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Abstract

This thesis represents a large body of work that seeks to describe, quantify, and simulate the
behaviour of large rock slope failures (> 1 Mmg3), in the form of landslides and rock avalanches, and
their secondary processes, such as landslide-dammed lakes, utilizing remotely sensed data. Remotely
sensed data includes aerial photography, high resolution satellite imagery from various platforms (e.g.
LANDSAT, ASTER, EO-1, SPOT), and digital topographic elevation models of the Earth’s surface
(e.g. SRTM-3, ASTER GDEM2, LiDAR). This thesis focused on regions in northwest North
America (British Columbia, Yukon Territory, and Alaska), and on regions in the Himalaya and Pamir
Mountain chains (Tajikistan, Afghanistan, Pakistan, Tibet, and India). These study regions are each
highly dynamic landscapes, where the occurrence of rock slope failures per area is higher than non-
mountainous regions, and these events are aiding to the shape and profile of the landscapes and
surfaces found today. This thesis focuses on: 1) the ability to accurately calculate geometrics (e.g.
areas, volumes, runouts, debris depths) for large scale landslides and their associated landslide
dammed lakes (e.g. areas, volumes, outbursts), utilizing data from remotely sensed sources; 2) the
attempt to successfully simulate the observed dynamics for both landslide emplacement and their
resulting debris deposits (DAN-W, DAN3D), and possible outburst flood scenarios (FLO2D); and, 3)
attempt to quantify the kinetic and specific energy involved in rock avalanches, and how these
energetics relate to fragmentation, as well as the lateral spreading and thinning of debris sheets. The
river valleys of the northwest Himalayas (Pakistan and India) and the adjacent Pamir Mountains of
Afghanistan and Tajikistan contain in excess of two hundred known rockslide deposits of unknown
age that have interrupted surface drainage and previously dammed major rivers in the region in recent
and prehistoric time. Some prehistoric rockslide dams in the northwest Himalayas have impounded
massive lakes with volumes in excess of 20 Gme. The region contains: 1) the highest rockslide dam in
the world (the 1911 Usoi rockslide, Tajikistan), which impounds the current largest rockslide-
dammed lake (Lake Sarez) on Earth (est. volume 17 Gm3); 2) the largest documented outburst flood
(6.5 Gm3) associated with a historical rockslide dam outburst (the 1841 Indus Flood, Pakistan); and,
3) the world’s most recent rockslide-dammed lake emergency, the 2010 Attabad rockslide dam on the
Hunza River, in the Upper Indus basin, including the newly created Lake Gojal. By accurately
quantifying the volume of an impoundment, and the downstream valley topography (DEM),
floodwave scenarios can be created for various breaching situations, allowing for the delineation of

downstream inundation areas, or the creation of hazard and risk scenarios. Two methods are used to
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attempt to quantify the volumes of landslide-dammed lakes: 1) a contour interpolation method,
focusing on the creation of contours to represent lake levels in the DEM data; and, 2) a new technique
using digitized shorelines and statistical methods to obtain lake elevations on specific dates. A new
technique has also been developed to quantify the larger block fragmentation from rock avalanches in
the glacial environment, and a credible grain-size curve for the largest blocks can be obtained, aiding
in the creation of a more complete grain-size curve for a particular event. The combination of
landslides and their associated landslide dammed lakes are an important geomorphic process to study,
as these events have a direct relationship to the hazard and risk faced by local communities living and
working in these regions. By understanding the emplacement and deposit dynamics of large
landslides and/or the outburst flood scenarios from naturally impounded reservoirs, we can attempt to

reduce the direct impacts these events have to local communities.



Acknowledgements

This thesis would not have been possible without the financial, scientific, and emotional support

from several people and institutions.

Financial support was provided by the Ontario Graduate Scholarship program over 3 years, which
was vital to the completion of my PhD, allowing me to focus solely on my research. In the final two
years of support from OGS, the funding was picked up by the TD Bank Graduate Scholarship in the
Environment. Additional financial contributions came from the University of Waterloo, through the
President’s Graduate Scholarship. Finally, the financial support provided by Professor Evans through
several TAs and RAs was fundamental to completing my PhD. | am forever grateful for all the

financial support offered throughout my graduate student experience.

I would like to thank the organizers and scientists for the opportunity to participate in the
prestigious International School of Landslide and Risk Assessment (LARAM), which is held annually
in Ravello, Italy. Only 30 international PhD students are chosen each year, and | was honoured to be

one of those students.

I would also like to acknowledge all of the teaching responsibilities given to me from the Earth and
Environmental Sciences department at the University of Waterloo. Although not directly related to
my thesis, | believe these experiences have been a vital part of my growth and desire to be a future
faculty member, and professor. | would like to acknowledge Professor Evans, Professor Warner,
Professor Saunderson, and Professor Dusseault for all their encouragement and assistance in allowing

me these opportunities.

My most heartfelt and biggest thanks goes to my supervisor, Professor Evans. Without all of the
scientific, academic, and moral support he has provided to me, this PhD would not have been
possible. Professor Evans provided more than just motivation and guidance, but also friendship and
support for all my time at the University of Waterloo and | know that my PhD would not have been as
rigorous or thorough without his invaluable assistance.

Finally, I would like to thank my loving wife Jennifer and son Alexander. Without Jennifer’s
never-ending patience, support, and love, | do not think | would have been able to complete this
extensive body of work.

Vi



To all those mentioned above, | feel that these brief words are insufficient in expressing my sincere

gratitude and thanks, and I truly appreciated all the help and support.

vii



Dedication

This thesis is dedicated to my loving wife Jennifer Delaney, son Alexander Delaney, and the rest of

my amazing family.

viii



Table of Contents

W AT 10T R I T=Tod =T 1 o o USSR ii
Statement Of CONTIIDULIONS ..........oiiieee ettt aesreeneeseeaneeneeseeens iii
AADSTFACT ... E b bbbttt b b e iv
ACKNOWIEAGEIMENTS ...ttt ettt e s be et e e s beereesbesteeseesbeaseesaesteeneesreares vi
=T [ Tox LA o] o USSR viii
LI Lo Lol o) 0] o] (=T ST SSRPSSO iX
LIST OF FIQUIES ...ttt bbbttt b bbbttt b et ettt e Xiv
T A0 1= o] [T SRS XXViii
(00T (=] o TP TSPV PT PP 1
L 0o 101 AT ] o OSSR 1
IR 4T [T ) ST S 1
1.2 THESIS ODJECLIVES ...ecieciieie ettt st be b e ebb e be s ae et e sbe e b e sbeebeesbesaeeseente e 8
08 g o] (=] SRRSO 12
Rockslide Dams in the Northwest Himalaya (Pakistan, India) and the Adjacent Pamir Mountains
(Afghanistan, Tajikistan) CENLIAl ASIA........c.ccviiiiieii it sre st sbesae s 12
Lo o 001 AT o ISP 12
P I\ 1= oo (] (oo VPSS OSTPSS 14
2.2 Rockslide Dams in the Northwest HImalayas ...........ccccceoiveiiiiicii e 15
2.2. L PrEVIOUS WOTK ....c.viiiiinieiieiceiesi sttt sttt sttt b et na e 15
2.2.2 Prehistoric Rockslide Dams and Deposits: Two Examples in the Skardu Region (Upper
INAUS) bbbttt n e 18
2.2.3 Historical Rockslide Dam Blockages of the Indus and the Hunza Rivers 1840, 1858, and
2000 1ttt ettt R e R et et et et e Rt e Rt e R e eReeEe R e be e et et eneereereerenre e ns 23
2.3 Rockslide Dams in the Pamir Mountains (Tajikistan and Afghanistan) ...........c.cccceeeveieinnn. 41
2.3.1 Rockslide Dams in the Gunt River Basin, TajikiStan..........ccccooevvviiieninniieie e 41
2.3.2 Shiwa Lake (AFGRANISAN) .......ccvoiiiiiieieiei e 43
2.3.3 1911 Usoi Rockslide and Lake Sarez (TajiKiStan) ..........cccooeeereiiiiniiiiniseneseieeeeeeiene 44
p L o] o] 113 o] o ST 52
L@ =T o (] g TSSO 54

A Remote Sensing Analysis of the 2010 Attabad Rockslide and its River Damming Effects,

Karakoram Himalayas, PaKISTaAN ...........ccuoiiiiiii e 54



I 101100 18w 1T ) 1T TORRRRTTIT 54

TR0t I 2 7= Tod (o (o1 T ST 54
3.1.2 Rockslide Dams in the northwest Himalayas and Adjacent Areas..........cccocvevveververvennenne. 57
3.2 Digital TOPOGrAPNY ...t bbbttt 58
3.2.1 Digital TopOographiC DataSELS. . .......ceieereieeieieeeee st eee et see e e eeseeenes 58

3.2.2 Assessment of Error in Digital Topographic Data | — Vertical Elevation of Topography.. 60
3.2.3 Assessment of Error in Digital Topography Data Il — Area and Volume of River

IMPOUNAMENTS. ... .cctiitiiie ettt be ettt e et e s be e e e s besbeesbesbeetsesbesteesbesbeeseesbestaeeesreares 61
3.3 The 2010 Attabad Rockslide and River Damming EVENL..........cccccovveiiviiiiie e 62
3.3.1 The January 2010 ROCKSIITE .........coiiieiiiece et 62
3.3.2 The Attabad ROCKSIIIE DAM ........ccoieiiiiiiicie e 65
3.3.3 The 1858 Rockslide Dam on the HUNZa RIVET..........ccccooeiiiniieieie e 66
3.4 The Development of Lake Gojal — Remote Sensing Methodology ..........ccceveveiieiiiiciciieenn, 67
R B T 1 N U1 ] =T o PSSR 67
3.4.2 Optical SAtellite IMAGEIY .......oiiieieieiei bbb 67

3.4.3 Lake Gojal I — The Filling of the Rockslide Dammed Lake (First-Order DEM Analysis) 68
3.4.4 Lake Gojal Il — Analysis of Pixel-by-Pixel Shoreline Polygons (Filling and Partial

DIINING) .ottt b bbb bbbt R R b bbbttt 72

3.4.5 Comparison of SRTM DEM Analysis and Pixel-by-Pixel Method..............ccccoovvvnininnnn. 80

3.5 Evaluation Of MITIQALION ........coiiiiiiiiiceeeee et 82

3.6 Comparative Rockslide Dammed Lakes 1841 — 2014 .........cccooveirinineniieneeeees e 83

3.6.1 Rockslide Dammed Lakes in the Upper INAUS..........cccooeiiiiiiiniieiceeeeeese e 83

N A € (o] o I O] 9] o= T 110 1TSS 86

3.7 SUMMArY aNd CONCIUSIONS........cviiiiiieieite ettt s e e e sbe s e e sresreenbesreenes 87

(O T o (] SRS 89
The 2000 Yigong Rock Avalanche, Landslide Dam, and Outburst Flood (Tibetan Plateau): Remote

Sensing Analysis and Process Modelling .........c.oovivieiiiicic e 89

AL INEFOUUCTION ...ttt et bbbt b bbb bt e bt e b e bt et et et e 89

4.1.1 Landslides, River Damming, and RemMOte SENSING........c.coovieerireareieiie e 89

4.1.2 River Damming in the Tibetan Plateau and the 2000 Yigong Event............cccccovoviieinnenn. 90

4.1.3 Motiviation and Objectives Of Present Paper...........coovoioiiiierene e 93

4.2 Remote Sensing Methods — Digital Topographic Data and Satellite Imagery ...........cc.ccocevuenns 94

X



4.2.1 Digital TopographiC Data...........ccccueiiiieieie i e e be e sresreenaenre s 96

4.2.2 Optical Satellite IMAGEIY ....c.vcviie e et reenae e 96
4.3 The Yigong Rock Avalanche; Source, Geometry of Initial Failure Mass, Entrainment and
VOIUME OF DBIFIS ... sttt e s te e b e steene e e 96

