WS DB R A RSB & BHEST
SRR

* ) 2 b o > =
TR, FRKE2, AR, EFF, XHE, L7 23, 4723
(1. HUR R ERT A5 TR (R A E i s ORESE TR , Bl 610059; 2. FEHLF Rl Belh 5 /1228 50T, dbat
100081; 3. HARGUFIG IS S5 M 22 4 8 i seie =, Jbat 100081) )

FEE: WVOVL VPR B S AR B R R, TR, WS A H G RN Y Bk R, EUIR
B TR SR, ZIX I 2 0t 5. KB IR S i ) 8 T B 2 KRG AT . ASCRI A InSAR. B AN
HOTHT VA A | B ERAN D BR Y BRI 55 2 BR T B, B IR 7T IX R s A I 4BOK B 43 AT RFE , $87 S v 6 1 38 1 T J
L. 25 5RH, 32 m BEH A 25 M- R I A AR A%, b1l -380) 2 BR UK i o 8, -] 2
BZ At AN, XA TEAR K & BT M R A RIE R R B OB 3, WA TR
W2 WA TR G VE R RC R, M52 Rt RN 2VE B34 T IR 2 B I N ) s 5, IRIR D)5 K EN R R A e
AR Fi i R 24, o WO AN T 7K VE Bl It v 4 A s AR S5 40 o RS 990 T W 901X s S 3 A TR AR ) 3 26 8 b
M5 )5, A R TR A R R, BE— TR, TR ATE LR . SRR R AR LRSI TS E
o WFFURCRIR R T AR B R e A i 3 PR e BRI L S5 A AR, P D iRe sl 3 o S B B 4 B K AR e B4R bR}
FARYE o

KHIR: BVRIL: mAOEYG KRB MR IR TR

FESES: P694; P642 WS HHA: 2025-08-30

Development Characteristics and Evolution Mechanisms of Large High-
Altitude Landslides along the Deqin Reach of the Upper Lancang River

Shichao Cao'-2, Changbao Guo?3*, Weimin Yang??, Xiujun Dong', Ruian Wu??, Wan Jiang??, Ning Zhong?>
1. State Key Laboratory of Geohazard Prevention and Geoenvironment Protection, Chengdu University of Technology,
Chengdu 610059, Sichuan, China;

2. Institute of Geomechanics, Chinese Academy of Geological Sciences, Beijing, 100081, China;

3. Key Laboratory of Active Tectonics and Geological Safety, Ministry of Natural Resources, Beijing, 100081, China;
Abstract: Large high-altitude landslides are widespread along the Deqin reach of the upper Lancang River,
exhibiting diverse types, pronounced deformation, and complex evolutionary pathways that readily cascade
into basin-scale hazard chains threatening towns and infrastructure. However, the predisposing settings,
developmental patterns, and geomechanical models for this reach remain insufficiently constrained. Here we
implement InSAR, UAV, field investigation, borehole drilling, and geophysical surveying to delineate the
spatial distribution and structural architecture of large high-altitude landslides and to resolve the formation
and evolution mechanisms of representative cases. Results show that, under the combined control of extreme
relief and lithology - structure coupling, the Foshan township -Yanmen township reach is dominated by large
high-altitude landslides, whereas the Yezhi township -Yanmen township reach is characterized by paleo-
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landslide deposits; toppling deformation zones are pervasive across the study area. We identify lithology and
its assemblage as key factors governing landslide development, and demonstrate that endogenic - exogenic
coupling drives formation and evolution: crustal uplift and active faulting provide the tectonic background;
deep fluvial incision and long-term unloading promote rock mass toppling and the formation of high-altitude
tensile headscarps; rainfall and groundwater processes elevate pore pressure and accelerate internal
weakening. On this basis, we synthesize three classes and eight types of geomechanical failure modes, with
toppling dominated failure as the principal mode. Further analyses indicate that landslide deposits are prone
to reactivation under earthquakes, intense rainfall, and engineering disturbances. The findings clarify the
causative mechanisms and evolutionary pathways of large high-altitude landslides in the Deqin reach and
provide a scientific basis for hazard chain mitigation and siting of major engineering works.

