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Abstract: Rock-ice avalanche is a special kind of rock avalanche involving ice, rock, and soil particles, which disintegrates from
rock/ice avalanches or landslides in cold high-mountain regions. As involved ice, rock-ice avalanches have extremely high mobility
and enormous destructive potential, under the background of global warming, the propagation mechanism of rock-ice avalanches is
a frontier scientific issue in the field of geological disasters. The representative achievements in the field of rock-ice avalanches over
last forty years were reviewed briefly. The terminology and definition of rock-ice avalanche were given. The formation mechanism
and its climate sensitivity were investigated, and the regional development characteristics were analyzed. The propagation
mechanism and the influence of ice were studied. The extremely high mobility of rock-ice avalanches was attributed to the low
friction of icy surface, fluidization of meltwater, and channeling effects. The influence of ice is complicated by the low friction of

icy surface and thermo-hydro-mechanical coupling. Further investigation should be conducted in the dynamic characteristics and
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propagation mechanism for improving relevant hazard mitigation.

Key words: rock-ice avalanche; propagation mechanism; influence of ice; global warming; engineering geology.
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H McSaveney (1975) FF & T F¥ 4h ¥ 19 B 55 LA
>k, VK—45 % J8 i (rock-ice avalanche) B9 #F 3¢ E8 i
Ry A BRI AR B R EF BT Hb BT K A 5 O ki
PO 5 I IR) Pk A R AR O B T UK A
Py 0T ) — ol R R e R e AR U M, 3R AR Y UL
fars¢ i@ 32 B 1 A RRAE DL B S L L AR S A
LR IJLA i #AT R 2 5 R0 o, W
W 7K A TS ER S
oAt 7 S B (landslide) 19 X 50 5 Hok, S5 T
UK W B LA 22 LGB sh A 3h SRR AR L &
il T A BR UK - WS R E A A B R T X
Bk B R SIS SRR s R L ST T UK A A
b s W W (72 IS € S L B S W ) I ) . L@
ER- RTINS =8 N RN b = L = I T R Ui
UL K A Ja W 58 R o A U 1 0% B R 27 [R)

1 UK A i B B &

1.1 #& sk

UK 5 W JE R 9 R A glacier rock ava-
lanche ( K JI] = ¥ i€ 72 1 3% ) . rock avalanches in
glacial environment ( 7K Il ¥ 58 &y 2 1 2 1 3 )
glacier debris flow (VK JI[ V& A Uit ) 55, J5 #1327 #k
fifi % & rock-ice avalanche.

I 19 A 44 T 3B W) 31 1975 4F McSaveney (1)
T 198 3, 78 Ik 3¢ McSaveney 18 -+ 1964 4F
BT 7 7 0 B 7% 5 & 1 W Sherman ¥k )1 32 3 (4 &
L R W YE 44 D UK O B T B (glacier
rock avalanche ). #% # , Evans and Clague ( 1988)
TR UK I BR 55 T 9 HE P e O B 3 cat
astrophic rock avalanches in glacial environments )
X ARG X LAy 44 s T oK IR B R 5 e,
8K TE 24 Bk A R B VK S X Pl S5G B OT &K .

Reynolds(1992) 7& 5 vk Il 45 % #9 K % (glacier-
related hazards) 43 28 ", X 4 T %K B (ice ava-
lanche) . &5 fij (snow avalanche) 5 ¥K — & # J8 i
(rock-ice avalanche) , & & F- 7% 1F 3¢t {di i rock-ice
avalanche [ 2# 3 Z — .Bottino et al. (2002) 1£ vk J1|

PREE N /5 2 B2 W 3% (rock avalanche in glacial envi-
ronment ) (B A 480 — SCH IR AE O B i op Al
rock-ice avalanche X — AR i . [# b I 5 5 ] rock-
ice avalanche X — R i /E g 8 44 1 22 %, H— R Rk
H SG Evans f1 JJ Clague W 5% Kl B\ B Lipovsky
(2004) , H: — F 2k A C Huggel BF 5T A BA 1) Hug-
gel et al. (2005) . Kaib e al. (2005) | Fischer et al.
(2006) . Noetzli ez al. (2006). It 5 , 1% A i 14 5
TR AR IR R T T

TE 3, vk - wE s U B PR O T (B
Bk, 2007 ; 6 = W 45, 2019) | 5 7 4 72 HE o (B R
-, 20005 X1 A1 , 20025 ] B 2 2%, 2009) | B J5 ¥
(R F — 4, 2000) . 3 1 — 6% )8 0 ( 2 0 8 5,
2018 5 X £ 1E 45 , 2019) | ¥ ¢ B e A1 0 (4% R 5%
2018) VK A (5 3C ¥ 4, 2018) 45 . I\ Wy I 201 A A
1B 3 AR R, b 3R S 34 1N Sk UK S

W 1 1 48 (2015) 18 18 3k & = P4 96 5 5T 1 3
i, 51 A T rock-ice avalanche iX — R & , Jf &
Hb BT 44 TR RO B R O kL R B S K-
PEBU . N TR I8, A CSHE — KK &
% 8 i (rock-ice avalanche ) 19 44 i .
1.2 EX

UKW JE I EA 2 RhoE X, H R A 3 s
N Y E o — R AE 5 3 i) 5502 3l i) 2 3k UK
CELAG VK VS R E5 45 ) (19 4 0K (380 B2 1 % (Sch-
neider et al., 2011a; ¥ 1§ 1 % , 2015; Sosio, 2015;
Yang et al., 2019; Ren ez al., 2021) , 5 & % 1l X
BE U L1 A AR} 381X BRI B A S TR L vk L B
A A BURL R S A SR S B e L T K
25, H9 T UKE kIR R, R E T
HoH 8 T e O R A S A SR I R e
SCL B AT A %8 ST IR FEAE /Y M BT 30 4 0F o8 i
Ji& A VT IR S L A 2 AT RE i EE T 5 A oK -
v A D U R B A B B, R R

Petrakov ez al.(2008) % ST —FlRE 5K 1 UK 11 K
e ——RMEME UK 1| Z A1 W) 5t iz 3l (catastrophic gla-
cial multi-phase mass movement) , 2 F oK 1] 35 5%
T & Jm fE A W 8k K B (rock/ice avalanche) , 22 4
M VKB A B K L R I At B S ) T TE a2 Bl i AR
F7 2 i A 1k (progressive fluidization ) 1 ¥ 4 = 4 i
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& (ultra-high speed flow , BJ e A7 3 sk 7K ) . #8 =
T AR SR ICHEME UK 1| 22 A0 W) 5T 2 Bl d o B Y I8 B
B B, AT A T 28 5 0 A8 Z 1) 0 2 i A A RRAE
P HE e SCFIRE 5 a] L, e PR vk 1| 22 40 9 i i B g
S (R KRR B ) KA R TR R &
Wz B B B o 4 L3 4 B R JE AR VR R I A AR R
JH 2 UK 18 T8 Tt 2 Jie Sl X A UK 1T 22 A0 49) Jo 32 )
B A AR, R T I AR AR B A R TR OF AR
[ S R W R TR RS T N
W, TEMEPE DK )1 B 55 22 A0 ) BT 32 3l R 48 e 2L 0K
1 T Ui 28 56 4 1 T A5 A AR & e by vl O AR 1Y
B B B, A AE )T VKA R R T E

Sosio (2015) & X T %~ — UK # J8 It (rock-
snow-ice avalanche). 5 —-FH - KB RE—F A F
T UK N BR 53 A e o O R B, O B B R 4
By WiEsy s I RIEZ 5B 5 K YR
(ice and snow ) 1Y Al H.VE FH 4 1 . A 18 o vk 8 )
il N7 SN =53 S N (o % NEE S5 o N i1/ D
7K AN W AE T BIL R FD 52 e AL B . PRI, Sosio
(2015) % B —=5 - VK % )8 i 7E 9 ST 4Ll 12 3l
SRR AR 5 7 TH 5 AR SCE R VKA R TE T R

Allen (1985) | Van der Woerd ez al. ( 2004 )
E X B UK 3 (glacier avalanche ) , DL} Evans et
al. (2009b) | Jacquemart etz al. (2020 ) . Leinss et
al. (2020) . Kaab ez al. (2021) & S vk 1] 1 %
(glacier detachment) AJ 1Ay J& Bt 4 K — 5 #¢ )8
oS A B B B, HAE iz g B b B ks
B & R VK - A

VKB A AN W S5 20 B b e T vk R
(rock-ice avalanche) F138- 3 (A 1 7K ) (3 I 72 1 3%
(rock avalanche) 1 # R, s i 3 2028 17 K25 )
Ui iz S AL A Bl ) SRR L UK AT L DL i AR
HEA VKA E T EB - (1) 0K—24 8 8 WA sl B B
ety e BT B B R A AL B by ok B Bk vk
(glacial ice) ; (2) 7K %5 W% 8 Ui iz 2l B B 1 34 57 1
ARV =R AR ks DL B
T Fh i 42 77, Deline ez al. (2015b) 1A VK JE K £ R
F 25 2 B AR, B UK S 38 5 47 % A oK1 2.