4.3.1 Volume and Characteristics of the Damming Landslide — Review of Literature 2000-2013

...................................................................................................................................................... 96

4.3.2 Path Geometry, Volume and Characteristics of the Damming Landslide — Remote Sensing

AANAIYSIS ..ot b e h bt et e be s heete e be e be e b e beeaeesreateenbeareas 99

4.3.3 The 1900 Landslide DAIM ........ccciueieiiniiiieieie et 102
4.4 Dynamic Analysis of the Yigong Rock Avalanche (DAN-W & DAN3D).........ccccceveievnnnee. 103

4.4.1 Two-Dimensional Simulation Using DAN-W ........cccccoiiiiiii i 104

4.4.2 Three-Dimensional Simulation Using DANSD...........ccccciiiiiiiiieie e 107

4.4.3 Evaluation of 2D and 3D SIMUIALIONS..........c.ccociiirieiiieisceere e 109

4.4.4 Energetics of Landslide MOVEMENT............ccoiiiiiiiiceeeree e 111
4.5 The Filling of Yigong Lake and Estimate of Maximum Lake VVolume | — Review of Literature
2000-2013.... ettt ettt Rt R e ReeRent et et et e n e ereereereerenrenretenes 112

4.5.1 The Filling of the Landslide-Dammed Lake ...........cccooeiiiiiiiniiiieccs e 112

4.5.2 The Maximum Pool Elevation and Pre-Breach VVolume of Yigong Lake...............cc........ 115

4.5.3 The Excavated Spillway and the Timing of the Breach .............ccccooeiiiiiiiiiiee, 115
4.6 The Filling of Yigong Lake and Estimate of Maximum Lake Volume Il — Remote Sensing
AANBIYSIS ..t E Rttt r e 116

4.6.1 The Filling of the Landslide-Dammed Lake ... 116

4.6.2 Maximum Volume of Landslide-Dammed Lake............ccooeiririnenineneiesssse e 118
4.7 Outburst Volume, Peak Discharge, and Downstream Flood Characteristics.............cccccveurenen. 122
4.8 CONCIUSIONS ...ttt et bbbt b ekt b bbbt e s ne bt 127

(O T o] (] TSRS 129
The 1997 Mount Munday Landslide (British Columbia) and the Behaviour of Rock Avalanches on
GIACIEN SUITACES ...ttt bbbttt b bbbt e e b 129
5.1 INEFOTUCTION 1.ttt b bbbttt b bt e b e e s st b 129
5.2 1997 Mount Munday Rock Avalanche | — Occurrence and Trigger .....ccccvvvevevviivereseeiennens 132
5.2.1 DAt OF OCCUITEINCE ... eveeteeteeeeieteeeesteetee e ste e ste e eseeste e e e stesseeseesaeaseeseeaseeneeseeaneensesseeneenees 132
I I 1 [0 -] SRR 132



5.3 1997 Mount Munday Rock Avalanche Il — Path, Source and Debris Characteristics ............. 134

TR o U1 (T To] 1411 (Y PSSP 134
5.3.2 Initial ROCK SIOPE FaIlUIE ......ocveiieiecec e 135
5.3.3 Rock Avalanche Debris and Emplacement Mechanism ............cccocevviiinininncnenenenns 138
5.3.4 Initial Source and Debris VOIUME........cccoiiiiiiiiiee e 144

5.4 Analysis of Runout on the Surface of Ice Valley GlacCier..........ccccoovveviievieviciie e 145
5.4.1 RUNOUL BENAVIOUT ......oviiiiiiiieieieie ettt enes 145
5.4.2 Runout Simulation (DAN-W and DAN 3D)......ccccciiiiiiieciecc e 146
5.4.3 Energetics of Rock Avalanche Motion ... 151

5.5 Characteristics of Rock Avalanche Debris and Fragmentation of Source Rock Mass............ 153
5.5.1 Image Analysis 0f DEDIIS SNEEL........cc.ooiiie e 153
5.5.2 Fragmentation in Rock Avalanches and the Mount Munday Case...........cccceeevveieniennnns 155

5.6 Rock Avalanches on Glacier Surfaces: Debris Sheet Geometry and Fragmentation Effects .. 159
5.7 SUMMArY and CONCIUSIONS.........oiuiitiiiieieiei sttt 165
CRAPTET B ...ttt b bt R R bbbttt 167
The July 2007 Rock And Ice Avalanches At Mount Steele, St. Elias Mountains, Yukon, Canada .. 167
LG T8 A 1 T [ 4 o SR 167
6.1.1 Geographic and geologiC SEIING.......ccueviiiirireree e 170
6.1.2 EVENE CRIONOIOQY ... 173

6.2 Characterisation of the July 24™ rock and ice avalanChe .............co.coeeeeeeeeeeeeeeeeeeseereereeeene. 177
6.2.1 Failure and tranSPOt ZONES ........c.coveieireiieiiesteeiesteste e sre s e sbesta e e e te et e stesteesaesteaneenreseeens 177
I B L= o Lo LY | o - USSP 179

6.3 DYNAMIC FECONSIIUCTION ....viiiieiesie ettt sttt e st st e seeseeeneeseeeneeneesne e 183
6.4 Global comparisons of occurrence and Behavior ..o, 185
5.5 CONCIUSIONS. ... .ttt ettt ettt ettt e et e s beete e s tesbeeneenbeeseenteeeeeneeseeeneeneesnens 187

(O 1T o SR 189
ConClUSIONS AN FULUIE WOTK........oiieeeeiieese ettt sttt e st sne e seeenes 189
8 R 1 o [ 4 o TSR 189
7.2 Landslides and Landslide Dams in the Pamir and Himalayas ..........c..cccoovvoeieieeieiciiecneneen, 189
7.3 Attabad rockslide and Lake GOjJal.........ccocveiiiiiiiiieiiec e 190
7.4 Yigong Rock-Avalanche and Outburst FIOOd.............cooiiiiiiiiieeeee e 192
7.5 The 1997 Mount Munday ROCK AValanChe ... 193

Xii



7.6 The 2007 Mount Steele ROCK AVAIANCNE ..........ooiuiii ettt 194

7.7 CONCIUSIONS ...ttt b bbb bbbtk b sb et b et ene s 194
7.7.1 FOcusing 0N GEOMOIPRIC PrOCESSES .....ccviiuieiiiieiiesiesteeiesteseesiesteeseestessaessessesseesresseessessens 195
7.7.2 Focusing on New MethodolOgy .........coueriiirinieieieieesesese e s 196

T8 FULUIE WOTK ...ttt ettt sttt e s eees e beere e e e seeaneeseeeaeaneenneas 197

R =] =] 0TS 199

Xiii



List of Figures

Figure 1.1: World-View 2 image taken May 5" 2014 of a fatal loess landslide in northern

AN ] =T 0T 151 - oSS 2
Figure 1.2: LEFT - Inventory of 48 rock avalanches on glaciers in northwest North America (red
circles). Highlighted events: SH: Sherman Glacier (1964); ST: Mount Steele (2007); LI: Lituya
Mountain (2012); MU: Mount Munday (1997); and ME: Mount Meager (2010). The three major
earthquakes are marked with coloured stars: Brown - 1964 (M9.2); Blue - 1979 (M7.5); Black - 2002
(M7.9). RIGHT - LANDSAT3 image taken August 1979 of three Cascadia rock avalanches within a
10 km radius, all triggered by the 1979 Alaska earthquake (M7.5).......cccccviiinininiiiince e 5
Figure 1.3: Magnitude and frequency relationship curve for 28 northwestern North America rock
avalanches on glaciers in the INVENTOTY. .......ccoeiiiie s 7
Figure 2.1: Lake Gojal, Hunza Valley, northern Pakistan, the rockslide-dammed lake impounded by
the Attabad rockslide that occurred on January 4, 2010. Extent shown on EO-1 satellite image
obtained on August 04, 2011. White rectangle is enlarged in inset, which shows Attabad rockslide
and heavy flow in spillway over rockslide dam debris. ..o, 13
Figure 2.2: Map of northwest Himalayas (India and Pakistan) and adjacent Pamir mountains
(Tajikistan and Afghanistan). Key to locations discussed in text is as follows; A-Attock on the Lower
Indus River, H — 2010 Hunza River rockslide dam, HB — 2005 Haittan Bala rockslide dam, S — Shiwa
Lake rockslide dam, and U — 1911 Usoi rockslide dam and Lake Sarez. Dashed white line outlines
area mapped by K. Hewitt in a series of papers since 1998 (see text for references and Fig. 4.3 for
L0 g Te T (= e U] ) SO 14
Figure 2.3: Map showing distribution of 233 rockslide deposits (grey dots) extracted from maps
published by K. Hewitt between 1998 and 2009 (see text for references) and imported into GIS.
Shaded area approximates area mapped by Hewitt (see Fig. 7.2 for location). Also shown are two
additional large scale rockslide deposits in the upper Indus (black triangles) mapped in this study.
Key to towns and villages; AS-Askole, AT-Attock, CH-Chilas, DK-Darkot, GL-Gilgit, GP-Gupis,
KH-Khapalu, RH-Rhondu, SK-Skardu. The Tarbela Reservoir is labelled T. Location of historic
landslide dams and prehistoric rockslide deposits discussed in text (black dots) are 1: Hunza 1858, 2-
Hunza-2010, 3-Indus 1841, 4-Satpara Lake, and 5-the Gol Ghone rockslides. The location of the
earthquake-triggered 2005 Hattian Bala rock avalanche and rockslide-dammed lake (Fig. 2.4) is also

LY 10 TP 16

Xiv



Figure 2.4: The Hattian Bala rock avalanche (est. vol. 85 Mm3) triggered by the 2005 M7.6 Kashmir

Figure 2.5: Typical example of complex valley fill deposits in the Upper Indus basin, northern
Pakistan. Previously unmapped deposits include (1) older rockslide deposits at A and B that both
dammed the Indus River, (2) younger rockslide deposts (C) that have dammed a tributary forming a
rockslide-dammed lake at D and ran up the opposite valley slide to a limit indicated by vertical
arrow. This rockslide also dammed the Indus. Length of Indus (flowing from top right to bottom left)
seen in image is 13 km. Google Earth image at 34°58’09”N, 76°11°19”E, 65 km SW of Skardu.
Locality iS INAICAted IN Fig. 2.3, .ot ae e s be s be et s beene e e 19
Figure 2.6: LANDSAT-7 satellite image showing extent of rockslide-dammed lake (white fill) that
would have formed in the Indus and Shyok Valleys as a result of damming by the Gol Ghone B
rockslide (black stippled pattern) at a spillway elevation of 2,565 m a.s.l. Extent of lake based on
SRTM-3 DEM. The Gol Ghone rockslides (Hewitt, 1998) are located in Fig. 2.3.........cccccceevvvennennn. 21
Figure 2.7: Google Earth image of the site of Satpara Dam (S), northern Pakistan, currently under
construction (2010). The structure will utilise a prehistoric rockslide dam deposit that impounded
Satpara Lake. Source of rockslide is at A. Satpara Lake is located in Fig. 2.3. See text for further
0TS0 ES1] o SR 22
Figure 2.8: LANDSAT-7 image showing extent of rockslide-dammed lake (light-blue fill) that formed
in 1841 in the Indus River, northern Pakistan as a result of a rockslide (white hatched pattern), 9 km
upstream of Gor. The extent of the rockslide dammed lake (88 km? in area) is based on a SRTM-3
DEM and assumes a pool elevation of 1,390 m a.s.l. At this elevation the rockslide dammed lake has
a calculated volume of 6.5 Gm?. The dam breached in June 1841 and the full impounded volume was
catastrophically released causing a massive flood downstream (The First Great Indus Flood of Mason
(1929)). The 1841 event was the largest documented outburst from a rockslide-dammed lake in
RISTOTICAL TIM. ..ttt bbbt e e bt et e bt et sb bt ns 27
Figure 2.9: Hypothetical filling curve for 1841 rockslide-dammed lake on the Indus River, northern29
Figure 2.10: LANDSAT-7 image showing extent of 1858 Hunza rockslide-dammed lake (light-blue
fill) impounded behind rockslide (yellow stipple). Lake extent is based on a maximum pool elevation
of 2,450 m a.s.l. which was established in a SRTM-3 DEM. Volume of lake at this maximum pool
elevation is calculated t0 De 805 MIMB. ..o e 34
Figure 2.11: Aerial view of Attabad rockslide (est. vol. 55 Mm3) that blocked the Hunza River,

northern Pakistan on January 4, 2010. Rockslide slid from right. Rockslide-dammed lake is filling

