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Hanpsa)xeHHoe cocTosiHue 3eMHOW KOopbl
AnTtae-CadaHckon ropHom obnacTtu:
PEKOHCTPYKLUUSA HA OCHOBE MOANMULMPOBAHHbIX
anropMTMOB KaTaknacTM4ecKkoro metoga

10. JI. Pebeyxui®, H. A. Coiuesa
@E-mail: reb@ifz.ru

Huemumym ¢puzuxu 3emnu um. O.FO. Hlmuoma PAH, Mocksa, Poccus

Pe3tome. IIpeacraBneHsl pe3yabTaThl HOBOI PEKOHCTPYKIIMHU HAMIPSKEHUI B 3eMHOU Kope AsTae-CassHCKOW ropHOR
oOsacTy 1 ONIVDKaHIINX TEPPUTOPUI MO CEHCMOJIOTHYECKUM JJaHHBIM C MCIOJIb30BaHHEM HOBOM MOAM(UKAILIMH Me-
Tona Karakimactuyeckoro ananusa (MKA) paspeiBabix cMemiennii FO.J1. Pebenkoro. ba3oii pekOHCTPYKIUU CTall CO-
OpaHHBII U3 Pa3IMYHBIX HICTOYHHKOB KAaTaJIOT MEXaHU3MOB 04aroB 3eMJIETPSCEHUI, HacCHUTHIBaOIINNA 584 coObITH .
B 6onee pannux padorax 0.JI. Pebenkoro ¢ coaBropamu (2012, 2013 rr.) npu nccienoBannn Anrae-CasHCKOH rop-
HOW oOiactu ObuTH Hcmonb3oBanbl ganHbie H.J[. XKankoBckoro ¢ coaBropamu (1995 1.) 0 pokanpHBIX MEeXaHH3MAaX
308 coOwITHii. B HacTosEel paboTe 00Cy)Iat0Tcs MOAU(PHUINPOBAHHBIE AJITOPUTMBI, PeaIM30BaHHbIE B ITOCIIEAHEH
Bepcuu nporpaMMbl STRESSseism, Ha 0CHOBE KOTOPBIX M BBIIIOJIHEHA PEKOHCTPYKIMS HanpspkeHuH. Pacmmpenne
JIaHHBIX 10 (POKATIBHBIM MeXaHHW3MaM 00EeCIEeUYHIIO NMPOBEACHNE WHBEPCHH HAINPSDKEHWH ¢ MEHBIIMM MaciTaboMm
yCpeIHEHMsI ¥ IO3BOJIMIIO MOJIYYHUTH B KQKIOM y3JI€ JaHHbIE JJIs1 OONBIIET0 Yiciia BpeMEHHBIX HHTEPBAJIOB KBa3HO/-
HOPOIHOTO HalpPsDKEHHOTO COCTOSIHUS. [IoCTpOeHbI KapThl pactpe/iesieH s HalpaBJIeHHH 0CH HauOOJIBIIETro CKaTHs
Y TEOAMHAMHUYECKOTO THUIIA HAIPSHKEHHOTO COCTOSIHUSA, a TakKe 3HaueHus kodddunuenra Jlone—Hanau, BeimonHeHO
CpaBHEHMHE C pe3yJIbTaTaMH paHee MPoBeIeHHOH pekoHcTpyKuuK. Ha ocHoBe Moaudukanuu anroputma MKA momy-
YEeHbl yCTOWYMBBIC OPUEHTALNHU OCEH IIaBHBIX HANpPsDKEHUH. Pe3ynbraTsl peKOHCTPYKINN HAPSHKEHUH MOTYT OBITh
WCIIOJIB30BaHbI JUIsl TEKTOHO(U3NYECKOTO PaiOHNPOBAHMS OITACHBIX CEIMEHTOB aKTHBHBIX Pa3IOMOB.

KnioueBble cnosa: TeKTOHO(I)I/ISI/IKa, HaIpsAKECHUA, 3EMJICTPACCHUC, (I)OKaJ'ILHBIC MEXaHHU3MbI

The stressed state of the Earth’s crust

in the Altai-Sayan mountain region:
reconstruction based on the modified algorithms
of the cataclastic method

Yuri L. Rebetsky®, Naylya A. Sycheva
@E-mail: reb@jifz.ru
Schmidt Institute of Physics of the Earth of the Russian Academy of Sciences, Moscow, Russia

Abstract. The article presents the results of a new reconstruction of stress in the Earth’s crust in the Altai-Sayan moun-
tain region and their adjacent territories based on seismological data, and using a new modification of the method of cat-
aclastic analysis (MCA) of fault displacements by Yu.L. Rebetsky. The reconstruction is based on the catalog of earth-
quake focal mechanisms collected from various sources and comprising 584 events. In earlier works by Yu.L. Rebetsky
etal. (2012, 2013), the data on focal mechanisms of 308 events obtained in the studies of N.D. Zhalkovsky et al. (1995)
were used for studying the Altai-Sayan mountain region. This paper discusses the modified algorithms implemented
in the latest version of the STRESSseism program, on the basis of which the stress reconstruction was performed. The
extended data on focal mechanisms provided the stress inversion with a smaller averaging scale and allowed obtaining
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®uHaHCcMpoBaHue

Pabota npoBeneHa B paMKax BBIIIOJIHEHHS TOCYIapCTBEH-
Horo 3ananus UucturyTa dpusnku 3emnu um. O.1O. HImun-
ta PAH (Ne 122040600089-4).

BBepeHune

HanpsiokenHo-nepopMupoBaHHOE COCTOSIHUE
Aunras u CasiH paccMarpuBajoCh BO MHOTHX pa-
6otax [1-7 u ap.]. B omnux uccnenoBanuck ¢o-
KaJIbHbIE MEXaHU3MBI [2, 3], B Ipyrux Ha OCHOBE
(hoKaNnbHBIX MEXaHU3MOB PACCUUTHIBAIUCH CEiic-
MOTeKTOHnYeckue nedopmauuu [4-7], B Tpe-
TBUX BBIIIOJHEHA PEKOHCTPYKLHUS HalpsyKeHUH
Ha OCHOBE METO/la KaTaKJIACTUYECKOTO aHayIn3a
[1, 8-10].

Ha ocHoBe aHanm3a JAaHHBIX 0 MEXaHH3Max
453 zemuerpsicennii Anras u CasiH B pabote [5]
MOKa3aHo, YTO B YCIOBUAX (PUKCHPOBAHHOIO reo-
JUHAMHYECKOTO peXMMa MEXaHMU3M 3eMileTpsice-
HUI 3aBUCUT OT NNTyOUHBI runionieHTpa. OCHOBHBIM
(akTOpOM, OINpENeNAIONMM XapaKTep reoinHa-
MHUYECKOTO pekrMa (C TOUKH 3peHHsl celicmuue-
CKOTO IIpoliecca), SBISETCS ypOBEHb OOKOBOTO
(mmpoTHOTO) cTecHeHus. B olmactax crecHeH-
HOTo cxatus (K HUM NpuHaIeKUT TsaHb-111aHb)
peo0IaIaroT 3eMJIeTPSCEHUs B30POCOBOTO THIIA.
[Ipy HECTECHEHHOM M YMEPEHHO-CTECHEHHOM
cxkarn B Aunrae-CasHCKOM TOpHOM oOmactu
Yale OTMEYar0TCsl TOPU30HTAJIBHBIE CBUTH, a Ha
MaJlbIX TiyOmHax — B30pockl. KosmuecTBeHHBIH
aHanu3 3emiierpsicennii Anras u CagH 1Mo TUIY
MEXaHU3MOB, NpeJCTaBleHHbIH B padorax [1-3,
11], moka3siBaeT pasHooOpasue (QOKAIbLHBIX Me-
XaHW3MOB HE TOJBKO IO BCEH paccMarpuBacMoOM
TEPPUTOPUH, HO M B OYAroBBIX OONACTAX 3eMile-
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data for a larger number of time intervals of the quasi-homogeneous stress state in each node. Distribution maps of the
directions of the maximum compression axis and the geodynamic type of the stress state, as well as the value of the
Lode—Nadai coefficient were constructed and compared with the results of the previously performed reconstruction.
Based on the modification of the MCA algorithm, stable orientations of the axes of the principal stresses were obtained.
The results of the stress reconstruction can be used for tectonophysical zoning of dangerous segments of active faults.

Keywords: tectonophysics, stress, earthquake, focal mechanisms
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TPSICEHUH, YTO CBUIETEIIBCTBYET O CIOXKHOM Ha-
IIPSDKEHHOM COCTOSIHUU TEPPUTOPHH.

B pesynbrare TeKTOHO(MU3UYECKOH pPEKOH-
CTPYKLMU PUPOIAHBIX HAMPSIKEHUN 36MHOM KOPBI
Ha ocHOBe JaHHbIX 308 (QoKaIbHBIX MEXaHU3-
MOB 3emiieTpsiceHuil Antae-CasHCKOM 0O0nacTu
[8] mokazaHa CylIeCTBEHHAss HEOJHOPOJHOCTh
HaNpPsHKEHHOTO  COCTOSIHMS. OTO  BBIpa)KaeTcs
HE TOJBKO B U3MEHYMBOCTU NMPOCTHPAHUS U TIO-
IPYKEHHUSI DIIABHBIX OCEH TEH30pa HAIPSKEHUH,
ONpEACISAIONUX HU3MEHEHUE TIe0JUHAMHYECKOTO
pekuMa 36MHOM KOpPbI, HO ¥ B OJIM3KOM pacrosio-
KEHUHU o0iacTeil MOBBIIIEHHOTO U MOHMKEHHOTO
BCECTOPOHHETO TEKTOHUYECKOTO AABJIEHUS 110 OT-
HOILIECHUIO K JINTOCTAaTHYECKOMY JaBieHuro. He-
OJTHOPOJHOCTH IMOJISl HANpsHKEHUH yCTaHOBJIEHA
Ha OCHOBE I'€0JIOTO-CTPYKTYPHBIX U MOP(OCTPYyK-
TYPHBIX JaHHBIX U B pabote [12]. HaGmonaemas
HEOIHOPOJHOCTh  O0YCJIOBJIE€HA BO3/AEHCTBHEM
pa3IMYHBIX UCTOYHUKOB TEKTOHUYECKHUX CHJI MU
COUYETAHUEM ITHX BO3ACHCTBUI Ha UCCIELYEMOM
tepputopuu. B pabore [13] mpeacrasieHa enu-
Has, JeTajbHas KapTHHA U3MEHYMBOCTH IOJIS Ha-
npspKeHuM Juist Bcero LleHTpasibHO-A3HaTcKoro
pervoHa, MoJIy4YeHHasl ¢ MOMOIIbI0 METoJa WH-
Bepcuu HanpsbkeHui. B pamkax mpoexra World
Stress Map (WSM) cuctemarndecku coouparoTcst
JaHHBIE O CUJIBHBIX 3€MIIETPSICEHUSX JJIS OIpeie-
JIEHUs] TapaMeTpOB HANPSHKEHHOTO COCTOSHUS.
Cunraercs, 4To a3uMyThl ocel cxkatusi P ompe-
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JIEJISIIOT OPUEHTALMI0 MaKCUMAaJIbHOTO TOpPU30H-
TaJILHOTO HanpsbkeHus S, . Beimyck Gasel naH-
HeIX WSM 3a 2016 1. [14] conep>kut pe3yabrarsl
aHaJN3a PerMOHAIBLHOTO U II00AIBHOTO 1OJIs Ha-
NpsbKeHUH. 3HAHUE COBPEMEHHOIO TOJs Harps-
JKEHUH B 36 MHOW KOpE SBJISETCS KIFOUOM K ITOHU-
MaHHIO T€0IMHAMUYECKUX MPOILIECCOB, TAKUX KaK
r00aabHast TEKTOHUKA IUTUT U 3eMJIETPSCEHUSL.

B mocnennue roapl akTUBHO pa3BUBACTCS
U HCIIOJIB3YETCSl METOJ| KaTaKJIACTHYECKOIO aHa-
nu3a (MKA) pa3psIBHBIX cMelieHUH, pa3paboTaH-
HBII B Tabopatopun TekToHOpU3uKU MHcTUTYTa
¢msuku 3emumm uM. O.FO. Imunra PAH. MKA
COIEPKUT 4 dTana peKOHCTPYKIUHN HAIPSKEHUI.
[TonpoGHOE ommcaHue BCEX ITAIOB MpeacTaBie-
HO B pabotax [8, 15 u mp.].

Henpto nanHOM pabOTHI sABISETCS MpUMe-
HEHUE MOAM(PUIIMPOBAHHBIX anroputMoB MKA
K aHaJIM3y HaMpsSKEHHOTO COCTOSIHUS TEPPUTOPHUU
Antas—CasH u Onmxaiiimux o0nacteil Ha OCHOBE
coOpaHHOro Katajiora (hOKajdbHBIX MEXaHH3MOB
oyaroB (584 3emuieTpsiceHus1) U CpaBHEHHE C pe-
3yJAbTaTaMU PEKOHCTPYKLUU HANpsKEHUH, BbI-
MOTHEHHOW B pabore [8] /uis 3TOro ke pernoHa
Ha ocHoBe 308 3emMiIeTpsICeHMIA.

B cratbe npencTaBieHbl pe3yabTaThl HEPBBIX
JIByX 9Tani0OB HOBOW PEKOHCTPYKIIMH HANIPSIKEHUN
s Antas u Casa (3amagHoro u BocTouHoro).
Pe3ynbrarel peKOHCTPYKIMHY HANIPSYKEHUH B 1aJ1b-
HeimeM MOryT ObITh MCIIOJIB30BaHbI JJIsl TEKTO-
HO(PU3NYECKOTO palOHUPOBAHMSI OIIACHBIX y4acT-
KOB aKTHBHBIX Pa3JIOMOB.

UcxogHble AaHHbIe

COop nmanHBIX 1O (OKAIBHBIM MEXaHU3MaM
npoBoauics 1o teppuropun 78—105° B.o. u 45—
55° c.m. Orta Ttepputopus mmupe, yem Anraii—Ca-
SHBI, W BKIOYaeT loOuiickuii, MOHIONBCKUM
u [opHblil Anraii, 3alicaHCKyIO BIaJIMHY, a TaKkKe
IOxHoe Ilpubaiikanse. COOp NaHHBIX HO TaKoM
TEPPUTOPUHU TIO3BOJIIET OILICHUTH HAIMPSHKEHHOE
cocTosiHHE HE ToabKo Anras—CasiH, HO U OJvKaii-
mx obnacteit. J{iist cOopa JaHHBIX M CO3/1aHUS Ka-
Tanora (oKaTbHBIX MEXaHHU3MOB HCIIOIB30BAIUCH
cnenyromme ucrounnku: OULL ET'C PAH (dene-
pasbHbIN UCCIIEN0BATENbCKUM LIEHTp «EnnHas reo-
¢dusnueckas ciyx06a PAH») (http://www.gsras.ru;
3emnerpsicenus CeBepHoli EBpasun [16]; exeron-
HUK «3emuerpsicenusi Poccun» [17]) — 239 3em-
nerpsacenuid 3a nepuox 12.07.1998 — 22.10.2020;
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nanaple MHcTUTyTa He(TerazoBod TIeoJOrHu
u reopusuku uM. A.A. Tpopumyka CuOupckoro
ornenenuss PAH (MHI'T CO PAH) (http://www.
ipgg.sbras.ru, orB. O.A. Kyuaii [18]) — 201 3em-
nerpscenue, nepuoxn 29.10.1963 — 25.07.2003;
Global Centroid Moment Tensor (CMT) database
(www. globalcmt.org/CMTsearch.html) — 81 3em-
nerpsicenne, nepuon 03.08.1978 — 22.10.2021;
JTaHHBICE W3 OTIENbHBIX myOmukammid [1, 19,
20] — cOOTBETCTBEHHO, 28 3emuieTpsceHui (Tie-
puom: 27.12.1991 — 27.09.2003), 24 (mepuon
21.09.1996 — 06.03.2006), 11 coObITHII TTOCIIE 3EM-
nerpsicenus 15.05.1970.

B cratbe [ 1] mpencraBieHbl MEXaHU3MBI O4a-
roB Hanbosee CIIbHBIX adTepIIokoB bycHHTOIb-
ckoro (1991 r.) m Uyiickoro (2003 1.) 3emneTpsice-
Hull — 17 no nepsomy u 11 no Bropomy. JlaHHbIE
U3 3TOM paboThl JOOABIECHBI B KaTajor ¢ aBTOp-
crBoM (Kuchay 2012).

Crarbs [19] comepxut 28 He omyOIMKOBaH-
HBIX paHee PelICHHH MEXaHH3MOB 0YaroB 3eMiIe-
Tpsicernit s tepputopuu FOxuoro Ilpubaiika-
nbs1, 3abaiikanes, TyBel 1 CeBepHoii MoHromuu,
OTIpe/IETICHHBIX M0 3HAKAM BCTYIUICHUN MPOAOIb-
HBIX BOJIH Ha CTaHLMAX balikanbckoi, bypsrckon,
Anrae-CasiHckoit ceteid ['eodnznyeckoil ciry:x0b1
PAH u Monronbsckoii HarmoHambHOW cetH. s
BCEX TPEJCTABJICHHBIX PEIICHHH OTCYTCTBYIOT
JaHHBIC TI0 TTyOMHE coOBITH. B pamkax uccie-
JyeMOil HaMU TEPPUTOPHH MPOU30NUIN 24 3eM-
TETPSICEHUs, OHU 100aBIIEHBI B KaTaJlOT C aBTOP-
ctBoM (Radziminivich 2021).

B pa6ote [20] npencrasiens! pemenus $o-
KaJIbHBIX MEXaHW3MOB oudaroB 11 coOwviTuii (ad-
TEPIIIOKOB M JIPYTUX 3€MIICTPSACCHHI) B 00JacTH
OJTHOTO M3 KPYMHEHIIUX 3eMIICTPSACEHUN AnTas
(15.05.1970 1., M =7) — Ypar-Hypckoro u BbIIO-
HEH BCECTOPOHHUU aHalW3 JAHHBIX O CeHCMHU-
YECKOM IIpOIiecCe, BBI3BAHHOM 3THUM 3EeMJIETpS-
cenueM. Pemenus no (okaapbHBIM MEXaHH3MaM
ObUTH 100aBlIeHbI B Karajor ¢ aBTopctBoM (Ema-
HoB 2012).

Jns uckiodeHus AyOmupyembIX COOBITHI
MCIONB30BaIach aBTOpcKas nporpamma. Ilpu ot-
CYTCTBUU IMAPAMETPOB INIABHBIX 0CEH CHUMAEMBbIX
HaNpsHKEHUH WX pacdeT MPOBOIWICS HAa OCHOBE
nporpamm u3 makera SEISMO (Matlab). B pe-
3yJbpTare OOBEAMHEHUS BCEX MCTOYHHUKOB OBLI
COCTAaBIIEH UTOTOBBINA KaTanor (pokaJbHBIX Mexa-

TEOCUCTEMbI MEPEXOAHbLIX 30H, 2024, 8(4)


http://www.globalcmt.org/CMTsearch.html

Pebeukui FO.J1., CbiveBa H.A.

HH3MOB, KOTOPBIH BKJIFOUAeT 584 3eMiIeTpsCEHUs
3a nepuop 29.10.1963 — 22.10.2021 (B 1963 r.
OJTHO COOBITHE, pEaJbHO KaTaJlor BKJIIOYAET JaH-
Hele ¢ 1967 o 2021 r.). [lepuox ¢ 1963 o 2003 r.
npeacrasined nanubiMu UHI'T CO PAH. /lannbie
®UILl ET'C PAH npencraBieHbl B OCHOBHOM CO-
osrTusiMu ¢ 2000 mo 2020 1. lanabie CMT maio-
YHCIIEHHBI, BKJIIOYAIOT 3€MJIETPACEHHUS, MPOU30-
weamue ¢ 1978 mo 2021 r. na repputropuu Kuras,
Kazaxcrana, Monrommmu u baiikansckoit pudro-
Bo# 30HHI (FOxHoe [Tpubaiikanne).

Ha puc. 1 npuBenena xapra QokaabHbIX Me-
XaHHU3MOB, TIZI€ LBET MEXaHU3Ma COOTBETCTBYET
TUIy NOABW)KKM. MeXaHU3Mbl O4aroB Ha pac-
CMaTpUBaeMOil TEPPUTOPUHU Pa3HOOOPa3HbI, U CO-
ObITHS C MEXaHM3MaMHu paszHoro tuma (B3Opoc,
cOpOoC, TOPU3OHTANBHBIN CIIBUT) MOTYT MPOUCXO-
IUTh Ha OM3KKX ydacTkax. Ha puc. 2 a mokazano
KOJIMYECTBEHHOE paclpeielieHue 3eMIIeTPSCEHUIM
B 3aBHCHMOCTH OT THIIAa MOABIMKKH B odare (THI
¢doxanpHOrO Mexanusma). Jlis onpenenexHus TUmna
TIOABIKKM HCTIONIb30BAJINCH JTAaHHBIE 00 yIiax

MIOTPYKEHUS MIIABHBIX OCEH HAIPSIKEHUI (Pphmge,
Tplunge) OTHOCHUTEJIBHO TOPU30HTAJIBHOW ILIOCKO-
cti. CorIacHO TMONMYYEeHHBIM JTaHHBIM, ~39 % ot
00I1Iero 4ucia COOBITHIH COCTABISIOT B30POCHI U
B30poco-caBUTH, ~25 % — rOPU30HTAIBHEIE C/IBU-
T'H U B3pe3bl, ~36 % B cymMMe npuxoauTcst Ha cOpo-
cbl M cOpoco-casuru. K B3pezam oTHeceHbI COObI-
THS ¢ OIM3BEPTUKAIBHBIM CMELLIEHUEM KPBLIbEB.
HekoTtopble ~ cTatucTUyecKkue  Xapakre-
PUCTUKM Karajora IpeACTaBIe€Hbl Ha puc. 2.
25 % s3zemuerpsicennii umeroT kimacc K = 9.5
(M = 3.25) (puc. 2 b). Haubonee paBHOMEpHO
npeacrasieH nepuoa ¢ 1993 mo 2003 r. (kara-
aor UHIT CO PAH, otB. Kyuaii O.A.). Makcu-
MaJIbHO€ YUCIIO cOOBITHI npuxoautcs Ha 2013 .
18.06.2013 r. mpousouuto bauarckoe 3emiueTps-
cenue ¢ M, = 6.1, KOTOpOE COMPOBOKIAIOCH
a(TepIIOKOBOM aKTUBHOCTHIO (puc. 2 ¢). [y0u-
Ha 3eMJICTPSACEHUN OoJblIel 4acThio A0 35 KM
(puc. 2 d). 13-3a mmoxo ompenensieMblx TTyOHH
ouaroB 3emiieTpsiceHui [1] cymecTByeT OombIoe
gucio coobrTuii (okomo 300), KOTOpsIM ObLIA TPH-

Puc. 1. dokanbHbIe MEXaHU3MBI 04aroB 3emiieTpsiceHuit (584 coObITHsI).

Fig. 1. Focal mechanisms of earthquakes (584 events).
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Puc. 2. KonnuecTBeHHOE paclpefeNieHne pacCMaTpUBaEMBIX 3eMIIETPSCCHUM: (a) 10 THUITy MOABIXKKU B odare (CM. JIETEHAY K KapTe

Ha puc. 1), (b) mo marautyze, (¢) mo rogam, (d) mo riryOuHe.

Fig. 2. Quantitative distribution of the studied earthquakes: (a) by type of displacement in the earthquake focus (see legend to the map

on Fig. 1), (b) by magnitude, (c) by years, (d) by depth.

cBOcHa TIyOnHa 15 kM. 3eMieTpsceHus Tiyoxe
30 KM IPOUCXOAAT HA TEPPUTOPHH MOHTOIBLCKOTO
u ['obuiickoro AnTtasi.

Craructuyeckue XapakTEepUCTHKU MapamMe-
TPOB OCEH MIABHBIX CHUMAEMBIX HaNpPsKECHUN
MO3BOJISIIOT OMPEIENIUTh HEKOTOPHIE 3aKOHOMEp-
HocTU JaedopManoHHbIX Mporeccos. Iloctpoe-
HBI JIUarpaMMbl pacrpeiesieHus] a3uMyTOB OCei
CKaTUs U PaCTSHKEHUS, a TaKXkKe rpaduKu 3aBUCH-
MOCTHU YHCJIa 3€MJIETPSICEHUN OT yIiia Morpyxe-
HUA 3TUX ocell. [Ipu nmocTpoeHny 3Ha4eHus yIjioB
MPOCTUPAHMS YCPEAHSUIUCH C Iarom 5°, a yIjoB
norpyxenus — ¢ marom 10°. CornacHo noiayueH-
HBIM pe3y/lbTaTaM, HalpaBieHHE OCeil cxKaTus
MEHSETCSL OT CEBEPO-CEBEPO-3allaZiHOrO 10 CEBE-
PO-BOCTOYHOTO (pa3dpoc OrpaHUyYEH CEKTOPOM
325°-65°) (puc. 3 a). Haubonee sipko mis ocei
CXKaTHs BBIJCISAIOTCS TPU HaIpaBJICHUS: CEBEp-
HO€, CEBEPO-CEBEPO-BOCTOUHOE U CEBEPO-BOCTOY-

Hoe. HampaBiienue oceil pacTsKeHHS MEHSETCS
OT CEBEepO-3aaJHOTO 0 IOro-3amajHoro (pas-
Opoc orpannueH cekropom 210°-330°, puc. 3 b).
3HauMTENIbHAS YaCTh OCEH PACTSHKCHUS HMEET
CeBepo-ceBepo-3anaanoe HampapieHue. CyOro-
pusoHTanbHOE nosiokenue (10 30) umeror 65 %
ocelt cxxarus u 52 % oceit pactsixeHus (puc. 3 c).

MeToguka pacyerta
PEKOHCTPYKLUN HaNpPsXKeHUN

HccnenoBanue cOBPEMEHHOTO HAIPSKEHHO-
IO COCTOSIHUS 36MHOH KOpbl pernoHa Anras—CasH
BBITIOJIHSJIOCHh HA TIPEJCTABICHHON B MPEIbIIy-
meM paszerne 0a3e CeHCMOJIOTUICCKUX JTaHHBIX
0 MEXaHM3Max o4yaroB 3emuieTpsiceHui. Jlia uH-
BEPCUHU HAIPSHKEHUHN HCIIOJIB30BAJICS ITPOrPaMM-
ueiif komriekc STRESSseism. [Ipoueaypst aToro
KOMILIEKCa TMOCTPOEHbI Ha aJroOpuTMax MeToja

Puc. 3. lnarpammel pacripeneneHus a3uMyToB oceit cxarust P (a), pactsokerns T (b)  3aBUCHMOCTB YMCIa 3eMIIETPSACEHHI OT yTiia Imo-

rpy’KeHus IMaBHbIX oceld HanpsbxeHuid P u T (c).

Fig. 3. Distribution diagrams of the azimuths of compression axes P (a) and tension axes T (b) and the dependence of the number
of earthquakes on the immersion angle of the main stress axes P and T (c).
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Karakiactruaeckoro anammsa F0.J1. PeGenkoro [8,
15, 21, 22 u np.]. AIropuT™M KaTakJIaCTUYECKO-
IO METO/A MO3BOJIIET PACCUUTHIBATh HE TOJBKO
napamMeTphl JJUTMIICOMIAa HamNpsOKeHU (OpUeH-
TaIMIO €ro IIaBHBIX ocell U popmy — Kodpduiu-
enT Jlone—Hanman), HO ¥ mapaMeTpsl AITUTICOUAA
TE€H30pa MPUPAIICHUH CEeHCMOTEKTOHUYECKUX
nedopmanuii (CTI) — nepBblii 3Tan peKOHCTPYK-
MM, a TaKXKe HaIpsKeHUs, HOPMHPOBAHHBIE
Ha [IPOYHOCTh CLEIUICHMUS.

B MKA pacuet TeH30pOB npupalieHuii ceiic-
MOTEKTOHHYECKUX JedopMaIiiii BHITOTHAETCS Ha
OCHOBE TMPOBEPKH JaHHBIX ((DOKAJIBbHBIX MeEXa-
HU3MOB) Ha OAHOPOAHOCTh. OOMacTh Hccuen0Ba-
HUS OTPEIENSIETCS Ha OCHOBE KPUTEPHS KyMy-
JASTUBHOCTH (B3aMMHOE IEpecedeHne) odmacTeit
YIIPYTOU pa3rpy3KH 3eMIICTPSICEHUA U KPUTEPHUS
JUCCUTIALIMKA  YNIPYTOM SHEPruM JUIsl KaXKJI0Tro
3eMJIETPSACEHUS] HA MCKOMOM TEH30p€ HaIpsiKe-
HUil. Mcrions30BaHuE 3TUX KPUTEPUEB MO3BOJISAET
MMEHOBATh CO3JaHHYIO BBIOOPKY OJHOPOAHOM.
Ona xapakTepu3yeT KBa3HOJHOPOIHOE Hedop-
MHPOBaHUE OTBEYAIOIIETO €l MPOCTPAHCTBEHHO-
ro nqoMeHa. Pazmep Takoro nqoMeHa, K KOTOpOMY
U OTHOCATCA pEe3y/lbTaThl pacuera, 3aBUCUT OT
IUIOTHOCTH PACIpe/ieIeHUs] 3eMIIETPICEHUN U UX
MarHuTyabl. PacueT BBINONHSAETCS AJ IOMEHOB,
B KOTOpBIM momanu 6 u Oosee 3eMIIETPSCEHUM.
Takoil moaX0 NPUMEHSIICS paHee IMPU UCCIENO0-
BaHUU TOJs HanpsokeHuil. [lonmaganue B 1omMeH
MeHee 6 3eMIIETPSICEHUM HE MT03BOJISLIIO IPOBECTH
WHBEPCHUIO JIs1 3TOTO TOMEHa.

B nannoii paboTe BBINOIHEH MOUCK HOBOTO
noaxofa K (OPMHPOBAHUIO BBIOOPKH, KOTOPBIA
MIO3BOJIMIT OBl YBEJIMYUTH TUTOIA/Ib UCCIICTOBAHUSI.
[IpoBeneHoO HECKONIBKO MPEABAPUTENbHBIX PEKOH-
CTPYKIIMM HampsDKCHUM, IIEJIBI0 KOTOPBIX OBLT
BBIOOp ONTUMANIBHBIX MMAPaMETPOB CO3IAHUS OI-
HOPOJHBIX BBIOOPOK 3eMJIETPSACEHUI, XapaKTepu-
3YIOIIUX KBa3HOAHOPOAHYIO (pa3y HampsHKEHHOTO
COCTOSIHMS y4YacTKa KOpbI BOJM3M y3ja pacyeTa.
OnTUManbHOCTh OIpPENENsIaCh BO3MOXHOCTBIO
MaKCHUMAaJIbHO IUIOTHOTO MOKPBITUSL YYaCTKOB HC-
CJIEyeMOTO PErroHa, /sl KOTOPBIX UMEUCH J1aH-
HbIe O (POKATBHBIX MEXaHH3MaX 3eMIIECTPSICEHUH,
y3JaMH TPajyCHOM CETKH, JUIsl KOTOPBIX Y/aBa-
JIOCh BBITOJIHUTH PEKOHCTPYKIUIO HAPSKEHUH.

Ilocnennsss Bepcust mporpammsl  STRESS-
seism COMEPKHUT HECKOIBKO MOMU(UKAIINN, Kaca-

GEOPHYSICS. GEOTECTONICS AND GEODYNAMICS

266

IOIIMXCS KaK OpraHM3alliy HadallbHBIX BBIOOPOK
MEXaHU3MOB 04YaroB 3eMJIETPACEHHH, TaK U Oolee
dyHIaMeHTaNbHBIX TpolneM: (GOopMbl 00IacTH
XPYIIKOTO pa3pylIeHus Ha tuarpamme Mopa; ompe-
JETSIFOIET0 MAaKCUMAJIBHOTO TIPUHIIUTIA (CM. O HEM
HIDKE), 110 KOTOPOMY TPOBOAMTCS ONTUMAIIBHBIH
BBIOOD MTAPAMETPOB AIUIUTICOM A HAIPSKECHUH.

Co30anue HauyanvbHOUl 6b100PKU
3emaempaceHun

[Tporpamma STRESSseism Bapsupyer mac-
mTad yCpeIHEHUs! B 3aBUCUMOCTHU OT IJIOTHOCTH
pacnpeesieHus SIULIEHTPOB 3eMIIETPSICEHUH, 1151
KOTOPBIX UMEIOTCS JaHHBIE 0 MEXaHU3MaX 04aros.
B cnienmansHOM (aiine mporpaMmsbl («CHEHAPUH
pacueta» STRESS.map) 3agatorcs kpaiinue To4-
KU T10 IIMPOTE U JOITOTE UCCIIEyEMOIro PETHOHA
W JYarna3oH ITyOWH, B Mpejenax KOTOPBIX OyaeT
IIPOBOAMUTBCS pacueT HanpsbkeHuil. B aTom ke
daiine 3aar0TCs IpeaeNbHBIE 3HAYCHUS pauyca
ycpenHeHusT U KOA(DPUITMEHTHI, OMpeAeIIsSIoNIue
pasMep olmacTu ymopyrou pasrpy3kud B OKpecT-
HOCTH SIUIICHTPA 3eMJIETPSACEHUs, a TAKKe MaK-
CUMAaJIbHOE YMCJIO UTEPALUid, AJI1 KOTOPHIX UAET
MOCTETIEHHOE YBEIMYEHUE paauyca yCPeaHEHUS
JI0 MAKCUMAJIbHOTO 3HAUYEHHSI.

st kopsl Antas—CasiH pacyeT NpOBOAUIICS
st peruona 78—105° B.o. m 45-55° c.u. ¢ ma-
roM y35oB ceTtku 0.25°. MakcumanbHbli paanyc
yepennenust R cocrasisin 100 kM npu Makcu-
MaJIbHOM 4uciie urepauuid [, paBHoM 6. IIpo-
rpaMMa OpUEHTHpPOBaHA HA pacyeT MO HAauMEHb-
HIeMy pailyCy YCPEAHEHHUS, U TO3TOMY B HEil Ha
Ka)XX/IOM HTEPallMOHHOM 3Tare MPOUCXOIUT IO-
CTETNIEHHOE YBEIMYCHHUE Painyca YCPETHEHUS:

R=IR /I ,I1=1, ..1 (1)

max’

IIpn »TOM B Tak Ha3bIBAEMYIO «HAYaJIbHYIO
BBIOOPKY» 3€MJICTPSACEHUI BKJIIOYAIOTCS BCE
3eMJICTPSICEHMSI, DIMULEHTPHl KOTOPBIX IIONaja-
10T BHYTpb oOmactu paauyca R.. CoObiTHs, dIH-
LEHTPbl KOTOPBIX PACIOJIOKEHBI 3a IpeneIamMu
oOmacTu paguyca R, BKIIOYAIOTCS B Ha4allbHYIO
BBIOOPKY B TOM Ciydae, €Ciu pajuyc oOJIacTH
YIOPYrOM pasrpy3kd OTHUX 3€MIIETPACCHUI Req
MEHbBLIE R, T.€. €CIM TH 00JAaCTH YIIPYTOl pas-
IPY3KH HAKpBIBAIOT y3€Jll pacuera HaIpsKeHUN
U TE€M CaMbIM CO3JAl0T BKJIAJ B TEH30p IpHUpa-
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MIEHUHN CEMCMOTEKTOHNYECKHUX aedopmanuii. Pa-
JUyC YIIPYTO# pa3rpy3Kd 3aBUCUT OT MarHUTY/IbI
3eMJIETPSICEHHSI, TOUHOCTH OIPEEICHUS ero dIu-
nenrpa (A1) u napamerpa (43), xapakrepusyto-
[IET0 CKOPOCTh 3aryXaHusi nedopMaruii 3a mpe-
JleslaMu oyara 3emiieTpsicenus [23, 24].

Koaddunmentsr, ompexnenstonme pasmep
007acTH yIpyrou pasrpy3ku, IPUHUMAIH CIIETy-
romue 3HadeHus: A1 = 5 kM (TOYHOCTH JIOKAIMH
sanuneHTpa) u 43 = 0.6:

Req = A l +A2 *10(A3*(1.24+0.8*M)—5) KM.

2)

[Tapametrp A2 3aBUCUT OT TEKyUIEro pajauyca
yCpenHeHust R U pacCUMTBIBACTCS TPOTPAMMOit
aBTOMaTUYECKHU.

Ham onsIT pekOHCTPYKIIMM MPUPOIHBIX Ha-
NpSOKEHUH W3 JaHHBIX O MEXaHU3Max O04aroB
3eMJIETPSICEHUH TOKa3bIBA€T, 4TO Il PabOTHI C
UCXOJHBIMU JaHHBIMU OJHOTO HEPapXHYECKOro
YPOBHSI HEOOXOIMMO HCIIONB30BATh 3EMJIETpSI-
CEeHUsl C UIMPUHOM MArHUTYIHOTO JMana3zoHa
2.5-3.5. B atom ciiyyae, ¢ OIHOM CTOPOHBI, UC-
KIIIOYAIOTCSI BapualesbHbIE MEXaHU3Mbl OTHOCH-
TEIBHO CIA0BIX 3eMIIETPSICEHUI, KOTOPhIE MOTYT
UCKaXkaTb pe3yibTaThl B OTIEIbHBIX Y3JIaX pac-
4eTa, TaM, I71e YUCIIO0 COOBITHH cIa0bIX MarHUTY/

Puc. 4. I'papuueckas cxema MpeneinbHBIX
COCTOAHMH Ha auarpamme Mopa. bonbuiue
Kpyru Mopa KacaroTcst NpeJesbHOH JTMHUI
mpoYHOCTH: (a) B BHUAE KPHUBOIHHEHHON
orubaromieit; (b) B BUAE NPSIMONHHEHHON
HpeAeNbHON JINHHUM, TapajuiebHON JIMHUT
CyXOro TpeHus; (C) B BHIE HPAMOIUHEH-

AT,

nocrarogHo Ooubmoe. C Ipyroil CTOPOHBI, HC-
KITIOYAIOTCSI CUJIBHBIE COOBITHS, KOTOpBIE, MMeES
OONBIIyI0 O0NACTh YIPYTrol pasrpy3ku, OyayT
BIIMSITH HA PE3YJIBTATHI PACYETOB B OOJIBIIIOM YHC-
ne y3noB. s Antas—CasH ObuUT BRIOpaH MarHu-
TyaHbIN 1uana3on ot 2.0 10 6.0, 4to onpenenuniio
yJacTHe B pacueTax 567 3eMJeTpsICeHUH.

Oobnacmp xpynkozo pa3pyuienus
Ha ouazpamme Mopa

Macmrab ycpeanenus HanpspkeHuit B MKA
[0 JAaHHBIM O MEXaHM3MaX O4aroB 3emileTpsice-
HUIl COCTaBisIeT MepBbIe JIECATKU KHIOMETPOB,
nocturast uHorna 100 kM u Gonee [25, 26]. D10
MO3BOJISIET YIIPOCTUTH 3aBUCHUMOCTh TapaMeTpPOB
IPOYHOCTU OT HampspkeHUd (cM. puc. 4 a), mo-
narast K03 QpuuMeHTsl BHyTpeHHero (k) U cTaTy-
YECKOTO MOBEPXHOCTHOIO (k) TpeHMs, a TaKKe
IPOYHOCTH CUEIJIEHUS T, TOCTOSHHBIMH.

B  mpembinymeii  BepcuM  IIPOrPAMMBI
STRESSseism Obu10 npunsrto k = k. (puc. 4 b).
OTO SABNAETCS NOCTAaTOYHO CUIIBHBIM YIPOILEHH-
€M pEaJIbHOU NPEACIIbHON JTUHUU IIPOYHOCTH, KO-
TOpasi UMEET KPUBOJIMHEHHBIN BU (CM. puC. 4 a),
BBINOJAXKMBAsACh NpHU OONBIIMX BeIMYMHAX
CXKUMAIOIIMX HanpsokeHud g . B aToit pabore

HOM TMpenenbHON JUHUHM, HE Tapasuielb-
HOU JIMHMH MUHHMAaJIFHOTO CYXOTO TPEHUS.
1 — mpenmen Xpynkoil NpO4YHOCTH (KPHUBO-
JMUHEIHAs WK MpsMasl JIWHUA); 2 — MUHH-
MaJlbHO€ COMPOTHUBIEHHUE «CYXOTO» CTaTHu-
YEeCKOro TPeHMs (CTallMOHapHAas CTajus Ha
pasiome); 3 — KacaTelbHBIE K MPeaebHON
orubaromieif; 4 — IpeaerbHOE COCTOSHUE

Ha pas3jioMe, OTBEYAIoIee MaKCHMAJbHOM |
HNPOYHOCTH; 5 — HAIPSOKCHHBIE COCTOSHUS

Ha y4JacTKax pa3pbiBa, MEHBIINE Ipeellb-
HOTO; 6 — HaNpsHKCHHOE COCTOSHHE MHUHHMAJIBHOTO CONPOTHBIICHHUS XpYyNKoro paspymenus (touka K mig (b u ¢)). 4, B, C, F —
HpeebHbIC COCTOSHUS XPYIKOrO paspylieHus, £ — cOCTOsIHUE, pasJensioliee 001acTh XPyNnKoro (Ciesa) U MCEBAOIIACTHYECKOTO
(cpaBa) neOpMHUPOBAHUS TTOPOJIBL.

O O O Gy

-1

Fig. 4. Graphic schemes of limit states on the Mohr diagram. Large Mohr’s circles are tangent to the strength limit line: (a) in the form
of a curved envelope; (b) in the form of a straight limit line parallel to the dry friction line; (c) in the form of a straight limit line not
parallel to the minimum dry friction line. 1, brittle strength limit (curved or straight line); 2, minimum resistance of “dry” static fric-
tion (stationary stage on the fault); 3, tangents to the limit envelope; 4, limit state on the fault corresponding to the maximum strength;
5, stress states on the rupture sections less than the limit; 6, stress state of minimum resistance to brittle fracture (point K for (b and c)).
A, B, C, and F indicate limit states of brittle fracture; £ denotes the state dividing the region of brittle (left) and pseudoplastic (right)
deformation of the rock.
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pacueT HOPMHPOBAHHBIX BEJIWYHMH HaIpPSLKEHUUN
Ha BTOPOM 3Tarne pekoHcTpykuuun MKA BbInos-
HSJICS I Juarpammbl Xpynkod nmpodnoctu Ky-
JoH—Mopa, npencTaBieHHOW Ha puc. 4 c¢. 3aech
YUUTBIBA€TCSl IVIaBHAasi OCOOEHHOCTb peabHOM
IyarpamMmbl XpyInkoil mpouyHoctu (puc. 4 a), B
KOTOpOIl MaKCHMaJIbHbI€ 3HAYEHMsI KYJIOHOBBIX
HaNpsDKEHUH JTOCTUTaloTCs MPU HU3KOM YPOBHE
HOPMAJIBHBIX K Pa3pbiBy HanpspkeHud g, . Jliist
9TOH JuarpamMmbl JIMHHUS TPEIEIBHON XPYIKOM
IIPOYHOCTU HE MapajulesibHAa JUHUM MHHHMMAallb-
HOTO CONPOTHBIIEHHUS CyXOTO TPEHHU, T.€. k > k.

Maxcumanvuolit npunyun

B pabGore Obul MCHONB30BaH HOBBIM BH/I
(YHKIIMM, MAKCUMYM KOTOPOH OIpeNesieT euH-
CTBEHHOCTh BBIOOpa MapaMEeTPOB 3JUIUIICOMAA
HarpsiKeHUH (OpUeHTalus OCel IJIaBHBIX HaIps-
xeHuit u ko3pdunment Jlone-Hanan) B xoHIe
nepsoro stana pekoHcTpykuuun MKA. Ha aroii
CTaJuy IM0CJIe CyMMHUPOBAaHHs KBaJpAaHTOB CXKa-
TUS U PaCTSDKEHHS MEXaHU3MOB O4YaroB 3eMile-
TPSICEHUH U3 OJHOPOAHOM MX BBIOOPKM Ha JBYX
nonycdepax JOKaJIU3YIOTCS Y4aCTKU, B KOTOPBIX
MOT'YT HaXOJIWUTHCSI MCKOMBIE ITIaBHBIE HAIpsIKe-
HUS, COOTBETCTBEHHO, HAMOOJIBIIET0 U HAUMEHb-
ero cxkarusi. Panee [uist 3TOro MCIosb30Banach
(GyHKLUS CIENYIOIIEero BUa:

F = Z%sffrfs — max, 3)
rae s “¥u T *— COOTBETCTBEHHO, BEKTOP CMELIEHMI
U BEKTOp KacaTeNbHOI0 HAINpsDKEHHs Ui A-TO
odara 3eMJICTPSICCHUsI ¢ HOpMalbio n*; W* — xa-
paKkTepHBIN pa3Mep 00JacTu yNpyroil pasrpys3ku
B HalpapJICHUH HOpMaJH n*.

MoxxHO moka3aTb, YTO 3Ta (QYHKLUS SB-
JSETCSL TPOM3BEACHUEM TEH30pa INPUPALECHUN
CEHCMOTEKTOHMYECKUX JaedopManuii Ha TEH30D
HalpsDKeHUH. B TeopuM IIIaCTUYHOCTH Takas
GyHKIMST WMEHyeTcsi nuccunaTuBHOM. JlocTu-
JKEHUE €10 MAaKCUMAJIbHBIX 3HAYCHUU UMEHYETCs
MaKkCUMaJIbHBIM IpUHOUNOM Museca. B teopun
IJIJACTUYHOCTH JTOT MPHUHLMII OIpPEAEsieT Co-
BIIaJICHUE INIABHBIX OCEW TEH30POB HANPSIKEHUN
U TpHUpAIIeHUl IUIaCTHYECKUX JedopManuil.
[IpuiioskeHue 3TOro NPHUHLKINA B TEOPUM XPYII-
KOTO pa3pylIeHHUs MOXET NPHUBOAUTH K OLIMO-
KaM B OINPEIEICHUN OCEH IIABHBIX HAIPSKEHUI
Ha 15-20°. B MKA 370 cka3biBaeTcs B MEHbIIECH

k
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CTCIICHU, YEM B APYTHUX MCTOJAaX, TaAK KaK OH ITpH-
MEHsIeTCsl Ha (PMHAJIBHOM CTaJuu MEPBOTO 3Tarna,
KorJia 00J7acTH BO3MOXKHOTO PACIOI0KEHUS OCeit
[JIaBHBIX HAIPsDKEHUN Ha JBYX rnosycdepax yxe
JJOKAJIN30BaHBbI. OI[HaKO B KaKUX-TO CJIIy4Yasax 3TO
TaK)X€ MOXKET MPOUCXOAUTh, HAIIPUMEpP, B 30HAX
CYOIyKIIMM HA yJacTKaX Majod BapuaOeTbHOCTH
MEXaHU3MOB 0YaroB 3eMJIETPSICEHUM.

B cuity atoro B HoBoi#t Bepcunt MK A 1ipu onpe-
JeTICHU MaKCUMAJIbHOW (DYHKIIUH TIPEIaraeTcst
MCIOJIb30BaTh JIPYTOM, JOCTaTOYHO CTaHIAAPTHBIM
MOAXOMA, TPUMEHSEMBI B TEOPUU TIACTUYHOCTH,
U B YaCTHOCTHU B TCOPHUU IMCCBAOIINIACTUYHOCTH,
OPUEHTHPOBAHHOW Ha wu3ydeHHe nedopmariuii
B TOpHBIX Toponax [27, 28]. 3neck npu BeIOOpPE
TUTACTUYECKOTO TIOTEHIIMANA UCTIOIB3yeTcs (PyHK-
s Tekydectu tuna Kymona—Mopa unu [pykke-
pa—Ilparepa. B nmpunoxkeHnn K paccCMOTPEHHOMU
BBIIIIE TPOOJIEME YIIPYTO-XPYIKOro Tela Oyaem
UCHONIb30BaTh kputepuit Kynona—Mopa:

k k k
z-ns - ks Gnn = Tf’ (4)

Tac O'rlfn — HOPMAJIbHOC HAITPS’)KCHHUEC HA Pa3phbIBE,

T}‘ — MPOYHOCTH CLETIJICHHSI K-TO pa3phiBa.

B stom cnydae dyHkumio F U MakcHUMallb-
HBI TPUHIMII HAa €€ OCHOBE MOXKHO 3aIlKcarh
B CJIEIYIOIEM BUJIE:

1 k__k k
F= ZW(S“ Tps ks,
DTOT BUJ MaKCUMalIbHOW QyHKIMU F peanu-

30BaH B aJITOPUTME MOIM(PHUINPOBAHHON BEPCUU
nporpammbl STRESSseism.

J:n ) = max (5)

PeKOHCTpPYKUUA HanpsXkeHHOro
COCTOSIHUS

B crarbe mpencrasiieHbl pe3ysbTaTbl HOBOU
PEKOHCTPYKIIMU HanpsbkeHuit s Antast u CasH
(3amagHoro u BocTouHOro) nepBbIX IBYX 3TAIOB
MKA u npoBeeHO UX COMOCTaBIEHHUE C MPEbI-
OYIIAMH pe3ylIbTaTaMUd PEKOHCTPYKLHMH HaIpsi-
xxenuit [8] nna Antas u 3ananunoro Casna (puc. 5
u 6). Ha puc. 5 noka3anbl reoiMHAMUYECKUIA THIT
HanpsHKEHHOTO COCTOSIHUSA, 3HaueHue Kodhdu-
muenta Jlone—Hanan u ocu Hambonplero ropu-
30HTAJIBHOTO Ckatusd. HampaBneHus nenlcTBUs
HaNpsOKEHU  HauOOJbIIEr0 TOPU30HTAIBHOTO
C)KaTus MOIy4eHbl 110 paBUIaM TEH30PHOTO aHa-
7M3a, a He KaK a3UMYThl OCeil HauOOBIIIEeTo CxKa-
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Ty [14]. Ocu 3TuX HanpspKeHUH (puc. 5 B) ObUTH
MOCTPOEHBI B OolblieM MacuTabe ycpeaHeHus,
4yeMm JiBa JPyTUX MapaMeTpa HaIpsHKeHHOTO Co-
crostHus (puc. S a, 0).

CornacHo rpaduke, MpUBeIEHHON HA PUCYH-
Kax 5 a, b, B HOBOI pEKOHCTPYKITUH JIJIs1 KOPBI AJI-
Tasi B OCHOBHOM MPE/ICTaBICHbI F€OAMHAMUYECKUE
TUIBI HAMIPSHKEHHOTO COCTOSIHUSI TOPU30HTAIbHO-
IO C/IBUra M €r0 COYETAHUE C CHKaTUEM MJIM pac-
TshKeHueM. B 1o Bpems kak B padore [8] (puc. 6 a)
MMEIOTCSl YYaCTKU IIUPOKOTO MPEICTaBUTEIbCTBA
PEKUMOB TOPHU30HTAIBHOTO PACTSHKEHHUs (Kopa
Kypaiickoii u Uyiickoil BnaauH) u cxarust (Kopa
ceBepa MoHronbckoro Antast). OTH pa3Iudus
MOTYT OBITH 00YCIIOBICHBI 0COOEHHOCTBIO HAIIPSI-
JKEHHOTO COCTOSIHMSI AJITasi B IEPUOJI TOAITOTOBKU
Amnraiickoro 3emietpsicenus 2003 .

Paznmuuuss B 3HaueHWAX KodpUIMEHTA
Jlone—Hanaun takske mposiBUIIMCh B KOpe AJTas.
B HOBOI1 pexoHCcTpyKIMU (prc. 5 6) 3nech 60ib-
111e MpeACTaBIEHBI 3HAYEHHS 3TOT0 KO3 duineH-
Ta, OTBEYAIOLIUE €T0 OJU30CTH K YUCTOMY CABUTY
(-0.2... 0.2), a Taxke €ero COUETAaHUIO C OJHOOC-
HbIM pacTsokeHueM (—0.2... —0.6) ¥ 0JHOOCHBIM
cxarueM (0.2... 0.6). B pexoncTpykuuu u3 pabdo-
THI [8] B OOJBINEH CTENEHHW MPEACTABICHBI 3HA-
yeHus: kodppunmenra Jlone-Hanaun, 6nuskue k
0THOOCHOMY pacTsbkenuro (—0.6... —1.0).

Pasnuna B opueHTanMu OCEH HaNpPsKEHUU
HAuOONBIIEr0 TOPU3OHTAIBHOTO CXKATUS MEXKITY
HOBOH PEKOHCTPYKLMEH U MOTy4YeHHOH B paboTe
[8], Taxxke HaOMIOMAETCS AJIT KOPBI AJITast, B 0CO-
O0eHHOCTH B MOHroibcKkoM AJTae.

HauGonpmas O6a130CTh pe3ylnbTaTOB 3TUX
JIBYX PEKOHCTPYKLUI HaOmonaeTcst A1 3anaaHo-
ro CasHa u 3aiicaHCKOH BIAJWHBI, XOTSI U 3]I€Ch
HaOIIOaeTcss yMEHbBIICHHE TOPU30HTAIBHOTO
CXKaTus 3a CUET YBEJIWYEHHUS TOPU30HTAIBHOTO
casura. HeGombiine yacTHbIE pa3ivyusi B KOH-
KpPETHBIX y3J1aX pacueTa UMEI0TCs TakKe U B IUIO-
IaHOM pactpenenenuu koddpounuenta Jlome—
Hanau npu ocHoBHOM auanasone ot —0.6 1o 0.6.

OtmeueHHBbIE pa3inuus B MapaMmeTrpax di-
JUICOouJa HanpshkeHui (ero ocu u ero ¢opma,
omnpexnensemas kodpdurmenrom Jlome—Hanan)
MOTYT OBITh CBSI3aHbI: 1) ¢ OOIBIIMM YKCIIOM Me-
XaHU3MOB OYaroB 3eMJIETPSICEHUH B HOBOM Ka-
TaJloTe MEXaHW3MOB (JOTMONHHUTENbHBIE 259 co-
obrTuii k 308, wcmonbp3oBaHHEIM B pabote [8]);
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2) ¢ HOBBIM MaKCHMAaJbHBIM MPUHIIUIIOM pacue-
Ta MapaMeTpoB 3JUIMIICOMJA HANpsKEHUH (BbI-
paxenus (3)—(5)). B mepBoMm ciiyuae u3MeHEeHHE
MapaMeTpOB HANPSKEHHOTO COCTOSTHUSI CBSI3aHO C
BPEMEHHBIMU BapUalUsIMU, @ BO BTOPOM — C U3Me-
HEHHEM OMNPEAEISAIONIET0 MAaKCUMAaJIbHOIO MpPHH-
LIUIIA pacyeTa HaIPSHKCHUMN.

ManoBeposiTHO BIMSIHUE HOBOTO aJIropuTMa
CO3JIaHMs HAYaJIbHON BBIOOPKH 3eMIICTPSCEHHIMA
(Beipakenus (1)—(2)) Ha pe3ynbTaThl pacdera
B 4acTHU MapaMeTpOB 3JUIMIICOMAA HANPSKEHUH.
DTOT alrOpUTM CKa3bIBAE€TCSI HA KOJIUYECTBE Y3-
JIOB, B KOTOPBIX OBLIM IMOJy4Y€HBI JAHHBIE O Ha-
MPSKEHUSIX.

J11s BBIICHEHUS IPUYKH pa3jinyus B Hapame-
Tpax HaIpsKEHHOTO COCTOSIHUSA B pacyeTax, Ipo-
BEJICHHBIX B pa3HOE BpeMs U MPEACTABICHHBIX Ha
PUCYHKax 5 U 6, ObLIIM BBIIIOJIHEHBI HOBBIE pacue-
THI JI71s1 HOBOM Bepcuu nporpammbl STRESSseism
Ha OCHOBE TEX K€ CEHCMOJIOTMYECKUX JaHHBIX
(308 cobpITuii 32 1963—2003 1T.), KOTOpPHIE OBLTH
WCIIONIb30BaHbl B pabore [8] (cMm. puc. 7). DTOT
pacuer cleAyeT CpaBHUBaTb C pe3yibTaTaMy,
MpeACTaBICHHBIMA B padote [8] (puc. 6).

BunHo, 4To pacnpezeneHue no miomaam Tu-
OB T€OIMHAMUYECKUX PEKUMOB B 000OMX pacue-
Tax JOCTaTOYHO CXOXkee, KpoMe ceBepa MOHIob-
ckoro AnTas. 37ech B pEKOHCTPYKIHHU 110 padoTe
[8] (crapwiit anroputm MKA) umeer mecto ro-
PHU30HTAJILHOE C)KATHE U €r0 COYETaHHE CO CIBU-
roM. B pekoHCTpyKIIuH 110 MOTU(PHUITTPOBAHHOMY
anroputmy MKA 31ech UMeeT MECTO coueTaHue
TOPU30HTAJILHOTO CXKATUs co ciBUroM. Takoe, Ka-
3aJ10Ch Obl, CEPbE3HOE N3MEHEHHE HAIIPSKEHHOTO
COCTOSIHMSI Ha caMOM Jiejie 0OyCJIOBJIEHO H3Me-
HEHHUEM YIJIa MOrPYXEHUS OCH MaKCUMAaJIbHOTO
cxarus Ha 15-25°.

CpaBHuBas pe3yabTaThl pacyeToOB, MPEACTAB-
JICHHBbIC HA PHUCYHKaxX 7 U 5, MOXKHO IIPEAIONO-
KHUTh, YTO U3MEHEHHUSI JJIs1 KOPbI 3aMaJHON YacTH
Antas B paiione Kypaiicko-Uylickoil BnaauHbI
CBSI3aHBI C POU3OIIEAIIUM CUILHBIM AJITaliCKUM
3emuierpsicenrem 2003 r. 3nech B MPEKHUX pac-
yeTax [8] modyuYeHbl pe3ynbTaThl, XapaKTepHU3yIo-
1€ ATOT PETHOH KaK TOPU30HTAJILHOE pacTsiKe-
HUE U TOPU30HTAIBHOE PACTSDKEHUE CO CIBUTOM.
B Hammx pacuetax B 3TOM peruoHe Habironaer-
Csl TOPU30HTAJBHBIM CABUI M TOPU3OHTAJIbHBIN
C/IBHT CO CXKAaTHEM.
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Pebeukui FO.J1., CbiveBa H.A.

Puc. 5. Pesynbrarsl, monyudeH-
HbIE B JaHHOH paboTe Ha OCHOBE
a”anm3a 567 coObITHIA: (a) TeoTH-
HaMUYECKHH TUI HAMPSHKEHHOTO
COCTOSIHUA: 1 — TOPU30HTAJIbHBIE
pacTsDKeHHs, 2 — TOPU30HTAIb-
HBI CHBHT C pacTSDKEHHEM,

3 — TOpPU3OHTAJILHBIA CHBWI,
4 — TOPU3OHTAJBHBIA CIOBUI CO
CXKaTueM, 5 — TOpPU3O0HTAIb-

HOE C)KaThe, 6 —BepTUKaIbHbII
cneur; (b) 3HaueHne K03 huIm-
enra Jlone—Hanan: (1) u, <-0.6;
Q) u,<-02;3)-02<p,<0.2;
4)u,20.2; (5) u,=0.6; (c) ocu
HanOOIBIIETO TOPU3OHTATBHOTO
ckaTusi. PUCYHKHM moiydeHsl U3
Wuteprer-pecypca O3 PAH
(«TexToHMYECKNE HAMPSKEHUS
EBpazum»).

Fig. 5. The results obtained in
this study based on the analysis
of 567 events: (a) geodynamic
type of stress state: 1, horizontal
tension; 2, horizontal shear with
tension; 3, horizontal shear; 4,
horizontal shear with compres-
sion; 5, horizontal compression;
6, vertical shear; (b) the value
of the Lode—Nadai coefficient:
(1) u, < 0.6, (2) u, < -02;
(3)-02<u, <02;4)pu, =02
(5) u, = 0.6; (c) maximum hori-
zontal compression axes. The
images are obtained from the In-
ternet resource of the IFZ RAN
(“Tectonic stress of the Eurasia™).
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Puc. 6. Pe3ynbraThl, osyuyeHHbIE B pa-
6ote [8] Ha ocHOBe aHanmm3a 308 3em-
neTpsceHuil: (a) TeOOMHAMHYCCKUI
THT HaPsHKEHHOTo coctosiHus; (b) 3Ha-
yenne kodddunmenta Jlome—Hanawm;
(c) ocu HaWOONBIIETO TOPU3OHTAIBHO-
ro coxarus. OcTanbHble 0003HAYCHUS
CM. B ITOJIUCH K puC. 5.

