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Pecbepat. B pabore npeanpuHsaTa MONbITKA OTBETUTh HA BOIPOC O POJIM BKJIAJa THAPOU30CTA3UHU B HAPSHKEHHO-
JIe(OpPMUPOBAHHOE COCTOSIHUE 3eMHOW Kopbl 0. CaxanuH. OneHKa BKJIaJa THMIPOM30CTa3HH BBIMOJHSIACH ITyTeM
MOZEIMPOBAaHHSI METOIIOM KOHEUHBIX dneMeHToB. CeTka-Mell Juis pacyera ObUIa IMOCTPOEHA C HCIOJIb30BaHHEM
pCaNBHBIX 3HAYCHWH TITYOWHBI MOBEPXHOCTH T'paHUIBI Moxo U Tomorpaduu 3eMHON moBepxHOCTH 0. CaxXaiwH ¢
MPUJIETAIONIMMU 1IeNnb()OBbIME ydacTkaMu. [Ipu pacdyere yuuthiBaiachk LlenTpanbao-CaxanuHCKas pa3IoMHas 30Ha.
MonenupoBairch OTAeFHO TOPU30HTAIBHBIE CMEIeHHs B pe3yabrare nedopMalii 1 TOPU30HTAIbHBIE CMELICHUS
COBMECTHO C BepTHKalbHbIMH. CpaBHEHHE pe3yJIbTaTOB MOJCIMPOBAHUS HAMPSKCHHO-IAC(HOPMUPOBAHHOTO
COCTOSIHHSI C yYETOM TOPH3OHTAJIbHBIX CMEIICHWH M B KOMOWHAIIMKA C BEPTUKAIBHBIMH CMEIICHUSAMHU CO BCelt
OYEBHUIHOCTBIO [IEMOHCTPHPYET 3aMETHBIM BKIAJ THAPOU30CTA3MU B HAMPSDKCHHO-AS()OPMHUPOBAHHOE COCTOSIHUE
3eMHOM KOpBI paiioHa 0. CaxaiuH.
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Modeling of the stress-strain condition of the Earth’s crust
of Sakhalin Island: impact of hydroisostasy

Rustam F. Bulgakov
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Institute of Marine Geology and Geophysics, FEB RAS, Yuzhno-Sakhalinsk, Russia

Abstract. The paper attempts to answer the question about the role of contribution of the hydroisostasy to the
stress-strain state of the Earth’s crust on the Island of Sakhalin. The hydroisostasy contribution was estimated by
simulation by means of finite element method. The mesh grid for the calculation was constructed using the real
values of the depth of the Moho discontinuity surface and the topography of Sakhalin Island with adjacent shelf
areas. The calculation took into account the Central Sakhalin fault zone. Lateral displacements as a result of strain
and lateral displacements combined with vertical ones were simulated separately. Comparison of the results of the
stress-strain state simulation, taking lateral displacements and their combination with vertical ones into account,
clearly demonstrates the significance of the hydroisostasy contribution to the stress-strain state of the Earth’s crust
in the Sakhalin region.
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BBepeHue

B cepennne XX B. ObIJIO YCTaHOBJIECHO, YTO
MOCJIeNEeIHUKOBasl TpaHCTpeccus, 0COOEHHO Ha
3aBepIlaoIIeM JTane, HauuHass ¢ 6 ThIC. JeT
Ha3aJ, UMeja HEOJMHAKOBBIM CIIEHApuil U He-
PaBHOMEPHYIO CKOPOCTh HACTYIUICHHS MOpPS B
pa3nuyHbIX palioHax MmupoBoro okeana. bazo-
BBIMHU paccMmarpuBaiuch cueHapun @. Illenap-
na u P. @eitpopumxka. llenapn [1] mpennonaran
IIJIABHOE MOBBIIIEHUE YPOBHS MOPSsi, KOTOpPOE, MO
ACUMITOTE, JOCTHUIJIO COBPEMEHHOIO YPOBHS,
HO HUKOTJa He mpeBblmano ero. Ero onmoneHt
@eiipbpux [2] mpennoku1 albTepHATUBHOE
MIPEACTABIEHHUE O XOJE€ TPAHCIPECCUU — C OCLIUJI-
nauusamu. [lo @eitpOpumxky, ypoBeHb MupoBo-
ro okeana 5.0 u 3.7 ThIC. JI.H. IPEBBICUII COBpE-
MEHHBIN Ha 3—4 M, a Jajnee mocie psjaa MEJIKUX
ocumwisiuuit 2.3 u 1.2 ThIC. JI.LH. aMIUTUTYAOU
+1.5 M BepHyJicd K ypOBHIO OJIM3KOMY COBpe-
MEHHOMY.

Pemenue pans oOcCyxagaeMoro mpoOTHBO-
peuusi MpeIOKUI KOJIJIEKTUB HCCleqoBaTene
J. Clark et al. [3]. Onu pa3paboranu mMonenb C
y4€TOM H3MEHEHHUH T'paBUTAMOHHOTO TOJS B
pe3yibpTaTe nepepacrpeneseHuss mMacc Jplaa u
BOJbl HA MOBEPXHOCTU 3E€MJIM NpPHU YHIPYTHX U
BSI3KO-YIIPYTUX PEOJIOTHYECKUX CBOMCTBAX 3€M-
HOM KOpbI M1 MAaHTUHHBIX ciioeB. [Ipu pacuere B
MOJZIEIM BBIYUCIIANIACH pa3HHUIA MEX]Y BOIHOM
MOBEPXHOCTHIO MOPSI U TBEPJ0M MOBEPXHOCTHIO
MOPCKOIO JIHa JJi 3aJJaHHOT0 MOMEHTa Bpeme-
HU. B nmanpHeimeM pacdeT Moiydus Ha3BaHUE
«pellIeHue ypaBHEHUS MOPS».

OTH aBTOpPBI TaKXkKe BBIACIIIN Ha MOBEPX-
HOCTH 3€MJIHM 30HBI CO CXOXHMH CIICHAPUIMHU
X0/la TOCIHEJIeAHUKOBOH TPAHCTPECCUH, T.C.
30HBI, B KOTOPBIX YPOBEHb MOPS MPEBBIIIAI CO-
BPEMEHHBIN, 30HBI, B KOTOPBIX YPOBEHb MOPs
MOHU3MUIICA, U JIp. Becero Obu1o BhIZEIEHO 6 30H.
B nmanpreimeM, Ha OCHOBE 3TOW PabOTHI, YHC-
JIEGHHO€ MOJEIUPOBAHUE X0/1a TOCIIEIEAHUKOBOM
TPaHCTPECCUU COBEPUIEHCTBOBAIOCK. [losiBHIICS
TEPMUH THUIPOU30CTA3Ms, OBUIA OTKPBHITHI Ta-
KHe SIBJICHHS, Kak ocean siphoning («mepekady-
Ka» okeaHa), continental levering (momHsTHE
KOHTHUHEHTA) [4].

CaxanuH, SBJISISICH OCTPOBOM M pacrioyiara-
SCh BHE 30H I'PaBUTALIMOHHOTO BO3/IEHCTBUS Macc
MOKpOBHBIX JieqHUKOB (far field zone), He moaBep-
rajcsi BAUSHUIO NIALMOU30CTa3uu, HO HE MOT M3-
0exaTh THAPOU30CTATUIECKUX BO3ICHCTBHIA.
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Haubonee n3ydeHHbII MHTEpBal BpEMEHH,
Ha KOTOPOM ITPOU30IIJI0 U3MEHEHHE YPOBHs Mu-
poBOro okeaHa amruTyaoud B 120 m, — 310 10O-
cinennue 20 Thic. JeT. B 3TOT mepuon mocne mo-
CIIEIHETO MaKCHUMyMa IOKPOBHOTO OJIECHEHUS
(Banpaiickoe Ha Pycckoii mnargopme, Biopm B
3araJHOEBPOIEHCKOM peruoHe, BuCKOHCHH B
CeB. Amepuke, Capranckoe B Cubupu), npu Ko-
TOPOM B JIEIHUKax 3amep3 00beM BOJbl, DKBU-
BAJICHTHBIM TOHWKEHUIO ypoBHS Mops Ha 100—
120 M, HayaOCh TastHUE MOKPOBHBIX JIETHUKOB U
nornoyiHeHue MupoBoro okeaHa BOJOM C MOBBILIE-
HUEM YPOBHS MOpEH U OKEaHOB JI0 COBPEMEHHOTO.

SIBneHue ruApon30CcTa3sun U3y4aeTcs MeTo-
JaMH YUCIICHHOTO MojenupoBanus [4—7].

B nannoif paGore mpeanpuHATa MOMBITKA
nccaea0Barh BiIusHUE 3 Pexra ruIpon30CcTa3uu
Ha COBPEMEHHbIE AedopMallii 3€MHOIl KOpBI U
noJisl HanmpsbKeHU Ha Tepputopun CaxalvHa U
NPUJIETAIOIIKX aKBATOPUH MTPU HATUYUU ITTyOUH-
Horo paszioMa. [lons Hanps KeHUN WILTIOCTPUPY-
1orcs kodhurmentom Jlone—Hanan.

B nHacTosimiee BpeMs npoioiKaoTcs uccie-
JIOBaHUA 10 YTOYHEHHIO O0beMa MOCTYIUICHHS
BOABI B MHpOBOM OKeaH 3a Bpems Hocienen-
HUKOBOW TpaHcrpeccuu. Hampumep, nocnensss
sBcTatudeckas kpusasi [CE-7G NA (VM7), co-
BMECTHO C MapaMeTpaMH BA3KOCTHOW MOJENIH
MaHTHH, YTOUHEHA U MpeaiokeHa B padote [8].
OTa neTanu3upoBaHHas KpUBasl X0Aa TpaHCIpec-
CHUHU XapaKTepu3yeT HarpyKeHHE MOBEPXHOCTH
nHa MUpoBOro okeaHa, HO /1JIsl OLIEHKU pearupo-
BaHMS Ha 3TO 3€MHOW KOPBI 1 MAHTUHHOIO CJIOS
HEOOXOMMO TMPOAHATU3UPOBATH TOJIHBIM UK
Harpy>KeHus—pasrpyxxeHus. YToObsl mOTy4YUThH
MIOJIHBIM LIMKJ, HAMU MOJENMPOBAJIOCh CHaJyaia
HarpykeHue MpUJIeTaoMMNX aKBATOPUH CI0EM
BOJIBI C yBeJIMUEHUEM ryOuHs! 10 120 M Ha npo-
TsokeHUH 20 ThIC. JIET, 3aT€EM Ha TPOTSIKEHUU CIIe-
ayromux 20 ThIC. JIeT pa3rpyXeHue 10 TTyOUHBI
0 M. Tak Kak IeTanbHBIN X0 U3MEHEHHUI YPOBHS
MupoBoro okeaHa sl PEbIIyIIUX 310X B Ta-
KO JK€ CTETEeHH JIeTaIbHOCTH, KaK JUIsl 9BCTaTH-
yeckoit kpuBoit ICE-7G _NA (VM?7), He ycTaHOB-
JIeH, TO Harpy>KeHHE U pa3rpyKeHHe BHIMOTHSIIH
10 JIMHEWHOMY 3akoHy. T.e. MoxenupoBasach
cuTyauusi, OIu3Kas K MEXIJIETHUKOBOM TpaHC-
IPECCUH, NEPEXOMALIEH B PETPECCHI0 MOpS —
3a00p BO/ABI M3 OKEaHa B IOKPOBHBIE JIETHUKH.
«YpaBHEHHE MOps» IPU 3TOM HE PEIMIAIOCH.
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OctpoB CaxanuH, pacmojiarasch Ha CTBHIKE
Amypckoii n OXOTOMOpPCKOM TEKTOHMUYECKUX
IUTUT, B CyOMEpHUIMOHAJIbHOM HalpaBlIeHUH pac-
cekaeTcs pa3JioMHOU 30HOMU [9—15], koTOpas re-
HEpHUPYET OCHOBHYIO CEHICMUYECKYIO aKTUBHOCTb.

