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Pe3rome. O6001IeHBI TaHHBIC O COPOIICHHBIX HANPSHKCHHUSX U MPUBEICHHON CEHCMUICCKON SHEPTHH JIJIS 36M-
nerpsicenuii CeBepHoil EBpasun. AHaMM3UPYIOTCS B3aUMOCBS3M 3THX NapaMETPOB ¢ CEHCMUYECKHM MOMEH-
TOoM 1 MarHuTynou. [IpoBenens! aeranuzamonHsle uccnenosanus Aasi CeseprHoro Tsaub-1lans (buikekckoro
Te0JTHaMHYECKOT'0 TIOJINTOHA), ITOYYEeHbI 3HAYEHUS IUHAMUYECKHIX MTapaMeTpoB o4aros Juisd 183 3emueTpsice-
HUH pa3HBIX dHEepPreTrdeckux KiaccoB (K = 8.7—14.8): yrimoBoi 4acTOTHI, TapaMeTpa CIIEKTPaTLHON IIIOTHO-
CTH, CKJIPHOTO CEHCMUYEeCKOTO MOMEHTA, paJinyca o4ara, ypOBHS COPOIIICHHBIX HAMTPSHKEHUH, CEHCMHUYECKOM
SHEpryM U NPUBEACHHOM celicMuuecKoii sHeprud. s pacuera paguyca odara u COpOIICHHBIX HANPSLKEHUH
KCIIOJIb30BaHbI JIB€ MOZENX — noaxoA bpioHa u ynyuiienHas moaens Magapuaru—Kanexo—Iupepa. J{ns ot-
HOCHTEIHHO CJIA0BIX COOBITHI yCTaHOBIICHA CTENICHHAS 3aBHCUMOCTH (perpeccrs) COPOIICHHBIX HAPSKSHUN
OT CKAJIIPHOTO CEHCMMYECKOTO MOMEHTa M, YTO COIIACYETCs C PE3y/IbTaTaMK O CTENEHHOH 3aBUCHMOCTH
0T M|, IpUBEICHHOM CEHCMUYECKOM SHEPTHH B psiiie Npyrux pernono CesepHoit EBpasun. OTMeueHa CBsisb
MEXy BUIOM O4aroBO# IMOABMKKH M YPOBHEM cOpOCa HapSHKEHHIH.

KuroueBble cioBa: o4ar 3eMJIeTpsCEHUs], MATHUTYAA, CEHCMUYECKHI MOMEHT, COpOC HAIpsDKEHUH, TpUBe-
JEHHAs CeHCMHUUECKas SHEPIusl, MacIiTaOHbIEe 3aBUCHMOCTHU
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Abstract. A generalization of the results on the stress drop and the specific seismic energy for the earthquakes
in Northern Eurasia has been made. The relationship of these parameters with the seismic moment and the
magnitude has been analyzed. Detailed studies for the Northern Tien Shan (Bishkek geodynamic polygon) were
carried out, the values of the dynamic parameters of the sources for 183 earthquakes of various energy classes
(K = 8.7-14.8) were obtained: angular frequency, spectral density parameter, scalar seismic moment, source
radius, stress drop level, seismic energy and specific seismic energy. Two models have been used to compute
the source radius and the stress drop — the Brune approach and the improved Madariaga—Kaneko—Shearer
model. For relatively weak events, a power-law dependence (regression) of the stress drop on the scalar seismic
moment M, has been identified, that complies with the results on the power-law dependence of the specific
seismic energy on M, in a number of other regions of Northern Eurasia. The relationship between the type of
source movement and the stress drop level has been noted as well.
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baarogapnuocTu

ABTOpHI BBIpaKatoT npu3HareabHocTh 0. A. Peberkomy 3a 00CyKAeHNE U IIEHHbIE COBETHI IO XOAY paboTHI.

BBenenue

HNunamuueckue napametpsl ([II1) ouaros 3em-
JETPSACCHUMN: CKaJISIPHBIA CEHCMUYECKUH MOMEHT
M, uznyvennas cedicmuueckas sueprus Eg, pa-
nuyc odara » (paguyc bprona) u cOpoieHHbIe Ka-
catesbHbIC HanpspkeHus (stress drop, Ac) — MoryT
XapaKTepHU30BaTh PETHOHAIBHBIE OCOOCHHOCTH
reopedopmanmonHoro mpormecca. Co3ganue co-
BPEMEHHBIX CEICMUYECKHUX CETEU U pa3BUTHE ME-
TOJI0B 00paOOTKU CEHCMOTpaMM C/IeJIao BO3MOXK-
HBIM B Hacrosiuee Bpems onpeznenars I naxe
Juis ciabbix 3emuerpsicenuit [JJoopeiauna, 2009;
[TycroButenko, 2013; Parolai et al., 2007; u ap.].
JIJi1 HEKOTOPBIX PETHOHOB, B yacTHOCTH (CeBep-
Horo Tann-lllaHs, BOBIEUYEHHME OYAroB CJIA0BIX
3eMJICTPSICEHHI B pacueT TUHAMUYECKUX apame-
TPOB TMO3BOJIIO «HAKOMHUTH CTATUCTHUKY» COOBI-
TUI ¢ HalJeHHbIMU 3HadeHus MU JII1, BBISABIATH
UX KOPPENSLHMOHHBIE CBOMCTBA U 3aKOHOMEPHO-
ctu pacnpenenenuit Il [CerueBa, boromornos,
2016; Baltay et al., 2011]. IIpu dpopmupoBanuu
0aHKOB JaHHBIX MO JMHAMHYECKHM MapaMeTpam
¢ gucioMm 3anuceir 6onee 100 (dro nume B He-
CKOJIBKO pa3 MEHBIIIE MOJHOTO Yucia COOBITHIA
B TOM € JTMana3oHe MarHUTyj) MOKHO TOBOPHUTD
o MaccoBeix onpenenenusix Il [CerueBa, boro-
MoJ0B, 2016].

CoOOTHOIIIEHUAM JTUHAMHYECKUX TMapamMeTpoOB
0YaroB B Pa3JIMYHBIX PErHOHAaX, B YACTHOCTH I1O-
HCKY KOppEesUA MEXIy 3HAaYEHUsSIMU pajuyca
ogara r, MomMeHTa M, W MarHutyasl M TmOCBs-
meHo Oonpiioe yuciao pabor [Kouapsn, 2014;
Abercrombie, Leary, 1993; Allmann, Shearer,
2009; Baltay et al., 2011; Shaw et al., 2015; Pacor
et al., 2016]. Jlms pasnu4HBIX CEHCMOAKTHB-
HBIX PETMOHOB YCTAHOBJIEHBI COOTBETCTBYIOIINE
MM COOTHOIIEHUS, KOTOpBIE, KaK MPABUIIO, MPE-
CTaBJISIIOT cO00 MUHEITHBIE 3aBUCUMOCTH B JIOTa-
pudmudeckoM macimrade (cMm., Harpumep, 0030p
[Kouapsin, 2014]).

Hawubonee n3BeCTHBIME Cpeld TAKUX COOTHO-
IIEHUH MOXKHO CYUTATh CPEIHIOI KOPPEISIIUOH-
HYIO 3aBUCUMOCTH U3 [PusHuuenko, 1985] mexny
Mu M, (H-m):
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IgM, = 1.6M + 8.4 (1)

U YUCIIEHHO OJIM3KYIO K Hel 3aBucuMocTh KaHna-
mMopH [Kanamori, 1977], skBUBa€eHTHYIO BbIpa-
KeHuto (1), 1uist MOMEHTHOM MarHuTy bl M. :

IgM, = 1.5M,+ 9.1, tne M, (H-m). 2)

B nenaBneii pabore [CrrueBa, 2020] va npu-
Mepe BUIIKEKCKOro re0qMHaMUYECKOr0 TOJIUTOHA
(BI'TI), CeBepnbiii Tanp-1llanp, ObL10 MOKa3aHoO,
YTO KOPPEJSLUOHHBIE COOTHOILIEHHUS TAKOrO BUA
BBITIOJIHAIOTCS U JUIsI AMana3oHa Maraurya M > 2.7
(c noBepuTenbHOM MorpemHocThio 10 10 %).

Bonpoc o xoppemsiuuy MeXAy 3HAYCHUSMU
pamuyca odara U MarHUTYIOW COOBITHS, a TaKKe
MEXIy COpOIICHHBIMH HANpPSHKEHUSIMA M MarHu-
TyIOM W3y4YeH B MeHbLIEeH creneHu. [ia cioyyas
COpOILIECHHBIX HANPSDKEHUH J1aXKe caMo Haludyue
TaKOM KOppENSLUM HEOYEBHJIHO H3-3a OOJIBIIOTO
pa3bpoca 3HaueHU Ac 171t COOBITHH ¢ OMU3KUMU
MarHutygamu. B pse pabot, OCHOBaHHBIX Ha CO-
BpeMeHHBIX AaHHBIX [Baltay et al., 2011; Shaw et
al., 2015; u nap.], He BBIABICHO 3HAYMMBIX B3au-
MOCBSI3€ll MeX/Ty COpOIIECHHBIMU HANpPsHKCHUSIMH
U CEHCMUYECKUM MOMEHTOM (M, KaK CIIE/ICTBUE,
C MarHUTyaou 3emuierpscenusi). Pesynbrarel npy-
rux paboT MOATBEPAWIN TaKylO B3aUMOCBS3b, HO
JlaJId pa3lInuHble TPEHIbl U3MEeHeHus1 Ac (Hapac-
TAlOUIMK WK yObIBAIOIMIA) C yBenauueHuem M,
wi M. TIpuMepoM «MHTYHTHBHO» 0XKHIaEMOTO
Hapacraroumero tpenaa Ac(M,) MOKeT ObITh pe-
3yJabTar, nomydeHHbld B [Pacor et al., 2016] mis
CeiCMOaKTHBHOTO pernoHa AOpymmo (Abruzzo,
Hentpanbhas Mranus), BKIIOYAIOLIETO SIUIIECH-
TPaJIbHYIO 30HY KaracTpo(UUecKoro 3emieTps-
cenus JI'akymna 06.04.2009, M, = 6.1. B pabote
xe [Candela et al., 2011] Ha ocHOBe aHayM3a pas-
JoMHBIX 30H Bo ®paniysckux Anbnax v Hesa-
ne, CHIA, apryMeHTHpOBaHO, YTO IO KpanHEH
Mepe B 3THX PErMOHAX yCPEIHEHHAs! 3aBUCMOCTb
Ac(M,) cnabocnanaromas (Ac ~ M "), a ne Ha-
pacraromast. Takum 00pa3om, ke XapakTep 3aBH-
cumoctu Ac(M,)) NoKa HE YCTaHOBJIEH OJHO3HAYHO.
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B MHoOrouucieHHsIx paboTax, HOCBSILIEHHBIX
npobieMe caMomnonoOus CeCMUYECKHX O4YaroB
[6ubnuorpaduto cMm., Hampumep, B [Kouapss,
2014]), BHUMaH#e POKYCHPOBAIOCH Ha MacIITa0-
HOM 3aBUCHMOCTH IPHUBEICHHONW CEHCMUYECKOMN
SHEPIHH, e,., TNPEIACTABIANMENH CO00H OTHO-
IICHUE H3JTYYCHHOW CEHCMUYCCKOM SHepruu E
K CEHCMUYECKOMY MOMEHTY M, :

e, =E,/M;=0 /G, (3)

rae G — MOJyJIb CIIBUTA, G, — TAK HA3bIBAEMOE Ka-
JKylieecs HanmpsbkeHue (apparent stress), CMBICI
KOTOPOTO TMOSICHSIETCS HUKE.

bruto nponemonctpuposano [Kouapsin, 2016,
YTO 3aBUCUMOCTh €, OT M sBiseTCs crnaboHa-
pacTarolieid ¥ XOpOLIO ONMKUCHIBAETCS CTENEHHON
¢ynkuuen Buna (M))*, 0 < o < 1. Ho npu sToM
B3aUMOCBSI3b [IAPAMETPOB €,, U AG NPAKTUIECKU
HE aHanu3upoBaiach. B naHHON pabore Huxke
OyIeT MmoKa3aHo, YTO 3HAUYCHUS COPOIIEHHBIX Ha-
NPSOKEHU U TIPUBEICHHON CEHCMUYECKON SHEp-
MU [PONOPLUUOHAIBHBI IPYT JIPYTY, T.€. MEXKIY
STUMH BETUYMHAMU UMeeTcsl (pu3udeckas B3au-
MOCBSI3b. JTO TO3BOJISIET UCIOJIb30BATh JAaHHBIC
0 3aBUCHUMOCTH e, OT CEHCMHMYECKOI0 MOMEHTa
JUIST aHaJIM3a BOIMpoca 00 YCpeTHEHHOUW 3aBUCH-
MocTu (Tpene) Ac(M,).

Hannune nHapacraromeid CTeneHHOW 3aBU-
CUMOCTH COpOIIEHHBIX HAMNpsHKEHUH OT cefc-
MHUYECKOTO MOMEHTa TaKXe MOATBEPKICHO MpPHU
aHaJIM3e JMHAMUYECKHUX TapaMeTPOB 0UaroB 3eM-
netpscenuir [CeiueBa, boromornos, 2016], npo-
m3omenmux B CeBepHom Tsub-1llane BHYTpH
oomactu 41-43° c.i. m 73—77° B.1., Ha3bIBAEMOU
buiikekckuM reoJuHaMUYECKUM TTOJIUTOHOM.

Jannas paboTta sBISETCS MPOJOHKEHUEM
u neranm3anueit uccnenoBanus [CerueBa, 2020],
TJIe pacCMaTPUBAINCH TUHAMUYECKHUE TApaMETPhI
3eMJIETPSICEHUI Ha O0Jiee MUPOKON TEPPUTOPHH,
HazpiBaeMoii LlenTpansubiM Tsaab-1llanem. Ctout
OTMETHTb, UTO pasneneHue Ha LlenTpanbHblii, 3a-
naaubld 1 Boctounei Tsup-1llane npoBonurcs
IO JI0JITOTE, U HET MPOTUBOPEUUS IPU OTHECCHUU
tepputopuu BI'TI (vacts CeBepHoro Taub-111ans)
k Llenrpansanomy Taup-llanto. B pabote [Criue-
Ba, 2020] ObUIM paccuMTaHbl JUHAMUYECKHE T1a-
pameTpsl 11 150 3emuierpsicenunii LienTpanbsHOTrO
Tsnp-1laHd; MOCTpPOEHBI PErpecCUOHHBIE 3aBU-
CUMOCTU CKaJSIPHOTO CEHCMHUYECKOTO MOMEHTA,
paaMyca ovara ¥ COPOIICHHBIX HANpsOKEHUH OT
MarHUTY/bl, HAWICHBI KOA(PQPUIIUSHTH KOppes-
A JUHAMHUYECKHUX MapaMeTpOB M MOMEHTHOM
marauTyel M. s HentpanbHoro Tsub-Ians
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B I1€JIOM ObLIO OTMEYEHO, YTO MEXKAY MarHUTYI0M
M wn Ac naGmrofaercs Oonee cinabas Koppensuus,
deM Mexay M u M a takke mexay M u r. Ceiic-
Muueckass akTuBHOCTh CeBepHoro Tsub-Illans
BbIlIE, YeM B cpeaHeM ans LlenTpansHoro TsHb-
[[Tans. 3HaunTEeNBHBIN COPOC HATIPSKEHUHN XapaK-
TepeH Jyuis obnacTeit ¢ qedopmarnmeit mpeodnana-
HUs nipoctoro cxarusi. B pabore [Coruea, 2020]
TaKKe TMOKa3aHo, YTO, COIVIACHO PaCIpeIeIeHUIO
kod(uumnenra Jlone-Hanan u , 6Gombimas 4acth
HCCIIEyEeMOM TEPPUTOPUHN HAXOAUTCS B YCIIOBUSX
nedopmariu ¢ mpeodagaHueM MPOCTOTO CKATHS
(> 0.2), B ceBepo-3amagHOii YaCcTH BBIACISETCS
obacTs nedopMaruu ¢ mpeodIaaHueM MpoCTo-
ro pactsokenus (x4 < —0.2), nus Gonbuiel yacTy
BIIQJIUH XapaKTepHa e(opMaiiys 4uCTOro CIBUra
(-0.2<pu, <0.2).

AHanu3 CcOpOIIEHHBIX HAMPSHKCHUNW W/UIn
napamerpa e, Jist 30ub1 BI'TI ¢ BeIcOKOU TTOT-
HOCTBIO JAHHBIX MPEICTABISET UHTEPEC B CBA3U
C y>K€ YIIOMSIHYThIM BOIIPOCOM O HAJIMYUU UJIU OT-
CYTCTBUU YCPEIHEHHOM 3aBUCUMOCTH AG OT Mac-
mTaba coObiTusA. /[ o6ocHOBaHUS TecHOU (u-
3MYECKOW B3aUMOCBSI3U MEXAYy COpOIIEHHBIMH
HaIIPSDKEHUSAMU U NIPUBEIEHHON CENCMUYECKON
SHEprueil Huke MPUBEICHO KPAaTKOe H3II0KEHHE
TEOPETUUYECKUX OCHOB OLICHKHM JIUHAMHYECKUX
napaMeTpoB od4aroB 3emierpsceHuil. Cuuraem
3TO 11eJ1IecO00pa3HBIM, TOCKOJIBKY OPUTHHAILHBIE
pabotel mo meromukam oreHok JIIT [Koctpos,
1975; Puznuuenko, 1985; Boatwright, 1980] ormy-
OJMKOBaHBI JIOBOJBHO JTABHO, a CIIOCOOBI peasu-
3allMM TaKUX METOJIUK B COBPEMEHHBIX paboTax
pa3iauyaroTcs, YTO 3aTPyAHSIET CpPaBHEHHUE UX pe-
3yapTaToB. ISl WIUTIOCTpalliu MPOHOPIIMOHATb-
HOCTH MEXJy 3Ha4eHHsAMU AG W e, pacCMarpH-
BAIOTCSl MPUMEPHI SMIUPUUYECKUX ONPEACTCHUI
IIPUBEIECHHON CEHCMHUUYECKON SHEPIUM B Pa3HbBIX
perunonax CesepHoii EBpazun. O600meHue 3tux
pE3yJIbTaTOB YKa3bIBaeT HA HAJIMYKE CTEIEHHOU
(MOHOTOHHO HapacTaroUIed) 3aBUCUMOCTH €,
OT CelCMHYECKOTO MOMEHTa, T.e. OT MacuiTaba
coObITus. [Ipu MOMBITKE PacIPOCTPAHECHHUS ITOTO
BBIBOJIA HAa COPOLIECHHbBIE HANPHKEHUs, AG ~ e,
BO3HUKAET PACXOXKJEHUE C pe3ylbTaraMu 00 OT-
CYyTCTBHMH 3aBUCMMOCTH Ac(M,). leTanbHbIi
aHaJIU3 B3aUMOCBSI3U COPOILIECHHBIX HAarmpsKe-
Huil u apyrux Il B nanHoil pabore mpoBOAMT-
cs Ha npumepe Tepputopun BI'TI B CeepHom
Tsub-1llane, ¢ ucnonb3oBaHueM OaHKa JaHHBIX
0 JMHAMHUYECKHUX IMapaMeTpax U CIEKTPaJbHBIX
XapaKTEepUCTHKAaX 3EMJIETPSICEHUM, KOTOPBINA CO-
JEPKUT 3arucu 115 183 coOBITHH SHEPTeTHUECKUX
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kimaccoB K = 8.7 — 14.8 (M = 2.7-6.0), 4t0 co-
craBiseT 53 % oT 0011ero yuciaa COOBITHI TOTO
JKE JIMara3oHa KJIaccoB, MPOU3OIIEIIINX B TOT Ke
nepuoa. DTOT OaHK JAaHHBIX HE MMEET aHAJIOTOB
1o oovemy maHHbIX 0 J[I1 oyaroB Ha KOMIaKTHOM
TEPPUTOPUHU, OH TO3BOJIIET NPUMEHUTh CTaTH-
CTUYECKHE METOABl aHaiu3a I 00OCHOBAaHMS
YCTOWYHMBBIX KOppelsinuii Ac u M, a Takke BbI-
ABJICHUS APYTUX 3aKOHOMEPHOCTEN, B YACTHOCTH
B3aUMOCBSI31 COPOIICHHBIX HAMPSHKEHUN C TUIIOM
¢doxanpHOrO Mexanu3ma. Ha mpumepe CeBepHoro
Taup [llang nokazaHo, Kak MOKHO HUBEIUPOBATh
HECOOTBETCTBUE PE3YJIETATOB U3 PA3IMYHBIX JIHU-
TepaTypHBIX UCTOYHUKOB O XapaKTepe 3aBUCUMO-
crti Ac(M,).

TeopeTrnyeckne 0CHOBBI OLIEHOK
AUHAMUYECKHUX MAPaMeTPOB 04aroB,
CBSI3b COPOIIEHHBIX HATIPSAKEHUH

C IPUBEICHHOU CeCMMYEeCKOM YHepruen

Ckanapuulii celicMu4ecKuil MomMeHm Olpe-
nensiercsi, coracHo [Koctpos, 1975; Axu, Pu-
yapjc, 1983], kak npousBeeHue MOIYJIS CJIBUTA
G, IIomaau paspbiBa S ¥ CpeHEro MO ITOM TII0-
magu cMenenus D:

M,=GSD )

[To Benuumue M, MOXHO OLEHUTH MArHUTYIY
semunieTpscenus M, ¢ momompo Gopmyinsl Kana-
Mopu (2). Jlis HamISIAHOTO COMOCTAaBJIEHMSI CKa-
JIAPHOW BENUYMHBI M| ¥ TEH30pa CEHCMUYECKOTO
momenTa (M, ) [KOCTpOB 1975; Keitnuc-bopoxk
u np., 1979; AKI/I Puuapnc, 1983] MIPUBOJAUM
BBIpa)XCHHE, CBS3BIBAIOIIEE KOMIIOHEHTBI 3TOTO
TEH30pa C BEKTOPOM CMEIIEHHs MO pa3pbiBy D,
¥ SIMHAIHBIM BEKTOPOM 71, (i, j=1, 2, 3), 3az[a}o-
ITUM OPHEHTAIIUIO HOBerHOCTI/I S

M), =GS(D;n+D,n)l2 (5)
Boipaskenue (5) MOXKHO nepenucarb B BUJIE
M), =M (d;n,+dn)/2=Mm,; (6)

rne d, = D,/D — KOMIIOHEHTBI €IMHMYHOTO BEK-
TOpa, HAIPaBJIEHHOTO BIOJIb BEKTOpa CMEIIEHUS,
a TCH30p M, MpPEJCTaBIACT co0oii TeH30p Mexa-
HH3Ma ovara (HampaBIAIOMINN TEH30p ceficMude-
CKOTO MOMEHTa), KOTOPBIF MOYKET OBITh TAK)KE BbI-
pakeH 4epe3 HampaBIISAIONIME BEKTOPHI Ui Ocei
pactsbkenust ¢, i = 1,2,3 n cxarus pj,j =1,2,3
C TIOMOIITBLI0 (POPMYJIBI m;= (@ L—p pl.) /2% . Kak
BUJHO U3 (6), CKAJIAPHBINA CEHCMUYECKUIT MOMEHT
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1 HanOOJIbIIIasi KOMITOHEHTA TEH30pa (MO)U. UMEIOT
OJIUH U TOT K€ MOPSIOK BETHUNHBL.

