions of action of their principal components
with respect to the strike of the analyzed fault.
This brings to the fact that the intensity of the
component of additional Coulomb stress can be
maximum not when the tidal effect is maximum.

Not just catalogs of earthquakes, but catalogs
of earthquake focal mechanisms (Global CMT)
were used in [Cochran et al., 2004] to study the
effect of the earth and ocean tides on the seismic
regime. This was done in order to calculate addi-
tional Coulomb stress arising due to tides. Since
the plane realized in the form of a seismic fault is
unknown, the calculation of the Coulomb stress
was carried out for both nodal planes of the focal
mechanism. In this case, the increase in the danger
due to tides was associated with a change in the
Coulomb stress, and not with that component that
increases the vector of Coulomb stress due to SISS.

2. It should be noted that there are practical-
ly no regions on a scale of the first hundreds of
kilometers or more, in which a single stress state
regime acts in the crust: horizontal compression,

horizontal extension, or horizontal shear. In addi-
tion, these regimes are often combined (compres-
sion with shear, extension with shear, shear in the
vertical plane).

As shown in [Rebetsky, 2015], for intracon-
tinental orogens there is a combination of hori-
zontal compression for the crust of alpine uplifts
with horizontal shear in the crust of intramontane
depressions and horizontal extension in the crust
of large intermontane depressions. Horizontal ex-
tension or shear regimes can act in the crust of
mountain uplifts such as plateaus and highlands.
The regime of horizontal compression in the crust
of the continental slope is replaced by the regime
of horizontal extension in the oceanic lithosphere
for active continental margins (subduction zones)
[Rebetsky, Polets, 2014; Rebetsky et al., 2016].
A combination of horizontal compression and
horizontal shear may occur in the crust of the con-
tinental slope in the case of oblique subduction
(Aleutian arc). There is also no uniform stress
state regime in the zones of oceanic spreading.
Areas of horizontal extension can be replaced by
areas of horizontal shear here [Rebetsky, 2020].

Such nonuniformity of the stress state regime
is reflected in the nonuniformity of the kinematic
types of active faults in the regions. Since the very
fact of an earthquake occurrence is quite often tak-
en as a positive effect (see, for example, [Métivier
et al., 2009]), some faults (normal and strike-slip
faults) in the studied region can experience acti-
vation during the rise phase, while the other ones
(reverse and strike-slip faults) — in the subsidence
phase. Thus, a simple analysis of the intensity of
regional seismicity in different phases of ET will
not allow establishing the correct correlations
without an accurate understanding of the kinematic
types of activated faults. In particular, in [Métivier
et al., 2009], all earthquakes were a priori actually
assigned a reverse fault mechanism, which does
not correspond to reality as was mentioned above
[Rebetsky, Polets, 2014; Rebetsky et al., 2016].

3. Our experience in studying the regularities
of the Coulomb stress distribution in the seismi-
cally active areas of the Northern Tien Shan [Re-
betsky, Kuzikov, 2016] and Western Sichuan (the
work was accepted for publication in the “Geo-
tectonics” journal) showed that only about 20 %
for the Tien Shan and about 30 % for Sichuan of
the total length of active faults identified in the
region by geological and seismic methods have
positive values of the Coulomb stress. Only 10—
20 % of them have a level of Coulomb stress close
to critical. The tectonophysical inversion of natural
stresses from seismological data made it possible to
perform calculations for the mentioned territories
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on the scale of stress averaging 20-30 km (Tien
Shan) and 30-50 km (Sichuan), respectively. This
means that only 3—5 % of the total length of ac-
tive faults can be considered hazardous, located
near the critical state, capable of generating earth-
quakes with magnitudes exceeding 6.5 for the
Tien Shan and 7.0 for Sichuan.

It is clear that the presented research results do
not negate the possibility of the tides effect on the
generation of weak and medium-strength earth-
quakes (for the above regions with M < 6.0), but
the knowledge obtained should change the strat-
egy of strong earthquakes prediction and, in par-
ticular, require certain rules for the practical appli-
cation of the prediction using the LURR method.
So, if we analyze the entire area of the regions for
the indicated territories, then the number of weak
earthquakes for active, but not dangerous fault ar-
eas (positive Coulomb stress of low level) will be
significantly (by an order of magnitude) greater
than the number of earthquakes occurring in the
hazardous fault areas. If the LURR-based method
of strong earthquake prediction is applied, such
a disproportion will bring to the fact that the main
contribution to the analysis will be made by the
earthquakes outside the hazardous areas.

In order to avoid this, it is necessary to apply
the LURR technology not to areas, but to seismo-
genic faults, scanning them along their length in a
sliding window, the size of which corresponds to
the size of the source of the predicted earthquake,
as it is done, for example, when predicting strong
earthquakes using the M8 method [Kossobokov
et al., 1997].

Conclusion

The presented above analysis of ET influence
on the stress state of the crust showed that the pos-
sibility of a trigger effect depends on the kinematic
type of seismogenic faults, i.e. on the geodynamic
type of the current stress state. Both a direct effect
and indirect one take place. The direct ET effect is
caused by the solid earth straining, and an indirect
one is caused by ocean tides. These issues were
brought to attention in the works [Smith, 1974;
Wahr, 1981; Métivier et al., 2009].

Direct (ET) and indirect (ocean tides) factors
are shown to make contributions of opposite sign
to the additional Coulomb stress arising due to
gravitational influence of the Moon. Therefore,
mutual compensation of additional stresses, neu-
tralizing the effect of ET, can occur. The influence
of ocean tides is absent only in the case of conti-
nental seismic focal zones, remote from the coast
at a distance of more than 200 km.
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The analysis of additional Coulomb stress,
formed due to the direct ET effect, showed that the
greatest probability of a trigger effect occurs in the
crust with a regime of horizontal extension (nor-
mal faults), which correspond to rift zones, large
intermontane depressions, foredeeps, plateaus, and
uplands [Rebetsky, 2015]. The increased efficiency
of the trigger effect for normal faults is manifested
in the phases of solid-state extension and is associ-
ated with an increase in the level of shear stresses
at the fault with a simultaneous decrease in the
level of compression normal to the fault.

The next in terms of the increase in Coulomb
stress due to ET action is the crust with a horizon-
tal shear regime (strike-slip faults), which most
often occurs for the crust of slabs, platforms [Sim,
1996], large intramontane depressions involved
in the uplift, and sometimes for intermontane de-
pressions [Rebetsky, 2015], as well as in the zones
of transform faults.

The manifestation of a trigger effect is least
probable for the regions with a horizontal com-
pression regime (reverse faults), which are mainly
concentrated in the crust of mountain uplifts in the
form of ridges and platform shields. The low ef-
ficiency of the trigger effect for reverse faults is
due to the fact that in the phases of compression
(surface subsidence) the level of shear stresses
grows on the fault plane, but at the same time the
level of compression normal to the fault plane in-
creases too. Additional stresses reduce the level of
compressive stresses at the fault in the extension
phase, but the level of shear stresses also decreas-
es, which in total does not brings to an increase in
Coulomb stress.

It should be noted that the shown greater pre-
disposition of the ET effect on well-defined kin-
ematic types of faults was mentioned in [Cochran
et al., 2004; Métivier et al., 2009]

Thus, seismically active areas of the Baikal
Rift Zone, Sakhalin (for strike-slip faults in a zone
further 50 km from the coast), and individual re-
gions of the Altai-Sayan (large intermontane de-
pressions) with a horizontal extension regime are
the most promising in Russia for using the LURR
prediction method.

In the case of oceanic crust, the indirect ET
factor associated with the rise and subsidence of
the sea surface creates additional stresses that are
directly opposite to those that appear due to the
rise and subsidence of the solid surface of the
ocean floor. Due to this, it is possible to assume
low efficiency of the ET trigger effect for seismic
focal zones of the oceanic crust and in the crust of
the continental slope of subduction zones.
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The most important conclusion from all of the
above is the need to treat the calculation of Cou-
lomb stress as a vector, and not as a scalar quan-
tity. This requires the calculation of the Coulomb

stress component in the direction of the realized
displacement in the predicted earthquake source.
This requirement was met in the graphical analy-
sis on Mohr diagrams presented in this paper.
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N3MeHeHne aMIUTMTYIHBIX OKA3aTeen
B ITPUJIMBHBIX BAPUALUSAX CUIIBI TSAKECTH
B TMIEPHOJI TIOATOTOBKU OJTM3KUX 3eMIICTPSICEHUIN
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Pe3rome. BiepBrie mpuMEHUB IOAX0A, OCHOBAaHHBIN HAa METOAMKE pacyeTa NIPHINBHBIX HapaMETPOB B CKOJIb3-
ALIeM OKHE C pa3nu4yHoi AuHOH BeIOOpKH (0T 30 10 120 cyT), aBTOpHI BEIABUIM 3P QEKT B BapHaLUsiX rpa-
BUTALMOHHOTO TOJIS IS TJIABHOM JTyHHOH BoJIHBI O 1, KOTOPBIN IpeAniecTBOBal OJU3KUM 3eMIETPSICEHUSIM.
[lockonbKy HaOIIOAEHHBIE AaHHBIE OBUTM U30aBICHBI OT OKEAaHWYECKOW HATPY3KH, TO MPEATNOIaraeTcs, 4ro
JaHHBINA 3()(eKT cBsA3aH ¢ JIOKaIbHOH MepecTPOKOM IIIOTHOCTHOH cpebl B TBepaoit 3emie. s Bonnb K1
BBISIBJIEHA CE€30HHAs LUKINYHOCTG. Takas MUKINYHOCTh HE YUUTHIBAJIACh NMPH COCTABICHUM MOJIEIN TBEp-
noit 3emuin PREM (mpeaBaputenbHas STaIOHHAS MOJENb 3eMIIN).

KaroueBrble ciioBa: MIPUINBHBIC Baprualluu CUJIbI TAXKCCTHU, TCOANHAMUKA, CeﬁCMI/I‘IHOCTL, rpaBHTaHHOHHLIﬁ
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Change in the amplitude indicators in tidal variations
of gravity during the preparation of nearby earthquakes
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Abstract. The authors revealed an effect of gravitational field variations for the principal lunar wave Ol,
which preceded nearby earthquakes, using for the first time the approach based on the method of calculating
tidal parameters in a sliding window with various window width (from 30 to 120 days). Since the observed
data were free from the oceanic load, this effect is assumed to be associated with a local restructuring of the
density medium in the solid Earth. A seasonal cyclycity was revealed for the K1 wave. Such cyclycity was
not taken into account when compiling a solid Earth model PREM (preliminary reference Earth model).
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aKTyaJdbHOW 3a7adeil HayKu OCTaeTcsl IPOTrHO3
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I'paBuMeTpuyeckue HcciieqoBaHUs, KaK Ipa-
BUJIO, OCHOBBIBAIOTCS HA METOAX, HAPABICHHBIX
Ha u3MepeHue adCOMOTHOTO 3HAUYEHUS YCKOPEHUS
CBOOOHOTO TMAaJICHUS U MO3BOJISIOMINX C MaKCH-
MaJbHON TOYHOCTBIO ONPENETUTH BHICOTY, a 4Yepes
HEEe BEPTHUKAJIbHbIE MEPEMEIECHUSI MacCUBa 3€M-
HOM KOpBI B TOUKE HaOMoAeHUs. ENMHCTBEHHBIM
HEJOCTAaTOK 3THX M3MEPEHUN — MX Manas Juc-
KPETHOCTb, HO OH IIEJINKOM IMEePEKPHIBACTCS ITIaB-
HBIM TPEUMYILECTBOM — OTCYTCTBUEM Apeida
WJIU «CTIOJ3aHUSI HYIISD.

leoguHamMuyeckre MPOIECCHl  MOPOKIAIOT
MHO)KE€CTBO OTKJIMKOB B (PH3WYECKHUX TOJAX 3eM-
au. I'paBUTAllMOHHOE TOJIE TAaKXE IOJABEPIKEHO
3TOMY BIHMSHHIO. [IoMHMO HOPMANBEHOTO BIUSIHUS
Jlynsr u ConHila, KOTOpoe o0pa3yer nepuoande-
CKH€ BapHalUy MOJs CUJIbl TsKecTH [Menbxuop,
1968], B HabnrOmaeMoM TOJE CYIIECTBYIOT aHO-
ManbHbIe 3¢ GEKTh, BBI3BAaHHBIC TIEpepacIpe-
JICJIEHUEM MacC BHYTPH IUIAHETHI, U3MEHEHHEM
YIPYTro-Bs3KUX CBOMCTB, @ BMECT€ C HUMH U OT-
KJIMKa 3€MHOW MOBEPXHOCTU Ha MEPHOANYECKOE
Bo3zelcTBUE. DTH 3G (EKThl HOCAT Ha3BaHUE He-
NEePUOJUYECKUX Bapualuid CUibl TsokecTH. OHU
MOTYT OBITh MOTEHIIMAIBHO TMOJIE3HBI MPH OOHa-
PYXEHHH TMOJArOTOBKH CEHCMHYECKOIO COOBITHS
B OKPECTHOCTSIX ITyHKTa HaOIIOIEHUS.

C uenbio BBISBICHHUS B MOJ€ BapUALUNA CHUJIBI
TSOKECTH TakuX ()(PEKTOB, KOTOPHIE MOTYT OBITh
BbI3BaHbl KaK IOATOTOBKOM 3€MIIETPSICEHHUS, TaK
U MOCTCEHCMUYECKUMH U3MEHEHHUSIMH B JIUTOC(De-
pe, OBLIIO BHITIOHEHO MCCIIeI0BAaHNE, OCHOBAHHOE
Ha METOJMKE pacyeTa MPWINBHBIX [apaMeTpPOB
(ITIT) B cronb3sieM okHe. C MOMOIIBIO 3TOU Me-
TOAWKU MOXKHO TPOCJEIUThH MJIaBHOE M3MEHEHHE
OCHOBHBIX TapaMETPOB TJIABHBIX HPUIMBHbBIX
BOJIH, @ MCIOJB3Ys BEIOOPKU Pa3HOM TUTEIHHO-
CTH — OMNpPEACNIUTh ONTUMAJIbHYIO IIMPUHY OKHA
uig UKCAllMM HEMEepUOAMUYECKUX aHOMaJbHBIX
s dexroB. JlaHHas MeTOmUKa Ui pacueTa Mpu-
JMBHBIX NTapAMETPOB MPUMEHSIETCS BIEPBbIE, MO~
3TOMY UCCIIEZIOBAaHUE HOCUT SKCIIEPUMEHTAIbHBIH
XapakTep, U OAHOW M3 1eJeil paboThl SBISICTCS
ee anpobanusi. B nienom uccnenoBanue ObUIO Ha-
NpaBJIeHO Ha OOHapykeHue »pPEeKTOB B TpaBUTa-
IIMOHHOM I10JIe 3eMJIH, CBSI3aHHBIX C I€OIMHAMU-
YECKUMHU IPOLECCaMH, MPOTEKAIOUIMMH B 30HE
nepexoja OT KOHTHHEHTa K SInoHCkoMy MoOpro,
T.€. B T€OJJMHAMUYECKU aKTUBHOM peruone. Cra-
oHapHbIi rpaBuMerpuyeckuil myHKT (CI'TI) Ha-
XOIUTCS Ha TEPPUTOpUU MOpPCKOM DKCIIEpUMEH-
TanbHOM cTanmu «Mbic [lymema» (ITpumopckuit
Kpaii, n-oB ['amoBa, Oyxta Butsss, 42.583° c.u.,
131.158° B.1.) (puc. 1) [IIpomxkuna u mp., 2015],
rae HaunHad ¢ 2012 . uaeT KpynioroquyHblid MO-
HUTOPHUHT Bapyalliii FPaBUTALIMOHHOTO TOJISI 3€M-
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au. I perucTpanuy UCnoib3yeTcs 1aboparop-
HbII OTHOCUTENBbHBIN rpaBumeTp gPhone Ne 111.

JKCNMepUMEHTAJbHBIIN MaTepuaj. MeTto-
JTMKa MCCJIEJOBAHUN 3aKiroyaiach B MHOTOKpaT-
HoM pacyere B mporpamme ETERNA [Wenzel,
1996] OCHOBHBIX mNapaMeTpoB (aMILIUTYIHOTO
d-¢akropa u 3a7epKKU (a3 o) MNIaBHBIX MPUIUB-
Heix BosiH (O1, K1, P1, M2, S2, K2) ¢ paznuuHoii
JUTMHOM aHAMM3UPyeMO BHIOOPKHU U IIarOM CMe-
IIEHUS paCU€THOTO OKHA. Takol moaxona K pacue-
Ty HIPWIMBHBIX ITaPaMETPOB UCIIONIB3YETCs BIEp-
Bble. IHBIMU clTOBamMU, U3 UMEIOIIEHCS BRIOOPKH
HaAOIIOIeHUI Bapualiil CUIIbI TSHKECTH BbIOMpa-
JUCh «OKHA» OINPEAENEHHOW MPOAOIIKUTEIBHO-
CTH, BHYTPH KOTOPBIX BHIMTOJHSITUCH BEIUHCIICHHUS.
[Ipu BBIOOpE pa3zMepoB OKHA aBTOPHI CTPEMUIIHCH
y4ecTb JIB€ MPOTUBOMOJIOKHOCTU: 3allyMJICH-
HOCTh TIOTYYaeMbIX JaHHBIX NMPU MUHUMAIBHBIX
pa3Mepax pacueTHOro OKHA M CIVIaKMBAaHUE aHO-
MaJbHOTO A dexTa mpu OOIBIION JATUHE BBIOOP-
k. KadecTBo mosyyaembpIX NpPUIMBHBIX Hapa-
METPOB OLIEHUBAJIOCh IO CPEIHEKBaJAPaTUYHOM
ommbke (CKO) ux omnpenenenus. [lpu mmne
aHanusupyemon BeiOOpku 38 cyt u 6onee CKO
ompeneneHus Jaenbra-pakropa He IMpeBbIIIaNa
0.001. IIpu mpoBeeHUH BBIYUCIECHUM pacyeTHOE
OKHO «CJIIBUTaJIOCh» Ha OIpe/ieJIeHHOE KoJIuye-
CTBO CYTOK (0T 3 10 12) 1 BbIYMCIIEHUS TTOBTOPSI-
nuchk. BennumHa «caBura» 3aBucesna OT pasMepa
OKHa 1 He mpeBbimana 0.1 oT ero 3HaueHUS.

Takum 0Opa3zoM, Ui TeHEpaNTbHON BBIOOPKU
(xyza BoLuIM OMIDKAMIINE K MyHKTY HAaOMIONEHHS
3emuerpsicenus, T.e. ¢ 2012 mo 2014 r.) 6bun mo-
Jy4YeHbl CEPUM PACUETOB C BHIOOpKAMHU pPa3yIny-
HOM JUIMHBI, B KOTOPBIX HAYMHAS C ONIPEACICHHON
IIMPUHBl OKHA, KaK MBI MPEANOIaracM, MOTYT
IpUCYTCTBOBATh 3((HEKTHI OT Te0JUHAMUYECKUX
IIPOLIECCOB, CBA3AHHBIX C CEHCMUYHOCTBIO PETHO-
Ha. [Ipu yBenMueHNN MIMPUHBI OKHA AaHOMAJIbHBIH
3¢ dexT nomKeH TUIaBHO 3aTyxaTh, a MapaMeTpPhl
IJIABHBIX TPUJIMBHBIX BOJH JIOJDKHBI CTPEMHTHCS
K TapaMeTrpam, MOJyYeHHBIM NpU aHallM3€e MOJ-
HOTO BPEMEHHOTIO psijia.

Kpome Toro, npu nmoaroroBke 1aHHbIX HAOIIO-
JICHHBIC BapUaIlid TPABUTAIMOHHOTO TOJST OBLIH
n30aBIEHBl OT BIUSHHUS OKEAHWYECKOM HarpysKH
MyTeM BBIYUTAHHUS OKEaHMYECKOTO TPUIINBA, TIO-
Jy4EHHOTO C UCIOJIb30BaHUEM YPOBHEMEPHBIX Ha-
Omronenuii. JlanHast MeToiMKa opoOHO onHcaHa
B padore [IIpomxkuna u ap., 2021].

JlanHble 10 3EMJIETPACEHHUSM I1OJY4YEHbI
u3 karajmora National Earthquake Information
Center (NEIC) (https://earthquake.usgs.gov/
earthquakes/) Teomormueckoir ciyx06s1 CIIA

(puc. 1).
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B IIpumopckom  kpae
HauOoJIee YacTo CIydyaroTcs
IyOOKO(OKYyCHBIE — 3emile-
tpsicenus (https://earthquake.
usgs.gov/earthquakes/). Onu
B OCHOBHOM COCPEIOTOYEHBI
B IOXKHBIX, OTO-BOCTOYHBIX,
BOCTOUHBIX panoHax Ilpu-
MOpPbsl W IPUIIETAIOIICH aK-
Baropun SIMOHCKOro Mops.
[IpocnexxuBaeTcsa sBHAs TEH-
JICHLIMs YMEHBUICHUs IIyOu-
HbI TUMOLIEHTPOB C 3amaja Ha
BocTOK. KopoBele 3emierps-
CEHUS NPOSBIICHBI 3HAUNTENb-
HO pexe. B OCHOBHOM OHU
¢bukcupyrorcss Ha XaHKai-
CKOM MacCUBE U COIIpEJeib-
HOW TEppPUTOPUM 3aragHoro
Kuras. CrouT oTMETUTH, UTO
Ha MPOTSHKEHUU JUIMTENIBHO-
ro Mepuoja WHCTPYMEHTAJIbHBIX HaOIIOIEHHH
B [IpumMopre paboTanu TOIBKO JIBE CEMCMOCTaH-
uuu [T'openos, lkabapus, 2014], He mo3BOIIAIO-
1€ B MOJHOM Mepe y4YMThIBaThb KOPOBYIO CEHcC-
MHUYHOCTb, YTO B LIE€JOM IOBIHUSJIO Ha OOILYIO
celicMMYECKyI0 M3y4yeHHOCTh pernoHa. Ha m-ose
Kopest peructpupytorcs (https://earthquake.usgs.
gov/earthquakes/) KOpoBbI€ 3eMIIETpsICEHUs, 00Y-
CJIOBJICHHBIE TEXHOTEHHBIMH COOBITUSIMU — UCTIBI-
TaHusMu suepHoro opyxus KHJIP. Hexoropsie
U3 MPOUCXOIAIIMX B PErHoHe 3eMJIETPSCEHHH
(UKCUPYIOTCS Ha 3allMCH TPaBUMETPA, YCTAHOB-
nen”oro Ha CI'TI «mbic Hlynbia», npoxox1eHu-
€M CEHCMUYECKUX BOJIH. 3aMEUEHO, YTO KOPOBBIE
semserpsicenus Kutas Gornee MHTEHCHBHO BO3-
JEHCTBYIOT Ha TIpaBUMETpP, YE€M aHAJIOIMYHbIE
3eMiieTpsiceHus SINoHuM, HaxosAIMecs Ha COMo-
CTaBUMOM YyJaJICHUU U UMEIOLIUE CONIOCTAaBUMYIO
Mar"HuTymy.

PesyabTarsl

C nmpuMeHeHHeM JaHHOM METOIMKH pacueTa
IPWIMBHBIX NapaMeTPOB B CKOJB3SILEM OKHE,
¢ paznuuHoil mupuHoi okoH (ot 30 1o 120 cyr),
ObLT BBISIBIICH 2((EKT B BapualusIX I'paBHTAIlH-
OHHOTO MOJIsI, N30aBICHHBIX OT BIMSIHHS OKea-
Hudeckor Harpysku [[Ipomkuna u ap., 2021],
JUIsl TIIaBHOM JTyHHOU BosiHbI O1 mipu moArotoBke
6mu3koro 3emuierpsiceHust (puc. 2). ITockonbky
OTHCHIBAEMBIC 3eMJICTPSACECHUS POU3OIILIHN B Tie-
puon anpenb—Hosa0ps 2013 1., TO A BU3yanu3a-
MU TIOJYYEHHOTO pe3ynbTaTa OblUl BHIOpaH yya-
ctok 3anucu ¢ 2012 o 2014 r.

Puc. 1. Kapra ceiicvuanocTn peruona B 2013 .
(https://earthquake.usgs.gov/earthquakes/) ¢ ykaszanuem mecra pacrnonoxerus CITI.
Fig. 1. Seismicity map of the region in the period from 01.01.2013 to 31.12.2013
(https://earthquake.usgs.gov/earthquakes/) with SGP location.

Cpazy HEOOXOIMMO OTMETUTh, YTO WHTEPIO-
JMPOBAHHBIE YUYACTKH, CBSI3aHHBIE C TEXHUYECKUM
IIPOCTOEM I'PaBUMETPA, JAOT 3HAUYNTEIBHBIE C/IBU-
T'Y 110 aMIUIMTY/IHBIM TOKa3aTeNsiM, U BaXKHOH 3a-
nadeld TpU UCTIONIb30BAaHUM TIOAOOHON METOIHUKH
SIBJIIETCS. MUHUMU3ALUs [IEPEPHIBOB B 3AIIHCH.

ITpu cuete ¢ pazmepom okHa 38 cyT 3adukcu-
POBaHbI AaHOMAJIbHBIE CKAYKU aMIUTUTYIHBIX TIOKa-
3arenei y BomHbl Ol B mepuon AByX cepuid O1m3-
KHX 3€MJIETPSICEHUI, OZJHA U3 KOTOPBIX IPOU30IILIa
Ha rpanune Poccun u KHJIP BOM3u myHkra us-
Meperust 5—6 anpens 2013 . Ha mTyOMHE OKOJIO
600 kM ¢ Mmarautygamu ot 5.8 g0 6.3. [Ipyras ce-
pHsI U3 UETBIPEX KOPOBBIX 3€MJIETPSCEHHUH TIPOU30-
nuta Ha Teppuropun Kutas 31 okta6pst u 22 HOs-
opst 2013 1. ¢ imyOuHO# runonieHTpa ot 2 A0 10 kM
u marHutygamu ot 4.7 1o 5.4. B oboux ciyuasx
nepes 3eMIIETPsICeHUsIMU ITpuMepHo 3a 20 cyT 3a-
(UKCHPOBAHO CHMKECHUE aMIUTUTYIHBIX IOKa3a-
tenert amst BomHbl Ol, mIsi KUTaHCKUX 3eMIIeTPs-
ceHuii Oonee 3HaunTensHOE. [Ipu 3TOM B mepuoa
3emuieTpsaceHuil Ha rpanuie Poccnn u KH/IP Her
MHTEPIIOJINPOBAHHBIX YYACTKOB, HA KOTOPBIE MOX-
HO OBIJIO OBI CIMCATh BBISBICHHBIE aHOMAIIUH, KaK
B CIy4yae C KUTalCKUMU 3eMJIETPSICEHUSMH, KoTaa
TaKOM y4aCTOK MOT BHECTH MOTPEIIHOCTh B pacye-
Tel. Ho 1 B 3TOM ciydae, ¢ yueToM HEOOJbILIOro
pa3mepa okHa B 38 CyT, MHTEPIOJIMPOBAaHHbIH yua-
CTOK HE3HAUMTENIbHO MEPEKPbUl AHATU3UPYEMBIN
MepHOo/, TOITOMY MOXKHO CUUTaTh, YTO aHOMAJIUU
CBSI3aHBI IMEHHO C CEHCMHYECKIMHU COOBITHSIMH.

Jlns1 cpaBHeHuUs Ha puc. 2 U 3 T0OABICHO CHITb-
Hel1iee 3eMIeTpsceHue, npousoeamee B OXor-
CKOM Mope Ha riryoune 609 km ¢ Mmaruutyzaou 8.3.
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Kak BuIHO, HUKaKuX 3HAUUMBIX 3QPeKToB B mie- BoiaHBI Ol CBf3aH C JOKAJIBHOHN MepecTporKon
pHOJ €ro NOArOTOBKU HE HaOIr01aeTCs. IUIOTHOCTHOM cpezpbl B TBepaoi 3emie. [loatomy,

[TockonpKy HAOMIONEHHBIC NaHHBIC OBLTM W3- YTOOBI CYIUTh 00 AHOMAJHHOCTH BBISIBICHHOTO
OaBJIeHBbI OT OKEAHMYECKOH HAarpy3kH, To mpenno- 3ddexra, ObI0 pemeHo odpaboTaTh MO TaKOH
JlaraeTcs, YTo JaHHBIN A((DEKT y IIIaBHOM JIYHHON K€ METOAMKE MOJICIbHbBIC 3HAYEHUS JIJIs TBEPIOH

Puc. 2. Pacyer ammurynHoro napamerpa (6-¢akropa) B CKOJB3SIIEM OKHE JJIsl NIABHOH JIyHHON NMprinBHOHM BoiHEI O1
(repnox ¢ 2012 1o 2014 r): 1-3 — HabmoneHHBIN d-(axrop 11 mupuHb! okHa 38 cyT (1), 80 (2) 1 120 cyT (3); 4 — 5-¢paxrop
quts TBepnoii 3emin o Moxaein PREM [Dziewonsk, Anderson, 1981]; 5—6 — obmacT BO3MOXXHOTO BIHSHUS MHTEPIIOH-
POBaHHBIX YYacTKOB 3aITHCH, CBSI3aHHBIX C TEXHHUECKHM MTPOCTOEM I'PaBUMETPa, JJIsl INHUPHHBI pacdeTHOro okHa ot 30 1o
120 cyt (5) n 38 cyr (6); 7 — 6mmuskme k Mecty pacrnionoxeruss CI'TI zemnerpsicenust ¢ ykazaHHeM MarHUTynbl. JKupHO#
YEpPHOU CTPEIIKOH OTMEUCHBI MOMEHTHI OIKANIINX 3eMIIETPSICCHNH, TOHKOH YePHOH CTPEIIKOH — MOMEHT yIaJIeHHOTO 3eM-
JIETPSICEHUSL.

Fig. 2. Computation of the amplitude parameter (5-factor) in a sliding window for the principal lunar tidal wave O1 (period
from 2012 to 2014): 1-3— observed d-factor for the window width of 38 days (1), 80 days (2) and 120 days (3); 4 — d-factor for
the solid Earth according to the PREM model [Dziewonsk, Anderson, 1981]; 5-6 — areas of possible influence of interpolated
recording areas associated with technical downtime of the gravimeter, for the calculated window width from 30 to 120 days
(5) and 38 days (6); 7 — the earthquakes close to SGP location with magnitudes. The thick black arrow marks the moments
of the nearest earthquakes, the thin black arrow marks the moment of the distant earthquake.
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Puc. 3. Pacyer ammmutyHoro napamerpa (5-¢hakropa) B CKOJIB3SILEM OKHE IS ITIaBHOM CONHEYHOH NpHIMBHOM BosHBI K1
(epuox ¢ 2012 o 2014 r.): 1-2 — d-daxrop [uis WUPHHEI 0KHA 38 cyT HabmoneHHbIH (1) 1 crtaxeHHbIH 1o 21 Touke (2);
3—4 — nabmonenHslit 6-¢axrop s mmpuHs! okHa 80 cyT (3) u 120 cyT (4); 5 — d-akTop A TBepHOH 3eMin IO MOJETH
PREM [Dziewonski, Anderson, 1981]; 6—7 — obmacTy BO3MOXXHOTO BIMSHUS HHTEPIIOIMPOBAHHBIX yYaCTKOB 3allUCH, CBS-
3aHHBIX C TEXHUYECKHM IIPOCTOEM I'paBUMETPa, ISl IMUPHHBI pacueTHOro okHa ot 30 1o 120 cyT (6) 1 Ay IUPHUHBI OKOH
38 cyr (7, a), 120 cyt (7, 6); 8 — Gnuzkue k CI'TI 3emieTpsiceHus ¢ yka3aHHeM MarHUTY/Ibl. JKUpHO# YepHOil cTpesikoi oT-
MEUYEeHbI MOMEHTBI OJIVDKAHIINX 3eMIIETPSICEHNH, TOHKOW YePHON CTPENKONH — MOMEHT Y/IaJIEHHOTO 3eMJIETPSICEHHSL. .

Fig. 3. Computation of the amplitude parameter (3-factor) in a sliding window for the principal solar tidal wave K1 (period
from 2012 to 2014): 1-2 — d-factor for the window width of 38 days observed (1) and smoothed over 21 points (2); 3—4 — ob-
served o-factor for the window width of 80 days (3) and 120 days (4); 5 — d-factor for solid Earth according to the PREM
model [Dziewonski, Anderson, 1981]; 67 — areas of possible influence of interpolated recording areas associated with
technical downtime of the gravimeter, for the calculated window width from 30 to 120 days (6) and for the window widths
of 38 days (7, a), 120 days (7, 6); 8 — the earthquakes close to SGP location with magnitudes. The thick black arrow marks
the moments of the nearest earthquakes, the thin black arrow marks the moment of the distant earthquake.
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3emun o moaenu PREM [Dziewonski, Anderson,
1981] (puc. 2). Kak Bugum Ha puc. 2, aMIUIUTYA-
HBIH MoKa3aTeb MoaenbHON BoHbl O1 ocraercs
MMOCTOSTHHBIM Ha BCEM TepHO/Ie HAOIIONSHHM, TOT -
Jla KaK y HaOJF0eHHOM BOJTHBI C1a00 M3MEHSIETCS
B MEPUO/IBI 3aTUIIIbS M UCIIBITHIBACT PE3KUE CKad-
KU Tiepe] OM3KUMHU 3eMIICTPSICCHHUSIMH.

KpomMe BBHISBICHHOTO TPaBUTAIIMOHHOTO A(-
dexra mis Bomabl Ol, mpuMeHsieMass METOIUKa
MO3BOJIIIA 3a)UKCUPOBATH TPAaBUTAIIMOHHBIHN (-
dekT y maBHOU conHeuHOo# BosHbI K1, 1o Beei
BUIVMOCTH CBSI3aHHBIN C IIMKJINYHOCTBIO COTHEY-
HOI akTUBHOCTH (pHC. 3).

Kak BumHO U3 puc. 3, mpu pacyeTe amIuIu-
TyAHOTrO Ioka3ateis BoaHbl K1 ¢ mmprHoil okHa
38 cyr HabOmromaeTcs CKpBITas MHUKIUYHOCTD,
OCJIOKHEHHAsT BBICOKOYACTOTHBIMH BBIOpOCAMU.
Ho crmaxxuBanue B CKOJIB3AIIEM OKHE HIUPUHOMN
21 TOYKa MO3BOJIMIIO M30aBUTHCS OT OCJIOXKHSIIO-
mwx ¢akropoB. [Toxoxas IUKIUNYHOCTH MpoOcCe-
JKUBaeTcs U i pacueroB B okHE 80 cyT, 31€Ch
ee MOXXHO HaOmomate 0e3 JONOJHHUTEIIBHOMN
¢unprpanuu. [Ipu yBeNIWYEHUM IIHPUHBI OKHA
10 120 cyT HUKINIHOCTH MIPOSBIISAETCS Hanbosee
YETKO, MPUYEM MAKCUMYMbI I MUHUMYMBbI aMILITH-
TYAHBIX TOKa3aTeliell MPUYpPOUEHBbI K XOJOIHBIM
M TEIUIBIM CE30HaM COOTBETCTBEHHO. B Monmenn
tBepaoit 3eman PREM Takoil IUKIMYHOCTH HE
HaOIIOMaeTCs, CIIE0BATEIbLHO, JTO JIOKAJIbHBIMN
3¢hdexT, KOTOpBId HE YUYTE€H MPU COCTABICHHUH
JaHHou monenu. IIpennonoxuTenbHo, 3TOT 3¢-
(eKT CBsI3aH C CE30HHBIMU U3MEHECHUSIMH, TIPOMC-
XOJIUIMMH B OKPECTHOCTSIX IMyHKTa HAOMIOACHUS
(TemmeparypHbiMH 3 dexTamMu, BO3IEHCTBYIO-

Cnucok Jureparypsl

3emnu, 4: 23-28.

HUl. Joxnadvl Axkademuu nayk, 413(1): 96-100.

3emau, 1: 109-121.

Ka u mekmonoghuzuka, 1(4): 441-447.

[IMMHU Ha KPUCTAUTMYECKUN MacCHB, HAa KOTOPOM
PAcCIIONIOKEH MYHKT HAOIONEHHA, O0CTaTOUHBIMU
THIPOIMHAMHYECKUMU U aTMOC(epHBIMU P eK-
TaMH UM UX COBMECTHBIM BO3/ICHCTBHEM).

BriBoanl

[IpumMeHeHre METOIUKHU pacyeTa MPUIHUBHBIX
[IapaMEeTPOB B CKOJIB3AIIEM OKHE IO3BOJIMIIO BbI-
SABUTh CHI)KEHUE aMIUIMTYJHOIO IOKa3aTess
(8-dakTopa) B MPUITHBHBIX BAPUAITUIX CHITBI TSKE-
ctu auist BoHbl O1, ipu 3 ToM nanubii A dekrt Ha-
Oirozalics 3a HECKOJIBKO IHEH 710 3eMIICTPSACEHUI,
JIOKAJIM30BaHHBIX BOJIM3M IYHKTa HAOJIOIEHUS
U Pa3IMYaONIUXCs M0 MTyOMHHOCTH U MarHUTY-
ne. [Ipy 3TOM onTMMasnpHas MIMPUHA PACUETHO-
ro okHa ans paccmarpuBaemoro CI'TI coctaBuna
38 cyr. lnsa cyrounoil BonHbl K1 BbIsiBiIEeHa ce-
30HHAas IMKJIMYHOCTD, CBSI3aHHAs, Ha Halll B3IVIA/,
C TemneparypHbIM 3((eKkToM, BO3AEHCTBYIOUINM
Ha MAacCHUBBI TOPHBIX [TOPOJ, HA KOTOPBIX YCTaHOB-
JIeH IyHKT HaOIroaeHusl.

HeraruBHbIM pakTOpOM B peanu3aiiy JaHHON
METOJIMKU SIBJISIFOTCS Pa3pbiBbl B 3alMCH, MO3TO-
My HEOOXOIMMO MUHUMM3HPOBATh TEXHUYECKHE
MPOCTOU T'PaBUMETPA, YTO TMO3BOJMT OoJiee Kade-
CTBEHHO OTCJIS)KUBATh 3 PEKTHI, CBI3aHHBIE C Te0-
JUHAMHYECKUMH IPOLECCaMU, TPOTEKAIOUIMMH Ha
rpaHMIax JUTOC(EPHBIX IJIUT B T€OJMHAMUYECKH
aKTUBHOM peruoHe. [IpoBeneHHoe uccnenoBaHue
SIBJISIETCS PETPOCIIEKTUBHBIM U 110 OOJIBIIEH YacTH
MMeEET 1IeTIb arpoOaIi HOBOM METOIMKHU 00padoT-
KU BPEMEHHBIX PS10B, HO, BO3MOKHO, OHO OKaXET-
Cs1 IIOJIE3HBIM B COCTAaBJIEHUMH KPATKOCPOUHBIX IIPO-
THO30B OMACHBIX CEUCMUUECKUX COOBITHH.
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Pe3rome. [IpescraBieHbl JaHHBIC TI0 U3YYCHUIO paclpe/ie]iCHUsS METaHa B palioHe Hanboee aKTUBHBIX Ta-
30BBIX BBIXONIOB, CBSI3AHHBIX C Ta3oruiparaMu Bo BoaauHe Jleprormaa Oxorckoro mops. B Bocrouno-/le-
PIOTHHCKOM Tpa0eHe W3BECTeH YHUKAIBHBIN BBIXOJ METaHa, MPOCTPAHCTBEHHO COBMAAIOINHA C yIaCTKOM
YHUKQJIBHOM ayTHTEHHOHN OapuT-KapOOHATHON MUHEpaIu3alu. PaccMoTpeH Bonpoc o MpUpojie UCTOYHUKA,
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Abstract. This paper presents the research data on methane distribution in the area of the most noticeable gas
discharges in the Deryugin Basin of the Sea of Okhotsk. In the East Deryugin graben, a unique methane seep
is known, which spatially coincides with the local authigenic barite-carbonate mineralization. The question
of the source nature, which is associated with the methane emission in the studied area, is considered.
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BBenenne

AKTHUBHBIC BBIXOJII METaHA, CBSI3aHHBIC B TOM
quciae ¢ 00JacTAMHM CKOIUIGHMH TIa30BbIX TH-
JpaToB, COCPEIOTOYEHbl B OCHOBHOM B 30HaX,
MOJIBEPKEHHBIX TIPOILIECCaM aKTHBHOTO TEKTO-
rene3a. [lonBoaHast ra3oBast pasrpyska BCTpeda-
eTcst 00BIYHO B 00JIaCTAX ITyOOKOTro MporudaHus,
B OKpaMHHBIX OaccelHax | Mepes TyraMu B 30HaX
cyonykmuu [Nelson et al., 1979; Suess, 2018].
HeoGxonumbIM yciioBUEM AJISl YIJIEBOJOPOAHOM
Jiera3aliil TaKUX yYacTKOB, KaK TPABUIIO, SIBIISI-
IOTCSl pa3pbIBHbIC HApYyLIEHUs, TOTOJIHUTEIbHbI-
MU COCTAaBJISIOIIMMU IIPOLECcca CIIyKaT CKJIa4a-
TBIC IUCIIOKAINH, TEOJMHAMUYECKast aKTHBHOCTH,
a TaKKe MOBBIIIEHHAs] CEHCMUYHOCTb HEKOTOPBIX
palloHOB aKTMBHBIX KOHTHHEHTAJBHBIX OKpPauH
[[Iakupos, 2003; IlecTtpukona, 2008]. IIpu rToM
HauOosee OJIaronpUATHBIMU MYTAMU JJIs BEPTHU-
KaJIbHBIX MEPETOKOB YITIEBOIOPOJIOB paccMaTpu-
BalOTCA y3Jbl IIEPECEUCHHs] pa3HOHANPABICHHbBIX
HarnpsKeHUH, KOJIbLIEBbIE CTPYKTYPBI M AHATUPHI
[MscuukoBa, IlInuisman, 2003]. B aTom mane
OxoTckoe Mope codeTaeT B cebe Bech Habop (ak-
TOPOB M YCJIOBUH AJIs CYILIIECTBOBAHMS T'a30TUpa-
TOB M IIOJIBOIHOM razoBoil pasrpy3ku [O0GxupoB
u ap., 2021].

BoNbIIMHCTBO BBISBICHHBIX YYacTKOB CEBE-
po-3armagHoro M IEeHTpajbHOro cekropa Oxor-
CKOT'O MOpPs PACIIOJIOXKEHBI B IIpe/iesiaX BIAJAUHBI
Heproruna. Cuuraercs, 4yTo BnaauHa Jleproruna
chopmupoBanach B pe3yabrare pU(TOTEeHHOM
JECTPYKIIMM M HAXOJUTCS B HACTOALIEE BpeMs
10/l BJIMSIHUEM COBPEMEHHON CEHCMMYECKOU aK-
TUBHOCTH [XapaxuHoB, 1998]. Bnaguna Jlepro-
TMHa — OJJHO U3 CaMbIX 3aMETHBIX B I'e0JoTHYe-
CKOM OTHOILIEHHH 00pa3oBaHui OXOTCKOTO MOPSL.
Ee ommuaior cBoeoOpa3Hble reosoro-reodu-
3MYECKUE XapaKTEPUCTHKHU: MOHM)KEHHAs MOIL-
HOCTh 3€MHOH KOpBI, BbICOKas auddepeHupo-
BaHHOCTh TPAaBUMAarHUTHBIX TIOJEH W TETUIOBOTO
MIOTOKA, BHYTPHUKOPOBBIE BHEAPEHHs IHANUPOB,
WHTCHCUBHAs KapOOHATHO-OapUTOBash MHUHEpa-
au3anus, OKeJle3oMapraHiieBble  00pa3oBaHus,
IIMPOKOE PACHPOCTPAHEHHUE Ta3oTUApaToB U Cy-
LIECTBEHHBIE BBIJIETICHUS ra3a co aHa [Becenos
u 1p., 2018].

Lenp naHHOM paboOTHI 3aKII0YaEeTCs B 00CYXK-
JCHUN TIPUPOJBl HCTOYHUKOB METAHOBBIX BBIXO-
JOB B paitone BocTouHo-/[eprorunckoro rpabeHa
Ox0TCKOro MOps, 0COOEHHO Ha y4YacTKe MpOsB-
JIEHUsI YHUKaJIbHOM OapUTOBOI MHHEpaIu3aluu.
IIpoBeneH KOMIUIEKCHBINM aHaJIN3 ra30re0XuMuye-
CKHUX, re0(h)U3NYECKUX, THAPOAKYCTUYECKUX JIaH-
HBIX, TIOJYYCHHBIX BO BpPEMS SKCHEIUIIMOHHBIX
HCCIIeIOBAaHUI U B IpoIiecce Mocieayromen o0-
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paboOTKHU pe3yIbTaTOB M COMOCTABIEHUS UX C -
TepaTypHbIMH UCTOUHUKAMHU.

JIst u3ydeHust aHoMaJabHBIX U (POHOBBIX TIOJIEH
MeTaHa B BOJHOM TOJMILIE U IOHHBIX 0cajikax OXoT-
CKOTO MOpsi ObLI MPUMEHEH ra30T€OXUMUYECKHM
meton [OGxupoB, 1993; O6xkupos u ap., 1999].

Pe3lel)TaTbI HCCJICI0BAHUSA

Ocobennocmu pacnpeoeneHus

Y21€86000POOHBIX 2A302€0XUMUYECKUX NOTIell

6 paiioHe uccie006anus

B mensax oOmiero mpeacraBieHuss 0COOCHHO-
CTeW pacmpezesieHus MEeTaHa B pailoHe uccieno-
BaHM yJOOHO HMCIIONIB30BaTh PE3YNbTaThl Peru-
OHAJIHBIX Ta30T€O0XMMUYECKUX HCCIIeI0BaHUH,
BBITIOJTHEHHBIX B paMKax COBMECTHBIX paboT CeB-
mopreo — TOU JIBO PAH Ha pernoHanbHbIX Ipo-
bunsax (puc 1.). PaGoTel ObITM IPOBEICHBI B PaM-
Kax MporpaMMbl U3yUeHUs TIIyOMHHOTO CTPOCHHUS
Oxotckoro mopst (2006—2009 rr.) 1151 ycTaHOBJIE-
Hus opucaukiuu Pocculickoit @enepaiuu B €ro
LEHTPAJIIBHOM YaCTH.