Keywords: Lancang River; High-altitude landslides; Development and spatial distribution patterns;

Geomechanical model; Formation and evolution mechanism
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PUBIANE . S5 & FEIX IZ R 5. W UR SR S R R Ve A, AW FAE SR & 70 Hr A
DIREIESH AT IR 2 S E N L VR 2 A T RN b A e U Sav

4.1 EIZE AR

IS AR T A2 S i o R e 2 B R fe i —, Il 48 & M S 3T TPAT I BE U EIR A 1A,
BCHE ST AT 35 T P 5B f SR o B A A, R B A T 7= A 1 3 A P S A 15 - 2R B S - 3] AR T
CHREE, 2021; SIS, 2017) o X3RS 1 FRIER DIVA A AEAR TR B4 T A RIS 2% A4
A 5 DX SRRV T R 170 2 79 00 11 3 B S M ot R AR A e A il ke B IR R (R <30m) AR (IR
BE>30m) HifEIARE, HRIE AR ZER,

4.1.1 BRI S

AR R R 2 R B W R T IA R  z —, EERE TH-ERIR. Fr-BEif b
et R B, AR R TR, SR ey, IS RN . AR TR
FEERINTAR B e « TRy R UL LR fiE, — R AT 20-30 mo HARTEAIA I 2
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- IONIRBEBRIA, HEE RIS, W TERIRCE . e, e THCE R
PRI S S JZ o B BRI AR (] 2 4 A BEUZ R M A A R BB s B 2% A . (R
THERTE, A EBEBIVERE A P A BORREE S, AR Gk, 2017) o iZKEE
R H , WAl AR, Sy KRS E BRI (& 13) (B K 4E,2008; 2017,
Huang etal., 2021). 41, HIELL SR BUR AT, FRIEOVIE BALRRGEH , a2 SR IR0 N15°~
40°W, SW275°~85°, J VT (Tuetal,2021) , HZEMEILHN AL, AN LA ZERZS
T R K25, 5 TR ABTA B A il 1 2 i JEC R AR R AR AT K, I 2 A7 1 AR A2 31 Ji
PHRBITEIEHRT 2R AR AT KT IR BEVE BPRZAE 150m DAL, 2o R 2 MR R A R AL
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4.1.3 BB ERRE SHHE-RRANEE-RRESE

FEFREAR ] (K RAPRCE AR b, LS il -4 SRR - R R SRR A . Hodr, IR i
FESAR B IR R R AL R4 25 il S 2, i A J2 DU [R5 2R AR 1 = 2E B D)y Bl X (P
14) o DB PRI A AEAS ] 32 R % 48 SERIR EEM BE 98 1 Vi BB NP S Ji8 IR B L A — 48
E R RS SIS 2R S RUBUEARA AR B BUEIRAE, 35 TR IR G
M1 IR AR 525 i, B2 AT BB N R ER R
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4. 1.4 BREEECE BINE i E 2R ELE

B B R AR ) AR T ) RS E PEAL AR o B AT B A, R b O A S 4R AR A 9%
B GRIEKEE, 2007, 2017; ZRIUESE, 2018) o Bl BORFa &2 B )5 i s B2 A, A L A
R R kT AR T (R B B P, e ARk o R K R A R S T OB B, RN
PR, HBE B A SZ B/ T RSN AN BRI I, B B2 SRR A B DIRER, TR
YR L R 3, XA L E YRR X (Yinetal., 2017). 8 FCIX ARG il ey
b, HRAVER, A3 mA X S AR AR XA PR 22 R BRI s R A AR,
FRE XA EOHCE, PEONEES . RRREDONECE, FERXMATE S ARE T, s RN 22
SRSV RN R . BOA 2 BT BRI PUBY s AR e, R 5 R AR v A g
J&, WA R IE I ShAa e 1R, ELE TR AE, (HREEE RAERT e, BEA B E
REZB R WI/INREERIRIA DR DU 2“8 1 E T B R Oubn i, R0 BB
HYUEBUE AR (B BBk (AR , SIEBRIE I, % SBUEAR I RFRIT
THaaiEs (E1S) .
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4.3 NG I=)4 7B 7% - 5 WAL

I [ 8 A - B W LR — B2 2R, — K IR R AR LA 25 3 4 sl 38 4 £ 2 B 70 75 =X
R R E CARSRMEE, 2012) , Sy —RINft i 4, Aa Rl B pR 2L i (B AR, 2008) , H TR
WA BRI e, M2 AR, DRI w5 (T O 51 28 & — AN 2R I i ) 2200 72,
KBS K B EIX R IR .

