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Pedbepat. B 2006 1. Ha Bcem mpoTskenun Kypuiabckolt ocTpoBHO#M jayru, ot Snonun no Kamuarku, pa3BepHyTa
ceThb reonuHamuueckux GNSS-nabnronenuit. B cocraB cetu Bouwin 11 MyHKTOB HENpepbIBHOW U MEPHOIUYECKOMN
peructpannu. B paboTte nmpruBeneHs! cBeACHUI 00 OPTaHU3alNN CETH U €€ COCTOSHUM B HacTosmee Bpems. Co3nanne
cetn GNSS-HabnrofeHUIT 1210 OOMIMPHBIM MaTepuai Jjsl U3y4YEeHUs] COBPEMEHHBIX I'€OJUHAMHYECKUX MPOIECCOB
B Kypunbsckom cermenre 30HHI cyOmykimn Ceepoamepukanckoit (Oxorckoit) m TWxookeaHCKOW JIHUTOC(EpPHBIX
IUTUT. BrIMosTHEHHBIE HAOTIOACHHS TO3BOIMIIN MOMYyYUTh MIEPBHIC CBEACHNUSA O COBPEMEHHOM reoMHaMMKE PErroHa.
B pabore mpencrasieH 0030p pe3ynbTaTOB MPEANIECTBYIOMINX JIET, MOJTYYEHHBIX aBTOPAMH COBMECTHO C JPYTHMH
ucciegoBarensiMu. Ha ocHOBe HHCTpYMEHTaIbHBIX JAHHBIX TOCTPOEHBI MOJIENIN 09aroB KPYMHEHIINX CeHCMUUECKUX
coOprTuit: mymuera Cumymupckux 3emieTpsceHuit 2006 . Mw 8.3 u 2007 . Mw 8.1 u mry0okooKyCHOTO
Oxotomopckoro 3emuerpsiceHus 2013 r. Mw 8.3. Ha HauanpbHOM »3Tame MOCTCEHCMHYECKOro Mmpoiiecca B
SMUIEHTPaIbHON 30He CUMYIIUPCKUX 3EMIICTPSCEHUH BBISBICHA 3aBUCUMOCTH BSI3KOCTH acTEHOC(HEPhI OT CKOPOCTH
HaOJII01aeMOTO0 TTOCTCEHCMHUYECKOTO CMEIleH s 3eMHOM MToBepXHOCTH. [lomyueHHbIe paHee pe3yNbTaThl JONOITHEHbBI
HOBBIMH JIaHHBIMH 00 W3MEHEHHM TEOAMHAMHYECKOW OOCTaHOBKM B 30HE CyOAMyKuuu. lcciemoBaHa nnHaMuKa
MEPEXOTHOTO 3aTYyXAaoIIero MOCTCeHCMHUECKOro IMpolecca B LEHTPATbHOW YacTH OCTPOBHOM Iyru. Pemakcarus
HaNnpspKeHWH B 3€MHOM KOpe Ha pa3iWYHBIX CTaJusAX 3TOrO MpOIEcca MOIa SBIATHCS TPUITEPOM MOIIHBIX
BYJKaHUYECKUX M3BEpKeHUH, mponsomenmux B 2009-2019 rr. Ha nenTpanbubix Kypunsckux octpoax. Ha ocHoBe
MOZEIMPOBAHHS COBPEMEHHOTO MEXaHNIECKOTO CHEIUICHHS JIUTOCHEPHBIX IIIUT YTOYHEH CEHCMUYECKHI TTOTEHIHAI
Pas3INYHBIX cerMeHTOB KypHitbCKoii 30HBI CyOAYKIMH, 4TO B COBOKYITHOCTH C JPYTMMHU METOJIaMH CIIOCOOCTBYeT Oojiee
TOYHOH OIIEHKE CeHCMIYecKoi omacHOCTH peruoHa. [Iponomkenne GNSS-nabmroneHnit Ha Kypuibckux ocTpoBax B
JlaJIbHEHIIIeM TT03BOJIMT JAETAIBHO UCCIIEJ0BAaTh XapaKTepHble 0COOEHHOCTH COBPEMEHHON Ie0IHAMUKN PErnoHa.

KnroueBble cnoBa: COBPCMCHHAs rcOAMHaMUKa, GNSS-Ha6JIIOIICHI/IH, 3EMJICTPACCHUEC, MOACITINPOBAHUC
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on the Kuril Islands

Nikolay F. Vasilenko', Alexander S. Prytkov™', Dmitry I. Frolov*!
"E-mail: a.prytkov@imgg.ru
Institute of Marine Geology and Geophysics, FEB RAS, Yuzhno-Sakhalinsk, Russia
offe Physical-Technical Institute, RAS, Saint Petersburg, Russia

Abstract. The network of geodynamic GNSS observations was deployed in 2006 throughout the Kuril island arc
from Japan to Kamchatka. The network includes 11 stations of continuous and periodic registration. The article
provides information on the organization of the network and its current status. The creation of the GNSS network
provided extensive material for studying the modern geodynamic processes in the Kuril segment of the subduction
zone of the North American (Okhotsk) and Pacific lithospheric plates. The performed observations made it possible
to obtain the first information on the modern geodynamics of the region. The article presents an overview of the
results of the previous years obtained by the authors together with other researchers. The source models of the
largest seismic events are constructed on the basis of the instrumental data: the 2006 Mw 8.3 and 2007 Mw 8.1
Simushir earthquake doublet and the 2013 Mw 8.3 deep-focus Okhotsk earthquake. At the initial stage of the post-
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geodynamics of the region.

Jna yumuposanusa: Bacunenko H.D., IlpritkoB A.C., ®po-
noB JI.U. Teonunamnueckne GNSS Habnmronenns Ha Kypuibckux
octpoBax. [ eocucmemvl nepexoonvix 301, 2022, 1. 6, Ne 4, ¢. 287—
302. https://doi.org/10.30730/gtrz.2022.6.4.287-294.295-302;
https://www.elibrary.ru/rlpzkk

BBepeHune

Kypuno-Kamuarckast 30Ha CcyOmyKuuu SBIsi-
eTcs OIHMM W3 Haubosee CEWCMOAKTHBHBIX peru-
OHOB CEBEPO-BOCTOYHOUN yacTtu EBpaszum, rue
CKOPOCTB TOIOABUTAHUS THUXOOKEAaHCKOM JTUTOChEp-
Hoi twmmTel TON CeBepoamepukaHckyro (Oxort-
CKyI0) nmoctrraer 8 cm/roi. BzammoneiicTBue -
TOC(HEPHBIX TUTUT COMPOBOXKIACTCS TEKTOHUIECKHU-
MU JieOpMAIUSIMH, KOTOPBIE MPOSIBISIFOTCS KaK
Ha IPaHUILIC TUTUT, TaK U B €€ OKPECTHOCTSIX. 31ECh
MIPOUCXOAAT Hambojee KpymHbIe (C MarHUTYIOM
Oosee §), B TOM YHCie IyHAMHUTCHHBIE M TITyOOKHE
(6onee 600 kM) 3eMIICTPSICCHUSI.

