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JloaroBpeMeHHbIE TPEHbI MOAMOYBEHHOIO pajloHa
Ha KaMuarke KaKk HHIUKATOPbI HOATOTOBKHU 3€MJICTPSICEHUM
c M > .5 B ceBepo-3anagHOM oOpamMiieHUH Tuxoro okeaHa

©2020 I1. I1. dupcroB™®, E. O. Makxapos'>

! Kamuameruii punuan @edepanvrozo uccnedosamenscrkozo yenmpa «Eounas ceogpusuueckas cyocta PAH,
Ilemponasnosck-Kamuamcxuii, Poccus
*Kamuamcruii 2ocyoapcmeennulil ynusepcumem umenu Bumyca bepunea,
Ilemponasnosck-Kamuamckuii, Poccus
*E-mail: firstovi@emsd.ru

Pe3tome. B pabGote npuBeneHb! pe3ynbTaThl MOHUTOPUHTA 00bEMHON aKTUBHOCTH MOJIIOYBEHHOTO Pao-
Ha B TEH30YyBCTBHUTEIBHOMN TOuke onopHoro nmyHkra «llaparynka» (PRTR) 3a 20002020 rr. Omanaru-
OHHBIE HAOIIOEHNS B JAHHOM TOYKE BEYTCS C IETBI0 TIOMCKA MPEIBECTHUKOB CHIIBHBIX 3€MIICTPSICEHUN
B BapHalMsIX MOANOYBEHHOTO pagoHa. [loaroToBka 3emiuerpsiceHnii ceBepo-3amnagHoro oopamienus Tu-
X0ro okeana ¢ nyounoii ovara H <200 km u M| > 7.5, a B HEKOTOPBIX CITydasX U MEHBIIEH MATHUTY/IBI,
npomsomeAmux Ha paccrosausx a0 1000 kv ot PRTR, HaxomuT oTpakeHue B AMHAMHUKE OOBEMHOM
aktuBHOCTH pamoHa (OA Rn) B BuIie TPEHIOB IHTETLHOCTRIO OT 8 Mec. 1o 3 neT. [loBeneHne muHaMUKH
OA Rn B mocneinue 5 €T yKasbIBacT HA BO3MOXKHOE 3emnerpsicenue ¢ M| >7.5 B akBaropun Tuxoro
OKeaHa BOJIM3M BOCTOYHOTO MoOepesxns m-oBa Kamuarka, kotopoe MoxeT npousoitu 1o 01.02.2021 r.
OTOT BBIBOJI COMIACYETCs C JAOJTOCPOYHBIM celicMuueckuM mporno3oM st Kypuno-Kamuarckoii ceiic-
MOTCHHOH 30HBI, clieIaHHblid B paborax C.A. @enoroBa ¢ A.B. Comomaruasim [2017, 2019], cortacHo
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Abstract. The paper presents the results of the volume activity monitoring of subsoil radon at the strain-
sensitive point of the Paratunka control station (PRTR) for 2000-2020. Emanation observations are
carried out at this point in order to search for precursors of strong earthquakes in subsoil radon variations.
The preparation of earthquakes at the northwestern framing of the Pacific Ocean with a source depth
H<200kmand M _>7.5,and of alower magnitude in some cases, which have occurred at the distances up
to 1000 km from PRTR is reflected in the dynamics of radon volume activity (RVA) in the form of trends
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LonroBPEMEHHBIE TPEH[bI MO[MOYBEHHOIO PAJJOHA HA KAMYATKE KAK MHAMKATOPbI MIO4rOTOBKN 3EMJIETPSICEHUN

earthquake

DuHAHCHPOBAHHE

lasting from 8 months to 3 years. The behavior of RVA dynamics in the last 5 years points to a possible
earthquake with M > 7.5 in the Pacific Ocean in the vicinity of the eastern coast of the Kamchatka
Peninsula, which may occur before February 1, 2021. This conclusion is consistent with a long-term
seismic forecast for the Kuril-Kamchatka seismogenic zone, made in the works of S.A. Fedotov and
A.V. Solomatin [2017, 2019], according to which the highest probability of an earthquake with
M >7.7 falls on the Avacha Bay and Southern Kamchatka.

Keywords: Kamchatka Peninsula, subsoil radon, moisture saturation zone, long-term trends, precursor,

Paboma evinonnena npu uacmuunot gpunancosoti noodepxcke Poccuiickoeo gponoa ¢pynoamen-

manvhwix uccaredosanuti (epanm Ne 20-05-00493).

BBenenue

Pamon (**Rn), oOpasyromiuiicss B pe3yabrare
pacnajza pajaus U JOCTYIHBIN JJIsl HEMPEepPhIBHON
pErucTpalnyy B BO3IyXe MOAMOYB, OUYEHb UYB-
CTBUTEJICH K W3MEHEHHUSM T€OINHAMUYECKOTO
COCTOSTHUSI CpPE/Ibl. DTO IMO3BOJISIET PacCMaTpH-
BaTh €0 B KaueCTBE WHIMKATOpa W3MEHEHUI
CTPYKTYphl HCCIEIYeMOrO ydYacTKa 3EeMHOMI
KOpBI, TIOPUCTOCTH, MPOHHUIIAEMOCTH KAaHAJIOB
MUTpAIIIH Ta3a, a TaKkKe KaK OTKJIIMK TeOCPEIbl
Ha BHEIIHWE Bo3aeicTBUs [AnymikuH, CIUBaK,
2014; Pynaxos, 2009].

AHOManmuMu B TOJE paJoHA, KaK BECTHUK
MPHOTIKAIONIETOCS  3€MJICTPSICCHUS,  IIIHPO-
KO HCCJIEIOBAJINCh B TOCIEAHHUE JECCATUIICTHUS.
C uenpio MoMcKa MPeaBECTHUKOB CUIIbHBIX 3EM-
JIETPACEHUN BO MHOTHX CEMICMOAKTUBHBIX PETH-
oHax mupa ¢ 1980-x rogoB Benack perucrpanus
obveMHol aktuBHOCTH pagoHa (OA Rn), pac-
TBOPEHHOTO B BOJIE U B BO3Ayxe moAmous. CBe-
neHus 00 nH(HOPMATUBHOCTH PaJOHOBOTO METO-
Jla JUIS TIOUCKA TPEABSCTHUKOB 3eMJICTPSICCHUN
MOXXKHO HaWTH B 0030pHBIX pabortax [Cicerone
et al., 2009; Petraki et al., 2015; Giuseppina,
Morelli, 2012; ®upcros, Makapos, 2015].

KparkocpouHbIe TPEABECTHUKH 3eMIICTPS-
CeHu# ¢ mMarHutyaou M > 4.5 B mosie moamno-
YBEHHOTO paJlOHa C BpPEMEHEM YIPEKICHUS
10 15 cyT ObUIH 3aperuCTPUPOBAHBI BO MHOTHX
paifonax mupa [Inan et al., 2008; Baykara et al.,
2009; ®upcroB, Maxkapos, 2018; buproaun
u ap., 2019]. B aunamuky nosst HoAMmO4YBEHHOTO
pajioHa CyIIeCTBCHHBIN BKJIAJ BHOCAT METEOPO-
JIOTUYECKUE BEIMUMHBI (TEMIIEpaTypa BO3IyXa,
arMocdepHoe naBieHue, ocanaku). OHH 00y-
CJIOBJIMBAIOT 3HAYUTENBbHYIO 3alIyMJICHHOCTh
(the noise component) UCXOIHBIX JAHHBIX, 3a-
TPYIHSIONIYIO BBIICICHUE IPEIBECTHHKOBBIX

aHOMaJIMA. DTO 3aCTaBIIICT MPUMEHSTH CIICIIN-
aJbHBIE METO/IbI BBIJEICHUS MPEIBECTHUKOBBIX
anoManwuii [Giuseppina, Morelli, 2012; Piersanti
et al., 2016; ®upctoB u np., 2018; Iwata et al.,
2018; ITapoBuk, 2014].

B nuteparype cpaBHHTENBHO PEIKO BCTpe-
YaloTCsS ONUCAHUS CPEJHECPOUYHBIX U JIOJITO-
CPOYHBIX MPEIBECTHUKOB CUIILHBIX 3eMJIETpsiCe-
HUH B T10JIE TTOATIOYBEHHOTO pajioHa. AHOMAaJIUU
B BUJIC JUIUTEIBHBIX TPEHJIOB MEPE/ CHIbHBIMU
3eMIIETPSCEHUSIMA OTMEUYEHBI JUIsl HEKOTOPBIX
CUJIbHBIX 3emieTrpsiceHui Anonuu. Ilepen pas-
PYWHTENBHBIM 3emiieTpsiceHneM Mn3y-Ocuma
(Izu Oshima) 14.01.1978 r. ¢ M = 7.0 na pac-
cTosiHuu 30 KM OT SIIULIEHTPA B TeueHue 2.5 Mec.
HaO0JI01a1ach aHOMAJIHST KOHIIEHTPAIUU MO0~
YBEHHOTO Rn, CHHXpOHHAas C BEPTUKAIbHBIMU
nedopmarusasmMu 3eMHOM moBepxHoCcTH [ Wakita,
1981; Majumdar, 2004]. Ilepen wmeraszemie-
Tpsicenuem Toxoky (SAmonms) 11.03.2011
¢ M = 9.0 B BOIe apTe3WaHCKOW CKBaKUHBI
3a 4.5 mec. 10 coOwiTs Havasiacs poct OA Rn,
KOTOPBI MPOJOJIKAJICA W TOCJE 3eMIeTpsice-
Hus. OO11as AIUTENbHOCTh aHOMAJIMK COCTaBU-
na 8 mec. [Tsunomori et al., 2011].

HaoOmronenus 3a nosenenneM OA Rn B Teue-
HUE JUIUTEIBHOTrO nepuoja Ha IleTpomnaBnoBck-
KamuarckoM reoguHaMU4eCKOM TMOJIMTOHE TIO-
3BOJISIIOT YTBEPKJATh O HAJTMYUU OTIPEICTICHHON
cBs3u Mexay OA Rn U CHIIBHBIMM 3eMJIETpsICe-
HUSIMU C MarHuTynou M > 7.5 ceBepo-3amaaHo-
ro oOpamuienust Tuxoro okeana [®Pupctos, 2014;
®upcroB, Makapos, 2018; PupcroB u ap.,
2018]. Ilom ceBepo-3anmagHBIM OOpaMIICHUEM
Tuxoro okeaHa moapasymeBaeTcs 00JNacTh, Ie
IIPOUCXOUT B3aUMOJICHCTBUE TPEX KPYITHENIIINX
Ha 3eMHOM mape ruit: EBpasuiickoii (EUR),
Tuxookeanckoit (PAC) u CeBepoamepHuKaHCKON
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(NAM) (puc. 1). BzaumonenicTBue 3THUX IIIUT
CONPOBOXKIAETCS MHTEHCUBHBIMU TOPU30H-
TaJbHBIMU JABUKEHUAMHU 10 9 MM/TOJ1, B pE3YIib-
TaTe KOTOPBIX BOZHUKAIOT CUJIBHBIE 3€MJIETPsCE-
Hus ¢ M = 7.5-9 Ha nyOMHax OT HECKOIBKUX
J10 COTE€H KmIoMeTpoB. PaccmarpuBaeMsiii paii-
oH BKIro4aeT Aueyrckyro m Kypumno-Kamuar-
CKYI0 CEHICMOTI€HHBIE 30HBI, a TAKKE CEBEPHYIO
yacTh SAmoHcKoi 30HHI (puc. 1).

B nanHoit paboTte nmoBeAeHbI UTOTH J1Ba/I11A-
TUIETHUX HaOmromennii 3a nmosemenreM OA Rn
B MH(POPMATHUBHOM TOYKE B ONOPHOM ITyHKTE
«ITaparynka». [lo MHEHHIO aBTOpPOB, ITWHAMU-
ka OA Rn B 3T0il TOUKEe OTpakaeT HAIPSIKEH-
HO-J1e()OPMHUPOBAHHOE COCTOSTHUE paiioHa 30HbI
CyOyKIIMHU, B KOTOPOM PACHOJIOKEH IMYHKT pe-
TUCTpaIUH.

Anmnaparypa u MeTOAUKa HAOII0IeHUH

CeTb MOHUTOpPUHTA MOJIOYBEHHOTO pajlOHA
Ha [leTrponasnoBck-KamuarckoM reonnHammuye-
ckom nosurone (ITKI'TI) Bkmrouaer B ceOst mATh
MyHKTOB, OCHAIIEHHBIX KOMIUIEKCAMHU pETH-
CTpallMy MOAMOYBEHHBIX ra30B [Makapos u 1p.,
2012]. B ycrnoBusx HeOOXOAUMOCTH 00eCTIeUn-
Barb MOHUTOpUHT OA Rn gnurtenbHOE Bpems
HanOoJee HAJCKHBIM U METPOJIOTHYECKH MPO-
CTBIM OKa3aJiCsi METOJl €€ PEerucTpaluu B BO3-
JyXe TMOAMOYB IO [-U3IYYEHUIO TPOAYKTOB
pacnaga RaC u RaB ¢ momomibto razopaspsia-
HBIX CYETYMKOB. MHOTOJETHS PErucTparus
Rn B moamouyBeHHOM BO3yXe Ha CETU IMYHKTOB
[TKTTI noka3ana BbICOKYIO SKCILTyaTallMOHHYIO
HaJIe)KHOCTh MPUMEHSAEMOT0 000PYIOBAHHUS.

B onopuom nyskre «Ilapatynka» (PRTR)
(puc. 1) oguH U3 JATYMKOB OBUT yIayHO yCTa-
HOBJICH B 30HE BJIArOHACHILIIEHUS C TIOBBI-
IIEHHOM TEH30UyBCTBUTEIBHOCTHIO K H3Me-
HEHUSIM HaANPSHKEHHO-Ie(hOPMHUPOBAHHOTO
COCTOSIHUS Teocpeapl. MexaHusMm peakuui
pPa3IUYHBIX TeO(U3UIECKUX TOJCH, MPOSBIIS-
IOIUKCS TPU Pa3HOOOpa3HBIX BO3MYILEHHUAX
HaMpsKEeHHO-e(POPMUPOBAHHOTO  COCTOSTHUS
Cpenbl, OMpenensieT TEeH304YBCTBUTEIbHOCTh
TOM MM MHOM TOUkM peructpanuu. Kak mpa-
BHJIO, CTPYKTYpPHOE IMOJIO)KEHHE TEeH30UyBCTBHU-
TEJIBHBIX 30H CBUACTEIBCTBYET 00 MX MPUHA-
J€KHOCTH K TMOJBMKHBIM KOHTAKTaM KpPYITHBIX
omoxoB [Kuccun, 2011].

ITynkr PRTR pacnonoxen Ha pedyHON Tep-
pace pyubs KopkuHa, Tpaccupyromiero cyo-
IIUPOTHBIN pa3iioM B mpexaenax [laparyHckoro
rpa0eHa ¢ MPUYPOUYCHHON K HEMY OJHOUMEH-
HOW IeOTepMAIbBHOM CHCTEMOM, M HAXOIUTCS
B 30HE JTMHAMHUYECKOIO BIIMSIHUSA 3TOrO pasiio-
Ma. Ha paccrosuun ~700 m ot mynkra PRTR
HIDKE TI0 TEYCHHUIO Py4bs HAOJIONAIOTCS €CTe-
CTBEHHBIE BBIXOJbl TEPMAJIbHBIX BOJ C COJEp-
’KaHueM pactBopeHHoro Rn mo 1.5 xbr/m’.
[To maHHBIM reopagapHOro MPOPUIMPOBAHUS,
HEMOCPE/ICTBEHHO IO/ JaTYMKOM HaXOAUTCS
y4acTok pasymioTHeHusi [®upcroB, Maka-
pos, 2018]. Ha B3rs aBTOpOB, HAIU4KE 30HBI
JMHAMUYECKOTO BIIMSIHUSL pas3jioMa, a Takke
y4acTKa pa3ymioTHEHUs] 00ecreunBaeT TeH30-
YyBCTBUTEIBHOCTD IAHHOW TOYKH.

B pabGore ucnonw3oBanbl manasie OA Rn,
MoJly4eHHble ¢ quckperusanueit 30 MuH ¢ gar-
YiKa Ha IyOuHe ~3.5 M B 30HE BJaroHachlIe-
Hus myHkra PRTR. [lng MuaMMu3anuy BvsHus
BapHanuii aTMOC(EepHOTO JABIICHUS MCXOIHBIN
BpeMeHHOH psim OA Rn moxaBeprancst 6apokoM-
MEHCAalMK. 3aTeM BBIMOJIHIACH JeIUMAalus B
nmoyrycyTouHoM uHTepBasie. C 1enpio GuibTpa-
LMY BBICOKOYACTOTHOM COCTABIISIFOLIEH MOCTE/-
HUM 3TaroM 00paOOTKH JaHHBIX OBUIO CITIaKHU-
BaHHUE CKOJIB3AIIUM CPEIHHM B ISATUCYTOYHOM
okHe [DupctoB, 2014; dupcroB, Makapos,
2018]. 13 nomydyeHHoro BpemeHHoro psiga OA
Rn ¢ momompio anmutuBHOM Moaenu [bokc,
Jlxenkune, 1974 BeiunTanach ce30HHas rof0-
Bas COCTaBIIAOIIAs, OOYCIOBICHHAsI CE30HHOMN
BapualMenl Temreparypbl BO3AyXa. XOiA MOIy-
YEHHOW KPUBOM COIMOCTABISJICSA C IOCIIEI0Ba-
TEIBHOCTBIO 3eMIleTpsicenuii ¢ M > 7.5 ceBepo-
3araHoM OKpauHbl TUXOT0 OKeaHa.

CuibHbIE 3eMJIEeTPSCEHHS
CEBEPO0-3aMaAHOr0 00paMJIEHHUSI
Tuxoro oxkeana B 2000-2020 rr.

B BBIOOpKY Hamboinee CHIIBHBIX 3eMile-
TPSICEHUH  CeBepo-3amajiHoro  oOpamMJyIeHHUs
Tuxoro okeana 3a mnepuox c¢ 01.11.2000 no
01.04.2020 r. Obu BKJIIOYEHBI 13 3emieTps-
cenuii ¢ M > 7.5 u na ¢ M < 7.5. Tlapame-
Tphl BBIOPAHHBIX 3E€MJIETPACEHUN Opayuch
n3 karasora NEIC (National Earthquake
Information Center, CILLA, https://www.usgs.
gov/natural-hazards/earthquake-hazards/
national-earthquake-information-center-neic).
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Puc. 1. Kapra smmmenTpoB Hambosee CHIBHBIX
3emyieTpsicenuii ¢ M > 7.5 ceBepo-3amaaHoro 06-
pamnenus Tuxoro okeana 3a 2000-2020 rr. ¢ mo-
Ganenuem JKynanosckoro (M = 7.2) u semnerpscenus Yriosoro noanatus (M = 7.3). Crpasa cxema pactoyokKeHus
IIYHKTOB PErUCTpalyy MOANOYBEHHOTO pajioHa Ha n-oBe Kamuarka: 1 — myHkTsl peructpammu OA Rn (mmyskr INSR pac-
TIOJIOKEH B JIPYTOM CTPYKTYPHOM 3JIEMEHTE IT00Epekbsi ABAaUMHCKOTO 3aJIMBA U B JAHHOM CTaThbe HE PAcCMAaTPHBACTCS);
2 — Hanboree KPYITHBIE pa3ioMbl; 3 — pa3ioMsl Broporo nopsaka [[lonpyxenko, 3youn, 1997]. Homepa 3emmeTpsicennit
COOTBETCTBYIOT TaOJIHIIE.

Tabruya. Hanoliee cIIbHbIE 3eMJIETPSICEHHS CeBEPO-3anaiHoOro odopamiienust Tuxoro okeana
3a nepuoa 01.11.2000-01.04.2020 rr.

Koopannats!

Bpewms
Ne Jlata p -
q4y:MM.CC

Hyxm| M R, xm | O0GmacTb SIUICHTPA 3EMIICTPSICEHUS

w

o°car | A°B.I

25.09.2003 | 19:50:27 41.81 143.91 27 8.3 1640 | SInonus, o. Xokaiino
2 | 17.11.2003 | 06:43:06 51.15 178.65 33 7.8 1420 | Aneytsl, Kpbicbu ocTpoBa

3 120.04.2006 | 23:52:02 | 6094 | 167.14 | 22 7.6 1035 | Omoropekoe,
ceBep m-oBa Kamuarka

4 |15.11.2006 | 11:14:13 | 46.58 | 15327 | 10 | 83 | 800 |Cpemsme Kypum,
5 13.01.2007 | 04:23:21 | 4623 | 15455 | 10 | 81 | 800 |BOmasm 0. Cumymmp
6 |05.07.2008 | 02:12:04 | 53.88 | 15289 | 632 | 7.7 | 370 |Oxorckoe Mope
7
8
9

11.03.2011 | 05:46:24 38.10 142.85 24 9.0 2050 | Toxoky MerasemieTpsiCeHue
14.08.2012 | 02:59:38 49.80 145.06 | 583 7.7 980 | Oxorckoe Mope

24.05.2013 | 05:44:48 54.89 153.22 | 609 8.3 390 OX0TOMOPCKOE 3eMIIETPACEHHE

10 | 23.06.2014 | 20:53:09 51.85 178.74 | 109 7.9 1400 | Aneytsl, Kpbicbu ocTpoBa

11 [30.01.2016 | 03:25:12 54.01 158.01 177 7.2 110 JKymaHoBcKoe 3eMIIeTpsICEHIEe

12| 17.07.2017 | 23:34:13 54.17 168.82 82 7.7 710 Bbimxue-Aneytckoe 3emierpsiceHue
13123.01.2018 | 9:31:40 56.01 149.17 14 7.9 3350 | Paiion Amsicku

14 | 20.12.2018 | 17:01:55 55.10 164.70 17 7.3 490 3emyeTpsiceHrne YTIIOBOTO TOTHITHS

-49- Cesepuble Kypuisl,
151 25.03.2020 | 2:49:21 48.99 157.69 57 7.5 440 HANpOTHE 0-Ba [TapaMymIHp

Ilpumeuarnue. H — tiyOuna ouara, M| — marmutyna, R — paccrosaue ot srmnentpa 1o PRTR. Beitenensr semnerpscernus Kypuio-
KamuaTckoit ceficMOTeHHOI 30HBI.
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JlomonHuTENbHO B BBIOOPKY U3-3a OJIM30CTH
ouara k myHkty PRTR (110 kM) Ob110 BKITFOUE-
HO JKynanosckoe 3emiierpsicenue 30.01.2016 r.
cM =72wuH=177 xm [UYebpos u ap., 2016],
a TaKKe 3€MIICTPSICEHHE YIIOBOTO MOJHATHS
20.12.2018 . ¢ M = 7.3 u H = 17 xm B 30He
cowileHeHnus: Kamuarckoro u AneyTckoro okea-
HHU4YecKuX xenoboB [YeOpor u ap., 2020]. Ila-
paMeTpbl BHIOpAaHHBIX 3€MIIETPSICEHUH MTpUBE/IE-
HBI B TabiMIe, a Ha puc. 1 MoKa3aHa Kapra ux
snuieHTpoB. Kapra moaroroeireHa Ha OCHOBE
nanHbiXx GoogleMaps, TOIy4eHHBIX U3 OTKpbI-
THIX MCTOUYHUKOB, C UCIOJIb30BAHUEM IMIPOrpaM-
MbI MapInfo u i poBoii TOmOOCHOBHI MacIITa-
6a1: 1000 000.

B nameii BeiObopke 9 3emnerpsicennii Kypu-
no-KaMyarckoil ceicCMOreHHOMN 30HBI: 6 C IIy-
ounamu H < 180 kM u 3 4yUCTO CyOIyKIIMOH-
HBIX 3emieTpsacenus ¢ H > 500 kM (BblaenaeHbl
KpacHBIM IIBETOM Ha KapTe puc. 1), 4 coObITus
B AJIEyTCKOM CECMOT€HHOM 30HE U 2 B palilOHE
SINOHCKMX OCTPOBOB, B TOM YHCJIE MErazemiie-
tpsicenune Toxoky ¢ M = 9.0.

JAnHaMMKa MOAMOYBEHHOI0 PaJIOHA
B 30He BJIaroHacoiieHus nyHkra PRTR

PaccMoTpuM 0COOEHHOCTH TUHAMHUKU TOA-
MOYBEHHOTO paJOHa OTHOCHUTEIILHO 3eMile-
TpsiceHu# Hamiel BbIOOpKH (puc. 2). [lnsa Bce-
ro mepuoaa HaOMIONEHWH CpeaHee 3HaueHUE
OA Rn cocraBuio 8.21 = 1.07 kbk/m*. Ha atom
¢one B moenennn OA Rn MOXXHO BBIIETUTH
HECKOJIbKO TpeHA0B, korga 3HadueHue OA Rn
IJIABHO BO3pacTayio Ha ~33 % c mocienyommum
peskum magenueMm Ha 30 % u Gomee (puc. 2).
JUIMTEeNhbHOCTh TaKWX TIEPUOIOB COCTaBHIIA
ot § mec. 10 3 JeT.

C utona 2003 no nekadbpp 2005 r. Ha Kpu-
BoM HaOmomancs TpeHa I yBenudeHus 3HaueHUH
OA Rn 110 20 % c mocneayoommm pe3kum Oyx-
TOOOpa3HbIM NaieHueM 3HaueHui Ha 30 % Hibke
HAualbHBIX BENMWYUH. JTUTENBbHOCTH OYyXTHI
coctaBwia noutu 1.5 rona. Cpasy nocie maje-
Hus 3HadeHuit OA Rn B paitone Kypumno-Kam-
YaTCKOM CEWCMOT€HHOM 30HBI HA4ajcCsi MEepPUoO.
CEHCMHUYECKON aKTUBU3AIMM, BKJIIOYAIOLIUIT
LENOoYKy U3 3 3eMIIETPSICEHU ¢ MarHUTyIaMu
M =7.6-8.3. Ha ceBepe Kamuarku B Kopsikckom
Haropse 20.04.2006 1. mpouzomuio OITOpCcKoe
semietpsacenne (Ne 3, cm. Tabnuny) ¢ M = 7.6,
a 3arem 15.11.2006 . u 13.01.2007 1. Ha cpen-
Hux Kypunax Bo3Huk ayrmier CHUMYHIMPCKHX

semnietpsicennii ¢ M =83 mc M = 8.1 (Ne 4,
5, cM. Tabnuily) cooTBeTCcTBEeHHO (puc. 1 u 2).

[TonroroBka 3emnerpsicenust 25.09.2003 r.
¢ M = 8.1 Bonm3u 0. XOKKai10 He HalLIa OTpa-
xenue B OA Rn, onHako nepes Merazemierpsice-
nuem Toxoky M = 9.0, mpousomienumm B Sno-
Huu 11.03.2011 r. Ha paccrosHumn 2100 km or
nyHkTa peructparuu (Ne 7 u3 tabnuisl), HabIrO-
nancs cnabo BeipakeHHbld TpeHa Il pocra 3Ha-
yeHnii OA Rn, kotopslii Hadancs B mapre 2010 1.
u ipofokancs 8 mec. 10 HoaOps 2010 1. (puc. 2).

[Toutu Tpu roma c sHBaps 2012 1. mo ¢es-
pans 2015 r. mabmomancs tpenn III, xorma
OA Rn Bo3pocna Ha 33 % ¢ 7.5 no 10 xkbk/m?
(puc. 2). B Teuenue 3Toro neproga mpou30ILIH
Tpu 3emietpscenus (Ne 8, 9, 10, cm. Tabnuiy),
OTKJIMKa Ha KoTopele B tuHamuke OA Rn He oT-
Meuanock. Ha B3msin aBTOpOB, 3TO OOBACHSET-
cs TeM, 4To 3emuierpsiceHust Ne 8, 9 — rimyOokue
semmeTpsicerust ¢ H > 500 km, a 3emieTpsiceHue
Ne 10 mpowusouuio B AneyTckoi celicMOTreHHOU
30HE HA 3HAYUTEJILHOM PACCTOSTHUM OT IyHKTa
HaOmonenui (1400 km).

Ucxons u3 nosenenus tpenaa III OA Rn,
aHasiornyHoro Ttpenay I, Obul cheman cpen-
HECPOYHBI TPOTHO3 BO3HUKHOBEHHUS B OJU-
JKaillllne rofbl OJHOTO WM CEPUM CHJIBHBIX
3eMIIeTpsICeHUI Ha rryonHax 70 70 KM B ceBe-
po-3amagHoii okpanHe TWUXOro okeaHa, BKIIIO-
qasi €ro aKkBaTOPHUIO, NPUMBIKAIOIIYIO K I-OBY
Kamuarka. JlaHHBIN POTHO3 OBLIT OMYOJIMKOBAH
B paborax [Dupctos, 2014; dupcros, Makapos,
2015], a Taxxe nepenan B Kamuarckuii ¢uim-
an PoccHiickoro sKCIepTHOro COBETAa IO IMpOo-
THO3Y 3€MJICTPSCEHUN U OLIEHKE CEHCMHUYECKON
omacHOoCcTH W pucka. [Ipouszomenmee 30 siH-
Baps 2016 r. XXymaHoBckoe 3emieTrpsiceHue
¢ M =7.2 nrnybunoi ouara H =177 xm (Ne 11
u3 TaOIUIBl) paccCMaTpUBAETCs aBTOPAMM Kak
YaCTUYHAs peaju3alus 3TOro nporuosa [Pup-
CTOB U J11p., 2017].

C oxTsi6pst 2016 1. Havancs tpeun IV, npe-
PBIBUCTBIN U OCIIO)KHEHHBI KPAaTKOBPEMEHHBIM
nagerreM OA Rn (puc. 2). [Tocne nByxierHero
Bo3pactanust OA Rn ¢ 7 no 10 xbx/m* B Teue-
Hue 2 mec. (ceHTs10ppr—HOs0ps 2017 1.) HabmIO0-
nanoch peskoe najgeHne OA Rn 10 HauanbHBIX
3HaYEHUU. B OKpPECTHOCTH ATOrO NajaeHUs Ipo-
n3onuio bimkHe-AneyTckoe  3eMieTpsiceHne
17.07.2017 r. ¢ M = 7.7 (Ne 12), xoTopoe OT-
HOCHUTCSl K CUJIBHEUIINM 3aJyTOBBIM MEIKO(O-
KyCHBIM 3€MJIETPACEHUAM I10J bepuHroBbIM
MopeM. Ero snunentpanbHast 30Ha apTepIIoKOB
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lonroBPEMEHHBIE TPEHAbI MOAMOYBEHHOIO PAJOHA HA KAMYATKE KAK MHANKATOPbI 1O4rOTOBKU 3EMJIETPSICEHNNA

onenuBaerca B ~500 kM, uro B 3—5 pa3 mpe-
BBIIIACT JIMHEWHBIC pa3Mepbl oyara i 3eM-
aeTpsiceHuid ¢ Marautygou 7.7—7.8 [Uebpon
u 1p., 2017]. 3emnerpsicenne Ne 13 ¢ M = 7.9,
npowusomenuee Ha paccrostiuu 3350 kM, He Ha-
IO OTKJIMKA B JUHAMUKE TOJMOYBEHHOIO pa-
nona. Ilocne storo poct 3nauenuit OA Rn mipo-
nomxuics. K nexabpro 2018 1. 3nauenne OA Rn
IOCTHUIII0 MAaKCUMalbHBIX 3HAYECHUH 3a BECh
nepuon HaOmonenuit — 12 kbx/mM*, mocne uvero
Hayajcs pe3kuil craia. B okpecTHOCTH 3TOro
BPEMEHU MPOU30IILIO 3EMJIETPACEHHE YITIOBOTO
nonusatus ¢ M = 7.3 [Uebpos u ap., 2020]. ITo-
cie natumecsyHoro nepepsiBa OA Rn Hauana
BHOBb Ma/1aTh, U B HACTOAILIEE BpeMs 3HAUCHUE
OA Rn MuHHMaIIbHOE 32 BECh TIEPHOJ] HAOFOIEe-
HUl — 5 kBK/M.

Meronom HanmeHbnx kBagparos s I, 11T
u IV TpenaoB BbIUMCIATIACH JTUHEWHAS 3aBUCH-
mocth OA Rn (Bx/M*) = f(t) (cyT). Bee Tpu 3aBu-
cumocti (1)—(3), annpokcuMupymomume TpeHabl,
OYEHB OJIM3KU MEX]Ty COOOM:

I OA Rn (B/M?) = 0.0026-¢ (cyt) — 100.11, (1)
I OA Rn (Bx/v®) = 0.0027-¢ (cyT) — 100.64, (2)
IV OA Rn (B/v®) = 0.0022¢ (cyt) — 86.79. (3)

CxoxecTb nmuHerHbIX 3aBucuMocTei (1)—(3)
CBUJIETEJILCTBYET O €AMHOM MpOIecce, MPOUC-
xomsmeM B 30He [laparyHckoro rpabena mepen
CUJIBHBIMM 3€MJIETPSICEHUSIMH CEBEpO-3ama Ho-
ro oopamiienust Tuxoro okeaHa ¢ SMUIEHTPAMU
Ha pacctosiHuu 710 1000 KM OT MyHKTa perucTpa-
mun PRTR.

PaccmorpuM  3aBUCHMOCTB  MPOSIBICHUS
IPEIBECTHUKOB B MOJI€ OANOYBEHHOTO PajioHa
OT SIUIICHTPAITLHOTO PACCTOSHUSA JIJIS 3eMJIICTPSI-
cenuit ¢ M > 7.5 coracHo Tabmuie. Ha puc. 3
BBIJICJICHO M0JI€, OTPAaHUYEHHOE 3€MJIETPSICEHU-
amu Ne 11, 4, 3, 14, B koTOpoe momnaaaroT Bce
3eMJICTPSICEHUS, MPOU3OMICAIINE TOCIIE BbIJIe-
JIEHHbIX TpeH10B (cM. puc. 2). Ha ocHoBanuun
puC. 3 MOXKHO C/ieJIaTh CJIEIYIOLME BIBOJIBI.

1. Tloxroroska 3emiierpsicenuid ¢ M, > 7.5,
a B HEKOTOPBIX CIIy4asiX U MCHBIIICH MarHUTY/IbI,
npowusoleamux Ha pacctosausx 10 1000 km ot
nyHkra peructpaun PRTR, ¢ mmy6bunoit ouara
H <200 km (Ne 3,4, 5,11, 12, 14, 15), Haxogut
OTpa)XK€HUE B TUHAMUKE TOJIMTOYBEHHOTO paloHa
B 30HE MMOJIHOTO BJIArOHACKIIICHHUS.

2. IToaroToBKa CUIBHBIX TITYOOKHX (MW >7.7,
H > 500 kM) CyOIyKIIMOHHBIX 3€MJICTPSCCHHI
(Ne 6, 8, 9) B tuHaMUKe MO/INIOYBEHHOTO PajioHa
SIBHOTO MPOSIBJICHUSI HE UMEET.

9.5
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Puc. 3. CooTHOIIEHNE MEXTy MarHUTYJOH M PacCTOSHU-
€M OT ITyHKTa HaOJIIO/IeHUI 110 SIHUIEHTPA PACCMOTPEHHON
BBIOOpKH 3emieTpsicenuii ¢ M > 7.5 ¢ nobasnennsamu XKy-
MAHOBCKOTO 3€MIIETPSICEHHs] M 3E€MIIETPSICEHHs] YIIIOBOIO
nonHATHA. KpacHBIMM Kpy)KKaMH OTMEUCHBI 3eMIICTPSI-
CCHUsI, MOATOTOBKA KOTOPBIX HAlllla OTPAKEHHWE B IIONIE
MIOATIOYBEHHOTO PaJIOHA, JKEJITHIM IBETOM BBIICICHO I10JIe
(B koopmuHarax M u R) NCHCTBUS OTKIIMKA TIOATNOYBEHHO-
r0O paJioHa Ha CHJIbHBIE 3emieTpsaceHus peruoHa. Homepa
COOTBETCTBYIOT HOMEpaM 3eMIICTPSICCHUH B TaOIHIIE.

3. JInst CUITBbHBIX COOBITH, TTPOU3OIIEAIIINX
Ha paccrosHusXx Oomee 1000 kM OT myHKTa
peructpanmu PRTR, takxe He HaOmomaeTcs
MPEIBECTHUKOBBIX TPEHIOB. Jlaxke TOAroToBKa
meraszemyierpscenus Toxoky ¢ M| = 9.0 (Ne 7)
O4eHb cJ1ab0 OTpa3uiIach B MOJIE TIOIIOYBEHHO-
rO pajoHa.

3akJIroueHue

Pesynprarel Monutopunra OA Rn B TeueHue
2000-2020 rr. Ha n-oBe Kamuarka B omopHom
nyHkre «llaparynka» (PRTR), nonyuennsie Me-
TOJOM IIaCCUBHOW PETUCTPALMU B HAKOIIUTENb-
HOM KaMmepe, lokasau cienyrouiee. Ilonroroska
3eMJICTPSICEHUI CeBEepO-3aIaJHOTr0 00paMIIeHHUs
Tuxoro okeana ¢ riryouHoi ouyara H < 200 km u
M_>77.5, a B HEKOTOPBIX CIy4asx U MCHBILICH
MarHuTyzabl, IPOU3O0IIEAIINX HA PACCTOSHUAX J10
1000 kM ot PRTR, HaxonuT oTpakeHue B JuHA-
muke OA Rn. Beiaeneno 4 nepuoaa JuIMTenbHO-
CTBIO OT 8 Mec. 10 3 jeT, korma 3HaueHre OA Rn
IJIaBHO BO3pacTtaiio Ha ~33 % c mocnenyomum
pe3kuM nagenueM Ha 30 % u 6onee. Tpenast I u
III neprnonoB mpeaecTBOBAIN 3€MIIETPSCEHHU-
am ¢ M = 7.2-8.1 na paccrosuuu 10 1000 km
or PRTR B paiioHe, NpUypOYEHHOM K CEBe-
po-3anagHoMy oOpamieHuto Tuxoro okeana.
Tpena IV nmurensHoCThIO ~3 roaa (2016-2018)
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B MaKCUMyME UMEJI CaMble OOJIbIITNE 3HAYCHUS
OA Rn, a B mociienaue aBa roga OTMEUYCHO IIa-
nenue 3Hauennii OA Rn 1o MHHMMAaJIBHBIX 3a
BeCh nepuoa HabmoneHuid. Crnemyer 100aBUTS,
4TO TMOM00HOE moBeneHue auHaMuku OA Rn
Habmonanock U B myHkre INSR (puc. 1), pac-
MOJIOKEHHOM B JIPYTOM CTPYKTYPHOM 3JIEMEHTE
moOepexbsi ABAYMHCKOTO 3aJTMBA.

Ha ocHoBanum HabGIr0maeMon KOpPPEISITUN
TpeHnoB quHaMukd OA Rn U CHIBHBIX 3emite-
TPSICEHUI MOXKHO C OOJIBIION /10JIEH BEPOSTHO-
CTH TIPOTHO3UPOBATH BOZMOKHOE CHUIILHOE 3EM-
neTpsiceHue B paiioHe m-oBa Kamuarka. Crnemqyer
OTMETHTbD, UTO ITocie nmageHus 3aauennii OA Rn
no okoH4yanuu Tpenna IV yxe mpousonuio asa
COOBITHSI: 3eMJIETPSACEHHE YIJIOBOTO TMOTHSTHS
¢ M =73 (Ne 14 B Tabnuue u Ha puc. 1 u 3)

Cnucok JiuTeparypbl

doi:10.31431/1816-5524-2019-4-44-73-83

0 3emne, 2(1): 232-245.

51(4): 58-80.

doi:10.30730/2541-8912.2018.2.1.016-032

¥ BHYTPHUILUIMTOBOE 3emiieTpsicenne ¢ M = 7.5
(Ne 15). Opnako 0OCOOEHHOCTH JTMHAMHKH
OA Rn yka3bIBaloT Ha OONBIIYI0 BEPOATHOCTH
semiietTpsicenus ¢ M > 7.5 B palione n-oBa Kam-
yarka. Vcxoas u3 mpeimecTByonX Habroe-
HUH, IPOTHO3UPYEMOE 3EMJIETPSACEHUE CIIEAYEeT
okugate 10 1 ¢espans 2021 . Ot naHHBIC
COMIACYIOTCSI C JOJTOCPOYHBIM CEHCMUYECKUM
nporHo3oMm s Kypuiio-Kamuarckoil ceiicmMo-
TeHHOM 30HBI, cAenaHHbIM B paborax C.A. Pe-
notoBa ¢ A.B. Comomarunbeim [2017, 2019],
COIIaCHO KOTOpOMY HanboJjiee BbICOKask BEPOSIT-
HOCTb 3eMiieTpsicenust ¢ M > 7.7 nmpuxoaurcs
Ha ABAaUMHCKUU 3aJIMB M IKHYH0 Kamuarky.
HNHTEeHCUBHOCTB Takoro 3emiuerpsiceHus B T. [le-
TponaBioBck-Kamuarckuii Moxet ObITh Oonee
7 6annos.
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Abstract. The paper presents the results of the volume activity monitoring of subsoil radon at the strain-
sensitive point of the Paratunka control station (PRTR) for 2000-2020. Emanation observations are
carried out at this point in order to search for precursors of strong earthquakes in subsoil radon variations.
The preparation of earthquakes at the northwestern framing of the Pacific Ocean with a source depth
H <200 km and MW >17.5, and of a lower magnitude in some cases, which have occurred at the distances up
to 1000 km from PRTR, is reflected in the dynamics of radon volume activity (RVA) in the form of trends
lasting from 8 months to 3 years. The behavior of RVA dynamics in the last 5 years points to a possible
earthquake with M > 7.5 in the Pacific Ocean in the vicinity of the eastern coast of the Kamchatka
Peninsula, which may occur before February 1, 2021. This conclusion is consistent with a long-term
seismic forecast for the Kuril-Kamchatka seismogenic zone, made in the works of S.A. Fedotov and
A.V. Solomatin [2017, 2019], according to which the highest probability of an earthquake with
M_ =7.7 falls on the Avacha Bay and Southern Kamchatka.
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Introduction logical medium response to external influence

Radon (**Rn), which is formed as a result [Adushkin, Spivak, 2014; Rudakov, 2009].

of radium decay and available for continuous
registration in the air of subsoils, is very sensitive
to the changes in geodynamics state of the en-
vironment. This allows us to consider it as an
indicator of changes in the structure of the stud-
ied area of the earth crust, porosity, permeability
of gas migration channels, as well as the geo-

The radon field anomalies have been exten-
sively studied during the last decades. To search
for precursors of strong earthquakes in many
seismically active regions all over the world,
the radon volume activity (RVA) dissolved
in water and in the air of subsoils has been re-
corded since the 1980s. Data on informative

Translation of the article published in the present issue of the Journal: ®upcros ILII., Makapos E.O. JlonroBpemeHHbIC
TPEH/IbI TIOJIIOYBEHHOT0 pajioHa Ha KaMuarke Kak WHMKATOPbI MOATOTOBKU 3eMJyIeTpsiceHuit ¢ M > 7.5 B ceBepo-3amaj-
HOM oOpamnienun Tuxoro okeana. Translation by G.S. Kachesova.
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value of the radon method for the earthquakes’
precursors searching can be found in the review
works [Cicerone et al., 2009; Petraki et al.,
2015; Giuseppina, Morelli, 2012; Firstov, Ma-
karov, 2015].

Short-term precursors of earthquakes with
a magnitude M > 4.5 in the field of subsoil radon
with the lead time up to 15 days have been re-
corded in many regions around the world [inan
et al., 2008; Baykara et al., 2009; Firstov, Ma-
karov, 2018; Biryulin et al., 2019]. The meteoro-
logical parameters (air temperature, atmospheric
pressure, precipitation) make a significant con-
tribution to the dynamics of the field of subsoil
radon. They condition the significant noise com-
ponent of the initial data, which makes it dif-
ficult to distinguish the precursor anomalies.
This forces to use special methods for precur-
sor anomalies identifying [Giuseppina, Morelli,
2012; Piersanti et al., 2016; Firstov et al., 2018;
Iwata et al., 2018; Parovik, 2014].

There are not many descriptions of mid- and
long-term precursors of strong earthquakes in the
field of subsoil radon in the literature. Anomalies
in the form of long-term trends prior to strong
earthquakes have been noted for some power-
ful events in Japan. The anomaly in the concen-
tration of subsoil Rn synchronous with vertical
deformations of the earth’s crust was being ob-
served for 2.5 months before the Izu Oshima de-
structive earthquake on January 1, 1978 with M
= 7.0 at a distance of 30 km from the epicenter
[Wakita, 1981; Majumdar, 2004]. The RVA be-
gan to increase in the water of the artesian well
for 4.5 months before the Tohoku (Japan) mega-
earthquake on March 11, 2011 with M= 9.0
and continued to grow after it. The total duration
of the anomaly amounted for eight months [Tsu-
nomori et al., 2011].

Observations of the RVA behavior during
a long period at the Petropavlovsk-Kamchatsky
geodynamic polygon allow to say about the pres-
ence of a defined relation between the RVA and
strong earthquakes with a magnitude M > 7.5
in the northwestern framing of the Pacific Ocean
[Firstov, 2014; Firstov, Makarov, 2018; Firstov et
al., 2018]. The northwestern framing of the Pa-
cific Ocean refers to the area where the interac-

tion of the Eurasian (EUR), Pacific (PAC), and
North American (NAM) three largest plates oc-
curs (Fig. 1). These plates interaction is accom-
panied with intensive horizontal movements up
to 9 mm/year, which result in strong earthquakes
with M = 7.5-9 at depths from several to hun-
dreds of kilometers. The studied area includes
the Aleutian and Kuril-Kamchatka seismogenic
zones, as well as the northern part of the Japan
zone (Fig. 1).

This work summarizes the results of twen-
ty years of observations of the RVA behavior
in the informative point at the “Paratunka” con-
trol station. The authors believe the dynamics
of the RVA in this point to reflect the stress-strain
state of the key-block of the subduction zone re-
gion where the registration point is located.

Equipment and observational methods

Subsoil radon monitoring network at the
Petropavlovsk-Kamchatsky geodynamic poly-
gon (PKGP) involves five stations equipped
with the subsoil gases registration complexes
[Makarov et al., 2012]. Under the conditions
of necessity to ensure continuous monitoring
for a long time, the method of its registration
in the subsoil air by the f-radiation of RaC and
RaB decay products using gas-discharge coun-
ter appeared to be the most metrologically sim-
ple and reliable. Long-term registration of Rn
in the subsoil air in the PKGP stations network
has shown high functional reliability of applied
equipment.

At the “Paratunka” control station (PRTR)
(Fig. 1 b), one of the sensors was successfully
installed in the moisture saturation zone with
a heightened strain sensitivity to changes in
the stress-strain state of the geological medi-
um. The mechanism of reactions of the various
geophysical fields, manifested under different
disturbances of the stress-strain state of the me-
dium, determines the strain sensitivity of a par-
ticular registration point. As usual, the structure
position of strain-sensitive zones indicates their
belonging to the mobile contacts of the large
blocks [Kissin, 2011].

The PRTR station is located on the river ter-
race of the Korkin stream, which traces the sub-
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latitudinal fault within the Paratunka graben with
the associated geothermal system of the same
name and situates in a zone of dynamic influ-
ence of this fault. Natural outcrops of geother-
mal waters with the dissolved Rn content up
to 1.5 kBg/m?® are observed down the stream at
a distance of ~ 700 m from the PRTR station.
According to the data of GPR profiling, there
is decompactification area immediately under the
sensor [Firstov, Makarov, 2018]. The authors sup-
pose, that the presence of a zone of dynamic influ-
ence of the fault as well as the decompactification
area provides strain sensitivity of this point.

In this work, we used the RVA data obtained
with the 30 min discretization from the sensor
at a depth of ~ 3.5 m in the moisture saturation
zone of the PRTR station. The RVA time series
was barometrically compensated in order to min-
imize the influence of atmospheric pressure vari-
ations. Then a decimation was performed within
a semidiurnal interval. In order to filter the high-
frequency component, the last step of the data
treatment was a moving average smoothing in
a five-day window [Firstov, 2014; Firstov, Ma-

karov, 2018]. The seasonal annual component
conditioned by the seasonal variation in air
temperature was being subtracted from the ob-
tained RVA time series using the additive model
[Box, Jenkins, 1974]. The course of the obtained
curve was compared with the sequence of earth-
quakes with M > 7.5 in the northwestern mar-
gin of the Pacific Ocean.

Strong earthquakes
in the northwestern framing
of the Pacific Ocean in 2000-2020

The sampling of the most powerful earth-
quakes in the northwestern framing of the Pa-
cific Ocean in the period from 01.11.2000 to
01.04.2020 included 13 earthquakes with
M > 7.5 and two with M < 7.5. The param-
eters of the selected earthquakes were taken
from the NEIC (National Earthquake Infor-
mation Center, USA, https://www.usgs.gov/
natural-hazards/earthquake-hazards/national-
earthquake-information-center-neic) catalogue.
The Zhupanovo earthquake on January 30, 2016
with M = 7.2 and H = 177 km [Chebrov et

Table. The most powerful earthquakes in the northwestern framing of the Pacific Ocean

for the period of 1.11.2000 — 01.04.2020

Time Coordinates )
No Date hh-mmess N “E H,km| M R, km |Area of the earthquake epicenter
¢
25.09.2003 19:50:27 41.81 | 143.91 27 8.3 1640 | Japan, Hokkaido Island
2 | 17.11.2003 | 06:43:06 51.15 | 178.65 | 33 7.8 1420 | Aleuts, Rat islands
3| 20.042006 | 23:52:02 | 60.94 | 167.14 | 22 | 7.6 | 1035 | Giutersk, northof the Kamchatka
4 15.11.2006 11:14:13 46.58 | 153.27 10 8.3 800 | Middle Kurils, in the vicinity of
5 | 13.01.2007 | 04:23:21 | 46.23 | 154.55 | 10 | 8.1 | 800 | SimushirIsland
6 | 05.07.2008 | 02:12:04 53.88 | 152.89 | 632 7.7 370 | The Sea of Okhotsk
7 | 11.03.2011 | 05:46:24 38.10 | 14285 | 24 9.0 2050 | Tohoku mega-earthquake
8 | 14.08.2012 | 02:59:38 49.80 | 145.06 | 583 7.7 980 | The Sea of Okhotsk
9 | 24.05.2013 | 05:44:48 54.89 | 153.22 | 609 8.3 390 | Okhotomorsk earthquake
10 | 23.06.2014 | 20:53:09 51.85 | 178.74 | 109 7.9 1400 | Aleuts, Rat islands
11 | 30.01.2016 | 03:25:12 54.01 | 158.01 | 177 7.2 110 | Zhupanovo earthquake
12 | 17.07.2017 | 23:34:13 54.17 | 168.82 82 7.7 710 | Near Islands Aleutian earthquake
13 | 23.01.2018 9:31:40 56.01 | 149.17 14 7.9 3350 | Alaska area
14 | 20.12.2018 | 17:01:55 55.10 | 164.70 17 7.3 490 | Uglovoye Podnyatiye earthquake
15| 25.03.2020 | 2:4921 | 4899 | 157.69 | 57 | 7.5 | 440 |NorthKurils. opposite to Paramushir

Note. H — focal depth, M — magnitude, R — distance from epicenter to the PRTR. The earthquakes of the Kuril-Kamchatka seismo-

genic zone are highlighted in grey.
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Figure 1. Map of the epicenters of the most pow-
erful earthquakes with M > 7.5 in the northwest-
ern margin of the Pacific Ocean for 2000-2020
with the addition of the Zhupanovo earthquake

= (M, = 7.2) and the Uglovoye Podnyatiye earth-
quake (M, = 7.3). On the right is a location scheme of subsoil radon control stations on the Kamchatka Peninsula:
1 — RVA control stations (the INSR station is located in the other structure element of the coast of the Avacha Bay and not
considered in this work); 2 — the largest faults; 3 — faults of the second order [Popruzhenko, Zubin, 1997]. The numbers

of earthquakes correspond to the Table.

al., 2016], as well as the Uglovoye Podnyatiye
earthquake on December 20, 2018 with M =7.3
and A = 17 km in the junction zone of Kamchat-
ka and Aleutian oceanic trenches [Chebrov et al.,
2020] were added in the sampling due to the fo-
cus proximity to the PRTR station (110 km).
The parameters of the selected earthquakes are
given in the table, and their epicenters map is
shown in Figure 1. The map has been prepared
based on the GoogleMaps data from the open
sources using the MaplInfo software and the dig-
ital topographic base on a scale of 1 : 1 000 000.