JI1s1 COBOKYITHOCTH 3€MIIETPSACEHUH, IPOU30-
niemux B o0beMe cpenbl V 3a mepuoa Bpeme-
HU 7, BBI3BAaHHAS MMM YCpEIHEHHAs HEympyras
nedopMaIusi ONHCHIBACTCS TEH30POM CKOPOCTH
pa3pbIBHOK (CEHCMOTEKTOHMYECKON) aedopma-
U, <€ > [FOnra, 1990]:

1 - o o
<= Gy M ™
a=1

IJ1€ CyMMHUPOBAHHE MIPOBOAMTCS IO CEHCMHUYE-
CKUM COOBITUSM, HYMEPOBAaHHBIM C TIOMOIIBIO
uHACKca a, N — KoinmuecTtBo coObiTHil. B ciy-
yae, Korja Mepuoj]i BPEMEHU BbIpaXeH B TOax,
TEH30p <8 > TaKXXe Ha3bIBalOT CPEIHCIOAO0BLIM
HpI/IpOCTOM CEHCMOTEKTOHUYECKOM AehopMaIim
(CTH). B pa6orax [JIlykk, IOnra, 1979; IOHnra,
1990] npennoxkeHo anmpokcumMupoBarb (7) cie-
JTYIOUIUM BBIPAKEHUEM:

< g >= GVTZ M(a) zm(a) = IZZm(a), ®)

IJie BBEJCHA CKAJIApHAs XapaKTEpPUCTUKA MPHUPO-
CTa CeMCMOTEKTOHMYECKON aedopmaiuu I;, Ha-
3pIBaeMasi ”HTeHCUBHOCTRIO CT/I.

®opmynsl (7), (8) yka3blBalOT Ha BO3MOXK-
HOCTb B3aMMOCBS3€i MEX 1y TUHAMHYECKUMHU Ta-
paMeTpaMu 04aroB (B 4aCTHOCTHU, CEHCMHUUECKUM
MOMEHTOM M) ¥ TapaMeTpaMu TEH30pa NpHupo-
cra CT/l. AHanu3 1oJ0OHBIX B3aMMOCBS3CH 110
ceficmuueckuM qaHHBIM U1 CeBepHoro u Llen-
TpanbHOro TsaHb-11laHs BXonUT B 3aa4u JaHHOU
paboThI.

Cwmemienne D B BbIpaxkeHuH (4) OMHCHIBA-
€T aCHMIITOTUYECKOE 3HAY€HHE OTHOCHUTEIbHOM
MOJIBIKKU  «OeperoBy» mpu ¢—oo [PU3HHYEHKO,
1985; Boatwright, 1980; Scholz, 2002]. CornacHo
M3BECTHBIM PEIICHUSIM BOJHOBBIX YPABHEHUM 115
chepruecku pacxosIIuxcs ceiicMoBoIH, D npo-
MOPIIMOHATIEHO HU3KOYACTOTHOMY TPECITy CIIeK-
TPAJbHOW IUIOTHOCTH CMemeHus €}, KOTopoe
PETUCTPUPYETCSI B BOJHOBOM 30HE Ha yJaJE€HUU
oT paspeiBa [Axku, Puuapac, 1983]. Ceiicmuue-
CKHH MOMEHT TaKXe MponopuuoHaneH Q  (31or
napameTp Jajiee JIsi KpaTKocTy OyJeM Ha3bIBaTh
CIEKTPAJIbHOM MIOTHOCTBIO, CJIETYSI TEPMUHOIIO-
run [Scholz, 2002, 2019] u apyrux padot. Cro-
UT OTMETUTB, YTO M cunuTaeTcs Hanbonee ajiek-
BaTHBIM I10Ka3aTeJIeM WHTEHCUBHOCTH («CHIIBD»)
semuerpsicenns [Hanks, Kanamori, 1979], on He
3aBUCHT OT JeTalleil pa3BUTHS Ipoliecca B oyare,
B YACTHOCTH OT OIMCHIBAEMBIX MapaMeTPOM BbI-
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COKOYACTOTHOM YacCTH CIIEKTpa — YIJIOBOH 4acTo-
TOl f, (4acTOTOM Ccpe3a).

BripakeHue st pacueTa ceiCMUYECKOTO MO-
MeHTa M Ha OCHOBE CIEKTPAIbHBIX apaMETPOB
3anuceiBaercss B popme [Axku, Puuapac, 1983;
Pusanuenko, 1985; Boatwright, 1980]:

M,=4npRV3Q/Y, )

rae R — pacCTOSIHEE OT ouyara CTaHIIUH WU JI0 pe-
(depeHTHOI TOYKH, TAC ONPEILIIICTCS CIIEKTP, P —
IJIOTHOCTh MOPOJL B 001aCTH 0vara, V' — CKopocTh
nonepe4HbIx BosH, V| — Gpakrop HanmpasieHHOCTH
W3ITydeHUs U3 oJara (i1 HICTOYHUKA, OTIMChIBae-
MOTO CKaYKOM CMEIIEHHS Ha IIOCKOCTH pa3phiBa,
CpeaHee 3HaYeHHE 3TOro (akTopa MPUHUMACTCS
0.64 [Pusnnuenxo, 1985]). ®akrop ¥, Masno 4ys-
CTBHUTEJICH K MOJICJIM pa3pbiBa B OYare, Tak 4To
IIOrPEMHOCTH OLeHKH M 110 popmyiie (9) He npe-
BoimaeT 10—15 % [Ruff, 1999; Scholz, 2002].

Benuuuna copowennvlx nanpasxcenuii xa-
paKTepU3yeT CpeHEE pa3Inune MKy KacaTresb-
HBIM HANps>)KEHUEM B Pa3IoMe J0 3€MJIETPSCEHUS
(o,) n mocne mero (6,) [Gibowicz, Kijko, 1994].
OTOT mapameTp ONpeeseTcs Mo CpeaHeEMY cMe-
HeHU0 [, HOPMUPOBAHHOMY Ha XapaKTEpHBII
pasMep ouara r, ¢ MOMOUILIO CJIEIYIOUIETO BbI-
paxenus [Koctpos, 1975; Kouapsn, 2014; Brune,
1970, 1971; Ruff, 1999; Mori et al., 2003]:

Ac=o,-0c=CGD/r, (10)

rae koapduuuent C ~ 1 Npu aaeKBaTHOM BbI-
0ope XapaKTepHOro pasMmepa 7, KOTOphId B CITy-
yae HEeKpYIIol (OopMBbI 04ara MOXKET OTIINYaThCs
OT YIIOMSIHYTOTO BBIIIIE pajnyca 7.

Jist monmanky pa3peiBa B popme Kpyra pau-
ycoM 7 (tiomazap S = mr?), XapakTepHbIil pa3mep
¥, MOXXHO OTOXJECTBUThH C PAJMyCOM 7, M TOTA
BBIpOKECHHE JJII COPOIICHHBIX HANPSOKEHUU AG
npumet popmy Ac = C M,/ nr’. 3nauenue kod¢-
unurenta C_ s ciydas paspbiBa-Kpyra onpese-
neno B pabore [Eshelby, 1957]: C_=7n /16 = 1.37,
u u3 (10) momyyaercs ciieayoliee BoIpakeHHe:

Ao =TM, /16 1, (11)

KoTOpoe Hamboliee YacTO WCIONb3YeTCs IS
OLICHKM BEIMYMHBI AG MO CEHCMHUYECKUM JaH-
HbIM [Brune, 1970, 1971; Scholz, 2002].

Panuyc ouara r B Belpaxkenuu (11) ompene-
nsiercss popmynoit [Scholz, 2002; Abercrombie,
Rice, 2005; Scuderi et al., 2016]:

r=kV,If, (12)
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rae k — YuciIeHHBIA KO DHUIIMESHT, 3aBUCSIIIHA OT
MOJIeNU pa3pbiBa B ouare. Bxonsmas B (12) yrio-
Bas 4acTOTa f XapakTEpHU3yeTCsl TEMU CBOKMCTBa-
MH, YTO TIPH f = f, MOJENBbHBIN CIEKTP CMEILECHHUS
S(f) [Scholz, 2002] npoxoauT Touky meperuoda,
a COOTBETCTBYIOIIUI CHEKTP CKOPOCTH HMEET
MakcumyM. [Toxcranoska (12) B (11) gaet oGrree
BBIpQ)KEHUE UTSI COPOIICHHBIX HANPSIKCHUN Ye-
pe3 CeHCMUYECKUI MOMEHT | YIJIOBYIO YacCTOTY:

(13)

KoTOpoe OyleMm jaanee UCIOJIb30BaTh ISl COIMO-
CTaBJICHUS C 3aBUCUMOCTBIO CEIICMUYECKOM 3HEP-
TYH ¥ IPUBEIEHHON CEHCMUIECKOM SHEPTUHM OT f.

[IpenBapuTensHO pacCMOTPUM BBIOOp Mojie-
Jiel pa3phiBa B oyare, ONpenessionX 3HaYeHUE
ko3 unmenta k B (12), KOTOpBIA MOXET Cy-
LIECTBEHHO IOBIUATh HA MOTPEIIHOCTh pacye-
Ta BEJIMYUHBI pajguyca oyara M, Kak CJIeJCTBUE,
COpOIIIEHHBIX HampsoKeHUW. [l ompeneneHus
JUHAMHYECKUX IapaMeTpoB odyara Io Mapame-
TpaM CIIEKTPOB Hallle IPYTUX UCHOIb3YIOTCS JBE
MOJIEJIM: CTaBIIasl MOYTH KJIACCUYECKOW MOJEINb
Bbprona [Brune, 1970, 1971] u monens Manapua-
ru [Madariaga, 1976, 1979].

IIpn ucnonb30BaHUM NPOCTEUINEH MOIEIU
bprona [Brune, 1970] k = k,= 0.37 u BoIpaxenus
(11, 13) ompenensitoT Tak Ha3bIBa€MBIM paguyc
bprona, r = r,. B o0l MOzmEM oyara cuuract-
Csl, YTO CMEILEHUE NPOUCXOAUT OJHOBPEMEHHO
U «MTHOBEHHO» IO BCEH IUIOCKOCTH pa3phiBa,
KoTopas uMeeT (popMmy Kpyra ¢ paauycom » 30Ha
ovara — cpepuuecKasi, C TEM K€ PaJnyCOM.

B coBpemennbix paborax [Boore, 2003;
Abercrombie, Rice, 2005; Lancieri et al., 2012;
Kaneko, Shearer, 2014; u np.] mozxens bprona
XapakTepu3yloT Kak ad hoc, OCKOJIbKY OHa He
BBITEKAET HENOCPEICTBEHHO W3 TEOPETUYECKUX
pacueToB, HO omupaeTrcss Ha oOmedusndeckue
MPUHIUIIBI (B CHITY KOTOPBIX MPaBUIBLHO OIHUCHI-
BAETCS U HU3KOYACTOTHBIN MPEEI CIIEKTPaIbHON
IUIOTHOCTH CMEIIEHHUS, U CNajJ 3TOM IJIOTHOCTH
CMEIIECHHUs] MPONopHuoHaNbHO 1/f 2 B 0obnacTu
BBICOKHX 4YacToT). B aTux m apyrux padorax ap-
TYMEHTUPOBAHO, 4YTO MOAeNlb bproHa (BbIpaxke-
nue (12) ¢ koadpduumentom k = k, = 0.37) naer
3aBBIIICHHOE 3HAYEHUE paJlyca odara M OlLICHKa
COpOILIEHHBIX HaNpsKeHU Ac, KoTopas moiyda-
€TCsl TIPU MOACTAaHOBKE ATOro 3HaueHus k B (13),
MOJKET OKa3aThCsl 3aHMKEHHON B HECKOJBKO pa3
[Abercrombie, Rice, 2005]. Tem He MeHee mpu-
MEHEeHue mpocreimend Moaenu bproHa Moxer
OBITH ONPABIAHO, KOTJA MPOBOAUTCS CPAaBHEHHE

Ao = (T/16K%) M, £V,
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O CBPOWEHHBIX HAMPSIKEHUSIX B OYATAX 3EMJIETPSICEHUI CEBEPHOU EBPA3UWN U NPUBERQEHHON CEWCMUYECKOM SHEPIUN

pacyeToB JMHAMHUYECKHX MapaMeTpPOB C Mpelie-
CTBYIOLLIUMHU pe3yJIbTaTaMH JIsl TAaHHOTO PETHOHAa,
MOJTyYE€HHBIMH TIO 3aIMKCSAM CelicCMOrpaMM Ha aHa-
JIOTOBBIX CTaHITUSIX.

B wmomenn Manapuarn [Madariaga, 1976,
1979] B kauecTBe ouara paccMaTpUBaeTCs IHC-
KOBasi TpeIllMHa, PaJuajIbHO PACTYIasi CO CKOPO-
cteio V, ~ (0.7-0.9)V u ocranapimBaromasics,
KOTJla ee paJinycC JIOCTUraeT MaKCUMAaJIbHOTO 3Ha-
YEHHs1, HA3bIBAEMOTO PAJMYCOM Pa3pyIUEHHUS 7,,.
Ouar cuuTaercs UWIMHAPUYECKH CHMMETPHY-
HBIM. B 3TOM MOJ€M yIiioBast 4acToTa 3aBUCHUT HE
TOJILKO OT pajinyca 04ara, COIoCTaBIsAEMOTO C 7,
HO W OT CKOPOCTH pa3peiBa V. B GonbiumHcTBE
paboT ISt OIIEHOK pajuyca oyara mMpUHUMAETCs,
uro V= 0.9V [Abercrombie, Rice, 2005; Kaneko,
Shearer, 2014; u np.], u Torna ko3PPUIMCHT k
B (12) nns momenu Magapuaru CTaHOBUTCSI paBeH
k=k,=0.21. Ecau paguyc odara B Mmoaenu bpro-
Ha B 1.76 pa3 Oonbiie, yem B Monenu Magapua-
', TO pacxoXxaeHue Ac B 3TUX MOJAEIAX, 00paTHO
MPONOPIMOHANIEHOE KyOy paamnyca, OKa3bIBaeTCs
MATUKPATHBIM (a TouHee, B 5.5 paza).

Pacuertsl, npoBenennrsie B pabore [Kaneko,
Shearer, 2014] ¢ yderom 3ddexToB cuermieHus
(cohesion), orpaHUYHMBAIONINX 3HAYCHUE HAIPS-
KEeHHsI Ha (PpOHTE pacTylle TPEIMHBI, MO3BO-
JTWIM YTOYHUTH MOJenb Manapuaru (Kpymioi
pacimpsoneiics TpeUIMHbI) U TI0Ka3ajH, B 4acT-
HOCTH, YTO TPU TOH K€ CKOPOCTH Pa3pyIICHHS
0.9V, xosddurment B popmynax (12), (13) cue-
JlyeT NpUHATH paBHbIM k = k.~ 0.26 (Kaneko,
Shearer). Takum o6pazom, paauyc oyara OLEHEH
Ha 24 % OoJblle IO CPaBHEHHUIO ¢ MOJIENIbI0 Ma-
napuaru, a cOpoiieHHoe Hampspkenue B 1.9 pas
MEHbIIE, YeM i1 3TOM Monend, HO B 2.9 pa3
Oosblie, ueM A moaenu bproHa.

N3BecTHBI Takke u apyrue padboTel [MocKBu-
Ha, 1969 a, 6; Sato, Hirasawa, 1973; Kwiatek,
Ben-Zion, 2013], B KOTOpBIX NpeACKa3aHbl 3HaUE-
HUS paguyca oyara U cOpOIICHHBIX HaNpsHKEHUH
MPUMEPHO B CEpeIMHE MEXKTy STUMH MTapaMeTpa-
MH B moaensix bprona m Manapuaru. B wactHO-
ctH, B padote [Sato, Hirasawa, 1973] paccmarpu-
BaJach MOZIENIb KPYTOBOM TPEIIMHBI, aHAJIOTUYHAS
ciy4yaro Manapuard, ¥ yCTaHOBICHO 3HA4YCHHE
kodduumenra k = k= 0.29.

Onwupasch Ha 001edru3nIecKuii MPUHIMI CO-
OTBETCTBUS PE3YJbTATOB, MOXXHO MOATBEPIUTD,
yTo BhIpakeHue (12) ¢ koadpdunmrentom mo Ka-
nexo—upepy (k = 0.26) naet Haubonee HaaAEK-
HYIO OIIEHKY pajauyca o4ara. B rumpoamHammuke
CIUTOIITHBIX Cpel U (PU3HUECKON aKyCTHKE U3BECT-
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Ha 3a7a4a 00 M3JIyYeHUHU 3BYyKa KOJICOTIOIIUMCS
TesoM B xKuakou cpexe [Jlangay, Jlusmui, 1988].
B crniektpe Takoro usiyueHus yrioas 4acTora f
C BBICOKOM TOYHOCTBIO COOTBETCTBYET «TeoMe-
TPUYECKOMY» YCJIOBHIO: MIOJIOBUHA JITUHBI BOJIHBI
A/2 Ha MaHHOW YacTOTE paBHA rabapuTHOMY pa3-
Mepy (Iuamerpy usnyuarens), T.e. ¥ = A4. Ilepe-
XOJIS OT KHUAKOH CpeJibl K TBEPAOH 3emiie, UCTIONb-
3ysl Ul MHTEPECYIOIINX HAC IMOMEPEYHBIX BOJH
COOTHOWEHUE A= V,/f , N3 3TOro yClIOBHs JIETKO
MOJTy4uTh BhIpaskeHue (12) ¢ «obmedusndeckoin»
oueHKoH kodpduumenta k.= 0.25.

Takum  oOpa3oM, ycCOBEpILIEHCTBOBaHHAs
Mozaenb Manapuarn—Kaneko—Illupepa mMoxer
CUMTAThCS TMPEANOYTUTENBHOM MO OTHOLICHHIO
K JIpyruMm MozensiM. CoOTBETCTBYIOLIEE 3TOM
Mozienu 3Hadenue k= 0.26 (Becbma Onuskoe
K 00medu3nIeckol OIeHKE) MOXKHO HCIIONB30-
BaTh KaK «3pdexTuBHOe», k = k ., Juis nposene-
HUS MacCOBBIX pacdeToB 1o ¢opmynam (12, 13).
OTmnnuure oleHOK cOpoca HaNpsHKEHUH, MoTyJae-
MBIX JUIs IpyTuX mMojenei paspoiBa (bprona, Ma-
napuaru, Carto u 1p.), OT pe3y/bTaToB pacueTta Ac
C UCIONIb30BaHWEM 3Hauenus k. = 0.26 ne npe-
Bblaet 2.9 pas. Ilo cytu, 310 gABIsSETCS BOZMOXK-
HOM CHUCTEMATHYECKOM MOTPEIIHOCTHIO, KOTOPYIO
YMECTHO CPaBHUTH CO CIy4yasiMu 2—3-KpaTHBIX
PaCXOXKIECHUIN 3HAYEHUI CEHCMHYECKOTO MOMEH-
Ta B OINpEJEeNIeHUsIX pa3HbIX aBTopoB. CTOUT OT-
METHUTb, 4YTO MOJieJIb bproHa Bce elle nmpoaokaet
NpUMEHSTHCS B paboTax HeaBHEro BpeMeHH [lde
et al., 2003; Oth et al., 2010; Baltay et al., 2011;
Cotton et al., 2013; Pacor et al, 2016; Safonov et
al., 2017]. Pe3ynbTrarel pacueToB paaudyca odara
U COpOILIEHHBIX HAMPSHKEHUI 110 110001 U3 Moje-
JIei TIO3BOJIAIOT TIOCTPOUTH PACTIPEACICHHUS ITUX
BEJIMUMH IO TUIOIMIAAN U BO BPEMEHH. JTHU pac-
MpeeNieHNsI, a TaK)Ke OTHOCUTEIbHBIC 3HAUCHUSI
#, Ac 6onee MH(OPMATUBHEI TIO CPABHEHHUIO C UX
a0COIOTHBIMU 3HAYEHUSIMU.

Jlanee pacueT 3HaueHus pajaudyca odara u, co-
OTBETCTBEHHO, YpPOBHsS COpPOIICHHBIX Harpsbke-
HHH IPUBOAUTCS VIS IBYX Mozienei: k = k, = 0.37
(Mozens bprona); k = k. = 0.26 (Manapuaru—Ka-
nexko—Illupepa).

Ceiicnuueckan snepeus E, T.e. 4acTh HEp-
ruu 1e(pOPMHUPOBAHUS, U3TyUYEeHHAsI B BUJE Celc-
MUYECKUX KojeOaHuM, Tak ke Kak U ceilicMuye-
CKUH MOMEHT, MPONOPLHOHAIbHA CMEIIeHUI0 D
Y TUIOIIAIH pa3phiBa S:

E,;=0 SD (14)
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B Beipakenne (14) BXOOUT KaxKylieecs Hamps-
KeHue o, (cM. (3)), OHO MOKA3bIBAET, IPH KAKOM
KacaTeJIbHOM HaIpsHKeHUU padoTa Mo MOABHKKE
Ha BEIMYUHY D YMCIICHHO paBHa k.

Ceiicmuyeckasi SHEPTrUs MOXKET OBITh OICHE-
Ha M0 CNEKTPaIbHBIM mapameTpam Q) u f) ceic-
MHUYECKHMX BOJIH B pe()epeHTHOM TOUKE Ha yjalie-
Huu ot ovara [Boatwright, 1980], mpudem BkIaja
S-BosiH Haubosnee 3HaunM. KoMnakTHble BbIpake-
HUst Uit E MOTYT OBITh HOJTy4Y€HBI, €CIIU HE Y4H-
THIBaTh HAIPABICHHOCTh HU3IY4YEHUS U3 oOdvara
[Boatwright, 1980; Madariaga, 2011]. IlpuBenem
YIPOIICHHBIM BBIBOJ COOTHOUICHUS MEKAy £
¥ YIJIOBOH YacCTOTOH f , T.€. IAPAMETPOM CIIEKTPa
[Madariaga, 2011]. ITockonpKy MJIOTHOCTb MOTO-
Ka SHEPruy B BOJIHE IPONOPLIMOHAIIbHA KBaAPaTy
MacCOBOU CKOPOCTH U’

w(R, 1) =pV, W (R, 1), (15)

TO B npeHe6pe>KeHI/m HCOJHOPOAHOCTBIO HAIIpaB-
JICHHOCTH U3JTYyYCHU

E;=4n R pV,| v’ (Rf) dt=

= 4R pV(2m)' ], f2uf df, (16)
e u, — Gypbe-TapMOHMKA CMEILEHHUS, BEIPAXKEH-
Has 4yepe3 OOBIYHYI0 (HE HMHUKJIMYECKYI0) YacTo-
Ty f. IloncranoBka B (16) 4acTOTHOM 3aBHCUMO-
CTH U, COINIACHO CIIEKTPajbHOM Mozenu bproHa
[Brune, 1970]: u, = S(f)= QA1 + f */f?) naer
nocyie npeodpa3oBaHUi CIIEYyIOIIEe BbIPAKEHHE:

E, =8n*R*pV Q; f. (17)

Kak Bumno u3 (17), ceficMuueckas SHEPTHs
CHIIBHO 3aBHCHT OT T1APAMETPA /., ONIUCHIBAIOIIETO
MOBEJICHUE CIIEKTPA B TMANA30HE BHICOKUX YaCTOT
Y UMEIOIETO TOT K€ (PU3UIECKUIA CMBICIT, YTO U fo
u3 (12), (13). D10 oTpakaeT 4yBCTBUTEIBHOCTH
E K CKOPOCTH PacnpoCTpaHEHHs pa3pbiBa B OYa-
re [Hanks, Kanamori, 1979].

