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Summary

Salt transport in shelf sediments can affect the state of the submarine permafrost and the thermodynamic stability of
hydrates. To estimate the effect of salt transport, we used a model analysis of salinization of underwater sediments.
It is assumed that the salininization follows the flooding of the shelf, which accompanies transgression of the ocean
during the end of the glaciations of the Quaternary period. We used the model of thermal processes in the bottom-
set bed, developed in collaboration with the Institute of Numerical Mathematics and Mathematical Geophysics, Sibe-
rian Branch of the Russian Academy of Sciences and the A.M. Obukhov Institute of Atmospheric Physics, Russian
Academy of Science. The model was augmented by the equation of salt diffusion in the bottom sediments. In calcula-
tions with the model, changes in the temperature of the upper surface of bottom sediments and sea level over the past
400 kyr were prescribed (set). It is shown that the combined effect of heat and salinization of bottom sediments during
oceanic transgressions (shelf flooding) leads to the sinking of the current upper boundary of the marine permafrost
by about 10-25 m below the sea floor, depending on the current depth of the shelf. Accounting for the salt diffusion is
necessary to determine the position of the upper boundary of the permafrost, as well as to calculate the rate of its deg-
radation. In particular, salt transport is able to change both the current position and the rate of displacement of the
upper permafrost boundary in several times relative to the case of a time-independent freezing temperature. Note,
that this effect is insignificant for estimation of the position of the lower permafrost boundary in the bottom sedi-
ments of the inner shelf. Lowering the freezing point leads to the fact that frozen rocks on the outer shelf completely
thaw at negative temperatures of bottom sediments under the influence of heat and salts in the present period (experi-
ments TF-2, TESAL2). The influence of salinity on the characteristics of the stability zone of methane hydrates in the
submarine permafrost is insignificant due to deep level of their occurrence in the shelf sediments.
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MNpoaHann3npoBaHO BAMAHME 3aCONEHNA Ha COCTOAHME 3aTOMNEHHbIX MOPEM MHOTOIETHEMEP3NbIX TOJL
wenbda mopsa JlanteBbix. Pe3ynsTaThl MOAENNPOBaHWA NMOKa3any, YTo B pe3ynbTaTe 3aconeHna AOHHbIX 0cajl-
KOB COBpEMEHHas BePXHsisi FpaHiiLia MHOTONIETHEMEP3JIbIX MOPOA HAXOAUTCA Ha rybuHe 10-15 M HUXe Mop-
CKOrO [iHa Ha BHYTPEHHel YacTu Wwenbda 1 Ha rybuHe 20-25 M HIXKe MOPCKOro iHa Ha BHeLHeM Lenbde.
Yuét auddy3nn conn npu nccnefoBaHUM AVHAMUKN Cy6aKBanbHOM Mep3/10Tbl HEOOXOAMM ANA ONpeaeneHns
NOJNIOXKEHMA €€ BePXHEeN rpaHnLbl, @ TakXKe pacyéta ckopocTtu eé gerpagaumnn. CornacHo pacyétam, nepeHoc
conemn MOXKeT B HECKOMbKO Pa3 U3MEHUTb MONIOKEHNE 1 CKOPOCTb CMELLEHNA BEPXHEN rpaHULIbl MHOToneTHe-
MEpP3/bIX MOPOZ MO CPAaBHEHUIO CO CIlyHaeM HEeM3MEHHOWN BO BPeMeHW CONEHOCTU 1, CnefoBaTelbHO, NOCTO-
AHHOW BO BPEMEHU TeMnepaTypoin 3amep3aHua. BmecTe ¢ Tem nepeHOoC conei 3aMeTHO He BIINAET Ha NOoxe-
HVie HUXKHEN rPaHuLbl MHOTONETHEMEP3bIX MOPOJ 1 XapPaKTEPUCTUKIM 30Hbl CTabUNbHOCT METaHIAPATOB.
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BBenenne

B nocnenHue rompl akTHBHO 00CY>KIAETCS BOITPOC
0 BO3MOXHOCTU OTHOCHUTEJIBHO OBICTPOIO paspyliie-
HUS MHOTroJieTHeMEP3IbIX TTopoa (MMIT) Ha 1ienb-
(e Boctouno-Cubupckoro Mopst 1 Mops JlanTeBbix
M3-3a CYIIECTBEHHOI'O TIOBBIIIEHUSI JIETHE TeMIlepa-
Typbl IPUAOHHOTO cJ10s1 Bonwl [1]. Pa3pyiienue cyo-
aKBaJIbHOM MEP3JI0ThI MOXKET CTaTh IIPUYMHOMN Ha-
pYILIEeHUs] YCIOBUI CYIIIECTBOBAHUSI METAHTUIPATOB,
3aJIeralolx B rpeneaax u Huke ciosg MMIT [2—6],
U JOMOJHUTEbHON 3MUCCUM MeTaHa B aTMoOcChe-
py ApkTuku. ['a3oBble TUAPATHI, IPEACTABISIONINE
c00011 TbI0IIOT00HYIO CMECh Ta3a (B OCHOBHOM Me-
TaHa) U BOIbI, BCTPEUAIOTCS B JOHHBIX OTJIOKECHHU-
sIX KOHTUHEHTAJILHOTO IIeIb(a oKeaHa, a TAKKe B
cioe MMII B uHTepBajie riayouH, Ie BbIMOJHSIIOTCS
TepMoOaprIeCKre YCIOBUS CTAOMIBHOCTY TUIpATa
onpeaeaéHHoro Buaa [7]. YcuieHue quccouuauuu
razoruaparoB B MMIT mrenbda n3ydyeHo HeaocTaTou-
HO ¥ MOXET OBbITh MHTEPECHO IIPU OLIEHKE dMUCCUU
MeTaHa Ha apKTh4yeckoM 1uesabde [8].

JlemHUKOBBIE LIMKJIBI YETBEPTUIHOTO IEpUOIa
MPUBOAWIN K TpaHCTpeccuu U perpeccumn Mopeii Ce-
BepHoro JlenoBuToro okeaHa. B nmepuonsl perpeccuii
mopst MMII Ha apkTrueckom 1iesibche popmMupoBa-
JINCh B cyOaspasibHbIX YcaoBUsX. [Ipu moBbIIeHUN
ypoBHsI Mopst MMIT okaszbiBanmuck nofa Bopoit. C y4é-
TOM BPEMEHHU OTKJIMKA TeIJI0(PU3NYECKOTO COCTOSI-
HUS TIyOOKUX TOHHBIX OTJIOXKEHUI, COCTABIISIIOIIETO
5—15 TeIC. neT [2, 3] ¥ MPEeBHIIAIOIIETO COBPEMEHHYIO
JUTUTEIbHOCTD IoJIolieHa, C(hOPMUPOBABIIMECS B Tie-
puonsl oneneHeHuit Teiictoriena MMIT MoryT ObITh
pacIpocTpaHeHbl Ha 3HAYMTEIbHOM YaCTH COBPEMEH-
HOT'0 apKTUYECKOTO IeNb(da, 3aTOIUICHHOIO B Pe3yJIb-
TaTe MOCeIeTHUKOBOM TpaHcrpeccun. Hammame mop-
ckoit Boabl Hag MMII o0OycioBiIMBaeT MOBbILIEHNE
TEMITIEPATyphl Ha MX BEPXHEU TPpaHUIIC, YTO IIPUBOIUT K
nerpagauy MMII. TTocne 3atoruieHus meabha Mop-
CKOW BOJIOW KOHIIEHTpALMS COJIEU B TOHHBIX OCAIKaX
YBEJIMUMBAETCSI, UTO TTOHIZKAET TEMITEpaTypy 3aMep3a-
HUSI TIOPOBEIX Bo. JlaHHBIE, TTOJTyYeHHBIE ITpU Oype-
HUM CKBaKUH Ha apKTUIECKOM IIIejIbde, ITOKa3bIBaIoOT,
yto MMII, chopmupoBaBiimecs: B cybaspanbHBIX yC-
JIOBUSIX, TIPU TIepeXo/ie B CyOaKBaJIbHOE COCTOSTHUE VIC-
MBITBIBAIOT IIIYOOKOE 3aCOJIEHNE. DTO BhI3bIBACT TPAHC-
(opManuio TBEPAOMEPINBIX MOPOJ B OXJIAKIEHHBIE
MpU OTpULIATEJILHBIX TeMITepaTypax [8].

st uccnenoBaHUsT COCTOSIHMSI M pacipocTpaHe-
Husg MMII Ha menbde MMpPOKO UCTIONb3YeTCsT MaTe-

Marudeckoe Moaeaposanue [2, 3, 9—14]. Ipeanona-
raeTcsi, 4to Jyisl BHyTpeHHero 1uenbda Mopst JIanTeBbIx
XapaKTepPHO CIUIOIIHOE pacIpoCTpaHeHUE MepP3JI0-
ThI, KOTOPOE MOXET HapyIIaThCsI HATMYMEM CKBO3HBIX
TMOIO3EPHBIX TATMKOB [13, 15]. MomIHOCTb Cy0aKBaIb-
HOI MEp3JI0Thl yMEHBIIIAETCSI C POCTOM IJTyOMHBI MOPSI.
MunuManbHbie MoltHocT MMIT v ux otcyTcTBHe
MPUYPOUYEHBI K 30HAM IIyOMHHBIX Pa3JIOMOB 1 CBSI3a-
HBI C BRICOKMMU IMTOTOKAMM TeTl1a n3 Heap 3emun [ 15].

3HAYUTEIbHYIO POJIb B COCTOSTHUM MOPCKOM
KPHOJIMTO30HBI UTPAIOT IPOLIECCHI IIEPEHOCA COJIEH.
HMmMmerorcs hakTruecKre TaHHBIE O pacIIpoCTpaHe-
HUU 3aCOJEHHBIX MEP3JIBIX TTIOPOJ, MOPCKOTO MPOKUC-
XOKIEHMST Ha apKTHUYeCcKOM Tobepexne Poccun [16].
OnHaKo JaHHBIX O 3aCOJIEHHOCTH JOHHBIX OTJIOXKE-
HUIA 11eJIb(OBBIX MOpPeit APKTUKU MPaKTUUYECKU HET.
B GonbiinHCTBE UCClieNOBAaHUI COCTOSIHUSI cyOMa-
PUHHOM MEP3JI0THl HE YYMTHIBACTCSI IIEPEHOC COJIM B
SIBHOM BuIe. MoaeaupoBaHue BbIMOJHSIETCS C y4é-
TOM OTpHUILIATEILHOM TeMIIepaTyphl 3aMep3aHusl, KOTO-
past BbIOMpaeTcs IJisl ONpene € HHOM KOHLIEHTpallun
COJIeli, U TIPEAIOJIOKEHUS O TTIOCTOSTHHOM CONEHOCTU
B pa3pese JOHHBIX oTioxeHwmii [2, 3, 17]. Tak, B pa-
6ote [2] mpu uccaegoBanum 3Bomonn MMIT Tem-
reparypa 3aMep3aHns 3agaHa paBHoit —2 °C u oHa He
MeHseTcs ¢ TryonHoii. B uccnemoBanun [13] npen-
CTaBJICHa MOJIENIb, B KOTOPOI1 COJIEHOCTD IPYHTA 3aBU-
CUT OT €ro CBOIMCTB 0€3 JOIMOJTHUTEILHOIO YUETa TIepe-
HOCa COJIM B IOHHBIE OTJIOKEHMUS IIPU TPAaHCTPECCUN
okeaHa. OmHaKo aBTOpPHBI padOTHI [10] yske yINTHIBatOT
PpacIpocTpaHeHNE COIM B JOHHBIX OCalKaX C COOTBET-
CTBYIOIIMM MHTEPAKTUBHBIM BEIYMCIIEHHEM TeMIIepa-
TYpPbI 3aMEP3aHUS TIOPOBOM KMITKOCTH.