Ha BceM mpoTsbKeHHH pa3IOMHOM 30HBI 00-
Hapy’KeHbl aKTUBHBIE pa3iioMsl [9, 11, 16].

NMocTpoeHne moaenu

Ha ocnoBe mannbpix O6atumerpuu Topex
(https://topex.ucsd.edu/cgi-bin/get data.cgi) u
rpanuibl Moxo u3 06as3el gaHHbix Crust 2.0
(https://igppweb.ucsd.edu/~gabi/crust2.html),
ajanTupoBaHHbIX It OXOTOMOPCKOTO permo-
Ha [17], 6puta moctpoeHa 3D-cetka (mesh) mns
pacuera METOAOM KOHEYHbIX ayieMeHTOB (MKD).
Jis MmonenupoBanus 6b11 BBIOpaH yyacTok Oxo-
TOMOPCKOTO peruoHa B IHpeaenax KOOpAHWHAT
139-147° B.n. u 45-55° c.u. (puc. 1). IToctpo-
€HUe CEeTKH (pHcC. 2) BBIIOJHAIOCH B IPOrPaMM-
HBIX TaKeTaX C OTKPBITBIM KOJAOM U OTKPBITHIM
noctynom Salome (https://salome-platform.org/)
u FreeCad (https://www.freecadweb.org/). baru-
MeTpHusi U rpanunia Moxo ObulM B3SITHI B ITPOEK-
uuu UTM-54 na WGS-84. Certka npeacraBiisieT
coboii mapasutenenunen co croponamu 5 000 u
10 500 kM, ryounoit 430 kM. B nenTpanbHOi
YacTH CETKU — IMOBEPXHOCTH, MOCTPOCHHBIE Ha
OCHOBE JIaHHBIX O OaTMMETPUH U TOBEPXHOCTH
rpaHuibl Moxo. BepxHuii cioil B 3TOM 4acTu,
MoIIHOCTBIO OT 10 110 40 kM, —3eMHas Kopa, HUX-
HUuM cioil 10 mryOuHbl 430 kM — clloil BepxHei
maHTHU. Pa3perienue rpuaa mudpoBoi Monenu
MOBEPXHOCTEH, MO KOTOPOH CTpOMJIaCh CeTKa-
Mer, B3aT0 50 kM. M30bITOUHBII 00bEM TOCTPO-
€H 10 CTOpOHAaM Mapa’luielienuIe/a HeHTpaIbHOM
YacTW Uil YCTPAHEHHs BIMSHHUS B3auMOJICH-
CTBHS C OOKOBBIMHM TpaHHMIiaMu Moxaenu. llen-
TpaJibHas YacTh NapajulesenuIeaa NpeacTaBaseT
co00l IPSIMOYTOJIBHBIM y4acTOK CO CTOPOHAMH
500x1050 xm (puc. 2). MonenupoBanue B AaH-
HOM CJIy4yae UMeeT HEKOTOPYIO aHaJIOTuIo ¢ pabo-
tamu [18, 19], B KOTOpBIX MOJIEAMPOBAIUCH MO
HaIlpsSDKEHUH B 3€MHOM KOpe ABCTPaJIMIICKOrO
KOHTMHEHTA, CO37JaBa€Mble JIaBJIEHUEM CO CTOPO-
HbI OKPY’KaIOIIUX JIUTOC(HEPHBIX TUIUT.

IIpu MopemupoBaHUM U3MEHEHUM YPOBHs
MOpSI B 3IIOXH CMEHBI JIEAHUKOBUN MEKJIETHUKO-
BbSIMH OOBIYHO PACCUMUTHIBACTCS W3MEHEHHE Ha-
IPY3KH B pe3ysbTare nepepacipeaeneHus JeI0BbIX
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MTOKPOBOB U BOABI MUPOBOTO OKEaHa Ha 3€MHYIO
KOPY M MaHTHUIO JI0 siipa. YYeT BCEe MaHTUMHOMN
TOJILM HEOOXOAMM B Clly4ae ONUCAHUS MaHTHH-
HBIX CJIO€B B BHUJIE BSI3KO-yNPYroro marepualna,
Toraa B AedopManuy BOBJIEKAaeTCs MaHTUA Ha
BCIO TNIYOMHY J10 HI)KHETO MAaHTHUITHOTO CIIOSI.

55°.m.
139°8.11.

55°.r.
147°B.1.

45%m
147°8.11.

45°.11.
139%.1.

Puc. 1. Cuctema pasnomon Caxanusa B uHTepnperaruu A.1. Ko-
)KypuHa [11]. [OpH30HTaNBHBIMU IITPUXaMH ITOKAa3aHO MOJIOXKE-
HUE PETMOHAIBLHON NPaBOCIBUIOBOM 30HBI. Ha Bpe3kax crnpasa —
MIPUHLUINATIBHBIC MOJEIH MOIEPEYHOTO CEYESHUsI 30HbI B Pa3HBIX
yactax noausatus ocrposa: CC — Ceepo-Caxanunckuii, 3C — 3a-
nagHo-Caxamuackuid, LIC — ILenrpansHo-CaxanuHCKUN CerMeH-
Tol 30HbI. Ha Bpeske crieBa BBepXy — cxeMa KyIHCHOTO Pacroo-
JKEHHsI CerMEeHTOB B30pocoBoii LleHTpanbHo-CaxaarMHCKOH 30HbI.
Pucynok 3ammcTtBOBaH U3 aBTOpedepara auccepranuu A.M. Ko-
KypuHa [11].

GEOSYSTEMS OF TRANSITION ZONES, 2022, 6(4)
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B namewm ciyuae, Korja 1eabi0 MOJEITHUPOBAHUS
SIBIISIETCS BIMSIHUE pa3jioMa Ha SBOJIOIUIO YIIPY-
rOi 36MHOM KOpBI, MAaHTHsI TOXKE OIHCHIBAETCS
KaK ynpyrui marepual, Tak 4To HET HeoOXo1u-
MOCTH YYMUTBIBaTh AepopMalIiy Ha BCIO IITyOUHY
U yIOpOXKaTh YUCICHHBIA pacueT. [IoaTtomy mo-
JIeNb JUIS pacyeTa MOCTPOCHA TOJIBKO Ha TTyOu-
HY BEpXHEH MaHTHUH, KOTOpas, 1Mo JaHHbIM [20],
HaxoauTcs Ha rryoune okono 400 km. Tak yTo
Obuta npuHsATa n1youHa 430 kM.

B Salome ana renepupoBaHUs CETKU HC-
nons3oBaica ainroputm NETGEN 1D-2D-3D
reaepatopa cetok-mem NETGEN (https://
github.com/NGSolve/netgen). DnemMeHTH LIS
CEeTKM OBUIM COCTaBIEHbl U3 KBaJAPaTUYHBIX
TeTpa’apoB (quadratic tetrahedrals). CeTka co-

nepxut 2504 y3na u 13 743 snementa. st co-
KpaIIeHHs] MAITHHHOTO BPEMEHH CYeTa pa3Mephl
3JIEMEHTOB CETKH YBEJIWYEHbI OT LIEHTpa K Kpa-
M U B II1yOUHY.

Mopenb ceTku BKIOYaeT 2 cios (cM. Tad-
TUIY).

Crnoil «3emHast Kopa» COCTaBJIEH M3 JIBYyX
OTJIEJIBHBIX TEJ, KOTOPbIE Pa3/esIoTCs MJI0CKO-
CTSIMHU «pa3JIOMHOU 30HEI. KoHurypamus pas-
JIOMHOW 30HBbI, PEICTaBICHHAsA HA pUC. 1, B34Ta
u3 pa6otsl [11, puc. 17]. Yron HakiI0Ha MIOCKO-
cTu «paznoma» 80° ¢ mageHUeM Ha 3amnaj. Yrou
HaksioHa B 80° ObUT BEIOpaH COTMIACHO OIEHKAM,
caenanHbiM A.M. CyBOpoBBIM aJi YIJIOB Ha-
KJIOHA ITYOMHHBIX pa3iomoB [23]. OH BblaensET
JBa THNa MTyOWHHBIX Pa3jIOMOB, MEPBbIE — 3TO

Puc. 2. Cerka-Men, NOCTPOEHHAs M pacyeTa HalpsHKeHHO-1e(pOPMUPOBAHHOTO COCTOSIHUS IIPU HAJIMYMU PA3IOMHOHN 30HBI Ha 0. Ca-
XaJIMH MOJI BO3/ICHCTBHEM JIBIKEHUSI 3eMHON KOopbl OXO0TOMOPCKOH T, CTpenKkaMy YepHOTO LIBETa YKa3aHbl HAIPaBJICHUS JABIKEHUS
MOBEPXHOCTEH (¢ BOCTOYHOH CTOPOHBI KPACHOTO 1IBETA, C CEBEPHOH CTOPOHBI CKpbITa). [10 yCI0BUAM MOJIEIUPOBAHHS IBHKEHHUS BIIOJIb
CTpenok npoposkanuck 40 Thic. et ¢ ammuTyn0i 80 M ¢ BocToka u ceepa. Jlist UMUTaLMK BIUSHUA dQdeKTa THIPON30CTa3uH Ha I10-
BEPXHOCTH KPBUIbEB Pa3jioMa Ha ydacTkax Hinke 0 M MOAEIHPOBAINCH CMEILEHHS 0 BepTHKay BHU3 20 ThIC. JIET ¢ aMIutuTynoi 10 M u

3areM BBepX 20 ThIC. JIeT ¢ aMIIUTyRoi 10 M.

Tabauna. XapakTepucTuKy 3eMHON KOPBI M MAHTHH, IIPUHSTHIE B paboTe JJIs TOCTPOCHUST MOJEIIH

I'paBuTamnus
Cioit Mo1HOCTb €104, HJ'IOTH03CTL, Koaddurment Moz[yJIL1 1cz[BI/Ira, e
KM KI/M ITyaccona x10" ITa p
TIAICHU), M/C
3eMHas Kopa 30-38 3233.6 0.49 0.45 9.987630567
BepxHusasa manTus 430 3367.12 0.49 1.9941 9.939356456
Ipumeuanue. 3HaueHNs B3ATH OCPEAHEHHO U3 pador [21, 22].
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IyrooOpa3Hble, XapaKTepHble, Hampumep, I
ME30KallHO30MCKHUX PAa3JIOMOB KPYIHBIX CTPYK-
Typ, Takux Kak I[lamup u I'mmanaun, umeromme
ymisl HakinoHa 40-60°, m BTOpbBIE — 3TO pas-
JIOMBI MEHBIIIETO MacmTaba u OoJee MPSIMOIHU-
HeliHble, ¢ yrioM HakioHa 80-90°, Hanpumep
mTyOMHHBIN pa3iioM coceacTByromero ¢ Oxoro-
Mopckoii mnToit Cuxor3-Anuns. B Gonee mo3a-
HUX paboTax [24] HET KOHKPETHOU OIICHKH yTia
HakIoHa XoKKailno-CaxaauHCKONW CUCTEMbl Ha-
pyLIEHUH, HO W HEeT yKa3aHuW Ha Ooiiee moJio-
I'Uil yrosl HakjaoHa cucTteMbl. OLleHKa HAaKJIOHA B
75—85° AnpenoBCKOTro pasyioMa, B FO)KHOW YacTH
[TenTpanbHo-CaxaJIMHCKON pa3JIOMHOM 30HBI,
MCII0JIb30BaHa TaK)Ke MPHU MOCTPOECHUU reoMexa-
HUYECKON MOJIEIN aKTUBHOTO pas3jioMa 0XKHOTO
Caxanuna [25].