B memom nns pailoHa McciaenoBaHMM OTMe-
yaeTcst oOmasi 3aKOHOMEPHOCTh BO3paCTaHMS
KOHIIEHTpaIMii MeTaHa BHU3 MO pa3pesy C pas-
JUYHBIM TpagueHToM (puc. 2 0), oTpa)xaronum
Ta30HACHIIIEHHOCTh OCAJIKOB U YTJIEBOIOPOIHBIH
NOTEHIIMAJ 0CaI0UHBIX OacceitHoB. Hanbonpmmii
rpaJueHT OOHapyXHBAaeTCsl B 30HaX pPa3lIoOMOB
(pucysku 2 a, 3). Boigensercs He meHee 7 30H
NpOSIBIICHHSI aHOMAJIBHBIX TOJIEH MeTaHa B Ocal-
ke 1o npodmmo 1-OM (puc. 2 a). B ornensHbIe
aHOMaJbHbIE 30HBI MOXXHO BBIACIUTH YYacTOK
B CEBEpPO-BOCTOYHOW YACTH BHAaAWHBI Jleproru-
Ha, KameBapoBckuii mporu0, >xeno0 Maxkapopa
U Y4acTOK Ha CkjJoHe KypuIbCkol KOTIOBHHBI
IPOTSHKEHHOCTHIO okosio 30 kM. B nenTpanbHoit
obmactu OXOTCKOro MOps B MaJIOMOLIHBIX OCa-
Kax (OpMHUPYIOTCS IIIaBHBIM 00pa3oM (pOHOBEIE
ra3ore0OXMMHYECKHUEe MOJsl.

[TomydeHnHble MaTepuanbl MO3BOJISIIOT HAOIIO-
JlaTh OCHOBHBIE OCOOCHHOCTH ra30BOM yIIIEBOAO-
POAHOI N3MEHYMBOCTH TI0 JIATEPAIIU U BEPTHKAIN
B OXOTCKOM MOp€ B COOTBETCTBHH C €ro IeoJio-
THYECKUM CTpoeHHeM (pucyHkH 2 0, 3). Metan
YCTAHOBJICH BO BCEX Ta30BbIX Mpobax, oToOpaH-
HBIX U3 JOHHBIX OTIIO)KEHUH B KOHLIEHTPAIHSIX OT
0.02 no 87.7 mxn/nm® (puc. 4). Haubonee cuib-
HbIE aHOMAallUU METaHa TMPOSBIEHBI B IMpeaenax
Xokkaii1o-CaxaauHCKON CKJIQA4aTol CHCTEMBI
(XCCC) n Kypumio-KamuaTckoit CHCTEMBI.

Boigensores JokajabHbIe aHOMANbHBIE OIS
MEeTaHa, YIIICBOIOPOIHBIX M APYTUX I'a30B, a TAKKE
prytu B Bocrouno-/leproruackom rpabene, Ka-
IIeBapOBCKOM Mporude, MakapoBCKOM kenobe
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Puc. 1. Pacnipenenenne CH, B TOHHBIX OTJIOKEHUAX HAa PETHOHATBHBIX poduisx 2-JIB-M (mobepexne Mararanckoi obmna-
cti — 0. Ypyn) u 1-OM (IlanTapckue o-Ba — o. [Tapamymmp) (CeBmopreo — TOU AIBO PAH, 2009 r.) u razonposiBinenus B Oxo-
TOMOPCKOM He()TETa30HOCHOM PETHOHE, Ha OCHOBE aBTOPCKUX MaTEepHalIOB M TEKTOHWIECKoi kapTel B.B. Xapaxnunosa [1998].
1 — IentpansHo-OxoTcKui MaccuB, 2 — THHpOBCKas AeCTPyKIMOHHas cucrteMma, 3 — Bocrouno-Jleproruackuii rpabes,
4 — rpaben Makaposa, 5 — nonusaTre Akagemun Hayk, 6 — 3amagHo-Kamuarckuii nporu6, 7 — Kyxrtylickuii mporu6, 8 — koT-
nosuna TUHPO, 9 — FOxxuo-Tarapckuii rpadeH, 10 — [IIMuaToBCKast CKiTaq4aTo-cIBUTOBAs 30Ha, 11 — JleprornHCKuit mporuo,
12 —nomustus, 13 —Iorpanuunstii nporu6, 14 — Arusckuit nporu6, 15 — LlentpansHo-Tarapckuii mporu6, 16 — Maraganckuit
nporu6, 17 — I'mwxuruHckas Bnaguna, 18 — Konu-Talronocckuit teppeiin, 19 — FOxH0-Ox0TCKas koTiaoBuHa, 20 — [{eHTpans-
Ho-KaMyaTckuii ByJIKaHOTEHHBIH mosc, 21 — MpyHeiickuil mo3aHeMenoBoi TeppeiiH, 22 — [aHanbckuii MeTaMophuIecKui
TeppeitH, 23 — KOHTUHEHTANIbHbII CKIIOH, 24 — nporu6 Mcukapu, 25 — CeBepo-Tarapckuit mporu6, 26 — CeBepo-CaxaauHCKUH
mporud, 27 — ByNKaHHYECKas ayra, 28 — aKKpPEIHMOHHBIA CKIIOH, 29 — 30HBI MPOSBICHHUS aHOMAIBHBIX Ta30T€OXHMUYIECKUX
HoJeH BBICOKOM MHTEHCHBHOCTH (a) M aHOMAJIBHBIX ITOJIEH MPEHMYIIECTBEHHO METaMOP(OTreHHbIX Ira30B C MPOSBICHUSIMH
reotepManbHOro (uronaa (6), 30 — moKanbHBIC BO3MOXKHO HE(TEra30HOCHBIE CTPYKTYpBI, 31 — pa3nomsl, 32 — TepMalbHbIC
YITIEBOAOPOIHEIE MPOSBICHUS, 33 — MOBEPXHOCTHBIC Ia30NPOSBICHNS, 34 — TepMallbHbIE HCTOYHHUKH, 35 — cTaHIMK 0TOOpa
MPUOHHON BOJBI, 36 — MajeoBYNIKaHbl, 37 — MAKETHI 0TOOPa OCAAKOB, 38 — IpsA3EBbIC BYJIKAHbI, 39 — ra30ruapaTel yCTaHOB-
nenHsbie, 40 — razoruaporepmbl, 41 — THTaHTCKUIN Ta30BbIi (aken, 42 — MocTaKKpeMOHHas cuctema, 43 — nopusatue [ore-
BOT0, 44 — eCTPyKIIMOHHAs CUCTEMA.

Fig. 1. Distribution of CH, in the Sea of Okhotsk along the 2-/IB-M profile (coast of the Magadan Region — Urup Island) and
1-OM profile (Shantar Islands — Paramushir Island) (Sevmorgeo — POI FEB RAS, 2009 r.), and gas flows in the Okhotsk oil
and gas region, based on the tectonic map of V.V. Kharakhinov [1998].

1 — Central Okhotsk massif, 2 — Tinrovskaya destruction system, 3 — East Deryugin graben, 4 — Makarov graben, 5 — The
Akademii Nauk elevation, 6 — West Kamchatka depression, 7 — Kukhtui depression, 8 — TINRO basin, 9 — South Tatar gra-
ben, 10 — Schmidtovskaya fold-strike-slip zone, 11 — Deryugin depression, 12 — elevations, 13 — Pogranichny depression,
14 — Aniva depression, 15 — Central Tatar depression, 16 — Magadan depression, 17 — Gizhiginskaya depression, 18 — Koni-
Taigonos Terrane, 19 — South Okhotsk basin, 20 — Central Kamchatka volcanic belt, 21 — Iruneian Late Cretaceous terrane,
22 — Ganal metamorphic terrane, 23 — continental slope, 24 — Ishikari depression, 25 — North Tatar depression, 26 — North
Sakhalin depression, 27 — volcanic arc, 28 — accretion slope, 29 — zones of manifestation of anomalous gas-geochemical fields
of high intensity (a) and anomalous fields of predominantly metamorphogenic gases with manifestations of geothermal fluid
(6), 30 — local possibly oil and gas structures, 31 — faults, 32 — thermal hydrocarbon manifestations, 33 — surface gas flows,
34 — thermal springs, 35 — stations for sampling bottom water, 36 — paleovolcanoes, 37 — pickets of precipitation selection,
38 — mud volcanoes, 39 — ascertained gas hydrates, 40 — gas hydrotherms, 41 — giant gas flare, 42 — post-accretionary system,
43 — Polevoy elevation, 44 — destruction system.
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Puc. 2. Pactipenenenne metana (Mxi/am®) B ocaakax Oxorckoro mopst 1o mpodwmio 1-OM (yuactok BraauHa Jleproru-
Ha — [onbruaCckwid poru6), 2009 r. (a) ['paganusamu )KeIToro U KPacHOTO MOKa3aHbl «CJIETIbIe) aHOMAJIbHBIE TeOXUMUIE-
ckue moiisi MetaHa. (0) luarpaMMbl cofiepikaHusi METaHa B OCallkaxX MMOCTPOEHBI 10 Jjorapupmudeckoi mkane. KpacHsiit
TIOJIMTOH — 3aJIe)Kb T'a30THJIPAaTOB; PO30BBIE U CHHUE TOUKHU — I'a30BbIe «(haKeJb»; PO30BBIE OBAIBI — JOKAIBHBIE CTPYKTYPBI;
KEJThIe — He()Tera30Bble MECTOPOXKICHHST; KPACHBIC JIMHUU — PAa3JIOMHBIE 30HBL. (PparMeHT TeKTOHUYECKOH KapThl pano-
HuposaHus Oxoromopckoii HeTerasoHOCHOH poBuHIMK B.B. Xapaxunosa [1998].)

Fig. 2. Distribution of methane (mcl/dm?) in the sediments along the 1-OM profile (the Deryugin basin — the Golygin
depression part), 2009. (a) “Blind” anomalous geochemical fields of methane are highlighted in gradations of yellow and
red; (6) Bar graphs of methane content (mcl/dm?) in precipitation are plotted on a logarithmic scale; red polygon — gas
hydrate deposit; pink and blue dots — gas “torches”; pink ovals — local structures; yellow ovals — oil and gas fields; red
lines — fault zones. (The tectonic map of zoning of the Okhotsk oil and gas province V.V. Kharakhinov [1998].)
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Puc. 3. CBonHas quarpamma BEpTHUKaILHOTO pacipeserie-
HUSI MeTaHa B KepHax ocajaka B OXOTCKOM MoOpe IO Mpo-
¢wmmo 1-OM, 2009 .

Fig. 3. Summary diagram of the vertical distribution
of methane in sediment cores in the Sea of Okhotsk along
the 1-OM profile, 2009.

U B 30HaX CTPYKTYPHBIX BBICTYIIOB, IJI€ MOTYT, B
TOM YHCJIC 32 CYCT OTOJI3HEBBIX SBJICHHMU, (op-
MHpPOBATHCSI OTHOCUTEIBHO MOIIHBIE JIMH3bI OCa-
JIoyHoro Marepuaia. Ha 3tux ydactkax c yBe-
JIMYEHHBIM TPAJTUEHTOM KOHUEHTpALM MeTaHa
OTMEUATCs IOTOKW MUTPAILIMOHHBIX I'a30B.

B 311X 0cagouHbIX Teax, Mo aHAJIOTHUH C APY-
TUMU Ta30HOCHBIMU y4acTKaMu OXOTCKOTO MOps,
UAYT MPOLIECChl TeHepaluyu ra3000pa3HbIX yrie-
BOAOponOB. Hannuue npu3HakoB mocTtMarMaruye-
ckux mporneccoB B KameBapoBckoii pudToreHHOM
30HE TAK)KE€ 3aCTABIIAET IPUHATh UX BO BHUMAHHE
IIPY UHTEPIIPETALNH PACTIPEICIICHHS Ta30B.

Meman-oapuesoe nposeienue 6
Bocmouno-/leprocunckom zpabene

B Bocrouno-/IeproruackoM rpabeHe Ha ce-
TOJHSAIIHUI JIeHb U3BECTEH YHUKAJbHBIN BBIXOA
MeTaHa, IPOCTPAHCTBEHHO COBMAJAOLIUI C JIO-
KaJIbHOM ayTUTeHHOW OapuT-kKapOOHATHOW MUHe-

panuzauueit [Suess, 1999; Jlepkaues u ap., 2000].
[TocTpoiiku Ha 1HE, CIOKEHHBIE OAPUTOM, TOCTH-
raroT B BeicoTy 20 M («OapuTOBBIE XOIMBI»). Mac-
ca OapuToB BO BmajauHe JleproruHa, onpenecH-
Hasi aKyCTUYECKUM METO/IOM, COCTaBJISIET OKOJIO
3.0 mun T [Canomarus, FOcynos, 2009].
N3y4aeMbIil y4aCTOK pacIOJIOXKEH B PalOHE
Ype3BBIUAHO AKTUBHOTO TPOSIBICHUSI JECTPYK-
TUBHBIX TEOJIOTHUECKUX TMporeccoB. s 3Toro
palioHa XapakTEPEH IMOBBIMICHHBIA TEIIOBOK MO-
TOK (Ha TpeX CTaHIUAIX 3a(PUKCHPOBAHBI BBICOKHE
snauenus — 90, 109 u 156 mBt/m? [Becenos u ap.,
2018], puc. 5) u npennonaraercs JeCTPYKLUUs HU-
30B OCAJIOYHOM TOJIIM TIOJ BIUSHUEM BBICOKHUX
TepMOOAPUYECKUX YCIOBUM B ITyOMHHBIX CIOSIX.
Comnmacno [XapaxuHoB, 1998], B Takux XKeCTKUX
YCIIOBUSX TTPEUMYIICCTBEHHO ITTUHUCTHIE U KPEM-
HUCTO-IJIMHUCTBIE TOJIIIIN HE YCTIEBAOT MOJIHOCTHIO
peanu3oBaTh CBOM HePTEeMaTepUHCKUN MOTEHIIU-
aJl, 1 OTHOBPEMEHHO UJET IECTPYKIHS yXKe TeHe-
PUPOBAaHHBIX HE(PTAHBIX yrieBogopoaoB. IlIpen-
1ojiaraeTcs, 4To 3/1eCh JI0JDKHA BO3pacTarh OIS
aOMOTeHHBIX YITIEBOAOPOAOB [XapaxuHoB, 1998].
B npenenax usyuaemoro ywactka Bocrouno-/le-
PIOTHHCKOTO TpabeHa COBPEMEHHBIM TEKTOHUYE-
CKUM PEKUM SIBIISIETCS KOMITPECCHOHHBIM [ Biebow
et al., 2000]. ®ynnameHT 6acceiina pa3ouT Ha Cu-
cTeMy TpaOCHOB U TOPCTOB. [ pabeHbI 3anOTHEHBI
MOIIIHBIMHU TOJIIIAMH XOPOILIO CTPaTu(UIIMPOBAH-
HbIX ocajkoB. KinnHOpa3nBuroras cucreMa Mo-
XKeT (POpMHUPOBATH 30HBI MPOHUIIAEMOCTH 32 CUET
pa3ymnoJjOTHEeHUs (IMIaTaHCHBIE 30HbI), IPU 3TOM
B BEpXHEH YacTU 0CAI0YHOTO YeXJia HE UCKIIH0Ya-
eTCsl 00pa30BaHUE YCIOBUM CHKAaTHSI B KOHKPETHBIX
30Hax. B noHHBIX omnoxkeHusx Boctouno-/lepro-
THHCKOTO TpaOeHa yCTaHOBIIEHBI METAH U €ro To-
MOJIOTH — 3THJIEH, 3TaH, MPOIUJIEH, IPOIaH.
KoHuienTpanmu MeTaHa Ha aHOMaJIbHBIX MOJIAX
Ha y4acTKe C MPOSIBIICHHEM MaCCUBHOU 0apUTOBOI

Puc. 4. Pacipenenenue merana (Mki/nm’) B kepHax ocanka Oxorckoro Mops 1o npodmiro 1-OM, 2009 r.
Fig. 4. Distribution of methane (mcl/dm?®) in sediment cores of the Sea of Okhotsk along the 1-OM, 2009.
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MUHEpaIU3alluyd  JIOCTHUralln
1000-5700 w©n/m, mpeBbILAs
¢onoBeie 3HaueHus B 100 pa3
(mepmon  1998-2004  rr).
MakcuMalibHOE  COEpIKAHUE
5700 Hn/1 0OHAPYKEHO HA CTaH-
LIUH, KOTOpas HaXOJUTCs OJInxKe
Bcero K B30pocy. [Ipumeua-
TEJBbHO, YTO 3TA CTAHIIUSA JICKUT
MEXAy JBYMS JIOKQJIbHBIMHU
HEOOJIBIIIMMU  BO3BBILLICHUSAMU
c ormeTkamu 1500 M. AHOMAaIB-
HBIE MOJISI METaHa BCTPEYALOTCS
Ha HEOOJBIION TUTOIAaN (OKO-
10 10-20 xm?) B ciioe IpHIOH-
HOM BOJIbI MOIIHOCTBI0 50—70 M
Ha niyoune 1420-1500 m. Yya-
CTOK «OapHUTOBBIX XOJIMOBY,
B Tpefenax KOTOporo oOHapy-
KEHO YCTOWYHMBOE MPHUAOHHOE
Mojie METaHa, pAaCIONIOKEH B
30He rpabeHOO00PA3HBIX CTPYK-
Typ ¥ IPUYPOYEH K KpyTomasa-
IOLIMM B30pOCaM, OMEPSIONIMM MPEaIoIaracMble
KpynHble cyOMepununoHanbhblie (C-C3) casuru
[Baranov et al., 1999, 2000]. B36pock B mipene-
Jax ydacTka 0apuTOBOI MUHEpallu3aluu, B Mpe-
Jiesiax KOTOpOro oOHapy>KeHbl aHOMAJIMU MeTaHa
no 5700 un/n, sBusIFOTCS, coracHo [Baranov et
al., 1999], pe3ynapraToM KOMIIPECCUOHHBIX TEKTO-
HUYECKUX ycnoBui. briarogapst 3Tomy B30pOCHI
AKTUBHBI M JOCTUTAIOT TIOBEPXHOCTH JHA, a Me-
CTa UX MEePECEUCHU CO CABUTOBBIMU JUCIOKAIIH-
SIMH CITyaT HanOoJjee OMaronpusTHBIMUA MyTAMU
MUTpalMd  MeTaH-Oapuiicofep:kaiiero ¢uronaa
Ha MOBEpPXHOCTh JHA. Hamuume oOHapyXeHHO-
r0 HaMH BBICOKOMHTEHCHBHO-
IO YCTOMYHMBOIO aHOMAJIBHOIO
MoJIsi METaHa B MIpeJesiax THX
CTPYKTYp SIBISIETCSI TIOITBEPXK-
J€HUEM TEKTOHMUYECKOTO KOH-
Tposist Bocrouno-/leproruscko-
ro MeTaH-0apueBOro HCTOUHUKA
(puc. 6, 7a).

[Ipupona ucrouHuka, ¢ Ko-
TOPBIM CBsI3aHA AMHCCHSI Me-
TaHa Ha ydacTke «0apHTOBBIX
XOJIMOB», BBI3BIBAET OCTpbIE
TUCKyccuu. AyTureHHas Oa-
puTOBas MUHepaIu3alus Mpo-
CTPAHCTBEHHO CONIpSIKEHa C
smuccuen MeraHa. KpynHbie
NOCTPOMKM Oaputa OOHapY-
KEHbl Ha HeOOoJbLIONW IJIo-
mann (okono 20 km? mo JgaH-
HbM Ha 2002 1.). B Hactosiee
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Puc. 5. Cxema mpuIOHHOTO YCTOHYMBOTO aHOMAJIBHOTO OIS METaHa BBEICOKOH
HHTEHCUBHOCTHU Ha yyacTke 0apuTOBOI MHHEpaIu3alluy BO BHaauHe JlepioruHa,
C HAHECEHHBIMU 3HAYEHUSAMH TEIUIOBOTO NMOTOKA.

Fig. 5. Bottom stable anomalous methane field of high intensity in the area of
barite mineralization in the Deryugin Basin, with marked values of the heat flux.

BpEMsl CYILECTBYIOT TPHU OCHOBHBIE T'MIIOTE3bI
Opupoasl  paccmarpuBaemoro ucrounuka. Co-
[JJaCHO caMOW paHHEH, HCTOYHUKOM (IIOUOB
SBISICTCS. HU3KOTEMIIEpaTypHasi THIPOTEpPMAalb-
Hasl 1eATeIbHOCTh [AcTaxoBa u ap., 1987, 1990].
[ToaTBepkaeHUEM 3TOW TUIOTE3bl SIBISAIOTCS
pe3yNIbTaThl HCCIICIOBAHUS KOMIUIEKCOM (pr3H-
KO-XMMHUYECKUX METO0B (Oapuii-CTPOHLIMEBBIN
MOAYJb, TapaMeTpbl >JIEeMEHTapHOU syeiku Oa-
puta, (Ga3oBbIi MMHEpPATOrMYeCKUid aHalu3,
pajuanyoHHasl OIEHKAa, COIMOCTaBJeHWE C 0a-
pUTaMH yCTAHOBJICHHOTO T'EHE3UCa) TPaBEPTH-
HOIOJOOHBIX OaputoB [AxmaHoB u 1p., 2015].

Puc. 6. Ceiicmuueckuii paspe3 HCII o npodusiro, mpoxonsaiiemMy 4epe3 y4acToK
6apuroBoit MuHepanusaiuu [Biebow et al. (eds), 2000]. KpacHbiMu JuHHSIMU
0003HaYeHBI AKTHBHBIE PA3JIOMBI.

Fig. 6. Seismic section of the CSP along the profile passing through the area of barite
mineralization [Biebow et al. (eds), 2000]. The active faults are marked with red lines.
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Puc. 7. (a) Texronndeckoe cTpoeHue
CEBEPO-BOCTOYHOTO IIENb(a U CKIIO-
Ha 0. CaxaqMH M BOCTOYHOW YacTH
BrnaauHel JleproruHa: 1 — pa3iaoMsl
(ycranoBnennsle); 2 — cOpocsl (a),
B30pochI(b), COBUTH MpeArosarae-
MbIe (C); 3 — CTaHIIMM MOHHUTOPWHTA
merana 1998-2000 rr.; 4 — BBIXOIBI
MeraHa B 1998-2000 rr. (xpacHBIMU
CTOJIOMKaMH CXEMaTHYHO ITOKa3aHBbI
TIOBBIIIEHHBIE  KOHUeHTpannn CH,)
(a), mo mureparypasiM maHHBEIM (b);
5 — HedTerazoHOCHBIE CTPYKTYPBI;
6 — Bocrouno-CaxanwmHCKas pa3ioM-
Hast 30Ha; [Ip.3, IIp.4 u IIp.5 — mpo-
¢um orbopa mpoO; 1-1 — paspes
menb¢ o. Caxanus — BnaguHa Jlepro-
ruHa — KameBapoBckasi pudroreHHas
3oHa [[HHOMmenko, 1979; Kymmmmy,
O6xupoB, 2003]. (6) MarautHOE
none [Kymmanma, OGxwupos, 2003].
(B) I'myOunHast CTpykTypa CeBepo-
BocToyHoro 1menba o. Caxanms,
BraauHel Jleprormaa [I'HHOWAEHKO,
1979] u KameBaposckoit pudro-
reHHoi 30HBI [Kymumand, OOGXHPOB,
2003]: 1 — BepxHAg MaHTHS, 2 — MeTa-
0a3aJIbTOBBIH CIIOH, 3 — TPaHUTHO-Me-
Tamopduueckuii cioi, 4 — ByJIKaHO-
TE€HHO-0CAJIOUHBIN CKJIaT4aThIi CIIOMH,
5 — HWKHUHA 1eOopPMUPOBAHHEBIN He-
X011, 6 — BepXHss 0CaJI04Has TOJIIIA
4exya, 7 — BBICTYIIBl TPaHUTOHUIHOTO
KOMILIEKCa, 8 — pa3ioMbl (TTyOHMHHBIE
U KOpPOBBIE), 9 — IpaHuUIbI pa3lesoB.
Ha paspese nonokenue ydactka «0a-
PHUTOBBIE XOJIMBD) OKa3aHO CTPENIKOM
KPacCHOTO IBETA.

Fig. 7. (a) Tectonic structure of the
northeastern shelf and slope of Sakha-
lin Island and the eastern part of the
Deryugin basin: 1 — faults (ascer-
tained); 2 — normal faults (a), reverse
faults (b), supposed strike-slip faults
(c); 3 — methane monitoring stations
1998-2000; 4 — methane seepages
during 1998-2000 (increased CH,
concentrations are  schematically
shown with red bars) (a), according
to literature data (b); 5 — oil and gas
bearing structures; 6 — East Sakhalin
fault zone; Ilp.3, Ilp.4, IIp.5 — sam-
pling profiles; 1-1 the shelf section
Sakhalin Island — the Deryugin de-
pression — Kashevarovskaya riftogen-
ic zone [Gnibidenko, 1979; Kulinich,
Obzhirov, 2003]. (6) magnetic field
[Kulinich, Obzhirov, 2003]. (8) Deep
structure of the northeastern shelf of
Sakhalin Island, the Deryugin Basin
[Gnibidenko, 1979], and Kashevar-
ovskaya riftogenic zone [Kulinich,
Obzhirov, 2003]: 1 — upper mantle,

2 — metabasaltic layer, 3 — granite-metamorphic layer, 4 — folded volcanogenic-sedimentary layer, 5 — lower deformed cover,
6 — upper sedimentary cover, 7 — protrusions of the granitoid complex, 8 — faults (deep and crustal), 9 — section boundaries.

The position of the Barite Mounds site is shown in the section with an arrow.
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B pesynbrare aBTOpHI MPUILIA K BHIBOJAY O TH-
IPOTEpMATbHOM  IMPOUCXOKICHUH  OapUTOBBIX
noctpoek. ConiacHo BTOPOM TMIOTE3€, 3TO J0JI-
TOXKMBYIIME XOJIOIHBIE Ta30BO-(IIIONIHBIE HCTOU-
HUKU U peMoOmnu3anus 6apus B BEpXHEH 4acTH
0CaJIOUHOTO pas3pesa BrnaauHbl Jeproruna [[lep-
kaueB u J1p., 2000]. Pe3ynpTaThl KOMIUIEKCHOM
WHTEPIIPETAIIM MAarHUTHBIX, TPaBHTAIMOHHBIX
U Tra30reoXMMUYECKUX JaHHBIX U aHaIU3a MMe-
IOLUXCS CBEJICHUI MO TeOJIOTUU palioHa JerH
B OCHOBY TpeThell rumoresnl [Kymuaua, O6xu-
poB, 2003] (puc. 7 6). B Heit o6ocHOBaHO, 4TO Oa-
puT-KapOOHATHAS MUHEPATH3AIUSI 1 aHOMAJILHOE
T0JIe METaHa PACIONIOKEHBI B IIpeieax BYJIKaHO-
TeHHO-0CAaJI0YHOM JePEeCCUU B y3JIe IepeCceUeHUs
pa3HOHAINpPABIEHHBIX TEKTOHUYECKUX Pa3IOMOB.
CornacHo 3ToM paboTe, AaHHAs CTPYKTypa ObLia
chopMupoBaHa IIaBHBIM O00pa3oM B pe3ynbTaTe
TEKTOHO-MarMaTu4ecKoi aKTUBHOCTHU B OJIUTOLIE-
HE—MMOLIEHE U B HACTOSIIIEE BPEMSI IIPE/ICTABIISET
co0Ol BYJIKaHOTEKTOHHYECKYIO jaernpeccuto. [Ipu
3TOM COBpPEMEHHAasi IMHCCHUS METaHa MOXKET ObITh
MPOSIBJICHUEM OCTAaTOYHBIX MOCTMarMaTU4eCcKuX
IpoLeccoB, a OapuT-kapOOHaTHas MHUHepaIu3a-
Ul — BTOPUYHBIM 3((HEKTOM ITUX HPOILECCOB.
C stum cornacyrorces BeiBoAbl B.B. Xapaxunosa
[1998], cornmacHO KOTOPHIM B MTOAOIIBE OCATOYHOM
TOJIIIM BIIAJAWHBI J{eproruHa cynecTByoT Wi Cy-
IIECTBOBAJIM TaKHWe TepMOOapUUYECKUe YCIOBUS,
KOTOpblE HE JlaBajll OPraHUYeCKOMY BEIECTBY
peanu3oBaTh HePTEMATEPUHCKUI  MOTEHLIHMAT
B JIOCTaTOYHON Mepe. DTO, BEPOSITHO, 00yCIIOBU-
JI0 TEHEpaLUIO IPEUMYIIECTBEHHO METaHa.

Taxkum 06pa3om, OONBIIMHCTBO aBTOPOB CXO-
IATCS. Ha MPEANONIOKEHUH O (QOPMHPOBAHUU
OCOOEHHBIX I'€OJOTMYECKUX YCIIOBUH, Onaronpu-
ATCTBYIOIIMX MHUIPALlMOHHON IPUPOJIE MeETaHa
u Oapuiiconepxkamiero ¢irouaa. ['eonoro-texro-
HUYECKHUE YCIOBHUS B Ipesiesiax paiioHa, Kya BXO-
JUT W3y4aeMbIil y4acTOK, CO3Jjald BO3MOXHOCTb
B OCHOBHOM ra30BOM pealn3aliii OpraHu4eCcKoro
BEIIECTBA OCAJOYHBIX Mopox. [lnurenapHas Tek-
TOHO-MarMaruyeckas aKTUBHOCTh JOJDKHa Ona-
TOTNPUSITCTBOBATh WMJIM Pa3pyLICHUIO Yxe chop-
MHUpPOBAHHBIX HE(TEra3oBbIX 3aJEkKeH, WIH
TeHepaly MPUPOAHOTo ra3a MPEeUMyIECTBEHHO
METaHOBOIO COCTaBa B YCJIOBUAX OCTaTOYHOM
[IOCTMarMaTu4eCcKol aKTUBHOCTH.

Jnst oOCyKIeHUsl MPeICTaBICHHBIX TaHHBIX
aBTOpaMU TPUBJICUYEHBI PE3YIILTAThl O0OJIee PAHHUX
reosioro-reopmsnueckux uccaenoBanuii [.C. ['nu-
ounenko [1979]. Ilo pesynsraram 3710 padoOTHI,
OCHOBaHHOM Ha KOMIUIEKCUPOBAHUU I'E€0JI0I0-T€0-
(u3NYEeCKNX METOIOB U COBOKYITHOCTU BCEH MMe-
IolIeics Ha TOT epUo/] BpEMEeHU HH(pOpMaIiH, TS
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OX0TCKOr0 MOps1 OBUIN MOCTPOEHBI PETHOHAIIBHbIE
paspe3bl. Ha oHOM M3 peruoHaNbHBIX pPa3pe3os,
NepeceKaronieM M3y4aeMblidl y4acToOK, OOHapyKu-
BAETCsl KPYITHOE BEPTUKAIBLHOE TEJIO MarMaruye-
CKOT'O MPOUCXOXJACHUS MOIIHOCTBIO OKOJIO 10 KM
(mmammp), OOCTUTaroIIee BEPXHUX TOPU3OHTOB
yexJia. 3acily>)KuBaeT BHUMaHUS PE3yJbTaT COINO-
CTaBJIEeHUsI DIIyOMHHOIO pa3pe3a U IOJOKEHUS
yuyacTka 6aputoBoil MuHepanu3auu. [lonoxenue
AHOMAJILHOTO TOJISl MeTaHa 1 0apUTOBON MUHEpa-
JU3alliy COBIAJAET C BBICTYIIOM KOMIUIEKCA IO-
PO, MPOPBAHHOTO, TIPEATOIOKHUTEILHO, UHTPY3HU-
simu TpanutonioB [[Hubunenxo, 1979] (puc. 7 B).
ComnocraBieHue ¢ JaHHBIMU, IOTY4€HHBIMU aBTO-
pamu, MO3BOJISIET C/AENATh BBIBOA, YTO JIOKAJIbHBIN
JIOJITOKUBYILMKA BBIXOJ, METaHa, COMNPSKEHHBIN
¢ 0apuTOBON MHHEpaIM3alUel, KOHTPOIUPYETCS
y3JIaMu TiepeceueHusi B30POCOB C KPYThIMH yIJia-
MU [1a/ICHUS] U CIBUTOB CEBEPO-CEBEPO-3aI1aHOTO
MIPOCTUPAHUS. YCTOMUMBOE MPUAOHHOE aHOMAaJlb-
HOE 1OoJIe ME€TaHa B HUXKHEM 70-METpOBOM clioe
BOJTHOM TOJIIM y4acTKa «OapUTOBBIE XOJIMBDY Xa-
paKkTepu3yeT COBPEMEHHYI0 AaKTUBHOCTb Oapuii-
METaHOBOT'O MPOSIBIICHUSI.

B coorBeTcTBUM C TNPUBENECHHBIMU JIaHHbI-
MU HCTOYHHKOM MeTaHa M Oapuiicolmepkaiiero
durona MOTYT OBITH MIOCTMArMaTUYECKHE W Ha-
JIO’)KEHHBIE OMOTEHHBIE MPOIIECCHI, KOTOPHIE U 00-
YCIIOBWJIM HAONIOaeMOe SIBIIGHUE BBIXOJIOB Me-
TaHa 1 OapUTOBBIX MOCTpoek Ha aHe. [lomoOHbIe
MIPOIIECCHI HAOMIOAAIOTCS B PA3IMUHBIX 00JaCTIX
Muposoro okeana [Kelley et al., 2002]. 9o B 11ie-
JIOM TOBOPHUT B NOJAEPKKY T'MIIOTE3bl MMOCTMAr-
MaTH4YECKOTO0  MPOHUCXOKIEHHUS  BOCXOJSIIETO
durona, MOCKOJIBKY MacITaObl TeogMHaAMHUYE-
CKHUX IIPOLIECCOB OIPEAEISAIOT IJIUTENbHBIN B Ieo-
JIOTHYECKOM BPEMEHH XapakTep (popMHpOBaHHS
(hrouIHOM cHCTeMBI palioHa. ABTOPBI HE UCKITIO-
YaloT CYyIIECTBOBAaHHE HAJIOKEHHBIX MPOIIECCOB
OMOTreHHON TeHepaluu YIJIEBOJOPOIHBIX Ta30B
B BEPXHE 30HE KaTareHe3a 1o aHaJlOTUHU C 3anaj-
HBIM T'a30TUAPATOHOCHBIM 60pTOM Boctouno-/le-
PIOTHHCKOTO TpabeHa.

MOXXHO OTMETHUTh, YTO CYLIECTBOBAaHHUE pPa3-
JIOMHBIX 30H TiIyOokoro 3amoxenus (mo 10 km)
u OJIOKOBOM CTPYKTYphl B paccMarpuBaeMoii
yactu Bocrouno-Jleproruackoro rpadeHa moj-
TBEPKIACTCSI TAKKE COBPEMEHHBIMU KOMILJIEKC-
HbiMU uccaenoBanusimu [Cakynuna, 2011]. Kax
OBLIO BBISIBIIEHO B XOJ€ POCCUICKO-TEPMAaHCKOTO
npoekta KOMOBKC (Kypuino-OxoTckuii MOPCKOM
9KCIEPUMEHT), 30Ha METaHOBO-0apHeBOro Ipo-
SIBIIGHUSI BO BIaguHe [leprornHa Takxe xapakre-
pHU3yercs pa3BUTHEM YHHUKAIBHOM HSKOCHCTEMBI
[Biebow et al. (eds), 2000].
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3akjao4yeHmne

B nonHbIX oOTnoxkenusx Bocrtouno-/lepro-
TMHCKOTO TIpa0eHa YCTaHOBJIEHBI METaH M €ro
rOMOJIOTH — 3TWJIEH, 3TaH, IPOIMWIEH, IpOIaH.
HaGmomaercss o0miasi 3aKOHOMEPHOCTh BO3pac-
TaHUs KOHIIEHTpAllMi MeTaHa BHU3 IO paspesy
C Pa3JIMYHBIM TPAJUEHTOM, OTPAXKAIOUIUM Tra3o-
HACBILIEHHOCTh OCAJIKOB W IEPCHEKTUBHI OOHa-
pYKEHUs 3ajeXel yrieBoaopoaoB. Hanbonmpmmit
rpaaueHT oOHapyeH B 30HaX pa3lioMoB. B ort-
JeNbHbIE aHOMaJbHBIE 30HBI MOXKHO BBIIETHUTH
YYacTOK «OapHTOBBIX XOJIMOB» B CEBEpO-BOCTOU-
HOW yacTtu BriaguHsl Jleproruna, KamesapoBckuii
nporu0, xenod MakapoBa M y4acTOK Ha CKJIOHE
Kypunbckoii KOTIIOBHHBL. Bce OHM 1eMOHCTpUPY-
0T IOTOKU MUTPAIlMOHHBIX T'a30B.

B Boctouno-/leprorunckom rpabene OxoT-
CKOTO MOpPSI HaXOJUTCS YHUKAJIbHBIM BBIXOJA Me-
TaHa, IPOCTPAHCTBEHHO NPUYPOUEHHBIM K 30HE
JIOKaJbHOW  ayTHUTeHHOW OapuT-KapOOHATHOM
MUHepanu3anuu. M3ydaeMblil y4acToK pacrosnio-
JKEH B MpeZeiax palioHa, B KOTOPOM CYIIECTBYIOT
re0JIOrO-TEKTOHUYECKHE YCJIOBMS, CO3/arolIne
BO3MOYKHOCTb B OCHOBHOM T'a30BOH peasn3aluu
OpraHMYECKOro BELIECTBA OCAJOYHBIX IOPOJ
M BOCXOIMIIEH MHUTrpanuu (Iouaa BIAONb TITy-
OMHHOM 30HBI TPOHUIIAEMOCTH.

AHOMaJIbHBIE 110JI1 METaHa Ha Y4YacTKe C Mpo-
SIBJICHHEM MAaCCHUBHON OapHWTOBON MUHEpaiIu3a-
1iu coctaistu 1000—5700 Hit/7, 9To MpeBBIIaeT
¢on B 100 pa3. 30Ha NPOHULIAEMOCTH B ITpeeiax

Cnucok Jureparypsbl

1: 82-87.

doi.org/10.30730/2541-8912.2018.2.4.312-322

6: 568-585.

BnaguBoctok: JlanpHayka, 184 c.

mole, 4: 338-348.

o0acTu pacnpocTpaHeHus: 6apuToBOW MHHEpa-
JU3alU U aHOMAJIBHOTO TIOJIS METaHa SIBISIETCS,
Mo BCEH BHUIMMOCTH, DPE3YJIBTAaTOM IITyOHMHHBIX
MarmMaTU4ecKux MpoLECcCOB U Pa3IOMHON TEKTO-
HUKH, CBA3AHHBIX C OCOOCHHOCTSIMU PETHOHAJIb-
HOW reoIMHaMHYeCKOi 00CTaHOBKU. DTOT BHIBOA
MOJATBEP)KIACTCSl  MCCIIEAOBAHUSMU TEIIOBOTO
MIOTOKA.

B Bepxneit wactu ocamouHoro dexiua chop-
MHPOBaHa CUCTEMA Pa3IOMOB, HEKOTOPBIE U3 HUX
JIOCTUTAIOT MOBEPXHOCTH JIHA, @ MECTa UX Iepe-
CEUEHMI MpEeCTaBIAIOT coOoi Hanbomee Onaro-
MPUATHBIE 30HBI MPOHUKHOBEHUS METaH-Oapuii-
cozieprkaliero GIonaa Ha MOBEPXHOCTh JTHA.

Jns pemeHuss mpoOIEMBbI  TTPOUCXOXKICHHS
0apUTOBOM MMHEpaIU3alMU HEOOXOJUMBI Jie-
TaJIbHbIE T€0JIOTO-reopU3nuecKue uccae10BaHus
U M3y4YeHHe H30TOIOB AIIEMEHTOB, 00pa3yroInX
ayTureHHbI OapuT. HeoOxogmmMo oTMETHUTH, UTO
MOJ00HbBIE YYACTKH C COYETAHHUEM ra30BOH U py-
n000pa3yrorieit GpIrouIHON IMUCCUU MOTYT OBITh
Ha apKTHYECKOM Muesb(e, I1e pacnpoCTpaHEHBI
TEKTOHMYECKHE JIENPECCUH C ITyOMHHBIMU pas3-
JIOMHBIMH 30HaMHU.

PabGoTa BHOCUT Ba)KHBIN BKJIaJ B HAllMOHAJb-
HBIH IUIaH ACUCTBUN B paMKax [lecsaTuiieTus Hayk
00 okeane OOH B mHTEpecax yCTOWYMBOTO pas-
BuTHs. PaboTa BBIMONHEHA TaKXke JIJs peanu3a-
nuu ToiaHa PabGodeit rpymmbl mo rasorujaparam
n xmuMary B pamkax noakomuccun IOHECKO
o 3anagHoi yactu Tuxoro okeana (WESTPAC).
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Pacripenienenre moTokoB MeTaHa Ha rpaHuIIe Boia—aTMocdepa
B PA3JIMYHBIX pailoHax MupoOBOro okeana

© 2021 I' 4. Muwyrosa™, A. B. Ayyk, P. b. Illakupos

Tuxookeanckuii okeanonocuyeckuti uncmumym um. B.H. Hnvuuesa J{BO PAH, Braousocmoxk, Poccus
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Pe3iome. BriepBrie paccunTaHbl MOTOKM METaHa Ha TPaHUIE BoJa—arMocdepa Mo SKCIEAUIUOHHBIM J1aH-
HBIM O KOHIIEHTPAIHSIX METaHa B TIOBEPXHOCTHOM CJIO€ BOABI M IPUBOAHOM CJIo€ aTMOC(ephl Ha aKBaTOPHH
Tpex okeaHoB: Tuxoro, Uuamiickoro, Atnantudeckoro (okoigo 30 000 mMmib) Mo XOay ABMKEHHS CYyIHA.
B pe3synbrare npoBeeHHBIX UCCIIEIOBAHUI B Pa3IMYHBIX aKBaTOPUsIX MUPOBOTO OKeaHa ObUIO 0OHAPYKEHO
HEPAaBHOMEPHOE ITPOCTPAHCTBEHHOE PACIPEAECICHUE IIOTOKOB METAHA OT CUJIIBHOIO CTOKA JI0 AMUCCUM aHO-
MaJIbHOW HHTEHCUBHOCTH. B cTaThe mpuBeneHbI pe3yabTaThl ASTAIBHOTO U3yUYeHHUs IITyOOKOBOJIHOTO paiioHa
OTKPHITHIX BoA MHauniickoro okeaHa B ceBepHOH yactu Bocrouno-Uuauniickoro xpedTa. Ha ocHOBE mpsiMbIx
M3MEPEHUI KOHLIEHTPAlMii METaHa B [IOBEPXHOCTHOM BOJHOM CJIOE OK€aHa U COJEPKAHMsI METaHa B IIPUBO-
ITHOM clioe atMocdepbl BBISIBICHO KaK TepeChIlieHNe, TaK 1 HeJOCHIIEHHE MOPCKOH BOJbI OTHOCHTEILHO
ero KOHIeHTpauuii B atMocdepe. PaccMoTpeHo pacnpeseneHrue pacTBOPEHHOTO METaHa B BOIHOW TOJIIIE
WHpuiickoro okeaHa.

KuioueBble c10Ba: MOTOK METaHa, pacmpeeicHue, KOHIICHTpanuu MeTana, Muauiickuil okeaHn

Distribution of methane fluxes on the water—atmosphere interface
in different regions of the World Ocean

Galina I. Mishukova*, Andrey V. Yatsuk, Renat B. Shakirov

VI Il'ichev Pacific Oceanological Institute, Far Eastern Branch of the Russian Academy of Sciences,
Viadivostok, Russia

*E-mail: gmishukova@poi.dvo.ru

Abstract. For the first time, methane fluxes at the water-atmosphere interface were calculated for the water
area of Pacific, Indian, and Atlantic oceans (for the area about 30,000 miles) on the basis of the expeditionary
measurements of methane concentrations in the surface layer of water and subsurface layer of the atmos-
phere along the entire course of the vessel. Methane fluxes at the water-atmosphere interface were calculated
for the water areas of the Pacific, Indian and Atlantic oceans. In the result of the studies carried out in various
regions of the World Ocean, an uneven spatial distribution of methane fluxes from strong absorption to emis-
sion of anomalous intensity was observed. The article presents the results of a detailed study for the deep-
water area of the Indian Ocean open waters in the northern part of the Ninetyeast Ridge. Both supersaturation
and undersaturation of seawater respectively to its concentrations in the atmosphere have been revealed on
the basis of the direct measurements of methane concentrations in the ocean surface water layer. The distri-
bution of dissolved methane in the water column of the Indian Ocean has been considered.

Keywords: methane flux, distribution, methane concentration, Indian Ocean.
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BBenenue

OkeaH SBISETCS OAHUM U3 MCTOYHHKOB Me-
TaHa, MOCTymnaromero B armocdepy. Ero morox
C TIOBEPXHOCTH OKeaHa ObUI OIICHCH IPH Mps-
MBIX HM3MEPEHUSIX KOHICHTpAllMid MeTaHa B IO-
BepxHOCTHOM BomHOM cioe [Ehhalt, 1974], wu,
[0 pPAa3UYHBIM OIIEHKaM, 3((EKTHBHBIN BKIIA]
€ro B II00aNbHYI0 3MHCcCcHI0 cocTaBiseT oT 0.005
1o 3 % [Conrad, Seiler, 1988; Reeburgh, 2007;
Kirschke et al., 2013; Cicerone, Oremland, 1988]
w ot 5 o 25 muH 1/Ton [Bange et al., 1994;
Saunois et al., 2016; Weber et al., 2019]. Onna-
KO JCTAbHOCTh MPSAMBIX HHCTPYMEHTAIBHBIX
U3MEpPeHH MeTaHa Ha aKBaTOpUAX pa3IUYHa,
JIAHHBIX IO OTKPBITBIM BoAaM MHPOBOTO OKeaHa
HeJocTaTouHo. HeomnpeneneHHOCTh B OTHOIIE-
HUHW KOJIMYECTBA METaHa, BEIOPACHIBAEMOTO U T10-
TpeOIsIeMOro OKeaHaMH, B 3HAYUTEIILHON Mepe
00BSCHSETCS HEOTHOPOIHOCTBIO PACTIPEICIICHHS
MOPCKHX HCTOYHUKOB MeTaHa. MICTOYHHKOM Me-
TaHa SBISIOTCS COBPEMEHHBIE MOPCKHE OCAJKH
[Reeburgh, 2007; Boetius et al., 2000; Dickens,
2001], cxoruteHusi cyOMapHHHBIX Ta30THAPAaTOB
[Kvenvolden, 1988; Kvenvolden, Kastner, 1990;
Suess et al., 1999], 30HbI CBOOOTHOIO rasa, KOTO-
pBI pacrioyiaraeTcss HWKE 30HBI CTaOWMILHOCTH
razoruapara [Paull et al., 2003]. «XomomgHbIe»
ouard TMoJBOTHOM Aera3aiuu oOHapy>KEHbI BIOIb
KOHTUHEHTAJIbHBIX OKpPaWH, IJe Pa3BUTHl MOIII-
HbIe TONIM ocaakoB [Long et al., 1998; Mienert,
Posewang, 1999; 3y6oBa, 1988; 'macOypr, Coo-
BbeB, 1994; Trehu et al., 1999; Callender, Powell,
1999]. MHOrO4YHCIICHHbIE TIOABOAHBIC YYaCTKH
C JIOKaJbHBIMU BBIXOJJAMH MPUPOAHBIX Ta30B H3-
BECTHBI B pailOHaX COBPEMEHHOM BYJIKAHUYECKON
U TUAPOTEPMAIIBHOM IEATEIbHOCTH, PAiOHAX Cpe-
JTIMHHO-OKEaHUYECKUX XPEOTOB, KPYITHBIX MO/IBO-
JIHBIX BYJKAHUYECKUX MPOBUHLMHN B MHaUKCKOM,
TuxoM u ATnantudeckoM okeanax [Jleun, Cara-
nesud, 2000; T'eonoruueckoe crpoenue... , 1990;
Bohrmann et al., 1998; Sarano et al., 1989; Kopf,
2002]. [Ipeamonaraercst TaKKe BO3MOXKHOCTD BbI-
OpOCOB 3HAUUTENBHBIX KOIMYECTB METaHa Yepe3
TOJIIIY BOJ B aTMOc(epy B pe3ysbTrare KaTacTpo-
¢uueckux reosorudyeckux codbiTuit [Schubert et
al., 1997; Mienert, Posewang, 1999; Max et al.,
1999; l'opsiunos u np., 2000; Fischer et al., 2013].