Our sampling contains 9 earthquakes of the
Kuril-Kamchatka seismogenic zone: 6 with
H < 180 km and 3 purely subduction earth-
quakes with H > 500 km (highlighted in red on
the map in Figure 1), 4 events in the Aleutian
seismogenic zone, and 2 in the area of the Japa-
nese Archipelago including the Tohoku mega-
earthquake with M =9.0.

Subsoil radon dynamics in the moisture
saturation zone of the PRTR station

Let us consider the features of the sub-
soil radon dynamics with respect to the earth-
quakes from our sampling (Fig. 2). The average

value of the RVA was 8.21 = 1.07 kBg/m® for
the whole observation period. Against this back-
ground, some trends can be distinguished in the
RVA behavior, when the RVA value has smooth-
ly increased by ~ 33 % followed by a sharp
decrease by 30 % or more (Fig. 2). Such peri-
ods duration ranged from 8 months to 3 years.

From July 2003 to December 2005, the curve
showed the trend I of the RVA increase up to
20 %, followed by a sharp bay drop of the values
by 30 % lower than the initial values. The bay
duration amounted for almost 1.5 years. Just
after the drop of the RVA values, the seismic
activation period including the chain of 3 earth-
quakes with magnitudes M = 7.6-8.3 has be-
gun in the area of Kuril-Kamchatka seismogen-
ic zone. In the Koryak Highlands on the north
of Kamchatka, the Olutorsk earthquake
(no. 3, see the Table) with M = 7.6 occurred
on April 20, 2006, and then the duplet of Si-
mushir earthquakes with M = 8.3 and M = 8.1
(no. 4 and 5, see the Table) occurred in the Mid-
dle Kurils on November 15, 2006 and January
13, 2007, respectively (Fig. 1 and 2).

The preparation of the earthquake on Sep-
tember 25, 2003 with M = 8.1 in the vicinity
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of Hokkaido Island was not reflected in the RVA
data, however, prior to the Tohoku mega-earth-
quake with M = 9.0, which occurred in Japan
on March 11,2011 at a distance of 2100 km from
the registration point (no. 7 from the Table),
the weak trend II of the RVA values increase
was being observed, which had begun in March
2010 and lasted for 8 months until November
2010 (Fig. 2).

For almost three years, from January 2012
to February 2015, the trend III, when the RVA
increased by 33 % from 7.5 up to 10 kBg/m?,
was being observed (Fig. 2). During this period,
three earthquakes (no. 8, 9, 10, see the Table) oc-
curred, the response to which was not observed
in the RVA dynamics. The authors believe it to
be explained by the fact that no. 8, 9 earthquakes
are deep with /> 500 km, and no. 10 earthquake
has occurred in the Aleutian seismogenic zone
at a considerable distance from the observation
point (1400 km).

Based upon the behavior of the trend III
of the RVA, similar to the trend I, the mid-term
forecast was made for the occurrence in the com-
ing years of one or a series of strong earthquakes
at depths up to 70 km in the northwestern mar-
gin of the Pacific Ocean, including its water area
adjacent to the Kamchatka Peninsula. This fore-
cast was published in the works [Firstov, 2014;
Firstov, Makarov, 2015], and was also reported
to the Kamchatka Branch of Russian Expert
Council on earthquake prediction and assess-
ment of seismic hazard. The authors consider
the Zhupanovo earthquake (no. 11 from the Ta-
ble) with M = 7.2 and focal depth H =177 km,
which occurred on January 30, 2016, as a partial
forecast realization [Firstov et al., 2017].

Since October 2016, the trend IV intermit-
tent and complicated with short duration de-
crease of the RVA (Fig. 2) has begun. After two-
year increasing of the RVA from 7 to 10 kBq/m?,
the sharp drop of the RVA down to the ini-
tial values was being observed for 2 months
(September—November 2017). In the vicin-
ity of this drop, the Near Aleutian earthquake
with M = 7.7 (no. 12) occurred on July 17,
2017, which was one of the most powerful back-
arc shallow-focus earthquakes under the Bering
Sea. Its epicentral aftershocks zone is estimated

of ~500 km, that 3—5 times greater than the lin-
ear dimensions of the source of the earthquakes
with a magnitude of 7.7-7.8 [Chebrov et al.,
2017]. The no. 13 earthquake with M = 7.9,
which had occurred at a distance of 3350 km,
did not elicit a response in the dynamics of sub-
soil radon. The RVA values continued to grow
after that. The RVA reached its maximum value
of 12 kBq/m’ for the entire observation period
to December 2018, after which the sharp de-
crease had begun. The Uglovoye Podnyatiye
earthquake with M= 7.3 occurred close to this
time [Chebrov et al 2020]. After a five-months
break, the RVA has begun to decrease again,
and at present time it has a minimum value of 5
kBq/m’ for the entire observation period.

The linear dependence of RVA (Bg/m?) =
= f(t) (day), has been computed by the less
square method for the I, II, and III trends.
All three dependences (1)—(3) approximating
the trends are very similar to each other:

I RVA (Bg/m®) = 0.0026- (day) — 100.11, (1)
III RVA (Bg/m®) = 0.0027-¢ (day) — 100.64, (2)
IV RVA (Bg/m®) = 0.0022-¢ (day) — 86.79. (3)
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Figure 3. The relationship between magnitude and dis-
tance from the observation point to the epicenter of the
considered sampling of earthquakes with M > 7.5 with
addition of the Zhupanovo and the Uglovoye Podnyatiye
earthquakes. The earthquakes, the preparation of which
was reflected in the field of subsoil radon, are marked
with red circles, the field (in M_~R coordinates) of the re-
sponse of subsoil radon to strong earthquakes in the region
is highlighted in yellow. The numbers correspond to the
earthquakes in the Table.
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Similarity of the linear dependences (1)—(3)
testifies to the unified process occurring in a zone
of the Paratunka graben prior to the strong earth-
quakes in the northwestern framing of the Pacif-
ic Ocean with the epicenters at a distance up to
1000 km from the PRTR control station.

Let us consider the dependence of precursors
manifestation in the field of subsoil radon on epi-
central distance for the earthquakes with M >7.5
according to the table. The Figure 3 shows
the field bounded with no. 11, 4, 3, 14 earth-
quakes. This field contains all the earthquakes oc-
curred after the marked trends (see Fig. 2).

Based upon Figure 3, the following conclu-
sions can be made.

1. Preparation of earthquakes with M > 7.5,
and, in some cases, of less magnitude, which
have occurred at a distance up to 1000 km from
the PRTR control station having focal depth
H <200 km (no. 3, 4, 5, 11, 12, 14, 15), re-
flects in the dynamics of subsoil radon in a zone
of complete moisture saturation.

2. Preparation of strong deep (M > 7.7,
H > 500 km) subduction earthquakes (no. 6,
8, 9) has not clear manifestation in the dynamics
of subsoil radon.

3. For strong events occurred at distances
of more than 1000 km from the PRTR control
station, no precursor trends are also observed.
Even the Tohoku mega-earthquake preparation
with M = 9.0 (no. 7) has very weakly reflected
in the field of subsoil radon.

Conclusion

The results of RVA monitoring during 2000—
2020 on the Kamchatka Peninsula at the “Para-
tunka” (PRTR) control station obtained using
the method of passive detection in accumula-
tive chamber have shown the following. The
preparation of earthquakes at the northwestern
framing of the Pacific Ocean with a source depth
H <200 km and M _> 7.5, and of a lower mag-
nitude in some cases, which have occurred at the

References

https://doi.org/10.1007/s10967-007-7211-2

distances up to 1000 km from the PRTR, is re-
flected in the dynamics of radon volume activ-
ity (RVA). Four periods lasting from 8 months
to 3 years, when RVA values had gradually
increased by ~33 9% followed by sharp drop
by ~30 % and more were identified. The trends
of the I and III periods have preceded the earth-
quakes with M = 7.2-8.1 at the distance up to
1000 km from the PRTR in the area, which be-
longs to the northwestern framing of the Pacific
Ocean. The trend IV with a duration of ~3 years
(2016-2018) has the largest values of RVA at
its maximum, and a decrease in RVA values to
the minimum over the entire observation period
has been recorded in the last two years. It should
be added that similar behavior of RVA dynam-
ics was observed at the INSR station (Fig. 1),
which is located in the other structure element
of the Avacha Bay.

Based on the observed correlation between
the trends in RVA dynamics and strong earth-
quakes, a possible strong earthquake can be pre-
dicted in the area of the Kamchatka Peninsula
with great probability. It should be noted that two
earthquakes, the Uglovoye Podnyatiye earth-
quake with M= 7.3 (no. 14 in the Table) and
the intraplate earthquake with M, =7.5 (no. 15),
have already occurred after the RVA values drop
upon completion of the trend IV. However, the
peculiarities of RVA dynamics point to a great
probability of an earthquake with M > 7.5 in
the area of the Kamchatka Peninsula. Based
upon the previous observations, the predicted
earthquake should be expected until February 1,
2021. These data conform with the long-term
prediction for the Kuril-Kamchatka seismo-
genic zone made in the works by S.A. Fedotov
and A.V. Solomatin [2017, 2019]. According to
this forecast, the highest probability of an earth-
quake with M >7.7 falls on the Avacha Bay and
Southern Kamchatka. The intensity of such an
earthquake in Petropavlovsk-Kamchatsky can
be more than 7 points.
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Pe3tome. 3amaua u3yueHus MaleoNOINH akTyainbHa 11 Tepputopun Cankt-IlerepOypra u Jlenunrpan-
CKO# oOnacTu u3-3a cnaboil yCTOHYNBOCTH TPYHTOB M BBICOKOTO PUCKA HApYUICHUS] WH)KEHEPHBIX KOH-
CTPYKUUH B pailOHaX pa3BUTHS yKa3aHHBIX CTPYKTyp. Kpome Toro, maneomoiMHbl perioHa sBISIOTCS
HMCTOYHHKOM BO300HOBIISIEMBIX 3allaCOB MUTHEBOW BOJBI 3a CUET 3HAYUTEILHON MOLIHOCTH PBIXJIBIX OT-
JIOKEHUH, BBIIOJIHAIOIINX Bpe3bl. KapTupoBaHue 1 OLleHKa MOIHOCTH KOJJIEKTOPA MOTYT OBITH IIOJI€3HBI
MpH BEIOOpE ¥ MOHUTOPHUHTE B MPOIECCE IKCIUTYaTallid HCTOYHUKOB BOIOCHAOKEHUS OmmKaimnx Ha-
ceneHHBIX MyHKTOB (T. CecTpopetk, noc. Conneunoe Jlennnrpazackoit ob6mactu u 1p.). [TockonabKy mioT-
HOCTb BMEIIAIOMUX IMOPOA BbIIIC, YEM BBIIIOJIHAIOIINX BPE3bI OTHO)KCHHﬁ, NMaJCeOa0JMHBI TPEACTABIIAIOT
cO0OH y4acTKM C OTHOCHTEIBHO YBEJITMUYCHHON MOIIHOCTBIO MaJIOTUIOTHBIX OTJIOKEHHUH, HaJl KOTOPBIMH
0XKMJAIOTCSl OTPULATENIbHBIC TPABUMETPUUCCKUE aHOMAJIMH. BBINonHEHBI HAOMIOAEHUS BOOJIb OAHOTO
poduis, CeKyLIEero MpearoiaraéMoe pacloiioKeHue uccienryemoro spesa. Mccnenosanue nposeaeHo
C TIOMOIIBIO BBICOKOTOYHOTO TpaBuMeTpa CG-5 Autograv ¢ reoie3mIecKuM COMPOBOXKACHUEM. PaGoThI
MPOAEMOHCTPUPOBaH 3P HEKTUBHOCTD MPaBUPA3BEIKH P PEIIICHUN ITOCTABJICHHOMN 3a/1a4H, 8 TAKXKE 110~
Kas3aJi1 IOJIb3Y NPOBEACHUS IUIOIIAJHBIX T'PABUMETPUUCCKUX Ha6J'IIOI[eHI/II71 1 KOMIIJIEKCUPOBAaHUs C MaJIO-
DTyOWHHBIMH CEHCMHYECKMMH MCCIIEOBaHUSIMH. AHOMAJIHSI HaJl BPE30M cocTaBuia nmpumepHo 1 mlam,
Pe3yJIbTaThl MOKa3ald HAJINYME TEKTOHMUECKOr0 HapyLICHUs 1107 MaJICOBPE30M, C BEPTUKAIBHBIM CMe-
LICHUEM B HIDKEJIEKALIUX OTIOKEHUSX, KOTOPOE HE HACJIEAyeTCsl COBpeMeHHBIM penbedom. Halmrone-
HUs, 00paboTKa M MHTEPIIPETANNS TaHHBIX BBITIOIHEHBI TPH yyacTuu cTyaeHToB Cankt-IleTepOyprekoro
TOPHOTO YHHBEPCHTETA B paMKaX (aKyJIbTaTHBHBIX 3aHSATHI.
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Abstract. Investigation of ancient river valleys — paleochannels — is of particular relevance for the territory
of St. Petersburg and the Leningrad region due to a poor stability of rocky soils here and the subsequent
high risk of structural damage during the construction of multi-storey buildings. In addition, paleochan-
nels in the region constitute a source of renewable drinking water owing to a significant capacity of sandy
sediments. The mapping and estimation of the capacity of such reservoirs may be useful for the selection
and monitoring during operation of water sources feeding the nearest settlements (Sestroretsk, Solnech-
noye, etc.). Since the density of the enclosing rocks is higher than that of incising sediments, paleochannels
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constitute areas having a relatively high thickness of low-density sediments, over which negative gravimet-
ric anomalies can be expected. At the first stage of the study, observations along a single profile crossing the
assumed position of the paleochannel under study were performed. The study was conducted using a high-
precision gravimeter Autograv CG-5 with geodesic tracking. The research confirmed the efficiency of grav-
ity survey for solving the research tasks, as well as for performing areal gravimetric observations combined
with shallow seismic surveys. The anomaly above the incision under study was approximately 1 mGa. The
study revealed the presence of tectonic disruptions under the paleochannel, vertically displaced respective
to the underlying sediments not inherited by the modern relief. Observations, processing and interpretation
of the data were performed with the participation of students from the St. Petersburg Mining University in
the framework of elective classes.

Keywords: gravimeter, gravity survey, Bouguer reduction, gravitational field, paleo-bed, paleo-valley,
engineering geophysics, Gulf of Finland, Leningrad region, glacial deposits
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BBeaenue

Jl1sl reooru4eckoro CTPOEHHUs CEBEPHOM
EBporbl XxapakTepHO Hajauuue CIOKHOM CHCTe-
MBI TOTPEOCHHBIX IUIHOLEH-TIEHCTOLEHOBBIX
Bpe30B [[eonoruyeckuii amac... , 2009]. Uccrne-
JIOBaHUs1, HAIIPaBJICHHbIE HA U3yUYE€HUE CUCTEMBbI
Majeoq0JINH, BeayTcs ¢ Hadama XX B., Korjga
ObUIO YCTAaHOBJIEHO UX cyllecTBoBaHue. Ha ce-
TOMHSAIIHUAN I€Hbh HAKOIUICH 3HAYUTEIbHBIA 00h-
€M JaHHBIX, MTOJYYEHHBIX Kak Ha cymie [/lamko
u 11p., 2011; Jergensen, Sandersen, 2008; Kirsch
et al., 2006], Tak u Ha akBaropusix Mopeii [Cnu-
pumonos, 2010; Mads, Lykke-Andersen, 2000;
Velegrakis et al., 2010].

Bricokuii unTEpec kK MorpeOeHHbBIM 10JIMHAM
CBSI3aH C WX I€OJIOTUYECKUMHU OCOOCHHOCTSAMHU.
Wudopmarust 0 CTpoeHUU MOTPEOSHHBIX TOTUH
OTpaXkaeT yCJIOBHUS CEIUMEHTALMU B JIEIHUKO-
BbI€ U MEXKJICTHUKOBBIE IEPUOJIBI U MOXKET OBITh
HCIIOJIB30BaHa JUIS MaJIeOpeKOHCTpyKuui. [lo-
MHMO 3TOTO MaJEOA0TUHBI SBISIFOTCS KOJJIEKTO-
paMU MOJ3EMHBIX BOJ, KOTOPBIE MPEACTABISAIOT
BCce OOJbIIMN HHTEpEC ISl BOAOCHAOKEHUS.
IIpyunHOl MHTEpeca CIYKUT TO, YTO BOJBI
B HUX MOTYT OBITh JIy4YIlle 3alIUIIEHBI OT 3arpsi3-
HEHUS, YeM IPUIIOBEPXHOCTHBIE BOJIOHOCHBIE
ropusoHTsl [Kirsch et al., 2006].

B Cankr-IlerepOypre u Jlenunrpamuckoit
o0nacT B HACTOSIIEE BPEMs MPOIOJKAIOT aK-
TUBHO OCBaMBaThCsl OOIIMPHBIE TEPPUTOPUH,

BO3BOJISITCS NMPOMBIIUICHHBIE U JKUIIBIE COOPY-
JKEHUsI, B TOM YHUCJE BBICOTHBIE, MPOKJIAIbIBA-
I0TCSI KOMMYHUKanuu u T.Ja. [lameononussl,
B CBSI3U C BBICOKOM MOIIHOCTBIO MEHEE yCTOM-
YUBBIX UETBEPTUYHBIX OTIOKECHHM, CO3JAI0T
MOTEHIHAIBHO BBICOKUU TE€OJOTHYECKUN PUCK
IpU CTPOUTENILCTBE MHOTOKBAPTHUPHBIX JIOMOB
CIUIOIIHOM 3aCTPONKH, OOBEKTOB WH)KCHEPHOM
U TPaHCMOPTHOW MHGPACTPYKTYpPbI, MaruCTpa-
JIeH TOPOJICKOTO M PAaliOHHOIO 3HAYEHUs U T.J.
(puc. 1 a). Crmabasg ycCTOWYMBOCTH TPYHTOB
B pailOHE UX Pa3BUTHUS MOXKET NPHUBECTU K Ha-
PYLIEHUIO LEIOCTHOCTH MOCTPOEK M3-3a YBe-
JUYEHUS] Harpy3Kd Ha TIEOJIOTMYECKYH Cpeay
[damko u ap., 2011]. B 30He pacnonoxeHus
NOrpeOCHHBIX JONUH (UKCUPYETCS BBICOKOE
MOJIOXKEHUE YPOBHSI TPYHTOBBIX BOJ, MOATOMY
IpU CTPOUTENHCTBE HEOOXOIMMO NPUHHUMATH
BO BHUMaHUE MHTEHCUBHOCTb UX BO3JEHCTBUSA
Ha Marepuas pyHaamenta [[Jamko u ap., 2011].
[TaneoBpe3sl  SABISIOTCS  HEOIATONPUSITHHIM
¢dakTopoM MpPH OCBOEHUU IMOI3EMHOTO TPO-
CTPAHCTBA, MOATOMY MX HallMyue HYKHO Yy4U-
TBIBATh MPHU CTPOUTEIHCTBE TOJ3EMHBIX JTUHUN
METPOIIOJINTEHA UM KOJUIEKTOPHBIX TOHHEJEH,
KOTOpbIE€ PEKOMEHAYETCS MPOKJIAJbIBAaTh B J10-
YETBEPTUYHBIX OTJIOKECHUSX, HUKE CaMOM TIy-
OOKOI1 YacTH Maseo/l0NIuH — TajbBera. B cBs3u
C 3TUM aHaJIMU3 PACIPOCTPAHEHUS U COCTOSHUS
JIPEBHUX MOTPEOSCHHBIX BPE30B UMEET OOJIBIIIOE
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HMHKXEHEPHO-T€O0JIOTMYECKOe, T'HAPOreoJoruyie-
CKO€ M 9KOJIOTMYECKOE 3HAYCHHUE.

Ha tepputopuu ropona u B akBaropuu He-
BCKOW TyOBI MOrpeOCeHHBIE JOJIMHBI SBISIOTCS
Bp€3aMHU B JOYETBEPTUYHBIX MOpOAAX BEHI-
CKOrO (B LIEHTpPaJIbHOM M CEBEPHOW 4YacTH pac-
CMaTpuBaeMoOro paloHa) WIM KeMOpHUIHCKO-
ro (Ha rore) Bo3pacTa, KOTOPHIC BBITTOJIHCHBI
U TNEPEeKPBIThl YETBEPTHUUHBIMU OTIOKCHUAMU
(puc. 1 b). IlaneomonuHbl XapaKTepU3YIOT-
Csl 3HAUMTENbHOU ITyOMHOM Bpe3a — 10 100 M
IpH MWHpHUHE 10 12 KM, KpyTHU3HA CKIOHOB OT-
HOCHUTEJIbHO HEBEJIMKAa U H3MEHSETCS] OOBIYHO
B mpenenax 12—15°, pexe 18°, B BepxHeill ya-
ctu — menee 10° [Hukonmaea, Hoposa, 2012].
B uerBepTMuHON TONIE B TpeAenax IOIHUH
BBIJICJISIIOT JIO TPEX JICTHUKOBBIX U MEXJICTHU-
KOBBIX KOMILJIEKCOB, BCTPEUAIOLUXCS HAa TEPPU-
TOpUU Toposa. MopeHHbIe TONIIU IpeacTaBIIe-
HBI PEUMYIIECTBEHHO CYIJIMHKaMH C TPaBUEM,

|:] IManeogonunbI

raJibkoil ¥ BaJdyHaMHu, SIBISIOIIUMUCS BOJOYTIO-
poM. MexMOpeHHbIE BOIOHOCHBIE 00pa30BaHUs
IPEJCTaBICHbl MECKaMH, CYNEeCsIMH, MeCKaMu
Cc rpaBueM U ranbkoil [bynanos u ap., 2017].
[Toxa3anneie Ha puc. 1 b maneo 0aMHbI IPO-
CJIC)KEHBI NIPEUMYILECTBEHHO C MOMOLIbIO aHa-
Ju3a JaHHBIX OypeHUs! CKBaXKUH, UTO SIBIISIETCA
JIOPOTOCTOSIIIUM ~ CIIOCOOOM  U3Y4YEHMs HeJp.
bypenune npousBoauTCS N0 HEPaBHOMEPHOU
cetu. B nanHoil pabote paccMmarpuBaeTcs BO3-
MOXHOCTh KapTUPOBaHHs OIPEOEHHBIX BPE30B
Ha TEPPUTOPHUSAX, C1a00 W3yUYEHHBIX OypeHHEM,
a TaKkKe MEepCHEeKTUBBbl Ooiee AETalbHOIO pac-
CMOTpPEHHUS] BHYTPEHHEH CTPYKTyphl OOBEKTOB
C TOMOUIBIO TPABUPA3BEAKH C IPUBICUCHUEM
JIPYTHX Fe0(pHU3MIECKUX METOJIOB HCCIIET0BAHUSL.
B kauecTBe monMroHa Al ONBITHO-METOIU-
4yecKuX padoT BbIOpaH UK Ha Oepery OUHCKO-
ro 3anuBa BOimu3u . Cectpopelik (puc. 1 ¢) BBuay
TPAHCIIOPTHOM JOCTYIHOCTH, ONaronpHusTHBIX

Touku TPaBUMETPUYICCKHUX

HaOIIONEHUMH \

DUHCKHI 3a]IUB

Puc. 1. CxeMBI MOIIHOCTH YeTBEPTHUHBIX 00pa3oBaHmil (a) n pacmonoxkenus maneomonu (b) B mpexenax CaHKT-
[erepOypra. [Tpodunb rpaBuMeTpuueckux Haodmonennii (¢) (¢ ucronpzoBanueM [ eonoruueckuii atac. .. , 2009; SAny-
ta, 2006; Climate Proof...]).

Figure 1. The schemes of the Quaternary sediments (a), and the paleovalleys location within the territory of St.
Petersburg (b). Gravimetric observations stations (c) (using [Geological Atlas. .. ,2009; Yaduta, 2006; Climate Proof...]).
Paleovalleys are shown with an orange line.
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MIPUPOIHBIX YCIOBHIA, MTOJIOTOr0 pebeda U 0XKH-
JTaeMOM Ha OCHOBE I'€OJIOTUYECKHUX CBEJCHUH BbI-
PaKeHHOCTH NaJIeoBpe3a B (PU3NYECKUX MOJISX.

O0ocHoBaHMe BBIOOPA METOAMKH PadoOT

[lo naHHBIM MHOTOYUCIEHHBIX CKBaXKUH,
npoOypeHHbIX B JIeHnHrpaackoit oonactu [ lam-
KO U 11p., 2011], IJIOTHOCTH PBIXJIBIX YETBEPTUY-
HBIX OTJIOKEHUMU, BBITIOJHSIONINX BPE3bI Ialie-
OJIOJIMH PacCMaTPUBAEMOI0 PEruoHa, MEHbIIIE
IJIOTHOCTU KOPEHHBIX OTIOXkeHuH. I[lnoTtHoCcTh
OTJIOKEHUN  JIETHUKOBBIX, MEXJIEJHUKOBBIX
U TIOCJICJICHUKOBBIX KOMILJIEKCOB BapbUPYET
B npezenax ot 1.76 go 2.27 r/cm®, a BeHACKHX
IJIMH, MTOBEPXHOCTh KOTOPBIX OCJIOXKHEHA Bpe-
3aMu, — OT 2.67 mo 2.76 r/cM?® (cMm. Tabmnwity).
MoOIHOCTE YETBEPTUYHOM TOJIIIM BHE MAJIEOA0-
JIMH BapbUpyeT HE3HAYUTEIBHO — OT 20 10 45 M,
a B TallbBerax MorpeOCHHBIX JIOJUH JOCTUTaeT
150 M. VYBenuyeHrne MOUIHOCTHU PBIXJIBIX YET-
BEPTUYHBIX OTJIOKEHUM, a TaKKe BO3MOXKHOE
HAJIMYME TEKTOHUYECKU OCIAOIEHHBIX MOPOJT
B OCHOBaHHUU Bpesa [Ayciuenzaep, 2002; Jlamiko
u ap., 2011; Anyra, 2006] npuBoAUT K OTpULIA-
TEIbHOW HM30BITOYHON IJIOTHOCTH B THUIIOBOM
paszpe3e MajeoJ0JIMH, KOTOpas MpOSBISETCS
B BUJIE OTPULATEIbHOM aHOMAJIMU B I10JIE CUJIbI
TSYKECTH. YCIEIIHOE MPUMEHEHHE BBICOKOTOY-
HOM rpaBUpa3BElIKU B MCCIICIOBAaHUSIX, HAIIPAB-
JIEHHBIX HA M3yY€HHE MaJCOJO0JIUH, TOATBEPXK-
naet 3(pPeKTUBHOCTh METOJa HE TOJIBKO MpHU
JIOKaJIU3allui BpPE30B, HO U B YTOYHEHHUH Xa-
pakrtepa ero 3anosinenust [Manos, 1999; Mads,
Lykke-Andersen, 2000].

Jlist orieHKH MH(POPMATUBHOCTH METO/IA TIPH
M3y4YEHUH MTAJIEOI0JIMH BBIITOJIHEHO KOMITBIOTEP-

Tabauya. TINOTHOCTH U COCTAB OTJIOKEHUI, cJiara-
OIINX pa3pe3

Table. Density and composition of sediments

No CocTaB OTJI0XKEeHHI* p, T/em?

1 | CymmuHKY (TIAIHaNTbEHBIC) 2.02-2.27
2 |Iecku/cymecu 1.70-1.95
3 |I'muHbI 2.17-2.26
4 |Ilecuanuk 2.25-2.60

* OTIOKEHHUS CO CXOXKUM JIMTOIIOTHYECKUM COCTaBOM M (H-
3MYECKUMH CBOMCTBAMH B TIpeJiesiaxX MajIeo[0JIMHBI MOTYT BCTpe-
YaThCsl B KOMIUIEKCAX PA3IMYHbIX BO3PACTOB, [I0ITOMY OHH CTPYII-
MHMPOBAHBI 110 NPEUMYILIECTBEHHOMY COCTaBY, HE IO BO3pAcTy.
KopeHHBIE OTIIOXKEHHUSI — INIMHBI ¥ IECYaHUKH — OTHOCSTCS K KOT-
JIMHCKOMY TOPH30HTY BEHJA.

*Sediments with similar lithological composition and physi-
cal properties within the area of paleovalley can occur in the com-
plexes of different ages, so they are grouped by their predominant
composition, not by age. The bedrock sediments — clay and sand-
stones — belong to the Vendian Kotlin horizon.

HOE€ MOJICJTMPOBAHUE — PEIICHHE TIPSMOM 3a/1a91
IpaBUpA3BEIKU MJI TUIIOBOTO paspe3a Tmaie-
opyclia, XapakTepHOro Jjsi peruoHa. B memsx
OIICHKH T€OJIOTHYECKOW OOCTAaHOBKHU U BBIOOpA
ONTHUMAJIFHOTO BapHUaHTa MPOBEICHUS MOJIEBBIX
paboT cocTaBiieHa MO aPHOPHBIM JaHHBIM MO-
JIeNTb U3y4aeMOro 00beKTa — ABYMEPHBIN IIOT-
HOCTHOM paspe3 (puc. 2).

OOBEeKTOM MOJCTUPOBAHUS BBICTYIACT Ia-
JIeOpyCi0, 3aloJIHEHHOE MepecIanBarOINMU-
Csl CyIIMHKaMU, TIECKAMU U CYTIECSMH, C yIJa-
MH CKJIOHOB okojio 10°. Bmemaromue moposs
NPEACTaBICHbl XapaKTepPHBIMH JUIs  paiioHa
BEHJICKUMU TIIMHAMU. {711 MOIEUpPOBAHUS HC-
MOJIb30BAIMCh TAaKUE AalpUOpPHBIE CBEICHUS,
KaK CKBRXMHHBIE KOJOHKH, Ha KOTOPBIX yKa3a-
HBl TPaHUIIBl TOPU3OHTOB, CBEIEHUS O T'eOJI0-
THYECKOM CTPOCHUHU pallOHa Ha PETrHOHAIEHOM
YpOBHE, ONpEEIICHHbIE MO KEpHY 3HAueHUs
IUIOTHOCTEH Cllararollux paspe3 Mopoj U T.JI.
B COBOKYNMHOCTH BCE STH CBEIEHHUS TIOMOTIIN
OLICHUTh TPOCTPAHCTBEHHbIE M MeTpodusnye-
CKHe Xapakrepuctuku monenu. Cerb Habmroze-
HUMH, HCTIONb3yeMasi IPU MOJICTHPOBAHHH, ObLIIa
BbIOpaHa B COOTBETCTBUU CO CBHEMKOW Mac-
mraba 1:25 000 cormacHo u3gannoi B 1975 .
«HCTPYKIIMU TI0 TPaBUMETPUUYECKOW pa3Bell-
Ke» Bcecoro3Horo HayuHO-MCCIIeI0BaTENbCKOTO
MHCTUTYTa T€O(PU3NYECKUX METOIOB Pa3BEAKHU
(http://www.geokniga.org/books/48). Takoii BbI-
60p OOYCIIOBIIEH T€OMETPUYECKUMH pa3Mepa-
MU M3y4aeMOoro oObeKTa: IiIyOnMHa Bpe3a B JIO-
yeTBepTHUHON Tonie 10 100 M mpu mupune
no 1-2 kwm. Illar HaGmroAeHWI TP MOAEIHUPO-
BaHUU cocTaisi1 50 M. MonenupoBaHue moka-
3a5l0, YTO YKa3aHHBIN IIar ChEMKU MpHEMIIEM
JUTSL BBIJICJICHUS TIAJICOPYCIIa U KOJIMYEeCTBEHHOU
UHTEPIIPETAINH [TapaMEeTPOB aHOMAJIE00pasyro-
mero o0bekTa (M. puc. 2).

JIOTIOJTHUTENBHO TPOBEICHO M3YYCHUE Mar-
HUTHOTO TOJS JUIsl BBIACICHUS BO3MOXHOTO
TEKTOHUYECKOTO  HApYyIICHHs, 3aJIeraolero
B OCHOBaHMU Bpesa. lcmomnp3oBasics MPOTOH-
Hbii Marautomerp GSM-19T. Ilpu nHanmuum
peKMMa HEIMPEepPhIBHOW CHEMKU C aBTOMATHYe-
ckoii GPS-mpuBsizkoii («walking mode») Bo-
npoc o mare Habmonenwit He ctosun (https://
userpage.fu-berlin.de/geodyn/instruments/
Manual GEM_GSM-19.pdf). O6pabotka man-
HBIX, BKJIIOUABIIAsl BBEJACHHUE MOMPABKH 3a Ba-
pHUaIy MarHUTHOTO T10JIsI, TPOBEZCHA B MOTYJIE
MagBase B mporpammaom nakere Oasis Montaj.
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Puc. 2. Anpuopnas QHU3HKO-TEONIOTHYECKAs MOJEINb
Y TPaBUTALMOHHOE II0JIE, PACCUYMTAHHOE 110 MOJCIH I10-
rpeOCeHHON TONWHEL. | — CyIHHKH (TISIHATBHEIS), 2 — ITe-
CKH/CymiecH, 3 — IIHHEI, 4 — IMeCYaHuK.

Figure 2. A-priori physical-geological model and gravita-
tional field computed according to the model of the buried
valley. 1 —glacial loams, 2 — sands/sandy loams, 3 — clays,
4 — sandstone.

OCHOBHBIMM TPYAHOCTSIMHM B NPUMEHEHUU
MeTo/la SABJSUIMCh Haluuue Ha Oepery meral-
JTMYECKUX KOHCTPYKIMHA M OTCYTCTBUE HUH(OP-
Mallid O MAarHUTHBIX CBOMCTBAaX Cllararoliux
paspe3 mopojl, BBUJy YE€r0 METOJ UMEJ MOAYH-
HEHHOE 3Ha4YECHUeE.

MeToauka noseBbIX
rpaBHMeTPUYECKHX HCCIIeT0BAHMIT
U 00padoTKH MaTEepHAJIOB

I'paBumMeTprueckass CbeMKa BBINOIHATIACH
C UCMOJIb30BAaHUEM COBPEMEHHOI'0 aBTOMATH4e-
CKOr0 MHKpoIipolieccopHoro rpasumerpa CG-5
Autograv (Scintrex Ltd, Kanaga) mo mpodmutto,
PacToNOKEHHOMY BIOJb ype3a BOJbI MO Oepery
DUHCKOT0 3aJIMBa B pallOHE HAXOXKJECHUS MMaJI€0-
nonuHsl (puc. 1 ¢). Pacnionoxenue Touex HadIto-
JneHust Ha npoduie, napauiensHoM OeperoBoi
JVHAA B TIpejeax IUIska, Ha KOTOPOM OTCYT-
CTBYIOT 3HAUUTENIbHBIC MEePEMaIbl BHICOT, TO3BO-
JWJI0O MUHUMH3UPOBATh BIUSHUE OKpY’Kalolle-
ro penbeda Ha peructpupyembie Aanneie. [llar
HaOmoaeHu coctaBsul 50 M B IEHTPAIbHON
gacTd npoduis (Hal MpeanoiaraéMbiM pactio-
JIO)KEHUEM TallbBera M CKIIOHOBBIX YYaCTKOB TO-
rpebenHoit gqonunel) 1 100 M Ha ero nepudepun.

CpeMKa U MOATOTOBKAa 00OPYIOBaHUS K pa-
00Te MPOBOAMIUCH B COOTBETCTBUU C MHCTPYK-
et CG-5 Manual (https://scintrexltd.com/wp-
content/uploads/2017/02/CG-5-Manual-Ver 8.
pdf). Ha psnoBeIXx NyHKTax TrpaBUMeETpUYe-
CKUX HaONIOACHUN MU3MEPEHUS MPOU3BOAMIUCH

B peXHME — TPH IHKJIa MPOJOIKUTEILHOCTHIO
110 30 ¢, BBINOJHAJICSA ONEPATUBHBIN KOHTPOJIb
KauecTBa HAOIIOICHHH.

[Tpu peanuzanyu rpaBUMETPHUYECKON CheM-
KU JUIS y4eTa OCTaTOYHOro Jpeiida Hysst BIOH-
pascs JTOKaJbHbIA ONOPHBIA TPAaBUMETPHUYECKHUI
nyHKT (OI'TI), nnurenbHOCTh pelicoB HE MPEBbI-
masa 2 4 Jyist 00eCredeH sl MUKPOTaIbHON TOY-
HOcTH. PaboThI IPOBOAMINCE C YCIOBHBIM YPOB-
HEM HaOIIOIaeMbIX BEIWYHH, 0€3 MpUBEICHUS
K aOCOJIOTHBIM 3HAYEHUSIM TI'PAaBUTALIMOHHOIO
roitst. Pesxxnm naomronenuit na OI'Tl — neBars mu-
KJIOB H3MEPEHNI MPOIOJDKUTEIBHOCTHIO 110 30 .

Kaxxnoe 3BeHO ChbeMKHU IPOKOHTPOIMPOBAHO
IIyTEM BBIIIOJHEHUS TTOBTOPHBIX U3MEPEHUN Ha
PAIOBBIX TpaBUMeTpUuecKuX mnyHkTax. Cpen-
HEKBAJIpaTUYHOE OTKJIOHEHHUE IO pe3yibraTram
OLIEHKU H3MEpPEHUH Ha KOHTPOJIBHBIX TOYKaX
cocrasisieT 9 Mkl ai.

Tonoreone3nueckoe obecneueHue (MpUBS3-
Ka TOYEK HAOIIOICHMI) OCYIECTBIAIOCh C UC-
nosnb3oBanueM noprarusaoro GPS/IJIOHACC-
HaBUraTopa, a W3MEHEHHE aJbTUTY] peibeda
Ha npoduiie GUKCUPOBATOCH HUBEIUPHON ChEM-
koM. [TorpentHocTs n3MepeHui o BEPTUKAIIHU CO-
crasisuia 0.5 cM, a mepenaj BBICOT 1O Pe3yJIbTa-
TaM U3MEPEHUH He peBbILIa 2 M.

OO0paboTka MOJEBBIX MarepuajoB BBINOJ-
HsTack B mporpamMMmHoM mnakete Oasis Montaj
ot Geosoft Inc, Kanana (https://www.academia.
edu/18154231/montaj Gravity and Terrain
Correction). B nanHble ObuIM BHECEHBI Clle-
JyIole  MONpPaBKU:  NPWIMBHO-OTIMBHBIE
(JlyHHO-COJTHEYHBIE) Bapualuu, Iperd HyIs
(ocTarouHbIii), 32 BBICOTY TOYKH HAOTIOACHUS
U IIPOMEXKYTOYHBIN CJIOU. B ompenenenuun aHo-
MaJIbHOM COCTABIISIIONIEH TOJs, OOYCJIOBIICH-
HOU IUUJIOTHOCTHOM HEOJHOPOIHOCTBIO paspesa,
YYT€HO H3MEHEHHE HOPMaJbHOIO TIpaBUTALM-
OHHOTO TOJI C IUUPOTOH PACMOIOKEHUS TOUKU
HaOTIONCHNUS.

Pe3yabrarsl M 00Cy:K1€eHHE

IlepBuuHas uHTEpHpeTanys MPOBOAUIACH
0e3 TMpHBICUEHUS JAHHBIX JPYTUX METOIOB
M TI0Ka3ajla HCOI'PAHUYCHHYK BapUATUBHOCTDH
MoOJIeTIeH,  YIOBJIETBOPSIONINX  HAOIIOICHHO-
My TIOJIIO U WU3BECTHBIM JAHHBIM O 3HAYEHUSIX
IUIOTHOCTEH TOPOA. DTO CBS3aHO C HEOIHO-
3HAUYHOCTBIO pEIIeHUs] 00paTHOW 3aa4M TPaBH-
pa3Benku. OgHAKO BCE OHHM CBUICTEIHCTBYIOT
00 otpunarenbHON 3(PGHEKTHBHON TUIOTHOCTH
OTJIOKEHUH, BBITIOHSIONINX BPE3.
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B cBs3u ¢ aTUM A1 MHTEpHIpeTanuu ObLITH
MIPUBIICUCHBI JIJaHHBIE CEHCMHUYECKUX HCCIIe-
JIoBaHMN. PesynbpraThl CEHCMUYECKUX HCCIIe-
JIOBaHWIA, TMONy4YeHHbIE Ha (aKyIbTaTHBHOM
3aHATUU CTYIEHTOB [OpHOro yHUBEpcUTETa,
MIPOBOJUMBIX O]l PYKOBOJICTBOM aBTOPOB, IO-
3BOJIMJIM 3aKPENUTh B IUIOTHOCTHOM MOJAETH
HEKOTOpBhIE OAHO3HAYHO HHTEPIPETHPYEMbIE
IpaHUIbl. YUUTBIBasE OCOOCHHOCTU T'eOJOTHYE-
CKOT'O CTPOEHUS /17151 TaJIE€OA0INH UCCIEAYyEMOTO
pEeruoHa, CEMCMUYECKHE TPAHMIBI U TPAHUIIBI
OJIOKOB TIOTHOCTHOM MOJEIH COOTBETCTBYIOT
JIIpyT JIpyTy, TaKk KaK B JaHHBIX YCIOBUSX TI'pa-
HUI[BI, HA KOTOPBIX MPOUCXOIUT U3MEHEHUE aKy-
CTHYECKOH KECTKOCTH, ¥ TPaHUIIbl, HA KOTOPBIX
M3MEHSIOTCS TUIOTHOCTH, Ha (PU3UKO-TE€OJIOTH-
YEeCKOM MOJIeNH MaJIeoI0NMHbI COBMaatoT. Or-
TUMAJIBHBIM CITIOCOOOM M3YYCHHS ITAJICOJOTUHBI
MIPEACTABISIETCS] COYETAaHNE TPABUMETPUICCKHIX
U CEUCMHUYECKUX UCCIEIOBAHUN BIOJL OJHOIO
npoduss ¢ UX KOMIUIEKCHON HHTepIpeTaluei.

Tak, mo pe3ynapTaraM KOMIUIEKCHON HHTEp-
MpeTaluu JaHHBIX TPaBUPA3BEIKU U CEUCMO-
pa3BeIKU YCTAHOBJIEHO, YTO KPYTHU3HA CKJIOHOB
Bpe€3a U3MeHsETCs B npenaenax ot 8° no 12°; 1ox-
HBI CKJIOH OCJIOKHEH Teppacoil, TajbBEr pac-
MOJIOKEH Ha aOCONIOTHOM ITyOMHHOW OTMETKe
okojio 100 M 1 cmenieH No Jlatepaiu OT Ipes-
nojaraeMoro (1o JaHHBIM CXEMBI, OIYOIHKO-

uln

0.8

0.4

0.4

BaHHOH B [[eomornueckuii atnac... , 2009]) mo-
JIOKEHHSI B CEBEPHOM HaIlpaBJIeHUU Oojiee ueM
Ha 400 M, ryOuHa Bpe3a B JOYETBEPTUUHBIX TT0-
ponax coctasisieT okono 50 M, a Teppackl nase-
OJIOJIMHBI PACTIOJIOXKEHBI HA YPOBHE 0KOJIO 70 M.

JlonoHUTENbHOE MOATBEPKICHUE HATNYUS
CTYNEHH BO3MOXKHO IO JaHHBIM MarHUTOpPa3-
BEJKU — B cpelHed yacTu mpoduiist mojie mpe-
TEpIeBaeT pe3Koe M3MEHEHHE, YTO CBUJCTEIb-
CTBYET O BEPTUKAJILHOM IE€perajie HOBEPXHOCTU
BEHJICKMX TJIMH BOJHM3U pa3iioMa, KOHTPOIUPY-
forero naneonpes. [pencraBnennsie Ha puc. 4
JaHHbIE ObUTM TIOJNYYE€HBI B pe3yibTare Hempe-
PBIBHOMH MENIEXOHON Ch€MKH MarHUTHOTO ITOJIS
BIOJb HECKOJbKUX TNpoduieil. Brimonnenue
paboThl B 3UMHUN TIEPUOJ TIO3BOJIWIO MPONTH
1O JIbJTY, OTIAJIMBIIUCH OT AHTPOIIOTEHHBIX aHO-
MaJTHiA, PacIoIOKEHHBIX Ha Oepery (SI[pKo-po30-
BBIi1 1IBET Ha KapTe, puc. 4). CbeMKa NpoBeieHa
C YYETOM BapHualiii MarHUTHOTO TOJISI TPOTOH-
HbIMU Marautomerpamu GSM-19T.

JlaHHbIE MarHUTOpPa3BEIKU HE IMO3BOJSIOT
BBIJICTTUTH COOCTBEHHO JOJIHHY, OJHAKO JIOCTO-
BEPHO JIOKAJIU3YIOT CBSI3aHHOE C IaJIEOBPE30M
TEKTOHUYECKOE HApyIICHUE IO BBIPAKEHHON
rpagueHTHOM 30HE.

[Io wuroram »Tama MarHUTHON CBEMKH,
B JaHHOM pPErMOHE HE MPEICTaBIAETCS Iep-
CIIEKTHUBHBIM HCIOJIb30BaHUE MAarHUTOPA3BEAKU

0 850 1700 2550 M

Puc. 3. Pe3ynbrar rpaBUTAIIOHHOTO MOJICIIMPOBAHUS 110 H3yUYEHHOMY MpoQuiio. B BepxHel 4acTu pUCyHKa: TOYKH —
M3MEpEHHbIE 3HAYCHHsI, YepHas JIMHUS — o100paHHOe (MOJIeNbHOE) T1oJie (I10J1e B peyKLUuH byre ¢ yclioBHBIM ypoB-
HeM). BHU3Y rmokaszaHa aByMepHast INIOTHOCTHAs Mofieslb. Bpeska — parMeHT paspesa, MoIy4eHHOTO 110 JaHHBIM Ceic-
MOPAa3BEIKH B COTIOCTABJICHUH C T'PaHMI[AMU IIOTHOCTHBIX OJIOKOB. PacTspkeHue 1o BepTukany B 2.5 pasa.

Figure 3. The result of gravitational simulation along the studied profile. In the upper part of the figure: the points —
measured values, the black line — model field (field in the Bouguer reduction with nominal level). Below a two-di-
mensional density model is shown. The inset at the right part of the picture — a fragment of the section obtained using
the seismic data in comparison with the boundaries of the density blocks. Vertical spreading: 2.5.
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JUISL BBIZICTICHUSI BPE30B JIPEBHUX PEK, OIHAKO
00BEKTHl COMPOBOXKIAIOIIETO psila, TaKue Kak
pa3pbIBHBIE HAPYIIEHUS, MOXHO BBIACITUTH TIO
BBICOKOT'PAJIMEHTHBIM 30HAM MAarHUTHOTO TIOJI.

AHanm3upys TMPOBENCHHBIH UK paboT —
IpaBH-, MATHUTOPA3BEKY, a TAKXKE PE3yIbTaThl
CeiCMOpPAa3BEIKH, MO)KHO OTMETHT:

1) 3arpaTbl BpeMEHH Ha I'paBUpa3BEIKy He-
Oonpmve (1 moNHBINA JeHb CHEMKH), PE3yabTaT
MOJTy4eH OBICTPO, TIOJOKECHHUE ITaJicoBpe3a JI0Ka-
JM30BaHO TOUHO. [IpuMeHeHne peKoMeH10BaHo,
0COOEHHO Ha MOMCKOBOM JTarle;

2) 3arparhl BPEMEHM HA MarHUTOPA3BEAKY
HeOonpmre (MpUMEPHO 3 9 CHEMKH), OIHAKO
MPSIMBIX TPU3HAKOB MAJ€OBpe3a HE OOHAPYKU-
Baercd. [I[pumenenue 1yist KapTUPOBAHUS MAJI€0-
JIOJIMH HE PEKOMEH]IyeTCs;

3) 3arparhl BpeMEHU Ha CEWCMOpPAa3BEIKY
3HauMTEeNbHBIC (OOJbIlIasi Tpymma oOmeparo-
POB U TOMOITHUKOB, 2 TOJHOJHEBHBIX BbIE3/1a
Y OTHOCUTENBHO JIHTeThbHas oOpaboTka), ma-
JICOBPE3 BBIJIETICH OJHO3HAYHO U JIOCTOBEPHO.
Meton peKkOMEHAYETCS KaK 3aBEpAIOLIANA s
CyONMHEHHBIX OTPUIATEIBHBIX AHOMAUH, TO-
JTYYEHHBIX 110 JAHHBIM TPAaBUMETPHUHU.

HII ~

52850
52800
52750
52700
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Puc. 4. Pe3ynsrar MarHuTHOM ChbeMKH (B TOM YHCIIE JIETIOBOM).

Figure 4. The result of magnetic survey (including ice survey).

3akJoueHmne

[To pesynbraraMm BBITIOJTHEHHONW PabOTHI
YCTaHOBJIEHBI T€OMETPUYECKUE XapaKTEPUCTH-
KM TTOrpeOeHHOM MoMuHbI (ITyOruHa Bpe3a, Kpy-
THU3HA CKJIOHOB) M IUIOTHOCTHBIE MHapaMeTphl
3aIOJIHAIOLIETr0 Bpe3 Marepuasa. Y TOUHEHO MOo-
JIOKEHME TAJIbBETra: OKHUIAEMOE €TI0 IOJI0XKEHNE
0 JaHHBIM OypeHust okazanoch Ha 400 M ceBep-
Hee MpeJnoJaraeMoro u3HadajabHO; YCTaHOBIIE-
HO HaJM4ue Teppac MajeofoiuHbl. Pe3ynbrarsl
M0Ka3aJI1 HAJIMYUe TEKTOHUYECKOTO HApYyILIEHUS
10J] TAJIEOBPE30M.

MeTon rpaBUMETpUN MOKa3all BHICOKYIO 3(¢)-
(eKTUBHOCTH B PELICHUH 3314 KapTUPOBAHUS
najgeopycia. AHOManIMs HajJ BPe30M COCTaBHIIA
npumepHo 1 ml'an, 9ro mocraroyno ans oOHa-
PYKEHHMsI MAJCOAOIMHBI C IOMOIBIO IPaBUMeE-
Tpun. OQHAKO AJIE TOCTPOEHUS JI0CTOBEPHOTO
IUIOTHOCTHOTO pa3pe3a M YCTAHOBJICHUS KO-
JMYECTBEHHBIX XapaKTEPUCTHK aHoMajeoOpa-
3yromero o0beKTa HEOOXOAMMO IpPHUBICYCHHE
pE3YABTAaTOB CTPYKTYPHBIX METO/OB, HAIIPUMED
PE3yABTaTOB CEUCMUYECKUX HCCIIETOBAHUM.

[Ipenmonaraercss MIMPOKUI MHTEpeC K Ha-
NPaBICHUIO M3yYEHUsS MMaJeoA0IMH B Oepero-
BBIX 30Hax okpectHoctel Cankt-IlerepOypra.
OOwecTBEHHO-/1€TI0BOM  KoMIuleke  «JlaxTra
Llentp», caMbIii ceBepHBI HEOOCKpeO B MUpE,
HaxXoIWUTCA BOJIM3M MajeoBpe3a, 4YTO YUTEHO
B KOHCTPYKIUH 371aHUs ((PYyHIAMEHT YCTaHOB-
JIeH Ha CBaW C IIyOWHOU 3amoxeHus 82 ).
Pa3BuTue paifoHa mpuBeaeT Kk HEOOXOIUMOCTHU
JaJdbHEeHNIIero yriyOJeHHOT0 H3Y4YeHUs O0Co-
OeHHOCTel NMOrpeOEeHHbIX JOJUH MPUOPEKHON
30HBI. {71 yCHEenHoro NpuMeHEeHus: rpaBuMe-
TPUU B HHXEHEPHO-TEOJIOTMUECKUX 3ajadax
TpeOyeTcsi ompejesieHne auana3oHa TpaBHUTa-
LMOHHBIX aHOMAaJMI, XapaKTepHbIX Uil Ialie-
OBpPE30B, B 3aBUCHMOCTU OT JHUTOJIOTHYECKUX
Y TEOMETPUYECKUX UX 0COOCHHOCTEH. Bo3mMoxk-
HO paHXHpOBaHME TeppuTopuil mo 3¢dpdexrus-
HOCTH TPUMEHEHUS TPaBUMETPUH Ha OCHOBE
M3YyYEHHs] IUJIOTHOCTHOTO KOHTpacTa BMella-
IOLIUX U 3alOJHSIONMX Bpe3 TOPHBIX MOPOI.
HeoOxonuma pa3paboTka KpUTEpHEB Bbljee-
HUS T€PPAC B KPBUIbSAX BPE3a U TEKTOHUYECKUX
HapyUICHUI B 3aJI0)KEHUU TalbBera Ha OCHOBE
MOJIEJIMPOBAHUS U MHOKECTBEHHBIX MpaKTHUe-
CKUX HaOIIOEHUH.
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M3MeHeHMs TTOJIHOTO JIEKTPOHHOTO COAEPKaHUsI HOHOC(HEPbI
BO BpEMsI ITPOXOKJIECHUSI TEOMAarHUTHOU OypH
31 aBrycra — 3 cents0ps 2019 rona no nanusiM GPS
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Pe3rome. PaccMoTpeHbI H3MEHEHHS TTOTHOTO 3J1eKTpoHHOTO coxepxkanus (I19C) monochepsr Bo Bpems
MIPOXOXKIEHUST yMepeHHOH reomarHuTHOH Oypu (Kp = 4-6), 3apeructpupoBannoii 31 aBrycra — 3 ceHTS-
Ops 2019 . DTa marauTHAs Oyps oOnagana camoii 0ombIIoi B 2019 T. MpoIOIKUTENTFHOCTEIO BO BpEMEHH.
Jist mosryueHHst KONM4YeCTBEHHOH OLIEHKN M3MEHEHHUH, BOSHUKAIOIUX B HOHOC(EPHOM CIIO€, TIPOBOIMII-
Csl aHaJIM3 BapHallUi yIiia HakJIoHa criekTpa MomHocTh Qurykryauuit [I19C mo tpacce pacnpocTpaHeHHs
paanoBoiH oT ciyTHUKOB GPS 1o npuemHoii craniun. B ckonb3smem okHe BpemeHHoi pan [19C pac-
KnaabIBascs B sl @ypbe U BBIYUCIAICS TAHT€HC YIvia HAaKJIOHA CIEKTpa MOLIHOCTH. B kauecTBe ncxon-
HOU MH(OpPMALIMU HCIONB30BAIMCH NIEPBUYHbIC AaHHBbIE epMaHeHTHOH ctaHimu GPS POL2, koropast
BxoauT B cocTaB ceT IGS. Crannus naxonurces Ha Tepputopun HC PAH, bumikex, Kuprusus, ocHamiena
npuemuankom Javad Delta-3, Beicokotounoii anrennoit TPSCR.G3.