PR b, UK R U 2 Bl b BT B 4 2
GARE B R RE IR T UK, UK R AE T B
FEHE G AR Ry vk R A, B VKR A b
T 5 R R s T B IR B K - A S
T WA REVR TA OB, A S R A 5 0y vk IR

EF Wt R B IRIE BUK A RS W, BOE A
PRAE R W 2ok A8 7 vk B vk S S T, 5
TR VKR T YT K - B W R
DRI S = I RS et B U s ST s e ol D S
oL v O R M Oy s B, AT RE T UK
=N A TS R A ST A EE 1 T B =)
e TE M B, 58 k. %
B AR el ERAR . FEERWT

(1) &y ¥ iz A8 W 36 (8 FR %5 8 U L rock ava-
lanche, sturzstorm ) > K7 26§ I 25 5 (K 7 42 3l i 72
rh 28 5i ZU R JE A AR TR 1Y R D A PR
2 B R I s g (R A 48, 2007 5 5K B 4, 20105 £
FE WS 2021) ; ¥ )8 7 (debris avalanche) 3% [ 7
T JZ W HIOHE FRUZ 2% BT T8 ni i B PR 1 S o T
B8 (E RIS, 2021). — Mg OLT , w5 o e 72 T b
R i U A ) 0T 3 44 Sy B G 1 25 TS R

(2) VK i (ice avalanche ) 2y 75 5 J3 1 H F vk )il
UK DN VKT BE 0 b B3 vk B2 301 2% 4b i v B R (28 K
4, 2014 ) 53 B (snow avalanche ) i — 22 J& & 1Y
W3 AR 7E ) RS Rk B AR T R 258 il
AR E MBS NS R (%K,
2014 ) . i s AV A B 4 T AR O oK

R = - A U N S (T I - )
LI il

2.1 EREHE

UK W B AR S — P B BT UK E YRR IR
B RN B, bR 7RI T R (>10° m?) i E
M (% + >k & #> (Sosio ez al., 2008 ; Sosio, 2015) ,
H = B F 100 m/s (Shreve, 1966; McSaveney,
2002 ; Huggel et al., 2008) ) ¥ i iE (KN B, H &
EEAR) CREE KRR A 8 R B T
P A SRR RN BE A

UK~ B8 I A Bl v R O EE 48 R AL Cap-
parent friction coefficient) # 1l . L & 8 & £ Jy ¥
B 55 i d 7K P38 B 22 1 (Heim, 1932) , #LJE #2 5
BB Iz Bl P ERR LUK A R 0 A EE 4 R A
38 % 2 0.1~0.2(Sosio, 2015) . & H 4 [ T 131
AN VK25 R 8 A 162 > 35 58 (A B oK) 15 TR
PR BE 88 3R 85, R B VK A R U R R B
i A T[] S S G (OR B oK) R B, D
VU U TN B N o i L (N S I TN
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Fig.1 The comparison chart of apparent friction coefficient of rock-ice avalanches and rock avalanches

% Siebert(1984) Evans and Clague(1988) \Hampton ez al.(1996) .Legros(

2002) \E Bk (2007) \Schneider ez al.(2011a) \Zhang and Yin(2013)

ARG FE(10° m’):

@® >100(114b)

® 10~100(754t)

o <10(754b)
RHN4L)

1200 km
| S—

2 ArBRvK— 0 K 4 A
Fig.2 The distribution of rock-ice avalanches in the world
i Shreve(1966) \Evans and Clague(1988) . Van der Woerd ez al.(2004) . Fischer ez al.(2006) , W eidinger(2006) .Huggel ez al.(2008)  Petrakov
et al.(2008) \Evans ez al.(2009b) ; Schneider ez al.(2011a) \# 3C % 55 (2018)

22 S H 221 TEWM = S RHE - RS L ko Ak Bk R AR

UK WE B WL 2 0 AT T L ER B LT BT A Y
e JE L DX 2) A 9 5 5 o e e ol B o ik
AT 75 B30 L J s R L Bk B S koK P
TR R LK 5 v 22 L ik A 22 585 3 Ll ko) g e R
MU k. M A B ISR A, Bl kR R 2
(R ER AN S EWANE

“HREEHE WM E AR, T T RER
UK T T R e AR R A R R K B £
K IR I 22—, o A g 25 LR Ml T AL 1 AT 2 b
F A2 DhAE 5 B L S R SO S R (AR S AR
2017 ; B AR A0 FIXB 5 L 20205 82 4 F2 45, 2020) . 1 1%
BR 14 3t 58 A A 2l I b BTPE TR 7 0 e v L e 4
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X5 K I e o O B W L, R SVl 2 K e E
P BE 22w 52 e B 2, S BN A B AT S el
TV b 55 b J5T B 55 Y S 9 G At Ml BT R L (32 g L
2, 2020) . T MK e DR M SR L M X vk 1 & B, A K-
R TR R B R T R LA R 2 R A B
Hewitt(1988,1999) ¥ & T & £ 76 5 HHiHE %
Wi S G L ik 0 22 A 9 M K BT R L TRATE S T
Hoiz s K HEFRERAE . Van der Woerd ez al. (2004) W 5%
T 2001411 F 14 H 7.9 2% 7] n] 74 B 4 5% foh %% 14 4 4k
UK - R U, il 2z T Moz 3 2 KR AR . Weidinger
(2006) WA T K A 15 55 S 0 E L bk 2 98325 IR 4l e f
44 B ALK 5w i (RS 12X 10°~5X 10" m*) , Jf
BT H R 3h Koz s LB 5 S0 % (2018) (Kaab er
al.(2018)iC 3% T 20164E 7 H 17 H M9 A 21 H & )5
A A TR VY B BT L b XA vk A R R R
Leinss ez al.(2020) 4 5 T ¥ 7 52 138 Petra Pervogo
X 1973 4F 28 2019 4F W] & A 1 UK 008 i T =
1900 43 [ 74 L % E. 5 51 2 fLAR W &
A R IR B T R K A TR R HE B AR
5& 5y ST L & ot i (X [ AR &8 9T, 2000) .2000
EAH9H IR R E B KA E
3a) , 3 R T AR R K A 1 S RIS e ol A e
FHFZ— it 300X 10° m By vk — A IR A T 50

B 2 N A R 8 km, 58 42 K T 5 T 48 SE 1
15t PR PR 7K SO T I b X 32 0 X A 3 450 km, B EE
BN 13048 N2k 5 ATEHK T IH, 20 £ R 3235
SR T AT (B BR P, 20005 X1 £f , 2002 ; Shang ez al.,
2003; Xu et al.,2012) . % 5T oK~ W8 8 i be H ok A=
I Y I 2 HE P T R A 4 Bk A R T
55 Ry = UL I Ml 5T 2 — (RIS 45, 2014) .
20184F 10 A 17 H , 3 [ 74 6 K AR LL o & 6 A
TLZE B 0 R 590 e & A vk A B o K (A
3b) MR LL 20 m/s (P39 5 i 32 8 T 8 km J b
O, B EOHE AT VL, 3 JE AR R R Gk 31X
10" m®; [ 4F 10 H 29 B, vk— £+ i J8 I 18028 S ok )1 I
A1, vh R VA TS O B0 R ZE L, S BURE
AT VLR WU L Z R A 2014 4 IOk R R
AT IR UK R T U, 4 1 T A R R B O BT
P AH P 2 A A OCTE A X — (X IE
4 ,2019;Hu ez al.,2019; Wang et al.,2020).
20154F 4 H 25 H , JE1H /K #b5% filh & Y Langtang
K= W8 8 i (L ) 3 B T 300 4y Atk . 14.38 X
10° m* i VK 1R & W 4R 3T 7 000 m Y U6 T T
7% B HF 4 500 m AL VK- L8R JE UK T &
“ETRTIFTIE R SRR 3 250 m AR, SR ip E)
X TET 1L 3% € 85 200 m (28 1€ 15y vy B R A 1Y s By ol

P13 B PR e e U S 1)
Fig.3 Typical examples of rock-ice avalanches
a. " E G Tk A TR L B b b R K R U A B KR (2020) s e JETH K Langtang 7K TE JE Ui, 4 Kargel ez al.(2016) ;d. &
Bt Kolka vK—7 78 8 3, 1 Evans ez al.(2009b) se. il 52K Mt. Meager K—5 T 5 Ji , % Evans and Delaney(2015) ; . Fib £ Huascardn vK—75 ¢ J&

it L 35 Mergili ez al.(2018)
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J363 m/s), AR E R p i IR LA 92 m/s Y 3
J€ &5 400 m, 3 T X5 LB Y /A AR (Kargel es
al., 2016 ;Lacroix, 2016 ; Fujita ez al. ,2017).

2021 4F 2 J1 7 H , BP BE A 24 F) b 5 B A 4E
KRR H W8 W (7 & 23X 10° m*) . %
VSl L[ R IR =B e I s BN S AP N )
Bl Ak VA A P KT I T AR R 8 AT
BT W A R K I AR R RNGE B i A T T 200 A
i 3k (Shugar ez al., 2021 ; BEERF- 45, 2021) .

