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NAS RK is pleased to announce that News of NAS RK. Series of geology and technical
sciences scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by Clarivate
Analytics to be accepted in the Science Citation Index Expanded, the Social Sciences Citation
Index, and the Arts & Humanities Citation Index. The quality and depth of content Web of
Science offers to researchers, authors, publishers, and institutions sets it apart from other
research databases. The inclusion of News of NAS RK. Series of geology and technical
sciences in the Emerging Sources Citation Index demonstrates our dedication to providing the
most relevant and influential content of geology and engineering sciences to our community.

KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOMmpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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LOCALIZATION OF THERMOKARST PROCESSES
IN THE SWATHE OF A GAS TRUNKLINE USING
GEOPHYSICAL METHODS

Abstract. This paper presents the results of a series of geophysical studies carried out at a natural gas pipeline
site in South Yakutia. The research was aimed at delineating areas in which hazardous cryosolic processes and
phenomena can occur. To this end, the research objectives included a determination of the boundaries of areas where
permafrost is present, a determination of the capacity of the seasonally thawed (seasonally frozen) layers and talik
areas, as well as the establishment of underground ice boundaries and presence of karst cavities in the ground. It is
established that the main threat to the economic development of the territory is active permafrost degradation causing
the formation of thermokarst depressions of various sizes with deep talik zones underneath. It is noteworthy that
several cycles of this cryogenic process are simultaneously observed over a limited area (having a length of less than
2 km): from the emergence of a thermokarst depression to the formation of a submerged funnel with a depth of
several metres. The localisation of such anomalies is very accurately interpreted using such geophysical methods as
electron tomography and ground-penetrating radar (GPR).These methods are sufficiently valid for a real-time deter-
mination of the characteristics of hazardous cryogenic processes and phenomena in given geological engineering and
geocryological situations. The results obtained from testing wells at the site under investigation are characterised by
high convergence with those of the qualitative interpretation of geophysical sections.

The specific features of thermokarst phenomena described for an individual site of the Power of Siberia natural
gas pipeline are characteristic for the entire route of this pipeline passing through the territory of South Yakutia.

Keywords: South Yakutia, cryogenic processes, gas pipeline, electron tomography, GPR sounding, drilling of
wells, thermokarst.

Introduction. The paper presents the results of geophysical studies and drilling works carried out
during the construction of the Power of Siberia gas trunkline, which are aimed at delineating the areas of
the development of hazardous permafrost processes and phenomena. In particular, data are presented on
the nature of developingthermokarstprocesses in a particular section of the structure. The features of
thermokarst manifestation described below for the pipeline section are characteristic of almost the entire
route of a linear installation passing through the territory of South and Central Yakutia [2, 7, 10, 15].

General characteristics of the work area.Geomorphologically, the territory comprises a mid-
mountainous region composed mainly of Archean strata, overlapping horizontal Cambrian sediments
interspersed with isolated intrusive massifs [3]. These form a monotonous table-step relief with small
absolute elevations (up to 1000 m). The climate of the area under study is characterised as sharply
continental, associated with the relatively high latitude of the territory under consideration and, conse-
quently, a lower level of solar irradiance. The continental climate here manifests itself in low annual and
winter temperatures, large seasonal and diurnal fluctuations and low precipitation [9, 11]. For this climate,
a key characteristic is the long duration of the winter period, which typically lasts 7 to 7.5 months. On
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some days, the air temperature can fall to -50°C almost everywhere. The long cold season contributes to
the deep freezing of lakes and rivers along the line of the linear structure — often involving the complete
freezing of the latter — and the formation of frost. The difference in average temperatures between seasons
is more than 50°C. Located in the zone of sub-open-air light forests and goletz deserts, the region is
characterised by severe permafrost conditions [5, 8, 16]. Here exist both low-temperature perennially
cryotic rocks (PCR) of continuous distribution as well as large massifs of thawed rock with individual
islands of permafrost. The depth of the permafrost roof is in the range of 0.5-3.5 m and is determined by
the value of its seasonal thaw. The PCR depth varies from 10 to 500 m. Its maximum values are charac-
teristic of mountain elevations. The average annual temperature of rocks varies from 0 to -4.5°C. On
watersheds with absolute elevations of 1400—1500 m, the average annual temperature of rocks can reach -
8°C. The levelled, weakly-dissected relief with impededsurface water runoff conditions, as well as the
widespread development of PCR, causes the widespread formation of wetlands, various thermokarst forms
and pingos.