KaroueBbie ciioBa: marauTHast Oypsi, nonochepa, GPS, momHoe a5iekTpoHHOE coiepkaHue, mpeodpaso-
BaHue Pypbe, CIEKTP MOIIHOCTH
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Changes 1n the total electron content of the ionosphere
during a geomagnetic storm August 31 — September 3, 2019
according to GPS data

Artem A. Kirilov, Viadimir N. Sychev*

Research Station of Russian Academy of Sciences in Bishkek City, Bishkek, Kyrgyzstan
*E-mail: sychev@gdirc.ru

Abstract. This article considers changes in the total electron content (TEC) in the ionosphere during a mod-
erate geomagnetic storm (Kp = 4-6) recorded in Kyrgyzstan between August 31 and September 3, 2019.
This geomagnetic storm was recognized to be the longest-lasting among those registered in 2019. In order to
obtain a quantitative assessment of changes arising in the ionospheric layer during such geomagnetic events,
variations in the slope of the power spectrum of TEC fluctuations along the propagation path of the radio
waves from GPS satellites to the receiving station were analysed. Using a sliding window method, the TEC
time series was expanded in a Fourier series, and the slope of the power spectrum was calculated. As ini-
tial information, primary data provided by the GPS POL2 permanent station, which is a part of the IGS
network, on the territory of Research Station of the Russian Academy of Sciences located in Bishkek were
used. This station is equipped with a Javad Delta-3 receiver and a TPSCR.G3 high-precision antenna.

Keywords: magnetic storm, ionosphere, GPS, total electronic content, Fourier transform, power spectrum
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U3MEHEHNS NONIHOro 3NIEKTPOHHOIO COHEP)AHUSI HOHOC®PEPLI BO BPEMSI [TPOXOXKAEHNSI TEOMAIHUTHOW BYPH 31 ABrYCTA — 3 CEHTSIBPS 2019

DduHAHCUPOBAHHE

Paboma evinonnena 6 pamkax cocyoapcmeennoco 3aoanus @I'BYH Hayunas cmanyus Poccuii-
cKotl akademuu Hayk 8 2. buwxexe (mema Noe AAAA-A19-119020190064-9).

BBenenue

HcTouHuKoM SHepruu OOJIBIIMHCTBA IPO-
IIECCOB, MMPOTEKAIOIINX B aTMocdepe 3emitu, sB-
nsiercst uznydenue Comnnua. Ilo mepe noctmxke-
HUS 3apsOHKEHHBIMU YaCTULIAMU 30HBI JIEHCTBUS
36MHOT0 MarHUTHOTO TOJISI OHU HaMNpaBJISIOTCS
9TUM TOJE€M K BBICOKOIIMPOTHBIM OOJIACTSIM,
BbI3bIBasi BO3MYILEHUS 3JIEKTPUUYECKOTO M Mar-
HUTHOTO TIOJIEH, TaK HAa3bIBA€Mble MarHUTHbIE
Oypu. B nepuonpl cuibHBIX Oypb BO3MYLICHHS
pacipoCTpaHsIIOTCS M Ha CPEeIHUE IIHUPOTHI,
B OOJIBIIMHCTBE CIIy4aeB MPHUBOJS K «OTpHIIa-
TEJIbHBIM» BO3MYULICHUsIM. MaruuTHele Oypu
IIPUHATO XapaKTepU30BaTh CIEAYIOUIMMH HH-
nexcamu: K, K, G [Lanyi, Roth, 1988].

K-unnexkc, BBeneHHbli Jlk. baprenbcom
B 1938 1., xapakrepusyeT OTKIIOHEHHUE MarHUT-
HOTO MOJs 3eMJIA OT HOPMBI KakJble 3 4. 3Ha-
4yeHUs1 K-UHIEKCOB OIPENEISAIOTCS M0 JaHHBIM
13 reoMarHuTHBIX OOCepBaTOpuii, 0OBETUHEH-
HBIX B C€Th, U3 KOTOpBIX 11 HaxomsTcs B ce-
BEPHOM, a 2 — B I0)KHOM MOJTyIIapUH. 3HAUEHUS
K-unnexcoB BapbupytoT oT 0 10 9 s kax-
noro TpexdacoBoro wHTepBana (0-3, 3—6, 6-9
U T.J1.) MUpOBOro BpeMeHu. 3Hauenue K = 0 co-
OTBETCTBYET CIIOKOMHOMY MarHMTHOMY IIOJIIO,
K =9 —sKcTpemManbHO CUIIBHOMY BO3MYIIEHHUIO.

Hcnonpkiyemblit B HacTodLIEel paboTe miaHe-
TapHbIM WHAEKC K TpencTaBiseTr co0oit cpe-
HIOIO BENUYMHY K-MHJEKca, B3SITOrO IO JaH-
HBIM T'€OMAarHUTHBIX oOcepBaTopuil. G-HHIEKC
orpeneNiieTcss Mo S5-0aJuIbHOM MIKase, Xapak-
TEepU3YIOLEe UHTEHCUBHOCTh MAarHUTHON Oypu
10 BO3JIEHCTBUIO MAarHUTHOTO I10JISL HA 3JIEKTPO-
TEXHUKY, CBA3b, HaBUTaIMIO U T.1. [1o 3TOi 1mka-
Jie MarHUTHbIE OypU OAPA3IEISIFOTCS Ha YPOBHU
or Gl no GS. Ilpu 3TOM yCTaHOBIEHO CIEAY-
I0IllE€ COOTBETCTBUE Mexcny G-u K - mHjek-
com: Gl (cmabast Oyps) — K =5 G2 (yme-
peHHas) — K =6; G3 (cwmpnas) — K =7; G4
(oueHn CPIJIBHaH) — K = 8; G5 (9xcTpemanbHO
CUJIbHAs) — K =9,

Vcnionb3oBatue cnytHukoB GPS nns usyue-
HUS HOHOC(EpHI ITPH BHEUTHUX BO3JEHCTBUAX —
OBICTPO pa3BUBAIOIIECECS HAIIPABIEHUE B HAyKax
o 3emie. VI3MeHEHUSIM TOJIHOTO JIEKTPOHHOTO
copepxanus (I19C) monocdepsl npu BO3ZCH-

CTBUSX PA3IMYHOIO poOJia KaK €CTECTBEHHOTO,
TaK U TEXHOTEHHOTO MPOUCXOXKICHHS (3emiie-
TPSICEHUS, COJTHEYHAas W IeOMarHuTHas aKTHB-
HOCTb, TPO3bl, IlyHaMH, B3PBIBHI U T.]1.) TOCBSIIIIE-
HO MHOTO uccienoBanuii [AdpaiimoBuy, 2006;
T'ox6epr u np., 2011; Pezzopane et al., 2019;
Belakhovsky et al., 2017; Candido et al., 2018].
[TepBbie myOmuKauu MOJOOHBIX UCCIIEIOBAHUN
C UCTIONH30BAHUEM JAHHBIX TIIOOATBHBIX HABHU-
TallMOHHBIX CIYTHUKOBBIX CHUCTEM TOSBUIIUCH
MOYTH Cpasy ke MOocie BHEAPEHUS ITUX CUCTEM
naBuranuu [Lanyi, Roth, 1988]. ccnenoBanus
C HCIIOJIb30BAaHUEM TAKOTO BHJA JAHHBIX IPHU
onienke ¢uykryanuit [I13C nonocdeps kak UH-
JMKaTopa BO3JEHUCTBUN OCTAIOTCA aKTyaJbHbI-
MU U B HACTOSIIIIEE BPEMsI, TAaK KaK BO3JICHCTBUS
MOKHO TPaKTOBAaTh KaK aKTUBHBIE IKCIIEPUMEH-
Thl M MCIIOJIb30BaTh JJISl PELICHUs psijfa 3ajad
(bu3uKu HOHOCHEPHOU TUTa3MBbl, PacpoCTpaHe-
HUS PaJUOBOJIH, (U3WKH yAApHBIX BOJIH U TIP.
[Adpaitmouy, 2006].

Ilenp maHHOW pabOTHI — HMCCIENOBAaHHUE W3-
MEHEHUIl MoHOChEPHl B MEPUOJ] MPOXOKICHUS
yMepeHHOM MarHutHoi Oypu yposHs G1 u G2,
KoTopast Habmonanack ¢ 31 aBrycra mo 3 ceH-
T0pst 2019 1. M3meHeHus B noHocgepe ore-
HUBAJIM MO 3HAYEHUSM TOJHOTO AJIEKTPOHHOTO
COJIEpP)KaHMS, TOJIYYEHHBIM TI0 HW3MEPECHUSIM
nepmaneHTHoi crtanuuu GPS POL2, xoropas
BXoauT B cocTaB cetd IGS. CraHmus HaXOOUT-
ca Ha Ttepputopun Hayunoit cranmuum PAH,
ocHaieHa npuemMHukoMm Javad Delta-3 u BbIco-
korouHoii anteHHoi TPSCR.G3. T'eorpaduue-
ckue koopauHarel ctanuuu: 74° 41' 39.37" N;
42° 40" 47.17" E [IGS...]. OcobeHHOCTBIO pa-
OO0TBHI PTOM TMPUEMHOUN CTAHIUU SIBIISETCS TaK-
K€ BBICOKAsI YaCTOTa UCKPETU3AIUU BXOJAHOTO
CUTHaja — OJJHO U3MEPEHHE B CEKYH]TY.

MeTtoauka

Anzopumm onpeoenenusn adconOmmo20
eepmuxanvhozo II13C

B pabore wucnomb3yercs yxke OMyOIuKo-
BaHHAs U IIMPOKO M3BECTHas METOAMKA OIIpe-
nenenus [I19C [AdpaiimoBuy, 2006; Cherniak,
Zakharenkova, 2017; MputbHHKOB2 U J1p., 2013]
1o naHHeIM GPS-n3mepenmii.
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CrangaptHoil QopMmoli mepenayd U XpaHe-
Husa gaHHbIX GPS-usmepenuii sBistores Gaii-
ael B ¢opmare RINEX (cranmaptr UNAVCO
COMPACT 3) [Lou, Wier, 2014]. ®aiinbr
RINEX c¢ pacmupenusmu *.m12 u *.m21 co-
nepxar (a3oBble U3MEPEHUs IICEBIONATBHO-
ctu L1 u L2 ngng naOmroneHuii Uil OCHOBHOM
U jpononHutelbHOM 4vactor GPS — 157542
u 1227.60 MI't1. ®aiinel RINEX ¢ pacmmpenusi-
mu *.pll u *.pl2 conepxar KonoBbIEe U3MEPEHHUS
ncepnonansHoctd P1 u P2 nns mpuBeneHHBIX
BbIIIE 4acToT. [Ipy mpoxokieHnu pajgruocuraa-
Ja yepe3 MoHochepy MposBISIETCS HOHOCHED-
Has 3aj7iepkKa. Bpems 3amepk Ky mpsMo IMpo-
nopuuonansHo [19C Bmonme Bcell TpaekTopuu
pacipoCTpaHEeHUs PaIMOBOIHBI.

Jns Berancnenus [19C ucnonws3yrores clie-
ayromue BblpaxeHus [AdpaiimoBuy, 2006]:
mo (a3oBbIM HM3MEPEHHUSM TIO JABYM YacTOTaM
BIOJIb JTy4a «IPUEMHUK — CITyTHUK» —

1 fLff '
40308 fZ+ f7 [(L141 — LaA3) + 6L];
(1)

I1O KOAOBBIM 3aACPIKKaM JIJI TCX KC ABYX HaCTOT —

_ 1
40308 f2 + f7

3necy Jo u Jp — paccuuTaHHbIE 3HAYCHUS
[I9C; L A, u L\, — npupaiuenus (pazoBoro myTu
CUTHAJIa, BBI3BAHHBIC 33JCPKKOH (ha3bl B HO-
nocepe, L, = Ap2r n L, = Ap/2w — dasosbie
m3mepenuss GPS-npueMHHKa, BBIIOJTHEHHbBIE
Ha 4acToTE f, ¥ f, COOTBETCTBEHHO; 0L — o1mmbOKa
usMepenus (asel; P 1 P, — TpynnoBoi myTh s
4acToT f, ¥ f,; 0P — ommnbKa n3MepeHus JajibHO-
ctu 1o P-koxy. B paboTe ncnomnp3yeTcst pa3HOCTh
Jo — Jp, B3sTas Mo aOCONMIOTHOW BETUYMHE, TaK
KaK OHa HeceT HanboJiee UCUEPITBIBAIOIIYIO HH-
dopmanuio 06 usmeneHun aMmuTysl [19C.

Oobwmenpunsroit eqununeit usmepenus [13C
spisiercs TECU (total electron content unit),
oHa paBHa BenauuuHe 10'° M2 [AdpaiiMmoBuy,
2006; Hofmann-Wellenhof et al., 2001].

Jo

Ip '[(P1_P2)+6P]-(2)

Ilpeoopaszosanue naxknonnozo I3C
6 eéepmuxanvhnoe IIC

[12C, nonyuyennoe u3 Beipaxkenui (1) u (2),
MPOTOPIIMOHAIEHOE PACCTOSHUIO MEXKIY TPH-
EMHHUKOM W TIEPEIaTYNKOM U H3MEPEHHOE IPHU
Pa3MYHBIX yIJIaX PAcIONOKEHUSI HaBHTAI[HOH-

HOTO CITYTHHUKA OTHOCHUTEILHO JTUHUH TOPH30H-
Ta 0, ABIACTCA «HAKIOHHBIMY. Ilpu ucenemno-
BAaHUU HMOHOC(EPHBIX BO3MYIICHHI TpeOyeTcs
HEKOTOpasi HOPMHPOBKA aMIUTATYIbI BapHaIuit
[I2C. Mng 5TOro pacCUMTaHHYIO BEIUYHHY
I[13C nHeobxomuMo mpeobpa3zoBaTh B 3HAYCHUS
BepTuKambHoro [I9C OTHOCHUTENBHO TOMIHU-
oHOC(epHOI TOYKM (TOYKU TEepecedeHus ayya
3penusi Ha HaBuranuoHHsli MC3 ¢ BbicoTOM
[JJABHOTO MaKCHMMyMa KOHIIEHTPAIIMH DJIEKTPO-
HOB MOHOC]EpDI, cooTBeTCTBYOMIEE O = 90°).
Jns mpeobpazoBanuss [19C M3 HAKIOHHOTO
B BEPTHKAIBHOE TIPUMCHSIOT CJICITYIONIHA KPH-
tepuii [MIBaHoB u nip., 2011]:

: cos(95)>],

3)
rae J, uJ  — 3HAYCHUS BEPTHKAILHOIO M Ha-
KJIOHHOTO HE%C, TECU; R, — pamuyc 3emiu,
h_. — BBICOTA MaKCMMyMa 3JICKTPOHHOM KOH-
LIEHTPALMK B HOHOCPEPE, O — yron pactosoxe-
HUSl HABUTAIIMOHHOTO CIYTHHKAa OTHOCHUTEIHHO
JIMHUHA MECTHOTO TOPU30HTA.

[Tockonbky ammumtyna konebanuit [19C
¢ neprogamu 2—120 MuH BapbUpPYET B OOIBIIIOM
JMarna3oHe 3HAUYE€HUM, aHaJu3 CIEKTPOB IPOU3-
BOJIUTCS B Jiorapupmuueckom macuirade [Ad-
paiimoBuy, 2006]. C nenpio MoiayyeHus KOJH-
YeCTBEHHBIX OLIeHOK u3meHeHus [19C Bo Bpemst
JIOTIOJIHUTENbHBIX ~ BO3MYILIEHUN (yMepeHHOH
MarHUTHOM OypH) BBIYHCISETCS TAHICHC YIia
HAKJIOHA CcTieKTpa MOIIHOCTH urykryanuii [19C.
Haxon cniektpa moinHocti S*(F) B norapud-
MHUYECKOM MaciiTabe ornpenensieTcsi HakIIOHOM
aIMpOKCUMUPYIOLIEN MPAMOM, KOTOpas MOMKET
OBIThH ONKCaHAa BBIPAKEHUEM:

lg(S%(F)) = k-lg(F) + b, 4)

rae koa¢p¢unueHt k = tg(a) — 3TO TaHreHC
yIlla HaKJIOHA O allpPOKCHUMUPYIOLIEH MPSMOM;
b — macmtTabHBIA KOA(DPUITUEHT, XapaKTepusy-
IOIIMHA MOABEM NPSMONM OTHOCHTEIBHO OCH ab-
CIIMCC. DTU BEJIMYMHBI PACCUUTHIBAIOTCS METO-
JIOM HaUMEHbIIUX KBaPaTOB.

s e
= |jarcsin\———
Jnee = Jop " [aresin (g5

Pe3yabTarsl

st nabmopenust usmenenus: [19C Bo Bpe-
Msl TIPOXOXK/ICHUS YMEPEHHOW MarHUTHOUM Oypu
¢ 31.08.2019 mo 3.09.2019 Obutn 06paboTaHbI
pe3yabrathl u3Mepenuit GPS-cranuumn POL2
B uHtepBaiue 243-247-it nens 2019 .
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Uro0bl orpaHuyuTh 00JNACTH HMOHOChEPHI,
JUTST KOTOpPOW OymayT HalIEeHBI 3HAUYEHUS BEPTH-
kanpHOrO I1D9C, BHIOMpArOTCS JaHHBIE TOJIBKO
OT T€X CIYTHHUKOB, KOTOPbIE UMEIOT Haubolee
MOJTHOE TIOKPBITHE 30HBI HaOmoneHus. Mcxo-
Tl U3 DTOTO KPUTEPUS U ISl TIOJTyYSHHST Hanbo-
jee IOCTOBEPHOU U MOJHOU MH(pOopMauu ObUI0
BBIOpAHO 4 CIIyTHUKA C HEPEPBIBHBIM CUTHAJIOM
(cmytauku GPS G7, G10, G14, G20). Ha puc. 1
MOKa3aHbl TPAEKTOPUU ABUKEHUS ITUX CIYTHHU-
KOB B IOJIIPHOM CUCTEME KOOP/AHHAT.

Hnst monmydyenuss uHpopmanuu o0 u3Me-
vHeaun [19C B paccmarpuBaeMOM HMHTEpBaJe
BBIJICIISUIA  CKOJIB3SIIIee OKHO pasmepom 1024
TOYKH U C 1aroM 16 Touek. Ckomnb3silee OKHO
BBIOMpAETCS KpaTHBIM 2", TaK KakK 3TOro Tpely-
€T aJropuT™M ObICTporo mpeoOpazoBanus Dy-
pre. B KaxaoM OKHE NpPOM3BOIMIN OBICTpOE
npeobpazoBanne Pypbe s pazHocta Jo — Jp,

- G7 .
O GPS - MpuemHuk

- G14 N
O GPS - MpuemHuk

20
40
60

S

BBIYHCIISUTH CIIEKTP MOITHOCTH CHUTHAJIA U HAXO-
JIWJTA yTOJT HaKJIoHA Tpaduka — kodhdummeHT k
(Beipakenue (4)). CrekTp MOIIHOCTH CHUTHaja
coXpaHsieT MHPOPMAIIHIO TOJBKO 00 aMILTUTY-
JaX CHEKTPAbHBIX COCTaBISIOMUX [Ps3aHiie-
Ba u ap., 2017], moaToMy oH Oyzmetr Hambosee
WHOOPMATHBCH TPH HAJIWYUU 3HAYUTEIHHBIX
n3meHennit B uamepennom [19C. Ha puc. 2 no-
Ka3aH croekTp MoiHoctu ¢uykryanuit [19C
i ciyTHuKa G7 B T€YEHHE BCETO BPEMEHH €ro
MIPOXOXKACHUS, a TaKXkKe MpPUMEp OMpeAeTCHUS
yIia HakJIoHa cnekTpa momHoctu [19C.

B Tabmurie mpencTaBiIeHBl XapaKTePUCTUKH
MarHuTHOM OypH B JHH, KOTJIa OHA MPOUCXOAU-
J1a, MaKCHMaJIbHbIC 3HAYCHNUs YPpOBHA K B Tede-
Hue cyTok u [I19C. o 1aHHBIM TaOIUIBI BUTHO,
yt0 3HadueHus [19C Bo3pacTaroT B COOTBETCTBUU
C TOKa3aTeJIIMH WHTCHCUBHOCTH MAarHUTHOTO
oJIst 3eMJTH.

- G10 N
O GPS - MpuemHuk

w

z

= G20
O GPS - MpuemHuk

S

Puc. 1. Tpaexropunu mns cnytaukos G7, G10, G14, G20, noryueHHbIE B MOISPHBIX KOOPAUHATAX, B 243-11 1eHb

u3mepenuit 2019 r.

Figure 1. Trajectories for the G7, G10, G14, G20 satellites obtained in Cartesian coordinates on the 243rd day

of measurements in 2019.
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Tabnuya. XapakTepucTUKH MaruuTHoi 6ypu 31.08. — 3.09.2019
Table. Characteristics of the magnetic storm August 31 — September 3, 2019

V CpeHeHHBII I15C, TECU, 10" m? o crrytaukam GPS NHekc
JleHb rofa | mIaHeTapHbI (MakcuMaibHbBIC 3HAYCHUS B TCUCHHE CYTOK) MATCHUTHOL
nrzexc, K, Gl | Glo Gl4a | G20 Oypu, G
243 13 11.9 17 9.9 2
244 6 29 17 13 9 2
245 5 5.9 13.1 9 1
246 4 7.9 9.9 2.6 7.3 0

AHanu3 TUHAMUKA U3MEHEHHS yIJa CIeK-
Tpa w™momHoctu [19C mnpogeMoHcTpHUpoOBal,
yro [IDC Haubosiee aKkTUBHO M3MEHSETCS
BO BpEMs IPOXOXKJECHUS MAarHUTHBIX Oypb.
Ha puc. 3 noka3aHsl rpa@uKu U3MEHEHUs yria
HakjioHa cnekrpa mowHoctu II9C u ycpen-
HEHHOTO ITAHETApHOro MHAeKCa K B TeUeHHE
CYTOYHOTO TEPHOAA B MEPBBIA U TPETUH JHU
HaOmoneHus (243-it u 245-i quu roxaa). Ipu
Kp > 4 mpocCleKUBAETCS POCT aMIUTUTY/IbI U3-
MEHEHHS yIJla HaKJIOHa CIeKTpa MOUIHOCTH
I19C, a npu K < 4 — criax yria HakJOHaA CIIEK-
Tpa. Ilpu K = 4 cyliecTBEHHBIX U3MEHEHUN
TI9C He Hadmonanocs. Kak BHAHO 3 puc. 2
U 3, Yyroja HaKkJOHa CHEKTPa MOILHOCTHU BO3-

pacraer ¢ poctom K . OTmeuaercs B3ammo-
CBSI3b MEIK/Ly HOBBILICHHEM U MOHMKeHHEM K
¥ aMIUTUTYION M3MEHSIOIIErocs yriia HaKIOHA
crnektpa moutHoctu [12C.

Ha puc. 4 moka3zaHo u3MEHEHHUE HaKIIO-
Ha crekrpa momHoctu [I9C tg (o) ¢ 243-ro
no 246-1 nensb roga qyis cinytauka G10. Ha rpa-
¢$ukax B MecTax BO3pacTaHus mHiekca K Ha-
OJTFOArOTCS SKCTPEMYMBI yTJIa HAaKJIOHA CIIEKTpa
momHocTH [I9C.

Ha npexacraBneHHbIx rpadukax OTYETIHBO
BuAHa B3auMocBs3b IIDC ¢ AnuTenbHOCTHIO
MarHuTHO# Oypu. Takum 00pazoM, MOXHO TO-
JIy4uTh KonmdecTBeHHbIe n3meHeHus [19C npu
pa3IMYHBIX MATHUTHBIX OypsIX.

1078 : 5 :
HL—_—__‘\/—’_‘—h—ﬁ
WYLy |
10| ey _
1065 1 1 1
105 104 f1o'3 1072 10"
S Ji)
10?4
&
w)
1073 |
. 1 i s s . . L f . . T -)

0.5

2
x107%

1 1.5
f, Iy

Puc. 2. Criexrp momaoctn urykryaruii [19C. Huwxanit rpaduk nokaspiBaeT anmnpoKCHMUPYEMbIH yda-
CTOK CIEKTPa MOIITHOCTH B JIOTapU(pMHUIECKOM MaciiTade. ANMMPOKCUMHUPYIOIIast MpsiMasi C pacCUNTaHHBI-

MU TOUYKaMH BBIACIIEHA KPACHBIM IIBETOM.

Figure 2. Power spectrum of the TEC fluctuations. The bottom graph shows an approximated portion
of the power spectrum on a logarithmic scale. The approximating straight line with calculated points is

highlighted in red.
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Puc. 3. B3aumocBs3b U3MEHEHHI HHIEKCA Kp Y yIiia HakJIoHa criektpa mourHoctH [19C tg (o) B TCUeHHE Cy-
TOYHOTO TIPOXOKICHUS B IEPBHI (243-i1 ICHB T0/1a, JieBasi KOJIOHKA) U TpeTuit (245-if neHb rona, mpasasi Ko-
JIOHKA) THH HaOJIFOIeHUs MarHUTHOH Oypu 1tst cnyTHHKOB G7 (am e), G10 (b u f), G14 (c u g), G20 (d m h).

Figure 3. The relationship of changes in the K, index and the slope of the TEC power spectrum tg (o) during

the daily passage on the first (243" day of year, left column) and third (245" day of year, right column) days
of observation of the magnetic storm for the G7 (a, ¢), G10 (b, ), G14 (c, g), G20 (d, h) satellites.
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Puc. 4. I3smenenune unaexca Kp u yriia HakJioHa cnekrpa momHoct [19C tg (o) B TeueHue 4 qHeit Hab0-
JIeHNs1 MarHUTHOU Oypu i crytHuka G10.
Figure 4. Change in the K index and the slope of the TEC power spectrum tg (o) during 4 days of observation
of the magnetic storm for the G10 satellite.
BoiBoabl GPS-uzmepenuii mpoBoawIICs IJiI WHTEpBaja

JlaHHbIE 1O M3MEHEHUIO yIJla HaKJIOHA
crnexktpa MomHoctu Bapuauuii [19C no3Bosns-
10T OLICHUTh U3MEHEHUE HOHOC(hEphbl BO BpeMs
npoxoxaenust Oypu. Jnst onpeneneHus mapa-
MetrpoB [I9C wucCnonb30BalINCh BBICOKOTOU-
Hble JJaHHble epMaHeHTHOM GPS-crannuu. B
00paboTKe y4acTBOBAIM H3MEPEHHS IO TEM
CITyTHUKaM, JUIsl KOTOPBIX IMOJy4YeH Haumbojee
JUIUTEJIbHBI HENPEPBhIBHBIN CUrHal. AHanu3

Cnucok Jaureparypbl

BCHI[ CO PAMH, 480 c.

suka, 24: 70-77.

https://doi.org/10.7868/S0016794017060104

https://doi.org/10.1186/540623-017-0696-1

BpPEMEHH, B KOTOPOM Obljla 3aperucTpupoBaHa
reomaruutHas Oypst 31 aBrycra — 3 ceHTs0ps
2019 r. 3 14 marHuTHBIX Oypb, 3apUKCUPO-
BaHHBIX B 2019 I, 11151 MicciaemoBaHui ObLIa BBI-
Opana Oypst caMOil OOJBIION MPOMOIKUTEIb-
HocTu. [loka3aHbl CylieCcTBEHHbIE W3MEHEHUS
yIjla HakjJIOHA CIEKTpa MOLIHOCTH BapHalui
[19C Bo BpeMs IPOXOXKACHUS 3TOH YMEPEHHOI
re€OMarHuTHOM Oypu.
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Effect of hydroisostatic compensation
depending on the shelf width on the example
of the Laptev and the East Siberian seas
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*E-mail: rbulgakov@imgg.ru

Abstract. Using the method of numerical simulation, we found the nature of the postglacial transgression
along the coasts of the Laptev and the East Siberian seas to be affected by the shelf width and the
continental slope depending on the viscosity properties of mantle layers. In particular, the marks
exceeding the contemporary sea level, which are typical for the Holocene climatic optimum of 4-6 ka
BP, may be located at different heights. Depending on the area, which fell under the increasing load
of the incoming water due to the sea level rise during the postglacial period, and the viscosity of the mantle
layers, the earth’s surface responds differently to changes in the load and restores its isostatic balance with
different rates.

Keywords: postglacial transgression, mantle viscosity, hydroisostasy, vertical movements, Laptev Sea,
East Siberian Sea
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Beenenue

Bo BpeMs kaumaTruyeckoro ONTUMyMa To-
joreHa, 4—6 ThIC. JL.H., C OOIICTUIAHETaPHBIM
TEMIIEPaTYPHBIM PEKUMOM, PEBBIILIAIOIIAM CO-
BPEMEHHYIO KIIMMaTHUUYECKYIO TEMIIEpaTypy, J0-
TMYHO OKMJATh JOIMOJHUTENIBHYIO JIerpafaliiio
00beMa OKPOBHBIX JIEJIHUKOB C IIEPEXOJ0M Ta-
701 BoABI B MUPOBOM OKEaH U, BCIEICTBHUE ITO-
'O, IPEBBIILIEHUEM COBPEMEHHOTO YPOBHS MOPSI.
W peiicTBUTENBHO, CIIEABI MOAHITHIX OEPErOBBIX
JUHUAR OTMEYaroTcs Ha MHOTUX IMOOepexbsix
MupoBoro okeana.

[Ipy BBIIIOJIHEHMM YHCIEHHBIX pELICHUHN
TaK Ha3bIBAEMOI'0 YpaBHEHUS yPOBHS Mops (sea
level equation — SLE) B cuieHapusix TasHUS 1MO-
KPOBHOI'O OJIEJICHEHUsSI HE YUMTHIBAIOTCS BO3-
MOJKHBIE OCLMJUIALIUU DBCTAaTUYECKOTO YPOBHS
MOps B pe3yJbTaTe€ OTHOCUTEIBHOTO YMEHbIIIE-
HUSl WIK yBeIUYEHUsI 00beMa MOKPOBHBIX JIEJI-
HUKOB BCJIE/ICTBHE KJIMMATUYECKUX KOJIECOAHUM.
TastHue JIeMHUKOB MPUHHUMAETCS KaK IMPOUCXO-
JUBIIEE [0 ACUMITOTUYECKOMY 3aKOHY C 3aBEp-
LIEHUEM JIerpajalui AHTapKTUYECKOTO JIEHU-
Ka OKOJIO 4 ThIC. JI.H.

Tem He MeHee JIsI MHOTHX TOOEPEeKUil MO-
JIEIMPOBAHNE TM0KAa3aj0 IMPEBBILICHHE YPOB-
HsI MOpsl B miepuoa BpeMeHu 4—6 Teic. J.H. Ta-
KM€ 30Hbl IOJYYWJIM HAUMEHOBAaHHUE — 30HbI
VI Knapka.

B nanHol pabore mnpennpuHUMAETCs IO-
MIBITKA UCCIIEAOBATh 3TOT (DEHOMEH Ha IpuMepe
no6epexuit mopeit JlanteBbix u Bocrouno-Cu-
OMPCKOTO, KOTOPBIE, KaK Oy/IeT MOKa3aHO HUKE,
yIa4HO PACIIONIOKEHBI ISl PEHICHUs TOJOOHBIX
3a1au.

3ona VI Knapka

B cepenune XX B. ObUIO YCTaHOBJIEHO,
YTO MOCJIEJIETHUKOBAsI TPAHCIPECCHs, 0COOEHHO
Ha 3aBepuIarolleM 3Tare, Mmo3aHee 6 ThiC. J.H.,
“MeJia HEOAMHAKOBBIN CIIEHApU U HEPABHOMEP-
HYI0 CKOPOCTb HAaCTYIUIEHHS MOPS B Pa3IMYHBIX
parionax MupoBoOro okeasa.

ba3oBbIMu  paccMaTpuBaiIMCh  CLEHApHUU
@. enapna u P. @eiipopumxa. Hlenapn [Lle-
napn, 1969] mpenmnonaran IIaBHOE IMOBBIIIE-
HUE YypOBHSA MOps, KOTOpOE, IO acCHMITOTE,
JOCTHUIVIO COBPEMEHHOIO YpPOBHS, HO HHUKOIZA
He npeBbimano ero. Ero onnonent ®deipopumx
[Fairbridge, 1961] npeanoxun alisTepHATHBHOE
MIPEACTABICHUE O XOJE TPAHCIPECCHUM — C OC-
wwusanuaMu. [lo @eitpOpuxy, yposenb Mu-

poBoro okeana 5.0 u 3.7 ThIC. JI.LH. IPEBBICHII
COBpeMeHHBIM Ha 3—4 M, a jajnee mocie psaa
MEJKHAX oCIUUIAIMN 2.3 1 1.2 TBIC. JI.H. aMILIH-
Tynoi +1.5 M BepHYICs K ypOBHIO OJIHU3KOMY CO-
BPEMEHHOMY.

Pemenue s 06Cy»)1aeMoro mpoTHBOPEUHS
OBLIO TMPENIOKEHO KOJUIEKTHBOM HCCIEI0BaTe-
ne#t J. Clark et al. [1978]. Ouu ipu YUCIIEHHOM
MOJICTTUPOBAHUM YWIM W3MEHEHHS TpaBHUTAIIU-
OHHOTO TOJISl B pe3yJIbTaTe mepepacrnpeaenecHus
Macc JibJia U BOJIbI HA MOBEPXHOCTHU 3€MJIU U pe-
OJIOTUYECKHE CBOMCTBA JTUTOC(HEpPHl U MAHTUMN-
HBIX CJIO€B. DTH aBTOPHI TAKXKE BBIICIWIN Ha
MOBEPXHOCTH 3€MJIM 30HBI CO CXOKMMHU CLIEHA-
PUSMHU XOJla TIOCIIEIETHUKOBON TPAaHCTPECCHUH,
T.€. 30HBI, B KOTOPBIX YPOBEHb MOPSI MIPEBBIIIAI
COBpPEMEHHBII, 30HbI, B KOTOPBIX YPOBEHb MOPS
MMOHU3WICSA, U JIp. Becero ObUIO BBIZEIEHO 6 30H.
B nanpHeiieM, Ha OCHOBE 3TOM pabOThI, MOJIe-
JIMPOBAHUE COBEPILIEHCTBOBAIOCH.

CBoeoOpa3HOil 30HOW CpeaH BBIACTSAEMBIX
okazanack 30Ha VI Knapka, B koTopyro BoIuIu
MaTepUKOBBIE TOOepexbsi. Ha TpoTsHKEHHBIX
MaTepUKOBBIX MOOEPEKbAX IO BCEMY MHUPY
ObUTH 3a()MKCUPOBAHBI NPEBBIILIEHUSI COBPEMEH-
HOTO YpOBHSI MOpsI, B OCHOBHOM COBIIaJIaBILINE
M0 BPEMEHH C KIIMMaTHYECKUM ONTHMYMOM TO-
JIOLIEHA OKOJIO 6 THIC. JI.H.

B npyrux 3onax, oco6enno B 30He [V Kinap-
Ka, pacueThl, Ha0OOPOT, IMOKa3ajul OKeaHU4e-
CKoe TIOHWXeHHe ypoBHS (zone-IV oceanic
submergence) U OTCYTCTBHE NPEBBIMICHUA CO-
BPEMEHHOTO YPOBHS MOPs B TOJIOIIEHOBBIN KIIH-
Matudeckuii ontumyM [Clark et al., 1978].

[pyroit 0coOEHHOCTBIO, BIMSIONIEH Ha U3-
MEHEHHE OTHOCUTEIBHOTO YPOBHS MOPS Ha KOH-
KPETHBIX MOOEPEkKbAX U MacCKUpyroIen 3ppexr
30Hbl VI Kiapka, oka3anoch HOSIBIEHUE CBOE-
oOpasHbix B3ayTHH — (hopbammk (forebuldge)
(3oma II Kmapka [Clark et al., 1978]), o6pa3o-
BaBIIIMXCS HAa 36MHOW MOBEPXHOCTU MO MepH-
MeTpy obJacTel MOKPOBHBIX JICTHUKOB B IEPHU-
0] MakCUMyMa TOKpOBHOTO oseneHeHus (last
glacial maximum — LGM). [TosiBnenue B3nyTuid
OOBSICHSIOCH PAaCTEKAHHEM BEIIECTBA BS3KUX
MaHTUHHBIX CJIOEB H3-TIOJ OOJAcTH OJelleHe-
HUS 01 TshKeCThIo Jeanuka [Glacial... , 2009].
Takue B3IyTHS IO Mepe TasHUS JIETHUKOB KOM-
MMEHCHPOBAJIUCh, TMOBEPXHOCTh IMOHUXKAJIACh
B CBOMX BBICOTHBIX OTMETKAaX, U 3TOT IPOIECC
Ha To0epexbax GUKCUPYETCs B IPEBHUX Oepe-
TOBBIX JTUHUSIX.
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Hns  wmsyuenust >¢ddexra
3oubI VI Knapka yno6Ho moGe-
peKbe, T0CTaTOYHO yIaJeHHOEe
Kak OT o0nacteil Hemocpen-
CTBEHHOTO pPAa3BUTHSA JIETHU-
KOBBIX IOKPOBOB (UTOOBI YHTH
13 30HBI popOanK), TaKk U OT
COBPEMEHHBIX aKTHBHBIX PETH-
oHoB Bpoae Kypuno-Kamuar-
CKOM 30HBI CyOyKITHH.

B »TomM oTHOmeHun mnoa-
XOJSIIIIUM pailoHOM SBISIETCA
nodepexne Mmopeit JIanTeBbix 1
Bocrouno-Cubupckoro. Mopst
HaXOAATCA HE TOJIBKO 3a Ipe-
JenamMu o0nacTeil mocieaHero
MOKPOBHOTO OJICACHEHUS, KaK
®dennockanguu, Tak u CeBe-
po-AMEpHUKaHCKOTO, HO U 3a
npeaesamMu  pacupoCTpaHEHUS
CBSI3aHHBIX C HUMHU 30H (Hop-
O6anmx. CoBpeMEHHbBIE aKTHB-
HbIE 30HbI CYOyKIIMU TAKXKe HE
JOMHUHHPYIOT B 3TOM PErHOHE.

Ocob6ennoctpio Mops Jlam-
TeBbIX U BocTouno-Cubupcko-
ro Mopsi, ynoOHOW sl u3yue-
Hus dexra neBepunra (continental levering)
[Stocchi, Spada, 2007] B rojoneHOBBIA ONTH-
MyM, SIBIISIETCSl pas3iMyHas INMPHUHA IIETb(OB
stux Mopei. lllensd mopst JlanTeBbix — OoKOJIO
500 kM — B ABa pa3za yxe menbha Boctouno-Cu-
oupckoro mops. IIpu stom mens¢p Bocrouno-
CubupcKoro Mops J10 MOJIOBUHBI CBOEH IITMPUHBI
umeet nryouns! ot 100 M 1 cBas ITyOUH KOHTH-
HEHTaJIbHOT'O CKJIOHA npuMmepHo Ha 500 meTpax,
a 'y Mops JlanTeBbIX 9Ta 30HA TOPa3io yxe.

ITocsienenHNKOBBIC M3MEHEHUS
ypoBHs Mopsi JIanTeBbIX

u Boctouno-Cubupckoro Mmopst

1o najeoreorpagpuueckuM JaHHBIM

[To6epexbs mopeit JlanteBbix 1 BocTouHO-
Cubupckoro wu3ydeHsl naneoreorpapuiecKku-
MU METOJIaMH B OTHOILEHHMH IOCIIEIETHUKOBON
TpaHCcrpeccuu cnadbo. ITO CBA3aHO MPEXKIE BCe-
ro ¢ TPyAHOAOCTYIIHOCTBIO pernoHa. bonee ne-
TaJIbHO U3Yy4€HO No0epexbe Mops JlanTeBbIX.

[TocnenennukoBas TpaHcrpeccus Ha moodepe-
&Kbe Mops JlanTeBbIX XapaKTepu3yeTcsl MOBbIIIIE-
HHUEM YPOBHSI MOPS B mepuo/ ¢ 9 10 6 ThIC. JI.H.,

mope Jlanmessbix

=
& -

QU 7
fkf\vz@ :
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\/"500
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KUNOMETDbI

Puc. 1. barumerpudeckas kapra-cxema g0 n3obarsl 2000 M mrenpda u KoH-
THHEHTAJIbHOTO CKJIoHa Mopst JlanteBelx M Bocrouno-CubGupckoro Mops
(https://topex.ucsd.edu/cgi-bin/get data.cgi). 3amuTbie KBaapaThl — YYacTKH,
10 KOTOPBIM CMOJICTTUPOBAHHbBIC KPUBbIC X0/a TOCIETICAHIUKOBOI TPAaHCTPECCHH
(puc. 2) oOcy)aroTcsi B CTaThe.

II0CJIE YEro ypoBeHb cTadbuinsupoBaiics. Mme-
I0TCSl Pa3pO3HEHHBIE CBEACHUS O MPEBBIILIEHUN
COBPEMEHHOI0 YpOBHs Mops B rosonene. Cpe-
I HUX HHTEPECHbIE CBHJIETEIbCTBA MPOHUK-
HOBEHHMsSI MOPCKOM BOJIbI B MPUOpEKHBIE 03€pa,
PacCIOIOKEHHBIE BBIIIE COBPEMEHHOIO YPOBHS
B nocaeanue 2000 net. B kauecTBe npumepa mno-
JOOHOTO MPEBBILLIEHUSI COBPEMEHHOTO YpPOBHS
Mopsl IpUBOAATCS 03. VI3MeHunBoe Ha apxurie-
nare CeBepHas 3emis y n1-oa TaliMblp u 03. Ce-
BaCThsIH B pailioHe AenbThl p. JleHa. O3epa pac-
MOJIararoTcs Ha 6 U 5 M COOTBETCTBEHHO BBILIE
COBPEMEHHOTI'O YPOBHS MOpsL, U, KaK OLICHUBAIOT
uccienoBarenu, ypoeHb Mopsi okosio 2000 J1.H.
JIOJOKEH ObUT MPEBBILIATh COBPEMEHHBIN HE Me-
Hee yeM Ha 10 M, 0 4eM «...CBUIETEIbCTBYET
BO3pPACT MOTPeOCHHON O3€PHBIMH OTIOKCHHS-
Mu apesecuHbl — 2100 pannoymiepoaHsIX JIET
[bonpmmsiHoB U n1p., 1995]» (umt. mo: [Maka-
pos, 2017, c. 87]).

Ananmu3 Tomorpadgudecknx kapt XIX B.
[bonpmmsinoB U aAp., 2013] mokazan, 4to ypo-
BEHb MOPSI MOT PacIoiaraThCs BbILIE COBPEMEH-
HOT'0, BO3MOXKHO, Bcero 150-200 n.1.
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B pabote, moCBANIEHHON W3MEHEHHUSIM
ypoBHsI Mopsi JlanTeBbIX B MOCIENETHUKOBBE,
A.B. T'aBpwiioB u ap. [2006] mo maHHBIM Oype-
HUS CKBaXUH Ha IIeNb(e 1 TaTUPOBOK JIPEBHUX
OEpEeroBbIX CIIEIOB ACSITEILHOCTH MOPS Ha TO-
OepexXbsX PEKOHCTPYUPOBATIU CXEMBbI PACcIOi0-
KCHHsI OEPETOBOM IMHUU B 3aBUCUMOCTH OT BO3-
pacTta M KpHBYIO XO/1a MOPCKOH TPaHCIPECCHH.
Oco06eHHYI0 POJTb TPU HACTYTUICHUH MOPS aBTO-
pBI OTBENIM TEPMOAOpa3UU U TEPMOKAPCTOBBIM
sBreHusM. Jlnis meproaa rojoueHoOBOW TpaHC-
TPECCUU OHM TMPHUIIUIA K BBIBOIY, YTO B MEPHUOT
5-3.5 ThIC. J1.H. YPOBEHb JOCTHUTAT a0COTIOTHBIX
orMeToK 0..., +2, +3 M, a OKOJIO TBICSTUCIICTHS
HazaJ — OTMETOK +1, +2 M.

A.B. bapanckas [2015], mo pe3ynbratam
aHaJgu3a JAaTUPOBOK IO3IHEIICHCTOIICHOBBIX
U TOJIOLICHOBBIX TMOAHSTBHIX WJIM 3aTOIJICHHBIX
OeperoBbIX JIMHUN, MPEASIOKUIa IS Menb(o-
BoM oOmactu Mmopsi JlanTeBbIX, BBIJICICHHON
M0 KPUTEPUAM HEOTEKTOHMUYECKOW aKTUBHOCTH,
OCPEIHEHHYIO JIJIs1 KPYTTHBIX HEOTEKTOHUYECKUX
o0nacTeil CKOpOCTb OTHOCUTEIBHOTO H3MEHE-
HUS YPOBHSI MOps 3a TOJIOLIEH B 5.5 MM/TO..
JIr0oOONBITHO, YTO B CMEXKHOM TEKTOHHYECKOM
obnact, BepxosHCKOW, paclolioKeHHOH da-
CTUYHO HAa COBPEMEHHON CYXOMYTHOH YacTu
modepexkbss Mopsi JIanTeBbIX, OTHOCHUTEIIBHOE
W3MEHEHUE YPOBHS MOPS 3a TOJIOLEH HUMEET
MIPOTUBOIONIOKHOE HAIMpaBlIEeHUE, U OIICHEHO
ono B —1.41 mm/ron [Bbapanckas, 2015].

[TocneneHUKOBBIE H3MEHEHHSI YPOBHS MOPS
Ha nobepexne Boctouno-Cubupckoro Mmops u3-
YYEHBI €Ille MEHBIIIE, YeM Ha MoOepexrbhe Mops
JlanTeBbix. Jlns Boctouno-Cubupckoro mops
MPAKTUYECKH OTCYTCTBYIOT TMpPSIMbIE OIICHKH
W3MEHEHUN YPOBHS MOPsI B IMOCIEIEAHUKOBOE
Bpemsi [MakapoB, 2017]. HNmerorcss naHHbIE
o HoBocubupckum octpoBam. [1o pesynsraram
JOKYMEHTHUPOBAHUSI CEPHUH MOPCKUX Teppac,
JTATUPOBAHHBIX  PAUOYTIICPOAHBIM  METOIOM,
Y HAxXOJIKU TUTAaBHUKA U3 BEpPXHEU 4acTH paspe-
3a OTJIOKEHUM JIalJbl Ha BBICOTE 8 M MpPEIo-
JKE€Ha KpHUBas U3MEHEHHUW YPOBHS MOps B paii-
oHe 0. KoxoBa B romoneHe [AHMUCUMOB U Jp.,
2009]. CornmacHO 3TO KPUBOM, YPOBEHb MOPS
MIPEBBILIAT COBPEMEHHBIN 0K010 4—4.9 ThIC. JI.H.
Ha 6—8 M, okojio 1.2 ThIC. JI.LH.— Ha 4—6 M. AB-
TOPBI IIUTUPYEMOM pabOTHI MPE/IoIaraloT 3Ha-
YUTEJIbHBIA TEMIT TPAHCTPECCUU HA HAYAJIbHOM
JTarie Ha OCHOBAHMU HAaXOAOK OMBHEW MaMOH-

TOB Bo3pacTtoM 12.5 thIc. neT B 130 kM K ceBe-
po-3amnany ot o. J)KoxoBa, Tj1e mpeo0aaaoT Iry-
ounbl 6omee 20 M. J[aTupoBKa MiIeueBOl KOCTH
Jomaau ¢ 0. BUIBKHILIKOrO, pacroyiokeHHOTO
B 45 kM K 1oro-zanaay ot o. JKoxoBa, o3Bonuia
MPEOI0KUTH, 4TO 0. JKOXOBa COXPaHSI CBA3b
C MarepukoMm eme 7-9 Teic. J.H. [AHHCUMOB
u ap., 2009]. 3amennenue TpaHCrpeccuu CBS-
3BIBAIOT C TEM, UTO IMPOUCXOJINIIO HE TPAHCTpec-
CHUBHOE 3aTOIUIEHHE, a IIOCTEIEHHBIH 3axBaT
CYLIM MOPEM B pe3yabTrare TepMUYECKON mepe-
pabOTKH MHOTOJIETHEMEP3IIBIX MTOPOJI.

B ¢ynnamentansHom Tpyne I1.A. Kamnun
u A.O. CenmuBanoB [1999] Ha ocHOBe aHanM3a
BBINIOJTHEHHBIX K TOMY BPEMEHHU Iajeoreorpa-
(UYEeCKUX HUCCIEOBAHUNA CKIOHSIOTCA K BBI-
BOIY, UTO Ha ToOepexnsix mopeid JlanTeBbix
u Boctouno-CuOupckoro B ONTUMYM TOJIOIIEHA
ypOBEHb MOpsi ObUT ONIM30K K COBPEMEHHOMY
WM TpeBbIIa ero He 6osee yem Ha 1.5-3.0 m.
A OTMEUEHHBIE MPEBBILIEHUS COBPEMEHHOTO
YpOBHSI MOpsl Ha OoJiee BeIcOKHE, 10 10 M, 3Ha-
4yeHUs1 00yCIIOBJIEHBI BBHICOKHMH IITOPMOBBIMU
HaroHamu [Kamnun, CenuBanos, 1999].

Takum o0pa3om, B HacTosiIIee Bpems IOKa
HEJOCTAaTOYHO Tasieoreorpapuueckux HaoIo-
JICHH 0 XOJI€ MOCJIeTIeTHUKOBON TPAHCTPECCHH,
Ha KOTOpble MOXKHO onuparbcs. Ho mpensapu-
TEJbHBIE PE3YIbTAaThl IMO3BOJISIIOT JOIYCTUTb,
9YTO XOJ TpaHcrpeccuu Ha Mope JlanTeBbIx
1 Boctouro-CubupckoM Mope ObLIT pa3iIuveH.

A.C. Makapos u /[.}O. boasmmsnos [2011]
OTMEYAIOT, YTO XOJ YPOBHSI OKEaHa B TEUEHHUE
roJIolieHa B BOCTOYHOM M 3allaJlHOM CEKTOpe
pOCCHIICKONT APKTHUKHM pa3jiMu€H M 4acTo pas-
HOHaIpaBJieH. /[ MOpel BOCTOYHOTO CEKTopa
XapaKTepeH TPaHCTPECCUBHBIN XapakTep, a AJis
MOpEH 3amaHOTO CEKTOpa — PErPECCUBHBIMN.

