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AHHOTanus. B pabore onucansl pe3ynpTaTbl IPUMEHEHUs reo(pU3MUECKUX METOAOB AJIs OpraHu3a-
UM U OOCITy>KUBAHHsI PETHOHANBHOM ceT MOHUTOpHHTra Mep3noTsl B IHAO. HayuHnbiM 1ieHTpoM
n3ydeHust ApkTiku B 2021 T uConb30Bajcs METO 3IEKTPOTOMOTpadu it BBIOOpa MECT 3aJl0xkKe-
HUS TEPMOMETPUYECKON CKBaXKUHBI. [1oATBEpKI€HA COCTOSTENLHOCTh U HEOOXOAMMOCTD HCIOIb30-
BaHUA re0(pU3NYECKUX METOJIOB JJIsl IOMCKA MAaCCHBOB MEP3JIbIX MOPO/1 BOJIU3H IPaHUIIbI CIUIOLTHOTO
U IPEPBIBUCTOTO PACIPOCTPAHEHUSI BEYHON Mep3J10ThI ¢ IITyOOKHMM 3ajieranueM KpoBiu. ['eopaano-
nokanus npuMeHsnack Ha rutomanke CALM RS53 B kadecTBe BCIIOMOIaTelbHOTO MHCTPYMEHTA
OTIpeIeNIEHUs] MOIIHOCTU Ce30HHO-Tasoro cios. [Toka3aHo, 4To KOMIUIEKCUpOBaHUE re0(hU3NIECKUX
METOJI0B U TPAIULMOHHBIX U3MEPEHNI MEP3I0THBIM IynoM 1pu u3ydyeHuu CTC B ClOXKHBIX JIUTO-
JIOTHYECKUX YCIOBHIX HEOOXOUMO JUIsl yTOUHEHUSI U JOTIOJIHEHUS JJaHHbIX.

KiroueBble ci1oBa: Mep3s10Ta, CE30HHO-TANIBIN CIION, DIEKTPOTOMOTpadusi, reopaTuoIOKaIIHs

Geophysical research for organization and service
of the regional permafrost monitoring network
in the Yamalo-Nenets Autonomous District

A. N. Shein 12* G. N. Kraev!, Ya. K. Kamnev !

! Arctic Research Center of the Yamal-Nenets Autonomous District, Salekhard, Russian Federation
2 Trofimuk Institute of Petroleum Geology and Geophysics (IPGG) SB RAS,
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Abstract. The results of the application of geophysical methods for the organization and maintenance
of the regional permafrost monitoring network in the Yamalo-Nenets Autonomous District are de-
scribed in the paper. Arctic Research Center in 2021 used the method of electrical resistivity tomog-
raphy to determine the locations of the thermometric well. The consistency and necessity of using
geophysical methods to search permafrost with deep top near the border of continuous and discontin-
uous permafrost zone is confirmed. Ground-penetrating radar was used at the CALM R53 site as an
additional tool for determining the thickness of active layer. It is shown that the complex of geophys-
ical methods and traditional measurements with a permafrost probe when studying the active layer in
hard lithological conditions is necessary to refine and supplement the data.

Keywords: permafrost, active layer, electrical resistivity tomography, ground-penetrating radar
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Beeoenue