Fig. 6. The results obtained in [8] based
on the analysis of 308 earthquakes:
(a) geodynamic type of stress state;
(b) the value of the Lode—Nadai coeffi-
cient; (c) maximum compression axes.
See also the captions to Figure 5.
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Puc. 7. HoBblii pacuer 1o Mo-
IU(QUIMPOBAaHHOMY AJTOPHT-
My MKA mo pgamaeiM o 308
MEXaHH3Max O4yaroB 3emJe-
TPSCEHUH, HUCIIOIB30BAaHHBIX
B pabote [8]: (a) reogmHAMHU-
YeCKU TUN HanpsKEHHOTo
cocrostaus; (b) 3HadeHHWe Ko-
spdunmenta  Jlome—Hamau;
(c) oc HaUOOITBINIETO TOPU30H-
TanpHOrO CKarust. CM. Taxke
MOJIHMCH K pHC. 5.

Fig. 7. A new calculation using
the modified MCA algorithm
based on 308 earthquake source
mechanisms used in [8]: (a) ge-
odynamic type of stress state;
(b) the value of the Lode—Na-
dai coefficient; (c) maximum
horizontal compression axes.
See also captions to Figure 5.

GEOPHYSICS. GEOTECTONICS AND GEODYNAMICS 272 GEOSYSTEMS OF TRANSITION ZONES, 2024, 8(4)



HanpsixeHHoe cocTosiHne 3eMmHow kopbl AnTae-CasiHCKoy ropHow obrnactu

Orcroma creayer, 94TOo OTMEUEHHBIC BBIIIE
Pa3HOUTEHHS B pe3ysibTarax pacueToB (PUCYHKHU
5 u 6) CBsI3aHBI UMEHHO C aJITOPUTMOM HOBOTO
MaKCHUMaJIbHOTO npuHIuna. ConocTaBieHUE pu-
CYHKOB 5, 6, 7 TOKa3bIBAET, UTO PA3IUYMUSI B OPHU-
SHTAIlMW TJIaBHBIX HANPsOKEHUH 32 CYET HOBOTO
MaKCHUMaJIbHOTO TMPHUHIMIIA HUMEIOTCS, XOTS He
CTOJIb O0JbIINE, B Ipeaenax 15-25°(B oTaenbHbIX
Toukax oTMedeHo 30°). DTUX W3MEHEHUU T0CTa-
TOYHO, YTOOBI B KAKMX-TO y4acTKax KOpBI CMe-
HUJICSl TUI TEOAMHAMUYECKOTO PEKHMa, HaIlpH-
Mep TOPH30HTAIBHBIA CIIBUT HA TOPU30HTATBHBIN
CIIBUT C PACTSKEHUEM UJTU CO CXKATHUEM.

3aknroyeHue

Brimonuennas mna xopbl Anras—CasiH u
OmpKalIuX TEeppUTOPUN PEKOHCTPYKLHMS TpH-
POIHOIO HANpsKEHHOI'O COCTOSIHUS IO CelcMo-
JIOTMYECKUM JAaHHBIM Ha OCHOBE MOAM(pULUPO-
BAaHHOIO aJroOpUTMa KaTaKIaCTUYECKOIO METOAA
SIBJISIETCST CIICAYIOIICH MOCIe COBMECTHOM pabo-
bl ¢ O.A. Kyuaii B 2012 u 2013 rr. DT pekoH-
CTPYKIMM DPAa3JIMYaloTCs HE TOJIbKO MO Habopy
aHAJIM3UPYEMbIX JAHHBIX (B MpexHeW ObuIM HC-
M0JIb30BaHbl JaHHbIE O (POKAJIBHBIX MEXaHHU3Max
308 coObITHii, B HOBOM, (pMHATIBLHON BEPCUU pac-
yeTta — 567 cobpIiTuit u3 584 coOpaHHBIX), HO U IO
UCTIOJIb3YEMbIM IIpH pacyeTax anropurmam MKA.

Pacmpenne OaHka aHAIM3UPYEMbIX JaH-
HBIX TIO3BOJIMJIO BBINOJIHUTH WHBEPCHUIO HAIpS-
KEHUH C MEHBIIMM MacIITaboOM yCpeIHEHHs U
MOJYYHTh B KOKIOM y3JIe JaHHBIC I OOJIBILIEro
qHCciIa BpEMEHHBIX HHTEPBAJIOB KBa3HOIHOPOIHO-
IO HaIPSKEHHOT'O COCTOSHUS.

Hcnonp3oBanne HOBOW MOaM(UKAIMN Ka-
TaKJIACTUYECKOT0 MeToJa MoKa3ajlo, 4YTo OHa IOo-
3BOJISIET MOJTy4aTh YCTOWYMBBIE OPUEHTALIMH OCEH
IJIaBHBIX HaNpPsDKEHUH, KOTOpBIE JIydIlle corvacy-
IOTCSl C TEOpPHEH XPYIIKOrO pa3pylLIeHUs B pam-
kax noaxona Kymon-Mopa. CpaBHeHue HOBOM
MOIU(UKALMU METOJa CO CTapbIM aJrOpUTMOM
MOKa3bIBACT, YTO PA3JIMYMs B OPHEHTALMH OCEH
IVIaBHBIX HAIPSDKEHUH MOTYT COCTaBIATH 15-25°
U B OTACIBHBIX Cllydasx gocturarb 30°.

[lomydyeHHbIE AAaHHBIE O HANPSKEHHOM CO-
cTostHMM Kopbl Antas—CasiH ciieiyeT paccMaTpu-
BaTh B KQUECTBE OCHOBBI [l TEKTOHO(HU3UUYECKO-
ro palOHUPOBAHUS OMACHBIX YYACTKOB aKTHBHBIX
pa3IoMOB IO CTENEHHM ONACHOCTH TI'€HEepHUpOBa-
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HUSI CUJIBHBIX 3€MJIETPSICEHU ¢ MarHuTynaou 7.0
u Oonee, aHAJIOTHYHO TOMY, KaK 3TO CJEJIaHO
st BoctouHoit 30HBI pasznomoB B Typuuu [29]
u paznomoB baiikanbckoit pudToBoit 30HbI [30].
KaprupoBanue akTUBHBIX pa3IOMOB IO CTeme-
HU ONACHOCTH ITO3BOJIUT BBIACIUTH HamOoOsee
OIacHbIE YYacCTKH M B JaJbHEHIIEM MPOBOAUTH
TEKTOHO(DU3UUECKHUI MOHUTOPUHT HU3MEHEHUS
HaIpsKEHHOTO COCTOSIHUSI U OCYIIECTBIISITH Ha-
OmronieHue 3a JIBMKCHUSAMU MMOBEPXHOCTH METO-
JaMU JUCTAaHIIMOHHOTO 30HIUPOBAHUSI.
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TeKTOHUYEeCKMe Hanps>KeEHUS FOro-BOCTOMHOW YacTn
[opHOro Anras
A. B. Mapunun®, JI. A. Cum

@E-mail: marinin@jifz.ru

Huemumym ¢puzuxu 3emnu um. O.FO. [HImuoma PAH, Mocksa, Poccus

Pe3tome. TMoneBbiME TEKTOHODU3UMYECKUMH METOAAMU TIOJIyUEHbBI JaHHBIE M0 HAMPSHKEHHO-1e()OPMUPOBAHHOMY
COCTOSIHMIO MacCHBa TOpPHBIX Mopoj B pailone Uyiickoit u Kypaiickoi BlaguH, pacnojoXEHHBIX B I0OTO-BOCTOUHON
gactu [opHOTO AnTast. [loaydyeHHBIC B TOYKaX MOJICBBIX HAOMIOACHUN XapaKTePUCTHKH JIOKAIBHBIX CTPECC-TCH30POB
HCIIOJB30BaHbI JUJIS ONPECIICHUS YCPEIHCHHOTO PErHOHAIBHOTO MMOJIs HANPSHKCHUH, OTBETCTBCHHOTO 3a (HhOpMHU-
pOBaHUE PETHOHAJIBLHON TEKTOHUYECKOW CTPYKTYphbl. TeKTOHMYECKOE MOJI0KEHUE pailoHa B CIOXHO MOCTPOCHHOM
y3JIe KOHIICHTPAIUU PAa3PhIBHBIX HAPYIICHUH W Pa3IMYHBIX TaJieo(palialbHBIX 30H OMPEISISICT CI0KHBIN XapakTep
€/INHOTO YCPEeIHEHHOTO Mo HanpsbkeHud. B obmacti Uyiickoit u Kypaiickoii BiaJiiH BBISIBIIEHO CEBEPO-3aragHoe
HalpaBjeHUEe MaKCUMaJIbHOTO TOPU30HTANBHOTO ckaTtusi. OHO yCTaHaBIMBAETCs Ha JIOKAJIbLHOM YPOBHE M Ha YPOB-
HE YCPEIHECHHOTO TOJIs HANPSHKCHUH 10 TpeM ydacTkaM HaOmrojeHuit. OTKIOHEHUE OT reHepaibHoro s [opHo-
ro AnTas CyOMEpUIMOHAIBHOTO HAMPABICHHS TCKTOHUYECKOTO CTPecca M MOBBINICHHOE KOJIMYECTBO 0OCTAaHOBOK
TOPU30HTAILHOTO PACTSKCHUS 110 CPABHCHHIO C IPyruMu oOnacTssMu ['opHOro Anrtas CBS3aHO, HA HAI B3IV, CO
CMEIIEHHUEM TI0 3alajl-CeBepO-3alaJHbIM PErHOHAIBHBIM MPAaBOCABUTOBBIM CTPYKTYpaM M M3MEHEHUEM THIa Ha-
MPSDKEHHOTO COCTOSHUS BHYTPH HAJIOKCHHBIX KaWHO30MCKUX BrmanuH. [10100HBIC BapuaIlliu XapaKTEPUCTHK OIS
HaIpsHKEeHUH OTMEYArOTCsl HE TOJBKO ISl PEKOHCTPYUPOBAHHBIX TEKTOHUYECKUX MaJCOHAINPSKEHUN, HO U ISl U3-
MEHEHHM, MPOUCXOIAIINX B PE3YJbTaTe Pa3BUTHUS COBPEMEHHBIX CEHCMUYECKUX MPOLECCOB U CBSI3aHHBIX C HUMU
3EMIICTPSICCHUM B 3TOW aKTUBHOM B CEHiCMHUECKOM OTHONICHUU 00nactu [opHOoro Anras.

KntoueBble cnoBa: I'opueiii Anraii, Uyiickas BnaanHa, Kypaiickas BmagnHa, TEKTOHHYECKHE HAMPSDKCHUS, pa3-
JIOMHAasl TEKTOHUKA, Pa3pbIBbL, 3€pKajia CKOJIBKEHHS, PEKOHCTPYKIMS MadeOHANPSKEHUI

Tectonic stress of the southeastern part of the Gorny Altai
Anton V. Marinin®, Lidiya A. Sim

@E-mail: marinin@jifz.ru
Schmidt Institute of Physics of the Earth of the RAS, Moscow, Russia

Abstract. Data on the stress-strain state of the rocks in the area of the Chuya and Kuray depressions located in the
southeastern part of the Gorny Altai were obtained using field tectonophysical methods. The characteristics of local stress
tensors obtained at the field observation points were used to determine the averaged regional stress field responsible for
the formation of the regional tectonic structure. The tectonic position of the area in a complex node of the concentration
of faults and various paleofacial zones determines the nature of the single averaged stress field. In the area of the Chuya
and Kuray depressions, the maximum horizontal compression was revealed, which is established at the local level and the
level of the regional stress field of the three observation sites. The deviation from the submeridional direction of tectonic
stress, which is general for the Gorny Altai, and the increased number of stress regimes of horizontal extension compared
to other parts of the region are associated, in our opinion, with WSW regional dextral strike-slip structures and a change in
the type of stress regime within the superimposed Cenozoic depressions. Such variations in the stress field characteristics
are noted not only for paleostress inversion but also for the changes occurring as a result of the development of modern
seismic processes and related earthquakes in this seismically active region of the Gorny Altai.

Keywords: Gorny Altai, Chuya depression, Kuray depression, tectonic stress, fault tectonics, slickenside, paleostress
reconstruction (paleostress inversion)
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®unHaHcuMpoBaHMe U GnarogapHoCcTyH

HccnenoBanue BBIMOTHEHO B paMKax TOCYJapCTBEHHOTO
sananus WuctutyTa Qusuku 3emuu um. O.1O. IlImuara
PAH (Ne FMWU-2022-0008).

ABTOpPBI BBIPaXalOT MCKPEHHIOIO 0JaroapHOCTh CBOMM
KOJUIEraM, YbH MaTepuaslbl I0JIEeBbIX HAOIIOJCHUH UCIIONb-
30BaHbI IPU PEKOHCTPYKIIMK TEKTOHUYECKUX HAIPSKEHUH
B oTo# yactu ['opHoro Anras: U.B. bounapro, H.A. Top-
neey, II.LA. KameneBy, A.P. JlykmaHoBy u ap., a Takxke
10.J1. PeGenikomy, A.®. EmanoBy, A.A. EmanoBy u E.B. [le-
€BY 3a IIOMOIIIb B OPraHMU3allNH MOJIEBBIX UCCIICAOBAHUM Ha
I'oprom AnTae.

BBepeHue

Hamm uccnenoBanus MpoBeAEHBI B Tpejie-
Jax FOTo-BOCTOYHOM yactu [opHOro Anras, rae
27.09.2003 1. mpousouwio cunsHoe Yyiickoe (AJ-
Taiickoe) 3emiuetpsicenue ¢ M = 7.3. Tekronuye-
CKHE HaNpsDKeHUs! pailoHa HEOJHOKPATHO MCCIie-
JOBAJMCh PA3MYHBIMUA TEOJOTMYECKUMHU METO-
JaMH, B YaCTHOCTH C HMCIOJIH30BaHUEM T'€OJIOTHU-
YECKUX MHUKATOPOB MaJjeOHANPsKEHU/ nedop-
Manuii [1-4]. Hauareimu B 90-x rogax mpouuioro
BEKAa MCCIIEIOBAaHUSAMHU OIPEAEICHO OCHOBHOE
HarpaBJIeHHEe TEKTOHUYECKOTO CTpecca B PErHo-
He CCB npoctupanus. [pu stom nns Kypaiickoit
30HBI Pa3jIOMOB MPEANONarasach 3BOJIIOLUS OT
peKrUMa TOPU30HTAILHOTO CIIBUTA K PEXHUMY TO-
PHU30HTAIBHOTO CHKATHsI MIPH CXOAHOM Harpasiie-
Huu ctpecca [1]. IlomydyeHHsie mo3aHee JaHHbBIE
najeocTpecc-anaiamn3a Ha 6oprax Yyiickoit u Ky-
paiickoii BmaguH ycranoBuian CCB HanpaBieHue
(n71s1 6 MTOKANBHBIX CTpecc-TeH30poB) U C3 HanpaB-
neHue (U1 8 JIOKalIbHBIX CTPECC-TEH30pOB) MaK-
CHUMaJIbHOTO TOPU3OHTANBHOTO Cxatusi. [Ipuyem
s CCB HampaBiieHusi ycTaHaBIUBalOTCs 00cTa-
HOBKH TOPU30HTAJIBHOTO CXKAaTWsl U CABHTA, a JUIS
C3 mpoctupanus npeodaagatoT TOPU30HTAIBHOE
pactsixenue u cupur [4]. Ilocne Yyiickoro 3eM-
JETPSICEHHSI aKTUBHO MCCIIEIOBAITUCH CEHCMOTeH-
HbIe eopMaluy U TOJs HANPSHKEHUH peruoHa.
OTMeqaroTcsl CXOHbBIE CTPYKTYpHBIE PUCYHKH Ha
IrarpaMMax TpPEHIMHOBATOCTH M PEKOHCTPYH-
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pyeMble XapaKTEPUCTHKU IOJISI HANPSHKEHUU 10
3aMepaM B KOPEHHBIX U PBIXJIBIX YE€TBEPTUUHBIX
otnoxenusix. [Ipu stom onpenensierca CC3 npo-
CTHpaHUE OCH CKaTus (C BapUalUsMHU OT LIUPOT-
HOTO J0 MEPHUAMOHAIILHOTO HampasiieHus) [3].
[IpoBeneHHBIMU HCCIIEIOBAaHUSIMU C HCIOJIB30-
BaHHEM CTPYKTYPHO-TeoMOpP(OIOrHYECKOro Me-
TOJIa aHAJIM3a Pa3pbIBHBIX HApPyLIEHUH B palioHE
Uyiickoii n Kypalickoil BlaluH yCTaHOBIIEHO, YTO
Ha HOBeiIIeM JTare pasjioMbl IepopMHUPYIOTCS
npu akTMBHOM CCB TropH30HTaIbHOM C)KAaTuH,
IpU 3TOM NOAYMHEHHOE 3HadeHue mmert CC3
U CyOMEpHUIMOHAJIbHOE HAIPABJICHUS CXKATHS
[5, 6]. UccnenoBanue HanpspKkeHHO-IeGopMUpo-
BAaHHOTO COCTOSIHUS ITOJIEBBIMU TEKTOHO(H3HUE-
CKMMH METOJaMH HHTEPECHO TEM, 4TO IO JaH-
HOMY pEruoHy HOJYy4YeHbl MOAPOOHBIE JaHHBIE
C HCMOJb30BaHUEM celcMonoruueckux [7—10]
U CEUCMOTEKTOHMYECKUX MeTofoB [11]. B artoi
CBSA3U JIJISl MPOBOJAMMOIO HMCCIIEIOBAHUS BaXKHBI
CIIeyIollke BOMPOCHI: 1) HACKOJIBKO JaHHBIE
0 TEKTOHMYECKHUX HAIPSUKEHUSX, [10JTy4aeMble Ha
MOBEPXHOCTH, COOTHOCATCS C JAHHBIMM 110 M€Xa-
HU3MaM 3€MIIETPSICEHUH; 2) KaKk U3MEHSIOTCS Xa-
PaKTEpUCTUKU HAIPSHKEHHO-e()OPMUPOBAHHOTO
COCTOSIHUSI 110 TUIOIIA[IH.

Hacrosimast cratest siBAsieTCs MPOAOIKEHU-
€M paboT aBTOPOB MO M3YUYEHUIO TEKTOHUYECKUX
HanpspKeHU peruona. IIposeneHHble uccieno-
BaHHs NOKAa3aJll CYUIECTBEHHYIO W3MEHUYHBOCTH
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B OPUEHTALIMU OCEH MIABHBIX HANMPSHKEHUN U KU-
HEMaTUKe MajblX IU3BIOHKTUBOB B TIpeaeiax
FOr0-BOCTOYHOM 4acTu l'opHoro Anras. M3mene-
HUS TUTA HAMPSHKEHHOTO COCTOSHUS U OpPHEHTa-
UM OCEW MIABHBIX HANPSKEHUM MPOUCXOIAT HE
TOJIBKO B pa3HbIe TEKTOHMYECKUE ATOXH, KaK 3TO
YaCTO MOKA3BIBACTCS TIPH MATICOPEKOHCTPYKITHIX
TEKTOHUYECKUX HAIpPSDKEHUH, HO U B pe3yJbTa-
T€ Pa3BUTHI COBPEMEHHBIX CEHCMHUYECKHX TPO-
[IECCOB M CBA3AHHBIX C HUMH 3EMIICTPSICEHUH.
OTH W3MEHEHHUS! 4acTO OOYCJIOBJICHBI MPOCTpaH-
CTBEHHBIM TIOJIOKEHUEM TOUYKH cOopa mHpopma-
U, T.€. JJAaTEPAIIbHBIMUA U3MEHEHUSIMHU TIOJISI TEK-
TOHMYECKUX Hanpspkenui. [Ipobrema mHTEpIpe-
TalMM TIPU PEKOHCTPYKITUSAX TaJICOHANPSIKEHUN
OTHOCHUTEJIBHO HEJAABHO PAacCCMOTPEHA B CTaThe
[12]. B Heit mokazaHo, 4TO OOJIBITMHCTBO OIIPEIe-
JICHUH, TpUBEACHHBIX B paboTte [4], ykiaabsiBaeT-
Csl B TapaMeTPbl COBPEMEHHOTO TIOJIsi TeKTOHUYE-
CKHMX HaNpsDKCHHH, a TaKXKe MPEAJIOKESH BapHuaHT
WHTEPIPETAIH, OMHUPAIOIINICSI Ha BBIJCICHHE
YCPEIHEHHOTO PErHOHAIBHOTO TIOJISl HAMIPSKEHU T
IO TIOJTyY€HHBIM JIOKAJIBHBIM CTPECC-TEH30paM.

enpto maHHOW pabOTHI SIBISIETCS] MPOBEEC-
HUE PEKOHCTPYKIIUY TEKTOHUYECKHUX HATIPSKCHUI
C MCTIOIH30BAaHUEM TOJIEBBIX TEKTOHO(DU3UIECKUX
JIAHHBIX ¥ PAacCMOTPEHHE OCOOCHHOCTEW WX WH-
TepIpeTamnuy. 3agadaMu UCCIIeIOBAHUS SBIISTUCK:
1) ompenenenne mapaMeTpoB MaJeOHATPSHKEHUMA
10 BCEM COOpPaHHBIM B XOJI€ TIOJIEBBIX palOT W3-
MEpEHUSIM; 2) TIOCTPOEHUE CXEM C HaIlpaBICHHEM
IJIAaBHBIX OCEH TMajieOHANPsHKEHUH, JIaTEPAIbHOTO
TOPU30HTAIBHOTO CXKATHsSl M TUIIOB HAIPSHKCHHO-
TO COCTOSIHHS; 3) BBIJEICHUE CXOMHBIX ISl BCEH
WCCJICIOBAHHON TEPPUTOPUH XAPAKTEPUCTUK Ha-
MPSHKCHHO-Ae(hOPMUPOBAHHOTO COCTOSHUS M UX
CpaBHEHHWE C TAKOBBIMHU MPHJICTAIOIINX PAHOHOB;
4) BbIIENIEHUE YCPEAHEHHOTO MO HANpSKEHHM
Ha OTAENBHBIX y4yacTkax HaOmropeHus. [lo cpas-
HEHUIO C MIPEIbLIYIIUMU MTyOIUKAIUSIMHA aBTOPOB
WCCJIeIOBaHNE JOMOJHEHO 3HAYUTEIIbHBIM KOJIH-
YECTBOM HOBBIX OTIPE/IEIICHHI JIOKAJTLHBIX CTPECC-
TEH30poB B npezenax Yyiickon u Kypaiickoi Bra-
nuH. Oco0oe BHUMaHUE YAEIEHO OOBETMHEHHIO
MOJIYYCHHBIX B JIOKAJIbHBIX TOYKAaX HAOIIOICHHS
JIAaHHBIX O MAJIEOCTPECCE B €IMHOE PETMOHAIILHOE
T10JI€ HAIIPSDKEHUM.
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Feonornyeckoe cTtpoeHue
panoHa nccnegoBaHUM

PaiioH umeeT cn0KHOE CTpPOEHHE C couJe-
HEHHEM Pa3HOBO3PACTHBIX CKJIAAYaThIX U CTPYK-
TypHO-(popMannoHHbIX 30H [13]. MccnenoBanus
IIPOBEAEHBI B IOro-3anaaHo yactu Anrae-Ca-
naupo-MOHTOIBCKON cKilamuaToil obnactu [14]
CO CJIOXHOM CKJIauaTO-OJIOKOBOW CTPYKTYpPOM.
[Taneo3olickue CTPYKTYpHO-(hOpMalluOHHbIE
30HBI TIPEICTABIECHBl Ha TEPPUTOPUU HCCIIE-
JMIOBAHUS CJIO0XKHOH MO3aMKOH, 00beIUHSAIONIIEH
Amnyilicko-Yylickyro, bniicko-Karynckyro, Vii-
MeHo-Jlebenckyro u Teneuko-YynbIIMaHCKYIO
30HBI. Ha cTpyKkTypbl paHHENaneo30iCKOro
CKJaa4aToro (yHaaMeHTa HaJIOKEHbl cl1abo
nedopMUpoBaHHbIE (MHOTAA MOYTH HE 3aTpo-
HyTBIe JeQopManusIMu) OTIOKEHUS MPOTHOOB,
BIIaJIUH U I'paOCHOB, KOTOPHIE BBHIITOJIHEHHI Npe-
UMYLIECTBEHHO OCAJOYHBIMU M BYJIKAHOTE€HHO-
0CaJI0YHBIMU 00pa30BaHUAMM IAJIE030HCKOTO
1 KaliHo30iickoro Bo3pactoB [13]. HanoxxenHsie
KaliHo3oMckue Yyiickas u Kypaiickas BaauHbl
paznenensl Yaran-Y3yHckuM (niau CyKOpCKUM)
MaccuBOM (OIIOKOM), CIOKEHHBIM JOKEMOpPHIi-
CKMUMH M TaJe030HCKUMH moponaMu (puc. 1).
Bnanunasl orpannuensl Ha ceBepe Kypaiickoit
30HON pa3noMoB, a Ha tore HOxnHo-Uylickum
paszinomom [15].

MaTepuanbi u meToAabl
nccnegoBaHun

Marepuan Hamux HcclieoBaHUN coOpaH B
paiione Yyiickoii u Kypaiickoil Bmaaud [opHoro
AnTas B pesyibrare IOJIEBBIX TEKTOHO(HU3HUYE-
ckux padot 2018 u 2022 rr. OCHOBHBIE YYaCTKH
Habmonenus: «Kypait», «Yaran-Yzyn», «beib-
tup» U «Jbxanruz-Tobe» — pacmojoKeHbl Ha
ooprax Uyiickoit u Kypaiickoit Bnagus (puc. 1),
KOTOPBIE CI0KEHbI IPEUMYLIECTBEHHO BbIXOAAMHU
MaJe030MCKUX U MECTAaMU JIOTIAIC030MCKUX 00pa-
30BaHuM. JJisi CpaBHEHHSI paCCMOTPEHBI YYaCTKU
CMEKHBIX palloOHOB «AkTa, «byry3syn» n «Ya-
ran-bypraze». Ocoboe BHUMaHuEe OBLJIO HAIPaB-
JieHO Ha cOop, aHaIu3 M 00pabOTKYy JAHHBIX IO
3epKajaM CKoJibkeHHs. OCHOBHBIE CBEJCHHS 10
HUM coOpaHbl B IOPOJax J0MNAaIe030MCKOro U mna-
JIC030MCKOr0 BO3pacTa.
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[Tpu momneBbIX HCCIET0BAaHUAX U MOCIETYIO-
IIEM OTIpeJIeICHUH HAaPsHKEHHO-e(hOPMHUPOBaH-
HOT'O COCTOSIHMSI 33JI€HICTBOBaHbl CTPYKTYpHO-IIa-
pareHeTU4EeCKU METOJ1 aHaIN3a MaJbIX TU3bIOH-
KTHUBOB [ 16] 1 METO/1 KaTaKJIaCTUYECKOT0 aHAJIN3a
(MKA) pa3psiBHBIX cMenienuit [17, 18]. ITo Bcem
COOpaHHBIM JIaHHBIM C OTpe/ieJICHUeM KHHEMAaTH-
KM 3€pKaJl CKOJIbKEHHUSI IPOBEACH pacueT B Ipo-
rpamme STRESSgeol [17, 18], ucnons3yrouieit
anroputMbsl MKA pa3pbIBHBIX cMelleHuid. B pe-
3yJbTaTe NOJIYUYEHBI TAPAMETPhl HAIIPSHKEHHO-/1e-
(hOpMUPOBAHHOTO COCTOSTHUS B KXKIOW TOUKE Ha-
OJIO/IEHUs: MOJIOKEHUE OCeH IIaBHBIX HampsKe-
HUH (MHHUMAIIBHBIX (G| ), IPOMEXKYTOUYHBIX (O, ) U
MaKCUMAJIbHBIX (G,) CKUMAIOUINX HAPSHKEHUN),
HaIpaBJI€HUE MAKCHUMAJIBHOTO TOPU30HTAJIBHOTO

CKaTHs, TUT HANPSHKEHHOTO COCTOSHUS U KO-
¢uunent Jlone-Hanaun (n ).

Jlyis aHanmu3a MOyYeHHBIX JaHHBIX MO TOY-
KaM HaONIONEHUs 3aJIeHCTBOBAH METOJ] HaXOX-
IeHUsT «oOmmx» (yCpeIHEHHBIX) TMOJieH Hamps-
s)keanit [19, 20], KOTOpbIA OCHOBAH Ha JIAHHBIX
MaTeMaTH4YECKOr0 MOJEIMPOBAHMS HANPSIKEHHM
BOKpyYT pazpeiBa [21]. CormacHO 3TUM JaHHBIM,
Ha KOHIIaX PAa3pHIBOB MPOUCXOIUT H3MEHEHHE
HCXOJTHOTO «PETHOHATBLHOTOY» TOJS HAIPsHKEHHH
(puc. 2 A). B aTom ciydae Ha crepeorpaMMe xa-
paKkTep pacmpeiesieHUus] BBIXOAOB OCEH IIaBHBIX
HaNpsOKEHUH, OMpEeIeNIeHHBIX B OKPECTHOCTSIX
pa3pbiBa, MOXHO OITHCATh KOHYCOM C)KaTHs, B KO-
TOPOM TPUCYTCTBYIOT OCH MaKCUMAaJIbHOTO CXKa-
THA (C,) M HE HAOIIFOIAIOTCsl OCU PACTsHKEHUH (G )

Puc. 1. Cxema pacnoNoXeHUs y9aCTKOB UCCIeoBaHU B paiione Uylickoil u Kypaiickoit Bnagun ['opaoro Antas. 1-3 — pa3pbIBHbBIEC Ha-
pyurenus (1o [15]): HeonpeneneHHoi kunemaruku (1), npassle caBur (2), aesble caBurd (3); 4 — B30pOCH! U HAABUTH; 5 — 0003HaUEHUA
pa3psIBHEIX HapymeHuit: K6 — KyGanpunckuit pasnom, Kp — Kypaiickas 3ona paznomos, FOU — FOxuo0-Uyiicknit paziaoM; 6 — o6o3Hade-
HUS YY9acTKOB uccnenoBanuii: [ — «Kypait», 2 — «Haran-Y3yn», 3 — «benstupy, 4 — «Axramy, 5 — «Ixanmrusz-Tobe», 6 — «Haran-bypra-
3b1», 7 — «byry3yn»; 7 — 0051acTh BBIXOI0B KAHHO30MCKUX OTIIOXKEHUH.

Fig. 1. The scheme of the research area in the Chuya and Kuray depressions of the Gorny Altai. 1-3, faults (according to [15]): (1) kine-
matically indeterminate; (2) dextral strike-slip faults; (3) sinistral strike-slip faults; (4) reverse faults and thrust faults; (5) names of faults:
K6, Kubadrinsky fault; Kp, Kuray fault zone; FOU, Yuzhno-Chuysky fault; (6) names of studied sites: 1, “Kuray”; 2, “Chagan-Uzun”;
3, “Beltir”; 4, “Aktash”; 5, «Dzalgiz-Tobe; 6, “Chagan-Burgazy”; 7, “Buguzun”; (7) Cenozoic sediment output.
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JIOKaJIbHBIX CTPECC-TEH30POB, a TAK)KE KOHYCOM
pacTsKeHus, B KOTOPOM MMEIOTCSl OCH PaCTshKe-
HuA (G,), HO HET OCEH MAaKCHMAIILHOTO CHKATHs
(0,) JOKalbHBIX CTpecc-TeH30poB (puc. 2 b).
dopMupoBaHHE ATHX JIOKAIBHBIX OOCTaHOBOK
INPOMCXOIUT B YCJIOBUSX YCPEAHEHHOTo (JUIs
OTIPENIEICHHOTO YyYacTKa) WM PETHOHAJIHHOTO
0JIs1 HAIPSDKECHUH.

HUH 00CTaHOBKH PACTSHKESHUS B UCCIIEyEMOM 00b-
eMe — eclii HaOIoaeTcs B KOHYCE PaCTSKEHUS
(3nauenune xkodppuuuenta Jlone-Hanaum p_~ -1),
1100 006 00CTaHOBKE CXKATUs MPU KOHIIEHTPALUU
oceil cyKaThs JOKAJbHBIX CTPECC-TEH30POB B Of-
HOMMEHHOM KoHyce (kodddunment Jlone—Hanan
u_ = +1). IIpu OTHOCHTENBHO PABHOMEPHOM pac-
MpEeIeHUH OCEH JIOKaIbHBIX CTPECC-TEH30POB

Bce nokanbHBIC Bapuaniy HampsHKEHHOTO
COCTOSIHUS, BBI3BaHHBIC CMEILICHHWEM [0 pa3io-
MaM BHYTPH 33JaHHOTO 00beMa ¥ OTpeiessieMble
B BUJIC JIOKAJIBHBIX CTPECC-TEH30POB MPU TEKTO-
HO(HM3MUYECKON PEKOHCTPYKIIMH, MOKHO OTTHCATh
JIBYMsl KOHycaMHM C yIIOM Ipu BepmuHe 90°.
OcH 3THX KOHYCOB B3aWMHO TEPIICHAUKYISPHBI,
TOYKH MX KAaCaHUs SBIAIOTCS TOYKAMM IOJIIOCOB
IJIOCKOCTEN EHCTBHSI MAKCUMAJIbHBIX KacaTeib-
HBIX HanpspkeHui. KoHneHTpanus oceil okaib-
HBIX CTPECC-TEH30POB B OIHOMMEHHBIX KOHYCaX
MOXET CBHJIETEJILCTBOBATH JIMOO O JOMHHHUPOBA-

IO TUIOIAU CTePEOrpaMMbl MOKHO TOBOPUTH HA
KaQ4C€CTBCHHOM YPOBHC€ O TPEXOCHOM HAIIPAXKCH-
HOM COCTOSIHUM CO 3HAYEHHMSIMH KOX(PPUIIEHTa
Jlone—Hanau okomno nysns (puc. 2 b).

Pe3ynbraTthl onpegeneHus
TEKTOHUYECKUX HanpsXKeHUn
B TOYKax HabnoageHus

[Tocne mnpenBapurenbHOW O0O0pabOTKH U
pacuera B mnporpamme STRESSgeol mnomyue-
HBI JJaHHBIC 10 42 JIOKaJbHBIM CTPECC-TEH30paM

Puc. 2. (A) Tpaekropun ocell NIaBHBIX HANPSHKEHHUH ABYMEPHOTO ITOJISI HAIIPSHKEHHUH B OKPECTHOCTSIX Pa3phIBa (JIEBBIH CIBUT) OCIIE CMe-
meHust ero 60pToB. OCH U TPAEKTOPHH MAKCHMAIIBHOTO CXATHsA (G,) U PACTSIKEHUS (O, ) TOKA3aHbl, COOTBETCTBEHHO, KPACHBIM U CHHAM
1IBeTOM (T10 JaHHBIM MaTeMaTu4eckoro monenuposanus [21], ¢ uamenenusmn). (b) Ipumep HaxoxaeHUs oceil IMaBHBIX HOPMaJIbHBIX Ha-
NPSDKEHUH yCpeTHEHHOTO (PernoHaIBHOTO0) IOJIS HallpshKeHHH B paiioHe BopoHIioBckoro nokposa Ha 3amagHom Kaskase. Ha nuarpam-
Me (cTepeorpaduieckast MpOeKIus BepxHel momycdepbl) mokaszaHsl: 1, 2 — OCH IIaBHBIX HANPSHKEHUH JIOKAJIBHBIX CTPECC-TEH30POB:
| — MUHUMAJTBHBIX (G, ), 2 — MAKCUMAJIBHBIX (G, ); 3—5 — MOJI0KEHHE NONTYYEHHBIX /15l yCPETHEHHOTO MO HAMPSKEHUH KOHYCOB CHKaTUs/
PAaCTSDKEHHS M OCEH TVIABHBIX HANPSIKEHHH: 3 — MHHUMAIBHEIX (G)), 4 — IPOMEKYTOUHBIX (G,), 5 — MAaKCUMAIBHBIX (G,); 6 — MOJIOCH
TUTOCKOCTEH NeHCTBUSI MAKCHMAIIbHBIX KacaTeIbHBIX HAIPSHKEHHH.

Fig. 2. (A) The trajectories of principal stress axes of the two-dimensional stress field in the vicinity of the rupture (sinistral strike-slip
fault) after the displacement of its sides. The axes and trajectories of maximum compression (o,) and tension (o)) are shown in red and
blue, respectively (according to mathematical modeling data [21], with changes). (B) An example of finding the principal stress axes of the
averaged (regional) stress field in the area of the Vorontsovsky nappe in the Western Caucasus (B). The stereoplot (stereographic projec-
tion of the upper hemisphere) shows: (1, 2) the principal stress axes of local stress tensors: 1, tension (c,); 2, compression (o,); (3-5) posi-
tion of compression/tension cones and the principal stress axes obtained for the averaged stress field: 3, tension (c,); 4, intermediate (c,);
5, compression (G,); (6) poles of the planes of maximum tangential stresses.
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B 34 Toukax HaAOMIOACHUS, PACIIOJIOKECHHBIX
B npeaenax Yyiickoil n Kypalickoil Bnaaud u ux
00pTOB, a TakXKe pazaesstoniero ux Yaran-ysyH-
ckoro 6moka (yuactku «Yaran-Y3yn», «benprup»
u «Kypaii»). [lns cpaBHeHHs IPUBEACHBI JaHHbBIE
II0 pacHoJIOKeHHOMY K 3anany or Kypalickoin
BIAJIMHBI yYaCTKy «AKTamn» (paiioH moc. Akrar,
IJI€ pACIOJIOKEHA OJHOMMEHHAas CEMCMOCTaH-
1us). 3aech NoIy4eHo 54 omnpezeseHus J0Kalb-
HBIX CTPECC-TEH30POB TSI 53 ToUeK HAOIIOCHUSI.
Ha cMexnbix yudacTkax c ceBepa («byrysyn»)
ntora («Haran-byprase) cnenano 16 u 7 onpene-
JIEHU COOTBETCTBEHHO. Pe3ybTaTel peKOHCTPYK-
MU TIPUBEICHBI B TaOmuie (CM. MPUIOKEHHUE).
Tabnuua conepxxut nanHble 119 omnpenenenwuii
o ydactkam:— «Kypait» (1-10), «Yaran-Y3yn»
(11-30), «bensrup» (31-40), «/Ixanruz-Tobe»
(41, 42), «Axram» (43-96), «byrysyn» (97-112)
u «Yaran-bypraszem» (113-119). B psine Touek Ha-
OJIONICHNS BBIZIENICHO HECKOJBKO 3TaroB Jedop-
MHPOBaHHUs, KOTOpble 0003HaYeHbl OYKBEHHBIMU
uHaekcamu (A, b, B). Beinenenue sramnoB B uc-
10JIb3YEMON HaMH JUIsl pacu€TOB KOMIIbIOTEPHOU
nporpamme STRESSgeol ocHoBano Ha mpuHITHIE

pasesieHusi CKOJIOB Ha OJHOPOIHBIE BBIOOPKH,
KOTOpBIE OMpeAensioT (pa3pl KBA3MOIHOPOIHOTO
nepopmupoBaHus Makpooowsema. [Ipuniun nox-
YUHEH JOCTHUKEHHIO MaKCUMaJIbHOCTU CyMMap-
HOM SHEpPruM JUCCUIMALMK [PU MHUHUMAIbHOM
KOJIMYECTBE BBIJCISAEMBIX (a3 B paMKax METOAa
KaTaKJIACTUYECKOI'0 aHAJIN3a Pa3pbhIBHBIX CMeElle-
Huit [17]. PacnonoxxeHHble B mpenenax OMU3KUX
OOHAaXXKCHUM TOYKHM HAOIIONCHUS, MMCIOIUE He-
CKOJIBKO Pa3IMYHYyI0 TeorpapuuecKyro MpUBS3KY
(KOOpAMHATBI), MAapKUPOBAIUCHL OIHHM HOMeE-
POM C JOMOJHUTENbHBIM LHUPPOBBIM HHAECKCOM
(cm. Tabnuy, mpuit. ). U3mepenus B OU3KUX MMy H-
KTaX MPOBEACHBI JIsi YCTAHOBJIEHUS BBIJIEpPKaH-
HOCTH/M3MEHYHMBOCTU NApaMETPOB HAIPSKEHHO-
ne(hOpMUPOBAHHOTO COCTOSIHUS B MacCHUBE TOp-
HBIX IOpPOJI, ONPEAEIAEMBIX 10 I'€0JIOIMYECKUM
CTpECC-UHIUKATOPAM.

Ha noctpoeHHBIX HaMU cxemax ¢ MPOEeKLHUs-
MU OCEH ITIaBHBIX HANPSKEHUN, HAIIPaBICHHBIMU
no ux norpysxenuto (puc. 3 A, b, B) B npenenax
paccMarpuBaeMoro paiiona Yyiickon u Kypaii-
CKOM BIIaJIH, BU/THA 3HAYUTEJIbHAs N3MEHYMBOCTD
B UX nosiokeHuu. [Ipu aTom faxke B Onmmxaiimmx

Puc. 3. Ocu MUHUMAaNIBHBIX CKUMAIOIINX HaNpsDKeHUH (A), IPOMEXXYTOUHBIX CKUMAIOIIUX HanpsokeHuil (b), MakcuManbHBIX CKUMAKO-
mux Hanpsbkenuit (B) paiiona Uyiickoit u Kypaiickoii BriaguH. [TokazaHbl IpOeKIUH OCEH CO CTPEIKaMH B CTOPOHY HOTPY>KEHHS, a UX
JUTMHA yYKa3bIBaeT Ha yTOJ HaKJIOHA OCH: Ha Bpe3Ke MoKa3aHa JinHa rmpu HakioHe B 0, 30, 60 u 90°. 3nech u Ha pucyHKaX 4—6 UCIONB30-
Banbl gaHublie Arc GIS Earth aist oroOpaxenus pesbeda.

Fig. 3. The axes of tension (A), the axes of intermediate stress (b), and the axes of maximum compression stress (B) in the area of the
Chuya and Kuray depressions. Projections of the axes with arrows in the dip direction are shown, and their length indicates the angle of
inclination of the axis: the inset shows the length at an inclination of 0, 30, 60, and 90°. In the figures 3—6, the ArcGIS Earth data are used
to display the terrain.
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JIpyT K APYyTy TOUKaX HaOMofeHus (MapKUpOBaH-
HBIX OJIHUM HOMEPOM) MHOT/Ia YCTaHABIUBAIOTCA
pa3iaMyaroluecs NOJ0KEHUsT OCel INIaBHBIX Ha-
NPsDKEHUH (HarpuMep, JUIsS MPUBEACHHBIX B Ta-
omuie touek HaOmomenus 22917-1 u 22917-2,
22900-1 u 22900-2).

Ocy MUHUMAJILHOTO CKaTus (pacTsKEHUS)
MOTPYKAIOTCS B PA3HBIX HAIMpPABJICHUAX, C He-
KOTOPBIM Tpeo0dialaHueM TOTPYKeHHS B FOXK-

HbIX pyMOax. J[oBOJIbHO MHOTO M Oceil ¢ 0O0Jb-
IIMMHU yIJIaMH TIOTPY>KEHUsI (KOPOTKUE CTPENIKH
Ha puc. 3 A). [IpomexyTounsie OCH (G,) 4acTo T10-
Ipy’KaloTcs B IIMPOTHOM HaIlpaBlIEHUU, HO €CTh
taxke C3-I0OB u CB-HO3 HampaBiieHus norpyxe-
Hus. XapakTepHO, 4TO JUIsl U3YYEHHOIO paiioHa
OIIPEJEIIEHO OTHOCUTEIBHO HEMHOIO INPOMEXY-
TOYHBIX OCEHl ¢ CyOBEpPTUKAIBHBIM MOTPYKEHUEM
[0 CPaBHEHUIO C APYIMMH parioHamMu IopHOro

Puc. 3 (mponomxenue). (b) Ocn npoMexyTOUHBIX CXKUMAIOIINX HaNpshKeHUH pafioHa Uyiickoit n Kypaiickoi BmaguH.

Fig. 3 (continued). (b) The axes of intermediate stress in the area of the Chuya and Kuray depressions.

Puc. 3 (mponomxenue). (B) Ocu MakcUMaIbHBIX CKUMAIOIIUX HallpshkeHUi paiiona Uyiickoit u Kypaiickoii Bnagus.

Fig. 3 (continued). (B) The axes of maximum compression stress in the area of the Chuya and Kuray depressions.
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AnTasi, B KOTOPBIX YyCTaHaBIMBaeTCs Mpeodia-
JaHue OOCTaHOBOK TOPU3OHTAJIBHOIO CJBHIa,
Hanpumep Juisl paiioHa nonussl p. Karyns [22].
Jlns ocell MaKCUMAaJlbHOTO CHKaTHsl XapaKTEpPHBI
nosiorue C3 win OB Hanpasienus norpyxeHus,
HO Takke npucyrctByor CB, FO3 u cyomepuano-
HaJIbHbIE HalpaBJICHUS.

B cinydae cyOBepTHKAIBHON OPUEHTALIMN OCH
MaKCUMAJIbHBIX CKUMAIOIIMX HANpsHkeHud (o,)
MIPOCTHPAHUE €€ MPOEKINHU (CTpenku Ha puc. 3 B)
MOXET CYLIECTBEHHO OTJINYAThCS OT IPOCTUPAHUS
MaKCUMAaJIbHOTO TOPU30HTAJIBHOTO CKMMAIOLLETO
HanpspkeHHs (MaKCMMaJIbHOTO TOPU30HTAIBHOIO
CXKaTHs1), KOTOPOE MO ONPEAETICHUIO TOPU30HTAIIb-
HO opueHTHpoBaHo. [losTOoMy JUIg dydiero mo-
HUMAaHUS JIaTepaJIbHON HANpPaBIEHHOCTH TEKTO-
HUYECKOTO CTpecca BO BCEX TOUKaX HaOMIONEHHS
B panione Yyiickori u Kypalickoil BIIaJuH HaMH
paccunuTaHa OPUEHTALUSI OCH MaKCUMaJIbHOTO ro-
pHU30OHTaNIBHOTO CkaThd (puc. 4). [1o nomydeHHbBIM
naHHeM TipeoOnamaer C3 wHampasnenue. Kpo-
M€ TOro, Ha po3e-AuarpaMMe BUIEH MaKCUMyM
C LIMPOTHBIM IIOJIOKEHHUEM OCH, a TAK)XE MEHeEe
MIPOSIBJICHHBIE B paCCMaTpuBaeMOM paiioHe Mepu-
nroHanbHOe U CB mpocTupaHie MakCUMalbHOIO
TOPU30HTAJIBHOTO CkaTusl. /st coceqnero yvacr-
Ka «AKTaImn, HalpoTuB, pe3ko mpeodmagaer CB

HaMpaBlIeHUEe MaKCUMAaJIbHOTO TOPHU30HTAIBHOTO
CKaTHsl. YYacTOK pacIoioKeH B MECTE Iepece-
YEeHUS PA3HOIUIAHOBBIX TEKTOHUYECKUX CTPYKTYD,
OTHOCSIIIUXCA K Pa3HbIM CTPYKTYpHO-(aruaib-
HbIM 30HaM. [lomyueHHblE 371€Ch ONpeAETIEHUS
JIOKAJIbHBIX CTPECC-TEH30POB OTIIMYAIOTCS 3HAYU-
TEJIbHBIM Pa30poCOM, Kak 0 OpUEHTALUH OCeil
IVIaBHBIX HAIPSDKEHUM, Tak M MO TUIAM Harps-
KEHHOTO COCTOSTHHSL.

Bolnenennslie B mmpenenax paccMaTpuBaeMo-
ro parona Yyiickoi u Kypaiickoil BriauH Ha Oc-
HOBE METOJ]a KaTaKJIAaCTUYECKOTO aHajN3a 3Tallbl
nedopMHUpOBaHUS IPUBEACHBI Ha puc. 5. Kaxaprii
paccunTaHHbli 3Tan (A, b, B) otnmuuaercs ot no-
CJIEIYIOIIETO YHCIIOM HCIOb30BaHHBIX B BBIOOD-
K€ 3€pKaJl CKOJIbXXEHUS (B CTOPOHY YMEHBUIEHMS,
cM. Tabnuiy). Takum oGpa3oMm, Haubosee npea-
CTAaBUTENBHBIM MO KOJUYECTBY HaOIIOAEHHBIX
CTPYKTYp (3€pKaj CKOJBKEHUs) SIBISIETCA dTarl
neopmupoBanus A. B 6 Toukax HaOmomeHUsS
BbIJIENICHO 10 2 3Tana aeopMUPOBaHuUs, a B Of-
HOM TOuke — 3 3Tana (puc. 5). Bo Bcex mogo0HbIX
TOYKaX HaOIIONEHUS C BBIJCICHHBIMH STaramu
B KauecTBE OJIHOTO W3 HAlpaBICHUN JlaTepasb-
HOTO CcTpecca NMPUCYTCTBYIOT JIOKAJIbHBIE CTpPECC-
TeH3opbl ¢ C3 HanpaBineHueM cxatus (6 onpene-
JieHU’) Wik MWHUPOTHBIM (2 ompenenenust). py-

Puc. 4. OpueHTHPOBKA OCH MaKCHMaIBHOTO TOPU30HTAIBLHOTO CxxaTHs B paiione Uyiickoii u Kypatickoi BmaguH. B mpaBoM BepxHeM yrimy
po3a-auarpaMma HarpaBlIeHHi MaKCHMaJIbHOTO TOPH30HTAIBHOTO CKaThs (110 JaHHBIM pacueToB B nporpamme STRESSgeol).

Fig. 4. Orientation of the maximum horizontal stress in the area of the Chuya and Kuray depressions. The rose diagram in the upper right
corner shows the directions of maximum horizontal stress (according to calculations in the STRESSgeol program).
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rUe BBIJENISIEMbIE MPOCTUPAHUS MAKCUMAJIbHOTO
rOpU30OHTAIILHOTO Ccxatus cBa3anbl ¢ CB (5 onpe-
JIeJIEHU) U MEPUJIMOHAIIBHBIM (2 ompeneneHus)
HanpaslIeHUAMHU. MepuInOHaIbHOE U IIUPOTHOE
HAalpaBJICHUs IPOSBIICHBI B 2 TOUKaX HAOIIOACHUS
U MOTYT NIPEJICTABIISATh CBOCOOPA3HYIO BapUALUIO
noJsi HanmpsbkeHud (00a ompeseneHus okKas3blBa-
IOTCS Pa3BEPHYTHIMU OTHOCHUTEIBHO OOJIBIINH-
CTBa OCEH INIABHBIX HANPSHKCHUH IPYrUX CTpecc-
TeH30poB). COOpaHHBIX K HACTOALIEMY BPEMEHHU
JTAHHBIX HEIOCTATOYHO JIJIsl BbIIETICHUS YCTOMYH-
BBIX CTPYKTYPHBIX IIapareHe30B, KOTOPbIE MOXK-
HO OBLIO OBl CBSA3aTh C BBIACIEHHBIMU ATallaMU
U TeM OoJiee ONpeNeIUTh UX XPOHOJIOIMUYECKYHO
[I0CJIEN0BATENBHOCTh. OTMETUM JINLIb, YTO MOJTY-
YEHHbIEC HANpaBiIeHHUs] TEKTOHHMYECKOIo cTpecca
(UKCUPYIOTCSl pa3HBIMU METOJAMM U JUIS COBpe-
MEHHOTO Halps>)KEHHOTO COCTOSTHUSL.

Ha aByx cMexHbIX yyacTkax (puc. 1, yyact-
ku «byrysyn» u «Yaran-byprase»), pacnoio-

YKEHHBIX HEMOCPEACTBEHHO K ceBepy OoT UylCcKon
BIAIUHBI (IoMMHA p. Byry3yH) um k 1ory or Hee
(momuua p. Yaran-byprasser), npeoOnagaioT 00-
CTAHOBKHM TOPU30HTAJILHOTO ciBura (8 ompene-
JIEHWI) U TOpPU3OHTaJIbHOTO cxarus (4 ompene-
JeHus1) CcoOoTBeTCTBEHHO. Crenyer OTMETUTh,
yTo s y4yactka «byrysyn» xapakrepHo CC3
u pexe — BCB npoctupanne ocu MakCuMaJbHO-
ro cxkarua. Ha yuactke «YHaran-byprasel», kak
U B paiione Yyiickoit n Kypalickoi BImaauH, XO-
poiio mposiiieHo C3 HampaBieHUE MaKCUMallb-
HOTO C)KaTHs, KOTOpOE B FOJKHOM 4acTH ydacTka
cMmensercst cyommpoTtHsiM (BCB), HO mpu sToM
YK€ MPOMEXKYTOUHasi OCh INIABHBIX HOPMaJbHBIX
HanpspkeHu npuooperaet C3 OpUEHTAITHIO.
Cpenu TUIIOB HaIpPSDKEHHOTO  COCTOSIHUSA
MPAKTUYECKH B PAaBHOM COOTHOILIEHUU MPEICTaB-
JIeHbl 00CTaHOBKU TOPH30HTAIBHOTO CIBUTA, TO-
PU30HTAJIBHOTO PACTSKEHUSI M TOPU30HTAIBHOTO
cxarus (puc. 6). Hago otmMeTuTs, 4To B paccma-

Puc. 5. Toukn HaOMONEHHS C BBIACIECHHBIMH dTanaMu JedopmupoBanus B paitone Uyiickoit u Kypaiickoit Bmamun ['opHoro Anras.
1 — monoxeHWe TOYKM HAOMIONCHUS M BBIACNCHHBIE dTanbl (A, b 1 B) Ha kpyroBeIx amarpammax (crepeorpaduueckasi IpoeKnus Ha
BEPXHIOIO HoNycdepy); 2 — HalpaBICHHE MAKCHMAIbHOTO TOPH30HTAIBHOTO CXKATHs; 3—5 — OCH INAaBHBIX CXKMMAIOIIUX HaNpsOKEeHUIL:
3 — MUHUMAJIBHBIX (G,), 4 — IPOMEKYTOUHBIX (G,), S — MAKCUMAJIBHBIX (O,).

Fig. 5. Observation points with selected deformation stages in the area of the Chuya and Kuray depressions in the Gorny Altai. (1) the
position of the observation point and marked stages (A, b, and B) on the stereoplot (stereographic projection onto the upper hemisphere);
(2) the direction of maximum horizontal stress; (3—5) the principal stress axes: (3) ¢, tension; (4) c,, intermediate; (5) 6,, compression.
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TpuBaeMoM paiione (yuactku «Kypaii», «Haran-
VY3yn» u «benpTHp») CyIIeCTBEHHO BBIIIE POJIb
TOPU30HTAIBHOTO PACTSHKEHHUS O CPABHEHHIO
C pPAcHoOJIOKEHHBIM 3alajiHee Y4YacTKOM «AK-
Tall», TA€ MOJABJIAIONIas YacTh OOCTAaHOBOK
(46 u3 54) cBsizaHa C TOPU3OHTAIBHBIM CIABUTOM
Y TOPU3OHTAIBHBIM CXKAaTHeM (M MX COYeTaHUs-
mu). B OmmkaiiieM paifone kK ceBepy (y4acTok
«byry3yn») mpeobnamaer 0OCTaHOBKa TOpPH-
30HTAJIbHOTO caBura. Eie ceBepHee, B JOJIMHE
p. Karyns, ycraHoBieHo Oosee CylIecTBEHHOE
npeobnagaHie OOCTaHOBOK TOPU30HTAIbHO-
ro casura [22]. K tory or Yyiickoii BHaguHBbI
(yuactok «Yaran-bypraser») npeoOmamaror 00-
CTAaHOBKHM TOPU30HTAJIBHOTO CXKAaTUS U TOPU30H-
TaJHHOTO PacTsHKEHUS. MOXKHO clienarh BBIBOJ,
YTO MPOBEJEHHAs PEKOHCTPYKIHUS MaleoHarnps-
KCHHI BBISIBUJIA OCOOCHHOCTH Pa3BUTHS HCCIIe-
yeMol 00JIacTH, COCTOAILYIO0 B LIMPOKOM pac-
MPOCTPAHEHUH TOPU3OHTAIBHOTO PACTSKECHUS
B npenenax Yyickon m Kypalickod BmaauH u
HEMOCPEACTBEHHOTO X oOpamieHus. YyTh B OT-
JAJICHWH OT 3TUX BIAJUH K IOTY MpeodiagaroT

00CTaHOBKHU TOPU30HTAIBHOTO CIKATHS, a K CeBe-
Py — TOPU30HTAJIBLHOTO C/ABUTA.

BbIsBIIEHHOE COOTHOLIEHWE THUIIOB Harps-
KEHHOTO COCTOSIHMSL C 0Oosee CyleCTBEHHOM
(O CpPaBHEHHUIO C COCEIHUMH yYacTKaMH) POJIbIO
00CTaHOBOK TOPH30HTAIILHOIO PaCTSHKEHHUS MOYKET
oTBeuYaTh (POPMUPOBAHUIO ITUX KPYITHEHIIINX BI1a-
1uH [opaoro Anras — Uylickoi u Kypaiickoid, 4to
OTMEUaNoCh AJIs BIAIMH U paHee, IPU PEKOHCTPYK-
IIMM TEKTOHUYECKUX HAIIPSHKEHUH 10 celicMonoru-
yeckuM JaHHbIM [10]. OgHako Ui NOITy4EHHBIX
HaMH pe3y/lbTaroB IO TOJEBBIM JIaHHBIM 37ECh
OTMEYaeTCsl HMMEHHO OOibliasg MpeACTaBUTElb-
HOCTb 3TOTO THIIA (TOPU30HTAIBHOIO PACTSHKEHUS] )
10 CPaBHEHUIO C APYT'MMH y4acTKaMH, HO oOcTa-
HOBKHM TOPU30HTAJILHOTO CKaTHUsl U CIIBUTA TaKXkKe
pacnipocTpaHeHsl. B To ke BpeMs 1o pe3ynbTaram
PEKOHCTPYKLMHN TEKTOHUYECKHX HAIPSDKEHUH 110
CEIICMOJIOTMYECKUM JIaHHBIM BO BINAJMHAX LEIU-
KOM Ipeo0sialaeT TOPH30HTAIBHOE PACTSKEHUE.
DTO paznuyuue MOXET ObITh OOBSCHEHO TEM, YTO
JTAHHbIE TIOJIEBBIX HCCIIEIOBAHMI 3aXBaThIBAIOT
NpWIETaloIIKe K BIIaJIMHaM 001aCTH HOAHATHH.

Puc. 6. Pactipenenenue THIIOB HaNpsiKEHHOTO cocTosiHuS B paifone Uyiickoil n Kypaiickoit Bmagun ['opaoro Anras: 1 — ropuzoHTanbHOE
pacTspKeHHe; 2 — TOPU30HTaIbHOE PACTSHKEHUE B COUETAHUU CO CIBUIOM; 3 — TOPH30HTANBHBIN CIBUT; 4 — TOPU30HTAIIBHOE CXKATHE B CO-
YEeTaHUU CO CABUIOM; 5 — FOPU30HTANIBHOE CoKaTHe. B mpaBoM BepXHeM yIily AuarpaMMa COOTHOLIEHUS TUIIOB HAIIPSXKEHHOTO COCTOSIHUS

B IIEJIOM TI0 paifoHy.

Fig. 6. Distribution of the stress regimes in the area of the Chuya and Kuray depressions in the Gorny Altai: (1) horizontal extension;
(2) horizontal extension with shear; (3) horizontal shear; (4) horizontal compression with shear; (5) horizontal compression. The diagram
in the upper right corner indicates the ratio of stress regime types in the whole area.
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[TomydeHHBIX K HACTOSIIEMY BPEMEHHU CBe-
JEHUI HEe0CTaTOYHO, YTOOBl YCTAHOBUTH 3aKO-
HOMEPHOCTH BHYTPEHHEro cTpoeHus YyHckoi
u Kypaiickoit Bnagun u nuddepeHunponarb co-
CTaBISIOLINE UX OJIOKH, OCOOEHHO €CIIH y4YecCTh,
YTO MOJIEBBIE TEKTOHO(U3UYECKUE JaHHBIE 110 Ha-
MPSKEHHOMY COCTOSIHUIO MacCHBA FOPHBIX ITOPO
MO>KHO MOJIY4YHTh JIUIIb B 00pTaxX v HAa HEOOIBIITUX
HE TEPEKPBITHIX KAWHO30MCKUMHU OCaJIKaMU BbI-
cTynax 3Tux BraauH. OQHAKO CIeoyeT OTMETHUT,
YTO B HEKOTOPBIX pailoHax mpeobmagaroT obcra-
HOBKHU T'OPU30HTAJIBHOIO CHKAaTUS M CABUTA — 3TO
y4yacTok «benbTup» u rokHas 4acTh Kyparickoi
BIAJWHBI, a B paiioHe ceyieHuss YaraH-Y3yH n10-
BOJIbHO OOJiblIasi KOHIIEHTpalusi 00CTaHOBOK To-
PU30HTAIILHOTO PACTIKEHHUS.