Ha pasnuuue B mmpuHe menbha 1 BIUSHUAHI
ATOH OCOOEHHOCTHM Ha XOJ TMOCIEIeTHUKOBOMN
TpaHcrpeccuu odparwim BHuManue V. Klemann
et al. [2015]. ITo pe3ynprataMm MOAEIMPOBAHUS
aBTOPHI OIICHWJIM XOJ TPAHCTPECCUU ISl pac-
CMaTpUBAaEMbIX PETHOHOB B LIMPOKOM JAMaria-
30HE PEOJIOTMYECKUX NapaMeTpPOB MAaHTUHHBIX
cioeB ¥ MomHOCTH Jutochepsl. lo ux nan-
HbIM, Ha menbde Bocrouno-Cubupckoro Mops
6maromapst 3pdexTy ruapou3ocTazuu MPOrHO3-
HBIM XOJ] YPOBHSI MOPSI CUCTEMATUYECKHU OIepe-
»an Ha 10—15 M xox TpaHcrpeccuu nmpu ydere
TONBKO 3BcTaTndyeckod ee ponu. CpaBHEHHE
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JanTeBOMOpPCKOro Ienbpa c Oojee KpyThIM
cki10HOM menbpa Boctouno-Cubupckoro Mops
MI0Ka3aJl0, YTO BEPTUKAJIbHbIE JBWKECHUS 3€M-
HOW MOBEPXHOCTH Pa3IMYyalIUCh B XOIE IOCIE-
JIeIHUKOBOU TpaHcrpeccuu. M3rub nurocdepst
noa Bocrouno-CuOupckuM MopeM Haudascs Mo-
puctee, 4em 1oz MopeM JlanTeBbIX.

Pe3y.]'II>TaTI>I YUCJICHHOTO
MOJA€ITUpPOBaHUN U oﬁcyme}me

PacueTsl xoma mnocienegHUKOBOW TpaHC-
IPECCUU, BHITIOJIHEHHbIE B MPOTPAMMHOM I1a-
kere SELEN 2.9 [Spada, Stocchi, 2006, 2007;

ThIC. JIET HAa3a/Q
0 2 4 6 8 10 12 14

VM2a

ThIC. JIET Ha3aq
0 2 4 6 8 10 12 14

20
24
28
132
-36
-40
-44
-48
-52 VM2e
-56
-60

64

e MOpe JlanTeBbIx

Spada et al., 2012] (puc. 2) npu pa3nUyuHbIX
PEOJOrMYeCKUX MapamMeTpax MaHTHHHBIX CIIO-
€B, TMOKa3aJId B OOLIeM ciydae Ui MoOepeKbs
Boctouno-Cubupckoro Mopsi MpeBBILIEHHE CO-
BPEMEHHOTO YpPOBHS MOps, a s MOOepexbs
Mopsi JlanTeBbIX OTCTaBaHUE XOAa TpaHCTpec-
CHH W TPAKTHYECKOE OTCYTCTBHUE MPEBBIIICHUS
HaJl COBPEMEHHBIM YPOBHEM MOPSI.

OObsicHeHue 1aHHOTO (haKkTa KPOETcs B pas-
JUYUM BIMAHUS d(Q¢eKTa THIPOM30CTa3UHd Ha
6omnee mupokom menbhe Bocrouno-Cubupcko-
ro MOpsSI B CPaBHEHHH C OTHOCHTEIBHO Y3KUM
menabGpom Mops JlanTeBbIX.

TBIC. JIET Ha3a{
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4
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Boctouno-Cubupckoe mope

Puc. 2. KpuBnie xoma tpancrpeccuu g Mmopeit JlanteBoix 1 BocTouHo-CHOMPCKOTO B 3aBUCUMOCTH
OT BBIOPAHHOM BSI3KOCTHOW MOJIENN 3eMJTH COrIacHO Tabumuie. [IyHKTBI, Ui KOTOPBIX MTPUBOASTCS KPHU-
BBIC X0JIa TPAHCTPECCHUH, TTOKA3aHbI 3aATUTHIMY KBa(paTHKaMu Ha puc. 1. J{st 000MX MOpei MyHKThI BbI-
OpaHBI B 3aJIMBaX, YTOOBI M30€XKATh PA3IHMYUS X0/Ia TPAHCTPECCUU Ha MBICY U B 3aJIHBC.
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Tabnuya. Moneau 3emMJiH, HCTIOTb30BAHHBIE B pacyeTax

Croit 3emnu MoTIHOCTh TUTOC(EPHI U 3HAYCHHUS BI3KOCTH CIIOCB MAHTUH
VM2a | VM2e | VM2e VM2f
Jlutocdepa, km 50 50 50 50
Bepxustst mantus, 10% ITa-c 0.5 1.0 0.75 0.35
TpausutHsiii cioi, 10?' Ta-c 0.5 1.0 0.75 0.35
Huoxusas mantus, 10%' Ta-c 2.7 10 3.5 2.0

Ipumeyanue. 3a 0OCHOBY B3ATHI apameTpbl Moaenn VM?2a, npeanoxennsie [Peltier, 1998] mis monenmuposa-
HUST BOCCTAHOBJICHUS U30CTATHYECKOTI'O PABHOBECHS B PE3YJILTATEC U3MEHEHU S 061>eMa INOKPOBHBIX OﬂeﬂeHeHMﬁ

(glacial isostatic adjustment — GIA).

Cormacio mnpencrasienusm J. Clark u
C. Lingle [1979], npu perpeccun Mopsi BO Bpe-
Msl MaKCUMyMa TOCJIEIHEH JTeTHUKOBON SMOXU
CHATHE HArpy3Kd BOJBI BBI3BIBAET IEpETEKa-
HHE MaHTHITHOTO BELIECTBA M3-110]] KOHTHHEHTA
B paiioH 1menbda U OKEaHUIECKOTO JTHA. DTO BBI-
3bIBACT HHUCXOIAIIME JIBUKEHUS NPUOPEKHON
30HBl KOHTHHEHTA. 3aTeM, C HaCTyIUICHHEM
MEXJIETHUKOBOTO BPEMEHH, IO Mepe Harol-
HEHMS Yallli MOpPCKOro OacceiiHa Tajol BOOM
JIeIHUKOB, BOJIHAs HAarpy3ka Ha MOPCKOE€ JHO
U 1menbd yBeTMUMBaeTCs, YTO BEJET K BO3Bpa-
Ty MaHTUWHOTO BelIecTBa B 00JacTh MO KOH-
TUHEHTOM, U OeperoBasi 30Ha HAYMHAET MOIbEM.
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[Tporecc 3TOT 3aBUCUT OT BSI3KOCTH MaHTHITHO-
ro BEUIECTBA: YEM BBIIIE BA3KOCTh, TEM OOJbIIE
BpeMeHU TpebdyeTcs 11 neperekanus (puc. 3).

Ha puc. 3 npencraBiieHbl KpUBBIE pelakca-
[[MU, PACCUUTAHHBIE B MPOrPAMMHOM I[aKeTe
SELEN 2.9 [Spada, Stocchi, 2006, 2007; Spada
et al., 2012] mo wmeToamke, TpPEHTIOKEHHOMN
[Peltier, 1976]. KpuBbie 0TOOpa)karoT 3aBHCH-
MOCTh BPEMEHH BO3BpaTa K paBHOBECHOMY CO-
CTOSTHUIO TTOCTIE BO3ACHCTBUSI U CHSTHUSI HArpy3-
KM Ha IUTAHETapHBIE CIIOU 3€MIIH.

[To xpuBBIM penakcaluyd BUIHO, YTO MpHU
HauOOJIbIIIEH BSI3KOCTH MAHTHMHOTO BEIIECTBA
(momens VM2c, puc. 3a) Bpemsl pellakcariuu
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Puc. 3. CiekTpbl H30CTaTHYECKOM pellaKCalliy B 3MHBIX CJIOSIX 0 Pe3yJibTaTaM MOJICIIMPOBAHMS B IPOIPAaMMHOM I1a-
kere SELEN 2.9, nomyuennsie uist moneneit VM2c¢ (a) u VM2e (b). Kpusast MO coorBerctByeT ManTuu, CO — rpanuie
sinpa u MaaTiH, LO — murocdepe, M1 u M2 cooTBeTcTBeHHO MaHTHHHBIM rpanumam 670 u 470 kM, T1-T4 — cmosam ¢
YTIPYTO-BSI3KUM MOBEICHHEM.
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CJIOCB YBEIIMYMBACTCS MPAKTUUECKU Ha IOJI0-
BHUHY TIOpSIIKA B CPABHEHUHU C MOJIETBIO C HaW-
MEHbIIIEH BA3KOCTHIO (Momens VM2e, puc. 3b),
T.e. TpeOyeTcsl B HECKOJIBKO pa3 Oojiee mpomo-
KUTEITHHOE BPEMsI, YTOOBI 3¢€MHasI TTIOBEPXHOCTh
BEpHYJIACh K M30CTaTUIECKH COaTaHCUPOBAHHO-
My PaBHOBECHIO.

B cnydae paccmarpuBaeMbIX MOpEW Ha-
IPY>XKEHHUE MOPCKOTO JIHA B paiilOHE KOHTHHEH-
TaJIBHOTO CKJIOHA W menbpa B Boctouno-Cu-
OupCcKOM Mope OyzeT MPOUCXOAUTh C MEHBIIECH
Harpy3kou Omarojaps O4YeBUAHOW OousblIei
IIUPUHE M, COOTBETCTBEHHO, OOJBIIEH TIIO-
maan menbha B CPaBHEHHH C MIETb()OM MOps
JlanTeBBIX, YTO 3aMEIJIUT BO3BpPAT MAaHTUWHOTO
BEIIECTBA MO/l 00JIaCTh KOHTUHEHTA Ha 1mooepe-
xbe BocTtouno-Cubupckoro mops. 3arma3ipiBa-
HUE BO3Bpara MaHTHUHHOTO BEIECTBA IO/ KOH-
TUHEHTAJIbHYIO 00JIaCTh BBI30BET 3alla3/IbIBAaHNE
moIbeMa MoOePEKbsi, © MOPE OCTABUT CIIEIBI Oe-
PEroBOl NESITEIIbHOCTH HAa OTMETKaX, KOTOPbHIC
Mo3Xe OyayT MOAHSTHI MPU TOCTHIKEHUU H30-
CTaTUYECKOTO paBHOBeCHs. B pesynbrare ciempl
YPOBHSI MOpsI B TIEPUOJT JOCTHIKCHUSI MAKCUMY-
Ma 3BCTAaTUYECKON TPAHCTPECCUH (B HAIIIEM CITY-
4ae 4 ThIC. JI.H.) OKaKYTCs BBIIIIE COBPEMEHHOTO
YPOBHS MOPSI.

JlaHHBI MEXaHW3M MOATBEPKIAAETCI pe-
3yJbTaTaMu MOJICTTUPOBaHMUs (puc. 2).

[IpeBbIIeHUST COBPEMEHHOTO YPOBHSI MOPS
Ha BocTtouno-CubupckoMm noOepekbe MOoKa3bl-
BalOT KPUBBIC C HU3KUMHU 3HAYCHUSMHU BSI3KOCTH
MaHTUHHOTO BenlecTBa. Huskue 3Ha4YeHHS BSI3-
KOCTH OOYyCJIOBITUBAIOT THUIPOU30CTATHIECKYIO
KOMTIICHCAITMIO, BCJIEICTBUE YETO JIPEBHUE Clie-
JIbI YPOBHSI MOPSI OTMEUAOTCS BBIIIIE COBPEMEH-
HOTO ypoBHS. [Ipy BEICOKHX K€ 3HAYCHHSIX MaH-
THUIHON BA3KOCTH, KaK IMOKa3bIBAKOT PACUETHI,
MIPEBBIIICHUS] COBPEMEHHOTO YPOBHSI MOpPSI OT-

Cnucok Jureparypbl

mul p. Jlenwr. CI16.: AAHWMU, 268 c.

CYTCTBYIOT U Ha nobdepexxbe BocTouno-Cubup-
ckoro mMops (puc. 2b, VM2c).

OTcyTCTBI/IC JOCTAaTOYHBIX HOAaHHBIX O XOAC€
MOCTICNIEIHUKOBOM TpaHCTpeccud Ha mobepe-
*be BocTouHO-CHOMpPCKOTro MOps 0 TaJIeoreo-
rpaduueckuM HaOMIOACHUSAM C a0COIIOTHBIMU
JaTUpOBKaMH HE [Ja€T BO3MOXHOCTH OTAAThb
NPEANOYTeHHE KaKOW-TO W3 HCIIOIb30BAHHBIX
BSI3KOCTHBIX MOJIENICH, HO €CIU ISl MOOepexbsi
BocTtouno-Cubupckoro Mopsi mporecc TUApo-
MU30CTaTUYCCKOW KOMIICHCAIIMHM €IIe He 3a-
KOHYMJICS (TIpM HU3KOW BSI3KOCTHM B CETMEHTE
MaHTHH), TO MO’KHO OXKHJIaTh, YTO OCYIIIEHHUE TT0-
Oepeskbsi U OTCTYIJICHHE MOPS MOJKET OKa3aThCs
BEYIIUM MPOIIECCOM B OIKanIeM OyryemM.

3akjao4eHmne

YHUKaJIbHOE pACIONIOKEHHE IO OTHOIIe-
HUIO K 00MacTsM pa3BUTHS MOKPOBHBIX OJie/ie-
HEHHMU W OOJbIasi pa3HUIA B IIMPUHE menb(ha
U KOHTHMHEHTAJIBHOTO CKJIOHA Mops JlanmTeBbix
u Bocrouno-Cubupckoro Mopsi MO3BOJISIOT
[0 pe3yJibTaTaM YHUCICHHOTO MOJEIHPOBAHUS
noATBepANTh Hanmuuue dddexra continental
levering uii KOHTHHEHTAJIBHBIX MOOEPEKUN
U €r0 3aBUCHUMOCTbH OT IIMPHHBI 1Ienb(a U KOH-
TUHEHTAJIBHOTO CKJIOHA.

O4eBUIHO, YTO HEOOXOAUMO MPOJOHKEHUE
cbopa maneoreorpadMueCKUX MTaHHBIX O XOJE
MOCTICNIEIHNKOBOM TpaHCTpeccuu Ha mobepe-
KbsIX U 1enbde >tux mopei. Ilpu Hanmmuuwm
JOCTaTOYHBIX JaHHBIX, OCOOCHHO C TOOEPEkKbs
Boctouno-Cubupckoro Mopsi, CpaBHHUTEIBHOE
MOJICTTUPOBAHKUE TO3BOJMIO OBl 0OJIEe TOYHO
OIpPENEIUTh PEOJIOTUUYECKUE CBOMCTBA 3E€MHBIX
CJIOEB, a TaKXe TOYHee MPOTHO3MPOBaTh U pe-
KOHCTPYUPOBAaTh CIICHAPUH TMOCIEIEeTHUKOBOM
TPAHCTPECCUH U €r0 3aBUCUMOCTb OT HU3MEHE-
HUsI 00beMa TOKPOBHBIX JIGHUKOB.
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Effect of hydroisostatic compensation
depending on the shelf width on the example
of the Laptev and the East Siberian seas

Rustam F. Bulgakov®, Victor V. Afanas’ev

Institute of Marine Geology and Geophysics, FEB RAS, Yuzhno-Sakhalinsk, Russia
*E-mail: rbulgakov@imgg.ru

Abstract. Using the method of numerical simulation, we found the nature of the postglacial transgression
alongthe coasts of the Laptev and East Siberian seas to be affected by the shelfwidth and the continental slope
depending on the viscosity properties of mantle layers. In particular, the marks exceeding the contemporary
sea level, which are typical for the Holocene climatic optimum of 4-6 ka BP, may be located at different
heights. Depending on the area, which fell under the increasing load of the incoming water due to the sea
level rise during the postglacial period, and the viscosity of the mantle layers, the earth’s surface responds
differently to changes in the load and restores its isostatic balance with different rates.

Keywords: postglacial transgression, mantle viscosity, hydroisostasy, vertical movements, Lapteva Sea,
East Siberian Sea
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Introduction

During the Holocene climatic optimum,
4-6 ka BP, by a global temperature regime ex-
ceeding the present-day climatic temperature, it
is logical to expect additional degradation of the
ice sheets volume with the transition of melt wa-
ter to the World Ocean and, as a result, an excess
of the contemporary sea level. Indeed, the traces
of uplifted coastlines are found on many coasts
of the World Ocean.

The probable oscillations of the eustatic sea
level resulting from the relative decrease or in-
crease of the ice sheets volume due to the climat-
ic fluctuations are not taken into account when
numerical solutions of the so-called sea level
equation (SLE) are performed in the scenarios
of the ice sheets melting. The glaciers melting is
taken as occurring according to the asymptotic

law with completion of degradation of the Ant-
arctic ice sheet about 4 ka BP.

Nevertheless, the simulation showed
an excess of the sea level within the period
of 4-6 ka BP for many coasts. Such zones were
named Clark’s Zone VI.

In the present work, we make an attempt
to study this phenomenon exemplified by the
coasts of the Laptev and East Siberian seas,
which are well located for such problems solving.

Clark’s zone VI

In the middle of the XX century, it was
founded, that the postglacial transgression,
especially at the ending stage, later than 6 ka BP,
had different scenarios and uneven rate of sea
advance in various areas of the World Ocean.

F. Shepard and R. Fairbridge scenarios were
considered as basic. Shepard [1969] assumed

Translation of the article published in the present issue of the Journal: Bynrakos P.®., Adanacses B.B. Dddexr ruapo-
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a gradual rise of sea level reached the present
meaning by the asymptote, but never exceeded
it. His opponent, Fairbridge [1961] proposed an
alternative conception of oscillations presence
in the transgression course. According to Fair-
bridge, the World Ocean level has exceeded the
present one by 3—4 m 5.0 and 3.7 ka BP, and then
returned to the meaning close to the present after
a series of small oscillations with an amplitude
of .5 m 2.3 and 1.2 ka BP.

The solution for the discussed contradiction
was offered by the J. Clark et al. [1978]. In nu-
merical simulation, they took into account chang-
es in the gravity field resulting from redistribution
of ice and water masses on the Earth’s surface and
rheological properties of the lithosphere and man-
tle layers. These authors also identified six zones
with similar scenarios of the postglacial transgres-
sion on the Earth’s surface, i.e., the zones where
the sea level had exceeded the present one, the
zones, in which it had decreased, etc. Six zones
were identified in total. Further,
the simulation was improved
on the base of this work.

Clark’s zone VI, which in-
cludes continent coasts, has
turned out to be a peculiar zone
among the identified ones. The
excesses of the contemporary
sea level, which were simul-
taneous with the Holocene
climatic optimum of about
6 ka BP, were recorded all over
the world on the extended con-

In other zones, especially
in Clark’s zone 1V, on the con-
trary, estimations showed oce-
anic level decrease (zone IV
oceanic submergence) and ab-
sence of an excess of the con-
temporary sea level during the
Holocene climatic optimum
[Clark et al., 1978].

Another feature, affect-
ing the changes in the relative
sea level on the certain coasts

tinent coasts. : Gr)cag\/)/j/9
[
0os- -
Q.

R

black squares.

Laptev Sea

and masking the effect of Clark’s zone VI, was
the appearance of forebulges, or Clark’s zone 11
[Clark et al., 1978], formed on the Earth’s surface
along the perimeter of ice sheets areas during the
last glacial maximum (LGM). The forebulges
appearance was explained with the spreading
of viscous mantle layers from under the glaciated
area under the weight of a glacier [Glacial... ,
2009]. As the glaciers melted, such bulges
were compensated, bench marks of the surface
dropped, and this process at the coasts was re-
corded in the ancient coastlines.

The coast, which is remote enough both from
the areas of direct formation of the ice sheets (to
leave a forebulge zone) and from the modern ac-
tive regions like Kuril-Kamchatka subduction
zone, is convenient to study the effect of Clark’s
zone VI

In this respect, a suitable area is the coast
of the Laptev and the East Siberian seas.
The seas are located not only outside the regions

/‘500

East Siberian Sea

250 0 250 500
™ ™ ™ —

kilometres

Figure 1. Bathymetric schematic map up to 2000 m isobath of the shelf and
continental slope of the Laptev and the East Siberian seas (https://topex.ucsd.
edu/cgi-bin/get data.cgi). The areas, on which the simulated curves of the post-
glacial transgression course are discussed in the article (Fig. 2), are marked with
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of the last glaciation, both of Fennoscandia and
the North American, but also outside the dis-
tribution of the associated forebulge zones.
The contemporary active subduction zones also
do not dominate in this region.

The feature of the Laptev and the East Sibe-
rian seas, which is convenient to study the effect
of continental levering [Stocchi, Spada, 2007]
during the Holocene optimum, is a different
width of the shelves of these seas. The Laptev
Sea shelf, which is about 500 km, is half as wide
the East Siberian Sea ones. At the same time,
the shelf of the East Siberian Sea has depths from
100 m up to half of its width, and the shelf break
of the continental slope occurs at about 500 m,
this zone in the Laptev Sea is much narrower.

Postglacial changes in the level
of the Laptev and the East Siberian seas
according to the paleogeographic data

The coasts of the Laptev and the East Sibe-
rian seas have been poorly studied using paleo-
geographic methods in respect of postglacial
transgression. This primarily conditioined by in-
accessibility of the region. The Laptev Sea coast
is studied in more details.

Postglacial transgression at the Laptev Sea
coast is characterized with the sea level increase
in the period from 9 to 6 ka BP followed by
its stabilization. There is scattered information
about an excess of the contemporary sea level
during the Holocene. There are interesting evi-
dences of sea water penetration into the coastal
lakes located above the contemporary level dur-
ing the last 2000 years among them. Such an
excess of the contemporary sea level is exempli-
fied with Izmenchivoye Lake in the Severnaya
Zemlya archipelago near the Taymyr Peninsu-
la, and Sevastian Lake in the area of the Lena
River delta. The lakes are located on 6 and 5 m
above the contemporary sea level, respectively,
and, according to the researchers assessments,
the sea level at about 2000 years ago should ex-
ceed the contemporary one not less than 10 m,
as “...evidenced by the age of wood buried
by lake sediments — 2100 radiocarbon years

[Bol’shiyanov et al., 1995]” (quoted in: [Ma-
karov, 2017, p. 87]).

The analysis of topographical maps of the
XIX century [Bol’shiyanov et al., 2013] showed
that the sea level could be located higher than
the contemporary one, possibly just 150-
200 years ago. In the work devoted to the chang-
es in the Laptev Sea level during the postglacial
period, A.V. Gavrilov et al. [2006] reconstructed
the schemes of the coastline location depend-
ing on the age and the curve of the sea trans-
gression course using the data of well drilling
at the shelf and dating of ancient coastal traces
of the sea activity on the coasts. The authors
assigned a special part to thermal abrasion and
thermokarst phenomena during the sea trans-
gression. For the Holocene transgression period,
they came to a conclusion that the level reached
the absolute marks of 0..., +2, +3 m during the
period of 5-3.5 ka BP, and the marks were +1,
+2 m at about 1000 years ago.

Based on the results of analysis of the dating
of the Late Pleistocene and Holocene raised or
submerged coastlines, A.V. Baranskaya [2015]
proposed an averaged for large neotectonic ar-
eas rate of the relative change of the sea level
for the Holocene to be 5.5 mm/year for the shelf
area of the Laptev Sea, identified according
to the criteria of neotectonic activity. It is inter-
esting that the relative change in the sea level
during the Holocene has an opposite direction
and is estimated at —1.41 mm/year in the Ver-
hoyanskaya adjacent tectonic area partly located
on the current onshore part of the Laptev Sea
coast [Baranskaya, 2015].

Postglacial changes in the sea level at the coast
of the East Siberian Sea are studied even less than
at the Laptev Sea coast. There are practically no
direct assessments of the sea level changes dur-
ing the postglacial period [Makarov, 2017]. There
are data on the New Siberian Islands. The curve
of the sea level changes in the area of Zhokhov
Island during the Holocene is proposed based
on the results of documenting of the marine ter-
races series, dated by the radiocarbon method,
and the driftwood finds from the upper part of
the section of laida deposits at a height of 8§ m

The material is available under
the Creative Commons Attribution 4.0
International License (CC BY. 4.0)

315

GEOSYSTEMS OF TRANSITION ZONES
2020, 4 (3), 313-320



EFFECT OF HYDROISOSTATIC COMPENSATION DEPENDING ON THE SHELF WIDTH ON THE EXAMPLE OF THE LAPTEV AND THE EAST SIBERIAN SEAS

[Anisimov et al., 2009]. In accordance with this
curve, the sea level exceeded the contemporary
one about 4-4.9 ka BP by 6—8 m, and by 4-6 m
— about 1.2 ka BP. The authors of the cited work
assume a significant rate of transgression at the
initial stage on the ground of the finds of mam-
moth tusks with an age of 12.5 ka BP 130 km
northwest of Zhokhov Island, where depths of
more than 20 m prevail. Dating of horse humer-
al from Vilkitsky Island, located 45 km south-
west of Zhokhov Island, allowed to suppose
that Zhokhov Island had kept a connection with
the continent as far back as 7-9 ka BP [Anisi-
mov et al., 2009]. The transgression decelera-
tion is associated with the fact that not a trans-
gressive submergence has been occurring, but a
gradual sea encroachment of the land resulting
from thermal changes of the permafrost rocks.

In their fundamental work, P.A. Kaplin and
A.O. Selivanov [1999], based on the analysis
of already fulfilled paleogeographic studies,
lean towards a conclusion that during the Hol-
ocene optimum, the sea level at the coasts
of the Laptev and the East Siberian seas has been
close to the contemporary one or exceeded it by
not more than 1.5-3.0 m. And recorded excesses
of the contemporary sea level by higher values
up to 10 m are conditioned by high storm surges
[Kaplin, Selivanov, 1999].

Thus, there are not enough paleogeograph-
ic observations of the postglacial transgression
course, on which one can rely. However, the pre-
liminary results allow us to assume that the trans-
gression course on the Laptev and the East Sibe-
rian seas was different.

A.S. Makarov and D.Yu. Bol’shiyanov
[2011] note that the course of the ocean level
during the Holocene in the eastern and western
sectors of the Russian Arctic is different and of-
ten multidirectional. The seas of the eastern sec-
tor are characterized with a transgressive char-
acter, while the seas of the western sector are
characterized with a regressive character.

V. Klemann et al. [2015] paid attention to
the difference in shelf width and this feature in-
fluence on the postglacial transgression course.
Based on the simulation results, the authors esti-

mated the transgression course for the studied re-
gions in a wide range of rheological parameters
of the mantle layers and the thickness of the lith-
osphere. According to their data, on the shelf
of the East Siberian Sea, due to the effect of hy-
droisostasy, the predicted course of the sea level
systematically kept ahead of the course of trans-
gression by 10-15 m, taking into account only
its eustatic part. Comparison of the Laptev Sea
shelf with the steeper slope of the East Siberian
Sea shelf showed the vertical movements of the
earth’s surface to be different during the postgla-
cial transgression. The lithosphere bend under
the East Siberian Sea began more seaward than
under the Laptev Sea.

Numerical simulation results
and discussion

Computations of the postglacial trans-
gression course, which were performed in
the SELEN 2.9 software suite [Spada, Stocchi,
2006, 2007; Spada et al., 2012] (Fig. 2) at vari-
ous rheological parameters of the mantle layers,
generally showed an excess of the contemporary
sea level for the coast of the East Siberian Sea,
and the lagging of the transgression course and
near absence of an excess above the contempo-
rary sea level for the coast of the Laptev Sea.

This fact is explained by the difference in the
influence of the hydroisostasy effect on the wid-
er shelf of the East Siberian Sea in comparison
with the relatively narrow shelf of the Laptev
Sea.

According to J. Clark and C. Lingle [1979],
the water load removal causes the overflow of
the mantle substance from under the continent
to the shelf and ocean floor area when the sea
regression during the maximum of the Last Gla-
cial Period. This induces downward movements
of the continent coastal zone. Then, when an
interglacial period come, as the sea basin fills
with melt water from glaciers, the water load
on the seabed and shelf increases, which leads
to the return of mantle substance to the area un-
der the continent, and the coastal zone begins to
rise. This process depends on the viscosity of
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the mantle substance: the higher the viscosity,
the longer it takes for the overflow (Fig. 3).
Figure 3 shows the relaxation curves com-
puted using the SELEN 2.9 software [Spada,
Stocchi, 2006, 2007; Spada et al., 2012] accord-
ing to the method proposed by [Peltier, 1976].
The curves represent the dependence of the re-
covery time to the equilibrium state after the in-
fluence and the removal of the load on the plan-
etary layers of the Earth. The relaxation curves
show that at the highest viscosity of the mantle
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substance (model VM2c, Fig. 3 a), the relaxa-
tion time of the layers increases by almost half
an order of magnitude in comparison with the
model with the lowest viscosity (model VM2e,
Fig. 3 b); it takes by several times longer for the
earth’s surface to return to isostatically balanced
equilibrium.

In the case of the studied seas, the load-
ing on the seabed in the area of the continental
slope and shelf in the East Siberian Sea will go
on with a lower load due to the obvious wider
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Figure 2. Curves of the transgression course for the Laptev and the East Siberian seas depending on se-
lected viscosity model of the Earth in accordance with the Table. The points, for which the curves of the
transgression course are given, are shown with black squares in the Figure 1. For both seas, the points are
chosen inside the bays to avoid the difference in transgression scenario at the cape and in the bay.
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Table. Earth models used in computations

Lithosphere thickness and viscosity values of the mantle layers
Earth’s layer
VM2a VM2c VM2e VM2f
Lithosphere, km 50 50 50 50
Upper mantle, 10*! Pa-s 0.5 1.0 0.75 0.35
Transition layer, 10*' Pa‘s 0.5 1.0 0.75 0.35
Lower mantle, 10*' Pa's 2.7 10 3.5 2.0

Note. The parameters of the VM2a model proposed [Peltier, 1998] for modeling the restoration of isostatic equilib-
rium resulting from the changes in the volume of ice sheets (glacial isostatic adjustment — GIA) are taken as a basis.

width and a larger shelf area, correspondingly,
in comparison with the shelf of the Laptev Sea,
that will slow down the return of the mantle
substance under the continental region at the
coast of the East Siberian Sea. A delay in the
return of mantle substance under the conti-
nental region will cause a lag in the rise of the
coast, and the sea will leave the traces of coast-
al activity at the heights, which will be uplifted
later, when the isostatic equilibrium is reached.
As the result, the sea level traces during the pe-
riod of reaching the eustatic transgression max-
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imum (4 ka BP in our case) will be higher than
the contemporary sea level.

This mechanism is confirmed by the simula-
tion results (Fig. 2).

The curves with low values of the viscos-
ity of the mantle substance show the excesses
of the contemporary sea level at the East Sibe-
rian coast. Low viscosity values cause the hy-
droisostatic compensation, resulting in the an-
cient traces of the sea level being noted above
modern levels. As for high values of mantle
viscosity, as the computations show, there are
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Figure 3. Isostatic relaxation spectra within the earth’s layers according to the results of simulation in the SELEN 2.9
software, obtained for the VM2c (a) and VM2e (b) models. MO corresponds to the mantle, CO — to the core-mantle
boundary, LO — to the lithosphere, M1-M2 — to the borders of 670 and 470 km respectively, T1-T4 — to the layers with
viscoelastic behavior.

Marepuaji 10CTyIIeH 110 JIMIEH3HH
Creative Commons Attribution License 4.0
International (CC BY. 4.0)

TEOCUCTEMbI NEPEXO/HbIX 30H

318 2020, 4 (3), 313-320



OCEANOLOGY. GEOMORPHOLOGY AND EVOLUTIONARY GEOGRAPHY

no excesses of the contemporary sea level at
the coast of the East Siberian Sea too (Fig. 2 b,
VM2c).

The lack of sufficient data on the course
of the postglacial transgression on the coast
of the East Siberian Sea, based on the paleogeo-
graphic observations with absolute datings, does
not make it possible to give preference to any
of the used viscosity models, but if for the coast
of the East Siberian Sea the process of hy-
droisostatic compensation has not yet finished
(at low viscosity in the mantle segment), it can
be expected that the dewatering of the coast and
retreat of the sea may be the leading process
in the near future.

Conclusion

The unique location relative to the areas
of the ice sheets development and the great dif-
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['maporeoxumMmuyeckas XxapakKTepUCTUKA TIPOSBICHUN
I'PSA3EBOr0 BYJIKAHM3Ma Ha ocTpoBe CaxanvH
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Pe3rome. Ha o. CaxanuH TpaguLMOHHO BBIACISIOT YETHIPE Y4acTKa MPOSIBICHUN IPA3EBOTO BYJIKAHH3-
Ma, Ha KaKIO0M M3 KOTOPBIX MMEETCS OAWH WX 00Jee SPYNTUBHBIX BBIXOJOB Pa3IMYHON MOP(OIOTUH.
B nannoii paboTe paccMOTpEHBI pe3yJIbTaThl HCCIICA0BAHUS PETHOHAIBHBIX 0COOCHHOCTEH XUMUYECKOTO
1 u3otonHoro (8'*0 u 8D) cocraBa MOA3EMHBIX BOJ, Pa3rPyKarOLIMXCs 3 BCEX U3BECTHBIX 3/1€Ch Ipsise-
BBIX BYJIKaHOB. Ha 0CHOBE COBOKYITHOIO aHajli3a COBPEMEHHBIX U JIUTEPATYPHBIX JaHHBIX YCTaHOBJICHO,
YTO MCCIIEAYyEMbIC BOJbI HEOIHOPOIHBI IO CBOUM I'€OXMMHUUYECKUM MoKa3arensaM. Hanbosee cymecTBen-
HO 3Ta HEOAHOPOJHOCTD MPOSIBIISICTCS U1 00LIel MUHEpaIN3aluy, CPeIHUN [10Ka3aTeslb KOTOPOH B BO-
JlaX pa3HbIX TPA3EBYIKAHNYECCKUX NposiBIieHUH BappupyeT oT 0.1 10 22.5 r/m. ['psi3eByIkaHnYeCKUE BOJIBI
B PErMOHE NPEACTaBICHBI TAKXKE PA3HBIMU I'MAPOXMMUYECKUMHU THUIIAMH, HO Haubosiee pacipoCcTpaHEeHbI
BOJIbI HCO3—C1—Na coctaBa. M30TonHbIE XapaKTEPUCTUKU CBUAETEIBCTBYIOT O TOM, 4TO BoAbI FOxHO-
Caxanunckoro, IlyraueBckoro 1 BocTtouHOro rpsi3eBbX ByJKaHOB (POPMHUPYIOTCSI B pe3yibTare CMelle-
HUSI UCXOIHBIX CEIUMEHTALMOHHO-IIOTPEOEHHBIX MOPCKHUX BOJ C METEOPHBIMU U JETUAPaTalliOHHBIMU
Bogamu. OHUM U3 BeoylmMxX (akTopoB MeTaMopdu3aLuu 3TUX BOA SBJSIETCS MOCTYIUICHHE OOJBIINX
xonmyecTs CO, B NOABOAAIIME KAaHAIbI TPA3EBBIX BYJIKAHOB, YTO CIIOCOOCTBYET 0O0JIE€ MHTEHCUBHOMY
BBIILEIAYUBAHHIO aTFOMOCHINKATHBIX BOIOBMEIIAIOLINX TOPO/] U MOBBIIICHUIO coepkanust Na™ u Mg
B I'psI3eBYJIKAHMUECKUX Bonax. I1o cOBOKYNHOCTH Ireojoro-reoOXMMMYECKUX AaHHBIX CHIEJIAHO IMPEINo-
JIO)KEHHE O TOM, YTO BOJIbI JlarnHckoro u JIeCHOBCKOTO Ipsi3eBYJIKAHMUECKUX IPOSBICHUI HE OTHOCSTCS
K 3peJIbIM MTOJ3EMHBIM BOZIaM DIyOMHHOM LUPKYJISLMM U B LIEJIOM HE SIBJISIOTCS] THIIMYHBIMU AJIS Tpsi3e-
BBIX ByJkaHoB. Temneparypsl popmupoBanus Bog HOxuo-Caxanunckoro, [lyrauesckoro nu Bocrounoro
IPS3EBBIX BYJIKAHOB, PACCUUTAaHHBbIC MO0 Mg—Li rHapOXMMHUYEeCKOMY I'€0TEPMOMETPY, BapbUPYIOT OT 51
mo 105 °C, uTo cooTBeTCTBYyeT MHTEpBaNy TiryOuH ot 1.3 1o 2.6 kM. Temmeparypsl hopMUpPOBaHUS BOX
JlarnHCKUX TEepMOMMHEPAJIbHBIX MCTOYHHUKOB, paccuuTanHble 110 K-Mg reorepmomerpy, COCTaBIsSIOT
B cpenHeM 70 °C, 4TO COOTBETCTBYET 3aJIEraHUIO BOJOHOCHOTO I1J1aCTa, MUTAIOIIET0 JaHHYIO (IIIOUIHYIO
cucTemy, Ha TiryouHe 2.1 K.

KarwueBbie ciioBa: rps3eBble BYJIKaHbI, OJ3EMHbIC BOJIbI, XHMHUYECKUN COCTaB, CTAOMIbHBIC H30TOIIbI,
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Hydrogeochemical characteristic of mud volcanism
manifestations on Sakhalin Island
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Abstract. There are four areas of mud volcanism traditionally set off on Sakhalin Island. Each of them
is characterized by one or more eruptive mudflow seepage domains of different morphology. This
article considers the results of a study of regional features of the chemical and isotopic (3'30 and D)
composition of groundwater discharging from all known mud volcanoes in the region. A pooled analysis
of available literature data showed the studied waters to be heterogeneous in their geochemical parameters.
This heterogeneity is most significantly manifested for the total mineralization, which average values
vary from 0.1 to 22.5 g/l in the waters of different mud volcanic seepage domains. Mud volcanic waters
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in the region are also represented by different hydrochemical types, but HCO,~Cl-Na waters are the most
common. The isotopic characteristics testify the waters of the South Sakhalin, Pugachev, and Vostochny
mud volcanoes to be formed as a result of mixing the original sea waters buried under sedimentation with
meteoric and dehydration waters. One of the key factors in the metamorphization of these waters is the
influx of large amounts of CO, into the channels of mud volcanoes, which contributes to more intensive
leaching of aluminosilicate water-bearing rocks and leads to an increase in the content of Na* and Mg
in mud volcanic waters. By the pooled geology and geochemical data, we made an assumption that the
waters of Daginsky and Lesnovsky mud volcanic manifestations do not refer to mature groundwaters
of deep circulation, thus being not generally typical for mud volcanoes. Water-formation temperatures of
the South Sakhalin, Pugachev, and Vostochny mud volcanoes calculated using the Mg—Li hydrochemical
geothermometer vary from 51 to 105 °C, which corresponds to depths range from 1.3 to 2.6 km.
Water-formation temperatures of the Daginsky thermal and mineral springs calculated using the K-Mg
geothermometer average 70 °C, which corresponds to the occurrence of an aquifer feeding this fluid
system at a depth of 2.1 km.

Keywords: mud volcanoes, groundwater, chemical composition, stable isotopes, water—rock—gas

interaction, Sakhalin Island

DuHaHCUPOBaHHE

Paboma swinonnena 6 pamxax cocyoapcmeenrnozo 3aoanusi ®xI'BYH Hncmumyma mopckoii eeo-

noeuu u eeopuszuxu J{BO PAH.

BBenenue

I'pszeBoli  BynKaHM3M  SBISETCA  ONHOM
u3 (hopM TIPOSBICHHS SHIOTCHHBIX IPOIECCOB
Ha TIOBEPXHOCTH 3eMJTH, KOTOpbIe 00ecIeunBa-
10T (OKYCUPOBAHHYIO Pa3rpy3Ky MOI3EMHBIX
(IIFONIOB B Pa3jIOMHBIX 30HAX 3EMHOW KODEHI.
Kak mpaBuio, rps3eBbie ByJIKaHBI (HOpMHPY-
IOTCS B OCAaJIOUHBIX OacceiiHax ¢ OOJMbBIION
MOIITHOCTBIO OCAJIOYHOTO YeXJia U OOBIYHO CO-
BMEIIAIOTCS ¢ KPYIMHBIMH HE(PTETa30BBIMU Me-
cTopokieHussMH. O0s13aTeIbHBIM YCIOBUEM IS
pa3BUTHSL TPSA3EBOTO BYyJIKaHMW3Ma MpeArosara-
€TCs HaJIMYUE Pa3pBIBHBIX HAPYIIEHUMU, MO KO-
TOPBIM OCYIIECTBIISIETCSI BEPTUKAJIBHBIA TIEpe-
HOC TO/I3eMHBIX (hrrrou10B [Anues u np., 2015].

OnHoI U3 aKTyaIbHBIX U HAM00JIEE CIIOKHBIX
(yHIAMEHTANBHBIX TPOOJIEM TIpU HM3yYECHUU
MPOIIECCOB IPSI3€BOTO BYJIKAHU3MA SIBJISIETCS BBI-
SICHEHUE UCTOYHUKOB U MEXaHU3MOB T€HEpaLUU
IpsI3€BYJKaHUYECKOr0 BelecTBa. Pemenne 3Ton
MIPOOJIEMBI TIPEICTABIISICTCS BO3MOXKHBIM Ha OC-
HOBE aHaJM3a 3aKOHOMEPHOCTEH XMMHUYECKOTO
Y U30TOIHOTO COCTaBa XKUIAKUX, TBEPbIX U Ta-
3000pa3HBIX MPOIYKTOB TPsI3€BYIKAaHUUECKON
JeATCIIbHOCTU. | COXUMHYECKUE HCCIICIOBaAHUS
IPsI3EBBIX BYJIKAHOB CBSI3aHBI TAKXKE C PEIICHHU-
€M psifia MpakTUIecKux 3aad. [[puypodeHHOCTh
IPS3EBBIX BYJIKAHOB K TIIYOMHHBIM pa3jioMaM
36MHOM KOPBI MO3BOJISET U3y4aTh B3aUMOCBS3U
(OITFOMIHBIX CHUCTEM C PETHOHAIBHBIMHU CEeiC-
MOTEKTOHMYECKUMH Tiponieccamu  [Kamenes
u 1p., 2019]. Kpome toro, nposiBineHust rpsize-
BOTO BYJIKAHW3Ma CITy>KaT OJHUM M3 KPUTEPHUEB
MOMCKa HEe(PTETra30BbIX MECTOPOXKICHUM, a TaK-

K€ paccMaTpUBAIOTCA B KaU€CTBE 3HAYMMOTO HC-
TOYHHUKA MOCTYIUIEHUS TAPHUKOBBIX T'a30B B aT-
Mocdepy [Epmos, bonnapenko, 2020].

I'eorpacdus rpsi3eBoro ByJKaHHM3Ma OXBa-
ThiBaeT Oosnee 40 ctpan [AnueB u ap., 2015].
Hamnbonee wmacmTaOHO Tpsi3eByJIKaHUYECKAs
JeSITeIbHOCTh TpOsSBMIACh B AsepOaiimxane
U NpUJIEraronies akBaTtopuu rokHoro Kacnus.
B Poccun rpsizeBbie BynKkaHbl H3BECTHBI Ha Kep-
YeHCKOM U TaMaHCKOM MOIyoCTpOBax, a TaKKe
B 3anagHoi Kybanu m axBaropusx A30BCKOTrO
n YepHoro mopen. llepeuncineHHble peruoHsl
yacto o0beauHsoT B KepueHcko-TamaHCKyro
IpA3EBYJIKAHUYECKYIO [TPOBUHIINIO, KOTOPAsl SIB-
JSeTCS BTOPBIM KPYIIHBIM pailOHOM pa3BUTHUS
IpsA3€BOr0 ByJKaHU3Ma B Mupe. [ps3eBbie Byil-
kaHbl B Poccum m3BecTHBI Takxke Ha [lanpHem
Bocroke — Ha o. Caxanun. [IpoBeneHHbIN HaMu
paHee CpaBHUTEIbHBINA aHAJIU3 BELIECTBEHHOTO
COCTaBa IMPOAYKTOB JEATEIbHOCTU TIPA3EBBIX
ByJKaHOB A3zepOaiimxana u o. CaxaiuH Moka-
3aJl, YTO MOMMMO pa3Iu4uil Mo MopQoiaoruye-
CKUM IpPU3HAKaM U MHTEHCUBHOCTHU HapOKCHU3-
MaJIbHON JEATEIbHOCTH CaXaJMHCKUE BYJIKAHbI
HECKOJIBKO OTJIMYAIOTCS OT a3zepOailKaHCKHX
U 10 TEOXMMHUYECKOMY COCTaBY >KMJIKMX, TBEp-
IBIX U Ta3000pa3HbIX BBIOpocOB [HukuTEHKO
u ap., 2018]. bonee Toro, rpsi3eBble BYyJIKaHbI,
pacnosnokeHHble Ha 0. CaxaJliH, TOXE CHUIbHO
Pa3INYaOTCs MEXAY co00M 110 MOPQOIOTHH, 3a-
HUMaeMOH IUIONIA/IA, TAPOKCU3MAIbHON U I'PH-
(hOHHO-CAITL30BOM CTAIUSAM JACSITEIHHOCTH.

B nenom 0. CaxaiivH yHUKaJIbHOE MECTO AJIst
U3YYEHUs IPA3EBOrO BYIKaHU3Ma: CTPYKTYPHO-
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JUHAMHUYECKas MO3WINS OCTPOBAa B aKTHBHOU
30HE Tepexo/ia OT KOHTUHEHTA K OKeaHy OIpe-
JIeJSIeT HAJMYUE MOIIHBIX OCAJIOYHBIX TOJII
C He(TSIHBIMU M Ta30BBIMH 3aJie)KaMH, MHOTO-
YUCJICHHBIX Pa3pbIBHBIX HAPYIICHHA, BBICO-
KYIO CTETIEeHb JUCIOLUHUPOBAHHOCTH OTIIOKECHHUIA,
WHTCHCUBHYIO COBPEMEHHYIO CEHCMOTEKTOHHM-
YeCKYyI0 AaKTHUBHOCTh. [ HMAPOTEOXUMHUYECKUE
WCCIICIOBAHUS  T'PSI3EBYIKAHMYCCKUX  ITPOSB-
neHuit o. CaxaiuH MPOBOAMIUCH B OCHOBHOM
B 60—70-¢ roael mpouutoro Beka. B mocnegnee
necsatuinerne B HCTUTYTE MOPCKOW Te0IoTUr
u reopusuku JIBO PAH mnonoGubie paOoThI
ObUTH BO30OOHOBJICHBI U TIOJYYEH PsiJl HOBBIX pe-
3yJBTATOB C UCIIOJIB30BAHUEM COBPEMEHHBIX HH-
CTPYMEHTAJIBHBIX METOJIOB.

Ilenpto nmanHOM PaOOTHI sABIsIETCS 000OIIIE-
HUE M aHajdu3 TUIPOTCOXUMHUYECKHX ITaHHBIX
IpSA3EBBIX ByJKaHOB 0. CaxajnwH i1 TIOHUMa-
HUSl 3aKOHOMEPHOCTEW (HOPMUPOBAHUS H30TOII-
HOTO M XMMHYECKOTO COCTaBa TIPs3CBYIKAHUIC-
CKUX BOJI B peruoHe. Kpome Toro, Mbl moiaraem,
YTO TEOXMMHYECKas CIICIU(pUKA TPSI3CBYIKAHH-
YECKUX MPOSBICHUH B PErMOHE, BO3MOKHO, 00-
YCIIOBJIEHA BBIPAKEHHON HEOJHOPOIHOCTBIO T€0-
JIOTO-TEKTOHUYECKHUX yCIOBUN 30H UX Pa3BUTHSL.
DTOT aCHeKT TaKKe PacCCMaTPUBACTCS B CTAThE.

I'uaporeonornyeckasi
U TEKTOHHUYECKAasl XapaKTePUCTHKA
paiioHOB HMCCJIEIOBAHUSA

Ha o. CaxanuH TpaAUIIMOHHO BBIACIISIOT Ye-
TBIPE pailoHa MPOSBICHUS TPSA3EBOTO BYIKAHU3-
Ma: HOxHo-CaxanuHckuii u JIeCHOBCKUM rpsi-
3€BbI€ BYJIKAHbl — Ha IOTe; ByJIKaH BOCTOYHBIN
u rpynna IlyraueBckux BynkaHoB (ImaBHbI
[TyraueBckuii, Masnbiit CeBepubliil, Masnbrii FOx-
HBII) — B IEHTPaJNbHOU yacTH, JlaruHckoe Ips-
3€BYJIKAHMYECKOE TPOSIBICHUE — Ha CeBepe.
PaiioHbl TposBIIEHUS] TPA3EBOrO BYyJKAHHM3MA
Ha 0. CaxaJluH HAaXOJATCA B Pa3HBIX I'€0JIOrO-
TEKTOHWYECKUX ycnoBusx. [Ipu 3Tom Bce rpsse-
BbI€ BYJIKAHBI JIOKATU3YIOTCS B OCAJOYHBIX Oac-
ceifHaxX BIOJb KPYHHBIX ITIYOMHHBIX Pa3jioMOB
3emHo# Kopsl [['eonoruss CCCP... , 1970].

HOxHO-CaxanuHCKuil  rpsi3eBOM  BYJIKaH
Mo CBOCH MOPQOJIOTUN TPEACTABISAET CO-
00l ByJlKaH B KJIACCHUYECKOM €ro MOHHWMAaHUHU.
DTO BBICOKHIA XOIM (DOPMBI yCEUESHHOTO KOHY-
ca aquameTtpoM Oosee 400 M B OCHOBaHHH, CJIO-
JKEHHBIM TNIMHUCTBIMU OTJI0KeHUsAMU. [lnomans
BBIOPOCOB CBEXKEH COMOYHON OpEeKYNH Ha ATOM
BYJIKAHE COCTaBisieT Okono S5 ra. Ha Bepmune
XOJIMa WMEIOTCS TPYHIbl TPUPOHOB U CaJb3,

U3 KOTOPBIX aKTHUBHO BBIJEISIOTCS BO/AA, Ta3
U comnouHblil ui. Ilepuonuyecku (c MHTEpBAIOM
okosio 20 51eT) mpOUCXOISAT MOIIHBIE U3BEpKe-
HUS BYJIKaHA, ITOCJIE KOTOPBIX JaHIIAPT MeCT-
HOCTH CYIIIECTBEHHO wu3MeHseTcs. Haubomnee
cuiabHble u3BepkeHHs HOxHO-CaxalnHCKOro
IPS3EBOTO BYJKaHAa OBLIM 3apeTUCTPHPOBAHBI
B 1959, 1979 u 2001 rr. [MenbHuKOB, Epios,
2010]. ITocnennee n3Bep)KeHNE TOCTATOUHO BBI-
COKOW MONIIHOCTH mpou3onuio BecHor 2020 r.
[lyraueBckue rpsizeBble BYJIKAHBl HMEIOT
dbopMy MIOCKUX JUCKOB M MPUYPOUEHBI K 00-
el st HUX 3a00JIOUEHHOU OBallbHO-OKPY-
JIOW KOTJIIOBUHE pazmepom 2 X 1.5 kM. Kaxbie
HECKOJIBKO JIET 3/IeCh MPOUCXOMAT H3BEPKEHUS
pa3HOM MOIHOCTH, TOCJIE KOTOPBIX 0O0pa3zy-
IOTCSI HOBBI€ TPS3EBBIC MO OKpymion ¢op-
Mbl. [lo umeromuMcest B JUTEeparype J1aHHbBIM,
Ha ['maBHoM IlyradeBckom Byskane ¢ 1906 r. 3a-
peructpupoBaHo 15 uzBepxkenuir — B 1906(?),
1911, 1929, 1933, 1934, 1935, 1948(?), 1952,
1961, 1967, 1988, 1996, 2002, 2003 u 2005 rr.
[EpmioB, MenbaukoB, 2007]. [Tockonbky HaOIMIO-
JIEHUS 3a JesTeNbHOCThIO [lyraueBckoro rpsize-
BOTO BYJIKaHA HEPETYJSPHBI, BEPOATHO, HEKOTO-
pBI€ U3BEPKEHHSI HEOOIBIIIONW MOIITHOCTH MOTJIH
ObITh He 3adukcupoBanbl. Kak Bugum, [Tyraues-
ckuil BynkaH orimyaetrcs or FOxHo-CaxanuH-
ckoro Oonee YacCTBIMU H3BEPKEHUSIMHU, MOIII-
HOCTb KOTOPBIX OBOJBHO pasznuuHa. Haubomnee
KpyIHbIE U3BepkeHUs Ha [lyraueBckoM ByikaHe
Habmonanuck B 1934 u 2005 rr., korna BeIOpo-
caMH CBEXeil comovHoi Opekunu Oblla MOKPHI-
Ta Teppuropus okoso 10 ra. B nepuoab! apyrux
W3BEPKCHUHN TIIOMIAb BEIOPOIIEHHONW COMOYHOM
Opexunu penko mnpesbimana 1 ra. Ctout orMe-
TUTh TAaKXKE, YTO COBPEMEHHasi TPU(OHHO-CAITb-
30Basi akTUBHOCTh Ha [lyrayeBckoM BynkaHe Cy-
IIECTBEHHO HIKE, yeM Ha HOrkHo-CaxaJnHCKOM.
[IpumepHo B 4 KM K ceBep-ceBEpO-BOC-
ToKy OT [lyradeBCckuxX BYyJIKaHOB PacCIOJIOXKEH
BiIK. Bocrounwiii. B ominmumne or FOxuo-Ca-
xanuHckoro M IlyraueBckoro, 3To JOBOJIBHO
HEOOJBIIIOE TPSI3EBYIKAHUUECKOE TPOSBICHUE
C TOpa3fA0 MeEHbllIed akTMBHOCThIO. Her Hu-
KaKMX JOCTOBEPHBIX CBEACHUU 00 U3BEpKe-
HUSIX 3TOro BynkaHa. [lonms cBexel Opexunu
3[1eCh OTCYTCTBYIOT, (DYyHKIIMOHHPYIOT TOJIBKO
HECKOJIbKO HEOOJIBIIIUX Cajib3, PaCIOJIOKEH-
HbIX B HECKOJIBKHX METpax Apyr OT Jpyra.
Texronnmueckn HOxxHo-CaxamuHckuii, Boc-
TOYHBIA M rpymma [lyradyeBcKux BYJIKaHOB ITPH-
ypoueHbl K KpynHoMy llenTpanbno-Caxanus-
CKOMY Da3joMy, KOTOPBIM SBIISETCS TpaHULEH
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cowieHeHus 3ana Ho-CaxaanHCKOrO aHTUKIIMHO-
pus v LlentpanbHo-CaxaauHCKOr0 CHHKIIMHOPUSL.
B uentpanpHoii wactu 3amanHo-CaxaamHCKHUX
rop oOHa)XXarOTCsI MEJIOBbIE TIOPObI, HECOIIAC-
HO 3aJIeralolye Ha Majae030HCKO-Me30301CKOM
¢dynnamente. Bocrounee 3amamHo-CaxaiuH-
CKHUX TOp HEOT€HOBBIE OTJIOXKEHHSI HECOITIACHO
MEPEKPHIBAIOT CMATHIE B CKJIAJIKM MEJIOBBIE OT-
noxxenus [['eonorusst CCCP... , 1970]. I'pszeBbie
BYJIKaHbI 3/1€Ch PACIOJIOKEHbI B INIABHOM I10JIE
BBIXOJIa HA THEBHYIO MOBEPXHOCTH MEJIOBBIX TO-
poa. B mpenenax 3Toro mojis MmenoBas TOJILIA
paspesa pacuieHsSeTCs Ha KpPacCHOSPKOBCKYIO,
OBIKOBCKYI0, HAaHOMHCKYI0 M aHCKYyI0 CBHTHI.
J151 Tpsi3eBBIX BYJIIKAHOB MaT€PUHCKOM ABISETCS
OBIKOBCKasi CBHUTA, KOTOpasi CIOKEHa OTHOPOJ-
HBIMU apTUJUIMTAMU U TJIMHUCTBHIMU aJI€BPOJIU-
tamu [MenbHukoB, Minbes, 1989]. Hakomnenue
OCa/IKOB OBIKOBCKOW CBHUTHI MPOUCXOAUIO B
MOPCKHUX YyclOBUAX. Ha mpoTsikeHun ceHOMaH-
CKOTO M TYPOHCKOTO BEKOB B Ipezieniax 3anaaHo-
CaxaJIMHCKOM CTPYKTYpHO-(alluaabHONH 30HBI
pacroyiarajcsi KpyImHbI MOpPCKOW OacceiiH, B
KOTOpPOM 00pazoBajiach TOJIA OCAJ0YHBIX OT-
JI0KEHUN OBIKOBCKOW CBUTHI MOIIHOCTBIO OoJee
2000 M [I'mpporeonorust CCCP... , 1972].