B 1970-x rogax Ha o. llIukoraH, Onuxaii-
eM K 30H€ CyOayKIuu, ObLI CO3/aH TeoanHa-
MHYECKUU TOJUTOH MJI M3Yy4YEHUS] COBPEMEH-
HBIX JBHKEHHI 3€MHOW MMOBEPXHOCTHU U MOUCKA
IIPEIBECTHUKOB CWIIBHBIX 3emiieTpsiceHui. Ilep-
BbI€ BBICOKOTOYHBIE CBETOJATbHOMEpPHbBIE W3-
MEpEHUsl CTOPOH IIAHOBOM CEeTH U3 4 MyHKTOB
ObiTu BhIONTHEHBI B 1973 1. B mocnenyromue
rofibl T€OAe3NUECcKasi CeTh JOMOJHAIACh HOBBI-
MU MYHKTaMU HaOJIOJEHUM, KOHTPOIUPYIOUIU-
MU pa3pbIBHbIE HapyLIEHUS CEBEPO-BOCTOUHOM
gacTtu ocTpoBa [1]. Jlna u3ydyeHus BepTUKAIb-
HBIX ABVIKEHUN OBLITU CO3/IaHbI IBA HUBEIIHMPHBIX
npodwuns I kmacca (BAOIb U MONIEPEK OCTPOBA)
npoTsbkeHHOCTh0 11 u 14.5 kM cooTBeTCTBEH-
Ho. ITo pesynpraram MOBTOPHBIX HAONIONEHUH,
KOTOpbIE€ BBINOJIHAINUCH 10 1990 I, OLEHEHBI
CKOPOCTH TOPHU30HTAJBHBIX CMEIICHUH B 30HAX
pPa3IoMOB, B OTJAENBHBIX CIydasX yCTaHOBJIEHA
CBA3b TOPU3OHTAIBHBIX U BEPTUKAIBHBIX Jie-
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seismic process in the epicentral zone of the Simushir earthquakes, the dependence of the asthenosphere viscosity
on the observed post-seismic displacement velocity of the Earth’s surface was found. The results obtained earlier
were supplemented by new data on the changes in the geodynamic setting in the subduction zone. The dynamics
of the transient decaying post-seismic process in the central part of the island arc is studied. Stress relaxation in
the Earth’s crust at various stages of this process could be the trigger of powerful volcanic eruptions occurred in
2009-2019 on the central Kuril Islands. The seismic potential of various segments of the Kuril subduction zone has
been clarified on the basis of the modeling of current mechanical coupling of lithospheric plates. It contributes to
a more accurate assessment of the seismic hazard of the region together with other methods. The continuation of
the GNSS observations on the Kuril Islands in the future will allow us to study in detail the features of the modern
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dopmanuii 3eMHON MOBEPXHOCTU C PETHOHAJIb-
HOM CEMCMUYHOCTHIO [2].

Jlis BBISIBICHHST BO3MOXHBIX KpPyITHOMAC-
mTabHbIX AeopMalnii ceBepO-BOCTOUHOM YaCTH
ocTpoBa B pe3ynbsrare lllukoranckoro 3emuerps-
cenus 4(5).10.1994 . Mw 8.3 BniepBbI€ B peruo-
He OBUIM MCIIOJIb30BaHbl COBPEMEHHBIE CPEJCTBA
criytHukoBoit GPS-reonesun [2]. GPS (Global
Positioning System) u3MepeHus, MPOBEICHHbIE
Ha TE€OJMHAMHUYECKOM IOJIMIOHE IOCie 3eMJe-
TPSICEHMs], TOKAa3aJIH, YTO KaTacTpo(huIeCcKue Ko-
ceficMuueckue cMelieHus OJI0KOB 3eMHON KOPBI,
HapylIallUe LEeJOCTHOCTh TI'€0JOTMYeCKUX
CTPYKTYp OCTpOBa, OTCYTCTBYIOT. B paiione uc-
CJIEZIOBAaHUH MPOSBUIIUCH TOJBKO HEOOJBINNE TO-
pHU3OHTaJbHBIE 1epopMalii, HE TPEBBIILIAOLINE
BeJIM4KHBI 1073,

Coznanue cetu GNSS (Global Navigation
Satellite System) nHaOmroneHuii Ha BCEM IIPO-
ctupanun  Kypunbckoil OCTpOBHOW HOyru, OT
Snonun no KamuaTku, nano oOmupHBIA Mare-
puan s U3y4eHHs] COBPEMEHHBIX I'€OJUHaMU-
YEeCKUX IPOLIeCCOB B 30HE KoHBepreHuuu Cese-
poamepukanckoi (Oxorckoit) u TuxookeaHckon
auTochepHbIX IUMT. B paboTe mnpencraBieHsb
CBeIcHUs. 00 OpraHu3allid CETH U €€ COCTOos-
HUM B HacTtosiee Bpems. O630p OCHOBHBIX pe-
3ynbraTtoB GNSS-nccnenoBanuii, moiay4yeHHbIX B
HOCJIEIHUE TO/Ibl, JOIOJIHEH HOBBIMH JaHHBIMU
00 M3MEHEHUHU TeOJMHAMHYECKO 00CTaHOBKH B
Kypunbckoii 30He cyOIyKIIMH U €€ CBA3U C MOII-
HBIMU BYJKaHUYECKUMHU U3BEPKEHUSIMH Ha IEH-
TpaiabHbIX Kypuiabckux octpoBax.
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OpraHusaumsi U coBpeMeHHoe
COCTOsIHUEe CeTU reognHaMmn4eCcKux
GNSS-HabnoageHnn

Hauano opranuzanuu ceTtu reognmHaMuyec-
KX HaOmoaeHnit Ha KypuibcKkux ocTpoBax MOXk-
HO oTHecTH K 2005 ., korma ObBUTH MPOBEEHBI
MEepPBbIE U3MEPEHUS HA MYHKTE MEPUOAMYECKUX
nabmonenuit VDLN Ha tore o. Ypyn (puc. 1).

B 2006 r. peruonanpHasa cetb GNSS-Ha0-
JoieHui OblTa pa3BepHyTa BAoJb Beel Kypuiib-
CKOM ocTpoBHOM ayru oT Anonun no Kamuatku
Ha npoTsbkeHun okosio 1200 kxm. B ee cocras
BOIIUTM CTAHIIUM HEMPEPBHIBHON pEerHCTpaluu

142° 144°  146° 148°

KUNH, SHIK, ITRP u PRMH, pacnonoxxeHHble
Ha TeppuTopuM ceiicMocTaHuuii CaXaalMHCKOTO
¢unuana denepanbHOTO HCCIEAOBATEIHCKOTO
nentpa «EnuHas reodusndeckas ciayxo6a PAH»
(CO UL EI'C PAH) «¥Oxno-Kypunbck», «11u-
koTan», «Kypunbsck» u «CeBepo-Kypunbck», a Tak-
e cTaHIus HenpepbiBHBIX HaOmonennit URUP Ha
cesepe 0. YpyIl. B ieHTpasibHOM 4acTH OCTPOBHOM
nyru (Ha HeoOuTaeMbIx octpoBax Keroit, Marya u
Xapumkoran) u 0. [Tapamymmp (Mbic OkeaHCKHIA)
ObUTH 00OPYAOBAaHBI IMMyHKTHI TEPHOJMUYECKON pe-
ructparuu KETO, MATC, KHAR u PRM1 coort-
BETCTBEHHO.
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Puc. 1. Cxema pacnonoxenus GNSS-mynkroB Kypuibsckoit reoquHaMHuecKoit ceTu.

UYepHBIM 1IBETOM 0003HaUYEHBI ITyHKTHI HENPEPHIBHOMH, CHHUM — IIYHKTBI IEPHOANIECKOH perucTpanuu. CTperkaMu H300paXkeHbl MeX-
celiCMUYECKHEe CKOPOCTH ITyHKTOB OTHOCHTENbHO CeBepoaMepHKaHCKOW IUIHTHI. KpacHbIe CTpENKH 0TOOpa)aroT CKOPOCTH MocTCeiic-
MHYECKOH penakcanuu B pesynprate Cumymupcekux 3emierpscenuii 2006-2007 rr. 3a nepuon 2015-2016 rr. CpenHexkBagpaTniecKkue
OLIMOKH ONpe/ieNIeHHs] CKOPOCTEH He NMpeBbILIAtoT 2 MM. MaciuTad cKopocTe oka3aH B BEpXHEH 4acTh pucyHKa. CKOPOCTb CXOKACHUS
nuTOC(EpHBIX IUIHT IOKa3aHa 0enoi cTpenkoid. MexaHn3Mbl 04aroB CHIbHEHIINX ceficCMIUYEeCKUX COOBITHIT pernoHa NpHUBECHBI 10 JJaH-
HbIM USGS (USGS: The United States Geological Survey. URL: https://earthquake.usgs.gov).