XV



behind the debris on January 17 (Day 13 of impoundment). View is downstream. [Pamir Times
011000 =T o] | RSSO 35
Figure 2.12: Aerial view of 2010 Hunza rockslide-dammed lake in northern Pakistan. At the time of
the photograph (May 13, 2010; day 127 of impoundment) lake waters are still rising (pool el. 2,423 m
a.s.l.), filling the Hunza Valley. View is upstream. Lake would rise another 12 m before overtopping
on May 29, 2010 [Pamir Times photograph]. ......cooeoieiiieee e 36
Figure 2.13: Filling curve of 2010 Hunza rockslide-dammed lake, northern Pakistan. Lake began to
form on January 4, 2010 as a result of the river blocking Attabad rockslide and overtopped through an
excavated spillway on May 29 (day 143). As of July 20, 2010, stable overflow continues as Pakistan
authorties consider other drainage/partial drainage strategies (Data derived from the National Disaster
Management Authority (NDMA) PaKiStan). ........ccccccviiiiiiicic e 37
Figure 2.14: ASTER satellite images showing filling of 2010 Hunza rockslide-dammed lake between
May 5 (left) and May 25 (right). Lake level on May 5 is 2,416 m a.s.l. and May 25 is 2,433 m a.s.l.
The lake overtopped the rockslide dam on May 29 at a spillway elevation of 2,435 ma.s.l............... 38
Figure 2.15: View of overflow of 2010 Attabad rockslide dam and the Hunza rockslide-dammed lake
in the background. Date of photograph is June 10, 2010 12 days after overtopping on May 29 (143
days after impoundment). Volume of lake is ca. 430 Mmg2. Note limited erosion of spillway.
Photograph by Focus Humanitarian Assistance, PakiStan. ..........cc.ccoovvivrienirenenniie e 40
Figure 2.16: Google Earth image of the gigantic Pasor rockslide (A) that has blocked the Bartang
River (flowing from right to left) in the Pamirs of Tajikistan at 38°23°03”N, 72°34°49”E. The
rockslide debris extends 2.72 km across the valley floor and has a volume in excess of 500 Mmg. ... 41
Figure 2.17: Google Earth image of Lake Yahilkul in the Pamir Mountains of Tajikistan
(37°47°37”N, 72°45’06”E). The lake is formed by rock avalanche debris (A) which has been dated to
ca. 4,400 yr. (Zech et al., 2005). Note spillway (white arrow) that forms part of civil engineering
works to regulate lake level and outflow in Lake YashilKul..............cccccooiiiiiiiiiici e 42

Figure 2.18: LANDSAT-7 image of Lake Shiwa, western Pamir Mountains, northeastern Afghanistan
Figure 2.19: Longitudinal profile (vertical exaggeration = 4H) of rockslide-dammed Shiwa Lake,

Afghanistan, based on SRTM-3 topographic data. Pool elevation of lake is 3,142 m a.s.l. Profile is
through the southern arm of the lake (See Fig. 4.18). ....cccviveieiiiie e 44

XVi



Figure 2.20: LANDSAT-7 ETM+ image of Lake Sarez formed behind the blocking Usoi rockslide
(diagonal pattern) emplaced during the 1911 Pamir earthquake. Epicentre (taken from Rautian and
Leith (2002)), of the earthquake shown as black dot. ... 45
Figure 2.21: Views of 1911 Usoi rockslide dam. A — View of Usoi rockslide debris filling the Murgab
(Bartang) valley damming the flow of the river. Note the waters of Lake Sarez filling the
impoundment at lower right of photograph, and Lake Shadau filling at lower left. The photograph is
reproduced from Preobrajensky (1920) and was taken in August 1915 when lake levels were ca. 3,100
m a.s.l. B — Photograph by A. Ischuk taken from a similar location in 2002 when lake levels were ca.
3,260 m a.s.l. In both photographs the source scar of the Usoi rockslide is seen at right. ................... 46
Figure 2.22: Filling curve for Lake Sarez from February 1911 to early 1944. Current elevation range
of the lake surface is ca. 3,255 to 3,265 m.a.s.l. resulting in 55-45 m freeboard at the Usoi rockslide
dam. Data summarised from Preobrajensky (1920) and Stucky (2001)........ccccccvevevieeieieiiecneseeeee, 48
Figure 2.23: Usoi rockslide dam (A), Lake Sarez (B), and Lake Shadau (C) in an oblique photograph
taken from the International Space Station in September 2001. The Right Bank landslide discussed in

text is circled (NASA Photograph ISS002-E-7771)......ccccoiiiiiiiiieiieieseneee e 51
Figure 3.1: EO-1 satellite image obtained March 16th 2010 showing the Attabad rockslide and debris
dam (inset) and the extent of rockslide-dammed Lake Gojal 72 days after impoundment. ................. 56

Figure 3.2: Map of northwest Himalayas and adjacent Pamir Mountains showing location of Attabad
rockslide (black circle 2010), other rockslides mapped by Hewitt and others (red circles within yellow
line; see text for references), rockslide dams on the Indus and Hunza discussed in text (black circles
with dates) and other locations discussed in text (AT - Attock; B - Daimer-Basha Dam; T - Tarbela
Reservoir), U - Usoi rOCKSIIAE JamM)........ccoiiiiiiiiicie e 58
Figure 3.3: Aerial view of the Attabad rockslide (looking downstream) on January 17 2010 (day 13).
Note characteristics of natural debris dam that blocked the Hunza River forming Lake Gojal, filling in
lower foreground [photograph from The Pamir TIMES]. ......ccccceviiieeiiieiecce e 62
Figure 3.4: Geology of the Attabad region, northern Pakistan. The rockslide is shown (black polygon)
overlapping the 2 main geologic formations (Red: Hunza Plutonic Unit; Light Green: Dumordu Unit)
and a thrust fault (modified from Searle, 1991)........ccoiiiiiii i 64
Figure 3.5: Topographic profile generated from the SRTM dataset. Both the 2010 and 1858 debris
dams and resulting reservoirs are shown for comparison. Note that several knick-points are visible in