VYcTaHOBJIEHHBIE XapaKTEPUCTUKU  MaJIeo-
00CTaHOBOK  HaIpsHKEHHO-1€()OPMUPOBAHHOTO
COCTOSIHUSI B CTPYKTypax oOpamieHus Uylickoii
n Kypaiickoii Bnaaun I'opHoro Anras mo opwu-
€HTAIlMd OCEH TIJaBHBIX HaIpsKeHUN (puc. 7)
OJM3KU K OTpPEeNIEHUsIM COBPEMEHHOTO OIS Ha-
IPSDKEHUH JIOKAJIbHOTO YPOBHS (IUIs ONpezeseH-
HBIX BPEMEHHBIX MHTEPBAJIOB), MOJYYEHHBIM Ha

OCHOBE CEHCMOJIOTMYECKUX AaHHbIX [7-10, 23].
[Io MHOTMM YCTaHOBJIEHHBIM XapaKTE€PUCTUKAM
(opueHTanus Oceil INIaBHBIX HANPSKEHUH U THII
HaIpsHKEHHOTO COCTOSIHHSI) OHU JINOO CXOMHBI C
JAHHBIMHU TIOJIEBBIX TEKTOHO(PU3MUECKUX PabOT
[3, 4], nubo ykianpIBatoTCsl B HAOMIOMAaeMbIe 10
HalluM JJaHHBIM Bapualnuu.

Pe3synbraTbl peKOHCTPYKUUM
obwmx (ycpeaAHeHHbIX)
TEKTOHUYECKUX HanpshKeHUn

Hamu npeanpuHsaTa MOMBITKA ONPEISICHUS
YCPEIHEHHBIX TapaMeTpOB HANpSHKEHUH MeTo-
JIOM HaXOXKJIEHHS «OOIIeTo», WM yCpeITHEHHO-
0 I10JIsA HaHpﬂ)KeHI/H\/JI II0 JAaHHBIM O JIOKAJIBHBIX
ctpecc-tenzopax [19, 20]. OcoOeHHOCTBIO WH3-
YUCHUSA TCKTOHUYCCKHUX HaHpH)KeHI/Iﬁ ABIACTCA
U3MEPEHHUE MHJUKATOPOB HAIPSIKCHUN IIPAKTH-
YeCKU HCKIIOYUTETIFHO B TAlIe030MCKUX IMOPO-
Jax, He NAIONIMX BO3MOXXHOCTH PaCUJICHSThH pas-
HOBO3pACTHBIE TOJIsI HAaNpsoKeHu. OrnpeneneHue
YCPEIHEHHOTO PETHOHAIBHOTO ITOJISl HAPSKSHU
TaK)Ke OCJIOKHICTCS OTMEUEHHBIM CIIOKHBIM TEK-

Puc. 7. OpueHTHpOBKa OCell TNIaBHBIX HANPSDKEHUH T JIOKANBHBIX CTpecc-TeH30poB paiiona Uyiickoii n Kypaiickoii Bnagus (yyacTku
«Kypaii», «Haran-Y3yn», «benstup» n «xanrn3-TobGe»). Ha kpyroBeix auarpamMMax MOKa3aHbI BBIXOJBI OCEH INIaBHBIX HANPSDKEHUH
(6, — MEHMMAITBHBIX CKUMAIONIUX (PACTSHKEHHS), G, — IPOMEKYTOUHBIX H G, — MAKCUMAJIBHBIX C)KMMAIOIINX) C H30THHUAMHE [IOTHOCTH
BBIXOZIOB Ha KAPTHHHYIO MIIOCKOCTS (B cTepeorpadryeckoil MpoeKInu BepXHel noycdepsl; Ha IIKajIe MPUBEIeHa OTHOCUTENbHAS ILIOT-
HOCTb TOUCK BBIXOJIOB oceit). BepXHUii psii HOCTPOEH ¢ UCNOIb30BaHUEM MeToaa 1% miomanu, HxHUN — MeTona «KamoO» (¢ ucnoms-
30BaHHMEM IIPOTPaMMEI Stereonet).

Fig. 7. Orientation of the principal stress axes of the local stress tensors in the area of the Chuya and Kuray depressions (“Kuray”,
“Chagan-Uzun”, “Beltir”, and “Dzalgiz-Tobe”). Stereoplots show the outputs of the principal stress axes: ¢,, minimum tension; c,,
intermediate; and ¢,, maximum compression, with the isolines of density of the outputs on the picture plane (stereographic projection
onto the upper hemisphere; the scale shows the relative density of axes output points). The upper row is built using the 1% area method,
the lower row is built using the Kamb method (using the Stereonet program).
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TOHUYECKUM CTPOEHHEM PErrMoHa HCCIIETOBAHUS
C KOHLIEHTpalUel pa3HbIX nayneo(annaibHbIX U
TEKTOHUYECKHX 30H.

W3-3a 3HauUMTENBHOIO pPa3sHOOOpaszus OpH-
€HTUPOBOK IIaBHBIX HOPMAJIbHBIX HaIpPSKEHUH,
BOCCTAHOBJICHHBIX IOJIEBBIMU MeToaMu Ha [op-
HOoM Auttae [5, 22], npu onpeaeseHnn ocel cxka-
THUSL U PACTSKEHUSI yCPEAHEHHOTO PETHOHAIBHOTO
I10JIs1 HAIPSKEHUI B KOHYCaX CXKaTHs U pacTshke-
HUS ObUIO TPUHSATO, YTO OIIMOKa OIpeeseHHs
OCell JIOKaJbHBIX CTPECC-TEH30POB MOXET J0-
cturarb 10° (B OTIENBHBIX CIy4YasiX JOMYCKAJIOCh

OTKJIOHEeHHE 710 15°). DTO 03Ha4YaeT, 4TO B KOHYC
ckarusl (pacTsHKEHHs) MOTYT IOMajiaTh Ompene-
JIEHUsI OCEH JIOKAJIbHBIX CTPECC-TEH30POB, HAX0-
namuecs B npenaenax 10—15° oT rpaHuil KOHYCOB.

B pesynprare peKOHCTpYyUpPOBaHBI YCpEn-
HEHHbIE XapaKTEPUCTHUKU PETHOHAIBHOIO IOJIA
HaNpsOKEHUM A1 yeTelpex ydyacTtkoB. Ha puc. 8
IIPUBEJEHBl AMAarpaMMbl C YCPEAHEHHBIMH IIO-
JSIMH HaIpsDKEHWM ¢ pa3HOM NPEICTaBUTENIBHO-
CTBIO JIOKAJBHBIX CTpecc-TeH30poB. Haubonee
IIPOCTBIE OINPEACIICHHUS] OCEH IIABHBIX HOpPMallb-
HBIX HaIlPsDKEHUH MOJIy4EHbI JUIsl HEOONbIINX 0

Puc. 8. Texronnueckue HanpspkeHust paiiona Uyiickoit u Kypaiickoit Bnagun. Ha kpyroBeix quarpammax (crepeorpaduyeckasi IpoeK-
VST Ha BEPXHIOIO MOIycdepy) MOoKa3aHbl BEIXObI OCEH IIIABHBIX HANPSHKEHHH (IIepBBIE TPU KOJOHKH CIIEBa), PE3YJIBTaThl ONPeIeIICHUS
YCPEIHEHHOTO OIS HAPsDKEHUH (deTBepTast KOJIOHKA) M PO3BI-AHarpaMMbl HalpaBJIeHNH MaKCHMaJIbHOTO TOPH30HTAIBHOTO CXKATHS
(naTas xononka). YemoBHble 0003HaueHus: 1, 2 — OCH IIaBHBIX HANPSHKEHUH JIOKAIBHBIX CTPECC-TEH30POB: G, MUHUMANbHBIX (1); o,
MaKCUMAIBHBIX (2); 3, 4 — mojoxeHue MONyYeHHbIX IS YCPEIHEHHOTO TI0JIsl HalpsDKeHHH KOHYCOB COKAaTHS/PacTSDKEHUS M OCeH CxKH-
MAFONIMX HANPSOKEHUHA: G|, MUHHMANBHBIX (3); G,, MAKCUMAIBHBIX (4); 5 — MIKama OTHOCHTENBHOH IUIOTHOCTH TOYEK BBIXO/IOB OCEH Ha
cTepeorpamMmax (1o meroxy 1% mmomianan; MOCTPOEHO C UCHONB30BAHUEM MIPOTPaMMEI Stereonet).

Fig. 8. Tectonic stress in the area of the Chuya and Kurai depressions. Stereoplots (stereographic projection onto the upper hemisphere)
show the outputs of the principal stress axes: (the first three columns on the left); the results of determining the average (regional) stress
field (fourth column); roses-diagrams of the directions of maximum horizontal stress (fifth column). Symbols: (1, 2) the principal stress
axes of local stress tensors: (1) o, tension; (2) o,, compression; (3, 4) position of compression/tension cones and the principal stress
axes of the regional stress field: (3) o, tension; (4) o,, compression; (5) the scale shows the relative density of axes output points on
stereograms (using the 1% area method; built using the Stereonet program).
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IUIONIA/Id YYaCTKOB, OXapaKTepHU30BaHHBIX Ma-
JBIM KOJIMYECTBOM JIOKAJIBHBIX CTPECC-TEH30POB.
Hns yuyactkoB «Kypaity u «benstup», umero-
mux no 10 ompeneneHuil JOKaJIbHBIX CTpecC-
TEH30pOB, a Takke Uil ydacTka «YaraH-Y3yH»
(20 ompeneneHuil JIOKaIbHBIX CTPECC-TEH30POB)
KOHYCBl CXaTHs M paCTSDKEHUS ONpEAeICHBI
npakTHuecku 6e3 mpotuBopeunii. Hekoropoe uc-
KJIIOUEHHE U3 HUX NPECTaBISeT y4acToK «benb-
TUP», TII€ OAHO OIPEIEICHUE OCH PACTKEHUS
MOMNAJI0 B KOHYC PacTSKEHUsI Ha paccTosiHun 18°
OT TpaHUIbl KOHYca (puc. 8, yuactku «benbrup»
u «Yaran-Y3yn»).

Haubonee cnoxHbIM U1 MHTEpHIpeTaluu
IIPEJCTABIISIETCS TI0JI€ TEKTOHUYECKUX HampsiKe-
HUM y4yacTKa «AKTaln», B KOTOPOM OIpPEIETIEHO
54 nokanbHBIX cTpecc-TeH3o0pa. Ha ydactke npu
ONpEIEICHUN YCPEIHEHHOIO IOJIsI HaNpsHKEHUI
HauOoJee YETKO BBIJENISAETCS MPAKTUUECKH BeEp-
TUKaJlbHAsl OCh PACTSDKEHMs (a3sUMYT IOTpyxe-
Hus 148485). B koHyC pacTskeHUs HE MomajaeT
HU OJIHO OIIPEAENIEHUE OCH CHKAaTHUsl JIOKAJIBbHBIX
CTPECC-TEH30POB, @ KOJUYECTBO OCEH pacTske-
HUA cocTaBisieT 23 u3 54 BO3MOXHBIX OIpese-
nenuit (puc. 8). [opu3oHTaIBHBIE OCH CXKATHUS 110
IUIOLIA/IA CMEHSIFOTCSI TOPU30HTAIBHBIMU ITpOMeE-
KYTOUHBIMU OCSIMU IVIaBHBIX HampspkeHuil. Cme-
Hy OJIM3KUX IO 3HAYEHHUIO OCEH IVIaBHBIX HAIps-
KEHUH HEOAHOKPATHO HAOIIOJaId MCCliefoBare-
JI¥, B YAaCTHOCTH, IPU MOJECIMPOBAHUU CKIIAJOK
U pa3pbIBOB [24].

3HAYUTEIBHOE  KOJIMYECTBO  JIOKAJIbHBIX
CTPECC-TEH30POB Ha y4acTKe «AKTaln» MPHUBEIO
K OOJIBIIIOMY YHMCITy IPOTHBOPEUUH B JBYX Bapu-
aHTaxX HaXOXKJICHHsI KOHYCOB ckarus. Tak, B mep-
BOM YCPEIHEHHOM II0JI€ HaNpsHKEHUH B KOHYCE
cxarus ¢ CCB opueHTUpOBKOH (A3 MOTpYKEHHS
20£3) nare ocel pacTSKEHHUsT IPOTHBOpEYaT
HalJICHHON OCHU C)KaTusi, BO BTOPOM — B KOHYC
cXKarus ¢ CyOUIMPOTHBIM HarpaBieHHueM (A3 mo-
rpyxenus 291 £5) nonagarot 7 JOKaIbHBIX OCEH
pactTsbkeHusi. Ha yuacTke «AKkraimn, Takum 00-
pa3oM, BBIJIEISIETCS Ba PETHOHAJIBHBIX MOJS Ha-
MPSKEHUH 110 METOAY BBIIEIIECHUS YCPEAHEHHOTO
PErMOHAILHOTO TOJIs HaIpsiKEHUH (puc. 8).

B utore npu cOBMECTHOM aHaIu3€ BCEX OCer
CXKaTus U PacTSDKEHUS PETMOHAJIBHBIX TEKTOHU-
YeCKUX HanpsbkeHui B paiioHe Yyiickoil u Ky-
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paickoil BHaJWH, BOCCTAHOBJIEHHBIX IOJEBBIMU
METOaMH, MOJYYHJIOCh, YTO JOMUHHPYIOT TO-
JIOTHE OPUEHTUPOBKH ocelt cxkatust C3 mpocTupa-
HUA ¢ yriamu HakiioHa 25-30° (3 onpeneneHus),
a taxke ectb 3C3 (1 onpenenenue) u CB (1 ompe-
JieJieHne) HarnpaBJIeHus ocH cxxatusi. OpueHTanus
oceil pacTshkeHHs cyOmmpoTHas, oOpasyromias
MOSICHOE pacIipe/ielieHne, C yIJlaMH HakJIOHa OT
10 1o 70°. CoBMECTHBIN aHaIM3 BCEX «OOIIHX»
TEKTOHMUYECKUX HANpsDKEHUN Jall BO3MOXKHOCTH
onpenenuth C3 OpUEHTAIIMIO OCHU CXaTHs (a3u-
Myt norpyxkenust 130-135 £20-25) u ock pacts-
KEHUS C IOTPYyKeHHEeM Ha ceBep (moz yriom 60°).

Hcnone3yst maHHBIE TOJEBBIX TEKTOHO(U-
3UYECKHX HCCIICOBAaHUN MMl paiioHa IOJIUHBI
p. Karyns [22], o 40 onpeneneHusIM JTOKaIbHBIX
CTPECC-TEH30pOB MOXXHO TMOJYYHUTh YCpEIHEH-
HOE€ M0JIe HAPSHKEHUI C MEPUIMOHAIBHON OChIO
cxarusi (CCB 11 £22) u mupoTHO# OCBIO pacTsi-
xenust (3C3 278 £12). Ot pe3ynapTarsl OIU3KH
K PETHOHAIBHOMY TIOJIIO HAMPSHKCHUH, MOTy4YeH-
HOMY Ha OCHOBE PEKOHCTPYKIIHH MO CEHCMOIIOTH-
YeCKUM JIaHHBIM [10].

CormacHo pa6ore [8], Uyiickoe (Anraiickoe)
3eMJIeTpsSICeHHE MPOU30LLUI0 B mpeaenax Yaran-
VY3yHckoro Onoka B OOCTaHOBKE TI'OPH30OHTaJIb-
HOTO CJABHUTa C MEPHAMOHAIBHON OChIO MaKCH-
MabHOTO cxatusi. OcH MakCUMAalIbHOTO COKATHS
(0,) B Kypaiickoii Brnamune (CeBepo-3amaaHbli
cerMeHT adTepriokoBoi obmactu) mmeror CB-
03 mnpoctupanue (OpTOroHaIBHO pa3pbIBaM)
u norpyxkatorca Ha CB. B Uyiickoii BliaiuHe ocu
MaKCHMaJIbHOTO CKaTus (G,) UMEIOT Oolee Kpy-
TO€ Morpyxkenue. IIpu 3ToM 0CH G, IOrpyKaKT-
cs Ha 103, ocu 6, Ha CB. Ha nokansHOM ypoBHE
JIOBOJIBHO MHOTHE OCH MaKCHMAaJbHOTO CXKATHUS
(0,) Ha TEPPUTOPUM MCCIIELYEMOTO paiioHa MMe-
I0T CEBEpO-3alaJHyl0 OpUEHTaluIo [§], koTopas
COBIIAJIa€T C MOJIyYECHHOI 10 pe3yJbTaraM Halleu
PEKOHCTPYKIINH.

CnenyeTr Takke OTMETHTb, YTO MPOBEICH-
HBIC WCCIICAOBAHMS COBPEMEHHBIX Ae(opMaIiuii
3eMHOM Kopbl ['opHoro Anras no nanusiM I'HCC-
HaOoeHni Mmoka3eiBaloT ykopouenne B CCB
HanpasieHuu u yjuimHenue B 3C3-BIOB namnpas-
JICHUH, HO UMEIOTCS OTAENbHBIE YYaCTKH PEruo-
Ha, Tie yKkopoueHue npoucxoaut B C3 Hampasie-
Huu [25, 26].
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MapuHuH A.B., Cum J1.A.

3aknroyeHue

B pesynbrare nNpOBENEHHBIX HCCIEAOBA-
HUIl YCTaHOBJIEHO, YTO JIs OOJNBIIMHCTBA MOMTY-
YEHHBIX HaMU OIpeclIeHUi B pailoHe Uylickoi
n Kypaiickoil BIaluH OCHM MaKCHUMAJIbHBIX CXKU-
MaloIUX HANPSHKEHUH II0JIOTO  IOTPY>KAIOTCs
B CEBEpO-3allaJIHOM WM IOr0-BOCTOYHOM Ha-
npaBieHuu. CeBepo-3anaaHas OpUEHTAIUS MaK-
CHUMAaJIbHOTO TOPU30HTAJIBHOIO C)KaTHUsl B paliOHE
Uyiickoit u Kypaiickoli BmaguH BBIABISET ceOs
Ha JIOKAJIBHOM YPOBHE KaK B PEKOHCTPYHUPOBaH-
HBIX JIOKAJIBHBIX CTPECC-TEH30paX, TaK U B CO-
BPEMEHHOM HAIPS’)KEHHOM COCTOSIHUU, ITOJTYYEH-
HOM IIO CEHCMOJIOTMYECKUM JaHHbIM. s Tpex
yuacTkoB Habmonenus («Kypait», «Haran-Y3yn»
u «benpTUp») ceBepo-3amagHOE HaNpaBICHUE
MaKCHUMAaJIbHOTO CJKaTHsl XOPOLIO COOTBETCTBYET
YCPEIHEHHOMY PETHOHAJIBbHOMY IIOJIIO HAIpsKe-
HUW 3TUX YYacTKOB. BBIJECIIEHHOE HalpaBlIcHUE
COBMAJaeT C MAaKCUMyMaMH Ha IIJIOTHOCTHBIX
cTepeorpammax BbIXOJOB OCEH IVIaBHBIX HaIIps-
KEHUH M po3ax-AuarpaMMax € MPOCTUPAHUEM
MaKCHUMAaJIbHOTO TOPU30HTAJIBHOIO CXKaTHsl, IO-
CTPOCHHBIX 10 y4acTKaM HaOJtoIeHu.

Ha mnpencraBineHHblx B pabore cxemax
C OPUEHTHPOBKAaMHU OCEW IIaBHBIX HalpsKCHUU
IIPOCJICIKUBACTCS X 3aKOHOMEpHAash OPUEHTALMS
B OJIM3KO PACMONIOKEHHBIX TOYKaX HAOIIOACHUS
(mIaBHOE M3MEHEHHE a3UMYTOB U YIJIOB IOTPY-
KEHUS B TEPPUTOPHAIBLHO OJNM3KHUX OTpEIeIeHu-
ix). Berpeuaromuecss pa3HOHapaBlIeHHbIE OpU-
E€HTUPOBKH, IPEAIIOJIOKUTEIBHO, CBUIECTEILCTBY-
0T O HAJIOKEHUU PA3HBIX CTPYKTYPHBIX IJIAHOB,
TaK KaK M3y4eHHas 00JIaCTh HAXOAUTCS Ha CTBIKE
Pa3HBIX TEKTOHUYECKUX 30H.

B obmactu Yyiickoit u Kypaiickoit Bnaaux
npeobagaroT  00CTAaHOBKHM  TOPU30HTAJIBLHOTO
CKaTHsl M C/BHUIa, KpOME TOro, OOJbIOE 3Haye-
HUE UMEIOT 00CTaHOBKHM TOPU30HTAJIBHOTO pac-
TsDKeHHs. Komu4ecTBO MOCIEIHNX CYIECTBEHHO
BBIIIE, YeM B Jpyrux obmactsax [opHoro Anras.
Otmetum, yto Yyiickas u Kypaiickas BmaJuHBbI
ABIIAIOTCA KPYIMHEUIIMMU MOJIOABIMU BIIaIUHAMU
AnTtas, 4To M OTpasmioCh B OOCTAaHOBKax pac-
TSDKEHUS, BOCCTAHOBJIEHHBIX B IIpeleiax 3TUX
CTPYKTYP.

dopmupoBaHue MOA0OOHONH OOCTaHOBKH Ha
9THX y4yacTKax B OOLIEl CTPYKType Mmojsi Harps-
xeHuii [opHoro Amnras (XapakTepusyromiencs
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Cy6MepI/Il[I/IOHaJIBHBIM HaIllpaBJICHUCM  MaKCH-
MaJIbHOT'O C}KaTI/Iﬂ) CBs3aHO, Ha Halll B3IJIs[, CO
CMCHICHUCM II0 3ala-CeBCpO-3allaAHbIM PETHO-
HaJIbHBIM NIPaBOCABHUIOBBIM CTPYKTypaM U U3MC-
HCHUCM THIIa HAIIPSAKECHHOT'O COCTOAHUA BHYTPU
HaJI0KEHHBIX KalHO30MCKHX BIIaAYH.
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TeKkToHMYecKne aBMKeHUS U aepopmaunm B npenenax
Buwkekckon nokanbHon GPS-cetu (CeBepHbin TsaHb-LLaHb)
N0 AaHHbIM MHOFOMETHNX KOCMOreoae3ndeckmnx HabnogeHnn

C. U. Ky3uxos®, O. A. Ilpoxopos
@E-mail: ksi@gdirc.ru

Hayunas cmanyus PAH 6 e. buwxexe, buwikex, Kupausus

Pe3tome. [IposeneHo ncciieoBaHKe OISl CKOPOCTH COBPEMEHHBIX IBM)KEHHI 36MHOW KOPBI B mpejenax buiikek-
ckoif okanpHOU cetr (CeBepHbiit Tsaup-lllans) 3a 1997-2021 IT. MOBTOPHBIX KOCMOTEOIE3MUECKIX H3MEPEHUH.
IToka3aHo 3aKOHOMEpPHOE YMEHBIICHNE CEBEPHOI KOMIIOHEHTHI CKOPOCTH OT FOXKHOTO OJIOKa Mae030HCKUX IOPOLT
Ha ceBepHOM ckiioHe Kuprusckoro xpedra, uepe3 CpeauHHBIH 00K KalfHO30MCKMX 00pa3oBaHM M O CEBEPHOTO
0710Ka YeTBEPTUYHBIX OTIOXKeHHH B Uyiickoi nonuHe. Ha oCHOBE BEKTOPOB CKOPOCTH IOCTPOCHBI TOJIS Pa3HBIX
BHJIOB CKOPOCTH Ae(OopMaIiy, KOTOPbIE CBUIETEIBCTBYIOT O KOHIIEHTPAIMY [TOBBIIEHHBIX 3HaYeHul nedopmannn
10 1.4-107/rox B mpeaenax cpeMHHOrO KaiiHO30McKoro O0ka. [IpudeM BBICOKHIT ypOBEHb CKOPOCTH Ae(opMaiuii
HE KOHLIEHTPUPYETCS B Pa3JIOMHBIX 30HaX M PACCPEAOTOUECH IO IUIOMIAAN KalHO30MCKOrO0 TEKTOHMYECKOTO OJIOKa,
KOTOPBI HAXOMUTCS B 001aCTH COWICHEHHUs CEBEPHBIX OTporoB Kuprusckoro xpedra u Uylickoii nenpeccuu.

KnroueBble cnoBa: Cepepubiii Tsaub-11ans, [HCC-u3mepenst, COBpeMEHHbBIC ABUKEHHS, 1e(POPMAIIUH, TEOTOTH-
yeckasi CTPyKTypa

Tectonic movements and deformations within
the Bishkek local GPS network (Northern Tien Shan)
based on long-term space geodetic observations

Sergey I. Kuzikov®, Oleg A. Prokhorov
@E-mail: ksi@gdirc.ru
Research Station of the Russian Academy of Sciences in Bishkek, Bishkek city, Kyrgyzstan

Abstract. The velocity field of modern crustal movements within the Bishkek local GPS network (the Northern Tien
Shan) was studied for the years 1997-2021 of repeated space geodetic measurements. A regular decrease in the northern
velocity component was shown from the southern block of Paleozoic rocks on the northern slope of the Kyrgyz Ala-Too
Range through the middle block of Cenozoic formations and to the northern block of Quaternary deposits in the Chu
Valley. Based on the velocity vectors, fields of different types of strain rates were constructed, which indicate a concentra-
tion of increased strain values up to 1.4-107/year within the middle Cenozoic block. Moreover, the high strain rate is not
concentrated in fault zones and is dispersed over the area of the Cenozoic tectonic block, which is located at the junction
of the northern spurs of the Kyrgyz Range and the Chu depression.

Keywords: Northern Tien Shan, GNSS measurements, modern movements, deformations, geological structure

na yumupoeanua: KysuxoB C.U., Ilpoxopo O.A. Texkro-
HUYECKHME JABIKEHHS M JedopMmaiuu B mpenenax BUIIKeKcKon
nokaneHO GPS-cetn (Cesepubiit Tsaub-lllanp) mo JaHHBIM
MHOTOJICTHUX KOCMOT'€O/Ie3UUeCKuX HalOmroneHuit. [ eocucme-
mbl nepexoouvix 30n, 2024, 1. 8, Ne 4, c¢. 298-312. https://doi.
org/10.30730/gtrz.2024.8.4.298-312; https://www.elibrary.ru/gutfzv

GEOPHYSICS. GEOTECTONICS AND GEODYNAMICS 298

For citation: Kuzikov S.1., Prokhorov O.A. Tectonic movements
and deformations within the Bishkek local GPS network (Northern
Tien Shan) based on long-term space geodetic observations. Geo-
sistemy perehodnykh zon = Geosystems of Transition Zones, 2024,
vol. 8, No. 4, pp. 298-312. (In Russ., abstr. in Engl.). https://doi.
org/10.30730/gtrz.2024.8.4.298-312; https://www.elibrary.ru/gutfzv

GEOSYSTEMS OF TRANSITION ZONES, 2024, 8(4)


mailto:ksi@gdirc.ru
mailto:ksi@gdirc.ru

TexkToHMYecKne ABwXeHns u gecopmauny B npegenax buukekckor nokansHon GPS-cetn (CeBepHbivi TaHb-LLlaHb)

®duHaHcupoBaHue

PaGoTa mpoBeneHa B paMKax BBITOTHEHHS TOCYAapCTBEH-
Horo 3ajmaHust Hayuwnoit cranumu PAH B r. bumkeke
(Ne 1021052806451-5-1.5.1).

BBepgeHue

[IpyurHbl T1006aNBHBIX TEKTOHHUYECKHUX Jie-
dbopmaruii A3MaTcKOro KOHTHHEHTA HCCIeN0Ba-
TEJH CBSI3BIBAIOT C JUIMTEIbHON (AECATKU MUILIHU-
OHOB JIeT) ucropueil nperpa Muauiickoil minTel
Ha CEeBEp M €€ CTOJIKHOBEHHEM C A3MAaTCKUM Ma-
TepukoM [1]. PazButre MeTonoB BBICOKOTOUHOTO
GPS (Global Positioning System) MO3HUIIMOHU-
poBaHUsl MO3BOJIWJIO co3Aarh LleHTpanbHO-A3u-
aTCKyl0 CeThb HaOJIONEHUN 3a COBPEMEHHBIMU
JBUOKEHUSIMU 3€MHOM KOPBI C OX-

Barom Tsaup-lllans m npuneraro-
IUX TEPPUTOPUN. OTH PaOOTHI
BBITNIOJTHSUINCH OOJIBIION MeXIyHa-
POIHOM Tpynmoi yueHbIX Ha Oa3ze
Hayunoii cranuuu Poccuiickon
akamemMuu Hayk B T. bumkexe (HC
PAH). Ilo pesynsratam stux GPS-
M3MEPEHUN, CKOPOCTh COKpallle-
HUs 3eMHOU KOpbl Ha TsHb-lllane
cocraBmia ~20 MM/TOII ¢ fora Ha
ceBep. JTO a0 OCHOBaHHUE Olle-
HUTb 3/I€Ch IIUPUHY 30HBI CMSATHUS
U COKpaIlleHUs 3€MHOM KOpbl Ha
~200 xm [2, 3]. Ho sTta 30Ha co-
CTaBJISIET JINIIb HEOONBIIYIO YacTh
oT o0mei 30HBI AeGopMaIiu
Mexay Uunueit u Azueit mupuHoi
2000-3000 kM, B KOTOpOH pacmo-
JIOKEHbl TOpHblE MaccuBbl [nMma-
naeB, ['unnykyma, Tubera, Kyns-
nyns, [lamupa, Taup-11lana u ap.
[4]. B Hamy 1HU MEXly CEBEPHBI-
MU PaBHUHHBIMU OKpanHamu WH-
JIUACKOTO KOHTUHEHTA U I0KHBIMHU
gactamu Kazaxckoit miathopMel
MIPOJOJIKACTCS  MEpPUIUOHAIBHOE

Funding

The work was carried out within the framework of the
state task of the Research Station of the RAS in Bishkek
(No. 1021052806451-5-1.5.1).

[Ipu neranbHOM WHCClIEIOBAaHUU Tpolecca
Komn3nu MHIuickol W A3HMaTCKOM IUIUT BO3-
HUKAeT BOIIPOC O COBPEMEHHOM XapakTepe pac-
MpeeNICHUsT MHTCHCUBHOCTU JBWIKEHUW U Je-
dbopmanuii B 30HE TOPHOTO TOSICA MEXKIY ABYMS
KOHTHHEHTaMu. 1o olHOMY BapuaHTy IMpeacTaB-
JICHWH, B 30HE KOJUIM3UM OCHOBHBIC CMEIICHUS
peanu3yIoTces 1o pa3pbiBaM Mexay Oinokamu. [Ipu
3TOM OJIOKHM pa3HBbIX pa3MepoB Ae(POpPMUPYIOTCS
MUHHMMAJIBHO ¥ BBDKUMAIOTCS (TIEPEMEIAIOTCs)

Puc. 1. ['opuzoHTasIbHAs CKOPOCTH IBMKEHUS ceBEpHON yacTu VHANICKON MIIUTHI OT-

COKpAIlleHHEe TPOCTPaHCTBA  CO
CKOpOCThIO ~3.5 cm/rof [5], KoTO-

HOCHUTEJBFHO HaOJI0aTeN s, pacoIOKEHHOTO B I0XKHOW YacTH A3HaTCKOrO KOHTHHEH-
Ta (pomOuK), Ha ocHOBe GPS-m3mepenwii 3a 2007-2015 rr. (mmo [4, 5]). [Ipsamoyrons-

HUK — buiikekckas okansHas GPS-ceTb.

poc COIPOBOKAACTCA COBPEMCH-

Fig. 1. Horizontal movement velocity of the northern part of Indian Plate relative to an

HBIMH TPOIIECCAMH CKJIa4aToCTH
¥ pa3pbIBOB B muTocdepe (puc. 1).
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observer located in the southern part of Asia (diamond) based on GPS measurements
for 2007-2015 according to [4, 5]. Rectangle denotes Bishkek local GPS network.
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B HalpaBJICHUSX BOCTOK—3araj], YeM OOBSICHSIET-
csi o01Iiee MepUANOHATFHOE YKOPOUCHUE 3eMHOM
Kophl [6]. [Ipyroe npezacraBieHue ONUpaeTcs Ha
MUHUMaJIbHbIE CMEUIEHMSI IO pa3jioMaM U Ha MaK-
CUMaJbHOE pacrnpezenenne aedopmaruu no oob-
eMy OJIOKOB, B pe3yJbTare 4ero Mbl HaOIromaem
YKOpPOYEHHE B HAIIPaBJIEHUU CEBEP—IOT U yTOJIIIE-
HUe nuTocdepsl 1o rryoune [7].

[Ipu uccnenoBaHnM XapakTepa ABUKEHUH 110
naHHbIM 0 ckopocTH >300 nmynkroB LleHTpanbHo-
Asmarckoit GPS-cetu 3a 1995-2005 rr. Habmrome-
HUM ObUIM BbIAEJIEHBl KBa3MKECTKUE JIOMEHBI Ha
tepputopun Tsub-1lansg u Kasaxckoro Illura [8].
[Ipu 5TOM B mosie ckopocteit BeiaeneHo 1o 30 pas-
HBIX 10 pa3Mepy KECTKUX JOMEHOB, COIEPIKALIUX
oT 3 10 17 BEKTOPOB CKOPOCTH, OTKJIOHSIOIIHUX-
Csl OT KpUTEpHUA KecTKocTh He Ooree 1.0 mM/roz.
OTU JOMEHBI U MPOCTPAHCTBA MEXKIYy HUMH HE
MMEIOT YETKOM MPUBSI3KH K Fe0J0rH4ecKuM Oo-
KaM M KalHO30MCKUM pasiioMaMm. Ho MexaomeH-
HbIE 30HBI XapPaKTEPU3YIOTCS IOBBIIICHHBIMU
CKOPOCTSMM CMEIIEHUNH U CTaTUCTUYECKU HMe-
I0T TaKMe >K€ HalpaBiIeHHs] MPOCTUPAHUS, Kak
U TIO3/IHHE PA3JIOMbl 36MHON KOPBI B 3TOM pEru-
one. [Ipuyem coBnanarT He TOJIBKO 4 OCHOBHBIE
HanpaBJIeHUs] MPOCTUPAHUN, HO U HalpaBICHUS
CMEIIEHUH IO OTHOILIEHUI0 K 3TUM MpOCTHpa-
HusiM. TakuM oOpa3oM, Haubonee MO3IHSS Teo-
JIOTUYECKasi CTPYKTypa OJIOKOB U PAa3IOMOB Kak
ObI 3acThljIa IO OTHOUICHUIO K CTPYKTYpE COBpe-
MEHHBIX ABWKEHHI 36MHOU KOpbl LleHTpansHOM
Azun. Ho npu sTtom xapakrep aegpopMUpOBaHUS
MIPOAOJKAET COXPAHATHCS HA COBPEMEHHOM 3Ta-
e, T.e. C TEYEHUEM BPEMEHM IMPOAOIIKAET JeH-
CTBOBATh OJIMH U TOT k€ (PaKTOp BO3/1EHUCTBUS HA
3eMHYIO KOPY B 3TOM PETHOHE.

[ToMuMO pervoHajIbHBIX IUIOMAAHBIX IIO-
BTOPHBIX ~ KOCMOTEOJIE3MYECKHX  H3MEpEeHH
HC PAH yxe Gonee 25 ner mpoBOAUT peryssp-
Hble HaOmofeHus B mpezaenax burikekckoil jo-
kanbHOU GPS-cetu (BJII'C). B 3tom ciyyae un-
TEPEC NPEACTABISAECT CPABHEHHE COBPEMEHHBIX
JBYKEHUH 1 1epopMaIiii 3eMHOM KOPBI € Te0JI10-
THYECKOUM CTPYKTYpPOH Ha JIOKAJIbBHOM YPOBHE.

CeTb, MeToauka GPS-uamepeHum
M 00paboOTKM AaHHbIX

B rpanunax llentpanbHo-A3uarckoit GPS-
cetu (60-90° E, 35-55° N), B paiioHEe CTOIUIIBI
Kupruzumn r. bunmikek u ero mpuropojaos, pac-
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nonaraercs BJII'C. Ha myHkrax 3T0#l ceTu Ha-
yuHasg ¢ 1997 1. 4 pasa B ron nposoxsarca GPS-
U3MEpEHUs,, Ha OCHOBE KOTOPBIX W3y4YarOTCs
COBpPEMEHHBIE JABMKCHHSI 36MHOM KOpBI B Ipejie-
JaX CaMOW TI'yCTOHAceJIeHHOM Teppurtopun Kup-
rusckoi Pecryonmukm.

CHauana 37ech ObUIM YCTaHOBJICHBI MIEPBBIC
25 mnyskroB snu3oauueckux GPS-nzmepenuii,
¢ 2000 mo 2002 r. B ee cocTaB OBLJIO BKJIFOUEHO
eme 22 nyHkra. Ho ¢ TedeHreM BpeMeHHU 4acTb
MYHKTOB ~ KOCMOTEOAE3WYECKUX  HAOMIOICHHI
ObLITa YHHUUYTOXKECHA WIIH MTPEKPAIEHBI U3MEPCHHUS
Ha HUX 10 IPUYMHAM HEBO3MOXXHOCTH KPYIJIOTO-
JTUYHOTO MObE3/1a K HUM. 3a MOCIEAHUE TO/IbI pe-
TYJSPHO U3MEPSIOTCS 36 TOUEK, KOTOPBIE MO CETH
TPUAHTYJISIIUU YIAJIEHBI JAPYr OT Jpyra B Cpel-
HEeM Ha ~9 KM, MpU MaKCUMaJIbHOM YJaJ€HUU 10
~19 kM (puc. 2).

Mecrta yCTaHOBKM IyHKTOB KOCMOT€OE3H-
YEeCKUX U3MEPEHUN pernoHaibHou lleHTpanbHo-
Asmarckoii cetu 1 BJII'C BeIOMpaInch TakuM 00-
pa3zoM, 4TOObI UCKIIOYUTH BIMSIHHE 3K30TE€HHBIX
(hakTOpoB Ha ABWKEGHHE 3TUX IMyHKTOB. Takum
00pa3oM, HAC UHTEPECYET OLIEHKa COBPEMEHHBIX
JBUKEHHUI TOIBKO CPaBHUTEIBHO OONBIIUX OJI0-
KOB 36MHOW KOPBI, B 3aBUCUMOCTH OT MaciiTada
opranmu3yemMoit cetu HabmroneHus. [lpakTuuecku
Ha KaXJIOM TaKOM ITyHKT€ YCTAHABJIMBAeTCA 2-3
MapKy Ha CKaJbHBIX OOHA)KEHHUSAX TMOPOJ UM Ha
XKene300eToHHOM (pyHAamMeHTe B claboCIieMeH-
TUPOBAHHBIX IMOPOJIAaX KaWHO30MCKOro BO3pac-
Ta. Pacmipenenenre mMyHKTOB MO CETH U3MEPEHUS
IJIaHUPOBAJIOCH IO BO3MOXXHOCTH PAaBHOMEPHBIM,
C YYETOM CTPYKTYPHO-T€0JOTUYECKON CUTYyaINH.
[Ipy 5TOM yYUTHIBAIOCh HAJIUYUE KPYIJIbIA TOJ
MOJIBE3/IHBIX JIOPOT U MAKCUMAJIbHO OTKPBITOTO
He0a, OTCYTCTBHUE PSAIOM OOBEKTOB, CIIOCOOHBIX
BHOCUTH MEPEOTPAXKEHUE U HMCKAKEHUE CITyTHH-
KOBOTO HaBUTAITMOHHOTO cUTHasa [9].

3a mocnequue 20 mer Habmoneunii Ha BJIT'C
exxerosiHo nposoasarcs 4 uukina GPS-onpoca Bcex
IIYHKTOB 3TOW ceTH. [IponomkurensHOCTh n3Me-
PUTENBHONW CECCUU Ha KaXKJIOM IYHKTE COCTaB-
JseT He MeHee 36 4, 4acToTa 3alucy JAHHBIX OT
CO3BE3/IMs HABUTAIIMOHHBIX CITyTHHUKOB COCTaB-
nsiet cranaaptaeie 30 c. g u3MepeHuid Cosb-
3oBanuch npuemMHuku Topcon Legacy-E, cnoco6-
Hble (ukcupoBarh curHaisl GPS u TJIOHACC.
Ho mnporpammHoe oOecrnedueHne MpHUEeMHHKA
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Topcon Legacy-E He mo3BOJISIIO BECTH 3allUCh
nanHbIx co Bcex cnyTHUkoB [JIOHACC, nosto-
My OCHOBHOW HaBUTallMOHHOM CHUCTeMOIl ObLia
GPS [9]. IlonyueHHble NaHHBIE pa3MEILAIOT-
Cs B CTPYKTYpUPOBAaHHOM IH(QPOBOM apXHBeE,
BEPUPUIHUPYIOTCS ¥ TOATOTABIUBAIOTCSA IS
JnanpHelmen oopadotku. Bes Heobxomumas st
00paboTKu U aHanu3a uHopmalus od umepe-
Husax myHkToB BJII'C pa3MeneHa B 3J€KTpOHHOM
0a3e MeTa/laHHBIX.

Jlis moy4eHus BBICOKOTOYHBIX BpPEMEH-
HBIX DPS0B KOOPAMHAT U BEKTOPOB CKOPOCTH
HamMu yxe okojio 30 JeT Mcmosib3yercs Mmpo-
rpammHbiil  kommiiekce GAMIT/GLOBK [10].
DTO 0JIHA U3 CaMBIX MEPBBIX U MEPEIOBBIX MPO-
rpaMM pacyeTa BHICOKOTOYHBIX MO3UIIMHA U BEK-
TOPOB CKOPOCTH IS IeJeH TeOAMHAMHYECKO-
ro wuccienoBanus. IIporpaMMHBII KOMIUIEKC
GAMIT/GLOBK nocTossHHO COBEpPIIEHCTBYET-
csl aBTOpamMH M3 MaccauyceTcKoro TeXHOJIOTH-
YECKOTO MHCTUTYTA. JTa MpOrpaMmMa J0CTaTou-

HO CJIO)KHAsi 1 UMEET MHOTO3TanHy10 00paboTKy
BXOAHBIX JAaHHBIX OT [700anbHBIX HaBUTAIU-
oHHbIX cnyTHHKOBBIX cucteM (I'HCC), Ho npu
cOONIOIEHUN BCEX HEOOXOIUMBIX TpeOOBaHMIA
MOKHO JOOUTHCS TOYHOCTH pacdeTa KOOpAWHAT
nyHkra g0 1-2 mm [9, 11].

[Tocne cnoxkHoTO TIpOTIECCa 00PabOTKH JTaH-
HbIX GPS-u3mepenuit 3a 1997-2021 rr. aiig nys-
kToB BJII'C B cucteme orcuera EURA2014 Obuin
MOJIyY€Hbl BPEMEHHBIE PSJIbI KOOPJUHAT U BEK-
TOpPBI CKOPOCTH. BpemeHHbBIE psabpl KOOpAMHAT
MYHKTa MOTYT COJIEpKaTh OT/IEJIbHBIE ONpeaee-
HUSl €T0 MO3UIUU C SIBHBIMH OTKJIOHEHHUSIMHU OT
MHOTOJIETHETO TPEHJa JBUKEHUS TOTO MyHKTA.
B Takmx ciydasx OymayT MpPOHMCXOIUTH HCKaXKe-
HUS 3HAYCHHUH BEKTOpa CKOPOCTH UCCIETYyEMOTO
nyHkTa. [1oaTOMy Ui BCEX MONYYCHHBIX HAMH
BPEMEHHBIX PSAJOB KOOPAMHAT AJIsl MyHKTOB Ha-
OJI07IeHHS POBEJICHBI aHAJIN3 U OYMCTKA OT CTa-
TUCTUYECKH 3HAYMMBIX OTKJIOHEHUH MO3UILIUU
OT JIMHEMHOTO TPEHA.

Puc. 2. Pacnonoxenne myHktoB bumikekckoit nokanpHol GPS-cetn B palioHe couneHeHus ckiIoHOB Kuprusckoro xpebra u Uyiickoit
BII/INHBI, HElAJIEKo OT I. bumkek. Dnuzoandeckue u3mepenus Ha GPS-mynkrax Bexytes ¢ 1997 .

Fig. 2. The location of the Bishkek local GPS network sites at the junction of the slopes of the Kyrgyz Ala-Too Range and the Chu Valley
near Bishkek city. Episodic measurements at GPS sites have been conducted since 1997.
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Feonornyeckas cTpykTypa
panoHa uccnenoBaHuUmn

OcHoBHas 3ajnaya 3TOM paboThI 3aKikoya-
€TCs B IOIBITKE OLICHUTh COBPEMEHHBIA Xapak-
Tep pacmpeneneHust IBMKEHUM M aedopmaruii
Ha tepputopun BJII'C, rne B TeueHue Oonee
20 Jser NpOBOIATCS pEryJspHBIE DSNHU30AUYE-
ckue GPS-HabmroneHuss Ha MyHKTax CO CPEAHUM
yaaneHueM apyr ot apyra no 10 km. Ilpu stom
MIPEACTABISIET MHTEPEC pPaACHpENEIICHUuEe COBpe-
MEHHBIX JAe(opMaliii OTHOCUTEIIBHO OCHOBHBIX
T€OJIOTUIECKUX  CTPYKTYp, C(HOPMHPOBAHHBIX
32 MUJUIMOHBI WIH THICSIYH JIET O KOCMOTEOE3U-
yeckux usmepeHuil. C yyeToM yKa3aHHbBIX 3a/a4
U IPUOPUTETOB, YCIOBUM U pa3Mepa TEPPUTOPUU
bumkexkckoii TOKaJIbHOM CETH, a TAKXKE HAJTHIHS
JOCTYIIHBIX ~ KapTorpauyecKkux Marepuaos,
HauOornee monmxonsmen sBisercs [eomorude-

ckas kapra Kuprusckoir PecnyOnuku maciira-
6a 1:500 000, 2008 r. (http://neotec.ginras.ru/
neomaps/M005_ Kyrgyzstan 2008 Geology.jpg).
@®parmeHT 3TON KapThl B pamkax rpanuy bJII'C
MOKa3aH Ha puc. 3.

YuursiBasg IUIOIIAJHOW OXBAT TEPPUTOPUU
UCCIIEZIOBAaHUS, HEPAaBHOMEPHOE pacHperesieHue
nyHKTOB GPS-n3mepenns u cTpykTypHO-Te0n0ru-
YECKUE YCIIOBHSI, MOKHO BBIJICIUTH 3 OJOKa JUIs
uccnenoBanus (puc. 3). 3neck Onok Q mpencras-
Js1eT co00H pa3zpes OT CpeITHeYeTBEPTUUHBIX J10 TO-
JIOLICHOBBIX PEYHBIX OTIOXKEHUM Uy NCKON TOJIMHBI
¢ Beicotamu 500-900 m H.y.M. C 1ora no Mccrik-
Atunckomy pasznomy (IA) Ha 610k Q HaABUHYT
omox KZ ¢ mpeBbillieHuEM ONMMKaWIIuX BEPIIHH
xoiamoB 10 1000 M Hag JOJMUHHBIMHU OTIIOKECHU-
mu Q. B mone KZ npeobnanarot oTia0KeHus ¢ BO3-
pPacTHBIM IMANa30HOM OT IO3JIHETO MaJIEOTEHA JI0

Puc. 3. ®parment ['eomormueckoit kaptel Kuprusckoit Pecmybnuku macmrada 1:500 000, 2008 1. TpeyronpHuku — myHKTHl GPS-
u3MepeHui. 3neck U Ha puc. 4, 6-9: IA — cTpykTypHas JMHU, coBnanaromas ¢ Mcchlk-ATHHCKIM B30POCOM U paszelsonias OIok
MIPENMYIIIECTBEHHOTO Pa3BUTHS YETBEPTUUHEIX oTIOKeHuUH (Q) 1 610K pa3BuThs KaitHo30¥ckux nopox (KZ). SH — crpykrypHast nunns,
B 3HAYMTENBHOU Mepe coBmajaromas ¢ npocrtupanueM lllamcuHckoro B30poca U pasnessiiomas OIOK pa3BUTHS KaHHO30MCKUX MOPOJ
(KZ) u 6ok maneo3oiickux nmopox (PZ).

Fig. 3. Fragment of the Geological Map of the Kyrgyz Republic, scale 1:500,000, 2008. Triangles indicate GPS measurement sites.
Here and on the Figures 4, 6-9: IA denotes a structural line that coincides with the Issyk-Ata reverse fault and separates the block of
predominant development of Quaternary deposits (Q) from the block of development of Cenozoic rocks (KZ). SH indicates a structural
line that largely coincides with the Shamsinsky reverse fault and separates the block of development of Cenozoic rocks (KZ) from the
block of Paleozoic rocks (PZ).

GEOPHYSICS. GEOTECTONICS AND GEODYNAMICS 302 GEOSYSTEMS OF TRANSITION ZONES, 2024, 8(4)



TexkToHMYecKne ABwXeHns u gecopmauny B npegenax buukekckor nokansHon GPS-cetn (CeBepHbivi TaHb-LLlaHb)

paHHMX YEeTBEPTUYHBIX oOpa3oBaHuil. Bepxuuil
BBICOTHBIA mipenen KZ-6moka no 2000 M H.y.M.
Hanee c tora Ha KZ-6nok B36pomien 6ok PZ mo
CUCTEME Pa3pbIBHBIX HapyIlIEHUI, B BOCTOYHOU
MOJIOBUHE 3Ta CTPYKTypa coBnaaaer ¢ lllamcun-
ckuM B30pocom (SH). bnox PZ mnpexncrasien
CKaJIbHBIMHU BBIXOAAMHU MOPOJT OCAJAOUYHOTO U Mar-
MaTHYECKOTO Te€HE3Uca U OPIOBUK-CHITypUIICKOTO
Bo3pacTa. [Toponsr PZ-6r1oka BcTpeyaroTcst Ha BbI-
corax ot 1600 M Ha oTporax u 10 4800 M H.y.M. Ha
Bofopazzaene Kuprusckoro xpeOra.

[Ipu Takoit qocTaTouHO 000OIIEHHON cxeMe
re0JI0ro-TeKTOHUYECKOTO CTPOEHUSI TEPPUTOPUH
JoKaJabHBIX MyHKTOB GPS-Habmonenuit BO3HUKa-
€T BOIPOC — B KAKUX y4acCTKaX KOHLIEHTPUPYIOT-
cs ABkeHus U aedopmaru? PacnipeneneHst au
JIBUKEHHSI 3€MHOM KOPbI paBHOMEPHO 11O IJIOIIA-
I BCEH 3TOM TeppUTOpHH, MO OTAEIBHBIM OJ0-
KaM WMJIM CKOHIIEHTPUPOBAHBI B 30HaX Pa3pbIBOB
36MHOM KOpPbI?

PesynbraTbl aHanusa
BEKTOPHOro NoJsisi CKOpocTen
M TEKTOHMYECKOW CTPYKTYpbl

B cucreme orcuera EURA2014 ropuson-
TaJIbHbIE BEKTOPBI CKOpOCTH Uit MyHKTOB BJII'C
3a 1997-2021 rr. npexncrasneHsl Ha puc. 4.

Uto0bl UMETHh TMPEICTABICHUE O XapaKTepe
MOBTOPSIEMOCTH MPH ONPEACICHUU TOPU3OHTAIIb-
HBIX MO3ULUN U O JOCTOBEPHOCTU pacuera BeEK-
TopoB ckopocTH ia nyHkroB BJII'C, npuBenem
rpadUKy BpEMEHHBIX PSAA0B UCCIEAYEMBIX KOOp-
nuHat ans nyHkra [VO8, pacnonokeHHOro B cpe-
JUHHOM YacTu ceTu HaOmoneHus (puc. 5).

Jlns ananusa TPYMIbl BEKTOPOB CKOPOCTH
BaYXHO 3HATh UX CHCTEMY OTCYETA U BPEMEHHOMU
uHTepBan HaOmoneHui [8, 9]. Panee B mpenenax
3THX k€ OJOKOB MPOBOAMIOCH CpaBHEHHE CTa-
TUCTUYECKUX IapaMETPOB PACIPENEICHUS BEK-
TOpOB cKopoctH, HO 3a 1997-2014 rr., ¢ MeHb-

Puc. 4. I'opusonTanpusie BeKTOpb! ckopocT B cucreMe orcueta EURA2014 ¢ xonoBeiMu HazBanuaMu GPS-myHkroB cetu 3a 1997-

2021 rr., ¢ onenkamu omubok 1o 1 (B cpemnem 0.4) mm/ron. Q
0JIOKOB PEUMYIIIECTBEHHOTO Pa3BUTHUS Pa3HOBO3PACTHBIX HOPOJ.

KZ

avr?

PZ_ — cpeanue BEKTOPBI CKOPOCTH Ul COOTBETCTBYHOIIMX

avr?

Fig. 4. Horizontal velocity vectors in the EURA2014 reference frame with code names of GPS network sites for 1997-2021 with

error estimates of up to 1 (average 0.4) mm/year. Q_, KZ

predominant development of different age rocks.

vr’ avr’
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and PZ__indicate mean velocity vectors for the corresponding blocks of
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Puc. 5. BpeMeHHbIE psIbl TOPU30HTAIBHBIX TOMOICHTPHYCCKHUX KOOPIHHAT U CO-
OTBETCTBYIOIIHE UM KOMIIOHEHTHI ckopocTH (N — ceBepHast, E — BocTouHast) B CH-
creme orcueta EURA2014 mnst mynkra [VO8 3a 1997-2021 rr.

Fig. 5. Time series of horizontal topocentric coordinates and the corresponding
velocity components (N, north; E, east) in the EURA2014 reference frame for the

site IVO8 for 1997-2021.

IIUM YHCIIOM BEKTOPOB U IPH CUCTEME OTCYETa
EURA2008 [5]. Takum 06pa3oM, Ha TEKYIIUNA MO-
MEHT J00aBIeHbI JaHHBIE €llle 3a 7 JIeT Ha0IroIe-
Huii Ha tepputopuu bJII'C u cmenunacs cucrema
OTCUYETa IIPU PACUETE BEKTOPOB CKOPOCTH.
CratucTuyeckue napaMmeTphl il BEKTOPOB
CKOpPOCTHU TIO Pa3HBIM OJIOKaM M pa3HbIM UHTEp-

BaJlaM HAOJIOLEHUH CBele-
HBI B Ta0m. 1.

W3 nannbix Tabm. 1 cue-
€T, YTO YpOBHU 3HAYECHUU
M0 KOMIIOHEHTaM CKOPOCTHU
(E — BocTounasi, N — cesep-
Hast) 3a 1997-2021 rr. npu
EURAZ2014 B cpenneM Bble
mo moxaymo Ha 0.9 mMm/Ton
Oolee  paHHHUX  PacyeTOB
3a 1997-2014 . npm
EURA2008 [5]. Ho otHOCH-
TEJbHBIC TIPEBBIICHUS CPEI-
HUX CKopocTeil oT Onoka K
0JI0Ky IPUMEPHO OJMHAKOBBI
JUI IBYX BapUaHTOB pacue-
TOB. DTO CpaBHEHHE CBHUJIE-
TEIbCTBYET O KAYeCTBE U3Me-
pPEHHI1, TOYHOCTH PACYETOB U
YCTOMYMBOCTH BEKTOPOB CKO-
POCTH C TEYCHHEM BPEMEHH.

B koHeuHoM cuere Hac
MHTEpeCcyeT MOCIeTHII Hau-
Oojee TONHBIA  BapHaHT
(1997-2021 rr., EURA2014)
CTaTUCTUYECKUX MapaMeTPOB AJIsi BEKTOPOB CKO-
POCTH TIO pa3HBIM OJIOKaM HCCIIeyeMOH TEpPUTO-
puu. B 3TOM ciiyyae BoCTOUHasi KOMIOHEHTA st
CpPEeHUX 3HaYeHUI cKopocTH 1o Ookam Q, KZ u
PZ (puc. 4 u Tabn. 1) u3MeHsieTCS HE3HAYUTEIIb-
HO (—1.00, —0.99 1 —0.89). Ho nipu >TOM yBeM-
YUBAIOTCS 3HAYEHUS 3aMaJHOTO HAMpaBIEHUS OT

Tabauna 1. CratucTuyeckue XapakTepUCTUKH Il HAOOPOB TOPU30HTAIBHBIX BEKTOPOB CKOPOCTH (MM/TOI) B NIpeAenax
Bceill bukekckolt T0KaIbHOH CeTH (71 — KOJIMYECTBO ITyHKTOB) M OT/ACNIBHBIX €€ OJIOKOB B pa3Hble HHTEPBAIIbI HAOIIOACHHS,

C pa3HbBIMH CUCTEMaMM OTCUETA

Table 1. Statistical characteristics for the sets of horizontal velocity vectors (mm/year) within the entire Bishkek local GPS
network and its individual blocks (7, number of sites) at different observation intervals with different reference frames

Teppuropus, 1997-2014 rr., EURA2008 [5] 1997-2021 rr, EURA2014
G0k n ‘ Min ‘ Avr ‘ Max n ‘ Min ‘ Avr Max
BJIT'C 31 -2.39 -0.86 -0.17 36 -2.89 -0.97 -0.24
31 0.02 1.50 2.73 36 0.89 2.34 3.47
Q 10 -2.39 -1.00 -0.17 11 -2.89 -1.00 -0.24
10 0.02 0.67 1.93 11 0.89 1.56 291
K7 12 -1.17 -0.80 -0.40 16 -1.24 -0.99 -0.53
12 1.15 1.64 2.16 16 2.02 2.44 2.94
Pz 9 —1.18 -0.79 -0.35 9 -1.17 —0.89 -0.65
9 1.78 2.23 2.73 9 2.72 3.12 3.47

Ipumeuanue. B BepxHeii cTpoke BocTouHast komrnoHeHTa ckopoctH (E), B Hmkael — ceBepHast (N).

Note. The top line is the eastern velocity component (E), the bottom line is northern component (N).
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PZ-6moxka k 6moky Q. CeBepHast KOMITIOHEHTA JTst
CpEeIHMX 3HAUY€HMM CKopocTu 1o Onokam Q, KZ
u PZ mensiercst 6onee 3ametHo (1.56, 2.44, 3.12)
C YMEHBUIEHHUEM C I0ra Ha CEBep.

W3 BhIIENpUBEICHHBIX JAHHBIX CIEAYET, YTO
oT 1o’kHOTO PZ-6110Ka K ceBepHOMY Q, Ha Kax 10
U3 JIByX Pa3pbIBHBIX T'PAHUIl WU BHYTpH OJOKa
tepsiercs ~0.8 MM/Tog B 3HAYCHHUSX CEBEPHOMN
KOMITOHEHTBI CKOPOCTH. JTO MOXET ObITh 00b-
SCHEHO B30POCOBBIMHM CMELICHHUSIMH IO Pa3Jio-
MaM JIOJITOTHOTO MPOCTUpaHUs (3armaji—BOCTOK).
W ecnu yuuThIBaTh U3MEHEHUS IO CPETHUM 3Ha-
YEHUSIM BOCTOYHON KOMITOHEHTBHI CKOPOCTH, TO K
B30pOCOBOMY XapaKTepy JBHKCHHI Ha pa3ioMax
MOJKET OBITh TOOABJICH U JIEBOCTOPOHHUI CIIBUT.

MeToauka v pesynbraThbl
AedopmMaLMOHHOro aHanu3a
Ha OCHOBEe BEKTOPOB CKOPOCTHU

Crnenyer OTMETUTh, YTO BEpTUKAIbHASI KOM-
noHeHrta ckopoctu A nmyHkros bJII'C B HacTos-
11ee BpeMs UMEeT OLIEHKY TOYHOCTH /10 2 MM/TO]I,
4TO B 2 pa3a Xy»e TOYHOCTU ONPEIEJIEHUs TOpH-
30HTAJIbHBIX KOMIIOHEHT ckopocTH. Kpome Toro,
JIOCTYIIHBIE HaM aJIrOPUTMbl pacueTa CKOPOCTH
JnedopMaluy He MpelycMaTpUBaOT UCIOIb30Ba-
HUE BEPTUKAJIBHON KOMIIOHEHTBI. ABTOPCKas ke
BepcHUsl IPOrpaMMbl 3-MEpHBIX pacdeToB Jedop-
MaIy HaAXOAMUTCS Ha CTaJAUU pa3pabOTKH.