GEOPHYSICS. SEISMOLOGY 289 GEOSYSTEMS OF TRANSITION ZONES, 2022, 6(4)



lreognHammnyeckne GNSS HabrirogeHns Ha Kypurbckmx octpoBax

Puc. 2. Ilynkr aBroHoMHo# peructpammd MATC (0. Marya) (a) u
nyHKT HenpepsiBHO# peructparmu SHIK (o. [ukoran) (b).
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B 2007 1. mocne mymnera CAMYIIHPCKAX 3€M-
aerpsicenuit 15.11.2006 . Mw 8.3 u 13.01.2007 r.
Mw 8.1 [3] Ha o. Cumymmp (nepemeex Kocrou-
KO) JIOTIOTHUTENLHO OOOPYIOBaH IyHKT TMEpHO-
muaeckort peructparun KOST. HaGmronenuns Ha
nyHkrax KETO, MATC (puc. 2a) u KHAR, Onu-
XKaWIMX K SNMLEHTpabHOU 30HE, ¢ 2007 . ocy-
[IECTBISIINCH B PeKMME aBTOHOMHOM HEMPEPHIBHOM
peructpainuu, KoTopasi MpoaobKanach I0 CEHTA-
Opsi—nexadps 2016 . B 2017 . atu cranimu nepe-
BE/ICHBl B PEXKUM TEPUOJMUECKON PETHCTPALIUH.

HenpepbiBHast peructpaiivs Ha CTaHIUAIX fora
Kypuibckoit octpoBHoit nyru KUNH, SHIK wu
ITRP B 2013 1. ObUIa 1TO TEXHHYECKUM MPHYUHAM
npeKkpaiieHa 1 B0300HoBIeHa Ha cTaniusx KUNH
(0. Kynammp) u ITRP (0. Utypym) B 2017 1. B pam-
kax [leneBoil KOMIUIEKCHOM MPOrpaMMbl HAyYHBIX
uccnenoanuii JIBO PAH «CoBpemennas reomau-
HAMFWKA, aKTUBHBIE T€OCTPYKTYpPBHI U MPHUPOIHBIC
onacHoctH [lansHero Bocroka Poccun» [4]. Cran-
st SHIK (0. lIlukoraH) BOoCCTaHOBJIEHA TOJBKO B
2022 r. (puc. 2b). CoBpeMEHHOE COCTOSIHUE T€O -
Hamuueckoit GNSS-cetu mpuBeneHo Ha puc. 1.

CraHuuy HEMpepbIBHOW peructpaiuu 000-
pynoBanbl GNSS-npuemuankamu Trimble NetRS ¢
anteHHamu Zephyr Geodetic mmm Trimble NetRS ¢
anteHHamu Zephyr Geodetic model 2 (puc. 2). Ha-
OmrofeHust ocyuiecTBisitoTest ¢ 1-30-cekyHIHOM
JUCKPETHOCTBIO JIaHHBIX U MAacKOM BO3BBIILICHHUS
CIyTHUKOB OT 5°. [lepuonnyeckre n3MepeHus Bhl-
NoJHsI0TCA TeMu ke Tunamu GNSS-npuemMHHKOB
U aHTeHH. [Ipog0mKUTEIPHOCTh TAKUX U3MEPEHHIA
OOBIYHO COCTaBIISIET HE MEHee 3 CyT Ha KaXJIOM
MyHKTE HaOmoneHui. [[ins MUHUMU3aMU Ce30H-
HOTO BIUSIHHUS HA TOYHOCTH TO3HUIIMOHHUPOBAHHS
BCE MOJIEBbIe pabOTHI MPOBOASITCSA B JIETHE-OCEH-
HUW TIEPHOJL.

O6paboTKa JaHHBIX OCYIIECTBISAETCS C HC-
NOJIb30BAaHUEM NPOTPaAaMMHOTO oOecredeHus
Bernese [5] u GAMIT/GLOBK [6]. s cBsizu
cereii ¢ oomesemHou cuctemoit koopaunar ITRF
(International Terrestrial Reference Frame) [7]
B ©)KEJHEBHBIC PEIICHHS BKIIFOUAIOTCS CTaHIIUU
mexayHaponHoit 1GS-cetu (International GNSS
Service), UMerOmMMKE IIUTEIBHYIO BPEMEHHYIO
crabunbHOCTh. [Ipu 3TOM HMCmonb3ytores ¢u-
HaJbHBIE OpPOUTHI CIyTHUKOB, MPEACTaBICH-
Heie IGS, mapameTpsl OpUEHTAlUU BpPAIICHUS
3emau [ERS (International Earth Rotation and
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Reference Systems Service), Tabnuibpl 3aBUCH-
MOCTe# (ha30BBIX IIEHTPOB aHTCHH, TAPaMETPOB
Connua u JIyHbl 1 pyrue Marepualibl, peKOMEH-
noBanHbie MexayHaponuor GNSS-ciyxOoit
(IGS: International GNSS Service. URL: https://

igs.org/).
Pe3ynkrathl UCCcrieaqoBaHum

Mooenu mexanuzmoe ouazoeé cunbHeuMux
3emMIempACceHuil pezuoHa

B nocnennue roast B Kypuiio-Kamuarckom
PEruoHe MPOU3OLIEN P CUIBHEUIINX CEUCMU-
yeckux coObITHil. Ha ocHOBe 3ahukcupoBaHHBIX
MHCTPYMEHTAJIbHBIX JAHHBIX O KOCEHCMHUYECKUX
CMEILIEHUAX 3€MHOI MOBEPXHOCTHU BBINOIHEHO
MOJIEJIMPOBAHHUE MX OYArOB.

Cumywupckue zemnempsicenus 15.11.2006 e.
Mw8.3 u 13.01.2007 2. Mw 8.1 — xpynHeuiiue
ceficMuuecKkue COOBITHS MOCIEAHET0 BPEMEHHU B
Kypuiibckoii ceficMmorenHoi 30He. OHU TPOU3011I-
U BocTouHee 0. Cumymup BOJIM3H TITyOOKOBOII-
HOTO jkesi00a Ha rryouHe okono 12 km (puc. 1).
B 10arocpodyHoM CeMCMOIOTHYECKOM IIPOTHO3€E
C.A. ®epnorosa [8] aTOT paiioH ObIT 0003HAYCH
KaK OJIHO U3 MECT BO3MOXKHBIX 3€MJIETPSICEHUH C
M > 7.7. 3anneck yHaMHu Ha LEHTpaJbHbIX Ky-
PUIBCKHUX OCTPOBAx OT 3TUX 3E€MJIETPSICEHUN J10-
cturain 20 m [9].

Kycouno-omHOpoIHBIE AUCITOKAIIMOHHBIE MO-
nemn CHUMYIIMPCKUAX 3€MIIETPSICEHUI TIOCTPOCHBI
Ha OCHOBE MHBEPCUH TOPU3OHTAIBHBIX KOCEHCMU-
yeckux cmemeHnii GNSS-cranmmii Kypuibckoit
reOAMHAMUYECKOM CETU U CTaHIMI MexayHapoI-
HOM GNSS-ciyx0bI, pacnionoxeHHbIX B HOxHO-
Caxanuncke u IlerponaBnoscke-Kamuarckom [3].
3emnerpsicerne 2006 1. (o TUITY ceHCMOANCIOKA-
IIUH — TTOJIOTUHA HAJIBUT TOJ YoM ~16°) mpoun3o-
IIUIO B 30HE KOHTAKTa JTUTOCHEepHBIX TUIUAT. OOTIuii
pasmMep cericMopa3spbiBa cocTaBui 230 KM 110 mpo-
ctupanuto u 150 km no nageHuto. MakcuMasnbHbIE
MOJIEJTbHBIE CMEIIEHUS TOCTUTaloT 6—12 M B 10Xk-
HBIX TIPUTIOBEPXHOCTHBIX CyOpa3phiBax, OMM3KHUX K
TUIOLEHTPY.

