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Abstract: This paper presents SAR interferometric data obtained in the study of surface deformations of different
origin within the Upper Angara-Muya interbasin link of the northeastern segment of the Baikal rift system, Russia.
Differential SAR interferometry using images with small perpendicular baselines was applied in this geodynamical
study. The potential of using ENVISAT/ASAR and ALOS/PALSAR data is discussed. New geodynamical data on recent
strain patterns were obtained. The endogenous linear-localized and areal deformations were revealed in the influence
zone of the active Muyakan fault. The origin of these deformations is discussed. The landslide that negatively affects
the Baikal-Amur railway facilities is also studied. The use of SAR data for detailed study and monitoring of the land-
slide is discussed. It is confirmed that natural hazard in the study area is growing due to the ongoing landsliding.
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AnHoTanus: BBegeHue. [lepBbie paspaGoTKH NPUHIMIIOB UHTEPPEPOMETPUM C IPUMEHEHUEM pajapa C CUHTE3U-
poBaHHoOM anepTypoii (PCA), ycTaHOBJEHHOT0 Ha 6OPTY KOCMHUYECKHX CIIyTHUKOB, IPOBOAUINCH B BOCBMHUECATHIX
rojax mnpouuioro crosietusi. C Tex nop metos PCA uHTepdepoOMETPUH YCIENIHO UCIOJb3YeTCsl BO BCEM MHpeE AJis
ucciaefioBaHui gedpopManyii 3eMHOU MOBEPXHOCTH Pas3/IMYHOr0 reHesuca. Mbl MpUMeHsieM JaHHbIA MeTO[ JJ/Is1 Bbl-
SIBJIEHHSI OTMACHbIX AedopMalyil B6IM3U OJHOTO M3 YIacCTKOB Tpacchl Baiikaso-AMypcko#t mMaructpasud BocTouHo-
Cubupckoit xkesnesnoit goporu (BAM BCX/I). CioxxHas reosrHaMuvecKass 060CTaHOBKA paloHa, 00yCcI0BIeHHasI CO-
BpeMeHHBbIMHU AiepopMalusIMU 36 MHOH KOPBI, BJHsIET HAa HHXEeHepHO-CeiicMoreosiornyeckie 0CO6€HHOCTH TPaCChI.
MeTtoauka. Cyte MeTozsa guddepennuanbaoin PCA uHTepdepoMeTpun COCTOUT B 06pabOTKe Map paJjapHbIX
HU300paXKeHHH, CHATBHIX B /IBa Pa3HbIX MOMEHTA BpeMeHH, MeX/ly KOTOPbIMH Npou3ouuia gepopmanus. PazHoctsb da3
CUTHAJIOB, MOJIY4YEHHBIX MPU CbeMKE, 0TOGpakaeTcsl C MOMOIIbI0 HHTepdeporpaMM. MOHOXpOMHAs WU LIBETHas
IIKaJIa HHTepdeporpaMMbl XapaKTepHU3yeT BeJIMYMHY U HallpaBJeHHe CABUra, pou3oLleliero npu gebopmanuu. B
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HallleM UCCIeJ0BaHUU PUMEHSJIUCh AaHHble ¢ AByX cnyTHUKOB: ENVISAT (uHcTpyMeHT ASAR, C-guanasoHn) u ALOS
(uHctpymenT PALSAR, L-auanason). [Ipu anuHe BosHbI 5.6 cM (C-zuanasoH) ¢a3oBblil Haber 2m Ha UHTepdepo-
rpaMMe NOPOX/JaeTcsl U3MeHeHNeM AaJbHOCTH N0 HalpaBJIeHUI0 K CIYTHUKY Ha 2.8 cM; IpU AJIMHE BOJIHBI 23.6 CM
(L-ananasoH) - Ha 11.8 cM. PasHoCTH JasbHOCTeH B HaNpaB/eHWH Ha TOUKY CbeMKH N1epeCYUThIBAIOTCA B UCTUHHBIE
M3MeHeHUs M0JIOKeHUsl 3eMHOM MoBepxHOCTH. [IpeuMylecTBOM MeToja Hepej APYTMMHU CocobaMy U3MepeHUs
Jedopmanuii siBIseTCs BbICOKOTOUYHOE M3MepeHHe CMellleHMH 3eMHOM MOBEPXHOCTU IO BCel MJIOIAAHM O06beKTa.
CyliecTBYIOT OTpaHUYeHMs] MeTO/a, TaKHe, KaK BpeMeHHas JeKoppeJslus, NPOUCXosllias U3-3a U3MeHeHHUs pa-
ArodU3NYeCKUX CBONCTB TOBEPXHOCTH, U BIUsAHHe aTMOC(epPHbIX U HOHOCPEePHBIX sABJeHUH. OrpaHU4YeHus1 U MeTO-
Jlbl UX IPEO/I0JIeHUs] [leTaJlbHO onucaHbl B [Hanssen, 2001].

FeopnHaMH4yeckass 06CTaHOBKA. PalioH HallMx HMcclefoBaHUN HAaxoAuUTCs B NMpefesax BepxHeaHrapcko-Myii-
CKOH MeXAyBNaJUHHON NepeMbIYKH CeBEPO-BOCTOYHOTO cerMeHTa balikanbckoi pudpTOBOM cUCTeMBI, B 30He AUHa-
MUYeCKOTo BJIUAHUSA MyskaHckoro U [lepeBasbHOro pasiomMoB (puc. 1). Belcokuil ypoBeHb ceiCMUYHOCTH NOATBEp-
JKJaeT COBpeMeHHYI0 reoiJMHaMHU4eCKyl0 aKTUBHOCTb pallOHa MCCJIeJOBaHUM. JNULeHTpa/IbHOe MoJle C MarHUTyAa-
MU 3eMJleTpsiceHUN 2.6<ML<6.2 Habaroaaetcs ¢ 1962 no 2012 rr. (mo gaHHbIM Balikanbckoro ¢unuana 'eopusnye-
CKOH cyx6b1 Cubrpckoro othesenus Poccuiickoi akasieMuH Hayk (puc. 2)).