Herpamauys IMOABOIHON MEp3JI0ThI U YBEJIMYE-
HUE TeMIIepaTyphl OCAIKOB MOTYT ObITh IIPUINHON
IecTaOdMIM3aluy Ta30TUApaTOB Ha apKTUUECKOM
wenbde. [lepeHoc coneit B HachIleHHbIE Ta30T U/~
paTaMu JOHHBIE OTJIOXEHUS MOXET CIIOCOOCTBO-
BaTh U IMCCOIMALIMY Ta30BBIX THAPaTOB. PocT co-
JIEHOCTU CABUTAeT TPaHUILY TEPMOIMHAMMNYECKOM
YCTOMYMBOCTU TUAPATOB METaHa B CTOPOHY OoJiee
BBICOKOTO JaBJICHMS 1/1u OoJiee HU3KOM TeMIIepa-
Typsl [7, 18]. 3acoéHHOCTD MEP3IBIX TTOPOJ IIPUBO-
IWT K UX OTTaMBaHUIO, YTO YBEJIMUYMBAET Ta30IIpO-
HunaeMoctb MMII [19] 1 MoOXeT cTaTh MPUINHON
(opMuUpoBaHUS CKOILICHU ra3000pa3HOTo MeTaHa.

Hns olleHKU POJIM IepeHoca colau B ¢Gop-
MUPOBAaHUM CyO0aKBaJbHOM MEP3JIIOTHl apKTUIE-
CcKoro menbda, a TakxKe BAUSHUS COJEHOCTH Ha
MOIIIHOCTh 30HBI CTAOMJIBHOCTHU Ta30BBIX THApPA-
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ToB (3CIT) B ycIIOBUSAX KPHUOIMTO30HEI MBI JOTIOJ-
HUJIA MOJEJIb TEIUTO(PU3NICCKUX IIPOLIECCOB B TOH-
HbIX ocankax [15] ypaBHeHreM auddy3un cojieil u
BKJIIOUWJIM COJIEHOCTh B ypaBHEHUE IIJIsT pacyéTa 1mo-
noxeHus rpanul 3CI'T. ITpoananu3upoBaHa TakKe
YYBCTBUTEJIbHOCTh CKOPOCTU Aerpagauuu MMII
meabda K napaMeTpusalusaM mepeHoca cojeil u
TeMmepaTypbl 3aMep3aHusl, UCIOJb3yEMbIM B UMC-
JIEHHBIX MOJEJISIX TeIIO(MU3UKU JOHHBIX OCAIKOB.

OTMeTHM, 4TO LieJb pabOThl — aHAJIU3 MPOLIECCOB
repeHoca SIBHOTO Teria U COJIY B Iopax JOHHBIX OTJI0-
>KeHMI. B CBSI3U ¢ 3TUM HET MOIBITKY NIPUBS3aTh pe-
3yJIbTaThl PaCYETOB K KAaKOMY-JIMOO U3BECTHOMY pa3-
pe3y B IOHHBIX OTJI0XeHUsIX [2, 11]. DTo cnenaHo ms
YIPOLIEHUSI UHTEPIIPETAIIMU TTOJTYYEHHBIX pe3y/ibTa-
TOB. B HacTosI1Ieli cTaThe Mbl OrpaHUYMBAaEMCs Uiiga-
JIM3UPOBAHHBIM 3aJaHMEM BEPTUKAIbHBIX ITpouIeii
TEII0(pU3NIECKUX XapaKTepUCTUK TPYHTA JOHHBIX OT-
JIO>KEHMI. AHaJIU3 TIPOLIECCOB MepeHoca Teria U COJIn
npu 0osiee IeTaIbHOM 3aJaHUM 3TUX XapaKTepUCTUK
BBIXOIUT 33 paMKU IPEICTaBICHHON CTaThH.

Yuciennoe Mo IMPOBaAHHE

Mooeav mepmuueckozo pexcuma OOHHbIX OMAO-
Jcenull ¢ yuémom oughgpyuu coaeli u 30Hbl CMadUAbLHO-
cmu 2a306vix eudpamoe. B pabote MCIIOIb3yeTCs Of-
HOMepHast MOAEIb TEIUIO(GU3NIECKUX IIPOLIECCOB B
JOHHBIX OTJIOXKEHUSIX ¢ YUYETOM (Pa30BBIX IIEPEXOI0B
MEXIy MEP3JbIM U TalbiM IpyHTamMu [3]. Pacopo-
CTpaHEHME TeIUIa B JOHHBIX OTJIOXEHUSIX OITMCHIBA-
€TCSI OMHOMEPHBIM YPaBHEHUEM TETUIOIPOBOIHOCTH

C,0T/ot = (0/92)(A,0T/9z); (1)

JaHHas MOJeJb JOTOJIHEHA ypaBHeHUeM nudy3nn
coJiei

OWS/ot = (0/0z)(D505/0z), )

rae C; — 00bEMHas TEIIOEMKOCTb TPYHTA Ha €AUHULLY
miotanu; 7' — TemriepaTypa rpyHTa; { — BpeMsl; 7 —
IJyOMHA OT MOBEPXHOCTU IHA; A; — KO3MMULIMEHT
TETJIOMPOBOIHOCTU TPYHTA, HVDKHUI MHIEKC [ TTPU-
HUMAaET OTHO U3 3HAYEHUI: «f> (MEP3IIBIA TPYHT) WU
«m» (TaJiblii TPyHT); W — OTHOCUTEJIBHOE BJIarocoaep-
JKaHUe TpyHTa; .S — KOHIIEHTpalYsl COJIM B TOPOBOM
pactBope; Dy — koahduumeHT nuddy3nn coneit.

Ha rpanuiie Mexxay MEP3JIBIMU U TAJILIMU MTOPO-
JaMU TOITyCKAaeTCsl YCJIOBUE paBEeHCTBA TeMIlepary-
PBI TPYHTA TEMIIEPAType 3aMep3aHusl Boabl 11 yc-

noBue CredaHa ISt TOABVKHOM rpaHMIIBI (Da30BBIX
TIEPEXON0B IPU I = I

hn(0T/02),, — M(OT/d2), = LWzy/or, )

roe L — yaenbHas TEIUIOTa 3aMep3aHUs U TasHUS
BOJIbI B ITOpax IPyHTAa.

Ha BepxHeli rpaHuiie JOHHBIX OTJIOXKEHUIA, CO-
OTBETCTBYIOIIECH MOBEPXHOCTH AHA, TIpU Z = 0

T=Ty S=S, 4)

Ha HuxHel rpaHule pacy€THoll obOiacTu
(Hg= 1500 M) 3agaroTcst reoTepMUYECKUI TOTOK G
U HyJIeBasi COJEHOCTb IIpU Z = H

A,0T/0z =G, S=0. 5)

B Monenu ucnonb3yeTcsl TaKxKe 3aBUCUMOCTh
TemIieparyphbl 3aMep3aHus Boabl ("C) OT KOHIIEHT-
patuu coiu S (%o) M naBieHUs] B JOHHBIX OTIOXe-
Husx P (MIla) [20]:

T,=—0,073P — 0,0645. (6)

Bnusinue coll€HOCTH Ha TeMmepaTypy 3aMep3a-
HUSI IPUBOIUT K 3aBUCUMOCTH MEXIY YpaBHEHMSI-
MU TeIUTOIIepeHoca U IIepeHoca Coleit WIsk MEP3TI0-
TO CJIOSI, TIPY 3TOM PacIIpOCTpaHEeHUE TeIlyIa 1 COJI B
He3aMEp3IIeM TPYHTE He 3aBUCHUT IpYT OT Apyra. J1o-
MyCKaeTCsl, YTO TOHHBIE OTJIOXKEHUSI HACBIIIICHBI BJla-
roii. [ToprcTocTh 3KCOHEHIIMATLHO YMEHBIIAETCSI C
ryOonHOM z: ¢(2) = $(0) exp(—z/z,), tie $(0) = 0,4 n
Zp = 2500 m. Koadbduumenr nuddysun coneit npu-
HuMasics paBHbIM 107 M%/c B COOTBETCTBUH C OLIEH-
KaMu T1o JaHHBIM OypeHus B Mope JlanTeBbix [11].

PacuyéThl TepMUUECKOrO COCTOSTHUST TOHHBIX
OTJIOKEHUI W TIepeHOoCca COJICH COIPOBOXIAIOTCS
OLIEHKAMM TePMOAMHAMMWYECKMX IPaHMIL 30HbI CTa-
OMJIBHOCTM ra3oTUApPaTOB MeTaHa. PaBHOBecHOe
nasjieHue Py, Ipyu KOTOPOM METaH, BOAA WJIU JEN U
TUApaT MOTYT TEOPETUYECKH CYIIIECTBOBATh B (a30-
BOM U XMMUYECKOM PABHOBECHUM MPU JaHHOU TeM-
rneparype, orpeaessijioch U3 COOTHOLIeHUS [21]

5
In(Py)=%a,(T+T,)"
n=0

rae Py — paBHOBecHOe naBieHud ruapata, MIla; T
u T — COOTBETCTBEHHO TEMIIepaTypa U CABUT paB-
HOBecHOM Temneparypsl, K; koadduuneHTs! a, 3a-
JalI0OTCSI B 3aBUCUMOCTH OT TeMIIepaTypbl U MPUBO-
asTes B pabote [21].

PactBopéHnHbBIE cOTM, HATIpUMEp XJIOPU HATPUS,
MOTI'YT CWJIBHO BIUSTh HA TEPMOAMHAMUYECKYIO CTa-

(7
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OMJIbHOCTh TMAPAaTOB MeTaHa. IlosiBIeHME conu B
BOJIIe CHIKACT XMMUUYECKUI MOTEHIIMAJ pacTBoOpa,
B KOTOPOM COJIEHAs! BoAa JOKHA ObITh CTAOMILHOM
B BUJIE XXMIKOCTH, a He ruapaTa. I1pu aTomM rpaHuy-
Hasl TeMrepaTypa TepMOIMHAMUYECKON yCTOMYMBO-
CTU TMIPATOB YMEHbIIIAETCSl OTHOCUTEIBLHO TeEMIIepa-
TYypbl YUCTOU BoMbl. Takke M3MeHsIeTCsl TpaHUYHOE
JaBjieHUe TEPMOAMHAMUYECKON YCTOMUMBOCTU TUJI-
paroB. CIBUT B paBHOBECHOI TeMIlepaType paccuyu-
TBIBAJICSI C TIOMOILIBIO ClIeytollero ypaBHeHus [21]:

TD = TD,refIOge(1 - xs)/IOge(l - xs,ref)9

rae T ,,r — PENepHOE 3HAYCHHUE TEMIICPATYPbI IHC-
COlLIMAIlMM TUapaTa Mpy COOTBETCTBYIOIIEM perep-
HOM COZIEPXKAHUM COJIH X of; X, — MOJIbHAS T0JIsI
COJIM B TIOPOBOI BOIIE; SMIIMPUUECKOE BHIPAXKEHUE
IUISL CABUTA PABHOBECHOM Temniepatypsl 1 UCTIOJb-
3yeTcst ¢ 9TaloOHHbIMU 3HauYeHusMu T =2 °Cu
X or = 0,0134 [21].