bonbliie yeTBepTH BEPXHEro CJ0sl 36MHOM KOpbl CeBEpHOro MoJiymiapusi Haxo-
IUTCA B MEP3JIOM COCTOSHUU. MHoroseTHeMEp3ibie moposl (MMII) B Poccuu 3anu-
maroT 60-65% teppurtopun wian 11 mun. xkm? [1, 2]. Cerogus poccuiickas ApKTUKA
pa3BUBaeTCsl OBICTPHIMU TEMIAMU, MPU ITOM JUIsl CTPOUTEILCTBA U JIaJbHEUIIIeH IKC-
ITyaTaluy KaluTaJIbHBIX 00BEKTOB UCIIOIB3YIOTCS YCTApEBIINE HOPMBI U IIpaBua [ 3-
5]. Ota npobyiema B HEeMaJIoN CTENEHH 3aTparuBaeT 1kHyr0 4acTh SAmano-Henerkoro
ABTOHOMHOI'O OKPYTa, IJIe¢ HAaXOJUTCS TPaHMIla CILUIONTHOTO U MPEPHIBUCTOTO PaCIpo-
CTpaHeHHUs BeYHOU mep3i0Thl. CorjacHO HEJaBHUM OIICHKAM, C/ICJIaHHBIM HE3aBH-
cumo uccnenosarensimu u3z Ounnsiaauu, CIIA u Poccun, k 2050 roay 30Ha CIUIOMIHON
BeuHOU Mep3sioThl nepemectutcs Ha 300-500 kM K ceBepy, YTO MPUBEAECT K MACCOBBIM
paspyuieHusm [6-8]. B mensx pa3paboTku CBOEBPEMEHHOTO TIJIaHa aanTaiuu AJIMU-
Huctpanus SAmMano-HeHneukoro okpyra MHUIMUAPOBAIIA PSAJT MEPOIIPUATHN, HAIIPABJICH-
HBIX Ha cOOp MH(POPMAIIUU O TEKYIIIEM COCTOSTHIH U JUHAMUKE BEUHON MEP3JIOTHI KaK
B €CTECTBEHHBIX yCIIOBUSX, TaK U B paMkax uHppactpykrypsl [9-10]. B IHAO co3na-
€TCs CeTh PEruoHaJIbHOTO MOHMTOpPUHIra Mep3ioThl. HoBbie TemIiiepaTypHbie CKBa-
XKUHBI OypsITCS Ha yyacTKax, Tlie y»Xe MNpoBoauiauch uzMepenus B 60-70 romawbl
XX Beka. Takum 00pa3om, Mbl MOTYYUM U3MEHEHHUE TEMIIEPATypbl BEUHOU MEP3I0ThI
3a 50 ner.

[ToMumo 000pyIOBaHUSI TEPMOMETPUUECKUX CKBAXKUH PErHOHATBHAS CETh MOHU-
TopuHra Britouaet momaaku CALM anist Mouutopunra ce3oHHo-Tajioro ciios (CTC)
— wmexnayHapogHas mnporpamma CALM (Circumpolar Activelayer Monitoring),
HaIpaBjieHa Ha cOOp U CUCTeMAaTU3alUI0 HH(DOPMAIIUH O PEATbHBIX U3MEHEHUSX KPUO-
JIUTO30HBI B Pa3IMYHbIX JaHAmaTHRIX yciaoBusx [11; 12].

CToUT OTMETUTH, UYTO BOJM3HM T'PAHMIIBI CIUIOUTHOTO U MPEPHIBUCTOTO PaCIpO-
ctpaHeHus BeuHoil mep3noThl B AHAO eé kposiist Mmoxet omnyckaTs A0 8-10 M, a CTC
3adacTyto mpesbimaet 1,5 M. Bc€ 910 ocnokHsIeT Kak BBIOOp MeCTO /i OypeHus Tep-
MOMETPUYECKUX CKBAXKHMH, TaK U MecTa 3aioxeHnus miomanok CALM u nocnenyto-
i MoHuTOpUHT CTC. B ¢BSI3U C 3TUM aKTUBHO MPUMEHSFOTCSI COBPEMEHHBIX Teo (-
3UYECKUE METOJbI /Il OpraHu3aluu U 00CTy>KUBaHUSI CETU MOHUTOPUHTA MEP3JIOTHI.
B pabote nmpuBoasiTca ucciieioBanus, mpoBeAcHHble HayuHbIM LIEHTPOM H3y4EeHUSs
Apktuku B 2021 1, rie UCIOIB30BAJICSI METO/ dJIEKTpOTOMOrpaduu Jjisi BHIOOpa MECT
3QJI0’KEHUSI TEPMOMETPUYECKON CKBaXKUHBI, & T€OPAIUOIOKALIMS — B KaUe€CTBE BCIIO-
MOTraTeNnbHOro MHCTpyMeHTa onpenenenus CTC.