B nccnenyemom panone tpacca BAM npoxoaut BAo/1b MysAAKaHCKON CTPYKTYpbl IOYTH Ha BCeM ee NPOTSKEHUHU U
nepecekaeT OT/JeJbHble ee AUCAOKAIMU. TakuM 06pa3oM, HHKeHEPHO-CeHCMOoreoJ0ruieckie yCaoBUsl TPacchl HA
3TOM y4yacTKe HebaronpusaTHeI [Solonenko, Mandelbaum, 1985]. PernonanbpHblii [lepeBasbHBIN pa3ioM NpoOCTUPaET-
csl B CeBepo-3aMa/lHOM HanpaB/eHHH. BeIpa)KeHHOCTh M BJIMSHHE pasjioMa Ha reoJUHaMHU4YeCKyl O06CTAHOBKY Ha
pa3HbIX ero oTpe3Kax pas/jauyHa. Ha ncciesyeMoM ydacTKe pasJioM MPOsIBJIEH B MOJIe CUJIBI TSHKECTH B BHJE I'PaBU-
TAllMOHHOW CTYNeHU HebOoJIbIIOH HHTeHCUBHOCTH [San’kov et al, 1991].

HUHTepnpetanus pe3ybTaToB JudpPepeHnuaibHoii PCA nuarepdepomerpun. Hamu npousBeseHna unrepoe-
poMeTpuyeckast o6paboTka cHUMKOB ENVISAT u ALOS/PALSAR. Vi3-3a cuibHOM 3a60/104€HHOCTH JIOJIUH U pacyJie-
HeHHOTO pesbeda Ha Bcex MHTeppeporpamMmmax mo cHuMkaMm ENVISAT BesiMKo BiMsiHUE BpeMeHHOH JeKOppesisIUH.
OpHako, HECMOTPs Ha 3TO, HA OJHUX M TeX jKe yJyacTKax Ha Tpex mapax cHuUMKoB (13.01.2004-08.03.2005,
16.05.2004-18.09.2005 un 17.02.2004-17.01.2006) oGHapyxKeHbI YeTbIpe 06JIACTH BBICOKOH KOrepeHTHOCTH. [lis
aHaJM3a BhIOpaHa mapa c 6a3oil HHTepdepoMeTpa, paBHor 3 M (13.01.2004-08.03.2005) (puc. 3). [Ipu Takoi 6aze
BJIMSAHME pesibeda Ha HHTepdEepPOMEeTPHIECKYI0 Pa3HOCTb da3 Hcyesarolie Maslo.

B 30He auHamMuveckoro BaUsiHUS MysikaHCkoro passioma o gaHHbIM ENVISAT o6GHapy»eHbl iBa TUIA 3HAOTEH-
HbIX JledopMal i, KOTOpble MOXKHO ONpPeAeJUThb Kak TEKTOHUYeCKUe — IMHeHHO JIOKAJIM30BaHHble U ILJIOIaHbIe.

JIuHelHO Jl0Ka/IM30BaHHble JedopMaluy NpUypoUYeHbl HENOCPeACTBEHHO K 30He CMeCTUTesIs pas/oMa (puc. 3),
NpOC/IeXUBAIOLIErocss B OCHOBAaHUM ycTyna MysikaHckoro xpe6Ta. PaccMoTpeHMe pa3MepoB aHOMaJsIMM, UX NPOTH-
>)KeHHOCTH U XapakTepa NPOCTPAaHCTBEHHOIO paclipe/ie/ieHUs 03BOJIsIeT UCK/IIUYUTh 5K30TeHHYI0 IpUpoAy Aedop-
Mauuit. CeficMuueckass akTUBHOCTb 30HbI passioMa B TeueHUe 2004-2006 rr. BecbMa He3HauuTebHa. CiiefoBaTe b-
HO, Mbl He MOXKeM O0O'bSICHUTb reHe3HUC 3TUX JepopMaliUil HaKOMJIeHHeM U peannsalvell yNpyrux HanpsipKeHUH B BU-
Jle ceicMUYecKUx cobbITU. OAHUM U3 BUJOB JedopMalnuil, PUKcHpyeMbIX reofile3UueCKUMU MeTOJaMU B 30HaX aK-
TUBHBIX Pa3/IOMOB, KaK B IO/ BIXKHBIX 00J1aCTAX, TaK U Ha I1aTdopMax, ABJIAIOTCS NapaMeTpudyeckue AepopMaluy,
BIEpBble BblAesieHHble U onucaHHble 10.0. Ky3bMUHBIM M Ha3blBaeMble UM CyNEepPUHTEHCUBHbIMU [Kuzmin, 2013].
CkopoCTH napaMeTpuiecKux gedopMaluil OCTUTAOT 60/bIINX BeJUYMH — A0 10-5. Yale Bcero, OHU He CONPOBOX-
JAI0TCS CeICMUYHOCTBIO Y JIOKQJIU3YIOTCSl HENOCPe/JCTBEHHO B 30HAX Pa3J/IoMOB. ABTOD CBfI3bIBaeT MIPOUCXOXK/JeHHe
3TUX AedopMaluii c U3BMeHeHUsIMU IapaMeTPOB Cpe/ibl BHYTPH 30HbI pa3JioMa, B6JIU3H ee [JTaBHOTO CMeCTUTeJIS.