YucnenHas peanusaunst moaenu (1)—(6) ocHo-
BaHa Ha METOJE MPOTOHKM Ha TUCKPETHOI BBHIYMC-
JINTEJILHOM CeTKe ¢ BepTUKaJAbHBIM 1maroMm 0,5 M u
HESIBHOI cXeMe I10 BpEMEHH C IIaroM OIMH MEeCSIII.

Ilocmanoexa wucaennvix s3xcnepumenmos. Mope-
JIMPOBaHUE TIPOBOAMIOCH IIPUMEHUTEILHO K IIIe/Ib-
(oBoit obmacT BOCTOYHOTO cekTopa Mops JlanTe-
BBIX C COBpeMeHHbIMU [TyouHamu Hy, ot 10 o 100 m.
IIpu oOCyxXmeHUM YUCICHHBIX Pe3YyJIbTAaTOB IJIsI
mreabda ¢ pasHbIMU IIyOMHAMU MOPSI IeJIaJIoCh pa3-
JejieHue ero Ha BHyTpeHHuii (Hy, = 030 M), cpen-
Huii (Hy, = 3070 M) u BHewHuii (Hy, = 70100 m).
PazHooOpa3ne TUMOB TTOPO/T, KOTOPBIE MOTYT 3aJie-
raTh IO MOPEM, BBI3BIBACT CIIOXKHOCTD 3adaHUsI TeTl-
Jo(pu3nUecKux CBOMCTB B pa3pe3e. B HacToseit
paboTe MaTeMaTUUeCKOe MOJESIMPOBAHUE TTPOBOIM -
JIOCh TOJIBKO UISI OMHOPOIHBIX BEPTUKAIBHBIX TTPO-
duneit co caeayronmyMu cpeIHUMU 3HAYEHUSIMU
TEMIODU3NYECKHX XapaKTEPUCTHUK MOPOJ, UCTOJIb-
3yeMbIX TIpu pacuétax (1)—(6): C,, = 2800 k/Ix/M>*K;
Cr=2080 kIx/M*K; A, = 1,8 Br/M'K; A= 2,2 Br/mK;
L =3,34x10° kIIx/M3; Dg= 1072 M*/c; G= 60 MB1/M2.

I'paHnyHOE ycaoBUE Ha MTOBEPXHOCTHU JTOHHBIX
OTJIOXKEHMIA OIpeaessieTcs NepruogaMu TpaHCTpec-
cUii—perpeccuii ¢ y46TOM U3MEHEHUs YPOBHS MOpPsI
3a nocaenanue 400 Teic. net. M3MeHeHue ypoBHS MOpsI
3a/1aBaJIoCh MO JaHHBIM paboThl [22] mist Mops Jlar-
TEeBBIX B MocaeaHue 15 ThIC. JIeT U 10 JaHHBIM [23]
JUTSL TIPEABIAYIIUX Nepruoa0B. MOMEHTHI 3aTOILIEHUS
U OCylIeHUs Iejib¢a B JEIHUKOBBIX IIMKIAX Olle-
HUBAJIMCh HA OCHOBE COBPEMEHHBIX OaTMMETpUUe-

Temmneparypa Ty, u cOnTEHOCTD Sy, UCTIONMB3yeMble KaK Bepx-
Hee IPaHIYHOE YC/IOBYE B IIEPUOABI 3aTOIIEHN LIenbda
MopcKoit Bogoit (Hy, - rmy6uHa Mops1)

Hw, M 10 20 30 50 70 100
Ty, C -1,3 | —-14 | =15 | -1,7 | =1, | —1,9
Sw, %o 27 28 33 33,5 34 34

CKUX ycinoBuii. KpuBble N3MEHEHMST TIAaJIeOKIIMATa,
HCIIOJIb3yeMbIe IIJIsI MOASINPOBAHUS CYyOMapMHHOM
MEp3JIOTHI, IOAPOOHO 00CYKIATUCH B padboTe [24].

Temmeparypa Ha ITOBEpXHOCTH TOHHBIX OTJIOXKE-
Huit T = T(z, t) B pacy€Tax 3aJaéTcsl TAKUM 00pa3oM:

a) Tp = Ty, ecau wenbd MOKPLIT OKEAHOM B IIE-
pUOIBI OKEAHWYECKUX TpaHcrpeccuit, 1y, — TeM-
nepaTypa IIPUIOHHOI BOIBI, KOTOpas 3adaBajlach C
YYETOM IIIyOMHBI 1Iebdha (Tabauia);

0) T = T; + T)y(), eciu wenbd OCyIIEH B Ie-
puoabl perpeccuii okeana; suecb 1z = —12 °C —
CpeIHsIsl MHOTOJIETHSISI TOJIOBasT TeMIlepaTypa Ipu-
3eMHOTO BO31yxa Ha 1ejbde Mops JlanTeBbIX B
1961—1990 rr. [13], T}(¥) — aHOManUs TEMIIEpaTy-
PBI IO JAHHBIM PEKOHCTPYKLIMHK ITaJie0TeEMIIEpaTyp
BO3MlyXa MO HEMPEPHIBHBIM 3aMUCSIM U3 JIEASTHBIX
KEepHOB AHTapKTUIBI [25].

ConéHOCTh HAa MOBEPXHOCTU JOHHBIX OTIOXKE-
HUil S = 8(2y, 7) 3a0aETCA B CAEAYIOLIEM BULE:

a) Sp = Sy, ecau wenbd NOKPHIT MOPCKOM
BOJION B IMEPUOJbI OKEAHUYECKNUX TPAHCTPECCUIA,
Sy, — CONEHOCTb NMPUAOHHOMN BOIBI, KOTOpasi, Kak 1
TeMIlepaTypa, 3agaBajiach ¢ YYETOM TJIyOMHBI MOPSI
(cM. Tabmuiry);

6) Sp =0, ecnu wenabd oCyméH B NEPUOABI pe-
rpeccuii oKeaHa.

IIpu mocTpoeHnu majgeoreorpapuIecKoro ciie-
Hapus JOITyCKAaJIOCh, YTO TEMIIEpaTypa 1 COJIEHOCTh
MOPCKOM BOIBI CYIIECTBEHHO HE OTIMYAIOTCS OT
COBPEMEHHBIX M COOTBETCTBYIOT CPEIHUM 3Hade-
HusM s Mops JlanreBwix [11, 26] (cM. Tabaully).
MHTEHCHUBHOCTDL T'€OTEPMUICCKOro notoka G BO
BCEX YMCJICHHBIX pacyéTax ObLIa IPUHSTA paBHOM
60 MBT/M2, 4TO COOTBETCTBYET CpEHEMY 3HAYEHUIO
MOTOKa Teria AJisl JaHHOro pervuoHa [27].

B pesynbTate nccaenoBaHuii ObUT MPOBEAEH PSIA
YHCJIEHHBIX 9KCIIEPUMEHTOB.

1. TFSAL: monennb BKItoYaeT B cebsl coiernepe-
HOC B IOHHBIX oTJioXeHusx (2). TemmnepaTtypa 3a-
MEp3aHUs pacCUMThIBaeTCSI Ha KaxXKJIOM Ilare mo
BPEMEHHU C YYETOM COJIEHOCTH B COOTBETCTBUM C (6).

2. TF-1: pacy€t ¢ mocTosTHHOI TeMmImepaTypoi
3amep3anus —1 °C.
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3. TF-2: pacdéT c TTOCTOTHHOW TeMIIepaTypoit
3amep3anusg —2 °C.

4. TFSAL2: momo6en TFSAL, HO TIpoBenéH ¢
YIETOM TeMIlepaTyphl 3aMep3aHusI, KOTopasl pac-
CUUTHIBACTCS C YIETOM COJIEHOCTH B COOTBETCTBUU C
rpadgrkoM, IPUBEAEHHBIM Ha puc. 2 B padore [11],
IIOCTPOCHHBIM 110 JaHHBIM OypeHus [9].

5. HSZSAL: niono6en TEFSAL, HO BBIIIOJIHEH C
YUETOM COJIEHOCTH TPYHTA B COOTHOIIICHUSIX IJIsI pac-
4yéTa yCIOBUI YCTOMUYMBOCTU MeTaHTUAPaToB (7).

Pacuér Temmepatypsl 1711 JOHHBIX OTJIOXKEHUIA
menbda oT MOBepXHOCTU 10 TIyOouHB! 1500 M BBI-
noaHeH s mociaenHux 400 Teic. net. Ilpm 3aga-
HUM HadaJbHBIX YCIIOBUI MOITyCKAJIOCh, UYTO IIEIb(]
TMOKPBIT MOpcKoii Bogoit 1 MMII orcyrcTByior [2].
HavanbHbIil TENI0BOM peXXUM HJOHHBIX OTIOXEHU
paccunTaH KakK CTallMOHAPHBIC YCIOBHUS C TeMIIepa-
TYpOii MOBEpXHOCTU 7}y, ¥ TEOTEPMUUYECKUM TIOTOKOM
60 MBt/Mm2. TTepuonsl popMUPOBaHKS U A€Tpanalin
MEP3JIBbIX TOJII HA apKTUYECKOM IeIbghe MOBTOPSI-
JINCh HEOJHOKPATHO [28], moaTOMYy /1JIs1 YU4€Ta 3acose-
HUSI IOHHBIX OTJIOXKEHUIA B ITePUOIbI MPOLLIbIX TPAHC-
rpeccuii ObLT BBIMOJHEH NPeaBaApUTEIbHBINA PacUET C
ypaBHeHueM auddy3um couu st 400 Thic. JeT.

O0cyxKIeHue pe3yJabTaToB

Jlunamurxa cybakxearvnoii mepzsomer. Ha puc. 1
MpeNCTaBlIeHbl Pe3yIbTaThl PACUETOB COJIEHOCTH IMO-
POBBIX BOII OCAlIKOB, ITOJIyYeHHBIE JUIST Pa3HBIX TITy-
OuH Mops Hpy. B aTHX pacu€rax KOHLIEHTpaLus coei
B JIOHHBIX OCa/IKax 3aBUCHUT OT H,, 4TO onpenensercs
BPEMEHEM CYIIIECTBOBAHMS STHUX OCAIKOB IO YPOB-
HeM Mopsl. [1o pesynbrataMm pacuyéroB, JOHHBIE OT-
JIoxkeHUs1 BHelIHero meibda (100 M) xapakTepusy-
I0TCSI HauOOJIbIIIE! COJEHOCThIO U Oosiee MTyOOKUM
e€ pacrpocTpaHeHHeM B ITyOb OCaJOUYHOTO CJIOS (CM.
puc. 1). IlIpu Hy,= 20 M KOHLIEHTpaLMs COJIU B [IOPO-
Boii Bone coctapisieT 20 %o B BepxHUX 20 M TOHHBIX
OTJIOKEHUIA ¥ CTAHOBUTCS MeHee 5 %o B 0CallOuHOM
cioe ryoxke 50 M (cM. puc. 1, a). [1nsg cpeaHero 1ieb-
da, npu Hy, = 50 M, 3aconéHHbMU 10 20 %o oKa3bl-
Batotcst BepxHue S50 m. IIpu 3ToM B c10€ TOHHBIX OT-
JoxxeHuit Ha rmyouHe 150—200 M o MOPCKUM JHOM
OCTAlOTCsI 3aCOJIEHHBIE CJIOM, KOTOPbIE CTaJIM MU B
MePUOIbI TIPENbIAYIINX TpaHcrpeccuit (cM. puc. 1, 6).
Hns1 coBpemeHHoO# rimyouHbsl Mopst 100 M gaHHBIE pac-
YETOB O BEJIMYMHE 3aCOJICHUST BEPXHETO CJI0sI OCAIKOB
molHocThio 200 M puBeneHsl Ha puc. 1, 6. OHM No-

Ka3bIBaIOT, YTO 3aCOJICHUE 31eCh MMPAKTUUECKU HE UC-
Yye3aeT BO BpeMsI PerpecCUy MOPSI U IIPOUCXOISIIETO
MIPU 3TOM PACIIPECHEHMS TOHHBIX OTJIOXKEHUI CO CTO-
POHBI BEPXHEW TPAaHUILIBI.