B sT0ii pabote ucnonpzoBaHa METOJMKA pac-
gyera ckopoctu nedopmaruu o 3.K. lleny [12],
KOTOpasi OCHOBaHA Ha MONOOpKE TEH30pa Tropu-
30HTAJBLHOU JedopManuu, rjae MoJeIbHbIe U Ha-
OJIOZICHHBIE BEKTOPHI MAKCUMAJILHO JIOJKHBI CO-
BIIaJaTh APYr ¢ ApyroM. [[jist mpon3BonbHOro y3mna
CeTKH (X, y) HaXOIATCs KOMIIOHEHTHI TOpPH30H-
TaJIbLHON CKOpOCTH (U, uy), KOMITOHEHTHI TEH30pa
ckopoctH aepopmanuu (T, T, T,) ¥ CKOPOCTb
BpaueHus (o). Takue mapameTpsl KaxkJoro ysia
CeTKH OyIyT 3aBHCETh OT PACHOJIOKEHUS YUUThI-
BaeMbIX IMyHKTOB GPS-nabmonenus (X, ¥, i =1,
2, ..., n), OT ux ckopoctu u omnbok (U + ¢ _,
Uy[ + 5y;) ¥ OT MpUpalICeHUH KOOPAUHAT OT pac-
cuuThiBaeMoro yszna cetku A0 GPS-cranmmit
(A, =x—-X,A =y—Y). Y31bl CeTKH CTPOATCA
¢ BBIOpaHHBIM I11aroM 10 OCSIM KOOPAMHAT.

Kpurepuii L, KOHTPOIMPYET BIMAHUE Kax-
noro GPS-mynkra Ha TeH30p nedopmanuu B y3ne
pacuera. Eciiu He06X01uMO MOIy4YuTh 0ojiee BbI-

TEO®U3NKA. [EOTEKTOHUKA U FEOANHAMMUKA

305

COKOE pa3pellieHue pe3yabTara HHTEPHOISAINH,
TO mapameTp L, CTPOMTCS Ha OCHOBE (yHKIMH
lNaycca ans B3BEIIMBaHUS CKOPOCTU ATOTO IyH-
KTa HabmoneHus. B Tom cimyvae, eciu CKOpOCTH
JIOCTaTOYHO HEOMHOPOIHBI WIM PENKH, L. pac-
CUUTHIBACTCS HA KBAJAPATUYHON (YHKIUH JUIS
oOecrniedeHus Ooee crilaXXeHHoro edopmannon-
HOro pemenus. Takxke B 3TOM METOAMKE pacdeTa
TEeH30pa JAepopMalli HCHOJIb3yeTCs HapaMeTp
CriIaXXUBaHUs D, KOTOPBIH 1151 KaXKA0TO0 y3J1a MoJI-
OupaeTcsi UHAUBUAYaIbHO HA OCHOBE CYMMBbI Be-
COBBIX KO3((HUIMEHTOB, IPU 3TOM YacTh TPaHUY-
HBIX ITapPaMETPOB 3a/1a€TCs MOJIb30BaTEIIEM.

JUis MCKITIOUEHUS! OTPULIATEIbHOTO BIMSIHUS
OCTPBIX YIVIOBBIX CEKTOPOB IpU HEPAaBHOMEPHO
pacrpesie/IeHHbIX IyHKTaxX HaOMioAeHus BOIU3U
TEKYIIETO y3Jla OCYIIECTBISETCS JIOMOIHUTENb-
HBIH pacyeT a3uMyTaJbHOW BECOBOM (YyHKIMH
(Z). B oTOM Ctyuae yuuThIBAETCS PABHOMEPHOCTD
pacripesie/ieHus ¥ BIUsSHUE ONMKaMIINX MyHKTOB
HAOJIOIEHUsT HE TOJIBKO MO JTaJbHOCTH, HO U IO
a3uMyTaJbHOMY Kpyry [13].

C yd4eToM BBIIIEU3IOKEHHOTO MOIXOIUM K
pacyeTy cOOCTBEHHO Je(OpPMALMOHHBIX MapamMe-
TpoB. Ha ocHOBe TOpu30HTANbHBIX KOMIIOHEHT
Tensopa (T, T ryy) pacCUuTBIBAIOTCS IJIaBHBIE
ocu (¢, ., € ) ckopoctu nepopmanuu [14]. [la-
JIe€ TPUCTYMAEM K BBIUYHCICHHIO MaKCUMaJIbHON
CKOpOCTH caBHra (T ), CKOPOCTH JMJIaTaHCHH
(dilat) n BTOpOTO MHBapUaHTa (Secinv) TEH30pa
ckopoctu aedopmarmu [15].

Ha ocHoBe panHbIXx 36 BEKTOPOB CKOPOCTH
mwist BJII'C 3a 1997-2021 rr. 110 BBIMIEONMCAaH-
HOW MeTonuke OBbUTM paccyuTaHbl aedopmaiu-
OHHBIE MapaMeTpbl. Il OTy4eHHs CITIaKEeHHOU
U B TO K€ BpEMs JOCTAaTOYHO NETAJIbHOM Kap-
TUHBI TOPU3OHTAIBHON JedopMaluy ajaropuTM
BbIOpan BecoBOM KO3(D(UIMEHT CIIaKuBaHU
D < 20 kM. DTO 3HAUUT, YTO OT y3/a pacuera
neGopMai yYUTHIBAIUCH BEKTOPBI CKOPOCTH
He nanbine 20 kM, U 9em panbmie myHKT GPS-
HaOTIOZICHNs] — TEM MEHBIIIE €ro BeC BIUSHMS Ha
nedopmanmio ysna [13]. Pacuer pa3HbIX BUAOB
neGopMaui OCYIIECTBISJICS B y3JaX paBHO-
MepHO ceTku ¢ maroM 0.04° o HampaBiIeHUSIM
ceBep—tor (~4.45 kM) u 3amai—BOCTOK (~3.26 KM)
BHYTPH TEPPUTOPHUH, OTPAHHMUYCHHON ITyHKTaMH
GPS-nabmonennii. Ha puc. 6 i Teppuropuu
BJII'C B 126 y3nmax pacdera moka3aHbl TJIaBHBIC
OCH TOPU30HTAIILHON CKOPOCTH Ae(POpMAIUH.
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[Ipu oOmieM paccMOTpeHHMH BCEX Y3JIOB Ha
puc. 6 BoiaenseTCS HauboIee 3HAYUMbIN (paKTop
— 3TO OKOJOMEPHUAMOHAIBHOE HANpaBJICHUE JIe-
(hopMaIMOHHBIX OCEW CKOPOCTH YKOPOUCHHUS W,
COOTBETCTBEHHO, 3aIlaJ-BOCTOYHAs OpPUEHTALUA
oCell CKOPOCTH MPEUMYIIECTBEHHOTO YIJIMHEHHUS.
[Ipu 5TOM CyOA0ATOTHBIE OCH UMEIOT MaKCUMaJIb-
HbIEC 3HAYCHHS 32 CUET MPeoOIaIalouX MOI0KH-
TENBHBIX 3HAYCHHUH Aedopmanuu (yIIHHEHUS,
g ). B1oab cyOMepuIuoHa bHbIX HalpaBlIeHUH
pacmojararTcs OCH MUHUMAJIbHBIX OTPUIATEIb-
HBIX 3HAYEHHUH (YKOPOUEHHS, € ), KOTOphIE Ootee
YeM Ha TOPSIOK MPEBBIMIAIOT IO MOAYIIIO 3HaYe-
nus ¢, . [lomydennsie B 3TOM pasuene nepopma-
LMOHHbIE napameTpsl 3a 1997-2021 rr. B 00mux
YepTax COMIACyIOTCs C pe3yJIbTaTaMU PacueToB 3a
MEHbIIIMe UHTepBajbl HAOMIOAeHHH, Ha 5—15 ner,
B Oonee panHux pabdorax [16, 17].

B nentpanpnoii wactu BJII'C, B Gioke KZ-
OTJIOKEHUM, OTMEUYaeTcss AaHOMAJIbHBIA IOBO-

pot ocu ckopoctu ykopoudeHusi Ha C-CB (wiu
I0-103). Takxke 3mech BH3yaJbHO OTMEYACTCS
TEH/ICHIIUS YMEHBIIIECHUS a0COMIOTHBIX 3HAYCHHMA
€ W yBEIMYEHUE MO MOIYIIO 3HAYEHUM € C
Iora Ha ceBep, OT OJloKa Majaeo30MCKUX 00pazo-
BaHull (PZ) k O10Ky 4eTBEPTHUHBIX OTJIOXKEHHM
(Q). IIprueM B caMbIX CEBEpPHBIX y3JIax pacyera
nedopmanuii 3Ha4EHUs € _ MO0 MOIYJIIO IOYTH
JIOCTUTAIOT yPOBHsI aOCONIOTHBIX 3HAYEHUH € .
bonee neranmpHbBIE CTAaTUCTUYECKHE IMapaMeTPhI
0 IJIaBHBIM OCSIM TOPU30HTAJIBLHONU CKOPOCTH Jie-
(dopmanuu st BceX y3JIO0B B Ipeenax BCei Jio-
KaJIbHOW CETH U MO OTAEJbHBIM OJI0OKaM U 30HaM
CBE/ICHBI B Ta0IM. 2.

Munumanbhbie  (min), cpenHue (avr) u
MaKCHMaJIbHbIe (Max) 3HAaYeHUs IO TJIABHBIM
OCSIM CKOPOCTH TOPU3OHTAIBHOHN AedopMaliu
B Ta0i1. 2 B OOMIMX YepTax MOATBEPKIAOT BU3Y-
ajpHOE BocnipusaThe puc. 6. OCOOEHHOCTHIO 371eCh
SIBIIAIOTCS OOJiee BBICOKHE 3HAUEHUS CKOPOCTHU

Puc. 6. ['maBHBIC OCH TOPU3OHTAIBHOI CKOpocTH Aedopmanuu B y3nax cetku depe3 0.04°, paccuuTaHHbIE IO BEKTOpPaM CKOPOCTHU IS

nyHkToB BJII'C (xenteie kpyxkn) 3a 1997-2021 rr.

Fig. 6. Principal axes of horizontal strain rate at 0.04° grid nodes calculated from velocity vectors for the Bishkek local GPS network sites

(yellow circles) for 1997-2021.
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Taoauna 2. CtaTucTHYecKrue XapaKTePUCTUKU 1O IJIABHBIM OCSIM TOPU30HTAJIBHON CKOPOCTH AedOopMaluil Ui y3JIOB

B nipenenax BJII'C, oTaenbHbIX OJOKOB U 30H

Table 2. Statistical characteristics for the principal axes of horizontal strain rate for nodes within the Bishkek local GPS

network, individual blocks, and zones

BioK, Yucio g, . x10°/ron g,.» X107°/ron Asumyt g, °

30Ha Y3708 Min Avr Max Min Avr Max Min Avr Max
BJII'C 126 -35.9 5.7 32.4 -140.4 -82.4 -40.0 162.1 178.4 196.5
Q 43 -35.9 11.5 324 -105.9 —66.2 —40.0 162.1 173.2 196.5
IA 34 -35.9 2.8 17.9 —135.5 -90.7 -60.8 163.7 179.7 196.5
KZ 48 -26.8 2.8 17.9 -140.4 -97.2 -62.1 168.0 181.9 196.1
SH 40 -16.7 2.4 17.0 -140.4 -91.1 —-62.1 175.5 182.0 193.1
PZ 35 -1.6 2.5 7.0 -102.2 -82.1 —-63.9 174.7 180.1 189.0

CyOMEepHUIMOHAIHOTO YKOPOUYeHHS B KaiHO30M-
ckom Onoke (KZ) oTHOCUTENhHO IPYyTUX BhIIEICH-
HbIX yyacTkoB BJII'C. [Tpudem naske oOpamisronie
KZ-6noxk 30nub1 pa3psiBHBIX HapyuieHui (IA u SH)
MMEIOT MEHBIIHI YPOBEHb CKOPOCTH YKOPOUCHHUSI.
DTO 3HAYUT, YTO TMOBBIIICHHBIE CKOPOCTH YKOPO-
YEHHUS! HE COCPEIOTOUYEHBI TOJIBKO B MOTPaHUYHBIX
B30pocoBbIX 30HaxX Mccpik-ATrHckoro u lamcun-
CKOTO Pa3JIOMOB, a B OOJIBIICH Mepe pacipe/IeICHbI

o Bcemy Onoky KZ. Uto MOXeT CBUIECTEIHCTBO-
BaTb O BO3MOXKHOCTU pealm3aliu 1mo Bcemy KZ-
OJIOKY TUTACTHYECKOU AedopMaru (MITA CMSITHS).

Paccmotpum caBuroByio ¢opMy CKOpOCTH
nedopmanuu B ipenenax BIIT'C (puc. 7).

ITpu oOmiem oxBare IaHHBIX O CKOPOCTH Je-
dhopmanmu cBura Ha puc. 7 BBIACISIETCS 00JIacTh
MOBBILICHHBIX 3HAYCHUIA, B TpaHuiiax KZ-06mnoka u
B npenenax 74.5-75.3° E. Cpa3sy 3a rpanunamu

Puc. 7. 3HaueHus CKOPOCTH TOPU30HTaNBHOI Aedopmannu casura B y3nax cetku (0.04°), paccuntannbie o Bekropam ckopoctu BJII'C

(>xenThle KpyxkH) 3a 1997-2021 rr.

Fig. 7. Horizontal shear strain rate values at grid nodes (0.04°) calculated from velocity vectors of the Bishkek local GPS network (yellow

circles) for 1997-2021.
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Tabauna 3. CrarucTndeckne XapakTepUCTHKH JUIl CKOPOCTH TOPU30HTANIBHOM AedopMauu CABUTA U TUJIATAaHCHUH, BTO-

poro uHBapuanra, x10°/rox

Table 3. Statistical characteristics for horizontal shear and dilatation strain rate, second invariant, 10-%/year

Biiok, Yucio Casur Junarancus Bropoii naBapuant

SR VIO Min Avr Max Min ‘ Avr ‘ Max Min Avr Max
BJII'C 126 21.0 441 73.4 -157.1 -76.7 -7.9 51.2 83.5 141.4
Q 43 21.0 38.9 59.8 -113.8 -54.6 -7.9 51.2 68.8 106.8
IA 34 21.0 46.8 73.4 —148.0 —-88.0 -53.2 61.1 91.9 136.0
Kz 48 30.8 50.0 73.4 —-157.1 -94.5 —61.8 62.1 97.6 141.4
SH 40 30.8 46.7 62.2 —-157.1 —88.7 —62.6 62.1 91.3 141.4
Pz 35 31.1 423 53.0 -98.4 -79.6 —62.7 63.9 82.2 102.3

YKa3aHHOW TEPPUTOPUM YPOBEHb 3HAYEHHUM CKO-
pOCTI/I caBUra 3aMETHO YMGHBIHaeTCSI. O‘-IGBI/III-
HO, YTO TIOBBIIIEHHBIE CKOPOCTH Aedopmanuu He
MIPUYPOUYEHBI K Y3KUM JIMHUSAM Pa3pblBa 36MHOU
KOPBI, @ pACCPEOTOYEHBI IO IIEHTPATBLHOM U BOC-
TouHOH 1uromaau KZ-0ioxa.

CraTucTrueckrne XapaKTepUCTHKU pacIpe-
JIeJIeHUsI CKOPOCTU AeopMaliu CABUTA Mo OJo-
kaM u 3oHaM BJII'C cBeaensl B Tabn. 3. Camele

MUHUMAJIbHbIE 3HAYEHUS] CKOPOCTH C/IBHTA JIeXkKAaT
B mosie pa3Butusi Q, HECKOJIIBKO O0Jee BBICOKHE
CpeqHUe MapaMeTphl CABUTA XapaKTepHBI 1 PZ-
osoka. Eme 6osee BpICOKHE TapaMeTPbl CKOPOCTH
cIBUra UMeroT pasznomubie 30HbI [A u SH, HO Bce
9TH TUIOIIAU YCTYMHAIOT 1O YPOBHIO CTaTHUCTUYE-
ckux xapakrepuctuk KZ-6moky (Tadm. 3).
PaccmoTtpum ckopocTh 00beMHOM 1eopMariun
WY TAJIATAaHCUH B TOPU3OHTAIILHOM IUTaHe (puc. 8).

Puc. 8. 3HaueHns1 CKOPOCTH TOPU3OHTAIBHON AuaTancuu (aedopmanuy mwiontaay no cetke 0.04°) Ha ocHOBe BekTOpoB ckopoctu BJII'C

3a 1997-2021 rr.

Fig. 8. Horizontal dilatation rate values (area deformation by grid 0.04°) based on velocity vectors of the Bishkek local GPS network for

1997-2021.
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[lepBoe, uto oOpamiaer Ha ce0s BHUMaHHE
Ha pUC. 8, 3TO MOJHOCTBIO OTPULIATENIBHOE TI0JIE
3HAYEHHUH JJIs1 CKOPOCTH TOPU3OHTAJIBHOW AMJIa-
TaHCHH. DTO 3HAYUT, YTO HA BCEH HCCIEAyeMOMn
TEPPUTOPUHU HAOIIONAETCSl COKpAIEHUE IUIOINa-
Iu. MakcuMasnbHbIE 10 MOAYIIO 3HAYEHHs CKO-
POCTH JWIJIaTAaHCUM TAKKE JieKaT B npeaenax KZ-
0110Kka, 0COOCHHO BBIAEIAETCS €ro LIEHTpaIbHAs
yacTb Mexay 74.6—75.0° E. 13 Ttabxn. 3 cnenyer,
YTO CaMbleé MUHHMMAJIBHBIE 110 MOXYJIO CPEIHHE
3HAYE€HUs CKOPOCTU JIUJIATaHCUU JIeXKaT B OJOKe
Q, Gosee BBICOKHE CPEAHUE MapaMeTpbl H3MEHe-
HUS TUIoIaau uMeet 0710k PZ. 3oHbI paziomos 1A
u SH uMeroT npumepHoO paBHbIN ypOBEHb AMJIA-
TAHCHHM, KOTOPBIN Oonblie 3HaueHuid B PZ-61oke.
Bonpmie Bcex ypoBeHb TuiomaaHon aedopmanum
B KZ-61n0ke.

Eme onHUM BHIOM CKOPOCTH T'OPU30HTAIb-
HOW pedopmanmu 1o meronuke 3.K. Illena [12,
13] sBnsieTcs Tak Ha3bIBa€Mblli BTOPON HMHBapH-
aHT TeH30pa aedopmaruu. ITOT mapaMeTp MOKET

XapaKTepH30BaTh CKOPOCTh OOIIMX JIMHEHHBIX H
yrIoBbIX Aedopmaruii (puc. 9; Tad. 3).

Ha puc. 9 pacnpenenenue cKkopocTu oOImen
nedopmarii IMeeT aHAJIOTHYHYIO CTPYKTYpY IO
OTHOIIIEHUIO K IPyTUM BHJIaM CKOPOCTHU AedopMma-
mu (puc. 7 u 8). 3neck ckopocThb o0mien nedopma-
1u Oosbie 100 x 10-%/rox cocpenoroueHa BOCTOY-
Hee 74.6° E Ttonbko B KZ-0510Ke, 32 UCKITIOUCHUEM
2 mpurpaHu4HbIX y3710B (puc. 9). MakcumasbHble
3HAUEHHs BTOPOTO MHBAPHAHTa TEH30pa CKOPOCTH
nedopmarn gocturaror (120-141) x 10°/ron u
pacrionararorcs B camoM 1ieHTpe KZ-6moka mexay
74.8-75.0° E. CornacHo Ta011. 3, orpaHHYUBAIOIIHE
KZ-6nox paznomusie 3061 IA 1 SH umeror npu-
MepHO oguHakoBbIe (91.9 1 91.3) cpennue 3HaUEHUS
o01eii ckopocTy AedopMary, KOTOphIE YCTYIaroT
cpeanemy 3HadeHuo KZ-61oka — 97.6 (x10~°/rox).
[lepudepuiinblii ¢ ora PZ-610k numeer CpeaHion0
CKOpOCTh o0mieit nedopmarn 82.2, a CEBEpHBIiA
Q-05ok — camoe HM3KOE 3HaY€HHE ATOro rnapame-
tpa 68.8 (x10~/rom).

Puc. 9. Bropoii HHBapHaHT TeH30pa CKOPOCTH TOPU30HTaNbHOH nedopmannu (o cetke 0.04°) Ha ocHOBe BekTopoB ckopoctu BJII'C

3a 1997-2021 rr.

Fig. 9. The second invariant of the horizontal strain rate tensor (0.04° grid) based on velocity vectors of the Bishkek local GPS network

for 1997-2021.
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3aknroyeHue

[lo naHHBIM Kak MUHUMYM 72 UHMKJIOB
SMU30IMYECKUX u3MepeHun 3a 1997-2021 rr.
HaOmoneHuid, Ha 36 myHkTax bunikekckoit no-
kanpHOH GPS-cetn mocpeacTBoM mporpammsl
GAMIT/GLOBK paccuutanbl TOpU30HTAIb-
HbIE BEKTOPBl CKOPOCTH B CHCTEME OTCHETa
EURA2014 ¢ ommub6kamu g0 1 mm/rog. Takas cu-
CTE€Ma BEKTOPOB CKOPOCTHU MO3BOJINJIA TIPOBECTH
OLICHKY pacHpeleseHUsI COBPEMEHHBIX KHHe-
MaTHYEeCKHX U Je(OpMAIMOHHBIX HapamMeTpOB
IO OTHOIIEHUIO K 00OOIIEHHON Ire0JI0rnY€eCcKOi
CTpYKTYype 3Toro paiiona. Ha reppuropuu bJII'C
BbIIENsIeTCs 3 O0Ka ¢ MPEeUMYIIECTBEHHBIM pa3-
BUTHEM 4YEeTBEPTHUHBIX Q, KaliHO30iickux KZ
u naneo3oiickux PZ mopoxa. Otu Gioku pasne-
JAIOTCS O00OOUIEHHBIMH JIMHUSIMU Pa3pBIBHOTO
B30pOCOBOTO MPOUCXOXKIEHUS U CyOIOIATOTHOTO
MPOCTUPAHUSL.

B cucreme orcuera EURA2014 BocTOuHAs
KOMITOHEHTa CKOPOCTH OT FOKHOro PZ-0noxa,
yepe3 cpenanii KZ-6mok, k ceBepHomy Q-0510Ky
MEHSIETCS B CpeJHEM He3HauuTenabHo: oT —0.9
no —1.0 mm/ron. [Ipu cyOmONTrOTHOM TPOTSIKEH-
HOCTH JIMHUM pa3pbiBa 3T0 MOXKET 00eCreynuBaTh
UM HeOOJIbIION JTEeBOCTOPOHHMH caBHT. [Tpu sTOM
CeBEpHasi KOMIIOHEHTa /I CPEIHUX CKOPOCTEH
ot PZ x Q Gmoky mensiercs ¢ 3.1 o 1.6 mm/rog,
YMEHBIIASICh MPUMEPHO B PABHBIX JI0JIAX OT OIHO-
ro O10ka K Apyromy. 9T0 MOXKET UHTEPHPETUPO-
BaThCS KaK peanu3aius B30pOCOB MO rPaHUYHBIM
JUHUSAM MEXIy OJOKaMH WM KaK paBHOMEpPHOE
pacnpeziesieHue YMEHbBIIECHUsI CEBEPHON KOMIIO-
HEHTBI CKOPOCTH C I0Ta Ha CEBEp M0 BCEMY 00beMy
nopozl. YTo MOXeT CBUIETENbCTBOBATh O HAJBU-
ranuu nopoxa Kuprusckoro xpe6ta Ha Uylickyio
JEMPECCHIO.

Ha ocHoBe BBIIIEONNCAaHHBIX BEKTOPOB CKO-
poctu B npeaenax bBJII'C mo metony 3.K. Illena
paccuuTaHbl IapaMeTpbl TEH30pa TOPU3OHTAJIb-
HOM nedopmanuu. ITO MapaMeTpbl CKOPOCTH Jie-
(dbopMau 1O TIABHBIM OCSIM, CIIBUTY, JMJIaTaH-
CUM U BTOPOMY MHBAapUaHTy TEH30pa.

Ha Bceit teppuropun BJII'C ocb ckopocTu
YKOpOUEHHMsI HampaBieHa B CyOMepHIHOHaJb-
HoM Hampasienuu, (—40... —140) x 107/rox,
a 0Ch CKOPOCTH YAJIMHEHUS — B CyOJ0JITOTHOM
Hanpasienuu, (—35.. +32) x 10°/rox. Ilpu-
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yeM aOCOJTFOTHBIC 3HAYCHHSI TI0 OCH YKOPOUCHHUS
B CpPEIHEM Ha TOPSIOK MPEBBIMIAIOT abCONIOT-
Hble Tokaszarenu ynnuHeHus. C rora Ha ceBep
3HAYEHUs CKOPOCTH YUIMHEHHUS UMEIOT TeHICH-
IUIO YBEIUYUBATHCS.

CxopocTh neopmManiii MaKCUMAITLHOTO CIBH-
ra BapbHUpyeT 31ech B npeaeiax (21-73) x 10~°/ron.
CxopocTh JOuiaTaHCHMM HAa BCEH HCCIEAyeMOM
TEPPUTOPUN HMEET OTPHULIATEIbHBIC 3HAUCHUS
(-8... —=157) x 10°/rom. DTO CBHAETECIHCTBYET
0 BCEOOIIEM COKpAIEHUH TUJIONMIAJAN BCEX OJ0-
koB. CkopocTh oOmieit nedopmanuu (BTOpOIi
WHBAapUAHT TEH30pa) U3MEHsIETCS B Tpeaenax
(51-141) x 10°/ron.

OO0mieit 3aKOHOMEPHOCTBIO ISl BCEX BHJIOB
CKOpOCTH JAe(OpMaIliH SBJISIOTCS TTOBHIIICHHBIC
noka3zarenu B KZ-6moke, 0coOeHHO BBICOKUH ypO-
BEHb 3HaY€HUU oTMeuaeTcs BoctouHee 74.6° E.
[‘pannyHbIe ¢ KaHHO30MCKUM OJIOKOM pa3IOMHBIE
30HBl UMEIOT MEHbIIUE Je(OpMalMOHHbBIE IIO-
Ka3areiu, ele MEHBIINA YPOBEHb CKOPOCTH Jie-
(dhopMmaruu mpucyIl 6JI0Ky Maie030MCKUX TOPOI,
a MoJie YETBEPTUYHBIX OTIOKEHUN MMEET CaMbIii
HU3KHI YpPOBEHb IO BCEM BUJAM CKOPOCTHU Je-
dbopmanuu.
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Pestome. Ha ocHOBe omyOIMKOBAaHHBIX M aBTOPCKUX PE3YNIBTATOB (hH3MYECKOTO MOJCIHPOBAHMS HPOIECCOB (Hop-
MHUPOBAHHUS 30H Pa3JIOMOB BBISBICHBI OOIIHEC 3aKOHOMEPHOCTH UX CTPYKTYPHO-IHMHAMUYECKOTO Pa3BUTHS. DTH 3a-
KOHOMEPHOCTH IMOJIOKEHBI B OCHOBY aBTOPCKO# TEKTOHO(DH3HUESCKOM MOJISIIH OYara 3eMICTPSICCHHUS, C BBITCKAIOIIUM
U3 Hee MPEBECTHUKOM. B kauecTBe Takoro MpeBeCTHHKA BHICTYACT IPOLece Ae(hOpMAMOHHO caMOOpraHH3aluH
AKTHBHBIX CETMEHTOB B 04Yare roTOBSIICTOCS 3eMieTpsiceHus. [loka3aHo, 4To0 3TOT MPOIECC MOAAACTCS MPEBEHTUB-
HOM THAarHOCTHKE IO JAHHBIM J1e(hOPMAIIMOHHOTO U CEHCMHYECKOTO MOHUTOPUHTa. OH MPOSIBISIETCS B BUC HU3KO-
YAaCTOTHBIX ABTOBOJHOBBIX KOJICOAHHH HEMOCPEACTBCHHO Mepel] CeHCMHUUSCKIM COOBITHEM BO BPEMEHHOM HHTEPBa-
Jie OT MEPBBIX THEW 0 MEPBBIX YaCOB, YTO MO3BOJISET OTHECTH €r0 K KPATKOCPOUHBIM.

KnroueBble cnoBa: 3ona pasjiomMa, cerMeHTanus, TGKTOHO(bI/BI/I‘leCKaf[ MOJECJb, OUal' TCKTOHUYCCKOTO 3€MJICTPsICC-
HUA, CaMOOpranus3anus, mpeaBECTHUKN

Tectonophysical model of the tectonic earthquake focus
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Abstract. Based on the results of physical modeling of the processes of fault zone formation, general regularities of their
structural and dynamic development were revealed. These regularities were used as the basis of the author’s tectonophysi-
cal model of the tectonic earthquake focus, with a precursor resulting from it. Such a precursor is the self-organization of
the deformation process of active segments in the focus of an impending earthquake. It was shown that this process can
be diagnosed preventively using the deformation and seismic monitoring data and manifests itself in the form of low-
frequency self-oscillations immediately before the seismic event in the time interval from the first days to the first hours.
The stable manifestation of this precursor allows us to classify it as short-term.

Keywords: fault zone, segmentation, tectonophysical model, tectonic earthquake focus, self-organization, precursors
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BBepeHue

[Tpobnema KpaTKOCPOUHOTO MPOTHO3a 3€M-
JIETPSICEHUI B HACTOSIILIEE BPEMsI OCTAeTCsl Hepe-
IIEHHOH, HECMOTpsi Ha OoJiee YeM MOIyBEKOBOE
MIPUBJIEYEHNUE K €€ PEUICHHIO0 NEepelOBbIX HWHTEN-
JIEKTyaJIbHBIX U TEXHUUECKUX MUPOBBIX PECYpPCOB.
CucrteMHbIe UCCIIEIOBaHUS ATOM MPOOIEMBI B Ha-
EeH CTpaHe HavajJucCh BO BTOPOU MOJOBUHE MPO-
IIJIOTO BEKa TMOCIE CEpUM Pa3pyIIUTEIbHBIX 3EM-
nerpscennid. CHadana oHU OBLIM HaNpaBJeHBI Ha
U3yUYEHHE «CEHCMUYECKUX IIBOBY», OJHAKO MOCIE
CMEpPTU HJIC0JIOTa 3TOT0 HANpaBICHHS aKaJIeMU-
ka ["A. I'amOypueBa ObUIM TEpPEOPHEHTHPOBAHEI
Ha cOop MH(pOpPMAIMU TIO MPEABECTHUKAM 3eMIIC-
Tpsicenuit [1, 2]. bertoBano TBepmoe yOexaeHue,
YTO JOCTATOYHO COOparh MO HUM HEOOXOIMMYIO
OpUTHHAIIbHYIO 0a3y W mpobiema OyJieT pelieHa.
[IpenBectHukoBbd ontuMu3M 1970-x ronoB mo-
CTENeHHO Havau cragarhk B 80-x — Havyane 90-x ro-
JIOB U CMEHWJICS 3aTeM IyOJIMYHBIM MpPU3HAHUEM
HEBO3MOXKHOCTH KPAaTKOCPOYHOTO IMPOTrHO3a 3eM-
nerpsicenuit [3, 4 u ap.]. Hecmorpsa Ha To uTO B
MOCJIeIyIoIIKe Tobl NepeueHb BUIOB MpEIBECT-
HUKOB CYIIECTBEHHO TMOMOJTHUJICS M KOJIUYECTBO
UX BO3pPOCIO, COCTOSHHE IMPOOIEMBI OCTANIOCH
MPSKHUM M CKENTHYECKHE HACTPOEHUS OTHOCHU-
TEIbHO KPAaTKOCPOUHOTO MPOrHO3a MO-TPEKHEMY
coxpaustores [5-7].

[ToreHuunanbHast BO3MOXKHOCTb PELICHUS JTIO-
6011 Hay4HOI NPOOIEMBI ONpeeNIeTCsl YPOBHEM
pa3BuTusl Hayku U TexHukd. K mpumepy, Ta xe
1orojia 0 OMNPEIEeIEHHOT0O MOMEHTa CUMTajIach
HENPEICKa3yeMOM, HO C HAKOIUICHUEM 3HAHUU
0 MeXaHM3Max ee (OPMUPOBAHUS U TOSBICHUEM
KOMITBIOTEPOB MPOTHO3 TOTOABI CTaj SIBICHHEM
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oObIIeHHBIM. YTO KacaeTcs mpoOJeMbl KpaTKo-
CPOYHOI0 NPOTHO3a 3EMIIETPSICEHUI, TO MOYKHO
KOHCTaTHUpPOBaTh, YTO HAYYHO-TEXHUYECKHUI ypo-
BeHb 80-90-X T0OMOB OBLI €lie HEIO0CTATOYHBIM
JUISL €€ PeIleHUs], TO3TOMY HEYyTEIINTENIbHbIN Bbl-
BOJl O HEBO3MO)XHOCTH pealn3alli TaKoro mpo-
I'HO3a ObUT BIIOJIHE IPAaBOMEPEH.

3a MOCJIETHIO0 YETBEPTh BEKa B HAYKaxX O 3eM-
JI€ B 1I€JIOM U B HayKe O 3eMJIETPSICEHUSX B YACTHO-
CTH IMPOU30LUIN CYILIECTBEHHBIE U3MEHEHUS.

[TocTeneHHO MEHSIIOTCS TPENCTaBICHUS 00
oOIIMX TMPHUHIMIAX SBOJIOLUUA TEOJOTHYECKUX
CHCTEM MOJ| BIUSHUEM HJAECH COBPEMEHHOW Tep-
MOJUHAMUKHU, CHHEPreTUKH, (hpakTaabHOU Teo-
MeTpuu U Teopud karactpod [8—11]. Ha cmeny
JNETCPMUHUCTCKUM MPEJICTABICHUSIM O reousu-
YECKOM Cpelie KaK JIMHEHHOM KOHTUHYYME MPHUIILI-
JIY IPEJICTABJIEHUS O HEM KaK O HEJIMHEMHOM, TnC-
KpPETHOU cucTteme ¢ (ppakTaabHbIMU CBONCTBAMHU
U CJIOKHBIM XaOTHYECKUM TOBEICHHUEM B OOBIY-
HOM COCTOSIHUM U J€TEPMUHUPOBAHHBIM B KPUTH-
YECKOM, MEPEXOHOM cocTosiHuH [ 12—-16].

AHaJIOTUYHbIE W3MEHEHUs! MPOUCXOIAT U B
NPEICTaBICHUAX O (PU3UKE oyara TEKTOHUYECKO-
TO 3eMJIETPSCEHUs. AHAIU3 CYLIECTBYIOIUX €T0
MoOJeNied B HCTOPUYECKOM KOHTEKCTE IOKa3bl-
BAET, UTO Ha4YMHas cO BTOPOM NojaoBHHBI 1980-x
rofoB (opMupyeTcsi Tpe[CTaBI€HUE O HEM Kak
O CJIOKHOM OTKPBITOM HEIMHEWHOW ITUHAMUYE-
CKOW cucTeMe, COCOOHOM K CcaMOOpraHHU3aliu
B KPUTHUYECKOM MPEICEHCMOT€HHOM COCTOSIHUH
[17-21 u np.].

CyliecTBeHHBIM Mporpecc Mpou3olen u
B TE€XHHUKE. BypHOe pa3BuUTHE perucTpupymrolei
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anmaparypbl U KOMITBIOTEPHOW TEXHUKH CYIIe-
CTBEHHO pACIIUPUIO BO3MOXXHOCTH HMHCTPY-
MEHTAJIbBHOTO MOHUTOPUHTA JUIsl TOJyYEHHS
U KOMIUICEKCHOH 00pabOTKH OOJBIIMX MacCHBOB
OpPUTHHAJIBHBIX UGPOBBIX JaHHBIX M0 reou3u-
YECKHUM U JIPYTUM MapaMeTpaM C BBICOKHMH pas3-
pEIIeHUEM U TOYHOCTHIO. DTO MO3BOJISIET PUKCH-
poBaTh paHee HE TMOAIABABIINECS PETUCTPAIUU
SIBJICHUSI B O4Yare 3eMJICTPSICEHMsI Ha 3aBepIIaro-
1IeH CTaJuu ero MOJATOTOBKU KakK B MPUPOJIE, TaK
U B €r0 aHajore, BOCIPOU3BOJUMOM B MOJETSAX
B 1a00paTOPHBIX IKCIIEPUMEHTAX.

Bce 310 BMecTe B34TOE MO3BOJISIET MOAOUTH
K PELICHHUIO MPOOIEeMbI KPATKOCPOUHOTO MPOTHO-
3a 3eMJIETPSCEHUI Ha Kaye€CTBEHHO HOBOM KOH-
LENTyaJbHOM U TEXHUYECKOM ypoBHsX. Ha Takoi
MOJIXO/I OMHUPAIOTCSI MPOTHO3HBIE HCCIIEIOBAHMS
aABTOPOB HACTOSAILEH CTaTbU, COBOKYITHBIN PE3yiib-
TaT KOTOPBIX MPEACTABIICH B BUJIE TEKTOHO(DHU3HU-
YEeCKOM MOJIeNI o4yara TeKTOHHYECKOTO 3eMJIeTPsI-
cenus (TMOT3).

1. KoHuenTyanbHbIe NpeanocbISKU
TeKTOHO(hU3NYEeCKOU Mmoaenu
ouara 3emMneTpsiceHus

Kak mpaBuio, B OCHOBE NMPOTHO3a MaJlOH3-
YUYEHHOTO SIBICHUS JIC)KUT €ro TeopeTHdecKas
Mojenb. JIJig ouara TEKTOHHYECKOTO 3eMIIeTpsice-
Husa (OT3) cymectByer Gosee mecsTH MomemeH,
MIPEJIOKEHHBIX B pa3HOe BpeMs (CM. KpaTKHit
0030p B paborax [22, 23]). He ocranaBimuBasch
Ha MX XapaKTePUCTUKE, OTMETUM, YTO, HECMOTPSI
Ha Pa3NIUYHbBIE MOAXOABI K O0BSICHEHUIO (u3nye-
ckux npuauH GopmupoBanust OT3, onu, B 607b-
[IMHCTBE CBOEM, €IMHBI B TPAKTOBKE CAMOT'0 aKTa
ceficMOreHepald U CBA3BIBAIOT €r0 C CeilcMo-
TeHHON TMOABIXKKON MO YK€ CYLIECTBYIOLIEMY
WM HOBOOOpazoBaHHOMY pasziomy. [Ipu aTom Bce
MOJIETH TIPEICTABIISIIOT PAa3jioM B BUJE yIPOIIECH-
HOM Te€OMETPUYECKOM TJIOCKOCTH, HE YUUTHIBAS
HU €r0 BHYTPEHHEE CTPOCHUE, HU HEJIIMHEHHBIN
xapakrep aehopMalmoHHON auHAMUKH [23, 24].
HeoOxomumocTh paccMOTpEeHHsST B TPOTHO3HBIX
UCCIIEIOBAHUSAX pa3ioMa Kak OOBEMHOM, Tpex-
MEpPHOI pa3pbIBHOM CTPYKTYpbl HEOIHOKPATHO
oTMevanack B myonukanusax [25-30 u np.]. Kpo-
Me TOT0, 3T MOJIETIN HE YUUTHIBAIOT aKTUBHO pa3-
BUBAIOIIIMECS MPEACTABICHUS O 30HAX Pa3lIOMOB
U BMeIaroleil ux nurocdepe kak 00 OTKPBITHIX
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HEJIMHEWHBIX JUHAMHYECKHX CUCTEMaxX C IpOsB-
JIEHUEM B HHMX IPOIIECCOB CaMOOPraHU3alluu B
KpUTHYECKOM cocTosinuu [ 15, 16, 19, 20, 31-38].

HeBo3MoxkHOCTB psIMOro HaOMIOAEHUS TIPO-
necca noaroroBku OT3 B mpupoae CTUMYIHPO-
BaJia BOCIIPOU3BEJCHHUE €r0 B JJAOOPATOPHBIX yC-
JIOBUSIX C LEJNbI0 PErucTpani COMYTCTBYIOIINUX
ne(GOpMUPOBAHUIO MOJENEH SBICHUH, paccMa-
TPUBAEMBbIX B Kau€CTBE BO3MOXKHBIX IPEIBECT-
HUKOB. B OonbpIIMHCTBE CiIy4aeB MOAEITUPO-
BaJICsl IPOLECC MPEPBIBUCTOIO CKOIBKEHUS 110
rotoBoMy pasnomy (stick-slip) [39], 3a koTopsrit
MIPUHUMAJIACh KOHTAKTHAsl IJIOCKOCTh MEXKIY
CMEILAIOIMMUCS OTHOCUTENIBHO APYT Apyra 0io-
KaMU{, W3TOTOBIIEHHBIMH M3 TOPHBIX MOPOJ WIH
UCKYCCTBEHHBIX MaTepuasoB. bbulM moydeHsl
MHOTOYHMCIIEHHBIE Pe3ylbTaThl, CIIOCOOCTBYIO-
ye JiydiieMy HOHMMaHUI0 MEXaHH3Ma IOJro-
TOBKH HMMITYJBCHOTO CMELIEHHS 110 MOAEIBHOMY
pasjaoMy U MpEeAIIecTBYIONINX eMy (U3NYECKUX
apieHuil. OTMETHM JBa M3 3TUX PE3YJbTaroB,
MMEIOLIHE NPSMOE OTHOLIEHHE K JeKIapupyeMoit
aBTOPCKOM TEKTOHO(PU3UUECKON MOIEIIH.

[lepBrlii oTpaxaer 0COOEHHOCTH MPOCTPaH-
CTBEHHOM JUHAMHKHU Ae(dOpPMAIIMIOHHOTO TpO-
1[ecca B MOJIENH, BBISIBJICHHBIE 110 aHAJIN3y MOHU-
TOPUHIa aKyCTUYECKOW SMHUCCHH, U TOKa3bIBAET,
YTO IIPU MOATOTOBKE UMITYJIBCHOTO CMEILEHUS 110
MOJIEIbHOMY pa3iioMy B Ae(popMaliio BOBJIEKa-
€TCsl 3HauMuTeIbHAsl YacTh MPHUPA3TIOMHOTO 00b-
ema monenu [40, 41], uro comacyercst ¢ mpuBe-
JICHHOM BbIIIe HHPOPMAIUEH O HEOOXOAMMOCTH
paccMOTPEHHMsI pa3jioMa, BMELIAIOIIETO oUar 3eM-
JETPACEHUs, KaK 00bEMHOU CTPYKTYPHI.

Bropoii pe3ynabrar nexuT B pyciie OTMEUeH-
HBIX BBIIIE CHUHEPreTUYECKUX IPENCTABICHUN
0 30Hax pa3jJoMOB M BMeIAIOLIEeH ux aurocdepe.
OH moka3bIBaeT 0COOEHHOCTU pa3BUTHUS Jedop-
MaIMOHHOTO TpOIEcCa B KPUTUYECKOM COCTOS-
HUM HarpykeHHou Mmozaenu [42, 43]. PaccmoTtpum
€ro JIeTalbHEE.

B nutupyembix 3KCIIEpUMEHTAX, BBIIIOJIHEH-
HBIX Ha CEPBOYIPABIISIEMON HArpy304HOM ycCTa-
HOBKE, B MOJIEJISIX, U3TOTOBJIEHHBIX U3 I'PaHUTA,
BOCITPOM3BOAMJICS ITPOLIECC TPEPHIBUCTOTO CKOJIb-
xeHus stick-slip mo roroBomy pasnomy ¢ M3ru-
6oM. COBOKYHHBIM pe3yJbTaTOM BBITOJIHEHHBIX
HKCTIEPIMEHTOB SIBUJIACH JeTalu3aus aedopma-
LIMOHHOTI'0 TIPOLIECCA B KPUTUUECKOM, «IIpeJIceic-
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MOTE€HHOM» COCTOSIHUU. bbu10 Moka3zaHo, 4To ATOT
IIPOLIECC Pa3BUBAETCS CTAUIHO, YTO MPOSBIIAET-
Cs1 B UBMEHEHHHM CPEIHEN CIIBUTOBOM HArpy3KHu BO
BpemeHH (puc. 1).

I'paduk (puc. 1) mokaspiBaeT BapHalul Ha-
Ipy3KH Ha LITaMIle Npecca U XapakTepusyeT Je-
(OpMALIMOHHYIO TMHAMMKY MOZEIBHOIO pa3ioma
Ha BpeMeHHOM HHTepBaiie ot 660 no 700 c, npen-
BApSIIOLIEM pealnu3aluio CABUTOBON UMITYIbCHOM
MOJBIKKHU 10 HeMy. Ha Bpe3ke 7TOT MOMEHT MoKa-
3aH cepbIM KBajaparoM. Ha orpeske N-O (puc. 1)
(buKcHpyeTcsi OTKIIOHEHUE TpaduKa OT JIMHEHHO-
ctu. B Touke O nocruraercs MakcUMajabHOE 3Ha-
YeHHE Harpy3kM Ha IITaMIle IIpecca M CUcTema
MEPEXOIUT B METACTaOUIILHOE COCTOSIHUE, COXpa-
Hsromeecs 10 touku A. Ha otpeske AB, peann-
3yeTcsi MeTaHecTabuIbHOE COCTOsIHUE, OoIpasie-
JIAOLIEECS Ha NOACTauK paHHel (0Tpe3ok AB))
1 no3auel (oTpe3ok B B,) MeTanecTabunbHOCTH.
3a Toukoii B, pasBuBaeTcs JuMHaMUYeCKas He-
CTaOMJIBHOCTh B BUJI€ UMITYJbCHON TTOIBHKKH.
Ha nepBoii, MmeTacTaOuiIbHON CTaguu CTapTyeT U
pa3BUBaeTCS B KBa3MKPUIIOBOM CTallMOHAPHOM
peXHMME MPOLECC OTHOCUTEIBHOIO CMELIEHUS
OJIOKOB ¢ MEJYICHHOM pesTakcalueil HaKOTUICHHBIX
Ha MeXOJIOKOBOM KOHTAKT€e HalpspKEHH, 4To 00-
YCIIOBJIEHO 3apOXJIE€HHEM Ha HEM MHKpPOOYaroB
paspylleHus B BUJe HEOONbIINX aKTUBU3UPOBAH-
HBIX CETMEHTOB. B moxacraguio paHHeill MeTaHe-
CTaOMJIBHOCTH TPOAOJDKACTCS MEIJICHHBIA CIiaj
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Puc. 1. I'paduk u3MeHEHHs] CIBUTOBOTO HATIPSDKEHHS BO BpEMEHH
nepe;] UMITYJILCHOM MOJABMKKOM (Masblif TpadyiK) U ero yBeTHYeH-
HBII (parMEeHT B KPUTHYECKOH TOYKE, IMOKA3aHHON MaJIeHbKUM
cepbIM KBajpartoM (1o [43]).

Fig. 1. Plot of change in shear stress in time before impulse
displacement (small plot) and its enlarged fragment at the critical
point shown by a small gray square (according to [43]).
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HaHpﬂ)KeHI/Iﬁ 3a CYCT MMOCTCIICHHOT'O YBCIIMYCHUSA
M30JIMPOBAHHBIX CETMEHTOB B IJIOCKOCTU pa3pbl-
Ba. B nmozxcraauio no3aHei MmeranecTabUIbLHOCTH,
UMEHYEMYIO TaKKe MOJCTaIueil yCKOPEHHOIo CH-
HeprusmMa, peanusanus aedopmaiuii HapacTaer u
yckopsiercsi. CHHEpPTU3M MPOSBIETCS HEMOCPeI-
CTBEHHO Tiepen TpaHcopMaiuei KBa3UCTaTH-
YECKOTO COCTOSIHUSI B JMHAMHUYECKOE Onaromapst
KOOIIEPaTUBHOMY IOBEJCHUIO BCEX AKTUBU3UPO-
BaHHBIX CEIMEHTOB, T.€. MX CaMOOpIaHU3aIUH.
[Ipu »TOM criegyeT OTMETHTb, YTO B IyOIMKaLU-
six [42, 43] He MOsICHAETCSI CYyTh ATOTO IMpoliecca
1 KaK OH MOJKET OBITh JAUarioCuupoOBaH.
Pestomupyst npuBeseHHYIO Bblllie HHPOpMa-
1IU10, €1lE pa3 OTYEPKHEM /1Ba 0a30BbIX IKCIIEPU-
MEHTAJIbHBIX PE3YJIbTaTa, KOTOPBIE CIEAYET yuu-
TBIBaTh pU nocTpoeHnu Mozenu OT3, a UMEHHO:

— OT3 mpencrasnsier coboil 00bEMHYI0, TPEX-
MEpHYIO J1e(hOpMaMOHHYIO CTPYKTYpY, (popmu-
PYIOILYIOCS B 30HE pa3jioMa;

— MNPEABECTHUKOM 3CMIICTPACCHHUA  ABJISACT-
Csl KpUTHUYECKOE JMHAMHUYECKOE COCTOSHHUE €ro
o4ara, MHIUKaTOpOM KOTOPOTO CIY>KUT IpOLeCC
CaMOOpIaHM3aluHU NEPBUYHBIX MUKPOOYAroB pas-
PpyHICHUA B INIOCKOCTU CMCCTUTCIIA pa3jioMa HE-
MOCPENICTBEHHO TEpEe]] €T0 CECMOTeHHBIM BCIIa-
pBIBaHUEM.

2. OCHOBHbI€ 3aKOHOMEPHOCTHU
CTPYKTYPHO-AUHAMUYECKOro
pa3BUTUA 30HbI pa3noma,
nonoxeHHble B ocHoBy TMOT3

Jis moHmManusi netanedl  GopMUpOBaHUS
OT3, a Taxxe MexaHH3Ma €ro IOATOTOBKH U I10-
clenymoomeld peaau3alud  HEoOXOJUMO HMETh
npeacTaBieHne 00 OoOImuX 3aKOHOMEPHOCTSIX
CTPYKTYPHO-IMHAMUYECKOTO pPa3BUTHUsI BMella-
IOIIEH ero 30HbI paszioma. Takue 3aKOHOMEpPHO-
CTH BBISIBIICHBI aBTOPAMH Ha OCHOBE PE3yJIbTAaTOB
MHOTOJIETHUX JKCIIEPUMEHTAJIbHBIX HCCIIeI0BA-
HUN TPOIIecCcOB (POPMUPOBAHUS 30H Pa3IOMOB B
YIPYTOBSI3KOIIACTUYHBIX MOZEINAX JUTOChEpsI
[44—48]. OcTaHOBUMCS Ha XapaKTEPUCTUKE JIBYX
3aKOHOMEPHOCTEM, MMEIOUIUX MPSMOE OTHOIIE-
Hue K cozganuto TMOTS3.

IlepBast 3aKOHOMEPHOCTh CBf3aHa C Ba-
pUanusMH IIUPUHBI 30HBI pa3jioMa B TPOIEC-
C€ €ro CTPYKTYpHOM 3BOJIOLMHU. 30HA pasiioma
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MIPEICTABISIET COOOM CTAIUIHO Da3BHUBArOIIEE-
csi 00bEMHOE TEJO C OINpPENEJICHHBIM CTPYKTYp-
HO-BCIIIECTBEHHBIM HamojiHeHueM [48—-52]. ns
XapaKTePUCTUKA MaKCHUMaJlbHOM IIMPUHBI 3TOU
30HBI MPEIJIOKEHO MOHATHE «00JacTb aKTHBHO-
ro JUHaMH4YecKoro BiusHUs pasnoma» (OAJIBP)
[48, 49].

Ilo onpenenennto OA/IBP npencrasisier co-
0011 TpexMepHyI0 001aCTh, B KOTOPOH MPOSIBISAIOT-
Csl OCTaTOYHbIE Pa3pbIBHBIC JAeopMaIliy, CBSI3aH-
HbIE C JOPMUPOBAHUEM PA3IIOMA H ITOCIIETYFOIUMH
HO/IBMXKKAMU 10 HeMy (puc. 2). HaGmonenus 3a
dbopMHpoBaHHEM 30H KPYITHBIX Pa3IOMOB pa3HbIX
MOP(OIOro-reHeTHYECKUX TUTOB B YHPYTOBSI3KO-
TUIACTUYHBIX MOJIENISX JIMTOC(hEphl MOKa3aiu, YTo
OA/IBP nocturaer makcuMaiabHOW mupuHbI (M)
K KOHILy MEpPBOM CTaJMM Pa3BUTHUSl pa3oMoB [44,
50, 51], onuchIBaeMOil ypaBHEHUEM:

M=C,-H+C,-lgn+C,-lgV-K, (1)

rae H, n, V — Tonmmua Monenu, ee BA3KOCTh U
CKOPOCTh Harpyxenust coorsercteento; C, C,,
C,, K — koapunmentsl, onpenensempie Mopho-
JIOTO-TEHETUYECKUM THIIOM Pa3IOMHOM 30HBI.

[Tapametrp M oTpakaeT MakCUMaIbHYIO IIH-
puny OAJIBP. B xoxe nanbHeimieil 3Bomonuu
30HBI pasiioMa MpolecC pa3pbIBOOOPA30BAHUS
JIoKaNu3yeTcst BO Bce Oomee y3koil obmactu. J[ms
XapaKTEepPUCTUKH 3TOM OOJIaCTH BBEJICHO MOHS-
THE «00JIaCTh AKTUBHOTO CTPYKTYPOOOpa30BaHUs
paznoma» (OACP) (puc. 2) u mpeayioxkeHo ypas-
HEHHUE OIECHKH ee HpuHbl M, [53]:

M_=0.9525 H-0.02701 A—0.0758 Ign +
+0.4161 1gV +4.4924, )

rae A — aMIUIUTyZla CMEIEHUS! KPBUIbEB 30HBI
paszioma.

W3 ypasuenus (2) ciemyer, uto napamerp M,
B OCHOBHOM OIpe/eNsieTCcsl TOJIMUHON pa3pyiia-
emoro cios (H) n amMmuTynoil cMmeeHust Kpbl-
JBEB paznoma (A), Tpu He3HAYNTEITLHOM BIUSTHUU
€ro BA3KOCTU (1) M CKOPOCTH J1e(hOpMUPOBAHUS
(V). Ilpu stom mapametrpsl H u A BBIOTHSIOT
pazuble QyHkiuu. Ecnu mepBwiii U3 HUX ompe-
JENSET MaKCUMAaJIbHO BO3MOXKHOE 3HaueHue M,
B Ipejiesie paBHOE M, TO BTOPOH KOHTPOJIHPYET
ero MOCIEeyIOIINe H3MEHEHUS 110 MEepe Pa3BUTHSA
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nedopmarmornroro mnponecca. OACP nocruraer
MUHUMAaJIbHON BEIMYUHBI, KOrJga cPopMHUpYyeTCs
OIWH KPYIIHBI MaruCTpajbHBIM pa3pbiB, a BCE
JpyTHe pa3pbIBbl MEHBIIETO MAcIITaA0HOTO paHTa
B 30HE pa3joMa MEpelayT B MAaCCUBHOE COCTOS-
Hue (puc. 3 A).

B cnywae mnpekpamieHusi CMEIIEHUA Ha
KaKOM-TO YYaCTKE MAarucTpajbHOTO pa3phiBa B
YCJIOBUSX HPOAOKAIOUIETOCS CMEIIEHUS Kpbl-
JbE€B Pa3JIOMHOM 30HBI, T.€. B Cllydae MOsBIE-
HUSI HA HEM 3aMKHYTOTO MacCUBHOTO CETMEHTa,
B IpeJenax IMOCJEIHEro HauyMHaeTcs pocT Ha-
MPSKEHUI ¢ COOTBETCTBYIOIIUM PEBEPCUBHBIM
pacmupenreM OACP 3a cyeT akTUBH3aLMU pa-
Hee MacCUBHBIX pa3pbiBoB (puc. 3 b). B cioyuae
00JIbIION MPOTSHKEHHOCTH 3aMKHYTOTO CErMEH-
Ta IPEIeJIOM TaKOTO pacIIMpeHus sIBISETCS LIU-
puna OAJIBP.

Bropast 3akOHOMEpHOCTh CBs3aHa C CETMEHT-
HBIM MEXaHU3MOM aKTHUBHOCTH Pa3pbIBOB, COCTaB-
JISIOIIMX BHYTPEHHIOIO CTPYKTYPY 30HBI pasziioMa
[44-46]. Kak moka3aHO B IUTHPYEMBIX padoOTax,
aKTHBHBIE Pa3pbIBbI B 30HE pa3jioMa BCera Mpe-
CTaBJICHbI YEPEIYIOLIUMHUCS [0 UX MPOCTUPAHHUIO
AKTUBHBIMH M NTAaCCUBHBIMU cermeHTamu. Hars-
HBI IIPUMEpP CETMEHTHOM aKTMBHOCTH Pa3pbIBOB
npuBeieH Ha puc. 4. Ha HeM npecTaBieHbl CXeMbl

Puc. 2. MnmroctparuBHas cxemMa 00JNacTH aKTHBHOTO JMHAMU-
YeCKOTro BJIMSHHSA M OONACTH aKTUBHOTO CTPYKTYpOOOpa3oBaHHs
CIABUIOBOH 30HBI B Mozienu. H — Tonmuua Moneny; A — aMIuIuTyna
CMEILEHHs KPBUILEB 30HbI pasnoma; M — mmpuna OAJIBP; M, —
mmpuHa OACP. 1 — Mozens, 2 — akTUBHBIE pa3phIBHI, 3 — MACCHUB-
Hble pa3peIBbl, 4 — rpanuiia OAZIBP, 5 — rpanuna OACP.

Fig. 2. Illustrative scheme of the Active Dynamic Influence Area
(ADIA) and the Active Structure Formation Area (ASFA) of the
shear zone in the model.

H is the thickness of the model; A is the displacement amplitude of
the wings of the shear zone; M is the width of the ADIA; M, is the
width of the ASFA. (1) model, (2) active fractures, (3) passive frac-
tures, (4) the boundary of the ADIA, (5) the boundary of the ASFA.
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Puc. 3. ®parmenT 00macTé cIBUTOBOM 30HBI B MOJIEIH C TOJHOCTHIO aKTUBHBIM (A) M 4acTHYHO 3aMKHYTHIM (B) MarucTpanbHEIM pas-
peiBoM. 1 — rparunsl OA/IBP (a) u OACP (0) caBuroBoii 30HBI; 2 — aKTHBHBI MarrcCTpajbHBIA Pa3phiB; 3 — MAaCCHBHBIE Pa3pHIBBL;
4 — aKTHBHBIC PA3PBIBBL; 5 — 3aMKHYTBIH Y4aCTOK MarkuCTPabHOTO pa3pbiBa; 6 — BOBJICUCHHAs B AKTHBH3ALMIO 00JAaCTh B OKPECTHOCTSX
3aMKHYTOTO y4acTKa MaruCTPajIbHOTO pa3phIBa.

Fig. 3. Fragment of the shear zone area in a model with a fully active (A) and partially closed (b) main fracture. (1) boundaries of the
ADIA (a) and ASFA (0) of the shear zone; (2) active main fracture; (3) passive fractures; (4) active fractures; (5) closed section of the
main fracture; (6) the area involved in the activation in the vicinity of the closed section of the main fracture.

Puc. 4. Cxemsl pactipenenenus e opMaliy CIBUra, IOIydeHHbIE TpU HHTErpanbHoM (A) u nuddepennmansaoM (b) cuenapun pacyera
U COCTaBJICHHBIC [0 HUM CXEMbI aKTHBHBIX pa3pbiBoB (B) 1 ux axtuBHbIX cermenToB ().