General characteristics of the area under study[17] (figure 1). The length of the study area was
1.8 km. Here the gas pipeline route crosses an extensive depressed hollow from north to south. Relative
elevations within the entire area are notgreater than 5 m. On gentle slopes, surface sediments consist of
sandy loams and light clay soils with a thickness of 2.5-3.2 m. On the northern slope, they are underlain
by native sandstones, while the southern slope features perennially cryotic, slightly icy sandy loams and

- [ noyars | o . ——
(o] Npepalived -O= - \o!?)wﬁ\r;o P

o . ’ ¥ [
T0 CwinNa

Gas pipelines in operation

RFU S S 1 A F Ongoing projects

.......

Prospective
gas pipelines

Republic of Sakha
(Yakwtia)

Gas production centers

@ Krasnoyarsk @ Irkutsk @ Yakutia @ Sakhalin

l Fields
s E area of work

. ey

Figure 1 — Survey map of the area of study
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soils having a thickness of more than 10 m. In the basin itself, the surface sediments are composed of
highly decomposed peat with a thickness of 1.4—1.9 m, below lies the horizon of sandy loam and light
loam, which can be traced in some places to a depth of 15 m. The lower part of the basin has a marshland
character with a wide extension of degrading peatlands and numerous sinkholes having significant areal
dimensions (figure 2).

Figure 2 — Inundated thermokarst hollow on the surface of the peatland [17]

Working Methodology. The complex of geophysical studies included electro-tomography [1, 19] —
the use of which in Russia is regulated by the Federal Agency for Construction, Housing and Communal
Services [14] — and ground-penetrating radar (GPR) [6]. Geophysical methods were assigned the
following main tasks: the establishment of boundaries in terms of sites with the presence and absence of
PCRs; determination of the thickness of the seasonally thawed layer and talik zones; the establishment of
boundaries for the development of underground ice and the presence of karst cavities in the massif.

To solve the tasks, based on the known geocryological, hydrological, technological and other condi-
tions of the studied area, electrical exploration work was carried out using Scala-48 equipment (Electro-
metry Design Bureau, http://nemfis.ru) with Schlumberger installation. The depth of the study of the soil
massif was 40 m. The minimum length of the geophysical profile is 235 m. For primary data processing,
including filtering, compiling and exporting to [PI2Win, Res2dInv, Res3dInv formats for further con-
struction of geophysical sections, the SibER Tools program was used.

GPR surveys were carried out using the “OKO-2” equipment with “Triton” antenna unit
(LogisGeotech, http://www.geotech.ru). The depth of the soil massif subjected to GPR was 40 m. The
assembly, processing and interpretation of obtained georadar data was carried out using the Geoscan32
program.

The works were carried out in three phases. The first comprised geophysical surveys with preliminary
interpretation of the data obtained. At this stage, an assessment of the characteristics of the hazardous area
was carried out and a determination of the possible locations of confirmatory boreholes was made. The
locations of the geophysical profiles and boreholes are shown in figure 3. The second stage included the
actual drilling of bores. At the third stage, a comparison of geophysical sections and drilling data was
carried out.

Results. The results of the qualitative interpretation of geophysical sections in the study area are
shown in table 1. For the site, two well locations on profiles 29 and 34 are recommended (see figure 3).
Geophysical anomalies corresponding to the probable presence of PCR are noted on these profiles. The
main hazard for the construction is the presence of thermokarst structures. Geophysical anomalies,
indicating the development of thermokarst processes, were recorded in all longitudinal profiles.