Memoouka u pe3yromamsl npuMeHEeHUs Memooa I1eKmponomozpaguu

Ha aByx ydactkax BOau3u r. JIaObITHAHTU TP 3a7I0KEHUU TEPMOMETPUUYECKUX
ckBaxuH LBT-3/21 u LBT-4/2 1ipoBeaeHbI UCCaeA0BAHUS METOAOM AJIEKTPOTOMOTpa-
¢buun nns onpenenenust kposiu MMII u BeiGopa ontuMansHOro Mecta Oypenus. 13-
MEpEHHUS BBINOJHEHbI MHOTORJIEKTPOJHON 3JIEKTpOpa3BeqouyHor craniuen «Ckana-
48» (coBmectHas pazpadborka UHI'T CO PAH u OOO «Kb Dnektpomerpuny), KOTO-
past Moo4epEIHO KOMMYTHPYET U OINPAIINBACT Pa3TUYHbIC KOMOMHAIIMH AJIEKTPOIOB.
N3mepenust mpoBoAWINCH 1O cTaHAgapTHo Metomuke [13-14]. Wcnons3zoBanuch 2
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yctaHoBku: [llnromOepike — dyBCTBUTENbHAS K TOPU3OHTAIBHBIM TPAaHUIIAM U -
M0JIbHO-OCEBAasi yCTAHOBKA — UyYBCTBUTEJbHAS K BEPTUKAJIbHBIM rpaHuliaM. Mexaiiek-
TPOIHBIN IIAr COCTABIISAI 5 M, YTO MO3BOJIMIIO IOCTUTHYTh TNTYOMHHOCTH CBBIIIE 30 M.
C y4€TOM TOTO, 4TO IJIAHUPOBAIUCH |5 METPOBBIE TEPMOMETPUUECKHUE CKBAXKUHBI, I10-
Jy4eHHas TIIyOMHHOCTb COOTBETCTBYET IOCTaBICHHBIM 3aa4aM.

N3mepenHnblie npoduiibHbIC JaHHBIE 00padaThIBAIOTCSI COBMECTHO — PEIIaeTCs 00-
paTHas JByMepHas 3ajja4a (JIByMepHasi MHBEPCHUsI IAaHHBIX ) C TOMOILBIO CIIEIUAIBHBIX
nporpamm (Hamnpumep, Res2Dinv, ZondRes2D u npyrue).

B pesynbrare mpoBEAEHHBIX U3MEPEHUM ITOCTPOEHBI T10 JIBA F€OAIEKTPUUYECKUX
paspesa Ha kaxaou Touke (puc. 1-2, A — ycranoska lllmtomb6epike, b — nunonasHo-0ce-
Bas ycraHoBka). Ha Bcex paspeszax HaOmroaercs cxoxkash KapTHHA MO COMPOTHBIIE-
HUIO: 10 6-7 METPOB HAOJI0IAt0TCS MPOBOASIINE, BEPOSTHO, Talble TOPObI, C COIPO-
tuBiienreM oT 10 1o 100 OM-M; HHKe 3a1eraroT 0ojiee BHICOKOOMHBIE 10 2 KOM M,
IPEANOJIOAKUTETLHO MEP3IIBIE TOPOIBI.

[TocTpoeHHbIE TEOANEKTPUUYECKUE PA3PE3bl MO3BOJSIOT ONPENETUTh Hanbosee
OJIarompusATHBIE MECTa JUTSI 3aJI0’KCHUSI TEOTEPMOMETPHUIECKUX CKBAKHH, TJIE IO JTaH-
HBIM Te0(U3HUIECKIX U3MEPECHUI ¢ HAaMOOIBIIEH BEPOSTHOCTHIO MOXKET TIPUCYTCTBO-
BaTh MEP3JI0Ta HA MMPOCKTHBIX TTyOWHAX.

Ha npodune LBT-3/21 no pe3ynbraram usmepeHuit ycrtanoBkoil [lmomoOepixke
(puc. 1b) onpenenunuck 2 ydacTka, I/i€ KpOBJs BBICOKOOMHBIX MOPOJ MOJHUMAETCS
1o rayoun 6-7 M. Oto yyactku 50-80 M u 140-170 m. OnHako npu MOBTOPHBIX HU3Me-
PEHUSIX U UHBEPCHUM TOJYUYECHHBIX JAaHHBIX JUIOJIBHO-OCEBOM YCTaHOBKOM ObLI MOJTY-
YeH TeodsieKTpruueckuil paspe3 (puc. 1A), KOTOPHI MO3BOJIMI OTOPAKOBATh Y4aCTOK
50-80 M 1 OBLIIO PEKOMEHJOBAHO 3aJI0KUTh CKBOKUHY Ha 155 M npodwuus.

p, OM-Mm
LBT-3/21(1) LBT-3/21 LBT-3/21(48)
0 ; . | | .