the profile, suggesting similar historic events have occurred in the Hunza valley...........c..ccccovevenene. 66
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Figure 3.6: Filling curve of lake depths and water surface elevations of Lake Gojal during rockslide-
dammed lake development. As of April 03, 2014, the lake elevation had dropped to 2,398.0 m a.s.l. (=
4.13 m at CL(95%)), and as of June 30, 2014 controlled overtopping continues (after Delaney and
EVANS, 2001, oooiiieeeieee ettt ettt ettt e Rt R e re e e teeRe e b e nreer b e ntenreenaenreens 69
Figure 3.7: Plot of lake level elevations (m a.s.l) and associated volumes for the SRTM (circles) and
GDEM2 (squares) DEMs (both calculated by the contour-interpolation method), and the NESPAK
data based on field survey (NESPAK, 2014; Table 6) (triangles). Diamonds illustrate pixel-by-pixel
shoreline methodology results for filling (red) and draining (blue), with error bars for 95% CL Datum
is taken as 2,325 m.a.s.l. Red horizontal dashed line denotes estimated maximum pool elevation
reached by Lake Gojal after stable overtopping began (2,435 m a.s.l.). Blue horizontal dashed line
marks the estimated maximum pool elevation (2,450 m a.s.l.) that Lake Gojal would have reached
without engineering intervention, i.e., the excavation of the spillway...........ccccccooeviiiiiiiincc, 71
Figure 3.8: A: EO-1 ALl satellite image from March 16™ 2010, with shoreline in red determined by
the pixel-by-pixel method to be 2389.74 m a.s.l. At this time, SRTM DEM contour interpolation of
the same lake shoreline elevation resulted in a volume of 115.5 Mm3. B: histogram of 289 values of
shoreline elevation measurement by the pixel-by-pixel method. The water surface elevation given by
NDMA measurement of lake depth (datum assumed = 2,325 ma.s.l.) is indicated.............cc.ccccernenne 73
Figure 3.9: A: Lake Gojal filling imaged on May 02" 2010, by the ASTER satellite, shoreline
outlined in red. B: histogram of 395 values of shoreline elevation measurement by the pixel-by-pixel
method. The water surface elevation given by NDMA measurement of lake depth (datum assumed =
2,325 M @.5.1.) IS INAICALEU. ....vecveeieiece ettt re s e e ste s e eaesre e 74
Figure 3.10: A: Mosaic of two ASTER satellite images taken May 25" 2010 of Lake Gojal; shoreline
in red. B: histogram of 571 values of shoreline elevation measurement by the pixel-by-pixel method.
The water surface elevation given by NDMA measurement of lake depth (datum assumed = 2,325 m
S I I 1T o (<o TSP 75
Figure 3.11: A: June 01* 2010 ASTER image of Lake Gojal, 2 days after overtopping the rock
avalanche; shoreline shown in red. B: histogram of 634 values of shoreline elevation measurement by
the pixel-by-pixel method. The water surface elevation given by NDMA measurement of lake depth
(datum assumed = 2,325 M a.S.1.) iS INAICAEM. ......ceoiiiiiiiiee e 76
Figure 3.12: A: EO-1 ALI image taken August 04™ 2011 of Lake Gojal, post-overtopping. Shoreline
shown in red. B: histogram of 590 values of shoreline elevation measurement by the pixel-by-pixel
method. The water surface elevation measured by ISRIP-WAPDA (Khali Ahmad Ghauri (WAPDA)
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personal communication, June 24™ 2014; datum assumed = 2,322 m a.s.l.) on July 31%, 2011 is
Lo 1 Tox= L=l RSOOSR PTRRRTR 78
Figure 3.13: A: LANDSATS image taken May 18", 2013 of Lake Gojal. Shoreline shown in red. B:
histogram of 313 values of shoreline elevation measurement by the pixel-by-pixel method. Mean
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Figure 3.14: A: April 03" 2014 LANDSATS image of Lake Gojal, shoreline in red. B: histogram of
292 values of shoreline elevation measurement by the pixel-by-pixel method. The mean value is
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Figure 3.15: Plot of volumes of rockslide-dammed Lake Gojal calculated by the pixel-by-pixel
method for seven shorelines compared to the lake volumes calculated for the same shorelines by the
contour interpolation method. It is noted that the pixel method calculates lower mean values for a
given shoreline; however, the SRTM contour interpolation value lies within the error defined by the
95% confidence limit of the pixel derived data. Also shown (horizontal dash lined with fill) is the
range of values of the maximum volume of Lake Gojal reported in the literature (see text) and the
volume of Lake Gojal (horizontal solid line) calculated by the mean value of the pixel by pixel
METNOO (432 IMIMS3). L.t b bbbttt ettt b bbb e s 81
Figure 3.16: LANDSAT7 image with showing the 1841 rockslide debris dam on the Indus River and
impoundment of the large reservoir downstream of Gilgit. The maximum pool elevation of the lake is
estimated at 1,390 m a.s.l. Based on SRTM-3 data the 1841 rockslide-dammed lake had a maximum
area of 88 km? and a volume of 6.5 Gm?3 (see Delaney and Evans, 2011). .........cccovvvrireneneneiieinnnnns 84
Figure 3.17: LANDSAT7 image with the 1858 rockslide and reservoir (blue) shown with the 2010
rockslide and reservoir (pink) created from SRTM-3 data. The 1858 reservoir had a pool elevation of
2,450 ma.s.l. and a volume of ca. 805 Mm3, while the 2010 reservoir has a pool elevation of 2,435 m
a.S.1. and a volume 0F Ca. 430 MIMB. ...ttt eneas 85
Figure 4.1: Shaded relief map created from SRTM-3 data showing major historical landslide dams in
Tibetan Plateau. The 2000 Yigong landslide and rockslide dammed lake is black square within
dashed rectangle. Within rectangle, red line traces path of outburst flood. Rectangle outline
corresponds to area of Fig. 14A. Other black squares denote major landslide-dammed impoundments
(impounded volume > 100 m®) on rivers draining the eastern part of the Tibet Plateau - Dadu River
(1786) , Diexi (Min River - 1933), Tanggudong (Yalung River, 1967), and Tangjiashan (2008)....... 91
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Figure 4.2: LANDSAT-7 image obtained on May 4, 2000 (Day 25 of impoundment) showing Yigong
landslide and landslide-dammed Yigong lake forming upstream. Lake pool elevation is estimated at
2,225 m a.s.l. and on this date the lake had a volume of approximately 313 Mm®...........cccccccvvvennn.e. 93
Figure 4.3: Oblique view from Google Earth of source area of 200 Yigong rock avalanche (outlined
by red dotted line). Note steeply dipping basal sliding surface and left lateral scarp forming a massive
(V=T [0 T = T U] TSRS 98
Figure 4.4: Topographic profile of the Yigong rock avalanche based on SRTM-3 digital terrain data.
For this profile H = 2,969 m, L = 10,675 m, and fahrboschung (tan™ H/L) is 15.5°%.........ccccocvvunnnns. 100
Figure 4.5: A TIN surface of the Yigong rock avalanche debris created by importing debris isopleths
from Wang (2008, Figure 13) into ArcGIS to calculate the debris volume (95 Mm®). Wang (2008),
reporting field observations, considered the area between the TIN and the white line (that outlines the
debris area) to be thin debris between 0 and 1 m in thickness. Legend gives depth of debris (metres),
red outline is total area affected by the rock avalanche. Background image is LANDSAT-7 obtained
ON DECEMDET 14, 2000, ....ceeieieeeeeieeee e ettt e e e e e e ettt eeeessa e eteeessssee s reeteeesssssessareeeeeesseseerraseerees 101
Figure 4.6: Profile (Vertical exaggeration = 41.7 x horizontal) of Yigong River at the site of the 2000
Yigong rock avalanche dam derived from SRTM-3 data. Note location of 1900 rockslide dam
forming pre-existing knick point, upstream aggradation behind this dam, the location of the 2000
landslide dam and the maximum elevation of the 2000 rockslide-dammed lake. Note also location of
Tongmai Bridge (mentioned in text), 17 km downstream from 2000 dam...........ccccceeveivviviiverinnnnn, 103
Figure 4.7: The upper plot shows the results from the 2D DAN-W simulation showing the velocity of
the moving mass (blue = front velocity, purple = rear velocity), the displacement of the centre of
gravity (red crosses), and the topographic profile of the rock avalanche from Fig.4 (based on SRTM-3
data). Path segments are delimited at the top of the plot - A (source), B (entrainment), and C
(deposition). Voellmy parameters used for path segments were as follows; A, f=0.10 and £ = 750
m/s’; B, f=0,08 and & = 800 m/s?, and C, f=0.05 and £&=900 m/s>. In segment B an entrainment depth
of 3 m was assumed. The lower plot shows the DAN-W simulated debris thickness. ...................... 105
Figure 4.8: Outputs from the DAN3D simulation (green dots) at 4 successive time steps using a
Voellmy rheology for basal resistance approximation. Green dots are the 4,000 particles that DAN3D
uses to simulate the fragmenting rock mass in its travel downslope. Voellmy parameters used for
simulation are as follows: source region, f=0.05, §=1,1250 m/s%; path, £=0.08, &= 1,250 m/s®. Red
line is outline of rock avalanche path from post-event satellite imagery (Fig. 2). Background image is
LANDSAT-7 obtained on December 14, 2000..........ooccouueeieeeeeiieeieeeeeesssseeereeeeessssseesereeeeesssasnnnens 108



Figure 4.9: Comparison of debris distribution and depth between digitized contours of debris depth in
Wang (2008; Fig. 13) (left) based on a field survey and the simulated deposition of the Yigong rock
avalanche by DAN3D (right). Wang (2008) measured a maximum depth of ca. 80 m (blue contour),
while DAN3D simulated a maximum depth of 55 m (dark red contour). DAN-W also simulated a
maximum debris depth of 55 metres at this location. Background image is LANDSAT-7 obtained on
DECEMDET 14, 2000.......ceeeeiiieeeree it e e e et e ettt ee et e se et eteeessssaes s e rereeeessase s e eteeeesssasareeteeeeesranrrrrrreeeas 110
Figure 4.10: Filling curves for rockslide-dammed Yigong lake based on data of Wang and Lu (2002)
in Table 2 and data derived from Fig. 8 in Shang et al. (2003). The original data of Shang et al. (2003)
was plotted with a datum at 2,190 m a.s.l. When using the same datum as Wang and Lu (2002) (2,210
m a.s.l. - 20 m higher) the filling curves are very close. Yellow squares are the pool elevations
determined on Days 25 and 41 from LANDSAT-7 imagery and SRTM-3 DEM...........c.cccccevevenene. 113
Figure 4.11: LANDSAT-7 image obtained on December 2000 with outline of Yigong rock avalanche
(yellow fill) and outline of rockslide-dammed lake at lake levels on May 4 2000 (2,225 m a.s.l. -
blue), May 24, 2000 (2,240 m a.s.l.- yellow) and June 10, 2000 (2,2265 m a.s.l. full pool elevation
before overtopping and breaching - red). SRTM DEM assumes datum for lake depth of zero is 2,210
M a.S.1. (SEe teXT TOr dISCUSSION). ....eiiiiitiriiee et 118
Figure 4.12: Plot of rockslide-dammed lake volume v area. Black dots are from SRTM-3 DEM in this
work (Table 3) and open black squares are data from Wang and Lu (2002) in Table 4-2. Best fit line
is a power law where lake volume (V) = Area®3® * 3778.05. ........co.ovvoeeeeeeeeeeeeeeeeeeeeees e 119
Figure 4.13: Comparison in pool elevation -volume relationships for the filling of Yigong rockslide-
dammed lake. Data are from Wang and Lu (2002-open squares) in Table 4-2 and SRTM-3 DEM
generated for this study (solid circles) in Table 4-3. Data assumes an original base datum of 2210 m
a.s.l. and a final pool elevation of 2264 m a.s.l., rounded to 2265 M a.S.l......cccocoiviieiviicc 121
Figure 4.14: A: Location of 2000 Yigong landslide dam (Y), path of outburst flood (red line)
resulting from the breach of the dam 62 days after emplacement, and small secondary landslides
triggered by the passing floodwave (yellow triangles). The flood followed the Yarlung Zangbo
(Xizang/Tibet) and Dihang (India) Rivers, and entered the main Brahmaputra below Pasighat (P)
which is located 462 km downstream from the landslide dam. Tongmai Bridge (T) is a locality
discussed in text. Rectangle outlined in black is area in B. B: LANDSAT-7 image obtained on
December 14, 2000 showing extensive erosion by the outburst flood along the Yarlung Zangbo,

downstream of breached landslide dam (visible top left). Tongmai Bridge is circled........................ 123
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Figure 4.15: LANDSAT-7 image obtained on August 08, 2000, 59 days after the breach of the
Yigong rockslide dam. Note the rockslide-dammed lake basin is completely empty, and the lake
SNOTEliNg IS ST VISTDIE......uiiiiiicce s 124
Figure 4.16: FLO-2D analysis of the Yigong outburst flood to the Tongmai Bridge (circled) 17 km
downstream from the landslide dam (see red outling). The colours represent depths in metres from 2
m (light blue) to 55 m (dark red)- see legend. Background image is LANDSAT-7 image obtained on
DECEMDEE 14, 2000. ... eeeee et e e e et et e e et e e e et e e et e e et e e et e e ae et e e et e raaaaan 125
Figure 4.17: Cross section of Yigong River at Tongmai Bridge, 17 km downstream from the breached
Yigong landslide dam. Note estimated flood level from Shang et al. (2003) and flood level simulated
by FLO-2D. Topography based on SRTM-3 DEM. ........cccccciiiiiiiiiiccse e 126
Figure 4.18: Elevation of river (blue line) and river discharge (red bars) measured at Pasighat, India,
during the passing of the Yigong floodwave from 05:00 June 11 to 07:00 June 12, 2000. The
floodwave peaked at 157.54 m a.s.l., 1.56 m higher than the previous highest stage (August 1998),
and 3.58 m above the bankfull level. Pasighat is 462 km downstream from the Yigong landslide dam
(Data from TeWari, 2004). .......ooiiiiiiiitirieet ettt bbbttt b et nn e 127
Figure 5.1: Rock avalanches in glacier environments of NW North America. Map shows locations of
46 known rock avalanches with volumes in excess of 1 Mm?2 (red dots) that ran out on to glacier
surfaces in the period 1945 to 2012 (Evans, unpublished data). Locations of rock avalanches
discussed in text are L1: 2012 Lituya Mountain rock avalanche, ME: 2010 Mount Meager rock
avalanche, SH: 1964 Sherman Glacier rock avalanche and ST: 2007 Mount Steele rock avalanche.
Inset photo is vertical ortho-rectified aerial photograph of the path of 1997 Mount Munday rock
avalanche (Coast Mountains, British Columbia) from source area to debris limit on Ice Valley Glacier
(image obtained on AUGUSE 20, 1997). ....cciiiiie e 131
Figure 5.2: SPOT image of 1997 Mount Munday rock avalanche obtained on August 11, 1997. Note
the absence of snow cover on the debris and dust still visible on the snow surface adjacent to the rock
avalanche. The rock avalanche is not evident on LandSat5 imagery on July 12, 1997 and is first
evident in LandSat5 imagery obtained on July 28, 1997. ..o 131
Figure 5.3: Climate conditions in the event window of the Mount Munday rock avalanche. Estimated
temperature in the source area of the Mount Munday rock avalanche (daily minimum—blue; daily
average—black; daily maximum—red). These estimates were based on temperature data from the
Tatlayoko Lake climate station (51.66N, 124.40 W, WMO ID#71028) for 48 days from July 1 to
August 17, 1997. Tatlayoko Lake climate station is at el. 865 m a.s.l., 1,935 m below the base of the
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Mount Munday rock avalanche source area (2,830 m a.s.l.), 70 km distant to the southwest. In order
to roughly estimate the temperature in the Mount Munday source area, we used a dry atmospheric
lapse rate (—6.5 °C/1,000 m) applied to the elevation difference between the station and the source
area. This results in a temperature reduction of ca. 16 °C for each data point recorded at the weather
station. The horizontal lines are the average minimum (blue), average mean (black) and average
maximum (red) temperatures obtained by the adiabatic adjustment as above for the Mount Munday
source area. These values were calculated from the 1971 to 2000 climate normals for the Tatlayoko
Lake climate station (Environment Canada 2012; Canadian Climate Normals or Averages 1971-2000
http://www.climate.weatheroffice.gc.ca/climate_normals/index_e.html). Black square on horizontal
axis marks the date (August 12, 1997) of the Queen Bess glacier avalanche and associated moraine-
dammed lake outburst at el. 1700 m a.s.l., 45 km to the SSW of the Tatlayoko Climate Station
(Kershaw et al. 2005) and 54 km east of Mount Munday. Precipitation measured at Tatlayoko Lake,
British Columbia, July 1-August 6, 1997 (Environment Canada 2012) is also shown (grey histogram