[InomagHble fedopmaln i, o6HapykeHHble B6JIM3U OKOHYaHUA MysikaHckoro passioMa (puc. 3) Ha CB 3aMblka-
HUU MysKaHCKOH BNaJIMHBI U B 3aNMaJHOM 60pTy Y/aH-MaKHUTCKOM BIaAWHBI, TaKXKe He MOTYT GbITh NMPSMO 06'bAC-
HeHbl CeHiCMOTeHHBbIMH /JBIKeHUAMHU. KapTHHa pacnpejesieHus MIOIAAHBIX AepopMalvil COOTBETCTBYeT pacrnpe-
JleJIEHUI0 HamnpsKeHWH Ha OKOHYaHWM JIEBOCTOPOHHErO CABUra B ympyrou cpeze [Osokina, 2010]. Ha BocTo4yHOM
OKOHYaHUHU CEBEPHOI0 KpblJIa pa3JjioMa pacroJiaraeTcsl 06/1acTb pacTsHKeHNUsS U QUKCUPYETCsS OTHOCUTEbHOE OIyC-
KaHHe 3eMHOU ITOBEPXHOCTH, a Ha I0r0-BOCTOYHOM YacTH pas3/ioMa pacroJjaraeTcs 06/1acTb CKaTus, rae QUKCHPyeTcs
OTHOCHUTEJIbHOE TOJJHATHE 3eMHOM NMOBEPXHOCTH. ITH JAHHbIE COIJIACYIOTCS C JAHHBIMU I'e0JJMHAMHYeCKUX HCCie-
noBanuit [San’kov et al, 2000], no koTopbIM MysiKaHCKHUH pa3JioM HapsiAy ¢ BEpTUKaJIbHOU UMeeT JIeBOCTOPOHHIOIO
C/ABUTOBYI0 KOMIIOHEHTY CMelleHUH.

Hapsiny ¢ nebopmanusiMu aHJ0reHHON TPUPO/bI, B 30HAX aKTUBHBIX Pa3oMoB BepxHeaHrapcko-MyHcKol Mex-
JYBIAJMHHON NepeMblYKH HaMHU ObLIM OOHapy)KeHbl 3k3oreHHble Aedopmanuu. Ha yvyactke Baiikano-AMypckoi
JKeJIe3HOZLOPOXKHON MarucTpasii B HECKOJIbKUX KuyiomeTpax oT CeBepo-Mytickoro ToHHe s (cT. KasaHkaH, n. CeBe-
pomyt¥ick, koopauHatel 56.1N 113.8E) ¢ mayasa 90-x ro/joB NpoLIJIOro CTOJIETHS PAa3BUBAETCS ONOJI3HEBOW MpoLecc.
CorsiacHO JaHHBIM HUBEJIMPOBaHUA U reofeandeckux GPS-usmepenuil, npoBeleHHBIX Ha Kese3HOH gopore B 2002-
2003 ropax «HMpKyTCKxenJOpHpPOEKTOM», eJle3HOJO0POXKHOe MOJIOTHO CJBUTaJoCh B 30He JeHCTBHS OINOJI3HS,
BJI0JIb CKJIOHA CO CKOPOCTBIO Zi0 2 cM/Mec. Pa3BUTHe OMOJI3HA NPUBOJUT K PUCKY pa3pylleHHs XKeJIe3HOJOPOKHOT0
NyTH W KpylleHUs noe3foB. [I[porcxoxjeHre OMOJI3HA CBA3BIBAETCS HCCJIeJ0BaTe/sIMU C NMPOLECCOM JAerpajaltu
MHOTOJIETHEMEP3JIBIX IOPOJ, M MOJApe3aHueM CKJIOHa JOpOroi, a TakKkKe 4Ype3MepHON Harpyskod Ha CKJIOH
[Trzhtsinsky et al, 2004]. Henb3s Takke HeJ0OLeHUBATb BJIUSHUE YPOBHS CEHCMUYECKON U TEKTOHUYECKOH aKTUB-
HOCTH paloHa Ha paspylleHHe NOPOJ U pa3BUTHe ONOJI3HeH, NOCKOIbKY KasaHKkaHCKHI 0T0J13eHb HAXOAUTCS B 30He
BJIUSIHUS CeiCMUYECKH aKTUBHBIX MysikaHCKoOTO U [lepeBasibHOr0 pa30MOB.

Jls1 u3ydeHus OMOJI3HEBOTO Npolecca B paiioHe cT. KazaHKaH MBI UCNOJIb30BAJIM CHUMKH C BOCXOASAILETO BUTKA
ALOS/PALSAR. HecmoTpsi Ha 3UMHee BpeMsl CbeMKH U PasHUIY MeX/Jy CbeMKaMH B JiBa ro/ia, XOpOLIy0 KoppeJisi-
LIMIO U pe3yJbTaThl 0OKa3asa napa pagapHbix cHUMKOB ALOS/PALSAR, cHsiTeix 17.01.2009 u 12.01.2007. MecTtono-
JIo)KeHUA AepopManuii, Hab/10jaeMbIX Ha HHTepdeporpaMMax, TOYHO COBIAAAIOT C paclo/IoKeHHEM MOCTOB (pHuc. 4,
5, 6), rzie mo JaHHBIM NpeAbIAYIUX uccaenoBanuii [ Trzhtsinsky et al, 2004] o6Hapy»eHbl 3HAUUTEIbHbIE MO/IBHKKU.
Y BTOPOro ¥ TPETHETO MOCTA, HUXKE KeJIE3HOZ0POXKHOTI0 M0JI0THA, 00HAPY>KHUBAIOTCA 06/1aCTH, UCTIBIThIBAIOIHE BO3-
JAbIMaHMe, YTO, 10-BUJMUMOMY, CBSI3aHO C XapaKTepOM pa3BUTHS ONOJ3HA. MoJiesb pa3BUTHSA ONOJI3HSA M0 reoJoruyde-
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CKHMM JIaHHbIM ONMCbIBaeTCsl KaK BblJaBJHMBaHHe M0 LWIMHAPUYECKOH MJIOCKOCTHU CKOJIbXKEHHUS C OTPULIATeJbHBIM
3HAKOM CMelleHHUs B 06J1aCTU LUPKA U M0JI0KUTEIbHBIM — BO ppoHTanbHOM Yactu [ Trzhtsinsky et al, 2004].