TR T W 37 R R Alai 4% B9 vk 1] TR

(glacial deposit) # 55T fif ¥ b vK — & 0 5 i HE
AT N iZWK*E‘@EﬁWPUJEE%mLZS km,E
SIS S SR LI TS il e | B = vy -
3% (‘subaerial non-volcanic rock avalanches) Z — .
UK B R R A AR Y B2 4 km, HE FRK
B AF )5 £ 3~5 km’ ( Strom , 2014 ) .
2.2.2 BRI Deline (2009) i i T B 4= 3 i DL ok
& HEAE BT R B Rk R 0 —— 2 1 0% ( Mont
Blanc massif) B9 19 4> 5 B A1 o G 72 0 3%, 48
NT G BRI S UK B A BAE L T
e A vk I E iy B HE BUIA  Deline and Kirk-
bride (2009 ) % W 42 3 tH DL >k & A= 78 2 B9 0 1 7
AN VKA RS T HE BR AT T AR L R OR T
M X VK A R I & AR B

17179 H 12 H , & 25 16 X 10°~20X 10° m’
(% 10X 10° m* (A VK JiE ) 19 UK 4 % i 3 ¥ Triolet 7K
Jilwp s 7.2 km, & A% 7 A 3% 42 (Deline and Kirkbride,
2009).2004 4 9 H 18 H , & K M| Punta Thurwieser
IR LR A T UK—5 R JE TR, 2.5 X 10° m* (% & 7K
B BiEs) 1 2.9 km, 33k 36~38 m/s(Fix
K 60~65m/s) , XN Z WA 2RI T
K 1) v 3 A R 3 S 41 2 — (Sosio et al., 2008).

B Sy 29 55 BROH 43 5 1) s hn 2% 1 ik o sk |
Wy A 22 RUK 5 TR B K H 19024E 7 H 3 H
#k 22 $r =5 o 2R b X 1Y Kolka-Karmadon vk 1] 2% 4,
75X 10°~110X 10° m® /) & VK 1 J8 ¥ Fi i 4% b th
14 km, & 5 36 A% 1= (Sosio, 2015).2002 49 H 22
H Z UK IR B A B AR e R, fl & T — IR A o
th’J UK~ W JE R (KL 3d) L, 100X 10°~140 X

" Y UK~ T T W 5 LA 50 m /s S 44 T s AR
74‘& 19 km, Fifi J5 78 A2 4 Y2 3 (mudflow ) X &
iz 8 T 17 km, 5 g B 15 12.5 km®, 3& A 140 A
2 4= (Huggel et al., 2005; Evans et al., 2009b) .

2002 4F Kolka K — 4 188 J8 i g% 71 P LA B R
iz ) P B A T | B IR g B s T B TN BV
223 dbZEM A SCHR (Lipovsky ez al., 2008; Jis-
koot, 2011) W], #f A\ B-7E 1899 4F 3t 1 4l i 214>
W& R VG VK )13z 3l i oK 24 % JE i 35 14 . Evans
and Clague(1988) W T il & K P4 & 2% 30 4F[a] Y
UK BR T A, A b T UK A RS S oK R A
HAER JFTF #0001 UK RS I B R
i Z B JE B . Geertsema ez al. (2006) 3 8 T i 4F
e & AL AE TN RN B Ei Y R AR TR T, ok
Ay U VK 132 3 Jibson et al.(2006) 4 5% T 2002
AR 117 3 H BRI 7.9 9% b 7% fih & (9 LA T3
T B, Ho DLW UK dz 3l Y e B AR T B0 o DR
H , ] 40 McGinnis Peak #K—& # J5 i (20X 10° m®,
PR AL vk 10%) \Black Rapids 7K — 2 FE JB 9t (25 %
10°~37X10° m®, & F1 #% vK & 30% ). Huggel et al.
(2007) B3t T i £ 45 4F 8] & A= 78 BT R 37 n Tliamna
S B ST B K -2 D S AE (O B 1X10°~30 X
10° m*) , & % b XA UK B0 T O 8 1Y) ke A A
JE (2~4 4 F 9 ] 300 ) A 5 T H At 25 oL 3 45 0 i
BT % b XK HF M K B R AL, Huggel er al.
(2007) 4 My 7 99 0 000 (AT 25 0 b O A LU
R HRGE S S R E(EEY)
Ph K E G815 o0 i AR 45 A 0 B R R T B
Coe ez al. (2018) 4 % T 1984 4 5] 2016 4 ] & A=
1€ Bo] $7 11 in Glacier Bay B9 24 4~ vK 7 7 8 iR, H
e 3 F AT LB B (8 5 T ARLIK 5.5~22.2 km?) |
1z gy PR B s (L BE 488 R B0/ T 0.3) o Jal 31 1 (F
e B Ry 505 K ) R A TR RR AT
19584F 7 H 9 H ,— 3% 8.3 4 M 7% firh & 19 30X
0 m® K — %5 B 8 Ik v 2 BT B R TR R R I U
(thuyaBay) WO T E IR 516 m T, Bl T
o b A i A YR e 5 (wave run-up) ic 5% (Pararas-
Carayannis, 1999; George et al., 2017). k& /4 1F 2015
10 A 17 B 5y b 58 i K AR K 1l 3 (non-volcanic
landslide) Tyndall Glacier VK — 25 % J8 Wi ( 7 &=
78X10° m*) , 774 T B K IR (George et al.,
2017).2005 F£9H 14 B, B 40X 10°~60X
0" m* Y K~ B J i A = £ 24 3 100 m 119 Steller 11
T'ﬂ LA AL, W Bering VK132 2 T 32 10 km , 1§
{8 34 J& #8100 m/s (Huggel ez al., 2008) .2007 4F 7
H 24 H , 45 K Yukon # X Steele 1l & 4 T K-
B A T P AL 2 160 m, K P8 BE
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PR« 5 UK R A S 041

5 5.76 km , HE BUR B 3 T 3.66 km” 19 Steele vk JI|
T AR, 2 0K - R 8 Y 5 B B PR S KRl K
A A VE A & (Lipovsky et al., 2008) .2010 4F 8
A 65, & K&K (& 48X 10° m*) 4k k1 ¥
I ——Mt. Meager 7K 5 8 J8 i (¥l 3e) Lk 64 m/s
By SF 34 3 B 7E Capricorn 7K I | & # iz 3h , B 5
T 78 Sy U8 A1 U Ak 2202 B T 12 ke, B 52 R AR
2% 0.172(Evans and Delaney , 2015) .
224 ®EM  Anaconaeral (2015) Bgs T s I
A A R 0 B AL 114 <22 5 30 L bk Y K R
Mo FLAE AR G TR BT 0 I ARG A 4 () i R T
KA W T R I A ) bR 2% 1R 14 52 i L . Baldis
and Liaudat(2019) % 5% T Bl A1 22 v 2 55 Hir 1l 19 2
Al MU R B, R e iR T H S EHE BRI ER .

B SN UK A R 8 UK EE R AR T R R
r oty ke, H b A R 2 1 4R 0OME PR T S ——
1962 4 F1 1970 4F & /= 78 B & 1Y Huascaran 7K — &
PRSI L1962 4F 10 H 1 H ,3X 10" m* K- # 1R &
M Huascaran LS T T, LA 47 m/s 197 34 3 JiF
AR IE B T 16 km, B J5 8 A2 S U A i 4k 2k 3 30
T 39.5 km, # % T Ranrahirca 3 , 231 & 5 650 A
/£ (Evans ez al. , 2009a ; Sosio , 2015).1970 4F 5
AH31H,—HK79%MHERRKMET %
Hi DX ABE T KRy K - A R G (BT 30D, 7.5
10° m® /) &% VK A% J8 W it DL ik 50~85 m/s 1 °F
Y 32 ) T 16 km, # % Ranrahirca 3 5 Yun-
gay Wl , & B 6 000 & ANk, X 2 A B
W I K ME Z — (Evans et al., 2009a) .

19874 11 H 29 H , J7 i 2974 6.0 10" m* i
A D ) v 22 56 Hn Ll ik Cerro Rabicano L ) 75 3
KRR EI T R EKEY T, SRR 15X
10° m’. iz g o B rh i AR e A, Bis BB KA
57 km, it B 2 D 37 N2 4k (Hauser, 2002) . %2 5 i
11 ik Cerro Aconcagua L1 /) 52 A BB 0K — 55 1 8 it
(5 & 3X10" m*) ¥y Horcones ¥K )il iz 3, 3 14 [F 3
N NS O I Boy I B ) g 2 e
Bl 1 8 km , 1% VK45 1 I Uik M R AR RS R KR IS K
1 VK fist Z& (late-glacial moraine ) ( Deline, 2015a).
2.2.5 K#FEM  McSaveney (2002) 4 i1 T i 4F 2k
R HE AR B PG 2 S 1 —— 2 52 1l ( Aoraki/Mount
Cook ) By Bt B pK — & B¢ Jg i F1F , JF iR T Hoaz
%t & Allen er al. (2011) 3R 5 1 509 4> & A=
FE BT VY == Fa B 2R B S L ok g e T SR 3 4k

WYL IR R T 5 UK IR 48 R 1B AR A DG
UK — 5 BB U S TA) A3 AT R L1991 4E 12 A 14
H,12X10° m’ iy oK A IR & W W 4 Bh 2 8 R
ST TR R 9% 7 2 720 m, BL 60 m/s By S ¥y 5
B8 T 7.5 km, iz g B S T KR KE S
TR R B 3k 60X 10°~80 X 10° m®, J2E 7 111 U Thi
e B IR 9 I T 10 m( MceSaveney , 2002) .