Figure 5.4: Topographic profile of the pre-landslide (1981—red line) and post-event (black line) 1997
Mount Munday rock avalanche path. Summary of path geometry—H=850 m, L=4,613 m,
FANTDOSCRUNG ...ttt b bbb n e e b 135
Figure 5.5: Oblique aerial view (to the northwest), taken on August 30, 1997, of the source area
(right) and path (left) of the Mount Munday rock avalanche. Note steeply dipping foliation cut by a
more southerly striking and more gently dipping fault surface. The tip of the debris is visible in the
distant Centre DACKGIOUNG. ..o 136
Figure 5.6: Cross sections of source area of Mount Munday rock avalanche. Three profiles (A-C,
located on right) illustrate the change in pre- (1981) and post-landslide (1997) topography in the
source area. Rock mass involved in initial failure is infilled grey. Vertical red arrow denotes the rock

slope—glacier surface transition. Note position of glacier surface is unchanged between 1981 and

Figure 5.7: Perspective view to the southeast of the Mount Munday rock avalanche on Ice Valley
Glacier, Waddington Range, southern Coast Mountains. Image prepared from orthorectified aerial
photographs flown on August 20, 1997 draped over DEM prepared by photogrammetry from the
same photographs. Note flow 1iNes iN debriS..........coovviiiiiiiiiiiiice e 139
Figure 5.8: Distal Distal margin of rock avalanche (in A and B August 30, 1997). A: Note snow

pressure ridges and debris limit. B: Limit of debris. Person is standing on remnant of pressure ridge,
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consisting of winter snow cover, pushed up ahead of the sliding debris. Note the very sharp boundary
of the debris and size variation of boulders. C: Large block at distal limit of debris (at left; note
person at right for scale) slid to present position bulldozing the snow-creating pressure ridges and
train of finer debris behind the block. (Photograph courtesy of Robin Mounsey)..........c.ccoccvvrvennne. 140
Figure 5.9: Debris of rock avalanche. A: aerial view of debris and flow lines. B: Ground view (to
south) across debris. The person is standing on a gneissic block approximately 25 m in longest
01T T=T 0] o] ST 141

Figure 5.10: Outline of Mount Munday rock avalanche with main flow paths (black lines) traced on

Figure 5.11: Interpretation of debris movement I. Debris resembling a hand extends down from the
source area. This image illustrates the ‘lead bulldozing’ of individual boulders and ‘train’ features of
finer debris formed behind. (Photograph courtesy of Robin MOUNSEY). .......ccccceeveveiecieie e, 143
Figure 5.12: Interpretation of debris movement Il. Aerial photograph (taken on August 20, 1997) of

Figure 5.13: Results of 2D DAN-W analysis. a Simulation used a Voellmy basal resistance model in
which f=0.085 and £&=850 m/s2. Data shown are pre-landslide 1981topographic profile (red), post-
1997 landslide topographic profile (black), simulated velocity of front of slide (dashed blue) and
velocity of rear of slide (dashed purple). Green crosses denote centre of gravity of initial rock mass
(left) and debris sheet (right) of rock avalanche. Simulated runout distance of 4,611 m (red square on
X-axis) closely corresponds to actual runout distance of 4,613 m. b Simulated debris depth along
path. Horizontal dashed line is average simulated depth (2.3 m). ... 147
Figure 5.14: Velocity-time plot calculated by DAN-W for the Mount Munday rock avalanche. Red
indicates velocity at front and black at the rear of the rock avalanche. Horizontal dashed line is
simulated Mean VEIOCILY (11 IM/S). .ocviiiiiciece ettt sre st e sbe et e sbesreesaenre e 148
Figure 5.15: DAN 3D simulation of the propagation of the Mount Munday rock avalanche onto Ice
Valley Glacier (cf. Fig. 4g in Sosio et al. 2012). Propagation is shown at eight time steps (see lower
JETE COMMEE OF ...ttt bbbttt ettt b e b e 150
Figure 5.16: Plot of potential energy (joules) released during a rock avalanche v. the mass of the
initial failure (kilograms). Blue diamonds are rock avalanches in nonglacial environments and red
squares are rock avalanches on glacier surfaces. Data is from Tables 1 and 2 (this paper; M is Mount
Munday data point), Table 2 in Lucchitta (1978), Table 3 in Locat et al. (2006), Table S1 in the
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Supplementary Data of Ekstrém and Stark (2013) and Table 1 in Roberts and Evans (2013). Contours
of specific energy are drawn at 10° and at 104 J/KG. ........c.eveeveeereereeeeeeeeeeeeeeee e 152
Figure 5.17: Fragmentation of Mount Munday debris sheet. A: Example of ImageTool polarised
aerial photograph of debris showing detected, measured and counted boulders in a part of the distal
tongue. Detection limit is 2.4 m in size (long axis) or 1.92 m? in area. B: Source aerial photograph for
image analysis in a. Note that chequered square is scaled 30 m square from source area (see Fig.
3.19). Area of image in A and B is outlined by red square in Fig. 5.10.......ccccoocevoviienirniicinnreeene 153
Figure 5.18: Grain size curve of measured blocks (n=2,915) on the surface of the Mount Munday
debris sheet as detected by ImageTool in high-resolution aerial photographs. As discussed in text, no
rollover is visible near the detection limit (2.4-m long axis) suggesting all boulders above this
detection limit have been counted by IMageTool.........c.cciiieiiiiiicece e 155
Figure 5.19: Aerial view (to the northwest) of source area of Mount Munday rock avalanche.
Chequered square is a 30-m square approximately scaled to photograph to estimate discontinuity
spacing in source area granitic gneiss. Mount Waddington (4,019 m), highest peak in the British
Columbia Coast Mountains, is visible on skyline, centre left. ... 156
Figure 5.20: Deposit length of rock avalanches on glacier surfaces (red squares; data from Table 3-2)
and non-glacial rock avalanches (black circles; data from Davies (1982)) plotted against rock
avalanche volume. Length of non-glacial debris sheets scales with VV** and debris sheets on glacier
surfaces Scale With V%7, SEYMAIEN ..ot 162
Figure 5.21: Normalised runout ratio (LN) (for definition see text) of rock avalanches on glacier
surfaces (red squares; data from Table 2) and non-glacial rock avalanches (black circles; data from
Davies (1982)) plotted against actual deposit length. Davies's relation for non-glacial rock avalanche

volume is taken from Davies (1982). Seymareh data point was added from Roberts and Evans (2013).

Figure 5.22: Normalised runout ratio (Ly) (for definition see text) for non-glacial rock avalanches
plotted against Hardin's relative breakage parameter (Bg) (black dots; data from Bowman et al. 2012).
Mount Munday data point indicates estimated minimum value of Bg obtained from image analysis of
debris, as discussed in text. VValues of Ly for rock avalanches on glacier surfaces (red squares; data
from Table 3-2), for which values of By are not available, are plotted on right hand y-axis. Relation to
Mount Munday point and visually estimated trend line indicate high degree of fragmentation (high

values Of BR) TOr thESE BVENTS. ........o it neas 164
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Figure 6.1: SPOT2 satellite image of the Mount Steele rock avalanche, taken July 31%, 2007, one
Week after ten EVENT OCCUIBA..........oiiiiiiiieieee bbbt 168
Figure 6.2: Oblique aerial photo showing the northeast face of Mount Steele and the July 24" rock
avalanche path (photo by: P. von Gaza, August 02, 2007). View is tothe west. .........cccccevvevvernnnne. 169
Figure 6.3: Location of Mount Steele in southwesten Yukon Territory, Canada. TG: Trapridge
Glacier; SG: Steele Glacier; HG: Hodgson Glacier. Inset cities — Wh: Whitehorse; Yk: Yellowknife;
Ed: Edmonton; An: Anchorage; Fb: Fairbanks; Jn: JUNGAU. ...........ccoceeiiiiiiiieiiee e 170
Figure 6.4: Map of the July 24" rock and ice avalanche features. Hillshade image derived from the

LiDAR survey described in the text. SD: Secondary debris flow channel. The contours are from the

pre-landslide topographic surface, dating to €a. 1951.........cccoiiiiiiiiieere e 171
Figure 6.5: Mount Steele rock avalanche hillshade DEM created from the August 12" 2007 LiDAR
90 11 [0 o RSP PSRTTRRST 176

Figure 6.6: Longitudinal profile along line A-B shown in Fig. 3. The travel path of the July 24" rock
and ice avalanche is shown by the red line; this path is not equivalent to that used to determine
MAXTMUIM FUNOUL. 1.ttt bbbttt bt bbbt e et e bt e bt bbb n e 177
Figure 6.7: Source zone of the ice and rock avalanches on the north face of Mount Steele. a) Crevasse
(arrow) outlining slab of ice that failed on July 22™, 2007 (photo taken prior to July 22" by A.
Schaeffer on July 15", 2007); b) Bedrock exposed after the July 22™ ice avalanche (photo by A.
Schaeffer on July 23", 2007); c) Source zone scar from July 24™ main event, the scar is
approximately 500 m wide (photo by P. von Gaza, August 2™, 2007)...........cccewrerereereeresresrssrennes 178
Figure 6.8: Landslide deposits: a) Fresh deposits of two or more small debris flows on the tributary to
Steele Glacier, prior to the main event; southern edge of Steele Glacier in the foreground (photo by L.
Freese, July 21%, 2007); b) Deposit of July 22™ ice avalanche that extended across Steele Glacier; the
deposit contains ca. 95% ice and 5% rock debris (photo by A. Shaeffer, July 24, 2007); c) Debris of
July 24™ landslide; slide-back zone is delineated by the dashed line; d) Debris of July 24™ rock and
ice avalanche viewed from above the distal ridge that impeded runout. Note the discontinuous thin
debris on ridge crest and tributary glacier, the small ponds formed from ice melt (arrows) and
secondary debris flow channel (photo by P. Lipovsky, August 2™, 2007). .........cccccvvrrrrrernrrrrrernnens 180
Figure 6.9: Discontinuities (D1, D2, and D3) in the rock mass of the July 24th rock and ice avalanche
source zone (photo by P. Lipovsky, August 12", 2007). .......cccoerrimeseeseeieeeseeeeeeeesessiessessesseeseeeens 182
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Chapter 1