Ha uccnesyemoi uHTepdeporpaMme HauboJiblilee U3MeHeHHe JaJbHOCTH HabGJ/II0aeTCsl HUXKe »KeJle3HOJ0POX-
HBIX IyTel y BTOpOro MocTa. 3a ABYXJIeTHUH epHOo/, NPOILeJIUINI MexXy U3MepeHUsIMH, U3MeHeHHe JaJIbHOCTH 110
HalpaBJ/IeHUI0 OT MOBEPXHOCTU K pajapy cocTaBujo 6 cM. Kpome Toro, B6,1M31M MOCTOB Hab6J0Jal0TCS 06J1aCTH C
ONyCKaHMeM 3eMHOM NOBEPXHOCTH, CBsI3aHHbIe, IO-BUJUMOMY, C NpoueccaMu cosudutoknuu. [lo gaHHbIM PCA uH-
TepdepoMeTPUH YTOYHEHO MECTO MOJI0XKEHUsI OMOJI3HEBOT0 LIUPKa MeX/y BTOPbIM U TPeTbUM MOCTOM (pHc. 6). Pa-
Hee, BCJIe/ICTBHE HeJOCTAaTKa JaHHBIX, I0JI0KeHHe 3TOT0 LIUpPKa 0TMeYasoCh HUXKe 10 CKJIOHY. BrisiBJeHo pacnpo-
CTpaHeHMe Npoliecca ONoJI3aHHUsl, IPOUCXOAsIlee Ha CKJIOHe MeX/y NepBbIM U BTOPbIM MOCTOM, KOTOpoe He QUKCH-
poBaJIoCch paHee. B 6yayieM BO3MOXXHO 06be/jJUHEHNe LIUPKOB U, KaK CJe/CTBUe, YCUJIeHHe OM0JI3HEeBOTrO0 Mpoljecca.
W3 nosyueHHBIX AaHHBIX MOXHO CAe/aTh BbIBOJ, O TOM, YTO NPOBeJileHHble MEpPONPHUATHSA MO YKPeIlJIeHUIO CKJIOHA U
>KeJIe3HOA0POXKHOM HaCbIIM He MpPHUBEJH K OCTAaHOBKE OINOJI3HEBOTO MpoLecca, YTO TOBOPUT 06 OCTPOH Heo6XoAHU-
MOCTH NPOJOJKEHHUS] YKPeNUTeJbHbIX pab0oT U NPUHATHUSA Mep 10 U3MEHEHMI0 TpacChl Ha AAHHOM y4acTKe Maru-
cTpaju.

3aksoueHnne. TakuM o6pasoM, ucciaefoBaHue JedopManuil B palloHe BepxHeaHrapcko-My#cKol Mex/JyBra-
JIMHHOY ITepeMBbIYKH CEBEPO-BOCTOYHOI0 cerMeHTa balikasbCkoil pudpTOBOH crCcTeMBbI ¢ IPpUMEHEHHEM MeToa Jud-
depenunanvHoit PCA nHTepdepoMeTpry NMO3BOJIMJIO MOJYYUTh HOBbIE JJAHHbIE O XapaKTepe COBPeMEHHBIX CMelle-
HUH 3eMHOM NOBEPXHOCTH Pa3JIMYHOIO NMPOUCXOXKJeHUA. B 30He AuHaMuyeckoro BAMAHUA MysKaHCKOro pasjioMa
OoGHapy>KeHbI /iBa THNA AedopMaLUif, KOTOPble MOXKHO ONpeJIeJIUTh KaK TEKTOHUYECKHe JIMHEHHO JIOKaJIM30BaHHbIe
U momagHele. Habuogaemble gedopManuy, HaxoAsuecs: HelOCPeJCTBEHHO B 30HE pas3JioMa, MOXHO OTHECTH K
napaMeTpUYeCKUM, CBSI3aHHbIM C U3MEHEHHEeM COCTOSIHUS cpeJibl B 30He passioMa. KapTuHa pacnpejesieHus IJI0-
MaAHBIX AedopManuil COOTBETCTBYET paclpefie/leHUI0 HaNpshpKeHWH Ha OKOHYaHUM JIEBOCTOPOHHEro CJABHUra B
yIpyrou cpepe.

[lepBeie PCA-ucciejoBaHus, NpoOBe/ieHHble B paloHe 1. CeBepoMyMHcK, nokasanu, yto cHuUMku ALOS/PALSAR
NPUMEHHUMB! JJIs JeTaJbHOTO0 U3y4eHHsl OINOJI3HEBOTO Ipoliecca, MpoucxoAsuiero B padoHe cT. KazankaH BAM
BCXK/I. Onosi3HeBO#M mpoIecc NpoJi0JDKAET CBOE PAa3BUTHE, HECMOTPS Ha NMPOBEJEHHbIE YKpeIlJieHUs. B HacTosiee
BpeMsl MIPOUCXOAUT 0O'be/JHUHEHUe LIUPKOB Ha y4acTKe MeX/JAy NepBbIM U BTOPbIM MOCTOM, YTO MOXKET IPUBECTH K
YCHUJIEHUIO IIpolecca.

Takum o6pas3oM, JedpopMali B 30He MysIKaHCKOTO pasjioMa MOTYT NPeJCTaBJIATb ONACHOCTb JJI JIMHEHHBIX
coopyxeHu# baiikano-Amypckoit maructpanu. Metog PCA nHTepdepoMeTpuu uMeeT GOJBIION NOTEHI[UAT KaK JJIst
U3yYeHUs yKe INPOMU3OLIEALINX COOGBITUM B pallOHe HCCIe[OBaHMH, Tak M JJIi MOHHUTODHMHIA Pa3BHUBAIOLIUXCS
npoueccoB. B HacTosiuee Bpemss PCA ALOS/PALSAR 3akoH4YMJI cBOIO pa6GoTy Ha op6uTe, ogHako ¢ 2014 roga fAmnoH-
CKMM a’pOKOCMHYeCKMM areHTCTBOM JAXA 3amylieHbl HOBble yCOBepIIEHCTBOBaHHble cnyTHUKM PCA Muccun
ALOS2/PALSARZ2, pa6oTaroiiyie Ha TOH e JJIMHe BOJHBI L-ranaszoHa. Mbl iaHupyeM IpoJo/IKUTh HAIK UCCIE0-
BaHUA C UCTIOJIb30BAHHEM HOBBIX JaHHBIX.

KioueBble cnoBa: nudpdepennuanbias PCA natepdepomeTpust; 3HAOreHHbIe AedpopMalUY; ON0JI3€Hb; TPUPOJHAs
OIaCHOCTb

1. INTRODUCTION deformations, which impact is negative for the railway

engineering conditions.