The differences in the dynamics of the development of this cryogenic process in a limited area are
highly indicative in the constructed sections of profiles 29 and 34 (figures 4, 5). Thus, in contrast to the
wave pattern of peat and underlying sands, a phase correlation region is distinguished on the GPR section
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Figure 3 — Arrangement of geophysical profiles at the study site:
1 - geophysical profile; 2 - gas pipeline route; 3 - borehole and its number

of profile No. 34. A wave pattern of this type is typical for inundated objects that are bounded below by a
layer with good reflective properties. The stages of thermokarst development are clearly expressed in the
resistivity section. The thawing of the soil massif to the left of bore No. 114-1 on the profile has just begun
(see figure 5); the funnel to the right represents a thermokarst in active drawdown phase. For profile 29,
thermokarst is characterised by an even more intensive development, with a through talik having formed
in the frozen layer.

Table 1 — Results of the qualitative interpretation of geophysical sections in the study area
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No less hazardous are the intervals of frozen rocks, separated by complex geophysical features. The
soils of the section are subject to ice formation. Given that the frozen stratum is composed of sand, sandy
loam and loam (table 2), a high degree of probability of liquefaction of soils due to thawing under
technogenic impact can be assumed.

Table 2 — Data from boreholes No. 114-1 and No. 114-2 [18]

Borehole number 114-1
Laver Denth Absolute elevation
Y P of the sole of the Names of rocks and their characteristics
thickness, m | of layer, m
layer, m
0.10 0.10 1011.71 Topsoil layer, frozen
Brown peat, poorly decomposed, with organic residues; hard-frozen,
1.10 1.20 1010.61 cryogenic massif texture; water-saturated when thawed. From a depth
’ ) ’ of 0.4 m with an admixture of up to 30-50% of fine sand and pebbles 3-
5%.
1.90 3.10 1008.71 The sand is fine, grey, hard-frozen; cryogenic massif texture, water-
saturated when thawed.
Sandy loam is grey, hard-frozen; plastic when thawing; massive cryo-
6.90 10.0 1001.81 genic texture, less frequently lenticular; thickness of ice inclusions —
0.5-1.0 cm.
Borehole number 114-2
0.10 0.10 1012.34 Topsoil layer, frozen
Brown peat, poorly decomposed, with organic residues; hard-frozen,
1.70 1.80 1010.64 cryogenic massif texture; less frequently — lenticular; the thickness of
’ ’ ’ ice inclusions is 0.5-1.0 cm, shot point line = 0.2 —unit fraction when
water-saturated during thawing.
1.80 3.60 1008.84 The sand is gravelly, light grey, hard-frozen; cryogenic crusted texture,
) ) ) shot point line = 0.1 unit fraction when water-saturated due to thawing.
Sandy loam is grey, hard-frozen; plastic when thawing; massive cryo-
6.40 10.0 1002.44 genic texture, less frequently lens-shaped; thickness of ice inclusions —
0.5-1.0 cm.

Conclusion. The complex of geophysical studies, including electro-tomography and GPR sounding,
has proven its effectiveness in localising thermokarst structures and processes in South Yakutia in the
zone of influence of a linear structure.

The geophysical methods applied are sufficiently valid for a real-time determination of the charac-
teristics of hazardous cryogenic processes and phenomena in given geological engineering and geo-cryo-
logical situations. The considered set of methods can be recommended for solving problems of identifying
potentially hazardous cryogenic processes during the construction of linear structures.
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'Texumueckuit nncrutyT (hunnana) «CBOY um. M. K. Ammocosa», Hepionrpu, Poccus,
OI'BYH «MHuCcTHTYT Mep3noToBeneHus uM. [1. 1. MensaukoBa» CO PAH, Sxytck, Poccus,
I'naBHast Tl'ocynapctBennas Jlaboparopust Unxeneproii I'eokpronorum,
Cesepo-3ananusiit MactutyT Oxomnorun u [Ipuponusix Pecypcos, Kuraiickas Axanemus Haykx, KHP