Fig. 4. Schemes of the shear strain distribution obtained under the integral (A) and differential (b) calculation scenarios and schemes of
active fractures (B) and their active segments (I') compiled on the basis of schemes.
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pacnpenenenus nedopmanuuil cipura Ha ¢par-
MEHTE CIBUTOBOM 30HBI B MOJEJH, MOTyYEHHbIE
METOZOM KOppESUUU LUPPOBBIX H300paxeHU
[47]. Puc. 4 A neMoHCTpUpYET pe3yibTaThl pac-
yera JeopMaluy M0 UHTETPATbHOMY CLICHAPHIO
U OTpa)kKaeT CyMMAapHBIH AepopMaIlMOHHBIN -
(beKT, HaKOIUIEHHBIE Ha MOMEHT (OTO(UKCALH
MOJIEIUpYEMOro Ipouecca. B ominumne ot Hero,
pacuer 1o nuddepeHImanbLHOMY CIIEHapHIO (pHcC.
4 b) moka3siBaeT mpupalieHue nedopmanuu 3a
KOHTPOJIbHBIM MHTEpBal BpeMeHu. Ha HeM oruer-
JMBO MPOCJIEKUBACTCS CETMEHTHAsi aKTMBHOCTb
IPOTSHKEHHBIX Pa3pbIBOB.

HabGnronenus 3a »BoMOOKUEN CErMEHTHOU
CTPYKTYpBl pa3pblBOB BO BPEMEHHU I10Ka3aiH,
YTO OHU MOOUJIBHBI 110 MPOCTUPAHUIO PA3PHIBOB,
U UX KOJIMYECTBO U CPENIHSS IJIMHA ONpEenens-
I0TCSI YPOBHEM HAaKOIUIEHHBIX B 30HE pasjiomMa

HanpspbkeHud. HarmsgHo HanmpaBIe€HHOCTBh 3BO-
JIOLMHM CETMEHTHOM CTPYKTYpbI MPOCIIEKUBAET-
CA IPU MEPUOJIHYECKON «CEMCMOIE€HHON» aKTHU-
BH3allMM €IMHUYHOTO pa3phlBa B 30HE pasiiomMa
(puc. 5) [45]. U3 npencTaBieHHBIX CXEM BUIHO,
YTO IOcje nepBoil aktuBu3auuu (puc. 5 A, A')
HaIpPsHKEHUS Ha IUIOCKOCTH Pa3pbiBa CHUKAIOTCS
Y CMEILEHUSI Ha HEM POUCXOIAT (PparMeHTapHO
Ha HECKOJIBKUX OTHOCHUTEIJIBHO KPYITHBIX CErMEH-
tax (puc. 5 b, b’). B nocneayromux BpeMEHHBIX
MHTEpBajax Ha (OHE BO3PACTAIOIIMX HaIpsKe-
HUH KpyIIHbIE CETMEHTHI APOOATCS Ha ceputo 60-
Jiee MEJIKUX, YTO BbIPAXKaeTCsl B YBEIUYEHUH UX
KOJINYECTBA C COKPALICHUEM HUX CPEIAHEHN U CyM-
MapHoi mauHbl (puc. 5 B'—XK', puc. 6). Ilepen
O4YepeHOM MOJHOM aKTUBU3aLEH, KOTa Hampsi-
KEHHUE Ha TUIOCKOCTH pa3phliBa JOCTUraeT 3Haye-
HUM, COIOCTAaBUMBIX C €€ IMPOYHOCTbHIO, IPOLIECC

Puc. 5. OBomiorys CTPYKTyphl aKTUBHBIX CETMEHTOB Pa3pbiBa B MOJIEIH MEXAY ABYMs €ro MOJTHBIMH aKTHBU3ALUSIMU IO Pe3ylbTaraM
00pabOTKH METOJOM KOPPEISIUK HU(PPOBBIX M300payKeHHUH (CIIeBa) M UX CTPYKTYPHBIE CXeMBbI (CIpaBa). | — MONHOCTBIO aKTHBU3HPO-
BaHHBII 1 2 — CETMEHTapHO aKTHBHBIA pa3phlB Ha CXEMax pacHpefeneHHs Ae(OpMaliy CIBHUTa, MOIYYCHHBIX METOIOM KOPPEIISIIUH
1 (POBBIX N300paskeHN; 3 — MOTHOCTHIO AKTUBU3UPOBAHHBIN U 4 — CETMEHTAapHO aKTHBHBII Pa3phIB HA CTPYKTYPHBIX CXEMaxX.

Fig. 5. Evolution of the structure of active fracture segments in the model between its two full activations according to the results
of processing by the method of digital image correlation (on the left) and their structural schemes (on the right). (1) fully activated
and (2) segmentally active fracture in the shear strain distribution schemes obtained by digital image correlation; (3) fully activated
and (4) segmentally active fracture in structural schemes.
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cerMeHTanuu crabunusupyercs (puc. 5 3, 3'),
3areM npuoOpeTaeT 0OpaTHYIO HAIPABIEHHOCTb
3a CUECT O6pa30BaHI/I$I HOBBIX CEI'MCHTOB U HUX
BBIOOPOYHOTO pa3pacTaHusi, ¢ U3MEHEHHEM Iie-
PCUYHCIICHHLIX BBIIIC MapaMETPOB B IPOTHUBOIIO-
JIOXKHYI0 cTopony (puc. 5 U, 1, puc. 6).

[Tpy moAaroTtoBke axkTHBM3AalMU pa3pbiBa B
neGopMaIuio BOBIEKACTCS IIUPOKas 00IacTb B

Puc. 6. I3mMeHeHre mapaMeTpOB aKTUBHBIX CETMEHTOB BO BpeMe-
HU: KonudecTBa (A), cymmapHoit (b) u cpenneii anunsl (B).

Fig. 6. Change in the parameters of active segments over time:
number (A), total length (Bb) and average length (B).
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ero kpbutbsix. Ha puc. 7 npezacrasineH gpparMeHt
puc. 5 K, oTueTNIMBO NOKa3bIBAOIIMNA HAJINYHUE
MHOTOYHMCIIEHHBIX COINPSDKEHHBIX IIACTHYECKUX
MHUKPOCIBUIOB [JBYX INPOCTUPaHUIl B 3TOH 00-
JacTH, IMPOSBIEHHBIX B BUJE JIOKAJIU30BaHHBIX
JUHEMHBIX MaKCUMYMOB Jedopmanuy ClBUra.
ConocraBiieHHE  ONHOMMEHHBIX  IIapaMETPOB
CEerMEHTOB pa3pblBa U MUKPOC/BUIOB I1OKa3bIBa-
€T, YTO UX BapUalMM COBHALAIOT 110 KOJIUYECTBY
(puc. 6 A) 1 OTIUYAIOTCS IO CyMMAapHOW U CpeJi-
Hell anmuHe (puc. 6 b, B). Oto ykasbiBaeT Ha ToO,
4TO pa3BUTHE Je(POPMALMOHHBIX MPOLECCOB HA
CaMOM pa3pblB€ M B OKpYXKarollel ero odiaacTu
IIPOTEKAET I10-Pa3HOMY.

Puc. 7. Ilnactnueckne MUKpOCIBUTY B KpbUIE pa3pblBa B MOAEIH
O pe3y/brataM 00pabOTKH METOOM KOPpPEISIIUK [(PPOBBIX U30-
Opaxenuil (A) n ux crpykrypHas cxema (b). 1 — monocouuHble
MaKCUMYMBbI 3Ha4eHHH Je(hopMali CIBUra, COOTBETCTBYIOLINE
TUIAaCTUYCCKUM MUKPOCIABUI'aAM, 2 — J1Ba OCHOBHBIX MNPOCTHUPAHUA
MHKDPOC/IBUTOB; 3 — pa3pbiB U 4 — IUIACTHYCCKHE MUKPOCABHUIY Ha
CTPYKTYpHOH cxeme.

Fig. 7. Plastic microshears in the wing of the fracture in the model
based on the results of processing by the method of digital image
correlation (A) and their structural scheme (B). (1) ribbon-like
maxima of shear strain values corresponding to plastic microshears;
(2) two main strikes of microshears; (3) fracture, and (4) plastic
microshears on the structural scheme.
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3. TekToHO(hbU3NYeckana moaenb
oyara TeKTOHM4YecKoro
3eMneTpsiceHus

B ocnoBy TMOT3 mnosoeHbl ONHCAHHBIE
BBIIIIE 3aKOHOMEPHOCTH CTPYKTYPHO-IUHAMUYE-
CKOTO pa3BHUTHsSI 30HBI paszjioMa, a TaKKe CHHEp-
reTUYECKUE TMPEICTABICHUS O KOOIEPAaTUBHOM
MOBEJICHUU AJIEMEHTOB OTKPBITOM CUCTEMBI B KPH-
TUYECKOM, CHJIbHO HEPAaBHOBECHOM COCTOSHUHU.
CyTb MOIEnHM, CXeMaTU4HO MPEACTaBICHHOW Ha
puc. 8, CBOAUTCA K CIEAYIOLIEMY.

dopMupoBaHUE oOdvara 3eMJICTPSICEHUS Ha-
YMHAETCS C TOSABJICHMS 3aMKHYTOTO y4acTKa Ha
AKTUBHOM MAarvCTPaJIbHOM pa3pbiB€ Pa3IOMHON
30HbI. Ero mocreneHHbli nepexos] B acCUBHOE CO-
CTOSTHUE OCYILECTBIISIETCS B COOTBETCTBUU C BBILIE
OMHMCAHHBIM SKCIIEPUMEHTAIILHBIM CIIEHAPUEM CET-
MEHTaIUH (pHUC. 5) — OT HECKOJIBKUX KPYITHBIX aK-
TUBHBIX CETMEHTOB K MHOTOYHMCIICHHBIM MEJIKUM C
MTOCJICAYIONTIM HX BBIPOXKICHUEM, CMEHSIOIITUMCSI
00pa30BaHMEM HOBBIX CETMEHTOB IPH BOZHUKHOBE-
HUU Ha 3TOM 3aMKHYTOM Y4YacTKe HallpsbKEeHU, 10-
CTaTOYHBIX VISl €10 CEMCMOTE€HHON aKTUBU3alINH.

PocT HampspkeHHMH Ha 3aMKHYTOM YYacTKe
pa3pbiBa COIPOBOXKJIAETCS UX POCTOM B OKpYIKa-
Io1Iel ero ooactu (oyaroBast 00JaCTh) ¢ aKTHBH-
3alMeil B ee mpeaesnax NperuMyIlleCTBeHHO KpyIl-
HBIX, paHee MacCUBHBIX pa3pbiBOB. [lociennue,
10 Mepe NAJIbHEHIIEro pocTa HaNpsHKEHUM, TaK-
K€ TOJIBEpKEHBbl HAMPABIECHHON CEerMeHTaluH,
KaK U OCHOBHOU pa3psIB (puc. 5), ogHako nedop-
MAaIMOHHBII IPOLECC B UX Mpeeiax, KaK cae1yeT
U3 TpauKoB pUC. 6, OTIIMYAETCS OT TAKOBOTO Ha
pa3pbiBe (04are roToOBSIIETOCS 3EMIIETPSICEHHUS).

Puc. 8. Texronodu3nueckast MOJENb O4ara 3eMJIETPSICCHUS.
Fig. 8. Tectonophysical model of the earthquake focus.
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B mpeanBepun akTMBH3alnMU, B MeETacTa-
OWJIBHYIO CTaIUIO JTeOpMAIMOHHOTO MpoIiecca
[43], 3aMKHYTBIM y4acCTOK IpEICTaBIE€H COBO-
KYITHOCTBIO aKTHBHBIX CErMEHTOB C pa3HOHa-
MPaBJICHHBIMK, TPEMOPIOIOOHBIMH CMEIICHUS-
MH HUX KpbUIbeB (puc. 9 A). JlebopmarmoHnHas
JUHAMHKA CETMEHTOB MEHSETCS 3a CYeT MX ca-
MOOpraHu3aluu Mpu mHepexoe AepopMaluoH-
HOTO Tpollecca B METaHECTaOMIbHYIO CTaJUIO.
Pesynbprarom Takoil camMoOpraHM3anuu SIBISET-
Csl HaJM4Me KOOMEPATUBHOIO COIIACOBAHHOTO
cMmenieHus: Ha Bcex cermeHtax (puc. 9 b, B).
[lepuognyeckass cMeHa HampaBieHUsT TPEMOP-
MOJOOHBIX CMENIEHUH Ha CeTMEHTax MOpOoXKia-
€T aBTOBOJHOBOM Ne(opMalmOHHBINH MPOIECC B
oyare 3eMJIETPSICEHUSI B €T0 MPEICEHCMOreHHOM
COCTOSHUU. VIMEHHO 3TOT aBTOBOJIHOBOHW IpO-
1[ecc SBISETCS €ro YCTOMUMBO MPOSBISIONUMCS
KPaTKOCPOYHBIM MPEABECTHUKOM.

W3 oTMEUeHHOTO BbIIIE pa3IuyHsl B IpOTEeKa-
HUU AedOpPMAIIOHHBIX MPOLIECCOB B OUare 3eM-

Puc. 9. MonenpHast cxemMa CMEIEHUH [0 aKTHBU3UPOBAHHBIM CET-
MeHTaM pa3psiBa 110 (A) u nocne (b, B) ux camoopranuzamuu.

Fig. 9. Model diagram of displacements along the activated
segments of the fracture before (A) and after (b, B) of their self-
organization.
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JETPSICEHUA U B €r0 O4aroBOW 00JacTu ClemyeT
BBIBOJ] O TOM, YTO ITOCJIEIHSS MOXKET OBITh TOJIBKO
HCTOYHHUKOM JIOJITO- U CPEHECPOUHBIX IIPEBECT-
HUKOB, YTO CJIEAYET YUUTHIBATh IPU IIPOrHO3HBIX
MIOCTPOEHUSX.

4. Bepudpumkaums TeKToHohusn4eckon
Mopernu o4yara TEKTOHUYECKOro
3eMrneTpsiceHus

[Ipennoxxennas TMOT3 nHaxomutr moA-
TBEPXKIACHUE B pe3ylibTaTax 00pabOTKH JTaHHBIX
ne(pOpMaMOHHOTO MOHUTOPUHTA TIOPOA U Celic-
MUYHOCTH Nepe]] NOCIEAHUMH CUIbHBIMU 3€MJIe-
Tpsicenusimu B FOxxunom [Ipubaiikanbe, a Takxke
nepes JIEIOBBIMU yAapaMu B JIEOBOM IIOKPOBE
03. baiikan. Meroguyeckre BOIPOCHI MOHHTO-
pUHTa, METOBI OOPAOOTKH MOMYyUEHHBIX JaHHBIX
Y Pe3yabpTarhl AETaIbHO ONMCAHbI B CEPUU aBTOP-
ckux myOnmukanuii [45, 54-58].

OCHOBHBIM TOATBEPXKICHUEM aJIeKBaTHO-
cti TMOT3 npuponHoMy mpoliieccy MOArOTOBKU
3eMJIETPSICEHMS SIBIIIETCSA HaJU4KEe MPEIIECTBY-
ouiei emy aepopMarMoHHONH caMOOpTraHu3aIH
U MOPOXKIAEMOI0 €10 HU3KOYaCTOTHOIO TPEMOp-
oZI00HOr0 aBTOBOJIHOBOTO Mponecca. B utupy-
€MBIX paboTax MOKa3aHo, YTO TaKasi CaMOOpraHH-
3a1s UMela MECTO KaK Mepe]l 3eMIIETPSACEHUSIMU
(Kyntykckum, 2008 1., beictpunckum, 2020 1. u
Kynapunckum, 2020 1), Tak U nepen Je10BbIMU
ynapamu [45, 54].

Tak, 1o pe3yasraramMm 00pabOTKH CEeWCMOII0-
TMYECKUX JAHHBIX C Pa3HbIX HIMPOKONOJOCHBIX
PETHOHAIIBHBIX CeMCMOCTaHUMK balkaabCKOro u
Bypsrckoro ¢punuanos @UL[ EI'C Gbiio BbIsBIIE-
HO BOBHHMKHOBEHHE HU3KOYACTHBIX aBTOBOJTHOBBIX
koneb6anuii (0.1-0.01 I'n) 3a 14 u no Kynapuncko-
ro 3emierpscenud. llonspuzanMoHHBIN aHAINU3
MOKa3aj, YTO MCTOYHHUKOM STUX aBTOKOJICOaHMI
ABISUICA odar 3emuieTpsicerust [58]. Otmetnm,
YTO MpU aHAJIU3E€ MHUKPOCEHCMHMUECKHX IIIyMOB
(MCIII) nepen 3emyeTpsCEHUEM HAMU AHAIU3U-
POBAJIMCh TAKXKE JlaHHbIE METEOCTAaHIMM, pacro-
JIOKEHHBIX BOJM3HM YIOMSHYTBIX CEHCMUYECKUX
craniuii. CoIMacHO MPOBENEHHOMY AaHAJIU3Y,
BIUSHUEM MeTeo(aKTOpPOB HA aMIUIUTYIHO-Ya-
ctotHbIN coctaB MCIII B BEIOpaHHBIE IPOMEKYT-
KH{ BPEMEHU MOXXHO ITPeHeOpeyb.

B kauecTBe NOATBEP)KIEHUS BBISBICHHOIO
aBTOpaMu 3QexTa MpuBeaeM pe3yibTaThl He3a-
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BHCHMOI'O MCCJICIOBAHMS, BBIIIOJHEHHOIO KOJIjIe-
raMu u3 MHCTUTyTa BBIYMCIUTENBHON MATEMAaTH-
ki U MareMmarndeckor reopuszuku CO PAH s
IIOMCKA MPEABECTHUKOB 3eMJIeTpsiceHUM baiikans-
CKOTO pEerruoHa METOJOM MAIMHHOTO OOy4YEeHHUS.
beuto BeiOpano 40 coObITHIT HA PACCTOSHUAX 0
150 kM OT IKMPOKOIIOJIIOCHON CEHCMUYECKOH CTaH-
nuu Kysina B pasneie ce30Hs!. [1o ux pesynsraram,
st 90 % Ommskux coObItHii 3a 10-12 9 1o oc-
HOBHOT'O TOJTYKA TAK)Ke HAOIMIONAETCs YBEIHMUEHHUE
ypoBHs MCIII B ykazaHHOM BBIIIIE JUAa30HE Ya-
CTOT TI0 CPaBHEHHIO CO CTIIOKOMHBIM (hoHOM [59].

JloTIOTHUTETHHBIM apPTYMEHTOM MOTYT OBITh
AQHAJIOTUYHBIC PE3Yy/bTaThI, TIOJyUYCHHBIE IS Jie-
JOBBIX ynapoB. OHU TaK)Ke MOKa3bIBAIOT HAJTUYHUE
nepes KaxabIM JIETOBBIM yIapoM MPEAIIeCTBYIO-
IIMX €My HHU3KOYAaCTOTHBIX aBTOBOJIHOBBIX KOJIE-
Oanuii ¢ yactoroit 0.1 I'tl, HICTOYHHMKOM KOTOPBIX
SIBJISIETCS CTaHOBasl TPEIIMHA, TEHEPHUPYIOLIas
ATOT JIeMOBbIN ynap [57].

3aknroyeHue

Ha ocHoBe pe3ynbTaroB (pusnueckoro Mmoje-
JMPOBAHUS TpPOLECCOB (HOPMHUPOBAHUS 30H pas-
JIOMOB BBISIBJIEHBl OOIIME 3aKOHOMEPHOCTH HX
CTPYKTYpPHO IMHAMHUYECKOTO Pa3BUTHs. DTH 3aKO-
HOMEPHOCTH II0JI0KEHBI B OCHOBY aBTOPCKOM TEK-
TOHO(PH3UUECKON MOJIENIN OYara TeKTOHHYECKOTO
3eMJIETPSICEHMS, C BBITEKAIOIUM U3 HEE €To Mpe-
BECTHUKOM. B KauecTBe Takoro IpeIBECTHHKA
BBICTyHaeT JAeQOpMallMOHHAs CaMOOPTraHU3aALMS
aKTHBHBIX CETMEHTOB B O4are roToBAILIErocs 3eM-
nerpsacenus. Iloka3aHo, 4yTo 3TOT Hpouecc npo-
SBJISIETCS B BUJI€ HU3KOUACTOTHBIX aBTOBOJHOBBIX
Kosie0aHUi HENMOCPEICTBEHHO Iepes celicMuue-
CKUM COOBITHEM BO BPEMEHHOM MHTEpBajie OT
NEPBBIX JAHEW /10 MEPBBIX YacOB, YTO MO3BOJISIET
paccMaTpuBath €ro Kak KpaTkocpouHbli. OH noj-
JlaeTcsl AUAarHOCTHKE MO JaHHBIM Ae(pOopMaIioH-
HOTO U CEHCMUYECKOT0 MOHUTOPHUHTA.
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Bapuaunn koHUeHTpaLuun NoanoYBEHHbIX ra3oB
N ANEKTPUYECKoro nons atMmocdepsbl
nepen HEKOTOPbIMU 3eMNeTpsACeHNAMIN KamyaTku

E. O. Maxapoé®, P. P. Ax6awes, B. E. I'tyxos
@E-mail: ice@emsd.ru
Kamuamckuii punuan @UL] “Eounas ceogusuueckasn cayxcoa PAH”,
Ilemponasnosck-Kamuamckuii, Poccus

Pe3tome. Ha KamuaTke HempepbIBHO ACHCTBYIOT CETH HAOJIOACHHUN 32 BapUaLUsMHU ITOAIOYBCHHBIX Ta30B, JICK-
TPUUYECKOTO MOJISI aTMOC(Ephl, HAKIIOHOB 36MHOM MOBEepXHOCTH. Llenpio qanHON paboTHI SBJISIIOCH COMOCTABICHHE
JIAHHBIX, TI0JIyYE€HHBIX TUMHU CETSIMH, JJISl BBISABICHHS OOIIMX aHOMAJIbHBIX BapHallUil epe]] CHIbHBIMHU 3eMIICTPSI-
cenunsimu Kamuarku. B craTbe IpuBOASITCS HOBBIE CBEJICHHS O Pa3BUTUU aHOMAJIBHBIX BapHallUi B TI0JIE TIOMIOYBEH-
HBIX Ta30B M 3JEKTPUUECKOM Iosie atMoc(epbl mepen AByMs CHIIBHBIMU 3emieTpsceHusMu Kamuarku: 16 mapra
2016 T. ¢ M, = 6.6 n Kynanosckum semierpsacenuem 30 susaps 2016 . ¢ M, = 7.2. [IpuBeneHnbIC TaHHBIE JEMOH-
CTPUPYIOT MPOLECCHI BIUAHUA OKCXAJIAIUA IMMOAITOYBEHHOT'O paloHa U €TI0 JOYCPHUX IMPOAYKTOB HAa HOHU3AITUOHHBIN
OamaHc npuzeMHoOro cios armocgepsl. CnenaH BBIBOA 0 HEOOXOJUMOCTH KOMITJIEKCHPOBAHUS Pa3IMYHBIX METOJIOB
perucTpanuu reoGu3nIecKux moeit, B ToM Yicie NpOBeIeHHS MPSMbIX U3MEepeHHH 1e(hOpMALIUU 3eMHON KOPBI, IS
YCIEUTHOTO Pa3BUTHS MOAXO/I0B K MPOTHO3Y 3eMJICTPSICEHUH.

KntoueBble cnoBa: monyoctpos Kamuarka, HOAMOYBEHHBIN PaI0H, IPEABECTHHK, 3eMIICTPSICEHHE, HAKIOHBI 36M-
HOW OBEPXHOCTH, JEKTPHUECKOE IT0JIE aTMOC(EpHI

Variations in the concentration of subsoil gases
and the atmospheric electric field
prior to some earthquakes in Kamchatka

Evgenii O. Makarov®, Rinat R. Akbashev, Vitaliy E. Glukhov
@E-mail: ice@emsd.ru

Kamchatka Branch of the FRC “United Geophysical Survey of the Russian Academy of Sciences”,
Petropavlovsk-Kamchatsky, Russia

Abstract. In Kamchatka, there are continuous networks of observation of variations in subsoil gases, the atmospheric
electric field, and the Earth’s surface tilts. The aim of the study was to compare the data obtained by these networks to iden-
tify common anomalous variations prior to some strong earthquakes in Kamchatka. The article presents new information
on the development of anomalous variations in the subsoil gas field and the atmospheric electric field prior to two strong
earthquakes in Kamchatka: March 16, 2016, with M, = 6.6, and the Zhupanovo earthquake on January 30, 2016, with
M, = 7.2. The presented data demonstrate the processes of influence of the exhalation of subsoil radon and its daughter
products on the ionization balance of the surface layer of the atmosphere. A conclusion was made about the necessity of
integrating various methods of recording geophysical fields, including direct measurements of crustal deformation, for the
successful advancement of approaches to earthquake forecasting.

Keywords: Kamchatka Peninsula, subsoil radon, precursor, earthquake, Earth’s surface tilts, atmospheric electric field

GEOPHYSICS, SEISMOLOGY 328 GEOSYSTEMS OF TRANSITION ZONES, 2024, 8(4)



Bapmauwm KOHUeHTpaunn rnogrio4BeHHbIX ra3oB U 3reKTpuYecKoro rnors aTMOCdJepr nepeg 3eMIeTpAaAceHuamMmn Kamyatku

JIna yumupoeanusa: Makapos E.O., Ax6ames P.P., ['tyxos B.E.
Bapuanun KOHIEHTpALMK MOANOYBEHHBIX Ta30B M BJIEKTpHYE-
CKOro MoJjisi arMocgepsl Hepel HEKOTOPBIMU 3eMIISTPSICCHUS-
mu Kamuatku. [eocucmemor nepexoouwix 30m, 2024, 1. 8, Ne 4,
c. 328-342. https://doi.org/10.30730/gtrz.2024.8.4.328-342;
https://www.elibrary.ru/homkeo

®duHaHcupoBaHue

PabGorta BeImonHeHa mpu monaepkke Poccuiickoro Hayu-
Horo ¢onaa (rpant Ne 22-17-00125, «®usudeckuit ana-
JIU3 CEMCMORIIEKTPOMArHUTHBIX siBIeHUH Ha Kamuarckom
re0IMHAMHUYECKOM MTOJIUTOHE: MOICPHU3AIINS CUCTEMBI Ha-
OJIIOZICHUH M TEOPETUIECKOE MOACTUPOBAHHUEY).

BBepneHue

ITorok pamona (**Rn), oOpasyromierocs B
pesyibTaTe pacnaaa paausi B 3eMHOM KOpe, O4eHb
YYBCTBHUTEJICH K M3MEHEHHSIM I'€0JUHAMHYECKOTO
COCTOSIHUSI Cpefibl. 3a CUET CBOEW paguOaKTHB-
HOCTH Rn nocTyreH ans HEMpephIBHOW U 10OCTa-
TOYHO MTPOCTON PETUCTPALIUH B BO3IyXE MOATIOYB.
DTO MO3BOJSIET paccMaTpUBaTh €ro B KauecTBE
WHANKATOpa U3MEHEHUH CTPYKTYPhI UCCIIETyeMO-
r0 y4acTKa 3¢MHOH KOpbI, TOPUCTOCTH, TIPOHHIIA-
€MOCTH KaHaJIOB MUTpaiuu ra3a [1-3].

JleopMalimoHHbIe  MPOLECCHI, COMPOBO-
KJaollre pa3BUTUE OyAyLIero odara CHIJIBHOTO
3eMJIETPSICEHHSI, CIIOCOOHBI BBI3BATh AHOMAJIHU
B niosie Rn. CBenenust 06 nH(pOpMATUBHOCTHU pa-
JIOHOBOTO METo/a JUIsl MOMCKAa NpeABapsrOIINUX
3eMJICTPSICCHHS] aHOMAJIMM, a TaKXKe CBOAKHU H3-
BECTHBIX PAJIOHOBBIX MPEIBECTHUKOB MPHUBEICHBI
B psze padort [4, 5]. Ilo 3Tum gaHHBIM C TIpUBIIE-
YeHHeM HaOIroeHul 3a JUHAMHKOMN MOIMOYBEH-
HOTO pajJioHa nepen 3emierpsacenusmu ¢ M > 5.0
Ha m-oBe Kamyarka B pabote [3] paccuutansl 3a-
BUCHMOCTH TapaMeTpPOB PaJOHOBBIX MPEIBECT-
HUKOB OT MAarHUTY/IbI U PACCTOSIHHSI OT SITULIEHTPA
1o myHKTa HaOmoneHusi. OTHOCUTENIbHO HEJaBHO
OmyONMMKOBaHA CBOJKA [6], B KOTOpPOW COOpaHBI
BCE HM3BECTHBIC DPAJIOHOBBIC IPEIBECTHUKH JI0
2015 r. Teopernueckue 0OOCHOBAaHUS BO3MOXK-
HOCTH BO3HUKHOBEHUS MPEABECTHUKOBLIX aHOMA-
JIUH TOCTATOYHO IOJTHO M3JIOKEHBI B padote [7].

PagoHoBble aHOMANUU HMMEIOT PA3IUYHYIO
JUTUTETILHOCTh U BPeMsl YIIPEIKICHUS 10 MOMEHTA
BO3HUKHOBEHUS 3emieTpscenus [3]. B nurepary-
pE CpaBHUTENBHO PEIKO BCTPEUAIOTCS OMHCAHUS
CPEIHECPOYHBIX U JOITOCPOYHBIX AHOMAJIBHBIX

FEO®U3NKA, CECMONOrus

329

For citation: Makarov E.O., Akbashev R.R., Glukhov V.E.
Variations in the concentration of subsoil gases and the atmos-
pheric electric field prior to some earthquakes in Kamchatka.
Geosistemy perehodnykh zon = Geosystems of Transition Zones,
2024, vol. 8, No. 4, pp. 328-342. (In Russ., abstr. in Engl.).
https://doi.org/10.30730/gtrz.2024.8.4.328-342;  https://www.
elibrary.ru/homkeo

Funding

The work was carried out with the support of the Russian
Science Foundation (project No. 22-17-00125, “Physical
analysis of seismoelectromagnetic phenomena at the Kam-
chatka geodynamic test site: modernization of the observa-
tion system and theoretical modeling™).

BapHalMii B MoJie MOANOYBEHHOTO pajioHa Mepes
CHWJIBHBIMH 3eMJIETPACEHUAMHU. [nurenpHble aHo-
MaJMMd B BUJE TPEHIOB M3MEHEHHs KOHIIEHTpa-
LMY PaZIOHAa OTMEUYEHBI JJIsI HEKOTOPBIX CHIIBHBIX
3emierpsacenuil Snonuu. llepen paspymuress-
HbIM 3emiieTpsacenuem Mn3y-Ocuma (Izu Oshima)
14.01.1978 . ¢ M = 7.0 na paccrosauu 30 kM
OT DMHIEHTpPa B TeueHHe 2.5 mec. Halmonazach
aHOMaJIMsl KOHILIEHTpAalMM MOANOYBEHHOro Rn,
CUHXPOHHAs C BEPTUKAJIBHBIMH Je(pOpMalUsIMU
3emHoi moBepxHoctu [8, 9]. ITlepen merazem-
nerpsicenueM Toxoky (Amonms) 11.03.2011 r
¢ M = 9.0 B BOIEC apTe3UaHCKON CKBaKHHBI 32
4.5 mec. 10 coOBITHS HaYaJICs pOCT 00BEMHOM aK-
tuBHOCTH pagoHa (OAP), koTopblii TpogoKancs
u nocne 3emierpscenus. O0mas JUIMTEIbHOCTb
aHomasnuu cocraBuiia 8 mec. [10].

KparkocpouHble IpeIBECTHUKH 3eMIIETpsICE-
HUM ¢ MarHuTy0i M > 4.5 B 11oJjie NOANOYBEHHO-
ro Rn ¢ Bpemenem ynpexzaenus a0 15 cyt obun
3aperucTpupoBaHbl BO MHOTHX pailoHax Mupa [3,
11-13].

B nunamuky mosis HOAMOYBEHHOTO pPaJioHa
CYLIECTBEHHBIA BKJaJl BHOCAT METEOpOJIOTHYe-
CKHE€ BEJMYMHBI (TeMIieparypa BO3AyXa, aTMOC-
¢depHoe naBieHue, ocaku). OHM 00yCIOBINBAIOT
3HAYUTEIbHYIO 3alIyMJIEHHOCTh MCXOAHBIX JIaH-
HBIX, 3aTPYAHSIONIYIO BbIACIIEHUE PEABECTHUKO-
BBIX aHOMaJui [7, 14—16].

JlnuTenbHBIC HAOMIOACHUS 3a TOBEIACHUEM
OAP na IlerponasnoBck-Kamuyarckom reojuHa-
muyeckoM nonurone (ITIKT'TI) mo3Bomsitor roso-
PUTh O HAJIWYUM OIPEAEICHHOW CBSI3U MEXIY
OAP ¥ cUnbHBIMM 3€MJIETPSICEHUSIMA C MarHUTY-
noit My, > 5.5, npoucxousAiumMu B paiione Kam-
yaTk [3].

TEOCUCTEMbI MEPEXOAHbLIX 30H, 2024, 8(4)



Makapos E.O., Akbaiues PP, [myxos B.E.

BozneiictBue nmrocdepsr Ha armocdepy
SBJIAETCS COCTAaBHOM 4YacTbl0 B3aUMOJECHCTBUSA
TBEPIOH M ra3000pa3Hoi reocepHBIX 000I0YEK.
OHo omnpexensieTcs IUHAMMKOM JIMTOC(EPHBIX
MIPOLIECCOB U MPOUCXOAUT HHTEHCUBHO Ha I'PaHu-
1Ie CONPHKOCHOBEHUS reocdep, rae NporucXoauT
sMaHaius pagoHa B armocdepy. Ilpu sTom Ha-
OIrOA0TCS BOSMYILEHHS B AJIEKTPUUYECKOM MOJIe
arMocdepsl. Haubonee cunbHO nuTochepHo-at-
Moc(hepHOe BO3/IeCTBHE MPOSBISETCS B CeicMO-
aKTHBHBIX PETHOHAX HA 3aKIIOYUTEIHLHON CTaIuH
MOJrOTOBKM 3€MJIETPSICEHUI, KOIJa yCHJIMBaeT-
cs nehopmupoBanue nopon. B paborax [17, 18]
[I0OKa3aHa CBS3b BBICOKOYACTOTHOM TI'€0aKyCTH-
YEeCKOI AIMHUCCUU U JEKTPHUUECKOTo IMOJIsl aTMOC-
(epbl. OTH pe3yabTaThl CBUETEIHCTBYIOT O B3aH-
MOJIeHCTBUY reoc(epHbIX 000JI0UEK, B TOM YHCIIE
BCJIEJICTBHE M3MEHEHUS MOTOKA pajioHa Ha OO0Jb-
IOM TUIOIIAAA B MPHUIIOBEPXHOCTHBIA CJIOM at-
Mocdepsi [19].

Jannas paboTta mpoAoKaeT UcCael0BaHUS
BIIMSHUS PaJlOHA U €0 JTOYEPHUX IPOAYKTOB Ha
MOHM3A[MOHHBIN OajaHC NMPU3EMHOIo CIOs ar-
Mocdepsl B mpolecce MOATOTOBKM Oyara CHJib-
HOro 3emuierpsiceHusi. lLlenbro paboThl sBiIsIETCS
PETPOCIIEKTUBHBIN aHAIU3 AAHHBIX O BapUalMIX
ANIEKTPUYECKOTO TOJsA arMoc(epsl BO BpPEMEH-
HOW OKPECTHOCTH JIBYX CHJIBHBIX 3€MJIETPSCEHUMN
Kamuarku, nepes KOTOpPIMU paHee BBISBISUIUCDH
aHOMaJIMM B MOJI€ MOJANOYBEHHBIX I'a30B; COIO-
CTaBJICHHE 3TUX JAHHBIX M aHAJIM3 CUH(]A3HBIX
MIPOSIBIICHUM aHOMAaJbHBIX Bapualui Iapame-
TPOB; U3yueHHe redopMaluii 3eMHOM MOBEPXHO-
CTH T10 IOCTYTIHBIM HAKJIOHOMEPHBIM JaHHBIM.

MeToauka uccnegoBaHumn
M NpMMeHseMasn annaparypa

Ha TIKT'TI ¢ 1998 r. paboTaeT ceTh MyHKTOB
MOHUTOPUHTA MOJAMOYBEHHBIX Ta30B. 3a BpeMs
paboThl ceTH B PaJIOHOBOM IIOJI€ BbIJIEJCHBI JBa
TUTIA TPEIBECTHUKOBBIX aHOMAIHMHA I CYOIyK-
[MOHHBIX 3eMIeTpsAcenuid ¢ M, > 5.5 [3]. Tun A
PErUCTPUPYETCS HA HECKOIBKUX MYHKTaX B BUJIE
cuH(}a3HBIX OYXT JIUTETLHOCTHIO OT 3 710 12 cyT
U OTpaxkaeT MacuTabHoe mposiBieHue reogedop-
MaIllMOHHBIX TPOIECCOB Ha MOCJIEAHEH CTaauu
MOJTOTOBKH 3eMyeTpsiceHus. VIMEHHO 3TOT THI
aHOMAaJIMH, MpeaBapsAIOIIUX 3eMIIETPSICEHUS, KaK
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MIPEAIOIaraeTcs, CBA3aH C MPOXOKICHUEM B Te0-
Cpele YEIMHEHHBIX Je(QOpPMAIMOHHBIX BOJIH,
BO3ZHMKAIOIUX 32 CYET KBA3UIUIACTUYHOTO WM
KaTaKJIACTUYECKOI0 TEUEHUs TOPHBIX Macc Ha Io-
CleHeW CTaAuu TMOATOTOBKH 3E€MJIETPSICEHUSL.
Tun b peructpupyercs B €AMHCTBEHHOM ITYHKTE
HAOJIOIEHUH U CBSI3BIBACTCSI C 0COOBIM COCTOSTHU-
€M THJAPOTe0JIOrHYeCKOM CUCTEMBbI ITyHKTA PEru-
cTpaumd [3].

B Hacrosiiee BpeMst ceTb MOHUTOPHHTA TTOJI-
MMOYBEHHBIX Ta30B BKJIFOUAET 6 MyHKTOB (puc. 1).
OHa ocHallleHa COBPEMEHHBIMU armapaTHO-TIPO-
TpaMMHBIMH CpeJICTBaMH Ut cOopa, 00paboTKu
Y XpaHEHUS MOTy4YaeMbIX BPEMEHHBIX PAJIOB C Te-
penaveii TaHHBIX B pEXKHUME, OJIIM3KOM K peaabHO-
My BpPEMEHH. YCIIOBHS CO3[JaHUs ITyHKTOB U pac-
MOJIOKEHHSI TaTYUKOB €IUHOOOPA3HBI: BCE IMYyH-
KThl pacCIOJIararoTcs B aJUIFOBUAJIbHO-/IETIOBU-
aJIbHBIX OTVIOXKEHMSIX PEYHBIX JIOJIMH; ABA JaTYUKa
B 30HE adpaluu Ha yOuHax 1 u 2 M OT THEBHOM
MOBEPXHOCTU. YCTAHOBJIICHBI JATYUKH aTMOC-
depHOlt TemmepaTypsl U AAaBIICHUS; B JIByX IyH-
KTax B IMOATNOYBEHHOM BO3/IyX€ PETUCTPUPYIOTCS
MOJIEKYJISIPHBIA BOJIOPO/A Y KOHIICHTpPALMS JIBY-
OKHCHU yIyiepoaa. AHalu3 MOJTy4YaeMbIX JIaHHBIX
U CONOCTABJICHUE UX C JIAaHHBIMU CEHCMUYECKOTO
MOHUTOPHUHIA MPOJOJIKAIOTCS HEMPEPHIBHO, UTO
MO3BOJISIET BBISIBIISITh AHOMAJIbHBIE HW3MEHEHUS
MOTOKA MOANOYBEHHOTO PAJIOHA, IPEIBAPSIOIINE
3emsierpsicenusi. [lonpoOHO ceTh MyHKTOB OIuca-
Ha B pabore [3].

B Kamuarckom ¢unmnane denepanbHoro uc-
CJIeIOBATENhCKOTO IeHTpa «EnuHas reodusuye-
ckas ciy:xk6a PAH» (K@ OUIL] EI'C PAH) pea-
JM30BaHA CETh ITyHKTOB HAOIONCHUS TpagucHTa
MOTEHIMANa DJIEKTPHUUECKOT0 MO arMocdepsl
(V’OIIA). dns cbopa, XpaHEeHUs U TpeaBapu-
TeNbHON 00pabOTKU JAAHHBIX, & TAKKE KOHTPOJIS
paboTOCIIOCOOHOCTH  ammaparypsl  pa3paboTaH
W BHEJIPEH aIlapaTHO-IPOTPaMMHBIN KOMILUIEKC
Ha 0a3e JJIEKTPOCTATHUECKOTO JaTyMKa THIA
«O®-4y. JlaHHBIN KOMILIEKC MO3BOJISIET Mepesa-
BaTh JJAHHBIC OJIM3KO K peambHOMY BpemeHu [20].

B onnom u3 mynkroB cetu (PRTR1), pacno-
JIOKEHHOM Ha 0a3e reoTepMalbHOTO CTaIl[OHApa
HHcTuTyTa ByJIKaHOJIOTMU U cericmoiioruu /lane-
HeBocTouHoro otaeneHuss PAH B gonune p. Ila-
paryHnka, momuMo OAP B mouBe peructpupyercs
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- 1 y-u3nydeHue B BO3yXe Ha BbICOTax 2.5 1 5 M
(puc. 2). JlaHHBIA TYHKT OBUT CO3/aH C IIENBIO
NpOBEIEHUs] MHOTO()aKTOPHOTO SKCHEPUMEHTa
0 U3yUYEHUIO POIECCOB MepeHoca Rn B cucreme
«mrochepa—armocdepay [21] u ocHalIeH KOM-
IUIEKCOM ISl PErMCTpalMy KOHUEHTPAaLUUU MOA-
MMOYBEHHBIX T'a30B [22].

[Tocne muTenbHOrO mepepbiBa Ha IM-OBE
Kamuarka B 2010 r. Obuin BO300HOBIIEHBI HA0MIO-
JICHUS 32 HaKJIOHaMH 36MHOM MOBepXHOCTH. CeTb
HAKJIOHOMEPHBIX CTAHLIUM MO3BOJISIET CIAEAUTH 3a
nedopmarusimMu 3eMHO# Kophl B parione TTKITI
[23]. Lenpro QyHKIMOHUPOBAHUS HAKIOHOMEP-
HBIX CTaHIUI SBISIETCS NOJIYYEHHE JIOMOJIHU-
TEJbHBIX TaHHBIX O MEJJIEHHBIX JIBU)KEHUSIX 3EM-
HOM MOBEPXHOCTH, 00YCIIOBICHHBIX Pa3TMYHBIMU
reoAMHaMUYECKUMH sIBJICHUSMHU. B mepByto oue-
penpb 3TO M3y4YeHHE CBSI3M JeOpMalui 3eMHOM
MIOBEPXHOCTH C PErMOHAIbHON CEHCMUYHOCTHIO,
a TaKk)ke ¢ MOATOTOBKOW M JUHAMHKOMN ByJIKaHUYE-
CKHMX WU3BEPIKECHHM.

B paGote nucrnonb30BaHbl TaHHBIE, TOTYYEH-
HbIE CE€ThI0 MOHUTOPHUHIA MOJINOYBEHHBIX T'a30B,
JaHHbIE TPaJMEHTa TMOTEHIMANa AJIEKTPUUECKO-
ro nosist atmocdepsl (V’OITA), a Takke maHHBIE

Puc. 1. Cxema pa3MelieHus: MyHKTOB pPerucTpauuu
KOHIIGHTPAIlMM MOAMOYBEHHBIX Ta30B, TIpajUeHTa
MOTEHI[MaJIa MEeKTPUIECKOTO MOt aTMOC(epsI, Ha-
KJIOHOB 36MHOW moBepxHOCTH Ha lleTponaBioBck-
KamuaTckoMm reogirnHaMU4eCKOM IOJINTOHE U TPaHNUI]
obnacTeil, B mpemensax KOTOPBIX MPOLECC IOr0TOB-
KA 3EMJICTPSICCHHIl COOTBETCTBYIOIIMX MArHUTY[
MOXXET BEI3BAaTh B IIOJIE IIOJIIOYBEHHOTO paJiOHa
AHOMAJIMH C OTHOCHTEJLHOH aMIuTynoi 8 . > 20
3a BBIYETOM HIDKHEH rpaHunsl 95%-ro nosepu-
TeJIbHOTO Kopuuopa [3]. 3Be3gol moka3aHbl dIU-
ueHTphl 3emnerpsacenus 30.01.2016 . ¢ M, = 7.2
1 16.03.2021 . ¢ M, = 6.6. ] — MyHKT pETUCTPALUK
OAP; 2 — craHnus HaKJIOHOMEPHBIX HaOMIOACHUN
u myHKT peructpauuu V’OIIA. 3amrpuxoBaHHas
obmacts — T. [lerponaBnoBck-KamuaaTckuii.

Fig. 1. Location map of the points for registration of
the subsoil gas concentration, atmospheric electric
field potential gradients, earth’s surface tilts at the
Petropavlovsk-Kamchatsky geodynamic polygon,
also boundaries of areas within which the initiation
process of earthquakes of corresponding magnitudes
can cause anomalies in the subsoil radon field with
a relative amplitude § > 20 minus the lower
boundary of the 95% confidence corridor [3]. The stars
show the epicenters of the earthquakes on January 30,
2016, with M, = 7.2, and on March 16, 2021, with
M, = 6.6. (1) registration point of the radon volume
activity (RVA); (2) station of tilt observations and
registration point of the atmospheric electric potential
gradient (PG). The shaded area indicates the city of
Petropavlovsk-Kamchatsky.
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HAKJIOHOB 3€MHOM IOBEPXHOCTH Ha CTaHIUSIX
PETT u IVST (puc. 1), npumenstomux miar-
(bopMeHHBIE IByXOCEBBIE MYy3bIPHKOBBIE CEHCOPHI
APPLIED GEOMECHANIX 701-2A npowusBoa-
ctBa Applied Geomechanics Inc, USA (https://
www.jewellinstruments.com). Omnwucanue craH-
MHA HAKIOHOMEPHBIX HAONIOACHWI W mapame-
TPbl YCTAaHOBKHM PErHMCTPUPYIOLIECH anmaparypbl
n3N0KeHbI B [23]. Mcnonb30BaHbl TakKe JaHHbIE
CeHCMHYECKOr0 MOHUTOPUHTA, B YaCTHOCTH apa-
METPOB OINHUCBHIBAEMBIX CEHCMUYECKUX COOBITHH,
ITOJIyYEHHbIE Ha YHUKAJIbHON HAyYHON YCTAHOBKE
«CeiicMonH(}pa3BYKOBON KOMILJIEKC MOHHUTOPHH-
ra apKTU4YECKON KpPUOJIIMUTO30HBI U KOMIUIEKC He-
IIPEPBIBHOIO CEMCMUYECKOr0o MOHUTOpUHra Poc-
cutickon denepaliv, CONpeaeIbHbBIX TEPPUTOPUI
U MUpa», pa3BEpHYTOM npu nojaaepxke MuHooOp-
Hayku Poccum B paMkax rocyiapcTBEHHOrO 3aja-
Hust KO OUILL EI'C PAH Ne 075-00682-24.

3emnetpsiceHue 16 mapta 2021 r.

c M, =6.6

B akBaropuu Tuxoro okeana B paitone Kpo-
HoLKoro m-osa 16 mapra 2021 r. Ha paccTOSIHUM
350 kM ot mynkroB MoHuTOpuHra OAP Ha riy6u-
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He 65 KM mpou3omwio 3emierpsacenue ¢ My, = 6.6
(puc. 1). Anomaniuu OAP, npensapsiBiive 3TO
3eMJIeTpsiCeHHEe, CUH(A3HO BO3HUKIIN HA HECKOJIb-
KHX TyHKTax CETH, UMeln OyxTtooOpasHyro (op-
MY HOJIOKHUTENbHON MOISIpHOCTH (IyHKTHI INSR,
MRZR) u orpuuarenbHON MNOISIPHOCTH (ITyHKT
PRTR) u pnurensHocts ~6—18 cyt. Ilo ammu-
Ty/le OHU IPEBBIIAJIN AHAJIOIMYHbIE BapUaluy,
CBSI3aHHBIE C PE3KUMH H3MEHEHHUsIMH atMocdep-
Horo naamiieHust. OTHOcCHUTENbHAS aMIuiuTyaa [3]
cocTraBwiIa: Ha AByX Aaruukax myHkra INSR 180
n 46 %, B mynkre MRZR 20, B nynkre PRTR —
69 % (puc. 2 a, 6). Bpems ynpexxaeHus cocTaBu-
70 ~60 cyT.

B pabotax [3, 19, 24] noka3aHo, 4TO mepen
HEKOTOpBIMM  3emileTpsiceHusiMH Kamuarku Ha
[IKT'TI peructpupyrorcst BOIOPOAHBIE AHOMAJINH,
HMMEIOIIUE XapaKTep KOPOTKHUX BCIUIECKOB WM
OUIONIIPHBIX UMITYJIbCOB. B psne ciydaeB Takue
aHOMAJIMM BO3HUKAJIM BO BPEMEHHOW OKDPECTHO-
CTH C PaJlOHOBBIMU U TNPEABAPSIIN CUIIbHBIE 3EM-
nerpscenus [3]. B mynkre INSR natunkom More-
KyJIIPHOTO BOAOPOZAA, PACIIOJIIOKEHHBIM B CTBOJIE
ckBaxuabl HUC-1 Ha rimyObuHe ~5 M OT OroJIoBKa,
niepen 3emuierpsicerriem 16 mapra 2021 1. ObLIH
3aperucTpUpOBaHbl /1B aHOMAJIbHBIX BCIUIECKA
(puc. 3 B), KOTOpbIe MPEBBIIIAIOT 110 AMILTUTY/E
Bapualiy, CBSI3aHHbIC C CYTOYHBIMH KOJIeOaHUs-
MU aTMOC(EpPHOTro AaBieHusl B OyHKepe U BO3HU-
KalOIIHEe B CBSA3HM C OCOOCHHOCTSMHU OpTaHU3aIIH
JTAaHHOTO TYHKTa HaOmoaeHuu [3].

Kpome toro, ¢ npumeHneHneM paspadarbiBa-
€MOM METOJUKU BbIAENEHUS CHUH(A3HBIX BapH-
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anuil Bo BpeMeHHbIX psinax OAP meronom «aii-
TC€HOCKOIIUUY, TO3BOJISIONIUM BBISBIITH MOMEH-
Thl KOJUIEKTUBHOIO TOBEJEHHUS B MHOTOMEPHBIX
panax [3], BblAeNeHHAs pagoHOBAash aHOMAaJMs
Obuta (Qopmann3oBaHa U OINpejesieHa Kak BO3-
MOKHBIN MPEABECTHUK CHUIILHOTO 3€MJICTPSICEHUS
(puc. 3 r). JlanHas MeTOAMKA TIO3BOJISET BBISIBIIATH
OOLTHOCTh TOBEACHHUS B MHOTOMEPHBIX psaax
pa3IUYHBIX JAHHBIX, CUTHAJIU3HUPYS O BO3HHUK-
HOBCHMH CHH(A3HBIX BapHaldii MPEBBIITICHHEM
dbopmupyemoli 0000IIEHHONW KPUBOW KBapTHIIS
0.95 en. BennunHa xBapTWIsl ONpeAesIeTC Me-
TOJIMKON aBTOMAaTHUYECKH, UCXOMS U3 MapaMeTpOB
BXOAHBIX MaHHBIX. [logpoOHO MeToauKa onucaHa
B pabore [3].

B pabore [25] npuBOasATCS CBEACHUS O TH-
JPOr€0IMHAMUYECKOM IPEIBECTHUKE paccMma-
TPUBAEMOIO 3eMJIeTpsiceHus. Pa3BuTHE BBISB-
JIEHHOTO MPEABECTHUKA MPUXOJUTCSA Ha MEPHUO/,
KOTJla B PaJIOHOBOM II0JIE HAyalu MPOSBISITHCS
aHoMaJbHbIe Bapranuu. He uckitoueHo, 4To Bo3-
HUKHOBEHUE TPEIBECTHUKOB B Pa3HBIX Te0o(u-
3UUECKHX TMOJISIX Ompenensercs aepopMainoH-
HBIM IIPOLIECCOM B 3¢MHOM KOpE, OXBAThIBAIOIINM
OOJBIIYIO TUIONIA/Ib U CBA3AHHBIM C IOATOTOBKOM
3emuierpsiceHus 16 mapra 2021 r.

Ceenenust 0 IBYX THMax AePOpMaMOHHBIX
BOJIH, BBISIBICHHBIX MO pe3ylibTaTaM TpeXJeTHe-
IO UHCTPYMEHTAJILHOIO MOHUTOPHUHTA epopma-
Ui ropHbIX opoa Ha FOxHo-balikanbckoM reo-
TUHAMUAYECKOM TIOJUTOHE, COepKaTcs B paboTe
[26]. IlepBblii TUIT BOJIH BBIPAXKEH BO BPEMEH-
HBIX psAaX JAHHBIX €AMHUYHBIMUA UMITYJIbCaMH,

Puc. 2. Cxema pa3menieHus aar-
YUKOB A7 HaOMOIEeHHH 3a KOH-
HEHTpanyed IOYBEHHBIX Ta30B
Ha nyHkre PRTRI1. 1 — rasopa3s-
PSIHBI CUETUYHK P-M3ITydeHHs;
2 — Ta30pa3psOHBIH  CUETIHK
y-m3nydenns;; BM-8 — ¢opmupo-
BaTeNlb UMITYIbCOB JUISl PETUCTpPa-
ouu  (/y-U3IydeHHs B COCTaBe
xomiuiekca [22], UBII — ucrounuk
OecriepeOOitHOTO TUTaHUS.

Fig. 2. Scheme of placement of
sensors for monitoring of the soil
gas concentration at the PRTR1
point. (1) gas-discharge counter
of B-radiation; (2) gas-discharge
counter of y-radiation; VM-8
indicates pulse generator for re-
cording B /y-radiation as part of
the complex [22].
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IpoxXoasAIMMH 4€Pe€3 BCC TOYKHW MOHUTOPHHTIA.
X MCTOYHMKM HAXOOATCA 3a MpenesiaMyd MyH-
KTOB MOHHUTOPHMHTA W TOPOXIAIOTCS MEIJICH-
HBIMHU CMCHICHHUSIMHU I10 pa3jioMaM. HpI/IBCI[CH
puUMep BO3ZHUKHOBEHHUS TaKoro JegopMaluoH-
HOro MMIyJjibCa, HHUOUHUPOBAHHOTO TPEMOPIIO-
JIOOHBIM CMEIIICHUEM TT0 CEMCMOAKTUBHOMY pa3-
JIOMY, TIPEABApSIBIIMM OCHOBHOE CEMCMOTEHHOE
cMmenienne, Bo3nukiee 29.03.2019 r. ¢ peanuza-

el 3eMIICTPSCEHUS] YHEPreTHIecKoro Kiacca
K, =13.3 [26].

CKOpOCTh MUTpalM{ HMITYJbCa COCTaBHIIA
1.3 m/c [26]. Beinenenusle aepopMalioHHbIE
BOJTHBI BTOPOTO THIA TPOSBIIIOTCS Yalle, 4eMm
MIEPBOTO, U MPEICTABICHB CHMMETPUYHBIMU HJTH
ACHMMETPUYHBIMHU HMITYJIbCAMH C aMIUTUTYIaMH
MEHbIIIE Ha MOPSIOK, YeM Yy BOJIH TIEPBOTO THUIIA.
Wx mpoucxoxaeHue, Kak mpernonaraerces B padbo-

Puc. 3. lunamuka OAP no nanueiM razopaspanabsix cuetdnkos (I'C) B mynkrax INSR (a), MRZR u PRTR (6); koHIeHTpauus Mosieky-
nsipHOTO Boztopona B myHkTe INSR (B); Bapuaruu arMocqepHOro JaBlIeHUs U BPEMEHHOH psiji, HOCTPOSHHBIH 0 METOIy «alTeHOCKO-
iy (T), 3a mepuop 1 saBaps — 24 mapra 2021 r. MoMeHT 3eMIIeTpsICeHHUS TTOKa3aH KPACHOH BEPTHKAIBHON JIMHIEH, aHOMAJIH BBIIETIC-
HBI CBETJIO-CEPHIM IIBETOM, IEPHOIbI MPOTHO3a TOKa3aHbl BHU3Y CBETJIO-CHHUMM MPSIMOYTOJIbHHKAMH.

Fig. 3. Dynamics of the RVA according to the data of gas-discharge counters (I'C) at the INSR (a), MRZR, and PRTR points (6); the
concentration of molecular hydrogen at the INSR point (8); variations in atmospheric pressure and the time series constructed using the
“eigenoscopy” method (r), for the period from January 1 to March 24, 2021. The moment of the earthquake is shown by the red vertical
line, anomalies are highlighted in light gray, and the forecast periods are shown below by light blue rectangles.
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Te [26], cBsA3aHO ¢ mepepacupeneeHueM Harpsi-
YKEHUH B pa3JIOMHO-0JIOKOBOM CTPYKTYpE BEpXHEH
4acTH 36MHOM KOpBI B IpeJesax MyHKTOB MOHU-
TOPUHTA, U YaCTOTA UX MPOSBICHUS CYIIECTBEHHO
BO3pacTaeT nepes OJMKHUMH 3eMJIETPSICEHUSIMU.
CxopocTp MHrpanuu JAeQOpMallMOHHBIX BOJH
BTOPOTO THUIIa 32 HECKOJIBKO JTHEH /10 3eMileTpsice-
HUS pe3Ko Bo3pacTaeT (¢ ~5 mo ~50 km/cyT), 3a-
TEM CHHKAeTCH.

OcHoBBIBasiCh Ha pabotax [3, 26], MOX-
HO MPEANOJI0KUTh, YTO aHOMAJIbHbIE BapHUalUH
panoHa, 3apeructpupoBanssie Ha [IKI'TI nepen
semuerpsicenrem 16 mapra 2021 . ¢ M, = 6.6,
CBS3aHBI C BO3JIEHCTBHEM Ha reoCpely HECKOIb-
KHX Je(hOpPMAITMOHHBIX HMITYJTECOB. DTH UMITYJIh-
CBI IIPOLITH Yepe3 BCE TOYKU PETUCTPALUU, BbI-
3bIBasi U3MECHEHUS MMPOHUIIAEMOCTH TPYHTa, UYTO
MIPUBEJIO K U3MEHEHHIO TIOTOKA PajioHa B MECTaX
YCTaHOBKH JaT4YUKOB. BeposaTHast o61acTh rexe-
paluy TaKMX UMITYJIbCOB CBA3aHa C MPOCTpaH-
CTBEHHBIM pacrojio)keHueM Oyayliero odara,
a BO3HUKHOBEHHE B HEW aedopmaiuii, momoo-
HBIX IpoIleccaM HEYyIpyroro aehopMHpOBaHUS
(kpun) [27, 28], yka3bIBaeT Ha 3aKIIOYUTEIbHYIO
CTaJUIO MMOATOTOBKU 3eMieTpsicenusd. [loctaTou-
HO JUIMTENIbHbIE BpeMeHa anoMaiuu (10 18 cyr)
U YOPEXJEHUs TakKe yKas3bIBalOT, YTO IpoOIlec-
Chl 3aKJIFOUYUTEIBHON CTaJANM MOATOTOBKU 3TOTO
3eMIIETPSCEHUS OBLIIM PACTSIHYTHI BO BPEMEHHU W,
BEPOSITHO, CBSI3aHbI C KPUIIOM TOPHBIX MOPO/I.

Pa3Butre aHoMamnmii cConpoBOXAaNIOCH U3Me-
HEHUEM HaIpaBJIEHUs IBUKEHHs HAKJIOHOB, 3ape-
TUCTPUPOBAHHBIX HAKIOHOMEPHBIMU CTAHIIHSIMH
(puc. 1, puc. 4).