Synthetic aperture radar interferometry (InSAR)
technique is implemented for collection and analysis of
space-borne radar data since 1980s [Gabriel, Goldstein,
1988; Gabriel et al, 1989]. Regular revisits of satellites
(e.g, ERS-1, ERS-2, ENVISAT, ALOS, RADARSAT, Ter-
raSAR-X) over the same point on the Earth surface al-
low examination of time series of SAR images and pro-
cessing the pairs with various time intervals and look
directions. In particular, differential InSAR (DINSAR) is
widely used for detectingon and estimating the surface
deformations of different origin [Goldstein et al, 1993;
Peltzer et al, 1994; Sandwell et al, 2008; Stramondo et
al, 2011]. We have studied a potential natural hazard
near a sections of the Baikal-Amur Railway, that is a
branch of the East Siberian Railway (BAM ESR). For
this purpose, we use DINSAR processing of the time
series of SAR images for 2004-2011. The geodynamic
situation in the study area is complex due to crustal

The first section of the paper provides a brief de-
scription of the interferometric technique and a list of
SAR images. The geodynamic setting of the study area
is described in the second section.

The third section presents the interferometric data
processing results and discusses endogenous and
exogenous deformation related to the Muyakan fault
and the Kazankan landslide, respectively.

2. TECHNIQUE

The key concept in SAR interferometry is an inter-
ferogram that gives a phase difference image between
two SAR data acquisitions. In the repeat-pass interfe-
rometry, the displacements of the mapped surface be-
tween the observation dates yield an additional phase
difference component that, after some processing
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steps, can be recalculated into a value of surface shift
projection in the line of sight (LOS) direction. Using the
additional information about the study object (e.g.,
motion along the slopes or vertical displacements in
fault zones), one can estimate the real range of dis-
placements.

Interferometric processing in our study was imple-
mented using SARscape software package and FIRE
RAS in-house software. DINSAR processing is usually
staged as follows:

- SAR images coregistration,

- Complex interferogram calculation,

- Interferogram flattening and unwrapping,

- Displacement calculation,

- Visualization (including geocoding, matching to the
different layers etc.).

In our study, the coregistration stage was imple-
mented using a standard two-steps procedure that in-
cludes the coarse shifts estimations from orbital pa-
rameters and subsequent crosscorrelation of the ima-
ges. Additional tie-points method was used also, but
yielded no significant optimization of the interferogram
quality. For a coregistered pair of SAR images, complex
interferogram calculation is the simplest formal stage.
Interferogram flattening was carried out as follows: (1)
subtraction of the DEM created from PALSAR scenes,
(2) SRTM (Shuttle Radar Topography Mission) digital
elevation model subtraction by SARscape software, and
(3) using an extremely short perpendicular baseline
pair by FIRE RAS in-house software. Surface displace-
ments were calculated only as a LOS projection, and
true deformation orientations were discussed for each
case. For clarity, the interferograms were supplemen-
ted with faults schemes and SAR amplitude images.
The following specific processing details are also note-
worthy:

- Interferograms filtering (Goldstein’s algorithm);

- Phase unwrapping method (minimal cost flow).

We used the data from ENVISAT/ASAR (C-band)
launched by the European Space Agency, and ALOS/
PASAR (L-band) launched by the Japan Aerospace Ex-
ploration Agency. According to the interferometric
background [Cumming, Wong, 2005], the phase diffe-
rence of 21 observed in a radar interferogram corre-
sponds to the difference of half wavelength in slant
ranges from the satellite position to the point on the
earth surface. This value is equal to 2.8 cm for C-band
ENVISAT ASAR interferograms and 11.8 cm for L-band
PALSAR interferograms. Thus, the technique allows
detecting centimeter displacements on the surface. At
the same time, the shifted surface area (e.g., seismoge-
nic rupture or considerable active fault creep) can
amount to dozens of quadratic kilometers. The limita-
tions of this method include temporal decorrelation
due to changes in radio-physical characteristics of the
surface, and the influence of atmospheric and iono-

spheric phenomena [Hanssen, 2001; Massonnet, Ra-
baute, 1993; Franceschetti, Lanari, 1999; Elachi, van Zyl,
2006].

3. GEODYNAMIC SETTING

The study area is located within the Upper Angara-
Muya interbasin link in the northeastern segment of
the Baikal rift system (Fig. 1). The latter is represented
by a series of en echelon half grabens bordered by well-
expressed normal faults. In general, the system of the
NE-oriented faults shows a typical left-lateral strike-
slip structure of lithospheric scale. The Miocene-Quar-
ternary sediments fill the basins, and Proterozoic-
Paleozoic metamorphic and magmatic rocks compose
the rift basement. The epicenter field of the 2.6<MI<6.2
earthquakes for 1962-2012 is mapped using the data-
base of the Baikal Division of Geophysical Survey,
Siberian Branch of the Russian Academy of Sciences
(Fig. 2). Currently, the Upper Angara — Muya interbasin
link is one of the most seismically active areas in
the Baikal rift system [Soloviev, 1985; Dévercheére et al,
1993].

The objects of our study are located in the dynamic
influence zone of the Muyakan and Perevalny faults
(see Fig. 1). The Muyakan fault extends northeastward
and strikes along the southeastern border of Muyakan
basin. The en echelon fault scarps often show triangu-
lar basal facets and seismogenic paleo ruptures that are
indicative of the Late Cenozoic and Holocene fault ac-
tivity associated with the left-lateral oblique slip down-
thrown on its northwestern side. The Cenozoic ampli-
tude of horizontal displacement is estimated at 1000 m,
and vertical displacement amplitudes range from 800
to 1300 m [Sherman et al., 1980].

The cumulative coseismic displacements along fresh
Holocene fault scarps (less than 12.0 Kyr) occurred at
vertical throw rates of 0.7-0.8 mm/yr, according to the
field observations [San’kov et al, 2000]), or 0.8-1.0
mm/yr, as shown by the theoretical calculations based
on the relationship between the basal facet height
and the basal facet surface slope [Petit et al, 2009]. In
some segments, the Holocene horizontal displacements
about 5 m of amplitude are clearly visible [Houdry-
Lémont, 1994].