Crnenyetr oroBOpUTHCS, YTO MOAEIb IOCTPO-
€Ha Kak yIpyroe Teino, 6e3 yueTa BSI3KOCTHBIX Xa-
PaKTEPUCTUK MAHTUIHOTO CJIOSI.

Pacuer

Pacuer npoBenieH B MporpaMMHOM TaKeTe ¢
OTKPBITBIM KOJIOM U B cBOOOIHOM jaoctyre Elmer
(https://www.csc.fi/web/elmer). Moxenuposa-
HUE BBITIOJIHSUIOCH B PEKUME TCUCHUS BPEMCHH
(transient), BpemenHoit mar — 1000 net. Ilmo-
CKOCTh, OTpaHWYHMBAIONIAs TPaBOE, BOCTOYHOE
KPBLJIO CJI0SI «36MHOM KOPBI» C BOCTOYHOM CTOPO-
HbI, 0003HAaYeHHAsA HA PUC. 2 KPACHBIM IIBETOM,
cMelaiack Ha paccrosinue 80 M 3a IPOMEKYTOK
BpemMeHu 40 ThIC. J€T B HaNpaBJICHUHU, YKa3aH-
HOM CTpeiKkoi, Ha 3anaja. CUHXPOHHO C JIBHXKe-
HUEM IUIOCKOCTH B HAINPAaBJICHUU C BOCTOKA Ha
3anaj MIOCKOCTh, OTPAaHUYMBAIOIIAS BOCTOUHOE
KPBLJIO pa3jioMa C CEBEPHOI CTOPOHBI, JBUTAIIACH
Ha 0T C TaKo# ke ckopocThio (puc. 2). Tak kak
00BEKT MOJEIH TpPEACTaBIsAeT coboil He abco-
JIIOTHO XKECTKOE TEJI0, a UMEET PEOJOTHYEeCKUe
CBOICTBA, CXOJHBIE C 3€MHON KOpOW, a TaKxke
nedopmupyeTcs He Ha TIAAKOW MOBEPXHOCTH, a
Ha MOBEPXHOCTH, MTOBTOPAIOIIEH rpaHuily Moxo,
TO HET BO3MOXHOCTHU OIMCHIBaTh MPOLECC KaK
CMEIIIEHUE JKECTKOTO, HelaehOpMUPYEeMOro BOC-
TOYHOTO KpbLIA U MPUXOJUTCS TOBOPUTH O HE-
KOTOPOM CYMMapHOM BEKTOpE IMEepeMEIICHUN B
BOCTOYHOM Kpbuie. CyMMapHbIi BEKTOp mepe-
MEIIEHUN Moydymiicss o ymioMm 45° u ckopo-
CTBIO OKOJIO 2.8 MM/T0f, 4TO COBIIAJAET C OIEH-
KON COBPEMEHHBIX CKOPOCTEH TOPHU30HTATBHBIX
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CMEIIIeHNI 3eMHOW moBepXHOCTH Ha CaxanuHe
[0 pe3yjbTaTaM Ieofe3UYeCKUX H3MEPEHUU
[26, 27].

VYuuteiBasi, 4TO aMIIUTYIbl BEPTUKAIbHBIX
NBWKEHUHN, OLIEHEHHbIE M0 Mayeoreorpaguye-
CKUM PEKOHCTPYKIUSAM CIIEZIOB IPEBHUX Oepero-
BBIX JIMHUM Ha MoOepexbsix 0. CaxaauH B IEPUO
MIOCJIEJIEHUKOBON TPAaHCTPECCUU U TOJIOLEHE,
He npeBbimaoT 10 M [28], nus uMuTanuu Ha-
TPYXEHUSI B pe3yJbTaTe JIeTHUKOBBIX—MEXKIIE-
HUKOBBIX DPETPECCHUBHBIX W TPAHCTPECCHUBHBIX
M3MEHEHUN ypoBHA MHpOBOro oOkeaHa OBbLIO
MPUHATO, YTO «3€MHasi MOBEPXHOCTBHY», pacIio-
JIO)KEHHAsT HW)XXE COBPEMEHHOIO YPOBHS MODS
(T.e. MOpPCKOE JAHO MPU OTCYTCTBUH BO3ACHCTBUA
Ha CyXOIyTHYIO 4acTb OCTpPOBa), IIpeTepIeBala
MAaKCHMaJIbHbIE CMEIICHUA ¢ aMIUIUTYynou 10 m
B HampaBJI€HUM CBEpPXY BHU3 Ha MNPOTKEHUHU
20 TBIC. JIET ¥ B HAPaBJICHUU CHU3Y BBEPX B IO-
cienytoniue 20 TbIC. JET.

AMIUTUTY]a «CYXOMYTHON» TOBEPXHOCTH
0. Caxanuu Morya npereprneBaTh BEPTUKAJIbHbBIE
nedopmali 3a CYET PEOJIOTMUECKUX CBOWCTB
3eMHOH KOPBI, KOTOpasi u3rubanach, cienys cMme-
LIEHUSM TTOBEPXHOCTH JHA MPHJIETAIOIINX aKBa-
TOPUM, U BO3JAEHCTBUS 3a CUET «IIEPETEKaHUI»
MAaHTHUMHOTO BEIIECTBa M3-10J] aKBaTOPHUH, HC-
MBITHIBAIOIINX BEPTUKAJIBHOE HArpy>KeHHE, MO
cywy. ITpu sToM no amrmiuTyne ABUKEHUIN 00-
mas nepopmanusa cymu CaxanuHa, MO OXKHUIa-
HUSIM, He NpeBbICUT 10 M.

AHaJIOTMYHAas OLEHKAa TMOTrPYXEHHs  IO-
BEepXHOCTH JHa B —10 M Obula moslydeHa mHpu
3D-mopenupoBanuu 3pdexra TUIpPOu30CTa3UH
C BA3KO-YINIPYroi peojiorueil Matepuana MaHTHH
g OXOTcKoro Mopsl npu Harpy:xeHun 120-me-
TPOBBIM CJIOEM BOHI [29].

[Ipn MonenupoBaHUM HCIIONIB30BAJICS MpPEN-
YCMOTPEHHBI B IPOrpaMMHOM I[aKeTe Marema-
TUYECKUN UHCTPYMEHTAPUH.

Pemienne cuctemMbl JMHEHHBIX YypaBHE-
HUK AedopMalii BBIMOIHIOCH UTEPAUSIMHU
0000IIIEHHOTO METO/a COMPSIKEHHBIX HEBSA30K
(GCR) mnocne mnpuMeHeHHs HpenoOyciaBiIu-
Bareneil HemosHOW (QakTopusanuu Kpwuioa
(ILU2) B monyne Finite Elasticity (koHeuHas
nedpopmanms). st 1ECKpeTH3alu BO BpeMe-
HU ucnonb3oBaics metoq BDF (dbopmyna 06-
paTHOM auddepeHnnanu) BTOPOro Mopsijka,
000OIEHHBIE METOJ MHHHMAaJIbHBIX HEBI30K
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(http://www.nic.funet.fi/pub/sci/physics/elmer/
doc/ElmerSolverManual.pdf).

Bce cTOpoHBI MoOmenM B HIDKHEM CJIO€,
BKJIFOUAsi CTOPOHBI HUKHETO CJ0s, COCTaBISIO-
IIMe TPAHUIy BEPXHETO CJIOS «3EMHOW KOPBI»,
OBLITM 3aKpeIUIeHbl Kak HemoaBuxkHBIE. [Ipemen
CXOAMMOCTH UTepanuii 011 yctanosmeH 107,

KonTakTHOE B3aMMOIEWUCTBUE IUIOCKOCTEU
B «Pa3JIOMHOH 30HE» MOACIHUPOBAJIOCH C MOMO-
b0 mortar-metona. Mortar-mMeTo1 — YUCIICHHBIH
METOJ JUCKPETHU3AIMH HETPEPHIBHBIX (YHKIIHIA
st perieHust U epeHalbHbIX YpaBHEHUI
C YAaCTHBIMH IPOW3BOIHBIMH. METOI HCITOJIB3Y-
eTcsl Ui JTUCKPETU3allMU HEeTepeCeKaIIMNXCs
MoT9acTell 0OIIEro Tea MOJCIH CETKH-MEeI JIs
CTBIKOBKH HECOTJIACOBAHHBIX CETOK, B JIaHHOM
clIydae MPEACTABISIONUX COOOH KPBUIbS pas-
noma (https://www.nic.funet.fi/pub/sci/physics/
elmer/doc/ElmerModelsManual.pdf).

Pe3ynkrathbl

Nnmoctpanyuu Ha puc. 3 HaAISIAHO JI€MOH-
CTPUPYIOT pa3iuuus B 3HaYCHUAX JedopMariuii
[P BO3JEHCTBUM BEPTHKAJIBHBIX CMEIICHUN M
P HMX OTCYTCTBUU. PUCYHOK MIUIIOCTpPHUpYET
pacueTHble TOPU30HTAJIbHBIE CMEILIEHUS B UHTEP-
Basbl Bpemenu 10, 20 u 40 Teic. neT npu OTCYT-
CTBUU BO3ACHCTBUSA BEPTUKAIBHBIX CMEIICHUH
«MOPCKOTO JJHa» MPUJIETAIOLIUX aKBaTOPUI U ro-
PU30HTAJIBHBIE CMEILIEHHUS 34 T€ K€ BPEMEHHBIE
MHTEpBAJIbl, HO B KOMOMHALIUU C BO3JEHCTBHEM
BEPTUKAIBHBIX CMEUIEHUN «MOPCKOTO JIHAa», C
ammuMTygo 10 M B HanpaBiI€HUM BHHU3, HHXKE
ormeTtku 0 M, Ha npoTskeHnu 20 ThIC. J€T U 3a-
TeM Cc aMIUIMTy0il 10 M B HampaBleHMM BBEpPX
eme 20 ThIC. J€T.

Tengenuun B neOpMUPOBAHUM HIIITIO-
CTpUpYIOTCS Ha rpadukax puc. 4 — U3MEHEHUs
3HAQUCHUN aMIUIMTYJ NEPEMEILECHUH, CHATBIX Ha
KOHKPETHBIX MOBEpXHOCTAX 0. CaxanuH 1o obe
CTOPOHBI PA3JIOMHOM 30HBI. MeCTONOIIOKEHUS
TOYEK yKa3aHbl TOYKAMH PO30BOTO U 3EJIEHOTO
nBera Ha puc. 3 u 5. PaccrossHue mexnay Tod-

kamu 100 km. Ha puc. 4 a noka3aHbl CMEILICHUS
TOYKHA OTHOCHUTEJILHO CHUCTEMbI KOOPAUHAT MOJle-
JIU B pe3yJibTare MOCTYNaTeIbHOr0 TOPU30HTAIb-
Horo nBwkeHUs (XY) OOKOBBIX IMOBEPXHOCTEH
CJIOSl «3€MHOM KOPBI» B CyMMapHOM FOTO-3amaj-
HOM HAIIPaBJICHUU U HEMOABU)KHOTO TMOJOKEHUS
OOKOBBIX IOBEPXHOCTEH C 3amaJHOW W HOKHOU
CTOPOHBI CJIOSI «36MHOM KOpbD». I'paduk nemMon-
CTPUPYET CMEILIEHUS B MECTE, YKa3aHHOM 3eJle-
HOM TOYKOH Ha puc. 3. MakcuManbHble TOPU30H-
TaJbHbIE CMEUICHUS B pe3yibTare JaedopManuu
3a 40 toIc. MeT mocturau —0.43 M, MaKCUMalbHEIC
BEpPTHUKAJIbHbIE CMELEHUs cocTaBuiau —0.27 M.