N3yuyenue pacnpeseneHusl MOTOKOB MeETaHa
Ha TpaHUIle Boja—aTMocdepa Ui KaKI0W TOY-
KM 0TOOpa NMpo0 MOPCKOM BOJBI Ha aKBAaTOPHUAX
ceBepo-3anagHoM 4yacTu TuXOoro okeaHa 3a Ie-
puon 1990-2018 rr. mokasano, 4YTO MOTOKH Ba-
PBUPYIOT B IIMPOKHX TMpeaeiax: OT CHIIBHOTO
CTOKa —6 MOJIB/(KM?*CyT) O 3MHCCHU YparaH-
HbIX 3HaYeHUd — 500 moib/(km?-cyT) [Muriryko-

Ba u 1p., 2007, 2013, 2017; Mumykosa, [laku-
poB, 2017; Shakirov et al., 2019; IllakupoB u ap.,
2019, 2020]. DxcrnepuMEHTaIbHO YCTaHOBIIE-
HO, YTO BBICOKasi U3MEHYMBOCTh IMOTOKAa METaHa
OIIpENENAETCSl NMPOCTPAHCTBEHHBIM pacIpenerie-
HUEM M AKTUBHOCTBIO MOJBOJHBIX HCTOYHHKOB
METaHa, a TAK)Ke CBSI3aHa C CE30HHBIMU U3MEHe-
HUSMHM THAPOJIOTHYECKUX M THAPOXUMHUYECKUX
MapaMeTpOB MOPCKOM BOABI U CTPYKTYpOW Teue-
HUU B uccienyeMoM peruone [Munnykosa u np.,
2011; [HMakupos, Mumykosa, 2019; Mishukova
et al.,, 2019; MumyxkoBa u np., 2015; OGxupos
u np., 2016, 2019]. OnHako UCTOYHUKHU BBIOpOCA
METaHa B BOJHYIO TOJIIIYy OKEaHa IUIOXO IMOjJa-
I0TCS KOJMYECTBEHHOM oleHke. Ciabo M3yuyeHsl
MIPOLIECCHI BIMSHUS TOABOJHBIX AKTUBHBIX T€O-
JIOTUYECKUX MCTOYHUKOB Ha paclpeneieHue Me-
TaHa, BEJIMYMHY €ro mnotoka. /s OLeHKH poau
OKEaHOB B YIJIEPOAHOM LIMKJIE B KOHTEKCTE W3-
MEHEHHsI TJI00ATFHOTO KJIMMaTa HEOOXOAUMBI J10-
MIOJIHUTEIIbHBIE SKCIIEAUIIMOHHbBIE JaHHBIE.

I{enpro HAcTOsIIEH pabOTHI OBLIO pacCYUTaTh
MOTOKM METaHa Ha TPaHMIIe Boga—arMocdepa o
IIyTH CJIEA0BAHMS Cy[HA U IE€TAIBHO PACCMOTPETh
UX pacrpeseneHue I TTyOOKOBOAHOTO paiioHa
WNHpuniickoro okeaHa Ha OCHOBE PETYJISPHBIX W3-
MEpEHUN KOHILICHTPALMM MeTaHa W TUAPOJIOTH-
YeCKUX IMapaMeTpoB (TeMIieparypa, COJECHOCTh)
B TOBEPXHOCTHBIX MOPCKHX BOJIaX, MU3MEPCHHI
MEeTaHa B TMPUBOJHOM clioe arMocepsl ¢ Mo-
CTOSSHHOW PETHCTpAalEld METEONAaHHBIX, a TAKXKe
M3YYUTh pacnpeieJieHue pacTBOPEHHOIO MeTaHa
B BOJIHOM TOJIIIIE.

MarepuaJbl 1 METObI

PaGoTbl  BBIMOJHSUIICH B COOTBETCTBHH
c HayyHbIMH TeMamu [IporpamMmbl ¢GyHIaMEH-
TIBHBIX HAy4YHBIX HCCIEIOBAHUN TOCyIap-
CTBEHHBIX akajemuid Hayk Ha 2013-2020 rozsl
u MexnayHaponubiMu iporpammamMu WESTPAC
u GEOTRACERS. HccrnenoBanusi npoBeAeHbI
B xoze peiica Ne 42 HUC «Akanemuk bopuc Ile-
TPOB» B nepuon ¢ 5 auBaps no 28 mapra 2017 .
B pamkax Btopoit mexaynaponHoit MHmookxe-
anckorr skcneaunuu 2015-2020 rr. (Second
International Indian Ocean Expedition, IIOE-2;
HampaBlicHue 6: YHHKaJbHBIC TE€OJOTHYECKHE,
¢dusznueckue, OMOreOXUMUIECKUE U IKOJIOTHYEC-
ckue ocobeHnoctu Muamiickoro okeana).

Memoouka nposedenusn pavom. OT60p IPoo
BOJIBI C TIOBEPXHOCTHOTO TOpHU30HTA (TIIyOMHA
3a00opa BOIBI — 4 M) OCYIIECTBIISLICA TIO XOIYy
nBUKEeHHUS cynHa (underway) W3 HOCOBOHM Mpo-
TOYHOU cuctembl. [lepuonuunocts oTOOpa Mpod

241



PACNPELRENEHUE NOTOKOB METAHA HA TPAHULE BOJJA—ATMOC®EPA B PA3JINYHbLIX PANOHAX MUPOBOIO OKEAHA

cocrtapisia 2 4. OJHOBPEMEHHO ¢ 0OTOOPOM ITPOo
BOJIbI MU3MEPSUTHCH THIPOJIOTHYECKUE MapaMeTphI
(Temneparypa, COJIGHOCTb) C HCIOJIb30BAaHUEM
nporouHoro tepmocoienorpadga SBE-45 (USA)
U MeTeonmapameTpsl (IZaBlIeHHE, TeMIeparypa
BO3/[yXa, CKOPOCTb U HallpaBJIICHHE BETpa) C HUC-
MOJIb30BaHUEM MeTeokoMIuiekca Davis Vantage
Pro 2 (USA). O6paboTKy M 3ammch MeTeora-
paMeTpoB BEIK B PEKUME PEaTbHOrO BpEMEHU
C HMCIIOJIb30BAHUEM IPOTPAMMHOIO 00eCreueHHs
WeatherLink. JluckpeTHOCTh 3amuicu MeTEO/aH-
HbIX — 30 mMuH. OUKCHpPOBAIOCH BpeMsi 0TOOpa
Y HaBUTAIMOHHAS MPUBS3KA K MapuIpyTy IBH-
xeHust cynHa. OTOop mpoO Boabl Ha THUIPOIIO-
THYECKUX CTAaHIMAX W pa3pe3ax OCYIIeCTBISI-
Csl C Pa3IMYHBIX TOPU30HTOB BOJHOW TOJNILIU C
MOMOIIBI0  12-TTO3UIIMOHHOTO TTPOOOOTOOPHHKA
«Rosette 1016», ocHaIIEeHHOTO0 KacCETOM IOJIH-
BUHWIXJIOPUAHBIX 0aToMeTpoB cucTteMbl NISKIN
(12—14 6atomeTpoB). Bona u3 6aromeTpoB oTOH-
paJjiach B CTEKJIIHHBIE eMKOCTH 00bemMoM 100 mur.
CKJISIHKM 3aKPBIBAJIA T€PMETHUYHBIME PE3HHOBBI-
MU MPOOKaMH, UCTIONB3YS UITTY IJIs yaJICHUs U3-
ObITKa BOZIBI M BO3/tyxa. Konuenrpanuo CH, (me-
TaHa) B BOJIC OTPEACIISIIN METOJIOM PAaBHOBECHBIX
koHueHTtpanwmii (head space). B kauectBe ra3oBoii
(ha3bl uCOIB30BAICS aTMOC(EpHBI Bo3myX. O0-
pasibl BOJIBI IEpe/1 MPOBEICHUEM aHAIHM3a TEPMO-
CTaTUPOBAIUCH ¥ UHTECHCUBHO MEPEMEIIHBAIIICH
B TeueHue 2—3 4 ¢ nmomonisto meikepa LOIP LS-
110 (Poccwust), mocie yero ra3oByto ¢asy u3BjIeKa-
JIY LITIPUIIEM TS BBOJIA B Ta30BbIN XpoMarorpad.

AHanu3 MeTaHa NPOBOAWIM Ha OOpTY CyI-
Ha C TMOMOIIBIO Ta30Boro xpomarorpaga «3XO-
EW» wmoxp. 2 (BXO-EW-IIUM), cuaGxeHHOTO
TJIAMEHHO-MOHU3aMOHHBIM eTektopom (TTH]T).
VYcnoBusi  razoxpomarorpauueckoro aHaliuza:
[T ]I — xomoHka MeTayuimieckas, 1 M, 3aroaHeH-
Hasg MOJICKYIsipHbIMH cutamu SA, 0.2-0.3 mwm,
TeMIEepaTrypa KOJIOHOK B H30TEPMHYECKOM pe-
xume 50°, ¢ mporpaMMHpOBaHHUEM TeMIepaTy-
pet 50-175°, 10 rpax./muH.; Temmeparypa Je-
TekTopoB — 190°, raz-nocurens — renauid. s
KaJIMOPOBKH TIpHOOpa MPUMEHSIOTCS CEPTH(U-
LUPOBaHHbIE MOBEPOYHBIE T'a30BbIE€ CMECU MPO-
n3Bozactea OO0 «III'C-Cepsuc». IlorpemHsocts
n3MepeHuil cocrasisieT 5 %. UyBCTBUTEIBHOCTD
neTekTopa mo merany — 1-107° %.

Pacuer KkoHIIEHTpalMii MeTaHa, PacTBOPCH-
HOTO B MOPCKOM BOji€, POBOIMIM C HCIOJIb30-
BaHMEM pPACUYCTHBIX KOHCTAHT PACTBOPHMOCTH
MeTaHa [ Yamamoto et al., 1976] B moguduxarmm
[Wiesenburg, Guinasso, 1979].

[Torokn MeTaHa paCCUMTBIBATIUCH ISl KAXKI01
TOYKH 0TOOpa MPOO MO IKCIIEPUMEHTATLHBIM JJaH-
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HBbIM KOHIIEHTpAaIil paCTBOPEHHOIO METaHa B IO-
BEPXHOCTHOM CJIO€ MOPCKOW BOJIbI, COIEPKAHUI
METaHa B MPUBOIHOM CJI0€ aTMOC(HEpPHI C y4ETOM
BIIMSIHHMSI HA MEXaHU3M ra3000MeHa CBOWCTB IIO-
BepxHocTHOro Mukpocios (ITMC).

Pacuer moTOKOB MeTaHa TMPOBOAWIM IO Me-
TOJIOJIOTHH, ONTUCAaHHOM B pabotax [Mischoukov,

Mishukova, 1999; MumykoBa u ap., 2007
Vereshchagina et al., 2013]:

F=AC-K, (1)
meAC=C —-C *paBH — Pa3HOCTh MEXIY U3Me-

PEHHON U PaBHOBECHOW KOHIICHTPAIUSIMU MeETa-
Ha; K — xo3dduimeHT razooOMeHa Ha TPaHUIIC
BOJIa—BO31yX.

Crenens nepecsiienus N (%) onpexaensiiach
JUTSL KK 10i TIpoOBI 110 popmyrie

N=(AC/C,,) " 100 %. Q)

BBuay cuibHOM M3MEHYMBOCTH MOTOKOB Me-
TaHa Ha TPaHUIE BoAa—arMocdepa MmpeanaraeTcs
ucnonb3oBarh 10 rpaganuii 3HAYEHUH TOTOKOB:
CWIBHBIA CTOK OT —6 10 —1 Mounb/(kM? CyT), cia-
ob1ii cTok oT —1 10 —0.01; paBHOBecue ot —0.01 10
0.01; smuccun: cmadoii uarencusnoctu 0.01-1,
ymepenHoit 1-4, cpenneit 410, Bicokoi 10-20,
oucHb BeICOKOM 2030, aHoMaIbHOM HHTCHCHBHO-
ctu 50-150, yparanHsle 3HaueHus smuccuu 150—
500 moms/ (km?-cyT) [Jlerkomumos u ap., 2019].

Pe3yabTarsl M 00CyKIEHHE

IToroku Merana ObuH paccuntansl Aust 1100
TOo4YeK 0TOOpa MOPCKO# BOIbl. B pesynbrare mpo-
BEJICHHOTO HCCJICIOBaHMS ObLIO YCTAaHOBIICHO He-
PaBHOMEPHOE MPOCTPAHCTBEHHOE paclpeeiIeHUue
MOTOKOB METaHa OT CHJIBHOTO CTOKA JI0 SMHUCCHH
AHOMaJbHOW MHTEHCUBHOCTH. OKOJIO 2/3 IJIMHBI
npoduis ot nopra Tsaub3uHb 10 Kanununrpana
3aHUMAIOT 30HbI YMUCCUU METaHa YMEPEHHOM NH-
TEHCUBHOCTH J10 4 MOJIB/(KM?*CYT). DMUCCHS aHO-
MaJIbHOI HHTEHCUBHOCTH 110 87.3 MOJIB/(KM?*CyT)
oOHapy»KeHa JJisi MeIKOBOAHON obnactu UHauii-
CKOTO OKeaHa IOCJe MPOXOKICHUs ManakKkcko-
ro mposikBa. JlokanbHbIE 30HBI 3MUCCHH CPEI-
HEH, BBICOKOH, OYEHb BBICOKOH MHTEHCHBHOCTH
pPEeTUCTPUPYIOTCS B TIIYOOKOBOJHBIX paidoHax
OxHo-Kutaiickoro  (28.4  moub/ (kM- CyT)),
Kpacnoro (23.9), Cpenuzemnuoro (12.4) mopeii,
B OTKpBITHIX Bopax Wuawmiickoro (16.9) u Art-
parTrdeckoro (10.9 mone/(kM?:CyT)) OKEaHOB.
JlokasibHbBIE pailOHBI MMOMIOLIEHUS] METAHA U3 aT-
Mocdepsl oOHapyxkenbl B HOxHO-Kutaiickom
(-1.5 wmons/(km*-cyT)), Cpenuzemaom (—1,3),
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CeBepaom (-5,1), banrmiickom (—1.4) wmo-
psix, Ha akBaropuu Muauiickoro okeana (—5.2),
B BOCTOYHOM YacTH ATIAHTHYECKOTO OKeaHa
(—6,7 Momb/(kM?*CyT)).

B nanHOM cTaThe MPUBEIEHBI PE3YIBTATHI Je-
TaJIbHOTO U3YUYEHHsI paCIIpeie]ICHHs COIepKaHMs
METaHa B TIOBEPXHOCTHOM CIIO€ BOJBI M BOTHOM
TOJIIIE U €r0 TOTOKOB Ha IPaHHULIE pa3zielia Boja—
armocdepa a7 riryOOKOBOIHOTO pailoHa OTKPHI-
ThIX BoJ MHauiickoro okeaHa: Juisi 3 MOJUTOHOB
U TIEPEXOI0B MEXJy HUMH B CEBEPHOW YacTH
Bocrouno-Uuawniickoro xpedta (BUX).

30HaMM SMHCCHHM MeTaHa B arMmocgepy xa-
pakrepusyrores 92 % cranuuii. [lotok merana
BapbUpoBai ot —5.2 1o 14.2 mons/(km? - cyT). Uc-
CJICIOBAHUSIMH BBISBIICHBI 3 TUIOIIATHBIC 30HBI
C TIOBBIIIEHHOM AMHUCCHEN MeTaHa B atMocdepy
Y YCTAHOBJIEH OJIMH PaiiOH, XapaKTepU3yIOIIHCs
nomtouieHueM (puc. 1). Konuenrpanuu merana
B MOBEPXHOCTHOM CJIO€ BOAbI cocTaBisuin (.7—
6.7 HMOIIB/TT (B cpemHeM 2.5 HMOJIB/JT); B IPUBO-
JHOM ciioe atMocdepbl — oT 1.44 1o 1.98 ppm (me-

nuaHa 1.64 ppm). Temneparypa Boabl MEHsIACh
He3HaunuTeapHo — oT 28.6 °C mo 29.8 °C (B cpen-
HeM 29.2 °C), comenocts — oT 33.2 10 34.3 %o
(B cpennem 33.9 %o). Ilpu 3TUX 3HAYEHUSAX PaAB-
HOBECHasl KOHIIGHTpallusi MeTaHa B MOPCKOM
BOJe Haxoauiach B mpezgenax 1.6-2.0 HMonb/n
(memuana 1.7 HMoub/n). JlnanazoH 3HAYCHHUA Ha-
CBILIEHUS TTOBEPXHOCTHBIX BOJ METAHOM OTHOCH-
TEJIbHO PaBHOBECHBIX C arMoc(epoil cOCTaBIIsI
ot —61 % (negocsimenue) 10 277 %.

Ha nonurone 1 u ceBepHOM y4dacTke mepexo-
HO 30HBI MEXKIY OJTUTOHaMH | 1 2 TpH MOBBITICH-
HOW SMHCCHHM METaHa MaKCHMaJbHbIC 3HAYCHHS
KOHIIEHTpAIMii MeTaHa B MOBEPXHOCTHBIX BOJAX
BapbUpPOBAIU B mpeaenax 1.8—6.7 HMOJb/J, TOTOK
CH, nocturan 11.1 Mosb/(kM” - CyT), CTENEHb HEpe-
coiienust — 277 % (puc. 1). Ha Bropom nonurone
Y TIEPEXOTHON 30HE MEX/Ty BTOPBIM U TPETHUM TO-
JTUTOHAMU 3a(DUKCUPOBAHBI KOHIIEHTPAIIMH METaHA
ot 0.7 mo 4.1 HMOIL/11, MOTOK MeTaHa OT —5.2 110
7.7 Moib/(KM? - CyT), CTENICHB ITE€PECHIIICHUS/HEI0-
coelenus merauoM ot —61 o 121 %.

Puc. 1. Pacnipenenenue moTokoB MeTana (Mois/(kM2-cyT)) B patione Boctouno-Unaniickoro xpe6ra (90° B.1.) UHAKIICKOTO
okeaHa. | — mKasa oTokoB A (a); 2 — IiKaja oTokoB Ayist (0), BEMYMHA TOTOKOB ITOKa3aHa BETOM U 1 pamu. Pomou-
kamu 00o3HadeHo nonoxenne CTD cranmmii. Ha Bpe3ke nokazan MapipyT 3KCHEJUIMOHHOTO Cy[HA M PalOH JIeTaIbHOTO

nccnenoBanus (BUX).
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B roro-3amnagHoi 4acTu TPETHETO MOJIUTOHA OT-
M€UYeHa MaKCUMaJlbHas BEJIMYMHA MTOTOKAa METaHa
14.2 monb/(km*-cyT). Ha TpeTbeM MOJHUIoHe KOH-
[EHTpAIlMN METaHa B BOJIe BapbUpoBaju ot 1.6 1o
5.7 HMOJNB/N W BEJIMYMHA HEIOCHIICHHUS/ TIEPECHI-
mieHust MmetaHoM ot —17 1o 257 %. B rimy6okoBo1-
HBIX paiioHax OOJbIIel YacTH MOJIUIOHA 2 U I0T0-
BOCTOYHOM 4YacTU MOJUIOHa 3 3apUKCHPOBaHBI
MUHHUMAJIbHBIC 3HAY€HUsI KOHIIEHTpAIMil MeTaHa,
HUKE PABHOBECHBIX, HEJOCHIIIEHNUE U IONIIOIE-
HUE METaHa IOBEPXHOCTHBIMU Bogamu (puc. 1).

[TonyyeHHbIE JaHHBIE XOPOILIO COITIACYIOTCS
C IaHHBIMU I10 LIEHTPAJIbHON YacTu beHraiabckoro
3anuBa. B kauecTBe aHanora JOCTYIHBI JaHHbIE,
nosrydeHHsie B skcrieauiuu SO93 R/V SONNE
(saBapp 1994 1.): paccyuTaHHBIM TOTOK METa-
Ha Ha rpaHulle BoAa—aTMocdepa JUisl HEeHTpalb-
HOM T1yOOKOBOAHOM yacTH beHranbckoro 3aiauBa
WNunniickoro okeana (rmyOunHbl Oombine 1800 m)
U3MEHSUICS OT moriouieHus: —4.2 MoJjb/ (KM?*CyT)
1o smuccun 4.7 monw/(km?-cyT) [Berner et al.,
2003]. XoTst MCTOYHUKOB BJIUSIHUS HA KOHIIEHTpa-
UM METaHa B MOBEPXHOCTHOM CJIO€ Ui ITy0O-
KOBOJHOM aKkBaTopuu beHranabCKoro 3aauBa He
YCTAHOBJICHO, MOBBIIICHHbIE KOHIIEHTPAIUU Me-
TaHa B 9TOW 0ONMacTH M OobIas U3MEHYHUBOCTh
pacmpezieieHuss B BOJIHOM TOJMIIE TO3BOJIUIU
MIPEIONI0KUTh, YTO UCTOYHUKAMHU METaHa SIBIIS-
I0TCA HaJIMYUE IPS3€BOrO JAMANMpa U ra3oHachl-
meHHbIe oTIIoKeHNs [Berner et al., 2003].

CpaBHUTENBHBII aHANN3 TOKa3bIBAeT, YTO
ceBepHasi yacTb BocTtouHo-Uunauiickoro xpedra
XapaKTepu3yeTcs Kak pailoH co CTaOWIbHOU yme-
pEHHOI YMHCCHEH MeTaHa B aTMocdepy.

Pacnpenenenne meraHa B BOAHOM TOJIIE
B paiione BUX noka3aHo Ha puc. 2.

OOBIYHO B MOPCKUX BOAAX METaH HEOHOPOI-
HO pacmpeneneH no niyoune. IloBepxHOCTHBIE
CJIOM OTKPBITOI'O OKE€aHa 4acTo O0OraieHbl pac-
TBOPEHHBIM METAHOM M TEPEHACHIIICHB OTHOCH-
TEJNIbHO aTMoc(epHOTo paBHOBecus. B cpemHem
MEPECHILIEHUE MOPCKOW BOJbl OTHOCHUTEIBHO
Bozayxa cocrasiser 30 % [Cicerone, Oremland,
1988; Ehhalt, 1974]. JlanHsie, MOATBEPKIAIOIIHE
o0Opa3oBaHHe METaHa B BOJHOW TOJIIE B KHUCIIO-
polconiepKalnx BOAax, OTCYyTCTBYIOT.

MuHuManeHble, HO MPEBBHIIIAIONIUE PABHO-
BECHBIC KOHIICHTpAllMU MeTaHa (0T 2.5 HMOJIb/M)
B MTOBEPXHOCTHOM cioe 3auxcupoBa-
el Ha CTDO03 u CTDO0S5, MakcuMajbHbBIE
(3.5 amomnb/n) —Ha CTDO02. B moAmoBepXHOCTHOM
CJI0€, KaK ¥ Ha JAPYTUX CTAHIIUSIX B OTKPHITOM OKe-
aHe, MOBBIIICHHBIE KOHIIEHTPAIMU METaHa OTMe-
yeHbl Ha ropuzoHTax 50-200 M (puc. 2). Kpome
TOT0, HKCTPEMYMBI OIpENEeHbl Ha TOPU30HTAX
500 (CTDO02, CTDO03, CTDO05) u 800 m (CTDO05)
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Puc. 2. Pacripenenenue Merana (HMOJIB/JT) B BOAHOW TOJI-
e Ha CTaHNWAX B pafioHe Bocrouno-Uuamiickoro xpedra
(90° B.11.) Unauiickoro okeaHa.

(rmy6buna 3onpupoBanuss 3100 m). Haubonee
PE3KO KOHIIEHTpalMs METaHa CHMXKAETCA MpHU
nepexone ot ropuzoHta 500 M k Oosee riry6o-
KUM ciosiM. HepaBHomepHOe MHOrocioitHoe
pacrpeeneHue MeTaHa B BOJHOM TOJIIE MOXET
OBITH KaK CJICICTBUEM JIBH)KEHUS BOJHBIX Macc,
BIUSHUSA OHMOXMMUYECKUX IPOIECCOB, TaK HU
WHJIMKaTOPOM MOCTYIUJICHUsI METaHa U3 pa3iny-
HBIX TIYOMHHBIX UCTOYHHUKOB. K coxanenuto, 1o
TEXHUYECKUM MPUYMHAM B IKCIECAUIIUU HE y/a-
JIOCh IPOBECTH 30HAUPOBAHUE BOJAHOM TOIIH 10
caMoro JHa, 4To, 0e3yclIoBHO, nano Okl Oonee
MOJIHY0 KapTUHY IPOUCXOASIINX IPOIECCOB.
[lonyuennsle pe3yapTaThl MOTYT TOBOPUTH O
BO3MOJKHBIX JIOTIOJTHUTEIbHBIX UCTOYHUKAX MeE-
TaHa, CBSI3aHHBIX HE TOJBKO C OMOXHUMHUYECKUMHU
IpoleccaMu, IPOTEKAIOIIMMH B [IOBEPXHOCTHOM
BOJI€, HO U C IOJBOAHBIMM HMCTOYHUKAMH, O0Y-
CJIOBJIEHHBIMU COBPEMEHHOW CEHCMOTEKTOHNYE-
CKOW aKTMBHOCTBIO peruoHa. Bocrouno-Muanii-
CKMI XpeOeT, HaXOAAIIMNIICS B CEBEPO-BOCTOYHOM
yactTu WHIMIICKOTO OKeaHa, XapakTepu3yeTcs
CII0)KHOM TEKTOHUYECKOM CTPYKTYypOHM H TIeo-
JIOTUYECKON MCTOPUEN, TTOBBILIEHHONW CEHCMHUY-
HOCTBIO M HAJIMYUEM BYJIKAHUYECKUX IOCTpPO-
€K, BOBMO)XHO aKTHBHBIX II0 HACTOSIIEE BPEMsI
[JIeBuenko u mp., 2014, 2018].

3akjaoueHmne

Ha ocHOBe »3KCIEIUIMOHHBIX HW3MEPEHHI
KOHIIEHTPAIIMI METaHa B MOBEPXHOCTHBIX BOJAX
U MPUBOJHOM CJIOo€ arMoc(hepsl 0 BCEMY IMyTH
CJICIOBAaHUS Cy/IHA OBbLI BBIIIOJIHEH pacyeT MOTO-
KOB METaHa Ha TpaHulle Boga—aTMocdepa aJis ak-
Batopuil Tuxoro, UHauiickoro, ATaaHTHYECKOTO
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OKEaHOB. B TaHHOH cTaThe NIPUBEACHBI PE3YJIbTa-
ThI PACYETOB sl ITyOOKOBOAHOTO pailoHa OTKPHI-
ThIX BOA MHIMICKOrO OKEaHa B CEBEPHOM YacTH
Bocrouno-Uuauiickoro xpedta. YcTaHOBJICHa
W3MEHYMBOCTh pPAaCHpeIesiCHUsI MOTOKOB MeETa-
Ha, MEPECHIIICHUS TOBEPXHOCTHBIX BOJ METAHOM
OTHOCHUTEJIBHO €r0 PaBHOBECHBIX COACPKAHUUI
B armocepe. [Ipu npeoOagaHum SMUCCHH yMe-
PEHHOM MHTEHCUBHOCTH Ha OTJIEIBHBIX Y4acTKax
Bocrouno-Uuaniickoro xpedta ObUIM OOHApY-
JKE€HbI MTOTOKM METaHa CpeJHEd MHTEHCUBHOCTHU.
Bonbuine ydactku npoduield mokaspBaloT yCio-
BHsI, OJTM3KME K PABHOBECHIO, U JIaXKe HEAOCHIIIIE-
HHE METaHOM 10 OTHOIIICHHIO K aTMocdepe.
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Bopnnas Tonma ucciuenyemMon akBaTOpUM IIy-
O60oKkoBOIHOM YacTH MHAMHCKOTO OKeaHa Xapak-
TEPU3yEeTCS HEPABHOMEPHBIM  MHOTOCJIONHBIM
pacIpesieieHIeEM METaHa 10 TOPU30HTaM C SIPKO
BBIPQ)KCHHBIMH ~ MAKCHMYMaMH  KOHILICHTPALUH.
OtnenbHBIE KPAaTKOBPEMEHHBIC IOBBIIICHUS KOH-
LEHTpallMd METaHa B IPUIIOBEPXHOCTHOM CIIO€
MOPCKOM BOZIBI M pacHpeAeiICHUE CONEPKaHUN Me-
TaHa B BOJHOM TOJILE, BEPOATHO, SBJISIFOTCS CIIE]I-
CTBHEM JIBH)KEHHSI BOIHBIX MACC, BIMSHUS OMOXU-
MHUYECKHMX IPOLIECCOB U NOCTYIUIEHUS METaHa U3
JIOKAJIBHBIX TIyOMHHBIX HMCTOYHMKOB, IPEATIONO-
KUTEIIBHO MPUPOIHOTO MPOUCXOKICHUS (aKTHB-
HBIE MTOJIBOJTHBIC TEOJIOTMUECKHE OOBEKTHI).
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Abstract. For the first time, methane fluxes at the water-atmosphere interface were calculated for the water
area of Pacific, Indian, and Atlantic oceans (for the area about 30,000 miles) on the basis of the expeditionary
measurements of methane concentrations in the surface layer of water and subsurface layer of the atmos-
phere along the entire course of the vessel. Methane fluxes at the water-atmosphere interface were calculated
for the water areas of the Pacific, Indian and Atlantic oceans. In the result of the studies carried out in various
regions of the World Ocean, an uneven spatial distribution of methane fluxes from strong absorption to emis-
sion of anomalous intensity was observed. The article presents the results of a detailed study for the deep-
water area of the Indian Ocean open waters in the northern part of the Ninetyeast Ridge. Both supersaturation
and undersaturation of seawater respectively to its concentrations in the atmosphere have been revealed on
the basis of the direct measurements of methane concentrations in the ocean surface water layer. The distri-
bution of dissolved methane in the water column of the Indian Ocean has been considered.
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Introduction

The ocean is one of the sources of methane
emitted into the atmosphere. Its flux from the
ocean surface was estimated by means of the di-
rect measurements of methane concentrations in
the surface water layer [Ehhalt, 1974], and, ac-
cording to various estimates, its effective contribu-
tion to global emission is from 0.005 to 3 % [Con-
rad, Seiler, 1988; Reeburgh, 2007; Kirschke et al.,
2013; Cicerone, Oremland, 1988] or from 5 to
25 million tons/year [Bange et al., 1994; Saunois
et al., 2016; Weber et al., 2019]. However, the de-
tail of direct instrumental measurements of meth-
ane in water areas is different; data on the open
waters of the World Ocean are insufficient. Uncer-
tainty about the amount of methane emitted and
consumed by the oceans is largely attributed to the
heterogeneity of the distribution of marine meth-
ane sources. The source of methane are modern
marine sediments [Reeburgh, 2007; Boetius et al.,
2000; Dickens, 2001], accumulations of subma-
rine gas hydrates [Kvenvolden, 1988; Kvenvold-
en, Kastner, 1990; Suess et al., 1999], and the free
gas zone, which is beneath the gas hydrate stabil-
ity zone [Paull et al., 2003]. “Cold” foci of under-
water degassing were found along the continental
margins, where thick sediments layers are devel-
oped [Long et al., 1998; Mienert, Posewang 1999;
Zubova, 1988; Ginsburg, Soloviev, 1994; Trehu et
al., 1999, Callender, Powell, 1999]. Numerous un-
derwater areas with local seepages of natural gases
are known in the regions of modern volcanic and
hydrothermal activity, areas of mid-ocean ridges,
large underwater volcanic provinces in the Indi-
an, Pacific and Atlantic oceans [Lein, Sagalevich,
2000; Geological structure... , 1990; Bohrmann et
al., 1998; Sarano et al., 1989; Kopf, 2002]. It is
also assumed that significant amounts of methane
may be released through the water column into the
atmosphere as a result of catastrophic geological
events [Schubert et al., 1997; Mienert, Posewang,
1999; Max et al., 1999; Goryainov et al., 2000;
Fischer et al., 2013].

Study of the distribution of methane fluxes at
the water — atmosphere interface for each point of
seawater sampling in the waters of the northwest-
ern Pacific Ocean for the period of 1990-2018
showed the fluxes to vary widely: from a strong
absorption —6 mol/(km?-day) to the emission of
hurricane values — 500 mol/(km?-day) [Mishuko-
vaetal., 2007, 2013, 2017; Mishukova, Shakirov,
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2017; Shakirov et al., 2019a, 2019b, 2020]. It has
been experimentally established that the high
variability of the methane flux is determined by
the spatial distribution and activity of underwa-
ter methane sources and is also associated with
seasonal changes in the hydrological and hydro-
chemical parameters of seawater and the structure
of currents in the studied region [Mishukova et
al., 2011; Shakirov, Mishukova, 2019; Mishukova
et al., 2019; Mishukova et al., 2015; Obzhirov et
al., 2016, 2019]. However, the sources of methane
emissions into the oceanic water column are dif-
ficult to quantify. The processes of the underwater
active geological sources effect on the distribu-
tion of methane and the magnitude of its flux are
poorly studied. Additional expeditionary data are
needed to assess the role of the oceans in the car-
bon cycle in terms of global climate change.

This work aimed to calculate methane fluxes
at the water-atmosphere interface along the ves-
sel’s course and to consider in detail their distribu-
tion for the deep-water region of the Indian Ocean
based on the regular measurements of methane
concentrations and hydrological parameters (tem-
perature, salinity) in the surface seawaters, meas-
urements of methane in the subsurface layer of the
atmosphere with continuous registration of mete-
orological data, as well as to study the distribution
of dissolved methane in the water column.

Materials and methods

The works were performed in accordance with
the scientific themes of the Program of basic re-
searches of the state academies of sciences for
2013-2020 and WESTPAC and GEOTRACERS
International programs. The studies were car-
ried out during the cruise no. 42 of the “Akade-
mik Boris Petrov” research vessel from January
5 to March 28, 2017, within the framework of the
Second International Indian Ocean Expedition of
2015-2020 (ITOE-2; theme 6: Unique geological,
physical, biogeochemical and ecological features
of the Indian Ocean).

The methodology of works. Water sam-
pling from the surface horizon (water uptake
depth is 4 m) was carried out along the vessel’s
movement (Underway) from the nose flow-through
system. The sampling periodicity was two hours.
The hydrological parameters (temperature, salini-
ty) were measured using the SBE-45 flow-through
thermosalinograph (USA) and meteorological
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parameters (pressure, air temperature, wind speed
and direction) were measured using the Davis
Vantage Pro 2 meteorological complex (USA) si-
multaneously with water sampling. The process-
ing and recording of meteorological parameters
were carried out in real time using the Weather-
Link software. Discreteness of recording the me-
teorological data was 30 min. The sampling time
and navigation tie to the vessel’s course were
recorded. Water sampling at hydrological sta-
tions and sections was performed from various
horizons of the water column using the “Rosette
1016 12-position sampler equipped with a cas-
sette of polyvinyl chloride bathometers of the NI-
SKIN system (12—14 bathometers). Water from
the bathometers was taken into 100 ml glass con-
tainers. The sample bottles were sealed with her-
metic rubber corks, removing the excess of water
and air by means of a needle. The concentration
of CH, (methane) in water was determined by the
head space method. Atmospheric air was used
as the gas phase. Before the analysis, the water
samples were thermostated and vigorously stirred
for 2—-3 h using the LOIP LS-110 shaker (Russia),
after which the gas phase was extracted with a sy-
ringe to port it into a gas chromatograph.

Methane analysis was carried out on board the
vessel using the “EKHO-EW” mod. 2 (ECHO-
EW-FID) gas chromatograph equipped with
a flame ionization detector (FID). Gas chroma-
tographic analysis conditions are the following:
FID: metal column, 1 m, filled with molecular
sieves 5A, 0.2-0.3 mm, column temperature in
the isothermal mode is 50 °C, with temperature
programming 50—-175 °C, 10 deg/min; the tem-
perature of the detectors is 190 °C, the carrier gas
1s helium. Certified calibration gas mixtures man-
ufactured by PGS-Service LLC are used to cali-
brate the device. The measurement error is 5 %.
The detector’s sensitivity to methane is 1-107 %.

Methane fluxes were calculated for each sam-
pling point based on experimental data on the
concentration of dissolved methane in the surface
layer of seawater and methane content in the sub-
surface layer of the atmosphere, taking into ac-
count the effect of the properties of the surface mi-
crolayer (SML) on the gas exchange mechanism.

The calculation was performed according to
the methodology described in the works [Mis-
choukov, Mishukova, 1999; Mishulova et al.,
2007; Vereschagina et al., 2013]:

F=AC-K, (1)

where AC = C .. — C*_ - the difference be-

tween measured and equ'(iibrium concentrations

of methane; K — gas exchange coefficient at the
water-atmosphere interface.

Supersaturation degree N (%) was determined
for each sample using the formula

N=(AC/C,) - 100 %. )

Because of the strong variability of methane
fluxes at the water—atmosphere interface, it is
proposed to use 10 gradations of the flux values:
strong absorption from —6 to —1 mol/(km?-day),
weak absorption from -1 to —0.01; balance
from —0.01 to 0.01; emissions: low intensity from
0.01 to 1, moderate — from 1 to 4, medium — from
4 to 10, high — from 10 to 20, very high — from 20
to 30, anomalous intensity — from 50 to 150, hur-
ricane emission values 150-500 mol/(km?-day)
[Legkodimov et al., 2019].

Results and discussion

Methane fluxes were calculated for 1100 sea-
water sampling points. An uneven spatial distribu-
tion of methane fluxes from strong absorption to
emission of anomalous intensity was established
as a result of the study. About 2/3 of the profile
length from the Port of Tianjin to Kaliningrad is
occupied by methane emission zones of moder-
ate intensity up to 4 mol/(km?-day). Emission
of anomalous intensity up to 87.3 mol/(km?*-day)
was found for the shallow area of the Indian
Ocean after passing the Strait of Malacca. Lo-
cal emission zones of medium, high, and very
high intensity are recorded in the deep-water re-
gions of the South China (28.4 mol/(km*-day)),
Red (23.9), and Mediterranean (12.4) seas, as well
in the open waters of the Indian (16.9) and Atlantic
(10.9 mol/(km?-day)) oceans. Local areas of meth-
ane absorption from the atmosphere were found in
the South China (—1.5 mol/(km?-day)), Mediterra-
nean (—1.3), North (-5.1), and Baltic (-1.4) seas,
in the Indian Ocean (-5.2) and in the eastern part
of the Atlantic Ocean (—6.7 mol/(km?-day)).

The article presents the results of a detailed
study of methane distribution in the surface water
layer and water column, and its fluxes at the wa-
ter-atmosphere interface for the deep-water area
of the open waters of the Indian Ocean: for three
polygons and transitions between them in the
north part of the Ninetyeast Ridge (NER).

92 % of stations are characterized by the
zones of methane emission into the atmo-
sphere. The methane flux varied from —5.2 to
14.2 mol/(km? - day). The studies revealed three
areal zones with increased methane emission into
the atmosphere and one area characterized by its
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absorption (Fig. 1). Methane concentrations in the
surface water layer varied from 0.7 to 6.7 nmol/L
(on average 2.5 nmol/L); the methane content in
the subsurface layer of the atmosphere was from
1.44 to 1.98 ppm (the median is 1.64 ppm). Water
temperature varied insignificantly from 28.6 °C to
29.8 °C (29.2 °C on average), salinity was from
33.2t0 34.3 %o (33.9 %o on average). At these val-
ues, the equilibrium concentration of methane in
seawater varied within the range of 1.6—2.0 nmol/L
(the median is 1.7 nmol/L). The range of values
of methane saturation of surface waters rela-
tive to those in equilibrium with the atmosphere
ranged from —61 % (undersaturation) to 277 %.

At the first polygon and the northern area of
a transition zone between the polygons 1 and 2
with increased methane emission, the maximum
values of methane concentrations in the surface
waters varied within the range of 1.8—6.7 nmol/L,
CH, flux reached for 11.1 mol/(km*-day), super-
saturation degree was 277 % (Fig. 1). The con-
centrations of methane from 0.7 mo 4.1 nmol/L,

methane flux from —5.2 to 7.7 mol/(km?-day), su-
persaturation/undersaturation degree by methane
from —61 to 121 % were recorded at the second
polygon and transition zone between the polygons
2 and 3. A maximum methane flux of 14.2 mol/
(km?-day) is noted in the southwestern part of the
third polygon. Methane concentrations in the third
polygon in water varied from 1.6 to 5.7 nmol/L
and the value of methane undersaturation/super-
saturation varied from —17 to 257 %. Minimum
methane concentrations below the values, under-
saturation and methane absorption by the surface
waters were recorded in the deep-water areas of
the most part of the polygon 2 and southwestern
part of the polygon 3 (Fig. 1).

The data obtained give good agreement with
the data on the central part of the Bay of Ben-
gal. The data obtained during the SO93 R/V
SONNE expedition (January, 2014) are avail-
able as an analog: the evaluated methane flux at
the water-atmosphere interface for the central
deep-water part of the Bay of Bengal of the In-

Fig. 1. Methane flux distribution (mol/(km?*-day)) in the vicinity of the Ninetyeast Ridge (90° E), the Indian Ocean. 1 —flux
scale for (a); 2 — flux scale for (b), the flux values are highlighted with colors and numbers. Diamonds indicate the positions
of CTD stations. The inset shows the route of the expedition vessel and the area of a detailed study (NER).
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dian Ocean (depths greater than 1800 m) varied
from absorption of —4.2 mol/(km?*-day) to emis-
sion of 4.2 mol/(km?-day) [Berner et al., 2003].
Although the sources of influence on the methane
concentration in the surface layer for the deep-wa-
ter area of the Bay of Bengal have not been found,
the increased methane concentrations in this area
and the large variability of the distribution in the
water column allowed to suggest that the presence
of a mud diapir and gas-saturated sediments are
the sources of methane [Berner et al., 2003 ].

Comparative analysis shows the northern part
of the Ninetyeast Ridge to be characterized as an
area of moderate methane emission into the at-
mosphere.

Methane distribution in the water column in
the vicinity of NER is shown in Fig. 2.

Normally, methane in sea waters is non-uni-
formly distributed over depth. The surface layers
of the open ocean are often enriched in dissolved
methane and supersaturated relative to atmos-
phere equilibrium. The supersaturation of sea wa-
ter relative to air is 30 % on average [Cicerone,
Oremland, 1988; Ehhalt, 1974]. There is no data
confirming its formation in the water column in
oxygen containing waters.

The minimum, but exceeding the equilibrium
concentrations of methane (from 2.5 nmol/L) in
the surface layer were recorded at the CTDO03
and CTDO05, and maximum ones (3.5 nmol/L) —
at the CTDO2. Increased methane concentrations
are noted in the subsurface layer, as well as at
the other stations in the open ocean, at the hori-
zons of 50-200 m (Fig. 2). In addition, the ex-
trema were determined at the horizons of 500 m
(CTDO02, CTDO03, CTD 05) and 800 m (CTDO0S)
(probing depth is 3100 m). The concentration

Fig. 2. Methane distribution (nmol/L) in the water column
at stations of the Ninetyeast Ridge, 90° E, the Indian Ocean.

of methane decreases most sharply when mov-
ing from the horizon of 500 m to deeper layers.
Uneven multilayer methane distribution in the
water column may be both the result of water
masses motion, biochemical processes influence
and the indicator of methane influx from the
various deep sources. Unfortunately, the water
column could not be probed down to the very
bottom, which, of course, would have given a
more complete pattern of the processes taking
place. The results obtained may indicate the pos-
sible additional methane sources associated not
only with the biochemical processes, occurring
in the surface water, but also with the underwater
sources resulting from the modern seismotecton-
ic activity of the region. The Ninetyeast Ridge
in the northeastern part of the Indian Ocean is
characterized by complex tectonic structure and
geologic history, as well by increased seismic-
ity and presence of volcanic edifices, which are
possibly active to the present [Levchenko et al.,
2014, 2018].

Conclusion

Methane fluxes at the water-atmosphere in-
terface were calculated for the water areas of the
Pacific, Indian and Atlantic oceans on the basis of
the expeditionary measurements of methane con-
centrations in the surface waters and subsurface
layer of the atmosphere along the entire course of
the vessel. The article presents the calculation re-
sults for the deep-water area of the Indian Ocean
open waters in the northern part of the Ninetyeast
Ridge. The variability of methane fluxes distribu-
tion, the surface waters methane supersaturation
relative to its equilibrium contents in the atmos-
phere has been established. The methane fluxes of
medium intensity were found with the predomi-
nance of the emission of moderate intensity in
some areas of the Ninetyeast Ridge. Large areas
of the sections show the conditions close to the
equilibrium and even methane undersaturation
relative to the atmosphere.