CoBpeMeHHBIe TPOPMIN TeMIepaTypsl B TOH-
HBIX OTJIOKEHMSIX, BBIYMCICHHBIE ¢ YIETOM TudPy-
3um coneil (akcmepuMmenT TFSAL), mokazansl Ha
puc. 2. BnusgHue conéHocTr Ha TeMIiepaTypy 3amep-
3aHUS ompeleisieT 3aBUCUMOCTh MolliHOCTU MMII
OT KOHIIEHTpALMK COJIel B MOHHBIX ocankax. I'paHu-
bl MMII HaxoasTcsl HAa KaXKAOM 1are 1o BpeMeHU
Kak IepeceyeHre TeMIIepaTypHOTO IpoduIs B TOH-
HBIX OTJIOKEHUSIX W TeMIIepaTyphl 3aMep3aHusT (CM.
puc. 2). YucneHHbIe SKCITepUMEHTBI TTOKA3bIBAIOT, YTO
17151 00JIee HU3KOM COJIEHOCTU MOHHBIX OTJIOXCHUI
BHYMPEeHHe20 wieabgha HYDKHSISI TPaHUIIA COBPEMEHHOI
MEP3JI0Thl UMEET HauOOJIBIIIYIO TIIyOMHY 3aJeTaHus
H,= 650 M (cM. puc. 2, a, puc. 3, a). ConéHocTh Ha
9TOI T1youHe — Bcero 1 %o, 4TO COOTBETCTBYET I10-
HIDKEHUIO TeMrnepaTypbl 3amep3anus ao —0,5 °C. Ha
cpednem wenvghe HYDKHsISI rpaHna MMIT pacniososxke-
Ha Ha 1youHe 520 M, 4To OTBevaeT conéHocTH 4 %o 1
temnepatype 3amep3anust —0,6 °C (cM. puc. 2, 6, cM.
puc. 3, 2). Brewnuii wienvg XapakTepusyeTcs HaMMEHb-
et ronmHot MMIT (cm. puc. 2, 6, cM. puc. 3, ic).
Huoicnssa epanuya MEP3noro cios 3ajeracT Ha NIyOrHe
230 M, YTO COOTBETCTBYET COJIEHOCTU 15 %o 1 TeMIie-
parype 3amep3anus —1,1 °C. B ciayuae srewreco uienn-
¢ha TemmepaTypHBII IPOMWIb B JOHHBIX OTIOXKEHUSIX
MpUOIIIZKAETCS K IIPOMIITIO TEMITEPATYPhI 3aMepP3aHMs
MPaKTUYECKU BO BCEM CJIO€ MEP3JIBLIX MOPOJI, UTO JIe-
JIaeT €ro HamOoJIee YyBCTBUTEILHBIM K TTOBBIIICHUIO
TEMITEPATYPHI IIPUIOHHOM BOMIBI.

CKOpOCTb JeTpagalii MEepP3I0ThI Ha HUMICHEU 2pa-
Huue 3aBUCUT OT THTEHCUBHOCTY T€OTEPMIIECKOTO IT0-
ToKa. Bo BpeMs1 TpaHCcIpeccu CKOpOCTh JeTpaJaliii
MMII co cTOpOHBI X HUXKHEN TpaHULIbl MAKCUMAITb-
Ha IJIsT BCel McCliemyeMoii 00J1acTy 1esibda 1 cocTaB-
qser 1,1—1,7 cm/rox (puc. 4). bonee 3HAUMMYIO pOJIb
MepeHoC COJIeil UTpaeT MPU OIpeAeICHIUI TTOJIOXKEHIS
6epxHeli epanuybl CyoaKBaJIbHON Mep3ioThl H,. B Bepx-
HEM CJI0€ TOHHBIX OCAIKOB IIejbda Mpy 3aCOICHUMN
npoucxondTt nerpagauuss MMII B mojie oTpuiaresb-
HBIX TEMIIEpaTyp U 3anTy0JeHUE UX BepXHEN TpaHUIIbI
Ha 10—25 M ot moBepxHocTU THA (cM. puc. 2). ['mybuna
3ayieraHust Kposau MMIT ysennuuBaeTcst ot 6epera B
CTOPOHY MOpsI B pe3yJibTaTe 0oJiee MPOIOKUTEIEHOTO
MpeObIBAHMST YYACTKOB I1Ie/Ib(a Mo YypOBHEM MOpSI BO
BpeMsI TPAaHCTPECCUU U, CJIEIOBaTe/IbHO, 0oJiee CUITb-
HOT'O 3aCOJIEHUSI TOHHBIX OTJIOXKEHUI B BEPXHEM CJIOE
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Thicaun net Hasaa Fig. 1. Salinity of bottom sediments in
ConéHocTb, %o numerical experiment TFSAL for the
_::_ shelf with the contemporary depth of:
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(puc. 5, a). CKopocTb Jierpafaliii MEp3IOThI CO CTOPO-  JIMPOBAHUS MAKCUMaJIbHasl CKOPOCTD JIETPaIalliy Xa-
HBI BepXHeil rpaHuLIbl yMeHbIIaeTcs oT 0,6 cM/Tog Ha — pakTepHa I HA9aIbHOTO MePHO/Ia 3aTOILUICHUS 1Ie b
enympennem weavghe (Hy, < 30 M) 1o 0,2—0,3 cm/ronHa  da. Ckopocms deepadayuu 3aTorieHHbIX MopeM MMIT
eneunem wenvge (cm. puc. 4). I1o pesynbratam Mome- B BEpXHUX TOPU3OHTAX U COBpPeMEHHas MOIIHOCTh
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Puc. 2. BeptukanbHble npoduin TemiepaTypbl 3amep3aHusl (/) 1 COBpeMEeHHOI TeMMepaTyphbl TOHHBIX OTJOXKe-
Huii (2), noydyeHHbIe B 9kcriepuMenTe TFSAL mits riryonH Mopst:

a—20m;6—50m;6— 100 M

Fig. 2. Present day vertical profiles of temperature of freezing (/) and of the sediment temperature (2) in experiment

TFSAL for the shelf with depths:
a—20m;6—50m;e6— 100 m

MPOTASBILIETO CJIOSI OCAAKOB 3aBUCST, MPEXIE BCETO,
OT IUTUTEIBHOCTH TPeObIBAHYS 11/ Th(a o1 BOAOK 1 OT
COJIEHOCTH IMPUIOHHOI BOIBI.

AHau3 pe3ynbTaToB, MOJTYYEHHBIX UISL TIPEIbI-
OYIIUX MEXJICTHUKOBBIX ITEPUOA0B, TTOKa3all, YTO
MaKcUMaJbHas IIyOMHAa OTTauBaHUs MEP3JIBIX TOJIIL
CO CTOPOHBI BEPXHEI TpaHULIBI 32 CYET 3aCONICHUS
MOPCKOI BOJOW He MpeBblliana 22 M JIJIsi BHyTpeH-
Hero menabda u 70 M 11 BHeIHero (cM. puc. 3 a,
2, Jc). B cBoto ouepenp orrauBanue MMII co cro-
POHBI HIDKHEN TPAHUILIbI IPOUCXOIUT TOPA3I0 UH-
teHcuBHee. Lt enympenneeo weavgpa (Hy, < 30 M)
cokpaieHue MourHoct MMIT 3aMeTHO MeHbIlIe —
nopsiaka 150 M, ns cpednezo weavgha — MpUMEPHO
200 M, a Ha éHeutHem weabghe MEP3IIBIE TOJIILIN MOTJIA
IMOJIHOCTBIO OTTAsITh B MEXJICTHUKOBBIC ITEPUOIbI.
Herpanaust MMIT co cTopoHbI HUXKHEN IPaHULIBI B
IePUOIbI TPAHCTPECCU MPOUCXOIUT 3a CYET YBEIIU -
YeHUs TeMIIEPATyPhl TIOBEPXHOCTHU TIOPO/I.

s viccaenoBaHus BIMSIHUS TIEPEHOCA COJIU pe-
3yJIbTaThl PACUETOB, IMOJYYCHHBIC B OKCIIEPUMEHTE
TFSAL, cpaBHUBAINCh ¢ JAaHHBIMU SKCIIEPUMEHTOB
TF-1u TF-2. B pacuérax mpenrosaraiich paBHOMep-
HOE 3aCOJICHUE OCAIKOB IIe/Ib(ha 1 IMTOCTOSTHHAS TEM-
nepatypa 3amep3aHust —1 u —2 °C cOOTBETCTBEHHO.
Ha puc. 3 mpuBeaeHbI pe3yabTaThl pacuéToB MIPU pa3-
HBIX BapuaHTax y4éTa 3acOJICHMS JOHHBIX OCAIKOB.
Haunbonee 3aMeTHBI pa3nuuus B OLIEGHKaX COBPEMEH-
HOIt rmyOuHBI BepxHeii rpaHuiitl MMIT (cM. puc. 3,
cM. puc. 5, a). Tak, B akcnniepumeHTe TF-1 oTrcyTcTBY-

et aerpanaiyss MMIT co cTopoHbI BepxXHEl TpaHUIIbL.
Kpome Toro, rmocTossHHas TeMIieparypa 3aMep3aHmst
(—1 °C) oka3bIBaeTcs BBIIIE TEMIIEpaTypbl MOPCKOM
BOJIBI, YTO COXPAHSET MEP3IOTY Y TTOBEPXHOCTH JHA.
Haubonee nnreHcuBHoe ortauBanue MMII B Bepx-
HEM CJIOoe OCaaKOB Toy4eHo B aKcrepumenTe TF-2,
B KOTOPOM BEpXHSISI TPaHULIA MEP3JIOThI 3arTy0IsieTcsT
BO BpeMs TpaHCIpeccuu (CM. puc. 5, a).