I'paduk 4 b mokaspIBaeT CMEIICHUS B Me-
CTe, YKa3aHHOM PO30BOM Toukoil Ha puc. 3. Mak-
CUMaJIbHbIE TOPU30HTAJIbHBIE CMEILEHUS B pe-
3ynbrate Aedopmannu 3a 40 ThIC. JIET JOCTUTIN
—6.0 M, a MakCUMaJIbHbIE BEPTUKAJIbHBIE CMEIIIe-
Hust — +1.0 m.

3aMeTHO OTJIMYHBIA OT OMHMCAHHOTO Xapak-
TE€p CMEIIEHUH TOro K€ MecTa JEMOHCTpUPYET
rpaduk Ha puc. 4 ¢, rae K ropu30HTAIBHO-TIO-
CTymareabHbIM JedopmarusiM J100aBICHBI Bep-
TUKaJlbHBIE JeQopMalud — MOJIOBUHY BpEMEHU
B HaIlpaBJIEHUU BHU3 U BTOPYIO TOJOBHHY B Ha-
npaBieHuu BBepx (XYZ). I'paduk mokasbiBaeT
TOPU3OHTAJbHBIE CMEUICHHsS] B pE3ylIbTare Je-
dbopmaruu 10 —4 M Ha TpoTsbKeHUU 20 ThIC. JeT
U 3aT€M Ha NpoTshkeHUH eie 20 ThIC. JIeT — BO3-
BpaT TOYKH, HO HE 1O Ha4aJIbHOM OTMETKH B 0 M,
a TOJIBKO JI0 OTMETKH OKo0JI0 —1 M. BepTukanbHele
cMeleHus gocturaioT —10 M 1 Bo3BpanaroTcs Ha
HYJIEBBIE OTMETKH.

Ha puc. 4 d BugHO, 4TO Ha BOCTOYHOM KPBI-
JIe pa3JIOMHOM 30HBI B yCJIOBUSIX KOMOMHHUPOBaH-
HOTO BO3JIEHCTBHUS TOPU30HTAJIBHBIX M BEPTH-
KaJIbHbIX cMmelneHnit (XYZ) B MecTe, yka3aHHOM
TOYKOM PO30BOIO 1IBETA, FTOPU3OHTAJIBHBIE IIEpe-
MeleHus: Aocturaior —10 M U BO3BpalarTCs
Ha —9 M aMIUIMTYZbl cMelleHuil. BepTukanbHbie
cMmenleHus pocruraror —10 M, mocie 4ero Bo3-
Bpamarorca Ha 0 M.

Puc. 3. Paccuurannsie TOPHU30HTAJIbHBIC CMCUICHUS: CJIEBA — 0e3 yu€Ta BJIUSHUA BEPTUKAJIIbHBIX CMeU.[eHPIﬁ, CIipaBa — C YYETOM BIIMAHUSA

BEPTUKAJIBHBIX CMEIICHUH.

(a) 3HaueCHHSI TOPU3OHTAIBHOTO BEKTOpa cMeleHus (ikana Later disp, B MeTpax) B pe3y/bTrare ABHKCHHS OOKOBBIX IMOBEPXHOCTEH €
BOCTOYHOM U ceBepHO# cTopoHs! 3a 10 ThIc. neT; (b) To ke, Ho 3a 20 ThIC. JeT; (c) To e, Ho 3a 40 Thic. net. [llkana cmemmennit 1 Bcex

BPEMEHHBIX HHTEPBAJIOB YKa3aHa eIfHAas IS yI00CTBa CPAaBHEHNSI.
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Puc. 4. Cmemenus ropusontansHbie (Lat disp) u Bepruxansusie (Vert disp) (B MeTpax) Ha nporspkenuu 40 ThIC. JIeT:

(a) u (b) — mpu BO3EHCTBUN FOPH30HTATIBHBIX CMEICHHH, Ha 3aI1a/THOM KpPbLIE pa3JIOMHOI 30HBI B MeCTe, 0003HAYEHHOM 3€JICHOH
TOYKOH (@), ¥ Ha BOCTOYHOM KpbLIe Pa3JIOMHOHN 30HBI B MecTe, 0003HaueHHOM p030BOH TOUKOH (b).

(c) u (d) — mpu Bo3AEHCTBUY TOPU3OHTAIBHBIX CMELIEHHI B KOMOMHAIMHY C BEPTUKAIBGHBIMY Ha 3aI1alHOM KpPBUIE PAa3JIOMHON 30HBI B
MeCTe, 0003HAUCHHOM 3€JICHON TOYKOM (C), M Ha BOCTOYHOM KPBLIE Pa3IOMHOM 30HBI B MECTE, 0003HAUCHHOM PO30BO# TOuKoit (d).

MecToronoxeHus TOYeK, Ha KOTOPBIX CHATHI 3HAYCHUs, YKa3aHbl TOUKAMH 3€JICHOTO M PO30BOTO IBETa Ha PUCYHKaX 3 U 5.

AHaNIU3 HAMPSHKEHHOTO COCTOSHUS 36MHOM
Kopsl 0. CaxanuH psiJ aBTOPOB WLTIOCTPUPYIOT
pacupenencauem kodpdunuenta Jlone—Haman
[13, 14, 30].

[To pesynbraram aHainu3a MOJIEH Hamps-
KEHUM, pa3BUBAIOIIUXCS BO BPEMEHU MPHU MO-
NeTMpoBaHUU JnedopMaluii, HAMU TAKXKE BHI-
noinHeH pacuer kodddunuenta Jloge—Hanau
(puc. 5u 6).

Ha puc. 5 a moka3ano pacnpenenenue Ko-
s dunmenta Jlome—Hamam nns ciydasi TOJNIBKO
MOCTYIAaTENbHBIX TOPU30HTANBHBIX JAedopma-
ui, 0e3 KOMOWHUPOBAHUS C BEPTHKAJIbHBIMHU.
Pe3ynbrat, B 001IeM, HHTYUTUBHO OXHAAEM —
Ha IPOTSHKCHUU BCETO PACYETHOTO OTPE3Ka Bpe-
MeHHM 3HadeHus kodpoununenta Jlome—Hanau
COXPaHSUIHCh MOCTOSSHHBIMH. JTO BUJHO W Ha
rpadukax puc. 6 a, b, KOTopble HITIOCTPUPYIOT
3HaueHus1 kodddunuenta Jlone—Hanau B TOY-
Kax Ha npotspkeHuu 40 ThIC. JeT.

Ha puc. 5 b, ¢, d aemoHcTpUpyIOTCS U3-
MEHEHHs B paclpeqencHuu KodhdunueHTta
Jlone—Hanau miist BpemeHHbix otpeskoB 20, 33
u 40 ThIC. JIET IPU YCIOBUHU BO3JEUCTBUS BEP-
THKAJbHBIX CMCIICHUH.
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I'padux Ha puc. 6 ¢ MOKa3bIBACT CIOKHOE
TIOBEJICHUE TTOJIsI HANIPSKCHUS Ha 3a11aJHOM KPbI-
Jie pa3IoOMHOM 30HBI (3eeHas TOYkKa Ha puc. 3
u 5). [Ipu HarpyxeHun — oOcTaHOBKa OJM3Ka K
CIBUTY, TOCJE 3alycKa pasTpyXKeHHS B BEpPTH-
KaJbHOM HaINpaBJIEHUU 3HAYCHUS KOAPPUIIUCH-
Ta BapbUPYIOT OT CKATHS K PACTSHKEHHIO.

I'paduk Ha puc. 6 d wiTrFOCTPUPYET HEM3MEH-
HoCcTh Kod(hduumenta Jlome—Hamam mis orpeska
BpeMeHnu 20 ThIC. JIET Ha BOCTOYHOM KPBLJIE Pa3IoM-
HOU 30HBI (pO30Basi TOUKa Ha puC. 3 U 5), a 3areMm,
KOTJIa BEPTUKAJIbHBIE 1e(hOpMALI MEHSIOT 3HAaK Ha
TIPOTUBOTIOJIOXKHBIA, 3HAUYCHUST KOI(PUIIMCHTa Ha-
YUHAIOT MEHATHCS OT CKATUS K PACTSDKEHHIO.

Crnenyer OTOBOPHUTBHCS, YTO TpauKH Ha
puc. 6 WLTIOCTPUPYIOT IBOIIONKIO0 KOAhDUILIHEH-
Ta MCKIIOYUTEIHHO B JIBYX TOYKAX, TOTAA KaKk Ha
BCEM TPOCTPAHCTBE MOJEIH TPEICTABICHBI BCE
BO3MOKHBIE TEOJAMHAMHYECKUE BapHaHTHI: CKa-
THSI, YUCTOTO C/IBUTA, PACTSDKEHMS, @ HA HEKOTO-
PBIX YYacTKax OHHU JaXXe CMEHSIOT JpPYyT JApyTa.
[TosTomy rpaduku 3HadeHni Ha puc. 6 He Xapak-
TEpU3YIOT BCE I0JIE HAPSHKEHUH 10 MOJEINH, HO
CBHUJICTEICTBYIOT O 3aBUCHMOCTH HANPSHKEHHOTO
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Puc. 5. 3nayenus kodpduunenta Jlone—Hanau: (a) npu ropu3oHTaIBHOM CMELICHUH, 0€3 BO3ACHCTBHS BEPTHKAJIBHBIX IBIKCHUII,
(b) TO XK€, ¢ yueToM BO3ICHCTBHS BEPTHKAIBLHOTO ABMKEHNUS ¢ aMITUTY0# 10 M B TeueHue 20 ThIc. JieT; (¢) TO ke, UTO 1 Ha puc. b, mocie
33 ThIC. IET BEPTUKAILHOTO JBIKEHHS, U3 HUX C aMIUIMTYA0i 10 M B HanpapieHHH BHU3 B npojomkeHne 20 ThIC. JIET U C aMILIUTY0H
10 M B HampaBlieHUH BBepX ocTaBiueecs Bpems; (d) To ke, 4To U Ha puc. b, mocie 40 ThIC. J€T BEPTUKAIBHOTO BO3JCHUCTBUS, U3 HHUX C
amruTynoi 10 M B HampaBIeHHH BHU3 B NpoaoibkeHue 20 ThIC. JIET ¥ ¢ aMIUIUTyAoi 10 M B HampaBieHUH BBEPX OCTaBILIEECS BPEMsL.
KpacHble TMHUY Ha PHCYHKE — ITIOCKOCTH Pa3pe30B, IOKa3aHHBIX Ha puc. 7.

COCTOSTHUSI CPEJIBI OT BEPTUKAIBHBIX Ae(opmanui,
BBI3BaHHBIX A(h(HEKTOM THIPOU30CTA3UM.

O6cyxaeHune

[To oueHkam, MOTYYEHHBIM B BBICOKOCEMHC-
MUYHBIX pETHOHAX, TAKUX KaK SIMOHCKHE OCTPOBa,
n-oB KaMuarka, WHTE€pBajg MOBTOPSIEMOCTH CHJIIb-
HBIX 3eMJIETPSICEHUI MOXKeT Jocturarb 9—20 ThiC.
net [31-33]. s o. CaxanuH UMEIOTCS NIpeaBapu-
TEJbHBIE OLICHKM BO3pAacTa CHUJIbHBIX MaJIEOCEiC-
Muueckux coobiTnid. Ha pasznome Llentpansao-Ca-
XQJIMHCKOW 30HBI BO3pacT MOCIEIHUX MOIABUKEK
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ouieHuBaercs B 3.7 ThIC. 1.H., B CeBepo-Caxanus-
CKOM 30H€ — B 4-5 ThIC. JI.H. [9, 11, 34]. YuuTsiBas,
4yTO0 HauboJsee N3yYeHHbIN HHTEpBaJ BpeMEHH, Ha
KOTOPOM ITPOMCXOJWIO TOBBIIIEHNE YPOBHA Mu-
poBoro okeana Ha 100-120 m, a ciemoBareibHO,
¥ U3MEHEHHE Harpy3Kd BOJHOTO CTOJ0a Ha MOp-
cKkoe JHO, — 3T0 20 THIC. JIET, MOXXKHO BHICTb, YTO
MOBTOPSIEMOCTh  3€MJIETPSICEHUI BIIOJIHE COpa3-
MEpHa JUTUTEIBHOCTH TOCTENeIHUKOBOM TpaHC-
I'PECCHH.

