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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.
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Concerning the theory of LURR based deterministic
earthquake prediction
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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.
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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,

195



K TEOPUM BETEPMUHUPOBAHHOIO MPOrHO3A 3EMNETPSICEHMIA METOgOM LURR

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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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.
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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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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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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.

210



GEOPHYSICS, SEISMOLOGY

GEOSYSTEMS OF TRANSITION ZONES, 2021, 5(3)

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.
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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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