[Tpu o6benunennu Gopmyn (9) u (17) MoxkHO
MOJYyYUTh YA0OHOE BBIPAXKEHHE, CBS3bIBAIOIICE
CEHCMUYECKYI0 SJHEPTUI0, CEHCMUYECKUII MOMEHT
¥ YIJIOBYIO yactoty ( f,=f,) [Madariaga, 2011]:

1
Eg=smW2M2f3 pVi=2M2f3 pVe.  (18)

[TockonbKy CKOpPOCTBH S-BOJH €CTh HE 4TO
uHoe kak (G/r)"?, u3 Beipaxenus (18) cuenyer,
4TO TPHUBEICHHAS CEHCMHYECKas dHEPrHs IMpo-

3.
nopiuoHansHa gaxropy (f,/V,)’:
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e, =2 (M/G) [V, (19)

Tak kak oTHOIIEHUE V /f, XapaKTepU3yeT paauyc
ogara » [Brune, 1970, 1971], ky0 ero 3Ha4ueHus
IPONOPLMOHATIEH 00bEMY O4ara, U Mod3TOMYy e,
MOXKET OBITh BhIp@)KEHA uepe3 0O0BEMHYIO TUIOT-
HOCTb CECMHUYECKOTO MOMEHTA U MOMYJIb CIIBUTA
(mapametp cpepl).

U3 (19) BuaHO, 4yTO mpUBEIEHHAs ceiicMuue-
cKasi aHeprus, Kak 1 Ac B (11), 3aBUCUT TOIBKO OT
00BEMHON IIOTHOCTH CEHCMHUYECKOIO MOMEHTA.
N3 Beipakennit (13), (19) cienyeTr cooTHOIIEHUE
MEXIy e,, 1 Ac:

e, =32 KAc /1 7G (20)

B KOTOPOM KOA(PIUIIMEHT MPONOPIUOHATBLHOCTH
k ompenenseTcs: TOIBKO BEIOOPOM MOJENN odara
(bprona, Manapuaru u Ap.) ¥ He 3aBUCHUT OT yIJIO-
BOM 4acTOTBI U AMHAMMUYECKHUX MapameTpos. [lo-
CKOJIbKY TIapaMeTpel AG | e, IPONIOPLUOHAIbLHBI
JpyT APYTY, 110 BETUYUHE COPOILIEHHBIX HaIPsIKe-
HHH MOXKHO OLIEHMBATH €, 1 Ha0OOPOT.

OueHkn cOpOLIEHHBIX HANPSIZKEHU I
U NIPUBEICHHOH CeliCMUYECKON JHEPIuu
(0030p pe3ybTATOB)

IlpuBeneHHas celiCMUYECKast OHEPIUs e,
KaK XapaKTepUCTHUKA pa3pylIeHHs TOPHBIX IOPO/,
yn00Ha ISl COTOCTaBIIEHUs] COOBITUI pa3IUYHO-
ro macmraba [KouapsH, 2016]. B mpenmonoxe-
HUM O BBIIIOJHEHUU YCJIOBUN MOA0OUS U OAMHA-
KOBOH (DM3HMKE TPOLIECCOB B OYare, BEIMYUHA €,,
HE JIOJDKHA 3aBUCETh OT MaciuTaa.

CkeluliHT (3aBHCUMOCTh OT Macuitada, Mo-
7IeNIb) MPUBENEHHOM CEHCMHYECKON JHEpPruu
aBTOMaTHYECKU MEPEHOCHUTCS Ha COpOIICHHbIE
HaNpsDKEHUs, MOCKOJIBKY 3TH IapamMeTpbl Ipo-
MOPLUUOHANIBHEI Apyr Apyry. C yderom 3TOro
OyzneM paccMaTpHuBaTh pe3yJbTaThl Kak Mo cOpo-
LIEHHBIM HaNpsDKEHUSIM, TaK U 10 MPUBEIECHHON
CEHCMHUYECKOM SHEPrUM (WM caMoH sHepruu £,
C TIEPECUETOM Ha €, ).

OOBIYHO cyMTaeTCs, YTO M COpOLICHHBIE Ha-
NPSDKEHUS, M KaKylIMecs Hanpsokenus o, (14)
JOJDKHBI  OBITH NPUMEPHO MPONOPIMOHATIBHBI
YPOBHIO HaNpsDKEHUH, JEUCTBYIOLINX HA PA3JIOME.
IIpn 3TOM KakeTcs €CTECTBEHHBIM, YTO YBEJH-
YEHHE YPOBHS JIMTOCTAaTUUECKUX HAaNpsKEHUN
JOJDKHO B CPENHEM IPUBOJUTH K IPONOPLHO-
HaJIbHOMY poCTy Ac u o,. Hampuwmep, B pabore
[Paytnan, Xantypus, 1991] ormeden pacrymuit
TPEHJ ISl KaXKYLIMXCsl HANpsDKEHUN C yBelude-
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HUEM TIIyOMHBI KaK JUIS KOPOBBIX, TaK U VIS TITy-
OuHHBIX 3eMieTpsicenuid [lamupa. B To sxe Bpems
B apyrux wucciuenoBanuax [Choy, Boatwright,
1995; Ponxun, 2001a; Choy et al., 2006] ans xo-

POBBIX 3eMJIETPsICEHUH HE OBbLIO 00-
Hapy>KEHO CYLIECTBEHHOIO yBEJIHYe-
Husg A U G, ¢ IyOuHOM ouara. Tak,
o nanHbiM [Ponkun, 20016], xaxy-
LIMeCs] HAIPSDKEHUS B CPEJHEM BO3-
pacTatoT B 1.5 pa3a npu yBenu4eHUN
n1younsl odara ¢ 10 1o 50 kwm, T.€. po-
CTE€ JIMTOCTATUYECKOIO HAIpPSKECHUS
6osiee ueM B 5 pas.

Cyns no pesynpraram 1adbopatop-
HBIX AKcniepuMeHToB [KouapsH u ap.,
2013], panukanbHOE BIUSHUE HA aM-
IJTUTYAY CKayKa HaIMpsKEHUN OKa3bl-
BaeT M3MEHEHHUe, Jake HeOOoJblIoe,
XapaKTEepPUCTUK Marepuasa-3anoiHu-
TeNs pa3jioMa; MpU 3TOM MOA0OHOE
W3MEHEHHUE IPAKTUYECKH HE CKa3bl-
BaeTCs Ha BEJIMYMHE KYJIOHOBCKOHN
IIPOYHOCTH Pa3JIOMa.

3HaunTENBHBINA pa30poc 3HAYCHUH
Ac (M, CIIENOBATENBHO, €,,) SBISETCS
JOCTAaTOYHO IPHUBBIYHBIM PE3YNIbTa-
TOM, KOTOPBIM OTMEuascs B Pa3HbIX
paborax [Gibowicz, Kijko, 1994;
Tomic et al., 2009, Hua et al., 2013].
Ha puc. 1 a mono6HsIit pazdpoc mpo-
JEMOHCTPUPOBAaH TIpPU IOCTPOEHUU
pacnpeneneHnii  YIJIOBOM  YacCTOThI
B 3aBUCHMOCTH OT M B IBOWHOM JI0-
rapupmMuyeckoM Mmacurtade, cornac-
Ho [Hua et al., 2013]. Ilpu sTom ce-
MEUCTBO MPSMBIX JIMHUMN C 33JIaHHBIM
HAKJIOHOM COOTBETCTBYET 3HAYEHUSIM
Ac. Ha puc. 1 6 npuBeneHo aHajo-
TMYHOE NTOCTPOEHHUE JJIs JAHHBIX, IO~
JTy4eHHbIX B HACTOSIIEH paboTe u u3
JPYTUX UCTOYHHUKOB.

ITpu 0ObsicHeHUH OOJBILIOTO pas-
Opoca 3HaueHUl AG wHaie BCero
OTPaHUYMBAIOTCS OOHIMMHU CcOO0Opa-
KEHUSMHU O HEOTHOPOAHOCTH reodu-
3UYECKON Cpellbl U Pa3HOM IMPOYHO-
CTH Marepuaa.

B pa6orax M.B. Ponkuna [Ponkun, 2001 a, 0]
PacCMOTPEH Psiji IPOTUBOPEUUH B TPAJAUITUOHHBIX
MOJIENISIX Ouara M OTMEYEHa HETMOJIHOTa MOoA00-
HBIX 00BsicHEeHWI. B pamkax dmromnmomeramop-

Puc. 1. YmoBagd 4acTora B 3aBHCUMOCTH OT CEHCMHYECKOTO MOMEHTA!
a — rpaduk u3 [Hua et al., 2013]. [IyHKTHpHBIC THHIH TTOKa3bIBAIOT COPO-
mennsle Hanpsoxernust 0.001, 0.01, 0.1, 1, 10 u 100 MIla. BeprukanpHas
MYHKTHPHAS JUHUSA 0003HA4aeT OTrpaHWYCHHE MaKCHMAaJbHOM MarHWTY/IBI
Jutst nanubix [Hua al., 2013]. Po3oBble Kpy»KKH — JaHHBIE HAaBEICHHOM ceiic-
MHYHOCTH, BO3HHKIIEH IpW 3aloJIHEHNH BojoxpaHmwmina Longtan (okomo
1.5 TBIC. COOBITHII Ha TTyOHUHE OT 4 10 10 KM); IPyruMy CUMBOJIaMH 0003Ha-
yeHbl gaHHble U3 [Allmann, Shearer, 2009]; 6 — qanHbIe 115 perrnoHoB: BI'TI
(bumkekckuii reoguHaMUYecknii moymron) o [CeraeBa, boromonos, 2016];
BI'TI (KUC, Keipremckuiit uHCTHTYT ceiicmonorun) — (I'pun u ap., 2002,
KanemerbeBa u ap., 2003%); Llenrpansusiii Taap-11lans — [Coraesa, 2020];
BP3 (baiikanbckast pudrosas 30Ha) — [[Joopsanna, 2009]; Kpem — [ITycro-
BUTEHKO U Ap., 2013]. KpacHpIMU NTHHUSMH OTMEYEHBI TPAHULIBI COITIACHO
puc. 1 a.

! TlosicHUTeNTbHAS 3AMMCKA K aKTYy BIMOIHEHHBIX pador 3a I, IV kBapran 2001 . u I kBapran 2002 r. Aropsr: ['pun T.I1.,
KanemerseBa 3.A., Uexosckas P.A. OneiTHO-MeTOoMnuecKas cericmonorndeckas sxcreanus HAH KP, 2002, 66 c.

2 TlosicHUTENBHAS 3aIMCKa K aKTy BBIMOIHEHHBIX paboT mo o0pabotke u ucnons3oBanuio gaHHeix KNET 3a III kBapran
2002 r, I, 11T, TV xBapran 2003 r. ABTopsr: Kanemersera 3.A., Monmob6exoBa C.K., Uexorckas P.A. OnbITHO-MeTOnMYECKAas
cericmonornueckas sxkcneauiusgs HAH KP, 2003, 124 c.
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(hOreHHOW MOJIENIM CeMCMOTreHe3a UM TIPEeIJIoKe-
Ha aJbTEPHATUBHAS WHTEPIIPETAlMs PA3TUUYHBIX
pe3ynbpTaToB, 0TOOpaKEHHBIX Ha puc. 1 a.

OpanM u3 HakTOpoB, KOTOPHII BHOCUT BKIIA]
B pa3Opoc 3HaueHUU AG, TUIOTETUYECKU SIBIIS-
eTcsl crenu(uKka 04aroB TEXHOTEHHBIX CEHCMU-
yecKux coOwITHii. B psnme pabor panee mory-
CKaJIOCh, YTO JJISi TAKMX OYaroB CpeAHuil cOpoc
HaANPSOKEHUI HIDKE, YeM ISl IPUPOAHBIX 3eMIle-
tpsicenuit [Fehler, Phillips, 1991; Abercrombie,
Leary, 1993; McGarr, 1993; u np.]. [Ipeanonoxe-
HUS OMUPATIUCH HA CTATUCTUKY TSI OOJIBIIIOTO KO-
JNYECTBA CEUCMUYECKUX COOBITUH, IO KOTOPOH y
TEXHOT€HHBIX 3€MJIETPSICEHUI 3HAYEHUS YIIIOBOU
94acTOTHI HUXKE 110 CPABHEHUIO C OOBIYHBIMU, TEK-
ToHMYecKknuMH. Huke, oka3piBaeTcs, U cOpoIIeH-
HBIC HAMPSDKEHUS IPU COMIOCTABUMBIX 3HAUEHUSX
M, nockonbky, cornacto (13), Ac ~ M, f*. Oto
000011ICHIE OTHOCUTCS MPEXKE BCEro K CIa0bIiM
CEHCMUYECKUM COOBITUSIM, JUIsI KOTOPBIX JTWHA-
MUYECKHE MapaMeTpbl PAaCCUUTHIBAIIUCH HE IO
Mozenu bprona. /[ CUIBHBIX TEXHOT€HHBIX 3€M-
neTpsiceHuid (mpeumyiecTBeHHo ¢ M > 4.5) npu
WCIIOJIb30BaHUU Mojienu bproHa pa3nuuus B O1eH-
Kax f, CTAHOBATCs HE3HAYUTEILHBIMU WM BOBCE
He HaOmomarotTcs [Tomic et al., 2009; Hua et al.,
2013]. BasxHO OTMETHUTD, YTO JIJIsi TAKUX COOBITHI
XapaKTepeH YUCTHIN CIIBUT, TAK K€ KaK U JUIsl IPU-
POIHBIX TEKTOHUYECKHUX 3eMIICTPSCEHUI.

Jns  mexmiuTHeIX (inferplate) 3emiuerps-
CEeHUH BeJWYMHA COPOLIEHHOTO HAaMpsKEHUS
B cpeaHeM npumepHo 3 Mlla, a 1151 BHyTpUILIU-
ToBBIX (intraplate) — npumepno 10 MIla. Dtomy
COOTBETCTBYIOT 3HAaYEHUS MPUBEJIEHHOMN ceiicMu-

ueckol sHepruu, cornacHo (20): e, ~0.2-10* uns
MEKIUIMTHBIX 3emyeTpsicenuii u e,, ~ 0.8-107*
IUI BHYTPUILTUTHBIX. [1o pe3ynbraram pacueros,
npoBeneHHbIX B [ChiueBa, 2020] 1 HIKe B JaH-
HOH pabore (cMm. Tabmumy B IlpunoxeHun, na-
nee [11), 119 BHyTPUIUIUTHBIX 3€MJIETPSICEHUI Ha
tepputopun BI'TI u [enrpansHoro Tsaub-lllans
CpelHssl BEJIMYMHA COPOILIEHHOTO HAMpPsKEHUS
cocrapiset 10.8 u 10.5 Mlla, a mequanHoe cpen-
Hee Ac — 1.7 u 3.5 MIla cooTBETCTBEHHO.

[lepeiinem k 0630py pe3y/IbTaToOB IO MpHUBE-
JIEHHOW CEUCMUYECKOW JHEPTUH, WIN MU3JIy4YEH-
HOM SHEpPruu E, KOTOpas JIETKO MEPECUUTHIBACT-
cs1 Ha e,, OOpalaror Ha ceOs1 BHUMaHUE JIAHHBIE
o ES U e, Il CEHCMUYECKHUX COOBITUN BOJIHU3HU
TOPHOMOOBIBAIONIUX TPEINPUITHN, THE 1O TeX-
HOJIOTUHU paboT pa3BepHYTHI IJIOTHBIE CecMOIIOo-
rudeckue cetd. C ITUMU TaHHBIMU €CTECTBEHHO
CpPaBHMBAThH PE3YJbTAThl MACCOBBIX OIpEIEICHHIA
€,p» A B CeBeprom u Llentpansuom Taup-Ilane
(o manubM cetu KNET).

Ha puc. 2 a mokaszansl mpuMepbl H3Mepe-
HUW CEMCMHYECKOW SHEPIMH M CEHCMUYECKOTO
MOMEHTA, TIOJTYYCHHBIE HAa TOPHOMO0OBIBAIOIIUX
npeanpusatusx B [loneiie (mraxra Pynna) u @un-
nsHauu (pynauk Pyhédsalmi). B paiione memnHoi
maxThl PyHa rccnenoBainch COOBITUS C MOMEHT-
HeIMH MarHutynamu ot 1.4 no 3.5 [Domanski,
Gibowicz, 2008]. JluHamMuYecKHe TMapaMeTphI
ObUTH orpeneneHbl mpuMepHo st 600 coOBITHIA,
MpUYEeM BCE UX OYaru UMeIu MeXaHU3M TOpU30H-
TanpHOTO ciasura. M3 pesympratoB [Domanski,
Gibowicz, 2008] ciaemyeT, 4TO 3aBUCUMOCTD TTPH-
BEJICHHON CEHCMHMYECKON SHEPIMM OT BEJIIMYUHBI
M, onuChIBAETCS MOZIENBIO

Puc. 2. 3aBucHMOCTD H3ITy4eHHON JHEPTUM E OT BEIMYMHBI CEHCMUYECKOTO MOMEHTA M. a — IIs COOBITHH Ha MIaxTe
Pynna (1) u pynuuke Pyhdsalmi (2); 6 — s coObiTrii Ha maxte Strathcona mecropoxaenus Canoepu (1) u B moa3eMHoOM
obcepBaropun Manuro6a, Kanana (2). 3nechb u 1ajiee CUMBOJIBI — Pe3YJIbTaThl U3MEPEHUH, IMHUU — HAWITyYIliee IPHOIIHKe-
Hue. Pucynok u3 [beceauna u ap., 2015].
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e, = 3.8:10710 M 02, 1)

KOTOPOW COOTBETCTBYET CIUIOIIHAs JMHUSA Ha
puc. 2 a (rpaduk 1). CootHomenue (21) mokasbl-
BAET, YTO BEJHYMHA €,,, KaK U NPONOPIHOHAIb-
HbIe €il cOpOoIIeHHbIE HANpPsHKEHUs, YBEINYHUBa-
€TCcsl IO Mepe pocTa CEHCMHYECKOr0o MOMEHTa,
T.€. YCJIOBHE 000U HE BBITIOIHAETCS.

Ha puc. 2 a (rpaduk 2) Takxke nNpuBeCHBI pe-
3yJbTaThl H3MepeHui £, u M 1 cnabbix ceic-
MHUYECKHX COOBITUH, BOBMOXHO BBI3BAaHHBIX TOp-
HBIMU paboTamu, Ha pyaHuke Pyhdsalmi [Oye et
al., 2005]. dns pynuuka Pyhdsalmi, rie rmy6una
no0wrun nocturaer 1400 M (Oomblie, yeM B mpe-
JBIAYIIEM MPUMEpE), MPH J0BOJIBHO 3HAUYUTEIIb-
HOM YPOBHE TEKTOHHUYECKUX HaNpsDKEHUH 3aBU-
CUMOCTb e, (M) nonyckaer onucanue B popme

e, =3.6:107 M0, (22)

IJe CTEeleHHas 3aBUCUMOCTb OT CEHCMHUYECKOro
MOMEHTa TaKas ke, Kak B (21), Ho ko puuneHT
Ha MOPAIO0K OoJIbIIe.

B o6GcepBaropun Manutoba, Kanama, peru-
CTPUPOBAJIMCH CEMCMHMYECKUE COOBITUS TpH Oy-
POB3PBIBHOM IPOXOIKE BEPTHKAIBHOIO CTBOJIA
auamerpoM 4.6 M B c1abOTPEIMHOBATOM IPAaHUTE
Ha nryOuse okono 400 m [Gibowicz et al., 1991].
Iocne kaXkmoro B3pbiBa B TEUEHUE 2 4 KOIUYECTBO
COOBITHI1 OBICTPO HAPACTAJIO, OCIIE YETO CIIEA0BAT
SKCIIOHEHIIMAIbHBIN craj 10 (POHOBOTO YpPOBHSI.
N3 pesynbratoB [Gibowicz et al., 1991] crnenyer,
YTO MOJIEJIBHOE COOTHOILIEHHE (perpeccuro, Mmoka-
3aHHYIO Ha pHc. 2 0, rpaduk 2) Ui NpUBEICHHOM
CeiCMUYECKOI SHEPIUU MOKHO 3arucarh B hopme

e, =3.1-107 MO, (23)

JU1a MUKpOcelcMUUYECKUX COOBITHI, CBSI3aH-
HBIX C Tpoxonkod B maxrte Strathcona mecTto-
poxaenus Canbepu (Kanaga) Ha rimyOuHE OKOJIO
700 m [Urbancic, Young, 1993], 3aBUCHUMOCTb,
MOCTPOEHHAsT TI0 PE3y/IbTaTaM H3MEpEHUH kg
u M, (puc. 2 6, rpaduk 1), SKBUBAJIICHTHA CIIETY-
FOIIEH MOJIENH JUIS €,

e, = 1.24:1070 M 07, (24)

DTa MOoJeNb yKa3bIBaeT Ha OTKJIOHEHHE OT 3aKOHA
nogo6us 6osee CylecCTBEHHOE, YeM B MpPEAbIAY-
KX TPUMEpaXx.

Jns celCMUYHOCTH, HABEAEHHOW 3arloiHe-
HueM Bojnoxpanunuia B Kurae (1616 3emnerps-
cenudl B nuanasone maruutyq M, 0.1-4.2 [Hua
et al., 2013]), Obuta ycTaHOBJICHA CTENEHHAs 3a-
BUCHMOCTb e, ~ M *® ¢ mokasarenem creneHu
Onmu3KkuM K (24).

Jnst ceiCMUYHOCTH, MHULMUPOBAHHOM Mac-
COBBIMH B3pbhIBaMHU Ha TaIlTarolbCkoM pyIHUKE,
B pabote [ManoBuuko A., Manosuuko /1., 2010]
MOJTyYeHbl JIB€ MOJETbHBIE 3aBUCUMOCTH (pe-
rpeccun) E (M) ¢ nokasarensiMu CTENEHH, CyIIie-
CTBEHHO MPEBBIIAIONIMMU eauHULy (puc. 3 a).
W3mepenus nposomwiuck B 2006 (rpaguk 1)
u 2008 . (rpaduk 2) B OTHOM U TOM K€ MECTE 110
U TIOCJIE TIPOBENICHUS CEPHI B3PHIBOB C OJIM3KOM
Maccoi 3apsna. 3aBUCUMOCTH e,, Ul JABYyX Ipa-
(UKOB puC. 3 a ONUCHIBAIOTCS BHIPAKCHUAMU:

ey = 4.6 105M %, e, =2.6-10"M9  (25)

Bripaxenus (25) u puc. 3 a mokas3pIBarOT, 4TO
y coObIThid, iponsomenamux B 2008 1., Benuyu-

Puc. 3. 3aBMCHMOCTD H3Ty4€HHOH SHEPTHH £ OT BEIMYHHBI CEHCMMYECKOTO MOMeHTa M : a — 11 coObITHH Ha TarTaross-
CKOM MecTopokaeHus npu mmMeperusx 2006 (1) u 2008 (2) mo manaeM [ManoBudako A., Mamoswako /., 2010]; 6 — ms
coObITHI Ha TiTyOOKMX pynHuKax FOxxHOM Adprkn mo nanHeM 1 — [McGarr, 1994], 2 — [Yamada et al., 2007]; 3 — [Kwiatek

et al., 2011]. Pucynok u3 [Kouapsin, 2016].
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Ha W3JIyYCeHHOM SHEPIHH B CPEIHEM Ha IMOPSI0K
BbIllle, 4YeM y coObiTuii 2006 I, HO MOKa3arenib
CTEneHH Npu M| BO BTOPOM CIIy4ae MEHBIIE, YeEM
B [IEPBOM.