3emnerpsicenne 2007 r. (cOpoc Mo IIOCKO-
CTH, KPYTO NaJarolell Ha FOr0-BOCTOK MO YIJIOM
59°) mpouzonuio B pailoHe m3rnba TuxookeaH-
CKOM nuTochepHOi MIKUTHL. BenuuuHbl MOIETh-
HBIX CMENICHUH MaKCUMaJbHBI (10 8 M) BOIM3H
THIOIEHTPAa B IOKHOM (parMeHTe IUIOCKOCTH
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ceiicMopasphiBa. YUYacTKM HauOONBIIETO CKOJIb-
KEHHsI 000UX 3eMJIETPACEHUN MPUMBIKAIOT IPYT
K JIpyry U MO3BOJISIIOT Mpeanojararb, 4YTo cooObl-
tue 2007 1. cBsA3aHO C mepepachpeieieHueM Ha-
npsbkeHui nocie 3emnerpsicenus 2006 .

Oxomomopckoe 3emnempscenue 24.05.2013 .
Mw 8.3 — penkoe cuibHOE TITyOOKO(DOKYyCHOE
ceficMuueckoe COOBbITHE, 3apPETUCTPUPOBAHHOE B
OxoTckoM MoOpe BOJIM3U 3alaJHOTO MOOEpeXbs
n-oBa Kamyarka Ha miyomne 610 km (puc. 1).
3eMJIeTpsICEHHE COMPOBOXKAAIOCH cepuel ad-
TEPILIOKOB, YTO HETUIHYHO JJISi TAKUX COOBITHH.
KoceiicMuueckne cMeleHus: 36MHOM MOBEPXHO-
ctu 3apeructpupoBanbl GNSS-cTanuusamu He-
NPEPBIBHBIX HAOMIOICHUI BCErO peruoHa Ha pac-
crostHuax a0 1000 kM ot snuneHTpa. BniepBrie B
MHPOBOM IPAKTUKE HA OCHOBE KOCEHCMHMUYECKUX
CMEILEHNH MOCTPOEHA UCIOKALMOHHAST MOJEINb
DTyOOKO(OKYCHOTO 3eMJIETPSACEHUs] B YNPYroM
MOJYTPOCTPAHCTBE C YYE€TOM CHEPUYHOCTH H
cinoucrocty 3emuu [10]. Tun moaBuXKHU B oYa-
re — MoJoruid cOpoc 3amagHOro MajgeHHsS TOX
ymioM 11°, makcumanbHas noasuxkka — 7 M. Ilo-
rpyxatomasicss THXxookeaHcKas IIUTa MO TONIIH-
He Obu1a pazopsana Ha 50 kM.

THapawywupcroe 3emnempsicenue 25.03.2020 e.
Mw 7.5 npounszounio B 200 KM K IOro-BOCTOKY OT
OJHOMMEHHOTO OCTPOBa B MOTPY’KalolIeics okea-
HUYECKOW TUIUTE MO BHEIIIHUM CKJIIOHOM IITyOOKO-
BOJHOTO *keJo0a Ha mryoune ~60 kM (puc. 1). OHo
sSBIWIIOCH cuibHemmM ¢ 1900 1. celicMuueckum
COOBITHEM KaK JUIsl BHEUIHETO CKJIOHA MPOTSHKEH-
HOCTBIO 0K0JI0 800 KM, Tak M JuIs IPUJIETAIOIIEH K
SMULEHTPY TpexcoTkuiaoMeTpoBoil Kypuno-Kam-
yaTcko 30HBI cyOaykimu. IlpocTpaHcTBeHHOE
pacnpezenenue adhTEPIIOKOB U MOJEIN KOHEUHBIX
MpsIMOYTOJIBHBIX Auciokauui (finite fault) He mo-
3BOJIWJIM CAAETIATh BBIOOP B MOJIb3Yy MPUOPUTETHOM
IJIOCKOCTH ceficMopaspeiBa. CpaBHEHUE MOJEIb-
HBIX U U3MEPEHHBIX KOCEWCMUYECKUX TOPU30H-
TaJIbHBIX CMELICHUI Ha ONvKalien K SUIEeHTPY
GNSS-craniuun PRMH no3Bonuino ogHO3HaYHO
YCTaHOBUTbH JEHCTBYIOLIYIO IUIOCKOCTh CEMCMO-
paszpsiBa [11]. B ouare 3emieTpsiceHust peannso-
BaJINCh HaNpsOKEHUS CyOropH30HTaJIbHOIO CXKa-
THSI, OPUEHTUPOBAHHBIE BKPECT TEKTOHUYECKUX
CTPYKTYp ceiicMOo(OKaIbHON 30HbI, TUI MOBHXK-
KM — B30pOC MO IUIOCKOCTH FOT0-3araHoro mpo-
CTHpaHUs C MaJICHUEM Ha ceBepo-3amal.
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Ilocmceiicmuueckasn penaxcayus é INUYEH-
mpanvuoit 30ne oynaema Cumyuwiupckux
3emaempaceHul

B nentpanpHoit yactu Kypuiabckoit oCcTpoB-
HOM nyru mocine aymiera CHUMyHIMPCKHX 3€M-
nerpsacennit 2006 . Mw 8.3 n 2007 . Mw 8.1
HaOmoanach OOIIMpPHAs 30HA 3aTyXaloIIHX
MIOCTCEMCMUYECKUX CMEIICHUM 3€MHOM MOBEpX-
HocTH. HenpepoiBubie GNSS-u3mepenus no3so-
JIWIIA U3Yy4YUTh JUHAMHUKY IEPEXOIHOTO IIpolLecca,
00yCJIOBJIEHHOTO BA3KOYIIPYrOM penakcanueil Ha-
MpsDKEHUH B acTeHoc(epe U OLIEHUTh €ro JJu-
TesbHOCTh nepuonoM ~10 ner [12]. Ha Hauasnb-
HOM 3Talle MOCTCEHCMUYECKUE TOPU3OHTAIIBHBIE
CMEILECHMS, HalpaBlIEHHbIE B CTOPOHY IIyOOKO-
BOJTHOTO KeJ00a, U MOCTCEMCMUYECKHH MoIbeM
IIPOSBIISUIACH Ha NpocTupanuu 450 kM (0T ceBepa
0. Ypyn a0 o. XapuMmkoTaH). [opu30oHTaIbHBIC
CKOPOCTH B ONMM)KaWIIMX OKPECTHOCTAX SIUIIEH-
TpasbHOU 30HBI nocturanu 90 Mm/Tom, eXeros-
HO yMeHbmiascb Ha ~30 % (puc. 3). K 2012 .
MOCTCEHCMUYECKHE CMEIEHUsI 3€MHOU MOBEpX-
HOCTHU TNPAKTHUYECKHA 3aKOHYUIINCH HA ITyHKTE
URUP (o. Ypyn), a x 2014 r. — Ha myHKTax
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Puc. 3. Bpemennsie cepun koopaunat GNSS-cranmuun KETO
(0. Keroit). BepTukanbHbIMU JTHHUSIMEH 0003Ha4YeHbI AaThl CH-
mymupckux 2006-2007 rr. u Oxotomopckoro 2013 r. 3emie-
TPSACEHUH.
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KHAR (0. Xapumkoran) u KOST (0. Cumymmp).
B 2015-2016 rr. 3aryxaromuii nocrceiicMuyec-
KU TIpoIecc co ckopocThio ~10 mm/ron Habmro-
nancs tonpko Ha nyHktax KETO (o. Kertoit) u
MATC (0. Marya) (puc. 1).