C mo3unuu TUAPOTEOJIOTHH JaHHbIE Tps-
3€BbI€ BYJKaHbl HaXOASATCS Ha IpaHuLEe 3amnai-
HO-CaxaJqMHCKOTO THAPOTeOJOTHYECKOr0 Mac-
cuBa U CycyHalCKOro ruaporeoJoru4eckoro
Oacceiina. B 3amagHo-CaxaauHCKOM THIPO-
reoJIOrMUYEeCKOM MAacCHBE IPEUMYIIECTBEHHO
pacnpocTpaHeHbl O€3HANOpHBIE TPEIIMHHBIC
U TPEUIMHHO-KWJIbHBIE BOJBL. BomgoHOCHBIE
KOMILJIEKCHI TPUYPOUYEHBI K TOPOJaM JIaTCKO-TY-
POHCKOTO M CEHOMaHCKOTo Bo3pacta. BonoBme-
HIAIOIIUMHU TTOPOIAMU CEHOMAHCKOTO BOJOHOC-
HOTO KOMIUIEKCA SIBJISIIOTCS MECYAHUKHU, 4acTO
TyhuToBBIE, pEXKE TPaBEIUTHI, AIECBPOIUTHI.
BonoHOCHBIN KOMIUIEKC AATCKUX U TYPOHCKHX
OTJIIOKEHUH CIIOKEH TEeCYaHWKaMU C MPOCIO-
SIMH M JIMH3aMH KOHIJIOMEpATOB, T'PABEJIMTOB
U aprujUIUTOB, BCTPEUAIOTCS YYAacTKH C IUIa-
cramu yried. [Io XxuMuueckoMy cOCTaBy BOJBI
BEPXHUX BOJOHOCHBIX TOPH30HTOB THAPOKAp-
OoHaTHBIE (peke TUAPOKAPOOHATHO-XIIOPHIHBIC
U XJOPHUAHO-TUAPOKApOOHATHBIE) CO CMEIIaH-
HBIM KaTUOHHBIM COCTaBOM, MPECHbIC, C MUHE-
pamuzanueit Mmenee 0.5 r/n. TpemMHHO-KWIIb-
Hbl€ BOJbl IITYyOOKON LMPKYJISALUU (BCKPBITHI
He(TENOMCKOBOM CKBKUHOW Ha IITyOMHE OKOJIO
2 KM) SIBJISIFOTCSI XJIOPUJIHO-HATPUEBO-KAJIbIIHE-
BBIMH, @ UX MHUHEpanIu3alus coctasisier 33 r/a
[Iuaporeonorusa CCCP... , 1972].

B CycynaiickoM MexropHom Oacceiine,
IIPUMBIKAIOLIEM Ha BOCTOKe K LleHTpanpHO-Ca-
XQJIMHCKOMY Ppa3jioMy, pa3BUThl BOJOHOCHBIE
KOMIUIEKCHI, MPUYpPOUCHHBbIE K IOpOoJaM YeT-
BEPTUYHOTO, IUIMOLEHOBOTO W MHUOLIEHOBOIO
Bo3pacTa. Boabl BepXHEro 4eTBEPTUYHOIO BO-
JIOHOCHOTO TOPU30HTa OE3HANOpPHbIE, IPECHBIE,
¢ MuHepanuzanueit menee 0.5 1/1, npeumyitie-
CTBEHHO THAPOKapOOHATHBIE, CO CMEIIAHHBIM
KaTHOHHBIM cocTaBoM. O0nacTe pacmpocTtpa-
HEHHs HAlNOPHBIX IIOA3E€MHBIX BOJ COOTBET-
CTBYET BOJOHOCHBIM KOMILIEKCAM IUIMOLEHO-
BOT'O, BEpXHE- U CPEIHEMHUOLIEHOBOTO, a TaKKe
HIKHEMMOLIEHOBOTO Bo3pacra. /[l miumone-
HOBOT'O BOJIOHOCHOT'O KOMIUIEKCA XapaKTEpHbI
TUIpOKapOOHATHO-HATPUEBBIE BOIBI (MeCTaMu
TUAPOKApOOHATHO-XJIOPUIHBIE),  CMEIIaHHbBIC
Mo KaruoHam, ¢ muHepanmzaueit 0.2—0.3 r/m.
B Hmxenexamumx TropuU30HTax, OTHOCSIIMXCS
K Oojee IPEeBHHM BOJOHOCHBIM KOMILIEKCAM,
Pa3BUTHl XJIOPUIHO-HAaTPUEBBIE BOABI C IIO-
BBIICHHOW MMHEpAIN3alUei, IOCTUTAIOLIEH
22 r/n [Tapporeonoruss CCCP... , 1972].

JlecHOBCcKMII BynkaH HaxoguTcsl BOJU-
3u noc. Jlecnoe B 3 kM ot Gepera OXOTCKOTO
MOps B pyciie npaBoro npuroka p. Ogemyxa.
D10 HEOOJbIIOE TPA3EBYIKAHUYECKOE IPOSB-
JIeHWE TPEACTABICHO HECKOJIbKUMH HErTy0o-
kumu (20-30 cMm) canmp3amMu JUAMETPOM OKOJIO
5 M [MenbuukoB, Unwves, 1989]. 13Bepxkenue
3TOrO BYJKaHA 3apErUCTPUPOBAHO TOJBKO OJUH
pa3 — Oonee 30 ser Hazan. B Hacrosmiee Bpe-
Ms TpU(OHHO-CATB30Bast AEATEIBHOCTh HA STOM
BYJIKaHE OTCYTCTBYET. JIECHOBCKMI TIps3eBOU
ByJIKAH HAXOIUTCS B CEeBepHOM yactu Mypa-
BbEBCKOM HU3MEHHOCTH, PACIIOJI0KEHHON MEX-
ny CycyHaiickuM U TOHWHO-AHUBCKHUM Xpeo-
TaMH. B palioHEe 3HAYUTENBHO PaCIpPOCTPAHEHBI
MaJIe0O30MCKUE M ME3030MCKHE OTIOXKEHUS,
Ha KOTOPBIX PE3KO HECOMIACHO 3aJIeraloT He-
OTE€HOBBIE OTJIOXKEHUS, CIArarmlle OTACIIbHbIE,
HEeOOJNbIINE 1O TJIOUIAJU Pa300IIeHHbIE TOJIs
[l'eonorus CCCP..., 1970]. Ucxoas u3 reosioru-
YECKHUX JaHHBIX [MenbHuKoB u Ap., 2008], Mak-
CUMaJibHasl MOIIIHOCTh HEOT€HOBBIX OTJIOKEHUN
B paiioHe JIECHOBCKOrO Ipsi3€BOrO ByJIKaHA HE
npesbimaet 800 M. Ha nanHoit Tepputropun Tak-
KE YCTAaHOBJICHbI OOHA)KCHHBIC yUACTKU BEPX-
HEMEJIOBBIX MMOPOJ, BBIXOAAIINE U3-IIOJ TOKPO-
Ba HEOTCHOBBIX OTJIOXKEHUM, MPEICTABICHHbBIC
HaOWHCKOM, OBIKOBCKOW M KPaCHOSPKOBCKOM
ceutamu. B pabore [MenbuukoB, Unbes, 1989]
CHEJIAHO TPEANOJI0KEHNE, YTO MATEPUHCKOU
11 JIeCHOBCKOTO Tpsi3€BOTO BYJIKAHA SBIISETCS
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BCE Ta k€ OBIKOBCKasi CBUTA. MaJOMOILIHbIE OT-
JIO)KEHUS 3TOW CBUTHI YCTAHOBJICHBI B OOHaXe-
Husax p. [logopoxkHas B 10 kM K rory or mecra
pasrpy3kH Ipsi3eBOro BylkaHa. B cpenHe-HMX-
HEMHOIICHOBBIX OTJIOXKEHMSIX Pa3BUThI THUIPO-
KapOOHATHO-XJIOPUIHBIE HATPUEBO-MarHueBbie/
KaJIbIIUEBbIE BOJbl C MHUHEpaIM3alUeil OKOJIO
0.1-0.2 r/n [Tupporeonorust CCCP... , 1972].
JlaruHckoe rpsi3eByJIKaHMYECKOE MpOsBIIE-
HUE CHJIBHO OTJIIMYAETCS OT OCTaJbHBIX Ipsi3e-
BbIX ByJKaHOB 0. CaxanuH. OHO mpencTaBisieT
co0oii rpymiy HeOOJbIIUX TPU(OHOB U cajb3,
JUaMeTp KOTOPBIX COCTaBIsieT B OCHOBAHMU,
KaK IPaBWJIO, HECKOJBKO JECATKOB CaHTUME-
TPOB. DTU TpU(POHBI U CANB3bl PACIOIOKEHbI
Ha mnoOepexbe Hpliickoro 3ammBa OXOTCKOTO
MOpS U MEPUOAMYECKH 3aTallJIMBAIOTCS MPUIIU-
BOM. PamoM — B mpeznenax HECKOIBKUX COTEH
METpPOB K [0ro-3amnaay — HaxofuTtcs JlaruHckoe
TEPMOMUHEPAIIBHOE  MECTOPOXKIEHUE, KOTO-
poe TMpPEACTAaBIEHO HAa 3EMHOW IOBEPXHOCTHU
HECKOJIbKMMU  JIECSITKAMU ~ BBICOKOIE€OMTHBIX
ropsiunx Kiaroued. CBefeHHsI 0 Kakoi-mubo ma-
POKCHU3MAJIBHOM JEATEIIBHOCTH HA 3TOM TI'psi3e-
BYJIKAHMYECKOM Y4aCTKE OTCYTCTBYIOT.
JIarMHCKHN TpsA3€BYJIKAaHUYECKUN Y4acCTOK
pacrnonoxkeH B BocTtoyHoi yacTu CeBepo-Ca-
XaJIMHCKOW HU3MEHHOCTH U TEKTOHMUYECKH KOH-
TPOJUPYETCsl CyOMepuIMOHaIbHOU XOKKal0-
CaxanuHckoil pa3znoMHOM 30HOM. Ee HmkHMIA
CTPYKTYpHBIH fIpyC, BEpOSITHO, Cllaraercsl Io-
polamMH MajeoreHa M IO3AHET0 Mena, BepX-
HUHN — OTJIO)KEHUSIMU HEOreHa, MOLTHOCTh KOTO-
pBIX Jocturaer B mporudax 6—8 km [[eonorus
CCCP..., 1970]. HeoreHoBbIE OTIIOKEHUS PEKO
HECOMIaCHO 3aJIETA0T Ha OTVIOKEHUAX HUKHETO
CTPYKTYPHOTO sipyca U NOJpa3JIesitoTcs Ha Ma-
YUrapcKylo, AAEXypUMHCKYIO, YWHUHCKYIO, Ja-
TMHCKY10, OKOOBIKaICKYI0 U HyTOBCKYIO CBHUTBHI.
Bce cBuUTHI, KpOMe CpeHEN 4acTH JAaruHCKOW,
MPEJICTaBICHBl  MOPCKUMU  TE€PPUTCHHBIMU
[IECYAHO-AJIEBPUTOBBIMU ~ OCaJKaMH,  TOrda
KaK CpeHssl 4acTh JAarMHCKOM CBUTBHI COCTOUT
U3 IIPECHOBO/IHBIX KOHTHHEHTAJIbHBIX YIVIEHOC-
HBIX OTJIOKEHUN. | pA3EBYIKaHNYECKUN Y4aCTOK
IIPUYPOYEH K 30HE TEKTOHMUYECKOTO HApYILIEHUS
CEBEPO-BOCTOYHOIO MPOCTHUPAHMS, Pa3BUTOrO
B TOPU30HTaX HYTOBCKON CBUTHI IUIMOLIEHOBOTO
BO3pacCTa, COCTOSIIEN U3 MEIKO3EPHUCTBIX IVIU-
HUCTBIX DPBIXJIBIX NecyaHUKoB. C TMIporeosno-
TUYECKOW TO3MIMK JlarmHCKOE TpSA3€BYJIKAHU-
YECKOE TPOSIBIEHUE COOTBETCTBYET BOCTOYHOM
yactu CeBepo-CaxallMHCKOTO apTEe3UaHCKOTro
OacceiiHa, B T€OJOTMYECKOM CTPOEHUHM KOTO-

pOro NPUHHUMAIOT YYacCTHE PBIXJIbIE U CJIa00IH-
TU(UIMPOBAHHBIE OTIOXKEHUS YETBEPTUYHOTO,
IUTMOLIEHOBOTO M MHOLIEHOBOTO BO3pacTa 00-
e MOIIHOCTBIO 70 2—8 kM [l['mzaporeonorus
CCCP... , 1972]. B mpenenax OacceitHa mpo-
CIIe)KMBAETCS UYETKO BBIPAKEHHAS TUIPOXHU-
MHUYECKash 30HaJIbHOCTh. B OcHOBHO# ob6nactu
OacceiiHa IIMPOKO Pa3BUTHI PECHBIE U COJIOHO-
BaTble (110 3 1/71) ruapokapOOHATHO-HATPUEBbBIE
Bonbl. B BocTOWHOM okpamHe OacceifHa B pas-
pe3e NpeBANMPYIOT XJIOPUAHO-HATPUEBBIE BOBI
¢ MuHepanm3anuend 12-28 1/, B OTHETBHBIX
ClIydasiX BCTPEYaIOTCS MEHEe MHHEpaIM30BaH-
HBIE€ BOJIbI XJIOPUIHO-THAPOKAPOOHATHO-HATPHU-
€BOr0 COCTaBa, B TO BpeMs KaK 30Ha MPECHBIX
U COJIOHOBATBhIX BOJ 371€Ch MMEET HEOOJNbIIYIO
motHocTh [['maporeonorus CCCP... , 1972].

MarepuaJjbl 1 METOAbI HCCAETOBAHUS

B paGore 06001eHbl 1 IMpoaHAIU3UPOBA-
HBbl pe3y/lbTarbl COOCTBEHHBIX MCCIIEIOBAHUMN
aBTopoB 2015-2017 rr. mo U30TONHOMY U XH-
MHUYECKOMY COCTaBy BOJ TPS3EBBIX BYJIKAHOB
0. CaxanuH, a TakXe paHee OIMyOINKOBAaHHBIE
JaHHble. B nuTeparypHbIX UCTOYHMKAX JJIsi
IOxH0-CaxanuHCKOTO TPSI3€BOTO ByJIKaHA M3-
yuyeHbl 13 mpo6 [EpmoB, Hukurenko, 2017;
JlarynoBa, Temn, 1978; UYepHbllieBckas,
1958; YennokoB u ap., 2015; lunos u np.,
1961], nns IlyraueBckoro — 6 [Cupsik, 1968;
NnbeB u nap., 1970; Jlarynosa, I'emn, 1978],
nis BaK. Boctounbit — 1 [Cupsik, 1968],
st JlecHoBckoro BynkaHa — 1 [MelbHUKOB,
Wnbes, 1989], nns JlaruHckoro rpsizeBysKa-
HUYecKoro mposiBieHus — 1 npoba [Llurenko,
1961a]. HemHorouuciaeHHble JIUTEpaTypHbIE
JTaHHbIE, KacaloIUecs T€OXUMHUH TIpA3EBYJIKA-
HUYECKUX BOJ 0. CaxajiuH, OTHOCSITCS TIPEUMY-
mectBeHHO K 60—70-m rr. XX B. OHU OTpakaroT
B OCHOBHOM MaKpPOKOMITIOHEHTHBII COCTaB BO/,
B TO BpeMsi KaK MHUKPOIJIEMEHTHBIM U M30TOI-
Hbiit (6'%0 u 6D) coctaB 11 BOX HEKOTOPHIX
BYJIKAHOB BOOOIIE HE OMNpeaessuics. XUMHUKO-
AQHAJIUTUYECKHUE OIpPEACNIeHUsT 3TOro mepuoaa
XapaKTepU3yI0TCs JOBOJIBHO HMIMPOKUM pa3dpo-
COM 3HAYEHUH Kak JJis OOIlel MUHEepaTu3alui,
TaK U JJIs1 MHOTUX KOMIOHEHTOB. ClieoBarenb-
HO, BCTAeT BOIIPOC O MPEACTABUTEIBHOCTU ITUX
npo6. Hanpumep, ans Box IlyraueBckux rpsse-
BBIX BYJIKAHOB OTMEYAETCS OY€Hb BBICOKUN KO-
s dunMeHT Bapualu s o0IIe MUHepaIn3a-
uuu — 96 %. Hamm uccrnenoBanus u MUPOBOM
OMBIT TUIPOTCOXUMUYECKUX  HCCIIECOBAHUMN
TPSI3€BBIX BYJIKAHOB HE TIOATBEPXKIAIOT TaKYyIO
HU3KYIO COJIGHOCTh T'PSI3€BYJKAHUUYECKUX BOJI.
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B ar10i1 cBsi3u nannbie u3 padotsl [Cupsik, 1968]
1o oopasuam Boj IlyraueBckoro By/kaHa ¢ MMHE-
panu3auueil MmeHee | I/71 He YUMTBHIBAIUCh HAMU
npu ananuze. Kpome Toro, /st HEKOTOPBIX MPOO
OOHapyKEHbI JOCTaTOYHO OOJIBIINE MOTPEIIHO-
CTH B KOJIIMYECTBEHHOM XHMHUYECKOM aHAJIN3e
(ke OTeYaTKu B IyOJHMKAIIUHU), MOCKOJIBKY
IIPYU HAJIMYUH B pe3yJIbTaTaxX aHaIu3a BCEX IIaB-
HBIX aHMOHOB M KaTHOHOB 3TH MPOOBI HE OTBEYa-
IOT OCHOBOINOJIAraloleMy TPHHILHUIY 3JIEKTPO-
HelTpanbHOCTH. HambGomnbinee pacxoxaeHue
MEXIY CyMMOH SKBHBAJICHTOB aHHOHOB U KaTHO-
HOB (18.5 %) ycTanoBneHo 1 oHo# npoosI [1y-
rayeBCKOro rps3eBoro Bynkana [JlaryHosa, ['emr,
1978]. OnHako, HECMOTPsI Ha BBICOKOE PaCXOXkK-
JICHHE B AJIEKTPOHEUTPAIIbHOCTH, KOHIIEHTpALU1
OCHOBHBIX aHMOHOB M KaTHOHOB B 3TOH Mpo6e BO
MHOTOM COOTBETCTBYIOT THITMYHOMY COCTaBY BOJ{
[Tyraueckoro ByikaHa. [loaroMy naHHyto mpoOy
MbI HE MCKJIIOYAIN U3 OOIIEr0 MacCHBa JIaHHbIX,
HO HE YYMTBIBAIM MPH aHAJIM3€ U MOCTPOCHUU
rpagMYecKuX 3aBHCUMOCTEH MEXIY Pa3IHYHbI-
MH THIPOT€OXMMHUYECKUMH MOKA3aTelIsIMU HC-
CJIEIyeMBbIX BOJI, TOCKOJIbKY OHa BHOCUT CUJIbHBIE
UCKa)KeHUs MpU GOPMUPOBAHUM JIMHUU TPEHIA.
OueBUIHO, YTO UMEIOLINECS CBEIEHUS O Te0-
XUMHUH Tps3eByJKaHW4ecKux Boj 0. CaxanuH
TpeOOBaIM YTOUHEHHS] M MPOBEACHUS JONOIHU-
TEJIbHBIX MCCIICIOBAaHUM. ABTOpaMH B IOCIIE/IHEE
JIECSATUIICTHE BBITIOJTHEH OOJBIION 00beM THAPO-
TeOXMMHUYECKUX MCCIIEIOBAaHUN TpSA3EBBIX BYII-
kaHoB. OCHOBHas 4acTh UX npoBeaeHa Ha FOx-
Ho-CaxalMHCKOM BynkaHe — 46 mpo0 (mosneBoit
ce3oH 2015 1), rpynme [lyraueBckux ByIKaHOB —
5 npo0 (centa6pr 2016 u aBrycr 2017 ) u Ha
BIK. BocTounstit — 3 mpo6sI (aBryct 2017 1n).
AHann3 XMMHMYECKOTO COCTaBa HCCIEnye-
MbIx Boj BeimoaHeH B LIKIT UMI'ul” JIBO PAH.
Konuentparuu annonos (CI', Br, SO,*) u ka-
tuonos (Li*, Na*, K*, Ca*", Mg*") onpeaensiuch
METO/IOM MOHHOM XpomaTorpaduu, KOHIEHTpa-
nus HCO,” — TUTPUMETPUYECKUM METOIOM.
Omnpenenennst U30TOMHOTO coctasa (6'30, dD)
TPSA3EBYIKAHUYECKUX BOJ TMPOBOIMINCH B Pe-
cypcHoM 1entpe CIIOI'Y «l'eomomenb» meto-
JIOM UH(PaKpaCHOH J1a3epHOU CIIEKTPOMETPHH.

Pe3yabrarsl U 00cy:K1eHHE

['mapoxumudeckue uccieqoBaHMs IOKa3a-
JM, 4TO BOXBI I'PA3EBBIX ByIKaHOB 0. CaxainH
BECbMa HEOJHOPOJHBI IO XMMHUYECKOMY COCTa-
By (puc. 1). OTa HEOTHOPOTHOCTH MPOSBISETCS
MIPEK/IE BCETO B JIOBOJIHO CHJIBHBIX Pa3IUUMsIX
no obmei MmuHepanuzauuu. Ilo pesynbraram

HaIuX OMpPOOOBaHMM, HaMOOIEe BHICOKAS MH-
Hepanu3auus xapakrepHa ang Bog FHOxno-Ca-
XaJIMHCKOTO TPS3€BOr0 BYJIKaHa — B CPEIHEM
22.5 r/n. Jlna BAK. BocTouHwlii cpemHuit mo-
Kazarenb MuHepanuzaruu 11.1 1v/m, m1s Bon
[TyrayeBckuX rpsi3eBBIX BynkaHoB — 11.2 r/im.
Hcxons 3 nuteparypHbIX JaHHBIX, MUHEpAIU-
3arust BoJ Bocrounoro u FOxuo-CaxainHcKoro
IPA3EBBIX BYJIKAHOB COIVIACYeTCsl C TOKa3are-
MU npouwibix Jiet. [Ins Box ke [lyraueBckux
IPsI3€BBIX BYJIKAHOB, IO JaHHBIM MCCIIEIOBAaHUN
1960-1970-x romoB, cpeaHuil MOKaszarejab MHU-
Hepanu3anuud 6.2 T/7, 3TO MPAaKTHYECKH B JBa
pa3a MeHbllle HauX 3HadeHui (puc. 1). Takoi
HU3KUN [TOKa3aTesib MUHEpaIUu3aluu, BEPOSITHO,
o0yclioBeH pa30aBlIeHUEM TpsI3eBYJIKaHUYE-
CKHUX BOJI PECHBIMU aTMOC(HEPHBIMHU OCaTKaMH,
TaK Kak olliee coJep>KaHue PaCTBOPEHHBIX CO-
neii B mpobax [TyraueBCKuX TpsA3eBbIX BYJIKaHOB
B TOT NEPUOJl 3HAYUTEIHHO BapbHpyeT, oT 2.6
no 12.5 v/n [Cupsik, 1968; UnseB u ap., 1970;
Jlarynosa, I'emm, 1978]. Haubonee Hu3koi mMu-
HepaJu3aluei, MO JUTEPaTypPHBIM JIaHHBIM,
xapaktepusytorcss Boabl Jlarunckoro (3.3 r/m)
u JlecnoBckoro (0.1 r/i) rpsi3eBBIX BYJKaHOB
[luTenko, 1961a; MenbuukoB, Unnes, 1989].

KucmorHo-1mesrouynsle c¢BOMCTBAa BOJ ca-
XaJIUHCKUX TPSI3EBbIX BYJKAHOB BapbUPYIOT
B OTHOCHUTENIbHO HEOOJBIINX Mpenenax: 3Ha-
yenus pH s Box HOxxHo-CaxanuHckoro ByiI-
KaHa HaxomsaTcs B amama3oHe oT 7.0 go 9.2,
st [lyraueBckoro — ot 7.9 no 8.7, nns Byi-
kana Boctounwsii — ot 7.8 mo &.2. Ilo coort-
HOIIIEHWIO OCHOBHBIX HMOHOB BOJBI TPS3EBBIX
ByJIKaHOB 0. CaxaJuH OTHOCSTCA K pa3HbIM
TUJIPOXUMHUYECKUM TUIaM (TI0 KJIacCU(pUKALUU
C.A. Ilykapesa). Bonbr HOxno-CaxamuHcKo-
ro, [lyraueBckoro 1 BocTOYHOTO BYJIKaHOB TI'di-
IpoKapOOHATHO-XJIOPUIHO-HATPUEBBIE,  BOJIBI
JIarMHCKOrO MMEIT YEeTKO BBIPAKEHHBIN XJIO-
PUIHO-HATPUEBBIN COCTaB, JIECHOBCKOTO — TH-
IpoKapOOHATHO-XJIOPHUIHO-CYIb(hATHBIN HATPU-
€BO-MarHUEBbIN.

Habnionaemass HEOAHOPOAHOCTH XUMHUYE-
CKOTO COCTaBa rpsi3eByakaHnueckux Boj o. Ca-
XalliH, BEPOSTHO, OMPEIENSIeTCS HCXOAHBIM
COCTAaBOM MAaTEPUHCKOTO TPS3EBYIKAHUYECKOTO
BemlecTsa. [Ipexxae Bcero 3To MOkeT ObITh 00-
YCJIOBJIEHO TPUYPOUYCHHOCTBIO TPS3EBBIX BYII-
KaHOB K Pa3HbIM BOJOHOCHBIM KOMILIEKCAM, KO-
TOpbIE PA3IMYAIOTCs BEIIECTBEHHBIM COCTaBOM
BOJIOBMEIIAIONINX  MOPOM, TUAPOXHUMHUYECKOU
cnen(uKoi, a Tak)Ke CKOPOCTHIO BOIOOOMEHA.

Xumuueckuil cocrtaB Box HOxkHo-Caxanmn-
ckoro, IlyraueBckoro u BocToyHOro rpsizeBbIX

Marepuaji 10CTyIIeH 110 JIMIEH3HH
Creative Commons Attribution License 4.0
International (CC BY. 4.0)

326

TEOCUCTEMbI NEPEXO/HbIX 30H
2020, 4 (3), 321-335



OBLYAS1 U PETMOHAJIbHASI FEOJTOrnsi. BYNIKAHOMOr1si / GENERAL AND REGIONAL GEOLOGY. VOLCANOLOGY

BYJTKQHOB CBHJICTEIILCTBYET 00 X pasrpys3ke ¢ JI0-
CTaTouHO Oonpimx rmyouH. Boapl JlecHoBCcKoro
BYJIKaHA SIBIISTFOTCS (DAKTHUECKHU YIIBTPAITPECHBI-
MH U 10 CBOUM THIPOXUMHYCCKAM XapaKTCpPH-
CTHKaM COOTBETCTBYIOT BOJIaM 30HBI BBIBETPH-
BaHus. MBI monaraem, 4to (OPMHUpPOBAHHE BOJ
JIeCHOBCKOTO ByJIKaHA IPOMCXOIWT IPH AKTHB-
HOM Y4acCTHH BOJI 30HBI CBOOOTHOTO BOJI0OOMEHA.
BooOrie roBopsi, XUMHUYECKUN COCTaB BOJ, pa3-
IPY)KAIOIIUXCS HA JaHHOM YYacTKE, CTABHUT TOJ
BOMPOC TPHUHAJIOKHOCTh PacCMaTpPHUBAEMOTO
MIPUPOTHOTO OOBEKTA K IPSA3EBBIM ByikaHam. Of-
HAKO pPEIIeHUE 3TOr0 BOIpoca TpeOyeT JTOIOTHH-
TEJILHOTO U3yUYCHHUSI.

Uro e KacaeTcsi XUMHYECKOTO COCTaBa
BOJl JIarMHCKOTO Tps3eBYJIKAHUYCCKOTO IIPO-
SIBJICHUSI, TO MPHYPOYCHHOCTH JTOT0 OOBEKTa
K npuOpexxHoi yactu Heliickoro 3anmBa 00y-
CJIOBIIMBACT 3HAYUTEIHLHOC BIHMSHHE MOPCKUX
BOJl Ha THUAPOTEOJIOTHUECKUI PEXHUM BYyJIKaHA.
B pa6orax [{utenko, 1961a, 1961b] ykazaHo,
YTO U3MEHEHHE MUHEPAIU3AINH U XUMUYECKO-
ro cocTaBa BOJ B Ipenaenax J{armHCKOro ydact-
Ka 0OyCJIOBJIEHO Pa3HOIl CTENEHbI0 CMELICHUS
c1a00MHUHEPAITM30BAHHBIX BOJ TIIYOMHHBIX TO-
PU30HTOB, XapaKTEPU3YIOUINXCS MOBBIIIEHHBIM
cofiep)KaHWeM THIPOKapOOHAT-HOHA, C MOp-
ckuMu Bojamu. [lpm sTomM mpeamosaraercs,

L \
2 ey /"
A JdaruHckoe rpsizeBynkaHu4eckoe
3 (| nposiBneHue, n =1
» A/ M Cl189.3 SO,6.2 HCO,4.5
— | 33 Na+K91.3 Mg6.1 Ca2.7
s (¢
—~ e [aruHckue TepMoOMUHeparnbHbIe
' 6 S WUCTOYHUKM, n =34
N ) Cl91.5 HCO,5.0 SO,3.5 pH7.7
'{_\g € Na+K 90.0 Mg5.2 Ca4.9
s
M
BocTouHbIN rpsizeBOM ByfKaH, n =1 ¢ \. \
HCO,73.0 CI26.9 SO,0.1 -\ i
M10. s ‘ \-\ J
0-8 Na+K97.1 Mg 1.6 Ca1.3 ==
- . -\
% BocCTOuYHbIN rpsi3eBOM ByfKaH, n =3 | -
M11.1 HCO,71.6 C128.3 SO,0.1 pH7.9 e i Fpynna MyrayeBckux rpsizeBbIX
Na95.9Ca2.2Mg1.7K0.2 | ByNKaHOB, N =6
\\ /7 M6.2 Cl150.5 HCO,45.1 SO,4.4 pH8.4
& Na+K 96.4 Mg2.4 Ca1.2
KOxxHO-CaxanuHCKum rpsizeBom e * Tpynna Ey;i:ﬁzgxﬁx;gmeablx
BYnKaH, n =13 g HCO,69.3 CI3.0 SO,0.7
. ,69. . ,0.
M19.1 HCO,60.7 CI38.6 SO,0.7 pH8.7 . M11.2 Na96.2Mg2.2Ca1.2 Ko.4'OH8'1
Na93.0Mg5.1Ca1.6K0.4 —T
% HOxHO-CaxanuHCcKni rpsizeBomn / i
ByfnKaH, n =46 . // JlecHOBCKUM rpsiseBow BynkaH, n =1
HCO,61.4 CI38.5 SO,0.1 v HCO,40.2 CI31.7 SO,28.1
M22.5 3 4 H7.3 MO.1 3 4
Na91.5Mg5.9Ca1.8 K0.8p Na+K53.7 Mg25.6 Ca20.7
50 0 50 100 km

e E |

Puc. 1. [IpocTpaHCTBEHHBIE Pa3/IMYMs B XAMUYECKOM COCTABE BOJ[ IPA3EBYIKAHUUECKUX MposiBieHuit 0. Ca-
XaJIMH C yKa3aHUEeM TeOJIOTHUECKUX YCIOBUM: | — ueTBepTHYHAs CHCTeMa, 2 — MajeOreH-HeOreHOBas CH-
cTema, 3 — MeJIoBast CUcTeMa, 4 — Mane030i-Me30301CKasi CHCTEMa; 5 — OCHOBHbBIE Pa3phIBHBIC MCIIOKAIINH;

6 — cTparurpaduyeckue rpaHuipl. s mokazarenei

XUMHUYECKOTO0 COCTaBa IMOKa3aHbl CPEAHNE 3HAYCHUA,

N — KOJIMYECTBO MP00; 3BE37104K0iT 0003HAUCHBI JaHHbIE COOCTBEHHBIX UCCIICOBAHUI.
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YTO «IPSA3EBBIE BYJIKAHUYMKU U TOpsiYME KIHOUU
UMEIOT OJHY TIeHeTHuecKyro mnpupony» [Lu-
TeHko, 1961a, c. 174]. [leiicTBUTENbHO, Tpsize-
BYJIKaHUYECKHE M TEPMOMHUHEPAJIbHbIE BOIbBI
Ha JlarMHCKOM ydYacTKe CXO0KM IO CBOEMY XH-
muyeckomy coctaBy [Xapkos, 2018; I[{uteH-
ko, 1961a, 1961b] (puc. 1). [1lo cooTHOMIECHUIO
OCHOBHBIX KOMIIOHCHTOB M T€, U JPYyrue OT-
HOCATCA K XJIOPHIHO-HAaTPUEBOMY THUILY. 3aMe-
TUM, YTO TepMaJlbHbIE BOJABI 3/1€Ch OYEHb pa3-
HOPOJIHBI TI0 CBOEH MMHepanu3anuuu — oT 1.4
1o 23.7 r/n [XKapkos, 2018; Ilutenko, 1961a].
TepputopuanbHo J[armHCKOE THAPOTEPMATILHOE
10JIe TIOAPA3JEISIIOT Ha TPU ydacTKa pasrpys-
K1 MUHepajbHbIX Boj — CeBepHblil, LlenTpans-
ueii u FOx#bii [Kapkos, 2018; Caxapos u ap.,
2020]. ITo nanueiMm [XKapxos, 2018], rps3eBbie
rpucdonsl pacnonaratorcsi Ha CeBEpHOM ydacT-
Ke, [JIe MUHEpaIu3alus TepMajbHbIX Bog OT 2.0
70 8.5 1/1, 9TO B IIETIOM COOTBETCTBYET OOBIU-
HOM MHUHEepaIu3aluu BOJ U3 I'PS3EBBIX Tpudo-
HOB. [loaTOMYy MBI Takke CKJIOHHBI I0JIararb,
YTO BOJBI U3 TPU(POHOB M TEPMAIBHBIX HCTOY-
HUKOB Ha JarMHCKOM y4yacTKe UMEIOT OOIuit
reHesuc. OTMETHM, 4TO XMUMHUYECKHI cocTaB
JlarnHCKMX TepM M3y4deH B OOJIbIIEH CTENEHH.
B cnywae orcyTcTBUS CBEeIEHMI O KaKHX-JIMOO
THJIPOXMMHUUYECKUX TMOKa3aressix i Bo u3 Ja-
TMHCKUX I'PSA3EBBIX TPHU(POHOB MBI C COOTBETCTBY-
IOLUMH OTOBOpPKaMH OyJIeM HCIIONIb30BaTh JaH-
HBI€, ITOJTyYEHHBIE JJIs1 TEPMaJIbHBIX HCTOYHUKOB.

HeonHopogHOCTh  XMMHYECKOTO  COCTaBa
rpsi3eByJKaHUYECKUX Boja 0. CaxalnuH MOET
ObITH 00YyCIIOBJIEHA TAK)KE PA3IMYHOI ra3oreo-
XUMHYECKOMN CIIEHMANIN3ALMEN Pa3HBIX PAHOHOB
octpoBa. CornmacHo pabore [LllakupoB u mp.,
2012], ma o. CaxalmWH BBIICISIOTCS JIBE OC-
HOBHBIE T'a30I€O0XUMUYECKHUE 30HBI: METAHOBAs
U YIJIEKHCIIO-METAaHOBAsl, KOTOPbIE pa3InyaroT-
CSl TEKTOHUYECKUM CTPOEHUEM M HCTOYHHKAMU
YINIEBOJOPONOB. B ceBepo-BOCTOUHONM M BOC-
TOYHOM YacTsAX OCTPOBA ra3oIpOSBICHUS MIPE-
CTaBJICHbl IVIaBHBIM 00pa3oM METaHOM, yIJie-
KHCJIBIH a3 B HUX COZEPIKUTCS B OYEHb HU3KHUX
KOHIeHTpauusax. Tak, nus JlaruHckoro rpsize-
BYJIKaHMYECKOTO YYacTKa OCHOBHBIM KOMIIO-
HEHTOM CBOOOJHO BBIJEIISIOLINXCS Ta30B SIBIIs-
eTcs CH4. B 3amazgnoi 1 roro-3zamamHoi 4acTax
OCTpOBa B Ta30MpOSIBICHUSAX BO3PacTaeT IO
YIJIEKHMCIIOTO Ta3a, BILIOTH J0 TOTO, YTO OH MO-
KET SIBIATHCS MPEoOIaaloNIiM KOMIOHEHTOM.
Cample Bbicokue KoHueHtpanun CO, nHabmro-
natorcsi Ha HOxHO-CaxaauMHCKOM BYyJKaHE —
10 95 06. %. Ha Bynkanax IlyraueBckuii u Boc-
TouHbIi KoHLeHTpanus CO, nocturaer 40 06. %.

Takum oOpa3zom, Ha o. CaxanuH HaOIOIaEM
TEHJICHIIMIO K BO3pacTanuto koHuenTpauu CO,
B COCTaBe CBOOOHBIX Ia30B I'PSA3EBbIX BYJIKAaHOB
B IOKHOM HampapieHuH. B aToM e Hampasiie-
HUU OTMEYAETCs U3MEHEHHUE THAPOXUMUYECKOTO
TUIA TPA3EBYJIKAHUYECKHX BOJ OT XJIOPUIHO-
HATPUEBOTO K TUAPOKApOOHATHO-XJIOPHIHO-HA-
TPUEBOMY.

['a30HACBIIEHHOCTh TOA3EMHBIX BOA O0Y-
CJIOBJIMBAET HAINPaBJIECHHOCTH INPOLIECCOB B3au-
MOJIEHCTBHSI B CUCTEME «BO/Ia—TI0POAA—Ta3», UTO
IPUBOJUT K CYLIECTBEHHBIM JINTOJIOTO-TUIpOTe-
OXMMHMYECKUM M3MEHEHHUSM KOMIIOHEHTOB ATOMN
cuctembl. M3BeCTHO, 4TO 000TaIIEeHHOCTH MO/~
3eMHbIX BoJ CO, ABISETCS IMIaBHBIM (aKTOPOM,
OTIpENEISIONMM  MHTEHCUBHOCTh  IMIPOLIECCOB
T'MJIPOJIM3a BOJOBMELIAOIIMX OPOJ. DTOT MPO-
LIECC COTIPOBOXK/IAETCsI HE TOIBKO 00pa3oBaHHEM
BTOPUYHOM MUHEpaIbHOM (pa3bl, HO U MOCTYILIE-
HUEM B pacTBOp MOIBUKHBIX KaTHOHOB (Na*, K*,
Ca?*, Mg?") U3 MCXOIHBIX MUHEPAJIOB, a TAKXKE
obpasosannem HCO, [[Isapues, 1996].

Jns Box rpsizeBbIX BynKaHOB 0. CaxaluH
XapaKTepHa CWJIbHAs KOPPEIALUOHHAs 3aBU-
CUMOCTh MexAy KoHueHTpauusmu Na“ u Cl°
(puc. 2). Ilpu >TOM (urypatuBHble TOUKH Ha
puc. 2 GopMUPYIOT JABa Pa3HBIX JUHEHHBIX
TPEH1a, YTOoJI HaKJIOHA KOTOPBIX CHJIBHO pa3-
nuyaercs. Ha atom ocHoBaHUM K03 DHUITUEHT
KOppeJsiuU MEXJ1y KOHLUEeHTpauusmu Na*
u Cl” Ob1 paccuutaH Al KaXIOW TPYIIIbI
¢urypatuBHbIX Touek. Tak, mis Box HOxxHo-
Caxanunckoro, ITyrauesckoro u Bocrounoro
I'PSI3€BBIX BYJIKAHOB KOA(DPUIUEHT Koppems-
nuu [Tupcona mexay Na+ u Cl- cocraBmser
0.95. /Jlns TepManbHBIX U TIpsA3EBYJIKaHHUYE-
CKMX BOJ JlarmHCKOro y4yacTka 3TOT Ko3(pdu-
IIMEHT NMPAaKTUYECKU paBeH enuHuie. Heobxo-
MO OTMETHUTb, 4YTO TOYKA, COOTBETCTBYIOLIAs
JlecHOBCKOMY TpsA3€BOMY BYJIKaHY, 3aHUMAET
IIPOMEXYTOUHOE TOJOKEHUE MEXAY ABYMS
TpeHJaMu, [03TOMY JaHHas mpoba Oblia Hc-
KJIIOUEHA TMPU pacyeTe KOPPEeIsSLHOHHBIX 3a-
BUcHMOCTeN. M3 pacueToB Takke UCKIIOYECHA
ofHa npoba u3 IlyraueBckoro rpsi3eBoro ByJ-
KaHa MO MPUYMHE HECOONIONEHUS MPUHIINIA
JIEKTPOHEUTPAIBHOCTH. JIMHENHYI0 KOppes-
nuto mexay Na® u Cl- MoxkHO paccMmaTpuBarh
KaK OJMH M3 MPU3HAKOB TOTO, YTO OCHOBHBIM
MCTOYHUKOM BOJHOM (ha3bl Ipsi3eByIKaHHYE-
CKUX (IIOUJOB SIBISAIOTCS CEJUMEHTALMOH-
HO-NIOTpeOEHHBIE MOPCKHE BOJABI, KOTOpbIE
B JlaJIbHEMIIIEM MCIIBITHIBAIN pa30aBiIeHUE TIpe-
CHbIMM BoiaMu. OTMETHUM, YTO HOJIOKUTEIIbHAS
KoppensinnoHHast cBsizb Mexay Na“ u Cl Ha-
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OmromaeTCsl TaKkKe ISl BOJ, HA3E€MHBIX T'PSI3€BBIX
BYJIKQHOB B JIpyTHX peruoHax mwmpa [Liu et al.,
2009; Ray et al., 2013; u ap.]. Onnako ¢ury-
paruBHbIe TOUKM Ha nuarpamme Na'— CI, co-
oreercTBytomue OxnHo-Caxanunckomy, Ilyra-
YeBCKOMY M BOCTOUYHOMY TpsI3€BBIM BYJIKaHAM,
HaXOJISITCS BBIIIC JIMHUHM pa30aBIeHUS MOPCKOU
BOJIOM, T.e. DTH BOABI CYIIECTBEHHO OOorarie-
Hbl Na". CoorBeTcTBeHHO, oTHOmeHHe Na/Cl
JUISL BOJX OOJBIIMHCTBA TPSI3EBBIX BYJIKAHOB
0. CaxanuH 3HAYUTEILHO TPEBHIIIAECT ITOT TO-
Kaszarenb A7 MOPCKOM BOABI (KOTOPBIA paBeH
0.55). Jdns Box HOkHO-CaxanwHCKOTO BYJIKa-
Ha otHomeHue Na/Cl cocTaBisieT B cpeaHeM
1.5, nnsa IlyraueBckoro — 1.7, nns Bocrouno-
ro — 2.2. Tonpko B Bomax JlarmHCKOrO Tpsize-
BYJIKAHUYECKOro ydacTka orHomenue Na/Cl
JIOBOJIBHO OJIM3KO K MOpPCKOil Bozie — okoio 0.7.
Jns JlecHOBCKOro ByJKaHa 3TO OTHOUIECHUE
paBHO 1.1, HO BOJBI TOr0 ByJKaHAa HU3KOMH-
HEpaM30BaHHbIC YIBTPANPECHBIE, OCHOBHBIM
HUCTOYHHKOM WX TOTIOTHCHHUS, BEPOSTHO, SIBJIS-
IOTCSL BOJIBI aTMOC(EpHO-UH(UIBTPALMOHHOTO
renesuca. DPopMHpOBaHHE XHUMHUYECKOTO CO-
CTaBa ATUX BOJ MPOUCXOIUT B PE3yIbTaTe MPO-
[[ECCOB BBIBETPUBAHUS — Pa3pYLICHHUS] TOPHBIX
MOPOJI IpY UHPUIBTPALIMH aTMOC(EPHBIX 0CaI-
koB. [Ipu pasiokeHWH CUIMKATOB W aJlFOMO-
CUJIMKATOB B BOJHBIA PACTBOP TMOCTYHAET Psif
IOJBMYKHBIX KaTHOHOB, BKIouas Na®, K¥, Ca*",
Mg?* [pusep, 1985]. CriocoGHOCTh BOA K BbI-
IeJTAYMBAHUIO0 BOJAOBMEIIAIOIINX MOPOJ] MOBBI-
[I1aeTcs 3a CUeT MPHUCYTCTBUS B HUX PACTBOPEH-
HOTO YTJIEKHCIIOTO ra3a (aTMocepHOro W/uiu
MHUKPOOHMAIBLHOTO POHCXOXkaAeHus). YacTe pac-
tBopeHHoro CO, npu B3auMONEHCTBHU BOJBI
¢ noponamu npeppaiaercs B HCO, .
3aBUCUMOCTb MEXAY KOHLIEHTpanusmu Na'
u Cl” B Ips3eBYJIKAHUYECKHUX BOAX CBUJICTEIIb-
CTBYET O MOCTYTIUICHUH ITHX DJIEMEHTOB B I'psi3e-
BbIC BYJIKAHBI M3 OJJHOTO UCTOYHHUKA — B JAHHOM
cily4ae, Kak Mbl IOJlaraeM, U3 MOPCKOW BOJIBI.
DTa CBSA3b XOPOIIO COXPAHSETCS B JIOBOJIBHO
IIMPOKOM JIMama3oHe KOHIICHTPAIMH B IPO-
1eccax MCIapUTENbHOTO0 KOHIIEHTPUPOBAHUS
TPSI3EBYJIKAHMYECKUX BOJI WM MIX Pa30aBJICHUS
METEOPHBIMH BOJaMHU. B 3THUX CiTydasiX KOHIICH-
Tpaly BCEX KOMIIOHEHTOB XHUMHUYECKOTO CO-
cTaBa BOJ OyIyT MOJOKUTEIHHO KOPPEITUPOBATH
HE TOJBKO ¢ conepkanueM nonoB Cl™ (1, Takum
00pasoM, 3aBUCETh OT OOIIEH MUHEpaTU3aIINH ),
HO U MeXay coboi. OgHako Oosiee neTabHBIC
WCCJICIOBAHUS TIO3BOJISIIOT TOHSTH, YTO KOP-
pENIALMOHHAS CBA3b MEXAY KOHIEHTpPaLUsIMU
Na*® u ClI" ans Box Tpsi3eBbIX BYJIKAHOB MOXKET

y=1.33x+0.68
7 R*=0.91
&3

0.3

(b)
y=054x+018 -
R'=0.997

/’<>// o

|2

® 4
®5
o6

T T T 1
0 1 2 3 4 5 6 7 8 9 10 11
Cl,rin

Puc. 2. Coornomenue xonuenrpauuii CI- u Na® B Bo-
Jlax CaxaJMHCKHUX TIps3eBbIX BynkaHOB (1 — FOsxHo-Ca-
xanuHckuit, 2 — [lyraueBckuii, 3 — Boctounsiii, 4 — Jlec-
HOBCKUH, 5 — JlarmHckuii) M JIarMHCKUX TepMalIbHBIX
HUCTOYHMKOB (6). CruromHasi JMHUS — TUIOTETHYECKHN
TpeH/ pa30aBieHUs] MOPCKOM BoAbl. [lyHKTHpHBIE M-
HUU — JIMHEHHBIE PErpecCHOHHBIE 3aBUCUMOCTH, IIO-
CTPOEHHBIE 110 METOy HAaMMEHBIINX KBaJpaToB (a — s
IOxH0-Caxanmunckoro, [Tyrauesckoro u Bocrtounoro Byi-
KaHOB, b — 11l TEPMAJIbHBIX U IPSA3EBYJIKAHUYECKUX BOJ
Jarunckoro ydactka). Oxna npo6a u3 [lyrageBckoro Byi-
KaHa MCKIIOUEHAa U3 PacueToB NPH MOCTPOECHUM TPEHIA
(CM. TIOSICHEHUSI B TEKCTE).

UMETh Pa3HyI0 CHIIy WIM BOBCE OTCYTCTBOBATb.
Tak, B X0/1e THAPOT€OXMMHYECKOTO MOHUTOPUH-
ra, mpoBeneHHoro Hamu Ha lOsxHO-Caxanmus-
CKOM rpsizeBoM Bynkane B 2015 1., Obuio ycra-
HOBJICHO, 4YTO JJISl TPS3EBYJIKAHUYECKUX BOJI,
HE TIO/IBEPTHINXCS pa30aBICHUIO aTMOCQEPHBI-
MU 0CaJKaMH, KO3()(OUIIUEHT KOPPESIUN MEX-
ny conepkanusiMu Na“ u ClIo OnM30K K HYJIIO
[Huxurtenko u ap., 2017]. Toraa xak npu pas-
OaBJIEHUU TPA3EBYJIKAHUYECKUX BOJ METEOp-
HBIMM BOJAMU HaOJIIOAeTCs IMOJIOKHUTENIbHAS
3aBucuMocth Mexay Na™ m Cl. Ocobenno-
CTBIO 3TUX HalOmoAeHUi ObuT 0TOOp OOJNBIIO-
ro KoJuuecTBa Mpod B TEUEHUE HECKOJIbKHX
mecsieB. llpuyeM KOHIIGHTpamuud OCHOBHBIX
AQHMOHOB M KAaTHOHOB B 3THUX MpoOax BapbHpO-
BaJIM B HEOOJIBIIOM JHAarna3oHe, MOCKOIbKY Mpo-
ObI ObUI COOpaHbI HAa OTHOM U TOM K€ OOBEKTE.
Pe3ynbTaTbl MOHUTOPHHIA MO3BOJISIIOT TOBOPUTH
0 ToM, 4yTO Na" JONOJTHUTENILHO MOCTYIAET B Ips-
3€BYJIKaHHYECKUE BOIBI U3 KAKOTO-TO JIPYTOrO HC-
TouHuka. CiemoBaresbHO, MpOLECCHl pazdaBiie-
HUSI WM KOHIEHTPUPOBAHUS MOTYT 3aTPYIHATH
WICHTU(QHUKAINAIO IPYTUX MPOIECCOB, YIacTBY-
IOIIMX B (POPMUPOBAHUN XMMHUYECKOTO COCTaBa
IPSA3EBYJIIKAHUYECKUX BOJ.