OLeHKM TJYOUHBI HUKHEN TpaHUIIbI CyOaKBalb-
HOI Mep3JI0THI 1Iejb(a MpU UCTIOJIb30BAHUY pa3INy-
HBIX IMapaMeTpu3alnii yaéTa MOPCKOTO 3aCOJICHUS
JoHHBIX ocagkoB (3kcrepuMeHThl TFSAL, TF-1 u
TF-2) cornacyiorcst mexxny co0oii i BHYTPEHHETo
U cpeaHero meabda (cM. puc. 3 u cM. puc. 5, 6). Tak,
nipu Hy, = 20 M HKHAA rpaHuta MMII B akenepu-
meHTe TESAL pacroyioxkeHa HKe JHA Ha TIyOMHE
650 M, B TF-1 — Ha riyoune 630 M, a B TF-2 — Ha nity-
o6une 590 m. [1pu Hy, = 50 M rryOMHa 3TOi TpaHuULIbL B
skcniepumenTe TFSAL paBna 522 M, B TF-1 — 505 M,
a B TF-2 — 465 M. Ha BHe1HeM 1ienbde ryomHa 3a-
JIeraHUsI HUKHE! rpaHuLIbl yMeHbIaeTcs 10 230 M 1o
pesynbratam skcrnepuMeHToB TEFSAL u TF-1. Yuér
OoJiee HU3KOM TemriepaTypbl 3aMep3anus B TF-2 ripu-
BOJIUT K TOMY, YTO 3aJJaHHbIC 3HAUCHUSI TeMIIepaTyphbI
MOPCKOI1 BOIBI Y THA CTAHOBSITCS BBILLIE TEMIICPATyPhI
3aMep3aHUs IIOPOBBIX BOJ U MEP3JIBIC TTOPOABI TOJI-
HOCTBIO OTTAMBAIOT B 3IIOXU TPAHCTPECCUI OKeaHa,
B TOM UMCJIe U B COBpeMEHHBIN nepuo. PacuéTtHbie
CKOPOCTH JIeTpajaliii HIKHUX ropu3oHToB MMII B
TF-2 B aTot nepuon (3—1 ThIC. JIeT Ha3am) OoJiee YeM
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Puc. 3. OTkioHeHMs1 TemMnepatypsl JOHHBIX oTaoxXeHuil (°C) ot Temnepatypsl 3amep3anust (7—7)) B YMCICHHBIX

OKCIIEPUMEHTAX:

TFSAL (a, ¢, ac), TF-1 (6, 9, 3) u TF-2 (s, e, u), nonydyeHHble 151 obaacTeil 1enbda ¢ coBpeMeHHON ryornHoil Mopst 20 M
(a,0,6),50Mm (e, 0, e) m 100 M (orc, 3, u). ZKEntbiM 11BeTOM 0603HaYeHa obnactb —0,15 < 7-7,< 0,15

Fig. 3. Deviations of sediment temperature (°C) from the temperature of freezing (7—7)) in numerical experiments:
TFSAL (a, e, #c); TF-1 (6, 0, 3) and TF-2 (s, e, u), for the shelf with contemporary depth 20 m (a, 6, 8), 50 m (e, 0, e)
and 100 m (e, 3, u). Yellow shading indicates the area —0.15 < 7—7,< 0.15

Ha TOPSAIOK MPEBHIIAIOT MaKCUMAaJIbHbIE CKOPOCTH,
MOJTy4eHHBIE B IPYTUX DKCIIepUMEHTax (CM. puc. 4, e).

[pencraBieHHbIC pe3yIbTaThl pacuéTa 3ajJeraHusl
MOIOIIBHI COBPEMEHHOM KPUOJUTO30HbI Ha IIeIb(pe
XOPOIIO COIJIACYIOTCS C OLIEHKAMM, TIOJIyYeHHBIMU
IIJIST BOCTOUHO# yacti Mops JlanteBbix [29]. T1o pe-
3yJbTaTaM MOJeIMpoBaHUs [29], MEp3Jible TTOPOIbI

Ha 1Ieabde UMEIOT CIJIOIIHOE PacIpoOCTpaHEHUE,
a UX MOIIHOCTH u3MeHsietcss ot 550—1100 M B mpu-
OpEeXXHOM MEJIKOBOIbE B PA3IMYHBIX T€OCTPYKTYPHBIX
ycnosusix 1o 130—350 M y 6poBku 1ieabga.

Ilo nanHbIM OypeHus [9, 11], npu conéHocTu
4 %o TemmepaTypa 3aMep3aHus MOPOBBIX BOJ B
ocagkax cocrasiseT —1,2 + —1,4 °C, a ipu 15 %o
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MeHHBbIMU TyorHamu mopst 20, 50 u 100 m.

BepTI/IKaJ'[I)HI)IMI/I rOJIy6bIMI/I JIMHUAMMU ITOKa3aHbl MOMEHTBI 3aTOIIJIEHUSA H.Ieﬂbd)a B pe€3yJibTaTe HOCHGZ[HCﬁ TPaHCIpeCCHUM OKE€aHa
Fig. 4. The subsea permafrost degradation rate from the upper boundary (a, ¢, d)and from the lower (6, ¢, e), in nu-
merical experiments TF-1, TF-2, TFSAL for the shelf with depth H;;,= 20, 50, and 100 m.

The vertical blue lines show the moments of shelf flooding as a result of the last ocean transgression

oHa paBHa —4 + —5 °C. [IpuBenéHHbIie TemIiepaTy-
pbl 3aMep3aHUs CYLIECTBEHHO HUXE TeMIlepartyp,
MOJYYEHHBIX TIPU MCITOIb30BaHUU GopMyIIbl (6),
KOTOpBI€ [JIs1 JaHHBIX KOHIIEHTpAallUil COIU TIpU aT-
mocdepHoM nasneHun paBHbl —0,3 u —1 °C coor-
BETCTBEHHO. BbL1 MpOBeAEH NTOMOJIHUTEIbHBINA 3KC-
nepuMeHT TFSAL2, B koTopoMm mis1 onpeaesieHust
3aBUCHUMOCTH TeMIIepaTyphl 3aMep3aHus OT COJIE-
HOCTHU MCIIOJIb30BaJIUCh MaTepuabl padoT [9, 11].
Jannble pacuéroB momHocT MMII, monyyeHHbBIE
B akcrniepuMeHTe TFSAL2, mpuBeaeHsl Ha puc. 5.
PesynbTraThl MOJEIMPOBaHMS TTIOKA3aI1, YTO TIyOu-
Ha HU>KHEU TPaHULIBI COBPEMEHHOM KPUOJIUTO30HbBI

Ha BHYTPeHHeM Ienbde npu rayouHe mopss 10 m
COCTAaBJISIET OKOJIO 685 M, UTO coriacyeTcsl ¢ pe3yJib-
tatamu sKkcriepuMeHTa TFSAL. OgHako nmo HampaB-
JICHUIO B CTOPOHY MODPSI IIyOMHA 3ajieraHusl Mo10-
mBel MMIT, o pacuéram TFSAL2, yMmeHbI1aeTcs ¢
Oosiee BBICOKOI cKOpocThio: 10 536 M (Hyy =20 M) n
1o 127 m (Hy, = 30 m) (cM. puc. 5, 0). B aToM Xe Ha-
MpaBJICHUHU TIPOMCXOAUT 3aray0JieHue BepXHel rpa-
Huusl MMIT: no 52, 74 u 77 m nisg uzooar 10, 20 u
30 M COOTBETCTBEHHO. YUET OoJjiee HU3KOM TeMIle-
patypsl 3amep3anust B TFSAL2 nipuBoauT K Tomy,
YTO MEP3JIbIC MOPOJBI MOJHOCTHIO OTTAaUBAIOT B
0JIe OTPULIATEIbHBIX TEMIIEPATYP TOHHBIX OCAIKOB
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a — BepxHeit (Hf) u 6 — HuxkHelt (Hb) rpaHull cy0akBaJIbHOI MEp3JIOTHI, a TakKxKe 6 — BepxHell (HSZf) n e — HuxHei (HSZb) rpa-
HUIL 30HBI CTAOMJILHOCTU Ta30BBIX TMAPATOB, MOJyYeHHasl B uucieHHbIX aKkcnepumeHtax TF-1, TF-2, TFSAL, TFSAL2 u
HSZSAL nns wenbga ¢ coBpeMeHHbIMU T1yorHamu Mopst 10—100 m

Fig. 5. Depth (measured from the bottom) of:

a — the upper (Ht) and 6 — lower (Hb) boundaries of the subaquatic permafrost, as well as ¢ — the upper (HSZf) and ¢ — lower
(HSZb) boundaries of the hydrates stability zone (in m) in numerical experiments TF-1, TF-2, TFSAL for a shelf with the present

day sea depth 10—100 m

OJ BO3ACHMCTBUEM TEIUJIA U COJICH HA CPEeIHEM U
BHelHeM 1enabde (Hy, > 50 M) B COBpeMEHHBIH Te-
puon. [TonyyeHHbIe OLICHKY TJIyOMHBI BepXHei rpa-
Huubl MMIT no pacuéram TFSAL2 Ha BHyTpeHHEM
wenbde (52 m npu Hy, = 10 M) comtacyrorcs ¢ 1aH-
HBIMU U3MEPEHUI B OYpPOBBIX CKBaXKMHAX Ha I1IeJIb-
e mops JlanteBbix (36 M ipu Hy, = 5 M) [9].

CpaBHeHME 3KCIIEPUMEHTOB C Pa3HbIMU ITapaMeT-
pM3alMsIMU TeMIIepaTypbl 3aMep3aHus IIPH OLICH-
K€ MOIITHOCTY Cy0aKBaJIbHOM MEP3JIOTHI IT0KA3aJIo0,
YTO 3aCOJIEHUE JOHHBIX OCAIKOB, KOTOPOE CIEAYET
3a 3aTOIUIEHUEM Iebda, HEOOXOAUMO YUYUTHIBATh
MpY OLIEHKE TTOJIOXKeHUs BepxHel rpaHuiisi MMIT.
Tak, rmepeHoC Cojii, KOTOPBIM MPUHUMAJICSI BO BHU-
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MaHne B 3KkcriepuMenTax TFSAL, cmocobeH B He-
CKOJIbKO pa3 U3MEHUTb CKOPOCTb Jerpagauuu MMIT
CO CTOPOHBI BEpXHE I'PaHMIIBI 10 CPABHEHHIO C BKC-
nepumeHToM TF-1 ¢ Heu3MeHHOI BO BpeMeHU TeM-
neparypoii 3amep3anusi. B pesynbrate HaOIOIa0T-
Cs 3HAYUTEIbHBIC Pa3INiMs B OLICHKAX ITOJIOXEHUS
BepXHEI TpaHUIIbI MEP3IIOTO CJIOS IIOA JHOM MODSI.

Jlunamurxa 30nvt cmabuabHocmu memaneudpamos.
B skcmepumenTtax TFSAL, TF-1 u TF-2 riyobnHa
BEpPXHEW W HMZKHEW TPaHUIL 30HBI YCTOMYMBOIO CYy-
IIECTBOBAHMS I'MAPATOB METaHa OIPEAe/IsIeTCS TIe-
peceyeHreM poGUIsS TaBICHUS B JOHHBIX OCAIKax
1enbga U rpaHUYHOM KPUBOI TEpMOIMHAMUYECKOMN
YCTOMUYMBOCTU TUAPATOB B COOTBETCTBUU € (7) TIpu
Ty = 0. Bepxnsasa rpanuua 3CI'T (HSZr) pacrionoxe-
Ha Ha ryouHe 145—230 M moa MOpcKuM aHOM. [ty-
OuHa e€ 3ajeraHusl yMeHbIIaeTcs oT 6epera B CTO-
POHY MODPSI, YTO ONpeneasaeTcs TOMOJHUTEIbHbIM
OaprueckuM (HaKTOPOM M3-3a BECA BOTHOIO CJOS.
Paznuuusa mexny oueHkamu aias HSZt, nonydyeH-
HbiMU B 3kcniepuMeHTax TFSAL u TF-1, coctaBu-
Jm Bcero 1 M. MeHblIas riiyorHa 3ajeraHust BepxHei
rpanunbl 3CIT (Ha 5—6 M) 1151 BHYTpEHHETO 111e/Tb-
¢a (nmo ouenkam TF-2 u TFSAL2) u cpeaHero 1iefb-
¢a (no ouenke TF-2) o0bsicHsIETCS 60J1€€ HUBKUMU
TeMIepaTypaMu OCaJ0YHOTO CJIOS, TTOJyYeHHbIMU
B 9TUX 3KcIepuMeHTax. sl cpenHero v BHELIHe-
ro wenbda npu Hy, > 50 m 3aneranue HSZf okasa-
JIOCh, HA00OPOT, CAMBIMU TTYOOKHMM IO pe3yabTaTaM
TFSAL2, 4yTo 00BSICHSIETCSI TOJTHBIM OTTaBaHUEM
MMII B nepuon nocjeaHei TpaHCIPeCCuu U 1aib-
HEMIIMM TTOBBIIIEHUEM TeMITepaTyphl JOHHBIX IIOPO/L,
10 pe3yabTaTaM JaHHOTO KCIIepUMEHTA.