Bsi3kocTh acreHOC(hephl — hyHAaMEHTAIBHOE,
HO MaJjio U3y4eHHOE CBOWCTBO 3emiu. Moaenupo-
BaHME MEPEXOIHOTO MPOLIECCa B AMULEHTPATBHOM
30He aymieTa CUMYIIMPCKUX 3€MIIETPSCEHUH To-
3BOJIWJIO BBISIBUTH 3aBHCHMOCTH MaKCBEJUIOBCKOM
BSI3KOCTU acTeHOC(Epbl OT CKOPOCTH HalIronae-
MOT'0 MTOCTCEHCMHYECKOTO JABMKEHUSI 36MHOM MO-
BEPXHOCTH: BSI3KOCTh aCTeHOCHEphl YBEINYHUIACH
B ~5 pa3 ot 2-10" Ila-c B mepBsIii Toj HaOMIOMIE-
Huii (2008) 1o 1-10"® [MTa-c B 2011 . [12].

ActeHocdepHass BSI3KOCTh, JTOCTUTAIOIIASL
BenmunHbl ~1-10" Tla-c, nposBisiiack B TeUeHHUE
HECKOJIBKUX JCCATWUIETUM TIOCIIE€ CHJIbHEUIINX
(Mw ~ 9) MeXIUIMTOBBIX 3eMiIeTpsiceHul XX B.:
Yunmiickoro 3emierpsicenus 1960 r. u Ansckun-
ckoro 3emyierpsicenus 1964 r. [13, 14]. Onnako Ha
tore Kamuarku u ceBepHbix Kypuibckux octpoBax
ocTcericMuueckue cMelenus nocie Kamuarcko-
ro 3emierpsicenust 1952 r. cmycrs 50 siet He 3apuk-
cupoBansbl [3, 15], 4TO MOXET CBHIETEIHLCTBOBATH
0 Oonee HU3KOM JONTOBPEMEHHOM BA3KOCTH acTe-
Hocdepsl B Kypuno-Kamuarckoii 30He CyOyKIuu
10 CPAaBHEHHIO C IPYTUMU peruoHamu. KoHKpeTHO
OLICHUTH €€ BEJIMYMHY MOXHO OyHeT MpOBEICHU-
em nocnenyromux GNSS-nabnronenuii B AuIieH-
TpajabHOU 30He CUMYIIMPCKUX 3EMIIETPSICEHUIA.

K 30He nposiBieHus: NOCTCEHCMUYECKOTO TPOo-
necca npuypodeHsl cuibHeimue (¢ 1990 1) Byn-
KaHN4YeCKHe u3BeprkeHus Ha KypuibCkux ocTpo-
Bax. B urone 2009 1. (mocine 33 et moKost ¥ CITyCTS
2.5 ropa nocie CUMYIIMPCKUX 3EMIIETPSACEHUN B
NepUoJ] UHTEHCHBHOTO Tpoliecca peaKkcaliy Ha-
NPSOKEHUI) MPOU30LITIO0 MOIIHOE AKCIJIO3UBHO-
a¢hdy3uBHOE U3BepKeHue BiK. [Ink CappryeBa Ha
0. Marya (Volcanic Explosivity Index (VEI) = 4)
[16]. ABTOHOMHOW CTaHLIMEW HENMPEPHIBHBIX Ha-
omonennit MATC, pacrionoxeHHOM Ha OCTPOBE B
7 KM K IOTO-BOCTOKY OT BYJIKaHa, 3a()UKCHPOBAHO
CMeEIlIeHHE 3¢MHOM MOBEPXHOCTHU B TCUCHUE AaKTUB-
HOM (a3l u3BepkeHus. CTaHIMs CMeCTUIach Ha
~30 MM B CTOpPOHY Kparepa ByJKaHa U OIlyCTHJIACh
Ha ~40 MM.

B nos16pe 2012 1., mocne 30-neTHero nepuona
nokosi, Ha BIK. CHoy (0. Huproi — ror 1eHTpaib-
HbIX Kyprin) Hayanocs mobounoe 3¢ ¢dy3uBHOE U3-
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Bep)keHHe. AKTUBHas (haza M3BEpKEHUS MPOIOJI-
’kanach B TeueHue uerbipex jet (VEI = 3) [16] B
MIEPHOJT 3aBEPLICHUS PENIaKCALUU HaNpsHKEeHUH B
ATOM pailoHe.

Mornoe (VEI = 4) u BHe3anmHoOe SKCIUIO3UB-
HOE W3BEp)KEHUE BYyJIKaHa Ha 0. Paiikoke (leH-
TpanbHbie Kypwuibl) Hauanock B utone 2019 r. mo-
cie 95 net moxkost [17]. OHO MPOU30IILIO HA CTATUH
IIOJTHOT'O 3aTyXaHUsl NOCTCEHCMHUYECKOIO IpoLec-
ca B 31Ol 4yactu KypuibCkoll OCTPOBHOH IyTH.
MokHO monarath, 4YTO peiaKcalus HarpspkeHUH B
36MHOM KOpE Ha Pa3IuYHbIX CTAAUAX OCTCENCMU-
YECKOro Mnpoliecca B SNUIEHTpaIbHON 30He CuMy-
IIMPCKUX 3€MJIETPSICEHUM OKa3alach TPUITEPOM
MOIIIHBIX BYJIKAHMYECKUX H3BEP)KEHUN HaA IICH-
TpanbHbIX Kypuibckux octpoBax.

Cospemennwlii ceiicmuueckuii oepuyum 6
30He cyOoyKyuu

AHanu3 MexceHCMHUYeCcKuX (OYMILIEHHBIX
OT BIMSHUA 3eMIeTpsiceHnii) ckopocteir GNSS-
cTaHuMi ceBepa U rora Kypuiabckoil ocTpoBHOM
JTyTH TIO3BOJIUJI BBIIIOJIHUTH MOJIEIMPOBAHUE CO-
BpeMeHHoro cuernseHuss Tuxookeanckoil u Ce-
BepoamepukaHckoil (OX0Tckoi) nuTochepHbIX
IJTUT B YCIOBUSAX MEXAaHUYECKU COMKHYTOU 30HbI
WX KOHTaKTa W OIEHUTh AUHAMUKY HAKOTLICHUS
HanpsoKeHU B 30He cyOnykiuu. B HacTosmiee
BpeMs HMHTEHCHBHOE HakoIUieHue nedopmaru-
OHHBIX HAMpPSHKEHHI TPOUCXOAUT B IOKHOW H
ceBepHOU yacTsax Kypuibckoit 30HBI CyOyKIIHH
(puc. 4). B paitone o. lllukoran mupuHa 30HBI
KOHTaKTa JUTOC(EpHbIX IUIMT (MO MAaJECHUIO)
nocturaet 183 kM, Ha nynkre PRMH (o. ITapa-
mytup) — 104 kM [18]. 3HaUUMOT0 HAKOIIJICHUS
YIPYTUX HAMPSHKEHUN B LIEHTPAJIbHOM CETMEHTE
30HBI cyOnykuuu (OT ceBepa 0. Ypyi 1o o. Xa-
puMKoTaH) nocie CHMYHIMPCKUX 3emileTpsce-
HHUH HE OTMEYEHO.

Ha ocHOBE KyMyJIITUBHOTO CMEILEHUS MEXK-
IUIMTOBBIX 3emileTpsacenuii ¢ Mw > 7.0 3a nepu-
on ¢ 1990 r. BeIsiBIEHBI 001aCTH COBPEMEHHOTO
celicmuueckoro nedumnura B Kypuiabckoil 30He
cyonykmuu [18]. Jlebunut ceiicMu4Ieckoro cme-
IEHUS BETUYUHON OT 3 110 8.8 M (OTHOCHUTEINb-
HO CKOPOCTH CXOXJCHHS JIUTOC(EPHBIX IIJIUT)
HaONmoaeTcsd Ha JABYX MPOTSHDKEHHBIX YYacT-
Kax: OT BOCTOYHOH YacTU 0. XOKKauIo [0 ce-
Bepa o. Kynamup (~200 km), u ot 0. OHekoTaH
no rora m-oBa Kamuarka (~250 xm). B monaro-
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Puc. 4. Bpemennsie cepun koopauaar GNSS-cranmun PRMH
(0. [Tapamymnp). BepTukanbHbIMU TUHUSIMHU 0003HAYCHBI JAThI
Cumympekux 2006-2007 rr. u Oxoromopckoro 2013 r. 3em-
JIETpsACEHUN.