The water column of the studied water area of
the deep-water part of the Indian Ocean is charac-
terized with uneven multilayer methane distribu-
tion over the horizons with strongly pronounced
concentration maximums. Separate short-term
concentration increases in the near-surface layer
of seawater and distribution of methane content in
the water column are probably a consequence of
the water masses motion, biochemical processes
influence and methane influx from the local deep
sources, which are presumably of natural origin
(active underwater geological objects).
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Pe3rome. B aHne3nTax U ganmrax, aCCOIUUPYIOIUX C BHYTPUIUIMTHRIMU Oa3ansramMu Ha OpIIOBCKOM BYJI-
KaHU4eCKOM Tosie 0. CaxaJivH, BhISIBIICHA aJaKUTONOA00HAS TeOXMMHYECKas CIIeIU(pUKa — BLICOKUE OTHO-
ureHus Sr/Y npu HU3KOH KOHIEHTpanuu Y. DTH NOposl 0003Ha4aoT (GUHATBHBIN (IUTHOIEHOBHIN) aKIEeHT
BHYTPHIUTHTHOTO ByJKaHH3Ma Jlecoropckoil 30HbI, Ha4YaBIIETOCs B CPEAHEM MHOIICHE B 00IacTH ee codie-
HeHUs ¢ YeXOBCKOW 30HOM MpEeANIecTBYIONIETO (OIUTOIeH-PAHHEMUOIIEHOBOTO) HAACYOAYKIIMOHHOTO BYJI-
KaHu3Ma. AJTaKUTONOMOOHBIN aKIleHT ObLT CBSI3aH C CaxaJuHCKOH (ha30i CKIaa4aToCTH, COMPOBOXKIABIICH
00IITyI0 CTPYKTYPHYIO TTEPECTPOUKY B THUTOBOM 00nacTr SITOHCKOW OCTPOBOMYKHOM crcTeMBl. Takas reo-
Jorugeckast 00CTaHOBKA OTIIMYANIACh OT 0OCTaHOBKH FeHEPAINH KJIACCHYECKUX aJaKUTOB BCIIEICTBUE TIIAB-
JIEHWsI BEpXHEW 9acTH MOJOAOro ciinbda AeyTckoil ocTpoBHOM nyru. IIpenmonaraercs, 9To caxaauHCKHE
aJaKUTOTIONOOHBIE MarMbl TeHEPUPOBAIKCH B TITyOMHHBIX UCTOYHUKAX KOPOBO-MaHTHITHOTO repexona B Ca-
XanuH-XOKKang0-AInOHOMOPCKOM 30HE rOpsiueil TPAHCTEHCUU B YCIIOBUSAX PE3KOM CMEHBI TEKTOHMUYECKHUX
nedopmanuii oT ToHKoH Kopsl FOsxHo-TaTapckoro 6accelina k 6osee MOITHOM KOpe Ha €€ CeBEPO-BOCTOUYHOM
3aMBbIKaHUH.
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Pliocene adakite-like accent of andesites and dacites
from the Orlov volcanic field (Sakhalin Island)
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Abstract. Adakite-like geochemical signature (high Sr/Y ratio at a low Y concentration) is recognized
in andesites and dacites, associated with intraplate basalts in the Orlov volcanic field of Sakhalin Island.
These rocks denote the final (Pliocene) accent of intraplate volcanism in the Lesogorsk zone, which began
in the Middle Miocene in an area of its junction with the Chekhov zone of the preceded (Oligocene-Early Mi-
ocene) suprasubduction one. The adakite-like accent was related to the Sakhalin folding phase that accompa-
nied the general structural reorganization in the back-side region in the Japan arc system. Such a geological
environment differed from the one of classical adakites generation resulted from melting of a young slab in
the Aleutian island arc. It is supposed, that the Sakhalin adakite-like magmas were produced in deep-seated
sources of the crust-mantle transition displayed in the Sakhalin-Hokkaido-Japan Sea zone of hot transtension
due to drastic change of tectonic deformations from the thin crust of the South Tatar Basin to the thicker one
of its northeastern extremity.
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Baarogapnoctu u puHAHCUpPOBaHUE

Ilocesimaem 3Ty cCTaTelo MaMSITH HCCIeqOBaTeNei
Caxamuaa O.A. MenbHukoBa 1 B.M. I'pannuka, no
WHHULIMATUBE KOTOPBIX COCTOSUIMCH IOJIEBBIE PAOOTEHI
aBTOpoB Ha OpJIOBCKOM BYJIKaHUYECKOM Iojie. B aHa-
JUTHYECKUX HCCIIEIOBAHUAX MBI HCIIOIB30BAN 000-
pynoBanue balikalbCKOro aHAJIUTUYECKOTO LIEHTPA:
Macc-criektpomerp Agilent 7500ce JlumHoOMormue-
ckoro mHCTHTYyTa CO PAH (amammtik A.Il. YeObI-
kuH) 1 Finnigan MAT 262 MacTHTyTa 3¢MHOM KOPBI
CO PAH (ananmutuk H.H. ®edenor). [lerporennsie
OKCHJIBI OTIpe/ieTIeHbl XUMUKOM-aHainuTukomM M.M. Ca-
MOMIEHKO. J[OMOJHUTENbHBIE UCCIEAOBAHUS U TIOATO-
TOBKAa CTaTbU OCYLIECTBIBLIUCH NP Hoaaepkke Poc-
cuiickoro HayuHoro (onaa (rpant Ne 18-77-10027).
Msl Onaromapum Uropst BukropoBruua —AnenkoBa
Y aHOHHMHOTO PELEH3€HTa 32 KOHCTPYKTUBHBIN aHa-
JIU3 PYKOIIUCH CTATbHHU.

BBenenne

AJTaKUTBI — 3TO MOPOABI CPEIHEr0O—KHUCIOTO
COCTaBa HOPMAJIbHO-IIIEJIOYHOTO psia C COHEp-
xKanuem SiO, 6osee 56 macc.% u Sr/Y oTHOmIE-
HueM Oonee 40 mpu KOHLEHTpauusx Y MEHee
18 Mkr/r. Ilopons! ObLTH BIiEpBbIE OOHAPYKEHBI
Ha 0. Anak AneyTckoit octpoBHo# nyru [Defant,
Drummond, 1990]. C ogHoil cTOpOHBI, TEPMHUH
«aakuT» HEe UMen OOBIYHOro meTporpadude-
CKOT'O OIIPEEIIEHUs] TOPHOU MOPOJbI U HCIIOJNb-
30BaJicd I TOTO, YTOOBI MOAYEPKHYTh Sr—Y
reoxumudeckyto crneuuduky. C apyroi cropo-
HbI, ’TOT TEPMHUH ObLI 3aKpEIUIeH 3a MPOLIECCOM
MJIaBJICHUS BEpXHEW YacTU MOTPYXKaIOLIErocs
Mouozoro ciadba. [Tozxe anakuTonogoOHbIE Teo-
XUMUYECKHE XapPaKTEPUCTUKU OBLTU BBHISBICHBI
JUIsL TIOPOJ, CPEAHET0—KHUCIIOr0 COCTaBa TEppH-
TOpPUM, HE MMEKOIIMUX NPAMOMN CBSA3U C IUIABJIE-
HHUEM BEPXHUX YACTEH MOJIOABIX OKCAHUYECKUX
cmr60B [Castillo, 2006, 2012; Petrone, Ferrari,
2008]. B 0606menuun [Wang et al., 2020] k azga-
KMTaM OTHECEH IIMPOKHUH CIEKTpP MOPOJ Cpel-
HETr0 U KHUCJOT0 COCTaBa HOPMAaJbHOW U yMe-
PEHHOH IIEJIOYHOCTH PaA3JINYHBIX OOCTaHOBOK.
[lepBonauanbHOe mnoHATHE anakuToB [Defant,
Drummond, 1990] cymecTBeHHO pacIIupeHo.

B 30He A3smarcko-TuxooKeaHCKOro nepexoaa
TuxookeaHCKOro KoOJNblla OTMEYEHBl HEMHOTO-
YUCJICHHbIE MECTOHAXOXICHHUS aJaKUTOB: Ha
Kamuarke, B roro-zananHoii Slnmonum m Ha Pu-
munnuHax [Asaerko u np., 2011; Asneiiko, bep-
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ranb-KyBukac, 2015; Wang et al., 2020]. HegaBuo
B Ka4ECTBE a/IaKUTOB OBbLIM ONMHCAHbI BYJIKAHUYE-
CKH€ MOPOJbI TUIHOIECH-YETBEPTUYHON aHUBCKOM
CBUTHI Ha M-0Be KpHIIbOH [OTO-3amajgHoi 4acTH
0. CaxanuH B acconyanMy ¢ aHIE3UTaMU U Ja-
LUTaMH, HE UMEIOLIUMH aJaKUTOBOW FreOXUMHUYE-
ckoii crieruduku [[pannuk, 2017]. B HacTosiei
paboTe mpuBOAUTCS XapakrepucTuka nopoa Op-
JIOBCKOTO BYJIKQHHYECKOTO MOJIs (PacioiI0KeHHO-
TO B TOH )K€ 4acTHU OCTPOBa OJIIIKE K €ro LEeHTPY),
UMEIOIMX OTYETIMBbIE AJaKUTONOAOOHbIE Ieo-
XUMHUYECKUe XapakTepucTuku. Llenp paborer —
NIOKa3aTh 3HAYECHUE AJaKUTONOAOOHOTO aKIEHTA
B DBOJIIOLUU BHYTPHUIUIUTHOTO U OCTPOBOIYKHO-
r'O BYJIKAHU3MAa TEPPUTOPHUH.

KpaTkasi xapakTepucTuka
00BLeKTA UCCIEe0BAHNIA

Bynkanusm cpeaHero u KMCJIOro coctaBa ObLT
pacmipoctpaneH Ha 0. CaxanvH B TEUEHHE BCETO
KaiiHo3051. Hanbonee pannue (maneoieHoBkIe) aa-
IIUTHl ¥ PUOJUTHI OOHaKarOTCs Ha 3amagHoMm Ca-
xanmHe B AoymHe p. CTapoaMHCKas K BOCTOKY OT
OpioBckoro BynkaHudeckoro mossi. Kanuit-apro-
HOBBIE JaTUPOBKH 58 + 2 MIIH JIeT U 56 & 2 MIIH JIET,
COBIABIINE MEXIY COOOl B mpeaenax MOTpel-
HOCTH M3MEpPEHUH, ObUIM MOJIyYEeHBI 10 JBYM 00-
pasuam ¢ conepkanusmu K O, paznnyaromuMucs
Ha 1 macc.%. [lomoOubie muddepeHIMpoBaHHbIE
HOPOJIbI OT aHJIE3UTOBOTO /IO PUOJIUTOBOTO COCTaBa
pacmipoCTpaHeHbl B apaKalCKOW 1 YE€XOBCKOM CBU-
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tax YexoBckoii 30HbI. B 6onee Mononoi mapysm-
CKOM cBUTE JIeCOropCKoi 30HbI TAKKE HAXOAATCS
CHILTBI ¥ TAWKH U PEpEeHITIPOBAHHOTO COCTaBA,
HO OHH OTJIMYAIOTCS OT IOAO0OHBIX T€ UeX0BCKOM
30HBI MIEJIOYHBIM (MUKPOCHEHUTOBBIM) COCTaBOM
[Paccka3zoB u ap., 2005].

OpIioBCKOE BYJIKAHUYECKOE I0JIE HAXOAUTCS
Ha nobepexxpe TaTtapckoro mponuBa HajJ OKOHEY-
HOCTBIO aKTHUBHOTO THXOOKeaHCKOro cinba, mo-
I'PYy>KCHHOW B NIEPEXOAHBIA CIOW MAaHTUHU Ha IIIy-
ouny oxosno 650 kM (puc. 1 0). Bynkanuueckoe
nojie 00pa3yeT OTHOMMEHHAs! TOJIIA TOJIEUTOBBIX
0a3aJbTOB U aHAE3UTOB, MPOPBAHHAS AH]IE3UT-1a-
LHUTOBBIMU JKCTPY3USIMU HMYAPCKOTO KOMILIEKCA
[Kunkosa, [lunos, 1969; Cemenos, 1975; I'pan-

MPOTATUBAIOIIEMYCSl Ha 7 KM K CEBEpO-BOCTOKY
OT 3KcTpy3uBa Muapa no HanpaslIeHHIO K CEBep-
HOMY (parMeHTY aHJE3UTOB OPJIOBCKOW TOJIIIH.
Eme Tpu HeOONBIINMX IKCTPY3UBHBIX Teja BHE-
JIpUINCh IOKHEE aHje3uToBoro kymona Kpac-
HOBa, TMOAYUHSAACH CYOMEpHIMOHAIBHBIM pas3-
nomam. lleHTpasibHBIA aHIE3UTOBBIA (PparMeHT
OPJIOBCKOM TOJIIN HAXOAUTCS BO BXOISIIEM YIUTY
MEX]y LEHTpaJIbHbIM (CYyOIIMPOTHBIM) U HOTpa-
HUYHBIMU (CyOMEepUAMOHATEHBIMU) Pa3JIOMaMHU.
HuxHennmmoneHoBblid  BO3PACT  OPJIOBCKOM
TOJIIIH, OIPEIEIIEHHBIN 10 MaJTeOHTOIOrMYECKIM
nanubIM [JKuakosa, [lunos, 1969], noarBepxaeH
Kalui-aproHOBbIMU  JIaTUPOBKAMU  aHZE3U-
ta 4.7 £ 0.2 muu ner [Shimazu et al., 1992]

HUK U ap., 2017]. Beixombt
IIOPOJ  OPJIOBCKOM TOJIIIN
HaOmonaoTess B Oepero-
BBIX OOHaXCHHSIX MbICA
JlamaHOH U Ha compenesb-
HOM ToOepexkbe Tatapcko-
ro mponuBa. Tomma dop-
MHpOBaIach B TOJBOJHBIX
U Ha3eMHBIX YCIIOBHUSX.
CyOMmepuanoHanbHOE pac-
MOJIOKEHUE aH/AE3UTOBBIX
(¢parMeHTOB TOJIIIK B Ce-
BEPHOM U LIEHTPaJIbHOU Ya-
CTSIX BYJIKaHUYECKOTO TOJIS
MOJUUHSAETCS ~ Pa3jioMaMm,
OTPAHUYUBAIONIUM  BBIXO-
Il BYJKaHUYECKUX TIOPOJ
¢ BocToka (puc. 1).
OKCTpy3UBHBIE  Tena
WYapCKOTO KOMILJIEKCa Ha-
XOJIATCSI BOU3U OEperoBoii
JUHUHM B TIOJIE OPJIOBCKOI
TOJIIM, @ B YOAJICHUU OT
Hee — cpenu 0oJiee IPeBHUX
(majeoreHoBBIX U Heore-
HOBBIX) JIaB U OCAJOYHBIX
otnoxeHuid. Tpu HambosIee
KPYIHBIX  JKCTPY3UBHBIX
Kynoja HWYapCKOro KOM-
mwiekca (Muapa, Kpyroii
n KpacHoBa) BbICTpauBa-
IOTCSI BJIOJIb LIEHTPAJILHOTO
CyOIIMPOTHOTO  pasiioMa
B JINHUIO MPOTSKEHHOCTHIO
okoio 15 xm. JlamuroBbie
kynoia Muapa u Oprosa
00BEINHAIOTCS C BBIXOAOM
MIPOMEXKYTOYHOTO IKCTPY-
3MBHOTO TeJla MEX/1y HUMH
mo o0ueMy BOIOpa3iciy,

Puc. 1. Cxema onpo6oBanus OpOBCKOTO BYJKaHHYECKOTO MOJIsL (IIPH COCTABICHUH
CXEMBI HCIOJIb30BaHbl pabothl [XKuakosa, [llunos, 1969; Cemenor, 1975]). Ha Bpes-
Ke TI0Ka3aHO €r0 MECTOIIOJIO)KEHHE OTHOCHTEJIFHO aKTUBHOTO THXOOKEaHCKOTO Ci1v0a.
O6o3Hauensl npenayroBsie keno0sl: Kypunbckuit (KP) n SAmonckuit (A1), a Taxoke
3aIyroBbIe TTyOOoKOBOAHBIE Oacceinbl: SIM — Snonomopckuit, U3C — Ucukapu-3a-
nagHo-Caxanunckuid, FOT — FOxno-Tartapckuii, FOO — KOxn0-Oxotckuid. [TokazaHbt
DIyOMHBI KPOBJIHM MOrpy»Xaromerocs cia6a nzonuausaMy yepe3 50 kv [Gudmundsson,
Sambridge, 1998].

Fig. 1. Sampling scheme of the Orlov volcanic field (the scheme is compiled after
[Zhidkova, Shilov, 1969; Semenov, 1975]). Inset shows its location relative to the
active Pacific slab. The fore-arc troughs are shown: Kuril (KP) and Japan (SII),
and also back-arc deep-water basins: SIM — Japan Sea, 13C — Ishikari-West Sakhalin,
IOT — South-Tatar, FOO — South-Okhotsk. The scheme shows depths of a sinking slab
top by 50 km isolines [Gudmundsson, Sambridge, 1998].
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u TtoneutoBoro Oaszampra 4.0 + 0.3 MuH JeT
[PacckazoB u np., 2005]. Jns pmauura 3Kc-
Tpy3uBa Muapa momydena Oonee Mononas Ja-
tupoBka 2.6 = 0.4 muH nmer (o6p. Cx-10-440,
K,O = 0.6 macc.%, 4°Arpaﬂ= 5.1 x 10~° amm®/r
(cpennee AByX ompeneneHHi) (HOBOE U3MEPEHHE
C.C. bpangra, 3K CO PAH). Droit natupoBkoii
o0o3HavaeTcss (PMHAIBHBIA BYJKaHU3M Ha Mo0e-
pexne Tarapckoro mposmBa pyOexa TUTHOLICH—
KBapTep.

Jl7i TeOXMMHUYECKHUX UCCIEOBAaHUN OMpo0o-
BaHbl 0a3ajbThl U aH/IE3UTHl OPIIOBCKOW TOJIIH,
a TaKkXke pPe3Ko OTMpenapUpOBAHHBIE BEPIIUHBI
IKCTPY3UBHBIX KynonoB Nuapa, Opnosa u Kpac-
HOBa (cM. Tabmuity). [amuroBeiii kymon Muapa
(abc. BeicoTa 1022 M) pacmonoxeH B 7 KM OT Oe-
peroBoii muHUM TaTapckoro MpojuBa U BCKPBIT
3po3Ueil B MCTOKaxX OJHOMMEHHON peku. Jlanu-
ToBBIN Kynon OpinoBa (abc. BbicoTa 867 M) Ha-
xomuTes B 13 kM OT Oepera u BCKPHIT UCTOKaMH
pek OpnoBka u [lokocHas. AHIE3UTOBBIN KyIOJ
Kpacnoga (a6c. Beicota 1093 m) ynanen ot 6epe-
ra Ha 22 KM Y BBIXOJUT 3a KOHTYP pacpoCTpaHe-
HUS 0a3aJIbT-aHAE3UTOBOM OPJIOBCKOM TOJIIIIH.

MeTtoauka

B oToOpanHBIX 00pa3max ompenensuiuch Ie-
TPOTEHHBIE OKCHJIbI KIIACCUYECKUMHU aHaJTUTHYe-
ckumu Metogamu [Cusbix, 1985]. MukposnemeH-
Thl WU3MEPSUIUCh METOJOM MacC-CIIEKTPOMETPHUH
¢ UHIYyKTUBHO cBsizaHHOU muiazmont (MCIT-MC)
P HMCIOJB30BAHUM  KBAJPYIMOJBHOIO Macc-
cnektpomerpa Agilent 7500ce. ITompoOHOCTH
MPOOOTOATOTOBKH MPUBEAEHBI B padore [ScHbI-
ruHa u ap., 2003]. M30TonmHbIil COCTaB CTPOH-
LUsl OIpeNesuics C HCIOJIb30BaHUEM Macc-
cnekrpomeTrpa Finnigan MAT 262. Meroauka
MPOOOTOATOTOBKY M U3MEPEHUH TpUBEIcHA B pa-
6ore [PacckazoB u ap., 2012]. JocToBepHOCTH
M30TOITHOTO aHajn3a KOHTPOJIUPOBaIach U3Mepe-
HUsAMU cTangaptHoro marepuana NBS SRM-987.
B nepuosa usmepenuit ¥’Sr/*Sr o6pasmos 19-22
maprta 2012 r. ang NBS SRM-987 610 momy-
yeHo 3HaueHue 0.710237 + 0.000008 (206) mipu pe-
xomeHoBaHnHOM otHomeHnu 0.710250.

Pe3syabrarsl

Cucmemamuxa nopoo

Ha KJIacCU(PUKAITMOHHOM JirarpaMme
Na,0+K O — SiO, (puc. 2 a) noxasasbl COCTa-
Bbl 0a3alIbTOB W aHJE3UTOB OPJIOBCKOW TOJIIH
B COMOCTaBICHUHM C aHAC3UTAMU H JaIlUTaMH
MYapCKOro HKCTPY3WBHOTO KOMILIEeKkca. B kaue-
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ctBe (hoHa 0003HAYEHBI KaWHO30MCKHE MOPOIBI
CPEIHEro—KHCIIOro cocTana 3anajaHoro CaxanuHa
(mobepexbe FKHON YacTH TaTapcKoro mpoJuBa),
a Takke BoctoyHoro Caxanumua. Ha OprnoBckom
BYJIKAHMUYECKOM I10JIE€ aH/I€3UTOBBIHM COCTaB orpe-
JICJIEH B JIaBaX OPJIOBCKOM TOJILU U B 3KCTPY3HBE
KpacnoBa nuapckoro kommiekca. pyrue omnpo-
OoBanHbIe dKCTpy3uBHBIE Tena (Muapa u Opiio-
Ba) XapakKTEepHU3YIOTCS JallMTOBBIM COCTaBOM.
Ha nuarpamme K,O — SiO, anne3utsl 0pioBCKoi
TOJIIIN ¥ aHJE3UTHI—IAIIUTH NYaPCKOTO KOMILIEK-
ca 00pa3yroT MPEPBIBUCTBIA Y3KUW TPEH/, MPOTSI-
TUBAIOIIHUIACS OT YMEPEHHOKAIMEBBIX aH/IE3UTOB
(0.9-1.2 macc.% K,O) K HU3KOKaIMEBLIM JIAIH-
Tam (0.6-0.8 macc.% K, O).

Ha nmuarpamme Sr/Y — Y (puc. 2 6) mopomabl
CpeIHEero—KHCIIoro cocrtaBa o. CaxajnuH Haxo-
TSTCS, 32 PEIKUM HCKIIOYEHHEM, B IOJIe OObIY-
HBIX W3BECTKOBO-IIEJIOYHBIX MOPOA. AHIE3UTHI
u jgamuTbl OpJIOBCKOTO BYJIKAHUYECKOTO T1OJIS
00pasyroT TpeH/ BO3pacTaHusi OTHOIICHHS St/Y
P OTHOCHUTEIIbHOM CHIKEHUHM COJepKaHus Y
B KJIacCH(UKAIMOHHOM TMPOCTPAHCTBE aJaKH-
TOB. AHJE3UTHI OPJIOBCKOM TONILIU PacHOIOXKe-
HBI B Hayaje aJlakuTOBOro TpeHnaa. B anaesurax
akcTpy3uBa KpacHoBa 3HaueHnus Sr/Y cierka mo-
BBIIIIEHBI, B TalIUTaX dKCTpy3uBa OpJioBa OHH CO-
MOCTAaBUMbI YACTUYHO CO 3HAYCHUSIMU aHJIC3UTOB
OpJIOBCKOM TOJILIM M YaCTUYHO — aHAE3UTOB IKC-
Tpy3uBa KpacnHoBa. Jlauutel akctpy3uBa Muapa
MOKa3bIBAIOT 0oJiee MPOABUHYTOE BO3pacTaHHE
St/Y oTHOMIEHHUS.

[Toponsl m-oBa KpuiaboH, oxapakTepu3oBaH-
HbIe Kak afgakuthl [[pannuk, 2017], ommmuarorcs
OT HOPMAJIBHO HIEJIOYHBIX aHAC3UTOB U JAIIUTOB
MOBBIIICHHBIM COJEP’KAaHUEM CYMMBI IIEJI04YeH
c mepexomoM K Tpaxuannesutam. Juddepen-
UaThl TPAXUAHAE3UTOBOTO COCTaBa OOBIYHO
XapaKTepU3yIOTCS BO3PACTAHUEM COACPKAHHIMA
Sr, MoATOMY OTHECEHHE TpaxHaHJe3UT-aHe-
3UT-JallUTOBOM Tpynmsl 1opoxa m-oBa KpuinboH
K agakuTam mpobiemarndHo. CpaBHUTEIHHO
HU3KyI0 cymmy menodeit (3.58 macc.%) moxka-
3bIBAET TOJBKO KBAPIEBBIM JTUOPUT U3 Aaiiku Oe-
3bIMSIHHOTO MbICa ceBepHee ycThsi p. Ilekaphs.
Ha xnaccudukammonnoit muarpamme Sr/'Y — Y
TpaxuaHAe3UT-aHAC3UT-JAIMTOBAsT TpyMma Io-
pon m-oBa KpuiaboH 3aHHMMaeT mepexoAHyro 00-
JacTh MEXIy OOBIYHBIMH HM3BECTKOBO-IIENIOY-
HBIMU TIOPOJIaMHU  CPEIHETO—KHUCIIOI0 COCTaBa
U agakuTamu. Touka KBapIlEeBOTO AUOPHUTA NalKH
p. [lexapHst cMmelieHa B CTOPOHY OT 3TOM TPYTIIIbI
C TMOHIKEHUEM cojiepkaHus Y U pacrojokKeHa
HIOKe (UTYpaTUBHOTO MOJISl alakKUTOB (pHC. 2 a).
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Tabnuya. IpencTaBUTEbHBIE COCTABBI BYJKAHHYECKHX MOPOT (OKCHABLI B Macc.%, MHKPO3JIeMEHTHI B I/T)
Table. Representative compositions of volcanic rocks (oxides in wt.%, trace elements in ppm)

JlaBbI OpIIOBCKO# TONIIN DKCTPY3HBBI HUAPCKOTO KOMILIEKCa
Kommonenr 6azanbT aHJIC3UT Kpacuoga, anne3utr  Oprnosa, mamutr  Wdapa, ganut
Cx-02-317 Cx-10-411 Cx-10-403 Cx-10-415 Cx-10-440
Sio, 49.87 57.71 59.41 65.44 65.39
TiO, 1.21 0.73 0.53 0.38 0.34
AL, 16.35 18.86 18.25 17.65 17.57
Fe,O, 2.77 3.82 2.52 1.70 1.69
FeO 8.03 2.21 2.48 1.96 1.82
MnO 0.21 0.11 0.09 0.08 0.07
MgO 7.30 2.97 2.90 1.80 1.86
CaO 8.77 7.43 7.40 543 6.37
Na,O 3.11 3.60 3.19 3.56 3.45
K,0 0.38 1.22 0.90 0.79 0.60
P,O, 0.19 0.30 0.20 0.14 0.11
H,0 0.58 0.26 0.13 0.15 0.03
H,0" 1.62 0.92 2.00 0.61 0.23
CymMma 100.39 100.14 100.00 99.69 99.53
Sc 25.7 22.5 11.7 17.4 15.2
\% He omp. 165 120 102 102
Cr He omp. 21 38 20 19
Co He omp. 20 14 15 13
Ni He omp. 15 22 15 17
Rb 13.4 41.7 24.8 243 17.4
Sr 281 1051 709 937 821
Y 229 15.3 7.7 11.6 7.9
Zr 86 142 55 74 85
Nb 14.49 21.81 8.80 8.94 6.00
Cs 0.25 0.87 1.04 0.66 0.59
Ba 216 561 330 409 280
La 12.4 22.8 12.4 14.3 9.6
Ce 25.0 39.7 23.1 24.7 16.9
Pr 3.26 4.46 2.59 2.84 1.86
Nd 13.4 16.8 10.3 10.9 7.3
Sm 3.69 3.20 1.83 2.09 1.48
Eu 1.13 1.06 0.65 0.65 0.39
Gd 3.97 2.58 1.85 1.50 0.85
Tb 0.73 0.41 0.26 0.24 0.14
Dy 4.01 2.32 1.54 1.40 0.89
Ho 0.91 0.43 0.30 0.30 0.19
Er 2.26 1.24 0.88 0.91 0.59
Yb 2.13 1.22 0.82 0.97 0.64
Lu 0.27 0.20 0.13 0.17 0.12
Hf 2.43 2.87 1.06 1.57 1.81
Ta 0.88 1.14 0.68 0.47 0.32
Pb 1.3 7.5 7.1 13.8 7.3
Th 1.47 3.46 2.61 1.38 0.90
U 0.38 0.86 0.57 0.40 0.32
(V7Sr/*Sr), He omp. 0.703807 0.703739 0.703687 0.703631
+20 0.000008 0.000010 0.000010 0.000011

Ipumeuanue. He omp. — He onpenensutocsk. Note. He omp. — was not defined.
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Puc. 2. O6mas cucremarrka ByJIkaHH4eCKUX 1mopoj Opios-
CKOTO TIOJISI Ha TUarpaMMe CyMMma IIenodeii — KpeMHe3eM
(a: Na20+K20 - SiO2) u MHKpO3JIEMEHTHasT CUCTEMaTH-
Ka IOpoJ HOPMAJHHO-IIENIOYHOTO PSAAa CPeXHETO—KUCIIO-
ro cocrasa (6: Sr/Y — Y) [Defant, Drummond, 1990]. dus
COIOCTABJICHUS TMOKa3aHbl COCTABBI OoJiee JPEBHUX Kaii-
HO30MCKUX MAarMaTHYeCKUX TIOPOJ] CPEAHEr0 M KHUCIIOTO
cocraBa 3amagHoro CaxanuHa ¢ moOepexbs FKHON 4acTU
Tarapckoro mponusa, a Takxke BoctrogHoro Caxammaa. Cym-
Ma TETPOTeHHBIX OKCHIOB npuBenaeHa k 100 % 6e3 moteps
npu npokanmBanuu. Ha guarpamme (a) o60o3HadeHbI pas-
JeTUTENIbHBIE JTMHUM MeXIyHapOJHOIO COM3a Te0JIoTH-
yeckux Hayk [Le Bas, Streckeisen, 1991], na nuarpamme
(0) — moNsA agaKUTOB, OTIUYAIONIMXCS OT OOBIYHBIX aHJIEe-
3UTOB, HamUTOB M pronuToB [Defant, Drummond, 1990].

Fig. 2. General systematics of volcanic rocks from the
Orlov field on the total alkalis versus silica diagram
(a: Na20O+K20 - SiO2) and a trace-element taxonomy of
intermediate-acidic compositions in sub-alkaline series
(6: Sr/Y —Y) [Defant, Drummond, 1990]. For comparison,
compositions of older Cenozoic igneous rocks of intermedi-
ate and silicic compositions of Western Sakhalin from the
coast of the southern part of the Tatar Strait, as well as of
Eastern Sakhalin are shown. Total major oxides are reduced
to 100 % without loss on ignition. Diagram (a) shows the
dividing lines of the International Union of Geological Sci-
ences [Le Bas, Streckeisen, 1991], diagram (0) — fields of
adakites, which differ from ordinary andesites, dacites, and
rhyolites [Defant, Drummond, 1990].
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Nb—Zr anomanus anoezumog

CooTHOIIIEHUST ~ aIAKUTOMOJOOHBIX  TIOPOJ
¢ Oazampramu OpJIOBCKOTO  BYJIKaHHMYECKOTO
oI U C KaWHO30MCKUMH H3BECTKOBO-IIEIOU-
HBIMU TIOPOJAMH CPEIHEr0O—KHCIOro COCTaBa
npyrux teppuropuid 0. CaxalnuH WIUTIOCTPUPY-
I0TCA Ha JauarpaMmax pacrpeneierus Sr u Nb
OTHOCUTENBbHO Zr (puc. 3). JlauuTsl U4apcKoro
KOMILIeKca UMeroT Bbicokoe (600—1100 mkr/r) co-
nepkaHue Sr npu HU3KoM (MeHee 9 MKr/r) — Nb
(B mpenenax, XapakTepHBIX Jisi OOBIYHBIX W3-
BECTKOBO-IIIEIOYHBIX TMOPOJ CPEIHEr0—KHCIOTo
cocrtaBa). Beicokue conepxkaHus St CBONCTBEHHBI
HE TOJBKO JAIMTaM, HO M aHJe3uTaM. ba3anbTel
XapaKTepU3yIOTCS MOHMKEHHOW KOHIIEHTpPALH-
eit Sr. Ha nmarpamme Nb—Zr anne3utsl 3KcTpy-
3uBa KpacHOBa M OpJIIOBCKOM TOJIIM MOKa3bIBa-
I0T Bo3pactanue cojepkanus Nb Bmonmp Nb—Zr
TpeH/la BHYTPUIUIMTHBIX 0a3aJIbTOB OPJIOBCKOM
tonuy. [Tpu o61eM BICOKOCTPOHIIMEBOM aJIaKu-
TOBOM aKIICHTE aHJIE3UTOB U JALUTOB, aH/E3HUTHI
oOHapyxuBaroT Nb—Zr crenuduky, cBoicTBeH-
HYI0 BHYTPHUIUTUTHBIM Oa3ajibTam, a JaluThl Ta-
Ko crienupuKku He 0OHAPYKUBAKOT U COMOCTAaB-
JSIOTCS. ¢ OOBIYHBIMH H3BECTKOBO-IIEIIOUHBIMU
MOpPOJaMU CPEAHETO—KUCIIOTO COCTAaBa.

Tpaxuanne3nuT-aHAe3UT-AalUTOBAs TPyIIa MO-
pon n-oBa Kpunbon Ha auarpamme Nb—Zr (puc. 3)
CMEIIeHA TI0 OTHOIICHHIO K aJaKUTOMOIO0OHBIM
nopozaaM OpJIOBCKOTrO BYJKaHHMYECKOI'O MOJist B 00-
JacTh 00JIee BHICOKHMX COCPYKaHMNA ZT TIPU HU3KHUX
KOHIeHTparmax Nb, Torja Kak ToYka KBapIeBOTO
nuoputa naiiku p. [lekapHsa HaxomuTcs B 00nacTH
aJIaKUTOBBIX cOCTaBOB. OIHOBPEMEHHOE BO3pac-
TaHue St U Zr B aHJE3UT-IAlUT-TPAXHaHIE3UTO-
BOI rpymnme mopoxa mn-oBa KpuiaboH MOXKET OBITH
CIIEZICTBUEM KPUCTAJUIM3aLMOHHON auddepeHu-
anuu. Huskne KoHIeHTpalyy St B KBapILIeBOM JIU-
opute naiiku p. IlekapHs pe3ko OTIUYAIOT 3Ty MO-
pony ot agakutoB. HecMOTpsi Ha HU3KOILEIOYHOM
cocTaB (puc. 2 a), HU3KHe coaepKaHus Y u St 3Toit
niopoys! (puc. 2 6, 3 6) arakuTam He CBOWCTBCHHBI.
CrnenoBarensHO, Ha M-oBe KpriiboH 3TOT THIT TIO-
PO OTCYTCTBYET.

Aoaxumonooooublii akyenm
Ha poHe BHYMPUNTUMHOZ0 GYIAKAHUIMA

[Toponbl opsoBckoil TonuM 6a3anbTOBOrO
U aHze3u0a3aJbTOBOI0 COCTaBa MMEIOT BHY-
TPUIIUTHBIE TE€OXMMUYECKUE XapaKTepPHCTHUKHU,
NoA0OHbIE XapaKTepUCTHKaM Oosiee  JPEeBHUX
ByJIKaHMUYeCcKUX nopox Jlecoropckoit 30Hb!I [Pac-
CKa3zoB U Ap., 2005]. Ilo BbICOKOMY OTHOIIEHHIO
Nb/La na nuarpamme Nb/La — Ba/La (puc. 3 B)
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HOPOABI OPJIOBCKOW TOJIIIM COOTBETCTBYIOT Oa-
3anbTaM nosst Jxeponumo (3aman CHIA), koro-
pBle XapaKTepU3YIOTCS ACTCHOC(HEPHBIMH H30-
TOMHBIMUA OTHOIIEHUsIMH 3'Sr/*°Sr u *Nd/'*Nd
[Menzies et al., 1991]. ®uryparuBHble MO
aH/IE3UTOB OPJIOBCKOW TONIIM M OKCTPy3UBa
KpacHoBa HaxozmdTcs B CpedHEW 4acTH TpeHIa,
NPOTATHBAIOIIETOCS OT (UTYPATHBHOTO TIOJA
0a3aJIbTOB OPJIOBCKOW TOJIIM /10 (PUTI'YypaTHBHBIX
noJjiel 1auuToB U3 KCTpy3uBoB Opiosa u Nuya-
pa. Anae3uTsl kynona KpacHoBa 3aHMMarOT npo-
MEXYTOUHOE TOJIOKEHUE MEXAYy aHIe3UTaMU
OpJIOBCKOM TOonmu M jpanuramu. Ilo Huzkomy
3HaueHuio Nb/La nanuThl MYapCcKOro KOMILIEK-
ca TNpUOMIKAIOTCS K (UTypaTMBHOMY TIOJIO
OpOTE€HHBIX AaHJIE3UTOB, B Ipefesiax KOTOpPOTo

pacrpenensorcss TOYKU KaWHO30HMCKUX IOPOJ
CPEIHEro—KHUCJIOro cOoCTaBa 3alajJHOro U BOC-
tounoro CaxanmHa. Takum oOpaszom, Ha (GoHE
ByJIKaHU3Ma 0a3aJIbTOBBIX MCTOYHHKOB BHYTpPH-
WIMTHOTO Tuna OpJIOBCKOTO BYJIKaHUYECKOTO
noJiss 00o3HavaeTcs cnabblii OPOTeHHBINH aKIIEHT
B aHjae3uTax u Oojee CUIbHBIH — B JalUTax.

OnHOHaNpaBIEHHOCTh CMEHBI COCTaBa IO-
pon OpiOBCKOrO BYJIKaHMYECKOTO MOJSI AEMOH-
CTpHUpyeTCsl Takke Ha auarpamme Nb/Zr — St/ Zr
(puc. 3 r). ®urypatuBHbIe TI0JIs1 6a3aIbTOB, aH]IE-
3UTOB U JAIIUTOB B II€JIOM CMEIICHbI OTHOCHUTEb-
HO (PUTypaTHBHOTO TOJS KAHO30MCKUX TMOPOJ
CPEIHET0—KHCIIOTO COCTaBa 3alaHOro U BOCTOY-
Horo CaxalMHa C CyIIECTBEHHBIM BO3pacTaHU-
em otHomeHni Nb/Zr u St/Zr. B pacxopsmemcs

Puc. 3. AnakutononoOHbIe aHAE3UTHl ¥ JallUThl HYaPCKOrO0 KOMIUIEKCA B COMOCTABICHHU C OAHOBO3PACTHBIMH HOPOAAMHU
AQHMBCKOHM CBUTHI 1-0Ba KpuiboH U Goliee IPEeBHUMH KaHHO30MCKMMH MarMaTHYeCKUMH ITOPOJIaMU CPEIHEro M KUCIIOTOo
cocraBa apyrux teppuropuii Caxanuna Ha quarpammax St — Zr (a), Nb — Zr (6), Nb/La — Ba/La (B) u Nb/Zr — St/Zr (r).
Ha muarpamme Nb/La — Ba/La 00actu cOCTaBOB BBIIUIABOK U3 acTeHOCheps! (BylkaHu4eckoe none JxepoHumo, 3aman
CIA) n oporeHHBIX aHAE3UTOB TTOKa3aHkl 0 paboram [Menzies et al., 1991; Rogers et al., 1995]. Yen. 0603H. cM. puc. 2.
Fig, 3. Adakite-like andesites and dacites of the Ichara complex in comparison with coeval volcanic rocks of the Aniva
Formation from the Krilyon Peninsula and the older Cenozoic intermediate and silicic rocks of other territories of Sakhalin
Island on Sr — Zr (a), Nb — Zr (0), Nb/La — Ba/La (8) and Nb/Zr — St/Zr (r) diagrams. On Nb/La — Ba/La diagram,
the compositional areas of melts from the asthenosphere (Geronimo volcanic field, western United States) and orogenic
andesites are shown after [Menzies et al., 1991; Rogers et al., 1995]. Symbols are the same as in Figure 2.
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Beepe TPEHA0B 0a3aIbThl 3aHUMAIOT JIEBYIO YacTh
(Toukn 0a3anbTOB pacIpenesoTcs cyomapal-
JIEJIbHO OCH OPAMHAT), aHJE3UThI — [IEHTPAIbHYIO
4acTh, JAIIUTHI — IPABYIO YaCTh.

Ha nuarpammax puc. 3 B 1 3 T nmoarBepaa-
eTcst peskoe orimuue pacrpenenenuss Nb, La,
Ba, Sr u Zr, BeIpakeHHOTO TOCPEACTBOM MHUKPO-
9JIEMEHTHBIX OTHOIIEHUH, B aJaKUTONOAOOHBIX
noponax OpIOBCKOTO BYJIKaHHYECKOTO TOJS OT
pacnpeziesieHus 3TUX IEMEHTOB B [TOPOJIaX Cpel-
HEro—KHCJIOro cocTasa I-oBa KpuiboH.

O0cy:xneHue pe3yabTaToB

Jlnis onpeeneHns MecTa accolMalum Oas3alib-
TOB M aJaKUTOMOMOOHBIX AH/IE3UTOB U JAIIUTOB
OpIIOBCKOTO BYJIKaHUYECKOTO IOJISI B JBOJIIOLMH
BHYTPUILTUTHOTO ¥ OCTPOBOAYKHOTO BYJKaHM3Ma
0. CaxanuH paccMOTpUM TIYOHMHHYIO CTPYKTYpY
MaHTHUU U €€ OTPaXCHUE B BYJIKAHU3ME TEPPUTO-
pHUM, TpUBEIEM KpaTKuil 0030p MpeacTaBIeHUIN
00 SBOJIIOIMH ByJIKAaHM3Ma B IyT'e CEBEpO-BOCTOY-
HOro XOHCIO M €€ ThIIOBOM 00JIACTH, COIOCTaBHU-
MOI ¢ »BOJNIONMEN BylKaHu3Ma mooepexns Ta-
TapCKOro MPOJIMBA, a 3aT€M OINpPENIEIUM CXOACTBO
U pa3nuyrie 00CTaHOBKH BylkaHM3Ma OpIIOBCKOTO
mmoJisi ¢ 00CTaHOBKaMU TeHEpAIuH aJaKnuT-0a3alib-
TOBBIX acCOLMALMI B JPYTUX PErMOHAX MUpA.

TexToHMUECKUE M MarMaTH4YEeCKHE COOBITHUS TIO-
Oepexuii SnoHckoro mopst u Tarapckoro mposuBa
BBICTPAUBAIOTCSI B €IMHYIO IOCIEI0BaTEIbHOCTh
HauuHasi Co CpeIHero soueHa. Bo3pacTHeiM nHTEp-
BajioM 4644 muH ner K—Ar mMetonom narupoBa-
HBI JIABOBBIE TIOTOKH U JTANKK aH7e310a3aIbTOBOTO
cocTaBa IKHOM 4yacth Kopeickoro momyoctposa
(Bo Bmamune ['mitonrcanr) (a3mm3on K-3 [Pouclet
et al., 1995]). B 3amyroBoit o6nmactu 6a3aIbTOBBIM
BYJIKAHM3M COIPOBOX/A] Hayalo OKPaMHHO-KOH-
TUHEHTAIILHOTO pudTOoreHe3a Ha pyoexe CpeaHero
1 IIO3/IHErOo 301eHa, 38—37 MIIH JLH., IT0 KpalHen
Mepe B 4eThlpex paiioHax. /[Ba u3 Hux (Oxycupu
u roro-3ananHoe [IpumMopwe) HaxodsTCs B THUIO-
BOIi 00JTACTH AyTH CEBEPO-BOCTOUHOM SImoHMM, 1Ba
npyrux (LeHTpaibHas U ceBepHas yacTu Boctou-
Horo Cuxor3-Anuns u tor o. Caxanun) — B Tarap-
CKOM IiposiuBe (puc. 4).

I'ny6unnas cmpykmypa manmuu
u ee ompajicenue 6 8yIKaAHUIME

[IpocTpancTBEeHHO-BpEMEHHAS SBOJIFOLIMS
KalfHO30MCKOro ByJKaHW3Ma A3uU ONpeAessiiach
HOBelIel DITyOMHHON TeoauHamMukond 3alaii-
KaJIbCKOTO HU3KOCKOPOCTHOTO JIOMEHA, BbIJe-
JICHHOTO B MOJCIHM CEHCMUYECKON ToMorpaduu
S-Bonn T.b. ‘fnosckoii 1 B.M. KoxeBHHKOBa
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[Yanovskaya, Kozhevnikov, 2003; Pacckazos
u ap., 2003]. B BynkaHu4YecKUX MOPOJAX 30HBI
nepexosia OKeaH—KOHTHMHEHT pa3jnyaroTcsl Ma-
Tepuan TIyOMHHBIX HCTOYHUKOB JHTOCQEPHI
U TOATUTOC(HEPHON MAHTHUH C T€OXMMUYECKUMHU
XapaKTepUCTUKaMU  HAJCIP00BBIX  IMPOLECCOB
U Marepual NTyOWHHBIX UCTOYHUKOB C T€OXUMHU-
YEeCKUMHU XapaKTePUCTUKAMU BHYTPUILTUTHBIX
IPOLIECCOB.

Ha BocTtoke Azun 3abalikaabCKUil HU3KOCKO-
pocTHO# 1omeH paznensiercs Ha CeBepHblii 1 FOx-
HBII CyOIOMEHBI, TPaHULIAa MEXTy KOTOPBIMH ITPO-
XonuT mo ceBepHoMy Oopty FOxuO-Tarapckoro
Oacceiina. [myOMHHAs aKTUBHOCTH CyOJJOMEHOB
HPOSIBIISIETCSI B PA3HOBO3PACTHBIX M3BEPIKEHUSX.
W3BepkeHst aHIE3UTOBBIX pacIylaBOB U3 Hal-
CIPOOBBIX UCTOUYHMKOB B CeBepHOM CyOqOMEHE
okosio 43.5 MJIH J.H. CMEHWINCh W3BEPKEHUS-
MU 0a3aJbTOBBIX PACIJIABOB M3 BHYTPHUIUIUTHBIX
HMCTOYHUKOB B MHTEepBaje 37-23 MJH J.H. 3aTeM
u3BepKEeHUs 0a3aJIbTOBBIX PACIUIaBOB M3 HAACID-
00BbIX UCTOYHUKOB B HOkHOM cy0pomeHe B UH-
TepBasie 23—17 MIIH J1.LH. CMEHWINCh U3BEPKEHU-
MU 06a3aJbTOBBIX PACIIJIABOB U3 BHYTPHUILTUTHBIX
MCTOYHUKOB B uHTepBane 19-12 mun n1.H. Ilepe-
XOJHBIN XapakTep NTyOMHHBIX T€OANHAMUYECKHUX
MPOIIECCOB MPOSIBISIETCS] B CMEIIAHHBIX BHYTPH-
IIMTHBIX BblIIaBkax CesepHoro u IOxHOrO
Cy0/IOMEHOB Ha KOHTMHEHTAJILHOM U OCTPOBHOM
noOepexbsix Tepputopun cesepHee HOxxHo-Ta-
Tapckoro OacceifHa BO BPEMEHHOM HHTEpBaJe
9.6-2.8 miH 11.H. [Paccka3os u ap., 2014]. Ilnu-
OILICHOBBIN ByiakaHU3M OpJIOBCKOTO MO Tpen-
CTaBJsieT cOOON KOHLIEHTPUPOBAHHBIA (DHUHATIB-
HbIi MarMaTM4ecKuil MpOLEecC B IMOrPAHUYHOMN
o0nacT MaHTUIHBIX CYOJJOMEHOB OCTPOBHOTO
nobepexbs (puc. 4).