Introduction

1.1 Introduction

Mountainous terrains in all parts of the world are subject to mass wasting events. Some of
the most active locations include the North and South American Cordillera (e.g. Evans and
Clague, 1999; Holm et al., 2004; Jibson et al., 2006; Lipovsky et al., 2007; Hewitt et al.,
2008; Evans et al., 2009a; Harp et al., 2011; Safran at al., 2011; Guthrie et al., 2012; Petley,
2012; Schulz et al., 2012; Gorum et al., 2014; Mather et al., 2014), the Pamir and Himalaya
Mountains (e.g. Heimsath and McGlynn, 2008; Dortch et al., 2009; Evans et al., 2009b;
Hewitt, 2001, 2002a, 2006b, 2009a, 2009b; 2009c; Hewitt et al., 2008; Yuan et al., 2013),
and the European Alps (e.g. Hewitt et al., 2008; Oppikofer et al., 2008; Deline, 2009; Fischer
et al., 2010; Agliardi et al., 2013; Viero et al., 2013; Stoffel et al., 2014). These regions are
specifically prone to rock avalanches, as they have high relief, often with glacially over-
steepened slopes, tectonically fractured geology, and with little to no sediment or vegetation
cover. Rock avalanches in mountainous regions have also been a fatal hazard suffered by
local communities in many parts of the world (e.g. Petley et al., 2005; Nadim et al., 2006;
Evans et al., 2009a, 2009b; Petley, 2012), initiating the creation and dissemination of various
global and regional landslide hazard maps (e.g. Van Westen et al., 1999; Jibson et al,. 2000;
Guzzetti et al., 2012; Bhatt et al., 2013; Fenton et al., 2013; Martha et al., 2013). Most
recently, a fatal landslide has been observed in northern Afghanistan (Fig. 1.1)
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Figure 1.1: World-View 2 image taken May 5™ 2014 of a fatal loess landslide in northern Afghanistan.

Rock avalanches travelling onto glaciers are of interest to Earth scientists as: 1) they
commonly afford an excellent opportunity to examine rock avalanche emplacement
mechanisms without substantial topographic interference in runout or additional earth
materials being entrained in the debris; 2) they are an important geomorphic process in
glacierised mountain environments, contributing to regional denundation and glacier
sediment budgets; 3) events larger than 1 Mm? can be accurately studied through the use of
remotely sensed data; 4) the smooth topography of the glacial surface allows for improved
performance in model simulations; and 5) the magnitude and frequency of these events can

be analyzed for regional or global comparisons.

Although the catalysts of some rock avalanche events are not known, many of these events
do have definite triggers, including earthquakes (e.g. Post, 1968; NRC, 1968; Jibson et al.,
2006; Dunning et al., 2007; Owen et al., 2008; Evans et al., 2009a, 2009b; Gorum et al.,



2014) and climate warming (e.g. O’Conner and Costa, 1993; Holm et al., 2004; Huggel,
2009; Moore et al., 2009; Huggel et al., 2010a, 2010b).

Data on 48 catastrophic rock avalanches (> 1 Mm3), which occurred in the glacial
environment of northwest North America (British Columbia, Yukon Territory, Alaska) since
1899 was collated (Table 1-1; Fig. 1.1), with a focus on the events occurring since the advent
of the satellite era (ca. 1964). These events were identified through an extensive literature
review, and through visual identification from optical satellite archives. Notably, 41 of these
events could be positively identified with optical satellite imagery in the 50 year period from
1964 — 2014, and quantified with the aid of digital elevation models. At least 20 of the 48
events in our inventory of rock avalanches in northwestern North America (Fig. 1.2) were
triggered by one of three major Alaskan earthquakes in 1964 (M9.2), 1979 (M7.5), and 2002
(M7.9).

Table 1-1: 48 rock avalanches occurring in northwest North America, locations shown in Figure 1.1.

Event Location Date | Prov./State Lat Long
1 | Ferris Glacier 1899 BC 5903 37.95 137 13 34.00
2 | Capricorn Creek 1920s BC 50 36 40.84 123 28 46.74
3 | Devastation Glacier 1931 BC 50 36 00.24 123 32 51.00
4 | Devastation Glacier 1947 BC 50 36 00.24 123 32 51.00
5 | Tim Williams Glacier 1956 BC 56 32 37.29 130 00 03.58
6 | Pandemonium Creek 1959 BC 5200 13.17 12546 51.32
7 | Sherman Glacier 1 1964 AK 60 32 40.85 145 08 20.50
8 | Steller1 1964 AK 60 34 58.88 14317 31.16
9 | Allen4 1964 AK 6047 15.21 14454 57.73
10 | Fairweather 1964 AK 58 52 55.64 137 3851.85
11 | Schwan 1 1964 AK 6052 43.74 14510 46.93
12 | Sioux Glacier 1 1964 AK 60 31 08.58 144 18 54.58
13 | Martin River 1 1964 AK 60 36 00.37 14339 40.17
14 | Martin River 2 1964 AK 60 36 03.02 14338 51.40
15 | Martin River 3 1964 AK 60 38 23.98 143 3501.20
16 | Grewinck Glacier 1967 AK 59 36 08.28 151 04 34.36
17 | Devastation Glacier 1975 BC 50 36 00.24 123 32 51.00
18 | Tweedsmuir Glacier 1979 BC 59 55 27.77 13831 32.91
19 | Jarvis Glacier 1979 BC 59 28 50.35 136 34 03.23




20 | Towagh Glacier 1979 BC 59 22 29.29 13714 21.74
21 | Cascade 1 1979 AK 60 13 52.38 140 27 24.03
22 | Cascade 2 1979 AK 60 13 47.96 140 12 43.62
23 | Cascade 3 1979 AK 60 06 03.67 140 21 01.20
24 | Mount Meager 1986 BC 50 38 04.37 12330 00.15
25 | North Creek 1986 BC 5039 33.74 12314 04.16
26 | Frobisher Glacier 1 1990 BC 59 46 23.12 137 4555.72
27 | Frobisher Glacier 2 1991 BC 59 46 23.12 137 4555.72
28 | Kshwan Glacier 1991 BC 5545 35.96 129 43 43.64
29 | Salal Creek 1992 BC 50 38 25.29 123 18 59.01
30 | lliamna 94 1994 AK 60 01 31.54 15302 20.92
31 | Mount Munday 1997 BC 511912.27 125 13 21.54
32 | lliamna 97 1997 AK 60 01 31.54 15302 20.92
33 | Howson Range 1999 BC 54 3124.92 127 47 17.00
34 | McGinnis Peak N 2002 AK 6334 04.71 146 1511.10
35 | McGinnis Peak S 2002 AK 63 32 29.57 146 14 35.80
36 | Black Rapids E 2002 AK 63 27 40.01 146 09 52.23
37 | Black Rapids M 2002 AK 63 28 26.28 146 15 19.70
38 | Black Rapids W 2002 AK 63 28 26.28 146 19 13.74
39 | West Fork Glacier N 2002 AK 63 26 28.06 147 29 44.70
40 | West Fork Glacier S 2002 AK 63 26 57.41 14729 37.21
41 | Mount Steller 2005 AK 60 31 13.52 143 05 27.85
42 | Mount Steele 2007 YK 6105 33.19 140 17 59.08
43 | Mount Miller 2008 AK 60 28 40.45 142 14 23.94
44 | Mount Steller 1 2008 AK 60 31 13.52 143 05 27.85
45 | Mount Steller 2 2008 AK 6131 13.52 144 05 27.85
46 | Capricorn Creek 2010 BC 50 37 15.45 123 30 00.38
47 | Lituya Mountain 2012 AK 58 47 42.72 137 25 44.42
48 | La Perouse 2013 AK 58 33 40.86 137 03 48.27

We consider this list to be a complete inventory of observed rock avalanche events in the
study region of northwest North America which were greater than 1 Mm3. However, we
recognize the possibility that events which occurred between 1899 and 1965 may not have
been observed by any researcher, nor visible in the satellite data archive, and therefore

unintentionally omitted from the inventory.
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Figure 1.2: LEFT - Inventory of 48 rock avalanches on glaciers in northwest North America (red circles).
Highlighted events: SH: Sherman Glacier (1964); ST: Mount Steele (2007); LI: Lituya Mountain (2012); MU:
Mount Munday (1997); and ME: Mount Meager (2010). The three major earthquakes are marked with coloured
stars: Brown - 1964 (M9.2); Blue - 1979 (M7.5); Black - 2002 (M7.9). RIGHT - LANDSAT3 image taken
August 1979 of three Cascadia rock avalanches within a 10 km radius, all triggered by the 1979 Alaska
earthquake (M7.5).

One of the current research themes involving rock avalanches includes the anomalous
mobility of large events, which can travel hundreds or thousands of meters further downslope
than would be expected, dealing with a high frictional material, such as rock (e.g. Hungr,
1995; Dade and Huppert, 1998; Davies and McSaveney, 1999; Legros, 2002; Schneider et al,
2011; Sosio et al, 2012; Pudassaini and Miller, 2013; De Blasio, 2014; Sosio et al,. 2014).

With advances in computer technology, the modeling of mass wasting events has become
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more evident in the scientific literature, attempting to replicate various physical parameters
such as: 1) the mobility of a rock mass over various slope types, geologic surfaces, or
topographic impediments; 2) the entrainment of additional earth materials along their path,
and; 3) the depths of deposits which may form at the valley floors (e.g. McDougall and
Hungr, 2004; McDougall and Hungr, 2005; Sosio et al., 2008; Evans et al., 2009a, 2009b;
Hungr and McDougall, 2009; Bowman et al., 2012; Sosio et al,. 2014).

One of the most recent advances in the landslide literature is the use of digital datasets
including both digital topographic models (e.g. SRTM-3, ASTER GDEM2, state/province
datasets, and LiDAR data) (e.g. Chen et al., 2006; Evans et al, 2009a, 2009b; Lipovsky et al.,
2008; Jaboyedoff et al., 2012), as well as high resolution digital satellite imagery (e.g.
LANDSAT1-8, ASTER, EO-1, Pleiades, and SPOT) (e.g. Wang and Lu, 2002; Evans et al.,
2009a, 2009b; Kargel et al., 2010; Harp et al., 2011) . These digital topographic datasets
allow scientists to calculate values for the magnitudes and geometrics of large events (e.g.
elevations, width and length of path, slope orientations, and slope angles; landslide dammed
lake areas, extents, and volumes), and their temporal occurrence can be obtained through
satellite imaging (e.g. Wang and Lu, 2002; Evans et al., 2009a, 2009b; Kargel et al., 2010;
Evans et al., 2011). There has also been extensive validation and inter-comparisons of digital
topographic datasets to real world elevations, with promising results (e.g. Farr et al., 2007;
Becek, 2008; Huggel et al., 2008; Li et al., 2012; Suwandana et al., 2012; Jing et al., 2013;
Mashimbye et al., 2014).

The collation and analysis of these above factors can allow for the creation of magnitude and
frequency relations of mass wasting events regionally, or globally (e.g. Corominas and
Moya, 2010; Florsheim and Nichols, 2013; Hurst et al., 2013; Regmi et al., 2013). In our
inventory of rock avalanches in northwest North America, magnitudes (e.g. volume) were
gathered on 28 events, resulting in the relationship shown in Figure 1.3. However, the
graphed data also highlights the lower counts of events between 1 Mm3 and 10 Mm3, where



the graph no longer follows the power law. This is assumed to be from the smaller events

missing in the inventory.
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Figure 1.3: Magnitude and frequency relationship curve for 28 northwestern North America rock avalanches
on glaciers in the inventory.