Otnomenne Na/Cl B Bomax rpsi3eBBIX BYII-
KaHOB MMEET OTYETJIUBYIO TOJIOKHUTEIbHYIO
koppensuuto ¢ HCO,/Cl, koadduumnent koppe-
nsiuuu [Tupcona pasen 0.96 (puc. 3). Jlannas 3a-
BUCHMOCTb IIOKa3bIBAET, YTO JJIs BOJ C Hanbosee
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nuskuM conepixanueM HCO,~ ornomenue Na/Cl
JIOBOJIBHO OJIM3KO K 3HAYEHHUIO ITOTO MOKa3aTes
JUIS MOPCKOM BOZbL. DTO COIVIACYETCsl C TUIIOTE-
30 O TOM, YTO UMEHHO BOJIbI MOPCKOTO T€HE3U-
ca SIBJIAIOTCSI MCXOJHBIM MCTOUHUKOM JJISI Tpsize-
ByJlIKaHM4YECKHX BoJl. COBMECTHOE YBEIHUEHUE
konuenrpanuii Na® u HCO, B rpsseByskaHu-
YECKUX BOZAAX SBJISIETCS CIEACTBUEM IIPOLIECCOB
MeTamop(hu3alud HUCXOAHBIX  CEAMMEHTAIIU-
OHHBIX MOPCKHUX BOA. MBI monaraem, 4to pocT
konnenrpanuu HCO,” mpoucxomur 3a cyer mno-
CTYIUICHHSI HEOPraHWYecKOoro yriaeponaa (mpe-
xne Bcero pactBopenus CO,). HacpimennocTs
IPA3EBYJIKAHUYECKUX BOJ| YIVIEKUCIIBIM Ta30M
YCHIIMBAET WX arpeCcCUBHOCTH K BOJOBMEIAIO-
UMM HaTpHicoaepKalluM aTIOMOCHIUKATHBIM
nopoziam (Hanpumep, K ansouty —NaAlSi,O,), B
pe3yibTaTe 4ero MPOUCXOIUT HHTEHCUBHOE BBI-
menaurBanue Na“ M3 BOJOBMEIIAOIINX MTOPOJ
u ero coBmecTHoe Hakomsienne ¢ HCO,™ B Bo-
JTHOM PacTBOpE.

Konmenrparus Mg?* B Bomax rpsi3eBbIX ByJI-
kaHOB 0. CaxaJluH, MPEaNONIOKUTENBHO, TAKXKe
OTpa)KaeT pa3Hyl CTeNeHb MeTaMmopduzaun
IPSA3EBYJIKAHUYECKUX BOA B peruoHe. Bompl
HOsxHO0-CaxanmHCKOro rps3eBoro ByJkaHa 000-
rameHbl Mg? 1Mo CpaBHEHUIO C OCTAJIbHBIMH
BYJIKAHAMU: CpETHHMM IOKa3aTelib OTHOIICHUS
Mg/Cl ans mux 0.05. Konnenrpamnuu Mg?* B Bo-
nax Ilyragesckoro, Bocrounoro u Jlarmackoro
IPSA3EBBIX BYJIKAHOB COIOCTABUMBI: CPEIHUH MO-
kazarenb Mg/Cl s vux okono 0.02. HabGmro-
JTaeMO€ HCTOIIECHUE TPSA3EBYIIKAHUYECKUX BOJl
Mg?" 1o cpaBHEHHIO C MOPCKOM BOIOH (st Hee

3.0
2.5
y =0.34x + 0.65 YA
R®=0.92 PP
2.0 mel
— Pl o1
O
=151 |2
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104 P ® 4
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Puc. 3. 3asucumocts otnomenuit Na/Cl m HCO,/Cl
B BOJAX CaxXaJHMHCKHUX Tps3eBBIX ByiIkaHoB (1 — HOx-
Ho-Caxanuackuii, 2 — IlyradeBckuii, 3 — BocTouHbIH,
4 — JlecHoBckuii, 5 — Jlarunckuii) u JlaruHCKUX TepMalb-
HBIX MCTOYHHUKOB (6). ITyHKTHpOM mNoOKa3zaHa JMHEHHAs
perpeccroHHasi 3aBUCUMOCTb, MOCTPOCHHASI 110 METONLY
HauMeHbIMX KBanpaTtoB. OmHa mpoba u3 [lyraueBckoro
BYJIKaHA UCKJIIOUEHA U3 PACUETOB IPH MOCTPOCHUU TPEH-
Ja (CM. MOSCHEHHS B TEKCTE).

otHomienne Mg/Cl cocrasnsier 0.07), Kak Mbl
nojaraeM, OoOyCJIOBIIEHO TpoIieccaMu Tpeodpa-
30BaHUS TPSA3EBYIIKAHUYECKUX BOJ B PE3yNbTare
B3aUMOJICHCTBUS B CUCTEME «BOAA—TIOpOIa—Tas3,
B YaCTHOCTH TPOLIECCAMU OCAXJICHUS KapOOHaT-
HBIX MUHEPAJIOB U HIOHHOTO OOMEHA C IJIMHAMHU.
Konnentparus Ca?" B Tpsi3eByIKaHHUECKUX
BOJ/IaX B OCHOBHOM PETYJIUPYETCs KapOOHATHBIM
paBHOBecueM. TepMonMHAMUYECKHUE pacyeThl
MOKa3bIBatoT, YTO BoAbl FOxHO-CaxainHckoro,
ITyraueBckoro u BoCTOYHOIO Ipsi3eBBIX BYJIKA-
HOB cwibHO mnepeckimensl no CaCO,. 3naue-
HUs uHAEeKca Hackimenus Sl (saturation index)
cocTtaBisitor B cpeanem 1.5; 1.4-1.6; 1.5-1.7
COOTBETCTBEHHO. Hamu Taxke ObLIO IKCHepu-
MEHTaJIbHO YCTAaHOBJIEHO OCa)XJeHHE KapOOHa-
Ta Kanblug B 3Tux Bojpax [Hukurenko, 2019].
Kak cnenctBue, mpoliecc OCakIeHUS CaCO3
crocoOcTByeT BbiBeAcHHIO Ca’’ M3 BOIXHOTO
pacTBopa ¢ HOBOOOpa3yIoIIeHcss MUHEPATbHOM
¢dazoil. bpIcTpO M3MEHAIOIIUECS MHapaMeTphbl
kapOoHaTHOW cuctembl: pH, KoHLEHTpauuu
HCO, un C032* — OIpEAeNsitoT UHTEHCUBHOCTh
Iporecca Ocax1eHus KapOoHaTa KaJblLus B Ipsi-
3eBYJIKaHMYECKUX BOojax. B cBs3M ¢ aTHM conep-
xanre Ca*" B BoJax Ips3eBbIX BylkaHOB 0. Ca-
XalluH MOXET JOBOJIbHO CHUJIBHO H3MEHSTHCS
B Mpezeax J1aXe OJHOro ByJlIKaHa U HE (GopMu-
pyeT derkoil nuddepeHmanuu rpsa3eByIKaHu-
YEeCKUX BOJI B PETMOHE IO JAHHOMY ITOKa3aTellto.
Konmnenrpamum Takux MHKPOKOMIIOHEH-
TOB, KaK JUTUH u OOp, B BOJaX Pa3HBIX rpsize-
BBIX BYJKaHOB peruoHa pasznuyaiorcs (puc. 4).
Ha pumarpamme Cl-B-Li Bynkansr Xxopoiro
muddepennuposansl. [Ipu stom nons FOxHo-
Caxanunckoro, IlyraueBckoro m BocrouHoro
BYJIKQHOB pacIoyiaraloTcsi JOCTATOYHO OJIM3KO
MEX1y cOOOH M XapaKTepHU3YIOTCS MOBBIIICH-
HBIM COJIEpKAaHUEM JINTUS U 00pa OTHOCUTEILHO
Mopckoil Boabl. Torga kak mosie JlarmHckux
TEPMOMHHEPAIBHBIX ~ HCTOYHHKOB  000CO-
ONIEHO OT HUX M PACIOJIOKEHO OJIMKe K TOY-
ke Mopckoi Bonbl. [lo pesynpraram Hammx
onpoOOBaHUM, KOHIIEHTpalus JIUTUS B BO-
JaxX CaxaJMHCKUX BYJIKAHOB COCTaBJISET OT
0.2 mo 7.3 mr/n, 6opa — ot 210 go 360 mr/m.
Haubonbiiee coaepkaHue JUTHA HaOoxa-
eTcs B Bogax HOxkHO-CaxamumHCKOTO BYJIKaHa,
O6opa — B Bojmax BiK. Boctounbiii. [loBbrmeH-
HBIE KOHIICHTpAIMK 60pa creru(uyIHbI 17151 BOJ
HE TOJIbKO CaXaJMHCKHUX, HO U OOJBIIMHCTBA
IpsA3€eBBIX ByJkaHOB Mupa [Mazzini, Etiope,
2017]. Hampumep, B Bopax ByJakaHOB KepueH-
CKOT'O I-0Ba KOHIIEHTpalus 00pa MOXKET AOCTHU-
ratb 1636 mr/i [Sokol et al., 2019]. Cauraercs,
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YTO 00OTaIlCHUE TPA3EBYIIKAHHYECKUX BOJ 00-
POM TIPOHCXONIUT B PE3yNbTare €ro jaecoponuu
U3 IMHUCTBIX MUHEPAJIOB B MpOIIecce MpeBpa-
IICHUS CMEKTUTA B WOLIMT [JlaBpymwH u 1p.,
2015; Hensen et al., 2004; Sokol et al., 2019].
[To Bcelt BUIUMOCTH, HAOMIOaEMbIe BapUalluu
cofiepaHusi 00pa B BOAAX TPSA3CBBIX BYJIKAHOB
0. CaxalluH OTpa)kaloT Pa3HYIO CTEIEHb MOCT-
CEIMMEHTAIlMOHHBIX Mpeo0pa3oBaHUil, Mpo-
UCXOISIIAX B CHCTEME «BOJa—TIOPOIa—Ta3y.
JlJiss  OLIlEHKH TEePMOIUHAMUYECKHX YCIIO-
BUH (opMUpOBaHMS BOJA TPSI3EBBIX BYJIKAHOB
0. CaxamuH TNPUMEHSIINCh THIPOXUMHUYCCKUE
re0TePMOMETPHl — TIOYIMITUPUICCKUE 3aBUCH-
MOCTHU, KOTOPBIE CBSI3bIBAIOT KOHLIEHTPAIIUH HE-
KOTOPBIX KOMITOHGHTOB XHMHYECKOTO COCTaBa
U TeMIeparypy MOI3eMHBIX Bofd. Jlms momyde-
HUsl OoNiee HaJEKHBIX TEMIIEPATYPHBIX OIIEHOK
HCTIOJIB30BAIOCh  HECKOJIBKO TEOTEPMOMETPOB:
Mg-Li, Na-Li, K-Na u K-Mg [Giggenbach,
1988; Kharaka, Mariner, 1989]. Heo6xoaumo oT-
METHTb, YTO 3HAYCHHS TIIYOWHHBIX TEMIIEparyp
(dbopMHpOBaHUS BOJ TPSI3EBBIX BYJIKAHOB, TIOJTyYa-
eMbI€ U3 pacyeTa Mo THAPOXUMUYECKUM IeoTep-
MOMETpaM, HEOOXOTMMO CUMTATh OPHCHTUPOBOY-
HBIMH, TTOCKOJIbKY MX HCIIOJh30BaHUE HE BCETIA
JaeT OJHO3HAuHbIC PEe3yJbTaThl. BhIMOIHEHHBIE
pacyeThl TOKA3hIBAIOT, UTO TEMIIEPATypPhl (POPMH-
pOBaHUs BOJ TPSI3EBBIX BYJIKaHOB Ha 0. CaxanuH
HECKOJIBKO PA3IUYatoTCs (CM. TaOIHILy).
IInacToBsle Temneparypsl s BIK. Boctou-
HBI COCTAaBIISIOT, TI0 JIAaHHBIM Pa3HBIX T'EOTEp-
MOMETpPOB, oT 51 10 55 °C. AHanoru4HbIC OICH-
ku st FOxxkao-Caxanuuckoro u IlyraueBckoro

0 20 40 60 80 100

1000*Li 25*B
Puc. 4. Coornomenne koHrenrpanuii (B mr/m) Cl, Li u B
B BOJIaX CaXaJIMHCKUX Trps3eBbIX BysikaHOB (1 — FOxHO-
CaxanuHckuid, 2 — [lyraueBckuii, 3 — Boctounsrii) u [la-
THHCKUX TEePMAJIbHBIX HCTOYHHUKOB (4). it cpaBHEHHS
MOKa3aHbl KOHIICHTPAIIMK COOTBETCTBYIOIIMX KOMITOHEH-
TOB B MOpcKoii Boze (5).

BYJIKAHOB 3aMETHO BbIIIE: B Auana3one 81-151
1 69—136 °C coorBercTBEeHHO. /{1151 pacuera TeM-
nepatryp (OpMHpPOBaHUS BOJ TI'PA3EBBIX BYJKa-
HOB Haumbosee noaxoasmuM cuutaercss Mg—-Li
re0TepPMOMETP, KOTOPBIN OBLT CIIEUAIBHO pa3-
paboTaH AJ1s1 BOJ 0CaJOYHbIX OacceHOB IIUPO-
KOTO JMarna3oHa MHUHepanuzauuu [JlaBpymiuH,
2015]. Mcxons u3 3Ha4eHU TeMIieparyp, IoIy-
YeHHBIX 110 Mg—Li reotepmomeTpy, ¥ BETUUUHBI
re0TEpPMUYECKOrO T'paJMeHTa Ha HCCIenyeMon
teppuropuu [Becenos u ap., 1997], 6butn cae-
JaHbl OLEHKHU IITyOUHBI 3ajeraHus rps3eBysIKa-
Hu4eckux kamep. Tak, cpeanss ryOuHa 3ajera-
HUS PE3EPBYapOB, U3 KOTOPHIX OCYIIECTBISAETCS
BOJIHOE NUTaHueE, coctasisieT A KOxno-Caxa-
JIMHCKOTO ByJIKaHa OKoJo 2.6 kM, s [Iyraues-
cKoro — 2.5 kM, Jj1s BIK. Boctounblii — 1.3 k.
[InactoBeie Temmeparypsl i Box Jlarus-
CKHUX TEPMOMMHEpAIbHBIX UCTOUHUKOB IO pa3-
HBIM T'€0TEpPMOMETPAM ONPEJEIIEHbI B JUana3o-
He oT 65 1o 100 °C (cm. tabnuiy). Haubonee
HOAXOJSAIIMMH Ul  BOJA THJIPOTEPMaIbHBIX
cucreM cuurarorcas K-Mg u Na—K reorepmo-
metpel [Giggenbach, 1988]. I'myOunHbIE TeM-
neparypsl (GopMupoBaHus BoJ JlaruHCKUX Tep-
MOMMHEPAJIbHBIX HMCTOYHUKOB, PACCUMTAHHBIE
no K—Mg reorepmoMeTpy, COCTaBIISIIOT B CPEN-
HeM 70 °C, mo Na—K reorepmomerpy — 100 °C.
WHTepnpeTupys pa3HuLly B IOKa3aHUSX, Clle-
oyeT yuuTbiBaTh, 4T0 Na—K reorepmomerp
OOBIYHO HCMONB3YETCS AJI OLEHKHU IUIaCTOBBIX
temneparyp coie 150 °C [Kharaka, Mariner,
1989]. Kpome toro, temrieparypsl, paccuuTaH-
Hble 10 K—Mg reorepmomeTpy, ClieIyeT CUUTaTh
Oosiee Ha/EKHBIMH, IOCKOJIBKY PAaBHOBECHOE
cocrosiHue KoHueHTpauuii K u Mg B Tepmans-
HBIX BOJIaX JOCTHraeTcsi ropa3ao ObicTpee, yemM
koHueHTpaumii Na u K, B pesynsrare yero K-Mg

Tabnuya. OueHkH TeMnepaTryp (popMHPOBAHHUS BOJ
CaXaJIMHCKHUX I'Psi3eBbIX BYJIKAHOB M JlarMHCKHUX
TepMaJIbHBIX HCTOYHUKOB N0 IMIPOXUMHYECKUM
reoTepMoMeTpam

Temnepatypa, °C
T'eorepmomerp
to2 | 3 | 4
Mg-Li 105 102 51 65
Na-K 113 82 55 100
K-Mg 81 69 55 70
Na-Li 151 136 53 91

Ipumeuanus. 1, 2 u 3 — FOxno-Caxanunckuii, [Tyrauesckuii
1 BocTouHbli rpsi3eBble BYJIKaHbI COOTBETCTBEHHO; 4 — JlaruH-
CKHME TepMaJlbHble HMCTOYHUKH. 10 KakIOMy IeoTepMOMETpy
HPEJICTaBICHBI CPEAHUE 3HAYCHUS PACUCTHBIX TEMITEpParyp.
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TeOTEPMOMETp OBICTpEE pearupyeTr Ha H3MEHe-
HUS TUTACTOBBIX Temmeparyp [Giggenbach, 1988].
B cootBercTBHM C Temmeparypamu, MOTy4eH-
HbiMM 110 K—-Mg reorepmomeTpy, 1 BETMUMHON
TreOTEPMUYECKOTO TpajJiM€HTa Ha HCCIeTyeMOn
tepputopud [ITeiin, 1962] popmupoBanue Tep-
MOMHHEpaIBHBIX BOJA JlarmHCKOTO MecTOpoXKe-
HUS IPOUCXOANT Ha IryOuHe 2.1 kM.

N3otonHbIil cocTaB BOJ IPsI3eBBIX BYJIKAaHOB
0. CaxanuH 10 HETAaBHETO BPEMEHU ObLT U3yUeH
04eHb cy1ab0. HaMu moryueHsl M30TOIMHBIE OIpe-
nenenus 60 u 0D mia IOxkuo-CaxanuHCKoro,
[TyraueBckoro u BOCTOUHOrO rpsi3eBBIX BYJIKA-
HoB [Epmos, 2017, 2018]. s Box JlecHoBcKoTO
1 JIarMHCKOTO IpsA3eBYIKAHUYECKUX MPOSBICHUN
M30TOIHBIE OTpeAeTeHUs] OTCYTCTBYIOT. [Ipen-
rojiarasi OOIIHiA TeHE3UC TPSA3EBYIIKAHUYECKUX U
TEPMOMHHEpaIbHBIX BOJ Ha J[arHHCKOM ydacTke
1, KaK CJICJICTBHUE, CXOKHE U30TOITHBIE ITOKa3aTe-
JIM JUTSL 3TUX BOJ, B JAaHHOUM pabOTe MBI UCIIOJIb-
3yeM H30TOIHBIE XapaKTepUCTUKH JlarMHCKHUX
TEPMOMHMHEPATBHBIX HCTOYHHUKOB W3 PalOTHI
P.B. XKapxosa [2008].

M3oronueni coctaB Box IHOxkno-CaxaiuH-
ckoro, IlyraueBckoro m BocTouHoro rpsizeBbIx
BYJIKAaHOB CYIIIECTBEHHO OTJIMYAETCS OT COCTa-
Ba METEOPHBIX U MOpPCKHUX Bof (puc. 5). ua-
Ma30H Bapualuii 3HaueHuit 6'0 B OCHOBHOM
coctaBisier oT +1.0 mo +7.2 %o SMOW, a 3Ha-
yeHus: 0D koneOmoTcs B mHTEpBasie oT —36.0
110 —15.0 %0 SMOW. BuaHo, 4To o M30TOMHO-
My COCTaBY BOJIbl 3THX BYJIKAaHOB Pa3INMYaAIOTCS
HE3HAYUTETbHO U 00pa3yIoT MPAaKTUYECKU €IU-
Hoe mosie Ha auarpamme 6'*0-06D. OtmeTHm,
YTO XapaKTepHbIE 3HAUYEHMUS] M30TOMHBIX IIO-
Kazareseil BoJ OOJBIIMHCTBA I'PS3EBBIX BYIKa-
HOB MHpa HaxojsaTcs B uHTepBaiax (—1 +7) %o

-120 T T T T T T T T T T T T 1
-16 -14 12 10 -8 6 4 -2 0 2 4 6 8 10
3 "0, %o SMOW

Puc. 5. M3oTonHbIi cocTaB BOJ CaXalMHCKUX TPSA3EBBIX
BynkaHoB (1 — FOxxno-Caxamuuckuii, 2 —IlyraueBckuid,
3 — Bocrounslif), JJarMHCKUX TepMalbHBIX HCTOYHHUKOB
(4) u crammaptHOH Mopckoit Bogsl (SMOW — standard
mean ocean water) (5).

st 020 u (—30...— 10) %o mst 6D [HuxuteHko,
Epios, 2017].

Conepxanns 0'°0 u 6D CBHIETEIBCTBYIOT,
YTO BOJIbI TIEPEUUCICHHBIX TPSA3EBBIX BYJIKaHOB
0. CaxanuH B OCHOBHOM (pOpMHpPYIOTCSI B pe-
3yAbTaTe CMEUIEHUS MCXOAHBIX CEAMMEHTAIlU-
OHHO-TIOTPEOEHHBIX MOPCKHX BOJ| C METEOPHBI-
MU U JIETHJIpaTalliOHHBIMU BoiaMu. HarmoMHuM,
9TO HW30TOMHO-TSDKENbIC  JIETHIpaTalliOHHbBIE
BOJIbI BBIICTISIFOTCS TIPH TPpaHC(HOpMALIUY TITHHU-
CTBIX MUHEPAJIOB B 00JIACTH BBICOKHUX TEMIIEpa-
Typ U JABJICHUM.

JlaruHCKHE TepMOMHUHEpaTbHBIC HCTOUHUKH
CYUIECTBEHHO OTJIMYAIOTCS 10 CBOUM H30TOII-
HBIM TIOKa3aTeNsiM OT IEPEYUCIICHHBIX BBIIIE
rpsa3eBbIx BynkaHoB o. Caxanun. ConeprkaHus
080 m D B TepMaibHBIX BOAax JlaruHCKO-
rO0 MECTOPOXKIEHHUS HAaXOMATCS B HHTEpPBaIax
(-15.3...-14.1) u (-106.8...—-101.7) %0 SMOW
COOTBETCTBEHHO, YTO YKa3bIBaET HA METEOp-
HOE TMPOUCXOXKJEHUE 3THX BoA. Kpome ToOrO,
M30TOMHBIA COCTAB W3JIUBAIOIINXCS TEPMOMHU-
HEpaJIbHBIX BOJ| MPAKTHYCCKU UJACHTHYCH HU30-
TOITHOMY COCTaBy T'PYHTOBBIX BOJl B JJAHHOM
patione [Kapkos, 2008].

Cy1ecTBeHHbIE THAPOT€OXUMUYECKUE OTIIN-
gyusi JIJarMHCKOTO TpsI3€BYJIKAHUYECKOTO MPOSB-
nenus ot FOxuo-Caxanunckoro u [TyraueBckoro
IPA3EBBIX BYJIKAHOB MO3BOJISIOT MPEANONIOKUTD,
YTO JaHHOE BOJOTPSI3EMPOSBICHUE HENb3sl OT-
HOCHTH K TPSI3eBBIM ByJKaHaMm. Panee aBropamu
pabotel [Copounnckas u ap., 2008] yxe ObL10
MPEUIOKEHO CcuMTaTh JlarmHCKOEe BOIOTps3e-
MPOSIBJIEHUE JIOKAJIbHOW TUAPOTEPMAIILHOW CH-
CTEeMOM Ha TOM OCHOBaHUH, YTO OHO OTIIHYACTCS
oT HOxHo-Caxanunckoro u IlyraueBckoro rps-
3€BBIX BYJIKAHOB 110 M30TOITHOMY M XUMHYECKO-
My COCTaBy CBOOOJHBIX Ta30B, SJIEMEHTHOMY
U MHHEpAJOrH4ecKOMY COCTaBY BBIACISIEMOMN
rps3eBoil Macchl. [IpyueM HCTOYHHMKOM TBeEp-
JIBIX BBIOPOCOB SIBIISIIOTCS, BEPOSTHO, MOJOABIE
HEOTeHOBbIE IHHBI. KpoMe Toro, 31ech HET TH-
MUYHBIX JUTS TPS3EBBIX BYJIKAHOB B3PBIBOIIOI00-
HBIX U3BEP)KCHUN M 00pa3yIoIUXCs MOCIe HUX
MoJIeH COMOYHON OpeKUnH.

3akJao4YeHne

ITo pesynbraraMm HccileJOBaHUN YCTAHOBIIE-
HO, UYTO Tpsi3eBy/lKaHMYecKue Boabl Ha 0. Ca-
XQJIMH BECbMA HEOJHOPOIHBI 110 XMMHUYECKOMY
cOoCTaBy. JTa HEOIHOPOIHOCThH IPOSBISAETCS
B IIEPBYIO OYEpelb B MUHEPAIU3ALUU MOA3EM-
HbIX BoJ. CpenHuil mokasaresib Ui pa3HBIX
IPSI3€BYJIKAHUYECKUX IPOSBICHUN BapbUpyeT
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or 0.1 mo 22.5 r/n. Hanbonee BbICOKast coie-
HOCTh cBoOMcTBeHHa Boaam HOxHo-CaxanuH-
CKOI0 ByJIKaHa, a camas HM3Kasg — BojgaM /Jla-
TMHCKOTO M JIECHOBCKOTO Ips3€BYJIKAHUYECKUX
MposiBJICHU. BoOabl CaxalMHCKUX TPsA3€BBIX
BYJIKAHOB OTHOCSITCA TAaKX e K pa3HbIM THIPO-
xumMudeckuM  tHnaM.  HOxkno-CaxaauHCKHM,
ITyrayeBckuil 1 BOCTOUHBIN ByJIKaHbI BEIHOCST
Ha TIOBEPXHOCTh T'HAPOKAPOOHATHO-XJIOPUTHO-
HaTPHUEBBIC BOJBI, TOT/IA KaK B mpezaenax Jlaruu-
CKOTO TIpA3EBYJIKAHUYECKOTO Yy4dacTKa pasrpy-
JKalOTCsl BOJIbI XJIOPUJIHO-HATPUEBOIO COCTAaBA,
a BoJ1bI JIECHOBCKOTO ByJIKaHa XapaKTEPU3YIOTCS
T'UIPOKapOOHATHO-XJIOPUAHO-CYIb(PATHBIM Ha-
TPUEBO-MarHueBbIM cocTaBoM. Habmromarorcs
pa3iauuus U MO COAEPKAHUI0 MUKPOIIEMEHTOB
B I'PS3EBYJIKAHMYECKUX BOJAX — TAKUX Kak JIM-
TUH 1 60p. DTUMU MHKpPOAJIEMEHTAaMHU OOTraThl
Bombl  FOxHo-Caxamuackoro, IlyraueBckoro
1 BOCTOYHOIrO TpsI3€BBIX BYJIKAHOB. YKa3aHHas
TUAPOT€OXUMHUYECKass HEOAHOPOIHOCTh Ipsi3e-
ByJIKaHMUYECKHX Boj Ha 0. CaxanuH ompenesns-
€TCsl, BEPOSITHO, KaK UCXOJIHBIM COCTaBOM Mare-
PUHCKOTO I'psI3€BYJIKAHUYECKOTO BEIECTBA, TaK
U TE0JIOTO-TEKTOHMYECKUMH YCIOBUSIMH paiio-
HOB I'PSI3€BOT0 BYJKaHU3Ma.

C nomomero Mg-Li, Na—K, K-Mg u Na-Li
THJIPOXUMHUYECKUX TE€OTEPMOMETPOB CJIEIaHbI
OIICHKU TeMIIeparyp (OpPMHUPOBAHUS TPSI3EBYII-
kaHndyeckux Box o. Caxanus. Cornacno Mg-Li
reorepmomerpy, i FOxHo-CaxanuHckoro,
[TyraueBckoro m BoOCTOUHOrO TpsA3EBBIX BYII-
KaHOB XapaKTEpHbI IJJACTOBBIE TEMIIEPaTypbl
ot 51 mo 105 °C, a gst JlarTMHCKUX TEPMOMU-
HepaJbHBIX MCTOYHHMKOB, cornacHo K—-Mg reo-
TepmomeTpy, — B cpeanem 70 °C. Ucxons us pe-
THOHAJIBHBIX ~ T€OTEPMHYECKUX T'PAJTUCHTOB,
DTyOMHA 3aJieTaHus BOJOHOCHBIX IIACTOB, ITH-
TaOMUX 3TU (QIIIOUIHBIE CUCTEMBbI, COCTABIISIET
TIepPBbIC CIUHUIIBI KMJIOMETPOB.

CoOBMECTHBIM aHaIW3 M30TOMHOTO U XUMHU-
yeckoro coctaBa Boja FOxHo-CaxannHCKOro,
[TyraueBckoro u BOCTOYHOrO rpsA3€BbIX BYJIKa-
HOB YKa3bIBAa€T HA TO, YTO HICTOYHHUKOM BOJHOTO
MUTAHUS JJI TUX BYJKAHOB SIBJISIFOTCS TITyOMH-
HBIE BOJIbI MOPCKOTO T€HEe3Hca ¢ pa3HOU CTere-
HBIO MMOCTCEIMMEHTAIIMOHHBIX U3MeHeHur. O1-
HUM M3 BeAylux (akTOpoB MeTamopQu3anuu
HUCXOIHBIX  CEIUMEHTAIMOHHO-TTOTPEOCHHBIX
MOPCKHUX BOJ| SIBJSIETCS MOCTYIUIEHHE B TIpsi3e-
BbI€ BYJIKAHBI BOJIOPACTBOPUMBIX (JOPM HEopra-
HUYECKOTO yrmepona (B nepsyio odepens CO.).
Haceimennocts rpssesynkanudeckux Box CO,
YCUJIMBAET UX arpeCcCUBHOCTh K BOJIOBMEIAIO-
UM aJTIOMOCUJIMKATHBIM TIOpO/IaM, YTO TIPHU-

BOJIUT K IMOBBILIEHUIO CONEPIKAHUS HEKOTOPBIX
XUMHUYECKHUX IEMEHTOB B I'PSI3€BYJIKAaHMUECKUX
Bojax (B wactHoctH Na* u Mg*).

['maporeoxumuyeckue JaHHbIE CBHUIETENb-
CTBYIOT O TOM, 4TO Boabl JlarmHckoro u Jlec-
HOBCKOTO T'PA3EBYJIKAHUYECKUX MPOSBICHUMN
HENb3s OTHECTH K 3pENbIM BOAAM IITyOMHHOM
LUPKYJIALNAN, KOTOPbIE IJIUTEIBHOE BPEMsI B3a-
MMOJIEUCTBYIOT C BMEILAIOIIMMU OPOJIaMHU NIPU
JIOCTaTOYHO BBICOKUX TEMIIepaTypax U JaBiie-
HUSIX. Bozbl 3THX (MIIIOMIHBIX CHCTEM IO CBO-
UM [apameTpaM — H30TOMHOMY cocTaBy (680
u 0D), MUHEpanu3am, CONEPNKAHUIO CICIU-
(UYHBIX MUKPODJIEMEHTOB — HE COOTBETCTBYIOT
BOJIaM TOJIABJISIONIETO OOJIBIIUHCTBA TPSA3EBBIX
BYJIKaHOB Mupa. B To ke Bpems anst Box HOx-
Ho-Caxanunckoro, [lyraueckoro u Boctouno-
r'O BYJIKAHOB TaKO€ COOTBETCTBHE HAOIIOAAETCS.
BepositHO, mcTouHMKH BOMHOTO TUTaHus Jla-
TMHCKOTO M JIECHOBCKOTO I'psI3€BYJIKaHMUYECKHUX
MPOSBIICHUN PacoJlaraloTcs B BEPXHUX CTPYK-
TYPHBIX 3Ta)Kax 30HbI CBOOOTHOTO BOJIOOOMEHA.

OTHU IpA3€BYJIKAHUYECKHUE NPOSBICHUS TaK-
K€ BeChMa CBO€0OPa3HbI 10 cBOeH MOP(OIOTHH.
B gactaoctu, FOxxno-Caxanuuckwuii u [Tyraues-
CKUH ByNIKaHbl (OPMUPYIOT crienupuuecKue
IpsA3EeBYJIKAHUYECKHE JIaHAMA(ThI, XapaKkTepu-
3yIOLIUECS, HallPUMEp, HaJMUKUEeM ToJIeH comou-
HOM OpeK4YMM WJIN pacTUTEIbHOM 30HAJIBHOCTH
B HaIIPaBJICHUH OT 3PYNTUBHOTO IEHTpPA K Mepu-
dbepun BynkaHa. JICCHOBCKHIA e ByJKaH HUKaK
HE BBIpaXEH B penbede min B JaHAMAPTHBIX
00CTaHOBKaX.

VYuuTeiBas ynsTpanpecHsiil coctas Box Jlec-
HOBCKOT'O ByJIKaHa, MbI [10JIaraéM, YTO OHU MPEJI-
CTaBISIIOT CcO0OW WHMUIBTPAIIMOHHBIE BOJBI,
T.€. UMEIOT METEOPHBIN reHesuc. I1oaTomy Mbl
CKJIOHHBI TyMaTb, YTO JJaHHAs (PIFOMIHAS CUCTE-
Ma HE JIOJIKHA CUUTATHCA I'PA3EBYJIKAHUYECKUM
nposiBieHueM. [lapokcusmanbHas JesiTebHOCTh
3TOM (ImIOMAHON cucTeMbl, 3a()UKCUPOBAHHAS
B 1986 r., mpencraBiseTr coOOi, BEPOSTHO, JIO-
KaJbHBIA cOpPOC IUIaCTOBOTO JABJICHUS B BEPX-
HEM BOJOHOCHOM TOpPU30HTE (HampUMep, IyTeM
ruapopaspeiBa). OpHako HEOOXOAMMO y4H-
THIBaTh, YTO K HACTOSIIIIEMY BPEMEHHU JaHHbIE
0 XMMHMYECKOM COCTaBE pasrpy’KaeMbIX 371€Ch
BOJI MOJIyY€HBI TOJBKO sl oJHOU mpoOskl. [lo-
3TOMY 17151 60JIee OTHO3HAYHBIX U J10CTOBEPHBIX
BBIBOJIOB I10 3TOMY BOIIPOCY TpeOyeTcsi MpoBe-
JIEHUE JOIOJIHUTENIbHBIX HccienoBanuil. Ckopee
BCEro, TAK)KE HEJb3s1 OTHOCUTDH K T'PSI3EBYJIKAHU-
YECKUM MpOSBICHUAM M JlarmHCKue rpsi3eBble
rpudoHbl. Pe3ynbraThl COBOKYITHOTO aHallM3a
T€0JIOTUYECKUX U THIPOreOXUMHYECKUX JaHHBIX
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TMAPOrEOXUMMNYECKASI XAPAKTEPUCTHKA POSIBIIEHNI MPSI3EBOIO BYJIKAHM3MA HA OCTPOBE CAXAJIUH

MOKA3bIBAIOT CYLIECTBEHHBIE OTIMYHUS JTaHHOIO
BojorpssemnpossiaeHus oT HOxuHo-CaxamuHcko-
ro u [lyraueBckoro rpsi3eBbIX BYJIKaHOB.

Taxkum 00pa3om, 10 MOSIBIIEHUSI KaKUX-THO0

HO TOBOPHUTH O TOM, YTO Ha 0. CaxaJiuH BCEro
JIBa paiioHa MPOSBIICHUSI TPA3EBOT0 ByJIKaHU3Ma!
onuH Ha tore — IOxHo-CaxaluMHCKUU BYJIKaH,
a BTOPOM B LIEHTPAJILHOM 4acTHU — ByJIKaH Boc-

HOBBIX I'€0JIOTO-T€OXMMHUUYECKHUX JTaHHBIX MOX- TOYHBIN U rpyima HyFa‘leBCKI/IX BYJIKAHOB.
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Abstract. There are four areas of mud volcanism traditionally set off on Sakhalin Island. Each of them
is characterized by one or more eruptive mudflow seepage domains of different morphology. This
article considers the results of a study of regional features of the chemical and isotopic (%O and 8D)
composition of groundwater discharging from all known mud volcanoes in the region. A pooled analysis
of available literature data showed the studied waters to be heterogeneous in their geochemical parameters.
This heterogeneity is most significantly manifested for the total mineralization, which average values
vary from 0.1 to 22.5 g/l in the waters of different mud volcanic seepage domains. Mud volcanic waters
in the region are also represented by different hydrochemical types, but HCO,~Cl-Na waters are the most
common. The isotopic characteristics testify the waters of the South Sakhalin, Pugachev, and Vostochny
mud volcanoes to be formed as a result of mixing the original sea waters buried under sedimentation with
meteoric and dehydration waters. One of the key factors in the metamorphization of these waters is the
influx of large amounts of CO, into the channels of mud volcanoes, which contributes to more intensive
leaching of aluminosilicate water-bearing rocks and leads to an increase in the content of Na" and Mg
in mud volcanic waters. By the pooled geology and geochemical data, we made an assumption that the
waters of Daginsky and Lesnovsky mud volcanic manifestations do not refer to mature groundwaters
of deep circulation, thus being not generally typical for mud volcanoes. Water-formation temperatures of
the South Sakhalin, Pugachev, and Vostochny mud volcanoes calculated using the Mg—Li hydrochemical
geothermometer vary from 51 to 105 °C, which corresponds to depths range from 1.3 to 2.6 km.
Water-formation temperatures of the Daginsky thermal and mineral springs calculated using the K-Mg
geothermometer average 70 °C, which corresponds to the occurrence of an aquifer feeding this fluid
system at a depth of 2.1 km.

Keywords: mud volcanoes, groundwater, chemical composition, stable isotopes, water—rock—gas inter-
action, Sakhalin Island
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The determination of the sources and mecha-
nisms of mud volcanic substances generation
is one of the topical and the most difficult fun-
damental problems when studying the processes

Introduction

Mud volcanism is one of the forms of ma-
the endogenous processes

on the Earth’s surface, which provide a focused
discharge of the underground fluids in the fault
zones of the Earth’s crust. As a rule, mud volca-
noes are formed in the sedimentary basins with
great thickness of the sedimentary cover and are
usually combined with large oil and gas deposits.
A prerequisite for the mud volcanism develop-
ment is assumed to be the presence of ruptures,
along which the vertical transfer of underground
fluids occurs [Aliev et al., 2015].

of mud volcanism. This problem solution seems to
be possible on the grounds of analysis of the reg-
ularities of the chemical and isotopic composi-
tion of liquid, solid, and gaseous products of mud
volcanic activity. Geochemical studies of mud
volcanoes are also associated with solving
of a set of practical problems. The confinement
of mud volcanoes to deep fractures of the Earth’s
crust makes it possible to study the relationship
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of fluid systems with the regional seismotectonic
processes [Kamenev et al., 2019]. In addition,
manifestations of mud volcanism serve as one
of the search criteria for oil and gas deposits and
are also considered a significant source of emis-
sion of greenhouse gases into the atmosphere
[Ershov, Bondarenko, 2020].

The geography of mud volcanism covers
more than 40 countries [Aliev et al., 2015].
The most extensive volcanic activity mani-
fested in Azerbaijan and the adjacent water
area of the Southern Caspian. In Russia, mud
volcanoes are known on the Kerch and Taman
peninsulas, as well as in the Western Kuban
and the waters of the Azov and Black seas. Spec-
ified regions are often combined into the Kerch-
Taman mud volcanic province, which is the
second largest area of mud volcanism develop-
ment in the world. Mud volcanoes in Russia are
also known in the Far East, on Sakhalin Island.
Our earlier comparative analysis of the substance
composition of the products of the mud volca-
noes activity in Azerbaijan and Sakhalin Island
showed the Sakhalin volcanoes to be some dis-
tinct from Azerbaijani ones by the geochemical
composition of liquid, solid, and gaseous emis-
sions, in addition to differences in morphologi-
cal characteristics and intensity of paroxysmal
activity [Nikitenko et al., 2018]. Moreover, mud
volcanoes on Sakhalin Island differ greatly from
each other by morphology, occupied area, par-
oxysmal and gryphon-salse activity stages.

In general, Sakhalin Island is a unique place
for the mud volcanism study: the structural
and dynamic position of the island in the active
transition zone from the continent to the ocean
determines the presence of thick sedimentary
strata with oil and gas deposits, numerous rup-
tures, a high degree of sediments dislocation, and
intense contemporary seismotectonic activity.
Hydrogeochemical studies of mud volcanic man-
ifestations of Sakhalin Island were carried out
mostly in the 60—70s of the last century. In the last
decade, such works have been resumed at the In-
stitute of Marine Geology and Geophysics, FEB
RAS, and a number of new results have been ob-
tained using modern instrumental methods.

This work aims to summarize and analyze
the hydrogeochemical data on mud volcanoes
of Sakhalin Island in order to understand the reg-
ularities of formation of isotopic and chemical
composition of mud volcanic waters in the re-
gion. Besides, we believe that the geochemical
specificity of mud volcanic manifestations in the
region may be conditioned by the pronounced
heterogeneity of the geological and tectonic con-
ditions of their development zones. This aspect
is also considered in the article.

Hydrogeological and tectonic
characteristic of the studied areas

There are four traditionally identified areas
of mud volcanism manifestation on Sakhalin
Island: the South Sakhalin and Lesnovsky mud
volcanoes in the south; the Vostochny volcano
and the group of the Pugachev volcanoes (Main
Pugachev, Small Northern, Small Southern)
in the central part; the Daginsky mud volcanic
manifestation in the north. The areas of mud
volcanism manifestation on Sakhalin Island
are in different geological and tectonic condi-
tions. Herewith, all mud volcanoes are localized
in sedimentary basins along large deep faults
of the Earth’s crust [Geology of the USSR...,
1970].

The South Sakhalin mud volcano is a volca-
no in the classical sense by its morphology. It is
a high hill in the form of a truncated cone with
a diameter of more than 400 m at the foot, com-
posed of clay deposits. The area of fresh volcano
breccia here is about 5 hectares. There are groups
of gryphons and salses at the top of the hill, from
which water, gas and mud are actively released.
Periodically (with an interval of about 20 years),
powerful volcanic eruptions occur, after which
the landscape of the area significantly changes.
The strongest eruptions of the South Sakha-
lin mud volcano were recorded in 1959, 1979,
and 2001 [Mel’nikov, Ershov, 2010]. The last
eruption of sufficiently high power occurred
in the spring of 2020.

The Pugachev mud volcanoes have the shape
of flat discs and belong to a common swampy
ovate-rounded basin of 2 % 1.5 km. Eruptions of
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varying power occur here every few years, after
which new round-shaped mud fields are formed.
According to the data available in the literature,
15 eruptions have been recorded on the Main
Pugachev volcano since 1906: in 1906 (?), 1911,
1929, 1933, 1934, 1935, 1948 (?), 1952, 1961,
1967, 1988, 1996, 2002, 2003 and 2005 [Ershov,
Mel’nikov, 2007]. Because the observations
of the Pugachev mud volcano activity are irregu-
lar, it is likely that some eruptions of minor pow-
er might not have been recorded. As is obvious,
the Pugachev volcano differs from the South
Sakhalin one in more frequent eruptions, the
power of which is quite different. The strong-
est eruptions on the Pugachev volcano were
observed in 1934 and 2005, when area about
10 hectares was covered with emissions of fresh
mud volcanic breccia. During the periods of oth-
er eruptions, the area of ejected mud volcanic
breccia has rarely exceeded 1 ha. It should also
be noted that the current gryphon-salse activity
on the Pugachev volcano is significantly lower
than on the South Sakhalin one.

The Vostochny volcano is located about
4 km north-northeast of the Pugachev volca-
noes. In contrast to the South Sakhalin and
Pugachev volcanoes, this is a rather small mud
volcanic manifestation with much less activity.
There is no reliable information about the erup-
tions of this volcano. There are no fields of fresh
breccia here; only a few small salses located
a few meters from each other are functioning.

Tectonically, the South Sakhalin and Vostoch-
ny volcanoes, and the group of Pugachev volca-
noes belong to the large Central Sakhalin fault,
which is the border of the junction of the West
Sakhalin anticlinorium and the Central Sakha-
lin synclinorium. The Cretaceous rocks, uncon-
formably bedded at the Paleozoic-Mesozoic
basement, outcrop in the central part of the West
Sakhalin Mountains. Eastward of the West
Sakhalin Mountains, the Neogene sediments
unconformably overlap the folded Cretaceous
sediments [Geology of the USSR... , 1970].
Mud volcanoes are located here in the main field
of the Cretaceous outcrops. Within this field, the
Cretaceous stratum of the section is subdivided
into the Krasnoyarkovskaya, Bykovskaya, Nai-

binskaya, and Aiskaya suites. Bykovskaya suite
composed of homogeneous mudstones and clay-
ey siltstones is a parent for the mud volcanoes
[Mel’nikov, II’yev, 1989]. The sediments ac-
cumulation of the Bykovskaya suite took place
in marine conditions. During the Cenomanian
and Turonian centuries, there was a large sea
basin within the West Sakhalin structure-facial
zone, where a stratum of the sedimentary de-
posits of the Bykovskaya suite with a thickness
of more than 2000 m was formed [Hydrogeol-
ogy of the USSR..., 1972].

In terms of hydrogeology, these mud volca-
noes are located on the border of the West Sakha-
lin hydrogeological massif and the Susunai
hydrogeological basin. Free-flow fissure and fis-
sure-vein waters are predominantly abundant
in the West Sakhalin hydrogeological massif.
Aquifers belong to the rocks of the Danish-Tu-
ronian and Cenomanian age. The water-bearing
rocks of the Cenomanian aquifer are sandstones,
often tuffites, less often gravelstones, siltstones.
The aquifer of Danish and Turonian sedi-
ments is composed of sandstones with the beds
and lenses of conglomerates, gravelstones and
mudstones, the areas with coal seams are also
found. By the chemical composition, the waters
of the upper aquifers are hydrocarbonate (less
often hydrocarbonate-chloride and chloride-
hydrocarbonate) with a mixed cationic composi-
tion, and fresh with mineralization of less than
0.5 g/l. Fissure-vein waters of deep circulation
(revealed by the oil exploration well at a depth
of about 2 km) are chloride-sodium-calcium,
and their mineralization is 33 g/l [Hydrogeology
of the USSR..., 1972].

In the Susunai intermountain basin adjacent
to the Central Sakhalin fault in the east, the aq-
uifers which belong to rocks of the Quater-
nary, Pliocene and Miocene age are developed.
The waters of the Upper Quaternary aquifer are
phreatic, fresh, with mineralization of less than
0.5 g/l, mostly hydrocarbonate, with a mixed
cationic composition. The distribution area
of associated groundwater corresponds to aqui-
fers of the Pliocene, Upper and Middle Miocene,
as well as the Lower Miocene age. The Pliocene
aquifer is characterized with sodium bicarbonate
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waters (locally bicarbonate-chloride waters)
of mixed cations composition, with mineraliza-
tion of 0.2—0.3 g/l. In the underlying horizons,
belonging to more ancient aquifer systems, so-
dium chloride waters with increased mineraliza-
tion of up to 22 g/l are developed [Hydrogeol-
ogy of the USSR... , 1972].

The Lesnovsky volcanois located near the Le-
snoye village, at a distance of 3 km from the coast
of the Sea of Okhotsk in the channel of the right-
bank tributary of the Ochepuha River. This small
mud volcanic manifestation is represented with
several shallow (20-30 cm) slides with the di-
ameter of about 5 m [Mel’nikov, II’yev, 1989].
This volcano eruption was recorded only once —
more than 30 years ago. Currently, there is no
gryphon-salse activity at this volcano. Lesnovs-
ky mud volcano is located in the northern part
of the Muravyovskaya lowland, which is lied
between the Susunay and Tonino-Aniva ridges.
Paleozoic and Mesozoic sediments with sharply
unconformable Neogene ones, which form sepa-
rate, small-area, isolated fields, are abundant in
this region [Geology of the USSR ... , 1970].
Based on the geological data [Mel’nikov et al.,
2008], the maximum thickness of the Neogene
sediments in the area of the Lesnovsky mud vol-
cano does not exceed 800 m. The outcropping
areas of the Upper Cretaceous rocks, which out-
crop from under the cover of the Neogene sedi-
ments, which are represented by Naybinskaya,
Bykovskaya, and Krasnoyarkovskaya suites,
are also identified in this territory. In the work
[Mel’nikov, II’yev, 1989], the same Bykovs-
kaya suite is assumed to be a parent for the
Lesnovsky mud volcano. Thin deposits of this
suite are found in the outcrops of the Podorozh-
naya River in the distant of 10 km southward
of the place where the mud volcano was dis-
charged. Hydrocarbonate-chloride sodium-
magnesium/calcium waters with mineralization
of about 0.1-0.2 g/l are developed in the Mid-
dle-Lower Miocene sediments [Hydrogeology
of the USSR... , 1972].

Daginsky mud volcanic manifestation is very
different from the other mud volcanoes on Sakha-
lin Island. It is a group of small gryphons and
salses, the diameter of which is usually several
tens of centimeters at a base. These gryphons and

salses are located on the coast of the Nyisky Bay
of the Sea of Okhotsk and are periodically flood-
ed with the tide. Nearby, within a few hundred
meters south-westward, there is the Daginsky
thermal mineral field, which is represented on
the Earth’s surface with several dozens of high-
output hot springs. There is no information
about any paroxysmal activity in this mud vol-
canic area.

The Daginsky mud volcanic area is located in
the eastern part of the North Sakhalin lowland and
tectonically controlled by the submeridional Hok-
kaido — Sakhalin fault zone. Its lower structural
stage is probably composed of the Paleogene and
Late Cretaceous rocks, and the upper one is com-
posed of Neogene sediments, the thickness of
which reaches 6—8 km in troughs [Geology of
the USSR... , 1970]. The Neogene sediments
sharply unconformably overlie the deposits
of the lower structural stage and are subdivided
into the Machigar, Daekhurin, Uynin, Daginsky,
Okobykay and Nutov suites. All the suites, ex-
cept for the middle part of the Daginsky one,
are represented with marine terrigenous sandy-
silt sediments, while the middle part of the
Daginsky suite consists of freshwater continen-
tal coal-bearing deposits. The mud volcanic area
belongs to the zone of tectonic dislocation of
the northeastern strike, developed in the horizons
of the Nutov suite of the Pliocene age, consist-
ing of fine-grained clayey loose sandstones. In
terms of hydrogeology, the Daginsky mud vol-
canic manifestation corresponds to the eastern
part of the North Sakhalin artesian basin, which
is built of loose and weakly lithified sediments of
the Quaternary, Pliocene, and Miocene ages with
a total thickness of up to 2—8 km [Hydrogeology
ofthe USSR... , 1972]. A distinctive hydrochemi-
cal zonality is observed within the basin. Fresh
and brackish (up to 3 g/l) sodium bicarbonate
waters are widely developed in the main area of
the basin. In the eastern edge of the basin, sodium
chloride waters with mineralization of 12-28 g/
prevail in the section; in some cases, less miner-
alized waters of chloride-hydrocarbonate-sodium
composition are found, while the zone of fresh
and brackish waters has a small thickness here
[Hydrogeology of the USSR... , 1972].
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Research materials and methods

The work summarizes and analyzes the re-
sults of the authors’ own research in 2015-2017
on the isotopic and chemical composition of the
waters of mud volcanoes of Sakhalin Island, as
well as the previously published data. Thirteen
samples for the South Sakhalin mud volcano
[Ershov, Nikitenko, 2017; Lagunova, Gemp,
1978; Chernyshevskaya, 1958; Chelnokov et
al., 2015; Shilov et al., 1961], six samples for
Pugachev volcano [Siryk, 1968; II’yev et al.,
1970; Lagunova, Gemp, 1978], one sample for
the Vostochny [Siryk, 1968] and Lesnovsky
[Mel’nikov, II’yev, 1989] volcanoes, and one
for the Daginsky mud volcanic manifestation
[Tsitenko, 1961a] were studied in the literature
sources. A fairly small literature data concern-
ing the geochemistry of mud volcanic waters of
Sakhalin Island refer mainly to the 60—70s of the
20th century. They mostly reflect the macro-
component composition of the waters, while the
microelement and isotopic (6'*O and 6D) com-
position for the waters of some volcanoes has
not been determined at all. Chemical-analytical
determinations of this period are characterized
with a wide enough values scatter both for the
total mineralization and for many components.
Therefore, the question about the representa-
tiveness of these samples arises. For example,
a very high coefficient of variation for the total
mineralization of 96 % is noted for the waters of
the Pugachev mud volcanoes. Our research and
world experience in hydrogeochemical studies
of mud volcanoes does not support such a low
mineralization of mud volcanic waters. In this
regard, the data of the work [Siryk, 1968] on the
water samples from the Pugachev volcano with
mineralization of less than 1 g/l were not taken
into account in our analysis. In addition, appreci-
able errors were found in the quantitative chemi-
cal analysis (or misprints in the publication) for
some samples, since if all the main anions and
cations are present in the analysis results, these
samples do not comply with the fundamental
electroneutrality principle. The largest discrep-
ancy between the sum of equivalents of anions
and cations (18.5 %) was determined for one
sample of the Pugachev mud volcano [Lagu-

nova, Gemp, 1978]. However, despite the high
electroneutrality discrepancy, the concentrations
of the main anions and cations in this sample
largely correspond to the typical composition
of waters of the Pugachev volcano. Therefore,
we did not exclude this sample from the general
data set, but did not take it into account when an-
alyzing and plotting graphical dependencies be-
tween the various hydrogeochemical parameters
of the studied waters, as it introduces significant
distortions in the trend line formation.