3 UK B IR A IR 5 e BELATL

3.1 A

A Ry, VK- R U B A A
BEME I LT AE R B 4 Bk ROIR S W2 b 3R R
R vRONR 46 2 4 R IR Ak, KA B S TR
R A A2 K W A R R 8 B B RS
(Geertsema et al., 2006; Fischer et al., 2013;
Krautblatter ez al. , 2013 ; Evans and Delaney , 2015
Haeberli ez al., 2017 ; Coe et al., 2018 ; Yang et al.,
2019 ; Leinss ez al., 2020 ; Kaab er al., 2021 ; Ren ez
al., 2021) . AE A BRI AL B R 5T, KA B
J& Wit 9 5 AT BE AL A N S T I A R B b BT R 2K
7 (Sosio, 20155 8] 3C ¥ 4%, 2018) . A 4 % (Al
len et al., 2011 ; Huggel et al., 2012) 48 1 JC % #&#
SEAE AR AL S L oK B S M o R R e L
B Z 8] 1 W U0 5C &, a3 DA T S e T UK A B
RO SRS W (75 f el 1 N iV S A O I/ S

UK T DB I BB 2 2 R R R L BR T A2
REYE R K HEA TR S5 4 5 N TE IR R S W A G 52
T AR S 7 A A AN A B TR 2 RN M AR L BR R
e s R A fiok & DR 09 5 W) oK R T I 8 PR AL
il B A 58 IF A 2 WL, i A (Huggel ez al., 20125 De-
line ez al.,2015b) LA 34 J7 AT T 483

(1)K e 28 Al 4 BRAUM A2 B2 51 k1]
B4 ZAE VR B Ak vk N R Pl (gla-
cial overdeepening ) FJ 3 K 3 {4 [N 3 DA 17T A ARG A2
E P 5 UK ik 55 b 55046 T AT 38 AR X 25 B 3k
1, R VKA BB R B R E AR A AR A PR
UK R 47 T S 3O 3R 2 vk vk By SCHEEAE AT B
UK 2 52 # 1k (glacial debuttressing ) 5 ¥K JII ¥K
(9 VF Rl AT 7 AR SE AT T B AR Y T M SR B, X Rh
IVADARE =i o - N o T N |
HATR € 1 s 2 4F Wk £ b ) BR VK (interstitial ice )
14 A T | R B R A — E R BN A O
T R AL B K R T, DT R AR R 1 AR E A
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(2) LRG58 . VR Rl AE TR i v L Bk
VKARAS S BUA R N AR R AT 2B R , DA 38 i HOR
BT . URALE 2 B UE ST 5] R /NI A A,
A2 EREUE 5] & KA vk 4 08 8 I i A BB . o f
AL il A VKA R B I R R — .

(3) M52 . M 5= 2 B T A O BR0E A 3% 3 2ok At %5
A FH T 30 A 3 ARG S i B RN 3 A R P o mT AR
fik 2 PR B Hz 1 O AR R R g | R UK R S
3.2 EFEHLE
3201 RESKBMEVIE IKAAEN—FKE
M RL, BE AT AR S W B A 43 ek BEL, A AT AR SR oK
B T K T 9 BE .

CT) I B 482 1 W I 2 43 . B0 3 1) 4 v o o %)
LU 7K B T O R AR i e IR X TR I R v AL O AR
UK AR JEE B, ER O A AR VK B W e UK
UK R 8 iz 3 i B v 5 E R AR VKT R 4, HEAR
A vk i AT B T AR S UK (N 1991 4858 7Y
2% Aoraki/Mount Cook VK~ & 5 i ). B ®5i XF T
UK~ B T U A vk S U AR R A A A i A
TE B R R ME , FR I B A 158 22 B K, IR ok DA o
B VP Al 5 VK & X vk 5 1 )8 Ui 12 3 R A Y 52

Schneider ez al. (2011b) 38 32 5% f& 52 40 AL 4L T
VK25 1R s O PR 4 Al 5 B T S A R R AE 5
5o 7 PN ST UK R D DA T A B I A Y S
A SRR 2 BRI BE S vk 03 0, vk R A A R
1Y A B8 452 22 81 (bulk friction coefficient) 5 £ 4 F A,

L

ali K 8 AR BE 8 R BUIR T 465 8 20 % Z2 47 . Sosio et
al.(2012) 18 i3 BOE AL B0 UE T % 5 45 A1 (basal fric-
tion angle) fifi & K £ 2k PERE K . Yang es al. (2019) i
if R SIS B T oK X UK TR A A RS B
B 52 . Y vk & /N T 30% B, vk - A IR A MR
Y 3z 20 P B 2 UK R A 5O R 2 S K
KT 30% B, & vk i Xz gl M ) 5% o B 3

(2) MK FE /Y R fR 1 .McSaveney(1975) \Evans
and Clague(1988) Hewitt(1988) B 58 T VK4 W JB
T N AR VK ) 32 20 A HE BUREAE A 88 T ] IR AE 1Y
e O AR W M, VK R W T AR K1 iB B i s
PR e o R R B AR T B B A R R
WY, vk A0 8 s R AR UKz gh B, Hs Bl L[]
HE AL B RE U Bk & 309 A 4 (Bottino et al.,
2002; Delaney and Evans, 2014). It #b, vk Il #1 % F
Al B AR R ) L K R I
BT AR VKON AT d 2 B i R, DT 3 5 B B Pk
(Jiskoot, 2011 ;Sosio et al., 2012 ;Sosio, 2015).
3.2.2 EEMABUBENVIE KA RS R
rh Pk PR 45 B Rl AT A R B KK, B R E & LUK
J8 JEE 48 B 1Y B3 E BE (Hewitt, 1988 ; McSaveney
2002; Lipovsky ez al., 2008 ; Deline ez al.,2015a; Sos-
i0, 2015) 1 5% 56 3iF 4% (Schneider et al., 2011b; Yang
et al.,2019;Ren et al.,2021).De Blasio(2014) #£ i}
T U AR VK2 2 i vk R I A s BEL ML ) 455 7
(L 4) BT M Pk DRBE 458 LA K 35 43 oK il 1k 35 ml

""' \

Rock avalanche

/ Oice
[

icetwater layer glacier

”

[

fraction of area in
contact with the glacier

Orce

f —
r-tan @
\

K4 i AR KIS Sl Y oKk 0 ) Ut B4 9 BEL L A 2784 (De Blasio, 2014)

Fig.4 Mechanical model of rock-ice avalanche over glacier (De Blasio, 2014)
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5 2 B S K B % . Pudaidaini and Krautblatter
(2014) ¥ 3 T 1 A EF X UK — 25 B B I 10 1 AH I B
AU R f% F e DR (R G 50 10 T R0 PN S AL A AR BT 5] kS
) P A BT 2 5 AR M L DA R [T R 9 A ] 19 JoT it
H 8l i 28 e o A (F LT 3 PR R S R R 1R
{8 Bt = B B 1) ) B SCRN B 98 3 #  Sansone ez al.
(2021) 57 T UK 00 8 W 19 = 4B 2 B il 2% )&
T iz gk B vkE AR R & 2% (Erismann er
al., 2001; McSaveney, 1975, 2002; Sosio et al.,
2012; De Blasio, 2014) il 58 T vk 5 14 J8 it iz 2l i
2 T ) 0 i K S KRl K G AT e 1 L B K
T3V 2N AT 3 gk e R O 2 T A e BHL . 20 Rl K
LSl T A1 NE: = T T T il ) S ey
JEIRA M B A2 3 (Ren ez al.,2021) , LA vk flk 32
B E Y W AE FH (lubrication ) ; Bl 75 Bl /K & 5 1% 45 18
2, Wy R AT A R AR g A Ak e AR R e A
BF v Rl K 3 2R U A A /R A (fluidization) . H i
e ME DL vk - W s sh kB v R R BE S Kk
ATSHAEN W SER A4 5/ FE BT
e NIRRT R NS 1 | AN B 1 ol ST 2
B B R T AR 2 4 B (Petrakov er al., 2008) .
323 MIRARBMMEHVIE M i 2 (lateral mo-
raine ) o 7K 1l 78 ( glacial trough) W] B 11 7K — & ¢
Ui TE iz g o B2 A ) B S (lateral spreading)
by B IR B 1 (A2 2 B N1 87 i X =) I U R B -
YE J (channelling ) 7] $& & K — 5 0% 8 3t (4 32 2 7
il BR 3% ( confined flow ) #Y iz 3l 4 Eb JE M FR 3 (non-
confined flow ) 5 70% ~115% (Jiskoot , 2011).