I'mybuna 3aneranus HuxHei rpaHuubl 3CIT
(HSZb) Taxcke 3aBUCUT OT ITyOMHBI MOPST M OPEIEIs-
€TCs1 KaK TOJILLIMHON BOAHOTIO CJIOsI, TaK U MOJIEM TEM-
neparyp ocaakoB 1eiabda (cM. puc. 5, ¢). AnHamuka
HSZb xoppenupyeT ¢ UBMEHEHUEM HVKHEH rpaHu-
1IbI MEP3JIOTO CJIOST, TIOTOMY OLIEHKU IO pe3yibTaTaM
akcnepuMeHToB TFSAL, TF-1 u TF-2, nonydyeHHbIe
IUISL MEJIKOTO U cpeiHero 1ienbda npu Hy, < 70 m, He-
3HAYUTEJIbHO pa3IMyaioTcs MexXmy coooit. Jlaxe mist
BHEIILIHETO IIeJIb(a 3To pazanuue He TpeBbiaeT 3%.
CokpatieHue momiHocTd MMIT Ha BHyTpeHHEM U
cpenHeM uenbde npu Hy, > 20 M o pesyabraTam
TFSAL2 criocobeTByeT 60Jiee OLICTPOMY COKpallle-
Huto moimHoctu 3CIT. HecMoTpst Ha oTTanBaHue
Mépainoro cios pu Hy, > 50 M, 3CI'T coxpansiercs.

B skcniepumente HSZSAL BBOAUTCS mormo-
HUTEJIbHASI 3aBUCUMOCTh OT COJIEHOCTH TPU pacué-

te 3CIT. B ocTailbHOM OH TTIOBTOPSIET SKCIIEPUMEHT
TFSAL. Hanpumep, npu conénoctu 40 %o rpaHu-
na (a3oBoOil KPUBO TepMOANMHAMMNYECKON YCTOM-
YUBOCTHU TUIPATOB MeTaHa yBenmunBaeTcd Ha 2 °C
B (7). OueHKy a2 deKkTa 3acoieHus TP PacueTe 30HbI
YCTOMYMBOCTH METAaHTUAPATOB MOXHO ITOJIYYUTh,
CpaBHUBAsI ITOJIOKECHNE BEPXHEI M HIDKHEU IpaHUI]
3TOI 30HBI IJISI COBPEMEHHOTO ITeproaa MEXIy pac-
yétamm o TFSAL m HSZSAL (cMm. puc. 5). Bepxass
rpanuia copemenHoii 3CI'T, cormacHo pe3ynbra-
taMm pacu€ToB TFSAL, pacronoxkeHa HIKE MOPCKO-
ro nHa Ha 140—230 M (cM. puc. 5, 8) B 3aBUCUMOCTH
oT obactu 1ebda. KoHlieHTpalys CoJiu B TOPOBOI
BojIie cocTaBisieT MpuMepHo 18 %o Ha riryouHe 150 M
TOJBKO JIJTT BHelTHero menbda. B pacuére HSZSAL
cMerneHue BepxHeii rpanuiibl 3CI'T BHU3 110 cpaBHe-
nuto ¢ TFSAL cocraBuno auiib 2—9 M Ha BHELLIHEM
wenbde (npu Hy, > 50 M) 1 MeHee 2 M JUT1 MEHBIINX
3HaueHui Hy. VI3MeHeHus B IOJI0KEHUU HUXHER
rpanuubl 3CIT, rayOrHa 3ajeraHus KOTOpOi COOT-
BETCTBYET MaJI03aCOJEHHBIM (BHELLIHUM 1Ieab(D) WK
HE3aCOJEHHBIM IPYHTaM (BHYTPEHHUI 1Lieabd), oT-
CYTCTBYIOT (CM. puc. 5, 2). BiusiHue 3aconeHus rpu
pacuéte TepMoOapUUYECKMX YCIOBUI YCTOMUMBOCTHU
METaHTUApaTa NPUBOAUT K COKPAILEHNIO MOLLIHOCTH
3CIT, onHako K13-3a OOJbILION MTyOMHBI 3ajeraHusl
B JOHHBIX OTJIOXKEHMSIX 9TO BIUSHUE HE3HAUUTEb-
Hoe — He 00Jjiee HECKOJIBKMX MPOLICHTOB.

PacuétHag 30Ha cTaOUIBHOCTMU ra3oruapara
MOXET cyliecTBoBaTh ¢ 1youH 140—250 M nmoa mop-
CKUM AHOM. OIHAKO JOKAJIbHOE TMOBBIIIEHHUE TaBIe-
HUS B ra30HACHILLIEHHBIX TOPM30OHTAX MTPY 3aMeP3aHU
MOXET MPUBOIUTH K 00pa30BaHMIO METAaHTMAPATOB Ha
HeOob1I0H rTyorHe BHYTpU MMII, KoTOphIe B faib-
HeMIlIeM MOTYT CYILECTBOBaTb B METACTAOMIIBHOM CO-
cTtostHUHM [6]. BoJlee BbicoKast KOHLIEHTPALUS COIU
B BEpXHUX AECATKAX METPOB JOHHBIX OCAAKOB OyaeT
CUJIbHEE BJIMSTDH Ha Ta30BbIe TMAPATHI TOJ0OHOIO MpPO-
UCXOXAeHMST. BO3MOXHO BAMSHUE HEMOCPEICTBEHHO
M Ha caMU TUApaTHBIE 3aJI€XKU, YCKOpPsIsl UX oOpa3oBa-
Hue. PacTBOprMOCTb MeTaHa B COJIEHOM BOJIe CHMXKA-
€TCs1, YTO B CBOIO OUYepEeb YBEIUUUBAET KOJTMYECTBO
CBOOOIHOIO rasa B Iopax 1 yCKOpPsIeT MPOLEeCcChl TUI-
patoobpasoBanus B npeaenax 3CIT [18, 30]. 3aco-
JIEHHOCTh MEP3JILIX MOPOJ U MEPEX0] UX U3 TBEPIO-
MEP3JIOrO COCTOSIHUSI B OXJIAXKIEHHOE MOXET CTaThb
NpUYMHOI pocTa razonpoHunaeMocti MMII [19] u
¢opMurpoBaHUsI CKOILIEHUIT CBOOOAHOIO ra3a B razo-
MPOHULIAEMBIX 30HAX, YTO MPUBEIET K MOBBILLIEHHOMK
SMUCCUM MeTaHa B aTMOC(epy APKTUKU.
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3akinoueHne

CMofemMpoBaHO BIMSIHUE 3aCOJICHUST Ha COCTOS -
HME 3aTOIJICHHBIX MOPEM MHOTOJIETHEMEP3JTBIX TOJIII
menabda mops JlanteBbix. [1pu nccienoBaHuy BbI-
OpaHbI YEThIpe CIIocoda y4ETa 3aCoIeHUsT JOHHBIX OT-
JIOKEHUI, KOTOPbIE UCTIONB3YIOTCS B 3aa4axX TaKOTo
tuna. [TokazaHo, 4To B BepXHUX TOPU30HTAX TOHHBIX
OTJIOXKEHUI MHOTOJIETHEMEP3JIbIE MOPOJIBI IeTpaan-
PYIOT TIpU OTpULIATeIbHBIX TeMIiepaTypax. Cokpaiiie-
HME MOIIIHOCTH TaKMX 00pa3oBaHUii B pe3y/IbTaTe JIe-
rpajalyy O CTOPOHBI BEpXHEl IpaHUIIbl 3aBUCUT OT
IIyOMHBI 1IeJIb(ha, YTO OonpeaessieTcsl BpeMEHeM I0o-
CJIeJIeMHMKOBOM TpaHcrpeccrn Mopsl. T1o pesyibsraram
akcnepuMeHTa TFSAL, 3a cuér 3acoseHust JOHHBIX
OTJIOXKEHUI BepXHSIs TpaHUIla MHOTOJIETHEMEP3IIBIX
MopoJ, pacrosioxkeHa Ha riyonuHe 10—25 M HIKe Mop-
CKOT'O JTHA B 3aBUCUMOCTH OT COBPEMEHHOM TTyOMHBI
menbda. i T1yOuHbI pacionoKeH!sT HYDKHE ! rpa-
HUIBI MHOTOJIETHEMEP3JIbIX TTOPOJI TTOA0OHOE BIIHSI-
HUE HE3HAYUTEJbHO U MPUBOIUT K HEOTPEACIEHHO-
CTH Pe3yJIbTaToOB, He mpeBbliaroleii 10%.

OLIeHKM MOIIIHOCTU COBPEMEHHOI 30HBI MHOTO-
JIETHEMEP3JIBIX MIOPOI, 3aBUCAT OT UCTIOJIb3yeMOl Ta-
paMeTpM3alMK MPOLEeCCOB 3aCONCHUS TOHHBIX OT-
JoxeHuit. [1py 5TOM OLIEHKM MOJOXEHUST HUKHE
TPaHUIIBI 30HbI TAKUX MOPOJ, MPU UCIOJIb30BAHUU
MOCTOSTHHOM TemmepaTypbl 3amep3aHus —1 °C B mo-
JOOHBIX 3aga4ax [3, 15], xopolllo coryiacyroTcs ¢ aHa-
JIOTUYHBIMM OLICHKAMU, MOJYYEHHBIMU TIPU YIETE
audoys3uu conu. Yueét nuddy3un coau B 3agadax
HCCIeNOBaHUs AMHAMUKY CyOaKBaJIbHON Mep3/10-
ThI HEOOXOIUM TIPU OTIPECICHUHN MOJTOXKEHHUST BEpX-
Heil rpaHuIIbl CyOaKBaIbHOM MEP3JIOThI, a TAKXKe MPU
pacuére ckopocTu e€ aerpagauuu. CorinacHo pacué-
TaM, TIEPeHOC CoJIeii MOXET U3BMEHUTD MOJIOXKEHNE U
CKOPOCTb CMeleHUsT BepxHeil rpaHuiibl MMII B He-
CKOJIbKO pa3 Mo CPaBHEHMIO CO CJTydaeM HEU3MEH-
HOI BO BpEMEHU COJIEHOCTU U, CJIeIOBATEIbHO, T10-
CTOSIHHOI BO BpEeMEHM TeMIIepaTypoil 3aMep3aHusl.
BMecte ¢ TeM niepeHoC cojieii 3HaYUTEIbHO He B~
€T Ha MOJIOXKeHWE HIDKHEN rpaHuiibl MMIT.

JIutepaTypa

1. Dmitrenko 1., Kirillov S., Tremblay L., Kassens H.,
Anisimov O., Lavrov §., Razumov S., Grigoriev M.
Recent changes in shelf hydrography in the Siberian
Arctic: Potential for subsea permafrost instability //
Journ. of Geophys. Research. 2011. V. 116. Ne C10.
C10027. https://doi.org/10.1029/2011JC007218.