It is evident, that the available information
on the geochemistry of mud volcanic waters
of Sakhalin Island needs clarification and ad-
ditional studies. In the recent decade, the au-
thors have carried out a large number of hydro-
geochemical studies of mud volcanoes. Most
of them were carried out on the South Sakha-
lin volcano — 46 samples (field season 2015),
on the group of Pugachev volcanoes — 5 samples
(September 2016 and August 2017) and on the
Vostochny volcano — 3 samples (August 2017).

The chemical composition analysis of the
studied waters was accomplished in the Cent-
er for Collective Use of the IMGG FEB RAS.
The concentrations of anions (CI', Br, SO,>)
and cations (Li*, Na*, K*, Ca**, Mg*") were de-
termined by the method of ion chromatography
and the concentration of HCO,™ — by the titra-
tion method. The determination of the isotopic
composition (6'*0, 6D) of mud volcanic waters
was accomplished in the «Geomodel» Resource
Center of St. Petersburg State University by in-
frared laser spectrometry.

Results and discussion

Hydrochemical studies have shown the
waters of mud volcanoes of Sakhalin Island
to be very heterogeneous in chemical compo-
sition (Fig. 1). This heterogeneity manifests
primarily in great enough differences in total
mineralization. According to the results of our
sampling, the highest mineralization is typi-
cal for the waters of the South Sakhalin mud
volcano, at an average of 22.5 g/l. An average
mineralization index for the Vostochny volcano
is 11.1 g/, for the waters of the Pugachev mud
volcanoes it is 11.2 g/l. Based on the literature
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data, the mineralization of the waters of the
Vostochny and South Sakhalin mud volcanoes
complies with the indexes of previous years. In
contrast, according to the research data of the
1960s — 1970s, the average mineralization of
the waters of the Pugachev mud volcanoes is
6.2 g/l, which is almost two times less than our
values (Fig. 1). Such a low mineralization index
is probably conditioned by the dilution of mud
volcanic waters with fresh atmospheric precipi-
tation, since the total content of dissolved salts
in the samples of the Pugachev mud volcanoes
varies considerably from 2.6 to 12.5 g/l, at that
period [Siryk, 1968; II’ev et al., 1970; Lagu-
nova, Gemp, 1978]. According to the literature
data, the waters of the Daginsky (3.3 g/l) and
Lesnovsky (0.1 g/l1) mud volcanoes are charac-
terized with the lowest mineralization [Tsitenko,
1961a; Mel’nikov, II’'yev, 1989].

The acid-alkali properties of the waters
of the Sakhalin mud volcanoes vary with-
in relatively small limits: the pH values are
in the range from 7.0 to 9.2 for the waters
of the South Sakhalin volcano, from 7.9 to
8.7 for the Pugachev volcano, and from 7.8 to
8.2 for the Vostochny one. In the ratio of the
main ions, the waters of mud volcanoes of
Sakhalin Island belong to the different hydro-
chemical types (according to the classification
of S.A. Shchukarev). The waters of the South
Sakhalin, Pugachev, and Vostochny mud volca-
noes are hydrocarbonate-chloride-sodium, the
waters of the Daginsky mud volcano have a pro-
nounced chloride-sodium composition, the wa-
ters of the Lesnovsky volcano are hydrocarbon-
ate-chloride-sulfate sodium-magnesium.

The observed heterogeneity of the chemical
composition of the mud volcanic waters of Sakha-
lin Island is probably determined by the original
composition of the parent mud volcanic sub-
stance. First of all, this may be conditioned by
the mud volcanoes association with different
aquifers, which differ in the substance compo-
sition of the water-bearing rocks, hydrochemi-
cal specificity, as well as the rate of water ex-
change. The chemical composition of the waters
of the South Sakhalin, Pugachev and Vostochny
mud volcanoes testifies to their discharge from

rather large depths. The waters of the Lesnovsky
mud volcano are actually ultra-fresh and cor-
respond to the waters of the weathering zone
by their hydrochemical characteristics. We be-
lieve the formation of the Lesnovsky volcano
waters to occur with the active participation
of the waters of the zone of free water exchange.
Generally speaking, the chemical composition
of the waters discharged in this area calls into
question, whether the considered natural object
belongs to mud volcanoes. However, the solu-
tion to this issue requires additional studies.

As for the chemical composition of the wa-
ters of the Daginsky mud volcanic manifestation,
the belonging of this manifestation to the coastal
part of the Nyisky Bay determines the signifi-
cant influence of sea waters on the hydrogeolog-
ical regime of the volcano. In the works [Tsiten-
ko, 1961a, 1961b], it is indicated that changes
in mineralization and chemical composition of
waters within the Daginsky area are conditioned
by different mixing degrees of low-salt waters of
depth horizons, characterized by a high content
of hydrocarbonate ion, with sea waters. Here-
with, it is assumed that “small mud volcanoes
and hot springs have the same genetic origin”
[Tsitenko, 1961a, p. 174]. Indeed, mud volcan-
ic and thermal mineral waters in the Daginsky
area are similar in their chemical composition
[Zharkov, 2018; Tsitenko, 1961a, 1961b] (Fig.
1). They both belong to the sodium chloride type
by the ratio of the main components. Note the
thermal waters to be very heterogeneous in their
mineralization here, from 1.4 to 23.7 g/l [Zhark-
ov, 2018; Tsitenko, 1961a]. Geographically,
the Daginsky hydrothermal field is subdivided
into three areas for the mineral waters discharge
— North, Central, and South [Zharkov, 2018;
Sakharov et al., 2020]. According to [Zharkov,
2018], mud gryphons are located in the Northern
section, where mineralization of thermal waters
is from 2.0 to 8.5 g/l, which generally complies
with the usual mineralization of waters from
mud gryphons. Therefore, we are also tended to
believe that the waters from gryphons and ther-
mal springs in the Daginsky area have a common
genesis. Note that the chemical composition
of the Daginsky thermal waters has been studied
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to a greater extent. In the absence of information
on any hydrochemical indexes for the waters
from the Daginsky mud gryphons, we will use
the data obtained for the thermal springs with
appropriate reservations.

The heterogeneity of the chemical compo-
sition of the mud volcanic waters of Sakhalin
Island may be also conditioned by the different
gas geochemical specialization of various re-
gions of the island. According to [Shakirov et
al., 2012], there are two main gas geochemical
zones on Sakhalin Island: methane and carbon
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dioxide-methane, which differ in tectonic struc-
ture and hydrocarbons sources. In the northeast-
ern and eastern parts of the island, gas shows are
mainly represented by methane, carbon dioxide
concentration in them is very low. Therefore, for
the Daginsky mud volcanic area, CH, is the main
component of freely evolved gases. In the west-
ern and southwestern parts of the island, the
carbon dioxide fraction in gas shows increases
so much that it may be the predominant com-
ponent. The highest CO, concentrations are ob-
served on the South Sakhalin volcano — up to 95
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Figure 1. Spatial differences in the chemical composition of waters of mud volcanism manifestations
of Sakhalin Island, indicating the geological settings: 1 — Quaternary system, 2 — Paleogene-Neogene sys-
tem, 3 — Cretaceous system, 4 — Paleozoic-Mesozoic system; 5 — main discontinuous dislocations; 6 — strati-
graphic boundaries. The average values are shown for indexes of chemical composition; n — number of sam-
ples; the asterisk denotes the data resulting from our own research.
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vol. %. The CO, concentration reaches 40 vol. %
on the Pugachev and Vostochny volcanoes.
Thus, we observe a tendency for increasing of the
CO, concentration in the composition of free
gases of mud volcanoes in a southern direction
on Sakhalin Island. The changes in the hydro-
chemical type of mud volcanic waters from chlo-
ride-sodium to hydrocarbonate-chloride-sodium
is noted in the same direction.

The gas saturation of groundwater deter-
mines the direction of the interaction processes
in the “water-rock-gas” system, which brings
to significant lithological and hydrogeochemi-
cal changes in the components of this system.
The enrichment of groundwater with CO,
is known to be the main factor, which deter-
mines the intensity of hydrolysis of water-
bearing rocks. This process is accompanied not
only by the formation of a secondary mineral
phase, but also by the influx of mobile cations
(Na*, K%, Ca*", Mg*) from the initial minerals
into the solution, as well as by the formation
of HCO,™ [Shvartsev, 1996].

Strong correlation between the concentra-
tions of Na* and CI is typical for the waters
of mud volcanoes of Sakhalin Island (Fig. 2). In
addition, the figurative points in Figure 2 form
two different linear trends, the slope of which
is very distinct. On this basis, the coefficient of
correlation between the Na® and CI™ concentra-
tions was calculated for each group of figurative
points. Thus, for the waters of the South Sakha-
lin, Pugachev, and Vostochny mud volcanoes,
the Pearson correlation coefficient between Na*
and CI is 0.95. In turn, for the thermal and mud
volcanic waters of the Daginsky area, the Pear-
son correlation coefficient between Na + and
Cl is practically equal to one. It should be noted
that the point corresponding to the Lesnovsky
mud volcano occupies an intermediate position
between the two trends; therefore, this sample
has been excluded when calculating the corre-
lation dependences. One sample from the Pug-
achev mud volcano has been also excluded from
the calculations due to non-observance of the
electroneutrality principle.

The linear correlation between Na* and Cl
can be considered one of the signs that the main
source of the aqueous phase of mud volcanic flu-

ids is sedimentary-buried sea waters, which sub-
sequently were being diluted with fresh waters.
Note that a positive correlation between Na*
and CI  is also observed for the waters of terres-
trial mud volcanoes in other regions of the world
[Liu et al., 2009; Ray et al., 2013; etc.]. Howev-
er, the figurative points on the Na'—CIl diagram
corresponding to the South Sakhalin, Pugachev
and Vostochny mud volcanoes are located
above the line of dilution with sea water, 1i.e.
these waters are significantly enriched in Na*.
Consequently, the Na/Cl ratio for the waters
of most of the mud volcanoes of Sakhalin Island
significantly exceeds this index for seawater
(which is equal to 0.55). The Na/Cl ratio averag-
es 1.5 for the waters of the South Sakhalin vol-
cano, 1.7 — for the Pugachev volcano, and 2.2 —
for the Vostochny one. Only in the waters
of the Daginsky mud volcanic area, the Na/Cl
ratio is quite close to sea water — about 0.7.
For the Lesnovsky volcano, this ratio is equal
to 1.1, but the waters of this volcano are low-
mineralized ultrafresh, which primary source of
recharge is probably the waters of atmospheric
infiltration genesis. The formation of the chemi-
cal composition of these waters occurs as a re-
sult of weathering processes — the destruction of
rocks when the atmospheric precipitation infil-
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Figure 2. The ratio of CI' and Na® concentrations
in waters from the Sakhalin mud volcanoes (1 — South
Sakhalin, 2 — Pugachev, 3 — Vostochny, 4 — Lesnovsky,
5 — Daginsky) and the Daginsky thermal springs (6).
The solid line shows the hypothetic trend of seawater dilu-
tion. The dashed lines show linear regressions constructed
using the least squares method (a — for the South Sakhalin,
Pugachev, and Vostochny volcanoes, b — for the thermal
and mud volcanic waters of the Daginsky area). One sam-
ple from the Pugachev mud volcano was excluded from
the computations when constructing the trend (see expla-
nations in the text).
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trating. A number of mobile cations, including
Na', K*, Ca**, Mg?*, income the aqueous solution
during the decomposition of silicates and alumi-
nosilicates [Driver, 1985]. The ability of waters
to leach the water-bearing rocks increases due to
the presence of dissolved carbon dioxide (of at-
mospheric and/or microbial origin) in them.
A portion of the dissolved CO, transforms into
HCO," when water interacts with rocks.

The relationship between the concentrations
of Na" and CI" in mud volcanic waters evidenc-
es that these elements input into the mud vol-
canoes from the single source, as we believe,
from the seawater in this case. This relation
is well remained within a wide enough range
of concentrations during the processes of evap-
orative concentration of mud volcanic waters
or their dilution with meteoric waters. In these
cases, the concentrations of all components
of the chemical composition of waters will posi-
tively correlate not only with the content of CI-
ions (and, thus, depend on the total mineraliza-
tion) but also with each other. However, more
detailed studies allow us to understand that the
correlation between the concentrations of Na*
and CI for the waters of mud volcanoes may
have different degree or be completely absent.
So, in the course of hydrogeochemical monitor-
ing, which we carried out on the South Sakhalin
mud volcano in 2015, it was found that for mud
volcanic waters, that were not diluted by atmos-
pheric precipitation, the correlation coefficient
between the contents of Na* and CI is close to
zero [Nikitenko et al., 2017]. Whereas when
mud volcanic waters are diluted with meteoric
waters, a positive relationship is observed be-
tween Na' and Cl. A distinctive feature of these
observations was collection of a large number
of samples over the several months. Moreover,
the concentrations of the major anions and cat-
ions in these samples varied in a small range,
since the samples were collected at the same
object. The monitoring results allow to suppose,
that Na" additionally input into the mud volcanic
waters from some other source. Consequently,
the processes of dilution or concentration can
make it difficult to identify other processes in-
volved in the formation of the chemical compo-
sition of mud volcanic waters.

The Na/Cl ratio in the waters of mud volca-
noes has clear positive correlation with HCO,/Cl,
the Pearson’s correlation coefficient is equal to
0.96 (Fig. 3). This dependence shows the Na/
Cl ratio to be close enough to the value of this
index for seawater in the case of waters with
the lowest HCO, content. This is consistent
with the hypothesis that it is the waters of marine
genesis, which are the initial source for mud vol-
canic waters. The joint increase in the concentra-
tions of Na” and HCO," in mud volcanic waters
is a result of the metamorphization processes of
the initial sedimentary seawaters. We believe
that the increase in the concentration of HCO,"
occurs due to the supply of inorganic carbon
(first of all, the dissolution of CO,). The satura-
tion of mud volcanic waters with carbon dioxide
increases their aggressiveness towards the water-
bearing sodium-containing aluminosilicate rocks
(for example, to albite — NaAlSi,O,), as a result
of which there is an intensive leaching of Na*
from the water-bearing rocks and its joint accu-
mulation with HCO,™ in the aqueous solution.

Presumably, the concentration of Mg
in the waters of mud volcanoes of Sakhalin Island
also reflects the varying degrees of metamor-
phization of mud volcanic waters in the region.
The waters of the South Sakhalin mud volcano
are enriched in Mg?" in comparison with the oth-
er volcanoes: their average Mg/Cl ratio is equal
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Figure 3. The correlation between Na/Cl and HCO,/Cl
ratios in waters of the Sakhalin mud volcanoes (1 — South
Sakhalin, 2 — Pugachev, 3 — Vostochny, 4 — Lesnovs-
ky, 5 — Daginsky) and Daginsky thermal springs (6).
The dashed line shows the linear regression constructed
using the least squares method. One sample from the Pug-
achevsky mud volcano was excluded from the trend cal-
culations (see explanations in the text).
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to 0.05. The Mg** concentrations in the waters
of the Pugachev, Vostochny, and Daginsky mud
volcanoes are comparable: the average Mg/Cl
for them is about 0.02. As we believe, the ob-
served Mg?" depletion of mud volcanic waters in
comparison with seawater (for which the Mg/Cl
ratio is 0.07) is conditioned by the processes
of transformation of mud volcanic waters re-
sulting from interaction in the “water — rock —
gas” system, in particular, the processes of car-
bonate minerals sedimentation and ion exchange
with clays.

The concentration of Ca*" in mud volcanic
waters is mainly regulated by carbonate equi-
librium. Thermodynamic calculations show the
waters of the South Sakhalin, Pugachev and
Vostochny mud volcanoes to be strongly super-
saturated with respect to CaCO,. The saturation
index (SI) averages 1.5; 1.4-1.6; 1.5-1.7 respec-
tively. We have also experimentally founded
the precipitation of calcium carbonate in these
waters [Nikitenko, 2019]. As a consequence,
the process of CaCO, precipitation promotes
the Ca?* removal from an aqueous solution with
a newly formed mineral phase. Quickly chang-
ing parameters of the carbonate system: pH and
concentrations of HCO,” and CO,*, determine
the intensity of the process of calcium carbonate
precipitation in mud volcanic waters. In this re-
gard, the content of Ca** in the waters of mud
volcanoes of Sakhalin Island can quite strongly
vary within the limits of even one volcano and
does not form a clear differentiation of mud vol-
canic waters in the region according to this index.

The concentrations of such microcompo-
nents as lithium and boron vary in the wa-
ters of different mud volcanoes in the region
(Fig. 4). The volcanoes are well differentiated
on the Cl-B-Li diagram. At that, the fields
of the South Sakhalin, Pugachev and Vostoch-
ny volcanoes are located close enough to each
other and are characterized with an increased
content of lithium and boron in respect of sea
water. Whereas the field of the Daginsky ther-
mal mineral springs is isolated from them and
located closer to the point of sea water. Ac-
cording to our tests results, the concentration
of lithium in the waters of Sakhalin volcanoes
is from 0.2 to 7.3 mg/l and boron is from 210 to

360 mg/l1. The highest lithium content is observed
in the waters of the South Sakhalin volcano and
boron — in the waters of the Vostochny one. High
boron concentrations are specific for the waters
of not only Sakhalin, but also for the most mud
volcanoes in the world [Mazzini, Etiope, 2017].
For example, the boron concentration can reach
up to 1636 mg/1 in the waters of the Kerch Penin-
sula volcanoes [Sokol et al., 2019]. It is believed
that the enrichment of mud volcanic waters
in boron occurs as a result of its desorption from
clay minerals during the smectite transformation
into illite [Lavrushin et al., 2015; Hensen et al.,
2004; Sokol et al., 2019]. Apparently, the ob-
served variations in the boron content in the wa-
ters of mud volcanoes of Sakhalin Island reflect
the varying degrees of post-sedimentary trans-
formations occurring in the “water—rock—gas”
system.

The hydrochemical geothermometers are
semiempirical dependences, which associ-
ate the concentration of some components
of the chemical composition and the tempera-
ture of groundwater. They were used to estimate
the thermodynamic conditions for the forma-
tion of waters of mud volcanoes of Sakhalin Is-
land. Several geothermometers: Mg—Li, Na—Li,
K—Na, and K-Mg — were used to obtain more
reliable temperature estimates [Giggenbach,
1988; Kharaka, Mariner, 1989]. It should be not-

100 0
0 100
1000*Li 25'B

Figure 4. The ratio of Cl, Li and B concentrations (in mg/1)
in waters of the Sakhalin mud volcanoes (1 — South Sakha-
lin, 2 — Pugachev, 3 — Vostochny), and Daginsky thermal
springs (4). For comparison, concentrations of the respec-
tive components in seawater are shown (5).
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ed that the values of the abyssal formation tem-
peratures of mud volcano waters, obtained from
the calculation by hydrochemical geothermom-
eters, should be considered approximate, since
their appliance does not always give unambigu-
ous results. The performed calculations show
that the forming temperatures of waters of mud
volcanoes on Sakhalin Island are somewhat dif-
ferent (see the Table).

According to different geothermometers, res-
ervoir temperatures for the Vostochny volcano
are from 51 to 55 °C. The similar estimates for
the South Sakhalin and Pugachev volcanoes are
noticeably higher: within the ranges of 81-151
and 69-136 °C, respectively. The Mg—Li geo-
thermometer, which was specially developed for
the waters of sedimentary basins of the wide
mineralization range, is considered the most
suitable for calculating the formation tempera-
tures of mud volcanoes [Lavrushin, 2015].
The estimates of the depth of occurrence of mud
volcanic chambers were made based on the
values of temperatures obtained by the Mg—Li
geothermometer and the magnitude of the geo-
thermal gradient in the studied area [Veselov
et al., 1997]. Thus, the average depth of bed-
ding of the reservoirs, from which water supply
proceeds, is about 2.6 km for the South Sakha-
lin volcano, 2.5 km for the Pugachev volcano
and 1.3 km for the Vostochny one.

According to different geothermometers,
the reservoir temperatures for the waters
of the Daginsky thermal mineral springs are de-

Table. Estimates of the formation temperatures
of waters of the Sakhalin mud volcanoes

and Daginsky thermal springs using
hydrochemical geothermometers

Temperature, °C
Geothermometer
1|2 | 3 | 4
Mg-Li 105 102 51 65
Na-K 113 82 55 100
K-Mg 81 69 55 70
Na-Li 151 136 53 91

Notes. 1, 2 and 3 — the South Sakhalin, Pugachev and Vostoch-
ny mud volcanoes respectively; 4 — Daginsky thermal springs.
Average values of calculated temperatures are presented for each
geothermometer.

termined in the range from 65 to 100 °C (see
the Table). K-Mg and Na—K geothermometers
are considered the most suitable for the waters
of hydrothermal systems [Giggenbach, 1988].
The abyssal formation temperatures of waters
of the Daginsky thermal mineral springs, calcu-
lated using the K-Mg geothermometer, average
70 °C, and 100 °C — according to the Na—K geo-
thermometer. When interpreting the difference in
values, it should be borne in mind that the Na-K
geothermometer is usually used to estimate
the reservoir temperatures in excess of 150 °C
[Kharaka, Mariner, 1989]. In addition, the tem-
peratures calculated using the K-Mg geother-
mometer should be considered more reliable,
because the equilibrium state of the K and Mg
concentrations in thermal waters is reached
much faster than the Na and K concentrations,
resulting from which the K-Mg geothermome-
ter responds more quickly to changes in the res-
ervoir temperatures [Giggenbach, 1988]. In ac-
cordance with the temperatures obtained using
the K-Mg geothermometer and the magnitude
of the geothermal gradient in the studied area
[Stein, 1962], the formation of thermal mineral
waters of the Daginsky deposit occurs at a depth
of 2.1 km.

Until recently, isotopic composition of the
waters of mud volcanoes of Sakhalin Island has
been studied very little. We have obtained isotop-
ic determinations of 6'*O and &D for the South
Sakhalin, Pugachev and Vostochny mud volca-
noes [Ershov, 2017, 2018]. Isotopic determina-
tions are absent for the waters of the Lesnovsky
and Daginsky mud volcanic manifestations. As-
suming the common genesis of mud volcanic and
thermal mineral waters in the Daginsky area and,
as a consequence, the similar isotopic indexes
for these waters, in this work we use the isotopic
characteristics of the Daginsky thermal mineral
springs from the work by R.V. Zharkov [2008].

The isotopic composition of the waters
of the South Sakhalin, Pugachev and Vostochny
mud volcanoes differs significantly from the com-
position of meteoric and sea waters (Fig. 5). The
variation range of 6'80 values is mostly from
+1.0 to +7.2 %o SMOW, and 0D values fluctuate
in the range from —36.0 to —15.0 % SMOW. It can
be seen that the waters of these volcanoes differ
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Figure 5. Isotopic composition of waters of the Sakha-
lin mud volcanoes (1 — South Sakhalin, 2 — Pugachev,
3 — Vostochnyy), Daginsky thermal springs (4) and stand-
ard seawater (SMOW — Standard Mean Ocean Water) (5).

slightly in the isotopic composition and form an
almost unified field in the §'*0—8D diagram. Note
the typical values of isotopic indexes of waters of
most mud volcanoes in the world to be in the in-
tervals (—1... +7) %o for 8'*0, and (—30... —10) %o
for oD [Nikitenko, Ershov, 2017].

The contents of 6'80 and 8D testify to the fact
that the waters of the listed mud volcanoes of
Sakhalin Island are mainly formed as a result of
mixing of the initial sedimentary buried sea wa-
ters with meteoric and dehydration waters. Re-
call that isotopically heavy dehydration waters
are released during the clay minerals transfor-
mation at high temperatures and pressures.

The Daginsky thermal mineral springs dif-
fer significantly in their isotopic characteris-
tics from the mud volcanoes of Sakhalin Is-
land listed above. The contents of 6'*O and 6D
in the thermal waters of the Daginsky deposit are
in the ranges of (—15.3... —14.1) and (-106.8...
—101.7) %0 SMOW, respectively, which indicates
the meteoric genesis of these waters. In addi-
tion, the isotopic composition of the outflowing
thermal mineral waters is practically identical to
the isotopic composition of groundwater in this
area [Zharkov, 2008].

Significant hydrogeochemical differences
between the Daginsky mud volcanic manifesta-
tion and the South Sakhalin and Pugachev mud
volcanoes allow to suppose that this mud-water
manifestation cannot be attributed to mud vol-
canoes. Earlier, the authors of [Sorochinskaya

et al., 2008] have already proposed to consider
the Daginsky water-mud manifestation a local
hydrothermal system on the grounds that it dif-
fers from the South Sakhalin and Pugachev mud
volcanoes in the isotopic and chemical composi-
tion of free gases, and elemental and mineralogi-
cal composition of the released mud mass. What
is more, the source of solid emissions is probably
young Neogene clays. Besides, there are no ex-
plosive eruptions typical for mud volcanoes and
the fields of mound breccia formed after them.

Conclusion

According to the research results, it was found
that the mud volcanic waters on Sakhalin Island
are very heterogeneous in chemical composi-
tion. This heterogeneity is primarily manifested
in the groundwater mineralization. The average
index for different mud volcanic manifestations
varies from 0.1 to 22.5 g/l. The highest miner-
alization is typical for the waters of the South
Sakhalin volcano and the lowest — for the wa-
ters of the Daginsky and Lesnovsky mud vol-
canic manifestations. The waters of Sakhalin
mud volcanoes also belong to different hydro-
chemical types. The South Sakhalin, Pugachev
and Vostochny volcanoes carry hydrocarbonate-
chloride-sodium waters to the surface, while
the waters of a chloride-sodium composition are
discharged within the Daginsky mud volcanic
area, and the waters of Lesnovsky volcano are
characterized by a hydrocarbonate-chloride-
sulfate sodium-magnesium composition. Differ-
ences are also observed in the content of such
microelements as lithium and boron in mud
volcanic waters. The waters of the South Sakha-
lin, Pugachev and Vostochny mud volcanoes are
abundant in these microelements. The specified
hydrogeochemical heterogeneity of mud volcanic
waters on Sakhalin Island is probably determined
both by the initial composition of the parent mud
volcanic substance and the geological and tecton-
ic conditions of the mud volcanic regions.

By the means of the Mg-Li, Na—K, K-Mg
and Na-Li hydrochemical geothermometers,
estimates of the formation temperatures of mud
volcanic waters of Sakhalin Island were made.
According to the Mg-Li geothermometer,
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the South Sakhalin, Pugachev and Vostochny
mud volcanoes are characterized by reservoir
temperatures from 51 to 105 °C, and at an aver-
age of 70 °C for the Daginsky thermal mineral
springs according to the K-Mg geothermom-
eter. Based on regional geothermal gradients,
the depth of the aquifers feeding these fluid sys-
tems is the first few kilometers.

A pooled analysis of the isotopic and chemi-
cal composition of the waters of the South
Sakhalin, Pugachev, and Vostochny mud volca-
noes indicates that the source of water supply for
these volcanoes is deep waters of marine gen-
esis with varying degrees of post-sedimentary
changes. One of the leading factors in the meta-
morphization of the initial sedimentary-buried
sea waters is the influx of water-soluble forms
of inorganic carbon (primarily CO,) into mud
volcanoes. The saturation of mud volcanic wa-
ters with CO, intensifies their aggressiveness to
water-containing aluminosilicate rocks, which
leads to an increase of some chemical elements
content in mud volcanic waters (in particular,
Na' and Mg?").

Hydrogeochemical data testify to the fact that
the waters of the Daginsky and Lesnovsky mud
volcanic manifestations cannot be attributed to
the mature waters of deep circulation, which in-
teract with the host rocks for a long time at high
enough temperatures and pressures. The waters
of these fluid systems do not correspond to the
waters of the vast majority of mud volcanoes
in the world by their parameters: isotopic com-
position (680 and 6D), mineralization, the con-
tent of specific microelements. At the same time,
such a correspondence is observed for the waters
of the Sakhalin, Pugachev, and Vostochny vol-
canoes. Probably, the sources of water supply
of the Daginsky and Lesnovsky mud volcanic
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Pe3tome. B cooOmiennn, 0CHOBAHHOM Ha aHANIN3€ CIIyTHHUKOBBIX CHHMKOB, PACCMOTPEHBI OCOOCHHOCTH
M3MEHEHMsI KOH(UTypauuu OeperoBoil JIMHHM OCTpoBa-BylkaHa Paiikoke (menTpanbHble Kypuibckue
OCTpOBA), BbI3BaHHbIE CHJIbHBIM JKCIUIO3UBHBIM H3BepikeHueM 21-25 urons 2019 . B pesynbrare akky-
MYJISIAHA 110 TTepruepur OCTPOUKH BYJKaHA 3HAYUTEIBHOTO KOJMYECTBA MaTepralia MMPOKIACTUICCKUX
MTOTOKOB ¥ Te(hpBI, BRIOPOIIEHHOTO B TIEPHOJ aKTUBHOH (ha3bl M3BEPIKEHUS, POU3OIIIO PE3KOE YBEIHYe-
HEe Twiommaau o. Paiikoke Ha 0.53 km? (12.7 % ot nepBoHavasibHO#M wromaam). Cpasy mocie OKOHYaHHUS
W3BEPIKEHUSI T10]1 BO3/ICHCTBUEM BOJTHOBBIX IIPOLIECCOB U BAOJILOEPEroBhIX TEUCHNH HavajIcs MPOLece pas-
PYILIECHHS HOBOOOPa30BaHHBIX Y4acTKOB cymd. [TokazaHo, 4To mogo0HbIE IUKIMYECKHUE MTPOLECCHI SBIISI-
I0TCSI THIIMYHBIMU /7151 OCTPOBOB-BYJIKAHOB PErMOHA M OMPEEIISIOT Pa3BUTHE OSPETOBON JIMHUN U OOJIHK
NpUOPEIKHOM 30HBI B TIETIOM.
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Transformation of the coastline of Raikoke Island
after the explosive eruption on June 21-25, 2019
(Central Kuril Islands)

Fedor A. Romanyuk*, Artem V. Degterev

Institute of Marine Geology and Geophysics, FEB RAS, Yuzhno-Sakhalinsk, Russia
*E-mail: f.romanyuk2011@gmail.com

Abstract. The report based on the analysis of satellite images considers the features of the changes
in the configuration of the coastline of Raikoke island volcano (Middle Kuril Islands) caused by
a strong explosive eruption on June 21-25, 2019. As a result of the accumulation of a significant amount
of material from pyroclastic flows and tephra along the periphery of the volcanic edifice ejected during
the active phase of the eruption, the area of Raikoke Island has sharply increased by 0.53 km? (12.7 %
of the original area). Immediately after the end of the eruption, under the influence of wave processes and
alongshore currents, the destruction process of newly formed land areas has begun. Such cyclic processes
are shown to be typical for the volcanic islands of the region and determine the coastline development
and the appearance of the coastal zone as a whole.

Keywords: Kuril Islands, eruption, Raikoke, volcano, pyroclastic material, coastal zone, coastline
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BbaaronapHocTu M puHaAHCHpPOBaHHMe

ABTOpBI IPU3HATEIbHBI PELIEH3EHTaM 3a LIEHHbIE 3aMeUaHusl U KOHCTPYKTUBHYIO KPUTHKY, KOTO-
pbie OyayT HECOMHEHHO I0JIE3HBI U B ajbHEllIel padoTe mo 3Toii TeMe.
Paboma evinonnena 6 pamkax eocyoapcmeennozo saoanus @I'BYH Hucmumyma mopckoti 2eo-

noeuu u eeopuzuxu J[BO PAH.

BBenenue

bonpmias yacte neHTpanpHoro cekropa Ky-
PHIBCKOM OCTPOBHOM JyTH IIPEICTaBJICHA OTHO-
CHUTEIIbHO HEOOIBIIMMH 110 TIoImaau (10 70 kvm?)
OCTpPOBaMH, HAUMEHBIIME U3 KOTOPBIX IIpel-
CTaBISIIOT COOOW  OTHEJIbHBIE OCTPOBa-BYII-
kaHbel (0. Yupunkoran, o. Paiikoke, o. SHkKuU-
ya — 3.5— 7 xm?) [[anzeit u ap., 2012] (puc. 1).

AN

G\ <) o. Wymmry

0. ATnacoa @ F\\

)

e

; o.Ilapamymmp

Ba

1=

« %o Onekoran
L

&

+ % o. lnantkoran

0. Paiikoxe - []

e
 §
a{‘_/r
'4 o Wrypyn
v
“ia
v
\¢ &
o. Kynaump | o
L4 __200km

Puc. 1. Cxema Kypunbckoii octpoBHOH myru. Ha Bpeske —
cryTHUKOBBIA cHUMOK 0. Paiikoke (I'MC Google Earth,
www.earth.google.com).

Figure 1. Scheme of the Kuril island arc. The inset shows
a satellite image of Raikoke Island (from GIS Google
Earth, www.earth.google.com).

I'eocucTeMbl ByJIKAHUYECKHX OCTPOBOB YPE3BbI-
yaitHo quHamMuy4Hbl [benseB u ap., 2019]: npak-
TUYECKH TIPU KaXKJIOM H3BEPKECHUU B Iperesiax
OTPaHUYCHHOW OCTPOBHOM CyIIM HEHU30€KHO
MIPOMCXOTUT BEChMa CyIlleCTBEHHas TpaHChop-
Malus 6eperoBoil 30HbI (U3MEHEHHE KOHQUTY-
panuu 6eperoBoii JMHUU U YBEJIIMYCHHUE TIOMIA-
I OCTPOBOB), UMEIOILAsl IPU 3TOM CTUXHUMHBIN
XapakTep — OHa MOXET IUTHCS OT HECKOJb-
KHMX YacOB/JHEH NpU MOIIHBIX 3KCILJIO3UBHBIX
M3BEPKEHUSIX W OOBajaX N0 HECKOJBKUX He-
nenb/MecseB npu 3¢ Gy3UBHBIX U3BEPKEHUSX.
Crnenuduka mporeccoB ONpeaesseTcs IIaBHbIM
00pa3oM CHIJIOH, THUIOM U TPOJOIKUTENBHO-
CTBIO APYNTUBHOTO COOBITUS (M3IUSIHHUE JIABHI,
OTJIOKEHUSI MMUPOKIACTUKH, OOpYIICHHUE BYJKa-
HUYECKUX mocTpoek). IMes nanubie 00 ucTopu-
YECKUX M3BEPKEHUAX U YBSI3bIBas UX C HaOmI0-
Ja€MbIMH CETOJIHS SPYNITUBHBIMU U O€PETOBBIMU
nporeccaMy, MOXKHO C OOJIbIIEH JTOCTOBEPHO-
CTBIO MOJICIMPOBAaTh MHTPAIUIO APYNTHBHOTO
Martepraia 0oyiee IpeBHUX COObITHH. B cBsi3n
C ATUM HU3yuYeHUE TUHAMHKU W3MEHEHUH Oepe-
rOBOW JIMHUM, MPOUCXOSIIUX BCIEJICTBHE aK-
KyMYJSIIUM M3BEPXKEHHOTO MaTepHuaia, M ero
JanbHEHIIEero rnepepactpeneieHus s KaxIo-
T'O OTAEITHFHOTO N3BEPIKEHHSI TIPEICTABISIETCS aK-
TyaJbHOM 3a/1a4eH.

B Hacrosmem cooOlieHnn MpeacTaBIeHbl
JIaHHBIE, XapaKTepU3yIOIINe TMHAMUKY N3MEHe-
HUS KOHQUTypauy OeperoBoi JMHUY IPU MOLII-
HOM JKCIUIO3MBHOM WM3BEpXKEHUU BIIK. Palikoke
(0. Paiikoke, nentpanpHble Kypuibl) B HioHe
2019 1. OcHOBY MJIsI BBIBOJIOB COCTABJISIFOT CITYT-
HukoBble nanHble (Landsat, Sentinel). [[ns ana-
JM3a 3aBHCUMOCTH MEXAY M3MEHEHHSIMM IUIO-
1A OCTPOBAa M CTEIEHBIO PAa3BUTHUSA OEperoB
ObUT paccunTaH Kod()PHUIMEHT W3pE3aHHOCTU
OeperoBoii IMHUYM OCTPOBA JJISl BCEX €€ UCCIIEAY-
eMbIX KoH(puryparuii. [lokazarens pa3Butus Oe-
peroBoii MHUK (KO3(PPUITMEHT U3PE3aHHOCTH )
paccuuthiBanicsi 1o ¢opmyne u3 [Ueborapes,
1953]: K = L / 2nR, tne L — nnuHa GeperoBoit
JMHUH, a R — panuyc Kpyra, IUIomaas KOTOporo
paBHa IUIOIIAIU 03€epa.
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Oo0mme cBenenusi 0 ByJakane Paiikoke

OctpoB-BynkaH Paiikoke (a0c. BeiC. 551 m) —
CaMblii CEBEpHBIN BYyJKaH B IPyNIE LIEHTPAJIb-
Hbix Kypunbckux octpoBoB. HanBoaHnas yacth
€ro MOCTPONKM TPEACTABIIIET COOOW OIUHOY-
HBII CTPATOBYJIKAaH, BEPIIMHA KOTOPOIro 00pa3o-
BaHa KPYIHBIM KpaTepoMm (<760 m).

[lo nanubM [ABaeliko u np., 1992], na ry-
oune ~800 M Bik. Paiikoke ciauBaeTcst ¢ OCHOBa-
HHEM TOJIBOJHOTO ByskaHa 3.18 — Takum oOpa-
30M, 00I11asi BHICOTA BYJIKAaHUYECKON MOCTPONKHU
npesbimaeT 1 350 m. CeBepo-BOCTOUHBIIN CKIIOH
BYJKaHUYECKOTO KOHYCa MOKPBIT OTJIOKEHUSI-
MH OTHOCHTEJIBHO CBEXKEW, He3aJepHOBAaHHOM
nupoknactuku. CocrtaB mnopop BiIK. Paiikoke
BapbUpyeT OT 0a3albTOB 10 aHJIE3UTOB, C Ipe-
oOnazaHueM BYJIKAaHUTOB OCHOBHOIO COCTa-
Ba [[opmkoB, 1967; ®enopuenko u ap., 1989;
MapTtbiHoB u 1p., 2015].

B 2010 r. BynKaHOJIOIMYECKUM OTPSIOM
NHcTtutyTa MOpPCKOM TEOJIOTMH M TeOU3UKU
JABO PAH na Bak. Palikoke nmpoBOAWINCH Kpa-
TKOCPOYHBIE T'€0JI0T0-BYJKAHOJIOTMYECKHE pa-
00TBI U BU3yaJbHbIC HAOIIONCHHS 3a COCTOS-
HUEM €ro aKTUBHOCTH. BBIJIO yCTaHOBIIEHO, YTO
BYJKaH B HEJABHEM IIPOLIJIOM M B IIEPHOJ Ha-
OmroieHui He MPOSBIISIT KAKUX-TH00 MPU3HAKOB
AKTUBHOCTH: Ha CKJIOHAX ByJIKaHa U B Mpejeliax
KpaTepHOU 30HBI chopMHUpOBAIICS CHEIUPUIC-
Ckuil opHuUTOreHHBIM nanmmadt. IloBcemect-
HOE pacpOCTPaHEHUE MECT FHE3/I0BAaHUs MTHULL,
B TOM YHCIIE B KpaTepe BYJIKaHA, YKa3bIBaJO
Ha OTCYTCTBHE COJb(pATapHOM M 3PYNTHUBHOMN
aKTUBHOCTH B IOCjenHue roasl [JleBun u np.,
2010].

Oco0eHHOCTH U3BEpPKEeHUS
21-25 nronsa 2019 r.

MoIHOe 3KCIIO3MBHOE H3BEPIKEHUE BIIK.
Paiikoke Hauanoch 6e3 Kakux-1100 MpeIBEeCTHH-
KOB: TIEpPBbI B3pHhIB, 3adukcupoBanHbli VAAC
Toxuo [[errepeB, Unubucona, 2019; Pammmnos
u ap., 2019], npouszomen 21 urons B 18:00 UTC
(Coordinated Universal Time — BcemupHOE KO-
OpAMHMpOBaHHOE Bpems, +11 k mecTHOMY ca-
XaJIMHCKOMY BpPEMEHM). DpYINTUBHAs KOJOHHA
3TOTO BBIOpOCA yke uepe3 20 MUH umena BbICO-
Ty nopsiaka 10 km Hag yp. M. ITocne atoro npo-
M30IIIO ellle MSATh BHIOPOCOB Ha BBICOTY OT 10
1o 13 kv Hag yp. M. Beero B HadanmpHyO (azy

W3BEPIKEHHUs, MPOJNOJDKaBIIyoca ~4.5 4, mpo-
U30ILI0 6 MOIIHBIX IKCIIO3UM, CHOPMUPOBAB-
KX TEIUIOBYI0 Ty4y IUomaaso ~19 139 km?,
KOTOpasi pacrpoCTpaHsIIaCh MPEUMYIIECTBEHHO
Ha BOCTOK. CHJIBbHBIA BYJIKAHWUYECKHHA B3pbIB
Ha BbICOTY 13 KM Haj yp. M., IPOU3OLIEAITUI
B 22:30 UTC, o3HaMeHOBaJI Ha4aja0 HOBOM, 00-
Jee MOIIHON (a3bl M3BEPKEHHSI, MPOIOIDKAB-
meiics mopsiaka 3.5 u [JlerrepeB, UuOucosa,
2019, 2020].

B Teuenue 310l (hazpl MpOMCXOAUT HETpe-
PBIBHBI BBIOPOC TMHUPOKIACTHYECKOTO MaTe-
puana W3 Kparepa ByJKaHa, (HOpMUPOBAIUCH
MUPOKIACTUYECKHE MMOTOKU U TUTAHTCKOE Tie-
wioBoe obnako. B 3:40 UTC u 5:30 UTC 3a-
(UKCUPOBAHBI JIBE TIOCIICIHIE CHIIBHBIE IKCILIO-
3UHU C IIOIHEMOM IIEIIOBOM KOJIOHHBI 10 13 kM.
o 09:00 UTC 22 wuroHs ByJIKaH IpopadoTan
B PEKUME MHTEHCUBHOTO BBIJIEJICHUS METUIO-Ta-
30BOM CMECH, TTOCJIE YETO €r0 aKTUBHOCTh IMMOCTE-
neHHo Havana cHuxkarbes. K 09:30-10:00 UTC
MeIUIoBasi Ty4ya JOCTUIVIA MaKCHUMaJbHOW IIJI0-
maan 227 941 km? (npu anwee ~1525 u wmu-
pune ~350 xm). 23-25 wuioHs HaOIIOMATOCH
CIIOKOWHOE BBIJICTICHHE TIETJI0-Ta30BOM CMECH
W3 IEHTPAJIBHOrO Kparepa Ha BhICOTY 1.5-2 km
Hal yp. M. 23 u 24 uiOHS NEIUIOBBbIA Huleid
nepemMeniaics B OCHOBHOM B CEBEpO-3araJHOM
HaIpaBJICHUM; 25 WIOHS NUICH{} cTalo pa3Bo-
paynBaTh IUKJIOHUYECKUM BUXPEM Ha CEBEPO-
BocTOK [Jlerrepes, Unbucona, 2019, 2020].

Tpancpopmanus 6eperoBoi 30HbI

Jlo wmomHOoro wussepkeHus 21-25 wurond
2019 r. mnomanap o. Palikoke, 0 CIIyTHUKOBBIM
manuaeIM Landsat ot 26.05.2019 r., cocTaBisiia
4.17 xm?. B pesyabrare MHTEHCHBHON JKCILIO-
3UBHOM aKTUBHOCTH BJIK. Paiikoke B nepuon ¢ 21
no 22 utons 2019 r. mpou3ouLI0 HaKOIJIEHUE
MUPOKJIACTHUECKOro MaTepuaia 1no nepudepuun
BYJIKaHUYECKON TOCTPOMKH M B TNMPUOPEIKHON
30H€ ocTpoBa (puc. 2, 3), NpuBEIIIee K U3Me-
HEHUIO PHUCYHKa OEperoBOil JIMHUHM W YBEJHU-
YEHHIO IJIOLIAAN OCTPOBHOM CYIIHU: IO COCTO-
sauro Ha 13.07.2019 r. mnomans o. Paiikoke
nocrurana 4.7 KM?, YBEJIMUYUBIIACH TaKUM 00-
pasom Ha 0.53 km? (12.7 %) (puc. 4). B nocie-
JyIOIllMe MecAlbl Hayaycs oOpaTHBIN IMpoLecc:
MOJ] BO3/CUCTBHEM BOJIHOBBIX IPOIECCOB U
BIOJIHOEPETOBBIX TEUECHUN MPOUCXOAMIO pPa3-
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pylIeHHe HOBOOOPAa30BAHHBIX YYACTKOB CYIIH
U TEepeoTIOKeHNE HAKOIIIEHHON MHPOKIACTHU-
ku (puc. 3). Ilo cocrosamio Ha 26.10.2019 1.
wiomias 0. Paiikoke cocrapisiia 4.63 km? (ipu-
poct — 0.46 xm? (11.2 %)). IIpu 3TOM pUCYHOK
0eperoBoii TMHUN 3aMETHO U3MEHMIICS: 00pa30-
BAaBIIIHECS HEMTOCPEICTBEHHO MO CIIE H3BEPKEHUS
KOHYCBI BEIHOCA B F0)KHOW YaCTH OCTPOBA, UMEB-
IMe XapakTepHYI0 JIONacTHYI ¢GopMmy, ObLIn
CYIIIECTBEHHO CIVIQKEHBI, O4YepTaHus OeperoB
cTanu MeHee u3pe3aHHbIMU (puc. 3). C npu-
POCTOM CYIIH CYIIECTBEHHBIM 00pa30M YMEHbB-
mics: kodhuIueHT u3pe3aHHoctu (puc. S):
JIO U3BEPKEHUS OH COCTaBJIsI okoso 1.43, Torna
KaK 4epe3 JIBe Heleu €ro BeJIWYrHa eBa J0-
xonwna o 1.15. B nmanpHelimeM cokpaiieHue
CYIId COIMPOBOXKIAJIOCh TaKXe CHUKCHUEM
ko3 dunmenta (no 1.14), 9ro cBs3aHO ¢ Tepe-
pacrpeneneHieM MUPOKIACTHIECKOTO MaTepHa-
J1a BIOJH OEpEeroBOi JTMHUH.

B ocenne-3uMHuUI 1epuoj; UHTEHCUBHOCTD
COKpAIIIEHUS TUIOIIAIU OCTPOBA HECKOJIBKO YBe-
JUYUIAch, 9TO OBUIO OOYCIIOBICHO CE30HHO-
KIIMMaTHYeCKUMH (DaKTOpaMU: yCHICHUEM IIH-
KJIIOHMYECKOM aKTUBHOCTH M, COOTBETCTBEHHO,
WHTEHCU(UKAIUEH BOJHOBOTO pexkmma. B xo-
JOJHYI0 4YacTh rona (oktsOpb—ampens) Ha Ce-
BepHBIX Kypuiax TOBTOPSIEMOCTh CHIBHBIX

=3

Photo: Nik Pavi

U IMTOPMOBBIX BETPOB MOXKET JOXOIUTH
no 15 nuet B mecsan [Atnac Kypunbckux... ,
2009]). Ilo cnyrHukoBbIM gaHHbIM Landsat
ot 05.01.2020 r., nimomanas o. Palikoke cokpa-
Tiaach a0 4.45 xM? — TakuMm 00pa3oM, ILIO-
a1 HOBOOOPAa30BaHHOM CYIIH YMEHBIITUIACh
noutd B a8a pasa — 10 0.29 km? (6.9 %). 3Ha-
yeHne Kod(p(UIMEeHTa H3PE3aHHOCTH K KOH-
1y HaOmromaemoro mepuona cocrtaBmio 1.18.
NmeBmmecss HEOTHOPOJHOCTH B OYEPTAHUU
OeperoBoii TUHUU OBLTU emle OOJbINe CTIIaXKe-
Hbl. HOBOOOpa3oBaHHBIM MaTEpHAIOM OCTa-
JIUCh 3aIlOJIHCHBI Y3KHE OYXTOUKH Ha 3araje
U BOCTOKE OCTPOBa, AaKKyMYJHPOBABIIHICS
B HHUX MaTepual OKazalics B CBOeOOpa3zHOM
noBymike. Ha ceBepHOM W FOXKHOM TOOEPEKbe
COXPaHWIKNCh CIUIOIIHBIC MPOTSHKEHHBIC Y9acT-
KM THPOKJIACTHYECKUX IUISDKEH, M3-3a OTCYT-
CTBUSI TPEMATCTBUN U JBUKCHHS HAHOCOB
MaTepua 37eCh OTIIOKUICS OoJiee paBHOMEPHO.

Haubonee 3HaunMble W3MEeHEHUs KOHDUTY-
panuy OeperoBOM JIMHUHM MPOU3OIILIN B BECCH-
HUl nepuoj. BeposaTHo, B CBS3U C MOTETIIEHUEM
U CXOJIOM TaJIbIX BOJ CO CKJIIOHOB TIOCTPOWKHU
YCWIHJICS BBIHOC MTUPOKIIACTHICCKOTO MaTepHa-
Jla ¥ IEPEHOC €T0 OMBIBAIOIIUM OCTPOB TECUCHHU-
€M C BOCTOYHOTO MOOEpekbs Ha I0r0-3amaaHoe,

-

Puc. 2. Yuactku HOBooOpa3oBaHHOH cymu 0. Paiikoke. Urons 2019 1. @omo H.H. Ilasnosa
Figure 2. The areas of newly formed land of Raikoke Island. June, 2019. Photo by N.N. Pavlov
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YTO TPHUBEJIO K POCTY IUIOMIATA OCTPOBHOU
cymn U (OpPMHUPOBAHUIO K CEpeluHEe arpe-
as 2020 r. s3bIKa mshka WupuHOM 10 120 M.
[Ipu 3TOM mpUpPOCT MIIOLWAANA 10 CPABHEHHIO
¢ coctosiHMeM Ha 26.05.2019 1. cocTaBisn yxe
0.34 km? (8,2 %), a K03hDUIMEHT U3PE3aHHO-

cTu OeperoBoil JMHUM yMeHbIuuics 1o 1.16.
K koHny Mas mupuHa IUISKAa BBIPOCHA €Ie
Ha 20 M, a o01mas riomna bk HoBooOpa3oBaHHON
cymu cocraBuia 0,37 km? (9 %) (puc. 4, 5).
Crenenb pa3BuUTHs OEperoB ocTajach MPaKTU-
YECKH HEM3MEHHOM.

26.10.2019

e N

05.01.2020

Puc. 3. Kaprorpaduueckue n3o0pakeHHss U3MCHCHUHN MOJIOKEHHsT OeperoBoil imHUM 0. Paiikoke BO BpeMeHH.
CrutoIHOH JTMHKUEH TIOKa3aHo MosiokeHne 6eperoBoit mmHuu Ha 26.05.2019. Jlara chbeMKH yKa3aHa Ha pHCYHKe.