4 AR I 5T N SR R Y O B R 22 ) A

i I e R R Bl N W Vv R N A |
WH AR R R G| KRR N B IO T
iz gy AL B A0 oK JE 2 ma L 2 A BRI AR
W R T 5T Ml 5K CE AT 5T U Y R T )
BT 28 40 AR R R B N S o 3 T i I8
A CE N B o B M BOE B AR R P
Be, B A UK —2A T 8 I 3 J1 o ML BB 58 O T HOAS
T AR RCR KA R A B R E A T
KO AR BRI oK TR R R H AR
A AR NI R 1 X, A O R AN T
SN iz g e AR SO A B AR AL A 2 L OCE
G a S ol G D 4 I SNG4
RTINS A7 N 2 TN N 27 /NI (£ 3

J

B 28 50 AN 7 A R AE AR Y 3 B IR R AL 4

(1) 78 Jst AL A8 5 T8, B R oK 5 6% 8 I S8
) B N TR AR KA T 05 3R (R o i R B
P w0 AR ), R 0 I AR B e s Bl e i
& e UK 8 5% ma AL s = B AR R kR g
X VK25 R T8 U Y B 08 A 7 vk AR S R n el )R
VKB T RS R UK A R T HE ARA, B R A AR
UK TR D U ) ) A T AL R RO Tk T DAX L
FAF R AT AR R | 5 U BT 4 AL s Bl R
TIE 55 2800, (0 A7 7E S8 I PR 4 22 Vi S Ay BE RN
B W LIS B BTN b A N N

(2) 78 % N ) PR AL 52 5% J7 T, 52 UK 8 B mil
Gy WEME DR A 4 2 24, oK 8 52 e B e AR AL,
e 24 IR AT A PR A 2% 5 2 W L R B AR
BRI, R & R Y B AT OB 4L UK - B E T Y is
Bl R HE FR ok AR, SCAT R DL vk R 2 R 5 AR Rl T
| AR AR 0 S k.

(3 PERAE B Ty 1H , fi T 0K il I e 8k T
R it Wy 3Ly A o S AR (N e ok VTR OK
A R A ] B A AR DA K T A Ak BL
il 5w A, B A MOR KR E R BB e R
W UK 2 R S I 4 PEAR T 1) B A R

(4)7E Bl W 9 J7 T, i T Bk = 0K 8 52 i AL
il 0 M I i A S50 GE I, UK - R E R AE Bl
BLEE B 58 0 Ak T 2 20 B B, Mk DL A T S K
e s S A I T NG T8 A e (N A< O L S =
T2 B i6 55 Bl R I K T AE

2R B TR KA B R AR E A T
T H A R AT R UK R A RS, A R
WFFE ] B A GV DLF G B R} 2 n) 8

(1) VK~ 08 I8 Ik =5 14 1) B 25 o0 A R . vk
TR i it 3 A A AE e FE L X (B AZ R TR ] H X
L i RSN B 2SRRI AR
— BTG SRR . © A 2R N R AS UK A R
TF A HEAT TR A AT, AT A X 2 AR A R AL E
W0 g a4 K UK~ R S T O RN L &R 4 e B
B 5 A iz B R AR HE RRRE PR S S SRR AR 48R
Bf 25 o0 A R . B i 22 A0, 36 AT kR S R R AR A 2R
Hr R, Ll o G 52 4 R (teleseismic technique)
UK A TR A Bl ) 2k B 3 O I o FRAA
JoT il 3 B AR 2 R, R D s ek S s i oK -
A A P E M oE B B A VKA R
JE8 0 F A B 0] X R R AR R AR
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b 55 0 A TR 3R J UL 0 RN b TR W, T UK -
R B B AR S0y A UL 5 A B 55w R L X
R il 1 i A, O Ay DXk W
W, 2R G5 H A 5 VK B S AL 8 3 Bl R AR

(2) PR =2 5 8 It 08 B R AL . fm a9 X5 JoT 3
SR BE W BRI R BE R 7 AR Bl (ther-
mal perturbation) 5 5 5€ L1 X USRS E PRI E &R, B
k15 45 B 22 A VR 1 AR AR R A BT 3 3 A M s e
W vk )1 R #E (glacier advance) ¥k 1132 Bl 3 & | vk
ZABRECE VKN (crevassed bulge) %5 58 L4,
TX L S G AT BE S UK R I Y A LR TR

(3) VK~ 0 )i Uik iz 2l 1k 1Y UK 52 e B
KR UK~ 1R D8 I 0 30 57 0 A 7k A B HE BRR b
S 2w 5 UUR A AR AE A B2 0K 52 ) HL I Y 5k B R
W5 K J A N ) BE L S5 O vk BF R VKO B 1R
il VR 20 UK R 52 e AUy vk UK R T
11z sk B DL RO A e A8 ok B R AR KB &
FUK Rl K TE A 12 3 By B 52 i AL 5 % Je B0 (A s
Pk, PR Z =R LR MEZ HRME 57,
TR A48 7 0K T8 B Rl B2 AL DA S vk~ — /K A B AR
FH X UK 25 14 T8 i iz 3l A0 HE RRURRAE (19 52 )

References

Alean, J., 1985. Ice Avalanche Activity and Mass Balance of
a High-Altitude Hanging Glacier in the Swiss Alps. An-
nals of Glaciology, 6: 248—249. https: //doi. org/
10.1017/5026030550001048x

Allen, S. K., Cox, S. C., Owens, I. F., 2011. Rock
Avalanches and Other Landslides in the Central
Southern Alps of New Zealand: A Regional Study
Considering Possible Climate Change Impacts. Land-
slides,  8(1): 33—48. https: //doi. org/10.1007/
$10346-010-0222-z

Anacona, P. 1., Mackintosh, A., Norton, K. P., 2015. Haz-
ardous Processes and Events from Glacier and Perma-
frost Areas: Lessons from the Chilean and Argentinean
Andes. Earth Surface Processes and Landforms, 40(1):
2—21. https: //doi.org/10.1002/esp.3524

Baldis, C. T., Liaudat, D. T., 2019. Rockslides and Rock
Avalanches in the Central Andes of Argentina and Their
Possible Association with Permafrost Degradation. Per-
mafrost and Periglacial Processes, 30(4): 330—347.
https: //doi.org/10.1002/ppp.2024

Bottino, G., Chiarle, M., Joly, A., et al., 2002. Modelling
Rock Avalanches and Their Relation to Permafrost Deg-

radation in Glacial Environments. Permafrost and Peri-

glacial Processes, 13(4): 283—288. https: //doi. org/
10.1002/ppp.432

Cheng, Q. G., Zhang,Z. Y., Hang, R. Q., 2007. Study on
Dynamics of Rock Avalanches: State of the Art Report.
Journal of Mountain Science, 25(1): 72— 84 (in Chinese
with English abstract).

Coe, J. A., Bessette-Kirton, E. K., Geertsema, M., 2018.
Increasing Rock-Avalanche Size and Mobility in Glacier
Bay National Park and Preserve, Alaska Detected from
1984 to 2016 Landsat Imagery. Landslides, 15(3): 393—
407. https: //doi.org/10.1007/s10346-017-0879-7

Cui, P., Chen, R., Xiang, L. Z., et al., 2014. Risk
Analysis of Mountain Hazards in Tibetan Plateau un-
der Global Warming. Progressus Inquisitiones de Mu-
tatione Climatis, 10(2): 103—109 (in Chinese with
English abstract).

Cui, P., Jia, Y., Su, F. H., etal., 2017. Natural Hazards in
Tibetan Plateau and Key Issue for Feature Research.
Bulletin of Chinese Academy of Sciences, 32(9): 985—
992 (in Chinese with English abstract).

Dai, F. C., Deng, J. H., 2020. Development Characteristics
of Landslide Hazards in Three-Rivers Basin of Southeast
Tibetan Plateau. Advanced Engineering Sciences, 52
(5): 3—15 (in Chinese with English abstract).