Deontoyun gynkanuma

CO CMEHOIL 2lYOUHHBIX UCHOYHUKOB
60 (pponmanvnoil 301e dy2u
cesepo-60cmounozo Xoncio

u ee muli06ou ooracmu

Ha ceBepo-BocTOuHOM XOHCHO pa3auyaliuch
9Talbl TEKTOHUYECKUX ie(hopMaruii 1o mpocTpaH-
CTBEHHO-BPEMEHHOMY  DPACIPENCICHUI0  J1aeK:
1) sTan KOHTUHEHTAJIBHON AYTH — 32—25 MJIH JL.H.,
2) aTan pacTsykeHus: Kopbl — 25—13 MaH ILH.,
3) nepexonubiit 3Tan — 13—4 MiH J1.H. U 4) 3Tan
COKpalleHus: Kopbl — nocieanue 4 MiH Jiet [Sato,
1994]. OnHako cMe€Ha OpPUEHTHPOBKU JAcK HE
ObUla COIIacOBaHa CO CMEHOM HMCTOYHUKOB BYII-
KaHWU3Ma, IPOUCXOIMBINEH B IIPOLECCE MEXK-
IUIMTHOTO B3amMopaeucTBus. M3 aHanms3a CMEHbI
[IyOMHHBIX MCTOYHUKOB BYJIKaHHU3Ma CEBEPO-
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BOCTOYHOTO XOHCIO OBLI CIelaH BBIBOJA O Tepe-
CTpOMKe SMOHOMOPCKOM TMOABUKHOW CHUCTEMBI
C TIOATOTOBKOM CyOnyKuuu THUXOOKEaHCKOTO
cmnba Ha pyOeke ONHMrolneHa W MHOIIEHAa OKOJIO
24-21 MIJIH J1.H., pE€3KOA CMEHE MPOCTPAHCTBEH-
HOTO TIOJIOXEHUS (PPOHTATIBHBIX BYIKAHUYECKUX
JIyT C 3TOr0 BPEMEHHOI'0 MHTEpBaja A0 HHTEp-
Bana 16—13 MiH M.H. ¥ CTaOWIBHOM MPOCTpPaH-
CTBEHHOM TIOJIOKCHHUH (DPOHTAILHON BYJIKaHU-
4yecKol Jyru B mocienHue 8 muH et [Shuto et
al., 1993; Ohki et al., 1994]. 13 stux nmocrpoe-

HUH cienoBano, 4ro cyOaykius TuxookeaHCKOM
IVIUTH 1101 BocTouHyro A3uI0 Hauyanzach OKO-
1m0 18 muiH n.H. IlameoMarHUTHBIE TaHHBIE CBU-
JETEIbCTBOBAIIM O OBICTPOM CHPEAMHTE KOPHI
SnoHckoro Mopst okoyno 15 MIIH J.H., COIPOBO-
KIABIIEMCSI PE3KHM Pa3BOPOTOM FOTO-3allaHON
SINOHMN OTHOCUTENBHO CEBEPO-BOCTOYHOM rmo-
nuu Ha 30° [Otofuji, 1996].

B Tunumzamum rryOMHHBIX MCTOYHHKOB KOH-
TUHEHTAJIbHBIX MarM H30TOIHBIE CHUCTEMBI pa3-
HbIX XuMHu4eckux osreMeHToB (Sr, Nd u Pb)

Puc. 4. Cxema npocTpaHCTBEHHOTO PacTIpECICHUs BylIKaHI3Ma B SITOHCKOM Mope n TaTapckoMm HpojivBe B Cpes-
HEM U Io3HeM KaiiHo3oe ([Paccka3oB u ap., 2014] ¢ n3meHeHusAMH). Yci1. 0003H. ¢M. K Bpe3ke Ha puc. 1. Bynkanu-
yeckue 30HbI cpeaHero kaiiHo30s: CeepHas (C), Uexonckas (H), 3amagno-IlImuarosckas (31I), FOro-3anagnoro
[Mpumopss (FO3IT), Oxycupu (OK); cpennero—nozanero kaitHo3os: Lientpanbhast (L) ¢ mo3nHekaitHO30HCKUMH ByII-
xaHudeckuMu nossmu CosrasanckuM (CI'), Henemunckum (H), bBukunckum (B); mo3nuero kaitHo3os: Jlecoropckas
(JI), Kpunponckas (KP), FOxuo-IIpumopckas (FOIT) ¢ mo3nHekaitHO30iCKUMH ByKaHHYeCKUMU Tosmu [1koToB-
ckuM (LIK) u [lydanckum (ILD), a Taxke Byakanuueckue noist Xonso (XH) n Xamamacy (XM). [Tokazans! uH-
tepBansl K— Ar (40Ar-39Ar) natupoBok u otaenbHble K—Ar matipoBku (MiH seT). @parMeHThl TEKTOHUIECKUX
I'paHHUL, KOTOPbIE YTPAaTWJIM MEKIUIUTHOE 3HAUYeHHE B KaifHO30€, TpacCUpOBaHBI METaMOP()UIECKUMH TeppeiHaAMHU
Y MEXIUTUTHBIM (HaJCyOyKIIMOHHBIM, KOJUIM3HOHHBIM) MarMaTu3MoM, a (hparMeHThl TEKTOHMYECKUX TPAHMUII, aK-
THUBU3HPOBAaHHBIX B KalfHO30€, — INTyOOKOBOAHBIME OaccelfHaMu 1 Ha/ICyOXyKIIMOHHBIM MarMaTH3MOM, a TakKe Ipo-
SIBIICHHEM aJIaKUTOIOA00HBIX TTopox OpiioBckoro Bynkanuueckoro moss (OP).

Fig. 4. Scheme of the spatial distribution of volcanism in the Sea of Japan and Tatar Strait areas in the Middle and
LateCenozoic (modified after [Rasskazov et al., 2014]). Legend is the same as in insert of Figure 1. Volcanic zones
ofthe Middle Cenozoic: Northern (C), Chekhov (1), West Schmidt (311), Southwest Primorye (FO3IT), Okushiri (OK);
Middle-Late Cenozoic: Central (L) with Late Cenozoic volcanic fields Sovgavan (CI'), Nelma (H), Bikin (b); Late
Cenozoic: Lesogorsk (JI), Krilyon (KP), South Primorye (FOIT) with Late Cenozoic volcanic fields: Shkotov (I1IK) and
Shufan (ILI®D), as well as the volcanic fields Honyo (XH) and Hamamasu (XM). The intervals of K—Ar (40Ar—39Ar)
ages and individual K—Ar dates (Ma) are shown. Fragments of tectonic boundaries that lost interplate meaning in the
Cenozoic were traced by metamorphic terranes and interplate (suprasubductional, collisional) magmatism, and those,
reactivated in the Cenozoic, were traced with by deep-sea basins

263



MNMOLEHOBbIN ABAKUTONO[OBHbIN AKLUEHT AHAE3UTOB U JAUMTOB HA OPSIOBCKOM BYJIKAHUYECKOM MOJIE (0. CAXA/UH)

PETUCTPUPYIOT pa3Hble T€OXUMHUYECKHE MpoLec-
Chl U JAIOT HaumOonbmui 3pGeKT B H3yUCHHH
XapakTepa MpOsBIEHUS KOHKPETHOTO Ipoliecca
[Hart, Gaetani, 2006, Rasskazov et al., 2020]. B
30HE KOHBEPIeHIIMH TITyOWHHBIE MarMaTHYeCKHe
WCTOYHUKH MOPOJ aAKUTOBOTO U HEAJTAKUTOBOTO
TUIIA ONPEJENSIFOTCS MOBEACHUEM CTPOHIUS, 10~
ATOMY re€HEepaJIbHBIN MPOLIECC CMEHBI HCTOYHUKOB
paIMOHATBLHO BBICTPAUBACTCS 10 BapHAIlHsIM Ha-
YaJIbHOTO W30TOMHOTO OTHOIICHHS HM3JTHBIIUXCS
Marmarudeckux pacmiaasos — (*Sr/*Sr)..

B paborax [Shuto et al., 1993; Ohki et
al., 1994] ObulO MOKa3aHO PE3KOE CHUKCHHE
(¥Sr/*Sr). B mopomax ¢ conepxanuamu SiO,
MeHee 60 macc.% B THUIOBOM 00JacTH CeBEpO-
BOCTOYHOI'O XOHCIO OKOJIO 15 MJH JI.H. Ha HIKa-
ne Bpemenu. Ha muarpamme (*'Sr/*°Sr)—1000/Sr
[PacckazoB u ap., 2005, puc. 11 a] Beibopka Byi-
KaHWYECKUX TMOpoa (POHTAJIbHOW 30HBI AYTH
paszenuiach Ha MOJsSL HAJACI300BOr0 MCTOYHHUKA
C MOHMWXKEHHbIMM 3HadeHusaMu (*’Sr/*Sr). (uc-
ToyHUK C) U MAaHTUMHOTO KIJIMHA, HE CBSI3aHHOTO
CO cIP00BBIMH KOMIIOHEHTaMHU U OTIMYAIOLIETO-
Csl MOBBILEHHBIMU 3HadeHuaMu (*'Sr/*°Sr). (uc-
touHuk MK). @uryparusnaoe nosue C nokasbIBaio
BOBJICUCHHBIN B IUIaBICHUE HAACYOIYKIIMOHHBIH
Matepua ¢ 00eIHEHHBIM U30TOMHBIM COCTaBOM St
IIPH €T0 HU3KOH KOHIIEHTPAIHMH (C TOBBIIICHHBI-
mu 3HaueHussMu 1000/Sr), a mone MK — marepuan
¢ Oonee oOOrameHHbIM U30TOMHBIM COCTaBOM St
IIPH €ro MOBBILIEHHOM cofiepkaHuu. Pasnenenue
9THX TIOJIEH CBUJIETENBCTBYET O MPOCTPAHCTBEH-
HOW 000COOJICHHOCTH 1MOJ (PPOHTAIBLHON 30HOM
OCTPOBHOM AYr MarMaTH4eCKUX UCTOUHUKOB U3
HacIP00B0M 00J1aCTH 1 MAHTHIHOTO KJIMHA.

B ThU10BOM 0071aCTH IyTH CEBEPO-BOCTOYHOM
SnoHMKM B CMEHE MarmMaTU4eCKUX HCTOYHUKOB
MaHTHUITHOTO KJIMHA BBIJCNSIOTCS TPU BO3PACTHBIE
IpyMHIbl TOPOJ C IOCIIEA0BATEIbHBIM CHUKEHUEM
KOHIICHTpAIMi CTPOHIMUS (TIOBBIIIICHHEM 3Haue-
uuit 1000/Sr) B untepane 37-9 muH j1.H. [loponsr
NepBOM Ipynnsl Bo3pacToM 37-34 MIIH JIeT pac-
MIPOCTPaHEHBI JIOKAIbHO B 30He OKyCHUpU HEMo-
CPEICTBEHHO BOCTOYHEE KIMHOBUHOIO y4acTKa
HOBOOOPA30BaHHON OKEaHWYECKOH Kopbl SImoH-
CKOro Mopsi. B vcTouHuKe Haxonuscs Marepuan
o0eHEHHON NUTOCHEPHOW MAHTHH C HU3KUM
M30TOIHBIM OTHOIICHUEM CTPOHIIHS, OJU3KHM
OTHOULICHHUIO OOETHEHHOTO MAaHTUHHOTO KOMIIO-
HeHTa DM roxknHoro IIpumopss. [lopoasr BTOpoit
rpynnsl Bo3pactoM 30-20 MIIH JIeT moapasaens-
I0TCA Ha TPU ByJKaHUYeCcKuX smnuzona: 30-28,
25-24 n 21-20 mnH 51.H. Bo Bpems nepBoro amu-
30713, OKOJIO 29 MIIH J1.H., HEOOIbIIas YacTh JIaB
UMena CpPaBHUTENIbHO HM3KYH KOHUEHTPALUIO
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crpoHuyms. Ilopoasl TpeTbel Ipymibl BO3pacToOM
18-9 muH net nepekpsiBaroT nosie MK u3 ¢pon-
TaJIbHOM 30HBI OCTPOBHOM ayru. Takum oOpazom,
oOuiasi HaNpaBIEHHOCTh 3BOJIIOLUN HCTOUYHUKOB
HAICYOQYKIIMOHHOTO KJIMHA THUJIOBOM o001acTu
IYTU 3aKJIo4asach B CMEHE OOETHEHHOTO MaH-
TUWHOIO Marepuaya, XapakTEepHOro s 3aay-
rOBOM KOHTHMHEHTAJIbHOM OKpauHsl [IpuMopss,
00oTraIneHHbIM MaHTHIHO-KOPOBBIM, TOAOOHBIM
Marepuaiy, pacinpoCTPaHEHHOMY BO (hDpOHTaJb-
HOM 30HE ayru. M3BepxeHue BBIIJIABOK U3 Hal-
CIPOOBBIX MarMaTu4ecKhuX HCTOYHHUKOB HMEIO
MECTO B TBHUIOBOW obnactu 15—6 muH n.H. Dury-
paTUBHOE TOJI€ JIaB 3TOrO0 BPEMEHHOI'O MHTEpBa-
na BeITATHBaeTCs OT nojsi C GpoHTANBHOM 30HBI
¢ nonmwkenueM (*'Sr/*Sr). u 1000/Sr. B mocnen-
Hue 4.4 MIIH JIET NIPOU30LUIO JaJIbHENIIEE cMe-
IIEHHE MU30TOMHBIX COCTABOB JIaB THIJIOBOM 001a-
CTH C MTOHIKEHUEM 000UX TOoKa3aTeseil.

B ThUTOBOIT 007aCTH IOyrHM CEBEPO-BOCTOU-
HOro XOHCK MPEAINoJarajioch JEUCTBHE «acTe-
Hoc(hepHON MHBEKIHUM» H3-Ton cidda [Tatsumi,
Koyaguchi, 1989; Shuto et al., 1993; Ohki et al.,
1994]. B otnuumne OT IIOMOB, KOTOpBIE 0bOecte-
YHBAIOT MOJbEM MAHTHIHOTO Marepuana ¢ 00o-
TanieHHbIMM H30TONHBIMH  XAPAaKTEPUCTUKAMHU
Sr u Nd, ropsumii marepuan npearnogaracMou
«UHBEKIHUN» B KOHTUHCHTAIBHYIO OKpAauHy UMETI,
HA000pOT, 00eAHEHHBIE HM30TOMHBIE XapaKTepu-
cTuku. Ecnu Obl KOHTUHEHTAIbHAS KOpa 3aMela-
Jach acTeHOC(EepHBIM MaTeprasoM, TO OH JI0JIKEH
OBUT IPEXK /1€ BCETO MPEACTABISITH COOON MaTepuat
«acTteHoc(hepHON MHBEKUUU», a B AaJbHEHIIeM
y4acTBOBAaTh B CMEUIEHUU C KOMIIOHEHTaMH ILIa-
BUBIIICHCS MAHTHH W KOPBI (DPOHTATHHOM 30HHI.
[TockonbKy naBbl THUIOBOW OOJIACTH IYTH CEBe-
po-BoCcTOYHOrO XOHCIO0 Bo3pacToM 15—6 mulH ser
COCTAaBJISLJIM IPOMEKYTOUHYIO YacTh TPEH/A C I0-
nukenreM (*'Sr/*°Sr). m 1000/Sr oTHOCHTENHEHO
naB (poHTaIBHOU 30HKI [PacckaszoB u mp., 2005],
OUYEBUJHO, YTO OCHOBHOM BKJIaJ B 3aJyTOBBII
CIpeIUHr SMOHOMOPCKON BHaJAWHBI BO BPEMEH-
HOM uHTepBasie 15—6 mMiH 1.H. oGecriedanBai ode-
THEHHBIH acTeHOChepHBI MaTepra, MoJ00HbIH
Marepuansy MORB (06azansT cpequHHOro okea-
HUYECKOTo XpeOTa), C CyIIEeCTBEHHON MPUMECHIO
BBITUIABOK M3 HAJCIP0O0BBIX MCTOYHUKOB (PpOH-
TaJbHOUM 30HBI. PaduuupoBanHblil acteHochep-
HBIA MaTepuaj MPOSBWICA B THUIOBOM 00JIACTH
TOJIBKO B nocieanue 4.4 MiH JeT. YuuThiBas u3-
MEHEHHE I'€0IMHAMHUKHN SIlTOHOMOPCKOH BITaINHBI
(npekparieHue ee norpyxeHus okojo 10 MiTH J1.H.
U ckarue B ayre XOHCIO B MocieAHue 4 MJH JieT
[Jolivet et al., 1994; Sato, 1994]), Ha TuIHOLICH-
YETBEPTUYHOM 3Tale B ThUIOBOM 30HE CIEAYET
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OXHJIaTh, CKOpee, OCJIA0JCHUS, YeM YCHIICHHS
MOJITUTKY MarMaTudeckuM marepuanom. Cmere-
HUE U30TOIHOI'0 COCTaBa CTPOHIMS B (PUHATIBLHOM
nopuuu OOEAHEHHOTO Marepuaja (MOCIeTHUX
4.4 MJIH JIeT) MOXET 0003HayaTh JUIIL U3MCHE-
HUE PEeKHMMa COOTHOIIEHUI KOMIOHEHTOB BIOJb
HaJCIP00BOI 30HBI, KOTOPOE MPHUBENO K MpeKpa-
[ICHUIO 3aTSATUBAaHU (POHTAIBHOTO Marepuasa
OCTPOBHOM IyTH MOJ] THUIOBYIO 30HY.

B uenom mocne mnaBieHuss Matepuaia Hal-
CyOAYKIIMOHHOTO  KJIMHA  MarmMooOpa3oBaHU-
€M OKa3ajach OXBaueHa oOumupHass o0nacTb
B ThUIy AYTH MPU OJHOBPEMEHHOM IUIABICHUH
Marepuaia MaHTHHHOrO KiuHa (¢ oboraiieH-
HOM H30TOINHOW XapaKTepUCTUKON Sr, HHTEpBal
37-16 muH 1.H.) W Haaca’00BOTO Marepuaia
(c o0eHEHHOM M30TOIHOM XapaKTEPUCTHKOM St,
uHTepBan 15-9 miH 1.H.). 3aTeM, pu OCTAaHOBKE
JyTH, TUTaBWJICS TOJIBKO HAJCI300BBIA MaTepuai
¢ 00eJHEHHON M30TOIHOM XapaKTEepUCTUKOW Sr
(mocnenHue 8 MIIH JIET) € €r0 POrPECCUPYIOIIUM
paduHUpoBaHUEM OT (POHTATIBHOU MPUMECH
(mocnenuue 4.4 MIH JIeT).

CmpyKkmypHuuie ycnosus
JloKanu3ayuu 6yIKaHu3IMa

U €20 360110UUA HA nodepericye
Tamapckozo nponuea

Tarapckuii mnponuB oOpa3oBajics — BIOJb
cyOmMepuauonansHO mpaBocTtoponHerr Caxa-
JIMH-XOKKan0- A/ MOHOMOPCKO  30HBI  TOpsAYEH

TPAHCTEHCHUH, UTPAIOLICH pOJIb CEBEPHOU BETBU
SnoHOMOpCKO# CTPYKTYypbl mym-anapt [Jolivet
et al., 1994]. OceBast 4acTh 30HBI CKPBITA O]
BOJIOM TpOJIMBa, B KOTOPOM ceBepHee AmoHo-
MOPCKOTO TITyOOKOBOAHOTO OacceifHa HaxonaaTcs
r1yOokoBoaHBIe OacceitHbl  Mcukapu-3amamHo-
Caxanunckuii u FOxHo-Tarapckuii. [lon atumu
OacceiiHaMu 1 OacceitHoM SITOHCKOTO MOpsT Kopa
yronena (mox CeBepo-Tarapckum OacceitHOM —
no 24 xm). Ilog ceepHoit uyacthio Tarapckoro
MPOJIMBAa MOILHOCTh KOPBI BO3pPAcTaer 10 28 KM
C JIOKaJbHBIM MHUHUMYMOM Y 3amajgHoro Oepe-
ra (mo 22 kM) [[umo, Koceirun (pem.), 1982].
B FOxHo-Tarapckom OacceitHe onpeseneHsl Tep-
MaJbHbIC aHOMAJIMH CO CPETHUM TEIJIOBBIM MIOTO-
koM 105 MBT/M?, B TO BpeMsi Kak CEBEpHEE 3TOTO
OacceifHa TepMaJIbHbIE AHOMAJIMH OTCYTCTBYIOT
[Topauenko u ap., 1992].

Bynkanuzm YexoBCKOW 30HBI OJMIOLIEHA —
panHero muorneHa (31-17 MuH JI.H.) CMEHSJICS
ByJIKaHU3MOM Jlecoropckoil 30HbI CpeqHero Mu-
orieHa — panHero ruoreHa (16.0-2.6 MiH J1.H.).
bazanberel UexOBCKOW 30HBI XapaKTEPU30BAIHCH
BeIcOKuMHU oTHOIeHHssMU K/Nb, Ba/La u Hu3Ku-

mu oTHomeHussMU Nb/U, Nb/La, cBOICTBEHHBIMU
MOpOJIaM OPOTE€HHBIX (HAJACYOMyKIHOHHBIX) 00-
CTaHOBOK, 0a3anbThl Jlecoropckoil 30HBI — HHU3-
kumu oTHomeHusMu K/Nb, Ba/La u BbICOKHMU
orHomenussMu Nb/U, Nb/La, cOOTBETCTBYIOIIIH-
MU 3THM 3JIEMEHTHBIM OTHOUIEHHSIM MOPOJ BHY-
TPUIUTUTHBIX 00cTaHOBOK. IIpocTpancTBeHHO-
BPEMEHHOM IMepexoi OT ByJIKaHM3Ma TITyOHHHBIX
HMCTOYHUKOB OPOTE€HHOTO THMA K BYJIKAHU3MY
DTYOMHHBIX HMCTOYHHMKOB BHYTPHUIUIUTHOTO THIA
CBUJICTEIBCTBYET O CYLIECTBEHHON CTPYKTYPHOU
MepeCTPOKe TEPPUTOPUHU OKOJIO 17—16 MIH JI.H.
[PacckazoB u ap., 2005].

BHYTpUILITUTHBIN BYJIKAHU3M BPEMEHHOTO WH-
tepBaa 16.0-2.6 muH 1.H. Jlecoropckoil 30HbI
CaXaJTMHCKOTO TIO0EpeXbsi U BPEMEHHOTO MHTEP-
Basa 21-2.8 muiH s1.H. CoBraBaHcKo-BHKHMHCKOM
30HBI CHUXOTI-aJIMHCKOro mobepexns Tarapcko-
ro MpPOJIMBa MapKUPYeT TOpsSYuii pOMOOBHIHBIH
omok cesepHee IOxHO-Tarapckoro OacceiiHa.
[To o6oum Geperam Tarapckoro mposuBa HabIrO-
JlaeTCsl OMOJIOKEHHUE U3BEPKEHUI C CeBEpa Ha 10T
C MIPOSIBIICHUEM CaMBbIX MOJOABIX BYJKAaHUYECKUX
coObiTuii Ha buxuHCKOM U OpIOBCKOM BYJKa-
HUYECKUX MOJNAX (C (pUHATBLHBIMH AATUPOBKAMHU
2.8 £ 0.3 muH net u 2.6 = 0.4 MIIH €T COOTBET-
CTBEHHO, COTMOCTAaBHUMBIMU MEXIy co00#l B mpe-
Jenax TOrpemHocTd u3Mmepenuii). Ha bukun-
CKOM BYJKAHMYECKOM T0JIe KOHTHHEHTAJIHHOTO
nmoOepexbss B (pUHAIEC MPEACTaBICHbI 0a3aibThl,
Ha OpJIOBCKOM BYJIKAHMYECKOM I10JI€ OCTPOBHOTO
noOepekbs — aJaKUTOMOM0OHBIE TOPOJBL. DTOT
CBOEOOpa3HBI aKUEHT MPOCTPAHCTBEHHO COOT-
BETCTBYET CEBEPO-BOCTOUHOMY 3aMbIKaHUIO FOx-
Ho-Tarapckoro 6acceiiHa.

ITnuonieHoBbIli  BynkaHu3M  KpuiaboHCKOI
30HBI IPOCTPAHCTBEHHO CBSI3aH C 0Opa3oBaHHEM
Hcukapu-3amagno-CaxannHckoro dacceiiHa, mpo-
TSATUBAIOUIETOCS BIOJbL TNoOepexxkui m-oBa Kpu-
1p0H CaxajnHa U CEBEPHOM OKOHEYHOCTH 0. XOK-
kaiino. [lo marepanu sToro GacceiiHa M3IMBATICH
pacIuiaBbl, HE UMEIOIINE aJaKUTOBON CTICIIM(PHUKH.

Obocmanoexu zenepayuu
a0aKum-0a3ajibmoebix acCouuayuil

['mmore3a 0 MPOUCXOKICHUM aJIAKWTOB B pe-
3yAbTaTe€ YaCTUYHOTO IUTABIEHUS CYOMyIUpYIO-
miero ciiba [ Defant, Drummond, 1990] monyunna
MOJICPKKY B MHOTOYHUCIICHHBIX paboTtax [Defant
et al., 1992; Peacock et al., 1994; Yogodzinski et
al., 1994; u np.]. Ilpeanonaranaock, 4TO BBICOKOE
oTtHomeHue Sr/Y NpH HU3KOW KOHIEHTpauuu Y
MOJTy4aeTCsl B pe3yJbTare BHITUIABIICHUS aaKu-
TOBBIX PAcCIUIaBOB W3 aM(HUOOI-MUPOKCEH-Tpa-
HaToBOro  (0Oe3MmIaruokjIa3oBOro) HCTOYHHKA.
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Tspxenblie peako3emenbHbie a1eMeHTh (P339) kon-
LEHTPUPYIOTCSI B PECTUTOBOM T'paHaTe, MOITOMY
B a/IaKMTOBBIX BBIIUIABKaX HEPEAKO yCTaHABIIU-
BaJIOCh MOBEIIIeHHOE oTHOMmEeHue La/Yb [Defant,
Drummond, 1990]. Oco0blii uHTEpEC K aAaKUTO-
BBIM pacriaBaM KakK MPOU3BOIHBIM CIIPOOB OBLT
MIPOIMKTOBAH BO3MO)KHOCTbBIO UCIIOJIb30BaHUS €0~
XUMHYCCKUX XapaKTEPUCTHK IS ONIPEACTICHHS Te-
OJIMHAMUYECKHX 00CTaHOBOK pa3orpena C IJIaBlie-
HUEM MOJIOJION CYOIyLIMPOBAaHHOW OKEaHUUYECKOM
kopslI [Peacock et al., 1994]. B coznanuu n30sITou-
HOTO TETI0BOTO 3((eKTa mpeanonaragack ocooast
POJIb KOHTpACTa MOTPYKAIOIIETOCS CIP0a C OKPY-
*Karolei MmanTtuei [Sajona et al., 1993], cyOnykimu
AKTHUBHOT'O OKEAHWYECKOTO CIPEIMHTOBOIO XpedTa
[Lagabrielle et al., 2000; Aguillon-Robles et al.,
2001] wmu monoroil MayorTyOMHHOM CyOIyKIUH
[Gutscher et al., 2000]. Mexny TeM IPOHCXOXKIE-
HUE aJaKUTOINOI0OHON T€OXUMHUYECKOH Crierudu-
KH CBSI3BIBAJIOCH TAKXKE C TIPOIIECCaMU, HE MTPEIIo-
JararouMMy U30BITOYHBIX TETJIOBBIX 3((EKTOB B
ci0ax, TAKUMU KaK CMEIIEHHEe MarM OCHOBHOTO
u nuddepeHmpoBaHHOTO cOcTaBa, (PpaKkIMoHHAS
KPUCTAJUTM3AIUS W/HIIM KOPOBasi KOHTAMUHAIHS
[Castillo et al., 1999; Grove et al., 2005; Guo F.
et al., 2007]. Jomyckanoch MpOUCXOXKICHHE aJia-
KHTOBBIX (2JJaKUTOIOIOOHBIX) pacIulaBOB B pe-
3yJIbTaTe TUIABJICHUS YTONIICHHON SKJIOTHTH3UPO-
BaHHOM M pacciioeHHOW 3eMHOM Kopbl [Kay, Kay,
1993; Petford, Atherton, 1996]. B sTux ycnoBusix
aJaKuTHl (aJaKUTOIIOMOOHBIE TTOPOBI) MOMYUHITH
pacnpocTpaHeHue B 3oHax kowmmsuu [Qu et al.,
2002; Chung et al., 2003; Hou et al., 2003; Cai et
al., 2004; Guo Z. et al., 2007; Karsli et al., 2019;
Liu et al., 2019]. AgakuTtonomoOHOMY MarMaTu3My
COITyTCTBOBAJIM PYIHBIC TIPOIIECCHI ¢ 00pa30BaHU-
eM Cu—Au NOIMMEeTATNYECKUX MECTOPOXKICHHIA
[Jiang et al., 2020; Wang et al., 2020].

bazanbTel, accouuupyomue ¢ agaKkuTamu,
00BIYHO UMEIOT BbICOKOe oTHoIeHue Nb/La npu
BBICOKOM coziepkanuu Nb. Takue accornmanuu, 06-
HapykeHHbIe Ha ceBepe Kamuarku [Kepezhinskas
et al., 1996], B Ilaname u Kocra-Puke [Defant et
al., 1992], Kackagax [Defant, Drummond, 1993]
u Huwxneit Kanudopuun [Aguillon-Robles et al.
2001], city)uau B Ka4€CTBE apr'yMEHTOB B IOJIb3Y
TUIaBJICHUs ci1P00B. OHAKO HA 3aI1aTHOM OKOHYA-
HUN TpaHc-MEKCHKaHCKOTO BYJIKaHUYECKOTO I10-
sica M30TOMTHO-TEOXUMHUICCKUE JaHHBIC MTOKA3aIu
MIPUHAJICKHOCTH 0a3aJIBTOB M aJTAKUTOTIOTO0HBIX
MOPOJT K pa3HbIM ITyOMHHBIM HcTouHUKaM. [Topo-
JIbI CPEJIHETO U KUCJIOTO COCTaBa (0T aHAE€3UTOB JI0
PHOJIUTOB), aCCOIMUPYIOIINE C Oa3abTaMH THUIIA
OIB (1.5-2.3 macc.% TiO,, 14-27 mxr/r Nb u ot-
Homenue Nb/La 0.5-0.9) unTepnpeTupoBaiuch
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KaK pe3yJIbTaT BBICOKOOAPHOTo (hpaKLMOHUPOBA-
HUS TpaHara, aMdubona U MUPOKCEHa U3 OCTPO-
BOIYXHOTOo 0a3zanproBOrO pacmiaBa [Petrone,
Ferrari, 2008]. i1 0ObsICHEHUST TTPOUCXOMKICHHSI
aaKUTOMOMOOHBIX pACIJIABOB OblIa TPHUHATA
TUIOTE3a OCTHIBAIOIIEH OCTPOBOIYKHOW Marma-
TUYECKON CHCTEMBbI, TCHETUYECKU HE CBS3aHHOMU
C M3JIMBIIMMHUCS Oa3aIbTaMHu.

Ocobennocmu 06cmanoeKu zenepayuu
a0axKumono0o0OHvIX NOPoo
Opno6cKozo 6YIKAHUYECKO20 NOJIA

B amakuTomnomoOHBIX aHIE3UTaxX W AAIUTax
OpJIOBCKOTO BYJIKaHWYECKOTO MOJII OTHOIIECHHE
Nb/La 0.5-0.9 cooTBeTCTByeT 3HAYEHHSIM ITOTO
napaMerpa B aJaKUTOIOMOOHBIX MTOPOaxX 3aral-
HOTO OKOHYaHMs TpaHC-MEKCHMKaHCKOTO BYyJKa-
Hu4eckoro mosca. [[ns 6azansToB OproBCKOro
MOJISL TIOJTyYEHBI HaYaJIbHBIE H30TOITHBIE OTHOIIIE-
aHust ¥’Sr/%Sr B untepBane 0.704366—0.705003,
CBUJCTENLCTBYIOIME O COCTaBe TIIyOMHHO-
O HWCTOYHMKA, OTIMYAIOIIETOCs OT CIPOOBOTO
U B IIEJIOM OJM3KOTO K cocTaBy HemuddepeH-
nupoBaHHo ManTtum [PacckazoB u np., 2005].
Jns  aHzmesuTa OpJIOBCKOM TOJNINM OTMEYEHO
NOHIDKCHHOE HayaibHOe oOTHomieHue ¥Sr/*6Sr
(0.70380 + 0.00002) [Shimazu et al., 1992]. bnus-
koe 3Hauenue (0.703807 + 0.000008) momyueHo
Hamu 178 arnes3uta oop. Cx-10-411 (cm. Tabmu-
y). B cpaBHeHUU ¢ UCTOUHUKOM 0a3albTOB, ATH
pe3yabTaThl CBUIETENILCTBYIOT O Oojiee HU3KHX
oTHomeHusx Rb/Sr B marepuane rimyOHMHHOTO HC-
TOYHHMKA aHJE3UTOB OPJIOBCKOM Tonmu. Jis ana-
KUTOTIOOOHBIX AHAE3UTOB W JIAlIUTOB AKCTPY-
3MBOB MYApPCKOrO KOMIUIEKCA IMOJYyYEH MHTEpBaJ
emie Oojiee HUBKUX HAYAJIbHBIX CTPOHIIMEBBIX
u3oTonHblx  oTHomenuit 0.703572-0.703798.
N3oTonHbie OTHOWIEHUS Sr aJaKUTOMOZOOHBIX
aHJIE3UTOB OPJIOBCKOW TOMIIM U UHTPY3uBa Kpac-
HOBA MYAPCKOTO KOMILJIEKCA HAXOATCS B HIDKHEH
YacTH JIMara3oHa OTHOIICHUN aH/1e310a3abTOB ’
TPaxWaHJIE3UTOB apaKalCKOM CBUTHI YEXOBCKOM
30HBI BO3pPAaCTHOrO HMHTEepBaja 31-26 MIIH JieT.
N3oTonHbIe OTHOIICHUS aIaKUTOMOMOOHBIX aH-
JI€3UTOB U JTALIUTOB MYAPCKOTO KOMILIEKCA HUXKE,
YeM OTHOULICHHs aHJe3u0a3aabTOB M TpaxHuaHje-
3UTOB apakakCKOM CBUTHI, HO BBILIE, YEM OTHO-
IICHUST TOJICUTOBBIX 0a3aJIbTOB YEXOBCKOW CBUTHI
BO3pacTHOro UHTepBasa 21-17 muH ner (puc. 5).

MBI IpuX0IMM K BBIBOJY O CYIIECTBEHHOM OT-
JMYUU UCTOYHUKOB aJaKUTOMOJOOHBIX PACIJIaBOB
OpJI0OBCKOTO BYJKaHUYECKOTO TOJSI OT MCTOYHH-
KOB 0a3aJbTOB OPJIOBCKOM TONIIM M 00 OTCYT-
CTBUU NPSIMOM CBA3M 3TUX PACIUIABOB C UCTOYHU-
KaMH OCTPOBOIY>KHOM MarMaTU4eCcKOll CHCTEMBbI,
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0003HaYCHHBIMHU JaBaMu
4yexO0BCKOM cBUTHI. 1o cpas-
HUTENFHO HHU3KUM CTPOH-
IIMEBBIM HW30TOIMHBIM OTHO-
IICHUSAM  aJaKUTOIIOI00HBIC
nopoasl  OplOBCKOTO  BYII-
KaHUYECKOTO TIOJS TPHOIH-
KAIOTCSA K aJaKuTaM M3 HC-
TOYHHUKOB MOJIOJIBIX CJIP0OB,
00€THEHHBIX PYOMANEM, HO
HE MepeXo/IsT B 001aCTh 3HA-
YeHUN HAACYOTyKIIMOHHOTO
HMCTOYHHKA.

Jluann  HOpMHpOBaH-
HBIX K XOHAPHUTY CIICKTPOB
P35 aHne3uToB OpioBCKOM
TOJIIIM WMEIOT MEHBIITUN
HaKJIOH, Y€M JIMHHS CIICK-
Tpa TUNUYHBIX aJaKUTOB
Jla Eryana (ITanama), mpu-
HATBIX B KaueCTBE ATaJlOHA
CpaBHEHHUs TMOPOJA 3TOrO
TUIa B MHOHEPHON pabdoTe
I1.A. Moppuca mo anaku-
TaM I0ro-3amnajaHoi SmmoHun
(puc. 6). BplmonaxuBaHnue
JUHAN B TSOKEJIOM 4YacTH
pana P32 anpe3utoB op-
JIOBCKOM TOJIIIIA MOXET CBU-
IETEILCTBOBATEL O CIOKHOU
HUCTOPUU HUX HCTOYHUKA —
HadaJIbHOM  0Opa3oBaHUU
aM(puOoI-TUPOKCEH-TpaHa-
TOBOTO TTapareHe3uca u 1o-
cienyromeM 000co0iIeHun
oT Hero am(puOOI-IIUpPOKCe-
HOBOH (Oe3rpaHaToBO¥) ya-
ctu. I[locne Takoro mpeooO-
pa3oBaHUs TshKeyash 4acThb
ciektpa P30 anae3uToB
OPJIOBCKOW TOJIIA HE KOH-
TPOJIMPOBANACh TpPaHATOM.
[IpoBoas aHamoruu ¢ mpo-
IIECCOM BBITIJIABIICHUS aJ1a-
KHUTOB W3 MOJIOJOTO Clid0a,
MOTPY’KAIOIIEerocss Ha IIy-
ouny 80—-100 kM c BXOX-
JICHWEM B TIOJIe CTaOWJIb-
Hoct rpanara [Defant,
Drummond, 1990], moxHO
MPEANOJIOKUTh  Pa3BUTHE
MPOTUBOIIOJIOKHOTO  TIPO-
1ecca BBIBEJACHHUS MCTOY-
HHKa  aJaKUTOIMOAOOHBIX
aHJIE3UTOBBIX PACIUIABOB U3

Puc. 5. ConocrasiieHre HaYaJIbHBIX U30TOITHBIX OTHOIIEHHUI St B aJaKUTOIOTOOHBIX
mopoaax OpIIOBCKOTO BYJIKaHHYECKOTO IOJIS C Ha4aIbHBIMU M30TOITHBIMU OTHOIIICHH-
SIMU ST B TOpOZIaX apakaiCKoil 1 4eXOBCKOM CBUT UeX0OBCKO 30HBI (JJTaHHBIE U3 pabo-
ThI [Pacckasos u np., 2005]). Yei. 0603H. cM. puc. 2.

Fig. 5. Comparison of initial Sr isotope ratios in adakite-like rocks from the Orlov vol-
canic field with those in rocks of the Arakai and Chekhov Formations from the Chekhov
zone (data from [Rasskazov et al., 2005]). Legend is the same as in Figure 2.

Puc. 6. HopmupoBaHHBIE K XOHAPHUTY CHEKTPBI PEIKO3EMENbHBIX IEMEHTOB aHJie-
3UTOB M AanuToB OPIIOBCKOTO BYJKAaHHYECKOTO TOJs. [ comocTaBieHus moka3aHa
JIUHHS CPETHETO COCTaBa CIIEKTPOB 5 THNm4YHBIX agakuToB Jla Eryana ([Tanama), npu-
HATBIX B KAQUECTBE JTAJOHA CPABHEHUsI MOPOJ ATOTO THIA B MHOHEPHOW paboTe 1o
agakuTaM foro-zananHod Anorun [Morris, 1995]. J{ns HOpMHPOBaHUS UCTIONB30BAH
coctaB xoHnputa [McDonough, Sun, 1995].

Fig. 6. Chondrite-normalized spectra of rare-earth elements of andesites and dacites from
the Orlov volcanic field. For comparison, the line of the average composition of 5 typical
adakites of La Yeguada (Panama) is shown, which were taken as a reference rocks in the
pioneering paper on adakites in Southwest Japan [Morris, 1995]. The chondrite composi-
tion after [McDonough, Sun, 1995] was used for normalizing.
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MNMOLEHOBbIN ABAKUTONO[OBHbIN AKLUEHT AHAE3UTOB U JAUMTOB HA OPSIOBCKOM BYJIKAHUYECKOM MOJIE (0. CAXA/UH)

oOnactu crabuinbHOCTH rpaHara nojx OpiIoBCKUM
BYJKaHUYECKUM II0JIEM OAHOBPEMEHHO C KOH-
TPACTHBIMM TEKTOHHYECKHMHM [BIKEHUSIMH Ha
CEBEpPO-BOCTOYHOM 3ambikaHuu HOxxHo-Tatap-
ckoro OacceifHa.

Crentu¢uka criektpos P39 aHe3uTOB OpIIoB-
CKOM TOoNIM coxpansiercsa B P30 anae3uTos u na-
LIUTOB 3KCTPY3UBOB MYapCKOro KOMILIEKca. Ana-
KUTOMOAOOHBIA AaKIEHT BBIpaKaeTcs B OOIIEM
CHIDKEHUM KOHUEeHTparui P30 npu mMakcumanb-
HOM BBINOJaKMBAaHUU CIIEKTPOB JnanuToB HMuap-
CKOTO 3KCTPY3MBa B CPEIHEH U TSHKEJIOW YacTAX
criektpa. KOHKpETHBIN XOJI TeHepaluu aaakuTo-
mofo0HBIX pacruiaBoB OpJIOBCKOTO BYJIKaHHYE-
CKOTO TOJII MOXET OBbITh HCCIIEAOBAH NpH He-
MEHTHOM MOJICIUPOBAHUU TUIABICHUS C YYETOM
MIPUCYTCTBUSL B MCTOYHHUKE, TOMUMO amdpuodoIa,
MUPOKCEHA U rpaHara, Jpyrux MUHEPAJIbHBIX (a3.

I'eoxumuyeckne XxapakTepUCTUKU 0a3alibTOB
OpnoBckoro nofist (Beicokoe oTHomeHue Nb/La
U JIp.), COOTBETCTBYIOLIME XapaKTepPHUCTHKAM
MarM Jlecoropckoil 30HBI, MOpPEANnojararmT HUX
BHYTPUIUITUTHYIO TreHepaiuio. [eoxumuueckue
XapaKTEePUCTUKH aHJE3UT-AAlUTOBBIX SKCTPY3H
MYapCKOrO0 KOMILJIEKCA, BHEIPHUBIIMXCS OKOJIO
2.6 MJIH JL.H., OTpaXatoT OPOTE€HHYIO HaIlpaBJICH-
HOCTh (PMHANBLHOW CMEHBI TIIYOMHHBIX HCTOYHU-
koB. OTCyTCTBHE IOpP B MOPOAAX MYAPCKHUX IKC-
TPY3Hil U CIIEOB B3PBHIBHOM ACSITENHHOCTH B UX
OKpPY>KEHUU MOXKET CBUIETEIILCTBOBATh O MO
ra30HACHIIIEHHOCTH paciiaBoB. llpu orpanu-
YEHHOW BEPTUKAIBHOMN MOABUKHOCTH JTUIIEHHbIE
razoB MarmMbl MOIJIM BBDKMMATHCS Ha TOBEpX-
HOCTb CXaTtueM Kopbl. Muapckue skcTpy3un co-
MyTCTBOBAJM CaxXxaJWHCKOM (ha3e CKIaa4aToCTH
[CemenoB, 1975; MenbHukoB, 1987], coBnasieii
10 BPEMEHHU ¢ 001Iel mepecTpoikor SmoHckoi
OCTPOBOAYXHON cHucTeMbl. B pesynprare sToi
MEPECTPONKN OKOJIO 2 MJIH JI.H. Ha4aJIHUCh aHJie-
3UTOBBIE U3BEP)KEHUSI B OCTPOBHOM Ayre ceBepo-
BoctouHou SAmonun [Jolivet et al., 1994].

BbIBoA O CBSI3U JIOKAJIBHOTO aJaKUTONOA00-
HOTro akueHTa OpJIOBCKOIO BYJIKAHUYECKOTO OIS
C TIPOSABIICHHEM IUIMOLIEHOBOM CTPYKTYPHOM Tepe-
CTpOMKM KOpbl B 3amyroBod CaxannH-XOKKai-
N0-SIMOHOMOpPCKOW 30HE TOpsiYed TPAHCTEHCHH
MIperoaraeT miaBlieHle MaTepuana Mpy ornpese-
nstoniel poiau aedopmalii KOpbl, KOTOpPbIE pe3-
KO 0003HAYMJIM KOHTPACT YTOHEHHOW KOphl FHOXk-
Ho-Tarapckoro 6acceiina ¢ 6ojee MOIIIHOM KOpoit
Ha €ro CEeBEpO-BOCTOYHOM 3aMbIKaHMU. TpynHO
cebe mpencTaBUTb, YTOOBI CTpys 0a3aJbTOBOTO
U aHJEe3UTOBOIO pacijiaBa OTAeNnIach B Hayajie
IUTMOLIEHA OT c190a, pacIoioKEHHOTO MO, HOXK-
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HbIM CaxaquHOM B MEPEXOJHOM CJI0€ MaHTHH
Ha nyouHe okoino 600-650 kM U TOYHO monana
B CTPYKTypHOE 3aMbIkaHHe OacceiiHa, a 3aTeM
3[IECh K€ MONy4ymnia 0oJiee CHIbHBIN agaKUTOIO-
IOOHBII T€OXUMHUYECKIUI aKI[EHT.