_lg_!

2-10%

10°

2
500

TnybuHa, m

20 - 64

T T =e T T T T T — 32
20 40 60 80 100 120 140 160 180 200 220

PaccroaHue, m 16

Iy6uxa, m

Puc. 1 I'eoanexktpuueckue paszpessl o npodunto LBT-3/21, nonydyennsie B
pe3ynbTaTe U3MEPEHUH AUMOIBLHO-0ceBOM ycTaHoBKOM (A) u lmomobepixe (b)

Ha mpoduns LBT-4/21 no pesynpraTtam usmepenuii yctanoBkoi Ilmombepxe
(puc. 2B), Takxe KaKk 1 B IEPBOM CIIydae, ONPEASIHINCH 2 y4acTKa, [J1€ KPOBJIA BBICO-
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KOOMHBIX MOPOJI MOJHUMAETCs 10 rryouH 8-9 M. 1o yuactku 40-80 M u 135-160 m.
Pazpes, nonydeHHbIN Ipy U3MEPEHUSAX AUOJIBHO-O0CEBOM YCTAaHOBKOMU (puc. 2A) 103-
BOJIWII 0TOpakoBaTh y4acTok 40-80 M 1 ObLIIO PEKOMEH0BAHO 3aJI05KUTh CKBAKUHY Ha
142 m mpodus.

PexornociupoBouHbIe pabOTHI METOAOM JJIEKTpodoTorpadu B OKPECTHOCTSIX
JlaOGbITHAHTY TO3BOJIMIIM BHIOPATh MECTa 3AJI0KEHUSI TEPMOMETPUUECKUX CKBAXKHH.
[Ipu GypeHuu B peKOMEHJOBAHHBIX T€OPU3NUECKUMHU HCcCiieaoBaHusAMH Toukax LBT-
3/21 u LBT-4/21 noarBepauniack Mep3i0Ta Ha riryouHe 12.5 M 1 7 M COOTBETCTBEHHO.
Takum 00pa3oM MOATBEPKIAETCA COCTOSATENBHOCTh M HEOOXOAMMOCTh MCIOJIb30Ba-
HUs re0(U3UUEeCKUX METO/IOB JIJIsi TOUCKA MACCUBOB MEP3JIBIX MOPO/1 BOJIM3U IPaHUIIbI
CIUIOIIHOTO U MPEPBIBUCTOTO PACIPOCTPAHEHUS] BEUHOM MEP3JIOTHI, TAE OHA MOXKET
UMETh OCTPOBHOE PACHPOCTPAHEHHE, U IIUPOKO PA3BUThI MEP3JIBIX MOPObI C IIy0O-
KHM 3aJIEFaHUEM KPOBJIH, HE CIIMBAIOIINECS C CE30HHO-MEP3JIbIMU TOPU30HTAMM.

p, OM-m
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Puc. 2 I'eoanexTpudeckuii paspes mo npoduiato LBT-4/21, nonyyeHnnsie B
pe3ynbTaTe U3MEpPEHUH AUMOILHO-0ceBOM ycTaHoBKOM (A) u lmomobepixe (b)

Memoouka u pe3yromamsl RPUMEHEHUSA MEM00aA 2e0Paduo0Kauuu

B cootBeTcTBUU cO cTanmapTamu MexmyHapoHo# mporpammbl CALM HaGmro-
JIeHUs 3a TTyOMHOM npoTauBaHus Ha ruiomaake pazmepamu 100 mx100 M mpoBoasiTCSs
MEp3JI0THBIM IIYIIOM ¢ Iarom m3mepenuit uepe3 10 m [11]. CymmapHo ceTka HaOI10-
neHuit conepxxut 121 touky (puc. 3).