De Blasio, F. V., 2014. Friction and Dynamics of Rock Ava-
lanches Travelling on Glaciers. Geomorphology, 213: 88—
98. https: //doi.org/10.1016/j.geomorph.2014.01.001

Delaney, K. B., Evans, S. G., 2014. The 1997 Mount
Munday Landslide (British Columbia) and the Behav-
iour of Rock Avalanches on Glacier Surfaces. Land-
slides, 11(6): 1019—1036. https: //doi. org/10.1007/
$10346-013-0456-7

Deline, P., 2009. Interactions between Rock Avalanches
and Glaciers in the Mont Blanc Massif during the
Late Holocene. Quaternary Science Reviews, 28(11—
12): 1070—1083. https: //doi. org/10.1016/]. quasci-
rev.2008.09.025

Deline, P., Akcar, N., Ivy-Ochs, S., et al., 2015a. Repeat-
ed Holocene Rock Avalanches onto the Brenva Glacier,
Mont Blanc Massif, Italy: A Chronology. Quaternary
Science Reviews, 126: 186—200. https: //doi. org/
10.1016/j.quascirev.2015.09.004

Deline, P., Hewitt, K., Reznichenko, N., et al., 2015b.
Rock Avalanches onto Glaciers. Landslide Hazards,
Risks, and Disasters. Elsevier, Amsterdam. https: //
doi.org/10.1016/b978-0-12-396452-6.00009-4

Deline, P., Kirkbride, M. P., 2009. Rock Avalanches on a

Glacier and Morainic Complex in Haut Val Ferret (Mont



% 3 1 17 55 g U

VR T4 ) AL T 9 o 945

Blanc Massif, Italy). Geomorphology, 103(1): 80—92.
https: //doi.org/10.1016/j.geomorph.2007.10.020

Erismann, T. H., Abele, G., 2001. Dynamics of Rockslides
and Rockfalls. Springer, New York.

Evans, S. G., Bishop, N. F., Fidel Smoll, L., et al.,
2009a. A Re-Examination of the Mechanism and Human
Impact of Catastrophic Mass Flows Originating on Neva-
do Huascaran, Cordillera Blanca, Peru in 1962 and
1970. Engineering Geology, 108(1—2): 96—118.
https: //doi.org/10.1016/j.enggeo.2009.06.020

Evans, S. G., Clague, J. J., 1988. Catastrophic Rock Ava-
lanches in Glacial Environments. Proceedings, 5" Interna-
tional Symposium on Landslides, Lausanne. Rotterdam.

Evans, S. G., Delaney, K. B., 2015. Catastrophic Mass
Flows in the Mountain Glacial Environment. In:

Haeberli, W., Whiteman C., eds.,

Related Hazards, Risks,

https: //doi. org/10.1016/b978 - 0 - 12 -
394849-6.00016-0

Evans, S. G., Tutubalina, O. V., Drobyshev, V. N., et al.,
2009b. Catastrophic Detachment and High-Velocity Long-

Snow and Ice-
and Disasters. Elsevier,

Amsterdam.

Runout Flow of Kolka Glacier, Caucasus Mountains,
Russia in 2002. Geomorphology, 105(3—4): 314—321.
https: //doi.org/10.1016/j.geomorph.2008.10.008

Evans, S.G., Delaney, K.B., 2015. Chapter 16 -Catastroph-
ic Mass Flows in the Mountain Glacial Environment.
Snow and Ice - Related Hazards, Risks and Disasters,
Academic Press, Boston, 563—606.

Fischer, L., Huggel, C., Kaib, A., etal., 2013. Slope Fail-
ures and Erosion Rates on a Glacierized High-Mountain
Face under Climatic Changes. Earth Surface Processes
and Landforms, 38(8): 836—846. https: //doi. org/
10.1002/esp.3355

Fischer, L., Kaab, A., Huggel, C., et al., 2006. Geology,
Glacier Retreat and Permafrost Degradation as Control-
ling Factors of Slope Instabilities in a High - Mountain
Rock Wall: The Monte Rosa East Face. Natural Haz-
ards and Earth System Sciences, 6(5): 761—772.
https: //doi.org/10.5194/nhess-6-761-2006

Fujita, K., Inoue, H., Izumi, T., et al., 2017. Anomalous
Winter-Snow-Amplified Earthquake-Induced Disaster of
the 2015 Langtang Avalanche in Nepal. Natural Haz-
ards and Earth System Sciences, 17(5): 749—764.
https: //doi.org/10.5194/nhess-17-749-2017

Ge, Y. F., Zhou, T., Huo, S. L., et al., 2019. Energy
Transfer Mechanism during Movement and Accumula-
tion of Rockslide Avalanche. Earth Science, 44(11):
3939— 3949 (in Chinese with English abstract).

Geertsema, M., Clague, J. J., Schwab, J. W., et al., 2006.
An Overview of Recent Large Catastrophic Landslides
in Northern British Columbia, Canada. Engineering Ge-
ology, 83(1—3): 120—143. https: //doi.org/10.1016/].
enggeo.2005.06.028

George, D. L., Iverson, R. M., Cannon, C. M., 2017. New
Methodology for Computing Tsunami Generation by
Subaerial Landslides: Application to the 2015 Tyndall
Glacier Landslide, Alaska. Geophysical Research Let-
ters, 44(14): 7276—7284. https: //doi. org/10.1002/
2017gl074341

Haeberli, W., Schaub, Y., Huggel, C., 2017. Increasing
Risks Related to Landslides from Degrading Permafrost
into New Lakes in De-Glaciating Mountain Ranges. Geo-
morphology, 293: 405—417. https: //doi.org/10.1016/
j.geomorph.2016.02.009

Hampton, M. A., Lee, H. J., Locat, J., 1996. Submarine
Landslides. Reviews of Geophysics, 34(1): 33—59.
https: //doi.org/10.1029/95rg03287

Hauser, A., 2002. Rock Avalanche and Resulting Debris
Flow in Estero Parraguirre and Rio Colorado, Re-
gion Metropolitana, Chile.. In: Evans, S. G., De-
Graff, J. V., eds., Catastrophic Landslides: Effects,
Occurrence, and Mechanisms. Geological Society of
America, Boulder.

Heim, A., 1932. Bergsturz und Meschenleben. Frets und
Wasmuth, Zurich.

Hewitt, K., 1988. Catastrophic Landslide Deposits in the
Karakoram Himalaya. 242(4875): 64—67.
https: //doi.org/10.1126/science.242.4875.64

Hewitt, K.,

Science,

1999. Quaternary Moraines vs Catastrophic

Rock Avalanches in the Karakoram Himalaya, Northern

Quaternary Research, 51(3): 220—237.
https: //doi.org/10.1006/qres.1999.2033

Hu, K. H., Zhang, X.P., You, Y., etal., 2019. Landslides and
Dammed Lakes Triggered by the 2017 Ms 6.9 Milin Earth-
quake in the Tsangpo Gorge. Landslides, 16(5): 993—
1001. https: //doi.org/10.1007/s10346-019-01168-w

Hu, M. J., Cheng, Q. G., Wang, F. W., 2009. Experi-
mental Study on Formation of Yigong Long-Distance
high - Speed Landslide. Chinese Journal of Rock Me-
chanics and Engineering, 28(1): 138—143 (in Chinese
with English abstract).

Hu, W. T., Yao, T.D., Yu, W.S., etal., 2018. Advances
in the Study of Glacier Avalanches in High Asia. Journal
of Glaciology and Geocryology, 40(6): 1141—1152 (in
Chinese with English abstract).

Huang, R. Q., 2007. Large-Scale Landslides and Their Slid-

Pakistan.



946 HiBERBL2%  http://www.earth-science.net

A7 %

ing Mechanisms in China since the 20th Century. Chi-
nese Journal of Rock Mechanics and Engineering, 26(3):
433—454 (in Chinese with English abstract).

Huggel, C., Caplan-Auerbach, J., Gruber, S., et al., 2008.
The 2005 Mt. Steller, Alaska, Rock-Ice Avalanche, a
Large Slope Failure in Cold Permafrost. In: Kane, D.
L., Hinkel, K. M., eds., Proceeding of the 9th Interna-
tional Conference on Permafrost, Fairbanks.

Huggel, C., Caplan-Auerbach, J., Waythomas, C. F., et
al., 2007. Monitoring and Modeling Ice-Rock Avalanch-
es from Ice-Capped Volcanoes: A Case Study of Fre-
quent Large Avalanches on Iliamna Volcano, Alaska.
Journal of Volcanology and Geothermal Research, 168
(1—4): 114—136. https: //doi. org/10.1016/j. jvol-
geores.2007.08.009

Huggel, C., Clague, J. J., Korup, O., 2012. Is Cli-
mate Change Responsible for Changing ILandslide
Activity in High Mountains? Earth Surface Processes
and Landforms, 37(1): 77—91. htips: //doi. org/
10.1002/esp.2223

Huggel, C., Zgraggen-Oswald, S., Haeberli, W., et al.,
2005. The 2002 Rock/Ice Avalanche at Kolka/Karma-
don, Russian Caucasus: Assessment of Extraordinary
Avalanche Formation and Mobility, and Application of
QuickBird Satellite Imagery. Natural Hazards and
Earth System Sciences, 5(2): 173—187. https: //doi.
org/10.5194/nhess~5-173-2005

Jacquemart, M., Loso, M., Leopold, M., et al., 2020.
What Drives Large - Scale Glacier Detachments? In-
sights from Flat Creek Glacier, St. Elias Mountains,
Alaska. Geology, 48(7): 703—707. https: //doi. org/
10.1130/g47211.1

Jibson, R. W., Harp, E. L., Schulz, W., etal., 2006. Large
Rock Avalanches Triggered by the M 7.9 Denali Fault,
Alaska, Earthquake of 3 November 2002. Engineering
Geology, 83(1—3): 144—160. https: //doi. org/
10.1016/j.engge0.2005.06.029

Jiskoot, H., 2011. Long-Runout Rockslide on Glacier at Tsar
Mountain, Canadian Rocky Mountains: Potential Trig-
gers, Seismic and Glaciological Implications. Earth Sur-
face Processes and Landforms, 36(2): 203—216.
https: //doi.org/10.1002/esp.2037

Kaib, A., Huggel, C., Fischer, L., et al., 2005. Remote
Sensing of Glacier- and Permafrost-Related Hazards in
High Mountains: An Overview. Natural Hazards and
Earth System Sciences, 5(4): 527—554. https: //dol.
org/10.5194/nhess~5-527-2005

Kaib, A., Jacquemart, M., Gilbert, A., et al., 2021.