4.3.1 |G [=)3 575 - 5 iy

T HORAE BINLE S — 23 TR Z MR I (D -BIWr B, RAER e A
WEEBEEHT, FPAEEFE, &2 ReE@Ed A EH TZ M0, RIS ih-FE iR bl Lk
PRIOVE A7 3XFh A% 77 X (K38 B M B X 5 IR I A M R — S D R (1A R, ) 42 1 R A2 -
NHIERE, — BB IR X 25 -t e, 5 e 20 BT T T S50 0 1 % 2 (8T 18).
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B 19 IREEIRE ST AR R N ER (o BIRVEMER; b BESHAAE BN, c RBREHEREN
B d BRI

5 i+tig
5.1 AN SR EER I KRBEUR ES AL RIS 00

T 98 e i 58 B T W 245 3 22 B IR = s SV 38, 5T A 38 6V BB A R Je B A X3 4 |
YEFIFISZI (Martel, 2004; FEK 545, 2012; 2024) o WiEdiGsh SEUHN 13 EH o, 5552 E kT
ZUHMIT, SEBH KRRV (et E R . T X508 AR - A - R B W 2 L TR
VL3 5 22 20 W Ry (TR R =55, 2024), HR4E HEHGE R (b E RS 22 X LI &l (GB 18306-
2015) ) , TEAHE B TEEE I RE SR (E IR BRIk 0.2 g, sk b2 UOR AR R R i B R A T,
U1 1950 5[ M8.6 IR . 1996 FEMHYT M,7.0 MRS . 521 75 VU M A4 3E B J13 B VB R 33
%X H 5 SRR TS, 12 X I 25 A 25 1) R R AR 0 Mt AR RS o 3 X N R B 22 4.
Z AT TR AL BER A AR IR P B, SR A AR R L R, TR
2 —28, IR SER A A 5 & BMU IR U DL O RN A 5K B ENUE, TGS ok
TR R A P AR S PR A B DL R BB AR 111 2 B =TT M3 A X IR s TR A i, (T R iE B ek
SRRVEAN, ZIXEIEET AR R, RARIZUERRUE IS .

KWIE e 58 2 @ AR AR R B2, EHGERET . WiRE s st ER R, #F5E
DX R A ARSI, HAEBOTLIF SR A E R T, WS RSO AR ) BRI, T R 1 2
s ERMEERT, ZXEREESHEEERRRE, HHRTETmERKE2%0 8T
BEATB R 5%, WA nlRe R BUENENONRZBURZ . B — KRRt , SR
R B B e AR, B TR R A AR R, B — TR E I AR R
RN RE, BN I S A PTBT RE IR, B BOR AR ERIR, AR BRIEDREG 51 R T RE
TUBFIEAR RS, AT TR R RS iy (L T8 33 9 P AR 2 VL S H S

R R b T /K5 R R IR = e A AR T, il 2 R N 0K 5 V8 i &5 U fige 30 ) DR 3 45 1) 3 v o 3
JoT 9 XA 5 3 B o AR (BRERT-4%, 2021; Cui et al., 2022; #1[E#245,2024) , &M S EIAASL
WK RS Fh i T8940 ARSI B E— RI I (£ 775, 2023; Jayakody et al., 2023) .
TEE PG ST L X —5, G RREY . AR 2 AR 1 B R B 1) s 6 A 0T e WY - T 7K
REREM R B, FEARIIE LR LA : (1) PR AR R K ERGE Fi8, Bk s AR RIS &
FKE I FNBIE K 7, ek T RHRRA R IR Z IR, SEOR AR RPUBT S — 2D B G (2D
K R Y B A R A Y I 2 5] i S R AR T, BRI AR E LN A 5 R AR R AR, R
NINTEIEAS . YR BTV IR ERNEAE; (3D PRI B MR TR R 2 A A ) s i A
BT IEIRE R B R, ER A DA N R
5.2 FEIKALE R R BLR ES LB T

PEAK AL AR R B S e S I A T O AN IR B R R 2 — o DA BT TR, FE XT3N e
KL FF e S EL A B R PR s 22 S SR e, AR T AL 32 B FLRUK R TR WAk K-
FAHHEAE R CLACE AR s FEFRIREE (R IAE, 2022; 331555, 2024; Liao et al., 2025) . {EJHPE
b8 m e AR, A TRV SRS, KIMBIE K E TEERKR. STk E.
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Hb TR 8 A RN R Ge b, AKRIK o R R R BORIEAT B T RHEAAR 4 57K 730 556 A 5 1 R K
WA, 51RIAAR N IBK- TR & R AR

WHAL X SRR T LRI TR B, RHICA A2 NRIB SSRGS A M m BT IR M h it g, T BRI
KA, X SRE o KA SNTE LT JUAN 5 TR AR 8 PRI B (1) KA BB B,
JE KK 3B BRI Fe 44 7K 0N, 17 B R R M T KRR A A S G ALK R 0T, 36 e ik A ok K sk
ZEWR, TRATREAKIIRREE, SRV A ST (2) AKAZPUE NI B, AMHK Sk IR
B S B R 22 3, T A AL R, TR R AR, A S S R AR A R AR B B
W (3) BAYEE R AR BT, S W R ] (R I AR S A, K- A BAEH 5 51 KBRS
AL, AT N 1A PRI A MRS, IR A S B U AR I AR . BbAh, R KA A R A AR
IR ] RS RIG SR G HIE B, T e VT8 S R A A X I, JBEMS A 5 i AR 4 A
BRI AE KA -ED BRI T = A s SR RS Y S AR X B 8, e R A R R A R e v
R SR AIE TE 5 1
53 RESMEN TR EHIRESR