Figure 3. Cartographic images of changes in the position of the coastline of the Raikoke Island in time. The solid
line shows the position of the coastline at the time of 26.05.2019. The shooting date is shown in the picture.
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Ha ceromusinmiauil 1eHb 9TO MOCIEIHEE CO-
CTOsiHUE OeperoBoil JIMHUU, KOTOPOE YAAIOCh
WU3y4YUTh AUCTAHIMOHHBIMU METOJJAMU: aHAJIN3
JAaHHBIX  JHUCTAHIMOHHOTO  30HJAMPOBAHUS
nokazaji, yto jeroM 2020 1. o. Palixoke ObLI
MOJIHOCTBIO WJIM 3HAYUTEIBHO CKPBIT BBICOKOM
o0mayHOCThI0. MOXKHO TPEANOI0KUTh, HYTO
B OyaymieMm OyaeT NMpPOUCXOIUTH JalibHeIee
YMEHBUIEHUE IJIOMIAI OCTPOBHOM CYIIIH /10 TEX
Top, TTOKa CUCTEMa HE JOCTUTHET PaBHOBECHOTO
COCTOSTHUSI. AHAJOTHYHAs KapTHHA HaOIoma-
Jach U TPU MOIIHOM OHKCIIO3UBHO-3((y3UB-
HOM u3Bep:keHuu BIK. [luk CapbrueBa B HIOHE
2009 r. [JIeBun u ap., 2009; Jleun u ap., 2010].
B uenom, s HEOONBIIUX OCTPOBOB U OCTPO-
BOB-BYJIKAHOB 3TO XapaKTepHbIe peibedoodpa-
3YIOIIUE TPOIECChI, (POPMHUPYIOIINE UX COBpE-
MEHHBIH reoMop(}OIIOTUYECKUii 0OTHK.

TInomans,
](M2

48

13.07.2019
47 26.10.2019

4.6 18.11.2019 21.05.2020

19.04.2020
4,5 05.01.2020

44
43
42 | 26.05.2019
41

4
39

01.01.2020 |

01.05.2019
01.06.2019
01.07.2019
01.08.2019
01.09.2019
01.10.2019
01.11.2019
01.12.2019
01.02.2020
01.03.2020
01.04.2020
01.05.2020 ‘

Puc. 4. I'padux m3menenus rromann o. Paiikoke mocie
m3BeprkeHust 21-25 wrors 2019 1. (MCTIONB30BaHEI JAHHEIC
€ 26.05.2019 mo 21.05.2020 rr.).

Figure 4. The diagram of the changes in the area
of Raikoke Island after the eruption on June 21-25, 2019.
(data from 26.05.2019 to 21.05.2020).

3akJoueHmne

['eocucrembl OeperoBbIX 30H, pacHojarasch
Ha TPaHULIE CYIIH U MOpPS, OTIUYAIOTCSI BBICO-
KOU JTMHAMHYHOCTHIO MPOTEKAIOIINX 3/1€Ch MTPO-
[IECCOB, 00YCIOBICHHBIX AKTUBHBIM B3aUMOJICH-
CTBHUEM Pa3IMYHBIX Teorpaguieckux o00JI0UeK
U BBICOKOM KOHIICHTpAllMEel BelleCcTBa U dHEp-
run. Ha HeOObIINX ByJIKAaHUYECKUX OCTPOBAX,
B TOM YHCJI€ OCTPOBAX-BYJIKaHAX, PACTIOIOKEH-
HBIX B PETMOHAX MPOSIBICHUS aKTUBHOI BYJKa-
HUYECKON JesITebHOCTH, HMHTEHCUBHOCTh ITHX
MPOLIECCOB MHOTOKPATHO Bo3pacraer. B wact-
HOCTH, KaK ObLJIO MOKa3aHO HA MPUMEPE U3BEP-
’keHus BIIK. Pailixoke B mrone 2019 r., 3a cuer
PE3KOro MOCTYIJICHUSI OONBIIOrO KOJMYeCTBa
CBEKETO BYJIKAHMYECKOTO MaTepuana IpOuc-
XOIUT SKCTPEMaJIbHO ObIcTpoe (OpMHUpPOBaHUE
HOBOM CyId, TpaHCchopMupyeTcs mpuoOpeKHbINA
penbed u KoHUryparus OeperoBoi JIUHHH.
HenocpencTBeHHO mocie OKOHYaHUsI aKTUBHOMN
(a3bl U3BEPIKEHUS TIOJ] BO3JCHCTBUEM MPUOOK-
HBIX BOJIH M BJOJbOEPEroBbIX TEUEHUN HauMHA-
eTCsl pa3pylIieHre HOBOOOPA30BaHHBIX YYaCTKOB
CYIIH, Iepepacipe/ielieHue i COPTUPOBKA HAHO-
COB. DTOT MPOLIECC MOXKET 3aHMMAaTh HECKOJIb-
KO MECSILIEB WUJIM JIET, UMETh IPU ITOM MEPHOIbI
MHTEHCU(PHUKAIMH, OOYCIOBICHHbIE CE30HHO-
KITMMAaTHYECKUMH OCOOCHHOCTSIMU  (IIUKIIOHU-
YyecKasi aKTMBHOCTB). Takum oOpazoM, momo0-
HbIE UKIUYECKUE MPOILECChl (B COBOKYITHOCTHU
C TeOJAMHAMUYECKOM M TEKTOHMYECKOW aKTUB-
HOCTBIO, KOTOpbIE CO3HATEIBHO HE paccMaTpu-
BalOTCA B KOHTEKCTE HACTOSIIETO COOOILEHNs)
u (GOpMUPYIOT B KOHEYHOM HTOT€ COBPEMEH-
HBI TPUPOAHBIA OOIHMK OCTPOBOB-BYJIKAHOB:
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Puc. 5. I'paduk nuHamuk aiuuHbI GeperoBoii muauu (L, kM), uiomaan octposa (S, KM?) ¥ pa3BUTHS OeperoBoil JIMHUH

(K) o. Paiikoxke 3a 26.05.2019 — 21.05.2020 .

Figure 5. The diagrams of the dynamics of the coastline length (L, km), island area (S, km?) and the coastline development
(K) of Raikoke Island for the period 26.05.2019 — 21.05.2020.
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MEPUOMYECKOe TOCTYIICHHE BYJIKaHUYECKOTO
Mmarepuasa (JJaBOBOTO MU MUPOKIACTUYECKOTO)
U niepepaboTKa ero MOPCKUMH MPOLIECCAMH.
CrarucTuueckue JaHHbIE, B YACTHOCTH OT-
punaTeNbHas Koppesius KodphuIMeHTa W3-
PE3aHHOCTH OEperoBOil JMHHUHM CO 3HAYCHUSIMU
IUIONIAId OCTPOBHOW CYIIM, OOHApYXHIU TH-
NUYHYI0 KapTUHY H3MEHEHHs MOopQoornde-
CKUX TOKa3aTeneil. B To ke BpeMs MEeHSIOIIHii-
Cs1 BEKTOP TMHAMUKH OCTPOBHOMW CYIIIU ITOKa3aJl,
4yT0 001MKa, OJM3KOrO K IEepBOHAYAIBLHOMY,
KoH(purypauus 6eperos o. Paiikoke MOXeT J0-
CTUTHYTh Kak K koHIy 2020 r. (mpu JTuHEHHOM
TEUCHUU TIPOIECCOB abpa3uu 0Oe3 TpHUBHOCA
JIOTIOTHUTEIBHBIX 00BEMOB MarepHala), TaK

Cnmcox Jureparypsbl

npupooHwie pecypcsi, 2: 87-94.

doi:10.30730/2541-8912.2019.3.3.304-309

doi:10.31431/1816-5524-2019-2-42-5-8
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Abstract. The problem of the interaction between human activity and mudflow processes is currently
important for the Sakhalin Island, where debris flow occurrences have been repeatedly observed
in recent decades. At the present time, this interaction increases due to the extension urban territories
into debris flows transit and accumulation zones, including rock spoil heaps in debris flow prone areas.
This paper describes several debris flow occurrences associated with human activity in Sakhalin, as well
as the characteristics of anthropogenic debris flows and consequent damage. An evaluation of changes
in debris flow activity in flow prone zones was carried out based on field observations and satellite image
analysis. It is suggested that the most serious damage is caused by debris flows occurences from quarries
because of the large sizes of rock spoil heaps.

Keywords: debris flow, anthropogenic impact, mudflow, anthropogenic debris flow

BBenenne MOTYT COCTaBUTh OCHOBHYIO MacCy TBEpAOTO Ma-

C pacIMpeHneM XO3SIMCTBEHHOM JIeSITEIb- TCpHUaja 6yzlymero CCJICBOTI'O ITIOTOKA — IIOTCHIH-

HOCTHU YeNloBEeKa B c(epy ero BIUSHHUS BXOAUT
Bce OOJIbIlIee YMCIIO MPUPOAHBIX CEJIEBBIX KOM-
IJIEKCOB. VICKYyCCTBEHHO CO3/aI0TCS CKOTIIICHUS
00JIOMOYHON TOPOJIBbI, KOTOPhIE MOTEHIHAIBHO

anbHbIe ceneBbie MaccuBbl (IICM) [Bunorpanos,
1980]. Takume antpomorenneiec IICM o006pazy-
IOTCSI TIPH Pa3pabOTKe MECTOPOXKIAECHHH IoJe3-
HBIX HCKOIAeMbIX, MPOKJIAJKe TPyOOIpOBOIOB,
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AHTPOIMOrEHHBIE CENMN HA CAXAJTUHE

cTpoutenberBe Jopor, JIOII u apyrux nunewn-
HBIX OOBEKTOB, pACIOJIIOKEHHBIX B TOPHBIX
Y TIPEJrOPHBIX paiioHax.

B c¢B431 ¢ 3THM cenu cTay BO3HUKATh B Me-
CTax, I7Ie paHee UX CXOJ He oTMeqaiics. A B paii-
OHAaxX pacHpoCTpPaHEHUs MPUPOJHBIX Ceei Mpu
BMeIIaTeIbCTBE YEJIOBEKa YBETUUMIICS MAcIITa0
CEJIEBBIX COOBITHH 1 UX MOBTOpsieMOocTh [ Cokpa-
TOB U JIp., 2013].

[Ipobrema B3aMMHOTO BIMSHUS ~aHTPO-
IIOT€HHOW JIeATENbHOCTU U CEJIEBBIX IPOLEC-
COB akTyajipHa Juisl Tepputopuu o. CaxaauH
(puc. 1), tne B mocienHue AeCATHIETUS He-
OJTHOKPATHO (PUKCHPOBAJICS CXOJ aHTPOIIOTEH-
HBIX ceJieil (T.e. CeNeBBhIX MOTOKOB, 3apPOKICHUE
KOTOPBIX HaIPSIMYIO CBSI3aHO C XO3SIICTBEHHOM
nesTebHOCThIO uenoBeka [[lepos, 2012]), npu-
BOJMIIIMK K pa3inuyHoro poxaa ymiepoam. Cenun
3TOr0 T€HETUYECKOTro THUMa HaONIoAaroTCs Mpu
Kap/JIMHAJbHOM M3MEHEHUH YeJIOBEKOM YCIOBUMN
Cpelbl, JUIsl HUX XapaKTepHbI JIOKAaJbHOE pac-

TbiIMOBCKOE © o

BowHAkoBo .
TenbHoBCKOE

Yrneropck

.hCo Kon

Xonmck
YcneHckoe,, ®
FopHo3aBoACK

lOHo-CaxannHck

Puc. 1. AHTpOnOreHHBIC CETH BOJIHM3M HACENCHHBIX ITyH-
KTOB, 3a()HKCHPOBaHHBIC Ha TeppuTopuu 0. Caxanus (OT-
MEUEHBI CEPBIMU TOUYKAMH).

Figure 1. Anthropogenic debris flows near the settlements
recorded on Sakhalin Island territory (marked with grey
points).

MIPOCTpaHEHHE, MOBBIIIEHHAs IOBTOPSIEMOCTh
10 CPAaBHEHUIO C IPUPOIHBIMU CEJISIMU, & TAKKE
OOnbIIas PeryIsIpHOCTh TposiBiieHus [Ilepos,
1996]. AHTpoIOreHHble CEeIM MOT'YT HaHOCUTh
yiiepd Kak MPUPOAHBIM 00bEKTaM (yHHUTOXKE-
HUE pacTeHHM, Tu0esb KUBOTHBIX, 3aMyTHEHHUE
HEPECTOBBIX PEK, JIOKAJIbHOE M3MEHEHUE JaH/I-
madTa), TaK U XO3AUCTBCHHBIM (pa3pylicHue
U TIOBPEKJEHUE 3[JaHUH, 3aTOIMJIEHUE CEJIbX03-
yYroaui, 3aBajibl U CMBIB JIOPOKHOTO IOJIOT-
Ha, MOCTOB U 11p.). OTAENBHO ClIeAyeT CKa3aTh
O YEJIOBEUECKHUX JKEPTBAX, K KOTOPBIM MOXKET
MPUBOAMTH CXOJl aHTPONOTEeHHbIX ceneil. O60-
CTpeHHe 3TOW MpoOJeMbl B HACTOAIIEE BpEeMs
0OyCJIOBJIEHO pAaCUIMPEHUEM TEPPUTOPUU TO-
POICKOW 3aCTpOWMKM B 30HAaX TPAH3UTA U aK-
KyMYJISIIIMA CeTiel, a TakKe YBEIMYEHUEM KO-
JMYECTBA OTBAJOB MOPOJAbl U HCKYCCTBEHHO
CO3/IaHHBIX HACBIIEH B CEJICOMACHBIX 30HAX.

Ha o. Caxamua dopmupoBaHue aHTPOIIO-
TEHHBIX CEJIeil OTMEUEHO B palioHax J00BIYU
KaMEHHOTO YIVIsl BAOJIb 3aaJIHOTO MOOEpexkbs
(HeBenbckuii, Yriieropckuii pailonsl), paiioHax
Tpacc TpybonpoBoaoB (MakapoBckuii paiion),
JIDII (AHuBCKHI pailoH), KapbepoB Mo 100bIue
kamHs g crpoutenberBa (FOxuo-Caxanun-
CKHMI MYHUIIMITAJIbHBIA OKPYT).

OOBbeMbl HAKOIJICHHOTO B OTBaJlaX MaTepH-
aja MOTYT JOCTUraTh HECKOJIbKUX MHJIIHOHOB
KyOonueckux MetpoB. [Ipu oOBoHEHUY 3TUX OT-
BaJIOB B PE3YJITAT€ HHTEHCUBHOI'O CHEIOTasHUS
WIM BBINAJICHUS JIMBHEBBIX NOXKAEH hopmupy-
I0TCS CEJIH.

[IpoGrneMa aHTPOMOTEHHBIX Celei HE SBIIS-
eTcs creuuduueckoil umeHHo A o. CaxanuH,
Celli pacmpocTpaHeHsl 1o BceMy Mupy [Ed-
pemos, 2012; CoxkparoB u ap., 2013; Kazaxos,
2014; Su, Miller, 1995; Yanites et al., 2006].
Hecmorpss Ha BHUMaHue K JTOW mpodieme
Ha o. Caxanun [l'encuopoBckuit u ap., 2008;
I'encuoposckuii, Kazakos, 2009 a, b; My3brueH-
KO U Jip., 2015], oHa Bce elie ocTaeTcst HeA0CTa-
TOYHO U3YyYEHHOI.

B naHHOW cTaTthbe IMpOBEAEH KOMILIEKCHBIN
0030p ciy4aeB cxXo/la aHTPOIOIEHHBIX Cellei
Ha ocTpoBe B 2002-2019 rr., nx ocobeHHOCTEH
Y HAHOCHMMOTO UMHU yIepoa.

OCHOBOI TOCITYXWJI aHATN3 UHPOPMAIIUH,
MOJIy4YeHHOM W3 Hay4yHbIX MyOJIMKalui U B pe-
3yJbTaTe MOJEBBIX HAOIIONCHUH.

Habmionenus mnpoBOOMINCH COTpPYAHHKA-
mu CaxanmuHckoro ¢umuana JIBI'M JIBO PAH
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B miepuon 2006-2019 rr. Onpenensinck xapak-
TEPUCTHKH CEJIeH TI0 OCTABICHHBIM UMH CJICIaM
(u3MmepsIcs mpooOer cesiel, MOITHOCTh U 00beM
OTJIOKEHHH, BBICOTA 3aIUIECKa CEJIEBOM BOJIHBI
u t.a.) [P 52.30.238-90].

C MOMOIIBIO0 CPAaBHUTEIHHOTO aHATTN3a CITYT-
HUKOBBIX CHUIMKOB OJTHHX M T€X )K€ TePPUTOPHIA
3a 2002-2019 rr, AOCTYmHBIX B MpOorpamme
Google Earth, Obuti BeIIOTHEHBI N300paXKEHUS
UCCIIelyeMbIX OOBEKTOB M IPOBEJIEHA OICHKa
U3MEHEHHS TUIOAAN TEPPUTOPHUH, IMOIBEPT-
IIMXCS BO3/IEHCTBUIO aHTPOIIOTEHHBIX CEJICH.

Pe3ynbrarsl un 00cyx1eHne

Dakmopul 0dpazoeanusn cenei

AHTpPOIIOTEHHBIE CeJIeBbIe MPOLECChl pac-
MPOCTPAHEHbl B pa3HbIX 4YacTiax o. CaxaiuH.
DTOMy CIOCOOCTBYIOT OCOOCHHOCTU pelbeda
OonbllIell YacTH OCTPOBA, MPEACTABISIONIETO
U3 ce0sl CPeHEBLICOTHBIC TOPHI ¢ HAWBBICIIECH
ormeTkor 1609 M [Atnac CaxanuHCKO#M o0OIa-
ctu, 1967]. IIpu a3ToM nogasistoias 4acTb rop-
HOTO perbeda 3HAYUTENHLHO pacduiieHeHa — Ha
ryouny 10 500-1000 M, a KpyTH3HA CKJIOHOB
nocturaet 35-50° [I'encuoposckuii, 2011].

B perunone 3HAYMTENHHO pa3BUTHI OTIO-
KEHHsI HEOT€Ha, MaJieoreHa W BEpPXHEro Mena,
MPEJICTABICHHbBIC aPTHIUTUTAMHU, aJIEBPOIUTAMU
n necyanukoMm [Atmac CaxamnHCKOM 001acTH,
1967]. [Hanuble mopoabl SBISIFOTCS crabociie-
MEHTUPOBAaHHBIMHU, U UX YCTOWYMBOCTH K pa3-
MBIBAHMIO U Pa3MOKaHHIO KpailiHe HH3Ka, 4TO
MPUBOJIUT K UHTEHCUBHOMY PA3JIOKEHHUIO 3TUX
MOPOJI, HAXOIAIIUXCS HA TOBEPXHOCTH, U JI0CTa-
TouHO ObIcTpomy HakoruieHuto [ICM [['eHcuo-
posckuii, 2011].

Jns CaxanuHCKOM 00MacTH B OOJBITHHCTBE
CJTy4aeB ITyCKOBBIM MEXaHHU3MOM celeo0pa3oBa-
HUS SIBJISICTCS] BBINAJCHUEC MHTCHCUBHBIX KHJI-
KHX OcajKoB. [Ipu HajmoOXKEeHUM TaKUX OCaIKOB
Ha MUK CHETOTAstHUSI BEPOATHOCTb CXO/a celnei
yBeIUYUBaAETCsA. BO BpeMsi MPOXOKICHUST CHITb-
HBIX OCAaJKOB PBIXJIOOOJIOMOYHBIN MaTepuan
00BOMHSIETCS 70 CTETMCHH TMEpexo/a B TeKyuee
COCTOSIHME W o0pa3yeT cesleBoil MmoTok. B 3a-
BUCHMOCTH OT cTerneHu YyBiaaxHeHus [ICM,
ceneoOpasyrolasi cyMMa OCaJIKOB COCTaBIISIET
ot 1020 mm 110 30—-50 MM B cyTku. B Teuenue
rozia HabJIOIAI0TCS /1B MIeprUoa MHTEHCUBHOTO
YBJIQXXHEHUSI TPYHTOB, BEIYIIETO K aKTHUBU3a-
[IUU 9K30TECHHBIX T'€OJOTHYECKUX MPOILECCOB —
BECEHHE-JIETHUH (Mali—MIOHB) U JIETHE-OCEHHUIN

(uronb—okT0ps). [lepBbIii mepuoa Xxapakrepu-
3yEeTCsl COUETaHUEM CHETOTasHUS U BbINAJIECHUS
OCaJIKOB, BTOPO — BBIXOJOM Ha TEPPUTOPHIO
CaxannHCKOM 00J1aCTH TPOIUYECKUX ITUKIOHOB
U Tall(pyHOB ¢ OOJBIINM KOJHMUYECTBOM OCAIKOB
[['encuopoBckwmii u nip., 2008].

OcBocHME HOBBIX TEPPUTOPUN YBEIMYMBA-
€T aHTPOIIOTEHHYIO Harpy3ky Ha Hux. OTBaJbl
BCKPBIIIHBIX MOPOJ MPH pa3paboTKe HOBBIX Me-
CTOPOXJICHUI U OTBAJIBI ITyCTOM ITOPOJBI HA yKE
JNEHCTBYIOMMX (OPMUPYIOT aHTPOIIOTCHHBIE
[ICM. Ilpu cTpOUTENbCTBE JTUHEHHBIX OOBEK-
TOB TaKXe MPOU3BOAUTCS INEPEMEIIEHUE Macc
rpyHTa (pa3paboTka BBIEMOK, CKJaJUpOBaHUE
IpyHTa Ha OopTax AOJMH U B pyciax BOAOTO-
KOB), BOBHUKAIOT UCKYCCTBEHHBIE BOJJOEMBI, 13-
3a MpopbIBa AaM0 KOTOPBIX BO3MOXHO (hopMu-
pOBaHMeE ceNleBbIX MOTOKOB. [Ipu 3ToM B citydae
3aB0O3a MaTepuaa ¢ Ipyrux TEpPUTOPUI COCTaB
U (pU3MKO-MEXaHUYECKHE CBOMCTBA TIPYHTOB,
oOpazyromux antpomnorenneie [ICM, moryt
OTIMYATBCSI OT XapaKTEPUCTHK MOPOJ, THUIINY-
HBIX JIJIS1 BMEIIAIOMINX UX CEJIeBBIX 0acCeiHOB
[lencuoposckuit u ap., 2019]. B 3aBucumoctu
OT IPaHYJOMETPUUECKOTO COCTaBa AaHTPOIIOT€H-
HbIX [ICM u3 31X MaccuBOB (HhOPMUPYIOTCS HA-
HOCOBOJIHBIE, IPA3EBBIE U I'PA3CKaMECHHBIE CEJle-
BbIe Totoku [[lepos, 1996].

BepositHOoCcTh  00pa3oBaHusi cesieil  MOBBI-
H1aeTcs NpU HApPYLIEHUSX, JOMYCKAEMbIX Jie-
CO3aroTOBUTEISIMHU, KOIZIa CIUIOIIHAsl BhIpyOKa
Jeca Ipou3BOAUTCA 0€3 MPUHATHUSA Mep 110 BOC-
CTAHOBJICHUIO JIECHBIX HACAXXJICHUU. JlecHble
HOXKaphbl, B OOJIBIIMHCTBE CBOEM MMEIOIINE aH-
TPOIIOTE€HHBIM XapakTep, TaKkKe YBEIMYMBAIOT
CKOpPOCTb 3PO3MOHHBIX IPOLECCOB HA CKIIOHAX,
YTO BHOCHUT CBOM BKjIaa B hopmupoBanue [ICM.

JIroOble OOBEKTBI, PACIIONIOKEHHBIE B CEJIEBBIX
OacceliHax, BIUAIOT HA AUHAMUKY CEJIEBBIX IPO-
neccoB. Jlaxke pa3auyHble POTUBOCEIEBBIE CO-
OpPYKEHHUS HE BCErJa YMEHBILAIOT MOCIIEICTBUSL
CXO/1a CEJEBBbIX MOTOKOB, @ MHOIJA CIIOCOOCTBY-
10T YBEJIMUYCHUIO OOBEMOB M JMHAMMYECKHUX Xa-
PaKTEPUCTHUK, TAKMX KaK CKOPOCTh U pacxox. [1o-
no6Hele ciryyan u3BecTHHI B Kpbimy, Kapmarax,
Kazaxcrane [CeneonacHble paiioHsI... , 1976].

OTnenbHO CTOMT OTMETUTBH POJb BOJOXPa-
HWIAL M TUAPOTEXHUYECKUX COOPYKEHHUH.
WX cTpouTenbCTBO Ha CEJIEHOCHBIX PEKax MoO-
KET Wrparh KaK MOJOXHUTEIbHYI0, TaK U OT-
pULATEIBHYIO POJIb C TOYKH 3PEHHS CEICBOU
6e3onmacHOCTH. BogoxpaHuiuie MOXeT cTarb
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CEeJICYJIOBUTENIEM ISl CEJIEBOTO TIOTOKa He-
00mbIIOr0 00BEMa, OJHAKO TPU TPOPHIBE CO-
OpPY>KEHMsI BCJICJICTBHE BBIMAJACHUS OOJIBIIOTO
KOJTMYECTBA OCAJIKOB /UM MHTEHCHUBHOTO CHE-
TOTasTHUS, a TAK)Ke MPH pa3pylIeHUU (TTOBPEK-
J€HUM) TIUIOTUHBI BO BpeMs 3EMIIETPSICEHUs
BO3MOXKHO (JOPMHUPOBAHHE CENEBOTO MOTOKA Ka-
TacTpoduyeckoro oobema.

Takum o00pa3oM, K BO3HUKHOBEHHUIO aH-
TPOTIOTEHHBIX CEJIEBBIX KOMIUIEKCOB MPHUBOJIST
CJIeyIOIINe BUBI ACSITENbHOCTH: (OPMUPOBa-
Hue antpornoreHHsix [ICM — orBanoB npu pas-
paboTKe KaphepoB, CTPOUTEIHCTBE JTUHEHHBIX
COOPY’KE€HUH U T.I.; U3BMEHEHHE XapaKTEPUCTUK
CEJICBBIX IPOIECCOB TPH IPOBEICHUH pPadbOT
B CeJEeBBIX OacceiiHax (CTPOUTENBCTBO THJIPO-
TEXHUYECKUX U MPOTHUBOCEJIEBBIX COOPYKEHUM,
pacnaiika CKJIOHOB, BbIpyOKa JIeCOB B Ipejaesnax
CEJICBBIX 0ACCEHHOB U T.II.).

Ilpossnenus anmponozenuvix ceneu
Ha o. Caxanun

[Io moBTOpsieMOCTH aHTPOIOTEHHbIE CENH
Ha OCTPOBE MOXKHO PA3/JIEJINTh Ha [IBE YCIOBHbIE
IpyNIbl: CEJIU, KOTOPBIE COLUIN €UHOXK/IbI, TI0-
CJI€ 4ero He CO37aBajoCh YCJIOBHMM I MX MO-
BTOPEHUS, U CEJIH, KOTOPBIE CXOIAT PErYNIIpPHO,
IIPU 3TOM IMOCTOSIHHO YBEJIMYMBAETCS MacIITad
UX BO3JEHCTBUS HA TEPPUTOPHUIO.

Aumponozennule cenu pazo8o2o nposiénenus,
KaK MpaBUJIO, BBI3BaHbI OMIMOKAMH MPOEKTHPO-
BaHMS WJIM CTPOUTEIILCTBA OOBEKTOB, @ TAKXKE UX
HEHaJUIeXalluM 00CTy)KUBaHUEM, B pe3yibTare
Yero CIOKWIUCH YCIOBHS s (popMHpOBaHUS

CeJIeBBIX MTOTOKOB. [Ipy 3TOM He UCKIIIoUYeHa U Be-
POSITHOCTH TOBTOPHOTO CXO/Ia CeJIei TaKOro TUIIA.
OpHUM U3 TPUMEPOB Celiell pa3oBOroO Mpo-
SBJICHUS CIyXKUT CXOJl AHTPOIIOI€HHOIO CeJe-
BOT'0O MIOTOKA B paiioHe C. YcreHckoe (AHUBCKUN
paiion) B 2015 r. (puc. 2). Cenb chopmupoBaics
B pe3yJIbTaTe HErPaMOTHO BBIIIOJHEHHBIX pPadoOT
M0 TPOKJIaJIKe JIMHUM 3nekTporepenay. [lecua-
HBIM TPYHTOM OBLJI MEPECHINaH Mallblii BOIOTOK
npotsbkeHHOCThIo 300 M, BCIEICTBHE Yero o0-
pa3oBalicsl MCKYCCTBEHHBIM BoxoeM. [Ipu BbI-
[IaJICHUU  HEOOJIBLIOrO KOJMYECTBA OCAJKOB
IIPOU30ILIEN TPOPBIB AAMOBI 3TOTO BOioeMa U 00-
pazoBasics ceneBoit moTok. OObEM BRIHECEHHOTO
Marepuaa coCTaBuiI Ipuonmu3uTeasHo 1500 M2,
Cenp npomen 180 M U BbIIIECHYICS HA TOJIOTHO
asrozoporu IOxno-CaxannHck — X0oJIMCK.
JpyruMm npumepoM celieBbIX IMOTOKOB I10-
JOOHOTO THUIIA MOXKET CIYKUTh CXOJ Celel
Ha MPOTSKEHUU JIECOBO3HOU Opord B ThIMOB-
CKOM paiioHe OT HaceleHHOro myHkra [laneBo
K BOCTOYHOMY MOOepexbi0 OXOTCKOro Mops,
uaymen yepe3 Yamrunckuit nepesai. [Ipu mpo-
KJIQJKe JOPOr'M B MECTax NEpEeceyeHUs €0 He-
OOJBIINX PEK COOpYXaJIUCh OpeBeHYaThle BO-
JIOTIPOITYCKHBIE COOPYKEHUS, TTOBEPX KOTOPBIX
HACBINATUCh TPYHTOBbIE AaMObI /Ui BbIPABHU-
BaHUs JOpOXHOro mnosotHa. Ilocie Toro kak
Jopora ObLia 3a0poIlieHa U €€ 00CITy)KUBaHUE U
PEMOHT IIPEKPALIEHBI, BOJOIPOITYCKHBIE COOPY-
KEHMsI Hauallu 3a0MBaThCs PYCIOBBIMU OTIOXKE-
HUSIMU U Kap4aMH (LIeJIbIMU IEPEBBSIMU C KOPHSI-
MU, MIOJIMBITBIMU ¥ CHECEHHBIMH BOJIOK). Takum
o0pa3zom, BbIle AaM0 (GOPMUPOBAIHUCH BOJO-
€MBI, U TIPU BBITIAJICHIH MHTCHCUBHBIX OCAJIKOB

Puc. 2. Cens B paiione c. YeneHckoe, 2015 1. (a) — 30Ha 3apokaenus, (b) — ceneBble oTnoxkenusi. Pomo E.H. Kazakoesoii

Figure 2. Debris flow near Uspenskoe settlement, 2015. (a) — origination zone, (b) — debris flow sediment.

Photo by E.N. Kazakova
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B JIETHE-OCEHHM MepHO/ JaMObI IPOPHIBAIIUCE.
[TpopbiBHast BomHa (hopMHUpOBaia CEIH U3 Ma-
Tepuana n1am6 (OpeBHa, HACHIMHOM TPYHT), Ha-
HECEHHOT0 MyCOpa C BKIIOYEHUEM B MIOTOK pycC-
JIOBBIX OTJIO)KCHUM HMKE MO TeYeHUr0. BBumy
OCTaHOBKHM 3KCIUIyaTalluM JOpOru J1aMObl He
BOCCTaHaBJIMBAJIUCh, TIO3TOMY B JaJbHEUIIEM
BEPOSATHOCTH (POPMHUPOBAHMSI BOIOEMOB, CIIO-
COOHBIX BBI3BaTh CXOJ] MIPOPBIBHBIX CEJIEH, CHU-
3UJIACh.

Ha Ttepputopun HaceleHHBIX MYyHKTOB
0. CaxanuH taxxe (pukcupyrorcs ciydau Gop-
MUPOBaHUSI aHTPOMOTEHHBIX CEJEBBIX MOTOKOB.
Hanpumep, ckiIaaupoBaHHE  CTPOMUTEIBHBIX
IPYHTOB 6€3 BOJOOTBOIHBIX MEPOTIPUATUI U O€3
ydeTa reoJOrHYeCKOro CTpOeHUs B I. XOJIMCK
npuBesio Kk oOpazoBanuio B 2010 r. aHTpomo-
TEHHOI'0 CEJIEBOr0 MOTOKA B palioHE KOMILJIEKCA
30aHUI MOPEXOQHOIrO yuuiuiua no yi. Maka-
poBa, 1. 1, rae ¢ OpOBKM IUIOIIAIKU MO Pa3BO-
pPOT aBTOTpAHCIIOpTa coules onon3eHb. [lanee,
B CBSA3U C OOJIBIIIUM MOCTYIIJIEHUEM BOJIBI (BOO-
OTBO/I C MIPOE3KEN YaCTH YIUIBI HE 00eCIeUeH,
CTPOUTENBHBIMU TPYHTaMH OBLIO TMOJHOCTHIO
MEPEKPHITO PYCIO MAJIOTO BOAOTOKA), OMOI3EHB
TpaHchopMupoBalics B CeIeBOil MOTOK (puc. 3),
KOTOpBIN npomen okoiao 500 M U 3aMblI1 BOJO-
MIPOITYCKHOE YCTPONCTBO Ha >KEJIE3HOI opore.
OO0beM OTIOKEHUW AHTPOIMOTEHHOTO CEJIEBOTO
notoka coctasui 1000 m°.

K ammponocennvim cenam pecynapro-
20 nposieieHuss OTHOCSTCS TIaBHBIM 00pa3oM
T€ CeJIeBble€ MOTOKH, OOpPa30BAHMIO KOTOPBIX
CIIOCOOCTBYET JAESATENBHOCTh MPEAIPUITUI

W

Puc. 3. 3ona TpaH3ura cens B I. Xoamck, 2010 .

®@omo [O.B. 'encuoposckozo

Figure 3. Debris flow transit zone in Kholmsk town, 2010.
Photo by Yu.V. Gensiorovsky

1o /100bIY€ MOJIE3HBIX MCKOMAeMbIX, KOTJa OT-
BaJIbl MIOPOJ HE TOJBKO MOCTOSHHO MOAJIEPIKHU-
BAIOTCS B 00bEME, HO U YBEIMYUBAIOTCS C pa3-
BUTHEM MPOU3BOJICTBA.

B kauecTBe npumepa MOXKHO MPUBECTH CXOJ
ceneil Ha kapbepe JIMCTBEHHUYHOM (CKJIOH
r. Menuka, CycyHaiickuil xp.), rae Obuid 3a-
(uKcupoBaHbl ABa cilyyasi 00Opa30BaHUs OTHO-
CUTEIILHO KPYIHBIX Ul JaHHOTO OacceliHa ce-
aeii: 10 teic. M* m 15 ThIC. M (2009 U 2013 T
COOTBETCTBEHHO) [My3buenko u np., 2015],
HE CUMTAas PETYSIPHO CXOJAIIUX celeil HeOOb-
mux 00peMoB. CeJIeBBIMH ITOTOKAaMHU Ha TaHHOKU
TEPPUTOPUH OBLIIO YHUUTOXKEHO OKOJIO 4 ra jieca
(puc. 4).

AHanu3 CIyTHUKOBBIX CHUMKOB (Iporpam-
ma Google Earth) mokaseiBaer, uro ¢ 2009 r.
IPOTSDKEHHOCTh  30HBI  yBesnmMumiack ¢ 700
10 1300 M, a uiomaap, NOKPbITast OTIIOKEHHUS-
Mu, — ¢ 0.2 1o ~4 ra (puc. 5 u 6).

Haunnas ¢ 2014 r. 30Ha OTJIOKEHU 10CTUIIIA
pycna p. XoMyTOBKa, PU 3TOM 4YacTh TBEPJIOTO
Marepuaia Oblia nepeMelieHa Aajabllie BHU3 110
TEUEHUIO PEKHU, KOTOpasl SIBJIETCS HEPECTOBOIA.

N3-3a omnnoxeHuil B ycThe O€3BIMSIHHOTO
py4bsi IOCTOSIHHO IPOUCXOJAT U3MEHEHHS €ro
pycna. Jlec B 3ToM 30He yHUYTOXEH. IIpu cxo-
JIe OYEpEeHOr0 KPYIHOTro celst ¢ Kapbepa JIu-
CTBEHHUYHBII  BO3MOXKHO  HOJIPY>KUBAaHUE
p. XOMyTOBKa € AaJIbHEUIIUM IIPOPBIBOM JaM-
O0bl U (OPMHPOBAHHEM CEJIEBOIO MOTOKA €lIe
Oonblero Mmacimraba, YTO MOXET YrpoXarb
PACIIOIOKEHHBIM HIDKE MO TEYCHUIO OObEeKTam
MHPPaCTPYKTyphl MJIAHUPOBOUHOTO paiioHa Xo-
MyTOBO (T. FOxkHO-CaxannHCK), nepeceKkaronmm
PEKYy aBTOAOpOraM M MOCTOBBIM IEpEXoAaM ye-

pes3 Hee.

Puc. 4. Jlec, yHUUTOXKEHHBIN CEJIEBBIMU OTIOKEHUSIMU
kapbepa JluctBennnunbiil. Mait 2019 .

Domo JLE. My3viuenko

Figure 4. Forest destroyed by debris flow sediment from
the Listvennichniy quarry. May 2019.

Photo by L.E. Muzychenko
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Puc. 5. YBenmnueHne mampHOCTH BRIOpOCa celell U Iuio-
[a/I¥ 30HBI CEJIEBBIX OTIOKEHUN B JOJIMHE OE3BIMSIHHOTO
pyubsl HUKE Kapbepa JINCTBEHHUYHBIN.

Figure 5. Debris flows runout distance and accumulation
zone increase in nameless river valley downstream
the Listvennichniy quarry.

Ha npyrux xapbepax Takxke peryispHo 00-
pasyroTcs CeNu, YTO MOKHO HAOMIOIaTh M0 KOC-
mudyeckuM cHuMkam (Google Earth). B paiio-
HE psiia HACEJICHHbIX MYyHKTOB, IJ1€ HAaXOASITCS
kapwepbl, B epuog ¢ 2002 mo 2017 . ¢pukcu-
pOBaJICSl CXOJI AHTPOIOTEHHBIX CEJeH, a IUIo-
AaM, TOABEPIIINECS BO3JACUCTBUIO CEJIEH,
[0 MOACYETaM aBTOpPOB, cocTaBuiu: Cokon
(puc. 7) — 0.85 ra, bomnsikoBo — 3.6 ra, Tenb-
HoBckoe — 0.44 ra, Kpacnononse — 1.2 ra, Oinb-
x0oBKa — 12.6 ra. JlanpHeilliee paciiupeHne TUX
ceJieBbIX 0acCEMHOB YrpoXKaeT CelbCKOXO3s5i-
CTBEHHBIM YTOJbSIM, HEPECTOBBIM peKaM, 00b-
€KTaM TPaHCIIOPTHOU HH(PACTPYKTYPHI.

XapakTepHbIM IPUMEPOM JTHHEHHBIX 00BbEK-
TOB, TJI€ HAOMIOMACTCS PETYISIPHBINA CXOA CeTei,
SIBIIIETCSL Tpacca He(dTera3ompoBoAOB IO IMPO-
exTy «Caxanun-2». O61as npoTsKEeHHOCTh Ce-
JICOMACHBIX YYACTKOB TPACCHI COCTABISET OKOJIO
20 k™.

Teppuropuu, BMENIAIOIINE TOTEHIHUAIBHBIE
ceneBble OaccelHbl, MOABEPIIUCH MPHU CTPOU-

T

TENTHCTBE 3HAUUTEILHOMY BO3ACHCTBHIO (ObLTA
HapylleHa LEJIOCTHOCTh JIEPHOBOTO IOKPOBA,
BBIpYOJICHBI Jieca B CENEBBIX pyciax U T.O.),
YTO MPUBEJTIO K U3MEHEHUIO XapaKTEPUCTUK Ce-
JIeBbIX 0AacCEHOB M AMHAMUKH CEJIEBBIX IPO-
LIECCOB BJI0JIb TPOTSHKEHHOCTH O0OBEKTA.

Bo Bpemsi mpoksiagku Tpacchl IPOU3BOIU-
JIOCh pacIIMpeHHe Y3KHUX BOAOPA3METIOB, BBI-
MOJIA)KMBAHKUE CKJIIOHOB, CPE3 U IepeMelleHue
OONBIINX OOBEMOB TPYHTOB (O HECKOJIBKUX
MUJIIIMOHOB KyOomeTpoB). Ha Bomopasnene pex
[Tynbka 1 Moxaiika corpynuuku CaxalnHCKO-
ro ¢ummana JIBI' JIBO PAH 3aduxcupona-
a1 00beM TaKuUX TPYHTOB He MeHee 1 MiH M°.
MHorouucineHHble  cliyda  CKJIaJIUPOBaHUS
TPYHTOB (JIECSITKH THICSIY KyOOMETPOB) Ha CKJIO-
Hax W JTHUIAX JOJUH TaKUX CEJICHOCHBIX PEK,
kak Kpunka, Kapmosas, Moxaiika, Ilynbka
U JIp., OTMEYAJIUCh TIPpU 00CIIETOBAaHUH TEPPUTO-
puu B 2006-2007 rr. Hanmnuue oTBajioB rpyHTa
B TIOMIMax peK u Ha O0pTax JOIMH MPUBEIIO K 00-
Pa30BaHUIO AHTPOIIOTEHHBIX TPSI3EBBIX CEIEBBIX
MOTOKOB B OacceitHax pek Kpunka u JlazoBas
netom 2007 r. HeckonbKo rps3eBbIX ceneid 00b-
eMoM 10 3 ThIC. M? c(HOPMHUPOBAITUCH U3 AHTPO-
MOT€HHBIX TPYHTOB U MPOIUIH 0 pyciiaM psijia
HEPECTOBBIX PEK, MEPEKPHIB UX CEIEBBIMU OTIIO-
KEHHUSIMH MOIIHOCTBIO 10 1.2 M Ha IPOTSHKEHUU
100-300 m [Ka3akoB, ['encropoBckuii, 2008].

Brixoapl rpsiz3eKaMeHHBIX CEJIEBBIX MOTOKOB
B CTBOp Tpaccel HedrerasomnpoBoaoB «Caxa-
TUH-2» OBLTM OTMEUEHBI Ha Y4acTKaX TPACCHI,
IIPOXOASIIMX B TOPHOM 4acTh MakapOBCKOIrO
paiioHa B OacceiiHax pek Makaposa, JlecHas,
JlazoBas u y nmogHoxusi xp. XKmaHko npu mpo-
XOKJICHUH TIIyOOKOro LUKIOHA 22-24 uIoHS

Puc. 6. [lonmrHa 6€3BIMSIHHOTO PyUbs HIDKE Kapbepa JINCTBeHHUYIHBIHA (30HBI TPAH3UTA U aKKYMYILIIIH CEIIeH BBIICICHBI
0eIbIM).

Figure 6. The nameless river valley downstream the Listvennichniy quarry (the transit and accumulation zones are

outlined with white line).
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Puc. 7. YBenuueHue 30HbI BO3ICHCTBUS aHTPOIIOTECHHBIX Celiel ¢ Kapbepa Ha Janamadt, paion moc. Cokon (30Ha ak-
KyMYJISILIUH BBIJIEJICHA OEIIBIM).

Figure 7. The increase of the impact zone of anthropogenic debris flows from the quarry to the landscape, the area of
the Sokol settlement (the accumulation zone is outlined with white line).

2009 . O0BeMnI cenell He ObUIM 3HAYMTENHHEI-
mu (500-1500 m*) [I'encuoposckuii, Kazaxos,
2009b], oqHAKO BBI3BAIM MOBPEKICHUS 3aIUT-
HBIX WHXXEHEPHBIX coopykeHuil: Ha p. Ilymbpka
OBUIN MTOIMBITHI TAOMOHBI HA TIPOTsKeHUH 400 M,
B BEPXOBBAX p. TpaBsiHas MOCIIECEIEBOM MaBOIOK
CMBIT KAMEHHYIO HAaOPOCKY TI0 OCH CTBOpa Tpac-
cbl HepTe- U ra3onpoBoja. bosbioe koaruecTBo
ceneil ObUIO 3aUKCHPOBAHO HA TMOABE3THBIX
Joporax K Tpacce He(TerazompoBomoB. 15 ce-
aeir oobemom 0 1000 M* oTMeueHO Ha ydacrt-
K€ MOABE3THON JOPOTH JUIMHON 5 KM B palioHe
p. MakapoBa. OTJIIOKEHHS TTOJIHOCTBIO OJIOKH-
poBanu Mmoabe3nbl K Tpacce [[eHcropoBckuii,
KazakoB, 2009b]. YacTh 3TUX CeNleBBIX MOTOKOB
MMeJa aHTPOTIOTCHHBIN XapaKTep, 4acTh — MPH-
POIHBII, HO MPU MPOXOJIE MPUPOTHBIX CEJICH Ue-
pe3 0Ch TPACCHI TPOUCXOAMII CPHIB aHTPOIIOTCH-
HOTO MaTepuasa, 4YTo MPUBOAMIIO K YBETUICHHUIO
00BbeEMa IOTOKOB.

B HekoTophIX ciydasx mepeyBlaXHEHHE
OOJBIIMX MacC TPYHTOB MOXET MPUBOIUTH
K 00pa30BaHUIO HE Cceleld, a ONOI3HEH-TIOTOKOB.
B nocenke I'opHozaBonck Hesenbckoro paiioHa
B Mae 2018 r. mpou3zo1en cXo ONoJI3HA-[10TOKa
W3 MaTepuajioB OTBaja BCKPBIIIHBIX MOPOA Ka-
pbepa o 106s14e yrs (puc. 8).

Takoe siBIeHUE, KaK OIMOJI3€Hb-TIOTOK, 3aHU-
MaeT MPOMEKYTOUHOE MOJIOKEHUE MEXKTY CEeIIEM
U omnoi3HeM. B ciydyae cxoja OMmoi3HsA-IOTOKA
MPOUCXOJIUT TIJIACTHUECKOE TEUEHHE HACHIIICH-
HBIX BOJOW INIMHUCTBIX MOPOJI, U TAKOU MOTOK HE
ABJISIETCS] TypOYJIEHTHBIM, B OTJIMYUE OT CEJIEBO-
ro [[Tonynun, 1989]. o usmepeHusiM coTpyaHu-
koB Caxanuuckoro ¢unuana JIBI'Y IBO PAH,
BbICOTA (PpOHTA MOTOKA mpeBbimana 10 M, oT-
JOKEHUSIMUA ObUTa 3arojHeHa HeOoJbIIas J10-
nuHa mupuHor oT 50 1o 100 M u npoTsIKEHHO-
c1h10 2000 M, MOIITHOCTH OTJIOKEHUH COCTaBHUIa
2-6 M. bt pa3pylieHbl HECKOJIBKO KHUIIBIX

Puc. 8. Otnoxxenus onosnsus-noroka B noc. [opuosasozack, 2018 . @omo E.H. Kazakoéoii

Figure 8. Mudflow sediment in Gornozavodsk settlement, 2018. Photo by E.N. Kazakova
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JIOMOB, XO3SMCTBEHHBIE TTOCTPOUKH, B TIOJICO0-
HOM XO3SIMCTBE ITOrMOIM TOMAIIHUE KUBOTHBIE.
[Torok octanoBucs B 10-20 m ot ynuis: bamOy-
koBOM. OMacHOCTh MOBTOPEHUSI TAKOTO COOBITHUS
COXpaHsieTCs, TaK KaKk Ha TEPPUTOPHUH Kapbepa
OCTaeTCs JOCTATOYHO TBEPIOT0 Marepuaia JJis
00pa3oBaHMsI OTIOJI3HEH-TIOTOKOB M CEJICH.

3akJirouenue

Hao. Caxanuna 3anepuonc2009m02019r. 3a-
perucTpupoBan cxoj 6osee 30 aHTPONOTEHHBIX
ceneit oobemoMm 0T 1 10 20 ThIC. KyOOMETPOB.
[lorenuuansHO ycnoBusi s (GOPMUPOBAHUS
CeNell CyIIeCTBYIOT Ha OTBaJiax OOJBIIWHCTBA
KapbepoB, Ha Tpacce He(Tera3omnpoBoaOB MPO-
exta «CaxaianH-2» U Apyrux oObeKTax.

HcTouHnkoM mNUTaHUS TBEpABIM MaTepHa-
JIOM JJIs CeJIei MOTYT CIIy>KUTh Kapbephbl, HA KO-
TOPBIX JIEATENILHOCTh ObLa MpEeKpaleHa, HO He
MPOBEJIEHA PEKYJIBTUBALUS TEPPUTOPHIL, BBUIY
YEero TaM COXPaHSIOTCS MOTEHIUAJIbHBIC Celle-
BbIE MAacCHBBI OOJIBIIIOTO 00bEMa, JOCTATOYHO-
ro s (opMupoBaHUs celleil BecbMa KPYITHBIX
MacitaboB. Cxon Hanbomnee KpymHbIX celeid 3a-
(bUKCUPOBaH UMEHHO C OTBAJIOB KapbepoB. Cenun
MEHBIIUX Pa3MEPOB YaIlE BHI3BIBAIOTCS HApYIIIe-
HUSIMHU TIPU CTPOUTEIIbCTBE JINHEUHBIX OObEKTOB.

KonuyectBo ceneit u mmoniaau, NoaBeEpraro-
IIMecs UX BO3AECUCTBUIO, C KAX/IBIM TOJIOM YBe-
JMYMBAIOTCSA MO MPUYMHE MOCTOSHHOTO POCTa
o0beMa aHTPOTIOTEHHBIX TOTEHIIUANIBHBIX Celle-

Cnmcoxk qureparypsl

munuctpoB CCCP, 135 c.

BBIX MAaCCHBOB, & TAaK)K€ Pa3BUTHUSI SPO3UOHHBIX
MIPOLIECCOB B IPYHTAX AHTPONOIE€HHOTO MPOHUC-
XOXKJICHHUS.

Panee yxe ormeudanoch, 4YTO, HECMOTPS
Ha HIUPOKOE PaCIpOCTPAHEHUE TPUPOIHBIX U aH-
TPOTIOTEHHBIX celieil Ha Tepputopuu o. Caxa-
JIUH, MEPONPHUSITHS TIO 3aIUTE aBTOMOOWMIBHBIX
1 JKEJIE3HBIX JOPOT, 00BEKTOB TOPOACKON HH(Pa-
CTPYKTYpBI U Ap. IPOBOJATCS B HEIOCTATOUHOM
o0beMe, BBUY X BBICOKOW CTOMMOCTH U HEBHU-
MaHUsI K MPoOJIeMe OMacHOCTHU Celleit co CTOpO-
HbI Biiactel. [Ipu 3ToM, Korna 3alrTHBIE HHKE-
HEpHBIE COOPYKCHHSI BBHITIOJIHEHBI ¢ OMIMOKAMU,
OHHU MOTYT OBITh pa3pyILICHBI IPUPOIHBIMU CeJIe-
BBIMH MIOTOKAaMH, a TBEpAbI MaTtepual, oopasy-
IOLLMICS MPU UX pa3pyILLIEHUH, BKIIFOYAETCS B TO-
TOKH, YBEITUYMBAsI UX MACIITAObI.

Jlnst CBOEBPEMEHHOTO MPUHITHS MEp IO
MPEIOTBPAICHUIO HETAaTUBHBIX TOCIEACTBUN
XO3SIICTBEHHON JICSITENIBHOCTH TpelyeTcs He-
MPEPHIBHBIA MOHUTOPUHT OOBEKTOB (KaphEPOB,
JMHEHHBIX OOBEKTOB U JIp.), (PYHKIHMOHUPOBA-
HUE KOTOPBIX IMOTEHIIMATBHO YBEJIUYUBAET CE-
JIEBYIO OIACHOCTbh, & TAKXKE TEX, [JI€ CEJIeBasi aK-
TUBHOCTb YK€ MPOSIBIISICTCS] B TCUCHUE PSJIA JIET.
MOHHUTOPUHT COCTOMT B PETUCTPALUU TPOSB-
JICHUW aHTPOIIOTE€HHOW CEJIEBOM JIESTEIIbHOCTH
c ¢ukcanueil M3MEHEHHs] XapaKTEPUCTHUK Kak
CaMUX MOTOKOB, TaK U TEPPUTOPUIA, TTOJIBEPraro-
LIUXCSA UX BO3JEHCTBHUIO.
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