The dynamic influence zone of the fault includes the
Muyakan basin and its northern-side structures and
ranges in width from 7.5 and 10 km. Unlike the steep
southern side of the basin, its northern side is more
gentle and step-like. The displacement amplitude along
some of the faults decreases gradually to the north
of the basin axis. In the northern side of the basin,
the Muyakan fault zone is represented by a complex of
the NE- and ENE-trending secondary faults that are
mainly reported as the left-lateral strike-slip faults with
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Fig. 1. Topography and active faults in North Muya region.

the study area.

passioM. [IpAMOYyro/IbHUKOM NOKa3aH paloH UcCIeJ0BaHU.

normal component of displacements [San’kov et al,
1991]. Fault plane solutions for small-magnitude earth-
quakes [Déverchére et al, 1993] show the predomi-
nance of nearly purely extension stress. The solutions
for strong earthquakes show both extension and strike-
slip stresses acting in the fault zone [Golenetsky, Misha-
rina, 1978; Doser, 1991]. Some evidence from the
Muyakan seismogenic paleo rupture indicated that the
amplitudes of single-event vertical normal-fault dis-
placements were as large as 6-7 m [Solonenko, Man-
delbaum, 1985]. The western tip of the seismogenic dis-
location is 4-5 km away from Severomuysk town and
the eastern tunnel portal of BAM ESR. In the study area,
the BAM railway goes along the Muyakan structure and
intersects some of its dislocations. Obviously, the engi-
neering-seismogeological conditions in this area are
unfavorable for the railway and other manmade struc-
tures [Solonenko, Mandelbaum, 1985]. The Perevalny

Thick solid (dashed) lines - active well-expressed (inferred) major normal and strike-slip faults; thin solid (dashed) lines - observed (in-
ferred) secondary normal faults. UAF - Upper Angara fault, KAF - Kovokta-Angarakan fault, PF - Perevalny fault, MkF - Muyakan fault,
UMF - Upper Muya fault, UMKF - Ulan-Makit fault, TF - Taksimo fault, NMF - North Muya fault, SMF - South Muya fault. Polygon shows

Puc. 1. Pesibed u akTuBHBIE passioMbl CeBepo-Myiickoro paiioHa.

ToscTole criouHble (MyHKTHPHbIE) IMHUM — YCTAaHOBJIEHHBIE (Npe/Io/iaraeMble) aKkTHBHbIE, XOPOIIO BbIpa)KeHHbIE B pesibede cOpOChI
Y CABUTH; TOHKHeE CIIOUIHbIE (MYHKTHUPHbIE) IMHUU —~BTOPOCTENEHHble YCTaHOBJIEHHbIe (npeanosiaraeMble) copocel. UAF - BepxHeaH-
rapckuii pasnoMm, KAF - KoBokTa-AHrapakanckuii passnom, PF - [lepeBanbHbiil passiom, MKF - Myskanckuii passiom, UMF - BepxHemyii-
ckuii paszsiom, UMKF - Yian-Makutckuii passiom, TF - TakcumuHckuit pasinom, NMF - CeBepomyiickuii passiiom, SMF - F0xxHo-My#ckuit

fault extends northwestward across the North Muya
Range. The expression of this fault and its influence on
the geodynamic setting vary along the fault segments.
In the vicinity of Severomuysk town a low-intensity
gravity step trending northwestward of the Muyakan
basin and a relatively deep valley are observed in to-
pography. This fault branch is represented by a series
of normal-fault scarps along which the northeastern
fault block was thrown down in the Cenozoic [San’kov
etal, 1991].

4. INTERPRETATION OF THE DIFFERENTIAL
SAR INTERFEROMETRY DATA
The processed ENVISAT/ASAR and ALOS/PALSAR

data are presented in Tables 1 and 2.
In order to reduce topographic effects on remotely
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sensed data and obtain acceptable interferometric re-
sults, we used image pairs with small perpendicular
baselines (B.) (the projection of the satellite distance
on the line perpendicular to the LOS and the vector of
the instantaneous velocity of a satellite). Such an ap-
proach, complemented with subtracting a Digital Eleva-
tion Model, makes it possible to observe deformations
even in mountainous terrain not impacted by radar
shadowing.

A general recommendation to mitigate temporal
decorrelation is careful selection of image pairs based
on short temporal baselines. However, in some cases, a
strong correlation is observed for several years [Klees,
Massonnet, 1999].

Endogenous linear-localized and areal deforma-
tions. All interferograms derived from the ENVISAT
images (see Table 1) show a significant effect of tem-
poral decorrelation due to changes in the numerous
bogs in the valleys and the dissected topography. Ne-
vertheless, four areas of high coherence are revealed
in the same parts of three image pairs (13/01/2004-
08/03/2005, 16/05/2004-18/09/2005 and 17/02/
2004-17/01/2006) (Fig. 3, all interferograms are
given in SAR geometry). For our analysis, we have

selected the pair with a 3 m perpendicular baseline
(13/01/2004-08/03/2005) so that the relief influence
on interferometric phase difference is minimal.

The ENVISAT/ASAR data show that in the zone of
dynamic influence of the Muyakan fault there are two
types of endogenous deformations, which may be de-
termined as tectonic linear localized and areal. The li-
near localized deformations are confined directly to the
fault plane (Fig. 3) traced at the foot of the Muyakan
Range scarp. The maximum length of the continual li-
near deformation observed in the southern boarders of
the Muyakan basin is 30 km with a width of about
1.5 km. Such dimensions of the anomalies exclude an
exogenous origin of these deformations. In 2004-2006,
seismic activity of the fault zone was rather low. No
earthquake with M/>3.5 occurred within the study area
during this period. Therefore, we cannot attribute the-
se deformations to the accumulation and release of
elastic stresses by seismic events. We suppose that the
deformations along the Muyakan fault are similar to so-
called parametric deformations that were first recog-
nized, described and referred to as very intensive in
[Kuzmin, 2013]. This type of deformations is geodeti-
cally observed in active fault zones located both in



Table 1.ENVISAT interferometric pairs

Tao6nanuma 1. Ucnosb3oBaHHbIE Mapbl CHUMKOB ENVISAT
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Master image date Slave image date  Normal baseline =~ Comments