This magnitude and frequency relationship suggests that an event of 1 Mms3 could occur
approximately once every 17 years, a 10 Mm?3 event could occur once every 413 years in the
study region, and that the maximum volume shown above, an event of ca. 80 Mm3 could
occur approximately once every 7,283 years. Korup and Clague (2009) completed a similar
magnitude and frequency analysis for three other regions, the New Zealand Alps, the
European Alps, and China. For the New Zealand Alps, Korup and Clague (2009) calculated
a return period of approximately 1 in 1000 years for an event only 1 Mm3, however, they
believe this number is exaggerated due to a poor dating history and incomplete inventory.
For the European Alps, they calculated a return interval of approximately 1 in 350 years for
an event 1 Mm3 in volume. Finally, for the mountains in China, Korup and Clague (2009)

calculated a very short return period of 1 in 4 years for events of 1 Mm?3 in volume.
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Many secondary effects from slope failures in mountainous terrain can also prove
challenging and often costly to overcome, such as the growth and failure of landslide
dammed lakes (e.g. Costa and Schuster, 1988; Hewitt, 1998, 2006¢, 2011; Evans et al., 2006,
2011; Dortch et al., 2009). These reservoirs can grow to many cubic kilometers in volume,
creating hazards to both upstream and downstream communities, through the flooding and
loss of large tracts of land up-valley, or the possibility of catastrophic outburst floods down-
valley, triggered through overtopping of the natural debris dam (Schroder et al., 1991; Chen
et al., 2004; Evans et al., 2011; Butt et al., 2013; Yang et al., 2013). Although many rock
avalanche dammed lakes have been historically created, few last as permanent features on the
landscape, with many events failing prior to two years in existence (Costa and Schuster,
1988; Evans et al., 2011). These natural dam failures and outburst floods have been observed
to be some of the largest outburst discharges recorded in history, creating a hazardous
situation for downstream communities (Evans, 1986; Costa and Schuster, 1988; Evans et al.,
2011). Digital elevation models are now more frequently being to be used in the calculation
of volumes and areas for naturally dammed reservoirs (e.g. Evans et al., 2011), improving
our knowledge of the magnitude that past and present impoundments can reach, and also
acting as input data to flood outburst scenarios for downstream hazard simulations (e.g.
Mergili et al., 2011; Wang et al., 2012; Aggarwal et al., 2013; Butt et al., 2013; Schneider et
al., 2014; Westoby et al., 2014).

1.2 Thesis Objectives

This thesis is an attempt to analyze and explain the behavior and distribution of rock
avalanches in mountainous terrain; including their emplacement dynamics (e.g. length,
width, velocities), deposit morphologies (e.g. areas, volumes, depths, rock mass
fragmentation, flow lines), energetics (e.g. total potential (J) and specific energy (J/t)), and
their secondary impacts regarding the creation and failure of landslide-dammed reservoirs
(e.g. volumes, areas, growth rates, extents), and associated outburst floods. This thesis

covers two broad regions globally, the northwestern Cordillera of North America (British



Columbia, Yukon Territory, and Alaska), and the Pamir and Himalayan Mountain chain of

southern Asia (Pakistan, Afghanistan, Tajikistan, and Tibet).

To accomplish the above, the use of geographic information systems (GIS) and remotely
sensed data (e.g. digital elevation models, aerial photography, and satellite imagery) will be
heavily relied upon. Field work to these regions was not possible, therefore simulation
models for some of the past and present rock avalanches was completed and discussed, in
both a 2D (DAN-W) and 3D (DAN 3D) framework, as well as outburst events from selected
natural dam impoundments (FLO2D). Finally, an attempt to quantify the inherent errors
involved in using digital datasets will be addressed at length, to determine the real world
utility of using remotely sensed datasets. Some questions which will be addressed: Are these
datasets accurate? Are they acceptable for use in large scale catastrophic disasters such as
rock avalanches and landslide-dammed lakes? What is the error of digital datasets? Are the

model outputs really representative of reality?

1.1 Chapter Overviews

Each chapter is written as a stand-alone paper which addresses one or more of the themes and
questions put forth above. This format results in chapters that can be read and understood on
their own, with individual results and conclusions. However, this modular format does result
in the unavoidable repetition of some ideas, themes, concepts, and data analysis. Each

chapter is outlined here:

e Chapter 2 focuses on the Pamir and Himalayan Mountains of southern Asia (Pakistan,
Afghanistan, Tajikistan). An extensive review of many rock avalanche deposits and
natural dammed reservoirs (stable and breached) is presented. A historical
perspective of some of the largest known natural dam impoundments and outburst
floods are analyzed in detail using digital topographic models, and verified by

firsthand accounts from scientific observers of the time. The ability to test these
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individual accounts of the events from the mid-19™ century, and recreate past
scenarios using current techniques and technology is shown.

Following the extensive review of rock avalanches and landslide-dammed lakes in the
Pamir and Himalayas, a case history from the Pamir Mountains is presented in
Chapter 3, focusing on the recent 2010 Attabad rock avalanche in northern Pakistan.
An analysis of the geology, the rock avalanche event and the growth and shrinkage of
the naturally impounded Lake Gojal is presented, with a focus on the use of remotely
sensed data (digital topographic and satellite datasets). A new statistical approach is
presented for determining the pool elevations for an impounded reservoir (Lake
Gojal), from SRTM DEM data. This event is also compared to historical events from
1841 and 1858, which were studied in detail in Chapter 2.

Chapter 4 analyses another case study: the large Yigong rock avalanche and
impounded landslide-dammed reservoir the Himalayan Mountains (Tibet). This
event occurred in 2000, and the landslide, growth in lake area and volume, as well as
the catastrophic outburst flood were all recorded in various forms of digital remotely
sensed data (digital topographic data and satellite imagery). A 2D (DAN-W) and 3D
(DAN3D) model of the landslide was able to successfully simulate the entire event,
including the velocities of the rock mass emplacement, entrainment of additional
earth materials along the path, and the general size and shape of the resulting
landslide dam. An outburst simulation (FLO2D) was able to model a comparable
floodwave downvalley to that which was observed at the time of the event.

Chapter 5 brings the study back to North America; with a third case history, this time
of the 1997 Mount Munday rock avalanche. This chapter outlines the processes
involved for a complete analysis of a rock avalanche on a glacier surface, from the
source rock mass, morphology of the emplacement, flow paths, and final deposit.
The rock avalanche is also successfully modeled in both 2D (DAN-W) and 3D (DAN
3D) frameworks, highlighting the utility of back-analysis. A comparison of
energetics, and the relationships between volume and runout is discussed for a
number of rock avalanches. Finally, this chapter also introduces a brand new remote

10



sensing technique which attempts to quantify the larger block fragmentation of a rock
avalanche on a glacier solely through remotely sensed data.

Chapter 6 provides an overview of the processes and data analysis involved in the
study of a large catastrophic rock avalanche on a glacier, in the form of a case study
on the 2007 Mt Steele rock and ice avalanche. A discussion on the geology,
emplacement, and deposit morphology is presented. High resolution satellite and
digital elevation data were utilized (LiDAR), and a successful 2D simulation (DAN-
W) is performed. This event has been determined to be one of the largest mass
wasting events in recent Canadian history.

Finally, Chapter 7 will attempt to summarize and place into global context all of the
above chapters, drawing on the analysis, discussions, and conclusions, presented
therein. It will summarize such topics as the magnitude and frequency relationships,
the modeling of mass wasting flows and outburst floods, the utility of the remotely
sensed data (DEMs and satellite imagery) in the Earth science discipline, and the
possible introduction of errors from those digital datasets. It will conclude with a

final overall assessment of this work in context with the recent scientific literature.
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Chapter 2

Rockslide Dams in the Northwest Himalaya (Pakistan, India) and

the Adjacent Pamir Mountains (Afghanistan, Tajikistan) Central Asia

Delaney, K.B. and Evans, S.G.

Based On: Delaney, K.B., Evans, S.G., 2011. Rockslide dams in the northwestern Himalayas  (Pakistan,
India) and adjacent Pamir Mountains (Afghanistan, Tajikistan), Central Asia. In: Evans, S.G., Hermanns, R.L.,
Strom, A.L., and Scarascia-Mugnozza, G. (Eds), Natural and Artificial Rockslide Dams, Lecture Notes in the
Earth Sciences, Springer, Heidelburg, 133, 205 - 242.

Introduction

The remains of rockslide dams are widespread in the northwest Himalayas (Hewitt, 1998,
1999, 20064a, 2006¢, 2011) and the adjacent Pamir Mountains (Ischuk, 2006) of Afghanistan
and Tajikistan, Central Asia. The region contains in excess of three hundred known rockslide
deposits of, as yet, unknown age that have interrupted surface drainage and previously
dammed major rivers in the region in prehistoric time. Most of these dams have been
breached and only remnant debris, and in some cases lacustrine deposits from formerly

impounded lakes, are visible today in the deep valleys of the region.

In addition, the region contains: (1) the highest rockslide dam (Usoi rockslide) in the world
that dams the largest rockslide-dammed lake (Lake Sarez) on Earth; (2) the largest
documented outburst flood associated with a historical rockslide dam outburst (the 1841
Indus Flood); and (3) the world’s most recent (2010) rockslide dammed lake emergency, the
Attabad rockslide dam on the Hunza River (Kargel et al., 2010), in the Upper Indus basin of
northern Pakistan (Fig. 2.1). The outburst flood hazard presented by Lake Sarez has attracted
global scientific attention (Stone, 2009).

The spatial distribution of rockslide dam deposits, the rate and frequency of rockslide dam
formation, the subsequent behaviour of the rockslide dam and outburst flood potential are

important elements in landslide hazard assessment in the region. To some extent the accuracy
12



of the hazard assessment is conditioned by the interpretation of rubbly valley fill deposits as
representing rockslide debris as opposed to glacial deposits, a debate that continues to
simmer today (e.g. Malik et al., 2008), and the conceptualizing and analysis of various
breaching scenarios. In addition, a consideration of rockslide dam hazard is important for the
assessment of hydroelectric potential in the region and in some cases, as noted below, the

suitability of natural dam debris for foundations of constructed dams.
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Figure 2.1: Lake Gojal, Hunza Valley, northern Pakistan, the rockslide-dammed Iak impounded by the Attabad
rockslide that occurred on January 4, 2010. Extent shown on EO-1 satellite image obtained on August 04, 2011.
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White rectangle is enlarged in inset, which shows Attabad rockslide and heavy flow in spillway over rockslide
dam debris.

In this paper we: (1) review previous work carried out on the presence of rockslide debris
that formed prehistoric rockslide dams in the region; (2) report new data on previously
unknown rockslide dams; and (3) using remote sensing imagery and SRTM-3 digital terrain
data (Farr et al., 2007), we determine and analyse the geometry, geomorphology and
behaviour of four rockslide dams that have formed in historical time, i.e., in 1841 (Indus),
1858 (Hunza), 1911 (Murgab/Bartang), and 2010 (Hunza).

2.1 Methodology

We carried out a review of the literature on rockslides and rock avalanches in the northwest
Himalayas and the adjacent Pamirs (Fig. 2.2). This has included a review of a number of
original contemporary accounts of rockslide dam events including those on the Indus (e.g.
Falconer, 1841), Hunza (e.g. Henderson, 1859), and the Murgab (Bartang) Rivers (e.g.
Prebrajensky, 1920).