Ha puc. 4 npexacrasnena oleHKa NMpPUBEICH-
HOM CEUCMMYECKON SHEPruu IO JAHHBIM O IU-
HaMHUYECKUX TapaMeTpax O4aroB CEHCMHUYECKUX
coOBITHI Ha Kapbepax W maxrtax I. Bopkyra [be-
ceauHa u ap., 2015]. Bennuuna €,y JICKHUT B JTHA-
nazoHe ~ 107—107, a Hany4IIee CTENeHHOE MPHU-
ObKEeHHE MOXKHO 3aImucarh B popme

e,, =5.6:107 M *'°. (26)

B 0600mmennn [Kouapsia, 2016] mokazano, 94To
YCPEIHEHHE 10 BCEM OMyOIIMKOBAHHBIM JTAHHBIM
10 M3JIyYEHHOM CEMCMUYECKOW SHEPTHH INPHUBO-
JIUT K 3aBUCUMOCTH E (M) BecbMa OIM3KOH K Ju-
HeiiHoi. CoOTBETCTByIOIAs €d perpeccust st
IIPUBEICHHON CEUCMUYECKOW DHEPIUM ONMUCHIBA-
€TCs1 BBIPAXKEHHEM

€, = 2.3 10750 004, 27)

B KOTOPOM OJIM3KOE K HYJIIO 3HAYCHHE ITOKA3aTEIIs
CTEINEHU MOXKET CBUJETEIHCTBOBATh O BBHITMOJIHE-
HUH 3aKOHA TeoMeTpuiecKoro moaoous [Kouapsa
u ap., 2016]. DTot pe3ynbrar, B CUITy IpOMOPIHO-
HAJIbHOCTH BEJIMYUHBI €,, U COPOIICHHBIX HAIPs-
skeHnit Ac (20), HaXOAUTCS B COOTBETCTBUHU C BbI-
Bonmamu [Baltay et al., 2011; Shaw et al., 2015]
U JApyTux paboT O CTaTUCTHYECKOW HE3aBUCHUMO-

Puc. 4. 3aBucUMOCTh IPUBEAECHHON CEWCMUYECKON 3HEp-
THH OT MaciiTaba coOBITHS B paifoHe TOpHOIOOBIBAIOLINX
npennpusTHii BopkyTel, TMHUS — perpeccust ¢ Ko3hdunu-
ernTom aerepmuHanuu R = 0.89, mo [Becenmna u np., 2015].

3 TlosicHuTE IBHAS 3aIIKCKa. .. , 2002
4 TTosicHUTENBHAS 3amucKa. .. , 2003
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CTH AG OT CEeHCMUYECKOr0 MOMEHTA JIN0O MarHu-
Tyasl. CornacHo [KouapsiH u ap., 2016], cootHo-
[IeHHs] TTOAO0US BBHITIOIHSIIOTCS HAUOOJIee TOUHO
IUIsL 3eMJIETPSACEHUH CpeHero mMaciirada: B aua-
nasone 10" < M < 10 Hm (3.9 <M, < 7.3).
Jnst cnaboif CeHCMUYHOCTH, TIPEXKIE BCETO TeX-
HOT€HHOM, OTMEYEH 3HAYMTENIbHBINH pazOpoc mo-
KaszaTesiei CTENEHHOM 3aBUCHMOCTH e, OT Ceiic-
MHUYECKOTO MOMEHTA. /{151 pacCMOTpPEHHBIX BbIIIE
IIPUMEPOB PErPECCUOHHBIX 3aBUcUMOcTed (21)—
(27) nuama3oH W3MEHEHHWM STUX IOKa3aTesen
ot —0.2 1o 0.97, 4yTo yKa3pIBacT Ha OTKJIOHCHHE
oT camononaobusi ouaroB 3emuierpsicennii [Koua-
psAH U 1p., 2016]. YUem BbIIIE OKa3aTesb CTENEHU
B 3aBUCHMOCTH e, (M), TEM CHIIbHEE BBIPAKEHO
OTJINYHE OT CAMOIIOA0OHS.

Hanuume Hapacraromeit 3aBucumMocTtu (pe-
IPECCUH) TPUBEACHHOW CEMCMHYECKOM SHEPTHH
oT M, MOXHO TIOATBEPANTH, UCIIONbL3Ysl PE3yIIbTa-
Thl ONPEIETICHUS YIJIOBOM 4acTOTHI f, MOIyY€eH-
Hble B padorax (['pun u np., 2002°; KanemerbeBa
u 1p., 2003%; [[1oopsinuna, 2009; ITycTOBUTEHKO
u nap., 2013; CerueBa, boromosnos, 2016; Corue-
Ba, 2020]) (puc. 1 6). Jns xaxxaoro coObITHS 110
JTAHHBIM O €r0 YIJIOBOM 4acTOTE U CEHCMHYECKOM
MOMEHTE MOKHO BBIYMCIIUTH BEIMYMHY €, C 0~
Motnbto Beipaxenus (19). Ha puc. 5 nmoka3zansi pe-
3yJIBTaThl pacyeTa MPUBEICHHONU CEHCMUYECKON
SHEPTUU 3EMJICTPSICEHUN B TEX KE PETUOHAX, UTO
npejcTaBieHbl Ha puc 1 O (1o JaHHBIM U3 LIUTH-
POBaHHBIX MCTOYHUKOB). Ha sTOM pucyHke mo-
Ka3aHbl TAK)KE 3HAYEHUS e, Ul COOBITHH B 30HE
BOKpyT FOxHbIXx Kypuibckux ocTpoBOB, onpese-
JICHHBIC 110 3HAYCHUSAM CCUCMUYCCKON SHEpTHu £
U ceiicMuueckoro Mmomenra M, u3 karanora JII1
3eMJIETPSACEHUIN CeBepOo-3amaaHol yactu Tuxoro
okeaHa 3a 1969—-1996 rr. [bypsimckast, 2001].

CornacHo puc. 5, OCHOBHOM J1Mara30H 3Haye-
HUU IIPUBEJCHHON CEHCMUYECKON JHEPruu Je-
xuT or 107 no 107, npu 3HaueHHAX cericMHuYe-
ckoro momenTa M, ot 10" no 10" H-m. Bennunna
e,, MEHAETCs B HanOOJIEe MIMPOKMX MPEENax st
baiikansckoit pudtoBoii 30HBI U LleHTpaabHOTO
Tsup-1lansa. ns Cesepuoro Tsub-Illans (BI'TI)
Anana3oH U3MEHEHUH e, Oonee y3kuii, ot 2-10°°
10 3-10*. PucyHOK 5 moOKa3bIBaeT, 4TO BO BCEX
paccMaTpuBaeMbIX PETHOHAX paclpeneiacHUs
3HaY€HMH e,, B JBOMHOM JIOrapu(pMUYECKOM
MacmTabe JIOMyCKaroT JIMHEHHYI0 PperpeccHio
(HelnyI0 3aBUCUMOCTS 1g e, oT Ig M). Takas
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Puc. S. 3HaueHus npuBefeHHON CeHCMMYECKON »HEepPruu
B 3aBUCUMOCTH OT CEHCMHMUYECKOTO MOMEHTa IS 3eMIIETPsI-
CEHHUH B TeX K& pPEeruoHax, 4rto W Ha puc 1 0, a Taxke A
30HBI FOxHBIX Kypuisckux ocTpoBoB (1o Marepuanam [by-
peivckasi, 2001; boromonos u ap., 2015]).

perpeccusi 3KBUBaJICHTHA CTETIEHHOM 3aBHCHMO-
CTH e,,(M,). PopmMa 3aBUCUMOCTH TIPUBEIEHHOM
CECMHUUYECKON SHEPIMH OT CEHCMUYECKOTO MO-
MEHTA JUJISl KaXKJO0ro U3 pacCMaTPUBAEMbIX PErH-
OHOB IpHBe/eHa B Ta0. 1.

CormmacHo Ta0ma. 1, mokasaTey CTENEHU B BbI-
PKEHUSIX, ONIUCHIBAIOIIKX CBI3b MEXKIY €,, U M,
BappupyroT oT 0.39 no 0.81. HauGomnee BhICOKMIT

M0Ka3aTellb, CBUJIETEIbCTBYIONINI 00 OTKIIOHEHUH
0T camonon06us, oTMedeH A baiikanbckoit pud-
TOBOM 30HBI, CaMbIil HU3KUW — 1151 LleHTpaibHOTrO
Taup-1lans.

B 3aBepuienue oOcykaeHHs pe3yJlbTaToB
O TIPHUBEJCHHOW CEMCMUYECKOM SHEPrUU CTOUT
OTMETHUTH, YTO B CHJIY MPONOPUUOHAIBHOCTH BE-
JIMYMH e, U AG CTCNICHHBIE PETPECCHU JUIA €,
MOTYT OBITh IIEPEHECEHBI HAa COPOIIICHHBIE HaIIPsI-
JKEHUS B TE€X )K€ peruoHax. Bo3Mo)kHbIEe IPUUNHBI
OTKJIOHCHHsSI OT 3aKOHA IMOmo0Ws JJis celicMuyY-
HOCTH, JIOKQJM30BaHHOM B T€X WJIM UHBIX paio-
Hax, moApoOHO paccMmoTpensl B [KowapsH, 2012],
rIe OTMEYEHO, YTO IS CJIA0bIX COOBLITHH INIaB-
HYIO POJIb UTPAET 3aBUCUMOCTD YIIPYTUX MOLYJIEH
TOPHOW MOPOABI OT MaciiTada. ITo 0ObICHEHHE,
110 BCEW BUAMMOCTH, MOKHO OTHeCTH U K CeBep-
HoMmy U LlentpansHomy Tanb-1llaHro.

MaccoBbie OLIeHKH

cOpOLIEHHBIX HANPSIZKEHU

U APYIruX TMHAMHUYECKHUX IAPpaAMETPOB
04aroB 3eMJIeTPsICeHU

B CesepHoM Tsanb-1llane

B maHHOM pa3jmene TPHUBOMSTCS PE3YJIBTAThI
WCCIICIOBAHUS JTUHAMHYECKUAX MapaMeTpoB Oua-
roB 183 zemuerpsicennii (K = 8.7—14.8), npouzo-
menmux B CeBepHoM Tsub-lllane (Ha Teppuro-

Tabruya 1. PerpeccioHHbIe 3aBUCUMOCTH NMPHUBEIEHHON celiCMUYEeCKOi IHEPTUH
OT ceilicMHYeCcKOro MOMeHTA LISl Pa3HbIX peruoHoB v 30H CeBepHoii EBpa3uu u npujieraommx TeppuTopuii

Konuuectso

Pernon Hcrounnk onpeneneru, N ePR(MO)
BI'TI (10 naunueiM KUC) [Tpus u mp., 20025, 30 3.3-1010 M ¥
Kanemersesa u nip.,
2003¢]
Lenrpanbubiii Taup-11Ians [Chruera, 2020] 150 5102 M
Baiikanbsckas pudrosas 30Ha [Aobpsiauna, 2009] 62 2.7-107 M >
HOxubIe Kypuitst [Bypbimckas, 2001] 171 1.6:107"2 M *%
Kpbim [[MycToBuTEHKO U IP., 58 2.1-102 M Y7
2013]
[laxra Pyaua, [Tonbma [Domanski, Gibowicz, ~ 600 3.8:101° M 0
2008]
Pynnuk Pyhdsalmi, ®unnsaans | [Oye et al., 2005] He mpuseneno 3.6:107° M0
TamraronbCKuii pyaHuK, [ManoBuuko A., » 4.6:10"° M *°7 (2006 .)
ropHas [Hlopus Mamnosuuko ., 2010] 6-10"1 M7 (2008 r.)
Kapbepsr u miaxtsel, . Bopkyra | [Becenuna u ap., 2015] » 5.6:107 M 016
[posunnms FOHEHAHE, KuTaii [Hua et al., 2013] 1616 ~M 0%
5 [losicHuTEIBHAS 3alUCKa. .. , 2002
¢ TTosicHMTEIIbHAS 3amucKa. .. , 2003
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puu BI'TI) B mepuon 1998-2017 rr. Ha nmpumepe
3TOTO0 pPErvoHa JEeTalbHO HCCIEAOBAH BOIPOC
0 B3aUMOCBSI3H COPOUICHHBIX HAIPSHKEHUN C Be-
JUYUHOM CEHCMHUUYECKOTO0 MOMEHTA, C TUIIOM (po-
KaJIbHOTO MEXaHW3Ma U JIPyTHMMH IapameTpamu.
s paccmarpuBaembix 183 coObITHII TOCTpOE-
Hbl OYaroBbI€ CIIEKTPbI CEHCMOIPaMM M OIpese-
JIEHBbI CIIEAYIOUIME AMHAMUYECKHE MapaMeTphl:
CKaJISIPHBIA CEHCMUYECKUIE MOMEHT M, paauyc
oyara 7, COpOIlIEHHbIE KacaTelbHbIe HAMPSDKECHUS
Ao, ceiicMuYecKasi sHeprus E, ¥ NpUBEACHHAS
ceficMuyYECKas SHEPruu e,,. Meromuka pacuera
JI1 mo mapameTpam 04aroBbIX CHEKTPOB, a1aIlTH-
pOBaHHasl JUIsl CEHCMOIPaMM, PErMCTPUPYEMBIX
cetbto KNET [Crruesa, 2016], moapoOHO omwca-
Ha B IpeAuecTByonumx padorax [Ceiuesa, boro-
MmosioB, 2014, 2016]. Pesynsrarsl pacueros JII
npencrasiensl B tadn. [11 (cm. [punoxenue).
Jns OGonpIIMHCTBA paccMaTpUBAEMbIX 3eMJle-
Tpsicenui (158 coOwiTuit u3 183) onpeneneH Tun
¢dboKanbHOro MeXaHu3Ma Mo 3HaKaM MEPBBIX BCTY-
TieHui P-BoJH (TI0 TOH ke MeToauke, 4yTo B [ChI-
yesa u jp., 2005]).

B ta6m. [11 (cTon61m 9, 10) yka3aHbl 3HAYSHUS
CIIEKTPAJIbHBIX IIAPAMETPOB: YIIIOBOW 9acTOTHI f
¥ CHEKTPAIbHOU IUIOTHOCTH (), KOTOpbIC SBIISI-
FOTCSL UCXOAHBIMU [ pacuetoB 11, [[ns pacema-
TpHUBaeMbIX CoObITHH (M = 2.7-6.0) Q MenseTcs
or 2.6:10° 10 9.5-10°m¢c, af,—or 1.7 10 6.0 't
(4TO COOTBETCTBYET BPEMEHHM pa3pblBa B Ouare
0.6-0.17 c). Jlannpie 0 Q W f, MO3BOISAIOT pac-
CUMTaTh 3HAYEHUS JAUHAMUYECKHX IapameTpoB
3emuieTpsiceHuil Ha Tepputopuu CeBepHOro TsHb-
[Tans. IIpu pacuere CKaaspHOrO CEMCMUYECKOTO
MomeHTa M, paauyca odara 7, COpOLIEHHBIX Ha-
NpsDKEHUN AG, N3IIy4€HHON CEHCMMYECKON dHEp-
ruu £ v IPUBEICHHON CEHCMUYECKON SHEPTHH €,
o hopmynam (9), (11)—(13), (17), (18) 3nauenust
IJIOTHOCTH MOPOJ B O4Yare U CKOpOCTU MONepey-
HBIX BOJIH NMPUHHUMAIINCh PaBHBIMU p = 2.6 T/cM’
[Uenus, 1986] n V, = 3.5 km/c [Roecker et al.,
1993]. Pe3ynbraThl pacuera 3TUX JUHAMUAYECKUX
napaMmeTpoB npuseneHsl B Tabn. I11 B cronbuax
11-17.

B Tabin. 2 npencraBneHbl KOG GOUITMEHTHI KOP-
peIALMNA MEXIY AUHAMMYECKMMM IapaMeTpamu
04aroB 3eMJIETPACEHUHN U UX MarHUTYI0M, MEXKIY
CKaJISIPHBIM CEICMHUYECKUM MOMEHTOM U IPYTUMHU
I, a Takyke HEKOTOPBIE PErPECCUOHHBIE 3aBUCH-
mMocTH. Hanbonpmmii ko3 puument koppensiuuu
MEX]ly CEMCMUYECKUM MOMEHTOM M0 U cercMu-
ueckor sHepruen £ (k = 0.98), nanmenbmmii —
Mexy M, v yrnoBor yactotoit (k = 0.59).
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Tabnuya 2. PerpeccnOHHbIE 3aBUCUMOCTH

U KO3 PUIHEHTHI KOPPeasiiiMi AUHAMHYEeCKUX
NapaMeTPoOB 0YaroB 3eMJeTPSACEHHIT ¢ MX MarHUTYAO0i
H ceficMMYeCKHM MOMEHTOM

IMapameTpsl k Mognens
e, M, 0.74 e,, = 61074 M %
Ac & M, 0.74 Ac=3.0-10° M >
JoelgM, 0.85 |f,=-1.161gM +21.0
1gQ)) & M 0.89 lgQ =111 M-8.27
IgM, — M 0.89 lg M, =111 M+10.1
Ig B, < 1g M, 0.98 lgE,=1.591g M, —13.2
Ige,, < 1gM, 0.92 lge,=0591gM ~13.2
lge,, & M 0.78 lge,, =0.63 M —7.1
ry < lgM, 0.84 ry=81.01g M —9264

IIpumeuanue. PerpeccHOHHBIC 3aBUCUMOCTHU Ul pajiyca ouyara
U COPOLICHHBIX HANPSDKEHUIT IPUBEACHBI TSl MOJISIIH
Manapuaru—Kanexo—I1llupepa.

Paccmotpum ocoOeHHOCTH pacnpeiesieHrH a-
PaMETPOB CNEKTPAILHBIX XapaKTEPUCTUK €2, f;
U TUHAMUYECKUX mapameTpoB ais 183 coObITHii
n3 tadm. I11.

Cnexmpanvhas ni10mMHOCHb U CKAIAPHBLIL
celicMuYecKuil MOMeHm

Pacnipenenenne napamerpa €2 (B jorapud-
MHUYECKOM MaciuTade) B 3aBUCUMOCTU OT MarHu-
TyAbl MPEACTABIEHO Ha pHC. 6 a, pacupeaeneHue
CKaJIIPHOTO CEHCMHUECKOT0 MOMEHTA JJIS TEeX XKe
coOwITHi (M, ~ Q) — Ha puc. 6 6. DTn norapud-
MHUYECKHE PacTIpeIeIIeHHUs XOPOIIIO OMUCHIBAIOTCS
MOJIEJIBIO JINHEWHOTO HapacTaHus. J{s ckaspHo-
ro celicMMYEeCKOro MOMEHTa PErpecCUOHHYIO 3a-
BUCHMOCThH OT MarHUTY/Ibl (HAUIYUIIYIO MOJEIH)
MOXHO 3amnucarh B (hopme

lg M,=1.1 M+10.1. (28)

Koadpdunment xoppemsiiiuu Mexay 3Hade-
Husmu g M v marnutynoit M cocrasnser 0.89.
OTKJIOHEHUE 3HAYE€HUN OTHOCUTEIBHO JIMHEHHOU
Mozienu (JIMHUU perpeccud Ha puc. 6 0) umeer
PaBHOMEPHBIN XapakTep Ha BCEM JIHUAaIa30HEe pac-
CMaTPHUBAEMBIX MarHUTY]I.

Jns  paccmarpuBaeMbIX COOBITHH  JTHaria-
30H M3MEHEHUs MarHutyasl — 2.2 < M < 6.0,
a 3HayeHus M nexar B mpeaenaax ot 6.2-10'
10 2.2-10'7 H-m. CTOUT OTMETUTH, YTO M3-3a Ha-
Tuaus pa3dpoca U CPaBHUTEIHHO HEIIMPOKOTO
JMaria3’oHa MarHuTya pacrpenenenue g M rak-
e coracyercs (¢ TouHocThlo 10 10 %) ¢ u3Becr-
HbIM BeIpakenueM (1) [Pusandenko, 1985].
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O CBPOWEHHBIX HAMPSIKEHUSIX B OYATAX 3EMJIETPSICEHUI CEBEPHOU EBPA3UWN U NPUBERQEHHON CEWCMUYECKOM SHEPIUN

Puc. 6. Jlorapudmudeckue pacrpesesieHus CIEeKTPaIbHON IIIOTHOCTH (@) M CKAJISIPHOTO ceficMIYecKkoro MoMeHTa (0)

B 3aBUCUMOCTH OT MarHuTy/bl.

C yueToM BBICOKOTO 3HaueHUS KOAPPUIMeHTa
KOPPEJSIIMUA MEXTy MArHUTYIOW Y 3HAaUSHHUEM JIO-
rapudma ceiiCMUYECKOro MOMEHTA B AallbHEHUIIIEM
B psilie ciiy4aeB OyaeM paccMaTpuBaTh pacipese-
nenust I B 3aBucumoctw ot Ig M.

Yenoeasn wacmoma u paouyc ouaza

Ha puc. 7 mokazano pacnpeneneHue f, B 3a-
BUCUMOCTH OT lg M. Jlns yrioBol 4acTOThI Xa-
pakTepHo yObiBaHue ¢ pocToM Ig M, ninn Maruu-
Tyzsl (puc. 7a). [1o 3HaYeHUAM yIIIOBOH YacTOTHI
OTIpefesIsiyICs paiyc odara ¢ OMOIIbI0 GopMy-
ael (12). B Tabn. I11 mis ynobctBa cpaBHEHHS
C JIpyruMu paboTamu MPUBEAEHbI 3HAYEHUs pa-
auyca odara mo moxenu bprona, r,, ¢ x03dhu-
nueHtoM B (12), paBueiM k = 0.37 (cronberr 12),
u uia moaenn Manapuarn—Kanexo—Illupepa, 7, ,
c k=0.26 (cTonber 14). Pactipenenenre 3HAYCHUIA

¥, B 3aBUCHMOCTH OT Jiorapudma ceHcMUIECKOTo
MOMEHTa NpeAcTaBlIeHo Ha puc. 7 0. /luanazon
M3MEHEHHS pajidyca 7,, COCTABISAET NPUMEPHO
150-450 M. Bennuuna paguyca bprona Gomnbiie
ry B 1.42 paza, v 3Ha4€HUS F, JIEXKAT B MHTEPBAJIE
npubnusuTensHo ot 210 10 640 M.

Pacnipenenenue panuycoB o4aro Ha puc. 7 0
JIOTIYCKAeT JIMHEHHYIO anMpoKCUMAalMI0 I0 Be-
maaune Ig M2 r, = 81-1g M, — 926 = 98M — 135.
OTKJIOHEHUS 3HAYECHUI ry OT JIMHEHHOU MOJIEeIn
U1t coobiTuid ¢ 1g M. < 14.5 okazanuch MEHBIIIE,
YeM JIJISl COOBITHIA C ?g M, > 14.5. Kospdumuent
KOppEISIMA MEKIy 3HadeHusmu ry, u lg M co-
crasisieT okoio 0.84.

Ceiicmuueckasn snepzus

U NPUGEOCHHAA CEUCMUUECKAA IHEPIUS

Jlorapudmuueckoe pacnpeieneHie cencmmuye-
CKO¥ dHepruu £ U MPUBEICHHOU CEHCMUYCCKOM

Puc. 7. 3nadeHus ynioBoit yacToTsl (a) U paauyca odara (6) (mo monenu Manapuarn—Kanexo-1llupepa) B conocraBieHnn

clgM,
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SHEPIUM €,, B CONOCTABIECHUM CO 3HAYCHUAMU
lg M, npencrasneno Ha puc. 8. CelicMudeckas
SHeprusi Bapbupyer B nuanasone ot 1.0-107 mo
7.6:10"2 Ix (cm. Tadn. I11, cronben 16). Jlnnei-
Has MOJIENb, ONMMCHIBAIONIAS pacrpenencuue k£,
umeet Bua 1g £,=1.59 Ig M — 13.2, a koopdunu-
CHT KOPPENSUU MEXAY CEeHCMHUYECKOW IHEepru-
eil U CKaJIsipHBIM MOMEHTOM cocTaBisieT k = 0.98
(puc 8 a). [lna paccmarpuBaeMbIX COOBITHI mHa-
pameTp e,, umeeT nopsanok or 0.2-10° go ~107
(em Ttabm. II1, cromben 17). Pacmpenencume
g €, TAKKE ONHUCHIBACTCS JIMHEWHOM MOIENbIO
(puc. 8 6), XOTs 1151 HETO pa3dpOC 3HAYCHHUH OT-
HOCHUTENILHO JTMHUH PErpeccuu OOIbIIIe MO CpaB-
HEHMIO CO CiIy4aeM puc. 8 a. BelpaskeHue ais Ju-
HEWHON Mojenu (PerpecCHOHHON 3aBHUCUMOCTH)
umeet hopmy

Ige,, =059 1gM —132=0.64 M-17.1,
M, (H-wm),

npudeM Kod(PQPHUIMEHT KOPPESIIUA MEXIy 3Ha-
ueHueM lg e,, u marnutymoi cocrasiser 0.78.
3aBUCHMOCTD (29) MOXKHO 3amucaTh TaK)Xe B CTe-
neHHoi popme: e, .= 7-107"*M **, ykaspiBaromieit
MoKa3aTellb CTeTIeHU, KOTOPBIA BaXKEH IPU COTIO-
ctaBienuu /11 B pa3nuuHbIX peTHOHAX U B CBS3U
C BOIIPOCOM O MOJOOHMH 0YaroB 3eMJIETPSICEHUH.
Puc. 8 6 MokasbIBa€T, 4TO 3HAYEHUS €, JIOKa-
JU3YIOTCSL B TIOJIOCE, TPAHUIBI KOTOPOW Mapall-
JIETIbHBI  ANMPOKCUMUPYIOIIEH MPSMOW: BHYTPb
TaKMX IOJIOC TOoMajgaeT okoino 95 % 3Havyammx
To4eK. [ paHuIIbl OJOCHI IOKATU3AIMH 3HAYCHU I
Ig e,, Ha puc 8 6 ONMPENENAIOTCS COOTHOIEHHEM:
0.591gM,-13.6<lge,, <0.591g M —12.9.