W3 npuBeneHHBIX JaHHBIX CIEAYET, YTO OKO-
70 5—4 MJIH J.H. KOHIICHTPUPOBAHHBINA TEIJIOBOM
3¢ eKT BbI3BAT BHYTPUILUIMTHOE TJIABICHUE MaH-
TUHHOTO Marepualia, U3BEPrHYyTOr0 Ha 3€MHYIO
HOBEPXHOCTh C OOpa30BaHMEM H3OMETPUYHOIO
OazanbroBOro apeana. B ero cesepHoill M LieH-
TpaJbHOM yacTAX B 3TO BpeMs Hayajach reHepa-
IUs aIAKUTONIOIOOHBIX aHJIE3UTOBBIX PACIUIABOB
C IIPOSIBJICHUEM OPOT€HHOM crien()UKHU KOMIIOHEH-
TOB MCTOYHHUKOB, a Ha pyOexe IUIMOLIEHA U KBap-
Tepa, OKOJIO 2.6 MITH JI.H., CO3/IaJIUCh YCIOBHS JIsI
TeHEepaIy JIAIUTOBBIX alaKUTONONOOHBIX pac-
MJ1aBOB 3KCTPY3uBOB OpiioBa u Nuapa. OpHoBpe-
MEHHO BYJKAHHU3M DPAaCHpPOCTPAHUICA K BOCTOKY,
3a TpeAenbl PaHHEIUTMOLIEHOBOTO 0a3ajlbTOBOTO
apeana c rerepauueit MeHee auddepeHpoBaH-
HBIX aJaKUTOIOJOOHBIX aHJE3UTOB JKCTPY3HMBA
Kpacnoga. [larutoBsie axctpy3uu Opnosa u Mya-
pa KOHTPOJMPOBAJINCH PAHHEIJIMOLIEHOBOM Te-
IUIOBOM aHOManuel 0a3ajabTOBOTO IMOJIS, a aHJe-
3UTOBast FKCTPy3us KpacHOBa nomyunsia pa3BuTie
3a ee mpexaeramu. OOmas roMoapoMHas cCMeHa
BynKaHH3Ma OpIIOBCKOTO TOJSI  OTHOCUTEIHHBIM
YMEHbLIEHHEM 00bEMOB U3BEPTHYTOI0 MaTepuasa
CBHUJIETEIILCTBYET O T'€Hepaluy aJaKUTOIOI00HBIX
pacmiaBoB B YCJIOBUAX IOCIEI0BATEIbHOIO CHU-
KEHUS TeMJI0Coep KaHusl TNTyOMHHBIX MPOLIECCOB
Ha (DOHE TPOTPECCUPYIOIIETO CXKATUS KOPBI, KO-
TOpPOE€ MPHUBEJIO K MPEKPALICHUIO BYJKaHUYECKOM
nesTenbHOCTU. ba3abToBbIi apean oOpa3oBaics
IpU PAHHEIUTMOIICHOBOM DPACTSHKEHUHU KOPBI, aH-
JIC3UTOBBIE U JAIUTOBBIC SKCTPY3UU — MPH MO3/I-
HETUIMOLIEHOBOM HAJIOKEHUH CXKaTusl, 00eCrieunB-
IIET0 OTHOCHUTEJILHOE COKPALICHUE BBIXOI0B Marm
C CO3JJaHHMEM YCJIOBUH JUISl TPOHUKHOBEHHS Marm
0 pa3pbIBaM KOPBI, paCpOCTPAHSABIIMMCS B BOC-
TOYHOM HaIlpaBJICHUH.

3akiaroueHue

ApnakurononoOHas reoxuMudeckas crerudu-
Ka aHJC3UTOB W JIAIUTOB (BHICOKHUE OTHOIICHWUS
St/Y npu HU3KOM KOHIIEHTparuK Y ), BbISIBICHHAS
Ha OpnoBckoM BylikaHn4yeckoM mojie o. Caxa-
JINH, 0003HAYaeT IUIMOLIEHOBEIN I'e€OXUMUYECKHH
aKIEHT B 00JacTH TMPOCTPAHCTBEHHOTO IMEPEXO0-
Jla OT HaJACyOAYKIIMOHHOTO (OPOTE€HHOTO) OJIUTO-
[IEH-PAaHHEMHOIIEHOBOTO BYJIKaHU3Ma UYeXOBCKOM
30HBI K BHYTPUIUIUTHOMY CPEITHEMHOIICHOBOMY—
TUTMOIIEHOBOMY BYJIKaHU3MY JIecoropckoil 30HBI.
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OTH TeoIoTHYeCcKHe yCIOBUs OTIIMYAIOTCS OT 00-
CTaHOBOK, B KOTOPBIX aJaKMTOBAsI TE€OXUMHUECKAS
crienuQuKa MposBISIETCS B pe3yJIbTaTe IIaBICHHS
BEPXHUX YaCTEH MOJIOMBIX CIIPOOB OCTPOBHBIX JIYT.

Mps1 oOpamaeM BHHMaHue Ha TO, 4To (Gu-
HAJTBHBIN aIaAKUTONOAO0HBINH akIleHT OpPIO0BCKOTO
TMOJISl COTIPOBOXK/IAJ CaXalMHCKYIO (ha3y ckiaaya-
TOCTH, COBIIABUIYIO 10 BPEMEHH C 00IIel mepe-
CTpOMKON SMOHCKON OCTPOBOAYKHOW CHCTEMBI
5—2 MIJIH J1.H., IOCJ€ KOTOPOl B OCTPOBHOM Jayre

Cnmcok aureparypsbl

Aszuu. Bnamusoctok: JIBO PAH, 238 c.

Hayxa, 95 c.

0w AH, 390(1): 90-95.
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CEBEpPO-BOCTOYHON SNMOHMM HayaIUCh aHAE3UTO-
BbI€ U3BeprkeHus, a B CaxanuH-Xokkaiino-AmoHo-
MOPCKOW 30H€ ropsiueil TPAaHCTEHCUU BYJIKAHU3M
npekpatmics. COOTBETCTBEHHO, MBI CBSI3bIBAEM
alaKUTOIIOJO0OHBIN aKIEHT ¢ TEKTOHUYECKON Te-
Hepaluel MarMaTHYeCcKNX PacIijlaBOB B 00JacTH
KOPOBO-MaHTHIHOTO TTepexo/ia B 00CTaHOBKE pe3-
KOTO YBEJTMYEHUS TOJIIIMHBI KOPHI HA CEBEPO-BOC-
TOYHOM CTPYKTYypHOM 3ambikanuu FOxHo-Tarap-
cKoro Oacceiina.
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['eonoruyeckoe pazpurue
ceBepHoi yacti CpennHHO-Kypuibckoro nporuda
10 JIaHHBIM CeicMOdaIaaIbHOTO aHAIN3a

© 2021 B. B. Kueynes*, A. B. Kueynes

Poczeonoaus, AO «[anemopnegpmezeopusuxay, FOxcrno-Caxanunck, Poccus

*E-mail: zhvw@dmng.ru

Pe3rome. Ilo pesynpratam celicMoganuaibHOIO aHajiu3a IOCTPOCHA MOAENb I'€OJIOTHUECKOIO Pa3BUTHSA
MEXIYroBoro OacceiliHa, SIBISIOIIETOCS CEBEPO-BOCTOYHBIM OKoH4aHHeM CpenuHHO-Kypuibsckoro nmporu-
0a, pacmonokKeHHOr0 Ha KOHTHHEHTaldbHOM ckiloHe Kypuio-Kamuarckoro sxemoba. CeificModannanbHbINR
aHaJIM3 BIEPBBIC IPUMEHEH IS OIPEeIICHUs YCIOBUM 0CaKOHAKOIUICHUs B INTyOOKOBOAHOM kenobe. Oc-
HOBOH I Hero nociyxmin ceiicmuaeckne nanasie MOB-OI'T, monmyaennsie AO «/lansmopuedTereodu-
3uka» B 2014 . CormacHo pe3ynbTaraM MOAETHpOBaHHSA, POpMHUpOBaHHE OacceliHa Hadajoch B MO3/IHE-
MEJIOBO€E BPEMsSI U NMPOUCXOJWIO B HECKONBKO 3TanoB. [lepBoHauasbHOE MOTpyKEHNUE JIOKAIBHOIO yyacTKa
KOPBI 3apOosKAarolerocs 6acceiitHa CMEHUIIOCH MOCIEAYIOIIMM €ro OTAEIEHHEM OT IPHIIETAIOINX AKBaTOPHHA
Oxotckoro Mopsi 1 THXOTO OKeaHa TIOCPEACTBOM 00paMIICHHS IT0 BCEMY KOHTYPY Pa3IMYHBIMH BYJIKaHHYE-
cKuMH oOpa3oBaHusiMH. Ha 3aBepiuaromiem 3Tare B ONUIOLEH-CPEIHEMUOLIEHOBBIM IEPHO BPEMEHH IIPO-
M301LUI0 CIUSIHKE aKBAaTOPUH Oacceiina ¢ akBaropueld THXOro okeaHa BCIEACTBHE MOTPYKEHUS U 3aTOIIICHUS
BYJIKaHUYECKUX MOCTPOEK BOCTOYHOrO oOpamieHus Oacceiina. JlaHHOe MOrpykeHHe HalpsMYyIO CBSI3aHO C
100aJIBHBIMH TTPOIIECCaMU, COIYTCTBYIOIIMMU 3apokaeHuio Kypuino-Kamuarckoro riy00KoBOIHOTO kKeo-
0a, — HOrpyKeHHUEM KOpPbI BIIOJIb JIMHUHU TajbBETra, CONPOBOXKIAIOIINMCS YBEINUEHUEM YIVIa HAKJIOHA €ro
6oproB. CrenaH BBIBOA O BPEMEHH 3apOXKACHUS Keao0a, OPUEHTHPOBOYHO COOTBETCTBYIOIIEM T'PaHHLE
OJIUTOLIEH — CPETHUI MUOIIEH.

KuroueBnie cioBa: Kypuno-Kamuarckuii riry0okoBoaHbI#H jken00, Cpeauano-Kypunbckuii mporud, reosio-
TUYIECKOE pa3BUTHE, CeHcMOpa3Beka, ceiicModaluanbHbIA aHATN3

Geological evolution of the northern
Mid Kuril trough based on seismic facies analysis

Viadimir V. Zhigulev*, Alexander V. Zhigulev

Rosgeo, Dalmorneftegeophysica JSC, Yuzhno-Sakhalinsk, Russia
*E-mail: zhvv@dmng.ru

Abstract. The model of geological evolution of an interarc basin, which is the north-east ending of Mid Kuril
trough located on the continental slope of Kuril-Kamchatka trench, was constructed. Seismic facies analysis
was first applied to define sedimentation conditions in a deep water trench. The analysis was based on the
2D CDP reflection seismic data obtained by Dalmorneftegeophysica JSC in 2014. According to the modeling
results, the basin began to form in the Late Cretaceous and passed several stages. Initial subsidence of a lo-
cal crust area of the incipient basin changed over to its further separation from the adjacent waters of the
Sea of Okhotsk and Pacific Ocean by various volcanic formations framing its contour. The basin waters and
the Pacific Ocean waters merged as a result of subsidence and submersion of volcanic structures on the east
basin framing at the final stage during the Oligocene-Middle Miocene. This subsidence is directly related to
the global processes associated with Kuril-Kamchatka ocean trench appearance such as inherent crust subsid-
ence along valley bottom line accompanied by increase in inclination angle of its flanks. It was concluded that
the trench origination time approximately corresponds to the Oligocene-Middle Miocene boundary.

Keywords: Kuril-Kamchatka ocean trench, Mid Kuril trough, geological evolution, seismic survey, seismic
facies analysis
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baarogapHocTn

ABTOpBI BBIPKAIOT NPU3HATEIBHOCTH TPYIIIE TEO0-
JIOTUYECKOH CIY>KOBI TIOA PYKOBOACTBOM BEIYIIETO
reojiora F0.B. Pribaka-®panko 3a 1r00e3HO mpemno-
CTAaBJICHHBIC JAaHHBIC Te0JIOTUYECKON HUHTCPIPCTALUH.
ABTOpHI OJTarofapHbl pelieH3eHTaM 32 BHUMATEIBHOE,
3aWHTEPECOBAaHHOE OTHOIIEHHE K PYKOIMCH M KOH-
CTPYKTHBHBIE 3aMEUaHUs.

BBenenue

I'myGokoBoHBIE Keno0a Kak 30HbI KOHBEp-
TeHIIMU TEKTOHMYECKHUX ILTUT SIBISIFOTCS OOBEK-
TOM TPUCTAJIHLHOTO BHUMAaHHS HCCIeloBaTenei,
MOCKOJIBKY pEIlIeHHne BOMpoca MX 00pa3oBaHUA
U SBOJIIOLIMU J1a€T BO3MOXKHOCTH HPUOIHU3UTHCA
K TMTOHUMaHUIO0 OOIIel reolMHaMUYECKON CHTYya-
MU B 30HE TEpPeXoia OKeaH—KOHTHUHEHT. B wacT-
HoctHu, uzydeHue Kypuio-Kamuarckoro xenoba
Pa3IUYHBIMH TEO0JIOTO-Te0(hU3MIECKIMH METO/Ia-
MU TPOBOAMUTCS C MEPBOM MOJOBUHBI MPOIILJIOTO
Beka. Hambonee 3HauuTeNbHBIE PE3YNBTATHl UC-
CJIeIOBaHU TpeAcTaBieHbl B pabotax [bamaku-
Ha, 1995; BacunbeB u np., 1979; 'HubuneHko,
1987; T'eonoro-reodusnveckuii amiac... , 1987;
Jlomtes, 1989; Jlomtes, Ilarpukees, 1985, 2006;
CepreeB, 1976; TapakanoB, 2004; TexroHuka
U YIIeBOAOPOAHBIN moTeHual... , 2004; Texro-
Huka Kypuno-Kamuarckoro... , 1980; Tuxonos
u ap., 2008].

HecmoTpst Ha OrpomHbIi 00BEM NPOBEICH-
HBIX MCCJIEJIOBAaHUH, Yy CIIELIUAIMCTOB HET €JIMHO-
IO MHEHHSI OTHOCUTEIILHO BPEMEHHU 3apOKICHUS
xKenoba, OHO BapbUPYET OT IOpbI—MeNa 10 TIek-
croneH-rojoneHa. Tak, cormacHo K.®. Cepre-
eBy [1976], 3amoxeHue COBPEMEHHON CTPYKTY-
pel  Kypuno-Kamuarckoro >xenoba mpou3onuio
B KOHIIE MEJIOBOIO — Hayaje MajJeoreHoBOro Ie-
puona, npu 3ToM 30Ha bosbmon Kypuiibckoin
Tpsiibl HA TPOTSKEHUH BCErO MaJeOreHOBOTO
Meproia TMPEACTaBsiIa CO0OW YacTh €IMHOTO
MaccuBa CyIM, 3aHUMABILIErO BCIO AaKBAaTOPHUIO
OXOTCKOro MOpsi, W JIMIIb B PAaHHEM MHOILICHE
(mpumepHo 23 MITH JIeT Ha3aj) Obljla BOBJICYCHA
B MHTEHCUBHOE Mporudanue, cGpopMupoBaBIlce
CTPYKTYpY cOBpeMeHHOro xenoba. [lo MHeHuto
I'C. T'uubunenko [1987], 3anoxenue mopdo-
CTPYKTYphl IJIyOOKOBOJHOTO 3kejo0a Hayanioch
B MaJieoTeHe, a HaYMHasl ¢ MHUOLIeHa (23 MIIH JeT
Hazaa) obpazoBanuck HOxHO-Kypunsckuit u Ce-
Bepo-Kypuiibckuii mporu0Obl B BUIEC €TUHON 30HBI
OCAJIKOHAKOIJIEHUS, U TOJIbKO B TO3JHEM ILIHO-
ueH-mieicrouene (1.8 muH et Hazan) chopmu-
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poBasiack OM3Kas K COBPEMEHHBIM OYEpTaHUSIM
mopdoctpykrypa Kypuno-Kamuarckoro rmiry6o-
KoBoHOTO kenoba. B.JI. Jlomtes [2012] onpene-
JSIeT BpeMs 3aJI0KEeHHUs jKesioba CpeHUM IuIeH-
croreroM (0.5—1 miH et Hazam).

OueBUIHO, YTO MPH OTCYTCTBHM KOHCEHCYCa
[0 JAaHHOMY BOIPOCY HEBO3MOXHO MPEICTaBUTh
o0I1yI0 MOZENb T'€0JOTMYECKOro Pa3BUTHUS IIy-
O6okoBogHOro *xenoba. llenapto Hameil paboThI
ABJISIETCS YCTAHOBUTH Haubosiee OJIM3KOE K BO3-
MOXHOMY Bpems 3apoxzacHus Kypwuio-Kamuar-
CKoro >xenoba. Jlnms pemieHus STOH TpoOIeMBI
MCIIOJIb30BaHbl OPUTHHAJIBHBIE PE3YJbTAThl CElC-
Mo(armanbHOro aHajau3a, HOJTy4YEeHHbIE Ha OJTHOM
U3 KJIIOYEBBIX YYaCTKOB JAHHOTO jKeoba — B ce-
BEPO-BOCTOYHOM 4YacTH €ro KOHTHHEHTAJIbHOI'O
CKJIOHA. Pe3ynbprarhl MOCITYKWJIN OCHOBOM JUIS
HOCTPOEHUSI MOJIENIM TEOJOIMYECKOr0 pa3BUTHS
JTAHHOTO y4YacTKa, KOTOpasi, B KOHEYHOM MHTOTE,
MOYKET CIIOCOOCTBOBATH OLIEHKE BPEMEHH 3apOXK-
JIEHUSI UCCIEyEMOr0 y4acTKa U, COOTBETCTBEH-
HO, Bcero Kypmio-Kamuarckoro sxeno6a. Paiion
UCCJIEJIOBAHUN OXBaThIBa€T AaKBATOPUIO OT IOTO-
BOoCcTOYHOTO nobepexbs CeBepHbix Kypui u rox-
HoM KaMuarku, ¢ OIHON CTOpPOHBI, 1O TajbBEra
xenoba — ¢ APYroM, U BKIIOYAeT B ceOs MEXay-
roBoii O6acceiiH Ha ceBepO-BOCTOYHOM OKOHYAHUU
Cpenunno-Kypunbckoro nporuda (puc. 1).

OcHoBo¥ 1151 IpOBEICHUSI ceiicModalinanbHO-
r0 aHaJIu3a MOCIYKUIN CEHCMHYECKUE KOMILIEK-
cel (CK), BblOeneHHbIE IPYNIONW I'€0J0rHMYECKOM
cyx0sl  AO  «JlaneMopHedTereopu3nkay Moz
pykoBozactBom FO.B. Pribaka-®panko [Prroak-
®panko u zp., 2019] B pesynsrare HHTEPIPETALUU
ceiicMuyeckux paspe3oB MOB-OI'T, BblnonHen-
HbIX B 2014 r.: BepxHuit Mes(?)-cpenHe’OleHOBbIH,
CpeIHEI0LEeH-HIKHEMHOLICHOBBIH,  HU)KHE-Cpel-
HEMHUOIICHOBBIM, CpEeIHE-BEPXHEMHOILICHOBBI U
IJIMOLICH-YETBEPTUYHBINA. B cTarbe Mcnoib30BaHbl
nepsble yeTelpe. [Ipumep reosornyeckor MHTEp-
NpeTaltH C BbIJICJICHHBIMUA CECMUYECKUMHU TOpU-
3oaTamu 1 CK npezncrasnen Ha ¢pparmenTe paspesa
npoduist 09 (puc. 2).
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Puc. 1. O630pHas cxema paiioHa paboT ¢ CEHCMHUYCCKUMHE TPOGUIIIMH.
Fig. 1. Survey area and seismic lines layout.

Puc. 2. ®parMeHT BpEeMEHHOTO paspesa ¢ I'eoJIoTHYecKod mHTepmperarueii (mo: [Peidak-®panko u nap., 2019]).
Hudps! B kpyKKax — HOMEp CEHCMHYECKOTO TOPU30HTA. B mpsiMoyTonbHIKaX 0003HAUCH BO3PACT CEHCMUYIECKIX KOMITICK-
coB. @a — akycTudyeckuii GyHIaMEHT.

Fig. 2. A fragment of a time section with a geological interpretation (according to [Rybak-Franko et al., 2019]. The digits in
circles are the numbers of a seismic horizon. Age of the seismic complexes is given in the rectangles. ®a —acoustic foundation.
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CeiicModaruanbHbIi aHATH3, OCHOBaHHBIN Ha
oTIpe/IeTICHUH 0OCTAaHOBKH OCaIKOHAKOTIJICHHUS TI0
XapaKTePHBIM OCOOCHHOCTSM CEUCMUYECKUX OT-
paxenuii [[epudd u ap., 1987; Sangree et al.,
1979; Roksandic, 1978; Paturet, 1971; Valil et al.,
1977], BBINOJHAJICSA 1O KaXJA0MY U3 BbIJICJICHHBIX
CK. B npenenax onpeneneHHON 10U BEPOSTHO-
CTHU OIICHHMBAJICS BO3MOKHBIM JTUTOIOTHYECKUHM
COCTaB OCaJ0YHBIX 0OpazoBanuii. Ocoboe BHU-
MaHHE YACJISIIOCh OIICHKE TEKTOHMYECKOW W TH-
JPOIHEPTETHUECKO OOCTAaHOBOK, COIPOBOXKIA-
FOIIUX MPOLIECCHl 0CATKOHAKOIUICHUS, TTOCKOIBKY
WHTEHCUBHOCTH MX MPOSIBIICHUSI B BUJE IU3bIOH-
KTUBHBIX JUCJIOKAIMi B IEPBOM CIIy4yae U B BUJE
MOBOAHBIX BIOJIHOEPETOBBIX MPUIUBHO-OTIHB-
HBIX TEUEHUH U TPUOOIHO-BOIHOBOHN JAESTEINb-
HOCTH BO BTOPOM OKa3bIBAE€T HEMOCPEICTBEHHOE
BJIMSTHAE HA COCTaB, CTETICHh COPTUPOBKHU U M-
(dbepeHIMany 0CaA0YHOr0 Marepuana mpu Qop-
MHUPOBAaHUU CTPATU(UIUPOBAHHOTO pa3pesa.

MeToauka BbleeHUus celicModanuii

CeilicModann Ha CEeWCMUYECKOM paspese
BBIICTISUTMCh MO KHHEMaTHYECKHUM W JUHAMU-
YECKUM XapaKTePUCTUKAM OTPAKEHHBIX BOJH
(OB). OcHOBHBIM KpHUTEpPHEM BBIACICHUS M0 KH-
HEMATHYECKUM TapamMeTpaM CIy)KWia KoH(U-
rypamusi CeMCMHYECKUX TOPU30HTOB, a MO JU-
HAMUYECKUM — Tpylna OTPaXeHUH C MPUMEPHO
WUJCHTUYHBIM HAa0OpOM BOJHOBBIX IapaMETPOB.
K mocnennuM OTHOCSTCS: aMIUTMTYQHO-4aCTOT-
HbIe ¥ (ha30BbIC XapaKTCPUCTUKN CUTHAIIOB, TIPO-
TSHKEHHOCTh M CTENEHb KOPPENSIUUA OTPaKeHUH,
WHTEHCUBHOCTH (hoHA nupaKiiu, BOIHOBAS WH-
TepdepeHIs U AUCTIePCUOHHBINH (GoH. [TTaBHBIM
(dbakTopoM, OMpeAeAIONINM JIUHAMUKY TpaHC-
TPECCUBHO-PETPECCUBHBIX TPOIIECCOB, SBISIACH
KHHEMaTHKa OTPaXaroIIUX Topu3oHTOB. OCHOB-
HbIM TPU3HAKOM OTHOCHUTEIHHOTO MOBBIIICHUS
YPOBHS MOpsI Ha ceficMopa3pe3ax CYUTaIoCh I0-
JolIBeHHOE Haneranue. [Ipu3sHakom nocreneHHo-
TO TIOHIDKEHUS YPOBHS MOPS CIYXKHJIO KPOBEIb-
HOE TpUJIETaHUE OTPAKEHUH K MepeKpHIBAIOIICH
MOBEPXHOCTH HECOMIacHusi, TOrna Kak pe3Koe
OITyCKaHUE YPOBHS MOPS OIPENEISUIOCH CIBUTOM
IJ1aCTOB, 00pA3yIOIIKX MMOIOIIBEHHOE HaJleTaHue,
B TIPOTHBOIIOJIOKHOM OT Oepera HalpaBIICHUU.
[MapannensHbie OTpaskeHUS MPEIoIaraal paBHO-
MEpHOE 0CaJKOHAKOIUICHUE Ha HEMTOBUKHOMN WU
PaBHOMEPHO OITyCKAIOMICHCS MOBEPXHOCTH, TOT-
Jla KaK pacxoJsIIuecs: OTPaXKeHUs yKa3bIBalld Ha
pa3nuyre B CKOPOCTH OCATKOHAKOIUICHHS B pa3-
HBIX Y4YacTKaX WM Ha MOCTETEHHOE YBEIUYCHHE
HAaKJIOHA TOBEPXHOCTU OCA/IKOHAKOTIJICHUSI.
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I'eomeTpust oTpa)karIIUX TOPU30HTOB TAKKE
WCIIOJIB30BAJIACh IPU PACIIO3HABAHUM KOHYCOB
BBIHOCA U MOJIBOJIHBIX HIIEH(POB. DTH CTPYKTYPHI,
KpOME BEepoOOpa3HO PACXOASAIIMXCS B Harpas-
JIEHUM aKBaTOPUU TOPU3O0HTOB, IOAPA3yMEBAIOT
HaJM4Me B HUKHEH YacTH 3JIEMEHTOB MOJOIIBEH-
HOTO IMPWJIETaHHs, @ B HEKOTOPBIX CIydasx dJe-
MEHTOB 3PO3MOHHOI0 cpe3a BOIMM3M KpoBiu. s
OLICHKH YpOBHSI MHTEHCUBHOCTH TEKTOHMUYECKOU
Y THJIPO3HEPIETUYECKON IEATENBHOCTU INIAaBHBIM
00pa3oM HCIONIB30BAJNCh AMILTUTYIHO-4aCTOT-
Hele xapaktepuctuku OB, ycroitumBOCTH (a-
30BOI KOppENsLMU U CTENEHb JAUCIIEPCUH OTpa-
YKEHHBIX CUTHAJIOB. [IpoTsykeHHbIE, TUHAMUYECKU
BBIPAKCHHBIE OTPaXKaroLI1e TOPU30HTHI C YBEPEH-
HOM (ha30BOIl KOppemnslueil U OTCYyTCTBHEM AU -
PAKIIMOHHBIX ITOMEX B CEHCMHUYECKOM BOJHOBOM
10JIE€ CBUJIETENILCTBOBAIM O BBICOKOM YPOBHE I'i-
JPOIHEPTETHUECKON ACSITEILHOCTH B OacceiHax
aKBaTOpUH, 00YCIIOBICHHOM JieiicTBUEM BIOJIL0E-
PEroOBbIX MPWIMBHO-OTJIMBHBIX T€UEHUH. XaOTHU-
YEeCKHE K€ OTPaKeHHsI TOBOPAT 00 OTHOCHUTEIb-
HO BBICOKOM 00111el SHEpreTUYeCcKoi 00CTaHOBKE
paiioHa, KOTOpasi MOJApa3syMEBaeT WHTEHCUBHYIO
TEKTOHO-BYJIKAHUYECKYIO JI€ATENBHOCT, COIPO-
BOXKJIAIOIIYIOCSI TMTOJIBOAHBIMHU OMOJ3HAMH, MY-
THEBBIMH TOTOKaMU U TNPUOOHHO-BOIHOBBIMU
IIPOLIECCaMU Ha MEIKOBOBE.

WHTepBan 3anucH MOJHOTO OTCYTCTBHSI KOp-
peNUpPyEeMbIX OTPAKEHUH M OCIA0IECHHOTO IO
nuparupoBaHHBIX BOJH YBS3BIBAJICS C OTIIOXKE-
HUSMHM OJHOPOJHOIO JINTOJIOTMYECKOIO COCTaBa,
c(hopMUPOBaHHBIMU B OTHOCUTEIBHO CIIOKOMHOM
PHEpPreTHUecKod oOcTaHoBKe. B To e Bpewms
pa3IuyYHbIE 110 JINTOJOTMYECKOMY COCTaBy OT-
JOXKEeHUs, CPOPMHUPOBABIIHMECS B HHU3KOIHEpre-
THYECKOH OOCTAHOBKE, B CEMCMHYECKOM BOJIHO-
BOM II0JI€ OTOOpaXalucCh CIa00AMILTUTYIHBIMU
IIPOTSKEHHBIMU OTPAKEHUSIMHU C HEYCTOMYMBOU
¢a3oBoil Koppensuuedl NmpU pacIIUpPEeHHOM 4Ya-
CTOTHOM JHUara3oHe U MOBBIIIEHHOM (poHe Aud-
parupoBaHHBIX BOJIH. BylkaHOreHHO-OCa104HbIE
OTJIOKEHHSI Ha BOJHOBOM KapTHUHE MPOSBISIHCH
xapakrepoM 3anucu. Hampumep, j1aBoBble MOTO-
KU CBSI3aHBI C BOJIHOOOPA3HBIMU IPEPHIBUCTHIMU
Pa3HOAMILIUTYAHBIMA OTPAKEHUSMU MPU 3HAYU-
TeabHOM (poHe AUpaKIMOHHBIX MTOMeX. BHyTpu
9THUX O0O0pa30BaHUM, KaK MPaBUIIO, MPOUCXOTUT
3HAYUTEIbHOE NOMIOUIEHUE HSHEPTUM CceiicMu-
YECKMX BOJIH, IIPUBOJALLEE K CYIIECTBEHHOMY
0CJIa0NIEHUIO AaMIUTUTY/IbI CUTHAJIOB, OTPAKEHHBIX
OT HWKE 3aJieralommx nopojd. Bynkanudeckuit
neneJ, Huieid KOToporo MOXKeT paclpoCTpaHsITh-
Csl Ha 3HAUUTEJbHBIE PACCTOSHUS OT MECTa U3BEp-
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JKEHUs, B YCIIOBUAX CIIOKOMHOM TMAPOIHEPIeTUKU
00pa3zyeT TOHKOCIOWCTBIA CHIIBHO CTpaTU(UIH-
POBaHHBIN pa3pe3, KOTOPbIM HAa CEHCMHYECKON
3aIMCH OMpeesieTCs MPOTSHKEHHBIMU, YBEPEHHO
KOppEJIUPYEMbIMU MHOTO(a30BbIMU BBICOKOAM-
IUIUTYIHBIMU OTPAKCHUSIMHU.

Ocanounblit 4exos, cOpMUPOBAHHBIN B TITY-
OO0KOBOJHOM OacceiiHe BOaJM OT HCTOYHUKOB
CHOCA, B YCIIOBUSIX HU3KOW THAPOIHEPTETUKH Xa-
paKkTepU3yeTCsl OYeHb CJIa00 TWHAMHUKOW 3aIlv-
CH NIPAKTHUYECKU HEKOPPETUPYEMBIX OTpPAKECHUI.
[Ipu BechbMa 3HAUUTENBHOM YIAJCHUH OT MCTOY-
HUKa CHOCA, HallpMep B OKEaHWYECKOH abucca-
I, TIeJIarnYecKre OCaJKN CTAHOBSITCS HACTOJIBKO
OJTHOPOIHBIMH, YTO BHYTPH C(HOPMHUPOBAHHOM
MMM TOJIIIM UCUE3AI0T YCIOBUSA AJIsi 00pa30BaHUA
OTpaKEHHBIX CHUTHAJIOB (OTCYTCTBYET auddepeH-
[Uanys M0 CKOPOCTHBIM M TUIOTHOCTHBIM Mapa-
meTpam). [losToMy Ha ceilicMUYecKOM paspese
OHM IpEe/ICTaBJICHbI B BUJE UHTEPBAJIa 3aI1CH, HE
UMEIOILEr0 JMHAMHYECKU BBIPA)KEHHON BOJIHO-
BOM KapTHHBI (aKyCTUYESCKH MPO3pavHast TOJIIIA).

OnHUM M3 KITIOUYEBBIX MOMEHTOB TpHU (arm-
albHOM aHalu3e SIBJSETCS OIpeleleHue TTyOou-
HBI MODSI, IPH KOTOPOH MPOUCXOAMIO (GOPMUPO-
BaHUE 0CaJ04YHOro yexisa. IMeHHO 3TOT mporecc
BBbI3bIBA€T HauOOJIbIIIEE 3aTPYIHEHUE, TOCKOIbKY
HEOOXOIMMO YUUTHIBATh, YTO TUIICOMETPUIECKHMA
YPOBEHb COBPEMEHHOT'O TMOJOKEHHSI TOPU30HTOB
CK He sBisieTcs mokasaresieM IIIyOMHBI MOpPsI Ha
nepuos; ux (HOpPMHUPOBAHHUSA, TaK Kak IOCIEHY-
IOIME TeOJIOTUYECKUE MpoIecchl (B BUAE Bep-
TUKaJbHBIX JUCIOKAIMil) MOTIYT CYyIIECTBEHHO
M3MEHUTH 3TOT ypOoBeHb. BeneacTBue 3Toro opu-
SHTHPOBOYHAs OIIEHKa IajeorTyOuHbl OacceiiHa
CTAHOBUTCSI BO3MOYKHOM TOJIBKO OIIOCPEIOBAHHO,
C UCIOJBb30BaHUEM JaHHBIX MO OO0IIeH MOIIHO-
CTH 0ca/iouHoro uyexyua. [Ipu koMrneHcupoBaHHOM
0CaJIOYHOM 3aIlOJIHEHUU OacceiiHa, IpU yCIOBUU
JIOCTaTOYHOW yIaJl€HHOCTU OT MHTEHCHUBHBIX HC-
TOYHUKOB CHOCA U OTHOCHUTEIBHO PAaBHOMEPHOIO
OCaJIKOHAKOIUJICHHs, MOXHO TpeAronararb Ha-
JMYHE ONPENECIIEHHON 3aBUCHMOCTH MEXIy Iy-
O6uHol OaccelfHa M MOIIHOCTBIO €r0 0CaI0YHOTO
yexsa. lJi1 OpueHTUPOBOYHOTO ONPENEICHHUS 10-
noxenust O6atnanu B kaxaom CK mpumensiach
MOIIIHOCTh OCAJOYHBIX OTIOKEHUN MPUOIU3U-
TenbHO Oonee 750 M, a MOBEPXHOCTH HMKHEH
cybnuropanu — nopsiaka 250 m.

Pe3ynbrarsl un 00cyx1eHne

B pesynbrare ceificModanuaibHOTO aHaau3a
BbIJIeJIeHBl (anuy OaThaau, HWKHEH M BepxXHeH
cyonuropany. OnpeneneHsl CTPYKTypbl KOHYCOB

BBIHOCA, TOJABOAHBIX LUICH(OB, y4acTKH Kpo-
BEJIBbHOTO W TMOJOIIBEHHOTO MpWJIETaHus, Io-
JIOLIBEHHOTO HaJIETaHMsl, 3PO3UOHHBIX CpPE30B
Y 30HBI OTCYTCTBUS OCAJKOHAKOIIJIEHUS, HA KOTO-
PBIX 0CcaIko0Opa3oBaHUE HE MTPOUCXOANIO BCIe -
CTBHUE UX PACIOJIOKEHHS HA TOT MOMEHT BPEMEHH
BbIIlIE YPOBHS MOps. BbIsBIEHBI ycrnoBus ocaf-
KOHAKOIUIEHUSI JUISl KaKJOro CEeWCMOKOMILIEKCa
U TIPE/ICTaBIEHBl CXEMBbI UX I€OJIOTMYECKOro pas-
BuTHA (pHc. 3).

Cxema reoJOTHYECKOTO pa3BUTHUSl OacceiiHa
BBINVISITUT CIIEAYIOIIUM 00pa3oM.

Ceticmokomniekc 5 (6epxuuil men — cpeonu
soyen) (puc. 3)

B 310 Bpems Hadanoch pa3BUTHE OCATOYHOTO
yexJja uccieayeMoil akparopuu OcaakoHaKoILIe-
HUE Ha MEJIOBOM KPHUCTAJUTMYECKOM (yHIaMEHTE
MIPOUCXOJUIIO OJAHOBPEMEHHO C WHTEHCHUBHBIMU
BYJIKAHUYECKUMHU MPOLIECCAMH.

BonHoe mpocTpaHCTBO OXBaThIBAalO MPAKTH-
YecKd BCIO Momanbr Oacceiina. Haunbonee ry-
O0okoBO/IHAs 00macTh (O6aruans) OblIa pa3duTa Ha
HECKOJIbKO JIOKAJIbHBIX YYacCTKOB, HAaWOOJBIIMMA
U3 KOTOPBIX OXBAaThIBaJ] YyTh MEHEE IOJIOBUHBI
wiomaau Oacceitna. B mopdonornyeckom minane
OH TIPEACTaBIST cOO0W TporooOpasHyro BIAIH-
HY, BBITSHYTYIO B CyOMEpHUIMOHAIBFHOM HaIlpaB-
JICHUH, MPOTSKEHHOCTHI0 10 500 KM, MIUPUHOU
He Oomnee 130 kM, oOmIel IUIOMIAJBIO MOPSIKA
53 000 kM ¥ MAaKCUMaJIBHOW ITyOMHOM LIEHTpasIb-
HOM 4YacTu OKkoJ0 3 KM. OTIOXKEHUS HMXHEHR
U BEpXHEeH CyOnuTopaiy NOKpPhIBAIA OCTABIIYIO-
Csl TJIOILAb aKBAaTOPHH.

Bynkanunyeckre mnporeccsl pa3jiuyHOM HH-
TEHCHUBHOCTH MPOSIBIIIMCH MPAKTHUYECKH TI0 BCEH
teppuropun. Ho Haubosee akTHBHBI OHU OBLITH Ha
JIBYX y4acCTKax, pacIoJIOKEHHBIX Ha Pa3HOM yja-
JeHnuu (B CTOPOHY OKeaHa) oT coBpemeHHOH Ce-
Bepo-Kypuibckoii rpsibl 1 BOCTOYHOTO mobepe-
xbst Kamuarku. Ha nepBom yuactke, ynajieHHOM
Ha paccrostaue mopsaka 30 kM, chopMupoBaiach
penKas enb ByJIKaHUYeCKUX o0pa3oBaHUM, Mpo-
CTUpAOIIAsCs TPUMEPHO BAOJb OCEBOM JIMHHUH
COBPEMEHHOT0 MaJOKypUJIbCKOTO  TMOIHATHUSA.
Ha Bropom, Haubosee ByJIKaHUYECKH aKTUBHOM
y4acTke, Ha ymanenuu mnopsaka 300 km, obOpa-
30Bajlach HEIpepbIBHAs BYyJKaHUYECKasl Jayra
MPUMEPHO TAKOTO K€ MPOCTUPAHUS, BBITHYTAS
B IOrO-BOCTOYHOM HAINpPaBICHUH W TPUMBIKA-
I0l[asi CBOMMH IOTO-3alaJIHBIMU U CEBEPO-BOC-
TOYHBIMH OKOHYAHMSIMH K BYJKaHUYECKOH Ienu
NepBoro yvyacrka. B pesynbrare ByJIKaHHUECKUX
MIPOLIECCOB CPOPMUPOBAIUCH KOHTYPBI 3apOrK/a-
forierocs 0acceiiHa, UMEIOIIEeTo JTMH3000pa3Hy o
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dbopMy U 0OpaMIICHHOTO BYJIKAHUYECKOU IEMbIO
IO €ro CeBepo-3anagHoMy OOPTY U HEIIPEPHIBHOM
BYJIKAHMYECKOM JTyTOi MO FOr0-BOCTOYHOMY.

K xoHIy cpemnero soreHa o0iias MOITHOCTh
0CaJIOYHOT0 YexXJia B LIEHTPaJIbHOM yacTu b6accei-
Ha nocrturia 6onee 5000 M. OCHOBHOM MCTOYHHUK
CHOCa HaxoJWjcs B pailoHe I0ro-BOCTOYHOro 00op-
Ta, HA YTO YKA3bIBAIOT HAITPaBIICHUE (POHTATHHBIX
JOyT PacMoNOXKEHHBIX 37€Ch MHOTOYMCICHHBIX
KOHYCOB BBIHOCA, & TAaK)K€ XapaKTepHbIE (OPMBI
3aJleraHysl 0Ca/I0UHbIX FOPU30HTOB y UX MOAHO-
xwust. OcalouHble TOPU30HTHI HA CEHCMOpas3pe3ax
oToOpakatloTcsi B BHUJAE MOJOIIBEHHOTO TpuUJe-
raHusi ¢ dJIEMEHTaMH KIMHOPOpPM OOKOBOTO Ha-
pamuBaHusg. MHOroO4YHCIEHHbIE KOHYChI BBIHOCA
CEBEpO-3allaJIHOT0 CKJIOHAa 00pa3oBajd CBOETO
poJia NOABOJAIIMI KaHal, 10 KOTOPOMY OCYILECT-
BJISUICSI OCHOBHOHM 00BbEM MOCTyMaromuiero B 0ac-
CeiiH ocaouHoro Marepuaia. [lockoibKy BIOJb
IOTO-BOCTOYHOTO 0OpTa MPOMCXONMIN Haubomee
WHTEHCHUBHbBIC BYJIKAHUYECKUE MPOLECCHI, MOKHO
MIPEIIONI0KUTh, YTO OCHOBHASI Macca 0CaJOYHBIX
OTJIOKEHUH OacceifHa mpeacTaBiIeHa MPOyKTaMH
BYJKaHUUYECKON JIEATETbHOCTU. 30HA CJIOUCTOTO
3aJIeTaHus OCaJO0YHBIX OTJIOXKEHUU pacroiara-
Jach TJIAaBHBIM O0Opa3oM B LIEHTPAJIbHON YacTu
Oarnamu. Ha ceiicmMopa3pe3ax oHa, Kak IpaBH-
JI0, BBIACHAETCA TOJIbKO B HrnkHeW yacth CK,
TOT/Ia KaK €ro BEPXHssl 4acTh B BOJIHOBOM IOJI€
MIpe/ICTaBICHa CIa00KOPPEIUPYyEMbIMHU, HEMpPO-
TSOKEHHBIMHM, JUHAMUYECKU HE BBIPAXKEHHBIMU
ropuszoHTaMu. M3 3TOro ciemyert, 4To 0ca0uHbIi
4YeXoJ Ha Ha4aJlbHOM dTare pa3BUTHS (HOPMUPO-
BaJiCSi B YCIOBHUSIX BBICOKOH THUIPOIHEPTETHKH.
WHTeHCcuBHBIE TOABOAHBIE TEUEHHMSI, MPOU3BOAS
COPTUPOBKY H JudPepeHIranuo 0cagodyHOro
Marepuaia, CnocooCcTBOBaIM 00pa30BAHUIO CTpa-
TuuIMpoBaHHOrO paspesa. Ha 3aBepiiatoriem
srane pa3Butuss CK pgomuHupyromiee BIUSHUE
Ha IIPOLECC 0CATKOHAKOIIJICHUS CTajla OKa3bIBaTh
BYJIKaHUUYECKasl JIeATENIbHOCTb, B PE3YJIbTaTe KO-
TOpoi chopMupoBaIach BEpXHssl TONIIA HECTpa-
TU(QHUIMPOBAHHBIX OTIIOKEHUNH. OTMEHaeTCs SIBHO
BBIpQXXCHHAs] aCUMMETPUYHOCTh B MOP(OIOTHI
Oacceiina. Ero riryOokoBomHAs 4acTh MpakTUYe-
CKHU TOJIHOCTBIO pacroyiaraeTcsi B CeBepo-3amaj-
HOM cermeHTe. C y4yeToM TOro, 4To CeBepo-3a-
najgHoe obpamieHrue OaTHaiIM BBIJICICHO BeCchMa
YCJIOBHO, TOJIBKO 110 PEKOM 1SN BYJIKAHUYECKUX
MIOCTPOEK, MPEATNOIaraeTcsi BO3MOXKHOCTb €€ IMPo-
JOJDKEHUS B IIPEIENIbl COBPEMEHHOM TEPPUTOPHUU
Oxorckoro Mmopsi. CnenoBaTelbHO, pa3BUTHE
OacceifHa Ha HAYAJIBHOM JTale MPOUCXOAUIIO
B IOr0O-BOCTOYHOM HAMpaBICHUH OT COBPEMEHHO-
ro OXoToMOpbsS B CTOPOHY OKeaHa. Pa3pbIBHBIE
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HapyEHHsI, UMEIOIUE TPEUMYILECTBEHHO cOpo-
COBBIHM XapaKTep B IICHTPAIbHON YacTu OacceiHa
U B30POCO-HAJBUTOBBIA IO OOpaMIICHHIO, IIO-
3BOJIAIOT CYIUTH O MPOCEAAHUH JIOKA KOTJIOBHHEI
IIpU OJJHOBPEMEHHOM TOIHSATUH €€ OOpPTOB.

Ceticmokomnnekc 4 (cpeOHuti 20yen — HUdIC-
Huti muoyen) (puc. 3)

K sToMy BpemMeHH B TEOJOTHYECKOM CTpO-
€HUM MPOM30LUIN CYIIECTBEHHBIE WM3MEHEHHUS.
B nepByto ouepens oOpaiaer Ha ceOsi BHUMaHHE
o0pa3oBaHHe JIByX OOIIMPHBIX YYacCTKOB HEHa-
KOIUTCHHUS ILIoNIaapi0 mopsaka 4000 km? Ha ce-
BEpO-3aragHoM oOpamiieHHH OacceiiHa U mops-
ka 12 000 km?> — Ha roro-BoctouHoM. COBMECTHO
C 3PO3UOHHBIMU 00PA30BAHUSIMU 3TU CTPYKTYPHI
HOCIIY’)KUJIM CBOETO poAa OapbepHBIM OIpax-
JICHUEM, MPAKTHUECKU H30JIUPYIOIUM Oacceiln
0T ocTajbHOU akBaropuu. [Tnomans 6aTranu yse-
anumiiack 10 58 000 kM2, B OCHOBHOM 3a CYET €€
pacrpocTpaHeHus B I0T0-3aI1aJHOM HalpaBICHUN
B pe3ynbTare CIUSHUSA B €IMHBIA MAacCHB C TaKu-
MU ke Oonee MekumMu oOpazoBaHusiMu. O6 dToM
CBUJIETENLCTBYIOT MHOTOUYHCIICHHbIE KOHYCHI BbI-
HOCA, CKOHIICHTPHUPOBAHHBIEC BIOJIb FOTO-BOCTOY-
HOTO CKJIOHA BOJIM3U BYJKaHHMUECKUX ITOCTPOCK.

Pa3BuTHe ocamouyHOro uexiia MPOUCXOTUIO
B pa3IMYHBIX DHEPreTUYeCKUx ycioBusax. Hau-
Oosiee BbICOKAasi dHEPreTUKa MPOSBUIIACH B CEBE-
PO-BOCTOYHOM CEIMEHTE IpH (HOPMHUPOBAHUU
OTIOKEHUU cybnuropanu. OTCyTCTBHE Ha Ceic-
Mopa3pe3ax MPOTSKEHHbIX KOPPEIUPYEMbIX OT-
pa’keHH, MOBBIICHHBIH (OH TUPPAKINU U BBI-
COKas. BOJIHOBasl AMCIIEPCUS CBHUICTEIbCTBYIOT
0 HEeCTaOWJIBHBIX THUAPOJUHAMUYECKUX MpOIleC-
cax, IpenATCTBYIOMMX (OPMUPOBAHUIO CTPATH-
(uMpoBaHHOTO pa3pe3a B ATOW YacTh Oaccei-
Ha. PasBurHe OcCamo4yHOro yexiia LIEHTPaIbHON
yacTu OacceifHa MPOUCXOAUIIO B Oojee CIOKOM-
HOM SHEPreTUUECKON 0OCTAHOBKE, B CBSI3H C YeM
BOJIM3M OCEBOH JIMHUM OaTHAIU B BEPXHEH YacTH
CK cdopmupoBanachk obmupHas 001acTh BbICO-
KOCTPaTU(PUIIMPOBAHHBIX OTIOKECHHUH TUIOMIA/IBIO
npumepro 10 000 kM? Tpu CpeaHE MOIIHOCTH
1.5 xm. Xaotuueckast popma 3anucu OB Ha celic-
Mopa3pe3ax OKCaHMYECKOTO0 CKJIOHA 0e3 KaKHX-
1100 mpu3HaKoB (a30BOM KOPPEISAIMH IPU BBICO-
KoM (hoHe AU PAKIIUNA MOKET CBUICTEIIHCTBOBATH
00 0CaJKOHAKOIIJIEHUH B YCJIOBHSIX HECITIOKOMHOM
9HEpPreTU4ecKo 0OCTaHOBKH, OOYCIOBICHHOM
B TOM YHCJI€ BYJIKAaHUYECKUMHU IMPOIIECCAMH, KO-
TOpbIE B OCIabIeHHON GopMe eIrle MPOsSBISIINCH
BJIOJIb BCETO I0r0-BOCTOUHOTO OopTa. [Ipeobnana-
HUE TEKTOHMYECKUX IOJIBMXEK cOpPOCOBOro Xa-
pakTepa BOJIHM3U MOJIOKEHUS TallbBera KOTJIOBUHBI
JTaeT OCHOBAHHE TOBOPUTH O MPOJOKAIOIIUXCS
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mporeccax MpoceNaHuss M PacTSHKEHUS 3€MHOM
KOpBL. XapakTep pa3pbIBHBIX HapylICHUH, BbIje-
JIEHHBIX BJIOJIb CEBEPO-3amaHoro 60pTa, C Mpeod-
JalaHueM B30pOCO-HAIBUTOBBIX CTPYKTYP CBHIE-
TEIBCTBYET O MPOIleccaxX MOAHATUS Ha KOHEYHOM
stane ¢popmupoBanus CK.