CPOYHOM CEMCMHYECKOM IPOTHO3E€ Ha MEPUOJ]
2019-2024 rr. cymmapHasi BEpOsSITHOCTb BO3HHUK-
HOBEHUS CEMCMHYECKUX COOBITHI C MATHUTYIOM
M > 7.7 B 3TUX CErMEHTax, COOTBECTCTBEHHO,
coctasisier 8.9 u 12.5 % [19]. IIpu 3Tom cneny-
€T OTMETUTH, 4To [lapamymupckoe 3emnerpsce-
Hue 25.03.2020 r. Mw 7.5, npou3soleiiee moji
BHEIIHUM CKJIIOHOM TJTyOOKOBOJHOTO Xeyo0a,
YBEJIIMYMBAET BEPOSATHOCTH OyAyIIEero CHIIbHEH-
IET0 3eMJIETPSICEHHS B CeBEpHOM cerMenTe [11].

3aknroyeHue

Opranuzanys ceTd HENPEpPhIBHBIX U IMEpH-
ognueckux GNSS-nabmonenuit Ha Kypunbckux
OCTpOBax Jaja OOIIMPHBIN MaTepuan A u3yde-
HUS COBPEMEHHBIX I'€OIMHAMUYECKUX TIPOLIECCOB
B Kypumibckoil 30He cyOnykuuu. BeinonHeHHbie
HaOMIONCHUST TO3BOJIMIIM TIONYYUTh PsJI HOBBIX
CBE/ICHUI O COBPEMEHHOM re0JMHAMHKE PETHOHA:

® TIOCTPOEHBI MOJENIN KPYIHENIINX celicMUYe-

CKUX COOBITHI, KOTOpbIE JIETVIH B OCHOBY HC-

CIIEZIOBAaHMSI MEXAaHU3MOB M TEKTOHUYECKOU

MIPUPOJIBI UX OYAroB, a TAK)Ke OLIEHKHU reoMe-

TPUUYECKUX [TAPAMETPOB CENCMOPA3PHIBOB;
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* M3y4eHAa JMHAMHUKa [IEPEXOJHOrO0 3aTyXaromle-
ro nporecca, 00yCcIOBIEHHOTO BI3KOYIPYToi
penakcanyell HanpspKeHUH B AIUICHTPANb-
HOM 30He CHUMYIIMPCKUX 3€MIIETPACEHUN
2006—2007 rT., ¥ BRISIBIICHA 3aBUCUMOCTD BSI3-
KOCTH acTeHOC(ephl OT CKOPOCTH HabroIae-
MOTO ITOCTCEMCMHYECKOTO ABMKCHUS 3€MHOM
IIOBEPXHOCTH;

® penakcanys HalpsHKEHUH B 3€MHOM KOpe Ha
pasNIUYHbIX CTAAMAX JUIMTEIBLHOIO MOCTCEHC-
MHYECKOTO Tporiecca nocie CHMyIUpPCKUX
3eMJIETPSICEHU MOXKET SIBJISITHCS TPUTTEPOM
MOIIIHBIX BYJKaHUYECKUX HW3BEPKEHUH Ha
LEHTpaIbHBIX KypHiIbCKHX OCTpOBaXx;

® OIIEHKA CEHCMUYECKOro MOTeHIIMaNa pasiiny-
HBIX Y4acTKOB KypuiibCkoii 30HBI CYyOyKIIUH
Ha OCHOBE MOJEIHPOBAHHSA COBPEMEHHOIO
MEXaHMYECKOTO KOHTAKTA JIUTOC(EPHBIX TUIHT,
B COBOKYITHOCTHU C JIPyTUMHU METOAAMH, CIIO-
coOcTByeT OoJiee TOYHOM OlIeHKe celicMuydec-
KOM OIaCHOCTH PETHOHA.
GNSS-nabmonenust Ha Kypuibckux octpo-

Bax B JaJIbHEUIIEM MO3BOJIAT AETAIBHO HCCIEN0-

BaTb XapaKTEpHbIE OCOOEHHOCTH COBPEMEHHOM

reoIMHaMUKH PETHOHA.
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Abstract. The network of geodynamic GNSS observations was deployed in 2006 throughout the Kuril island arc
from Japan to Kamchatka. The network includes 11 stations of continuous and periodic registration. The article
provides information on the organization of the network and its current status. The creation of the GNSS network
provided extensive material for studying the modern geodynamic processes in the Kuril segment of the subduction
zone of the North American (Okhotsk) and Pacific lithospheric plates. The performed observations made it possible
to obtain the first information on the modern geodynamics of the region. The article presents an overview of the
results of the previous years obtained by the authors together with other researchers. The source models of the
largest seismic events are constructed on the basis of the instrumental data: the 2006 Mw 8.3 and 2007 Mw 8.1
Simushir earthquake doublet and the 2013 Mw 8.3 deep-focus Okhotsk earthquake. At the initial stage of the post-
seismic process in the epicentral zone of the Simushir earthquakes, the dependence of the asthenosphere viscosity
on the observed post-seismic displacement velocity of the Earth’s surface was found. The results obtained earlier
were supplemented by new data on the changes in the geodynamic setting in the subduction zone. The dynamics
of the transient decaying post-seismic process in the central part of the island arc is studied. Stress relaxation in
the Earth’s crust at various stages of this process could be the trigger of powerful volcanic eruptions occurred in
2009-2019 on the central Kuril Islands. The seismic potential of various segments of the Kuril subduction zone has
been clarified on the basis of the modeling of current mechanical coupling of lithospheric plates. It contributes to
a more accurate assessment of the seismic hazard of the region together with other methods. The continuation of
the GNSS observations on the Kuril Islands in the future will allow us to study in detail the features of the modern
geodynamics of the region.
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Introduction

The Kuril-Kamchatka subduction zone is
one of the most seismically active regions in the
northeastern part of Eurasia, where the rate of
subduction of the Pacific lithospheric plate beneath
the North American (Okhotsk) plate reaches
8 cm/year. The interaction of lithospheric plates is
accompanied by tectonic strains, which manifest
themselves both at the plate boundary and in its
surroundings. The largest earthquakes (with a
magnitude of more than 8), including tsunamigenic
and deep (more than 600 km) ones, occur here.

In the 1970s, a geodynamic testing site was
created on Shikotan Island, which is closest to

the subduction zone, in order to study recent
movements of the Earth’s surface and search for
precursors of strong earthquakes. The first high-
accuracy optical distance measurements of the
sides of the horizontal network of 4 points were
made in 1973. In subsequent years, the geodetic
network was supplemented by new observation
points that control discontinuities in the north-
eastern part of the island [1]. Two leveling profiles
of II class (along and across the island) with a length
of 11 and 14.5 km, respectively, were created for
studying the vertical movements. According to the
results of repeat observations, which were carried
out before 1990, the velocities of horizontal

Translation of the article published in the present issue of the Journal: Bacunenxo H.®., IIpsitkoB A.C., @posnos I.1. ['connnamuueckue GNSS Habio-

nenns Ha Kypunsckux ocrposax. Translation by G.S. Kachesova.
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displacements in fault zones were estimated, and,
in some cases, the relation between horizontal
and vertical strains of the Earth’s surface and
regional seismicity was established [2].