Jlo MoMeHTa BO3HHMKHOBEHHUS 3eMIIeTpsice-
HUS XOJl HAKJIOHOB HAa BEKTOPHBIX JHarpaMMax
(puc. 4) nmokazaH CMHMM ILIBETOM, TOCIE — 3eJie-
HbIM. KpacHBIM IIBETOM BBIJICTICHBI YYaCTKH, KOTO-
pbI€ COOTBETCTBYIOT BPEMEHHBIM IEpHOJIaM BO3-
HUKHOBeHUs1 aHoManuid B moje OAP (ua puc. 3).
[lepen 3emueTrpsiceHHMEM NPUOPUTETHBIM SIBIIS-
nochk aBwkenune mia ctannun PETT B roro-3ama-
HOM Hanpasyiennd, 111 ctaniuu [VST — mpakTu-
YEeCKU CTPOro Ha ceBep (OTKIOHEHHUE MO a3UMyTy
20°), mapauieasHO MPOCTUPAHUIO TITYOOKOBOIHO-
ro xenoba. Ha obenx kpuBBIX HaOMIOHACTCS OC-
JIO)KHCHHUE JBWKCHHUS C PE3KUMH W3MECHEHHUSIMU
HanpaBJ€HUI HAKJIOHOB IEpeJl 3eMIIETPSICEHUEM.
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[Ipm stom Ha kpuBoil PETT rtakoe m3meHeHue
COBMAJIaeT MO BPEMEHU C PAa3BUTHEM aHOMAJHi
OAP Ha cetu myHKTOB. MOXXKHO HPEINOIOKHUTD,
YTO TaKH€ Bapualliy HAKJIOHOB, Mpe/BapsIOIIe
3emsierpscenue 16 mapra 2021 1., cBsi3aHbI C Je-
(hOpMalMOHHBIMU HMMITYJIbCAMHU, KOTOpbIE BO3-
HUKIU B paiioHe Oyayllero oyara B pe3yibTaTe
KpHIla TOPHBIX MTOPOJT U PACIIPOCTPAHSIIUCH BAOJb
yOOKOBOJHOIO Jkeio0a M Haubosee KpyMHBIX
Pa3IoMOB, K KOTOPBIM MPUYPOUYEHBI IYHKTHI MO-
Hutopunra OAP.

[Tocne 3emueTpsiceHust ABUKEHUE HAKIOHOB
BHOBb CTaOMJIM3UPOBAJIOCh, HO HAIPABIECHUS M3-
meHmwuchk. Jns craanuu PETT xox HakiaoHOB
MPOAOJDKUJICS B FOIO-BOCTOYHOM HAampaBiICHUH
B CTOPOHY INTyOOKOBOAHOTO >Keno0a, a Juisl CTaH-
muu [VST cmenumncs Ha roro-zanmagHoe. I[lomy-
YEHHBIH pPE3yNbTaT SBISETCA yHHUKaIbHbIM. OH
JNEMOHCTPUPYET OO0JIbLINE BO3MOXHOCTH KOM-
IJIEKCUPOBaHUS BYX METOJI0B MOHUTOPHHIA HU3-
MEHEHUH HanpsKeHHO-Ae(POPMUPOBAHHOTO CO-
CTOSIHUSL CpeJlbl, CBSA3aHHBIX C MOATOTOBKOM OYa-
TOB CWJIBHBIX 3emiieTpsiceHuil. VMcnonb3zoBaHue
BEKTOPHBIX JIMarpaMM XO/1a HAKJIOHOB JAeT CyIle-
CTBEHHO Oouiblile HH()OPMALIUK O MPOUCXOASIINX
B 3eMHOM Kope nedopMalMOHHBIX MpolEeccax,
YTO TMO3BOJISIET, C ONOPOM Ha 3Ty MHGOpPMAIHIO,
MOBBICUTh HAJIEKHOCTh BBIIEJICHUS IperBaps-
IOLIUX 3E€MJIETPSACEHUs aHOMAJIMN B Pa3IMYHBIX
reopU3NIECKuX MOIX.

Ananm3 u comnocrasieHue qagaeix V' OIIA ¢
BapHalUSIMU MOJIOYBEHHOTO PaJOHA MO3BOJIMIH
BBISIBUTH COBIIAJAIOUINE 110 BPEMEHU aHOMaJlb-
HBIE BapHalMy NapaMeTpoB, BOZHUKIINE 3a ~13 4y
nepen 3emuerpsicenrueM 16 mapra 2021 .

Ha puc. 5 mpusenensl kpuBbie OAP Ha
nyHkrax MRZR u PRTRI, B- u y-uznydenus
Ha nyHkre PRTR1, rpaguent norennunana snek-
Tpudeckoro mnojis armocepsl B nyHkre PETT
n Mereonapamerpel 3a nepuox 12-19 mapra
2021 r. Ha xpuBBIX OTYETIMBO BU3yaJIbHO BBI-
NEeJSIFOTCS. aHOMaJbHble BapHal JJIUTEIbHO-
cteio ~30 u B OAP (MRZR, PRTR1), ~24 u B
B-, y-uznyuenuu. Ha xpusoit V’OIIA anomaib-
Has BapHalMsl XOpOIIO MpOCMaTpHUBAaeTCsl cpazy
OCJIE CEHCMUYECKOTO COOBITUS U IJIATCS ~2 4.
Jlo 3emiteTpsiceHUsI B DIEKTPUYECKOM I10JIE€ Ha-
OnoaroTCsl PEe3KU KOPOTKHM OTpHUIATEIbHBIH
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HUMITYJIBC U JIBA OCJIOKHEHHBIX OUTIOJISIPHBIX HM-
MyJIbCa, BBIJICJICHHBIX B PE3YJIbTATE COMOCTaBJIE-
HUS C TaHHBIMH PaJIOHOBBIX HAOMIOIEHUN. DIeK-
TPUUYECKOE TIOJIe MPU3EMHOTO CJI0si aTMOchepsl
OYCHb YYTKO pearupyeT Ha U3MEHEHUS METeo-
POJIOTHYECKHUX MapaMeTpoOB. ITO XOPOIIO BUIHO
Ha kpuBo V’DIIA, r1e BeIICIEH CHHUM I[BETOM
OTKJIMK TIOJS Ha IUKIOHUYECKYH) aKTUBHOCTD,
BBIpAKEHHYIO CHETOma0oM 1 BeTpoM. Kak BuIHO
W3 pucC. 5 1, pe3Kue U3MEHEHUsI aTMOC(EPHOTOo
JlaBlieHHus1 1 Temneparypsl Bo3ayxa Ha [IKTTI B
Mepuojl, Koraa ObUTH BBIICIICHBI aHOMAJIMH, OT-
cyTcTBOBanu. [lageHue naBiieHUs HE3HAYUTEIh-
HO U HE MOIJIO BbI3bIBaTh OTKIMK B OAP. Kpupas
0CaJIKOB 32 YKa3aHHBIM MEPUO B 00IACTH Mpe-
rmoJiaraeMoii aHoMaJluu (puc. 5 €) CBUACTENb-
CTBYET O BBINIAJICHUHM OKOJO 2 MM cHera. Takoe
KOJIMYECTBO OCAJIKOB HE OKa3bIBaeT BO3IACHCTBHS
Ha Bapuallid TOAMOYBEHHBIX Ta30B, KaK OBLIO
OTMeUYeHO B pabote [3], ogHAKO MOTJIO BBI3BIBATH
peakuuio B V’OIIA. DddexkTuBHON METOAUKH
OIIEHKH WJIM MaTeMaTHYe€CKOTO TOX0/1a K yCTpa-
HEHUIO BIIMSHUS METEOIPOIECCOB Ha 3alHCH
BapHaIMi JIEKTPUUECKOTO TOJIs atMocdepsl He
CyIIECTBYET, OJTHAKO B HEKOTOPBIX OTIEIbHBIX
CIydasiX BBIJICICHHE aHOMAaJIMii, B COMOCTaBJIe-
HUW C JIaHHBIMH PaJOHOBBIX HAOIMIOACHUH, CTa-

HOBUTCSI BO3MOXHBIM. TpelOyeTcsi najabHEeHIuii
PETPOCIEKTUBHBIM aHajau3 OoNbIIero Yucia
CIydaeB BO3HUKHOBeHHUsI aHoManuii B V' OIIA u
I0JI€ MOATIOYBEHHOIO PaJOHA Iepe] CHIIbHBIMHU
ceficMuyeckumu coobiTusaMu Kamuarku.

B nynkre PRTR1 Ha aBYX BbICOTaX HaJ 3€M-
Jel pacrnojiararoTcs JaT4UKU -, y-U3JIydeHHS.
Ha BricoTe 2.5 M yucio B-uMnyabcoB B MUHYTY
MIPEBBIIIAECT AHAJIOTMYHOE U3JIyYEHUE Ha BBICO-
T€ 5 M, YTO CBSI3aHO C IKCXAJSALMEN U pacnagom
paloHa M ero Ao4YepHUX npoaykroB. Ha BeicoTe
5 M 4HCIO Y-UMIYJIbCOB HAUMHAET IpeolianaTh
HaJl Y-UMIyJbCaMU HA BBICOTE 2.5 M, UTO MOXKET
OBITh CBSI3aHO C PAJMOAKTHUBHOCTHIO KOCMHYE-
CKMX JIly4ed WIM MHBIMM HPUYUHAMH. DTUMH
naturkamu B 2011 1. ObLIM 3aperHCTPUPOBAHBI
AHOMAaJMHU, CBS3aHHBIE C 3aXBaTOM LHUKJIOHOM
PaIMOaKTUBHBIX a3p030JI€H TEXHOTEHHOIO MpO-
HCXOXKJEHUsI B palloHE aTOMHOM cTtaHuuu Dy-
kycuma (Snonust) [29], 4TO CBUAETENBCTBYET O
BBICOKOM 4YBCTBHUTEJIBHOCTH CO3/IaHHOU CHCTE-
MBI PETUCTPALIHH.

B nepuon 12-19 mapra 2021 r. B moroke
B- u y-u3nnydeHus BBIACISAIOTCS aHOMAJIbHBIE Ba-
puaruu. OJHOBPEMEHHO C 3THM Ha JaTyuKe,
pacnoiokeHHOM Ha riyouHe 1.5 M (cMm. puc. 2),
HaOJo1aeTcs cHavala He3HAYUTEIbHOE yBeInye-

Puc. 4. Bexropusie quarpammMsl HaktoHoB Ha ctanuusx PETT (a) u IVST (6), 3apeructpupoBanHble nepes 3emieTpsicenneM 16 mapra
2021 . ¢ M, = 6.6 (3T (6.6)). UepHoli CTPeNKOK MOKA3aHO HAIPABIECHUE ABMXEHUs CTaHUMHU. ONUcanue IBETHBIX YYaCTKOB KPUBOH

IPUBEJICHO B TEKCTE.

Fig. 4. Vector diagrams of tilts at the PETT (a) and IVST () stations recorded prior to the earthquake of March 16, 2021, with M, = 6.6
(3T (6.6)). Black arrow shows the direction of station movement. Descriptions of the colored sections of the curve are given in the text.

FEO®U3NKA, CECMONOrus

335 TEOCUCTEMbI MEPEXOAHbLIX 30H, 2024, 8(4)



Makapos E.O., Akbawes PP, myxoB B.E.

Puc. 5. [lunamuka OAP B mynkrax MRZR, PRTR1 (a), y- u B-nznyuenus B mynkre PRTR1 (6, B), nByokuncu ymiepona B mynkre INSR
u V’OIIA B nynkre PETT (), Bapnanuu arMocepHOTO JaBICHUS M TeMIIEpaTypsl (), ocankos (e) 3a mepuon 12—-19 mapra 2021 .
MoMmeHT 3emieTpsiceHuss 0003HaYeH YepHOil BepTUKAIbHON JTMHUEH, aHOMaJIUU BbIJEICHbI CBETIIO-CephIM IBeToM. [locTcelicMuyeckue
BapUaluy B KOHLIEHTpaLuu AByoKucH yrieposaa u V' OITA ormeuensl yepHbIMU cTpenkamu. CHHUM 1BeTOM Ha kpuBoil V' OIIA noka3an
OTKJIMK Ha UKJIOHUYECKYI0 aKTHBHOCTb.

Fig. 5. Dynamics of the RVA at the MRZR and PRTRI1 points (a), y and f radiation at PRTR1 (0, B), carbon dioxide at INSR and PG at
PETT (1), variations in atmospheric pressure and temperature (1), and in precipitation (e) for the period March 12-19, 2021. The moment
of the earthquake is shown by a black vertical line; anomalies are highlighted in light gray. Post-seismic variations in carbon dioxide con-
centration and PG are shown by black arrows. The blue color on the PG curve shows the response to cyclonic activity.

GEOPHYSICS, SEISMOLOGY 336 GEOSYSTEMS OF TRANSITION ZONES, 2024, 8(4)



BapmauMM KOHUeHTpaunn rnogrio4BeHHbIX ra3oB U 3reKTpuYecKoro rnors aTMOCdJepr nepeg 3eMIeTpAaAceHuamMmn Kamyatku

Hue OAP, a 3atem OyxTtooOpa3HOe yMEHBIIICHUE,
YTO MOXKET TOBOPUTH 00 yBEJIWYEHHH IPOHHUIIA-
€MOCTH MOPOJIbl BCIEACTBUE A€POPMALIMOHHOTO
MMITYJIbCA PACTSDKEHMS B JJAHHOM paiioHe. Bepo-
ATHO, TIO/] BO3/IEWCTBHUEM 3TOTO Ipoliecca yBeu-
YWJICS TIOTOK pajioHa U3 30HbI a3pallii BEPXHETO
cjosi TpyHTa B arMocdepy, yTo U OBLIO 3aperu-
CTPUPOBAHO JaTYMKAMM Ha BBICOTax 2.5 U 5 M.

OOpamaer Ha ce0s BHUMaHUE YyBEIUYECHHE
KOHIICHTPAIMK JIByOKHCH yriepoaa (puc. 5 T)
B nmyHkTe INSR, opranuzoBanHOM Ha 6a3e ckBa-
xunbl HVC-1. Panee B sTOM myHKTE HaOIIOIa-
JUCh aHOMaJlbHbIE MocTceMuyeckue 3G eKTbI
niociie JKymaHoBCKoro 3emierpsicenus ¢ M = 7.2
[3]. BeposiTHO, HE3HAUUTENbHBIE U3MEHEHHUSI ITPO-
HUI[AEMOCTH BEPXHETO CJIOSI PHIXJIBIX OTJIOXKEHHH
B 30HE a’pally, IJe pacroyiaraeTcs JaT4uK, BO3-
HUKIIKE B pPE3yJlbTare BO3JACHCTBHS CeHcMUYe-
CKHX BOJIH, IPUBEJIM K U3MEHEHHIO MOTOKA JBY-
OKHCH YTIIEPO/Ia, YTO U OBLIO 3aperuCTPUPOBAHO.
[Tocnenyromee 3a 3eMIeTpsICCHUEM Mepepacipe-
JIeJICHUE HAIIPSKEHUN 3€MHOM KOPBI TAKKE MOTIIO
IIPUBECTH K TAKOMY PE3yibTaTy.

B nannbix V’OIIA 3adukcupoBaH KOpOTKUi
aHOMaJIbHBIN OUTOJISIPHBIN BCIJIECK IPAKTUYECKU
cpasy nocie 3eMJeTpsaceHus (puc. 5 r), KOTOPHI
CBUJIETENLCTBYET 00 N3MEHEHUH HIEKTPHUUECKOTO
moyis atMocdepsl. DTO HU3MEHEHHE, BO3MOXKHO,
ObUIO BBI3BAHO MOHM3AIIMEH BCIIEIACTBUE BbIJENE-
HUSI HEKOTOPOT'O KOJIMYECTBAa U30BITOYHOTO Pajio-
Ha Ha OoJb1I0M TUIoImaay B paifone myHkra PRTR
B pe3yJibTare U3MEHEHMsI IPOHUIIAEMOCTU BEpX-
HEro cjiod OTIOKEeHUN. B mokaszarensix JaT4yukoB
pajioHa TMOSBICHHE HE3HAYUTEIbHOTO U30BITOY-
HOTO €ro 00beMa He OTPa3UJIOCh, MMOCKOJIBKY OHU
pacrloioKeHbl B HAKOMUTEIbHBIX EMKOCTSIX U
BCJIE/ICTBUE 3TOTO PETUCTPUPYIOT JIUIIb JIOKAJIb-
HbIE€ U3MEHEHUS MOTOKA, a TaKK€ MHEPIUOHHBI,
TaK KaK perucTpauus OCyLIECTBISETCS MO U3Iy-
YEHUIO JI0YEPHUX MPOAYKTOB pacnajaa pajoHa.

Crnenyetr OTMETUTh, YTO AaHOMAJIUU B TIOTOKE
B- ¥ y-u3MyuyeHUs HadyaJUCh paHee, YeM OCaIKU
(puc. 5 B, T, €), U TaK K€ paHee 3aKOHUUIIUCh, YTO
MOATBEP)KIAET UX CBSA3b C BapUALUSIMU PaJIOHA
B IOJNOYBEHHOM BO3JlyX€, BOHUKIINMHU BCIEM-
CTBHE T'€OAMHAMHUYECKHUX IPOLECCOB IMpHU MOJI-
TOTOBKE W peaju3aluy oudara 3eMJIETPSICEHUs
16 mapra 2021 .
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XynaHoBcKoe 3emneTpsiceHue
30 aHBapsa 2016 r.c M, = 7.2

Kymanoeckoe 3emmerpsicenue (K3) ¢
M, = 7.2, ryOunoii oyara ~170 kM ¥ SIHIEH-
TpoM B ~100 kM k ceBepy ot IlerpomnaBiioBcka-
Kamuarckoro (puc. 1) mpouszonuio 30.01.2016 r.
[IpensecTaukoBbie aHOManuu nepen K3 3adpuk-
CUpPOBaHBI MO JaHHBIM MOHUTOPHHIA BapHallMii
YPOBHS BOJIbI B CKBOKMHAX, HAOIOICHNUS 32 JJICK-
TpoMarHUTHEIM OHY-n3nyyeHueM, MOHUTOPHUH-
ra Bapuanui reoaKkyCTUYECKOM SMUCCUU B IIIy-
0OKOIl CKBa)KHMHE, KOMILJICKCHOIO aHajn3a celic-
MOJIOTUYECKUX JAHHBIX, MOHUTOPHHTA BapHallHii
rapaMeTpoB MPUIMBHON KOMIOHEHTHI BBICOKO-
YaCTOTHOT'O CEHCMHUYECKOT0 IIyMa, BApUalui OT-
HOLIEHHs CKOPOCTEH CEHCMUYECKUX BOIH V,/V
[30]. Ha cetn mynkroB monutopunra Ha [TKITTI
B IMHAMHUKE MMOANOYBEHHBIX ra30B MEpe/ U Mocie
ATOTO 3eMJIETPSICEHHsI ObLT OOHApPYXKEH Psi YHU-
KaJbHBIX 3 dekToB [3, 31].

B nuHamuke MOJIEKyIIsIpHOTO BOJIOpoa Oblia
3aperucTpupoBaHa aHOMalUs Ha JIByX JaTyu-
kax H, (TGS82 u BCI-02), xotopwie pacmona-
TaJiCh B CTBOJIE CKBOXHHBI HA TIIyOuHE 5 1 9 M
OT OrojiOBKa. AHOMallUs MpPEACTaBisia COOOM
KBa3UIPSIMOYTOJIbHBINA UMITYJIbC JUIUTEIBHOCTHIO
~6 CyT U OTHOCUTENbHOM aMIUIUTYI0N & =~ 73.5 %
U XOpOILO BU3YaJIbHO JIMarHOCTUPOBAJIACh B pe-
albHOM BpEMEHM IIpU CTaHJAPTHONH MeETOIU-
K€ 00pabOTKH MONy4YaeMBbIX NaHHBIX (pHUC. 6 0).
Berymienne anomanuu Ha nraruukax H) Obiio 3a-
peructpupoBano B 4:30 20.01.2016 r. Anomanuu
pa3BuBaIUCh ~14 4 ¢ MOCIEAYIONIMM BBIXOAOM Ha
IJIATO IJIUTEIBHOCTHIO 4.5 CYT.

Ha rpaduxax OAP nepen JK3 B 30He aspa-
uuu B myHkrax KRKR, PRTR1 u INSR B nepu-
on 01.01-10.02.2016 r. cuHba3HO BBIIEIAETCS
OyXToOOpa3HOEe OTpPUIATEIbHOE BO3MYILECHHE
(puc. 6), xotropoe cuH(pa3HO MPOSIBUIOCH B KOH-
nenrpaunu H,. OTHOCHTENbHAS aMILIUTY/a aHO-
MaJIhii cocTaBHIIa: O =-17%, 0 =-80 %,

KRKR PRTRI
s = —37 %o, a BpEMS YIIPEKIECHUS Lo = 10 cyt.
Ha nnramuky nonmousenHoro Rn B 30He aspanuun
CYILECTBEHHOE BIIMSHUE OKAa3bIBAIOT BapUaIUH
arMocgepHoro nasienus. Kak BuaHo Ha puc. 6 0,
CBSI3b AaHOMAJIUM C aTMOC(EPHBIM JABICHUEM HE

OTMCYACTCA.
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[Ipu conocrasnenuu ganubix V' OIIA c Ba-
pUaALUAMM MOJIOYBEHHOI'O paJOHa BBISBICHO B
AIIEKTPUYECKOM T0JIe aTMOc(hepbl aHOMaIbHOE
BO3MYIUIEHUE, BO3HUKIIEE 3a ~5 CyT. nepex K3.
MakcuMainbHble 3HAUEHUS HaIpPSIKEHUS IOJIS
MPEBBICWIIM JUHAMUYECKUN JAMana3oH peru-
CTpUPYIOUIEH anmnaparypsbl.

BeposATHO, yMEHbIIEHUE CTOKAa pajloHa B
HWKHMI ciloli aTMocdepbl Ha OOosbIION IIo-
1aJu 3€MHOH MOBEPXHOCTU IPHUBEIO K H3Me-
HEHUIO MOHM3AIMOHHOTO OallaHca M yBeluye-
HUIO HaIpsKEHUS 3JIEKTpUYECcKoro nojis. Bpe-

MEHHas 3ajepxkka Mexnay aHomanusimu OAP
u V’OIIA cocraBuna 4.8 cyt. [latuuku OAP
pacnonararoTcsa Ha riyOuHax ~2—4 M OT JTHEB-
HOM IOBEPXHOCTH, YTO IO3BOJIIET OLICHUTH
CKOPOCTbh MUTpanuu pagoHa. OHa coctaBuia oT
0.5-107 1o 1.0-107 cM/c. DT 3HaYCHHS OITU3KH
K CIeJaHHBIM paHee OLlEHKaM CKOPOCTH MUTpa-
UM pajJoHa K MOBEpPXHOCTH B myHKTax INSR
(v=2.1-10" ecm/c) u PRTR (v = 1.7-107 cm/c)
[3], 9yTOo mOATBEpKIAET MPEATIOIOKEHHE O CBSI-
31 aHomanuu V’OIIA ¢ yMeHbLIEHHEM IOTOKa
panona nepen XK3.

Puc. 6. OcpeHeHHBIE CKOJIB3SIIIM CPETHUM B 2.5-qyacoBoM okHe kpuBbie OAP B 30He asparun B mynkrax KRKR, PRTR1 u INSR (a),
KOHIIEHTpalus Boxopoaa u armocheproe napnenue B myHkre INSR (6), V'OIIA B mynkre PETT 3a nepuon ¢ 1 suBaps no 10 despains
2016 r. (B). IIpenBecTHUKOBBIC aHOMAIUK BBIEICHBI CEPhIM U IITPUXOBKOI.

Fig. 6. The RVA curves in the aeration zone at the KRKR, PRTR1, and INSR points, averaged by the moving average in a 2.5-hour
window (a), the hydrogen concentration and atmospheric pressure at the INSR point (6), and PG at the PETT point for the period from
January to February 10, 2016 (B). Precursor anomalies are highlighted in gray and shaded.
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3aknroyeHue

BnusHue panoHa U ero JOYEpHUX MPOIYK-
TOB Ha HMOHM3AIMOHHBIN OanaHC MPHU3EMHOTO
ciosi atMocdepsl ONpenessieTcss WHTEHCUBHO-
CTBIO O3KCXaJSIIIMK TOANOYBEHHOIO pajioHa HU
METEOPOJIOTHUECKUMHU YCIOBUAMH (KOHBEKIIHS,
TypOyJIEHTHOCTb M CTpaTu(UKALUs MPU3EMHOTO
cinost arMocdepsr). [ouck KOpOTKOMIEPHOIHBIX
BapHalil 3IEKTPUYECKOTO MOl arMocdepsl,
CBSI3aHHBIX C aKTHUBHU3aIUEH JedopManMOHHBIX
IIPOLIECCOB, OCJOKHEH IMOTOAHBIMHU YCIOBUSMMU.
D¢ (heKkTUBHON METOAMKH OLEHKU WJIN KOMIICH-
calliu BIUSIHUS METEONPOLIECCOB Ha 3alUCH Ba-
pUanuil 2IEeKTpUUECKOro mosst arMocdepsl He
CYILLECTBYET, OJHAKO B HEKOTOPBIX OTAEJIBHBIX
CIyyasiX BbIJEJI€HUE aHOMAJIUH, B COIOCTaBJe-
HUU C JaHHBIMU PaJOHOBBIX HAOIIOACHHM, CTa-
HOBUTCSI BO3MOXKHBIM. JTH CJy4yad, KaK MpaBH-
710, CBSA3aHbl C TAaKUMU MOTOJHBIMH YCJIOBHUSIMHU
B IYHKTE HAOIIOACHUSI, IPU KOTOPBIX JACHCTBHE
JIOKQJIbHBIX NCTOYHUKOB 00pa30BaHUsl 00bEMHBIX
AIIEKTPUYECKUX 3apsAI0B MUHUMAJIBHO (CKOPOCTh
BeTpa MeHee 6 M/C, OTCYTCTBHE OONAYHOCTH U
CUJIHBIX MarHUTHBIX Bo3MylleHui). llepuoabt
Xoporuen norosl Jyist KamMuarckoro peruona, kaxk
MIPaBUJIO, OTBEYAIOT XapaKTepy aHTULMKIOHAIb-
HOW aTMoc(hepHON IUPKYISAIIH, YTO OTMEYAETCS
0e3001a4HON TOTOJ0M U yJIaJeHUEM OT MyHKTa
perucTpauuy akTUBHBIX T'€HEPATOPOB 3JIEKTPHU-
YECKOT0 MO aTMOC(hEepsl 3a CYET BEPTUKAIBHO-
ro MepeHoca BO3AYIIHBIX MAacC K IMOBEPXHOCTH
3emiu. Takue ycrnoBus o0ecneyuBaoT HauOob-
1iee BIUSHUE 3KCXAJSIUU paZioHa C MOBEPXHO-
CTH 3eMJIM Ha JIEKTPUUECKOE IoJie aTMOC(EpHI.

OO6HapyeHHbIE PETPOCIEKTUBHO aHOMaJIb-
HbI€ BO3MYLIEHUS B 3JIEKTPUYECKOM I10JI€ aTMOC-
depsl, coBmanamIMe M0 BpeMEHU C Bapualus-
MU TOATOYBEHHBIX a30B U MOTOKA Y/B- UMITyJIb-
COB U IIpelBapsAOIINE 3eMiieTpsiceHus 16 mapra
2021 r. u XKynanoBckoe 3emiuerpsicenue 30 siH-
Baps 2016 r., MOXHO paccMaTpuBaTh Kak CBUJE-
TEIBCTBO BO3JEHCTBUS BEPXHErO CJIOS 3€MHOI
KOpBI Ha MPU3EMHYI0 aTMOc(depy BO BpeMs MoJ-
TOTOBKH M peaM3aliy JaHHBIX COOBITHH.

Hcnonb3oBaHue JaHHBIX O HAKJIOHAX 3€M-
HOIl MOBEPXHOCTH [AeT CYLIECTBEHHO OOJbIIe
uH(pOpPMAIMN O MPOUCXOIALINX B 36MHOU KOpe
nedopMaMoHHBIX Mpoleccax, YTO MO3BOJISET,
C Omopoii Ha 3Ty WHGOPMAINIO, MOBBICUTH Ha-
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JIeKHOCTh BBIJICJICHUS] TIPEABAPSIONINX 3eMIle-
TPSCEHUs] aHOMAJIUN B Pa3IUYHBIX reodu3nye-
CKHX IOJAX.

Kpaline BaXHBIM [J11 KCHEPTHOM OILIEHKHU
U BBIJICJICHUS TPEIBAPSIONIUX 3E€MIICTPSICEHUS
aHOMaJIWil B JWHAMMKE ITOJIOYBEHHBIX TIa30B,
Ha (hoHE HW3MEHCHHH, CBSI3aHHBIX C JPYTHUMH
mporeccaMu, sSBIseTCsl oOHapykeHue cuHdas-
HBIX BapualMii Ha HECKOJbKUX IMYyHKTaX peru-
crpanun. HeoOXxoauMo Takke KOMILJIEKCHUPOBa-
HUE Pa3UIHBIX METOJOB PETHCTpPAIUH Teodu-
3UYECKHX TOJIeH, B TOM YHUCIIE€ MPSIMBIX U3MEpE-
HUN nedopmanuy 3eMHOM KOpbI, U BBIIEJICHHE
penepHbIX TOYEK KOJJIEKTUBHOTO aHOMAJIbHOTO
MOBEJICHUS B psAJIaX JaHHBIX MPU UX COMOCTAaBIIe-
HHH, YTO MO3BOJIUT Pa3BUBATh METO/IbI MPOTHO3a
3eMIICTPSICEHUN W JOTIOJHUTEIHLHO 000CHOBEHI-
BaTh 3aKJIFOYCHUS O CEHCMHYECKON OITaCHOCTH.
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Method for detecting anomalies in geomagnetic field variations
based on artificial neural network®

Sanjar A. Imashev
E-mail: sanzhar.imashev@gmail.com
Research Station of the Russian Academy of Sciences in Bishkek, Bishkek city, Kyrgyzstan

Abstract. The paper proposes a method for anomaly detection in geomagnetic data based on the classical autoencoder
architecture. The training data consisted of daily variations in the geomagnetic field on quiet days for 2020, 2021,
and 2022, collected from the Ak-Suu base station of the geomagnetic monitoring network of the Research Station
of the Russian Academy of Sciences in Bishkek. The neural network has five hidden layers with a total of ~3.5-10°
trainable parameters. The trained model accurately reproduces typical features of normal data, whereas in the presence
of anomalies it shows a decline in reconstruction quality. This property of the autoencoder was used to classify the data
into two categories: normal and anomalous. The reconstruction error, measured as the Mean Absolute Error (MAE),
was used as the anomaly metric. In particular, the MAE value of 0.109 was used as the threshold for class separation.
Testing the model on the data from the Ak-Suu station for 2017, 2018, and 2019 demonstrated good results. Binary
classification metrics such as recall and F1-score were notably high: 0.965 and 0.918 for the 2017 data, 0.982 and 0.933
for the 2018 data, and 0.970 and 0.935 for the 2019 data, respectively.

Keywords: anomaly, geomagnetic field, variational series, neural network, autoencoder, confusion matrix

MeToanka obHapy>XeHust aHoManum

B Bapuaumax BeNnUYmMHblI reoOMarHUTHOIo NoJsis
Ha OCHOBE MCKYCCTBEHHOW HEMPOHHOW CeTU
C. A. Umawes

E-mail: sanzhar.imashev@gmail.com
Hayunas cmanyusa PAH 6 e. buwkexe, buwkex, Kupeusus

Pe3tome. TlpemoxkeHa MeToanKa OOHAPY)KSHHUsI aHOMAJIMi B TEOMATHUTHBIX JAHHBIX, OCHOBaHHAS Ha apXHUTEKType
KJIACCHUYECKOTO aBTORHKoAepa. B kadecTBe OOydYaroNmMX [MaHHBIX BHIOPaHBI CyTOYHBIE WM3MEHEHMS BETMYMHBI
TeOMarHUTHOTO TOJIsl B criokoiHble AHu 3a 2020, 2021 u 2022 rr. mo 6a3oBoii cranimu Ak-Cyy ceTH reOMarHUTHOTO
Monutopunra Hayunoi craniuu PAH B . bumikeke. HeiipoHHast ceTh UMeET 5 CKPBITHIX CIIOEB C OOLIMM KOJIHYECTBOM
o0y4yaeMbIX TapaMeTpoB, paBHBIM ~3.5-10%. OOGydeHHAs MOIETb XOPOIIO BOCIPOH3BOMMT THITHYHBIC MPH3HAKH
HOPMAaJIBHBIX JAaHHBIX, TOT/A KaK B CIydae JaHHBIX, COIEPKAIIUX Pa3InYHbIe aHOMAJIUHU, IEMOHCTPUPYET YXYIIIEHHE
KauecTBa BOCCTAHOBJIECHHUSA. JTO CBOMCTBO aBTOIHKOAEPA MCIIOIB30BAJIOCh JUIA pa3/ieleHus JaHHBIX Ha JBa Kiacca:
HOpMa u aHomaiust. OmrOKa BOCCTAaHOBIICHUS B BUJlE cpeaHeil abcomroTHoi norpemHoct (MAE) ciryxuna mepoit
aHoMmanpHOCTH. B wacTHOCTH, 3HaueHne MAE, pasHoe 0.109, ucrnonp30Baioch B KaueCcTBE MPaHUIILI pasziesia KJIacCcoB.
IIpoBepka Moenn Ha TeCTOBBIX JaHHBIX 10 cTaHIuU Ak-Cyy 3a 2017, 2018 1 2019 rr. mokasasa xopomue pe3yasTaThl.
B wactHOCTH, Takne MeTpUKK OMHApHOI Kiaccudukanmy, kak noiHora (recall) u F1-mepa, nmeny BbIcOKHE 3HAUSHUS:
0.965, 0918 gna manaeix 2017 1., 0.982, 0.933 msg 2018 . 1 0.970, 0.935 ms 2019 . COOTBETCTBEHHO.

KnrouyeBble cnoBa: aHomajus, reOMarHUTHOE MOJE, BAPHAIMOHHBIE PSIbI, HEWPOCETh, ABTOIHKOIAED, MAaTpHUIla
onboK

* The translation from Russian: MimamieB C.A. MeTonuka 00Hapy KeHHUsI aHOMAJIU B BAPHALMSAX BEIUIHHBI T€OMAaTHUTHOTO II0JIS HA OCHOBE HCKYCCTBEH-
Hoit HeliponHoi#t cetu [Electronic resource]. Ieocucmemvl nepexoonwix 3on, 2024, 1. 8, Ne 4. http://journal.imgg.ru/web/full/f2024-4-6.pdf. Translated by
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®uHaHcupoBaHMue

Pabota BbINOJNIHEHA B paMKax roCyJapCTBEHHOTO 3aJlaHHs
OI'BYH Hayunasa crannus Poccuiickoil akajeMuu Hayk
B I. bumkeke (tema Ne 1021052806454-2-1.5.1).

Introduction

The main purpose of regular geomagnetic
observations carried out at the Research Station
of the Russian Academy of Sciences in Bishkek
city (RS RAS) is to study the relationship between
variations of the Earth’s magnetic field induction
and deformation processes in the Earth’s crust [1].
Geomagnetic field research is also significant in
the study of such space weather phenomena as so-
lar flares and coronal mass ejections, as well as
the problems of ensuring the accuracy of naviga-
tion systems, including aviation and marine navi-
gation [2].

Anomalous observations are generally con-
sidered to be those that are substantially different
from the rest, and it is reasonable to assume that
they are due to the influence of external mecha-
nisms [3]. Anomaly detection and analysis pro-
vide valuable information about the character-
istics of the data generation process. Anomaly
detection methods are used to identify network
attacks, credit card fraud, and equipment mal-
functions, to diagnose medical pathologies, as
well as in many other fields [4]. Deep learning
neural networks have recently been increasingly
used for data anomaly detection [5]. Among nu-
merous architectures and approaches to solving
such problems, the architectures based on the ap-
plication of so-called autoencoders stand out [6].
Autoencoders are used in such areas as data com-
pression [7], novelty detection in data [8], esti-
mation of petrophysical properties from borehole
logs [9], sleep state identification in newborns
based on the analysis of electroencephalography
data [10], wind turbine blade condition monitor-
ing [11], speech and face recognition [12, 13],
and even detection of unjustified financial expen-
ditures of deputies [14].
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Anomalies in the geomagnetic field time
series can be caused by both natural (magnetic
storms and electromagnetic disturbances in the
form of lightning discharges) and anthropogenic
factors (transportation near the magnetometer
sensors, mains voltage surges, operation of an
electrical prospecting generator (ERGU) [15]
during electromagnetic observations, etc.). The
application of traditional methods of anomaly de-
tection, such as statistical methods or rules based
on the threshold values, can be complicated in the
case of geomagnetic data due to the variability of
anomalies caused by the diversity of sources of
the disturbance and its intensity. This study pre-
sents a method for detecting anomalies in the geo-
magnetic field variations based on the architecture
of a classical autoencoder.

The autoencoder is an effective tool that can
automatically detect complex patterns and struc-
tures in data [8]. For instance, autoencoders have
been used to identify anomalies in electrocardio-
grams containing distortions in the form of base-
line drift and high-frequency noise [16], which
ultimately improves the detection of heart pa-
thologies. The paper [17] presents the advantages
of autoencoders over the algorithms based on the
principal component analysis method for anomaly
detection in spacecraft telemetry data.

Data

The basis of the geomagnetic monitoring net-
work of the RS RAS currently consists of seven
permanent stations (Fig. 1). The sampling rate of
measurements at these stations was 20 s.

Temporal variations of the geomagnetic field
include: a) long-period variations (trends) due
to the changes associated with such processes
as magnetic pole drift or changes in the Earth’s
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core, and b) daily variations in the intensity and
direction of the geomagnetic field caused by the
interaction of the solar wind with the Earth’s mag-
netosphere [2]. The variations associated with the
geographical location, as well as local anomalies
caused by the local change in the geomagnetic
field due to the presence of magnetic minerals in
the Earth’s crust, were not considered, since, first-
ly, the studied anomalies were analyzed within
one observation station, and secondly, they were
used as an additive constant in the value of the full
induction vector of the Earth’s magnetic field.

As an example of the time series of varia-
tions, the annual variations of the geomagnetic
field magnitude for the Ak-Suu base station for
2021 are presented in Fig. 2.

As can be seen from Fig. 2, the data contain
both the long-term trend of secular variations and
daily seasonal variations (the difference between

the maximum and minimum values per day) due to
changes in the solar illumination intensity. Differ-
ences in the ionospheric conditions during summer
and winter are reflected in the geomagnetic field in
the range of daily variations. For example, Fig. 3
presents typical daily variations (in the absence of
geomagnetic anomalies) at the Ak-Suu station at
different periods of the year (spring, summer, and
autumn) after subtracting the secular trend.

The classical approach in anomaly detection
can be the comparison of the analyzed value with
a certain reference, and the extent of their dif-
ference can serve as a measure of data anomaly.
However, a wide range of daily variations of geo-
magnetic data on magnetically quiet days for dif-
ferent seasons makes it impossible to build a sin-
gle reference (model) daily profile for comparison
with the observations made during the year. This
sets certain limitations on the anomaly detection

Fig. 1. Location map of the permanent stations of the geomagnetic observation network of the RS RAS: 1, Ak-Suu; 2, Shavay; 3,
Chunkurchak; 4, Tash-Bashat; 5, Issyk-Ata; 6, Kegety; 7, Karagay-Bulak.

Fig. 2. Time series of the geomagnetic field variations for the Ak-Suu station for 2021 (dashed line indicates secular trend).
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method related to the formalization of the features
that allow distinguishing normal data from anom-
alous. Difficulties also arise in the development
of a strict algorithm that realizes this comparison.

Artificial intelligence methods provide us
with powerful tools that outperform classical
algorithms due to their ability to process large
amounts of data, identify complex patterns, and
adapt to new data [6, 18]. This makes them par-
ticularly effective for such complicated tasks as
detecting geomagnetic field anomalies. In particu-
lar, the autoencoder architecture can be used for
this purpose, and the training can be performed on
data that are considered normal and are carefully
selected by the expert. In the case of using a neu-
ral network, the strong variability of the normal
data will no longer be a limitation, since there will
be no need to algorithmize the anomaly detection
method explicitly.

The most significant types of geomagnetic
anomalies in terms of intensity are magnetic
storms of various intensities, which can last
from several hours to several days [2]. There-
fore, in this study, the geomagnetic field vari-
ations over a day (similar to those presented in
Fig. 3) were used as the unit of input data, and
the anomalies were assessed integrally over a
time series of 24 h.

It should also be noted that the z-score nor-
malization (standardization) procedure was ap-
plied to the training data, which implies that the
mean is subtracted from the daily variations and
divided by the standard deviation, i.e., the data
are transformed to a standard normal distribution
with the mean of 0 and the standard deviation

of 1. Data normalization is often used in train-
ing neural networks and is one of the key steps
in the input data preparation. In particular, when
the input data has the same scale, then the gradi-
ents used for updating the neural network weights
become more stable. Normalized data also allows
the neural network to converge to an optimal solu-
tion faster, since all parameters are updated more
consistently. Overall, it can be stated that normali-
zation promotes more stable and faster training,
improves the convergence of optimization algo-
rithms, and reduces the risk of overfitting [18].

In order to ensure the algorithmic efficiency,
it was also decided to reduce the signal dimen-
sion by downsampling to one sample per minute.
The total number of samples in the daily profile
was N = 24*60 = 1440. A median was used as
an aggregate function, which provides a robust
assessment of the daily profile with minimal in-
fluence of various outliers that may appear in the
geomagnetic data, for example, during lightning
activity [19].

The examples of normalized daily profiles
T . atthe Ak-Suu station are presented in Fig. 4:
normal and anomalous data. All data fed to the
input of the model are dimensionless.

Then, a dataset for the Ak-Suu station for 3
years (2020, 2021, and 2022) was created, which
included 316 examples of normal data for the
training set and 780 examples of anomalous data,
which were subsequently used for estimating the
normal/anomaly class boundary.

To check the performance of the neural net-
work, data for the Ak-Suu station for 3 years
(2017, 2018, and 2019) were used, which were

Fig. 3. Typical daily variations of the geomagnetic field for different periods of the year at the Ak-Suu station.
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Fig. 4. Examples of normalized daily variations of the geomagnetic field: normal (a) and anomalous (b) data.

preliminarily divided by the expert into two class-
es: normal and anomalous.

The Ak-Suu station was chosen as a data
source due to the fact that this is the base station
and is least affected by various anthropogenic dis-
turbances, which is important for the selection of
examples of normal days for the training.

Method

In this study, the classical autoencoder ar-
chitecture was used, which consisted of two main
blocks: encoder and decoder [6] (Fig. 5).

The encoder is a neural network that com-
presses input data into a latent representation of a
lower dimension called latent space. The decoder
is designed to restore the data from the latent rep-
resentation back to the original space.

A distinguishing feature of autoencoders in
comparison with other artificial neural network
architectures is that the number of input and out-
put neurons is usually the same. The main task of

the autoencoder is to obtain the result on the out-
put layer that is the closest to the input one. How-
ever, simply copying the input data to the output
would be useless unless there is a hidden repre-
sentation with certain useful properties. This is
accomplished by creating restrictions for copying
when the latent space has dimensions lower than
the original input dimensions. This autoencoding,
referred to as incomplete, forces the autoencoder
to compress the data and capture the main struc-
tures and patterns of normal data while ignoring
minor noise. During the training, the model tries
to reproduce typical features of the training data,
and then, when faced with unfamiliar anomalies,
reconstructs the data with less quality.

Algorithm

The general principle of the autoencoder-
based anomaly detection method is based on two
procedures: training and reconstruction error cal-
culation. Firstly, the autoencoder is trained on data

Fig. 5. Schematic diagram of the classical autoencoder architecture and its main components. Input and output data are daily variations

of the geomagnetic field.
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that are considered normal, minimizing the differ-
ence between input and reconstructed data. Then,
for each input observation from the full data set,
the reconstruction error (the difference between
the original data and the reconstructed data) is
calculated, with high error values indicating the
presence of possible anomalies.

Based on the above, the step-by-step process
of the autoencoder can be presented as follows:

Step 1. Data collection and preparation.
Normal measurements (without any significant
anomalies) over a certain long period of time are
selected from the full data set by the expert to pro-
vide the necessary amount of data. These data are
normalized because of the influence of the secu-
lar trend and seasonal variations of their values.
Generally, the normalization of training data is a
standard procedure in machine learning tasks. As
mentioned above, it stabilizes and speeds up the
learning process, helps to overcome the vanishing
gradient problem, and improves the generaliza-
tion ability of the model [18].

Step 2. Model Training. The model is trained
on the examples from a set of normal data, while
the loss function is minimized, which in our case
was chosen as the mean squared error (MSE).

Step 3. Reconstruction error calculation. The
full data set for the selected period includes two
sets: training data (normal data) and anomalous
data. For each observation from these two sets,
the reconstruction error is calculated as the mean
square of the difference between the input and re-
constructed data elements. The distribution of re-
construction error values for these two data sets
are be different: for normal data, the mean error is
lower than for anomalous data.

Step 4. Setting a threshold. According to the
histograms of reconstruction error distribution,
the reconstruction error threshold is set for nor-
mal and anomalous data, above which the data are
considered anomalous.

Step 5. Anomaly detection. New data is fed
to the input of the trained model, and the samples
with reconstruction error above the threshold val-
ue are labeled as anomalies.

Hyperparameters

It should be noted that during the training
stage, hyperparameters (parameters that are set
manually before the training starts and determine
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the structure or the way the model is trained) are
also adjusted. These hyperparameters include
learning rate, batch size, number of epochs, and
activation functions. The initial network archi-
tecture gets generally adjusted, i.e., the sizes of
input and output layers, as well as hidden lay-
ers, including the latent state layer. A batch is a
small subsample of the full training set used for
one updating step of the model parameters dur-
ing training. The smaller batch size improves the
generalizability of the model due to regularization
and requires less computational resources [18].
An epoch is one complete pass of the entire train-
ing dataset, i.e., during one epoch, the model is
trained on all examples from the training set.

The rectified linear unit (ReLU) function
R(x) (Fig. 6) was used as the activation function,
which converts negative input x values to zeros
while leaving positive values unchanged [20].
Studies have shown that convolutional neural
networks learn significantly faster when ReL U is
used as the activation function [21]. This is due
to several major advantages: 1) the simplicity of
the ReLU implementation speeds up the computa-
tion, which directly increases the learning speed
of the neural network; 2) the shape of the ReLU
helps to avoid the vanishing gradient problem that
may occur when activation functions such as sig-
moid, or hyperbolic tangent are used; 3) the use of
ReLU leads to sparse activations in which some
of the neurons output zero values, which improves
the generalizability of the model and reduces the
risk of overfitting.

Fig. 6. ReLU activation function.
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The final values of the main hyperparameters
were as follows: learning rate, 10~°; number of
batches, 8; and number of training epochs, 2000.

Such regularization technique as a dropout
should also be mentioned. This technique is wide-
ly used in neural networks to prevent overfitting,
and it “turns off” some neurons during training.
This allows the neural network to be more robust
and improves generalization by preventing over-
memorization of the training data. The dropout
rate is typically between 0.1 and 0.4, meaning that
1040 % of neurons are turned off at each itera-
tion. It should be clarified that dropout is not used
during testing or prediction [18].

Model architecture

The main parameters of the classical autoen-
coder architecture (Fig. 5) used for the geomag-
netic anomaly detection are given in the table. The
input layer consists of 1440 neurons. The encoder
includes two hidden layers with ReLU activation
functions and consists of neurons the number of
which decreases consistently (1024 and 256). The
latent representation (bottleneck) consists of 64
neurons with ReLU activation and 10 % of neu-
rons turned off (dropout 0.1). The decoder con-
sists of two hidden layers with ReLU activation
functions. The number of neurons in the decoder
is symmetrical with respect to the latent represen-
tation and equals 256 and 1024, respectively. The
output layer has 1440 neurons to match the size of
the input signal.

The total number of trainable parameters was
3.5 million.

Table. Autoencoder architecture

Training and validation

The neural network is trained by iteratively
changing the values of its parameters. The main
goal of such parameter selection is to achieve the
minimum deviation between the output signal
of the neural network and the input signal of the
training set. This deviation, as mentioned earlier,
was calculated using the mean square error (MSE)
loss function.

Special attention should be paid to the im-
portance of validation set in machine learning,
especially in the context of deep learning neural
networks. The main purpose of including the vali-
dation set in the training process is to evaluate the
performance of the model during training and to
optimally tune hyperparameters [18]. The evalu-
ation of the model’s performance on the valida-
tion set also allows to monitor overfitting. For
instance, the deterioration of the neural network
performance on the validation set after obtaining
the best results on the training sets may indicate
the beginning of overfitting. This feature was used
to obtain the optimal model, keeping its iteration
state with the minimum value of the loss function
on the validation set. The validation set size was
20 % of the training set size.

The adaptive moment estimation (Adam)
[22] was chosen as the optimization algorithm re-
sponsible for updating model parameters during
the training in order to minimize the loss function.
The use of this algorithm allows in most cases to
avoid thorough tuning of the learning rate, since
the algorithm automatically adapts it for each pa-

Layer Name Number Activation function/

of neurons Regularization

Encoder

Input Input 1440 ReLU

Hidden 1 Encoder 1 1024 ReLU

Hidden 2 Encoder 2 256 ReLU

Latent space

Hidden 3 Bottleneck 64 ReLU /

Dropout (0.1)

Decoder

Hidden 4 Decoder 1 256 ReLU

Hidden 5 Decoder 1 1024 ReLU

Output Output 1440
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Fig. 7. Mean squared error (MSE) for training and validation sets. Dashed line indicates training, solid line indicates validation.

rameter based on the history of the gradients. As
mentioned earlier, the minimum value of the loss
function for the validation set and the state of the
model at that epoch were kept during training in
order to use it as a working version (Fig. 7). The
global minimum of the loss function for the vali-
dation set was reached at the 1648th epoch.

Criteria for anomaly detection

The examples of initial and reconstructed
by the model daily profiles of 7 for normal
(Fig. 8 a) and anomalous (Fig. 8 b) data, as well as
their reconstruction errors (Figs. 8 ¢, d) calculated
as the absolute error (AE) are shown in Fig. 8.

It was previously mentioned that the model
was trained on normal data, therefore, when an
example of normal values is fed to the model in-
put (Fig. 8 a), the reconstruction error was mini-

mal (Fig. 8 c). However, when data containing
significant anomalies were fed to the model input
(Fig. 8 b), the model was unable to reconstruct
them (or rather, it tried to turn the anomalous data
into normal data), which led to a large reconstruc-
tion error (Fig. 8 d).

The next step was to determine the anomaly
threshold value based on the reconstruction error.
For this purpose, all data for 2020-2022 (316 ex-
amples of normal data and 780 of anomalous data)
were run through the trained model. The distribu-
tion of reconstruction errors based on the standard
deviation showed that in this case the distributions
for normal and anomalous data strongly overlap,
which makes it difficult to distinguish the class
boundary. Therefore, for this stage it was decided
to represent the reconstruction error as the mean
absolute error (MAE) (Fig. 9).

Fig. 8. Initial (blue line) and reconstructed (green line) daily profiles and their reconstruction errors calculated as the absolute error (AE)

for normal and anomalous data.
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Fig. 9. Distribution of reconstruction errors (MAE) for normal and anomalous data: a) general scale, b) enlarged scale. Dashed lines
indicate u+o, ut20, and p+3c (1, mean value; o, standard deviation) calculated from normal data.

It can be seen from Fig. 9 that the training
set (data without any anomalies) has a reconstruc-
tion error distribution close in shape to a Gaussian
distribution, which justifies setting the separation
threshold in units of standard deviations. The data
containing anomalies, as one would expect, have
reconstruction errors several times larger com-
pared to normal values. Based on the analysis of
distributions, p+oc or u+2c can be chosen as the
boundary. Since there are examples in practice
when the expert is unable to unambiguously assign
the analyzed observation to one of the two classes,
the final version of the threshold should be chosen
based on what is to be identified in the first place.
If normal data are the main interest, the threshold
should be increased, and, vice versa, if the main
objective is to extract as many anomalous obser-
vations as possible, the threshold should be de-
creased. It should also be noted that the boundary
of these two classes covers a rather narrow region
(0.05-0.1), while the majority of anomalies have a
reconstruction error higher than 0.1.

Results and discussion

To check the performance of the trained neu-
ral network, it was decided to analyze the data for
2017, 2018, and 2019, which were not involved
in the training of the model. Since this is a binary
classification task where the data needs to be as-
signed to one of the two classes, the so-called con-
fusion or error matrix is most often used to evalu-
ate the performance of the classifier.

The following components of the confusion
matrix are used to describe the combinations that
can be obtained by comparing the model respons-
es and the true labels of the observations set by
the expert.
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TP (True Positive): The data contain anom-
alies, and the model correctly identifies them as
anomalous.

FP (False Positive): The data are normal, and
the model incorrectly identifies them as anoma-
lous.

TN (True Negative): The data are normal,
and the model correctly identifies them as normal.

FN (False Negative): The data contain anom-
alies, and the model incorrectly identifies them as
normal.

Various metrics are used to evaluate the per-
formance quality of the classifier, the main ones
being: accuracy (the proportion of correct cases
of classification), precision (the proportion of
correctly classified items among all items that
the classifier assigned to the class, i.e., the pro-
portion of true anomalies among all observations
that the model assigned to anomalies), recall (the
ratio of correctly classified items of a class to the
total number of items of that class, i.e., the pro-
portion of correctly identified anomalous data
among all examples of anomalies), and F1-score
(the harmonic mean between precision and re-
call). These metrics are calculated using the fol-
lowing formulas:

TP+ TN .
Accuracy = 4p TN T FP 4 N’
L TP
Precision = W’
TP
Recall = TP+—F]V

Precision * Recall
Fl1= 2%

Precision + Recall'
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The examples of such a matrix for the 2019
data are given in Fig. 10. If the value of 0.087
(uto) is chosen as the threshold (Fig. 10, left),
the binary classification metrics for the 2019 data
have the following values: accuracy, 0.841; preci-
sion, 0.827; recall, 0.996; and F1, 0.904, which
can be considered a good result. With a thresh-
old value of 0.109 (u+20), the metrics improve
slightly (based on the integral F1 metric): accura-
cy, 0.899; precision, 0.901; recall, 0.970; and F1,
0.935. This is due to the fact that fewer observa-
tions are in the FP group as they moved to the TN
group (Fig. 10, right).

As can be seen, there is a certain compro-
mise between the values in the FP and FN groups,
which is directly related to the chosen threshold
value used for the classification. If the threshold
value decreases, the model will be more inclined
to classify examples as anomalies, which may in-
crease the number of FPs and decrease the FNs.
Vice versa, if the threshold value increases, the
model will be more inclined to classify exam-
ples as normal, which may decrease the number
of FPs and increase the FNs. Therefore, the F1-
score i1s often used as the critical metric, which
provides an evaluation of the balance between
the FN and FP metrics. The choice of a threshold
that maximizes the F1-score provides a compro-
mise between precision and recall, ensuring opti-
mal model performance for a particular task [23].
Thus, the adjusted threshold with a value of 0.109
was chosen for further analysis.

N FP

35 57

Normal data
1

Expert

272

For the comprehensiveness of the analysis,
the examples and their reconstructed analogs
were plotted for each group of the confusion ma-
trix components: TN, FN, FP, and TP (Fig. 11).
For the TN group (true normal data), the recon-
structed analog almost repeats the original obser-
vation (Fig. 11a), which gives a small reconstruc-
tion error. The same pattern is observed for the FN
group (anomaly incorrectly labeled as normal):
the reconstructed analog accurately reproduces
the original observation (Fig. 11b). This example
was labeled by the expert as containing anomalies
due to a small inhomogeneity around the 480th
minute. For the FP group (normal data incorrectly
labeled as anomalous), the reconstructed analog
smoothed out the high-frequency field fluctua-
tions at the end of the daily profile (Fig. 11¢) (960—
1440th samples), which increased the value of the
reconstruction error to 0.139, slightly exceeding
the threshold value of 0.109. This allowed the al-
gorithm to label this observation as anomalous,
despite the fact that the expert initially considered
it normal. For the TP group (true anomalous data),
the reconstructed analog is very different from
the original observation (Fig. 11d) and contains
strong fluctuations from the middle of the signal,
which is reflected in the increase in the recon-
struction error. The plots also demonstrate that as
the amplitudes of fluctuations increase from nor-
mal (TN) to anomalous (TP), which are mainly
associated with magnetic storms, the MAE recon-
struction error also increases. Thus, the maximum
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Fig. 10. The binary classifier error matrix for the Ak-Suu station data for 2019. The threshold of 0.087 (u+o) is
on the left, and the threshold of 0.109 (u+20) is on the right.
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Fig. 11. Examples from the TN, FN, FP, and TP groups and their reconstructed analogs. The values of the reconstruction errors (MAE)
are provided. The solid line indicates the original example, the dashed line indicates the reconstructed example.

daily values of the planetary indices characteriz-
ing the global disturbance of the Earth’s magnetic
field, K and a, differ significantly in the case
of normal (Fig. 11a) and anomalous (Fig. 11d)
data: Kp(TN): 1.667, N 6 nT and KP(TP) =4,
= 27 nT, respectively.

The mean reconstruction error for the
considered groups has the following value:
MAE_ = 0.084, MAE_ = 0.097, MAE_,= 0.133,
and MAE_,= 0.364.

Based on this, it can be concluded that the
model performs well in identifying observations
with significant anomalies, whereas in the case
of small anomalous regions it may be incorrect.
However, the overall anomaly detection score is
quite high, as both recall and F1-score have high
values (recall = 0.970 and F1 = 0.935).

The same analysis for 2018 and 2017 yielded
the following values, respectively:

Aytp)

metrics calculated from the confusion ma-
trix: accuracy, 0.896 and 0.866; precision, 0.890
and 0.876; recall, 0.982 and 0.965; F1, 0.933 and
0.918;

mean reconstruction errors for the groups:
MAE.,, 0.086 and 0.083; MAE_, 0.091 and
0.097; MAE_, 0.128 and 0.151; MAE_,, 0.354
and 0.404.

Thus, the performance evaluation of the
model using test data for 2017, 2018, and 2019,
the values of which the model did not see during
training, showed good results. In particular, the
high values of the F1-score suggest that the model
identifies anomalies quite well at a quality level
comparable to the performance of an expert.

It should also be noted that the model trained
on the data from the Ak-Suu station is also suit-
able for detecting the anomalies in the data from
the nearby Shavay station. Due to a relatively
small (~17 km) distance between the stations, the

FP’ TP’

Fig. 12. Variations of the geomagnetic field (on the left) and reconstruction errors (on the right) for June 1-15, 2019 for the Ak-Suu and

Shavay stations.

GEOPHYSICS. GEOINFORMATICS AND CARTOGRAPHY

353

GEOSYSTEMS OF TRANSITION ZONES, 2024, 8(4)



Imashev S.A.

slope of the secular trend, the intensity and shape
of daily variations, as well as the manifestation
of magnetic storms at these stations, are almost
identical, and all the differences are caused by the
local dynamic changes [1, 24]. The plots of varia-
tions of the geomagnetic field at these two stations
for June 1-15, 2019, as well as the time series of
reconstruction errors, are presented in Fig. 12.

As can be seen from Fig. 12, the reconstruc-
tion errors for the time series of the two nearby
stations are almost identical (Fig. 12, right) and
overlap with each other. A moderate value of the
reconstruction error of ~0.33 corresponds to the
magnetic storm of June 8, 2019, whereas relative-
ly small values of the reconstruction error of ~0.18
(June 4, 2019 and June 13, 2019) correspond to
small anomalies manifested in the disturbance of
the typical daily course of the field. The identical
course of the geomagnetic field at the two stations
results in almost the same reconstruction error at
the output of the neural network, which allows us-
ing the model trained on the data of the Ak-Suu
station for the nearby Shavay station.