Ceticmokomniexc 3 (HUNCHULI—CPEOHUNl MUO-
yen) (puc. 3)

OcHOBHbBIE H3MEHEHHSI TTPOU3OILIU B MOp(do-
Joruu o0pamMIIIOIIUX CTPYKTYp. B To Bpems kak
Ha IOr0-BOCTOYHOM OOpPTY MHOJHOCTHIO HCUE3NH
oOmmpHast 30Ha HEHAKOIUIEHUS M BCE DPO3HOH-
HBIC YYacTKH, Ha CEBEpO-3alagHoM, Ha00O0pOT,
BO3HUKIIO HECKOJBKO AaHAJIOTMYHBIX 00pa3zoBa-
Huii. IX mosiBiaeHue, 04eBUIHO, CBI3aHO ¢ OOIIUM
nogbeMoM (yHIaMEHTa CeBepo-3armagHoro 0op-
Ta, O YeM CBHJICTEIIbCTBYET KOHCEIUMEHTAIIMOH-
HBII XapakTep 3aJ1eraHus 0CaJ0YHbIX TOPU30HTOB
Ha cericMopaspe3ax. 3a CYET 3aTOIUICHUS] CTPYK-
Typ IOTO-BOCTOYHOTO OOpaMJICHHUs IUIOLIA/b BO-
JTHOTO MPOCTPAHCTBA CYNIECTBEHHO YBEINYHIIACH,
OJTHOBPEMEHHO C OO0IIKMM OOMEIeHHEM aKBaTo-
puH. YBeIMYEHUE aKBATOPUHU B IOTO-BOCTOYHOM
HalpaBJICHUH MPOUCXOANUIO TOJBKO B Ipeaeiax
JTUTOpAlid, B TO BpeMsl Kak OaTuayb, MpeTeprieB
CMEIIeHHE B TOM K€ HAlpaBJICHUH, paclajgach Ha
HECKOJIbKO MEJIKUX ()parMeHTOB, IPEKPATUB CBOE
CYLIECTBOBaHME KakK eauHas Mopdoiornyeckas
CTpyKTypa. Bynkanndeckasi 1esTeIbHOCTh BHOBb
aKTUBU3MpoBasack. Kak u B BepXxHeMeIoBoe Bpe-
M5, TI0 BCEMY IOr0-BOCTOUYHOMY O0pTY OHa chop-
MHUpOBaJIa HETPEPHIBHYIO BYJIKAaHUYECKYIO JIYTY.
Ee mnomans cocraBuna npumepro 43 000 xm?,
a MOIIIHOCTh BYJKAHOTEHHBIX OTJIOXKECHH JOCTHUT-
ja 3300 M. OTHOCUTEILHO HEBBICOKAS. MOIIIHOCTE
0CaJIOYHOTO Yexjia He YBS3BIBACTCS C MHTCHCHUB-
HBIM BYJIKAHU3MOM, TE€HEPHPYIOIIUM OCHOBHOM
00beM ocasouHOro Marepuana. Bo3moxHO, He-
3HAYUTEIbHAsI CKOPOCTh OCAJKOHAKOILJICHUS BbI-
3BaHa BBICOKOW THAPOIHEPTETHKOM, 0OecTeunBa-
IOIIEH BBIHOC BOJIHBIMH TE€UEHUSMU O0JIee IErKuX
bpakuii THUPOKIACTUYECKOTO MaTepuana (Byi-
KaHMYECKOTO TIeIuIa) 3a mpeaesnl 0acceiina. [1pu
9TOM Oosiee TSDKENbIE MPOMYKTHl BYJIKaHU3MA,
IpeTepIieB COPTUPOBKY U AU PepeHIIHALUI0 BO-
JTHBIMU TIOTOKaMH, OCe/lasi Ha THO MO IEHCTBUEM
rpaBUTAIMK, 00pa30Baid CTPATU(HUIIMPOBAHHBII
paspe3, HaOMIONaeMbli B HUXKHHUX CIOSIX IIEH-
TpaJbHOU YacTH OacceiHa.

Cyns mo koH(UrypalMd KOHYCOB BBIHOCA,
BO3HUKILIUX HAa OKEAHWYECKOM CKJIOHE FOro-BOC-
TOYHOTO Oopra OacceifHa, BBIHOC OCAIOYHO-
ro Marepuana MPOUCXOIWT B CTOPOHY OKEaHa.
O4eBUAHO, BBIHOCY OCaJOYHOIO Marepuana u3
aKBaTOpHH OacceiliHa CcrocoOCTBOBa 00pa30BaB-

IIMHCS B JAHHOE BPEMS HAKJIOH KOPBHI B TOM XK€
HaANpaBIEHUH, O YEM CBHUJICTEIbCTBYIOT OTMEUECH-
HBIE€ BBIIIE MPOLECCHl MPOCEIAaHUsI F0r0-BOCTOY-
HOro OOpTa HpU OAHOBPEMEHHOM BO3BBILIEHUU
CEBEPO-3aaHOTO.

O mpotiecce ommycKaHusi KOPbI B JAHHOE BPeMs
BIIOJIHE ONPEECJIIEHHO CBUIETEIbCTBYIOT MHOTHE
uccnenosarenu. Tak, comtacHo K.®. CepreeBy
[1976], B panHem MuoneHe 30Ha Kypunbckoit rps-
16l ObLIa BOBJIEYCHA B MHTEHCUBHOE IPOTHOaHUE.
[To muenuro U.b. Loit u np. [2005], no panHero
OJIMTOLIEHa Ha OocTpoBHOM ckiloHe Kypuio-Kam-
YaTCKOrO JKejao0a CyIIeCTBOBAIM IIEIb(OBbIC
YCIIOBUS, a B MO3JJHEM OJIMIOLIEHE CTajl MpOsB-
nsatbest 6atnanpabie yenoBus. Cornacho E.I1. Te-
pexoBy u ap. [2012], MenTKOBOIHBIE YCTIOBUS Ce-
JMMEHTAIlMM Ha MpUJIeTaloIeM y4acTke XpeOTa
Butsazs cymiectBoBanu A0 CpPeAHETO MHOLEHA,
a K IUTMOLIEHY MPOU30LLIO OMyCKaHHWE BCEro pe-
ruona. [1o manasiM [JlenukoB u ap., 2008], ciado
JUTOCTPAaTU()UIUPOBAHHBIE TOPOJBI KaWHO30M-
CKOTO YeXJia B OJIMIOLIEHOBOE BpeMs CPOpMHPO-
BaJIUCh B LIEIb(POBBIX YCIOBUAX, a B IUIMOLEH-
IUIEHCTOIICHOBOE BpeMsi — B YCIIOBUSIX Oaruaiu.
C yuetoMm 3TuX (PaKTOB aBTOPHI IMOJATAIOT, YTO
MPOSIBUBILLIUICS B JIaHHOE BpPeMs HAKJIOH KOPBI
Oacceiina HanboJiee BEpOsSTHO CBSI3aH C MEXaHM3-
MaMHU OOIIEro HaKJIOHEHUS KOHTUHEHTAJIbHOIO
cKJoHa 3apoxaaromerocs Kypuno-Kamuarckoro
TyOOKOBOJHOTO jkeno0a. A eciu 3TO JIeHCTBU-
TEJIBHO TaK, TO MPEAINOJIOKUTEIbHOE BpeMs Haya-
na popMupoBaHUS KeT00a MOXKHO OTHECTH K Ha-
Yasy MUOILIECHA.

Ceticmokomniexc 2 (cpeOHutl—6epxHuLl Muo-
yen) (puc. 3)

3aMeTHbIE W3MEHEHHs MPOU3OLUIM B pail-
OHE ceBepo-3amaaHoro Oopra OacceiiHa. 3o0Ha
HEHAKOIUJICHUs] BOJIM3M COBPEMEHHOro mobe-
pexbst KamuaTku CyIIECTBEHHO YBEJIWYMIIACH,
a Ha ee NMPOJOLKEHUHU B FOT0-3alaJHOM HalpaB-
JIeHUH 00pa30BANCH €Il HECKOIbKO, MEHBIINX
o pasmepy, nogooHbIX 30H. ChopmupoBaBinecs
B OJIMTOLIEH-CPETHEMHUOLIEHOBOE BpEMsl JIOKaJIb-
HbIE YYaCTKU 0aTuaay COXpaHWINCh B IPUMEPHO
npexHux pasmepax. [lnomans Haubosnbiiero us3
HuX cocTaBuiia mopsaka 18 000 km? mpu npermoa-
raemoit ryouHe ~2500 M. AKTUBHOCTh BYJIKQHU-
YECKHUX MPOLIECCOB, COXPAHUBLIMXCS HA IOr0-BOC-
TOYHOM 0OpamJICHHH, CYII€CTBEHHO IOHU3UIACK.

Ho, HecMmoTpst Ha cokparieHue miomaan By-
KaHH3Ma [IPUMEPHO Ha TPETbh, IPOAYKTHI €ro Jes-
TEJIbHOCTU COCTaBWJIM OCHOBHYIO YacTh 0CAaJl0Y-
HBIX OTJIOXKEHM 3TOro yyactka akBatopuu. Cyns
[0 XaOTUYECKOW 3alKcH BOJHOBOTO TMOJS, OCa-
KOHAKOIUUIEHHE TPOUCXOIUIO B HECIIOKOWHOM
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sHepreTuueckoir obcraHoBke. Ilpu 3TOM uacTb
0CaJIOYHOT0 Marepuana IO KOHycaM BBIHOCA
TPaHCIOPTHPOBAIACh U3 OacceliHa B CTOPOHY OKe-
aHa, OTKJIA/IbIBAsICh HA KOHTHHEHTAJIHLHOM CKJIOHE
dhopmupyromerocs xenoda. OCHOBHbIC UCTOYHU-
KM CHOCA ISl IEHTPAJIbHOM KOTJIOBUHBI OacceiiHa
pacronaraiyich B paiioHe ceBepo-3aragHoro 0op-
Ta, O UeM CBUJETEIbCTBYET HalpaBlieHHE U3ruda
(GPOHTATBHBIX YT HAXOISIIUXCS 37€Ch KOHYCOB
BbIHOCA. HampaBieHue BBIHOCA OCaJ0YHOTO Ma-
Tepuaja B CTOPOHY OKe€aHa, a TaKKe MOIHITHE
ceBepo-3anaaHoro 0opra OacceiiHa Mpu OAHOBpe-
MEHHOM OITyCKaHUHU IOTO-BOCTOYHOTO KOCBEHHO
CBHUJIETEJICTBYIOT O MPOIOJIKAIOIIUXCS MPOLEeC-
cax HaKJIOHa KOpbI OacceiiHa B CTOPOHY OKeaHa.
Wrak, Momenb TEOJOTHYECKOTO Pa3BUTHUS
MEXIyTOBOTO OacceifHa, pacIioioKEHHOTO Ha HC-
CJIETyeMOM Y4acTKe CHCTEMBbI OCTPOBHAs Iyra —
Kypuno-Kamuarckuii  11yOOKOBOAHBIA  KeN00,
npejcTaBisiercs cieayomuM odpasom. Ero o0-
pa3oBaHuE HAYaJIOCh B KOHIIE MEJIOBOTO MEpHOa
MyTeM MPOCETaHHs JIOKAIBHOTO y4acTKa KOpBI
(GhopMHpOBaHUSI TIO €ro TEePUMETPY MOIABOIHOM
BYJIKAHUYECKOW IIeTIH, MPOMYKTHI ACSITEIHHOCTH
KOTOpO#l B TOCHEAYIOLIEM CIYXHJIA OCHOBHBIM
MOCTAaBIIMKOM OCaJ04HOr0 Mmarepuana. Ha Ha-
YaJbHOM 3Tame pa3BUTHs OacceiiHa ero BoJHAs
MOBEPXHOCTh ObLIa MPAKTUYECKH HE M30JIMPOBa-
Ha OT NPWIETAIOIIUX AaKBATOPHIA COBPEMEHHOTO
nonoxeHus: Oxorckoro mopsi 1 Tuxoro oxeaHa,
€ro IepBOHAYaJIbHbIE KOHTYPBI OIpPEAEISIIUCH
TOJILKO MOpdororueii Mopckoro nHa. Hampumep,
ITyOOKOBOJHBIE 30HBI MEXKIYTOBOTO OacceiiHa
1 OXOTCKOTO MOpS YCIIOBHO PA3eIsINCh MEXITY
CcOOOH TOJNBKO PEAKOH IENbl0 BYIKAHUYECKUX
oOpazoBanuii. [lo mepe nanmpHeHIIEro pa3BUTUA
BHayajie MPOMCXOMUT YaCTUYHAST M30JSIIHs Oac-
ceifHa OT OKPY’KaloIllero BOJAHOTO MPOCTPAHCTBA,
a 3aTeM IMIOCTENEeHHOe CIHUSHHE C aKBaTOpHei
okeaHa. [Ipu 3ToM ciMsHUE aKBaTOpUIl OCyIIECT-
BISIIOCH TIOCPEICTBOM TOTPYXKEHHUSI CTPYKTYP
I0T0-BOCTOYHOTO OopTa OacceiiHa, a morpyxeHue
B CBOIO OUYepe/b COMPOBOXKAAIOCH yBEITUICHUEM
yIlla HaKJIOHA JIOKa OacceifHa B CTOPOHY OKeaHa.
[To MHEHMIO aBTOPOB, TAHHBIM HAKJIIOH HANIPAMYIO

Cnucok Jimreparypsl

Tpsicenuil. Quszuxa 3emau, 12: 48-57.

Bnagusoctok: IBO AH CCCP, 50 c.
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CBSI3aH C OOIIMM HAKJIOHOM KOHTHHEHTaJIbHOTO
ckioHa 3apoxknaarouierocst Kypuio-Kamuarckoro
&eno0a M TOTOMY BpeMsl Hadaia HaKJIOHA JIOXKa
OacceifHa MOXKET CITY)KHTh CBOETO PoJia MapKepOM
JUIS ONpe/iesieHns BpeMEeHH Hadajia (popMHUpOBa-
HUS [ITyOOKOBOIHOTO 5ke100a. 13 BhIen3a0KeH-
HOTO CJIEZTyET, YTO 3TO BPEMsI COOTBETCTBYET OJIU-
TOIICH-CPEAHEMHUOLIEHOBOMY.

3akiaouyenue

Takum 00pazom, HanboJee BEPOSITHOE BPEMst
3apoxenust Kypuno-Kamuarckoro xenoba omnpe-
JIeNIeTCA HAMU KaK OJIUTOLICH — CPETHUI MHUOLIEH.
JlanHoe Bpemsi ObLIO yCTaHOBICHO B pe3ysbTa-
T€ TOCTPOEHUS MOJENM TE€O0JIOTMYECKOTO pa3BU-
TUST MEXIYTroBOro OacceliHa, pPacIOJIOKEHHOTO
Ha KOHTHHEHTAJLHOM CKJIOHE jkenoba. B pabote
MOKa3aHo, 4YTO 3apOXK/IeHUE TITyOOKOBOIHOTO Oac-
CeliHa HayajoCh B KOHIIE MEJIOBOrO NEpUoja Io-
CPEICTBOM MPOCENAHUS JIOKAITBHOTO YYaCTKa KOPBI
1 00pa30BaHUsI TIO €T0 MEPUMETPY MOABOIHOM BYJI-
KaHndeckoi nenu. [lo mepe mocnemyromiero pas-
BUTHS TIPOU30IIIA YACTUYHAS U30JIALIUsA OacceiiHa
OT OKPY>KaOIIEeTO BOJHOTO MTPOCTPAHCTBA, a 3aTEM
MOCTENEHHOE CIUSHHUE C aKBaTopueil okeaHa, 00-
YCIIOBJIICHHOE MOTPY>KEHHUEM €TI0 FOr0-BOCTOYHOI'O
Oopra. ABTOpHI MOJIATAOT, YTO JAHHOE IMOTPYKe-
HUE HamnpsMyl0 CBA3aHO C MPOLECCOM HAKJIOHA
KOpPBI Oy/TyIIIero KOHTHHEHTAIBHOTO CKIIoHa Kypu-
no-Kamuarckoro sxeno6a. [Ipu aToM Havano 3Toro
HAaKJIOHa COOTBETCTBYET BPEMEHH €T0 3apPOKICHUS.

Mogenb reoaoru4eckoro pa3BUTHS MOCTPO-
eHa Orjarojmaps WHCIOJIB30BaHUIO PE3YIbTATOB
MeTona ceicMoganuanbHOro aHanusa. JlaHHbIHI
METOJI, KOTOPBIH BIIepBEIE ObLI 3a/IeHCTBOBAH IS
M3YYEHHUS] CUCTEMBbI OCTPOBHAs Jyra — rIyOOKo-
BOJIHBIN K€JI00, MO3BOJIMI YCTAHOBUTH YCIIOBUS
OCAJIKOHAKOIUJICHUSI B UCCIIElyEMOM paiioHe, I0-
CTPOUTHh MOJIETb €r0 TE€OJIOrHYECKOr0 PAa3BUTHS
U BHECTH CYIIECTBEHHbIE KOPPEKTHBBI B IpeE-
cTaBlieHuE 0 BpeMeHH 3apoxaeHust Kypuno-Kam-
yarckoro xenoba. [TocienHee monokeHNe MOKHO
CUMTATh OMPENEISAIONIMM B CTaThe, IMOCKOJIBbKY
BOIIPOC O BPEMEHHU €T0 3apOKICHUS Ha JaHHBIN
MOMEHT OCTAETCs AUCKYCCUOHHBIM.
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PazButne CoIOHIIOBCKHX 03€p KaK MOKa3areib
IUHAMUKY yBIaxkHEeHUs B LleHTpanbHom Cuxor3-AlHe
B TIO3/THEM TOJIOLIEHE
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Pe3rome. Ha ocHOBe KOMIUTIEKCHOTO M3yUeHUS pa3pesa OTIOKeHUH 03. HikHee BhIIeNeHbI STanbl Pa3BUTHS
Manbix Cononnosckux (ILlanaylickux) o3ep, pacronoXeHHbIX B cpeaHeropse Llentpansaoro Cuxory-Amnu-
HS B IIpeJeNiax KPYIHBIX OIOJI3HEH, 00pa30BaHHBIX Ha CKJIOHAX MaieoBylkaHa. [IpoaHanu3upoBaH 3KOIIO-
TO-TaKCOHOMUYECKHUI COCTaB AMAaTOMOBOM (opsl, O0TaHWYEeCKHii cocTaB Topda W yCTaHOBIIEHBI TEH/ICH-
IIUU 03€PHOTO OCAJIKOHAKOIUICHHUS B 3aBUCUMOCTH OT Pa3HOTO MacITada ruIPOKINMATUICCKUX U3MEHEHUH
B TO37HEM ToJonieHe. Bo3pacTHass Mozenh OCTPOCHAa Ha OCHOBE 6 PaguoyIIepOTHBIX AaTUPOBOK. Bpe-
MEHHOE pa3pelieHne pekoHCTpykuii coctasisieT 30—60 net. [IpoBeneno cpaBHeHUe pa3BuTHs 03ep Hriok-
Hee u U3roOpunbie CONOHIIBI, HA OCHOBE WX JIMHAMUKY BBIICIICHBI ATAllbl 00BOIHEHUS U OOMENCHHUS 03ep,
YTO MO3BOJIMIIO BOCCTAHOBUTH N3MECHEHHE YBIAKHEHHS B cpenHeropbe. OpraHoTeHHbBIE OTIIOKECHHS B 03€P-
HBIX KOTJIOBUHAX HAKAITMBAJIUCH C BBICOKUMH cKopocTsamu (0 1.7—1.9 mm/ron). Haubonee moapoOHbIe
JTAaHHBIE TIOYYEHBI IS TOCeTHUX 2.6 THIC. Kall. JI. TP W3yYeHUH OTIoXeHn! 03. HmkHee, koTopoe Oornee
YyTKO pearupoBajio Ha U3MEHEHHUE KIIMMAaTHIECKUX YCIOBUI. YacThle CMEHBI KOMILICKCOB JTUATOMEHN B TOP-
(h0o0oOpasyrIMuUX pacTeHUH CBHUIETENHECTBYIOT O HECTAOMIBHBIX THIPOKIUMATHISCKUX YCIOBHAX C Pa3HOU
CTETEHBI0 OOBOJHEHMS M OCYIICHHS BIUIOTH JIO TOJHOTO 3apacTaHus Bomoema. 1o mJaHHBIM JMAaTOMOBOTO
aHaJM3a MPOCIICKEHA MMOCIe0BaTeNIbHAs CMEHa TPO(PHOCTH BOJIOEMA. YCTAHOBJICHA YacTas cMeHa car-
HOBBIX MXOB Pa3HBIX CEKIWH, UMEIOMINX pa3Hble Tpodudeckue npeamnouteHus. OCHOBHBIMU MPHUYUHAMH
W3MEHEHUSI THIPOJIOTMYCCKOTO PEIKUMA 03€p SABJISUTUCH BapHaIllUU aTMOC(EPHBIX 0CAJKOB MPHU KOPOTKOIIE-
PUOAHON KIMMaTH4eCcKoi putMmuke. [IpoBeeHa Koppensinus BhIACIEHHBIX TAICOKINMATHYECKAX COOBITHI
¢ NI00ATBHBIMU TaHHBEIMU. [loxomomanus, Kak MpaBwIIo, CONPOBOXKIAIICH CHIDKCHUEM YBIKHCHIS, HO Ma-
JIBIY JIGTHUKOBBIA TIEPUO] OBLT BIIAYKHBIM 3a CUET POCTa aTMOC(EPHBIX OCAIKOB.

KiroueBble cjoBa: TOPHBIE 03€pa, TOp(I)OHaKOHJ'IeHI/Ie, AUaTOMOBBIE BOIOPOCIIH, OOTaHMYECKUI COCTas,
KIMMaTH4YC€CKHEC UBMCHCHU S, T'OJIOIICH, 0T HaJ'ILHCFO Boctoka

Development of Solontsovskie Lakes as indicator of humidity
within Central Sikhote-Alin in the Late Holocene
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Abstract. The stages of development of small Solontsovskie (Shanduyskie) Lakes located in the middle moun-
tains of the Central Sikhote-Alin within large landslides, formed on the slopes of the paleovolcano, are identi-
fied on the basis of complex study of the sediment section of the Nizhnee Lake. The ecological-taxonomic
composition of the diatom flora, the botanical composition of peat have been analyzed, and the tendencies
of lacustrine sedimentation depending on the different scale of hydroclimatic changes in the Late Holocene
have been established. The age model is based on 6 radiocarbon dates. The temporary resolution for the re-

constructions is 30-60 years. A comparison of the development of Nizhnee and Izyubrinye Solontsi Lakes
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was carried out, the stages of watering and shallowing of lakes were identified on the basis of their dynamics,
which made it possible to restore the change in moisture in the middle mountains. Organogenic deposits in
lacustrine basins accumulated at high rates (up to 1.7-1.9 mm/year). The most detailed data were obtained
for the last 2.6 thousand cal. yr BP based on the study of the sediment section of the Nizhnee Lake, which
responded more sensitively to changing climatic conditions. Frequent changes in diatom assemblages and
peat-forming plants indicate unstable hydroclimatic conditions with varying degrees of watering and drainage
up to complete overgrowth of water bodies. According to the data of diatom analysis, a successive change in
the trophicity of the lake was traced. A frequent change of sphagnum mosses of different sections with dif-
ferent trophic preferences was established. The main reason for the change in the hydrological regime of the
lakes was variations in precipitation during the short-term climatic changes. The correlation of the identified
paleoclimatic events with global data has been carried out. Cooling periods, as a rule, were accompanied by a
decrease in moisture, but the Little Ice Age was wet due to an increase in precipitation.

Keywords: mountain lakes, peat accumulation, diatoms, botanical composition, climatic changes, Holo-

cene, south Far East
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baarogapHocTn U puHAHCHpOBaHHE

ABTOpBI BBIp@XAIOT ONarogapHOCTb COTPYAHHUKAM
THUI' IBO PAH, npuHMMaBIIUM y4dacTre B MOJEBBIX
paborax. PaboTa BbImoHeHa B paMKax rocyJapCcTBeH-
HBIX IIpOrpaMM THXOOKEaHCKOIO HHCTUTYTa I€0-
rpadun JJBO PAH Noe AAAA-A19-119030790003-1
n MHCTUTYyTa BOAHBIX M 3KOJOTMYECKHX NpOOIeM
JABO PAH Ne 121021500060-4.

ABtopsl 6naropapusl Haranun CrenanoBHe bonmxos-
CKOM M aHOHUMHOMY PELICH3EHTY 3a BHUMATEIbHOE
IIPOYTEHUE CTATBU U KOHCTPYKTUBHBIEC 3aMEUAHUSL.

BBenenne

OpnHoil M3 XapaKTEepHBIX YEPT MYCCOHHOTO
KJIUMaTa SIBJISIETCS HEPaBHOMEPHOE YBJIAKHEHUE
B TEUEHHE roja. /[IUTenbHOCTh 3TUX NMEPHOJOB,
MO-BUUMOMY, CYIIECTBEHHO MEHsUIach BO Bpe-
MeHHu. [laneopeKkoHCTPYKIMH, BBITIOTHEHHBIE IS
pa3HbIX paiioHoB tora JlanbHero BocTtoka, moka-
3bIBAIOT, YTO YBJIAXXKHEHUE B TOJIOLEHE KOHTPOJIU-
POBAJIOCh HHTEHCUBHOCTHIO BOCTOYHOA3HATCKOTO
MYCCOHa W 1UKJIoreHesa [bazaposa u ap., 2018a;
Pazxuraesa u ap., 2020; Leipe et al., 2015]. qu-
HaMHKa JIETHETO MYCCOHAa B TOJIOIIEHE XOPOIIO
n3y4yeHa JJjig ceBepo-BocTtoka Kuras, ecTh naH-
Hble 1o KopelickoMy noiyocTpoBy u SAnoHckuM
octpoBam [Li et al., 2011; Chen et al., 2015; Lim
et al., 2015; Stebich et al., 2015]. Jlns rora Poc-
cuiickoro /laneHero Bocroka mano uH(popMauu
0 TOM, HACKOJIBKO MEHSJIOCh YBIA)KHEHHUE Ha pas-
HBIX BBICOTHBIX MOSICAX B TOPHBIX paiioHax. boib-
LIUHCTBO PEKOHCTPYKIIUN CIAEIAHO JIsI MOPCKOTO
MoOepeXbss U HU3KUX yPOBHEH pernbeda, B TOM
yucie [Ipuxankaiickoil HusmenHoctu [bazaposa

288

For citation: Razjigaeva N.G., Ganzey L.A., Grebenniko-
va T.A., Kopoteva T.A., Klimin M.A., Lyaschevskaya M.S.,
Panichev A.M., Arslanov Kh.A., Maksimov F.E., Petrov A. Yu.
Development of Solontsovskie Lakes as indicator of humid-
ity within Central Sikhote-Alin in the Late Holocene. Geo-
sistemy perehodnykh zon = Geosystems of Transition Zones,
2021, vol. 5, no. 3, pp. 287-304.(In Russ., abstr. in Engl.).
https://doi.org/10.30730/gtrz.2021.5.3.287-304.

Acknowledgements and Funding
Authorsaregratefultothestaffofthe PacificGeographical
Institute FEB RAS, who took part in the field works.
The work was performed within the framework of the
state assignments of the Pacific Geographical Institute
FEB RAS no. AAAA-A19-119030790003-1 and the
Institute of Water and Ecology Problems FEB RAS no.
121021500060-4.

Authors are grateful to Natalya S. Bolikhovskaya and
the anonymous Reviewer for careful reading of the
manuscript and constructive remarks.

u 1p., 201806; Koporkuii, 2002; MukumuH u np.,
2007, 2008] u mpearopbeB Cuxot3-Anuns [bemns-
HuH, bensanna, 2018; Paxuraesa u ap., 2019a].
Bricokopa3zpemaroniue peKoHCTPYKIIUU, BBITON-
HEHHBIC TI0 OTIOKECHHUSIM Taje003ep Ha TOPHBIX
taro tora CUxoT3-AJuHS, TO3BOJIIIN BBIJICITHTh
NEPUO/IbI Pa3HON YBIAXXHEHHOCTH B CPETHETOPhE
B Mo3aHeM rosouene [Pazxuraesa u ap., 2016,
20196]. Hns Lentpanpaoro Cuxor>-AnuHs Ta-
KH€ PEKOHCTPYKIIUU clieTaHbl 1o 03. 3100puHbIe
Cononnpsl [Pasxuraesa u np., 2017], ogHoMy u3
rpynbl ConmonnoBekux (Ilanayiickux) ozep, 00-
pa30BaHHBIX 33 CUET KPYMHBIX OMOI3HEN Ha CKIIO-
HaX JIPEBHErO BYyJIKaHa. ABTOpaMH TOTyYEHBI
Mmarepuaibl Mo o03. HuskHee, pacmnoioKeHHOMY
okoJyio Haubosnee KpymHoro o3epa bombioe Co-
nonnoBoe (Llapckoe). Llenb HacTosmIel cTaThu —
BBIICNIUTH ATanbl pa3Butus o3. HukHee, npose-
CTH KOPPEISIHUIO ¢ TaHHBIME 10 03. V3100puHbIe
CoJIOHITBI ¥ Ha OCHOBE WX JIWHAMHKH BOCCTa-
HOBUTH M3MEHEHHE YBIAXXHEHHUS B CPEIHErophe
B MIO3/IHEM TOJIOLICHE.
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Kparkas xapakrepucTuKa paiiona

ConoHIIOBCKHE 03€pa PAcIoNIOKEHbl Ha BOC-
TOYHOM MaKpoCKkjioHe CuxoT3-AJMHS OKOJIO
naneoBynkaHa CoJOHLOBCKOro [BeTpeHHUkos,
1976], BO3pacT KOTOpPOrO OLIEHMBAETCS OKOJIO
61-56 mun nert [[lannueB u ap., 2012]. I'pynna
BkitodaeT 10 o3ep, oOpa3oBaHHBIX IOCIE CXO-
Jla KPYIHBIX OTOJ3HEH, MEePEeropoJuBIINX pycia
BogoTOKOB. O3epo Hmxnee (100 x 50 m), pacno-
noxeHHoe Ha alc. BbicoTe 565 M B 200 M K 1oro-
BOCTOKY OT 03. bonbmoe Cononmnosoe (Llapckoe),
HAXOJIUTCS B IPEJEIIax Mosica KEAPOBBIX U KEAPO-
BO-eNoBBIX JiecoB (400—700 M) u BXOIUT B Tep-
putoputo Cuxord>-AnuHCKOTO OMOcdepHOro 3a-
noBeaHuka [ Bacunwses, Martomkun (pen.), 1982].
Ozepo Uztoopunbie Comnonst (190 x 100 m) Ha-
XonuTcs Ha abc. BeicoTe 750 M B Mosice MUXTOBO-
enoBbIxX JiecoB (700—1200 m).

C yu4eToMm pernoHagbHOIO BEPTUKAIBHOIO Ipa-
nuenTa [Mapuenko, 1991] cpenneronoBasi Temrie-
parypa B ropax Ha BbicoTe 500-600 M cocrasiser
+1.5 °C, Temnieparypa siuBaps —18.3 °C, aBrycra
+11.8°C. KommuectBo ocankos — 940 mm/rox, Hau-
OorbIlIee KOJTMYECTBO BHITIAJAET B aBIyCTE—CEHTSI-
ope. beamopozusiii nepuon autes 120 aueit [Pac-
TUTEJBHBIN. .. , 1982]. BeicoTa CHEXHOTo MOKpoBa
B CHEXKHBIE 3UMBI MOJKeT focTurarh 1 M [[lannden
u ap., 2012].

['uaponoruyeckuii pexum 03ep CHUIBHO pas-
nnyaetcs. B cioydae, korna noacTuiaromuye oTio-
KEHUS TPEACTaBIEHBI IJI0X0 MPOHUIIAEMBIMU CY-
IMHUCTBIMH OTJIOKEHHUSIMH, YPOBEHb 03€pa Majlo
MeHsieTcs B TeueHue roaa (03. Bepxuee, unu Kpy-
mioe). YpoBeHb 03. bombioe CononroBoe cyiie-
CTBEHHO KOJIEONEeTCsl B pa3HBIE CE30HBI BILIOTH JI0

MIOJTHOTO MCYE3HOBEHUS BOJBI B Havaje JieTa u 3a-
BUCHT OT KOJIMYECTBA BHINMABIINX aTMOC(HEPHBIX
ocaakoB. HamosmHeHne o3epHOM Yaiy BOJOW Mpo-
MCXOIUT B KOHIIE aBI'yCTa — B CEHTAOpE, B CE30H
taiipyHoB. Ckopee Bcero, JoXKe 03epHOI KOTIIOBHU-
HBI CJIOKEHO 00JIee POHUIIAEMBIMH OTJIOKECHHSIMHU.
Maubie o3epa, Takue kak M3to6punbie ConoHIbI U
Hwxnee, moutn noiHOCTHIO 3apociire. O3epHble
KOTJIOBUHBI 3aII0JIHEHBI TOP(OM 1 OOJTBIITYIO YaCTh
rojia MPeJICTAaBISAIOT co00i Tormu. OTKphITast Boaa
TIOSIBIISIETCS 3/1€CH MTOCIIE CHUITBHBIX JIMBHEH.

ITo xpasim o3ep pacreT iucTBeHHUIAa KasHze-
pa (Larix cajanderi). B xpaeBoil 4acTH KOTJIOBUHbI
03. HmwxHero gepHrHa COCTOUT U3 OCTATKOB TPaB
¢ npeobnananveM mymuiel Lleixepa u Bmara-
nmutHou (Eriophorum scheuchzeri, E. vaginatum)
U OCOK CKpBITOIUIoAHON n Mupanennopda (Carex
criptocarpa, C. middendorffii), BcTpeueH odeper-
HUK Oemnwiii (Rynchospora alba), xambiin o3ep-
HbIl  (Schoenoplectus tabernaemontanii), enu-
HUYHO UPUC, MANOPOTHUK IIUTOBHHUK OOJOTHBIH
(Dryopteris thelypteris), B HEOOJNBIIOM KOJIHYE-
CTBe TMPHUCYTCTBYIOT charnoBbie Mxu (10-35 %)
9BTpO(HBIE TOMSIHBIE Sphagnum denticulatum
u S. subsecundum, a Taxoxke rurpodur S. divinum,
XapaKTepHBIA YIS OUTOTPOPHO-ME30TPODHBIX
CHJIHO OOBOTHEHHBIX OOJIOT, SIUHHYHO — 3elie-
HBII MOX. BOJIOTO OTHOCUTCS K TEPEXOTHOMY THITY.

MarepuaJbl 1 METOBI

PexoHCTpYKIIMM OCHOBAaHBI Ha JaHHBIX W3-
yueHust paspesa (0317, 45°25'23.56" c.u.,
136°30°58.54" B.11.), mpoOypeHHOTO B KpaeBoii ya-
ctu 03. Hmwxuee (puc. 1). Bekpoito 3.25 M rutotHo-
ro Topda. OTdop nMpod MPOBOIMICS C IIATOM 5 CM.

Puc. 1. Paiion pabot, ConoHnoBckue o3epa, CHxors-AnuHb. (a) cxema pacroiokeHns: COJIOHIIOBCKHX 03€p M IOJOXKe-
HHUE M3yYeHHBIX pa3pe3oB; (b) 03. bompmoe ComoHioBoe, paza oOBogHEeHMS, BeCHA; (C) TaM ke, (haza OCYIICHHUS, JIETO;
(d) o3. Huwxwee; (e) 03. U3to6punsie Cononnsl. @omo A.M. Ilanuyesa

Fig. 1. Studied area, Solontsovskie Lakes, Sikhote-Alin. (a) Solontsovskie Lakes location and position of studied sections;
(b) Bolshoe Solontsovoye Lake, inundation phase, spring; (c) Bolshoe Solontsovoye Lake, dry phase, summer; (d) Nizhnee

Lake; (e) Izyubrinye Solontsi Lake. Photo by A.M. Panichev
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Borannyeckuii coctaB Topda omnpemensiu
cormnmacHo I.I. Kynukosoit [1974]. B npemnaparax
OTMEYaJli HaJW4yue yIIed, 3eJeHBIX BOJOPOC-
JIei, KJIaJoep U PaKOBUHHBIX aMme0. PakoBuHHbIE
ameOn1 onpeaernsuiy o [Maszei, L{piranos, 2006].
Omnpenenena 301bHOCTH TOpda.

IlonroroBka Marepuana Juisi UaTOMOBOIO
aHaiM3a MpoBOJIMIACH IO OOIIETIPUHSATON METO-
nuke [[nesep u ap., 1974], amaromen onpenensiin
B MOCTOSIHHBIX Tpenaparax ¢ MOMOIIbI0 MUKPO-
ckoma «Axioscopy», mpu yBenudenuu x1000. [Tpu
9KOJIOTO-TeorpaduuecKoil XapaKTepUCTUKE ra-
ToMel ucnonb3oBaiauck [bapunosa u np., 2008;
HasioBa, 1985; Xapurtonon, 2010; Krammer,
Lange-Bertalot, 1986, 1991a, b]. [IpoBenen mox-
CUET COZepKaHUs CTBOPOK IUaToMei B 1 rpamMmme
BO3/YIITHO-CYXOTO OCajKa AJIs BBISIBICHUS MpPO-
TYKTUBHOCTH TUATOMOBOH (DIOPHI B 3aBUCUMOCTH
OT 3KOJIOTUYECKOTO COCTOSIHUS MaJIE0OBOAOEMA Ha
Pa3HBIX ATAMax ero pa3BUTHSL.

Pamuoyrneponnoe parupoBanue 00Opas3ioB
Topda BbIONHEHO B MHCTUTyTE Hayk o 3em-
ne CIIOI'Y (r. Cankr-IlerepOypr). KamuOpos-
Ka paJMOyIJIepOJHBIX JAT CAeNaHA C TTOMOIIBIO
nporpammbl OxCal 4.4 ¢ ucmnonb3oBaHUEM Kaju-
OopoBounoii kpuBoil «IntCal 20» [Ramsey, 2017;
Reimer, 2020]. Ilpu ompeneneHuu XpOHOIOTHH
W3MEHEHUN O03epHO-00JIOTHBIX OOCTAaHOBOK HC-
MOJIb30BaH KaJTuOpPOBAHHBIN BO3PACT, OMpeeieH-
HBIM 110 Mozenu B nporpamme Bacon 2 u ¢ npo-
rpamMmHoO# 00ooukoii R [Blaauw, Christen, 2011].

Pe3yabrarsl

Bospacmnas mooens, coznaHHas Ha TO pe-
synbratam ‘C JaTUpoOBaHUS IECTH OOpPa3loB
(Tabm. 1), mokasana, 4To CKOPOCTH TOPPOHAKOTLIIE-
HUs B KOTJIOBUHE 03. HipkHee ObUIM JOCTaToO4YHO
paBHOMepHBIMU (puc. 2). Ha HadanmpHOM 53Tame
Top( HaKarIMBaJICA co CKopocThio 0.8—1 Mm/Tom.
Oxomno 1290 kan. 1.H. ckopocTy Bo3pociu 10 1.6—
1.7 MM/TOn, HECKONBKO CHU3WINCH B WHTEpBa-
ne 980-620 kan. n.H. (0 1.4 MMm/rox), Bo3poc-
au okono 620-320 kam. n.H. (1.6-1.7 mm/Tom)

U YMEHBIIWINCH B 3aBepliatromuii stan (ao 1.2—
1.4 mwm/Tronm). BpemenHoe paspernieHne peKoH-
cTpykuuii cocrasiser 50-60 nert, a g nocnen-
Hux 1290 kan. 1. — 3040 ner.

B nenom, ckopoctu TophOHAKOIUIEHUS HIKE,
yeM B 03. M3to6punbie Cononisl (10 1.9 mm/ron)
[Pazxuraesa u np., 2017], HO o01IME TEHAECHIIUN
XOpOLIO MPOCHeKuBaloTcs. Pe3koe yBennuyeHue
ckopocTtel npoucxoauio okono 1280 kan. JH.,
B KOHIIE MaJIOTO ONTHMYyMa TOJOIEHAa W Hadaje
MaJioro JIeTHUKOBOTO MEpPHOAa CKOPOCTU CHU3H-
auch, Bo3pocau okono 500—400 xan. J1.H. U 10-
HusniInch B nocienuue 400 nert.

Bbomanuueckuii cocmag u 30nbnocme mopga.
3a0onaurMBaHue HA4aJlOCh B MOHWKEHHH B Teje
OMOJ3HS, 3aHATOM JIMCTBEHHUYHBIM JIECOM.
Bo BnaxHbIX, NpoxJagHbIX ycioBusax (2640—
2590 kanm 1.H.) Hauajqd HaKalUIMBaThCs TpaBs-
HO-3€JIeHOMOIIHBIA Topd (puc. 3). Berpeuens
OCTaTKM 5 BUIOB 3€JIEHBIX MXOB: Aulacomnium
palustre, Helodium blandovii, Mnium punctatum,
Meesia trifaria u Drepanocladus sp. TpaBsHu-
CTbI€ PaCTEHUs MPEACTABIECHbl OCOKAMM, ITYIIH-
e, BcTpedeHbl Kamblii, upuc. CharHoselil 1mo-

Puc. 2. Bo3pacTtHas Mojaenb HAaKOIUIEHUS OTJIOKEHUM
03. Huxnee.

Fig. 2. Age model of accumulation of the sediments
of Nizhnee Lake.

Tabnuya 1. PanuoyriiepoaHblii, KaJeHAAPHBIA BO3PACT U CKOPOCTH HAKOIIEHHUS OTJ10KeHull 03. HukHee

Table 1. Radiocarbon, calendar age and accumulation rates of the deposits of Nizhnee Lake

JIa6. Homep Pazmoynge— Kanennapnsrit MoIlueanOBaH— CkopocTb Top(hOHAKOIIICHUS
HOMEp, o6pasima WuTtepsan, cMm pOnHBII BO3pAcT, KaJl. HBII BO3PACT, | IO MOJEIUPOBAHHOMY BO3-
- BO3pAcT, JIET net (20) Kall. JIeT pacty (MHTEpBa), MM/TOJ
8838 10/0317 45-50 470+ 100 480 £ 100 285-320 1.2-1.4
8839 20/0317 95-100 530+ 90 550+ 80 591-622 1.6-1.7
8840 30/0317 145-150 1100 + 80 1030+ 90 944-980 1.4-1.5
8841 40/0317 195-200 1220 + 60 1150+ 70 1258-1289 1.6-1.7
8842 50/0317 245-250 1850+ 70 1780 + 90 1671-1814 1-1.2
8843 58/0317 285-290 2330+ 70 2380 + 130 2220-2279 0.8-1
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KpOB BKJIIOUaa THrpoduTsl Sphagnum jensenii,
S. divinum, S. fallax. JINCTBEHHUYHUK C y4aCTHEM
Oepe3nl ObUT pa3BUT MO oOpamyeHUI0 00JI0Ta 710
2430 kan J1.H., GopMHPOBAJCS HU3HMHHBIA cdar-
HOBO-TPaBSIHOM U IPEBECHO-TPaBSHON TOp( (MHT.
305-325 cm). Hanuume OOnbIIOrO KOJIMYECTBA
OOropeBIIMX BETOYEK W yINIeH CBHJIETENbCTBY-
€T O YacThIX Tokapax. [losBUIHCH KIIagoUephl
Chydorus sphaericus — BuJi, IIMPOKO PacpoCTpa-
HEHHBII B 3BTPOQHBIX MPECHBIX HETTyOOKUX BO-
noeMax. B unrepsane 2590-2430 kaiu j1.H. iepu-
OIMYECKU TPOUCXOAMIN MaciTaOHBIEC TTOXKaphI,
YHUYTOXKABIIMNE U OOJOTHYIO PAaCTUTEIHHOCTH,
0 4YeM TOBOPUT HaJH4ue YIJIEH U 3eJIEHOr0 MXa
Aulacomnium palustre — WHIUKAaTOpa THPOTCH-
Hbix cMeH [Konoresa, Kynmosa, 2011].

Oxkomno 2430-2160 kau. JI.H. Ha4aJl HaKaIuIM-
BaThCS HU3WHHBIA TpaBsHOW Topd (MHT. 280—
305 cM), B OCHOBHOM MYIIUIIEBO-OCOKOBBIA CO
3HAYUTEIBHBIM ~ TPUCYTCTBHEM  THIPO(DHTOB,
B TOM 4YHCJI€ KaMblllla 03€PHOT0, XBOIIA MPHpeY-
Horo (Equisetum fluviatil) u KyBIIUHKU Oenoif
(Nymphaéa alba). KyctapHUKOBBIN sipyc ObLT
c1abo pa3BUT, BCTPEUCHBI OCTATKU KYCTapHHKO-
Boil Oepesbl. [IpakTuyuecku ucue3nu carHoBbIC
u 3eneHble Mxu (23302220 kan. n.H.). CTeneHb
pasnokKeHuss Marepuaia yMeHbImiaack. Topd,
oOpazoBanHbIii okosio 2380-2110 kan. ji1.H., UMe-
€T MOBBIIICHHYTO 30JbHOCTH (110 43.5 %).