(29)

PR —

Copouwennvle nanpajicenusn
U ux annpoxkcumayuu (pezpeccuu)

3HadyeHusi cOPOIIECHHBIX HAMPSKEHUM, Orpe-
JeNneHHbIX 1o Mozxenu Manapuarn—Kaneko—I1Iu-
pepa, nexar B nuamnazone ot 0.6 mo ~120 Mlla
(cm. Tabm. I11), kxpome OgHOTO 3eMIIETPSICEHUS —
Kouxkopckoro, 25.12.2006, napameTpbl KOTOPOTO
M0 ~2-10" H-M u Ac ~ 630 MIla pagukaabHO OT-
JTUYAI0TCS OT MapaMeTpoB Ipyrux coObrTwid. [Ipu
CTaTUCTUYECKON 00paboTKe MaHHBIX OHO OBLIO
UCKJIIOYEHO U3 Pacy€eToB.

Hns mogenu bproHa, KoTOopasi 1aeT 3HAYEHUS
paguyca oudara B 1.42 pasa Oosbliie, 4eM MOJIEIb
Manapuarun—Kaneko—Illupepa, 3HaueHust Ac B co-
oTBeTcTBUU ¢ BhIpaxkeHusmu (11), (12) momyyqa-
10T B 2.9 pa3 MeHbllE BbILIENPUBEICHHBIX. Pac-
npezeneHre COPOIICHHBIX HaNpsHKEHUH BMeECTe
O 3HaueHuAMH lg M mpencrasneHo Ha puc. 9 a.
Haunyumeld annmpokcumanuei pacnpenesieHus
AG SBISETCA CTENEHHAss 3aBUCMMOCTH OT M.
[Tosicaum 310 0OCTOsITENHCTBO. COITIACHO BBI-
paxenusm (13), (19), (20), 3nauenust cOpoieH-
HBIX HaIIPSKEHUH U IPUBEICHHON CEHCMUYECKON
SHEPrUH NMPONOPUUOHANBHBL: AG ~ ¢,.. Crenosa-
TENBLHO, pacrnpenenenue lg Ac OyaeT oTiyaThes
oT pacnpenenenus Ig e, (puc. 8 0) TUIIb CABMIOM
10 BEPTUKAJIM Ha HEKOTOPYIO KOHCTaHTy. [l pe-
3yAbTaToB pacyeToB Ac (tadn. I11) momyuena cie-
pyromas annpokcumanusa: Ac = 3.0-107%-M %%,
Koaddunment koppensimn Mexay cOpOoIIeHHbI-
MU HalpsOKEHUSIMU U CEHCMUYECKUM MOMEHTOM
coctasisieT k = 0.74 (Tabm. 2).

ITo puc. 9 a BuaHO, 4TO pa3dpoc 3HayeHuil Ac
OTHOCHTEJIBHO JIMHUU PErpecCUM yBEIUYMBAECTCA
st coObIThid ¢ 1g M, > 14.5 (marauTyas M > 4.0

Puc. 8. Pacnipenenenne ceficMmdaeckoit (a) u puBeIeHHON ceificMrdaeckoi (0) PHEpruu B 3aBUCUMOCTH OT CelicMuye-

CKOTO MOMEHTA B JIBOMHOM JIOTapu(PMHUIECKOM MaciiTabe.
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Puc. 9. Pactipenenenue copomeHHbIX HanpspkeHn# (Moaens Manapuarn—Kanexo—upepa) ms 182 cobprtuii 3 tabdm. I11
B COTIOCTABIIEHUH CO 3HaueHusAMH Ig M (a) u pesynbrar knactepusaiuu (0) 3Ha4ammMx To4ek Ha rpapure Ac(M) no npu-
3HaKy Ac > 10 MIla (xpacHble Toukn) uiau Ac < 10 MIla (uepHsrie).

B cooTBeTCcTBHH C (28)). C yyeTom 3TOro BOIpoc
0 Koppenstiuax Mexay Ac u lg M ananmsupo-
Basicsi OoJiee JIeTaibHO, A7 4yero Obuio copmu-
POBAaHO HECKOIBKO BBIOOPOK cOObITHH (Tabm. 3),
Y TSl K&XKIO0W U3 HUX OINpPENesuiuch KodhhuIiu-
eHTbl Koppemsiuuu. [lepBpie 1Be BHIOOpKH cle-
JaHBl 110 3HAYEHHAM lg M|, XapaKTepu3yIOmero
MacmTad 3eMJeTpsiceHuid: coobiTust u3 Taom. 111
¢ lg M, < 14.5 cocraBund NEPBYIO BHIOOPKY,
a cobwitus ¢ lg M > 14.5 — Bropyro. Eme nse
BBIOOpKH OBLTM C(OPMHUPOBAHBI IO MPUZHAKY
COpOIIICHHBIX HANPSOKEHUH: B TPETHIO BBIOOPKY
Bonu coObITHs ¢ Ac < 10 MIla, a B ueTBepTyto —
Ac > 10 MIla. Pazrpannuenue no npusHaky Ac
C XOpoIlel TOYHOCThIO COOTBETCTBYET BblieJe-

HUIO JBYX KJIaCTEPOB B paCHpeNeIeHUH 3Haua-
IIMX TOYEK Ha pHc. 9 O ¢ MOMOIIBIO ANTOPUTMA
knacrepusann GDBSCAN [Ling, 1972; Sander
et al., 1998]. Pacnpenenenue cOpoIIEHHBIX Ha-
NPsDKEHUN 1151 IEPBBIX ABYX BBIOOPOK Mpe/cTaB-
neHo Ha puc. 10 a, mocnexanux — Ha puc. 10 6.

B Tabn. 3 npuBeneHsl 3HaUYEHUS KOIPPU-
[IUCHTOB KOPPEJSIIUA  MEXIy COpOIICHHBIM
HalpspDKEHUEM M JIorapugmom  ceiicMuyecKo-
IO MOMEHTa /Ui BBIIIEONHCAHHBIX BBIOOPOK, a
TaKXe Ui TeHepaibHOM BbIOOpkM u3 182. Jlns
BBIOOPOK ¢ Ig M > 14.5 u ¢ Ac > 10 koapdunu-
€HTBI KOppPEeSILUNA HUXKe, YeM Ul TeHepalbHOM
BbIOOpKH, W HaOMIOgaeTcsl 3HAYUTENbHBIM pas-
OpoC 3HaueHWI OTHOCHUTENBHO JIMHHUU perpec-

Puc. 10. Pacnipenenenne cOponIeHHBIX HaNpsHDKEHUH B 3aBUCHMMOCTH OT Jiorapu(Ma CKasIpHOTO MOMEHTa: a — ISt
cobpithii ¢ lg M, < 14.5 — uepnsiid, Ig M, > 14.5 — ManuHOBBIHA 1BET; 6 — JA COOBITHH ¢ Ac < 10 — YepHBIH, JIA

Ac > 10 MIla — ManWHOBBIHM IIBET.
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Tabnuya 3. PerpeccnoHHbIE 3aBHCUMOCTH

U K03(pGHIHEHTbI KOPPEJSHA MeKAY COPOIIEHHBIMHU
HANPSKEHNUSIMH H CeliCMU4YeCKUM MOMEHTOM

JJIS1 Pa3JIMYHBIX BBIOOPOK cOOBLITHI

Bribopka s Ac k Mogenb
Bce Ao 0.74 Ac =3-10% M
lg M,<14.5 0.89 Ac=4-10" M ¢
lg M,>14.5 0.65 Ac =6:107 M >
Ac <10 MIla 0.57 Ac =410 M *8
Ac > 10 MIla 0.67 Ac =810 M

cun. BpiCOKHH KOA(OUIMEHT KOPPETsSuu IS
cobpIthii ¢ 1g M, < 14.5 orpaxaercs Ha rpadu-
K€ TEM, YTO TOYKHM 3HaueHui Ac Ha puc. 10 a B
OoJblIel CTENEeH!U JIOKAIU30BaHbl BOIM3H JTUHUU
perpeccuu, 4eM TOYKU IJi APYroil BEIOOPKH CO-
ObITui (MamuHOBOTO 11BeTa). s Ac < 10 MIla
KO((UIIMEHT KOPPETSALMM HHU3KUM, 4YTO 00B-
SICHSETCS MaJIbIM W3MEHEHHEM 3HaueHWil cOpo-
[ICHHBIX HANpPSOKEHUH IS paccMaTpUBaeMOM
BBIOOPKH COOBITHH (YepHbIe TOUKU Ha puc. 10 0).

[TonmyueHHbIe pErpecCHOHHBIE 3aBHCHUMOCTH,
B KOTOPBIX TIOKa3arejib CTENEHU y M, HE MeHee
0.37, a Takxe puc. 10 yka3pIBaloT Ha OTCYTCTBUE

camMonozo0Ms. 04aroB 3eMJICTPSACEHHH Ha Tep-
puropuu BI'TI mo cOpolIeHHBIM HanpsKEHUSIM
U IIPUBEACHHON CECMUYECKOU SHEPI M.

Copouwennvle HanpaxceHus
u poxanvHvle MexaHu3 Mol

Jns uccnenoBaHus JaHHOM 3aBUCUMOCTH
3HaueHnid u3 Tabn. I11 Obuim BBIOpaHBI COOBI-
THSI, IPU KOTOPBIX COPOIIIEHHOE HATIPSHKEHHUE CO-
craBisuio 6onee 29 Mlla (mo monmenu Manapu-
arn—Kanexo—IIupepa, cronben 15 B Tabmn. I11).
Yucio Takux coobrTuii — 20. U3 1ol ke TadIuIb!
ObuTi BbIOpaHbl 20 COOBITHI C MHUHUMAJIbHBIM
3HaYeHUEM COpOILEHHBIX HampsokeHuid. Hamowm-
HUM, 4TO B Tabnwuie [11 B cronbue 13 ykazaHsbl
3HaueHuss Ac o moaenu bproHa, koTopbie pac-
CMaTpPUBAIMCh B TPEANICCTBYIOMHMUX padoTax
[CerueBa, boromonos, 2014, 2016]. Ha puc. 11
MPEACTABICHBl  SMUIEHTPAIBHOE IOJOKEHHE
1 (QoKaTbHBIE MEXaHH3MBI 3EMIICTPSCCHHUHN U3
3TUX JAByX KBaHTWiIeH. [lonmoxeHue coObITHIT
MEePBO TPYIIBI OTMEYEHO YEPHBIM LIBETOM, BTO-
pOii — cepbIM, U X (POKATBLHBIE MEXaHU3MBI TTPE/I-
CTaBJICHbl B BEPXHEH M HWKHEH YaCTU PUCYHKa

Puc. 11. DnuneHTpanbHOe pacHONIOKEHHE COOBITHIA U3 ABYX BBIOOPOK MO AG U (hOKaJIbHBIE MEXaHU3MBI 3TUX COOBITHI.
UYepHnslie Kpyru — codbiThs ¢ Ac > 29 Mlla, cepbie — ¢ MUHUMAaNBbHBIMU 3Ha4eHUAME Ao (110 [CrrueBa, boromosos, 2016]).
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COOTBETCTBEHHO. [IpocTpaHCcTBEHHOE MOJI0KEHHE
COOBITUH JBYX KJIacCOB COBIAJAaeT TOJbKO 4Ya-
ctuyHo. OCHOBHAsI 4acTh COOBITHIA IMEPBON BHI-
OOpKHM MMeeT 4ucTo B30pocoBbeii (3, 4, 7, 8, 9,
11, 12, 13, 17, 18, 19) unu B306pOCO-CIBUTOBBIMA
MEXaHH3M C MUHUMaJIbHOU CIBUTOBOI COCTaBIIs-
romeit (1, 2, 5, 6, 14, 20). [{nsa BTOpoii BHIOOpKH
OCHOBHYIO YacCTh COOBITHH COCTABIISIFOT B30POCO-
CABHUTY WJIU CABUTH, K YHCTHIM B30pOCaM MOKHO
otHectu 10, 11, 12, 15, 17, 18 coOsiTus. HaGmro-
JaeMo€ paclipe/ie]IeHHe MEXaHU3MOB MOXKET Jie-
MOHCTPUPOBATh HAJIMYHE CBS3U MEXIY Xapakre-
POM MOJBUXKKU U COPOCOM HANPSIKEHUIA.

Jly1a Gonee A€TambHOTO aHAJIN3a B3aMMOCBSI3U
COpOILICHHBIX HANpPSKEHUH U TUIIOB (POKAIBLHOTO
MexaHu3Mma 1o tadun. [11 Beigesnenbl BBIOOPKU ISt
Haubosee paclpoOCTPaHEHHBIX THUIIOB OYaroBBIX
nonBkek: B30pocoB (B3, 57 cobwiTHii), B30pO-
co-cnBuroB (B3-C, 38 coObITHii) 1 TOPU30OHTATIb-
Hbix casuroB (CI, 46 coObiTuii). [lns B3OpocoB
3HaYeHHE MEIMAHHOTO CpPelHero AG cOoCTaBiseT
4.9 Mlla, ansa B36poco-casuroB — 6.1 MlIla, mis
TOpU30HTANBHBIX cABUTOB — 3.7 MIla. Jlns kax-
JOW BBIOOPKH OMNpEENICHbl IMPOLIEHTHBIE OJIH
COOBITUI C ONMpENeICHHBIMH 3HAYCHUSIMH COPO-
IIEHHBIX HanpspkeHuid. Mudopmamms o pacrpe-
JIEJICHUH YKciia COOBITUH Tpex Haubosee pacpo-
CTPaHEHHBIX TUTIOB (hOKATbHBIX MeXaHU3MOB (B3,
B3-C, u CI') npencrasnena B Tadi. 4 1 Ha puc. 12
C IIBETOBBIMH MapKepamu Kak B Tab:m. I11.

W3 taba. 4 suaHo, uro 6onee 70 % coObITHI
casuroBoro tumna (CI') mpuxoauTcs Ha Tuana3oH
cOopomeHHbIx Hanpspkeruit 1-9 MIla. J1ist B36po-
COB M B30pOCO-CIBHTOB pacmpeneicHus Oosee
mupokue, u npu Ac > 9 Mlla qis Bcex uHTEp-
BaJIOB COPOIICHHBIX HANpPSOKEHUN a0COIIOTHOE
1 OTHOCHUTEIBHOE KOJIMYECTBO coObITHI B3-THNa
oounbine, yeM CI'-Tuna.

g cratucTUYeckoro OOOCHOBaHHUS TOTO,
YTO Cpelld COOBITHI CO COPOIIIEHHBIMU HaMpsKe-
HUSIMH, IpeBbIIatoIMMU BennuuHy 9-10 Mlla,
npeoOnanaoT B30pOCH U B30POCO-CABUTH, MPO-
BE/ICHO HECKOJIBKO MHOE MOCTPOCHUE BBIOOPOK.
[Tockonbky cpennee menuaHHoe AG Uil BCETO
katanora (tabn. II1) paBro 4.9 Mlla, MoxHO
c(hopMHpOBAThH JBE BHIOOPKH C PABHBIM YHCIIOM
coObiTuii ¢ u3BectHbIMU [I1 u Tunom ¢okans-
HOTO MEXaHHW3Ma. JTO BBHIOOpPKAa MEHBIINX COpO-
IIEHHBIX HanpspkeHuit, Ac < 5 MIla, u BeIOOpKa
cobpiTuii ¢ Ac > 5 MIla. Jlna kaxmoit BeIOOP-
KU ONpeensiach NPOIEHTHAsl 0N B30pPOCOB,
B30pPOCO-CABUIOB, CJBHUIOB TOPU30HTAJIBHBIX
Y C/IBUTOB BEPTUKAIBHBIX (B3PE3bI), a TAKKE COPO-
COB M cOpPOCO-C/BHIOB, T.€. BCEX pPeaTM30BaHHBIX
TUIIOB OYaroBbIX MOJBMKEK IO M3BECTHOM Kiac-
cuduxanuu [FOnra, 1990; CerueBa u np., 2005].
[Tonmy4yeHHbIe pe3ynbTaThl IPUBEACHBI B TAOM. 5.

Kax BuaHO 13 T26:1. 5, COOBITHA-B30POCHI TT0Y-
TH TIOPOBHY paclpeAeuINCh MEeXAy BbIOOpKaMU

Tabnuya 4. Pacnpenesenue 1o HHTepBajiaM cOPOLIeHHBIX
HANPSKEHUH cOObITHII ¢ pa3HBIMU THIAMH (POKATIBHBIX
Mexanu3MoB Ha Tepputopuu BI'TI (o manaemM Tabm. I11)

WHrepBan B3 cr
Ao, MIla N (%) N (%) N (%)
0-1 - - 1(2.2)
1-3 15(25.4)  |9(23.7) 16 (33.3)
3-9 21(364) |14(36.8) |18 (40)
9-27 11 (20) 11(28.9) |8(17.8)
27-81 9 (16.4) 3(7.9) 2 (4.4)

> 81 1(1.8) 1(2.6) 1(2.2)
Bce Ao 57 46

Puc. 12. ['ucrorpaMMsbl pactpeaeICHUs YUCIa 3eMIICTPSCCHUN ¢ Pa3IUNYHBIMU TUIIAMH (HOKATBHBIX MEXaHU3MOB 10 HHTEP-
BaJiaM cOponIeHHbIX HanpspkeHuil. B3 — B36poc, B3-C — B30poco-casur, CI” — cABUT TOPU30HTAIBHBIN.
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Tabnuya 5. Pacnpenenenue co0bITHIA M0 THIY (hOKATBLHOTO MeXaHU3Ma 151 Pa3HBIX AHaNa30HOB Ac (10 qaHHEM Tabm. [11)

Tenepaneias |, sMITa | Ac>5MIla
Bun nonsuxkek BBIOOpKA

N (%) N (%) N (%)
Cnpuru ropusoHTanbusie, CI° 46 (29.3) 30 (37.5) 16 (20.8)
Bsbpoco-casuru, B3-C 38 (24.2) 16 (20) 22 (28.6)
B36pocsl, B3 57 (35.7) 28 (35) 28 (36.4)
Copocsr (CB) u copoco-cauru (Ch-C) 11(7) 4(5) 70.1)
Cnsuru BepTukansHbie, CB 6 (3.8) 2 (2.5) 4(5.2)
Bce dokanbHble MEXaHH3MBI 158 80 77

MeHBIINX U 00bIuX Ac. 11 BBIOOPKH COOBITHI
¢ Ac > 5 MlIla nonst B30pOCO-CABUTOB OOJIBIIIE,
a nons CI'-coObITHil MEHbINE, YeM B CIy4yae BbI-
6opku ¢ Ac < 5 Mlla. IlosToMy mpu NOBBIIICH-
HBIX 3HAUEHHMSX COPOIIEHHBIX HANPSKEHUH CO-
ObITHA ¢ okanpHBIMU MexaHu3sMamu B3 u B3-C
TUIOB MPeo0IaJaloT, YTO BUJIHO U Ha puc. 12.

Copowennvle nanpsacenus
U UHMEHCUBHOCHIb
celicMOmeKmonuueckou oegropmayuu

[Ipu npoBeneHUM pacyeToOB HANPaBICHHOCTH
Y MIHTEHCUBHOCTH CEHCMOTEKTOHHYECKOH Jieop-
maiun (CTH) wuccnenyemast teppuropust BITI
Oblla pasleneHa Ha 3JEMEHTApHbIE KPYroBbIE
30HBI ¢ paauycom 0.2°, ¢ HEeHTpaMu B Y3JIOBBIX
TOYKaX CIeUHaIbHO BhIOpaHHOM ceTku. [l pac-
yeta CT/I B cooTBeTCTBUH C (8) MPOBOAMIOCH CyM-
MHUpPOBaHUE MATPULl UHIUBUAYAJIbHBIX MEXaHU3-
MOB /1 B TIpefienax KaKJI0M ssuerku. s Ton xe
AYEHKU onpenensiack uuTeHcuBnocts CT, I,
HEMOCPEACTBEHHBIM CYMMHUPOBAHUEM CKAJSIPHBIX
ceficMmuueckux MoMeHTOB 1o (opmyne (8). [loa-
pobOHO MeTommka pacdera uHTeHCUBHOCTH CT]]
m3noxena B [CerueBa u ap., 2009]. [ns cpaBHe-
HUSl pacrpeiesieHNil cOPOILIEHHBIX HampsKeHUH
u uHteHcuBHocTH CT/I ucnonb3yeMm pe3yabTaThbl
u3 [CeiueBa, Mancypos, 2017].

Tabnuya 6. Ilnana3oHbl cOPOLIEHHBIX HANIPSIKEHUI
Jis1 3emuierpsicennii Ha Tepputopum BI'TI (eMm. puc. 13)

qHCHOU Ac Ao o moae MKIII
coOpITHii | 1O Mopenu Bpiona
20 Ac > 10 MIla Ac > 29 MIla
113 1 <Ac <10 MITa 2.9 < Ac <29 MIla
50 Ao <1 Mlla Ao <2.9 MIla
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Pacnipenenenne unrencuBHoctu CTJl mpen-
CTaBJIEHO Ha puc. 13. Makcumym [ cocraBis-
er 0.18-10° rox!. Ha 3Ty xe KapTy BBIHECEHO
pacIoioKEeHNUe SMULEHTPOB 3EMIIETPSICEHUN U3
tabn. II1 c 1BeToBON MapKUPOBKOW 3HAYEHUH
cOpOILIEHHBIX HanpshKeHHi (Tabi. 6).

Bonp1ias 4acTh 3eJ€HBIX M KPAaCHBIX 3HAYKOB
cOOBITHI TOTanu B 00JacTH, KOTOPBIE XapaKTe-
PHU3YIOTCSI MHTEHCUBHOCTBIO AehopManuu 00Jb-
me 0.1-10” rox!, — ceBepHBIE CKIOHBI BOCTOY-
Hoit yactu Kuprusckoro xpe0ra, xp. Kapamoiinok
u ropbl Canapik. «CHHHE» COOBITHS MAJIOYUCIIECH-
HBl U PacIojlaratoTcsi B 3TUX 001acTAX U BHE UX
PaBHOMEPHO.