Jpyrum nokasareneM ceiCMUYECKON aKTHB-
HOCTH Pa3JIOMOB sIBJIsiETCS slip rate — cpeaHsis CKo-
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Puc. 6. U3amenenus xoaddunuenta Jlone—Hanau (BepTukaibHast OCb):
(a) u (b) — mpH rOPU3OHTANBHBIX JBHKCHUAX MOBEPXHOCTH O€3 BO3CHCTBHS BEPTUKAIBHBIX IBHKCHUI Ha 3alaJHOM KPbUIC Pa3-
JIOMHOH 30HBI B MECTE, YKA3aHHOM TOYKOW 3€JICHOTO IBeTa (a), U Ha BOCTOYHOM KPBUIC PA3JIOMHOU 30HBI B MECTE, YKa3aHHOM TOYKOM

po3ogoro ngeta (b).

(¢) u (d) — npu BO3IEHCTBUU BEPTHKAIBHBIX JABUKEHUI MMOBEPXHOCTH B PE3yJIbTaTe UMUTALMK T'MAPOM30CTA3UM HA 3arlaHOM
KpbLIE Pa3JIOMHOM 30HbI B MECTE, YKa3aHHOM TOUYKOM 3€JIEHOTO 1[BETa (C), U Ha BOCTOYHOM KPbLIE Pa3JIOMHOM 30HBI B MECTE, YKA3aHHOM

TOYKO# po3oBoro 1Bera (d).

MecTtonosoxeHus TOYECK, Ha KOTOPBIX CHATBI 3HAYCHU S, YKa3aHbl TOUKaMH 3€JICHOTO U PO30BOI'0 LIBETA HA PUCYHKaAX 3us.

pocTh cMmeleHus o paziomy [35, 36]. Slip rate
paccuuThIBaeTCA Kak CyMMapHasi aMIUTUTya CMe-
IIEHUH 110 pa3JIioMy 3a BpeMs, B KOTOPOE CMellle-
HUS TPOUCXOJUIN TIO TMaIe0CEUCMOIOTHIECKIM
JAHHBIM, U B pE3YJIbTaTe MOJy4aeTCs CPEIHSISI
CKOPOCTh CMEIIICHHS TI0 Pa3jioMy 3a HECKOJIBKO
TBICSY WM JaXKe NEeCATKOB ThICAY JIeT. MeXxaHuka
JBIDKEHUHN 10 pa3jioMaM JeTajbHO PacCMOTpEHa
B MoHorpadusx [37, 38].

OueBHAHO, YTO CEHMCMHMYCCKAas aKTHUBHOCTH
pa3ioMOB, UMEIOUIUX Pa3HbIE CPETHUE CKOPOCTHU
CMEIIEeHUHN, pa3NiiyHa, YTO BBIpAXKAETCA B pas-
JUYUSX MarHUTY/ 3eMJICTPSCCHUH U MHTEPBAJIOB
MOBTOpsieMOCTU. B JaHHOM ciydae 4uCIEHHOE
MOJICJIMPOBAHUE [IJISI PEOJIOTHUYECKUX U TeoMe-
TPUYECKHUX YCIIOBHM, CXOXKHUX C 3¢MHON KOpOH U
BEPXHHUM CIIOEM MaHTHH CaXalMHCKOTO OJIOKa,
MOKa3bIBACT OUEBHIHYIO PA3HHIY B CMEIICHUSIX
Ha KpbUTbsxX LlenTpanpHo-CaxannHCckoi pa3ioMm-
HOM 30HBI (puc. 3 u 4) npyU CpaBHEHUU TOPU30H-
TQJIbHBIX BO3JECHUCTBUHA C TOPU3OHTAIBHBIMU B
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KOMOMHAIINH C BEPTHKAJIbHBIMHU, UMUTHPYIOIIH-
MU BKJIaJl TUAPOU30CTA3UH.

[TomyueHHble B pe3ynbTaTe YUCIEHHOTO MO-
nenupoBaHus JedopManuu Ha IUIOCKOCTH pas-
aoma (puc. 7 a, b), KOTopsle, 1O CyTH, SBISIOTCS
aMIUIUTYIOM CMELIEHUW [0 Pa3ioMy, 3aMETHO
pasznuuarorcs. Ecian cMmelienus Ha pasiioMe Npu
TOPU30OHTAJILHBIX BO3JEHCTBUAX (puc. 7 a) B
KOHKPETHOM MECTE COCTAaBJISIIOT HECKOJIBKO CaH-
TUMETPOB, TO B CIy4ae KOMOMHUPOBAHHOTO BO3-
nerctBus (puc. 7 b) amMIuMTyna CMEIIeHHH J10-
CTUTaeT HECKOIbKUX METPOB.

CelicMOTEKTOHNYECKAs! aKTUBHOCTB, B CBOIO
ouepe/lb, BIUSET Ha BEPTUKAIbHBIC IBUKCHUS B
OeperoBoii 30He, Kak 3TO MPOU30IILI0, HAIPUMED,
BO Bpemsi HeBenbckoro 3emuerpsacenus 2007 r.
[39], uepe3 usrubanue aepopMUpyeMOl yIpy-
roil 3eMHOM KOPBI PU CEHCMUYECKUX COOBITUSX.
Jedopmaruu, BeI3bIBAIONINE CMEILIEHUS HA pa3-
JoMe, He OTPAaHWYUBAIOTCS TEPPUTOPHEI Hero-
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- 3.0e+00

displacement Z

Puc. 7. Bug pa3pe3oB Moenun, IEMOHCTPUPYIOIINX BepTHKanbHble cMenienus (displacement Z), B TOM 4KCIie Ha MIIOCKOCTH Pa3jioMa,
B pe3ynbrare 20 ThIC. JIET TOPU30HTATIBHBIX BO3ICUCTBHH (a); KOMOMHHPOBAHHBIX TOPH30HTAIBHBIX H BEPTHKAIbHBIX Bo3aeHcTBHH (b).
MecTomnonoxeHue MIOCKOCTeH pa3pesa MoKa3aHO KpacHeIMHU THHUSAMHU Ha puc. 5 d. CTpenka 1 yka3slBaeT Ha INIOCKOCThH Pa3ioMa,

cTpenka 2 — Ha rpaHuiy Moxo.

CPEICTBEHHO y pa3yioMa, a IPOUCXOAAT Ha OOJIb-
IIOM PAcCTOSIHUM, JOCTHUrasi OeperoBod 30HBI.
[Tono6ubIe nedopMaluy ONPEAETSIOT FBOIIOLHIO
penbeda npuOpexKHOM 30HbI, B IIpejiesiax KOTOpoi
OOBIYHO PACHOJNIOKEHBI OCHOBHBIE XO3SIHICTBEH-
Hble HHQPACTPYKTYPHI.

OneHku mousis HampspKeHUH mo ko3dduuu-
ety Jlone—Hanau nns o. CaxanuH, BBINOJIHEH-
HblE 10 pe3y/lbTaTaM aHajiu3a COBPEMEHHBIX
3emiieTpsacenui [13, 14, 30], muroctpupyrot
«MTHOBEHHYIO», B T€0JIOTMYECKOM CMBICIIE, T€0-
JTMHAMHYECKYI0 0OCTaHOBKY B 36MHOU KOpe. DTO
IIO3BOJIIET OLIEHUTh XapaKTep reOAMHAMHUYECKOU
00CTaHOBKM B HacTosimuii MoMeHT. [Ipu pacuete
xe Kod(hduimenTa mo pesyabTaraM MOJCITHPO-
BaHUSl UMEETCS BO3MOYKHOCTH MOIYYHUTH LIEJIbIN
CIIEKTp U3MEHEHHUH T0JIs HANIPSIKEHUN BO BpeMe-
HU. B Hamewm ciydae Nojry4eHo NpOCTPaHCTBEH-
HOE pacrpe/ielieHne 3HaueHU koapduiineHTa ue-
pe3 kaxapie 1 ThIC. neT Ha npoTsbkeHuu 40 ThIC.
JIET B PA3JIMYHBIX AMHAMUYECKHUX YCIOBUSAX — IO-
PU30HTAJIBHOTO CYKaTHsl, TOPU3OHTAJIBHOIO CKa-
TUSl B KOMOMHALIMU C BEPTUKAJIBHBIM. JTO M03BO-
JISI€T CPAaBHUBATH I10JI1 HAIIPSKEHHOTO COCTOSTHUS
B 3aBUCHMOCTH OT BJIUSIHHS BHEIIHUX (PaKTOPOB,
HaIlpuMep U3MEHEHHI ypoBHS MHpOBOro okeaHa
IIPY CMEHE JIEAHUKOBBIX MEPUOJOB MEXKIICTHUKO-
BbSIMH, U OLICHUTD BIMSHUE TAaHHBIX (PAaKTOPOB Ha
pacrpeneneHre nojs HanpsokeHu. Pucynku 5 u
6 HaIAHO IEMOHCTPUPYIOT PAa3IMUUE B pacIpe-
JICJIEHUN U TMHAMUKE T10JIs1 HAaIpsDKEHUS B 3aBU-
CUMOCTH OT KOMOMHALIMU BO3AECHCTBUS BHEIIHUX
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¢dakTopoB Ha OJOK 3eMHOU KOphl U MAaHTUHHOTO
CJ10s1 U3y4aeMOU TEPPUTOPHUH.

3HaueHUs1 HAUOOJIBIIIETO U3 TVIABHBIX HAIPS-
KEHUM, G,, MEHAIOTCSA B UHTEPBAJIE OT HECKOJIb-
KHX JIECATKOB JI0 HeCKONbKUX Thicsad MIla, uto
HE MPOTUBOPEUYUT 3HAYEHUSM, MOJYyUYCHHBIM Ha
tokHOoU vactu llenTpanbHo-CaxalnmHCKOTO pas-
noma (LICP) B pabote [25], XOTs M0 F0KHOM YacTH
[ICP ucnonp3oBanack 6onee neTaau3upoBaHHAS
MOJIeNIb C 00JIee HU3KUMHU PEOJIOTUYECKUMH Ta-
pamerpamu. Takass CXOAMMOCTh HE3aBUCHMBIX
pe3yAbTaTOB CBUIETEIBCTBYET O XOPOLIEM MO/I0-
OWM MOJIeNIeH peallbHBIM yCIIOBHSIM.

Koapdbunuent Jlone—Hamanm wmimoctpu-
pyeT CMeHy IreOJJUHAMUYECKON 0OCTAaHOBKH MPHU
W3MEHCHUHU HaIpaBJIeHUs] BO3JAEUCTBUSA CO CTO-
ponsl BHemHHuX (aktopoB. [lepectpoiika momns
HaIpsKEHUS! MPOUCXOUT MPU CMEHE Hampasiie-
HHUSI BEPTUKAJIBHBIX BO3JCHCTBUI, UMUTHPYIO-
[IUX TUAPOU30CTA3HUIO.