JIOKAJIM3AIIMS TEPMOKAPCTOBBIX TPONECCOB 'EO®PU3NYECKUMHA METOJJAMHU
B ITIOJIOCE MATHCTPAJIBHOI'O I'A30ITPOBOJIA

AnHoTanus. B pabore oTpakeHBI pe3ynbTaThl re0(hU3NIECKUX UCCICIOBAHUMN, MPOBEICHHBIC HA OTACIHFHOM
y4acTKe MarucTpaibHOro ra3onpoBoja B FOxHoi#t Skytuu. M3pickanust ObLIM HAPABICHBI HA OKOHTYPHUBAHKE ILIO-
ajell pa3BUTHS OMACHBIX MEP3JIOTHBIX MPOLECCOB U SIBICHUN: OMNpe/ie/ieHHEe TPAHUI] YYACTKOB B IUIAHE C HATHMIHEM
U OTCYTCTBHEM MHOTOJICTHEMEP3IIBIX TOPO/I; OMPEISIICHUE MOIHOCTH CE30HHO-TAIOr0 (CE30HHO-MEP3IIOro) Ciaos u
TAJIMKOBBIX 30H; YCTAHOBJICHHE I'PAHMI] PA3BUTHsS ITOJ3EMHBIX JIbJIOB M HAJIMYUS KapCTOBBIX IOJIOCTEH B MacCHBE
IPYHTOB. YCTaHOBJIGHO, YTO OCHOBHYIO ONACHOCTHb IpPU XO3SIMCTBEHHOM OCBOCHHMH TEPPUTOPHU IPEICTABISIOT
AKTHBHO JIETPaIMPYIOLIIE B HACTOsAIIEE BPEMsi MACCUBBI MHOTOJIETHEMEP3JIBIX MOPOJ, 00yClIaBIMBaole 00pa3o-
BaHHE TEPMOKAPCTOBBIX MPOCAIO0K Pa3HbIX Pa3MepoB U MIyOOKHX TAJMKOBBIX 30H 1MoJ HUMH. [IpumeuarenbHo, 4TO
Ha OTPaHUYCHHOU oAU (TPOTSKEHHOCTHIO MEHEE 2 KM) OJTHOBPEMEHHO HAOJIOIAIOTCS HECKOIBKO IUKIIOB pa3-
BUTHUS JTAHHOTO KPHUOTCHHOTO MpOIlecCa — OT «3apOKIACHUM» TEPMOKAPCTOBOTO MPOCEHaHHS A0 (OPMHUPOBAHUS
00BOTHEHHO!N BOPOHKH C TTyOMHON B HECKOJBKO METpOB. JIOKanu3anus Takux aHOMAJIMH BechMa TOYHO HHTEpIIpe-
TUPYETCS KOMIDIEKCOM Tre0(U3NISCKUX HCCIICAOBAHMIA, BKIFOYAIOIIETO B Ce0s IIEKTPOTOMOTrpadHIo U Teopaanoiio-
Kal[MOHHOE 30H1poBaHKe. MHPOPMATHBHOCTH HCIOJIb30BAHHBIX METOIOB B OOJIBIINHCTBE CIy4aeB JOCTATOYHA ISt
OIEPATHBHOIO OMPEICICHUS XapaKTEPUCTUK OMACHBIX KPUOTCHHBIX MPOIIECCOB U SIBIICHUN B JAHHOW WHIKCHEPHO-
TEOJIOTHYECKOM M T'eOKPUOJOrHYecKol oOcraHOBKax. JlaHHbIE pe3ylnbTaTOB OypeHHs 3aBEPOUYHBIX CKBAXKUH HA
UCCIIEyeMOI TEPPUTOPUH XaPaKTEPU3YIOTCS BBICOKOH CXOAMMOCTBIO C PE3yJIbTAaThl KAYECTBEHHOW MHTEPIIPETAINU
reo()U3NIECKUX Pa3pe3oB.

Onucanusle B pabore i ydactka TpyOompoBona «Cuma Cubupm» 0COOEHHOCTH IMPOSBICHUS TEPMOKapcTa
XapaKTepHBI IIPAKTUYECKH ISl BCEH TPacChl JMHEHHOTO 00BEKTa, MPOXOJIAIIEro no Teppuropun FOxHo#M SAkyTHn.

KiarueBnie cioBa: FOxHas SIKyTHsI; KPHOT€HHBIE MTPOIECCHI; Ta30IPOBO/I; JIEKTPOTOMOrpadus; reoparoIio-
KallMOHHOE 30HIUPOBaHKE; OypEeHUE CKBOKUH; TEPMOKAPCT.
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