UccnenoBanust metoioM ['PJI BeIMONHSAIOCH 10 ceTH npoduiiel (depe3 Kaxabie
10 M) mo HampaBleHHIO BOCTOK-3amaj (puc. 3). Ucnons3yemas anmnapaTypa: reopajap-
HbIi kKoMIuiekec «OKO-2» ¢ anTeHHOU ¢ neHTpainbHoi yactoToit 400 MI'1 oGnanaet
IIIyOMHHOCTBIO OT 1 M 710 5 M, B 3aBUCUMOCTH OT MPOBOAMMOCTH U CTEIIEHU MOIJIONIe-
HUS NoJIcTUNIAtoNIEH cpeibl. B pesynbraTe npoduibHbIX U3MEPEHUH MOTy4YeHHbIE pa-
naporpambsl o0pabaTsiBasiuch B mporpamme GeoScan3?2.
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[lepen HauamoMm M3MEpEHUN BBICTABISLIMCH CIEAYIOIIME HACTPOWKH Tpubopa:
JUTUTENBHOCTh BpeMeHHOU pa3BEpTku — 100 He, HakorieHue — 16, quanexkTpuyeckas
npoHunaemMoctb cpeabl — 12. Ilepemenienne npubopa OCYIIECTBISIIOCh BOJOKOM.
[IpoiineHHoe paccToAHHE (PUKCUPOBAIOCH C TOMOILBIO MEPHOI'O KOJIECa.

Om

Y

(0,0)
10m P

Y

90m =
(100,100)

100m

——> — reou3anyeckne npounu
0 — TOYKK namepeHnsa mowHocTn CTC wynom

Puc. 3 Cxemsl paktuueckoro Mmarepuaina Ha mioiiaake CALM R53

[IpuBeném nnpumep coBmectHoro npuMeHenus meroaa ['PJI u mep3noTHoro nryna
Ha ruromanake CALM R53 pacnonoxenoit BOm3u 1. Xapm [15]. Ha nanHo# muiomaake
BEPXHsISl YaCTh pa3pesa CII0KeHa TJIMHAMU, CYTJIMHKAMU U MEJIKUM O0JIOMOYHBIM Ma-
TepuasioM (rpaBuii). Takoe cTpoeHHE OCIIOKHIET UCCIIEIOBAHUE KaK CTaHIapTHOU Me-
TOAUKOW — MEP3JIOTHBIM IIYIIOM (TaJIbKa MPENATCTBYET MPOX0XKICHUIO), TaK U reo(u-
3MYECKUMHU METOAaMH (CUTHAJ reopagap ObIcTpo 3aTyxaet). [loaToMy KoMIuieKcupo-
BaHME Pa3NMyHbIX 0AX0J0B npu u3ydeHun CTC B Takux ycnoBUSX KpaiiHe HEOOXO-
JUMO JUIsl YTOUYHEHHMS JaHHBIX: JTaHHbIC, MOJYYEHHBIC IIYIIOM, TIOMOTYT ONpPEIeIUuTh
TURJIEKTPUYECKYIO TPOHULIAEMOCTh (L) U, Ha00OpOT, reopasapHbie JAHHBIE MOMKHO
UCII0JIb30BaTh YTOOBI YTOUHSTh/IOMIOHATh JIaHHbBIC, MMOJy4YeHHBIE ITynoM. J[Jis aToro
0 COCEAHUM TOYKAM HU3MEPEHHI LIyNOM, I/ie YBEPEHHO OIpeielisieTcs ryouHa ce-
30HHOTO OTTauBaHMsI, HY>)KHO OINPEIEIUTh IUAJIEKTPUUECKYIO MPOHULIAEMOCTh TPYH-
ToB. [IpocnexxuBasi rpaHuily OTpPaKEHHsI Ha pajaporpammax, YCTaHOBUTBH TIIyOUHY
POTABaHUS MEP3JIOTHI U CKOPPEKTUPOBATH OCTABIIUECS TYHKTHl U3MEPEHUSI.