Sudden Iarge - Volume Detachments of Low - Angle
Mountain Glaciers-More Frequent than Thought? The
Cryosphere, 15(4): 1751—1785. https: //doi. org/
10.5194/tc-15-1751-2021

Kaab, A., Leinss, S., Gilbert, A., et al., 2018. Massive
Collapse of Two Glaciers in Western Tibet in 2016 after
Surge-Like Instability. Nature Geoscience, 11(2): 114—
120. https: //doi.org/10.1038/s41561-017-0039-7

Kargel, J. S., Leonard, G. J., Shugar, D. H., et al.,
2016. Geomorphic and Geologic Controls of Geohaz-
ards Induced by Nepal’ s 2015 Gorkha Earthquake.
Science, 351(6269): 140—150.
10.1126/science.aac8353

Krautblatter, M., Funk, D., Giinzel, F. K., 2013. Why Per-

https: //doi. org/

mafrost Rocks Become Unstable: A Rock-Ice-Mechani-
cal Model in Time and Space. Earth Surface Processes
and Landforms, 38(8): 876—887. https: //doi. org/
10.1002/esp.3374

Lacroix, P., 2016. Landslides Triggered by the Gorkha
Earthquake in the Langtang Valley, Volumes and Initia-
tion Processes. Earth, Planets and Space, 68(1): 1—10.
https: //doi.org/10.1186/s40623-016-0423-3

Legros, F., 2002. The Mobility of Long-Runout Landslides.
Engineering Geology, 63(3—4): 301—331. https: //doi.
org/10.1016/S0013-7952(01)00090-4

Leinss, S., Bernardini, E., Jacquemart, M., et al., 2020.
Glacier Detachments and Rock-Ice Avalanches in the Pe-
tra Pervogo Range, Tajikistan (1973—2019). Natural
Hazards and Earth System Sciences. doi: 10.5194/nhess-
2020-285.

Li, J., Chen, N. S., Liu, M., etal., 2018. Analysis of Main
Factors for Landslide-Triggered Debris Flow in Zhamu-
nong Gully on April 9th, 2000. South-to-North Water
Transfers and Water Science & Technology, 16(6):
187—193 (in Chinese with English abstract).

Lipovshy, P. S., Huscrift, C.A., Lewkowicz, A. G., 2004.
The Nines Creek Ice and Rock Avalanche: An Example
of the Impact of Climate Change on Catastrophic Geomor-
phic Processes in the Kluane Ranges, Yukon Territory,
Canada. American Geophysical Union, San Francisco.

Lipovsky, P. S., Evans, S. G., Clague, J. J., et al.,
2008. The July 2007 Rock and Ice Avalanches at
Mount Steele, St. Elias Mountains, Yukon, Canada.
Landslides, 5(4): 445—455. https: //doi.org/10.1007/
$10346-008-0133-4

Liu, C.Z., Li, J. T., Tong, L. Q., etal., 2019. Research on
Glacial/Rock Fall - Landslide - Debris Flows in Sedongpu
Basin along Yarlung Zangbo River in Tibet. Geology in



%3

1 1 45« e L

VK5 W8 I8 AT 9 ok 947

China, 46(2): 219— 234 (in Chinese with English abstract).

Liu, G. Q., Lu, X. Y., 2000. Analysis on the Causes of Col-
lapse, Landslide and Debris flow in Zhamunong Gully,
Yigong, Tibet. Tibet Science and Technology, (4): 15—
17 (in Chinese).

Liu, W., 2002. Study on the Characteristics of Huge Scale-
Super Highspeed - Long Distance Landslide Chain in
Yigong, Tibet. The Chinese Journal of Geological
Hazard and Control, 13(3): 9—18 (in Chinese with
English abstract).

McSaveney, M. J., 1975. Sherman Glacier Rock Avalanche
of 1964: Its Emplacement and Subsequent Effects on
the Glacier Beneath it (Dissertation). Ohio State Unver-
sity, Columbus.

McSaveney, M. J., 2002. Recent Rockfalls and Rock Ava-
lanches in Mount Cook National Park, New Zealand.
GSA Reviews in Engineering Geology, 15: 35—70.
https: //doi.org/10.1130/REG15-p35.

Mergili, M., Frank, B., Fischer, J. T., et al., 2018. Com~
putational Experiments on the 1962 and 1970 Landslide
Events at Huascaran (Peru) with R. Avaflow: Lessons
Learned for Predictive Mass Flow Simulations. Geomor-
phology, 322: 15— 28. https: //doi.org/10.1016/j. geo-
morph.2018.08.032

Noetzli, 7., C., Hoelzle, M., 2006.
GIS-Based Modelling of Rock-Ice Avalanches from
Alpine Permafrost Areas. Computational Geoscienc-
es, 10(2): 161—178. https: //doi. org/10.1007/
$10596-005-9017-z

Huggel, et al.,

Pararas - Carayannis, G., 1999. Analysis of Mechanism of
Tsunami Generation in Lituya Bay. Science of Tsunami
Hazards, 17(3): 193—206.

Peng, J. B., Cui, P., Zhuang, J. Q., 2020. Challenges to
Engineering Geology of Sichuan—Tibet Railway. Chi-
nese Journal of Rock Mechanics and Engineering, 39
(12): 2377— 2389 (in Chinese with English abstract).

Petrakov, D. A., Chernomorets, S. S., Evans, S. G., et
al., 2008. Catastrophic Glacial Multi-Phase Mass Move-
ments: A Special Type of Glacial Hazard. Advances in
Geosciences, 14: 211—218. https: //doi. org/10.5194/
adgeo-14-211-2008

Pudasaini, S. P., Krautblatter, M., 2014. A Two-Phase Me-
chanical Model for Rock-Ice Avalanches. Journal of Geo-
physical Research: Earth Surface, 119(10): 2272—2290.
https: //doi.org/10.1002/2014;f003183

Qin, D. H., Yao, T. D., Ding, Y. J., etal., 2014. A Dic-
tionary of Cryosphere Science. China Meteorological

Press, Beijing (in Chinese).

Ren, Y. H., Yang, Q. Q., Cheng, Q. G., etal., 2021. Solid-
Liquid Interaction Caused by Minor Wetting in Gravel-
Ice Mixtures: A Key Factor for the Mobility of Rock-Ice
Avalanches. 106072.
https: //doi.org/10.1016/j.enggeo.2021.106072

Reynolds, J. M., 1992. The Identification and Mitigation of

Engineering  Geology, 286:

Glacier-Related Hazards: Examples from the Cordillera
Blanca, Peru. In: McCall, G. J. H., Laming, D. J. C.,
Scott, S. C., eds., Geohazards. Springer, Dordrecht.
https: //doi.org/10.1007/978-94-009-0381-4 13

Sansone, S., Zugliani, D., Rosatti, G., 2021. A Mathemati-
cal Framework for Modelling Rock - Ice Avalanches.
Jowrnal of Fluid Mechanics, 919: A8. https: //doi.org/
10.1017/jfm.2021.348

Schneider, D., Huggel, C., Haeberli, W., etal., 2011a. Un-
raveling Driving Factors for Large Rock-Ice Avalanche
Mobility. Earth Surface Processes and Landforms, 36
(14): 1948—1966. https: //doi.org/10.1002/esp.2218

Schneider, D., Kaitna, R., Dietrich, W. E., et al., 2011b.
Frictional Behavior of Granular Gravel-Ice Mixtures in
Vertically Rotating Drum Experiments and Implications
for Rock - Ice Avalanches. Cold Regions Science and
Technology, 69(1): 70—90. https: //doi.org/10.1016/].
coldregions.2011.07.001

Shang, Y. J., Yang, Z. F., Li, L. H., et al., 2003. A Su-
per-Large Landslide in Tibet in 2000: Background, Oc-
currence, Disaster, and Origin. Geomorphology, 54
(3—4): 225—243. https: //doi. org/10.1016/S0169 -
555X(02)00358-6

Shreve, R. L., 1966. Sherman Landslide, Alaska. Science,
154(3757): 1639—1643. https: //doi. org/10.1126/sci-
ence.154.3757.1639

Shugar, D. H., Jacquemart, M., Shean, D., etal., 2021. A
Massive Rock and Ice Avalanche Caused the 2021 Disas-
ter at Chamoli, India Himalaya. Science, 372(6552):
eabh4455. https: //doi.org/10.1126/science.abh4455.