Conclusion

The method of detecting anomalies in the
variations of the geomagnetic field based on the
classical autoencoder is presented. Daily vari-
ations of the geomagnetic field on magnetically
quiet days at the Ak-Suu base station for three
years (2020, 2021, and 2022) were selected as the
training data. In order to increase the performance
and reduce the complexity of the model, the data
was downsampled from 20 s to 1 min. The train-
ing data were normalized by subtracting the mean
value and then dividing it by the standard devia-
tion. The training set included 316 examples of
normal data, while 780 examples of anomalous
data were subsequently used to estimate the nor-
mal/anomalous class boundary. The trained model
reproduced the typical features of normal data,
and then, when faced with unfamiliar anomalous
data, demonstrated deterioration in the recon-
struction quality. The reconstruction error meas-
ured as the mean absolute error (MAE) is an esti-
mate of the anomaly score measure. The value of
0.109 was chosen as the threshold value of MAE,
which divides the data into two classes (normal
and anomalous). The binary classification metrics
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calculated based on the confusion matrix indicate
the positive quality of the model, in particular, for
the data from the Ak-Suu station for 2017, 2018,
and 2019. The recall values for these years (0.965,
0.982, and 0.970, respectively) suggest that the
trained neural network identifies anomalies with a
quality comparable to that of an expert. It should
also be noted that the model trained on the data
from the Ak-Suu station is also suitable for de-
tecting anomalies in the data from nearby stations,
for example, the Shavay station. This allows us-
ing one model for a group of nearby stations and
thus reducing the number of trained models used
to analyze the anomalous data from the stations
of the geomagnetic monitoring network. Further
scope of this study involves testing the model for
the detection of anomalies associated with geo-
magnetic storms and their comparison with the
values of various planetary indices describing the
global disturbance of the Earth’s magnetic field,
as well as the sensitivity of the method to the level
of anthropogenic anomalies occurring in the form
of pulse emissions and steps.
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Bknag rugpounsoctasnm B COBPEMEHHbIE M3MEHEHNS YPOBHA MOPEN
N BEPTUKArbHbIE OABMXEHUSI TBEPOOM MOBEPXHOCTU 3eMnun
ans mopen HdanbHero BocToka

P. @. byneakoe
E-mail: r.bulgakov@imgg.ru

Hucmumym mopckoti eeonoeuu u eeogpusuxu /[BO PAH, FOxcno-Caxanunck, Poccus

Pe3tome. [mobanbHOE MOTEIIEHHE KIMMATa BBI3BIBAET AATLHEWUIIYIO JErpaalnio JeIHHKOB U BBICBOOOXIECHHUE
BOIbl B MupoBOii okeaH. [loCTymieHHE MOMOTHUTEIHLHOIO 00beMa BOABI BEAET K IMOBBIMICHUIO YPOBHS MOpEH.
Ha cxopocTh COBpeMEHHOTO MOBBIIICHHS YPOBHS BOJBI BIHSIIOT OCTATOYHBIE MIPOIECCHI MTOCIE TOCIEAHETO TI100aITb-
HOTO OJIEICHEHUSI ¢ MAKCUMYMOM 0KoJ10 20 ThIC. J1.H. B pe3ynprare TassHusl KpyIHBIX MOKPOBHBIX JIEAHUKOB B paifo-
Hax BJIaJid OT LEHTPOB OJIEIEHEHU, TAKUX KaK JalbHEBOCTOUHBIE MOPSI, MPOUCXOIUIIO HATPYKEHHE MOPCKOTO JTHA
cioeMm Boabl B 120 M — rUApOU30CTa3ns, KOTOPOE BHI3BAIO BEPTUKAIbHBIC CMEIICHHS JHA W CYIIH TMPHOPENKHBIX
paiioHOB. XOTS MOCTYIUJICHHE TAJIOW BOABI JISTHUKOB MPEKPATHIOCH 4—6 THIC. JI.H., TEM HE MEHEE 3a CUET BS3KHUX
CBOMCTB MaHTHUIHBIX CJI0€B BEPTUKAIbHBIE CMELIEHUS TBEPON MOBEPXHOCTH MPOJOJIKAIOTCS 10 CUX MOP, YTO BHO-
CHUT CBOH BKJIaJl B COBPEMEHHOE TIOBBIIIIEHNE YPOBHSI BOJBI B MOPSIX MUpOBOTO OKeaHa. Bkiiaj ocTaToOuHbBIX MpoIiec-
COB JIOJDKEH YUUTBIBATHCS MPU OT[EHKAaX COBPEMEHHBIX KOJIeOaHUH YPOBHS MOPEH M BEPTUKAIBHBIX IBM)KEHHUH TBEP-
JIO MMOBEPXHOCTH 3eMIH. 31€Ch MPUBOIATCS TOTYUCHHBIE METOIOM YHCIEHHOTO MOJEIHPOBAHUS OICHKH BKJIAza
B COBPEMEHHOE MOBBIIIEHUE YPOBHS MOPEN U BEPTUKAJIBHBIX ABHKEHHUI TBEPAON MOBEPXHOCTH 3€MJIM OCTATOYHBIX
JIBUXKCHHI, CBSI3aHHBIX C TIOCICACTBHUSIMHE TOCICIHEr0 ITI00aTbHOTO OJICICHEHHUS, [0 OTHONICHHUIO K TaJbHEBOCTOY-
HBIM MOPsIM. B pe3ynbrare npoBeIeHHOT0 MOAEIMPOBAHHUS TIOKa3aHO, YTO KIIMMAaTUYeCKOEe MOBBIIIIEHUE YPOBHSA MOPS
CHEP>KUBAETCS 34 CYET OTPULIATEIBLHOTO BKJIAJa THAPOU30CTAa3UU B FEOAMHAMUYECKH aKTUBHBIX 30HaX.

KntoyeBble cnoBa: rupon30CcTas3us, OTHOCHTEIbHbIE H3MEHEHHS YPOBHS MOPEi, IBHIKESHHS TBEPIOU HOBEPXHO-
CTU 3eMJIH, OBBIIECHHE YPOBHSA MOpeN

The contribution of hydroisostasy to modern changes in sea level
and vertical displacements of the solid surface of the Earth
in the Far Eastern seas

Rustam F. Bulgakov
E-mail: r.bulgakov@imgg.ru
Institute of Marine Geology and Geophysics, FEB RAS, Yuzhno-Sakhalinsk, Russia

Abstract. Global warming causes further degradation of glaciers and the release of water into the World Ocean. The in-
flux of additional water leads to a rise in sea level. The rate of modern water level rise is still influenced by the residual
processes from the last global glaciation, with its maximum about 20 thousand years ago. The melting of large ice sheets
in areas far from the centers of glaciation, such as the Far Eastern seas, caused the loading of the seabed with a 120 m layer
of water — hydroisostasy — which caused vertical displacements of the seafloor and coastal areas. Although the influx of the
glacier meltwater ceased 4—6 thousand years ago, due to the viscous properties of mantle layers, vertical displacements of
the solid surface continue to this day, which contributes to the modern rise in water level in the seas of the World Ocean.
The contribution of residual processes should be taken into account when assessing modern fluctuations in sea level and
vertical displacements of the solid surface of the Earth. This study provides the estimated contribution of residual displace-
ments associated with the consequences of the last global glaciation to the modern rise in sea level and vertical displace-
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ments of the solid surface of the Earth in the Far Eastern seas, which was obtained by numerical modeling. As a result
of the conducted modeling, it was shown that the climatic rise in sea level is restrained by the negative contribution of

hydroisostasy in geodynamically active zones.

Keywords: hydroisostasy, relative changes in sea level, displacements of the solid surface of the Earth, rise in sea level

Mna yumuposanusa: bynrakoB P.®. Bxnan ruapousocrazuu B
COBpEeMEHHbIC M3MEHEHHUS YPOBHSI MOpEH M BEepTHKAJIbHEIE JIBU-
JKCHUS TBEpJOU MOBEpXHOCTH 3emiu a1 Mopei anpHero Boc-
ToKa. I eocucmemul nepexoonvix 301, 2024, 1. 8, Ne 4, c. 357-366.
https://doi.org/10.30730/gtrz.2024.8.4.357-366;  https://www.
elibrary.ru/ayiipa

®uHaHcupoBaHue

Pabota BbINONIHEHA B paMKax roCyJapCTBEHHOTO 3aJlaHHsI
WucturyTa Mopckoii reonoruu u reopusuku JJBO PAH (Ne
FWWM-2024-0005).

BBeaeHue

Heckonbko JecATKOB ThICSY J.H., B TIEPHOJ,
BPEMEHH, U3BECTHBIM KaK MO3AHHI MICHCTOLEH,
CIIyYHJIOCH OY€PEIHOE U3 KIIMMaTHYECKUX MOTps-
CEHHUI — MOXOJI0OaHUe KJIMMAaTa, BhI3BABILIEE TJI0O-
OanbHOe oneneHenue. [locneqnee MakcuMansHOE
MOXOJIOIaHKEe TPOU30MHUI0 okono 20 ThIC. J.H.,
OHO BBI3BAJIO MMAaJICHHE YPOBHS BOAbI B MUPOBOM
okeane Ha 120 M, a mocnenytomiee r00aIbHOE
MOTEIUICHHE KJIMMaTra — TPAHCTPECCUIO BObI,
MOJHSBIIYIO YPOBEHb Mopel MupoBoro okeaHa
K COBPEMEHHBIM OTMETKaM [ 1].

XoTsl TIOCHENIeTHUKOBAsT TPaHCTpECCHsl Tpe-
Kparuiachk 4—6 ThIC. JI.H., TEM HE MEHEE €€ BKJIa]
B M3MEHEHUS YPOBHS MOpEHl COXpaHseTcs B Ha-
crosiiee Bpems [2].

CoBpeMeHHBICE H3MEHEHHS YPOBHS MOpEH
CKJIAJIBIBAIOTCA W3 HECKOJIBKHMX COCTaBJISIOLIUX:
M3MEHEHUS TIOTHOCTHU BOBI (CTEpHUECKHE) B pe-
3yJbTaTe W3MEHEHUsI COJIEHOCTH M TeMIepaTypbl
BOJIbI (TEPMOCTEpUYECKUE), U3MEHEHHUS YpOB-
HA 32 CUET M3MEHEHHUs Macchl BoAbl B MupoBoM
okeaHe (OapuCTaTHYECKHE), U3MEHEHUs o0beMa
Yaly Mopel U OKEaHOB 3a CYET TEKTOHUKU U, Ha-
KOHEII, 32 CYEeT MIIAIHO- U THuApousocrasuu [3].
OtnenbHblid (hakTOp, BIUSIOMIMNA HAa M3MEHEHUE
YPOBHSI MOpEH, — 3TO Mpeleccus 3eMHOM 0cH, KO-
TOpasi BapbUpYeT, B TOM YHCII€, B 3aBUCUMOCTHU OT
pacrpeesieHrs Macc JbJa U BOJbI HA MIOBEPXHO-
ctu 3emuu [4].

Jnst peanvcTUYHON OIICHKU aMIUIUTYABI CO-
BPEMEHHBIX M3MEHECHHH YPOBHSI MOpE HEoOXo-
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JUMO YYHUTHIBAaTh BKJIAJ MOCIEACTBHM TI100ab-
HBIX OJICICHEHUH, 0COOCHHO MOCIIEeTHETO.

OueHb CI0KHOHM 3amadyeyl SIBISETCS BBIIEIIC-
HUE COCTABJISIONIUX U3 CyMMapHBIX COBPEMEHHBIX
3HAYEHUH U3MEHEHHUs YPOBHs Mopeil. MHoroe 3a-
BHCHUT OT COBPEMEHHBIX CITIOCOOOB HAONIOICHUIA
3a U3MEHEHHUSIMH YPOBHsI Mopeil. XoTs Ha moOe-
PEXbAX aTbHEBOCTOYHBIX MOpEW MPUCYTCTBY-
10T YPOBHEMEPHBIE CTAHIIMH, HO OHU JIOCTAaTOYHO
PENKO PACIIONIOKEHBI, 0OCOOCHHO TE, Ha KOTOPBIX
MOJTyYeHHbIE 3HAYEHUs MPUBSA3aHBI K BBICOTHOM
cucteme (PSMSL — RLR, https://psmsl.org/).
[TpuBsizka K BRICOTHOW CHCTEME JAeNaeT 3TH JaH-
HbI€ KOHJIMIIMOHHBIMU 1 TTO3BOJISIET UCIIOJIB30BATh
UX 7151 PEATUCTUYHON OI[EHKH COBPEMEHHBIX KO-
nebaHuil ypoBHS MOpEil.

VYpoBeHb BOIBI MOpEW KOHTPOJIUPYETCS psi-
JIOM METOJIOB: JIaHHbIE OEPETOBBIX YPOBHEMEPOB,
NaHHbIE, TMOTYYCHHbIE CITyTHUKAMH, — aJbTUMe-
TPUYECKHE U3MEPEHHUS YPOBHS MOBEPXHOCTU MO-
peil ¥ rpaBUMeTpUYECcKUe U3MEPEHUST U3MEHEHHI
Macc BOJIbI HA TTOBEPXHOCTU 3emid. Beprukanb-
HBIE CMEIEHUS TBEPAOH MOBEPXHOCTH 3eMIIH,
KOTOPBIC BIMSIFOT HA 3HAYCHUS TTyOWMHBI MOpEH,
yuuTtbiBatoTcsi [T HCC-nabnroneHussMu.

Hacrosimas paboTa mpencTaBisieT MOMBITKY
paccuyuTarb METOAOM UHCJICHHOTO MOJAEIUPO-
BaHUS BKJIAJl OCTATOUHBIX SIBICHUMU, CBSI3aHHBIX
C MOCJECTBUSMU MOCJIETHETO TI00AIBHOTO OJie-
JICHEHHS, B COBPEMEHHBIE BEPTUKAJIbHBIE JIBUKE-
HUSl M1 OTHOCUTEJIbHbIE U3MEHEHUS! YPOBHS MOpeit
M0 OTHOIICHUIO K JAJIbHEBOCTOYHBIM MOPSIM Kak
re0IMHAMUYECKH AaKTUBHBIM 30HAM.
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MeToabl nccnegoBaHus

Ilpoonema yuema exnaoa 2nayuo-
U 2UOpoOU30CmMaszuu 8 COBPEeMeHHble
umeHnenus yposnsa mopei Mupoeozo okeana

Pesynbrarel HaOmoOnEHUIT 32 COBPEMEHHBIMU
U3MEHEHUSIMH YPOBHS MOped MupoBoro oxkeana
HAMpsIMYIO0 3aBUCAT OT NMPUMEHSEMBIX METOJIOB
HaOMIONCHUH.

Ha OeperoBbIX ypOBHEMEPHBIX CTaHIHIX
U3MEPSAIOT OTHOCHTEIbHOE H3MEHEHHE YPOBHSA
MOpsi — IIyOHHY MOpsI B KOHKpEeTHOH Touke. Ho nx
MCIIONIb30BaHME MPH OIICHKE BKJIaJa OCTATOYHBIX
JIBUKEHUIM B KoJleOaHMsI YPOBHSA MOpEH 3aTpya-
HSIETCS TE€M, YTO CETh YPOBHEMEPHBIX CTAHIIMA
110 BCEMY MUPY OTHOCHUTEIIHFHO PeIKast.

Habnronenns ¢ MCronb30BaHUEM JIa3€PHBIX
BBICOTOMEPOB, YCTAaHOBJICHHBIX Ha CITyTHUKaX
(TOPEX) (https://sealevel.jpl.nasa.gov/missions/
topex-poseidon/summary/), XOTS ¥ TOKpPBIBAIOT
OOJIBIIYIO TIOIIA/b, HO NMPEIOCTABISAIOT JaHHbIC
00 M3MEHEHHUSAX BBICOTHOTO MOJOXKEHUS MOBEPX-
HOCTH BOJABI 0€3 ydyeTa HM3MEHEHHsSI BBICOTHOTO
MOJIOKEHUsI THA (TBEpAON MOBEPXHOCTU 3€MIIH).
OTCcyTcTBHE AAaHHBIX O BBICOTHOM IIOJIOXKEHHH
JTHA HE TI03BOJISIET HAMPSIMYIO CPAaBHUBATH PE3YIThb-
TaThl YPOBHEMEPHBIX CTAHIUU C aJbTUMETpHYe-
CKUMHU JTaHHBIMH CITyTHUKOB.

B pacuerax m3MeHEHUN ypOBHsI MOpPEW NpH
MOJICTTUPOBAHUH 32 IOBEPXHOCTH BOAHOM MOBEPX-
HOCTU TPUHUMAETCS TOBEPXHOCTh Teouia IpH
YCIIOBUM COXPAHEHUs MOCTOSHHOW Macchl BOABI
U JICTHUKOBBIX MOKPOBOB. [lonokeHue moBepx-
HOCTH TEOHJia ONpEeNAeTCs TPaBUTALIMOHHBIM
MOJIEM M €r0 MECTHBIMU aHOMAJIUSMHU, CO3]aBa-
eMBIMH TIEpEMEIIaeMBIMI MacCaMd BOJIBI, JIbJIa
Y BEIECTBA 3eMHBIX HeAp [5].

CoBpeMeHHBIE BBICOKOTOYHBIE CITyTHUKOBBIE
CHUCTeMBbl HaONIOACHUN 3a BapHalUsIMH TpaBU-
tauronHoro noina 3emiu (GRACE) no3zBossitor
CIIEINTh 32 U3MEHEHMUSMHU MacC Ha 3€MHOH IO-
BepxHocTu. Ilocne oOpaboTku M3MepeHuit, mo-
nyuyeHHblXx GRACE [6], pe3ynbrarel npeacTas-
JISIIOTCSL B BUJI€ YCJIOBHOM BBICOTHI BOAHOTO CJIOS,
B HMX 3aKJaJlbIBaeTCsl OlIMOKa, CBSI3aHHAs C W3-
MEHEHUSIMU TPABUTAITMOHHOTO TIOJIST HE TOJIBKO 32
CUET M3MEHEHHsI TOJIIIUHBI BOJAHOTO CIIOSI U 00b-
eMa Macc JibJja, HO U 3a CYeT IepeMelIeHU Mace
MaHTHUHHBIX CIIOEB (COMYTCTBYIOIIEEC M3MEHEHHE
I'PaBUTALIMOHHOIO TIOJIS).
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O4eBUIHO, YTO pE3yJIbTAThI, OJYyYEHHBIE 110
JAHHBIM CITyTHUKOB, U3MEPSIOLIUX IPABUTALMOH-
HOE I10JI€, U PE3yJIbTaThl BBICOTOMEPHBIX CITyTHU-
KOB, 4 TAK)K€ JJaHHbIC YPOBHEMEPHBIX CTaHIIUI HE
MOT'YT COBIIaJaTh.

Bxnag B u3MeHeHHs ypOBHS MOpEH COBpe-
MEHHOI'O TOTEIUIEHUs KIIMMAara OLCHUTb MOXHO
TOJIBKO TPUOIM3UTEIBHO, TEM HE MEHee aKTy-
aJIBHOCTh IpOOIeMbl TpeOyeT MOUCKa MOIXOJ0B
K €€ PELICHHUIO.

Octaro4sble IpoLecchl OT U3MEHEHUH HArpy-
JKCHMSI U pa3rpyKEHHsI 36MHOM IIOBEPXHOCTH B I1e-
PHOJ CMEHBI JIETHUKOBOM 3MTOXH MEKIIECTHUKOBBEM
MOTYT OBITh OLIEHEHBI ITyTEM YUCIIEHHOT'O MOJIEIIH-
pOBaHMs C NPUMEHEHUEM CIELUAIU3UPOBAHHBIX
KOMITBIOTEPHBIX IIPOIPAMMHBIX KOMIIJIEKCOB.

Ocobennocmu npozcpammnozo Komniekca
SELEN4

[porpammusiii kommexkec SELEN4 (Sealevel
Equation Solver) [7-9] sBnsercs nociennei Bep-
cueil pazpabarsiBaemoro ¢ Hadana 2000-x romos
MPOAYKTA JUIsl pacyera U30CTaTUUYEeCKOW KOPpEeK-
TUPOBKH IOCJIE OKOHYAHUS JIEAHUKOBOIO MEPUO-
J1a ¥ TasiHUSL TIOKPOBHBIX JIETHUKOB.

[Iporpammusblii kommnexkc SELEN npu pac-
4YeTe MCMHONb3YeT OCECUMMETPUUYHYI0 MOJENb
3eMiM, U pacdeT BEIETCsl 10 BCEH MOBEPXHOCTH
riaHeTsl. Bepudukanus pesynbsTaroB OcCyllecT-
BIISIETCSL IIyTEM CPaBHEHMsI MOJYYEHHBIX IAaHHbBIX
U UMEIOIIMXCS Maneoreorpaduieckux JaHHBIX.
Panee namu ¢ momorsio komriekca SELEN Obuim
BBINIOJTHEHBI PacyeThl M0 OLEHKE BKIAAa THIAPO-
M30CTa3UU B T€OJIMHAMUKY U U3MEHEHUS YPOBHS
JUIS1 JaTbHEBOCTOUHBIX Mopeit [10, 11 u ap.].

B mnocneagneil BepcuH MPOrpaMMHOIO KOM-
IUIEKCa YYMUTBHIBAIOTCS HM3MEHEHUs OeperoBoif
JIMHUU BCJICJCTBUE WU3MEHEHUN YPOBHS MOPEU U
MIPELECCUU 3EMHOM OCH B PE3yibTare TAsTHUS I10-
KPOBHBIX JIEAHUKOB. ECiM y4eT u3MEHEHUH KOH-
¢duryparuu 6eperoBoi JMHUH BIUSICT HA yBeJINYe-
HUE TOYHOCTH OLIEHKH N3MEHEHUI ypOBHS MOpSI B
KOHKPETHOM MECTE HEIOCPEICTBEHHO, TO ITperec-
CHsl 36MHOH OCH B PE3yJIbTare CHATUS HArpy3KH
JIEJTHUKOBBIX MIOKPOBOB — Y€PE3 U3MEHEHUE UHCO-
nsauuu. M3MeHeHue yra HakjloHa OCH BpallEeHUs
3eMIIH BIUSET TAKXKE Ha IIepepacipeielieHUe Chll,
BO3/IEHCTBYIONMX Ha 000JI04KY 3eMJIM 1 MAaHTHUH-
HBIE CJIOM, YTO OYEBUAHBIM O0pa30M BIHSET Ha
nedopManuy TBEPIOH 3eMHOM MTOBEPXHOCTH.
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Puc. 1. I3MeHeHre OTHOCUTENIFHOTO YPOBHS MOpSI IO pe3yiabraTaM pacdera B nmporpaMMHoM komiuiekce SELEN4 ¢ ucnonbp3oBaHneM
creHapus eqankoBoit ucropun ICE6G y nynkra [leBek (a) u, 11 cpaBHeHus, y myHkTa [1yspro-Puxko (b).

Fig. 1. Change in relative sea level based on the calculation results in the SELEN4 software package using the ICE6G glacial history
scenario at the Pevek point (a) and, for comparison, at the Puerto Rico point (b).

Y4er usmMeHeHH KoH(Uryparuu 6eperoBoit
nuauu B SELEN4 npoBonutcest ¢ yuyeToM clemy-
IOIMKUX TMapaMeTpoB: 1) Iuiomaapr OKeaHa, CBO-
001HOTO OT JIbJA; 2) 00BEM IUIABAIOIIETO JIBJA;
3) oOwveM nbaa, Jexkarero Ha aHe Mops; 4) 00b-
€M JTbJIa, JISKAIIETO Ha CYIIIe BBIIIE YPOBHS MOPSI;
5) momaae cyuim, CBOOOAHOM OT JIbA.

Puc. 2. Pacnipenenenue 3HaYyeHUN BA3KOCTH MAHTHUHHBIX CIIOEB
B Mozenu VM5a [13].

Fig. 2. Distribution of viscosity values of mantle layers in the
VM5a model [13].
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V3MeHeHne HaKIIOHA 3€MHOW OCH OIEHHUBa-
eTcsl IpUOJIM3UTENBHO B 18 KM IO MOBEPXHOCTH
3emiu BCIEACTBUE M3MEHEHHsI Harpy3Kd Ha Io-
BEPXHOCThH 32 CUET TassHUSI TOKPOBHBIX JICTHUKOB
HauuHast ¢ 26 Teic. J1.H. CKOpPOCTh M3MEHEHHUS
HAaKJIOHA 3€MHOH OCH OLICHMBAETCS B HACTOsAIIEE
Bpems oT 1° no 3° B MwuinoH Jier. OTMeuaercs
YCKOpEHHE HAaKJIOHA OCH JI0 5 °/MJIH JIET B IEpUOJ
YCKOpEHHMsI TasiHUS JETHUKOB BO BpeMsl 3MH307a
MWP-1A (meltwater pulse 1A) — B mepuoa Mex-
ny 14.3 u 12.8 teic. 1.H. [12].

B nmanHOIT paboTe BBIOJIHEH pacyeT B MPO-
rpaMMHOM Komiuiekce SELEN4 ¢ ydyetom usme-
HEHUI KOHpUrypauuu 6eperoBoil JMHUM 3a Bpe-
Ml IO CTIENIEAHUKOBOM TPAHCTPECCHH U CMEIICHHUS
ocu BpamieHusi 3emun. Pacuer mpoBenen no 448
cTeneHu chepruueCcKUX rapMOHUK C pa3pelieHHEeM
100 kM no nmoBepxHOCTH 3emud. bbuia nucnomb3o-
BaHa neanukoBas ucropusi ICE6G (puc. 1 a, b)
U peosoruyeckuii mpoduib 000104YeK 3emMiH
VM5a (puc. 2). Cuer BbinonHEeH Ha 48-s1epHOM
npoiieccope, norpedoBasioch 26 ['6 oneparuBHOM
MaMsATH U 26 4 BpEMEHU.

MaTepuansi

JInst oueHKH BKIJIaJla OCTAaTOYHBIX MPOIECCOB
TIOCJIC TasHUS MMOKPOBHBIX JICTHUKOB M yBEJINYE-
HUS 0o0beMa BoAbl B MUPOBOM OKeaHe pe3ylibTa-
Thl MOJICTTUPOBAHUS CPAaBHHUBAIUCH C JIAHHBIMH
ypoBHeMepHbIX cTaHIui U ' HCC-HabmroneHui.

YpoBHEMEpHBIC HAOTIONEHUS OBUTH B3SITHI U3
0a3pl JaHHBIX MOCTOSIHHBIX HAONIOACHUI 3a W3-
MeHeHusIMU ypoBHsi Mopeit (https://psmsl.org/).
Hcnonp30Banuch TONBKO JaHHBIC, IPUBEICHHBIC
Kk MecTHoi cucteme BbIcOT (RLR, revised local
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reference) ¢ yueToM UCTOPUHU TEPEHUBEIUPOBOK
BBICOTHOI CHUCTEMBI, T.€. KOHTPOJI T'€0TEKTOHU-
YECKUX M3MEHEHHH, KOTOPbIe IPOUCXOAMIIH C Ha-
yana HaOIroNeHu .

JInst OLIEeHKHW BEPTUKAIBHBIX IBUKEHUI TBEP-
JIOW MOBEPXHOCTH 3eMJIM MPUHUMAIHNCh JaHHbIE
co craanuii [HCC, pacnonoxeHHbIX MOOIU30CTH
oT ypoBHeMepHbIX ctaHuui (https://www.sonel.
org/). OueHKy CKOpOCTeN ABUKEHUS TBEPIOH 1o-
BEPXHOCTH, BBUIOKEHHbIE Ha caidte https://www.
sonel.org/, BBHIMOIHEHBI HECKOJIBKUMH METOa-
MU, pa3pabOTaHHBIMU B PAa3HbIX YUPEKICHUSAX.
Tak, pemeanie URL6b GPS momyueno Mexnmy-
HapogusiM ['HCC-cepBucom (IGS — Interna-
tional GNSS service); pemeane NGL14 — Ne-
vada Geodetic Labortory; JPL14 — Jet Propulsion
Laboratory, California Institute of Technology;
GT3-pemenne — ['epMaHCKUM Hay4dHO-HCCIENO-
BaTeIbCKUM ILIeHTpoM Hayk o 3emue (GFZ Ger-
man Research Centre for Geoscience).

PesynksraThl M 06CcyXxXaeHue

Ha puc. 3—7 npuBeneHsl pe3ynbTaTbl Moje-
JUPOBAHMUS.

Ha puc. 3 nokazansl coBpeMeHHbIE U3MEHe-
HUS BBICOTHI T€OHIa. YUET HU3MEHEHHUS BBICOTHI
reousa, o CyTH, aHaJIOT MOHUTOPUHTA TpaBUMe-
TPUYECKOTO TOJIS:

G=3d/g,

rae G — BeicoTa reoua, @ — U3MEHEHHUE ITPaBUTA-
[IMOHHOTO MOTEHIINANa, g — YCKOpEHUE CBOOOIHO-
ro naJieHusl.

H3MeHeHune BBICOTHI BOJHOM MMOBEPXHOCTH N
(puc. 4) ecTb aHAJIOT CIyTHUKOBOMW aJIbTUMETPHUU:

N=G+c,

rJe ¢ — MOCTOSTHHAsl COOTHOIIEHUS MacC BOJBI U
JbAa.

Pacuer m3ameHeHUsT Harpy3Ku BOJHOTO CIIOS
L, mepecuntanHoi B MM/Tox (pHC. 5), CyTh aHa-
sor muccun GRACE. U3Mmenenne Beca Ipna Win
BOJIBI HA €IUHUILY TUIOLIAAN JACIUTCS, COOTBET-
CTBEHHO, Ha TMJIOTHOCTH JIbJIa WJIH BOJIBI.

BeprukanbHble CMeEHIEHUS TBEpPAOM IIO-
BepxHocTH 3emun (puc. 6), anamor GNSS-
HaOMIoNeHni, ompexnenstorcs Qynkuuend [puHa
OT 3HAYE€HUS HATPy3KU.

N3meHeHne OTHOCUTENBHOTO YPOBHSI MOpS
(tmy6unsr) (puc. 7): S = N — U, tne N — uzme-

TEOMH®OPMATUKA U KAPTOIPADUS 361

TEOMOP®O/IOrvsi U NAJNIEOTEOrPA®US

HEHHE BBICOTBI BOAHOW MOBEpXHOCTH, U — BepTH-
KaJIbHOE CMEILEHNE TBEPAOU ITOBEPXHOCTH.

Pe3ynbratel MOIENMpPOBAHMS  OCTAaTOYHBIX
IIPOLIECCOB B U3MEHEHMSX OTHOCUTEIILHOIO ypPOB-
Hs MOpEN M BEPTUKAJIBHBIX CMEIIEHUN TBEPIOM
MOBEPXHOCTH 3eMJIM 10 JIaHHBIM OLIEHOK HaOIIto-
nennii Ha ['HCC-craniusix npuBeieHbI B TAOIHUIIE.

OueHkn CKOpOCTEW, NOJY4YEHHBIX B pas-
HBIX HCCIIEOBATEIbCKUX LIEHTPAX, Pa3IMdaroTCs
B Ipeienax MeHee 1 Mmm/ron (cM. Tabmuiry).

CpaBHMBasi CKOPOCTH JBHKEHUM, MOJyYEH-
HBIE 10 pe3yNbTaTaM MOJIEBBIX HAOMIOIEHUH U 110
pe3yJibTaTaM MOZEJIMPOBAHUS, MOXHO OLICHUTh
JIOJIF0 OCTAaTOYHBIX JBUKEHUU IIOCIIE JIEIHUKOBO-
ro0 MakCUMyMa.

B Tabnue npuBeieHbI 3HaUCHUS BEPTUKAIb-
HBIX JIBW)KEHHHM TBEPIOM NOBEPXHOCTU 3EMIIHU
U OTHOCHUTEIBHBIX M3MEHEHHH YpOBHS MOpEH,
MOJTyYEHHBIE Pa3HBIMU CIIOCOOAMU. YUMTHIBa,
YTO HAaTypHbIC HAOIIOACHHUS «B I0JIE» UMEIOT TO-
YEUHBIN XapakTep, Vsl CPAaBHUTEIBHOTO aHAJIN3a
B35ThI JOCTYIIHBIE JJAHHBIE 110 JaJIbHEBOCTOUHBIM
MopsaM. Takke 111 cpaBHEHUS! ObUTH B3AThHI He-
CKOJIBKO TOYEK U3 PaiOHOB B «OJMKHEH 30HE»
MOKPOBHBIX OJiefIeHeHUnH. DTo cTaHumu Spikarna
B llIBennu u Churchill va 6epery 3an. I'ynzoH.

Puc. 3. CoBpeMeHHOE H3MEHEHUE BHICOTHI Teoraa (MM/TO).
Fig. 3. Modern change in geoid height (mm/year).
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Puc. 4. VI3meHeHne BRICOTHI BOTHOM MOBEPXHOCTH (MM/TOL). Puc. 5. V3meHeHue Harpy3kd BOIHOTO CJIOS IepeCcUUTaHHOU
Fig. 4. Change in water surface height (mm/year). B MM/TOI.
Fig. 5. Change in water layer load recalculated in mm/year.

Puc. 6. BepTukanpHble CMEIIEHUs TBEpAOH MOBepXHOCTH 3eman  Pue. 7. V3MeHeHHE OTHOCHTENBHOTO YpOBHSA MOps (TITyOHHBI)
(Mm/Tom). (MM/Topm).

Fig. 6. Vertical displacements of the solid surface of the Earth  Fig. 7. Change in relative sea level (depth) (mm/year).
(mm/year).
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OO6pamaer Ha cebsg BHUMAaHHE IOCTATOYHO
v o= XOpOolllee COBIAJICHUE KaK B CKOPOCTAX JBUXKE-
MENIN N HUW TBEPIOH MOBEPXHOCTH, TaK U B U3MEHEHUAX
T o OTHOCHUTEIILHOTO yYPOBHSI MOpPSI B ONMM)KHEH 30HE
¢ pesynbratamu monenupoBanus SELEN4. Tak,
Oeper 3ai. ['ya30H, KOTOPBII HAXOAHUIICS IO JIEe-
HUKOM, HO B CTAOWJIBHBIX YCIIOBUSX B CPAaBHCHUH
B|e alqlalQ C aKTUBHBIMU TI€OJUHAMUYECKHUMHU 30HAMH, IO
SRR Sle S| nauabiM [THCC mokaszan CKOpOCTh BO3IBIMAHUS
TBEpJON MOBEPXHOCTH B cpeaneM 10.45 mm/rorx,
no pesyiasratam moxaenupoBaHuss SELEN4 —
10.735 w™m/rog. OTHOCHUTENBHOE W3MEHEHUE
YPOBHSI MOPsI B 9TOM TOYKE IO TAHHBIM HaTYPHBIX
F | = A AR 5 Habmonenuit (—7.083) mm/ron, mo pe3ynbTaram
> = ==1== = MozenupoBanus — (-9.614) mM/rox.
AHaJIOTM4HOEe, JOCTaTO4YHO XOpollee Co-
BITaJICHUE PE3YyJIFTaTOB MOJCIUPOBAHUS HAOIIO-
naetcs Ha OanrtuiickoM mobepexbe IlBennuu Ha
V| < | ]
S % 2z S crannuu Spikarna. [To manasiM T'HCC, ckopocTth
@ a BO3JBIMAHUS TBEPJOM MOBEPXHOCTH B CPEIHEM
3 = 9.565 mm/rom, Mo pe3yabTaraM MOJEITHUPOBAHUS
§ 5 SELEN4 — 7.74 mm/ron. OTHOCUTENIBHOE U3MeE-
g, 3 HEHHE YPOBHS MOpS B ATOW TOYKE IO JaHHBIM
I § S8 123 o HaTypHBIX HaOmronenuit (—4.545) mm/roa, mo pe-
Sz =" IR :
& 3 3yapTaraM MojenupoBanus — (—7.426) MM/roz.
§ § Cnengyer OTMETHTb, YTO B JaHHOM Ciyuae
© o npeobaagaronuM GakTopom B BO3IBIMAHUH TBEP-
§ g g § »§ N % JI0¥ MOBEPXHOCTU U U3MEHEHUH OTHOCUTEILHOTO
§ RS S o5 | o5 | o8 | o8 | = YPOBHSI MOpSI SIBJISIIOTCSI OCTATOYHBIC IBUKCHHUS
el d R I A I B pe3ynbTaTe IIAIuOn30CTa3nH.
_ o ITo mepe ormaneHusi ot «ONMXKHEH 30HBI»
E E] = % % % % é LEHTPOB OJIENICHEHUs pPa3HULIAa MEXIYy pacyer-
RN R A dE 4 b= HBIMU PE3yJIbTaTaMH, KOTOPHIC YIUTHIBAIOT BKJIA]
T = Ly thps [OCJIe TasgsHUA JEIHUKOB, U MOJEBLIMU HAOIIOIE-
2 alalaly HUSIMH, KOTOpPbIE JAI0T CYMMHUPOBAaHHBIN 3P QEKT,
e SIS YBEJIUYMBACTCSA, YTO B MPUHIUIE O0XHUIAEMO.
§ S 88 & & ¥ To ecTh BKJIAJ OT TIISIIMON30CTAa3UN B COBPEMEH-
N 232 HbI€ TPOIECCHl COKPAIAETCs, OCTAeTCs THAPO-
M30CTa3us U COMYTCTBYIOIIHUE TMPOIECCHI, TAKUE
= < | = ~ Kak «CU(OHHUHT U APYTUE, CBSI3aHHBIC C U3MEHE-
6] ) ; E] 5 g 2 ; HHUEeM 00BbeMa M MacChl BOJIbI, a TAK)KE BCTYMAIOT
z — |2 = B JIEJI0 T€OAMHAMUYECKHE MPOLECCHI.
Ha cranmun «Tukcn» (SIkyTwsi) ckopocTh
BO3JBIMaHUs TBEPJON MOBEPXHOCTU MO JAAHHBIM
I'HCC B cpennem 0.87 mm/ron, mo pesyiabTaram
a monenupoanus SELEN4 — 0.294 mm/roz. OtHO-
<Z: E CUTEIHLHOE U3MEHEHUE YPOBHS MOPS B ATOU TOY-
ol g % vl | g-é % K€ IO JaHHBIM HartypHbIX HaOmoaeruit (—0.705)
SESEE 222 22 = MM/TOZI, TO pe3yJbTaraM MOJACIUPOBAHUS —
SARSARZERZ OV = (—0.266) mm/Tog.
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Bknapg rmgpon3octasnm B COBpeMeHHble N3MeHEeHUA YPOBHSA MopeVl n BepTuKaribHble ABV)XXeHUs TBepqul noBepxHoCcTn 3emnn

[To mepe mpuOIMKEHUS K T€OINUHAMUYECKU
aKTUBHBIM TOOEPEXbSIM, B JallbHEH OT IIEHTPOB
OJICZICHEHMSI 30HE, pPa3HUIIA MEXIY HaTypHBIMHU
HaOJIOICHUSIMH M pPACYE€THBIMH JTAHHBIMHU €I11e 3Ha-
YyHUTeIbHEE, BIUIOTh 10 CMEHBI 3HAaKa ABHKEHHUS.

Tak, B Oyxte Haraesa (Maraman) cpen-
HSsl CKOpOCTh BO3abIMaHusi mo nanHbiM [THCC
094, a mno pesynsraTaM MOJEIUPOBAHUSA
(-0.505) mwm/rom. OTHOCHTENHHOE H3MCHCHHE
YPOBHS MOpS B 3TOI TOUYKE MO JaHHBIM HaTYPHBIX
HaOmonenuit +1.48, mo pesyabraraMm MOJEINPO-
Banus (—0.548) mm/rog.

Ha cranuuu «Ilerponasinosck-Kamuarckuii»
CKOPOCTb MOTPYKEHUSI TBEP/I0I MOBEPXHOCTH IO
nanabiM THCC B cpegnem —5.38, 1o pesynbratam
monenupoBanus — (—0,496) mm/ron. OTHOCUTEb-
HOE M3MEHEHHE YPOBHS MOpPS B 3TOM TOYKE IO
JAaHHBIM HATYpHBIX HabOmtoneHui +3.38, mo pe-
synbTaram mojaenupoBanus (—0.623) mm/roz.

Ha cranmun «Xakomare 1» (SImonus) cko-
POCTh BO3IIBIMAHUSI TBEPJOW TOBEPXHOCTH IO
nanabiM THCC B cpennem +5.85, no pesynbra-
tam MonenupoBanus — (—0.544) mm/ron. OTHOCH-
TEITbHOE M3MEHEHUE YPOBHS MOpPSI B 3TOM TOYKE
M0 JTAHHBIM HATYypHbBIX HabOmronenuit (—1.145), mo
pesynbratam moaenupoBanus (—0.496) mm/rog.

Ecnu nanpaBieHus OBH>KEHUSI TBEPAOU MO-
BEPXHOCTU MO HATYpPHBIM HAOMIONEHUSIM H pe-
3yJbTaTaM MOJICTUPOBAHMS TIPOTHUBOIOJIOXKHBI,
Kak B cirydae «HaraeBo» mim «Xakomate 1» (Bo3-
IbIMaHUE TI0 HATYPHBIM HAOMIONEHUSM U TIOTPY-
JKEHUE TI0 PACUYETHBIM), TO BKJIAJl OT JABMIKCHUUN
TBEPION MOBEPXHOCTH B COBPEMEHHOE IIOBBI-
LICHUE YPOBHSI MOpsl OTPULIATEIbHBIM — 3a CYET
s dexTa ruaporu30CcTa3nM, T.€. COBPEMEHHOE T10-
BBIIIIEHHWE YPOBHS MOps crepxkuBaerca. OmHako
MOJIOKUTENIbHOE 3HAYEHHE OTHOCUTEIIbHBIX U3Me-
HEHUU YPOBHS MPHU OTPHUIIATEIBHBIX 10 PE3YJbTa-
TaM MOJIETTHUPOBAHUS CBUICTEIHCTBYET O JOMOI-
HUTENIBHBIX (JaKTOpaXx, MPUBHOCSIINX CBOU BKJIA/I
B U3MEHEHUS YPOBHS MOPsI, HAIPUMEP TEPMOCTa-
TUYECKHUX, 32 CUET HarpeBa BOJ B CBS3H C IOTe-
IJICHUEM KIIUMaTa.

[To nanubvM ctannnu «Ilerponasnosck-Kam-
YaTCKHil», TBEpAas MOBEPXHOCTb HCIBITHIBACT
MOTPYKEHHE KaK 10 HATYPHBIM JJAHHBIM, TaK | IO
pacueTHbIM, UYTO CBUIETEIBCTBYET O TOM, 4TO
B OTOH TOYKE T€OAMHAMHUYECKH OOYCIOBIICHHBIC
JIBIDKEHUS TBEPJIOM MOBEPXHOCTU 3EMIIM YCHUIIU-

TEOMH®OPMATUKA U KAPTOIPADUS
TEOMOP®O/IOrvsi U NAJNIEOTEOrPA®US

BatoTca (akTopoM ruapousocrazuu. Ho momno-
JKUTEJIbHbIE OTHOCUTEIIHBIE M3MEHEHUS YPOBHS
Mopsi (yBeJMYEHUE TITYOHHBI MOPs1) 110 HaTYPHBIM
JaHHBIM U OTpHIATENbHbIE (YMEHbLICHHE Iy-
OMHBI) MO pe3ynbTaTaM MOJEIUPOBAHMS CBH/IE-
TEJIBbCTBYIOT O CACPKUBAHUU ITOBBIILICHUS YPOBHS
MOpsl 3a CUET KaK I'eOJUHAMHUYECKOro (akropa,
Tak u 3¢dekra rugponsocrazuu.

Ha crannumn «Xaxonare 1» TBepaas moBepx-
HOCTB BO3/IBIMAETCS, HO THAPOU30CTa3Us CACPIKU-
BaeT, TOra Kak IIyOMHA MOps yMEHbIIAETCsl KaKk
[0 HATYpPHBIM HaOMIOACHUSAM, TaK U IO pacyer-
HbIM. B 1aHHOM ciy4ae Taxke IOJIydaeTcsl, 4To
re0IMHAMUKA, B PE3YJbTaTe JIaTEpaJIbHBIX JBUKE-
HUM 3€MHOW KOpBI, U THJIPOU30CTa3Hsl CACPKUBA-
10T KJIMMAaTH4ECKO€E MOBBIIIEHUE YPOBHS MOPA.

3aknroyeHue

JIt0OOMBITHBIM PE3yIBTaTOM MPOBEAECHHBIX
HCCIICIOBAaHUM OKa3aJoCh TO, YTO, II0 JAHHBIM
MOJICTUPOBAHMS, KJIMMaTHUYECKOE MOBBIIICHHUE
YPOBHS MOpsI CAEPKUBAETCS 3a CUET OTPULIATEIb-
HOro BKJIaJa rujapousocrasuu. Ecim reonuHa-
MUYEeCKUN (haKTOp MOXKET MEHSATh HarpaBJeHHE
B MHULMHMPOBAHUMU JBHKCHUH TBEPIOM IMOBEPX-
HOCTH 3€MJIM U TEM CaMbIM BO BpPEMSI HUCXOJS-
IIMX JBIKEHUH yCyryOWTb MOCHEACTBHS B IO-
BBIIICHUU YpPOBHS MOpEH, TO THUIPOU30CTa3UA
B I€0JUHAMHYECKH aKTUBHBIX pallOHaX OKa3bIBa-
€T CIIeP>KUBAIOIIEE BIUSIHNE HA COBPEMEHHOE T0-
BBILIICHUE YPOBHS MOPEH.

AKTyaJIbHOCTh ~ PEIMCTUYECKOW  OLIEHKU
3HAQYEHUN BEKOBOT'O MOBBIIICHUSI YPOBHSI MOpeil
st Oe3omacHOi M 0e3yOBITOYHOM 3KCIuTyara-
Mu OeperoBbIX MH(PPACTPYKTYp HAcTaWBaeT Ha
Ooyiee IIMPOKOM HU3YYCHUU JAHHOTO SIBICHHMSL.
[IpuoputeTHBIM TOJDKHO OBITH KaK pacuIupeHue
HATYpHBIX HaOIrOeHUi 3a KojaeOaHUsIMU YPOBHS
Mopel Ha OeperoBbIX YPOBHEMEPHBIX CTAHIIUAX C
I'HCC-conpoBoxaeHrneM, Tak 1 aHaJIu3 [ajIeoreo-
rpadUyYecKUX JaHHBIX XOJa U3MEHEHHUIl YpOBHSA
MOpEH B NIOCJIEIETHUKOBYIO TPAHCIPECCHIO.
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Estimation of groundwater recharge
using the cumulative rainfall departure method
for Bac Lieu province, Mekong Delta, Vietnam

Trinh Hoai Thu', Renat B. Shakirov?, Nguyen Van Hoang®, Tran Thi Thuy Huong',
Nguyen The Chuyen®, Natalia S. Lee*, Elena V. Maltceva*®, Anna L. Venikova®

@E-mail: ekor@poi.dvo.ru

nstitute of Marine Geology and Geophysics, VAST, Hanoi, Vietnam

2V I I’ichev Pacific Oceanological Institute, FEB RAS, Vladivostok, Russia

3 Institute of Geological Sciences, VAST, Hanoi, Vietnam

*Vietmam National Center for Water Resources Planning and Investigation, Hanoi, Vietham

Abstract. Estimation of the groundwater (GW) recharge from rainfall is important for determining GW resources
in water resources development and management. GW is currently extensively exploited and is an important source
of freshwater for people in the Mekong Delta, Vietnam, especially during dry seasons. To achieve sustainable
utilization of GW resources in the delta, it is essential to determine the annual renewable GW reserve from the
rainfall recharge. The study provides evidence for the application of the cumulative rainfall departure (CRD) method
for the GW recharge estimation for deep aquifers. The monitored rainfall data and GW levels of the aquifers in Bac
Lieu province are used. The results of the analysis by the CRD method show that the fractions of cumulative rainfall
departure for Holocene (gh), Upper Pleistocene (gp,), Middle-Upper Pleistocene (gp, ,), and Lower Pleistocene
(gp,) aquifers are 0.08 %, 0.18 %, 0.55 %, and 0.50 %, respectively, which only equals 1.31 % of the total rainfall.
The Pearson correlation between the observed and model water levels is high, from 0.898 to 0.925. The total GW
annual recharge from the rainfall over the province is estimated to be 74.07 million m?, equivalent to 203 000 m?/day,
i.e., which is 16 % lower than the current water abstraction of 23 600 m*/day. The obtained results are important
for subsequent comparison with the Red River basin in northern Vietnam, where it is necessary to keep track of the
groundwater inflow along with its volume/resource, including the inflow from the geothermal system of the rift zone
of the Red River.

Keywords: Mekong Delta, groundwater monitoring, Pleistocene, Holocene, Pearson correlation,
net recharge
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Pe3tome. Ouenka moanutku rpyHToBbIX BoJ (I'B) 3a cyet aTMOChepHBIX 0CaIKOB BasKHA [UIS OMPEACIICHHUS PECYPCOB
I'B put ocBOCHUM ¥ yIIpaBJICHUN BOJHBIMHU pecypcaMu. B Hactosimiee Bpems I'B mipoko SKCITyaTupyroTes U sIBISTIOT-
Cs1 BAYKHBIM MCTOYHUKOM IIPECHOM BOJIBI ISl HACETICHUS] BO BLETHAMCKOH JienbTe p. MEeKOHT, 0COOCHHO B 3aCyIUINBBIE
ce30HBI. J{J1s1 TOCTH)KEHMsI yCTOHYMBOTO MCHOJIB30BaHMs pecypcoB ['B BakHO onpenesnTh eXeroJHbli BO30OHOBIIsIC-
MBI pezepB ['B Gmaronapst moanuTke 10kaeBoi Bomoll. B pabore mpuBeneHa apryMeHTanus IPUMEHIMOCTH METO/Ia
KyMYJIITHBHOTO ITpUTOKa ocaakoB (cumulative rainfall departure, CRD) st onenku mognutku I'B uist niry6oknx Bozto-
HOCHBIX TOPU30HTOB. VCIIONB3yIOTCS JaHHBIE O KOJIIMYECTBE 0CaIKOB M YPOBHAX I'B BOJOHOCHBIX TOPH30HTOB B IIPO-
BuHmHu bakibey. [1o pesynbraram anammza metonom CRD, nomm KymysasTHBHOTO OTTOKA OCAJKOB JIsl BOZOHOCHBIX
TOPHM30HTOB roJIoNeHa (¢/), BEPXHETO TIEHCTONE A (gp,), CPEIHETO—-BEPXHETO TIEHCTONE A (gp, ;) ¥ HIKHETO TIIEH-
crouena (gp,) cooTBeTcTBeHHO cocTapnstoT 0.08 %, 0.18,0.55 u 0.50 %, To ecThb Beero 1.31 % OT kKoMMYECTBA OCAIKOB.
Koppensiuns [Tupcona mexxay HaOII0AaeMBIMUA U MOJICNIBHBIMH YPOBHSIMH BOABI BbIcOKast, oT 0.898 mo 0.925. O6mmit
rofoBoii 3amac I'B ot ocaikoB Hajl npoBuHIKE# oreruBaercs B 74.07 mutH M3, uto skBuBasieHTHO 203 000 M*/1eHs, T.c.
Ha 16 % Hmwke Tekymiero 3abopa B 23 600 m*/nenb. [loayueHHbIC pe3ynbTaThl BAYKHBI IS TOCIEAYIOMIETO CPABHEHUS
¢ bacceiinoM p. Kpacnas Ha ceBepe BoeTHama, rj1e KpoMe OLIEHKH PECypCOB ITPYHTOBBIX BOJ HEOOXOAMMO BECTH YUET
MIOCTYIUICHHS TTIOJI3EMHBIX BOJI, B TOM YHCJIE U3 TEOTePMaIbHON cucTeMbl prudToBoii 30HBI p. KpacHast.

KnroueBble cnoBa: JCJbTa MeKOHFa, MOHHUTOPHUHI TOA3CEMHBIX BOJ, HHGﬁCTOHeH, TOJIOLICH, KOppeJIsIus HI/IpCOHa,
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Introduction

Groundwater (GW) is an important freshwater
source for people in the Mekong Delta, Vietnam,
especially during dry seasons when the quality of
surface water is deteriorated in most parts of the del-
ta [1-4]. Groundwater is abstracted via dug wells,
small-scale household tube wells, or medium- and
large-scale central supply wells that were dug as
part of the Rural Clean Water Supply Program [5—
71]. The Division for Water Resources Planning and
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PaGoTa BeIONHEHA B paMKax HCCIEIOBATENHCKOrO IIPO-
exta UQDTCB.01/23-24, ¢punancupyemoro BreTHamMcKoit
Axanemuerr Hayku u TexHonoruii (VAST), u Tocynap-
CTBEHHOM POCCHHCKON NporpaMMbl (yHIaMEHTaIbHbBIX
Hay4yHBIX uccnenoBanuii (tema Ne 124022100078-7),
a Takxe TIpH Tmoguepxke Poccuiickoro Hay4HO-
ro ¢onma (rpant RSF-VAST Ne 24-47-04001; https:/
rscf.ru/project/24-47-04001/). B pamkax  mpoekTa
UQDTCB.01/23-24 BeimonHeHbl 0T00p Mpod, 06padoTka
JaHHBIX ¥ 0a30BbIN aHaNU3, BKJIIOYas oOIIyI0 MHTEpIIpe-
TAIMI0, METOJOJOTHIO U TIOJITOTOBKY PYKOINCH; 3a CUET
rpanTa RSF-VAST No. 24-47-04001 — Bu3yanu3amus, HH-
TeprpeTanus, 00CyKIEHUE Pe3yIbTaTOB M NTOTOBBIM Ba-
pHaHT cTaThy, B pamKax TeMsl Ne 124022100078-7 — muian
CTaThy ¥ (HOPMaNbHBIH aHAIH3.

ABTOpBI BEIPaXar0T HCKPEHHIOK OarogapHocTh A-py Do
Huy Cuong, nupektopy IMGG VAST, 3a noaaepxky co-
BMECTHBIX HCCIEIOBAHHNH W COTPYIHHUYECTBO. ABTOPEI
OnmaromapsaT peleH3eHTOB 32 KOHCTPYKTHBHbIE 3aMEIAHMUS
¥ PEIKOJIJIETHIO JKypHAaa 3a BHUMaHue K pabore.

Investigation found that 60 percent of wells access
the Pleistocene aquifers of the delta (gp, , and gp,
in Fig. 1 a), and that most water supply projects
for domestic and industrial water supply use this
aquifer. The GW exploitation, especially over-ex-
ploitation, causes land subsidence, which in coastal
areas poses a flood inundation hazard in the Delta.
The average annual rate of GW decline is about
0.3 m and the land subsidence is at an average an-
nual rate of 1.6 cm [8]. From 1991-2015, the Delta

TEOCUCTEMBbI MEPEXOAHbIX 30H, 2024, 8(4)



Estimation of groundwater recharge using the cumulative rainfall departure method for Bac Lieu province, Vietnam

sank on average about 18 cm and in 2016 within
1.1 cm/yr — 2.5 cm/yr as a consequence of GW
withdrawal [9, 10]. Minderhoud et al. [11] present-
ed projections of extraction-induced subsidence
and consequent delta elevation loss for this century
using a 3D hydrogeological model with a coupled
geotechnical module. The results show that if the
GW extraction continues to increase continuously
as in the past decades, extraction-induced subsid-
ence would drown the Mekong Delta before the
end of the century. The combined effect of global
sea-level rise [11] and groundwater abstraction and
its induced subsidence result in further saltwater in-
trusion [8, 12].

To have a future sustainable utilization of GW
resources in the Mekong Delta, the determination
of the annual GW renewable component, including
the recharge of GW in flood periods, is an important
issue [13]. One of the components of GW renew-
able reserves is the dynamic reserve thanks to the
rainwater recharge. Although the annual rainfall in
the Mekong Delta is from 1300 mm to 2500 mm
[14], the wide distribution of the top surface soil
from medium (sand, silty sand) to weak (silt, semi-
permeable clay) formations limits the GW recharge
from rainfall. The authors Jan et al. [15] pointed
out that, the fresh GW volume in the Mekong Delta
is huge in comparison with the present yearly ex-
traction rate. However, the annual replenishment
is very limited, the extraction rate can cause rapid
upcoming of brackish and saline GW, which is a
serious salinization threat to the fresh GW volume.

Within this work, a study on the GW recharge
via the rainfall infiltration using the revised cumu-
lative rainfall departure (CRD) method [16] for
GW levels obtained in the monitoring GW bore-
holes in Bac Lieu province in the Mekong Delta is
carried out and presented.

Aboutrecharge estimation methods

Groundwater recharge estimation is a dif-
ficult, sensitive, and delicate problem and varies
very much in accuracy and uncertainty. The au-
thors Kinzelbach et al. [17] in their survey work
on the most common methods of recharge esti-
mation have classified into the following groups
with accuracy ratings in three classes, according
to regional recharge estimates: 1) class 1: factor
of 2 (two times larger or two times smaller than
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the true value); 2) class 2: factor of 5 (of the same
order of magnitude); and 3) class 3: factor of 10
or more (with large errors likely). Following Kin-
zelbach et al. [17], the CRD method proposed by
Bredenkamp et al. [18] has advantages in simplic-
ity and error stabilization thanks to the long time
series, and the disadvantage in requirement of
storage coefficient, of known discharge (including
abstractions), and the accuracy class 2 to 3.

GW recharge may occur thanks to different
mechanisms, four types of which can be distin-
guished by Xu and Beekman [19]: 1) vertical wa-
ter flow through the unsaturated zone reaching the
water table; 2) lateral and/or vertical inter-aquifer
flow; 3) artificial recharge, such as from in-
filtration ponds or injection water wells; and
4) induced recharge from nearby surface water
bodies (rivers, streams, lakes), which results from
the groundwater abstraction.

The CRD methods have been applied in sev-
eral studies, mainly for shallow aquifers. The au-
thors Xu and Van Tonder [16] demonstrated the
application of the CRD method to several shallow
fractured aquifers with low storativity. Adams et
al. [20] used the chloride mass balance (CMB), the
saturated volume fluctuation (SVF), and the CRD
methods to quantify GW recharge of the aquifers in
the Central Namaqualand of South Africa and ob-
tained that the SVF and CRD results are of a good
agreement and that the GW recharge is higher in
the mountainous areas than in the lower lying areas,
and that the GW recharge mainly occurs through
the alluvial aquifers with significant soil cover.

The author Baalousha [21] applied the CRD
method for quantification of GW recharge in the
Gaza Strip (Palestine), a transitional zone be-
tween the semi-humid zone and the semi-arid
loess plains. The aquifer system in the area of
study. The aquifer is mainly phreatic with thick-
ness from a few meters at the east to 170 m and
consists of Pleistocene calcareous sandstone and
gravel and Holocene sands interbedded with some
silts, clay, and conglomerate. The aquifer stora-
tivity values range between 0.0005 and 0.03. The
average GW recharge had been determined to be
from 31.64 % to 41.10 %, on average 36.74 %.

The authors Rasoulzadeh and Moosavi [22]
utilized CRD and revised CRD methods to esti-
mate the GW recharge from rainfall to the Qua-
ternary aquifer, with thickness from 30 m to more
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than 300 m in the Tashk Lake area, Iran. The aq-
uifer consists of rubble stone, gravel, sand, and
silt with a small amount of clay and has a storativ-
ity of 0.0342 as determined by the pumping test
data. The results showed that the rainfall recharge
is 35 % with a lag time of 1 month between the
rainfall and GW level change.

The authors Sun et al. [23] applied the rain-
fall infiltration breakthrough (RIB), a modified
revised CRD model for the estimation of GW re-
charge by the rainfall percolating through the un-
saturated zone to the water table in two research
sites characterized by two extremely different
types of geology in west coastal South Africa: the
coastal plain sand aquifer with a diffuse recharge in
Riverlands Nature Reserve (Western Cape, South
Africa), and the mountain group aquifer (TMGQG)
with a localized recharge in Oudebosch catch-
ment in the Kogelberg Nature Reserve (Western
Cape, South Africa). The storativity ranges from
0.05 to 0.15 for fine to medium sand cover, and
the water table depth ranges from 1.6 m to 3.5 m.
The GW recharge estimated is 1647 % at the
daily scale and 9.3-27.8 % at the monthly scale at
Riverlands, while at Oudebosch is 51.5 % of MAP
at the daily scale and and 15.7 % at the monthly
scale. Similarly, Nguyen Duc Roi [24] applied the
RIB method to the shallow Holocene aquifer in
Hung Yen province, Northern Vietnam.

Some issues remain with the CRD method,
such as the applicability of the method for deep
aquifers [16], for different climatic areas un-
der different hydrogeological conditions [23].
The present study attempts to deal with the cli-
matic conditions different from the arid and semi-
arid, i.e., the tropical climatic conditions, and
for deep aquifers with vertical inter-aquifer flow
through semi-pervious aquitards and rainfall per-
colation through the ground surface aquitard in
the Vietnamese Mekong delta in the southernmost
region of Vietnam.

Cumulative rainfall departure
method (CRD)

Method description

The revised CRD method utilizes the rela-
tionship between water level fluctuations and the
departure of rainfall from the mean rainfall of a
preceding time [16] which is defined as:
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Y
n=l Ravl n=l1 n=l1

(n=1,2,3..N), (1)

where:
N is the total length of rainfall series;
R, is the rainfall amount at i time scale (daily,
monthly, or annually);
R is the mean precipitation of the whole time
series;
P is a threshold value representing the boundary
conditions.

A linear relationship between the CRD, value
and water level change during the i time duration
1s assumed:

1

r .
Ah, =E(3CRDI.); (i=0,1,2,3..N), (2

where:

Ah, is the water level change during the i time
duration;

r is the fraction of cumulative rainfall departure
which results in recharge;

S is the aquifer storativity (i.e., the aquifer storage
coefficient S* for confined aquifer or the specific
yield u for the unconfined aquifer).