Modern GPS geodesy tools were used for the
first time in the region [2] to reveal possible large-
scale strains of the northeastern part of the island
as a result of the October 4 (5), 1994 Mw 8.3
Shikotan earthquake. GPS (Global Positioning
System) measurements, which was carried out
at the geodynamic site after the earthquake,
showed that there were no catastrophic coseismic
displacements of the crustal blocks breaking the
integrity of the geological structures of the island.
Only small horizontal strains not exceeding 10~
have manifested in the study area.

The creation of a GNSS (Global Navigation
Satellite System) observation network along
the entire Kuril island arc, from Japan to
Kamchatka, provided extensive material for
studying modern geodynamic processes in the
zone of convergence of the North American
(Okhotsk) and Pacific lithospheric plates. The
paper presents information on the organization
of the network and its current status. The review
of the main results of GNSS studies obtained
in recent years is supplemented with new data
on changes in the geodynamic setting in the
Kuril subduction zone and its relationship with
powerful volcanic eruptions in the central Kuril
Islands.

Organization and current state of
the geodynamic GNSS observa-
tion network

The beginning of organization of the geody-
namic observation network on the Kuril Islands
can be attributed to 2005, when the first mea-
surements were carried out at the VDLN point
of periodic observations in the south of Iturup
Island (Fig. 1).

In 2006, a regional GNSS observation net-
work was deployed along the entire Kuril island
arc from Japan to Kamchatka for about 1200 km.
It includes continuous recording stations KUNH,
SHIK, ITRP and PRMH, located on the territory
of the seismic stations of the Sakhalin Branch of
the Federal Research Center “United Geophysi-
cal Survey of the Russian Academy of Sciences”
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(SB FRC UGS RAS) “Yuzhno-Kurilsk”, “Shi-
kotan”, “Kurilsk” and “Severo-Kurilsk”, as well
as the URUP station of continuous observations
in the north of Urup Island. The periodic regis-
tration points KETO, MATC, KHAR and PRM1
were equipped in the central part of the island
arc (on the uninhabited islands of Ketoi, Matua
and Kharimkotan) and Paramushir Island (Cape
Oceansky), respectively.

In 2007, KOST periodic registration point
was additionally equipped after the doublet of
the Simushir earthquakes on November 15,
2006, Mw 8.3 and January 13, 2007, Mw 8.1
[3] on Simushir Island (Kostochko isthmus).
Since 2007, observations at the KETO, MATC
(Fig. 2a) and KHAR points closest to the epi-
central zone have been carried out in the mode
of autonomous continuous recording, which
continued until September—December, 2016.
In 2017, these stations were switched to the pe-
riodic recording mode.

The continuous recording at the KUNH,
SHIK, and ITRP stations in the south of the Ku-
ril island arc in 2013 was terminated for tech-
nical reasons and resumed at the KUNH (Ku-
nashir Island) and ITRP (Iturup Island) stations
in 2017 as a part of the Targeted Comprehensive
Research Program of FEB RAS “Modern geody-
namics, active geological structures and natural
hazards of the Russian Far East” [4]. The SHIK
station (Shikotan Island) was restored only in
2022 (Fig. 2b). The current state of the geody-
namic GNSS network is shown in Fig. 1.

Continuous recording stations are equipped
with Trimble NetRS GNSS receivers with Zephyr
Geodetic antennas or Trimble NetR5 ones with
Zephyr Geodetic model 2 antennas (Fig. 2). Ob-
servations are carried out with 1-30 s data dis-
creteness and satellite elevation mask from 5°.
Periodic measurements are made by the GNSS
receivers and antennas of the same types. Such
measurement duration is usually at least three
days at each observation point. All field works
are carried out in the summer-autumn period in
order to minimize the seasonal impact on the po-
sitioning accuracy.

Data processing is carried out using the Ber-
nese [5] and GAMIT/GLOBK [6] software. The
stations of the international IGS network (Inter-
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national GNSS Service) with long-term temporal Study results
stability are included in daily solutions to con- .
nect the networks with the ITRF (International Models of the focal me.ch amsms.of
Terrestrial Reference Frame) global reference strongest earthquakes in the region
A number of strong seismic events have oc-

system [7]. In this case, the final satellite orbits : ; S
provided by IGS, IERS (International Earth Ro- curred in the Kuril-Kamchatka region in recent
years. The modeling of their sources was per-

tation and Reference Systems Service) orien- . .
. . formed on the basis of the recorded instrumental
tation parameters of the Earth rotation, tables Lo ,
data on coseismic displacements of the Earth’s
of dependences of antenna phase centers, Sun surface

and Moon parameters and other materials rec- The November 15. 2006 Mw 8.3 and Janu-
ommended by the International GNSS Service ., 73 2007 Mw 81 Simushir 'earthquakes

(IGS: International GNSS Service. URL: https:// are the largest recent seismic events in the Ku-
igs.org/) are used. ril seismogenic zone. They occurred the east of
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Fig. 1. Layout of the GNSS points of the Kuril geodynamic network.

Continuous points are highlighted in black, and periodic points are highlighted in blue. The arrows represent the interseismic velocities of
the points relative to the North American Plate. The red arrows show the velocities of post-seismic relaxation as a result of the 2006-2007
Simushir earthquakes for the period of 2015-2016. The RMS errors of the velocities do not exceed 2 mm. The velocity scale is shown in the
upper part of the figure. The convergence velocity of the lithospheric plates is shown with a white arrow. The focal mechanisms of the stron-
gest seismic events in the region are taken from the USGS (USGS: The United States Geological Survey. URL: https://earthquake.usgs.gov).
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Fig. 2. The MATC point (Matua Island) of autonomous
registration (a) and the SHIK point (Shikotan Island) of
continuous registration (b).
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Simushir Island near a deep-water trench at a
depth of about 12 km (Fig. 1). In the long-term
seismological forecast by S.A. Fedotov [8], this
area was marked as one of the places of possible
earthquakes with M > 7.7. The tsunami runup on
the central Kuril Islands caused by these earth-
quakes reached 20 m [9].

Piecewise homogeneous dislocation models
of the Simushir earthquakes are built on the basis
of the inversion of horizontal coseismic displace-
ments of the GNSS stations of the Kuril geody-
namic network and the stations of the International
GNSS service located in Yuzhno-Sakhalinsk and
Petropavlovsk-Kamchatsky [3]. The earthquake of
2006 (low-angle overthrust at an angle of ~16° by
the type of seismodislocations) occurred in the con-
tact zone of the lithospheric plates. The total size
of the seismic rupture was 230 km along the strike
and 150 km along the dip. The maximum model
displacements reached 612 m in the southern
near-surface subfaults close to the hypocenter.

The earthquake of 2007 (a fault along the
plane dipping steeply to the southeast at an angle
of 59°) occurred in the area of the bend of the Pa-
cific lithospheric plate. The values of the model
displacements are maximum (up to 8§ m) near the
hypocenter in the southern fragment of the plane
of seismic rupture. The areas of maximum slip
of both earthquakes are adjacent to each other
and allow us to suggest that the event of 2007 is
associated with the stress redistribution after the
2006 earthquake.

The May 24, 2013 Mw 8.3 Okhotsk earth-
quake is a strong deep-focus seismic event re-
corded near the western coast of the Kamchatka
Peninsula at a depth of 610 km (Fig. 1). The
earthquake was accompanied by the aftershock
sequence, that is not character for such events.
Coseismic displacements of the Earth’s surface
were recorded by the continuous observation
GNSS stations of the entire region at distances
up to 1000 km from the epicenter. For the first
time in the world practice, a dislocation model
of a deep-focus earthquake in an elastic half-
space was constructed on the basis of coseismic
displacements, taking into account the spheri-
city and layering of the Earth [10]. The type of
movement in the source is a low-angle westward
dipping fault at an angle of 11°, the maximum
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movement is 7 m. The subducting Pacific Plate was
ruptured in thickness by 50 km.