ST TR AL S o AR G U AR, R At R A A T R IR R B T At
MAX AT MRS, BAEERHZRA, 2EEEEHEZRAS, IEHEREREZE. X
F VLA I AR TR AR AL T RS SR AR T 23 8], 55— 7 TH R A R AL i T R i i B
PR R E R R A RAEH (555, 2020; 3iA%%,2021; Liuetal,, 2023) . AT, fEHLFeHrE:
BTSRRI KA SR, WG Tz e, ARSHEEMERE, BB 4 EAm
ST, M58 TR R, B NI ORIASE, 2019;2022) o g E A R A
FEAEBE I RS B, BT N R I A AR AR DR, 1SR T S I M R AR R B T ST
T TS SO, MERRMARR R, AR BLHI R 2% (Tuetal., 2020;2021) o X NIELRAEA K&
AR, R DA TA R A AR E . SHRARL EREW . HhiE Bk AR S)
SEHNRPLBN N R AR, i A BT DU R SR i I (B A ANEE, 2022; Jinetal., 2024) .

Hb S BTV L A DU R U) S BCA RS ZLEN AT, RIS T 7= A i 6 i BRI 55 T A PR,
ERBINAMEEER T, HBIZHMYE R, &, FEEE. HEAKENSENLFEER TERTE
HA 38, 4 B D R4 % — RZ5 KR &R 2 e B (Cao et al., 2025) , IXHAER 7 NZHHIX
FEAEZ AW i 3 (& 200 .

ST BT, BT RO s R, 2GS sl AR YIRS AR AL B F]
P, DIME BRG], HAR A AR AT KBOERE D LR LAY B

(D) ZEMB: MR SR ) SRR AT &I, B3R R, A, &
2 iR = AR R (B 20a,b,e)

(2) BB (B 20c,e) : TEKIIEIMT SHEIRZ) N, R — 08 RIREHEE, HRE
Wi, oI RS SETE, TR

(3) HEFRPTEL (B 20c,0) = BEATESIN AT, TR EAHERRCRAEIERI S P, BN 5 28T
W S A

(4) SHEM B (B 200 « fERIAEAS . SmBF I S KA B S Ab TR AT R, 8o i 3k
PR AR SR S BRI B
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20 TREGEWIIZEE (2 BRPIERIMRREE, b AN ERE, c BAThAIRE, d RHERE~EME; e
W REIE S AR, f WERBER)

6 FEHIL

AXFEET InSAR. AWML, LiDAR. HbTHiA AT -R-M-IR 2 HEARTB, &Y 7RI Ef
R B K S YR B AR S AR TN, TEXIZ IR EE . LA, (R R F R A
Sf 3R b, S5 A ORI ALIE I S T, A SE VAN T I VT L TR R B e S Y G MR g A
FRAFUUR F A

(1) 2R s BE A ), 8 78 DXTR 3 2 B E A [) e BT B B 1) o S, L3 0] 2 B DA
ALY, BT O 243523224 m, 04T B R =B RTRRE L ZRE T,
R - 1] 2 B 22 DA AR A 45 R 2 BEARFAIE

(2) BRI A REBI RGBT, L VTGN T FTIX AL 3 M5 7 2B O R AR L i
TR IR S A - B TS 3 28 8 P, B TR A RR I B A, I R TR IR £
BRI A, Ho s AR TR S S AR
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(3) AL 2B S — NI N AME SR R BB R . i BEM R 5 RS
PO B AR LRI TR, 5B T AW RS S fe 7 I A R TR 5 A E AT
B T RN 18, AERBBCA R P AR A s BRI N AETUINE T AR stk SRR S TR
NI R A SRR AL R .

(4) WG TL_ BV PR B G i SR 2, AR, WX SRR RS, fEASNE)I1E R
ESZMN, A R F R RO, SO sE X R AR T AR RS AS B, W S AL B B
RIS S, B X7 R
B

AUHER UL RS, PE MR A U T AR AR BRI SRS T
FPANHE S AR AL B T AR B TR e A IR A W 58 B 1 BRI, RS TR IR H )
SERR T ER Y B AME A AR, DY) e E ik TREA IR SUE R R YIRS K 1 s ER BRI C, ARt —
F RN o
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