Therefore, Eq. (2) may be used to estimate
the ratio of the aquifer recharge to the aquifer
storativity through a regression analysis between
CRD, and 4h..

In case the monitored groundwater level fluc-
tuations are effective by the natural aquifer dis-
charge and/or pumping out, the following is used
instead of Eq. (2):

Ah =1(}CRD,.)—%;
S AS
(i=0, 1, 2, 3...N) 3)
where:

Q.. 1s the total natural aquifer discharge and
pumping out during the i” time duration;
A is the area under the effect of the aquifer dis-
charge, pumping out, or pumping in.

If the rainfall departure is positive, the water
level definitely will rise and vice versa. However,
as long as there is a surplus of recharge over the
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discharge of an aquifer, the natural water level
may continue to rise even though the departure is
negative.

About Rt values

Following the authors Xu and Van Tonder
[16], the value of R = 0 represents a closed aquifer
system, which means that the recharge at i™ time
scale only depends on preceding rainfall events,
while a value of R, = R represents an open sys-
tem, which perhaps is regulated by spring flow.
Both 7 and R, values are determined during the
simulation process. The value of R, slightly great-
er than R had been revealed in the current work
and shall be addressed and discussed as follows.

For accessing the R, value, let us consider the
case that there is no recharge other than the rain-
fall recharge and any discharge, and rewrite (1)
and (2) as follows:

Sah,_

- i 1 i ,
R 2—— R R
nZ:l: ! ( Rlnl ]Z '

n=l1

(n=1, 2, 3...N) (4)

For R, = 0: A ZR (n=1,2, 3..N)

nl

which shows that 4/ is increasing with time as

ZRn; (n=1, 2, 3...N) increases with n.

" For R,=R _, the rainfall events R do not have
a trend, and the cumulative rainfall average would
conformto R [16]:

zg{g& [2——21% JZRW} =

av n=1 n=1

=1(2Rn —iRavj; (n=1, 2, 3...N)
S\ n=l (5)

Eq. (5) is the CRD formula proposed by
Bredenkamp et al. [18] with £ =1, i.e., there is no
pumping and/or natural discharge:

/CRD, = Zi:Rn - kzi: R,:
n=1 n=1

(n=1, 2, 3...N). (6)
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Let us consider the case of using R, > R
for coping with the net effect of pumping and/or
natural outflow O in Eq. (3), as the actual CRD
analysis has shown an increasing water level fluc-
tuation tendency with the use of R = R .

thRDi (Rav)_ thRDi (Rt) =

= _Zi:Rn [2——21{ JZRW}

n=l1 av® n=1

- Z}R (2——213”]213 } =

av® n=l

= 2—— Rj(iRt—iRavj;
R n=l1 n=1

av n=1

where: |CRD,(R,)), |CRD,(R) are CRD values
determined withR, =R _and R > R, respectively.

Therefore, the groundwater level drawdown
(4s,) due to the net effect of pumping and/or natu-
ral discharge is:

As, = (2——213 J[ZR —ZRWJ;

av® n=1

(n=1, 2, 3...N). (8)

Application of CRD method
toBac Lieu province, South Vietham
Hydrological conditions of the study area

The study area is Bac Lieu province with an
area of 2669 km?, located in the southernmost re-
gion of Vietnam in the Vietnam Mekong Delta,
the most downstream area of the Mekong River
basin Delta (Fig. 1 a). The Vietnam Mekong Delta
region includes Can Tho city and 12 provinces
(Long An, Tien Giang, Ben Tre, Vinh Long, Tra
Vinh, Hau Giang, Soc Trang, Dong Thap, An Gi-
ang, Kien Giang, Bac Lieu and Ca Mau). The Me-
kong Delta has a total area of 40816 km? and a
total population of nearly 18 million [25].

The hydrogeological conditions of the Me-
kong Delta in general and Bac Lieu province in
particular, are characterized by the following 7 aq-
uifers and 7 semi-permeable layers (Fig. 1 b) [26].
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Fig. 1. Map of Southern Vietnam showing the study
area (Bac Lieu province) within the Mekong delta
including groundwater monitoring wells and hydro-
geological cross-section AB location illustrated (at
the top). Hydrogeological cross-section along line AB
(below). The bore-holes (wells), their ID and depth
indicated as well as semi-permeable sediment layer
(quaternary, yellow colored), aquifers (blue colored)
and fault position provided.
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Holocene porous aquifer (qh)

The Holocene aquifer (g/) consists of layers
of ash-gray, blue-gray, yellow-gray fine sands to
medium sands with grits or gravels, in some plac-
es interbedded with layers of silty sands and silt.
The Holocene aquifer is exposed to the ground
surface in some places but is mostly underlain by
the Holocene semi-pervious layer (Q,) and lying
above the upper Pleistocene layer (Q ). The Hol-
ocene aquifer thickness varies from 4 m to 32 m,
on average 18 m.

Aquifer storativity (S) which is equal to the
multiplication of the specific storativity of the ag-
uifer material (S ) and aquifer thickness is an im-
portant required parameter in the determination of
the rainwater recharge in the aquifer. The aquifer-
specific storativity is determined by the water unit
weight, water, and aquifer material compressibili-
ties, and total porosity. The water at 25 °C has a
compressibility of 4.6x107'° m*N. For fine sands
to medium sands with grits or gravels, the com-
pressibility would be 1.3x108 m*N [27]. With the
porosity of the Holocene and Pleistocene aquifers
of around 0.25 [26], the specific storativity of the
aquifers’ materials is around 0.00013/m. There-
fore, the aquifer storativity is 0.00234.

There is only a groundwater monitoring well
(Q17701T) in the gh aquifer which is located near
the study province Bac Lieu in the west of prov-
ince Ca Mau (Fig. 1).

Upper Pleistocene porous aquifer (qp,)

The Upper Pleistocene aquifer (gp,) con-
sists of layers of ash-gray, blue-gray, yellow-gray
fine sands to medium sands with grits or gravels,
in some places interbedded with layers of gray,
blue-gray, gray-yellow, light gray silty sands, silt,
and silty clay. The Upper Pleistocene aquifer is
underlain by the upper Pleistocene semi-pervious
layer (Q,?) and is lying above the Middle-Upper
Pleistocene semi-pervious layer (O *°). The gp,
aquifer thickness varies very much from 2 m to
65 m, on average 17 m. Similarly to aquifer gh,
the aquifer storativity is 0.00221.

The groundwater monitoring well (Q5970)
in the gp,, qp, ,, and gp, aquifers is located in the
east of province Bac Lieu in the west of Ca Mau
province (Fig. 1).
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Upper Middle—Upper Pleistocene porous

aquifer (qp, )

The Middle-Upper Pleistocene aquifer
(gp, ;) consists of layers of ash-gray, blue-gray,
yellow-gray fine sands to medium sands with
grits or gravels, in some places interbedded with
layers of gray, blue-gray, gray-yellow, light gray
silty sands, silt, and silty clay. The Upper Pleis-
tocene aquifer is underlain by the Upper Pleisto-
cene (Long Toan formation) semi-pervious layer
(0,*?) and is lying above the Lower Pleistocene
(Ca Mau formation) semi-pervious layer (Q,").
The gp, , aquifer thickness varies very much from
5 m to 100 m, on average 46 m. Similarly to ag-
uifers gh and gp,, the aquifer gp, , storativity is
0.00598. The groundwater monitoring well in the
qp, , aquifer is Q5970 (Fig. 1).

Lower Pleistocene porous aquifer (qp,)

The Lower Pleistocene aquifer (gp,) con-
sists of layers of dark-gray, ash-gray fine sands to
medium-coarse sands, in some places interbedded
with layers of gray, dark-gray silty sands, and silt.
The Upper Pleistocene aquifer is underlain by the
Lower Pleistocene (Ca Mau formation — Q,'cm)
semi-pervious layer (Q,') and is lying above the
Middle Pliocene (Nam Can Formation — N *ac)
semi-pervious layer (N,*). The gp, aquifer thick-
ness varies from 25 m to 53 m, on average 37 m.
Similarly to aquifers gh and gp, and gp, , the
aquifer gp, storativity is 0.00481. The groundwa-
ter monitoring well in the gp, aquifer is Q5970

(Fig. 1).

Middle Pliocene porous aquifer (n)

The Middle Pliocene aquifer (n,?) consists
of layers of blue-gray, light yellow fine sands
to coarse sands, interbedded with layers of silty
sands, and clayey sands. The Middle Pliocene ag-
uifer is underlain by the Middle Pliocene semi-
pervious layer (V,?) and is lying above the Lower
Pliocene (Can Tho Formation — N,'ct) semi-per-
vious layer (V,'). The n* aquifer thickness varies
from 18 m to 123 m, on average 78 m. Similarly,
to the above aquifers, the aquifer n* storativity is
0.01014.
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Lower Pliocene porous aquifer (n.')

The Lower Pliocene aquifer (#,') consists of
layers of ash-gray, blue-gray, light gray fine sands
to coarse sands mixed with some clay, in some
places with gravels, interbedded with layers of
gray, ash-gray silty sands, silts. The Lower Plio-
cene aquifer is underlain by the Lower Pliocene
semi-pervious layer (N,") and is lying above the
Upper Miocene (Phung Hiep Formation — N *ph)
semi-pervious layer (V). The n,' aquifer thick-
ness varies from 33 m to 52 m, on average 43 m.
Similarly, to the above aquifers, the aquifer 7.’
storativity estimate is 0.00559.

Upper Miocene porous aquifer (n 13)

The Upper Miocene aquifer (7 °) consists of
layers of fine sands to coarse sands, in some plac-
es interbedded with layers of silts. The Upper Mi-
ocene aquifer is underlain by the Upper Miocene
semi-pervious layer (V). The n* aquifer thick-
ness varies from 15 m to 122 m, on average 51 m.
The aquifer n?storativity estimate is 0.01586.

Semi-pervious layers

The semi-pervious layers that have been
mentioned above have the lithological contents
and the thickness as follows.

— The semi-pervious Holocene layer Q, has a
thickness from 11 m to 25 m (20 m on average)
and consists of ash-gray, dark-gray, yellow clay-
ey silts, and silts interbedded with lenses of fine
sands.

— The semi-pervious Upper Pleistocene layer
Q,® has a thickness from 5 m to 43 m (16 m on
average) and consists of ash-gray, dark-gray, blue-
gray silty clay, silts, silty sands, in some places
interbedded with lenses of fine sands.

— The semi-pervious Upper-Middle Pleistocene
layer O *7 has a thickness from 7 m to 65 m (26
m on average) and consists of ash-gray, blue-gray
laterite clay, silts, and clayey silts.

— The semi-pervious Lower Pleistocene layer
Q,' has a thickness from 3 m to 60 m (15 m on
average) and consists of blue-gray, dark-gray, red-
gray laterite clay, silty clay, silts, in some places
interbedded with fine sands mixed with many silts.

— The semi-pervious Middle Pliocene layer N}
has a thickness from 3 m to 28 m (11 m on av-
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erage) and consists of blue-gray, light-gray, and
red-gray clay.

— The semi-pervious Lower Pliocene layer N,
has a thickness from 3 m to 20 m (13 m on aver-
age) and consists of blue-gray, light-gray, dark-
gray, yellow-gray clay, silty clay, clayey silts with
laterite grits.

— The semi-pervious Upper Miocene layer N>
consists of mainly tight silts and clay. Its thick-
ness is not well determined as there is only one
bore-hole drilled through the layer in 14 m of
length.

The semi-pervious layers have low hydraulic
conductivity from 107 m/day to 10~* m/day [26].

The above-described aquifers and aquitards
are all distributed within Vietnam territory, under
the East Sea, and expanded to the Kingdom of
Cambodia and the Lao People’s Democratic Re-
public. The distributed recharge to the aquifers is
exclusively from the rainfall: the rainwater infil-
trates to recharge the Holocene aquifer g4, which
in turn recharges the Upper aquifer gp, and so on
[26]. The water level elevations are in the low-
ering sequence from the topmost aquifer (Holo-
cene aquifer gh) to the lowest Quaternary aquifer
(Lower Pleistocene porous aquifer gp,) as shown
in Fig. 2.

On the capability of the CRD method
of dealing with deep

vertical inter-aquifer flow

aquifers in the study area

The groundwater level of the aquifer gp,
and gp, , have been being monitored since 1995,
during which very insignificant groundwater ab-
straction took place in the context of the country’s
extremely low economic activity. The quality of
the groundwater level monitoring is not so good
during the first monitoring year. Analyzing the
monitored data, reasonable and seemingly good
monitoring data in the monitoring well Q5970
(shown in Fig. 1) is from the 27th of February
1996 to the 27th of March 1997 [28] (Fig. 2 b).
The Pearson correlation analysis shows a high
relationship (the correlation coefficient is 0.930)
between the daily water level of aquifers gp, and
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qp, , (Fig. 3). This would allow us to conclude
that the increase of qp, water level causes verti-
cal groundwater flow from gp, to gp, , through
the semi-pervious layer Q*°. The component
of the vertical flow rate which recharges aquifer
qp, , may be estimated using Darcy law and that
vertical flow rate may be calibrated with the as-
sumption that the rate is determined by the dif-
ference in water level of aquifers gp, and gp, .,
the thickness and the hydraulic conductivity of
the semi-pervious layer Q *°.

Therefore, the fluctuations of the water lev-
els of the aquifers in the multi-aquifer system in
the study area are synchronized with each other.
This would also be supported by the high Pearson
correlations between CRD simulated GW levels
and observed GW levels for all aquifers under
consideration.

Fig. 2. Groundwater levels time series monitoring data: (a) qh
(monitoring well Q17701T) and gp, (monitoring well Q5970) dur-
ing 01.12.2019-29.07.2022; (b) gp, and gp, , from 27.02.1996 to
27.03.1997 in monitoring well Q5970. On the (a) and (b) vari-
ations of groundwater levels observed, fluctuated seasonally and
annually. Clearly exposed by monitoring data that even during dry
season’s groundwater level stay still keep enough high values. This
is optimistic observed phenomena making rainfall method helpful
to use data for groundwater management in the area.
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Let us now consider the relationship between
rainfall and groundwater level of the uppermost
aquifer gh. The aquifer gh receives recharge from
the rainfall via the rainwater infiltration neither
through the unsaturated or saturated zone above
the uppermost aquifer. The water level fluctua-
tion of the uppermost aquifer is dependent upon
that rainwater infiltration rate. In our case, the
rainwater infiltration takes place in the Holocene
semi-pervious silty layer O, of thickness of 20 m
on average. The lack time of for the water to re-
spond to the rainfall is the time the wetting front
reaches the semi-pervious layer bottom. Roi [24]
showed that the lag time would be 5.5 days for
the Holocene silty unsaturated zone thickness of
3 m in Hung Yen province (North of Vietnam),
based on the assumption that the lag time is lin-
early proportional to the thickness of a semi-per-
vious layer, the lack time of the water level re-
sponse of the Holocene aquifer g/ to the rainfall
in this study area would be around one month.
Yet, the CRD method is also capable of analyz-
ing the lag time through the time series of CRD
simulated water level fluctuations and the time
series of monitored groundwater levels.

The lag time of one month is initially used
in the CRD model: the data series of the monthly
rainfalls and the groundwater levels at the month’s
end are used.

gp;; Water level - y (MSL)

-1.4 -1.2 -1.0 -0.8 0.6

gp; water level - x (MSL)

04 0.2

Fig. 3. Correlation between water level of gp, and gp, , in monitor-
ing well Q5970. Here and on the Figures 4-7, R indicates the cor-
relation coefficient. Good correlation of water levels in the well on
different depth reflects high permeable and dynamic groundwater
systems entirely reflecting variations under the certain local and
regional factors.
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An illustration with long-term
semi-hypothetical repeated rainfall
and GW level

The data series of the monthly rainfalls and
the groundwater levels of the aquifer gp, at the
months’ ends from the 31st Mar. 1995 to the 29th
Feb. 1996 are used for the next 7-year duration
(Fig. 4 a). The total rainfall during the 12 months
from the 31st Mar. 1995 to the 29th Feb. 1996 is
1.989 m. With the storage coefficient of the aqui-
fer equal to 0.003, the fraction of the rainfall that
recharged the aquifer is equal to 0.12 %. There-
fore, the aquifer gp, annual recharge from the
rainfall is 0.0024 m. The Pearson correlation co-
efficients for R = R _and R, = 1.023R  are 0.965
and 0.952, respectively (Fig. 4 b). The observed

and CRD simulated water level fluctuations are
presented in Fig. 4 a along with the month rain-
falls. It seems that the lag time of one month is
appropriate for the aquifer water level. The CRD
simulated monthly water level (WL) fluctuations
for R, = 1.023R_ seem to be of a 12-month cycle.

The application results

As it was mentioned before, the groundwa-
ter level monitoring has been not so well imple-
mented, i.e., the monitoring wells in the aquifers
had not been installed at the same time, and the
monitoring data are most likely not corrected for
some periods. Therefore, some separated periods
for each of the aquifers have been selected for
the analysis. Each couple of figures, Figures 5—7

Fig. 4. Observed and CRD simulated WL fluctuations of gp, in monitoring well Q5970 for long-term semi-hypothetical repeated rainfall
(a) and the correlation between them (b). This figure clearly illustrates approval of CRD method verified by experimental observations
and simulated computing during 31.03.1995 — 31.03.2003 confirmed by well correlated values for demonstrated sites of gp3.

Fig. 5. Observed and CRD simulated WL fluctuations of gk during Mar. 2010 — Mar. 2014 (a) and the correlation between them (b).
This figure approves by the CRD method obtained data verified by experimental observations and simulated computing confirmed by well
correlated values for demonstrated sites of g4 during 30.03.2010 — 30.03.2014.
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present the CRD simulated monthly water level
fluctuations and Pearson correlation between
observed and simulated water level fluctuations
for gh, qp., qp, , anq qp, aqulf.ers, r'espectlhvely.
The Pearson correlation coefficient is relatively

high, from 0.894 to 0.925. Table summarizes the
analysis results.

Meanwhile, the present GW abstraction from
the Quaternary aquifers is 236 000 m?/day, which is
much higher than the net recharge from the rainfall.

Fig. 6. Observed and CRD simulated WL fluctuations during Jan. 2016 — Jan. 2019: gp, (a) and the correlation between them (b);
qp, , (c) and the correlation between them (d). This figure clearly illustrates approval of CRD method verified by experimental observa-

tions and simulated computing confirmed by well correlated values

for demonstrated sites of gp, and gp, , during 31.01.2016-31.01.2019.

Fig. 7. Observed and CRD simulated WL fluctuations of gp, during Jan. 2020 — Jan. 2022 (a) and the correlation between them (b). This
figure illustrates approval of CRD method verified by experimental observations and simulated computing confirmed by well correlated
values for demonstrated sites of gp, during 31.01.2020 — 31.01.2022.
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Table. Determined not to recharge values by the CRD method

Aquifer R c(l))rerg;?ircl)n Annual rainfall Per'centagg of Annual net
coefficient (R) (mm) rainfall (%) recharge (mm)
qh 1.12 0.920 2207 0.08 1.77
qp, 1.25 0.898 2000 0.18 3.60
qp, , 1.20 0.894 2056 0.55 11.31
qp, 1.80 0.925 2216 0.50 11.08
Average: Total
2120 1.31 27.75

Note. From the whole Bac Lieu province: with area of 2669 km?, annual net recharge is 74.07"10° m*/year, or 203 000 m3/day.

Discussions

The CRD method’s authors suggested that
for an open aquifer system, the R, is equal to
the average rainfall R . The present study shows
that R is equal to 1.12 R for the shallowest ag-
uifer gh from which there is no GW exploita-
tion, (1.20-1.25) R for aquifers gp, and gp, .,
and to a very high value (R = 1.80R ) for aqui-
fer gp,. This issue would be significant matter to
be further investigated.

Finally, the fractions of cumulative rainfall
departure for aquifers gh, gp,, qp, , and gp, are
0.08 %, 0.18 %, 0.55 %, and 0.50 %, respec-
tively, which is equal to 1.31 % of the rainfall.
The fractions are rather small in comparison to
34.1 % — 38.1 % obtained by Roi [24] for Hung
Yen province, Northern Vietnam. The total frac-
tion of 1.31 % would provide the total GW annu-
al recharge of 74.07 million m? from the rainfall
over the whole Bac Lieu province, equivalent to
203 000 m?/day. The current GW abstraction of
236 000 m*/day in the province is 16 % higher
than the estimated GW recharge from the rain-
fall, which needs to be paid attention to in the
water planning in general and reconsideration of
the GW exploitation plan in particular for Bac
Lieu province.

Comparable research should be performed
between the Southern (Mekong River basin) and
Northern (Red River basin) Vietnam areas to get
clear pattern of groundwater recharge not only
by rainfall but also by underlying deep water
saturated strata also influenced by hydrogeolog-
ical geothermal processes.
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Summary

The CRD method originally developed for
arid and semi-arid Southern Africa has been
proven to apply to Northern Vietnam [24] and
Southern Vietnam (the present study) with tropi-
cal climates. The applicability of the CRD meth-
od for deep aquifers would be judged through
the Darcy law describing a vertical inter-aquifer
flow which is determined by the difference in
water level of upper and lower aquifers with an
in-between semi-pervious layer having a certain
hydraulic conductivity and the results of the pre-
sent study.

The present study shows that the CRD sim-
ulated GW levels of all four Quaternary aquifers
in the study area have a tight correlation with
the monthly rainfall, which means that the pre-
ceding monthly rainfall results in the water level
fluctuation at the end of the month.

For the further research authors will con-
tinuing these studies using additionally eco-
logical and landscape methods, and performing
hydrochemical, microbiological and gasgeo-
chemical and geophysical research in the study
areas, which will allow us to specify the hydro-
geological situation and clarify the dynamics of
groundwater resources and their quality during
seasonal and annual fluctuations.
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BynkaHuyeckas akTMBHOCTb Ha Kypunbckux octpoBax B 2023 T.

A. B. Jleemepes®, M. B. Yubucosa
@E-mail: d_a88@mail.ru

Hucmumym mopcroti eeonoeuu u eeousuxu /[BO PAH, IOscno-Caxanunck, Poccus

Pe3tome. B 2023 1. Ha KypuibCkux oCcTpoBax B COCTOSIHUM M3BEPKEHHUS HAXOIIINCH ByJIKaHbI J0eko n YuKypauku,
pacnonoxernHsie Ha 0. [lapamymup (CeBepusie Kypuisr). Byiakan 36exo Ha npotsokeHnu 2023 T. IpOSBISUT THITHY-
HYIO JUISI €T0 MTOCIICAHUX JIET YMEPEHHYIO BYJIKaHCKYIO aKTHBHOCTb, XapaKTepU3YIOLIYIOCs YacThIMU (PpeaTHdaecKUMHU
U (pearoMarMaTHYeCKUMH NETUIOBBIME dKCIUTO3usIMU. Kamepoli BuieoHabmonenns 3ahukcupoBatno 675 BEIOPOCOB
Ha BBICOTY OT 1.5 110 4.5 KM H.y.M., 13 HuX 293 BbIOpOoca — Ha BBICOTY 3 KM 1 Ooiiee. Kak 1 B mpeapLAyIue rojbl, Mak-
CUMYM aKTUBHOCTH (I10 KOJIMYECTBY U BBICOTE BEIOPOCOB) HAOIIONAJICS C UIOHA IO aBrycT (244 merioBeIX BEIOpOCa,
94 13 KOTOPBIX Ha BBICOTY 3 KM H.y.M. U Oonee). IloBbIIIeHHAs 9acTOTa SKCIUIO3UH OTMedatachk ¢ sSIHBapsl 10 arpeib
(B stHBape 59, B Mapte 64 BbIOpoca), Takxke B gekadpe (56 coobituii). Ha Bynkane Unkypauku B nepuof ¢ 28 ssHBaps
1o 8 (eBpaisi MPOUCXOANIIO OYEPEHOE IKCIIO3UBHOE U3BEPKEHUE. DPYNTUBHAS JESITEIBHOCTh XapaKTepPHU30BaIaCh
MPOSIBICHUEM yYMEPEHHOW BYJIKAHCKON aKTHBHOCTH: HAONIONAINCh KaK OTJACIIbHBIC B3PBIBBHI, Tak M (pa3pl oTHOCH-
TEJIBHO CIIOKOWHOM M MPOJOIDKUTEIBHOM SMHCCHU IIEIUI0-Ta30BOM cMecH. 3aMKCHPOBAaHO HE MeHee § BBIOpPOCOB
Ha BBICOTY 2.5—4.5 KM H.y.M., 10 CBOEMY XapaKTepy aHaJIOTMUYHBIX 5 AMH30/]aM KCIIJIO3UBHONM aKTUBHOCTH BYJIKaHa,
MPOUCXOIUBIINM Ha TpoTsokeHun 2022 1.

KnioueBble cnoBa: BynkaH, u3sepikerne, D6eko, Unkypauku, [lapamyurip, Kypuiabckue ocTpoBa, ByTKaHHIESCKUI
IeIel, CIly THUKOBBIE CHUMKH

Volcanic activity on the Kuril Islands in 2023

Artem V. Degterev®, Marina V. Chibisova
@CE-mail: d_a88@mail.ru
Institute of Marine Geology and Geophysics of the FEB RAS, Yuzhno-Sakhalinsk, Russia

Abstract. Ebeko and Chikurachki volcanoes, located on Paramushir Island (the Northern Kuril Islands), were in a state
of eruption in 2023. During that year, Ebeko volcano showed moderate volcanic activity typical of its recent years, char-
acterized by frequent phreatic and phreatomagmatic ash explosions. According to video surveillance data, a total of 675
emissions to a height of 1.5 to 4.5 km above sea level were recorded, 293 of which were up to 3 km above sea level and
higher. As in the previous years, the maximum activity (in terms of the number and height of emissions) was observed in
the period from June to August (244 ash emissions, 94 of which were up to 3 km above sea level or higher). The explosions
were more frequent from January to April (59 emissions in January and 64 emissions in March) and in December (56 emis-
sions). Another explosive eruption of Chikurachki volcano occurred from 28.01.23 to 8.02.2023. The eruptive events were
characterized by moderate volcanic activity: both occasional explosions and phases of relatively quiet and prolonged emis-
sion of ash and gas mixture were observed. At least 8 emissions to a height of 2.5-4.5 km above sea level were recorded,
similar in their nature to the previous 5 episodes of explosive volcanic activity that occurred throughout 2022.

Keywords: volcano, eruption, Ebeko, Chikurachki, Paramushir, the Kuril Islands, volcanic ash, satellite images
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MaTepuansl

Ha Kypunbckux ocTpoBax, SIBISIFOIIMXCS 30-
HOM MPOSIBJIEHHUSI COBPEMEHHOTO OCTPOBOAYKHOI'O
BYJIKAHU3Ma, BBIAEISETCS HE MeHee 36 NelCTByIO-
LIUX BYJIKAHOB, OOJIBIIIMHCTBO U3 KOTOPBIX ITPOSIBIIS-
JI1 aKTUBHOCTB B uctopuyeckoe Bpems. C XVIII B.
n3BecTHO Oosee 150 pasmuuHBIX MO THITy U CHJIE
W3BEP)KEHUH, 3a)UKCHPOBAHHBIX B UCTOPHUUECKUX
XPOHMKaX U JIMTEPATYPHBIX UCTOUHUKAX.

B 2023 r. na Kypunbsckux ocTpoBax B COCTO-
SHUW W3BEPKEHHs] HaXOAWIUCh BYJIKaHbl DOEKO
u Yukypauku (0. [Tapamymup, Ceepubie Kypu-
ae1) (puc. 1). MOHUTOPUHT UX aKTMBHOCTH, KaK
Y B IPEIbIAYLIUE TOJbl, OCYIIECTBISICA 1O JaH-
HBIM JUCTaHIMOHHOTO 30H/IUPOBAHUS U BU3yaJlb-
HBIX Ha3€MHBIX HAOIIOEHUH.

[ns  orcnmexuBaHus TNPOSBICHUN aAKTHB-
HOCTH Ha BIK. D0EKO aHaJM3UpPOBAIUCH H30-
OpaxeHuss ((POTOCHMMKH), MOCTyHAIOUIUE C
[P-xameper AXIS (0526-001), ycTaHoBiIeHHOM
B I. CeBepo-Kypunbck Kamuarckum ¢unnanom
OUL| «Enunas reodusuueckas ciyxba PAH»
comectHo ¢ UMIul' IBO PAH; na Bik. Yu-
Kypaukl — CIIyTHUKOBbIE CHUMKH

(Kamuarckoif rpynmbl pearnpoBaHHs Ha BYJIKa-
HUYECKHUE HU3BEP)KEHMs), C COOTBETCTBYIOIIUMHU
CCBUIKaMH.

JlanHOe COOOILICHNE MPONOKAET CEPHIO
CBOJIOK 10 BYJIKAHUYECKOW aKTUBHOCTH, PETYJIsp-
HO nyOnukyembix Caxanuackoit rpynnoid SVERT
B XKypHaJle «] €0CUCTEMBI IEPEXOIHBIX 30HY.

BynkaHnyeckas akTUBHOCTb
BynKaHoB J6eKo n Yukypaukm
B 2023 .

Bynxan Joeko

Bynkan D6eko (abc. Beic. 1156 M) pacmoso-
KEH B CEBEpHOM uacTu xp. Bepnanckoro, Tpac-
CUPYIOIIETO CeBEpHYIO MOJI0BHUHY 0. [Tapamymup
(puc. 1). B ~7 KM K BOCTOK-IOTO-BOCTOKY OT BYJI-
kaHa HaxoauTca . CeBepo-Kypuibck — aiMUHU-
CTPaTUBHBIN IIEHTP W €IWHCTBEHHBIA HACEJECH-
Hb1i MyHKT MO «CeBepo-Kypuibckuii ropoackoit
okpyr» CaxanuHckoi obiactu (puc. 1).

[TocTpoiika Bik. D6eko He oOpa3yeT TUIHUY-
HOTO CTPaTOBYJIKAHWYECKOTO KOHYyCa, Kak 00Jb-

NOAA-18/19 (AVHRR/POES), Terra/
Aqua (MODIS), SuomiNPP/JPSS-1
(VIIRS), Sentinel-2 u Himawari-8/9
M0 pPa3HOCTH HWH(pPaKpacHbIX KaHa-
noB 10—12 mxMm (4-5 kananst AVHRR,
31-32 kananelr MODIS, 14-15 kaHna-
nel Himawari-8/9, VIIRS), arperupye-
Mble U oOpabareiBaeMble HHPOpPMALIU-
onneiMu cuctemamu «BEI'A-Science»
n  «JlMCTaHIIMOHHBIA MOHUTOPHUHT
BynkanoB Kamuatku u Kypum» VolSat-
View (¢ 2019 1. VolSatView ucnos-
3yeTcsl TOJIBKO ISl PETPOCIIEKTUBHOTO
aHalu3a SPYNTUBHBIX COOBITHH, Tak
KaK OTCYTCTBYET BO3MOKHOCTb OIlepa-
TUBHOTO JTOCTYIA K CEPBUCY).

IIpu paccMOTpEeHHH aKTUBHOCTH
BYJIKaHOB D0eko 1 UMKypauku UCTIONb-
30BaHbl aBTOpckue marepuaibl SVERT
(CaxanuHCKOHM TpynIbl pearupoBaHUs
Ha BYJIKAHWYECKHE H3BEPXKEHUs), MO-

Jy4eHHBIC Ha OCHOBE aHAJIM3a JaHHBIX
JMCTAaHIMOHHOTO ~ 30HAMPOBAHUS, a
takke uHopmaruss VACC (Volcanic
Ash Advisory Center) Tokno u KVERT

MONITORING OF GEOLOGICAL HAZARDS 382

Puc. 1. T'eorpaduyeckoe monoxkeHue ByIKkaHOB DOeko W UuKypauku Ha
o. [Tapamymup.

Fig. 1. Geographical location of Ebeko and Chikurachki volcanoes on Para-
mushir Island.

GEOSYSTEMS OF TRANSITION ZONES, 2024, 8(4)



BynkaHndyeckasi akTuBHOCTb Ha Kypurnbcknx octpoBax B 2023 T.

IIUHCTBO COBPEMEHHBIX AaKTHUBHBIX BYJIKAHOB
Kypunbckoil oCTpOBHOW Iyru, a NpeACTaBIseT
cO0Ol CIOKHOE BYJKAaHHUECKOE COOPYKEHHE
«KYCTOBOI'O» THIMa, 00pa30BaHHOE HECKOJIbKHUMHU
CIIMBIIMMUCS MEXIYy COO0OM pa3HOBO3PACTHBIMU
BYJKaHUYECKUMU arrapaTaMy, HACa)XCHHOE Ha
MHOLIEHOBbIE W MMOLICH-IIJIMOIICHOBBIE BYJIKa-
HOTE€HHbIE U BYJIKAHOT€HHO-OCAJ0YHbIE MOPOJIbI
xp. Bepnaackoro [1-3]. ®opmupoBanue ByiKa-
Ha, MO0 JaHHBIM [2, 4], TPOUCXOAWIO MPUOIU3H-
tenpHO 2000-3000 net Hazan. B sto ke Bpems
nelicTBoBanu KoHycel Heoxxnnanneiii 1 Hesamer-
HBI, pacroiI0KeHHbIe TOOIIU30CTH, HO B HACTOS-
1iee BpeMsi He MPOSIBIIIONINE aKTHBHOCTH (D0eKo
B HACTOSIIEE BPEMS — €IUHCTBEHHBIN JIEUCTBYIO-
Ui ByskaH Xp. BepHazckoro).

Bepmnaa BynkaHa, BBITSHYTas B CyOMepH-
JTMOHATFHOM HANpPAaBJICHUH, OCIIOKHEHA TpeMs
COTMPUKACAIOIIUMUCST MEXAY COo0OW Kparepamu
nuametrpom 200-300 M, Ha3BaHHBIMH, COOTBET-
ctBeHHO, CeBepHblif, Cpennuii u FOxusbii. Ilpo-
SIBIICHUSI SPYNITUBHOM J€ATEIbHOCTH Ha MPOTSKE-
Hun XX—XXI BB. ObuTH nIprypoueHs! kK CeBepHO-
My u CpenHemy kparepam [5].

C 1989 r. naumbonee axtuBeH CeBepHbII
Kkparep [6]. B ero ceBepnoii nonosune ¢ 2018 r.
Haxoautcs kparep KopOyra (Hoswiii CeBepHbIit
Kparep), B KOTOPOM JIOKAJIM30BaHbI COBPEMEHHBIE
akTuBHBIE sxepiia (10 2018 . B ceBepo-BOCTOUHOM
cekrope CeBepHOro Kparepa pacroyiarajiach Tak
Ha3biBaeMask AKTHBHasi BOPOHKA, KOTOpas BIIO-

Puc. 2. Pacnpenenenue oomiero KoandecTsa 3kciuio3ui (1) u skc-
IUTO3UIA Ha BBICOTY 3 KM H Ooiiee H.y.M. (2) Ha BiK. D0eko B 2023 1.
(110 TaHHBIM KaMepbl BUJCOHAOIIONCHNUS ).

Fig. 2. Distribution of the total number of explosions (1) and
explosions up to 3 km a.s.l. (2) at Ebeko volcano in 2023
(according to video surveillance).
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CIIEJICTBUM Oblja paspylleHa U MepeKpbiTa Mpo-
ITyKTaMH akTUBHOCTH Kparepa KopOyTta) [35, 6].

Dddy3uBHBIE TOPOABI BIK. DJOEKO TMpea-
CTaBJICHBI MPEUMYIIECTBEHHO aHje3uba3anbTa-
MU U aHzae3uTaMmu [5, 7], Kk aHme3uTaM OTHOCST-
Csl TaKXKe NPONYKThl u3BepxkeHuil 1934-1935,
2021-2022 rr. [6].

[lo vacTrore M NMPOAOIKUTENBHOCTU U3BEp-
KEHUH BIK. DOEKO SBISETCS CaMbIM aKTUBHBIM
Ha Kypunesckux octposax [1, 2].

C oxta6ps 2016 mo nexabpp 2021 1
BJIK. D0OEKO HaXOAMJICS B COCTOSTHUM JJTUTEIHHOTO
9KCIUIO3UBHOTO U3BEP)KEHHUS, KOTOPOE MPOTEKAIIO
B (popMe peryisipHbIX (IECATKH B Mecsll) (ppearu-
YEeCKUX U (ppeaTo-mMarMaTuueckux B3pbrIBoB. CyM-
MapHo 3a rog rpynnoii SVERT B cBemioe Bpems
CYTOK, NPH OTCYTCTBUU OOJAaYHOCTU M TyMaHa
peructpupoBaioch oT 550 mo 805 BEIOpOCOB Ha
BbicoTy 1-3 (10 5.5) kM H.y.M. B Havasie nepuona,
B 2016-2017 rr., paGoTtanu xepia, pacrnoaoKeH-
Hele B CpeqHem Kparepe U B AKTHBHON BOpPOH-
ke CeBepHoro kparepa, a ¢ 2018 . ObLT aKTUBEH
miaBHBIM 00pa3oMm kparep KopOyra. Haumnas
¢ ceHtsa0pst 2021 . aKTUBHOCTH BJIK. DOEKO 3Ha-
YUTEJIBbHO CHU3WJIACh, U K HOSIOPIO W3BEpKEHHE
3apepmiiock [8]. B gexabpe 2021 r. B kparepe
KopbGyTa o6pa3zoBanochk 03epo [6], BOZHUKHOBE-
HUE KOTOPOIO B YCIOBMSAX YaCThIX BYJIKAHCKHX
AKCIUIO3Ul ObTO HeBo3MOXHO. C nexadbps 2021
no mail 2022 r. ByJKaH MNpOSBISU NpEUMyIle-
CTBEHHO MapOTa30BYyI0 SMUCCHIO; U3PEIKa MPOHC-
xoauiu cialble ppeaTnyeckue B3pbiBbl. HaunHas
c utoHs 2022 r. BiIK. D6€ko 3apaboTai B IPeKHEM
pexxume: ¢ MIoHA 1o jekadbpp 2022 1. 3aduxcu-
poBano 600 mermIoBBIX BRIOPOCOB (253 Ha BBICO-
Ty 3 kM u Oonee H.y.M.). CpeaHsisi yacToTa BbI-
OpocoB, O pe3yabTaramM BHUACOHAONIONCHUN 3a
2018-2022 rr., cocTaBuia 625 coOBITHII B TOJ.

B 2023 r. BynkaHCKasi aKTUBHOCTh BJIK. D0e-
KO TPOIOJKWIACH: HA MPOTSKEHUU BCETO roaa
npeobnaganu cinabble U yMEpEeHHbIE Mapo- U
nerio-ra3oBbie BeIOpockl. 1o naHHBIM BHIeOHA-
OmrofieHusT cyMMapHO 3a(pUKCHPOBAHO MOPSJIKaA
675 menyoBbIX BHIOPOCOB Ha BHICOTY OT 1.5 1o
4.5 KM H.y.M., u3 HuX 293 — Ha BbICOTY 3 KM U 00-
nee (puc. 2). Kak u B mpeapIayIIne robl, MaKCH-
MyM aKTHUBHOCTHU (II0 KOJIMYECTBY U BBICOTE BbI-
OpocoB) HaOMOAAJICS ¢ MIOHA IO aBrycT. 3a 3TO
Bpems 3adukcupoBaHo 244 skcruio3uu, 94 u3 Ko-
TOPBIX Ha BBICOTY 3 KM U OoJiee H.y.M.

TEOCUCTEMbI MEPEXOAHbLIX 30H, 2024, 8(4)
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B cpaBHeHWU ¢ TaHHBIMHA 32 MPOILIBIC TOJIBI
4acTOTy BBIOPOCOB MOKHO OXapaKTepu30BaTh Kak
CPEIHIOI0, OHAKO ObUIM OTMEYEHBI HEKOTOpbIE
0COOCHHOCTH. B 4acTHOCTH, MOBBIIIIEHHAS aKTHB-
HOCTh B TIEpHOJ] C SHBAps MO anpelb. SHBAph H
MapT CTaJIM PEKOPIHBIMHE 32 BCIO HICTOPHIO HAOIIO-
neHul, korna o6su10 3adukcupoBano 59 u 64 skc-
TJIO3UH COOTBETCTBEHHO. MaKCUMAaIIbHOE KOJTHYe-
CTBO BBIOPOCOB OBLIO 3apEruCTPUPOBAHO TaKXKe
B nekabpe 2023 r. — 56 (B mpeAbloyIIre rofbl B
TeYeHue Aekadps B cpenHeM mnpoucxoauno 20-30
skcrio3uil) (puc. 2). Kpome toro, Ha npoTskeHUN
rola OTMEYCHO 3aMETHOE YMEHBIIICHUE BBICOTHI
BBIOPOCOB: 32 BECh IO/l HU pa3y HE 3apUKCUpPOBa-
HBI 9KCIUTO3WHU Ha BBICOTY OoJsiee 4.5 KM H.Y.M.

ITo mamapiM cepBuca MIROVA (https://
www.mirovaweb.it/?action=volcanoDetails_
MOD&volcano 1d=290380), B 2023 . neproau-
YECKH OTMEYAIUCh cladble TepMalbHbIC aHOMa-
nuu (puc. 4).

[lemmoBeie  mUIEH(BI  pacCTIPOCTPAHSIUCH
[JIaBHBIM 00pa3oM Ha IOT, CEBEpPO-BOCTOK, CEBEP,
IOT0-BOCTOK, BOCTOK (37€Ch U Jaliee HCIOIb3Y-
€TCsl a3pOHABUTALIMOHHOE 00O3HAYEHUE Harpas-
JeHUsl pachpocTpaHeHus nuierdon) (puc. 5).
MakcuManbHOE yaajJeHHe TMeIUIoBOro muieida
oTMedasioch 22-23 mapra, €ro HpOTSKEHHOCTb
cocTaBmiia 76 KM (B BOCTOYHOM HaIpaBJIEHUH) O
nanabiM KVERT (http://www.kscnet.ru/ivs/kvert/
van/index?type=3). B CeBepo-Kypunbscke u ero
OKpPECTHOCTSIX PEryjsipHO HaOJIOAaINCh IEeIUIo-
naael: 2, 3, 17 sHBaps; 5, 8, 12, 13, 27, 26 despa-
s 1, 3, 6, 21, 29 mapra; 5, 6, 10, 20 anpens; S,
25, 31 mas; 5, 6, 12 utons; 11, 12 urons; 31 aBry-
cra; 11 centsabps; 4, 5, 10, 24, 26, 30 okts0ps; S,
6,7,15,17,20,23,27, 28 nosi6ps; 2, 20 nexadps
(mo yctHomy cooOmenuto xutens Cepepo-Ky-
pwibcka C.II. JlakomoBa).

Bynkan D0exo B Hacrosiiee Bpems SBIIS-
eTcsi HauboJee OmacHbBIM BYJIKaHOM Ha Kypuiib-

Puc. 3. Dxcrno3uBHas akTHBHOCTB BylkaHa D6eko B 2023 1. [IpuMeps! NeIIoBbIX BHIOPOCOB, 3ahMKCHPOBAHHBIX KaMEpPOi BUICOHAOTIOICHHSI.

Fig. 3. Explosive activity of Ebeko volcano in 2023. Examples of volcanic explosions recorded by a video surveillance camera.
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CKHUX OCTpOBaX — O3TOT aKTUBHBIM BYJIKaH pac-
MOJIOKEH OJIMKE BCETO K HACEIEHHOMY ITYHKTY:
B 7 KM OT pEryisipHO U3BEprarouierocsi ByJlKaHa
Haxoautcs . CeBepo-Kypuibck, rie mpoxuBaer
2378 uyen. (mo ganueiM Ha 1.01.2024 1.) 1 xyna
PEryasipHO TPUEIKAIOT CE30HHBIE PaOOTHUKHU
n Typuctel. [IpoBenennsle Ha o. [lapamymup B
1980-90-¢ rr. corpynaukamu MHCTHTYTa BynKa-

Puc. 4. TepmanbHas akTHBHOCTH BIK. D0eko B 2023 1. 1o cryT-
HUKOBBIM JaHHbIM. Mcmonb3oBaHbl maHHBIe cepBuca MIROVA
(https://www.mirovaweb.it/?action=volcanoDetails_
MOD&volcano_id=290380).

Fig. 4. Thermal activity of Ebeko volcano in 2023 according
to satellite data. Data are taken from the MIROVA service
(https://www.mirovaweb.it/?action=volcanoDetails_
MOD&volcano_1d=290380).

Puc. 5. OcHOBHbIC HAIIPABICHUS PACIPOCTPAHCHHUS MEITUIOBBIX 00-
J1aKoB OT BIK. D0exo B 2023 . 3HaueHMsI Ha OCH COOTBETCTBYIOT
KOJIMYECTBY HaAOMIOIABIINXCSA BEIOPOCOB MO JAHHBIM KaMephI BHU-
JIEOHAOIONICHUS U BU3YaJIbHBIM.

Fig. 5. The main directions of the distribution of ash clouds
from Ebeko volcano in 2023. The number of observed
emissions according to visual and video surveillance data is
marked on the axis.
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Honoruu ® cericmonoruu JIBO PAH crernumans-
HBbIE BYJIKAHOJIOTUYECKHE M TeOJIOTO-reoMopdo-
JIOTUYECKUE HWCCIEIOBaHMS, HaIlpaBJICHHBIC Ha
PEKOHCTPYKIIMIO 3PYNTUBHON UCTOPUH U OIICHKH
BYJKaHUYECKOTO PUCKA, MOKa3aji, YTO OCHOBHAS
omacHocTh st CeBepo-Kypunbcka oT m3Bepixke-
HUH BJIK. DOEKO CBs3aHAa C BYJIKAHUYECKUMH CEJIsi-
MU — Jaxapamu [2, 4, 9]. OCHOBHBIMHM KaHaTaMHu
CXOJIa JIaXapoB SBIISAIOTCS TOJMHHBI peK Ky3pMuH-
ka 1 Marpocckas. 3a nociennue 4.5-5 ThIC. JeT
B IIpeiesiaX X KOHyca BBIHOCA, B 3aMaHON YacTH
ropoja, AUarHOCTUPOBAHBI CIEAbl 5-6 MOIIHBIX
Ipsi3eKaMEHHBIX JIABUH, CXOAMBIINX C WHTEPBa-
JIOM B HECKOJIBKO COTEH JieT. [Ipenmoceuikamu st
BO3HHUKHOBEHUS JIaXapoB Ha BIK. JOEKO SBISIOT-
cs1 00WMIINE TUAPOTEPMATBHO U3MEHEHHBIX MTOPOI,
3HAYUTEIBHBIC 3ammachkl CHEra B paliOHE BYJIKaHA
1 OONBINON YKIIOH peuHbIX noiuH. [Ipu atom, 1o
onenke M.B. MenekecueBa ¢ coaBropamu [9],
BO3HUKIIINH BYJIKAHUYECKUM CEITb MOYKET JOCTUYD
ropoja wiu npuropona depes 20-30 muH nocie
HayvaJsia CUJILHOTO U3BEPKEHUSI.

Bynkan Yukypauku

Bynkan Yukypauku (abc. Beic. 1816 M) Haca-
KEH Ha CEBEPHYIO OKOHEUHOCTh xpedra Kapmnuh-
CKOTO, (hopMHpYIOILETO IKHYIO 9acTh 0. [lapamy-
mup. Ero moctpoiika cCoOCTOUT U3 IPEBHETO JIaBOBO-
IO OCHOBaHMSI, IPEAINOI0KUTENBHO, MIIEHCTOLEHO-
BOTO BO3pAacTa U MOJIOJIOTO CTPATOBYJIKAHUUECKOTO
KkoHyca (OTH. BbIC. — 250-300 M) ¢ BepLIMHHBIM
kparepoM (nuamerp ~500 M), OTKpPBITBIM Ha FOTO-
BOCTOK [ 1]. Hamra kparepa 3amoiHeHa J1aBoi CHITb-
HOro u3BepkeHus 1986 r., KoTopast «IpopbIBaETCS»
Ha I0ro-BoCTOK KOpoTkuM (300-350 M) moTokom,
MOKPBITBIM ~ MHOTOUYHUCIIEHHBIMH  ITONEPEYHBIMU
TpemHaMu. B 3amaaHo-roro-3amaaHol  4yactu
Kparepa pacroyioKeHO KOJIOALe00pa3HOe Kepio —
Ookka [12], sBnsromIeecs MEHTPOM ITOCIICIHUX
M3BEP>KCHUH BYJIKaHA. BelecTBEHHBIN COCTaB U3-
BEPKEHHBIX [TPOLyKTOB BYJIKaHa IIPE/ICTaBIIEH Ipe-
MMYIIECTBEHHO Oa3abTaMy U aH/e3u0a3aIbTaMu
[1, 3,10, 11].

YUukypaykn — OIMH W3 aKTMBHEHIIUX BYJI-
kaHoB Kypunbsckux octpoBos [1, 10]. bonbiun-
CTBO M3 HHUX — CJIa0bIe U YMEPEHHBIC U3BEPIKEHHS
BYJIKAHCKOT'O THUIIAa MPOAOJIKUTEIBHOCTBIO OT He-
CKOJIBKMX JTHEW 10 HECKOJIBKUX Helemb. J(Baxibl,
B 1853 u 1986 rr., mponcxoauinu MOIIHbIE U3BEP-
KEHUsl TUIMHMAHCKoro tuma [10], HeTunuuHbIE
JUI ByJIKaHa, IPOAYLUPYIOLIET0 MarMbl OCHOB-
HOT'O COCTaBa.
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B 2022 r, mocne 6-netHero mepuona 3a-
TUIIbS, BJIK. YUKypauku aKTUBU3UPOBAJICH, IO
CIyTHUKOBBIM JIaHHBIM B T€UEHHUE rojaa ObUIO 3a-
(UKCHPOBaHO HE MEHEe 5 3MU300B 3KCIJIO3UB-
HOM aKTHBHOCTH, MPOAOKUTEIBHOCTh KaXJ10TO
W3 KOTOPBIX cOCTaBiisuia oT 2 Ao 7 nueit. Ilemo-
BbIe IUICH(BI U o0MaKa pacpOCTPAHSIIUCH Tpe-
MMYILIECTBEHHO Ha BOCTOK, IOT, FOTO-BOCTOK, Ce-
BEpPO-BOCTOK M roro-3amaf [12].

[Tocne usBepkenus B oktsa6pe 2022 1. BysIKaH
Ha MPOTSHKEHUU 3 MeC. HAXOIWJICS B COCTOSTHUU
MIOKOS, KOTOPBIA OBbLT MpepBaH B KOHIE SHBaps
2023 . TlonpoOHO aKTUBHOCTH BIK. YHKypauku
B sitHBape—¢eBpaine 2023 r. paccmorpena B [13],
M03TOMY B HACTOALIEH CBOAKE MPUBEIEM JIHIIb
KpaTKue CBE/ICHUS.

ITo nanabeiMm VACC Toxkuo, 28 saBapst 2023 1.
B 06:00-06:10 UTC Ha cnyTHHKOBBIX CHHUMKax
Himawari-8/9 Obu1 3adukcupoBaH MEIIOBbII
BBIOpOC Ha BBICOTY 2.5-3 KM H.Y.M., NEIUIOBbII
el oT KOTOPOro paclpoCTPaHsJICS B CEBEPO-
BOCTOYHOM HarpaBiIeHHUH.

[To3zxe, B 18:30 u 22:50, npousouuio emie
J1Ba B3pbIBa, NOHABILHNX I HA BBICOTY 2.5-3 1
4 KM cOOTBETCTBEHHO (puc. 6). CBsi3aHHbIE C HUMU
SpyNTUBHBIE HUIEH (I IPOIBUTATHCH HA FOT0-BOC-
TOK, BOCTOK-IOT0-BOCTOK M BOCTOK. B mocrenyro-
e aau (31 saBaps, 5—7 despans 2023 1), mo
CIYTHUKOBBIM JaHHbIM Himawari-8/9, mpouso-
LIIO €Ille HECKOJILKO BHIOPOCOB, HAOIIOAABIIIMXCS
TaK)K€ MECTHBIMU TYPUCTAMH-CHETOXOAUNKAMHU.

[To cooOmienuto oueBumleB, 30 sHBaps Ha
tepputopun noc. lllenexoBo, pacnoiaoKeHHOTO

Puc. 6. Dxcro3nBHas aKTUBHOCTH (BBICOTA METLIOBBIX BEIOPOCOB)
BIIK. UnuKypadku B iepron ¢ 28 stuBapst o 7 despans 2023 r.

Fig. 6. Explosive activity (heights of the ash emissions) of Chiku-
rachki volcano for the period from January 28 to February 7, 2023.
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B 7 KM K BOCTOK-CEBEPO-BOCTOKY OT BYJIKaHa, Ha-
omonancs neromnaf [13]. C 90-x rogoB mporuio-
ro Beka noc. IllenexoBo 3abpomeH, HO B 2020 1.
Ha €ro MECTE HayaJlid CO3/1aBaTh TYPUCTHUECKHIM
00beKT «Apxunenar Onexoran». [Ipu 3Tom 005b-
eKThl Oyayielt HHPPacTPyKTypbl TypUCTHUECKO-
ro KjacTepa IJIaHUPYETCsS PaclONOKUTh B 30HE
BYJIKAHUYECKON OIIACHOCTH, CBSI3aHHOM C BbINa-
neHneM Tedpsbl, 6e3 ydeTa JaHHBIX MOHUTOPHHTA
COBPEMEHHOM ByJIKaHUUECKOW 0OCTaHOBKH B paii-
OHE BIIK. YMKypauyku W CBeleHUU 00 MCTOpHde-
CKUX MOIIHBIX IUIMHUAHCKUX COOBITHSX, MPOUC-
xomsuux ¢ uarepasiom 100200 net [10].

3aknroyeHue

N3 36 neiictByromux BynkaHoB Kypunbckon
ocTpoBHOM yTu B 2023 T. B COCTOSIHUM H3BEPHKE-
HUSl HaXOAWJIUCh ByJKaHbl D0eko u Yukypaukw,
pacnosioxeHHble Ha o. [lapamymup, — ogHM U3
CaMbIX aKTUBHBIX Ha KypullbCKMX OCTpOBax Kak B
TEKYIIEM CTOJICTHH, TaK U HAa MPOTSHKEHUU HCTO-
PUYECKOTO BPEMEHH B LIEJIOM.

Biik. D6eko B 2023 T. IpOIOIIKUIT TUITHYHY IO
JUIsL HETO BYJIKAHCKYIO aKTHUBHOCTb, XapaKTepu-
3YIOLIYIOCST YacThiMU (pearnueckumu u (pea-
TOMAarMaTUYeCKUMH TIETUIOBBIMU  SKCIUIO3USIMHU
ciaboit u ymepeHHoi cuibl. CymMMapHO 3a rof
3auKCUpOBaHO 675 BEIOPOCOB Ha BHICOTY OT 1.5
10 4,5 KM H.y.M., U3 HUX 293 — Ha BBICOTY 3 KM
u Oonee. MakcUMyM aKTUBHOCTH (110 KOJIMYECTBY
1 BBICOTE BBIOPOCOB) HAOMIONAJICS C UIOHS IO aB-
rycT: 244 nernoBsIxX BeIOpoca, U3 HUX 94 Ha BbI-
coty 3 kM u Oosee H.y.M. [ToBBIIIEHHON YacTOTOM
9KCIUIO3UM XapaKTEepHU30BAJICS NEPUON C SHBApS
10 anpeb U 1eKadpb. B 1enoM 0TMEe4eHO yMEHb-
[IEHUE KOJIMYECTBA OTHOCHUTEIIPHO MOIIHBIX BbI-
OpOCOB IO CPABHEHHUIO C MPEIABIAYIIIMMHU TOJaMH:
Ha nipoTsbkeHun 2023 1. HA paszy He 3adUKCHPO-
BaHbI DKCIUIO3UH Ha BBICOTY Ooiiee 4.5 KM H.y.M.
[TennoBblie nutelibl ObLUTH HAMIPABIEHBI IPEUMY-
[IECTBEHHO Ha IOT, CEBEPO-BOCTOK, CEBEp, IOro-
BOCTOK, BOCTOK.

B cBsi3u ¢ BBICOKOM COBPEMEHHON aKTHBHO-
CThIO BJIK. DOEKO HEOOXOIUM IOJIHOLICHHBIN KOM-
MJIEKCHBIN MOHUTOPHUHT €r0 A€ TeIbHOCTH, BKIIIO-
yasi KOHTPOJIb 30H OYaroB M TPaHCIIOPTHPOBKHU
CEJIEBBIX OTIOKEHUN C IMOMOULIbIO I'eOpasaposB.
Kpome Toro, HeoOxoauma pa3paboTka 1 peanu3a-
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1Sl MEp [0 MUHUMU3ALIUU [TOCJIEICTBUI MTPOXOK-
JIEHUS JIaxapoB IYyTEM CO3/1aHUS CIIELUATU3UPO-
BaHHBIX WH)KEHEPHBIX CPEACTB 3aIIMUTHI (J1aMoO,
IUIOTUH U Jp.), MOAPOOHO ONMUCAHHBIX B [4, 8§,
14]. IlnaaupoBanne TOPOJICKOM Cpeasl u OymyIe-
ro cTpouTenbcTBa Ha Tepputopuu . Cesepo-Ky-
pHIIbCKA ClIeIyeT MPOBOJUTH C YYETOM CelIeBOM
OMACHOCTH, HE JIONyCKasi pa3pacTaHHsl Topojia B
3amajHOM HaNpaBlI€HUH, B PAaliOH CIHUSIHUSA pEK
Marpocckas u Ky3pmuHka, sBistonuiics Hauoo-
JIee OITaCHOM 30HOM.

C 28 suBaps no 8 ¢despans 2023 r. npowuc-
XOJIUJIO OYEpPEHOE SKCIUIO3UBHOE H3BEP)KEHHE
BIK. Yukypauku. BynkaH nposBiIsil yMEPEHHYIO
BYJIKAHCKYIO aKTHBHOCTh: HAaOIIOJAINCh KaK OT-
JIeNbHBIE B3PbIBbI, TaKk U (Pa3bl OTHOCUTEIHHO
CITOKOMHOW M MPOIOJDKUTENFHON (HECKOJIBKO Ya-
COB) AMUCCHH IEeIUI0-Ta30Boi cMecu. CyMmmMapHO
3apuKCHUpPOBaHO HE MeHee 8 BEIOPOCOB Ha BHICOTY
2.5-4.5 xm H.y.M. [lennoBble nuiedn TpoOTSHKEH-
HOCTBIO 100—155 KM pacnpocTpaHsIuCh NpeuMy-
IIECTBEHHO Ha BOCTOK U CEBEPO-BOCTOK.

[Io cBoemy xapakrepy H3BEp)KE€HHE OBLIO
aQHAJIOTMYHO MPEIbIIyIIUM 5 3MU30/laM JKCILIO-
3MBHOM aKTUBHOCTH BYJIKaHAa, IMPOUCXOIUBIINM
Ha npoTsokeHud 2022 1. YuuTeiBas BBICOKYIO Ya-
CTOTY W JKCIUIO3WBHBIA XapakTep H3BEPKECHHUU
BIK. YUMKypauku, mpu KOTOPBIX (hopMupyroTCS
MPOTSHKEHHBIE TIETUIOBBIE MIIEH(BI, ByJIKaH sSBIIS-
€TCs MOTEHIMAIBHO OMACHBIM ISl MEKIYHapO/-
HBIX M MECTHBIX aBUAIMHUM. Taxxke mernionasbl
ero OyaylIuX W3BEpPKEHUW MOTYT HPEICTaBIIATH
ONAaCHOCTh I HA3eMHOW TYypHUCTHYECKOM HH-
bpacTpyKTypbl, CO3/1aBaeMOil B paiioHe OBbIBIIETO
noc. [llenexoso. [TosTomy mipu Oyaymem cTpou-
TEJIbCTBE B I0KHOM yacTH 0. [Tapamymnp Heo6xo-
JTUMO YUYUTBIBAaTh BYJIKAHUUECKHE PUCKH, CBSI3aH-
HBIE C BbIMaJIeHUEM TePpbl BIK. YHKypayKu.

Apropel mpusHatenbHbl C.II.  JlakomoBy
(t. CeBepo-Kypmiibck), 0CyIIeCTBISIONEMY BU3Y-
ajpHBIC HAaOMIONEeHUus u cOop nHpopmaruu o co-
CTOSTHUM aKTUBHBIX ByJKaHOB CeBepHbIX Kypui.
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