Figure 2.2: Map of northwest Himalayas (India and Pakistan) and adjacent Pamir mountains (Tajikistan and
Afghanistan). Key to locations discussed in text is as follows; A-Attock on the Lower Indus River, H — 2010
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Hunza River rockslide dam, HB — 2005 Haittan Bala rockslide dam, S — Shiwa Lake rockslide dam, and U —
1911 Usoi rockslide dam and Lake Sarez. Dashed white line outlines area mapped by K. Hewitt in a series of
papers since 1998 (see text for references and Fig. 4.3 for further details).

For topographic data we utilised the SRTM-3 (3 arc second) data set obtained during the
Shuttle Radar Topography Mission in February 2000 (Farr et al., 2007) to develop digital
elevation models (DEMs) for the rockslide-dammed lakes discussed in both the northwest
Himalayas and the Pamirs. To assess the accuracy of the SRTM data in the region of interest,
we compared the elevation of three runways at Gilgit and Skardu obtained from the SRTM
digital terrain models to the official air navigation elevations of both ends of the three
runways (cf. Becek, 2008). The mean error of six SRTM elevations was less than 3 m,

suggestive of high vertical accuracy.

SRTM-3 data has been used in conjunction with Google Earth and LANDSAT-7 satellite
imagery to illustrate geomorphic features of rockslide dam deposits and to determine the

extent and volume of historic and prehistoric rockslide-dammed lakes.

2.2 Rockslide Dams in the Northwest Himalayas

2.2.1 Previous Work

Our knowledge of rockslide dams in the northwest Himalayas is largely due to the work of
K. Hewitt. In a series of papers beginning in 1998, Hewitt has reported on the occurrence of
rockslide and rock avalanche deposits in the Karakoram Himalaya, Pakistan. His work has:
(1) successively mapped the distribution of rockslide and rock avalanche deposits (Fig. 2.3);
(2) developed diagnostic criteria for the identification of rockslide dam deposits thus
correcting the apparent misinterpretation of the genesis of bouldery debris in Karakoram
valleys that had previously been mapped as moraines; (3) described the field geomorphology
and inferred landslide behaviour of selected rockslides and rock avalanches; (4) outlined

the impact of rockslides on river systems, specifically river damming; and (5) developed a
conceptual model of fragmented/interrupted river systems in which landslide damming

impacts on the geomorphic evolution of mountain river systems and mountain relief.
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Figure 2.3: Map showing distribution of 233 rockslide deposits (grey dots) extracted from maps published by K.
Hewitt between 1998 and 2009 (see text for references) and imported into GIS. Shaded area approximates area
mapped by Hewitt (see Fig. 2.2 for location). Also shown are two additional large scale rockslide deposits in the
upper Indus (black triangles) mapped in this study. Key to towns and villages; AS-Askole, AT-Attock, CH-
Chilas, DK-Darkot, GL-Gilgit, GP-Gupis, KH-Khapalu, RH-Rhondu, SK-Skardu. The Tarbela Reservoir is
labelled T. Location of historic landslide dams and prehistoric rockslide deposits discussed in text (black dots)
are 1: Hunza 1858, 2-Hunza-2010, 3-Indus 1841, 4-Satpara Lake, and 5-the Gol Ghone rockslides. The location
of the earthquake-triggered 2005 Hattian Bala rock avalanche and rockslide-dammed lake (Fig. 2.4) is also
shown.

We note that with respect to (1) no formal inventory, involving a complete listing of
rockslide sites, has been published by Hewitt. Each successive published map shows an
incremental increase in the number of identified rockslide/rock avalanche deposits; 104
events in 1998 and 1999 (Hewitt, 1998, 1999), and 143 in 2002 and 2006 (Hewitt, 2002a,
20064, 2006b), and 90 in 2009 (Hewitt, 2009a, 2009b). Over 80% of these rock
avalanches/rockslides formed valley-blocking rockslide dams (Hewitt, 2006c¢) that

impounded the Indus, its tributaries, or other major rivers in the region.
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We collated the Hewitt maps and imported the location of rockslides shown on them into a
GIS referenced framework (Fig. 2.3) in an attempt to quantify his mapping in a regional and
global context. By our count, there are total of 233 rock avalanches identified on Hewitt’s
maps (This should be considered a minimum as Hewitt (2011), reports a new total of 322
within his study area). With the addition of the 2010 Hunza rockslide, this makes a total of
234; three of these events have taken place in the period of 1841-2010, a frequency of
occurrence of 1 in 56 years. For the area mapped by Hewitt, estimated in Fig. 2.3 as 49,783
kmz, this is equivalent to roughly 50 major rockslides (interpreted from their deposits) per
10,000 km2. In Fig. 2.3, two previously undocumented rock avalanches that once blocked the
Upper Indus are shown as is the location of the 2005 Hattian Bala rockslide dam and the
2010 blockage of the Hunza River.

Other work has been carried out on the geomorphology of rockslides of the northwest
Himalaya by Shroder (1989, 1998), Shroder et al. (1989), Owen (1996), and more recently
by Seong et al. (2009) and Dortch et al. (2009). In addition, investigations of lacustrine
deposits formed in rockslide-dammed lakes have been reported by Burgisser et al. (1982) in
the Skardu area of Pakistan, and Fort et al. (1989) and Phartiyal et al. (2009) in the Ladakh

Himalayas of northwest India.

We also note the occurrence of the Hattian Bala rock avalanche (34°08°24”N, 73°43’46”E),
located in Fig. 2.3 and illustrated in Fig. 2.4. The landslide (est. volume 85 Mm3 Dunning et
al., 2007) was triggered by the M7.6 October 2005 Pakistan Earthquake (Dunning et al.,
2007; Owen et al., 2008; Schneider, 2009) and dammed surface drainage to form significant
impoundments in a tributary watershed to the Jhelum River (Fig. 2.3).
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Figure 2.4: The Hattian Bala rock avalanche (est. vol. 85 Mm3) triggered by the 2005 M7.6 Kashmir
earthquake at 34°08°24”N, 73°43’46”E. The rock avalanche debris blocked two streams forming two rockslide-
dammed lakes, A (Karli Lake) and B (Tang Lake). The maximum volume of Karli Lake was estimated at 65
Mm3. EO-1 image obtained on November 4, 2005. Lake outlines based on SRTM-3 DEM. Karli Lake drained,
after heavy rains, in February 2010.

The larger lake (Karli Lake) reached a volume of about 65 Mm?3 (Dunning et al., 2007
Schneider, 2009) before overtopping through a 425 m long excavated spillway in April 2007
(Dunning et al., 2007). Following overtopping the lake level was more or less stable as
overflow passed through the spillway. The smaller lake (Tang Lake) reached a volume of
about 3.5 Mm?3 before overtopping through a second excavated spillway, 130 m in length,
over the debris (Schneider, 2009).

2.2.2 Prehistoric Rockslide Dams and Deposits: Two Examples in the Skardu Region
(Upper Indus)

The deep valleys of the northwestern Himalayas and the adjacent Pamirs frequently contain
complex valley fills characterised by chaotic rubbly debris (Fig. 2.5) as well as stratified silts
(e.g. Burgisser et al., 1982). The interpretation of these deposits as remnant rockslide debris
and lacustrine sediments deposited in rockslide-dammed lakes only became established after

work by M. Fort and co-workers (Fort and Peulvast, 1995; Fort et al., 1989) and K. Hewitt
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between 1989 and 1999 (Hewitt, 1998, 1999). Previously, beginning with the earliest
scientific observations (e.g. Drew, 1873), they had generally been interpreted as moraine
deposits and lake sediments deposited in glacial lakes, respectively (see full discussion in
Hewitt, 1999). A notable exception to this was a discussion contributed to Drew’s paper
(1873, p. 471) by W.T. Blanford who, in disagreeing with Drew, argued that the rubbly
deposits in the Upper Indus were rockslide deposits and that the origin of the laminated fine-

grained sediments was in rockslide-dammed lakes.
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Figure 2.5: Typical example of complex valley fill deposits in the Upper Indus basin, northern Pakistan.
Previously unmapped deposits include (1) older rockslide deposits at A and B that both dammed the Indus
River, (2) younger rockslide deposts (C) that have dammed a tributary forming a rockslide-dammed lake at D
and ran up the opposite valley slide to a limit indicated by vertical arrow. This rockslide also dammed the
Indus. Length of Indus (flowing from top right to bottom left) seen in image is 13 km. Google Earth image at
34°58°09”N, 76°11°19”E, 65 km SW of Skardu. Locality is indicated in Fig. 2.3.

The re-interpretation of the origin of these deposits was significant in four ways: (1) the
occurrence of major rockslides was established as a relatively common phenomenon over a
large area of mountainous terrain and thus a critical geomorphic process; (2) that in the past,

the Indus and other major rivers in the region had been dammed by large volumes of
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rockslide debris, and, in some cases had formed very large, persistent rockslide-dammed
lakes; (3) the geometry of some rubbly deposits indicated that they had formed massive
rockslide dams that impounded gigantic rockslide-dammed lakes; and (4) the rubbly deposits
(and associated lacustrine sediments) were Holocene rather than Pleistocene (Late Glacial) in
age (i.e. were much younger than previously thought). Together these implications have led
to a new interpretation of the mountain landscape in the region in which rockslides and their
effects are both critical geomorphic processes in landscape evolution (e.g. Korup et al.,
2010), and also pose significant hazards to communities and infrastructure with a spatial and
temporal frequency that had not been recognised hitherto (Hewitt, 2010). The presence of
remnant rockslide deposits is also a major factor in the high sediment yield in river basins of
the region (e.g. Ali and de Boer, 2007; Ali and de Boer, 2008).

These implications will be examined with reference to two examples from the Skardu region
(Fig. 2.3).

2.2.2.1 Gol Ghone Rockslides

The Gol Ghone rockslides (35°17°12”N, 75°51°34”E) were first identified by Hewitt (1998).
They consist of two massive rock avalanches that occurred on the west side of the Indus
River, 28 km upstream of Skardu, and 9 km downstream from the confluence of the Indus
and Shyok rivers (Fig. 2.3); their deposits overlap and the older larger deposit is designated
Gol Ghone A, the younger (southern) deposit is designated Gol Ghone B (Hewitt, 1998). The
deposits of the two rock avalanches, which as Hewitt (1998, p. 63) notes were previously

interpreted as moraines, filled the Indus River for a distance of 5 km along the thalweg.

The geomorphology of the deposits was examined on satellite imagery and in the SRTM-3
DEM. This examination indicates that the younger Gol Ghone rockslide dam had a minimum
dam height of 2,565 m a.s.l., 300 m above the Indus at this point. This is taken as a minimum

pool level for the impoundment formed by the rockslide damming of the Indus. At this pool
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elevation, a massive rockslide dammed lake would have formed in the Indus and Shyok

Rivers (Fig. 2.6) that was 219 km? in area and 25.7 Gm? in volume.
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Figure 2.6: LANDSAT-7 satellite image showing extent of rockslide-dammed lake (white fill) that would have
formed in the Indus and Shyok Valleys as a result of damming by the Gol Ghone B rockslide (black stippled
pattern) at a spillway elevation of 2,565 m a.s.l. Extent of lake based on SRTM-3 DEM. The Gol Ghone
rockslides (Hewitt, 1998) are located in Fig. 2.3.

The Gol Ghone example exemplifies the massive impoundment volumes implied by the
presence of very large remnant rockslide dams in the Indus and other valleys of the
Karakoram Himalaya (cf. Hewitt, 2011).

2.2.2.2 Satpara Rockslide — Dammed Lake and Satpara Dam

Satpara Lake (35°14’17”N, 75°37°51”E), located 6 km south of Skardu (Fig. 2.3), is
impounded by a natural debris dam (Fig. 2.7). The natural dam is utilised as the foundation
for the Satpara Dam which (as o