OtMeTnM, 9TO, cormacHo [12, 15], n3MeHeHne H-
TEHCUMBHOCTM re0TepMabHOIO MoToKa Teria ot 40 1o
100 MBT/M2, a Takke 4T (POPMUPOBAHKS TATUKOB
MO/l TEPMOKAPCTOBBIMU O3€paMU CITOCOOHBI U3Me-
HUTD ITyOMHY HYDKHEN IpaHUIIbl MEP3IOThI Ha IIE/b-
¢e B Heckombko pa3. HeonmpenenéHHOCTL pacuéToB
M3-332 HETOYHOCTH 3aIaHusI HaYaJIbHBIX YCIOBHUI Cy-
IIECTBEHHO MEHBIIIE ITPU YCIIOBUH, KOTIA TIEPUOI MO-
JIeJIMPOBAHMSI COCTABIISIET HE MEHEe OIHOTIO JICAHU-
koBoro 1ukia (120 Teic. net) [3]. JlonoaHuTeabHas
HeOoIpeneaEHHOCTh CBsSI3aHa ¢ BHIOOPOM JTaHHBIX KJIM-
MAaTUYECKUX T1aJIeOPEKOHCTPYKIINIA: B TepMUHAX TJIy-
OMHBI HIDKHE TPaHULIBI MHOTOJIETHEMEP3JIBIX TPYH-
TOB Ha 1ejbde OHAa MOXKET JOCTUTATh HECKOJIBKUX
JIecsiTKOB MeTpoB [24]. Kak cieacTtBue — KOHKpeT-
HbIe 3HaYeHUsI B TOT WJIM MHOII MOMEHT BpEMEHU B
HaILIMX pacuéTax XapaKTepu3yTcsl O0IbIION Heompe-
IeNEHHOCTHI0. OMHAKO N3MEHEHNE STHUX IIepEMEHHBIX
MEXIY OJICIEHEHUSMU 1 MEXKJICTHUKOBBSIMU OKAa3bI-
BaeTCsl TIPA 3TOM BBIYMCJIEHHBIM C HEONPEaeIEHHO-
CThbIO He 00Jiee HECKOJIbKUX JECITKOB METPOB, UTO
CBSI3aHO C MAaTEMAaTUYECKOM CTPYKTYPOM ypaBHEHUIA
mmddy3nn TeTIa B Topoaax meibda [15, 24].

Mcnomb3yst COOTHOIIEHUST [IST OIIPeAesICHUST 30HbI
CTaOWUJIBHOCTHU TUIPATOB ME€TaHa C YYETOM COJIEHO-
CTH, MbI TTOJIyYWJIM OLIEHKU €€ BIMSIHUSI Ha BEPXHIOO
Y HIDKHIOKO TPaHUILIbI 3TOM 30HBI. YMCIEHHBIE pe3y/ib-
TaThl MOKA3aJId, YTO TOJIIIIMHA 30HBI CTAOMIbHOCTH Ta-
30BBIX TMIPATOB CTAHOBUTCSI MEHBIIIE C YBEJIMICHUEM
COJIEHOCTH. DTO MPOUCXOIUT 3a CUET CMEILICHUSI BHU3
BEpXHEl rpaHUIIbl 30HbI CTAOMJIBHOCTH, KOTOPOE CO-
CTaBUJIO JIMIIIL 2—9 M JJIs BHEILHETO 1eib(ha U elle
MEHbIIIMe 3HAaYeHHUs /11 BHyTpeHHero. B pesynbrare
MOIITHOCTb 30HBI CTAOMJIBHOCTH THUIPATOB CTAHOBUTCS
MEHBIIIe, YeM B CIIyJae IPECHOM BOIbL.

baaromaproctn. PaboTa BhIImoIHEeHA IIPU IO PK-
ke rpaHToB PODU (mrpoextor No 20-05-00241,
No 18-05-60111, Ne 18-05-00087).

Acknowledgments. This work was supported by grant
RFBR (Ne 20-05-00241, Ne 18-05-60111, and
Ne 18-05-00087).

References

1. Dmitrenko 1., Kirillov S., Tremblay L., Kassens H., Ani-
simov O., Lavrov S., Razumov S., Grigoriev M. Recent
changes in shelf hydrography in the Siberian Arctic:
Potential for subsea permafrost instability. Journ. of
Geophys. Research. 2011, 116 (C10): C10027. https://
doi.org/10.1029/2011JC007218.

-544 -



B.B. Manaxosa, A.B. Enucees

. Romanovskii N.N., Hubberten H.-W., Gavrilov A.V.,

Eliseeva A.A., Tipenko G.S. Offshore permafrost and
gas hydrate stability zone on the shelf of East Siberian
Seas // Geo-Mar. Letters. 2005. V. 25. Ne 2—3. P. 167—
182. https://doi.org/10.1007 /s00367-004-0198-6.

. Malakhova V.V., Eliseev A.V. The role of heat transfer time

scale in the evolution of the subsea permafrost and associated
methane hydrates stability zone during glacial cycles //
Global and Planetary Change. 2017. V. 157. P. 18-25.
https://doi.org/10.1016/j.gloplacha.2017.08.007.

. Majorowicz J., Osadetz K., Safanda J. Models of Talik,

Permafrost and Gas Hydrate Histories—Beaufort
Mackenzie Basin, Canada // Energies. 2015. V. 8.
P. 6738—6764.

. Tinivella U., Giustiniani M., Marin Moreno H. A quick-look

method for initial evaluation of gas hydrate stability below
subaqueous permafrost // Geosciences. 2019. V. 9. Ne 8.
P. 329. https://doi.org/10.3390/geosciences9080329.

. Chwvilin E., Bukhanov B., Davietshina D., Grebenkin S.,

Istomin V. Dissociation and Self-Preservation of Gas Hy-
drates in Permafrost // Geosciences. 2018. V. 8. No 12.
P. 431. https://doi.org/10.3390/geosciences8120431.

. You K., Flemings P.B., Malinverno A., Collett T.S.,

Darnell K. Mechanisms of methane hydrate forma-
tion in geological systems // Reviews of Geophys-
ics. 2019. V. 57. Ne 4. P. 1146—1196. https://doi.
org/10.1029/2018RG000638.

. Thornton B.F., Prytherch J., Andersson K., Brooks I.

M., Salisbury D., Tjernstrom M., Crill P M. Shipborne
eddy covariance observations of methane fluxes con-
strain Arctic sea emissions // Sci. Adv. 2020. V. 6. Ne 5.
P. eaay7934. https://doi.org/10.1126 /sciadv.aay7934.

. Rachold V., Bolshiyanov D.Yu., Grigoriev M.N., Hub-

berten H-W., Junker R., Kunitsky V.V., Merker F., Over-
duin P, Schneider W. Near-shore Arctic subsea perma-
frost in transition // EOS. Transaction of Amer. Geo-
phys Union. 2007. V. 88. Ne 13. P. 149—156. https://
doi.org/10.1029/2007EO130001.

10. Anucumos O.A., bopzenkosa HU.U., Jlagpoe C.A.,

11

12.

13.

14.

15

Cmpenvuenxo FO.I. CoBpeMeHHasT [MHAMUKA IO~
BOIHOI MEP3JIOTHI M SMUCCHUS MeTaHa Ha 1uejbde
mopeit Bocrounoit Apktuku // JIénm u Cuer. 2012.
Ne 2 (118). C. 97—105.
. Pazymos C.O., Cnekmop B.b., [pueopvee M.H. Mo-
JIeJb TTO3HEKAWHO30MCKOM 3BOJIOLIMU KPUOJIUTO-
30HBI IIeabda 3amagHoil yactu Mops JlanTeBoix //
Okeanosorus. 2014. T. 54. Ne 5. C. 679—693.
Eaucees A.B., Manaxoea B.B., Apacarnoe M. M., [oaybe-
6a E.H., Jlenucos C.H., Moxos HU.HU. U3meHeHue rpa-
HUIl MHOTOJICTHEMEP3JIOTO CJIOSL ¥ 30HbI CTA0MIbHOCTH
rMIPaTOB METaHa Ha apKTUUYECKOM Iiejibde EBpazuu B
1950—-2100 rr. // AAH. 2015. T. 465. Ne 5. C. 598—603.
Nicolsky D.J., Romanovsky V.E., Romanovskii N.N.,
Kholodov A.L., Shakhova N.E., Semiletov I.P. Mod-
eling sub-sea permafrost in the East Siberian Arctic
Shelf: The Laptev Sea region // Journ. of Geophys.
Research: Earth Surface. 2012. V. 117. Ne F3. F03028.
Overduin PP, Schneider von Deimling T., Miesner F., Grig-
oriev M.N., Ruppel C.D., Vasiliev A., Lantuit H., Juhls B.,
Westermann S. Submarine permafrost map in the Arctic
modeled using 1-D transient heat flux (SuPerMAP) //
Journ. of Geophys. Research: Oceans. 2019. V. 124. Ne 6.
P. 3490— 3507. https://doi.org/10.1029/2018JC014675.
. Manaxosea B.B., Eauceeg A.B. BnusHue pudTOBbBIX
30H M TEPMOKAPCTOBBIX 03€p Ha (hOPMUPOBAHUE CY-
0GaKBaJIbHOI MEP3JI0Thl U 30HbI CTAOMIILHOCTU Me-
TaHOTUAPATOB IIejbdha Mops JlanTeBbIX B IJICHCTO-

2.

Romanovskii N.N., Hubberten H.-W., Gavrilov A.V., Eli-
seeva A.A., Tipenko G.S. Offshore permafrost and gas
hydrate stability zone on the shelf of East Siberian
Seas. Geo-Marine Letters. 2005, 25 (2—3): 167—182.
https://doi.org/10.1007/s00367-004-0198-6.

3. Malakhova V.V., Eliseev A.V. The role of heat transfer time

scale in the evolution of the subsea permafrost and as-
sociated methane hydrates stability zone during glacial
cycles. Global and Planetary Change. 2017, 157: 18—25.
https://doi.org/10.1016/j.gloplacha.2017.08.007.

4. Majorowicz J., Osadetz K., Safanda J. Models of Talik,

9.

10.

11.

12.

13.

14.

15.

-545-

Permafrost and Gas Hydrate Histories—Beaufort Mack-
enzie Basin, Canada. Energies. 2015, 8: 6738—6764.

. Tinivella U., Giustiniani M., Marin Moreno H. A quick-

look method for initial evaluation of gas hydrate stabil-
ity below subaqueous permafrost. Geosciences. 2019, 9
(8): 329. https://doi.org/10.3390/geosciences9080329.

. Chuvilin E., Bukhanov B., Davletshina D., Grebenkin S.,

Istomin V. Dissociation and Self-Preservation of Gas
Hydrates in Permafrost. Geosciences. 2018, 8 (12): 431.
https://doi.org/10.3390/geosciences8120431.

. You K., Flemings P.B., Malinverno A., Collett T.S., Dar-

nell K. Mechanisms of methane hydrate formation in
geological systems. Reviews of Geophysics. 2019, 57 (4):
1146—1196. https://doi.org/10.1029/2018 RG000638.

. Thornton B.FE, Prytherch J., Andersson K., Brooks I.M.,

Salisbury D., Tjernstrom M., Crill PM. Shipborne eddy
covariance observations of methane fluxes constrain
Arctic sea emissions. Sci. Adv. 2020, 6 (5): eaay7934.
https://doi.org/10.1126/sciadv.aay7934.