OTcyTCTBHE «KPAaCHBIX» COOBITUH B 30HE
MakcuMaabHON nHTeHCHBHOCTH (0.18-107° rox!)
MOYHO IOTBITAThCS OOBSICHUTH C MO3UIUNA TPHT-
TEpHOrO BIUSHUS AJIEKTPOMArHUTHBIX 30HIUPO-
BaHUM KOPBI C IPUMEHEHUEM MOIIHOTO UCTOYHHKA
Toka OPI'Y-600 (snexTpopa3BenoyHOe TeHepa-
TOPHOE YCTPOMCTBO, PacHOI0KEHHOE Ha Teppu-
topun HC PAH) [Bogomolov et al., 2003; CeI-
4yeB u Ap., 2010, 2012]. B uutupyemsbix padborax
ObUIO OTMEYEHO YMEHBIIEHUE KOJIUYECTBA CO-
OBITHII YMEPEHHOW CWJIBI M BO3pacTaHue ciaaloii
CEHCMUYHOCTH B OKPECTHOCTH PaCIOJIOKEHHS
NEPBUYHOTO JIUNONS (CM. MAaJMHOBBIA KBaJpaT
Ha puc. 13). Benuka BeposSTHOCTb, YTO B 30HE
MakcuMmanbHON uHTeHcuBHOCTH CTJI cOpoc Ha-
NpsOKEHUHA TPOMCXOIUT 3a cueT Ooree cinaboii
CECMUYHOCTH, U TMO3TOMY 3/1€Ch HET YCIOBH
JUI. KOHLIEHTPALMU HaNpsOKeHUH OT MOBEPXHO-
ctu a0 myoun 15 kM. Bompoc o celicMuueckux
HPOSIBICHUSIX 3JIEKTPOMArHUTHBIX 30HAXPOBAHUM
Ha teppurtopun bI'Tl neranpHO paccmarpuBaics
B [ChrueB u ap., 2010, 2012; boromosnos, 2013],
HO B 3THUX paboTax HE MCMOJIb30BAINCH JJAHHBIC
0 COpOIIEHHBIX HAIPSDKEHUSAX B oyarax.
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Puc. 13. I1osie MHTEHCUBHOCTH CEHCMOTEKTOHNYECKOH Jle(opManiy (HACHIIEHHOCTD [[BETa KBa[paTa COOTBETCTBYET 3Ha-
YCHHIO [ B Y3/I0BOI TOUKE COMIACHO JITCH/E) M PACIIONOKEHIE HCCIIEyeMbIX 3eMICTPSCCHUH (0003HAUCHbI KPYKKAMH).
Enmunnna namepenns — 10~ B rox . Pasmep kpy»KKa 3aBHCUT OT SJHEPTeTUYECKOTO KJIacca COOBITHS, LIBET 3HAYKA — OT YPOB-
Hs Ao (Tabm. 6). KBagparsl: )KeNThIH — MOIOKEeHHE T. buiikek, MaarnHOBHIN — monokenue Hayunoit cranmm PAH. Kpacusie

JIUHAH — aKTUBHBIE pa3ioMsl (o [Pebernkuii, Ky3ukos, 2016]).

3akjiroueHue

JUid aHain3a BeCcbMa 3aIlyTaHHOIO BOIpOCa
0 HaJM4MU{ WIM OTCYTCTBUU KOPPEIALMI MEKIY
cOpocoM HampspKEHUR B odarax 3emiierpsice-
Huii CeBepHOM EBpazum M MX JHEPreTHUECKOU
XapaKTEePUCTUKON (CEMCMHUYECKUM MOMEHTOM)
UCIONb30BaH OaHK [aHHBIX O JWHAMHYECKUX
IapaMeTpax O4aroB 3€MJIETPACEHUN C HEPreTu-
yeckuM kiaccoM K = 8.7-14.8, npouszomeamunx
Ha TEPPUTOPUN BUIIKEKCKOrO re0JuHaMHY€CKOTO
nonurona 3a 1998-2017 rr. Ilocne nononHeHus
pelIeHNsIMA 3TOT OaHK JAMHAMHUYECKUX IapamMe-
TPOB BKJIFOUAET 3HAUYEHUs YIJIOBOM 4acTOTHI, Ia-
pameTpa CHEeKTpPajJbHOW MJIOTHOCTH, CKaJSIPHOTO
CENCMHUYECKOTO MOMEHTA, paJinyca o4ara, ypoBHs
COpOIICHHBIX HANpPsHKEHUH, CEHCMIUECKON YHEp-
TUW U MPUBEIACHHON CEHCMUYECKON YHEPTUM ISt
183 coObITHii, YTO caenaso BO3MOXKHBIM IpUMe-
HEHUE CTAaTUCTUYECKUX METOJIOB.

Jlia pacdera paguyca odyara HMCIOJIb30BAaHbI
JIB€ MOJIeNIN — oaxo bpioHa u ynyuiienHas mMo-
nens Manapuarn—Kanexo—Illupepa. [lo BTOpoi
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MO/JIEJIM OLIEHKA pajinyca oyara comiacyercs ¢ 00-
medu3nyecKuMi OLIEHKaMH, OCHOBAaHHBIMHU Ha
MOJIO’KEHUSIX T€0aKyCTUKH. YPOBEHb COPOIIEHHO-
rO HaIpsDKeHUs B 3TOW Mozenu B 2.9 pa3 Oorblie,
4yeM B OPIOHOBCKOIA.

Jlns o4aroB 3eMIIETPSCEHUN HA TEPPUTOPUHU
BI'TI (CeBepnsiii Tanb-11lans) ycTraHoBiaeHa pe-
rpeccus — CTENeHHas 3aBHUCHMOCThH COpOIIeH-
HBIX HaNpsKEHUH OT CKaJIpHOrO celcMuye-
CKOTO MOMEHTa € KOY(PPHUIIMEHTOM KOPPEISAIIH
0.74. OcHOBHOW BKJaJ B KOPPEISALUIO AT
ceiicmuyeckue cobpitus ¢ M, < 3-10'* Hm
(Ig M, < 14.5). J1ns Gosee CHIIBLHBIX 3€MIIETPSA-
cenui ¢ Ig M > 14.5 koo puuuent koppensnuu
MEXy 3Ha4eHUusMHU Ac u M| He Gonee 2/3, u 910
MO3BOJISIET MOHATH PE3YJIbTaThl paboT, B KOTOPHIX
He ObUIO OOHApPYKEHO 3HAYUMBIX KOPPEIALMii
MEXJly COpOIIEHHBIM HalpsKeHHUEM U CeHCMHU-
YECKMM MOMEHTOM (B HUX HE paccMaTpUBAJIUChH
OTHOCHUTENbHO ciabble coObiTHs). Hannune Ha-
pacTaromieil 3aBUCUMOCTH COpOIIEHHBIX Hampsi-
JKEHUM YW NPUBEJICHHOW CEMCMUYECKON SHEPTUU
OT CEMCMHYECKOr0 MOMEHTAa, YCTaHOBJIEHHOE

GEOSYSTEMS OF TRANSITION ZONES
2020, 4 (4): 393-446



TEO®U3UKA, CEHCMONOruns

GEOPHYSICS, SEISMOLOGY

i BI'TL, cornacyercs ¢ pe3ysbraramu O CTEIEH-
HOM 3aBUCHMOCTH €, (M) B psijie IPyruX PEruo-
HoB CeBepHoli EBpaszun.

ComnocraBienue COpOIICHHBIX HANpPHKEHUN
B OYarax 3eMJICTPSICEHUH Ha UCCIIEAYEMOM TeppH-
TOPUU U TUINOB (HOKATbHBIX MEXaHU3MOB IOKa3a-
J10, YTO 7151 COOBITUIM OHOTO KJAacca, UMEIOIINX
B30pOCOBBIN MEXaHU3M, CPEJHUNA YpOBEHb cOpO-
IIEHHBIX HaNpsDKEHUH BBIIIE, YeM JUIsl COOBITHIM
TOTO e Kjacca ¢ JpyruMu (hOKaJIbHBIMU MeXa-
HU3MaMH.

Ha cnenyromem sTame ucciemnoBanuii coOpo-
IIEHHBIX HAMPSHKEHUM U IPUBEICHHOM celicMuye-
CKOM SHEpPruu MpPEACTABISIETCS MEPCHEKTUBHBIM
pPaccMOTPETh 3aBUCUMOCTH 3THX MapaMeTpoB OT
BPEMEHHU, COMOCTABUTh UX BapHallMU C U3MEHE-
HUEM CEHCMHMYECKON aKTUBHOCTH U YCPEIHEHHOMN
WHTEHCUBHOCTH CEHCMOTEKTOHUYECKUX nedop-
Manui. [pyroit pemaemMoil 3a1a4eil MOKET CTaTh
OLIEHKA TMHAMUYEeCKOro cOpoca HanpsHKeHHH, T.€.
3aBUCHUMOCTU Ac(t), B XoJe CEeHCMUYECKOW Mo-
JBUKKH 110 TJIOCKOCTH pa3phiBa.

B npusoxxeHnn K crarbe (1ociie aHIMICKOM BEPCUU CTaThH ) IPUBEICH KATAJIOT TMHAMHYECKHX
napametpoB 183 3emuerpsicennii Ha Tepputopun CesepHoro Tanb-lllans (1998-2017 rr.).
B Hewm npencraBieHsl: qata, BpeMst COOBITHS, KOOPIUHATHI TUTIOLIEHTPA, TITyOHHA, SJHEPTeTUIECKUN
KJIaCC, MAarHUTY/IA, YIJIOBAs YaCTOTA, CHEKTPAJIbHAS TUIOTHOCTb, CKAJISIPHBIN CEHCMUYECKHI MOMEHT,
paaryc ouara, COpOIICHHBIC HAMPsHKCHUsS, CEHCMUYECKas YHEPTUs, NMPUBEICHHAs CeHCMUYecKast

SHeprus 1 TUI (HOKaJIbLHOTO MEXaHHU3Ma.

B snexTponHo# Bepcum Ha caiite xypHana (http:/journal.imgg.ru/archive) karanor Oyaer pas-
mertieH B popmare Excel.x1sx, mo3BomstomieM cocTaBisTh paboure BHIOOPKHU MO TF0O0MY KPUTEPHIO.

Cnucok Jureparyphbl

xonaemvix, 4: 83-95.

WJIT PAH. M.: TEOC, c. 48-56.

UMI'ul’ IBO PAH, . 1: 48-67.

3emnu, 12: 60-75.

(BrruncnurenbHas ceficMonorus; BeIm. 12).

353-385.

u3n. M.: Hayka, 736 c.

Qusuxa 3emnu, 10: 2443,
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Abstract. A generalization of the results on the stress drop and the specific seismic energy for the earthquakes
in Northern Eurasia has been made. The relationship of these parameters with the seismic moment and the
magnitude has been analyzed. Detailed studies for the Northern Tien Shan (Bishkek geodynamic polygon) were
carried out, the values of the dynamic parameters of the sources for 183 earthquakes of various energy classes
(K = 8.7-14.8) were obtained: angular frequency, spectral density parameter, scalar seismic moment, source
radius, stress drop level, seismic energy and specific seismic energy. Two models have been used to compute
the source radius and the stress drop — the Brune approach and the improved Madariaga—Kaneko—Shearer
model. For relatively weak events, a power-law dependence (regression) of the stress drop on the scalar seismic
moment M, has been identified, that complies with the results on the power-law dependence of the specific
seismic energy on M, in a number of other regions of Northern Eurasia. The relationship between the type of
source movement and the stress drop level has been noted as well.
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Introduction

The dynamic parameters (DP) of the earth-
quake sources such as the scalar seismic moment
MO, emitted seismic energy E, source radius r
(Brune radius), and shear stress drop (stress drop,
Ac) can characterize the regional features of the
geostraining process. Establishment of modern
seismic networks and the development of seismo-
gram processing methods made it possible to cur-
rently determine the DP even for weak earthquakes
[Dobrynina, 2009; Pustovitenko, 2013; Parolai et
al., 2007; etc.]. For some regions, in particular the
Northern Tien Shan, the involvement of the sourc-
es of weak earthquakes in the computation of dy-
namic parameters allowed to “accumulate statis-

tical data” on the events with determined values
of DP, to reveal their correlation properties and
stable DP distributions [Sycheva, Bogomolov,
2016; Baltay et al., 2011]. When forming the da-
tabanks by dynamic parameters with more than
100 records (which is only several times less than
the total number of events in the same magnitude
range), we can talk about a massive determination
of DP [Sycheva, Bogomolov, 2016].

A large number of works are devoted to the re-
lations of the source dynamic parameters in differ-
ent regions, in particular, to the search for correla-
tions between the values of the source radius 7,
moment M, and magnitude M [Kocharyan, 2014;
Abercrombie, Leary, 1993; Allmann, Shearer,
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2009; Baltay et al., 2011; Shaw et al., 2015; Pacor
et al., 2016]. The regressions have been identi-
fied for several seismically active regions. Usu-
ally they have a form of linear dependence on a
logarithmic scale (for example, see the review
[Kocharyan, 2014]).

The best known average regression between M
and M, (N-m) is as follows [Riznichenko, 1985]:

lg M, =1.6M + 8.4, (1)

and the regression between M and the moment
magnitude M, which is close numerically close
to expression‘tpl):

lg M, =1.5M,+9.1, where M (N-m). (2)

It was shown in a recent work [Sycheva,
2020], by the example of the Bishkek geodynamic
polygon (BGP), Northern Tien Shan, that the cor-
relations of this type were shown to be are also
valid for the magnitude range M > 2.7 (with a con-
fidence error of up to 10 %).

The correlation between the values of the
source radius and the magnitude of the event, as
well as between the stress drop and the magni-
tude, is studied to a lesser extent. For the case of
the stress drop, even the very existence of such
a correlation itself is not obvious due to the broad
scatter of values of Ac for the events with simi-
lar magnitudes. In a number of works based on
the recent data [Baltay et al., 2011; Shaw et al.,
2015; et al.], no significant relationship was found
between the stress drop and the seismic moment
(and, as a result, with the earthquake magnitude).
The results of other works confirmed such a rela-
tionship, but provided various trends in Ac chang-
es (increasing or decreasing) with an increase of
M, or M, . The result obtained in [Pacor et al.,
2016] for the seismically active region of Abruzzo
(Abruzzo, Central Italy), including the epicentral
zone of the catastrophic L’Aquila earthquake on
April 6, 2009, M, = 6.1 may serve as an exam-
ple of the “intuitively” expected incremental trend
in Ac(M,). However, in the work [Candela et al.,
2011] based on the analysis of fault zones in the
French Alps and Nevada, USA, it is reasoned that,
at least in these regions, the averaged dependence
Ac(M,) is weakly decreasing (Ac ~ M "), not
growing. Thus, even the character of the Ac(M)
dependence has not yet been unambiguously de-
termined.

In numerous works devoted to the problem of
self-similarity of seismic sources (see, for exam-
ple, [Kocharyan, 2014] for a bibliography), atten-
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tion was focused on the scaling dependence of the
specific seismic energy, e,., which represents the
ratio of the emitted seismic energy E; to the seis-
mic moment M,:

e = E /M, =0 /G 3)

where G — shear modulus, 6, — so-called apparent
stress, which meaning is explained below.

The dependence of e,, on M, was shown
[Kocharyan, 2016] to be weakly increasing and
well described by the (M), 0 < a < 1 power
function. However, the relationship between e,
and Ac parameters was practically not analyzed.
It will be shown below in this work that the values
of the stress drop and the specific seismic energy
are proportional to each other, i.e. there is a physi-
cal relationship between these values. It allows us-
ing the data on the dependence of e, on the seis-
mic moment to analyze the aspect of the averaged
dependence (trend) Ac(M).

The presence of an increasing power-law de-
pendence of the stress drop on the seismic moment
was also confirmed when analyzing the dynamic
parameters of the source earthquake [Sycheva,
Bogomolov, 2016] occurred in the Northern Tien
Shan within the area of 41-43° N and 73-77° E,
called the Bishkek geodynamic polygon (test site).

This work is a continuation and detailing of
the study [Sycheva, 2020], which considered the
earthquake dynamic parameters in a wider area
called the Central Tien Shan. It should be noted
that the classification of the Central, Western, and
Eastern Tien Shan is carried out in terms of longi-
tude, and there is no any contradiction in assign-
ing the territory of the BGP (part of the Northern
Tien Shan) to the Central Tien Shan. In [Sycheva,
2020], the dynamic parameters were computed for
150 earthquakes in the Central Tien Shan; the re-
gressions for the scalar seismic moment, the source
radius, and the stress drop on the magnitude were
constructed, the correlation coefficients of the dy-
namic parameters and the moment magnitude M,
were found. It was noted for the Central Tien Shan
as a whole that a correlation between the magni-
tude M and Ao is weaker than correlation between
M and M, as well as between M and r. The aver-
aged seismic activity of the Northern Tien Shan
is higher than that of the Central Tien Shan. The
significant stress drop is typical to the areas with
a predominance of deformation of simple com-
pression. It is also shown in [Sycheva, 2020] that,
according to the distribution of the Lode—Nadai
factor x4, most of the studied area is under defor-
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mation conditions with a predominance of simple
compression (x> 0.2), a deformation area with a
predominance of simple tension (u_<-0.2) is dis-
tinguished in the northwestern part, most of the
depressions are characterized with a pure shift de-
formation (0.2 <u_<0.2).

The analysis of the stress drop and/or the e,
parameter for the BGP zone with a high data den-
sity is of interest due to the already mentioned as-
pect of the presence or absence of the averaged de-
pendence of Ac on the event energy scale. A brief
summary of the theoretical foundations for assess-
ing the dynamic parameters of earthquake sources
is given below to substantiate the close physical
association between the stress drop and specific
seismic energy. We consider this to be reasonable,
since the original works on the methods of the DP
estimation [Kostrov, 1975; Riznichenko, 1985;
Boatwright, 1980] were published a long time
ago. Moreover, the methods for the implementa-
tion of such techniques in modern works differ,
so the comparison of their results is complicated.
To demonstrate the proportionality between the
values of Ac and e, the examples of empirical
determinations of the specific seismic energy in
different regions of Northern Eurasia are consid-
ered. Generalization of these results indicates the
presence of a power-law (monotonically increas-
ing) dependence of e, on the seismic moment,
i.e. on the energy scale of the event. However, a
discrepancy with the results on the absence of the
Ac (M) dependence appears, when trying to ex-
tend this conclusion to the stress drop, Ac ~ e,,.
A detailed analysis of the relationship between
the stress drop and other DP is carried out in this
work on the example of the BGP territory in the
Northern Tien Shan. The databank of the dynam-
ic parameters and spectral characteristics of the
earthquakes is used for the analysis, which con-
tains the records for 183 events of K = 8.7-14.8
(M = 2.7-6.0) energy classes, amounting near
53 % of the total number of events in the same
class range that occurred in the same period. This
databank has no analogue in terms of the data vol-
ume on DP of the sources in a compact territory; it
allows to apply the statistical methods of analysis
to substantiate stable correlations of Ac and M, as
well as to reveal other regularities, in particular,
the relationship between the stress drop and the
type of focal mechanism. It is shown on the exam-
ple of the Northern Tien Shan how to mitigate the
discrepancy between the results from various bib-
liographic sources about the kind of the Ac (M)
dependence.
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Theoretical bases for estimates

of the source dynamic parameters,
relationship between the stress drop
and the specific seismic energy

The scalar seismic moment is defined as the
product of the shear modulus G, the rupture area
S, and the average displacement over this area D:

M,=GSD 4)

The magnitude of the earthquake M, can be esti-
mated by the value of M using the Kanamori for-
mula (2). For a clear comparison of the scalar value
M, and the seismic moment tensor (M, ) [Kostrov,
1975 Keylis-Borok et al., 1979; Akl Rlchards
1983], we give an expression connecting the com-
ponents of this tensor with the displacement vector
D, and the unit vector n.(i, j = 1, 2, 3), which speci-
fies the orientation of the surface S:

M), =GS(D;n+Dn)/2 (5)
Expression (5) can be rewritten as:
M), =M;(d;n+dn)2=Mm, (6)

where d, = D, /D is a component of the unit vector,
oriented along the displacement vector, and the
tensor m,, is a tensor of source focal mechanism
(seismic moment directional tensor), which could
be also expressed via directional vectors for the
tension axes #,, i = 1,2,3 and compression axes p,,

j= 123usmgthe formula m = (¢, 1. — p, p)/2/2
As seen from (6), the scalar seismic moment and
the maximal tensor component (M, ) have the
same order of magnitude.

For a set of earthquakes occurred in the volume
of the medium ¥ over a period of time 7, the av-
eraged inelastic deformation caused by them is
described by the tensor of rate of seismotectonic
(fractural) deformation, <g,> [Yunga, 1990]:

N

1 zMéa)ml‘('a)
GVT v

a=1

< & >= (7)
where the summation is performed over seismic
events numbered using the index a, N is the num-
ber of events. In the case when the time period is
expressed in years, the tensor <¢, > is also called

the average annual increment of seismotectonic
deformation (STD). In the works [Lukk, Yunga,
1979; Yunga, 1990], it was proposed to approxi-
mate (7) with the following expression:

<y s GVTZM(Q) Qm =1 ) mi, )
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where the scalar characteristic of the seismotec-
tonic deformation increment 12’ called the STD
intensity, is introduced.

Formulas (7) and (8) indicate the possibility of
relationship between the dynamic parameters of
the sources (in particular, the seismic moment M)
and the parameters of the tensor of STD incre-
ment. The targets of this work involve the analysis
of such relationships, with the use of the seismic
data for the Northern and Central Tien Shan.

The displacement D in expression (4) de-
scribes the asymptotic value of the relative move-
ment of the break sides at t — o [Riznichenko,
1985; Boatwright, 1980; Scholz, 2002]. Accord-
ing to the known solutions of the wave equations
for spherically diverging seismic waves, D is pro-
portional to the low-frequency limit of the spec-
tral displacement density €2, which is registered
in the wave zone, remote from the break [Aki,
Richards, 1983]. The seismic moment is also pro-
portional to Q (hereinafter, we will call this pa-
rameter the spectral density for brevity, following
the terminology of [Scholz, 2002, 2019] and other
works). It should be noted that M is considered
the most adequate indicator of an earthquake in-
tensity (“strength” of the event) [Hanks, Kanamo-
ri, 1979], it does not depend on the details of the
process development in the source, in particular,
on those described by the parameter of the high-
frequency part of spectral density — the angular
frequency f, (cutoff frequency).

The expression for computation of the seismic
moment M on the basis of spectral parameters
is written as [Aki, Richards, 1983; Riznichenko,
1985; Boatwright, 1980]:

M,=4npRV:Q/ ¥, )

where R is a distance from the source to a sta-
tion or to a reference point, where the spectrum is
determined, p — rocks density in the source area,
V, — shear waves velocity, ¥ — factor of radiation
directivity from the source (its averaged value is
taken as 0.64 for the source, described as a jump-
ing offset on the nodal plane [Riznichenko, 1985]).
The factor | is insensitive to the break model in
a source, therefore the estimation error for M by
the formula (9) does not exceed 10—-15 % [Ruff,
1999; Scholz, 2002].

Value of the stress drop characterizes the av-
erage difference between the shear stress in the
fault prior the earthquake (o)) and after it (o))
[Gibowicz, Kijko, 1994]. This parameter is deter-
mined by the average displacement D, normalized
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to the characteristic size of the source 7, using the
following expression [Kostrov, 1975; Kocharyan,
2014; Brune 1970, 1971; Ruff 1999; Mori et al.,
2003]:

Ac =06, =CGDIr, (10)

where coefficient C_ ~ 1 by adequate choice of
characteristic size r, which may differ from the
mentioned above radius 7 in the case of the non-
circular source.

For the circular zone of break of a radius r
(area S = m?), the characteristic size r, can be
identified with the radius 7, and then the expres-
sion for the stress drop Ac would take the form
Ac = C_M,/ nr. Coefficient C_ for the case of a
circular rupture is determined in [Eshelby, 1957]:
C_=7n/16 = 1.37, and the following expression
may be obtained from (10):

Ac=7M,/16 7, (11)

which is most often used to estimate the Ac from
the seismic data [Brune, 1970, 1971; Scholz,
2002].