(dd/mm/yyyy) (dd/mm/yyyy)  (Bi,m)

Track 204

13/01/2004 08/03/2005 3 The interferogram demonstrates a good coherence in the
area of expected deformation (see Fig. 2)

17/02/2004 17/01/2006 200 The interferogram demonstrates a good coherence in the
area of expected deformation (see Fig. 2)

Track 247

12/12/2003 20/02/2004 243 Residual topographic phase in the mountainous areas

12/12/2003 30/04/2004 188 The coherence is lost Singular

12/12/2003 20/05/2005 248 The coherence is lost

20/02/2004 30/04/2004 55 The coherence is lost

11/03/2005 02/09/2005 153 The coherence is lost

Track 476

07/03/2004 01/05/2005 324 Low coherence

16/05/2004 18/09/2005 226 The interferogram demonstrates a good coherence in the
area of expected deformation; some displacements are de-
tected (see Fig. 2)

23/10/2005 27/11/2005 178 The coherence is rather low; a lot of noisy areas in the

mountains

mobile areas and on the platforms. The parametric de-
formation rates are as high as 10-5.

Most of these deformations, not followed by seis-
micity, are observed directly in the fault zones. The au-
thors relate the origin of these deformations to the
change in parameters of the medium inside the fault
zone, near its major fault plane (as evidenced by gauge
zones and the surrounding fractured medium).

The areal deformations discovered near the tip of
the Muyakan fault (Fig. 3) on the NE closure of the
Muyakan basin and the western side of the Ulan-Makit
basin cannot be directly attributed to seismogenic mo-
tions either. The areal deformation pattern corres-
ponds to the stress distribution pattern at the tip of the

Table 2.PALSAR interferometric pairs

Ta6nauma 2.Ucnosb3oBaHHBbIE Napbl CHUMKOB PALSAR

left-lateral strike-slip in the elastic medium [Osokinag,
2010]. The eastern tip of the northern side of the fault
is associated with an area of crustal extension and sur-
face subsidence. In the southeastern part of the fault,
there is an area of crustal compression and surface up-
lifting. These data correlate with the kinematic type of
the Muyakan fault, which is determined by the geologi-
cal data [San’kov et al, 1991] as normal fault with left-
lateral strike-slip component.

Landslide. Since the 1990s, a landslide has been
developing at the Baikal-Amur railway segment at
a distance of located several kilometers from the
North Muya tunnel (Kazankan station, Severomuysk
town, coordinates 56.1N 113.8E). The leveling and

Master image date Slave image date  Normal baseline =~ Comments

(dd/mm/yyyy) (dd/mm/yyyy)  (Bim)

17/01/2009 12/01/2007 256 Sufficient coherence near Kazankan landslide; displacements
are detected

23/07/2010 15/10/2007 844 Low coherence

23/01/2011 01/03/2008 864 Sufficient coherence near Kazankan landslide; displacements
are detected

04/03/2009 17/01/2009 501 Sufficient coherence near Kazankan landslide; the area is

stable. DEM for interferogram flattening is created from the
pair
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Legend:

O Severomuysk town

Baikal-Amur Magistral
Railway

V1 Kazankan landslide

the location of Fig. 6

faults

ﬂ linear localized
deformations

areal deformations

Fig. 3. Wrapped interferograms imposed on the amplitude images.

A, B, C - interferograms derived from pairs 13/01/2004-08/03/2005 (A), 17/02/2004-17/01/2006 (B), and 16/05/2004-18/09/2005
(C). PF - Perevalny fault, MKF - Muyakan fault, UMF - Upper Muya fault.

Puc. 3. UnTepdeporpaMmsl ¢ Hepa3BepHYTOH pa30i, Hal0KEHHbIe HA aMILIMTY/JHble CHUMKH.

A, B, C - untepdeporpaMmsl, noay4yeHHble s nap caumkos 13/01/2004-08/03/2005 (A), 17/02/2004-17/01/2006 (B), u 16/05/
2004-18/09/2005 (C). PF - [lepeBanbHblii paznoMm, MKF - MyskaHckuit pazioM, UMF - BepxueMyiickuil pasiom.

GPS geodetic measurements (Irkutskzheldorproekt,
2002-2003) showed the rail track displacement at a
rate up to 2 cm/month along the slope in the slip area.
The Kazankan landslide is of concern because it has
a potential threat to the railway facility and operations.
According to [Trzhtsinsky et al, 2004], landsliding in

this area was triggered by railroad cutting operations
and permafrost degradation and increased due to ex-
cessive loading of the slope.

Obviously, the influence of seismic and tectonic ac-
tivity on rock disintegration and landslide development
in this area is a source of further concern, as the recent
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slope and roadbed conditions near Kazankan station (after [Trzhtsinsky et al, 2004]

I Puc. 4. CXGMa, IMOoKa3bIBawOllasd CKJIOHOBbI€ U MHXXE€HEPHDbIE€ YCJIOBUA BOJIN3U CTaHIOHNHU KazaHkaH (COCTaBJIeHa no

nmaHHbIM [Trzhtsinsky et al, 2004] v [Zalutsky, 2007]).

studies have shown that the Kazankan landslide deve-
lops in the zone of influence of seismically active Muya-
kan and Perevalny faults.

In [Trzhtsinskii et al, 2004], the sketch shows the
slope and roadbed conditions near Kazankan station on
the basis of the GPS-geodetic and ground surveys and
suggests soil tilting in the upland zone and uplifting
near the second and third bridges (see labels 2 and 3 in
Fig. 4).

The surface laser scanning conducted in 2005
[Zalutsky, 2007; Kartashov, Zalutsky, 2009] shows an
uplift near the first bridge (see lable 1 in Fig. 4). The
rock mass movements led to deformation of the road
bed [Kartashov, Zalutsky, 2009] and caused slippage of
the engineering constructions (Fig. 5). To protect the
railroad from continuous deformations, the railroad
tracks had been already relocated to the upland zone
[Kartashov, Zalutsky, 2009].
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Fig. 5. An example of tilted vertical constructions near Kazankan station. Red arrows show seasonal congealing construc-
tions and the electric column inclined due to mass movement (area near the first bridge, labelled 1 in fig. 4) (photo by the
railroad staff, 2010).