OtaenbHOTO W3ydeHHs] TpedyeT paccMmo-
TPEHHE METacTaOWJIBHOTO COCTOSHHUS pasjioMma,
KOTJ]a «CaM MOMEHT JAMHAaMHUYECKOTO CpbIBa BO
MHOTOM CJTy4aeH U MOXKET OMpeAesaThCs BHEII-
HHMHU IO OTHOILIEHUIO K 04aroBOM 30HE, MOPOH
JIOBOJILHO CJIa0BIMU BO3ACUCTBUSAMH... IcTOUHU-
KaMU TaKUX KPaTKo- U CPEAHECPOUHBIX JIOKAIb-
HBIX (IyKTyalnuii HampsH>KEHHOTO COCTOSHUS
MOTYT OBITH Je(hOpMaIlMOHHBIE TTPOLIECCHI B CO-
CeIHUX 00JIACTAX, BO3JICHCTBUE 3eMJIICTPSICCHHIA,
MPUIMBBI U OKEaHWYECKash Harpyska, MarmaTu-
YECKHWE MHTPY3UHU, aHTPOIOTE€HHAs] aKTHBHOCTh
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B BHUJE HAIOJHEHUs PE3epByapoB, FOPHBIX pa-
00T, MH)KEKIUU U OTKAYKU (PIIOHI0B, KPYIHBIX
B3PBIBOB, a TaK)K€ CE30HHbIE (AKTOPHI, TaKHe
KaK CHeropas Harpyska, U3BMEHEHHE YPOBHS BO-
noxpaHuiuil U T.1.» [38, c. 260]. B aTom cmbIc-
Jie THAPOM30CTa3usl B pe3ysbTaTe H3MEHEHHS
ypoBHsi okeaHa Ha 100—120 M Ha mpoTsKEHUH
20 ThIC. JIET SABIAETCS YK€ HE «CIIa0bIM», a CKO-
pee «CUIBHBIM» BO3JEHCTBUEM B POJIM TPUITE-
pa ceiicMuueckux coObITUi. Pesynbprarsl pac-
yeta kodpdunmenta Jlone-Hanau (puc. 5 u 6)
HalISIIHO JE€MOHCTPUPYIOT PEe3KOe H3MEHEHME
reoJJMHaMUYEeCKON CUTyallul IPU UMUTALUU d-
(dexTa TUIPOU30CTA3UH, UTO HE MOXKET He IpHU-
BECTH K JUHAMUYECKOMY CPBIBY I10 Pa3jIoMy.

K coxanenuto, B 1aHHOH paboTe HE yaanoch
MIPUMEHUTh ONMCAHNE MAHTUWHBIX CJIOEB B BUJIE
BSI3KO-3JJaCTUYHOTO MaTepualia, 4To MO3BOJIUIIO
OBl yuyecTb BpPEMEHHbIE 3aJEPKKU peaKCaluu
MOCJ€ ChEeMa BEPTUKAJIBHBIX CKUMAIOMIMX Je-
dbopmanmii. Ho npencraBnenne BepxHEro MaH-
TUHHOTO CJI0sI KaK yNpyroro Marepuania mo3Bo-
JIUJIO OMPENEIUTh TEHJIEHIIUU B paclpeaeIeHuu
HaMpsKeHHO-1e(OPMUPOBAHHOTO COCTOSIHUSL B
3€MHOU KOpE.

B Hacrosiee BpeMsi HET KOHCEHCyca Cpeau
uccienoBareie 0 MPOXOKIECHUN MEKILUIUTOBOM
rpaHulbl MeXIy AMypckoil 1 OXOTOMOPCKOM
IUTUTaMH B FO’KHOM yacTu CaxanuHa, IOATOMY B
MoJieH OblIa MPUHITa KOMIPOMHUCCHAS TTO3UIIUS
Pa3IOMHOI 30HbBI, B KOHQUTYpALIUU KaK Obl MEX-
Iy JBYMS IOJIOKEHUSIMH.

BbiBoAabI

YucneHHOE MOJAETUPOBAaHUE, BBIMOJIHEHHOE
JUIsE MOP(OJIOTUYECKUX U PEOJIOTUYECKHUX YCIIO-
BUI, CXOXKUX C CaXaJMHCKUMH, MPOJIEMOHCTPU-
pOBAJIO CIIEAYIOLIUE PA3IUYUS MOAEIUPYEMBIX
00CTaHOBOK FOPU3OHTAIBHOIO CHKAaTUSI U KOMOU-
HUPOBAHUSI TOPU3OHTAIBHOIO CXKATHsI C MEHSIO-
LIMMHCS] BO BPEMEHU Ha MPOTHUBOIOJIOXKHbBIE BEp-
TUKaJIbHBIMU BO31€HCTBUSMU:

* aMIUTUTYAbl CMEIIEHUI 3aMETHO Pa3IudHbI
JUTSL IBYX MOJIEIMPYEMBIX CIIy4aes;

* MOJSl HaNpsDKEHUH pPa3iInyvaroTcss MO aM-
IUTUTY/I€ TPU TOPU3OHTAIBHOM CXKATUU U
KOMOMHHMPOBAHUU FOPU30HTAIBHOIO U BEp-
TUKAJIBHOTO C)KAaTHs, HO COXPAHSIOTCS He-
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W3MEHHBIMH B IEPHOJ] OOCTAHOBKH CHKATHS;

* M3MEHEHHUs B HANpPaBJIE€HUH BEPTUKAIBHOIO
BO3JIEHCTBUSI TMPU COXPAHEHUHM TOPHU30H-
TaJIbHOTO IPUBOJAT K U3MEHEHUSIM B TUHA-
MHUYECKOH 00CTaHOBKE;

* pasnuuus B AepopMaluaX Ha KPbUIbSAX pas-
JIOMHOM 30HBI, a TaK)Ke Ha CaMOM IIOCKO-
CTH pazjioMa IPeICTaBISIOT COO0H aHAIOT !
MPUHATHIX B MAJEOCEHCMOJIOTHH CPEIHUX
CKOpocTel cMelleHuid mo pasnomy (slip
rate) U MpeanojaraloT pasziudyue cercMmo-
aKTUBHOCTH Ha pa3jioMe B YKa3aHHBIX JBYX
YCIIOBHUSIX;

* IS METAacTaOMILHOTO COCTOSIHUS pa3jioMma
MpeAnoaraeTcss IMHAMUYECKUN CPBIB MPHU
W3MEHEHUH Mo HanpspkeHui. [lockonbky
B pe3yJbTaTe BBHINOJIHEHHOTO MOJEINPOBa-
HUSA SIBHBIM 00pa30M MOJYyY€HO U3MEHEHUE
HaIpsKEHHOTO COCTOSHUS, TO HENb3sl UC-
KJIIOYaTh JJIs BEPTUKAJIBHBIX Jedopmaruit
BCJIEAICTBUE THUIPOU30CTa3UM POJU TPUT-
repa IMHaMUYECKUX CPBIBOB Ha pa3jioMax.
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Modeling of the stress-strain condition of the Earth’s crust
of Sakhalin Island: impact of hydroisostasy
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Abstract. The paper attempts to answer the question about the role of contribution of the hydroisostasy to the stress-
strain state of the Earth’s crust on the Island of Sakhalin. The hydroisostasy contribution was estimated by simulation
by means of finite element method. The mesh grid for the calculation was constructed using the real values of the depth
of the Moho discontinuity surface and the topography of Sakhalin Island with adjacent shelf areas. The calculation
took into account the Central Sakhalin fault zone. Lateral displacements as a result of strain and lateral displacements
combined with vertical ones were simulated separately. Comparison of the results of the stress-strain state simulation,
taking lateral displacements and their combination with vertical ones into account, clearly demonstrates the significance
of the hydroisostasy contribution to the stress-strain state of the Earth’s crust in the Sakhalin region.
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Introduction

In the middle of the XX century, it was founded,
that the postglacial transgression, especially at the
ending stage, later than 6 ka ago, had different
scenarios and uneven rate of sea advance in
various areas of the World Ocean. F. Shepard and
R. Fairbridge scenarios were considered as basic.
Shepard [1] assumed a gradual rise of sea level to
reach the present meaning by the asymptote, but
never exceeded it. His opponent, Fairbridge [2]
proposed an alternative conception of oscillations
presence in the transgression course. According to
Fairbridge, the World Ocean level has exceeded the
present one by 3—4 m 5.0 and 3.7 ka ago, and then
returned to the meaning close to the present after
a series of small oscillations with an amplitude of
+1.5m 2.3 and 1.2 ka ago.

The solution for the discussed contradiction
was offered by the J. Clark et al. [3]. They developed
a model taking into account the changes in gravity

field resulting from redistribution of ice and
water masses on the Earth’s surface at elastic and
viscous-elastic rheological properties of the Earth’s
crust and mantle layers. The model calculated the
difference between the sea surface and solid seabed
for a given time moment. Later, this calculation
was called ““solution of the sea level equation”.

These authors also identified six zones with
similar scenarios of the postglacial transgression
on the Earth’s surface, i.e. the zones where the
sea level had exceeded the present one, the zones,
in which it had decreased, etc. Six zones were
identified in total. Further, the numerical simulation
of the postglacial transgression was improved on
the base of this work. The term hydroisostasy was
introduced, such phenomena as ocean siphoning
(“transfer” of the ocean), continental levering (rise
of the continent) [4] were discovered.

Sakhalin, which is an island and situates outside
the zones of gravity impact of ice sheet masses (far

Translation of the article published in the present issue of the Journal: P.®. Bynrakos. MoaenupoBanue HampspKeHHO-Ae()OPMUPOBAHHOIO COCTOSIHHS
3eMHO# Kops! 0. CaxaliH: BIUSHHE TuApousocTasun. Iranslation by G.S. Kachesova.
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field zone), was not affected by the glacioisostasy,
but could not avoid the hydroisostasy impacts.

The most studied time interval, at which the
change in the level of the World Ocean with an
amplitude of 120 m occurred, is the last 20 ka.
Melting of ice sheet and the World Ocean recharge
with water along increase of sea and ocean level
up to the present began during this period after the
last maximum of glaciation (the Valdai Glaciation
on the Russian Platform, the Wiirm in the West
European region, the Wisconsin in the North
America, the Sartan in Siberia), when the volume
of water, equivalent to a decrease in sea level by
100-120 m, was frozen in glaciers.

The phenomenon of hydroisostasy is studied
by the numerical simulation methods [4-7].

This work attempts to study the influence of
hydroisostasy effect on modern crustal strains and
stress fields in the territory of Sakhalin and adjacent
waters in the presence of a deep fault. Stress fields
are illustrated by the Lode—Nadai coefficient.

At present, studies are underway to clarify the
volume of water contribution to the World Ocean
during the postglacial transgression. For example,
the last eustatic curve ICE-7G_NA (VM?7) together
with the parameters of the model of mantle
viscosity, was clarified and proposed in the work
[8]. This detailed transgression curve characterizes
loading of the surface of the World Ocean floor, but
the full cycle of loading and unloading should to be
analyzed for assessing the response of the Earth’s
crust and mantle layer. We first simulated loading of
adjacent waters with a layer of water with increase
in a depth to 120 m for 20 ka, then unloading to a
depth of 0 m over the next 20 ka. Since the detailed
course of the changes in the World Ocean level for
the previous epochs was not identified in the same
degree of detail as for the eustatic curve ICE-7G
NA (VM?7), loading and unloading were performed
according to linear law. L.e. the situation similar to
the interglacial transgression turning into the sea
regression (water intake from ocean to ice sheets)
was simulated. “Sea level equation” was not solved
in this case.

Sakhalin Island located at the junction of the
Amur and Okhotsk Sea tectonic plates is divided in
a submeridional direction by a fault zone [9-15],
which generates the main seismic activity.