The March 25, 2020 Mw7.5 Paramushir
earthquake has occurred 200 km southeast of the
island of the same name in a subducting oceanic
plate beneath the outer slope of a deep-water trench
at a depth of ~60 km (Fig. 1). It was the strongest
seismic event since 1900 both for the outer slope
with a length of about 800 km and for the 300 km
Kuril-Kamchatka subduction zone adjacent to the
epicenter. The spatial distribution of aftershocks
and finite fault models did not allow us to make a
choice in favor of the priority plane of the seismic
rupture. A comparison of the model and measured
coseismic horizontal displacements at the PRMH
GNSS station closest to the epicenter made it pos-
sible to uniquely identify the active plane of the
seismic rupture [11]. Subhorizontal compression
stresses, oriented transverse to the tectonic struc-
tures of the seismic focal zone, were realized in
the earthquake source, the type of movement was
a reverse fault along the plane, that has a southwest
strike with a northwest dip.

Post-seismic relaxation in the epicentral
zone of the Simushir earthquake doublet

A wide zone of damped post-seismic displace-
ments of the Earth’s surface was observed in the
central part of the Kuril island arc, after the 2006
Mw 8.3 and 2007 Mw 8.1 Simushir earthquake
doublet. Continuous GNSS measurements made it
possible to study the dynamics of the transient pro-
cess caused by viscoelastic stress relaxation in the
asthenosphere and estimate its duration by a period
of ~10 years [12]. At the initial stage, post-seismic
horizontal displacements directed towards the deep-
sea trench and post-seismic uplift were manifested
along a strike of 450 km (from the north of Urup
Island to Kharimkotan Island). Horizontal veloci-
ties in the immediate surroundings of the epicen-
tral zone reached 90 mm/yr, decreasing annually by
~30% (Fig. 3). Post-seismic displacements of the
Earth’s surface had almost ended at the URUP point
(Urup Island) by 2012, and at the KHAR (Kharim-
kotan Island) and KOST (Simushir Island) points
by 2014. A decaying post-seismic process with a
velocity of ~10 mm/yr was observed in 2015-2016
only at the KETO (Ketoi Island) and MATC (Matua
Island) points (Fig. 1).
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The viscosity of the asthenosphere is a fun-
damental but understudied property of the Earth.
Modeling of the transient process in the epicentral
zone of the Simushir earthquake doublet made it
possible to reveal the dependence of the Maxwell’s
viscosity of the asthenosphere on the velocity of the
observed post-seismic movement of the Earth’s sur-
face: the viscosity of the asthenosphere increased
by ~5 times from 2-10'7 Pa-s in the first year of ob-
servations (2008) to 1-10"® Pa-s in 2011 [12].

The asthenosphere viscosity, reaching
~1-10" Pa-s, manifested itself over several decades
after the strongest (Mw ~ 9) interplate earthquakes
of the 20th century: the 1960 Chilean earthquake
and the 1964 Alaskan earthquake [13, 14]. Howe-
ver, in the south of Kamchatka and the northern
Kuril Islands, post-seismic displacements after the
1952 Kamchatka earthquake were not recorded
50 years later [3, 15], which may indicate a lower
long-term viscosity of the asthenosphere in the Kuril-
Kamchatka subduction zone compared to other re-
gions. It will be possible to clearly estimate its value
by carrying out the future GNSS observations in the
epicentral zone of the Simushir earthquakes.
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The strongest (since 1990) volcanic erup-
tions on the Kuril islands arc confined to the
zone of manifestation of the post-seismic pro-
cess. A powerful explosive-effusive eruption of
Sarychev Peak volcano has occurred on Matua
Island (Volcanic Explosivity Index (VEI) = 4)
[16] in June 2009 (after 33 years of dormancy
and 2.5 years after the Simushir earthquakes
during the period of intense stress relaxation
process). The MATC autonomous station of
continuous observations, located on the island
7 km southeast of the volcano, has recorded the
displacement of the Earth’s surface during the
active phase of the eruption. The station shifted
by ~30 mm towards the volcano crater and sank
by ~40 mm.

An incidental effusive eruption began in
November 2012, after a 30-year dormancy pe-
riod, on Snow volcano (Chirpoi Island — the
south of the central Kurils). The active phase of
the eruption continued for four years (VEI = 3)
[16] during the completion of stress relaxation
in this area.

A powerful (VEI = 4) and sudden explosive
volcanic eruption on Raikoke Island (the central
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Fig. 4. Time series of coordinates of the PRMH (Paramushir
Island) GNSS station. Vertical lines indicate the dates of the

2006-2007 Simushir and 2013 Okhotsk earthquakes.
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Kurils) began in June 2019 after 95 years of dor-
mancy [17]. It occurred at the stage of complete
decay of the post-seismic process in this part of
the Kuril island arc. Stress relaxation in the Earth’s
crust at various stages of the post-seismic process
in the epicentral zone of the Simushir earthquakes
can be assumed to be the trigger for powerful vol-
canic eruptions in the central Kuril Islands.

Current seismic deficit in the
subduction zone

Analysis of the interseismic (free from
earthquake influence) velocities of the GNSS
stations in the north and south of the Kuril is-
land arc allowed simulating the current coupling
of the Pacific and North American (Okhotsk)
lithospheric plates under the conditions of a
mechanically joint zone of their contact and as-
sessing the dynamics of stress accumulation in
the subduction zone. At present, an intense accu-
mulation of deformational stresses occurs in the
southern and northern parts of the Kuril subduc-
tion zone (Fig. 4). The width of the contact zone
of the lithospheric plates (along the dip) reaches
183 km in the area of Shikotan, and it is 104 km
at the PRMH point (Paramushir Island) [18].
Significant accumulation of elastic stresses in the
central segment of the subduction zone (from the
north of Urup Island to Kharimkotan Island) was
not observed after the Simushir earthquakes.

The areas of current seismic deficit in the Ku-
ril subduction zone have been identified based on
the cumulative displacement of interplate earth-
quakes with Mw > 7.0 for the period since 1990
[18]. The deficit of seismic displacement ranging
from 3 to 8.8 m (relative to the velocity of the
lithospheric plate convergence) is observed in two
extended areas: from the eastern part of Hokkaido
Island to the north of Kunashir Island (~ 200 km),
and from Onekotan Island to the south of the Ka-
mchatka Peninsula (~250 km). In the long-term
seismic prediction for the period from 2019 to
2024, the total probability of occurrence of seis-
mic events with magnitude M > 7.7 in these seg-
ments is 8.9 and 12.5%, respectively [19]. At the
same time, it should be noted that the March 25,
2020 Mw 7.5 Paramushir earthquake, which has
occurred beneath the outer slope of the deep-water
trench, increases the probability of a future strong
earthquake in the northern segment [11].
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Conclusion

The organization of a network of continu-
ous and periodic GNSS observations on the Kuril
Islands provided extensive material for studying
modern geodynamic processes in the Kuril sub-
duction zone. The performed observations made
it possible to obtain some new information about
the modern geodynamics of the region:

e models of the strongest seismic events, which
formed the basis for studying the mechanisms
and tectonic nature of their sources, were built,
as well as the geometric parameters of seismic
ruptures were estimated;

¢ the dynamics of the transient decaying process
caused by viscoelastic stress relaxation in the
epicentral zone of the 2006-2007 Simushir
earthquakes was studied, and the dependence
of the asthenosphere viscosity on the velocity
of the observed post-seismic movement of the
Earth’s surface was found;

e stress relaxation in the Earth’s crust at various
stages of a long-term post-seismic process
after the Simushir earthquakes can be a trigger
for powerful volcanic eruptions in the central
Kuril Islands;

e cstimate of the seismic potential of various
sections of the Kuril subduction zone based on
the modeling of modern mechanical contact
of the lithospheric plates, together with other
methods, contributes to a more accurate as-
sessment of the seismic hazard of the region.
In the future, the GNSS observations on the

Kuril Islands will make it possible to study in de-
tail the features of the modern geodynamics of the
region.
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