Puc. 5. [IpuMep Hak/IOHA BEPTUKAJIbHBIX KOHCTPYKIIMH BOJIU3U XKeJIe3HOJ0POKHOM cTaHuuu KasankaH. KpacHble cTpesiku
MOKa3bIBAIOT YYAaCTKU CE30HHOI0 NMPOMep3aHUsl KOHCTPYKIHUU U ONMOPbI JIMHUHU 3JIEKTPOIEepejayy, HaKJIOHEeHHbIe BCJe[-
CTBUE JABIKEHUSI TPYHTOBBIX Macc (paloH Bo3Jie NePBOro MocTa, 0603HaYeHHbIH 1 Ha puc. 4) (doTo nepconasna xesne3HoOM

noporuy, 2010).

We have studied the landslide development near
Kazankan station with the use of the ascending ALOS/
PALSAR images (see Table 2) because during the as-
cending portion of the orbit, the expected displacement
direction is opposed to the satellite motion. Unfortu-
nately, none of the available ENVISAT/ASAR images
(including images from the descending orbit of
ENVISAT) can be used to study the Kazankan landslide,
because the satellite orbit is parallel to the direction of
the landslide displacement.

On the contrary, the ALOS/PALSAR scenes acquired
from the ascending part of the orbit are acceptable for
interferometric measurements of the surface displace-
ments in the study area.

Regardless of wintertime imaging and long intervals
between the surveys, we used the ALOS/PALSAR
radar image pairs of 17/01/2009-12/01/2007 and
23/01/2011-01/03/2008 and derived good quality
interferograms for analysis of surface changes in the
study area (Fig. 6). Locations of deformations in the
interferograms coincide almost exactly with those at
the three bridges to the west of Severomuysk town (see
labels 1, 2, and 3 in Fig. 6) wherein significant dis-
placements were detected by the ground surveys, as
mentioned above [Trzhtsinsky et al, 2004; Zalutsky,
2007]. Phase difference examination gives the estima-
ted LOS displacements of 61 mm for the pair
17/01/2009-12/01/2007, and 86 mm for the pair
23/01/2011-01/03/2008. In the landslide motion di-

rection (see red arrows in Fig. 6, A and B), the estima-
ted displacements amount to 80 mm and 112 mm,
respectively. Contributions of the first and second pairs
to the monthly surface displacement are 3.3 and 3.2
mm, respectfully.

These values are seemingly underestimated in com-
parison with the actual ground measurements because
we can observe only relative displacements in the ima-
ges (in this case, the slope motion with respect to the
bridges). The areas undergoing uplifting, possibly rela-
ted to slope failure, have been found below the railway
track at the second and third bridges. Geologically, the
growth of landslide is evidenced by extrusion along the
cylindrical slip plane with negative displacement in the
cirque area and positive displacement in the frontal
part [Trzhtsinsky et al, 2004; Zalutsky, 2007], which look
like small bright areas at the landslide border to the
east of bridge 3 in Fig. 6, A and B. The areas near the
bridges are subsiding (dark spots near bridges 2 and 3
in Fig. 6, 4, and bridge 3 in Fig. 6, B), probably due to
solifluction which is common in the study area. Pre-
viously unknown landslide propagation along the slope
has been found between the first and the second brid-
ges (dark spots above the slope from the railway). Addi-
tional investigations and monitoring are required to
clarify the mechanism of the landslide propagation. In
our opinion, widening of the landslide circus, as well as
changes in movements rates of the landslide body in
both space and time may cause this phenomena.
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I Fig. 6. The deformation pattern derived from unwrapped interferograms. A - the pair 17/01/2009-12/01/2007; B - the

pair 23/01/2011-01/03/2008.

I Puc. 6. /lebopMaljMoHHas cxeMa, COCTaBJeHHasi U3 pa3BepHYThIX UHTepdeporpamm. A — mapa 17/01/2009-12/01/2007;

B - mapa 23/01/2011-01/03/2008.

Our analysis confirms that the measures taken to
strengthen the slope and the railway embankment did
not stop the slope from degradation and sliding. In fact,
there is an urgent need to continue the slope streng-
thening works or to take measures to relocate the
problem segment of the railway.

We intend to continue our studies and, based on
analysis of displacement vectors, geological and on-
land geodetical data, model the slip growth in a more
detail with a time pattern of displacements.

5. CONCLUSIONS

The deformations near the Upper Muya interbasin
link of the northeastern segment of the Baikal rift sys-
tem have been studied by the differential SAR inter-
ferometry method, and new data on the present-day
ground-surface displacements of differing origin have
been obtained. Two types of deformations, tectonic-
linear localized and areal, are distinguished in the zone
of dynamic influence of the Muyakan fault. The defor-
mations observed directly in-situ in the fault zone
may be referred to as parametric, associated with
changes in the state of the medium in the fault zone.
The spatial pattern of deformation corresponds to
that of stress distribution at the tip of the left-lateral
strike-slip fault in the elastic medium.

The first investigations based on the SAR data for
the area near Severomuysk town have shown that

ALOS/PALSAR images are useful for monitoring the
landslide motions in the immediate vicinity of Kazan-
kan station of the BAM ESR. The soil slip continues to
grow, and the engineering works performed to stabi-
lize the slope are evidently insufficient to protect the
railway tracks and facilities from damage. The cirques
between the first and second bridges are now merging,
and the landslide may thus be activated and become a
major threat to the railway facilities and operations.

Therefore, the deformations in the Muyakan fault
zone are the current serious hazard to the structures
and facilities of the Baikal-Amur Railway. Our study
have confirmed that the SAR interferometry method
has high potential for both studying the past events and
monitoring of the evolving processes in this region.

The ALOS-1 PALSAR mission was completed in
2011.In 2014, the Japan Aerospace Exploration Agency
(JAXA) launched the new advanced mission ALOS-2 -
PALSAR2 for precise land coverage observation and
continues to fulfill its commitment to provide the in-
ternational science community with L-band SAR data.
We plan to continue our research with the use of new
satellite data to address the issues of surface defor-
mations near the Baikal-Amur railway.
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