The source radius 7 in the expression (11) is
determined by the formula [Scholz, 2002; Aber-
crombie, Rice, 2005; Scuderi et al., 2016]:

r=kV/f,, (12)

where k — a numerical coefficient depending on
the break model in the source. Angular frequency
f, in (12) is characterized by the properties, that
the model displacement spectrum S ( 1) [Scholz,
2002] passes the crossing point, and the corre-
sponding velocity spectrum has a maximum in
this point. Substitution (12) into (11) gives a gen-
eral expression for the stress drop in terms of the
seismic moment and angular frequency:

Ao =(T/16K) M, £/ V3, (13)

which will be used below for comparison with de-
pendence of the seismic energy and the specific
seismic energy on f.

Beforehand, let us consider the choice of rup-
ture models in the source determining the value of
the coefficient £ in (12), which can significantly
affect the error in computation of the source ra-
dius and, hence, the stress drop. Two models are
most often used to determine the dynamic param-
eters of the source from the spectra parameters:
the almost classical Brune model [Brune, 1970,
1971] and the Madariaga model [Madariaga,
1976, 1979].
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When using the simplest Brune model [Brune,
1970], k = k, = 0.37 and expressions (11, 13)
determine the so-called Brune radius, r = r,.
In this source model, it is assumed that the dis-
placement occurs simultaneously and “instantly”
over the entire discontinuity plane, which has the
form of a circle with a radius 7. The source zone is
spherical with the same radius.

In modern works [Boore, 2003; Abercrombie,
Rice, 2005; Lancieri et al., 2012; Kaneko, Shear-
er, 2014; et al.], the Brune model is characterized
as ad hoc, because it does not follow directly from
theoretical calculations. Meanwhile, it is based
on general physical principles (due to which the
low-frequency limit of the spectral displacement
density is correctly described, and the decrease of
this displacement density is proportional to 1 / 12
in the high-frequency region). In these and other
works, it is argued that the Brune model (expres-
sion (12) with the coefficient k£ = k, = 0.37) gives
an overestimated value of the source radius. So
the estimation of the stress drop Ac, which is ob-
tained by substituting this value of k£ in (13), may
be underestimated several times [Abercrombie,
Rice, 2005]. Nevertheless, the use of the simplest
Brune model can be justified when comparing the
computations of dynamic parameters with previ-
ous results for a given region, obtained by seismo-
gram records at analog stations.

In the Madariaga model [Madariaga,
1976, 1979], a disk-shaped crack is consid-
ered as a source; it grows radially with a veloc-
ity V, ~ (0.7-0.9)V and stops, when its radius
reaches the maximum value, called the radius of
rupture r,,. The source is considered to be cylin-
drically symmetrical. In this model, the angular
frequency depends not only on the source radius,
compared with 7, , but also on the rupture velocity
V.. In most studies, for estimating the focal ra-
dius it is assumed that ¥, = 0.9 V_ [Abercrombie,
Rice, 2005; Kaneko, Shearer, 2014; etc.], and then
the coefficient & in (12) for the Madariaga model
becomes equal to k = k,, = 0.21. Since the source
radius in the Brune model is 1.76 times larger than
in the Madariaga model, and the value of stress
drop is inversely proportional to the cube of the
radius, the discrepancy in Ac in these models,
turns out to be fivefold (or rather, 5.5 times).

The computations carried out in [Kaneko,
Shearer, 2014], which involved the cohesion ef-
fects (the limit of the stress value at the front of the
growing crack) allowed to improve the Madaria-
ga model (circular expanding crack) and showed,
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in particular, that at the same rupture velocity of
0.9 V, the coefficient in formulas (12), (13) should
be taken equal to k= k= 0.26 (Kaneko, Shearer).
Thus, the source radius is estimated to be 24 %
larger in comparison with the Madariaga model,
and the stress drop is 1.9 times less than for this
one, but 2.9 times larger than for the Brune model.

Other works are also well known [Moskvina,
1969 a, b; Sato, Hirasawa, 1973; Kwiatek, Ben-
Zion, 2013], in which the values of the source
radius and the stress drop are predicted approxi-
mately in the middle between the values of these
parameters in the Brune and Madariaga models.
In particular, in [Sato, Hirasawa, 1973], a circu-
lar rupture model similar to the Madariaga case
was considered, and the value of the coefficient
k= kg = 0.29 was identified.

Based on the general physical principle of re-
sults conformity, it can be confirmed that expres-
sion (12) with the Kaneko—Shearer coefficient
(k = 0.26) gives the most reliable estimation of
the source radius. In the hydrodynamics of con-
tinuous media and physical acoustics, the prob-
lem of acoustic radiation by an oscillating body
in a liquid medium is known and solved [Landau,
Livshits, 1988]. The angular frequency f in the
spectrum of such radiation is highly correspond-
ent with the “geometric” condition, that half of
the wavelength A/2 at a given frequency is equal
to the overall size (diameter of the radiator), i.e.
r = /4. Turning from a liquid medium to a solid
earth, one can easily obtain expression (12) with
a “general physical” estimation of the coefficient
k.. = 0.25 from the condition that A = V_/f, for the
shear-waves concerned.

Thus, the improved Madariaga—Kaneko—
Shearer model appears to be preferred to other
models. The value of &k, = 0.26 corresponding
to this model (very close to the general physical
estimation) may be implied as “effective”, k =k,
for mass computations with the formulas (12, 13).
The difference with estimates of the stress drop
obtained for other rupture models (Brune, Madar-
iaga, Sato, etc.) from the results of the Ac compu-
tation using k. = 0.26 does not exceed 2.9 times.
In fact, this is a possible systematic error, which is
appropriate to be compared with the cases of 2—-3-
fold discrepancies in the values of the seismic
moment in the definitions by different authors.
It should be noted, that the Brune model is still
being applied in recent works [Ide et al., 2003;
Oth et al., 2010; Baltay et al., 2011; Cotton et al.,
2013; Pacor et al, 2016; Safonov et al., 2017].
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The results of computation of the source radius
and the stress drop using any model allow to con-
struct the distribution of these values over the area
and in time. These distributions, as well as the
relative values of » and Ao, are more informative
than their absolute values.

Further, the computation of the source radius
and, accordingly, the level of the stress drop is
given for two models: k= k, = 0.37 (Brune’s mod-
el); k= k= 0.26 (Madariaga-Kaneko—Shearer).

Seismic energy E, i.c. a part of the deforma-
tion energy, emitted in the form of seismic waves,
is also proportional to displacement D and rupture
area S, like the seismic moment (4):

E;=0,SD (14)

Expression (14) includes apparent stress o,
(see (3)). It shows the value of shear stress, for
which the work done during the displacement on
D value.

Seismic energy can be estimated by the spec-
tral parameters of seismic waves € and f in a ref-
erence point at a distance from the source [Boat-
wright, 1980], with the contribution of S-waves
being the most significant. Compact expressions
for E can be obtained if the radiation directivity
from the source is not taken into account [Boat-
wright, 1980; Madariaga, 2011]. Here is a simpli-
fied derivation of the relationship between E and
angular frequency f, i.e. the spectrum parameter
[Madariaga, 2011]. Since the energy flux density
in the wave is proportional to the square of the
mass velocity u*:

w (R, 1) =pV 0’ (R, 1), (15)
then neglecting the inhomogeneity mentioned
E=4nRpV [~ wR, t)dt=

= 4R pV (2n) | fud df, (16)

where u_, — Fourier harmonic of displacement,
expressed in terms of simple (non-cyclical) fre-
quency f. Substitution of the frequency depend-
ence u, in (16) according to the spectral Brune
model [Brune, 1970]: u, = S(f)=Q, /(1 +f2/f?)
provides the following expression after transfor-
mations:

E,=8n*R*pV, Q. f. (17)

As seen from (17), seismic energy depends
heavily on the parameter f,, which describes the
spectrum behavior in the high-frequency range
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and has the same physical meaning as f, from
(12), (13). This may display the sensitivity of £
to the rupture velocity in a source [Hanks, Kan-
amori, 1979].

By combining (9) and (17), one can obtain a
convenient expression for relationship between
the seismic energy, the seismic moment and the
angular frequency ( f =/f,) [Madariaga, 2011]:

1
Eg=3m W2 M2f 2 pVe=2M2f 3 pVs. (18)

Since the S-waves velocity is nothing other
than (G/p)'?, the expression (18) can be simplified,
and it followed from (18), that the specific seismic
energy is proportional to the factor (f, / V)*:

e =2 (M,/G) f3 IV (19)

Since the V,/f, ratio characterizes the source
radius 7 [Brune, 1970, 1971], the cube of its value
is proportional to the source volume, and there-
fore e, can be expressed in terms of the volume
density of the seismic moment and the shear mod-
ulus (average parameter).

One can see from (19) that the specific seismic
energy, quite like Ac in (11), depends on the vol-
ume density of the seismic moment only. Expres-
sions (13), (19) provide the relation between e,
and Ac:

R

e, =32KAc/7G, (20)

where coefficient of proportionality & is deter-
mined by the choice of the source model only
(Brune, Madariaga etc.) and does not depend on
the angular frequency and the dynamic param-
eters. Since Ac and e,, are proportional to each
other, e, can be estimated by Ac value and con-
versely.

Estimates of the stress drop
and the specific seismic energy
(review of the results)

Specific seismic energy e, ., as a characteris-
tics of rock destruction, is convenient for com-
parison of events of various scales [Kocharyan,
2016]. Under the assumption that the similarity
conditions are satisfied and the source zone phys-
ics is unified, the value of e, should not depend
on the scale.

Scaling (scaling dependence, model) of the
specific seismic energy is automatically extended
to the stress drop, because these parameters are
proportional to each other. With this in mind, we
will consider the results both for the stress drop
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and for the specific seismic energy (or the energy
E itself, recalculated to e, ).

It is generally believed, that both the stress
drop and the apparent stress o, (14) should be
roughly proportional to the level of stresses acting
on the fault. So, it seems natural that an increase

eral considerations about the heterogeneity of the
geophysical medium and the different strength of
the material.

In the works of M.V. Rodkin [Rodkin, 2001
a, b], a number of contradictions in traditional
models of source domain is considered, and the

in the level of lithostatic stresses should,
on average, bring to a proportional in-
crease in Ac and o_. For example, in
[Rautian, Khalturin, 1991], a growing
trend was noted for apparent stress with
increasing depth for both crustal and
deep earthquakes in the Pamir. At the
same time, other studies [Choy, Boat-
wright, 1995; Rodkin, 2001a; Choy et
al., 2006] for crustal earthquakes did not
found any significant increases in Ac
and o, with the source depth. Thus, ac-
cording to the data of [Rodkin, 2001b],
the apparent stress, on average, increases
by 1.5 times with a growth of the source
depth from 10 to 50 km, i.e. an increase
in lithostatic stress by more than 5 times.

Reviewing the results of laboratory
experiments [Kocharyan et al., 2013],
one can conclude that even a small
change in the characteristics of the fault
filler has a radical effect on the stress
jump amplitude; at this, such a change
does not practically affect the value of
the Coulomb fracture strength.

A significant scatter of the values
of Ac (and, accordingly, e,.) is a fairly
common result, which has been noted in
various works [Gibowicz, Kijko, 1994;
Tomic et al., 2009, Hua et al., 2013].
Figure 1 a demonstrates a similar scat-
ter when plotting the distributions of the
angular frequency as a function of M on
a double logarithmic scale, according to
[Hua et al., 2013]. In this case, the fam-
ily of straight lines with a given slope
corresponds to the Ac values. Figure 1 b
shows a similar construction for the data
obtained in this work, as well as from
other sources.

Explanations of a wide scatter of the
Ao values are most often limited by gen-

Figure 1. Angular frequency depending on the seismic moment: a — graph
from [Hua et al., 2013]. Dashed lines show the stress drop 0.001, 0.01,
0.1, 1, 10 and 100 MPa. Vertical dashed line designates the limit of maxi-
mum amplitude for the data [Hua et al., 2013]. Pink circles are the data
on induced seismicity appeared when the Longtan reservoir filling (about
15 thous. of events at the depth from 4 to 10 km); Other symbols des-
ignate the data from [Allmann, Shearer, 2009]; b — the data for regions:
BGP (Bishkek geodynamic polygon) according to [Sycheva, Bogomolov,
2016]; BGP (KIS, Kyrgyz Institute of Seismology) — (Grin et al., 2002;
Kal’met’eva et al., 2003%); Central Tien Shan — [Sycheva, 2020]; BRZ
(Baikal rift zone) — [Dobrynina, 2009]; Crimea — [Pustovitenko et al.,
2013]. Boundaries are marked with red lines according to the Figure 1 a.

! [Explanatory note to the completion protocol for III, IV quarters of 2001 and I quarter of 2002]. Authors: Grin T.P.,
Kal’met’eva Z.A., Chekhovskaya R.A. [Experimental and methodical expedition of the NAS of KR], 2002, 66 p.

2 [Explanatory note to the completion protocol of the works on processing and using the data of KNET for III quarter
0f2002, I, 11, IIT quarters of 2003]. Authors: Kal’met’eva Z.A., Moldobekova S.K., Chekhovskaya R.A. [Experimental and
methodical expedition of the NAS of KR], 2003, 124 p

FEOCUCTEMBI MEPEXOQHbLIX 30H
2020, 4 (4): 393-446

GEOSYSTEMS OF TRANSITION ZONES

423 2020, 4 (4): 393-446



ON THE STRESS DROP IN NORTH EURASIA EARTHQUAKES SOURCE-SITES VERSUS SPECIFIC SEISMIC ENERGY

incompleteness of such explanations is noted.
Within the framework of the fluidmetamorpho-
genic model of seismogenesis, he proposed an
alternative interpretation of the different results
shown in Figure 1 a.

Hypothetically, one of the factors, contrib-
uting to the scatter of Ac values, is the peculiar
properties of technogenic earthquakes sources.
In a number of works, it was previously assumed
that for such sources the average stress drop is low-
er than for natural earthquakes [Fehler, Phillips,
1991; Abercrombie, Leary, 1993; McGarr, 1993;
etc.]. The assumptions leaned upon the statistics
for a large number of seismic events, according
to which the values of the angular frequency of
technogenic earthquakes are lower, when com-
pared to ordinary tectonic ones. The stress drop
turns out to be lower too, at close values of M,
since, according to (13), Ac ~ M, f;*. This gener-
alization applies primarily to weak seismic events
for which the dynamic parameters were not com-
puted using the Brune model. For strong techno-
genic earthquakes (mainly with M > 4.5), when
using the Brune model, the estimated differences
in f estimates become insignificant or are not ob-
served at all [Tomic et al., 2009; Hua et al., 2013].
It is important to note that such events are char-
acterized by pure shift, as well as natural tectonic
earthquakes.

Value of the stress drop is on average about
3 MPa for interplate earthquakes, and for intra-
plate ones it is about 10 MPa. This complies with
the specific seismic energy values according to
(20): e,, ~0.2-10™* for interplate earthquakes and

e,, ~ 0.8-10 for intraplate ones. According to the
results of computations carried out in [Sycheva,
2020] and in this work below (see the table in the
Appendix, hereinafter A1, and in web of the Jour-
nal in format Excel), for intraplate earthquakes on
the territory of BGP and the Central Tien Shan,
the average value of the stress drop is 10.8 and
10.5 MPa, and the median averaged values of Ac
are 1.7 and 3.5 MPa respectively.

We now turn to a review of the results for the
specific seismic energy, or the emitted energy £,
which can be converted to e,, by simple calcu-
lation. Noteworthy is the £  and e, data for the
seismic events near mining plants, where dense
seismological networks have been deployed ac-
cording to the technology. It is natural to compare
the results of mass determinations of ¢, and Ac in
the Northern and Central Tien Shan (according to
the KNET network) with these data.

Figure 2 a shows the examples of measure-
ments of the seismic energy and the seismic mo-
ment obtained at the mines in Poland (Rudna
mine) and Finland (Pyhédsalmi mine). In the area
of the Rudna copper mine, the events with the
moment magnitudes from 1.4 to 3.5 were stud-
ied [Domanski, Gibowicz, 2008]. The dynamic
parameters were determined for approximately
600 events, and all their sources had a mechanism
of the horizontal shift. It follows from the results
[Domanski, Gibowicz, 2008] that the dependence
of the specific seismic energy on the value of M
is described by the model:

e, =3.8:10710 M 02, Q1)

Figure 2. Emitted energy £ dependence on the value of the seismic moment M_: a — for the events at the Rudna (1) and
Pyhésalmi (2) mines; b — for the events at the Strathcona mine, Sudbury field (1) and at the underground observatory in
Manitoba, Canada (2). Hereinafter the symbols are measurements results, lines — the best approximation. The figure is from
[Besedina et al., 2015].
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which corresponds to the solid line in Figure 2 a
(graph 1). The correlation (21) shows that the val-
ue of e,., as well as the proportional parameter
Ac (Ao ~ e,.), increases with the growth of the
seismic moment. Thus, the similarity condition is
not met.

Figure 2 a (graph 2) also presents the results
of E, and M, measurements for weak seismic
events probably caused by mining activity at the
Pyhdsalmi mine [Oye et al., 2005]. For the Py-
hisalmi mine, where the mining depth reaches
1400 m (more than that in the previous example),
at a fairly significant level of tectonic stresses, the
e,.(M,) dependence can be described in the fol-
lowing form:

€, = 3.610° MO, (22)

where the power-law dependence on the seismic
moment is the same as in (21), but the coefficient
is an order of magnitude greater.

At the observatory in Manitoba, Canada, the
seismic events were recorded during the drilling
and blasting drivage of vertical shaft 4.6 m in di-
ameter in weakly fractured granite at a depth of
about 400 m [Gibowicz et al., 1991]. After each
blast, the number of events was increasing rapidly
during 2 h, followed by an exponential decay to
the background level. It follows from the results
of [Gibowicz et al., 1991], that the model relation-
ship (regression shown in Figure 2 b, graph 2) for
the specific seismic energy can be written in the
form:

e, =3.1-107 M3, (23)

For microseismic events associated with
a drivage in the Strathcona mine of the Sudbury
field (Canada) at a depth of about 700 m [Urban-
cic, Young, 1993], the dependence constructed
from the results of £ and M measurements (Fig-
ure 2 b, graph 2) is equivalent to the following
model for e,

e, =1.24-10710 M7, (24)

This model indicates a deviation from the sim-
ilarity law more significant than in the previous
examples.

For seismicity, induced by reservoir filling in
China (1616 earthquakes in the range of magni-
tude M, 0.1-4.2 [Hua et al., 2013]), the power-
law dependence e,, ~ M % was identified with an
exponent close to (24).

Two model relationships (regressions) E (M)
with exponents significantly exceeding unity were
obtained. For the seismicity initiated by massive
explosions at the Tashtagol mine (Figure 3 a) [Mal-
ovichko A., Malovichko D., 2010]. The measure-
ments were carried out in 2006 (graph 1) and 2008
(graph 2) in the same place before and after a se-
ries of blasts with similar mass of charge. The e,
dependences for two graphs in Figure 3 a are de-
scribed by the expressions:

€y =4.6-1075M 07, e =2.6:101 ML (25)

Expressions (25) and Figure3 a show, that for
the events occurred in 2008 the value of emitted
energy is, on average, in order of magnitude higher
than for events of 2006, but the power at M, in the
second case 1s lower than in the first one.

Figure 3. Dependence of the emitted energy E¢ on the value of seismic moment M: a — for the events at Tashtagol field
during measurements of 2006 (1) and 2008 (2) according to the data of [Malovichko A., Malovichko D., 2010]; b — for
the events at the deep mines of South Africa according to the data of: 1 — [McGarr, 1994], 2 — [Yamada et al., 2007];
3 — [Kwiatek et al., 2011]. The figure is from [Kocharyan, 2016].
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Figure 4 presents an estimate of the specific
seismic energy according to the data on the dy-
namic parameters of the sources of seismic events
at quarries and mines of Vorcuta [Besedina et al.,
2015]. The value of e, is in the range ~ 107-107,
and the best power-law approximation can be
written in a form:

e, = 5.6107 MO, (26)

A generalization [Kocharyan, 2016] shows
that averaging over all published data on the
emitted seismic energy brings to the dependence
E(M,) very close to linear. The corresponding
regression for the specific seismic energy is de-
scribed by expression:

e, = 2.310°9M 0%, 27)

in which the near — zero power of M may indi-
cate the realization of the geometric similarity
[Kocharyan et al., 2016]. This result is in accord-
ance with the conclusions [Baltay et al., 2011;
Shaw et al., 2015] and other works on the statis-
tical independence of Ac from the seismic mo-
ment or magnitude, due to the proportionality of
the values of e, and the stress drop Ac (20). Ac-
cording to [Kocharyan et al., 2016], the similarity
relations are the most accurate for medium-scale
earthquakes: in the range of 10" <M < 10** N-m
(3.9 <M, <7.3). For weak seismicity, primarily
technogenic, a significant scatter of the exponents
of the power-law dependence of e, on the seismic

Figure 4. Dependence of the specific seismic energy on the
event scale in the vicinity of Vorcuta mining plants, the line
is a regression with a determination factor R = 0.89, accord-
ing to [Besedina et al., 2015].

3 Explanatory note... , 2002.
* Explanatory note... , 2003.
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moment is noted. For the above examples of re-
gressions (21)—(27), the range of changes in these
exponents is from —0.2 to 0.97, which indicates
a deviation from self-similarity of earthquake
sources [Kocharyan et al., 2016]. The higher the
exponent in the e, (M) dependence, the more
pronounced the difference from self-similarity.

The presence of an increasing dependence
(regression) of the specific seismic energy on M
can be confirmed using the results of the angular
frequency f, determination, obtained in (Grin et
al., 2002%; Kalmetyeva et al., 2003*; [Dobrynina,
2009; Pustovitenko et al. others, 2013; Sycheva,
Bogomolov, 2016; Sycheva, 2020]) (Figure 1 b).
Using expression (19) it is possible to compute
the value of e,, for each event by the data on
the angular frequency and the seismic moment.
Figure 5 shows the results of computation of the
specific seismic energy of earthquakes in the
same regions as shown in Figure 1 b (according
to the data from the cited sources). This figure
also shows the e, values for the events in a zone
around the South Kuril Islands, determined from
the values of the seismic energy £ and the seis-
mic moment M from the catalog of earthquakes
DP in the northwestern Pacific for 1969-1996
[Burymskaya, 2001].

According to Figure 5, main range of values
of the specific seismic energy is from 10 to 103,
when the range of seismic moment A, is from 10"

Figure 5. The specific seismic energy depending on the seis-
mic moment for the earthquakes in the same regions as shown
in Figure 1 b, as well for the South Kuril Islands (according to
the materials [Burymskaya, 2001; Bogomolov et al., 2015]).
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to 10" N-m. The value of e,, varies within the
widest range for the Baikal rift zone and the Cen-
tral Tien Shan. For the Northern Tien Shan (BGP),
the variation range of e, is narrower, from 2-10°
to 3-10* Figure 5 shows, that the distributions
of e, values on a double logarithmic scale admit
a linear regression (linear dependence of In e, on
In M) in all studied regions. This regression is
equivalent to the power-law dependence e, (M).
The form of the dependence of the specific seis-
mic energy on the seismic moment for each of the
studied regions is given in the Table 1.
According to the Table 1, the power of M in
the expressions describing the relationship be-
tween e,, and M vary from 0.39 to 0.81. The high-
est value of exponent, indicating a deviation from
self-similarity, was noted for the Baikal rift zone,
and the lowest one — for the Central Tien Shan.
Concluding the discussion of the results on
specific seismic energy, noting again the propor-
tionality of the e, and Ac values. Due to this,
the power regressions for e, can be extended to
the stress drop in the same regions. Possible rea-
sons for the deviation from the similarity law for
seismicity localized in certain regions are detail
discussed in [Kocharyan, 2012], where it is noted
that the dependence of the elastic modulus of the
rock on the scale plays the main role for the weak
events. This explanation, most likely, may be re-
ferred to the Northern and Central Tien Shan.