Active faults were found throughout the fault
zone [9, 11, 16].
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Model construction

Based on the data of Topex bathymetry (https://
topex.ucsd.edu/cgi-bin/get data.cgi) and Moho
discontinuity from the Crust 2.0 database (https://
igppweb.ucsd.edu/~gabi/crust2.html), adapted for
the Sea of Okhotsk region [17], the 3D mesh was
constructed for finite element calculation (FEM).

55%.mm.
139°8.11.

55%.1I.
147°8.11.

45,
147°8.11.

Fig. 1. The Sakhalin fault system in interpretation by A. Kozhurin
[11]. The horizontal dashes show the position of the regional dextral
strike-slip zone. On the right insets there are the principal models
of the cross-section of the zone in different parts of the island
uplift: CC — North Sakhalin, 3C — West Sakhalin, LIC — Central
Sakhalin segments of the zone. The left inset shows a diagram of
the echelon arrangement of the segments of the Central Sakhalin
reverse fault zone. Figure is borrowed from A.I. Kozhurin’s
dissertation abstract [11].
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An area of the Sea of Okhotsk region
within the coordinates of 139-147° E and 45-55°N
was chosen for simulation (Fig. 1). Mesh grid
construction (Fig. 2) was performed in an
open-source and open-access Salome (https://
salome-platform.org/) and FreeCad (https://
www.freecadweb.org/) software packages.
Bathymetry and Moho discontinuity were taken
in a projection of UTM-54 on WFS-84. The
mesh grid is a parallelepiped with sides of 5 000
and 10 500 km, and a depth of 430 km. In the
central part of the grid, there are surfaces built
on the basis of the data of bathymetry and Moho
discontinuity surface. The upper layer in this
part with a thickness from 10 to 40 km is the
Earth’s crust, and the lower one down to a depth
of 430 km is a layer of the upper mantle. The
grid resolution for the surface digital model, on
which the mesh grid was constructed was taken
50 km. The excess volume was built on the sides
of the parallelepiped of the central part in order
to eliminate the influence of interaction with
the model’s side boundaries. The central part
of the parallelepiped is a rectangular area with
sides 500%1050 km (Fig. 2). The simulation here
is somewhat analogous to the works [18, 19],

in which the stress fields, created by pressure
from the surrounding lithospheric plates, were
simulated in the Earth’s crust of the Australian
continent.

The change in loading on the Earth’s crust
and mantle down to the core resulting from
redistribution ofice sheets and waters of the World
Ocean is usually calculated when simulating the
sealevel changes during the epochs of changeover
of the glacial periods by the interglacial ones.
It is necessary to take into account the entire
mantle thickness in the case of describing the
mantle layers in the form of viscoelastic material.
In our case, when the simulation aims to influence
of the fault on the evolution of the elastic Earth’s
crust, the mantle is also described in the form
of elastic material, so there is no need to take
into account the strains over the entire depth and
increase the cost of calculation. Therefore, the
model for calculation was built only for a depth
of the upper mantle, which, according to the data
[20], is at a depth about of 400 km. Due to this
the depth of 430 km was taken.

Salome used the NETGEN 1D-2D-3D
algorithm of the NETGEN mesh grid generator
(https://github.com/NGSolve/netgen) to gene-

Fig. 2. Mesh grid built to calculate the stress-strain state with the fault zone on Sakhalin Island under the impact of the movement of the
Earth’s crust of the Sea of Okhotsk plate. Black arrows indicate the direction of movement of the surfaces (red on the east side, hidden on
the north side). According to the simulation conditions, the movements along the arrows have continued for 40 ka with an amplitude of
80 meters from the east and north. Vertical displacements, which occurred with an amplitude of 10 meters in the downward direction for
20 ka and then, 10 meters in the upward direction for 20 ka, were simulated on the surface of the fault wings in the areas below 0 meters
in altitude in order to simulate the influence of the hydroisostasy effect.
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rate the mesh grid. The mesh grid elements were
composed of quadratic tetrahedrals. The mesh
grid contains 2504 nodes and 13 743 elements.
The dimensions of the mesh grid elements were

increased from the center to the edges and in depth
in order to reduce the computation time.

The mesh grid model includes two layers
(see the table).

Table. Earth’s crust and mantle characteristics taken in the work to build a model

Laver Layer thickness, Density, Poisson’s Shear modulus, Gravity (gravitational

Y km kg/m? ratio x10! Pa acceleration), m/s?
Earth’s crust 30-38 3233.6 0.49 0.45 9.987630567
Upper mantle 430 3367.12 0.49 1.9941 9.939356456

Note. The values were taken on average from the works [21, 22].

The “Earth’s crust” layer is composed of
two separate bodies, which are separated by the
planes of the “fault zone”. Fault zone configuration
represented in Fig. 1 is borrowed from the work
[11, Fig. 17]. The angle of inclination of the “fault”
plane is 80° with a dip towards the west. The angle
of inclination of 80° was chosen according to the
estimates made by A.l. Suvorov for the angles of
inclination of deep faults [23]. He identifies two
types of deep faults, the first ones are arcuate, that
are typical, for example, for the Meso-Ceinozoic
faults of large structures, such as Pamir and
Himalayas with the angles of inclination of 40-60°,
and the second ones are the faults of a lesser scale
and more rectilinear with the angle of inclination
of 80-90°, for example, a deep fault of the Sikhote-
Alin adjacent to the Okhotsk Sea plate. There is
no any certain estimate of the angle of inclination
of the Hokkaido-Sakhalin fault system in later
works [24], but there is no indication of the flatter
inclination angle of the system either. An estimate
of the inclination of 75-85° of the Aprelovka fault
in the southern part of the Central Sakhalin fault
zone was also used in building a geomechanical
model of the active fault in southern Sakhalin [25].

It should be noted that the model was built
as an elastic solid, without taking into account
the viscous characteristics of the mantle layer.

Calculation

The calculation was performed in open-
source and open-access software package Elmer
(https://www.csc.fi/web/elmer). Simulation was
carried out in the transient mode with a timestep
size of 1 000 years. The plane bounding the
right, eastern wing of the “Earth’s crust” layer

GEOINFORMATICS. GEOTECTONICS AND GEODYNAMICS

319

from the east side, highlighted in red in Fig. 2,
was being shifted westward to a distance of
80 km for a time period of 40 ka in the direction
indicated with the arrow. Synchronously with
the plane movement from east to west, the
plane bounding the eastern wing of the fault
on the north side moved south at the same rate
(Fig. 2). Since the object of the model is not a
rigid body, but has rheological properties similar
to the Earth’s crust, and also is deformed not on
a smooth surface, but on a surface, that repeats
the Moho discontinuity, it is not possible to
describe the process as a displacement of the
rigid, nondeformable eastern wing, and we have
to talk about some sum displacement vector in
the eastern wing. Sum displacement vector was
obtained at an angle of 45° and with a rate of
2.8 mm/year, which coincides with the estimate
of the current rates of horizontal displacements
of the Earth’s surface in Sakhalin according to
the results of geodetic measurements [26, 27].

Taking into account that the amplitudes
of vertical movements estimated from palaeo-
geographic reconstructions of traces of the ancient
coastlines on the coasts of Sakhalin Island during
the period of the postglacial transgression and the
Holocene do not exceed 10 m [28], it was assumed
that the “Earth’s surface” located below modern
sea level (i.e. the seabed without impact on the
onshore of the island) has undergone maximum
displacements with an amplitude of 10 m in a
top-down direction for 20 ka and in a bottom-up
direction for the next 20 ka in order to simulate
the loading resulting from glacial-interglacial
regressive and transgressive changes in the level
of the World Ocean.
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Amplitude of the “onshore” surface of Sa-
khalin Island could undergo vertical deforma-
tions due to rheological properties of the Earth’s
crust, which bent following the displacements of
the seabed surface of adjacent waters, and im-
pact due to the “flow” of the mantle substance
from beneath the water areas subject to the ver-
tical loading under the land. At the same time,
the general strain of the land of Sakhalin Island
is expected to not exceed 10 m in amplitude of
movement.

A similar estimate of the seabed surface
downwarping of —10 m was obtained from 3D
simulation of the hydroisostasy effect with vis-
cous-elastic rheology of the mantle material for
the Sea of Okhotsk at loading of 120 m layer of
water [29].

Mathematical tools provided in the software
package was used in the simulation.

The system of linear equations of strain was
solved by iterations of the generalized conjugate
residuals method (GCR) after applying the pre-
conditioners for Krylov’s incomplete factorization
(ILU2) in the Finite Elasticity module (finite de-
formation). For discretization in time, the second-
order BDF (backward differentiation formula)
method, the generalized minimal residuals method
were used. (http://www.nic.funet.fi/pub/sci/phys-
ics/elmer/doc/ElmerSolverManual.pdf).

All sides of the model in the bottom layer
including the sides of the bottom layer, that make
up the boundary of the top layer of the “Earth’s
crust”, were fixed. Iteration convergence limit
was set 1077

The contact interaction of the planes in the
“fault zone” was simulated by means of the mor-
tar method. Mortar method is a numerical meth-
od for discretization of continuous functions to
solve partial differential equations. The method
is used to discretize the disjoint subparts of com-
mon body of the model mesh grid in order to
join inconsistent grids, which are the fault wings
in this case (https://www.nic.funet.fi/pub/sci/
physics/elmer/doc/ElmerModelsManual.pdf).

Fig. 3. Calculated lateral displacements without taking into
account the influence of vertical displacements: (a) values of the
lateral displacement vector (Later disp. scale, in meters) as a result
of the movement of the lateral surfaces from the east and north
sides for 10 ka; (b) the same, but for 20 ka; (c) the same, but for
40 ka. The displacement scale for all time intervals is the same for
ease of comparison.
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Results

[llustrations in Figures 3 and 4 clearly
demonstrate the differences in the values of
displacements under the impact of vertical
displacements and without them. Fig. 3 illustrates
the calculated lateral strains in the time intervals
of 10, 20 and 40 ka without the impact of vertical
displacements of the “seabed” of the adjacent
water areas. Fig. 4 shows the lateral displacements
over the same time intervals, but in combination
with the impact of vertical displacements of the
“seabed” with an amplitude of 10 m downwards,
below the mark of 0 m, for 20 ka and then with an
amplitude of 10 m upwards for another 20 ka.

Trends in strain are illustrated in the graphs of
Fig. 5 — changes in the values of the displacement
amplitudes taken on certain surfaces of Sakhalin
Island on both sides of the fault zone. Point locations
are indicated with pink and green dots in Fig. 3, 4
and 6. The distance between the points is 100 km.

Fig. 5a shows the displacements of the point
relative to the coordinate system of the model
resulting from the forward horizontal movement
(XY) of the lateral surfaces of the “Earth’s crust”
layer in the total southwest direction and the
stationary position of the lateral surfaces on the
western and southern sides of the “Earth’s crust”
layer. The graph shows displacements at the
location indicated with the green dot in Figures
3 and 4. The maximum lateral displacements as
a result of strain over 40 ka reached —0.43 m, the
maximum vertical displacements were —0.27 m.

The graph in Fig. 5 b shows displacements at
the location indicated with the pink dot in Figures
3 and 4. The maximum lateral displacements as a
result of strain over 40 ka reached —6.0 m, while the
maximum vertical displacements reached +1.0 m.

The graph in Fig. 5 ¢, where the vertical dis-
placements are added to the lateral translational
strains for half the time in the downward direc-
tion and the second half in the upward direction
(XYZ), demonstrates the markedly different dis-
placement character from the described above.