OnurcaHHBIM BBIIIE CIIOCOOOM MPOBOAMIIACH KOPPEKTUPOBKA JTAHHBIX, IMOTYUYECH-
HBIX MEP3JIOTHBIM LIYIIOM. /[aHHbIE, TOJyYEHHBIE LIyIOM, [I03BOJIMIIA ONPEIEIUTh JU-
ANEKTPUUYECKYIO MPOHUILIAEMOCTH ([]) Mopoa, KOTopasi BapbUpOBaIach HA MJIOMIAJIKE OT
10 go 20. Takue 3Ha4YeHHs [ | COOTBETCTBYIOT CTPOCHHUIO BEPXHEW YaCTH pa3pe3a Ha
mwiomanke CALM R53, KoTopblil C10eH BIaKHBIMUA CYTJIMHKaMHU.
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[Tocne onpeneneHust QUANEKTPUUECKON MPOHULIAEMOCTH, JAHHbBIE MOJYYEHHBIE
IIYTIOM HAHOCWJIKCh Ha pajiaporpaMMel (puc. 4, KpacHbIE pOMOBI), TTOCJIE Yero riayOnHa
OTTauBaHUS KOPPEKTUPOBAJIACH U JIOMOIHSIACH B HEAOCTAIOUIMX MyHKTaX (puc. 4, 3e-
NEHBIC pOMOBI), TJIE HE yIaTIOCh ONIPEICITUTH KPOBIIIO MEP3JIOTHI IIIynoM. B pesynbrare
npoBeAEHHON KOppeKTUpoBKH cpeauss riayornna CTC B 2021 r. yBeauuuiach Ha 2 CM
U cocraBuia 99 cm.

Takum 00pa3oM, KOMIUIEKCUPOBAHUE T€O(PU3NIECKUX METOAO0B U TPATUIIMOHHBIX
u3MmepeHuit mrynom rpu uzydeHuu CTC B CI0XKHBIX JIMTOJOTHYECKUX YCIOBUSIX HEOO-
XOJIUMO JUIsl YTOUHEHHUs AaHHbIX. KpoMe Toro, oTpaboTka KOMIUIEKCHON METOJIUKHU
MouuTopuHra CTC MOXKET CyleCTBEHHO CHU3UTh TPYA03aTPaThl MPHU UCCIICIOBAHUSIX
Ha romaakax CALM.
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©
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=
Q
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©
>
=
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Puc. 4 - Pagaporpammsl, nosnyueHnnsie Ha momaake CALM R53 B 2021 r.
no npoduisim 0 M u 50 M. Kpacubie poMOb1 — kpoBiist MMII, nonyyeHHas urynom,
3eJ1€HbIe pOMOBI — OTKOPPEKTUPOBaHHAS TJTyOMHA OTTauBaHUS 110 pajiaporpaMmmamM

3aknwouenue

[Tokazana 3¢ peKTUBHOCTH Te0U3UIECKUX METOJIOB JJIsI OpraHU3aIuu U 00CITy-
YKUBAHUS PETMOHAJILHOM C€TH MOHUTOpUHTA Mep310Thl B IHAO.

[TonTBepkaeHa COCTOSTEILHOCTh M HEOOXOAUMOCTh HCIIOB30BaHUS METOJa
3JEKTpOTOMOTpaduu JIJIs TOMCKA MACCUBOB MEP3JIBIX ITOPO/I BOJIM3HM IPaHUIIBI CILIONI-
HOT'0 U IIPEPBIBUCTOTO PACIIPOCTPAHEHHUS] BEUHOW MEP3JIOTHI, TJIE OHA UMEET OCTPOBHOE
pacrpocTpaHeHre, U IMHUPOKO Pa3BUTHI MEP3JIbIX MOPOALI ¢ TIyOOKHM 3ajeraHueM
KPOBJIH, HE CIUBAIOIINECS C CE30HHO-MEP3JIbIMU TOPU30HTAMMU.

KommiekcupoBanue reopu3ndecKux METOIOB U TPATUIIMOHHBIX H3MEPESHHM 1Ty~
oM 1ipu u3ydeHU CTC B CI0KHBIX JIMTOJOTHYECKUX YCIIOBHAX KpaitHe He00X0IMMO
JUI YTOYHEHHs JaHHBIX. KpoMe Toro, oTpadoTka KOMIIJIEKCHOM METOAMKH MOHHTO-
punra CTC MOXKET CyIIECTBEHHO CHU3UTh TPYA03aTPAThl IIPU UCCIIEIOBAHUAX HA ILJIO-
mankax CALM.
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