Mass estimates of the stress drop
and other dynamic parameters
of the earthquake sources

in the Northern Tien Shan

This section presents the results of a study
of the dynamic parameters of the sources of 183
earthquakes (K = 8.7-14.8) occurred in the North-
ern Tien Shan (on the territory of BGP) during the
period 1998-2017. On the example of this region,
the relationship between the stress drop and the
value of the seismic moment, the type of focal
mechanism, and other parameters has been stud-
ied in detail. For the 183 considered events, focal
spectra of seismograms were constructed and the
following dynamic parameters were determined:
scalar seismic moment M, focal radius r, val-
ues of shear stress drop Ac, seismic energy E|
and specific seismic energy e, were determined.
Computation technique of the DP by the param-
eters of focal spectra, adapted for the seismo-
grams recorded by the KNET network [Sycheva,
2016], was described in detail in previous works
[Sycheva, Bogomolov, 2014, 2016]. The results
of the DP computation are presented in the table
Al (see the Appendix). For most part of the con-
sidered earthquakes (158 out of 183 events), the
type of focal mechanism was determined by the
signs of the P-waves first arrivals (using the same
technique as in [Sycheva et al., 2005]).

Table 1. Regression dependences of the specific seismic energy on the seismic moment for various regions and zones

of Northern Eurasia and adjacent areas

. Determinations
Region Source quantity, N e(M,)
BGP (by the data .
. [Grin et al., 20023; 1010 14039
of Kyfgyz Institute Kal’met’eva et al.. 2003¢] 30 3.3-10" M,
of Seismology)
Central Tien Shan [Sycheva, 2020] 150 5107 MO0
Baikal rift zone [Dobrynina, 2009] 62 2.7-1077 M 0¥
Southern Kurils [Burymskaya, 2001] 171 1.6:107'2 M 0+
Crimea [Pustovitenko et al., 2013] 58 2.1-107" M 47
Rudna mine, Poland [Domanski, Gibowicz, 2008] ~600 3.8:10710 M %
Pyhédsalmi mine, Finland [Oye et al., 2005] No data available 3.6:10° M >
Tashtagol mine, [Malovichko A., Malovichko D., « 4.6:10°7 M, (2006)
mountain Shoriya 2010] 6-1011 M 057 (2008)
Quarries and mines, Vorcuta | [Besedina et al., 2015] « 5.6:107 M 016
Yunnan province, China [Hua et al., 2013] 1616 ~M

5 Explanatory note... , 2002.
¢ Explanatory note... , 2003.
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The values of the spectral parameters: the
angular frequency f; and the spectral density Q,
which are the initial values for the DP computa-
tion are given in the Table 1 (columns 9, 10). For
the considered events (M = 2.7-6.0), € varies
from 2.6-10°to 9.5-10* m-s, and f, varies from
1.7 to 6.0 Hz (that corresponds to a rupture time
in the source of 0.6-0.17 s). The data on Q and f
allow to compute the values of the earthquake dy-
namic parameters in the Northern Tien Shan. The
values of rock density in the source and the shear
wave velocities were taken respectively equal
tor=2.6 g/cm’ [Chediya, 1986] and V= 3.5 km/s
[Roecker et al., 1993] for computation of the sca-
lar seismic moment M, source radius r, stress
drop Ao, emitted seismic energy E, and specific
seismic energy e, according to the expressions
(9), (11)—~(13), (17), (18). The results of computa-
tion of these dynamic parameters are presented in
the Table A1 in the columns 11-17.

Table 2 shows the correlation coefficients
between the dynamic parameters of earthquake
sources and their magnitude, between the scalar
seismic moment and other DP, as well as some
regression dependences. The highest correlation
coefficient is between the seismic moment M and
the seismic energy E, (k= 0.98), the lowest one is
between M and the angular frequency (k = 0.59).

Consider the features of the distributions of
the parameters of the spectral characteristics Q,
J, and dynamic parameters for 183 events from the

Table A1l.

Table 2. Regression dependences and correlation
coefficients between the dynamic parameters

of earthquake sources and their magnitude

and the seismic moment

Parameters k Model
e, & M, 0.74 e, = 61071 M >
Ac M, 0.74 Ac=3.0-10"° M >
fo e lgM, 085 |f,=-1.161gM +21.0
1gQ, & M 0.89 lgQ =111 M-827
IgM, — M 0.89 lgM,=1.11 M+10.1
Ig Eg <> 1g M, 0.98 lgE,=1.591g M, —13.2
Ige,, < 1gM, 0.92 lge,=0.591g M —13.2
lge,, & M 0.78 lge,,=0.63 M, 7.1
7y, e 1gM, 0.84 r,=81.01g M —926.4

Note. Regression dependences for the source radius and the stress
drop are given for the Madariaga—Kaneko—Shearer model.

The spectral density
and the scalar seismic moment

The distribution of the parameter €, (on
a logarithmic scale) depending on the magnitude
is shown in Figure 6 a, the distribution of the sca-
lar seismic moment for the same events (M, ~ Q)
is shown in Figure 6 b. These logarithmic dis-
tributions are well described by the ramping up
trend. For the scalar seismic moment, the regres-
sion of Ig M and M (the best model) can be writ-
ten in the form:

lgM,=1.1M+10.1, (28)

Figure 6. Logarithmic distributions of the spectral density (a) and the scalar seismic moment (b) depending on the magnitude.
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The correlation coefficient between the val-
ues of Ig M and M is 0.89. The deviation rela-
tive to the linear model (regression lines in Fig-
ure 6 b) has a uniform character over the entire
range of the considered magnitudes.

For the considered events, the magnitude
range is — 2.2 < M < 6.0, and the values of M
are in the range from 2-10'> 50 2.2-10"7 N-m. Due
to the presence of scatter and a relatively narrow
range of magnitudes, the distribution of 1gM| also
complies (with the accuracy of 10 %) with the
well-known expression (1) [Riznichenko, 1985].

Taking into account the high value of the cor-
relation coefficient between the magnitude and the
logarithm of the seismic moment, below we will
consider the DP distribution depending on g M,
in some cases.

The angular frequency and the source radius

Figure 7 shows the distribution of f, depend-
ing on Ig M. The values of angular frequency are
typically fall with increasing of Ig M or the mag-
nitude (Figure 7a). The source radius was deter-
mined by the values of the angular frequency using
the expression (12). To ease the comparison with
the other works, the table A1 provides the values
of the source radius according to the Brune model,
1y, With a factor in (12) equal to £ = 0.37 (column
12), and for the Madariaga—Kaneko—Shearer mod-
el, r,, with k£ = 0.26 (column 14). The distribution
of r,, values depending on the logarithm of the seis-
mic moment is shown in Figure 7 b. Range of the
radius r,, is approximately 150-450 m. The value
of the Brune radius is 1.42 times greater than

and the r values belong the interval from approx-
imately 210 to 640 m.

Distribution of the source radiuses in Fig-
ure 7 b admits a linear approximation in value of
lg M. r,, =81 1g M, — 926 = 98M — 135. Devia-
tions of 7, from the linear model for the events with
lg M, < 14.5 were lower than that for the events
with Ig M > 14.5. The correlation coefficient be-
tween values of the r,, and 1g M, is about 0.84.

The seismic energy
and the specific seismic energy

Logarithmic distribution of the seismic energy
E and the specific seismic energy e, versus the
values of Ig M is shown in Figure 8. The seis-
mic energy varies in the range from 1.0-107 to
7.6-10'% J (see the Table A1, column 16). The lin-
ear model describing the E distribution has the
form of Ig E.= 1.59 1g M — 13.2, and the corre-
lation coefficient between the seismic energy and
the scalar moment is k£ = 0.98 (Figure 8 a). The e,
parameter for the considered events is of the order
from 0.2-107 to ~107 (see the Table A1, column
17). The distribution of Ig e, is also described by
a linear model (Figure 8 b), although, in this case,
scatter of values relative to the regression line is
greater in comparison with the case in Figure § a.
The expression for the linear model (regressional
dependence) has a form

Ig e, =0.59 1gM, — 132 =0.64 M—7.1,

M;(N'm), (29)
and the correlation coefficient between the val-

ue of Ig e, and the magnitude is 0.78. Depend-
ence (29) can also be written in a power-law

Figure 7. The values of the angular frequency (a) and the source radius (b) (according to the Madariaga—Kaneko—Shearer

model) in comparison with Ig M.
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Figure 8. Distribution of the seismic (a) and the specific seismic (b) energy depending on the seismic moment on a double

logarithmic scale.

form: e, .= 7 -10"* M *** indicating the power of
M, which is important for comparison of the DP
in different regions. This exponent is also signifi-
cant in relevance to the similarity of earthquake
sources.

Figure 8 b shows, that the ¢, values are lo-
calized in a band, which boundaries are parallel
to the approximating straight line: about 95 %
of significant points fall within such bands. The
boundaries of the localization band of the Ig e,,
values in Figure 8 b are determined by the rela-
tion: 0.591gM —13.6<Ige,, <0.591gM —12.9.

The stress drop and their approximations
(regressions)

The values of the stress drop determined
by the Madariaga—Kaneko—Shearer model, lie
in the range from 0.6 to ~120 MPa (see the Ta-
ble Al), except for one event — Kochkor earth-
quake, December 25, 2006, which parameters are
M, ~2-10" N-m and Ac ~ 630 MPa, that radically
differs from the parameters of other events. Dur-
ing the statistical data processing, it was excluded
from the computations.

In accordance with the expressions (11), (12)
the values of Ac for the Brune model (describing
the values of the source radius 1.42 times greater
than the Madariaga—Kaneko—Shearer model) are
2.9 times less than that given above. Distribution
of the stress drop along with the values of Ig M
is shown in Figure 9 a. The best approximation of
the Ao distribution is a power-law dependence on
M,. Let us explain this circumstance. According
to the expressions (13), (19), (20), the values of
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the stress drop and the specific seismic energy are
proportional to each other: Ac ~ e, . Therefore,
the distribution of g Ac may differ from the distri-
bution of Ig e, (Figure 8 b) only by a vertical shift
by some constant. For the computation results Ac
(Table A1), the following approximation was ob-
tained: Ac = 3.0-10°®* M ¥. The correlation co-
efficient between the stress drop and the seismic
moment is k = 0.74 (Table 2).

One can see in Figure 9 a, that scatter of Ac
values relative to the regression line increases for
the events with 1g M > 14.5 (magnitudes M > 4.0
according to (28)). Taking this into account, the
issue of correlations between Ac and Ig M were
analyzed in more details. For this purpose, several
samples of the events were formed (Table 3), and
the correlation coefficients were determined for
each of them. The first two samples were speci-
fied in accordance with the values of Ig M, the
energy scale of the earthquakes: the first sam-
ple was formed by the events from Table Al

Table 3. Regressions dependences and correlation
coefficient between the stress drop and the seismic
moment for various samples of the events

Sample for Ac k Model
All Ao 0.74 Ac =310 M %
lgM, < 14.5 0.89 Ac=4-10" M ¥
lgM,>14.5 0.65 Ac =6-107 M >
Ac <10 MPa 0.57 Ac =410 M **®
Ac > 10 MPa 0.67 Ac =810 MY
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Figure 9. The stress drop distribution (the Madariaga—Kaneko—Shearer model) for 182 events from the Table A1 compared
with the values of g M| (a), and the result of the significant points clustering (b) in the Ac(M) graph according to the fol-

lowing criteria: Ac > 10 MPa (red dots) and Ac < 10 MPa (black dots).

with 1g M, < 14.5, and the second sample — by
ones with Ig M > 14.5. Two more samples were
formed on the basis of the stress drop: the third
sample included events with Ac < 10 MPa, and
the fourth one — Ac > 10 MPa. A distinction based
on the Ao criterion closely matches the selection
of two clusters in the distribution of significant
points in Figure 9 b resulted from application of
the GDBSCAN clustering algorithm [Ling, 1972;
Sander et al., 1998]. The distribution of the stress
drop for the first two samples is shown in Fig-
ure 10 a, for the latter ones — in Figure 10 b.
Table 3 presents the values of correlation coef-
ficients between the stress drop and the logarithm
of the seismic moment for the samples described

above, as well as for the general sample from 182
events. For the samples with g M > 14.5 and
Ac > 10, the correlation coefficients are lower
than that for the general sample, and a significant
scatter of values in relation to the regression line
is observed. A high correlation coefficient for the
events with Ig M) < 14.5 becomes evident in the
graph in Figure 10 a, since the points of the values
of Ac in this figure are localized closer to the re-
gression line to a greater extent than the points for
another sample of events (in crimson). The cor-
relation coefficient is low for Ac <10 MPa is low,
that is explained by a small change in the values
of the stress drop for the considered sample of the
events (black dots in Figure 10 b).

Figure 10. The stress drop distribution depending on a logarithm of the scalar seismic moment: a — for the events with
lg M < 14.5 — highlighted in black, lg M, > 14.5 — highlighted in crimson; b — for the events with Ac < 10 — highlighted in
black, for Ac > 10 MPa — highlighted in crimson.
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Obtained regressions, in which the power of
M, exceeds 0.37, as well as Figure 10, point to
the absence of self-similarity for the earthquakes’
sources on the BGP territory in terms of the stress
drop and the specific seismic energy.

Stress drop and focal mechanisms

To study this dependence of the values from
the Table A1, we selected the events, in which the
stress drop was more than 29 MPa (according to
the Madariaga—Kaneko—Shearer model, column
15 in the Table A1). The number of such events
is 20. We also selected 20 events with the mini-
mum value of the stress drop. It is worth to re-
mind, that the column 13 in the Table A1 shows
the values of Ao according to the Brune model,
which were considered in previous works [Syche-
va, Bogomolov, 2014, 2016]. Figure 11 shows the
epicentral position and focal mechanisms of the
earthquakes from these two quantiles. The posi-
tion of the events of the first group is highlighted
in black, the second one — in gray, and their fo-
cal mechanisms are shown in the upper and lower
parts of the figure, respectively. The spatial posi-
tion of the events of the two classes coincides only

partly. Most part of the events of the first sample is
of thrust focal mechanism only (3,4, 7, 8,9, 11, 12,
13, 17, 18, 19) or thrust-shift one with a minimal
shift component (1, 2, 5, 6, 14, 20). For the second
sample, the main part of events is formed by thrust-
shifts or strike-slips; only events no. 10, 11, 12, 15,
17, 18 can be classified as thrusts. The observed
distribution of mechanisms can demonstrate the
presence of a relationship between the type of focal
motion (the mechanism) and the stress drop.

For a more detailed analysis of the relationship
between the stress drop and the types of the focal
mechanism according to the Table A1, we selected
the samples for the most common types of focal
movements: thrusts (TH, 57 events), thrust-shifts
(TH-S), 38 events, including oblique faults), and
horizontal shifts (SH, 46 events). For thrusts, the
median average of Ac is 4.9 MPa, for thrust-shifts —
6.1 MPa, and for horizontal shifts — 3.7 MPa. The
percentage of events with certain values of the
stress drop is determined for each sample. Informa-
tion on the distribution of the number of events of
the three most common types of focal mechanisms
(TH, TH-S, and SH) is presented in the Table 4 and
Figure 12 with the color markers.

Figure 11. Epicentral position of the events from two samples for Ac and focal mechanisms of these events. Black circles — the
events with Ac > 29 MPa, grey circles — the events with minimum values of Ac (according to [Sycheva, Bogomolov, 2016]).
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Table 4. The distribution of the events of different types of
focal mechanisms over the intervals of the stress drop on
the territory of BGP (according to the data of the Table A1)

Ao TH SH

interval, N (%) N (%) N (%)
0-1 - _ 122)
13 15254) | 9237 | 16(333)
3-9 21(364) | 14(368) | 18(40)
9-27 11 (20) 11(289) | 8(17.8)
27-81 9 (16.4) 3(7.9) 2(4.4)
81 1(1.8) 1(2.6) 12.2)
All Ac 57 46

It is seen from the Table 4, that more than
70 % of the events of shift type (SH) are in the
range of to the stress drop of 1-9 MPa. For thrusts
and thrust-shifts the distributions are wider, and
the absolute and relative quantity of the events
of TH-type are greater than SH-type for all stress
drop intervals in the range Ac > 9 MPa.

A somewhat different sampling was carried
out in order to validate statistically the prevalence
of thrusts and thrust-shifts (oblique faults, in par-
ticular) among the events with the stress drop ex-
ceeding 9-10 MPa, a somewhat different sampling
was carried out. Since the median average of Ac
for the entire catalog (Table A1) is 4.9 MPa, it is
possible to form two samples with an equal num-
ber of events with known DP and type of focal
mechanism. This is a sample of the lower stress
drop, Ac < 5 MPa, and a sample of the events
with Ac > 5 MPa. For each sample, we identified
the percentage of thrusts, thrust-shifts (oblique
faults), horizontal shifts and vertical shifts (inci-
sions), as well as normal faults and normal faults
with the strike-slip component, 1.e. of all realized
types of focal movements according to the well-
known classification [Yunga, 1990; Sycheva et
al., 2005]. The results are shown in Table 5.

As it is seen from the Table 5, the thrust events
were almost equally distributed between the

Table 5. The events distribution over the type of focal mechanism for various ranges of Ac

(according to the data in Table A1)

General sample Ac < 5MPa Ac > 5MPa
Movement type

N (%) N (%) N (%)
Thrusts (TH) 57 (35.7) 28 (35) 28 (36.4)
Horizontal shifts (SH) 46 (29.3) 30 (37.5) 16 (20.8)
Thrust-shifts (TH-S) 38(24.2) 16 (20) 22 (28.6)
Normal faults (NF) and normal faults with
strike-slip component (NF-S) () 45 7.
Vertical shifts (SV) 6 (3.8) 2 (2.5) 4(5.2)
All focal mechanisms 158 80 77

Figure 12. Histogram of earthquakes number of different types of focal mechanisms over the stress drop intervals.

TH — thrusts, TH-S — thrust-shifts, SH — horizontal shifts.
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samples of smaller and larger Ac. The fraction
of thrust-shift events is greater for the sample of
Ac > 5 MPa than that in the case of the sample
with Ac < 5 MPa. But the fraction of SH events
in the first sample is less than that in the second.
Therefore, the events with focal mechanisms of
the TH and TH-S types prevail at increased values
of the stress drop, that is also seen in Figure 12.

The stress drop and intensity
of seismotectonic deformation

When computing the direction and intensity
of seismotectonic deformation (STD), the studied
territory of the BGP was divided into elementary
circular zones with a radius of 0.2°, with the cent-
ers at the nodal points of a specially selected grid.

Table 6. The stress drop ranges for the earthquakes
on the territory of the BGP (see Figure 13)

Number | Ac according Ao according
of events | to the Brune model to the MKS model
20 Ac > 10 MPa Ac >29 MPa
113 1 <Ac <10 MPa 2.9 < Ac <29 MPa
50 Ao <1 MPa Ao <2.9 MPa

The matrices of individual mechanisms m, were
summed within each cell to compute the STD in
accordance with (8). The STD intensity, I, in the
same cell was determined by direct summation
of the scalar seismic moments according to (8).
The method for the STD intensity computing
is described in details in [Sycheva et al., 2009].
To compare the distributions of the stress drop and
STD intensity, we use the results from [Sycheva,
Mansurov, 2017].

The STD intensity distribution is shown in
Figure 13. The maximum of 7_is 0.18-10~ year™'.
Location of the earthquake epicenters from Ta-
ble A1, with the stress drop values highlighted in
colors, is shown on the same map.

The most part of green and red marks of the
events felt into the areas, which are characterized
by deformation intensity more than 0.1-10~° year !,
northern slopes of the eastern part of the Kyrgyz
range, Karamoinok range, and Sandyk mountains.
“Blue” events are not numerous and are equally
located in these areas and outside them.

The absence of “red” events in a zone of maxi-
mum intensity (0.18-107° year™') can be explained
in terms of the trigger effect of an electromag-
netic sounding of the crust using the ERGU-600

Figure 13. Field of the seismotectonic deformation intensity (color saturation of a square corresponds to the value of /_at the

S

nodal point according to the legend) and studied earthquakes location (marked with circles). Unit is 10 per year. The size of
a circle depends on the event energy class, color of a mark depends on the level of Ac (Table 6). Squares: yellow — location of
Bishkek, crimson — location of the Research station RAS. Red lines are active faults (according to [Rebetskii, Kuzikov, 2016]).
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powerful electric current generator (a geophysical
installation for electrical exploration located on
the territory of the RS RAS) [Bogomolov et al.,
2003; Sychev et al., 2010, 2012]. A decrease in the
number of events of moderate strength and a weak
seismicity increase were noted in the cited works in
the vicinity of the primary dipole location (see the
crimson square in Figure 13). It is highly probable
that in a zone of maximum STD intensity, the stress
drop occurs due to weaker seismicity, and there-
fore there are no conditions for stress concentration
from the surface to a depth of 15 km. The issue of
seismic manifestations of electromagnetic sound-
ings on the territory of the BGP was considered in
details in [Sychev et al., 2010, 2012; Bogomolov,
2013], but these works did not use the data on the
stress drop in the earthquake sources.

Conclusion

To analyze the very knotty issue of the pres-
ence or absence of correlations between the stress
drop in the sources of earthquakes in Northern
Eurasia and their energy characteristic (the seis-
mic moment), we used a databank on the dynamic
parameters of the earthquake sources with the en-
ergy class K = 8.7-14.8, which occurred on the
territory of the Bishkek geodynamic polygon dur-
ing 1998-2017. After the updating with solutions,
this bank of dynamic parameters contains values
of the angular frequency, spectral density param-
eter, scalar seismic moment, source radius, stress
drop level, seismic energy and specific seismic
energy for 183 events. The databank allows ap-
plication of statistical methods.

Two models were used to compute the source
radius — the Brune approach and the improved
Madariaga—Kaneko—Shearer model. According to

the second model, the estimate of the source radi-
us complies with general physical estimates based
on the the geoacoustical paradigm. The level of
the stress drop in this model is 2.9 times higher
than in the Brune one.

For the earthquakes on the territory of the BGP
(Northern Tien Shan), the regression — a power-
law dependence of the stress drop on the scalar
seismic moment, the correlation coefficient being
equal 0.74. The main contribution to the correlation
is made by seismic events with M, < 3-10'* N'm
(g M, < 14.5). For major earthquakes with Ig
M, >14.5, the correlation coefficient between the
values of Ac and M is no more than 2/3, and this
makes understandable the results of works, in which
no significant correlations were found between the
stress drop and the seismic moment (they did not
consider relatively weak events). The presence of
an increasing dependence of the stress drop and
the specific seismic energy on the seismic moment,
identified for the BGP, complies with the results on
the e, (M) power-law dependence in a number of
other regions of Northern Eurasia.

Comparison of the stress drop in the earth-
quake sources in the studied area and the types of
focal mechanisms showed that for events of the
same class with a thrust mechanism, the average
level of the stress drop is higher than for events of
the same class with other focal mechanisms.

The next stage of studies of the stress drop
and the specific seismic energy is to involve con-
siderations of the temporal dependence of these
parameters on time, and comparison of their vari-
ations with the change in seismic activity and the
average intensity of seismotectonic deformations.
Another problem to be solved is the assessment of
the dynamic stress drop, 1.e. the Ac(¢) dependence
during seismic slippage along the fault plane.

The Appendix to the article contains the Catalog of dynamic parameters for 183 earth-
quakes in the Northern Tien Shan (1998-2017).

The catalog will be posted in the electronic version on the web-site of the journal (http://jour-
nal.imgg.ru/archive) in Excel.xlsx format, which allows sampling by any criterion.
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