— 0.0e+00

8 -5

. 'u]o
~ R -15

Later Disp

Fig. 4. Calculated lateral displacements taking into account
the impact of vertical displacements: (a) values of the lateral
displacement vector (Later disp. scale, in meters) as a result of
the movement of the lateral surfaces from the east and north sides
for 10 ka; (b) the same, but for 20 ka; c) the same, but for 40 ka.
The displacement scale for all time intervals is the same for ease
of comparison.

Later Disp
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Fig. 5. Horizontal (Lat disp) and vertical (Vert disp) displacements (in meters) over 40 ka:

(a) and (b) — under the impact of lateral displacements, on the western wing of the fault zone at the point indicated with the green
dot (a); and on the eastern wing of the fault zone at the point indicated with the pink dot (b).

(c) and (d) — under the impact of lateral displacements combined with the vertical ones on the western wing of the fault zone at the
point indicated with a green dot (c); and on the eastern wing of the fault zone at the point indicated with a pink dot (d).

Locations of the points, where the values have been taken are indicated with pink and green dots in Figures 3, 4 and 6.

The graph shows the lateral displacements as
a result of strain up to -4 m over 20 ka and then
the return of the point over another 20 ka, however
not to the initial mark of 0 m, but only to a mark
of about —1 m. Vertical displacements reach —10 m
and return to zero marks.

Fig. 5 d shows that the lateral displacements
reach —10 m and return to —9 m of the displacement
amplitude on the eastern wing of the fault zone, under
conditions of the combined action of the lateral and
vertical displacements (XYZ), in the place indicated
with the pink dot. Vertical displacements reach
—10 m, after which they return to 0 m.

Analysis of the stress state of the Earth’s crust
of Sakhalin Island is illustrated by a number of
authors with the distribution of the Lode—Nadai
coefficient [13, 14, 30].

We also calculated the Lode—Nadai coefficient
(Fig. 6 and 7) based on the results of the analysis
of the stress fields developing in time during the
simulation of strains.

Fig. 6 a shows the distribution of the Lode—
Nadai coefficient for the case of only translational
lateral strains, without combination with the
vertical ones. The result, in general, is intuitively
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expected —the values of the Lode—Nadai coefficient
remained constant throughout the entire period of
calculation. One can also see this in the graphs in
Fig. 7 a, b, which illustrate the values of the Lode—
Nadai coefficient at points over 40 ka.

Fig. 6 b, ¢, d show changes in the distribution
of the Lode—Nadai coefficient for the time intervals
of 20, 33, and 40 ka under the influence of vertical
displacements.

The graph in Fig. 7 ¢ shows the complicated
behavior of the stress field on the western wing of
the fault zone (green dot in Figures 3, 4, 6). The
setting is close to shear under loading; and the
values of the coefficient vary from compression to
extension after the start of unloading in the vertical
direction.

The graph in Fig. 7 d illustrates the invariance
of the Lode—Nadai coefficient for a time interval of
20 ka on the eastern wing of the fault zone (pink
dot in Figures 3, 4, 6), and then, when vertical
strains change sign to the opposite, the values of
the coefficient begin to change from compression
to extension.

It should be noted that the graphs in Fig. 7
illustrate the evolution of the coefficient exclusi-
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Fig. 6. Values of the Lode—Nadai coefficient: (a) for lateral displacement over 40 ka, without the impact of vertical movements; (b)
the same, taking into account the impact of vertical movement with an amplitude of 10 meters over a period of 20 ka; (c) the same
as in (b), after 33 ka of vertical movement, of which with an amplitude of 10 m in the downward direction for 20 ka and with an
amplitude of 10 m in the upward direction for the time remaining; (d) the same as in (b), after 40 ka of vertical movement, of which
with an amplitude of 10 m in the downward direction for 20 ka and with an amplitude of 10 m in the upward direction for the time
remaining. Red lines are the planes of the cross-sections shown in Fig. 8.

vely at two points, while all possible geodynamic
options are presented throughout the model space:
compression, pure shear, extension, and they even
replace each other in some areas. Therefore, the
graphs of values in Fig. 7 do not characterize the
entire stress field according to the model, but tes-
tify to the dependence of the stress state of the me-
dium on vertical strains caused by the hydroisos-
tasy effect.

Discussion

According to the estimates obtained in highly
seismic regions, such as the Japanese archipelago
and the Kamchatka Peninsula, the recurrence in-

GEOINFORMATICS. GEOTECTONICS AND GEODYNAMICS

terval of strong earthquakes can reach 9-20 ka
[31-33]. In the case of Sakhalin Island, there
are preliminary estimates of the age of strong
palaecoseismic events. The age of the last slips
on the fault of the Central Sakhalin zone is es-
timated at 3.7 ka, and at 4-5 ka in the North
Sakhalin zone [9, 11, 34]. Taking into account
that the most studied time interval during which
the World Ocean level increase by 100-120 m
and, consequently, loading of the water column
on the seabed changed, is 20 ka, it can be seen
that the earthquake recurrence is quite com-
mensurate with the duration of the postglacial
transgression.
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(a) and (b) — for horizontal movements of the surface without the impact of vertical movements on the western wing of the fault
zone at the point indicated with the green dot (a), and on the eastern wing of the fault zone at the point indicated with the pink dot (b).

(c) and (d) — under the impact of vertical movements of the surface as a result of hydroisostasy simulation on the western wing
of the fault zone at the point indicated with the green dot (c), and on the eastern wing of the fault zone at the point indicated with the

pink dot (d).

Locations of the points, where the values have been taken are indicated with pink and green dots in Figures 3, 4 and 6.

Another indicator of the seismic activ-
ity of faults is the slip rate, that is the average
displacement rate along the fault [35, 36]. The
slip rate is calculated as the total amplitude of
displacements along the fault during the time
in which the displacements occurred according
to the palaeoseismological data, and as a result,
the average displacement rate along the fault
over several thousand or even tens of thousands
of years is obtained. The mechanics of fracture
movements are discussed in detail in mono-
graphs [37, 38].

It is obvious, that the seismic activity of the
faults with different mean displacement rates is dif-
ferent, which is expressed in differences in earth-
quake magnitudes and recurrence intervals. In this
case, numerical simulation for rheological and geo-
metric conditions similar to the Earth’s crust and
upper mantle layer of the Sakhalin block shows an
obvious difference in displacements on the wings
of the Central Sakhalin fault zone (Figures 3, 4 and
5) when comparing horizontal impacts with hori-
zontal in combinations with vertical ones simulat-
ing the hydroisostasy contribution.
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The strains on the fault plane obtained result-
ing from the numerical simulation (Fig. 8 a, b),
which, in fact, are the amplitude of displace-
ments along the fault, differ markedly. If the
displacements on the fault under horizontal im-
pacts (Fig. 8 a) in a certain place are several cen-
timeters, then in the case of a combined impact
(Fig. 8 b) the displacement amplitude reaches
several meters.

Seismotectonic activity, in turn, affects the
vertical movements in the coastal zone, as it has
happened, for example, during the 2007 Nevelsk
earthquake [39], through bending of the deform-
able elastic Earth’s crust during seismic events.
The strains that cause displacements on the fault
are not limited to the area immediately near the
fault, but occur at a great distance, reaching the
coastal zone. Such strains determine the evolution
of the coastal zone relief, within which the main
economic infrastructures are usually located.

Estimates of the stress field by the Lode—
Nadai coefficient for Sakhalin, performed by
the results of the analysis of modern earth-
quakes [13, 14, 30], illustrate the «instanty», in
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Fig. 8. View of the model sections showing vertical displacements (displacement Z) including on the fault plane, as a result of 20 ka
of horizontal impacts (a); combined horizontal and vertical impacts (b). The location of the cross-section planes is shown with the red
lines in Fig. 6 d. Arrow 1 points to the fault plane, arrow 2 points to the Moho discontinuity.

the geological sense, geodynamic setting in the
Earth’s crust. This allows us to assess the nature
of the geodynamic setting at the moment. It is
possible to obtain a whole range of changes in
the stress field over time, when calculating the
coefficient according to the simulation results.
In our case, we obtained the spatial distribution
of the coefficient values every 1 ka over 40 ka
under various dynamic conditions — horizontal
compression, horizontal compression in combi-
nation with vertical one. This makes it possible
to compare the stress state fields depending on
the influence of external factors, for example,
changes in the level of the World Ocean when
the change of glacial periods with interglacial
ones, and to evaluate the influence of these fac-
tors on the stress field distribution. Figures 6
and 7 clearly demonstrate the difference in the
distribution and dynamics of the stress field
depending on the combination of the impact
of external factors on the block of the Earth’s
crust and the mantle layer of the study area.

The values of 6, the largest of the principal
stresses vary in the range from several tens to
several thousand MPa, which does not contradict
the values obtained in the southern part of the
Central Sakhalin fault (CSF) in [25], although a
more detailed model with lower rheological pa-
rameters was used for the southern part of the
CSF. Such convergence of independent results
testifies to a good similarity of the models to real
conditions.

The Lode—Nadai coefficient illustrates the
change in the geodynamic setting when the di-
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rection of impact from external factors chan-
ges. The rearrangement of the stress field occurs
when changing the direction of vertical impacts
simulating the hydroisostasy.

The metastable state of the fault, when “the
very moment of the dynamic disruption is largely
random and can be determined by external rela-
tive to the focal zone, sometimes quite weak im-
pacts... The sources of such short- and medium-
term local fluctuations of the stress state can be
strain processes in neighboring areas, earthquake
impacts, tides and ocean loading, magmatic in-
trusions, anthropogenic activity in the form of
reservoir filling, mining, injection and pumping
of fluids, large explosions, as well as seasonal
factors such as snow loading, changing reservoir
levels, etc.” [38, p. 260]. In this sense, the hy-
droisostasy resulting from a change in the ocean
level by 100-120 m over 20 ka is no longer a
“weak”, but rather a “strong” impact in the role
of trigger seismic events. The results of calcu-
lation of the Lode—Nadai coefficient (Figures 6
and 7) clearly demonstrate a sharp change in
the geodynamic setting when simulating the hy-
droisostasy effect, which can lead to the dynamic
disruption along the fault.

Unfortunately, it has not been possible to
apply in this work the description of the mantle
layers in the form of viscoelastic material, which
would allow taking into account the time delays
in relaxation after the removal of vertical com-
pressive strains. But the representation of the up-
per mantle layer as elastic material made it pos-
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sible to determine the trends in the distribution
of the stress-strain state in the Earth’s crust.

At present, there is no consensus among re-
searchers on the location of the interplate bound-
ary between the Amur and Sea of Okhotsk plates
in the southern part of Sakhalin, hence, a com-
promise position of the fault zone was taken in
the model, in a configuration, as it were, between
two positions.

Conclusion

Numerical simulation carried out for mor-
phological and rheological settings similar to
those of Sakhalin showed the following differ-
ences between the simulated settings of horizon-
tal compression and the combination of horizontal
compression with time-varying vertical impacts:

 displacement amplitudes are noticeably dif-
ferent for two simulated cases;

+ stress fields differ in amplitude under hori-
zontal compression and combination of
horizontal and vertical compression, but re-
main invariant during the period of setting
of compression;

* changes in the direction of the vertical im-
pact on retention of the horizontal one lead
to changes in the dynamic setting;

 differences in deformations on the wings of
the fault zone, as well as on the fault plane
itself, are analogues of the average dis-
placement rates along the fault (slip rate)
accepted in palaeoseismology and expect
a difference in seismic activity on the fault
under these two conditions;

* The dynamic disruption is assumed for the
metastable state of the fault when the stress
field changes. Since, a change in the stress
state was clearly obtained as a result of the
performed simulation, the role of the trig-
ger of the dynamic disruptions on the faults
cannot be excluded for vertical displace-
ments due to the hydroisostasy.
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