Rachold V., Bolshiyanov D.Yu., Grigoriev M.N., Hub-
berten H-W., Junker R., Kunitsky V.V., Merker F., Over-
duin P, Schneider W. Near-shore Arctic subsea per-
mafrost in transition. EOS Transaction Amer. Geo-
phys. Union. 2007, 88 (13): 149—156. https://doi.
org/10.1029/2007EO130001.

Anisimov O.A., Borzenkova I.1., Lavrov S.A., Strel’-
chenko Yu.G. The current dynamics of the submarine
permafrost and methane emissions on the shelf of the
Eastern Arctic seas. Led i Sneg. Ice and Snow. 2012,
2 (118): 97—105. [In Russian].

Razumov S.0., Spektor V.B., Grigoriev M.N. A
Model of the Late-Cenozoic Cryolithozone Evolu-
tion for the Western Laptev Sea Shelf. Okeanologi-
ya. Oceanology. 2014, 54 (5): 679—693. doi: 10.7868/
S0030157414040091. [In Russian].

Eliseev A.V., Malakhova V.V., Arzhanov M.M., Gol-
ubeva E.N., Denisov S.N., Mokhov I.I. Changes in the
boundaries of the permafrost layer and the methane
hydrate stability zone on the Eurasian Arctic Shelf,
1950—2100. Proc. of the Academy of Sciences. 2015,
465 (2): 1283—1288. doi 10.1134/S1028334X16110131.
Nicolsky D.J., Romanovsky V.E., Romanovskii N.N.,
Kholodov A.L., Shakhova N.E., Semiletov I.P. Modeling
sub-sea permafrost in the East Siberian Arctic Shelf:
The Laptev Sea region. Journ. of Geophys. Research:
Earth Surface. 2012, 117 (F3): F03028.

Overduin PP, Schneidervon Deimling T., Miesner F., Grig-
oriev M.N., Ruppel C. D., Vasiliev A., Lantuit H., Juhls B.,
Westermann S. Submarine permafrost map in the Arc-
tic modeled using 1-D transient heat flux (SuPerMAP).
Journ. of Geophys. Research: Oceans. 2019, 124 (6):
3490—3507. https://doi.org/10.1029/2018JC014675.
Malakhova V.V., Eliseev A.V. Influence of rift zones
and thermokarst lakes on the formation of subaque-
ous permafrost and the stability zone of methane hy-
drates of the Laptev sea shelf in the pleistocene. Led i



[Noo3emHbie 160bI U Haneou

nexe // JIém m Crer. 2018. T. 58. Ne 2. C. 231-242.
https://doi.org/10.15356/2076-6734-2018-2-231-242.

16. Brouchkov A. Salt and water transfer in frozen soils induced
by gradients of temperature and salt content // Permafrost
and Periglacial Processes. 2000. V. 11. Ne 2. P. 153—160.

17. Portnov A., Mienert J., Serov P Modeling the evolution of
climate sensitive Arctic subsea permafrost in regions of ex-
tensive gas expulsion at the West Yamal shelf // Journ. of
Geophys. Research: Biogeosciences. 2014. V. 119. Ne 11.
P. 2082—2094. https://doi.org/10.1002/2014JG002685.

18. Yang D., Xu W. Effects of salinity on methane gas
hydrate system // Science in China. Series D-Earth
Sciences. 2007. V. 50. P. 1733—1745. https://doi.
org/10.1007/s11430-007-0126-5.

19. Yysuaun E.M., Ipebenkun C.HU., Caxae M. BnusiHue
BJIATOCOEPXKAHMS Ha Ta30IIPOHUIIAEMOCTD IIECYaHBIX
IOPOJ, B MEP3JIOM U TajloM cocTosiHusx // Kpuochepa
3emn. 2016. T. XX. Ne 3. C. 71-78.

20. Tanywrun 1O.H., Cumap KA., @posos C.B. Dopmupoa-
HUE Y Aerpafalysl KpMOTeHHBIX TOJII] Ha YPEHTOMCKOit
n Kytomounckoit mnomansgx Cubupu. Y. 1. ITpumeHe-
HUE CHUCTEMbI MOIEIMPOBAHMS OCATOYHBIX OACCEITHOB
TAJIO // Kpnocdepa 3emmi. 2012. T. XVI. Ne 1. C. 3—11.

21. Moridis G.J. Numerical studies of gas production from
methane hydrates // Society of Petroleum Engineers
Journ. 2003. V. 32. Ne 8. P. 359—-370.

22. Bauch H.A., Mueller-Lupp T., Taldenkova E., Spielha-
gen R.FE, Kassens H., Grootes PM., Thiede J., Heine-
meier J., Petryashov V.V. Chronology of the Holocene
transgression at the North Siberian margin // Global
and Planetary Change. 2001. V. 31. Ne 1—4. P. 125—139.

23. Waelbroeck C., Labeyrie L., Michel E., Duplessy J.,
McManus J., Lambeck K., Balbon E., Labracherie M.
Sea-level and deep water temperature changes derived
from benthic foraminifera isotopic records // Quaternary
Science Review. 2002. V. 21. Ne 1-3. P. 295-305.

24. Malakhova V.V., Eliseev A.V. Uncertainty in temperature
and sea level datasets for the Pleistocene glacial cycles:
Implications for thermal state of the subsea sediments //
Global and Planetary Change. 2020. V. 192. P. 103249.
https://doi.org/10.1016/j.gloplacha.2020.103249.

25. Petit J., Jouzel J., Raynaud D., Barkov N.I., Barno-
la J.-M., Basile 1., Bender M., Chappellaz J., Davis M.,
Delaygue G., Delmotte M., Kotlyakov V.M., Legrand M.,
Lipenkov VY., Lorius C., Pépin L., Ritz C., Saltzman E.,
Stievenard M. Climate and atmospheric history of the
past 420,000 years from the Vostok Ice Core, Antarc-
tica // Nature. 1999. V. 399. P. 429—436.

26. Golubeva E., Platov G., Malakhova V., Kraineva M., lak-
shina D. Modelling the Long-Term and Inter-Annual Vari-
ability in the Laptev Sea Hydrography and Subsea Perma-
frost State // Polarforschung, Bremerhaven, Alfred We-
gener Institute for Polar and Marine Research. 2018. V. 87.
Ne 2. P. 195-210. doi: 10.2312/polarforschung.87.2.195.

27. Davies J.H. Global map of Solid Earth surface heat
flow // Geochem. Geophys. Geosystem. 2013. V. 14.
Ne 10. P. 4608—4622.

28. @omues C.M. CoBpeMeHHBIE MTPEACTaBICHUS 00 3BO-
JIIOIIMK KPUOTEHHBIX 00J1acTeit 3ananHoii u BoctouHoii
Cubupu B meiictolieHe u rojiotieHe (CoobiieHue 2) //
Kpnocdepa 3emmm. 2006. T. X. Ne 2. C. 3-26.

29. @apmoiuwes A.M. OcobeHHOCTH NPUOPEKHO-IIEITb-
(oBoii kpuonutozoHnsl Mops JlanteBsix. HoBocu-
6upck: Hayka, 1993. 136 c.

30. Davie M K., Zatsepina O.Y., Buffett B.A. Methane solu-
bility in marine hydrate environments // Marine Geol-
ogy. 2004. V. 203. P. 177—184.

Sneg. Ice and Snow. 2018, 58 (2): 231—242. https://doi.
org/10.15356/2076-6734-2018-2-231-242. [In Russian].

16. Brouchkov A. Salt and water transfer in frozen soils in-
duced by gradients of temperature and salt content. Per-
mafrost and Periglacial Processes. 2000, 11 (2): 153—160.

17. Portnov A., Mienert J., Serov P Modeling the evolution of
climate sensitive Arctic subsea permafrost in regions of
extensive gas expulsion at the West Yamal shelf // Journ.
of Geophys. Research: Biogeosciences. 2014, 119 (11):
2082—-2094. https://doi.org/10.1002/2014JG002685.

18. Yang D., Xu W. Effects of salinity on methane gas hydrate
system. Science in China. Series D-Earth Sciences. 2007,
50: 1733—1745. https://doi.org/10.1007 /s11430-007-0126-5.

19. Chuvilin E.M., Grebenkin S.1., Sacleux M. Influence of
moisture content on permeability of sandy soils in fro-
zen and unfrozen states. Kriosfera Zemli. Earth's Cryo-
sphere. 2016, XX (3): 71-78. [In Russian].

20. Galushkin Yu., Sitar K., Frolov S.V. Permafrost forma-
tion and degradation in the Urengoy and Kuyumbin-
skaya areas of Siberia. Part 2. Influence of variations
in thermophysical parameters of frozen rocks on tem-
perature and heat flow distributions with depth. Earth's
Cryosphere. 2012, XVI (1): 23—29.

21. Moridis G.J. Numerical studies of gas production from
methane hydrates. Society of Petroleum Engineers
Journ. 2003, 32 (8): 359—370.

22. Bauch H.A., Mueller-Lupp T., Taldenkova E., Spielha-
gen R.FE, Kassens H., Grootes PM., Thiede J., Heine-
meier J., Petryashov V.V. Chronology of the Holocene
transgression at the North Siberian margin. Global and
Planetary Change. 2001, 31 (1—4): 125—139.

23. Waelbroeck C., Labeyrie L., Michel E., Duplessy J.,
McManus J., Lambeck K., Balbon E., Labracherie M.
Sea-level and deep water temperature changes derived
from benthic foraminifera isotopic records. Quaternary
Science Review. 2002, 21 (1—-3): 295-305.

24. Malakhova V.V., Eliseev A.V. Uncertainty in temperature
and sea level datasets for the Pleistocene glacial cycles:
Implications for thermal state of the subsea sediments.
Global and Planetary Change. 2020, 192: 103249.
https://doi.org/10.1016/j.gloplacha.2020.103249.

25. Petit J., Jouzel J., Raynaud D., Barkov N. 1., Barnola J.-M.,
Basile 1., Bender M., Chappellaz J., Davis M., Delaygue G.,
Delmotte M., Kotlyakov V.M., Legrand M., Lipenkov V.Y., Lo-
rius C., Pépin L., Ritz C., Saltzman E., Stievenard M. Climate
and atmospheric history of the past 420,000 years from the
Vostok Ice Core, Antarctica. Nature. 1999, 399: 429—436.

26. Golubeva E., Platov G., Malakhova V., Kraineva M., lak-
shina D. Modelling the Long-Term and Inter-Annual
Variability in the Laptev Sea Hydrography and Subsea
Permafrost State. Polarforschung, Bremerhaven, Alfred
Wegener Institute for Polar and Marine Research. 2018,
87 (2): 195-210. doi: 10.2312/polarforschung.87.2.195.

27. Davies J.H. Global map of Solid Earth surface heat
flow. Geochemistry. Geophysics. Geosystems. 2013,
14 (10): 4608—4622.

28. Fotiev S.M. Modern conceptions of the evolution of
cryogenic area of West and East Siberia in pleisto-
cene and golocene (Report 2). Kriosfera Zemli. Earth's
Cryosphere. 2006, X (2): 3—26. [In Russian].

29. Fartyshev A.l. Osobennosti pribrezhno-shelfovoy kri-
olitozony morya Laptevykh. Features of offshore per-
mafrost on the Laptev Sea Shelf. Novosibirsk: Siberian
Branch Nauka Publisher, 1993: 136 p. [In Russian].

30. Davie M.K., Zatsepina O.Y., Buffett B.A. Methane solu-
bility in marine hydrate environments. Marine Geol-
ogy. 2004, 203: 177—184.

-546 -