Siebert, L., 1984. Large Volcanic Debris Avalanches: Char-
acteristics of Source Areas, Deposits, and Associated
Eruptions. Jowrnal of Volcanology and Geothermal Re-
search, 22(3—4): 163—197. https: //doi. org/10.1016/
0377-0273(84)90002-7

Sosio, R., 2015. Rock-Snow-Ice Avalanches. Landslide Haz-
ards, Risks, and Disasters. In: Shroder, J. F., Davies,
T., eds., Elsevier, Amsterdam. 191—240. https: //doi.
org/10.1016/b978-0-12-396452-6.00007-0

Sosio, R., Crosta, G. B., Chen, J. H., et al., 2012. Model-
ling Rock Avalanche Propagation onto Glaciers. Quater-

nary Science Reviews, 47: 23—40. https: //doi. org/



948 iR B 27

http://www .earth-science.net

A7 %

10.1016/j.quascirev.2012.05.010

Sosio, R., Crosta, G. B., Hungr, O., 2008. Complete Dy-
namic Modeling Calibration for the Thurwieser Rock
Avalanche (Italian Central Alps). Engineering Geology,
100(1—2): 11—26. https: //doi. org/10.1016/j. eng-
2e0.2008.02.012

Strom, A., 2014. Catastrophic Slope Processes in Glaci-
ated Zones of Mountainous Regions. In: Shan, W.,
Guo, Y., Wang, F. W., et al., eds., Landslides
in Cold Regions in the Context of Climate Change.
Springer, Cham. https: //doi.org/10.1007/978-3-319-
00867-7_1

Tong, L. Q., Pei, L. X., Tu, J. N., etal., 2020. A Prelimi-
nary Study of Definition and Classification of Ice Ava-
lanche in the Tibetan Plateau Region. Remote Sensing
for Land & Resources, 32(2): 11—18 (in Chinese with
English abstract).

Van der Woerd, J., Owen, L. A., Tapponnier, P., et al.,
2004. Giant, ~M8 Earthquake-Triggered Ice Avalanch-
es in the Eastern Kunlun Shan, Northern Tibet: Charac-

teristics, Nature and Dynamics. Geological Society of

America Bulletin, 116(3): 394—406. https: //doi. org/
10.1130/b25317.1

Wang, W. P., Yang, J. S., Wang, Y. B., 2020. Dynamic
Processes of 2018 Sedongpu Landslide in Namcha Barwa-
Gyala Peri Massif Revealed by Broadband Seismic Re-
cords. Landslides, 17(2): 409—418. https: //doi. org/
10.1007/s10346-019-01315-3

Wang, Y. F., Lin, Q. W., Li, K., et al., 2021. Review on
Rock Avalanche Dynamics. Jowrnal of Earth Sciences
and Environment, 43(1): 164—181 (in Chinese with
English abstract).

Weidinger, J. T., 2006. Predesign, Failure and Displacement
Mechanisms of Large Rockslides in the Annapurna Hi-
malayas, Nepal. Engineering Geology, 83(1—3): 201—
216. https: //doi.org/10.1016/j.enggeo.2005.06.032

Xu, Q., Shang, Y. J., van Asch, T., et al., 2012. Obser-
vations from the Large, Rapid Yigong Rock Slide-De-
bris Avalanche, Southeast Tibet. Canadian Geotechni-
cal Jowrnal, 49(5): 589—606.
10.1139/t2012-021

Yang, Q. Q., Su, Z. M., Chen, L. Z., etal., 2015. Flume

https: //doi. org/

Tests on Influence of Ice to Mobility of rock-Ice Ava-
lanches. Journal of Engineering Geology, 23(6): 1117—
1126 (in Chinese with English abstract).

Yang, Q. Q., Su, Z. M., Cheng, Q. G., et al., 2019. High
Mobility of Rock-Ice Avalanches: Insights from Small

Flume Tests of Gravel-Ice Mixtures. Engineering Geolo-

gy, 260: 105260. https: //doi. org/10.1016/j. eng-
2e0.2019.105260

Yin, Y. P., 2000. Rapid Huge Landslide and Hazard Reduc-
tion of Yigong River in the Bomi, Tibet. Hydrogeology
and Engineering Geology, 27(4): 8—11 (in Chinese
with English abstract).

Yin, Y. P., Li, B., Zhang, T. T., et al., 2021. The Febru-
ary 7 of 2021 Glacier-Rock Avalanche and the Outburst
Flooding Disaster Chain in Chamoli, India. The Chinese
Journal of Geological Hazard and Control, 32(3): 1—8
(in Chinese with English abstract).

Zhang, M., Yin, Y. P., 2013. Dynamics, Mobility-Con-
trolling Factors and Transport Mechanisms of Rapid
Long-Runout Rock Avalanches in China. Engineering
Geology, 167: 37—58. https: //doi.org/10.1016/j.eng-
ge0.2013.10.010

Zhang, M., Yin, Y. P., Wu, S. R., etal., 2010. Development
Status and Prospects of Studies on Kinematics of Long
Runout Rock Avalanches. Journal of Engineering Geolo-
gv, 18(6): 805—817 (in Chinese with English abstract).

Zhao, Y. H., 2020. Study on the Barrier Lake Event for
Landslide-River Blocking of Sedongpu Valley on Yar-
lung Zangbo River in Tibet of China. Journal of He-
bei GEO University, 43(3): 31—37 (in Chinese with
English abstract).

Zhu, P. Y., Wang, C. H., Tang, B. X., 2000. The Deposi-
tion Characteristic of Supper Debris Flow in Tibet. Jour-
nal of Mountain Research, 18(5): 453—456 (in Chinese
with English abstract).

Bt R 325 & STk

FEHRAE, skmion, TuERk, 2007, & L B i 1 3 ) 2 i Bk
FEHUR B & ka1l b2 df, 25(1): 72— 8

S, B, mRZ, %, 2014, SR 5N 78
M 9 FE K H R A3 BT L MR AR R AT OE Ak R, 10(2):
103—109.

WS, BT, IR, 4R, 2017, R R AR E R H BUR
5 oK ok OC Y RL 2 n) B L b [ RL 2 B BE B, 32(9):
985—992.

HCAR D, XA, 2020, T M e JRAR B = VLU BT 3 K R
HIRE . TREBFESHEAR, 52(5): 3—15.

ol B, B, % 2019, O m R I s s AT
P RB I ML . s BB 2E , 44(11): 3939—3949.

B, RS, TR, 2009. B T UG AR v T I8 R
AR ER A A 1% 5 TR SR, 28(1): 138—143.

WSO, WRAEAME , AR, 25, 2018, L U M X vk A K E Y
WFoEHE IR . vk %R, 40(6): 1141—1152.

BH R, 2007, 20 22 LAk v [ 9 O AL 3 3 e FE R AR LT

=



5310 P 0 L T VK T T S0 019

EAA IS TR, 26(3): 433—454.

A5 BRT A, X2, 4 2018.2000 4F B 5T £ FL KI5 VA
R A E 4 E R oA . m K AL IE 5K R B, 16(6):
187—193.

XUEIE, BZASAE, BTk, 45, 2019, kG 5 A 1T €0 75 3% 34 i
T E W LR F ) S L b B, 46(2):
219—234.

XL, BA& T, 2000. T8 5 5 51 98A HL A 55 1 4 A 1 A4
S T e e A TR AT VE SRR, (4): 15— 17.
XA, 2002, TG 5 &) 5T B A e 2 37 A 3 b T R A AR AR

AT . o b T S B A A AR, 13(3): 9—18.

WAEIE ) AERNE, FE AR, 2020. J11 G BR B X TR b R B Y
Ptk . 50 D)2 5 TR AR, 39(12): 2377—2389.

ZERU, WRREMR Tk, &, 2014, PR B RR 2R L
ol R AL

FOLHE, FEAT AR, WA, S, 2020, VKK E R R E SR
R 43+ DU M TR b X 4] . R BT RE R, 32(2):
11—18.

TR, RS, 2hh, 25 2021, & o m BRI 3 8 ) SR SY
iR Bk B2 5 R B2 AR L 43(1): 164—181.

Pl AR, PR RE, 45, 2015. UKJE X UK 0 i
Bl R M AR T 09 025 A BT . R M R AR 4, 23(6):
1117—1126.

BREERT L 2000, P 58I % Sy 0T e o L TR I 48 AR AR B 0K F
% K SCHB TR T REHL R, 27(4): 8—11.

FRERE, ARy, sk, 45, 2021, B2 A8 51 2.7 pk A 1l
BV D K U BRI S L b I R K S B IR
#2, 32(3): 1—8.

KW, BRERE, SRR, 4, 2010, o m AR N T S B
DAL L AR G R TR M T A i, 18(6):
805—817.

XA, 2020, r [ VG FE0HE 65 6 AT VT 68 2R 3 V) W SR VTR
FEWN AT 5T . AT E I B K2 2 4, 43(3): 31— 37.
RV— ERLAE, TR, 2000. T 54 MR R S I o AN

FRAE . L 24 3R, 18(5): 453—456.