MoxoBoii MOKpOB cTan Oosiee pa3BUT OKOJIO
2160-1290 kai. 1.H. — ocTaTKu C(harHOBBIX MXOB
coctaBysitoT 10 50 % Topda, 3eneHpie MXH — 10
25 % (unt. 200280 cm). Cpeau TpaB mpeod-
JMaJa0T MYMIWIBl U OCOKH, HAMIEHBI OCTaTKU
ca0eNpHUKA, JIOOEINM, KaMBIa, CTaJlo MHOIO
upuca. B o0wimu mosiBHiIach KIFOKBa OOJOTHAS
(Oxycoccus palustris). CrenieHb pa3IOKCHUS
ctana Hwke. [IpucyTcTBrue Kiagouep ykKa3blBaeT
Ha TepeyBlIaXXHEHHE.

HanGompmmii  pacuBer c(arHOBBIX MXOB
(Sphagnum  jensenii) Obu1  okomo 1290
1260 xan. n.H. (uHT. 195-200 cM). B cocraBe TpaB
MOSIBIWJICSL TTyXOHOC (Baeothryon sp.). Bcemblka
Pa3BHUTHS 3€JIEHOTO MXa SBTPO(HOTO TUTPOTUAPO-
¢wuta Limprichtia revolvens (uat. 185—195 cm) yka-
3bIBAET Ha 3aCTOMHBIN pexxum 1260—-1200 kan. j1.H.

TpaBsHO-MOXOBBI TOpd (MHT. 155-185 cm)
dbopmuposancs 1200-1010 kan. m.H. Hapsmy co
Sphagnum jensenii ¢ 1100 kan. 1.H. yBeIHUNIaCh
poib S. divinum. BcTpeualoTcsi pelkue yroiib-
KM, 32 uUcCKItodeHueM HWHT. 160-165 cm (1080—
1040 xan. n.H.)

KonudecTBo c(harHOBBIX W THITHOBBIX MXOB
cHmkaercs okono 1010-980 kain 51.H., Hauan dop-
MupoBaics TpaBsHou Topd (150—155 cm) ¢ obu-
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JMEeM OCTAaTKOB MYIIUIbI, YTO MOXET OBITH pe-
3yJABTaTOM YacThIX MOXKAPOB.

TpaBsHo-carnoseiii Topd (85-150 cm) mo-
BOJIHO OJTHOPOJHOTO COCTaB HAKAIUTUBAJICS OKO-
710 980-560 xau. 1.H. 3eJIeHble MXU IIPEJCTABIICHBI
Limprichtia revolvens, Meesia trifaria. B obunuu
pociia KIIIOKBa, B TOp(he BCTPEUEeHO MHOTO XBOU
muctBeHHUbl. OOwnue knamgonep Alonopsis
elongate TOBOPUT O NepeyBIAKHEHUH.

Ponp  TpaBSHUCTBIX pacTeHUW yBEIHYHU-
nmack 560-210 xan. n.H. (uHT. 35-85 cm). Cpe-
I charHOBBIX MXOB MOSBHJIMCH ME30TPO(]HBII
Sphagnum lindbergii n 3BTpOGHBIN TUAPOTUTPO-
¢but S. subsecundum. Oxono 440 kan. J1.H. Ipak-
TUYECKU HCYE3IH KJIaJolepbl — CTajlo CyIIe.
TpasstHoit TOopd dopmupoBancs okomo 380—
350 xan n.H. Okono 320-210 kan. 1.H. yBenu4u-
JIOCh KOJIMYECTBO M pa3HOOOpa3ue 3eJeHBIX MXOB
(Limprichtia revolvens, Scorpidium scorpioides,
Calliergonella cuspidata).

SIpyc u3 cparHOBBIX MXOB CTall Oosiee Pa3BUT
210-130 xan a.H. (uHT. 25-35 cM). Okono 130—
90 ka1 JI.H. CyIIECTBOBAJIO MYIIUIIEBO-OCOKOBOE
6omoro. Ponb cdarHoBBIX MXOB BO3pOcCia IO-
CIIETHUE ACCATHICTHS, HO MOBEPXHOCTHAS JIEp-
HUHA CIIOKEHA MPEUMYIIECTBEHHO TPaBaMHu.

B Topde, obpazoBannom 1870-500 kam. jH.
(uaT. 80-255 cM), B OONBIIMX KOJMYECTBAX IPHU-
CYTCTBYIOT paKOBUHHbIE aMeObl: THIPOQUIIBI
Heleopera petricola, Archerella flavum [Kypbuna,
2011] u rurpodunsi-charnopunsl Hyalosphenia
papilio, m3penxa H. elegans, xXapakTepHble s
nepexonHbix 6onot [Maseit u ap., 2013]. JIpa no-
CIIEIHUX BUJA HUMEIOT ONTUMYM YPOBHSI OOIOT-
HBIX Bog 2021 cM, TolepaHTHBI MPH KOJICOAHUSIX
5-15 cMm [LpiranoB u ap., 2017]. B Topde mormo-
xe 2220 kai. JLH. (¢ nryOuHbl 285 cM) B 60IBIIOM
KoimuecTBe BeTpedatorcss Centropyxis aculeata,
C. constricta u C. laevigata, TUIIMYHBIC IS CUJIb-
HO OOBOTHEHHBIX MECTOOOMTAHWUN W TATOTCIOIINC
K Me30TpOo(hHBIM ycaoBHAM cpefbl [Kypsuna, 2011].

Juamomosviii ananus. B OTIOKEHUAX pas-
pe3a Owbut0 ompeneneHo 144 TakcoHAa AMATOMO-
BBIX BOJIOpPOCIIEH: MpeodiaaaroT BUbI oOpacTa-
Hull (69) u nonnsie GopMmbl (64), MIAHKTOHHBIX
U BpeMEHHO TUIaHKTOHHBIX — 11 BugoB. Ha done
npeo0maiannsi KOCMOIIONIHUTOB BeTpedeHo 11 Go-
peanbHbIX U 22 apkToOOpeanbHbIX BU0B. OTHO-
[IEHHE K TaJ00HOCTH M3BECTHO g 128 BUIOB,
BCE OHHU OJHUrorajo0bl, JOMUHHPYIOT UHAU(dE-
penTsl (78), o6HapysxeHbl Tanodo6s! (39) u rao-
¢uner (11). Ilo orHomenuro k pH npeobmagaror
UPKYMHEUTpanbHbIe BUIBI (60), aluaI0puIoB —
40 BunoB, ankanuduiaoB — 24. Beigeneno 10 kom-
IJICKCOB AuaToMeit (puc. 4).
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Ha nauanpaOM stame (2640-2330 kan. j.H.,
UHT. 295-325 cM) B KOTJIOBHHE CYIIECTBOBAJIO
03€p0 C pa3BUTOM JUTOPAIBHON 30HOM, 3apoc-
e BOJHOM PACTUTENIBHOCThIO. B nuaromoBom
KoMIiekce 1 Beaylnee MOJOKEHHE 3aHUMAIOT
TUTAHKTOHHBIC BUBI. [|JOMUHUPYIOT IJITAHKTOHHBIC
Aulacoseira italica, xapakTepHblil 1711 ME30TPOd-
HO-3BTpO(HBIX Box, U Aulacoseira subarctica,
a u3 oOpacranuii — Staurosira venter, TUNINY-
HBI U1 OMUTOTPOGHO-ME30TPO(MHBIX YCIOBHIMA
[Krammer, Lange-Bertalot, 1991a]. Ilo oTHomIe-
HUIO K TAIOOHOCTH TipeobnanaroT uHauddepen-
ThI, 110 OTHOILIEHUIO K pH — IupKyMHEHTpalbHbIe
Bunbl u ankanupuiael. Comepskanue apKTo0O-
peanpHBIX BUAOB Konebnetrcs ot 2.1 mo 8.3 %.
Konuentpamusi cTBOpOK JOuMaToMeil JOCTUraeT
46.9 MiH/T CyXOTO OCajKa.

KpaTtkoBpemMeHHOE CHW)XEHHE YPOBHS 03epa
npou3onuio B noxojonanue 2330-2280 kai JI.H.
(uHT. 290-295 cMm). JlnaToMOBBIN KOMILJIEKC 2 Xa-
pakTepu3yeTcsi BHICOKHM COJACpKaHUEM TOHHOMN
¢dnopsl. JIOMUHUPYIOT IIMPOKO PacIpOCTpaHEH-
HbIC B CJIa0OMHHEPATM30BAHHBIX OJIUTOTPOd-
HO-Me30TPO(HBIX MEITKOBOAHBIX BOJOEMaxX Bpe-
MEHHO TUUIAaHKTOHHBIM KocMomonutT Tabellaria
fenestrata, apxroOopeanbubli Fragilariforma
nitzschioides, TPEANOYUTAIOMUNA  OJUTOTPOd-
HO-TUCTpOo(HBIE BOABI, W AOHHBIM Hantzschia
amphioxys (13.2 %), KOTOpBIi MOXET OOUTATh
u B nmouBax. CyOJJOMUHAHTAMU SIBISIFOTCST Xapak-
TEPHBIC JJI OJIMTOTPO(HBIX BOJIOEMOB CEBEPHBIX
PErMoHOB JNOHHBIN Pinnularia crucifera u oou-
Tarenb 0onoT Eunotia glacialis. YBenuuuBaeTcs
conepkanue ranodooos (o 41.3 %), anmmodu-
noB (10 36 %) u apkrobOopealbHBIX BHUIOB (10
15.5 %). O3zepo ctano Gnuxe K OTUTOTPOGHOMY,
TEMIIEPATyPHBIC YCJIOBHSI, MO-BHIAMOMY, CTAJIH
6onee xononHbIMU. OOMIIHE CTBOPOK CHUKACTCS
1o 2.9 mun/r. Tepputopust Hayana 3a060J1a41BaTh-
Csl, @ MECTaMH, BEPOSTHO, 00Pa30BAIIUCH OCYIIKH.

[Tocnenyromee OOBOTHEHUE O3EPHOW HaIIU
(2280-2110 xan. n.H., uHT. 275-290 cm) mpu-
BEeJIO K MpeoONaJaHuio TUIAHKTOHHBIX — BU-
noB (mo0 79.6 %) (komrmuiekc 3). JIoMUHHPYIOT
Aulacoseira subarctica n A. valida — K0CMOIIONHT,
pacnpoCTpaHEHHbI B OJIUTOTPOPHO-ME30TPOd-
HBIX BOJOEMaxX CEBEPHBIX M TOPHBIX PErHOHOB.
CybnomuHanTOM siBIsieTcst  Staurosira venter.
Jomn anumoduiioB U ranodoOOB CHUKAIOTCS.
Conepxanue apkroOopeanbHbIX BUa0B < 8,1 %.
Konnentparus ctBopok cocrasisieT 31-70 Muts/T.
CocraB nmuaTomeit yka3bIBaeT Ha CYIECTBOBAHHE

294

ONUTOTPOGHO-ME30TPO(HOTO 03epa C 3apOCISIMH
Makpo(hHUTOB.

Kommieke 4 oTpakaeT 3HAYUTENbHOE CHHU-
JKCHHE YpOBHsS M 3a0onaumBaHue o3zepa 2110—
1760 xan. mH. (uHT. 245-275 cm). JlomuHH-
pytorum  ctaHoButcst Aulacoseira laevissima,
XapakTepHBIH I ONUTOTPO(HBIX BOJAOEMOB.
OTOT BUJ BCTPEUAETCS B MEIKOBOAHBIX JIEM-
HUKOBBIX O3epax (mybuHa ~ 1 M) B cyOaib-
MUHACKOM M anbpnuiickoM mosicax [Buczko et al.,
2010; Krammer, Lange-Bertalot, 1991]. IloBbI-
IIaeTCsl COAEp)KaHUE JIOHHBIX BHJOB, OCOOCHHO
Pinnularia crucifera. CyOnmoMUHaHTaMu SIBJISI-
I0TCS 00pacTaresy OJUroTPOPHBIX U OJIUTOTPOd-
HO-TUCTPO(QHBIX BOJOEMOB: apKTOOOpPEaTbHBIN
Cymbella amphioxys, xocmomnonutsl Eunotia
glacialis w Tabellaria flocculosa, MOSBISIOTCS
XapakTepHble s C(arHOBBIX MECTOOOUTAHHIA
apkroOopeanbHble Eunotia lapponica, Eunotia
serra. YBEIMUWIOCH COJEp)KaHUE auug0(pUIOB
(mo 25.2 %) u ranoo6oB (10 26.4 %), xapakrep-
HBIX Ui OOJIOTHBIX OOCTaHOBOK, U apKToOOpe-
anbHbIX quaroment (12-25.5 %). KonuenTpauus
cTBOpOK cHIkaercs (1.4-9.3 miH/T).

Kommtekc 5 (1760-1130 kaun. i.H., uHT. 180—
245 cM) CBHIIETETBCTBYET, UTO TUIPOIOTUUECKUI
peXHM  OTUTOTPOPHO-AUCTPOPHOTO  BOAOEMA
0611 HeycToHUYMBBIM. CoepKaHKe MIIAaHKTOHHBIX
BUJIOB CHJILHO BapbUpPYET, Hapsny ¢ Aulacoseira
laevissima wnavinenwsl A. italica, A. crenulata,
A. subarctica. CyliecTBEHHO YBEIMYHUBAETCS
conepxanue Tabellaria flocculosa, THIMYHOTO
Uit TOpGSHBIX OOJNOT. 3HAYUTENHHO MOBBIIIA-
eTcsa ywactue ranodo6oB u ammmoduio. Ilo-
CTOSIHHBIMH KOMITOHEHTaMH (DIIOPBI CTAHOBSITCS
Eunotia serra n E. lapponica, onTUMaabHO pa3-
BuBaromuecs rpu pH 4.9 [bapunosa u np., 2006].
Maxkcumanbaoe coaepkanue (mo 10.8 %) atux
BUJIOB HaiiieHo B uHTEpBaie 2.15-2.20 m (1500—
1440 xain. n.1.). 3aech pe3ko (1o 1 %) cokparia-
€TCSl y4acTHe IUIAaHKTOHHBIX BUAOB. BO3MOXHO,
Ha KOPOTKWI TEPHOJ 03epO CHIBHO 3apacTalo.
Jomnst apkTOOOpEabHBIX TUATOMEH B 3TOM CIIOE
0ocaJKoB noBbImaeTcs 10 33 %, Toraa Kak B IOJI-
CTHJIAIOIIUX U TIEPEKPHIBAIOIINX OCAJIKaX UX y4a-
ctue coctapisieT 15-26.7 %. O6uine CTBOPOK HE
npeBbIaeT 2.5 MIH/T.

Komrmnekc 6 oTpakaeT CHUKEHHE YPOBHS 03€-
pa okoio 1130-910 kan. n1.H. (uHT. 140-180 cm).
Cpenu TOMHHAHT TOBBICUJIACH poiib Pinnularia
crucifera. B coctaBe cyOIOMMHAHTOB TMOSBISET-
cs1 noHHbIN Pinnularia genkalii. YBenuuuBaercs
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conepkanue OONOTHBIX BUAOB pona Eunotia (10
27 %), Bxmrouas E. paludosa, TunuaHsiii 1ist 60-
JIOT ¢ y4acTueM carayma 1 TOJIEpaHTHBIN K Bpe-
MeHHOMY o00e3BokuBaHuio [Dam et al., 1994].
KonnenTparusi cTBOpoK KoJjiebyeTcs B mpeaesax
0.7-1.8 muH/T.

3HaYMTEIHLHOE CHUXKEHUE YPOBHS 03€pa B pe-
3yabTaTe JAIbHEUIIEro 3apacTaHus OBLIO OKO-
1o 910-760 kan. n.H. (kommuiekc 7, uHT. 120—
140 cm). ConeprkaHue IUIAHKTOHHBIX JTHATOMEH
YMEHBIIAETCS, TPEO0IaIat0T TOHHBIE BUIBI U 00-
pacTaTenu. YBEIMUYMBACTCS JOJII BUIOB POJOB
Eunotia (no 35.5 %) w Pinnularia (no 45.8 %),
CpeIy KOTOPBIX IOMUHUPYIOT BHJBI, XapakTep-
HBIC JJI1 OKOJIOHEUTPAThHBIX WM CITa0OKHUCIIBIX
BOJ] OIUroTpodHBIX BogoeMoB (Eunotia glacialis,
Pinnularia crucifera, P. genkalii). CyOnoMuHaH-
tamu sBisitorest Cymbella amphioxys v Tabbelaria
flocculosa. B ornenpable mepuoasl 910-870;
840-800 kan. i.H. (MHT. 135-140 u 125-130 cm)
dukcupyeTcs ToiHOE 3apacTanue o3epa. Kon-
[EHTPAIUS CTBOPOK CHIKaeTcs 10 0.2 MITH/T.

Komrmnekc 8 (unT. 105-120 cm) oTpakaer He-
3HAYUTEIbHOE OOBOAHEHHME O3E€pPHOM Yalld OKO-
m0 760-660 kan. j.H. YBEIUUUIIOCH COMAEpIKa-
aue Aulacoseira laevissima M CHU3WIACH OJIS
JIOHHBIX BUIOB. Kimmarndeckue yciaoBwsl OBLIH
XOJIOMHBIMH — COJICP)KaHHE aPKTOOOpEaTbHBIX
BUJIOB AocTUraet 29.5 %, B TOM 4uciie BBIPOCIO
yuactue Eunotia serra. KoHlleHTpalusi CTBOPOK
MoBBIIIAeTCs 10 2.1 MIH/T.

bonee cunpHOE 0OBOAHEHME 3aUKCUPOBA-
HO okojo 660-250 xan. s.H. (uHT. 40-105 cm)
(xomruiekc 9). Jons MIaHKTOHHBIX BHIOB YBEJIH-
yuBaerca 10 49.7 %. Knumaruueckue ycioBust
OCTaBAJIMCh XOJIOMHBIMH, COACpIKaHHE apKTO0O-
peanbHbIX BUAOB coctaBiseT 29 %. Konuenrpa-
I[Usl CTBOPOK KosieOnercs B penenax 1—4.7 MiH/T.
KparkoBpemennoe obmeneHue ozepa GuKCUpPY-
ercs 380-350 kan. m.H. (MHT. 55-60 cm). 3mech
cofiepKaHue IUIAHKTOHHBIX BHJOB CHU)KAETCA
no 8.1 %, pacrer ywactue Eunotia paludosa,
E. nymanniana, cnocOOHBIX OOMTaTh MPU HE3HA-
YUTEIbHOM yBIakHeHuH [Dam et al., 1994].

[Tocnenyroiiee pa3BUTHE 03€pa MPOUCXOAU-
JI0 B YCJIOBHSX MPOTPECCUPYIOLIETO OOMETCHHUS.
B kommiekce 10 (uaT. 0—40 cM) mpeobiamaroT
BUIbl oOpactanuii (mo 77 %), HOMUHUPYIOT
Eunotia paludosa, E. glacialis, cyonomuHaHTa-
MHU SBISIIOTCS Eunotia nymanniana, Encyonema
paucistriatum, 4TO MOXKET CBHUIETEIbCTBOBATH
0 cnaboM yBIaXXHEHUU. B KpoBie MOBBIIAETCA

coneprkanue 1oHHOTO Navicula angusta, pactpo-
CTPAaHEHHOTO MPEUMYIIECTBEHHO B OTUTOTPO(-
HBIX BOJAaX U MOXOBOM JIEpHE TOPHBIX PaliOHOB
[Krammer, Lange-Bertalot, 1986]. 3nauuTens-
HOE 0OBOMHEHHE 03epa (UKCHPYETCS B MEPBOMA
nojgoBuHe XIX B. — coaepkaHue TIJIAHKTOH-
HBIX BUNOB (Aulacoseira laevissima, A. italica,
A. subarctica, A. crenulata) moBpIIACTCS 10
25.4 %. Takke 3HAUUTEIBHO IIOBBIIIAETCS CO-
nepxxanue Tabellaria flocculosa. Menee cuib-
HOE OOBOJHEHHE O3epa MPOSBUIOCH B MEPBOMA
nojioBuHe XX B. — DOJIA IDTAHKTOHHBIX JUAaTOMEN
B UHT. 10—15 cm cocTaBmser 6.3 %. [lons miaH-
KTOHHBIX BUJIOB CHUXKaeTcs 10 1.2 % B kposiie,
YTO YKa3bIBa€T Ha IOJHOE 3apacTaHHe oO3epa.
B Topde, obpasoBanHOM B (ha3el OOBOJHEHWS,
KOHIIEHTpAIUsl CTBOPOK IOCTUTaeT 3.5 MIH/T.,
B OCTaJILHBIX CJIOSIX He Oojiee 2 MIH/T. B 1ienom,
B KOMILJIEKCE TTPEO0IaiatoT aiuaoQuiIbl U Talo-
¢o6s1. ConmepxaHue apKTOOOpEaNbHBIX BHUIOB
camwkaercs ot 32.7 no 10 % B kpoBie.

O0cyxaenne pe3yJibTaToOB

W3ydenne 1ByX pa3pe3oB OpraHOTEHHBIX OT-
JIO’)KEHHUH B 03€PHBIX KOTIOBUHAX MTOKA3aJI0, YTO
ormoi3Hu Ha ckiIoHaX COJIOHIIOBCKOTO Iajieo-
ByJIKaHa ObLTH MHOTO(a3HBIMU 00pa30BaHUAMH,
MaJibie 03epa UMEIOT pa3Hblii Bo3pacT. O3epo 13-
100punbie ConoHib! (4.4 THIC. Kaj. J1.H.) Ooyiee
npeBHee, yeM 03. Huknee (2.6 Tobic. Kaji. JI.H.),
X0/l MX Pa3BUTUS ObLJI METaXpPOHHBIM, CKOpee
BCETO 32 CUET Pa3HOTO BHICOTHOTO ITOJOXKCHHUS,
HO TEHACHIIUU JOBOJIBHO OJNHM3KUE U OTPaKAIOT
KIIMMaTUYECKYI0 PUTMHUKY B ITO3IHEM T'OJIOIICHE
B cpenHeropbe llentpansHoro Cuxord-AnuHs
(puc. 5). I'maBHBIM (paKTOPOM, ONpPEACIIAIOIINM
pa3BUTHE 03€p U OCOOCHHOCTH OCaJIKOHAKOILIE-
HUS, SBJSUIOCH M3MCHCHHUE YBIIAXKHCHUS, KOTO-
poe KOHTPOIUPOBATIOCH KOJIMYECTBOM aTMOC-
(dbepHBIX 0caaKoB. PacTuTenpHbIi TOKPOB 00JI0T
U MUKpodiopa B BOAOEMax CHJIBHO HapyIla-
JTUCh U3-32 U3MEHEHHUS OOBOAHEHHOCTH, O YeM
CBUJIETEIBCTBYET YacTasi CMeHa HU3IIUX pacTe-
Hu-TophooOpazoBaTeneil, UMEIIINUX pPa3HbIC
TpoduuecKkue NPEeArnoYTeHUs, U AUATOMOBBIX
KOMILIEKCOB C JOMHHHPOBAaHUEM BHJIOB, TPEI-
MOYMTAIONIUX Pa3HbIE MECTOOOUTAHUS U pearu-
PYIOIIKUX Ha TeOXMMHUYECKYI0 oO0cTaHOBKY. [lo-
KpPOB COCYIHMCTBIX pacTeHUH Ha 00JIOTaX OYEHb
cnabo pearupoBasl Ha KIMMATHUYECKHUE CMEHBI:
Ha TPOTSDKCHHH (DOPMHPOBaHUS BCEro paspe-
3a TOCIHOJCTBOBaIUW 2—3 BHJA OCOK W ITYIIHI

295



PA3BUTUE CONNOHLIOBCKNX O3EP KAK MOKA3ATEJb AUHAMUKY YBIIAXHEHUS B LIEHTPANIbHOM CUXOT3-ANIUHE B NO3HEM IrOJIOYEHE

¢ runpoduramu. BeneacTBre BecbMa 3HAUUTENb-  BOXKIABIIETOCS BCTIBIIIKONW Pa3BUTHS TUITHOBBIX
HBIX CE30HHBIX KOJIeOaHUN ypOBHS OOJIOTHBIX BOJl, MXOB, J0 cJ1ab0 MPOTOYHOTO, HAa YTO yKa3bIBaeT
MPUCYLIUX JAHHOMY PETMOHY, MEPEYBIAKHEHUE MEPUOAMYECKH IMMOSBISIOIIMUACS TEPPUTCHHBIN
MEPUOANYECKH MEHSIIOCH OT 3aCTOMHOIO, COMPO-  MaTepual.

Puc. 5. Pa3putre CoNOHIIOBCKUX 03€p B MO3IHEM ToJIOLeHe. Bapuaiuy cpetHeronoBoi TeMneparypbl IJisl CEBEpHOTO
nomnymrapust (90-30 °C c.m.) mpuBeaens! no [Ljungqvist, 2010].

Fig. 5. Development of Solontsovskie Lakes in the Late Holocene. Annual temperature variations for Northern
Hemisphere (90-30 °C N) accordingly to [Ljungqvist, 2010].
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Ob6pa3zoBanue 03. Huwxnee u Havaso TopdhoHa-
KOTLJICHUS IPOUCXO/IUIIO B TIOXOJIOJaHUE, UMEBIIIECE
100anbHBI MacmTad (2.8-2.6 ThIC. Kaji. JILH.)
U CONMpPOBOXKIaBIIeecs] B A3UU CHIDKEHHEM YB-
naxHenus [Wanner et al., 2011]. dms Cesepo-
Bocrounoro Kuras ycranoBieHo, 4TO B 3TO Bpe-
Ms1 ObLT ocnabneH JeTHuii MmyccoH [Li et al., 2011;
Chen et al., 2015; Stebich et al., 2015]. B Hux-
HeM [Ipuamypbe 0coOOEHHO 3aCyIUIMBBIMU OBLTH
ycnoBus okono 2570 kan n.H. [ba3aposa u ap.,
2018a]. T'opnble o3epa u 60m0Ta Ha ore CUXOTH-
ATNUHS MO-pa3HOMY Pa3BUBAJIKCH B TTOXOJIOIaHUE.
CHmxenue yBnaxsenus 2735-2040 kan J1.H. oT-
MeueHO Ha OOJOTHOM MaccuBe ypouwma MyTta
(abc. BbicOoTa 570 M), PacHOIOKEHHOM Ha TJIaB-
HOM Bozopaszaene [Razjigaeva et al., 2019]. IIpo-
rpeccupymomiee YMEHbIICHHE TITyOMHBI OTMEYCHO
3010-2630 xaxn. j1.H. 1 aJI€003€epa, CyLECTBO-
BaBllero Ha mecre JlapuenkoBa Oonota, Illko-
ToBCKoe T1aro (abc. Beicota 730 m) [Pazxkuraesa
u 1p., 2016]. Ha Cepreesckom miaro (adc. BbICO-
Ta 0koJ10 900 M) TopsTHUKHM HA MECTE TAIe003ep
Pa3BHBAIUCh B XOJIOMHBIX BIIAXKHBIX YCIOBHUSIX
[Pa3xuraesa u ap., 20196].

Ha navanbHOM »Tamne o3. HuwxkHee npencras-
510 co00i  Me30Tpo(pHO-3BTPOGHBIN BOJOEM,
Oonee 0OBomHEHHBIHN, yeM 03. M3t06punsie Co-
noHIel. OOBOHEHUE KOTIOBUHBI 3/1eCh 00YCIIOB-
JICHO JIOKAJIbHBIMH TeOMOP(OTOTHUECKIMHE TPH-
ynHaMHu. Boma B o3epe Obuia ciiaboIenodHoi,
4TO, N10-BUAUMOMY, CBSI3aHO C COCTaBOM I'DYHTOB.
B cyxue ce30HbI TPOUCXOIWIA MACIITAOHBIE MO~
xKapbl (2590-2430 kan. n.H.). AKTHBHU3AIUS TO-
’KapoB B 3TO BpeMs OTMEYECHa W sl OacceitHa
p. buxun, n Ha r0xxHOM Cuxor3>-Anune [ba3aposa
u ap., 2017; Pazxuraesa u np., 20196].

CHmxenue ypoBHsa 03. Huxnee 3adukcupo-
BaHO B KpaTKOBpEMEHHOEe mnoxojonanue 2330—
2280 xain. n.H. MI3mMeHMIach reoxuMuueckasi oo-
cTaHoBKa — BenmyrHa pH monusmnacs. CHU3MIACh
IIPOAYKTUBHOCTb IHAaTOMEN. Pe3koe mosbliieHue
ponu Tano(oOoB CBUIETEILCTBYET 00 YCHUIICHUHU
armocgeproro nutanus. Oxomno 2270 kan. JLH.
HayaJoch MaJICHUe YPOBHS U 3apacTaHue o3. W3-
100punbie CONOHIBI, TAE MO €ro 0OpaMIICHHUIO
IO HAaKOIUIeHWE JpeBecHoro Ttopda [Pazxu-
raesa u np., 2017]. B sTto Bpemsi B 1uaToMOBOi1
¢Iiope mUpoKoe pa3BUTUE MOTYUUIH BUIbI, CIIO-
coOHBIE OOUTATh MPU HE3HAUYNTEIFHOM yBIIa)KHE-
HUU: TOHHBIN Pinnularia borealis, a u3 obpacrta-
Hui arunodun Eunotia praerupta. I1o onieHkam,
clenaHHbIM 11 mobepexnst (Oyxrta Jlanroy 1),

TeMIIepaTyphl JO0CTUraau MUuHUMYyMa (okoio 1 °C
HIDKE cOBpeMeHHOro) okono 2280 kai. i.H. [Ha-
3apoBa u 1ip., 2021]. CunbHBIE MOPO3BI U CHETO-
nagsl B IV-III BB. 10 H.3. OTMEUYEHBI B JIETOIIHUCIX
Kwuras [Knumenxo, 2009].

MaxkcumanbHoe oOBonHeHue 03. Huxnee
0bU10 0KOJIO 2280-2110 Kaj. JI.H., YTO COBIIaIa-
€T C HeOOJIBIIIUM MOTETUICHUEM [ MUKHUIITUH | JIp.,
2008]. B o3epe Obu1a BCIBIIIKA Pa3BUTHS AHATO-
MOBBIX BOIOpOCIeil, 0coOeHHO muaHkToHa. [Toka-
3arenu pH Obun 65u3ku K HeifTpanbHbIM. Ha 60-
nore ucue3nu charnoswie u 3eneHsie Mxu. [1mo
HAKOIIJIEHHE TpaBstHOrO Topda. Munepanuzanus
Topda, BOSMOKHO, TIOBBICUIIACH 3a CUET YCUIICHUS
MJIOCKOCTHOTO cMbIBa. OOBOAHEHHE O0KOI0 2370—
2150 kan. J.H. OTMEYaJ0Ch Ha Mapsx 3arajHo-
ro makpockiona LlenTpansHoro Cuxors-AnnHs
(Oacceiin p. bukun) u roxHee Ha Mapsix Ceprees-
ckoro mmiato (2380-2130 xan. n.H.) [Pamxuraesa
u ap., 2019 a, 6].

[TocrenenHoe CHUYKEHUE YPOBHSI 03€pa OKOJIO
2110-1760 kai. 1.H. TPOUCXOAWIO B OOJIee Mpo-
XJIAIHBIX YCJIOBHSIX. B 00mIMM mosiBUIUCH KJia-
nouepsl. [Iuk conep:kaHusi NIAHKTOHHBIX JUa-
TOMEH TMO3BOJISICT BBIACIUTH KPAaTKOBPEMEHHYIO
a3y oOBoxHeHHs Ha (POHE MOTEIICHUS] OKOJIO
1990-1930 kan. n.H. B 3710 )€ Bpems Ha 0oJio-
T€ IIHUPOKOE PA3BUTHEC TOIYUYWIIH 3€JICHBIE MXU
Limprichtia revolvens, Scorpidium scorpioides,
MOCJICTHUIM BUJ MPUYPOUYEH K BCeraa 0OBOIHEH-
HBIM ydacTkam 0os10T [Urnatos, rnarosa, 2004].
C 1870 kau. j1.H. Ha 00J10TE B OOUIINY pa3BUBAIHCH
pakoBHHHBIE aMeObl, XapaKTepHbIC AJS CHIBHO
OOBOJIHEHHBIX YCIIOBUH, B TOM uHciie charHodu-
abl. Ha Cepreesckom miato 2130-1820 kain. Jji.H.
CYLIECTBOBAJIO XOpOHIO O0OBOIHEHHOE O00JI0TO,
HACBHIIIIEHHOE TYMHUHOBBIMH KHcJoTamu [Pazxu-
raesa u ap., 20196].

B ommuune ot 03. M3toOpunbie CoJOHIIBI,
KOTOpO€ OBUIO OTHOCUTEIBHO CTAOMIIBLHBIM
2270-1230 xan. n.H. ¢ TeHACHUUEH OOMeNneHUS
U uccymenus, o3. Hmwknee 1761-1133 kain. n1.H.
UMeNo HecTaOmibHBI pekuM (puc. 5). Okoio
1710 xan. 1.H. U3MEHWIIACh TEOXUMHUYECKas 00-
CTaHOBKAa — CHM3WIAach BenmuunHa pH (mo 4.9).
Ha =xonomgneie ycioBusi yka3blBaeT pa3BUTHE
ycroitunBoro cdarnooro mokpona (1870-1550,
1390-1340 xan. n.H.). Hagamo »Toro srama co-
BIIAJIO C TOXOJOAAHHEM, KOTOpOe HaOIr0Ianoch
B JPYyruX peruoHax mupa okono 1750 xkan. .H.
[Wanner et al., 2008]. [Iux moxosnogaHusi B pam-
oHe COJIOHITOBCKHX 03€p, COMPOBOXKIABIIUNCS
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CYLIECTBEHHBIM COKpAI[CHHEM KOJIWYEeCTBa aT-
MOC(EpHBIX OCAaJKOB W BBI3BABIIMA KOPOTKHIA
MEepUOJl CUJIBHOTO 3apacTaHHsl o03epa OKOJO
1500-1440 kaJ. J1.H., COMOCTABISIETCS C OKOHYA-
HUEM T00aIbHOTO X0I0AHOTo coObITHs (1650—
1450 xamn. J.H.), COMPOBOXKIABIIETOCS B A3UH
uccymennem [Kmmmenko, 2009; Wanner et al.,
2008, 2011]. B ato Bpems (1600-1300 xan. 1.H.)
3a()UKCUPOBAHO OCIA0JICHHE JIETHETO MYCCOHa
[Li et al., 2011]. HexoTopsie aBTOpBI IpaHHIIBI
9TOr0 TOXOJOAAHHUS paccMaTpuBaloT B Ooiee
mupokoM auanazone — 1750-1350 xam. m.H.
[Ljungqvist, 2010]. IToxosonanue NposSBHIOCH
B [Ipumopse [Muxkuiun u ap., 2008] u na Ca-
xanuHe [MukummH, ['Bo3neBa, 2016; Leipe et
al., 2015], na SIMOHCKUX OCTpOBax BBIJEIICHA
xononHas craaus Kopyn (1760-1220 kan. i1.H.)
[Sakaguchi, 1983].

Ilocnenyromee passutue 03. Huxnee or-
pakaeT CIOXKHYIO KIMMAaTHYECKYI0 PUTMHUKY
MpH TIepexoie K MaJOMy ONTHMYMY TOJIOIICHA.
KpartkoBpemenHoe mnoxononanue okono 1290—
1260 xan. J.H. IPUBEJIO K paciBeTy c(harHOBBIX
MXOB. BO3MOXHO, 3a CUeT 3TOro BO3pOCIIH U CKO-
poctu TopdoHakomaeHus. CHUKEHHE YPOBHS
o3epa 1260-1200 kan. J.H NPUBEIO K BCIHBIIIKE
pa3BUTHs 10 OOpaMIICHHIO 03€pa 3€JIEHOr0 MXa
Limprichtia revolvens n (GOpMHUPOBAHUIO TUITHO-
Boro topda. B ato Bpems (1230 kai. J1.H.) oTMe-
yeHa (haza 00BogHeHH 03. 3100puHbIe CONOHIIBI
[Pazxuraesa u ap., 2017]. Oxono 1260 kan. i1.H.
HavaJICsl JUTATENbHBIA TTEPHOJ ¢ OOMIBHBIM ped-
HBIM CTOKOM U CHJILHBIMH HAaBOJIHEHUSMU B Oac-
ceiine p. bukun [Pazxuraesa u ap., 2019a].

[Toreruienne, KOTOPOE COMOCTABISETCS C Ma-
JBIM ONTHMYMOM TOJIOIICHA, BBIACISETCS IO
JaHHBIM CIIOPOBO-TBUIBLIEBOTO aHAIM3a OTJIO-
xeHuit 03. M3ro6punbie ComnoHupl okoiao 1080—
810 ka1 1.H. Okono 1130-910 xan. 1.H. ypoBeHb
03. HiwkHee CHM3WICSA, OHO CTajo aKkTHUBHO 3a-
pactatb. Ha OonoTte yBenmuumiach poib TPaBsSHO-
ro sipyca. Cpeau MXOB cTano Oombiue Sphagnum
divinum, XapakTepHOTO &Jii Me30TpO(pHBIX 00-
10T. Oxono 1010-980 ka. JI.H. pe3Ko CHUXKAeTcs
KOJIMYECTBO 3eJIeHbIX MXOB. /Ly aToro mepuona
OTMEYAIOTCSI TMPHU3HAKH IOXKAPOB Ha OKpy*kKa-
foux Tteppuropusx (1130-1100, 1070-1040,
1010-980 xa. y1.H.). CuibHbIE OXKaphbl B MaJIbli
ONTUMYM roJjiorieHa ObuTH 1 Ha tore CuxoT3-Amu-
Hs [PazxkuraeBa u ap., 20196], 4ro, BO3MOXKHO,
CBS3aHO C AaKTUBHBIM OCBOCHHUEM TEPPUTOPHH
B CpEIHHE BeKa.
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CHIKeHHEe YpOBHS W aKTHBHOE 3apacTaHHe
03. Hmknee okono 910—760 kain. j1.H., BEpOATHO,
MPOU3OILIO NPU YMEHBIICHUHU TEeMIIEPaTypHOTO
¢dona. Bosmoxno, 910-870; 840-800 xamn. mi.H.
03epo MOITHOCTHIO 3apacTano. CHIkeHrne o0BOI-
HeHus: 03. M3t00punbie COIOHIBI TPOUCXOAMIIO
960-840 kai. 1.H. 30€Ch BBIIEIAECTCSI XOJIOIHBIA
snu301 okosio 840—-810 kan. Ji.H., B pailoHe o3epa
MIPOM30IIEN HEOOBIION MoXKap.

O6Boanenue o3. HimkHee Havanoce mnpu cme-
HE KJIMMaTudeckoro pexuma 760—660 kan. j.H.
U OCOOCHHO B MAallbIil JIGMHUKOBBIM TIEPHOL
660-250 xan. y.H. [To-BuIUMOMY, B 3TO BpeMms
MPOUCXOWIIO YCUJICHHUE ITUKIOHUYECKONW aKTHB-
HOCTH. B nuaTtomoBo# (hiiope moBbIIaioch y4a-
CTHE apKTOOOpeaNbHBIX BUIOB. YCIOBUS OBUIH
XOJIOIHbIE U BJIa)KHbIE, HA O0JOTEe OOMNBIOE pa3-
BUTHE TOIYyYarOT c(harHOBbIE MXH, IOYTH HCYe-
3aet S. divinum. Pa3Butne 3enenoro mxa Meesia
trifaria Taxke yKa3blBaeT Ha yCUJICHUE TPYHTOBO-
ro nutanus. B llenrpansnom Cuxors-AnuHe yc-
JIOBHSI B TIEPBOH TMOJIOBHMHE MEepHoAa ObLIN Oojee
XOJIONHBIMH, KaK U B JPYTHX KOHTHUHEHTAJIbHBIX
parionax tora /lansHero Bocrtoka [bazaposa u ap.,
2014; Pa3zxuraesa u ap., 2019 a, 6].

[Tonmxenue n0MM apKTOOOpEanbHBIX BH-
JIOB TIO3BOJISIET BBIJCIINTh HECKOJIBKO KpPaTKO-
BPEMEHHBIX 0oJiee TeIIbIX 3Mu3010B 660-620,
530-500, 440410 xan. n.H. Kak npaBuiio, B 3T0
BpeMs yBEIMYHMBAIACH JOJIA (DUTOTUIAHKTOHA.
[Tuku comepkaHus apKTOOOpeaTbHBIX AHATO-
Mmert (690-660, 590-560, 470-440 xan. n.H.),
MO-BUAMMOMY, OTBEUAIOT TPEM MHHHMYMaM
COJIHEYHOW aKTHMBHOCTH, B TOM uucjie Bonbda,
[Inepepa [Fagan, 2000].

C 590 xan. JI.H. pe3Ko COKpaliaeTcsi KojJuye-
CTBO KJIJIOLIEp, IPH JaIbHEUIIeM 3200 1aYBaHUN
U 3apacTaHUM o3epa OHHU ucuezaroT. Ha 3aman-
HOM MakpockioHe 645-550, 490420 xan. n.H.
HaOIIonanoch OOBOJHEHWE [IONIMH WM YCUJICHHE
4aCcTOTHl HABOJAHCHHM, XOJIOMHAS cyxas (a3a BbI-
nensercss okojgo 420-220 kan. m.H. [Pazxkurae-
Ba u Jp., 2019a]. KparkoBpeMeHHOE OOMENCHHE
03. Huwxnee d¢ukcupyercs 380-350 xan. I.H.,
BO3POCIIO y4acTHe apKTOOOpEATbHBIX ITUATOMEH,
OoJblliee pa3BUTHE MOTYYUI TPABSIHOM sIpycC, y4a-
cTue c(harHOBBIX MXOB PE3KO COKPATHJIOCh. B 310
BpeMs Ha II00ATbHBIX 3aMUCAX BBIICTSETCS XO-
nomubIi anm3oxn [Fagan, 2000; Ljungqvist, 2010].
Oxkoino 350-290 kan. JI.H. OKOJIO 03epa MPOHU30-
mren noxap. Heckonbko MOBBICHIIACH MUHEPAITH-
3arus Topda. Ha 6osote crano cyre.
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[Iporpeccupytomiee oOMeneHue o3zepa B TO-
ciaennue 250 kan. J. oOyCJIOBJIEHO 3HIOTEHHBIM
pa3BUTHEM. ['MAPOIIOTMUECKUN PEXUM B KOTIO-
BUHE OBbUT HEYCTONYMBHIM, CHU3WIACH BEIMYMHA
pH. YMeHbiieHue oOBOAHEHHS U POCT COJIEpIKa-
HUSl apKTOOOpeaslbHbIX JuaroMend okojo 240—
210 kaJ. JI.H. 03BOJIAET MPEANOIOKHUTb, YTO 3/1€Ch
nposiBiiicss MUHUMYM MayHzepa (1645-1710 rr).
Ha Oomore yBenmMYMIOCHh KOJIMYECTBO U Pa3HO-
oOpasue 3eneHbix MxoB. [locie oOmenenus 3a-
(¢buKCUpOBaHO OOBOJHEHHE B IEPBOM TOJOBHHE
XIX B. M1 MEHEE 3HAYUTEINBHOE — B Hayaje XX B.

3akJioueHue

Otnoxenus: COJOHIIOBCKUX 03€p SIBISIOTCS
TIPUPOTHBIMHA BBICOKOPA3PEIIAOIIUME apXHBaAMH,
MO3BOJISIFOIIIMMHU ~ BOCCTAHABIIMBATh  JIETATLHYIO
JIETOITHCH IAJICOKJIMMATHIECKUX COOBITHH B IO3/-
HeM rosorieHe. CpaBHEHHE MAHHBIX TIO0 MaJIbIM
o3epaMm IMoKa3ano, 4To 03. HikHee Oonee dyTKoO
pearupoBajio Ha HW3MEHEHHE THAPOKIMMAaTHYC-
CKHMX YCIIOBUM W IIOKa3ajJO BBICOKYIO IAJIECOKIIU-
MaTU4ecKyro u3MeHuuBocTh. O3epo U3roOpuHbIe
Comnoniipl ObUTO OOJIee CTAOMIIBHBIM, HO Pa3BUTHE
BOJIOEMOB UMeJI0 o01ue TeHaeHnun. HecraOuib-
HOCTH KJIMMara B mocienaaue 2.6 ThIC. Kaj. JI. 00-
YCIJIOBHJIA OCOOCHHOCTH THIPOJIOTUYECKOTO PEKHU-

Cnucok aureparypsl

epaghusa u npupoousie pecypcenl, 4: 122—-132.

GIPR0206-1619-2018-4(139-149)

3anoeeonuxa. M.: Hayka, 304 c.

yene. J1.: Hayka, 244 c.

Ma 03. HukHee, 4To BBIpa3uIIOCh B YaCTHIX CMEHAX
KOMIUTIEKCOB TMaTroMeil U ToppooOpas3yronmx pac-
tennil. [Ipocnexena mnocnenoBarenpHas CMEHa
TpoHOCTH BOmoema. O3epo ¢ Me30TpodHO-IB-
TPO(MHBIM PEKUMOM CTAHOBUTCS OJUTOTPOQHO-
Me30TpodHEIM okoJo 2330 KaJl. JI.H., MaKCUMalTb-
HYIO [TyOMHY ¥ IPOAYKTUBHOCTH OHO MMEJIO OKOJIO
2280-2110 xa JI.H.; CTAIO0 OJUTOTPOGHBIM OKOJIO
2110 xan. n.H., a ¢ 1760 xan. 1.H. — onurorpodHo-
TCcTpO(HBIM. J[TTHTETBHBIA IEPUO]T YCIIOBHSI OBLITH
HEYCTONUMBBIMU, BBIICISIFOTCS 3Tabl 0OBOTHEHHS
W OCYIICHHUS BIUIOTH J0 KPATKOBPEMEHHBIX OITH-
30[10B TIOJIHOTO 3apacTaHus. 3HAUYUTENLHOE CHU-
YKCHHE YPOBHS 03epa HaOII0Manoch B MOCIETHEE
ThIcAYeneTre. 3a0oIadrBaHue BOJOEMa OCOOCHHO
YCWIMIIOCHh B mociennue 250 Kaj. J., CHU3WINCH
BenuuuHbI pH, Mo oOpamMieHuto pa3BuBaercs 00-
BOJIHEHHOE  OJIUTOTPOHO-AUCTPOPHOE OOIOTO.
PacturenbHbI MOKpOB 00JI0Ta TakkKe 4acTo Ha-
pymIaucs u3-3a U3MEHEHUsI OOBOAHEHHOCTH, O YeM
CBHUJIETENILCTBYET YacTasi cMeHa c(ParHOBBIX MXOB
Pa3HBIX CEKINH, IMEIONIUX pa3HbIe TpopHuecKue
npeamnouteHus. das3pl UCCylIeHHs], KaK MpaBUIIo,
COOTBETCTBOBAIM TTOXOJIOIAHHSIM, HCKITIOUCHUECM
SIBJISIETCSI MAJIBIMA JIEIIHUKOBBIN TI€PUOJ, KOTOPBII
XapaKTepPU30BaJICS BBICOKMM yBIQ)KHEHUEM 3a
CUeT pocTa aTMOC(EpHBIX 0CAIKOB.
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